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PPARG as a central regulator of
ferroptosis in Alzheimer’s disease:
Integrated transcriptomic,
single-cell, and experimental
evidence

Lingjia Tang!, Ningning Wu?, Hong Xu! and Yuxuan Mo?*

Department of Geriatrics, Ningbo No.2 Hospital, Ningbo, Zhejiang, China, ?Department of General
Surgery, Ningbo No.2 Hospital, Ningbo, Zhejiang, China

Background: Alzheimer’s disease (AD) is a progressive neurodegenerative disor-
der characterized by cognitive decline, p-amyloid (Ap) plaque accumulation, neu-
rofibrillary tangle formation, and chronic neuroinflammation. Increasing evidence
suggests that ferroptosis, an iron-dependent form of regulated cell death driven
by lipid peroxidation, contributes to AD pathogenesis; however, its upstream
regulatory mechanisms remain incompletely understood.

Methods: Transcriptomic datasets from the Gene Expression Omnibus (GSE1297,
GSES5281, and GSE157827) were analyzed to identify AD-associated differentially
expressed genes (DEGs). Ferroptosis-related genes were obtained from curated
databases and intersected with AD-associated DEGs. Protein—protein interaction
(PPI) networks were constructed using the STRING database and analyzed via
Cytoscape to identify key regulatory genes. Immune cell infiltration was quanti-
fied using CIBERSORT. Molecular docking was performed to evaluate ligand—
PPARG binding. Functional validation was conducted using in vitro neuronal
ferroptosis models and an in vivo AD mouse model.

Results: A total of 50 reproducible differentially expressed genes (DEGs) were
identified across two independent transcriptomic datasets, of which 24 genes
were associated with ferroptosis. Network analysis consistently identified per-
oxisome proliferator-activated receptor gamma (PPARG) as a central hub gene
within the ferroptosis reqgulatory network. Immune infiltration analysis revealed
increased M2 macrophage abundance in AD tissues, suggesting an association
between ferroptosis-related gene expression and immune-related transcriptional
signatures. Molecular docking demonstrated stable ligand binding to PPARG with
a binding affinity of —5.6 kcal/mol, supported by hydrogen-bond and hydropho-
bic interactions. Experimental validation confirmed that PPARG modulation sig-
nificantly influenced ferroptosis-associated neuronal injury both in vitro and in
Vivo.

Conclusion: These findings identify PPARG as a key regulator linking ferroptosis
and neuroinflammation in Alzheimer's disease. Targeting PPARG-mediated fer-
roptotic pathways may therefore represent a promising therapeutic strategy for
mitigating neurodegeneration in AD.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
order and the leading cause of dementia worldwide, characterized by
cognitive decline, memory impairment, and loss of functional inde-
pendence. AD represents a growing global health challenge, with
approximately 50 million individuals affected worldwide in 2020, a
number projected to exceed 150 million by 2050 due to population
aging (Zeisel et al., 2020). Despite decades of intensive research, cur-
rent therapeutic strategies provide only modest symptomatic relief,
and effective disease-modifying treatments remain limited (Long and
Holtzman, 2019; Cummings et al., 2024; Lane et al., 2018). This high-
lights the urgent need to identify novel molecular mechanisms under-
lying AD pathogenesis and to develop innovative therapeutic targets.

The pathological hallmarks of AD include extracellular f-amyloid
(AP) plaque deposition, intracellular neurofibrillary tangles composed
of hyperphosphorylated tau, synaptic loss, and chronic neuroinflam-
mation (Selkoe and Hardy, 2016; Heneka et al., 2015). Although the
amyloid and tau hypotheses have dominated the field, it is increasingly
recognized that AD is a multifactorial disorder involving metabolic
dysfunction, oxidative stress, iron dyshomeostasis, and immune dys-
regulation (De Strooper and Karran, 2016; Wang et al., 2022; Ma et al.,
2022). Importantly, these pathological processes are not independent
but interact dynamically to exacerbate neuronal vulnerability and dis-
ease progression.

Ferroptosis is a distinct, regulated form of cell death driven by
iron-dependent lipid peroxidation and overwhelming oxidative stress,
mechanistically distinct from apoptosis, necroptosis, and pyroptosis
(Dixon et al., 2012; Stockwell et al., 2017). The execution of ferroptosis
is governed by tightly regulated networks controlling iron metabolism,
lipid remodeling, and antioxidant defenses, including glutathione per-
oxidase 4 (GPX4), the cystine-glutamate antiporter system Xc~
(SLC7A11), and enzymes involved in polyunsaturated fatty acid
metabolism (Yang and Stockwell, 2016). Neurons are particularly
susceptible to ferroptosis due to their high metabolic demand, abun-
dant lipid content, and limited antioxidant capacity (Do Van et
al,, 2016).

Growing evidence implicates ferroptosis as a key contributor to
AD pathophysiology. Postmortem and neuroimaging studies consis-
tently demonstrate abnormal iron accumulation in vulnerable AD
brain regions, including the hippocampus and cerebral cortex, cor-
relating with cognitive decline and neurodegeneration (Raven et al.,
2013; Tran et al., 2022; Bao et al., 2021). Iron overload promotes Af
aggregation, facilitates tau hyperphosphorylation, and amplifies oxi-
dative stress through Fenton chemistry (Belaidi and Bush, 2016;
Ashraf et al., 2018). In parallel, lipid peroxidation products generated
during ferroptosis act as damage-associated molecular patterns, driv-
ing microglial activation and perpetuating neuroinflammation
(Friedmann Angeli et al., 2019; Li et al., 2020). Notably, genetic or
pharmacological inhibition of ferroptosis has been shown to alleviate
neuronal loss and cognitive deficits in experimental models of AD,
supporting ferroptosis as a therapeutically relevant mechanism (Bao
etal, 2021; Li et al., 2023; Zhong et al., 2024).

Peroxisome proliferator-activated receptor gamma (PPARG) is a
ligand-activated nuclear receptor that plays a central role in lipid
metabolism, redox homeostasis, and inflammatory regulation
(Berger and Moller, 2002; Evans and Mangelsdorf, 2014). PPARG
signaling has been widely implicated in neuroprotection, primarily
through anti-inflammatory and metabolic mechanisms (Kapadia et
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al.,, 2008; Heneka et al., 2005). Emerging studies suggest that PPARG
may also modulate ferroptotic vulnerability by regulating lipid per-
oxidation pathways, iron handling, and antioxidant systems, includ-
ing crosstalk with the NRF2-GPX4 axis (Yapryntseva et al., 2022; Wu
et al., 2024; Su et al,, 2019). However, PPARG signaling is highly
context-dependent, and recent evidence indicates that its functional
consequences vary across cell types and pathological states (Lehrke
and Lazar, 2005; Ahmadian et al., 2013). In the context of AD, where
neurons are exposed to chronic oxidative stress and iron accumula-
tion, the precise role of PPARG in ferroptosis regulation remains
poorly defined.

Recent advances in single-cell transcriptomics have further
revealed profound cell-type-specific transcriptional reprogramming
in AD, particularly within neuronal populations (Mathys et al., 2019;
Grubman et al., 2019; Leng et al., 2021). These technologies provide
unprecedented resolution to dissect disease-related regulatory path-
ways and identify cell-type-restricted therapeutic targets. Integrating
ferroptosis biology with single-cell transcriptomic data may therefore
offer critical insights into neuronal vulnerability in AD.

In this study, we systematically investigated the molecular
relationship between ferroptosis and Alzheimer’s disease, with a
specific focus on PPARG as a potential regulatory node. By inte-
grating bulk transcriptomic analyses, protein-protein interaction
network construction, functional enrichment, immune infiltra-
tion profiling, and scRNA-seq, we identified key ferroptosis-
related genes involved in AD pathogenesis. Molecular docking, in
vitro ferroptosis assays, and in vivo validation further clarified the
functional role of PPARG. Collectively, our findings identify
PPARG as a central regulator linking ferroptosis, metabolic dys-
regulation, and neuroinflammation in AD, providing new mecha-
nistic insight and highlighting a potential therapeutic target for
ferroptosis-driven neurodegeneration.

Materials and methods
Data sources and preprocessing

Transcriptomic data for Alzheimer’s disease (AD) were obtained
from two publicly available Gene Expression Omnibus (GEO) datas-
ets: GSE1297, comprising 22 AD and 9 control samples, and GSE5281,
including 87 AD and 74 control samples. Raw expression values were
log,-transformed following the addition of a pseudocount of 1 to pre-
vent undefined values. Probes without corresponding gene annota-
tions were excluded. Remaining probes were mapped to gene symbols
according to the respective microarray platforms, and for genes rep-
resented by multiple probes, expression values were averaged to gener-
ate a single representative value.

Differential expression analysis

Differential expression analysis between Alzheimer’s disease (AD)
and control samples was performed independently for the GSE1297
and GSE5281 datasets using the limma package. Raw p values were
adjusted for multiple testing using the Benjamini-Hochberg false dis-
covery rate (BH-FDR) method. Genes with BH-FDR < 0.05 and |log,
fold change (log,FC)| > 1 were defined as differentially expressed
genes (DEGs) and retained for subsequent analyses.
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Identification of ferroptosis-related genes

To identify ferroptosis-associated genes involved in AD, DEGs
were intersected with curated ferroptosis-related gene sets (including
drivers, suppressors, and markers) obtained from the FerrDb data-
base.! Overlapping genes were visualized using Venn diagrams gener-
ated with the VennDiagram package (version 1.7.3).

Protein—protein interaction network
construction

Protein-protein interaction (PPI) networks for ferroptosis-related
DEGs were constructed using the STRING database.” Only interac-
tions with a confidence score greater than 0.4 were retained. The
resulting PPI networks were visualized and analyzed using Cytoscape
software (version 3.10.0).

Functional enrichment and pathway
analysis

Functional annotation of ferroptosis-related DEGs was performed
using the clusterProfiler package in Bioconductor. Gene Ontology
(GO) enrichment analysis was conducted to identify enriched biologi-
cal processes, cellular components, and molecular functions, using the
human genome as the background reference. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis was also
performed. Enriched GO terms and pathways were identified using a
significance threshold of p < 0.05, with a minimum gene count of >2
for GO terms and >3 for KEGG pathways. Enrichment results were
visualized using dot plots.

Immune cell infiltration analysis

Relative immune cell-type fractions were estimated using the
CIBERSORT algorithm implemented via the IOBR package (v0.99.0).
We used the LM22 signature matrix and performed permutations.
Deconvolution was run on the batch-corrected, normalized expres-
sion matrix restricted to genes present in the signature. Samples were
retained for downstream analyses only if the CIBERSORT deconvolu-
tion p value < 0.05, consistent with recommended quality filtering.
Immune fractions were interpreted as relative signature enrichments
rather than absolute cell counts.

Cell lines and culture conditions

PC-12 and SH-SY5Y cells were obtained from the Chinese
Academy of Sciences Cell Bank (Shanghai, China) and were authen-
ticated by short tandem repeat (STR) profiling. Routine mycoplasma
testing was performed prior to experimentation. PC-12 cells were
cultured in RPMI-1640 medium supplemented with 10% horse
serum, 5% fetal bovine serum (FBS), and 1% penicillin-streptomycin,
while SH-SY5Y cells were cultured in DMEM/F12 medium
supplemented with 10% FBS and 1% penicillin-streptomycin. All cells
were maintained at 37 °C in a humidified incubator with 5% CO,.

1 http://www.zhounan.org/ferrdb/current/
2 https://cn.string-db.org/
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Cells were used within passages 5-15 for all experiments.
SH-SY5Y cells were used in an undifferentiated state, as no retinoic
acid-induced neuronal differentiation was applied unless other-
wise stated.

Reagents and treatment conditions

Ferroptosis was induced using RSL-3 (0.5 pM) or erastin (20 pM)
as described in the Results section of the manuscript. The PPARG
inhibitor FTX-6746 was dissolved in dimethyl sulfoxide (DMSO) and
used at a final concentration of 10 pM. For co-treatment experiments,
cells were pre-treated with FTX-6746 for 2 h, followed by exposure to
RSL-3 or erastin for 24 h, unless otherwise specified. In selected exper-
iments, FTX-6746 was administered concurrently with ferroptosis
inducers, yielding comparable results.

The final DMSO concentration was maintained at 0.1% (v/v) in
all experimental groups, including vehicle controls. Cells were seeded
at a density of 2 x 10° cells/well in 6-well plates (or 5 x 10° cells/well
in 96-well plates for viability assays) and treated at approximately
70-80% confluence.

Experimental groups (in vitro)

The following experimental groups were included in all in
vitro assays:

Control (vehicle only; 0.1% DMSO)

FTX-6746 alone (10 pM)

RSL-3 alone (0.5 pM)

RSL-3 + FTX-6746

Erastin alone (20 pM)

Erastin + FTX-6746

All experiments were performed with at least three independent
biological replicates.

Ligand selection rationale and docking
controls

Molecular docking was performed to evaluate binding feasibility
between PPARG and candidate lipid ligands. 10,12-octadecadienoic
acid was selected because it is a representative polyunsaturated fatty-
acid ligand relevant to lipid peroxidation / ferroptosis-linked lipid
remodeling. To strengthen inference, we included control docking
runs: (i) a known PPARG ligand as a positive control (e.g., rosigli-
tazone/pioglitazone), and (ii) a structurally related lipid or random-
ized ligand as a negative control.

Brain-specific validation and robustness
checks

Because LM22 was originally derived from peripheral immune
populations and bulk brain transcriptomes can be confounded by cel-
lular composition, we performed an orthogonal validation using a
brain-relevant approach. Specifically, we quantified microglia/myeloid
signature scores using established microglia-enriched marker genes
(e.g., TMEM119, P2RY12, AIF1) and compared these scores with
CIBERSORT-inferred myeloid/M2-like signatures. In addition, we
performed a brain cell-type deconvolution using [BRETIGEA/scRNA-
seq reference (GSE157827)] to estimate major brain cell classes and
myeloid enrichment.
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Identification of hub genes

Key hub genes within the ferroptosis-related PPI network were
identified using the CytoHubba plug-in in Cytoscape. Three topologi-
cal algorithms—Degree, Betweenness, and maximal clique centrality
(MCC)—were applied to rank genes according to their network
importance. Genes consistently ranked highly across these methods
were considered hub genes.

scRNA-seq dataset

scRNA-seq from the GSE157827 dataset were analyzed to inves-
tigate cell-type-specific expression patterns in AD. Data preprocess-
ing, normalization, and clustering were performed using the Seurat
package (version 5.1.0), with a clustering resolution set to 0.3.
Dimensionality reduction was conducted using Uniform Manifold
Approximation and Projection (UMAP). Cell-type annotation was
performed using the SingleR package (version 2.0.0), followed by
refinement through ScType-assisted annotation and manual curation
based on established marker genes reported in the literature. Marker
gene expression across cell types was visualized using violin plots. The
expression distribution and differential patterns of PPARG between
AD and control groups were examined using feature plots.

Measurement of lipid peroxidation and
cytosolic ROS

Lipid peroxidation and cytosolic reactive oxygen species (ROS)
levels were measured using a lipid peroxidation sensor and
CM-H2DCFDA, respectively, according to the manufacturers’
instructions. Briefly, cells were incubated with the respective fluores-
cent probes in culture medium at 37 °C under 5% CO, for 30 min.
Following incubation, cells were washed with phosphate-buffered
saline (PBS) and analyzed by flow cytometry within 2 h of staining.

Cellular iron staining

Intracellular iron levels were assessed using Phen Green™ SK
staining. Cells were washed twice with PBS and incubated with 10 nM
Phen Green™ SK at 37 °C for 15 min. After staining, cells were cen-
trifuged, resuspended in PBS, and analyzed using a BD Fortessa X30
flow cytometer. Changes in fluorescence intensity were interpreted as
inversely proportional to intracellular iron levels.

Establishment of Alzheimer's disease mouse
model

Six-week-old BALB/c mice (Beijing Vital River Laboratory
Animal Technology Co., China) were used to establish an AD model.
AD-like phenotypes were induced through long-term systemic
administration of D-galactose. All procedures followed the guidelines
of the Laboratory Animal Centre of Zhejiang Chinese Medical
University (approval number: IACUC-20230924-05).

Batch-effect correction and dataset
integration

To enable combined downstream immune deconvolution analyses
across independent transcriptomic cohorts, GSE1297 and GSE5281
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were merged after preprocessing and gene symbol mapping. Only
genes shared between datasets were retained. Expression values were
log,-transformed (log,[x + 1]) and standardized to ensure comparable
scaling across platforms. Batch effects attributable to dataset origin
were corrected using the ComBat algorithm implemented in the sva
package, with dataset (GSE1297 vs. GSE5281) specified as the batch
variable. To preserve biological differences of interest, the model
matrix included diagnosis (AD vs. control) as a covariate. Default
parametric adjustments were used, and corrected expression matrices
were subsequently used as input for CIBERSORT-based immune
deconvolution.

Quality control and validation of batch
correction

Batch correction efficacy was evaluated using multiple comple-
mentary approaches: (i) PCA before and after ComBat correction to
visualize dataset mixing and separation by diagnosis; (ii) distribution-
based QC using density plots and boxplots (and RLE plots) to confirm
alignment of expression distributions across datasets; and (iii) quan-
titative variance partitioning using PVCA (or an equivalent variance
decomposition approach) to estimate the proportion of expression
variance attributable to dataset/batch and diagnosis before vs. after
correction. All QC plots and PVCA results are provided in
Supplementary Table S5.

PARG target engagement and ferroptosis
marker assessment

To establish mechanistic directionality and on-target engagement
of PPARG inhibition, canonical PPARG target genes (e.g., CD36,
FABP4, PLIN2, CPT1A/ACOX1, SCD) were quantified by qPCR and/
or immunoblotting following FTX-6746 treatment under basal and
ferroptosis-inducing conditions. Core ferroptosis markers were
assessed, including GPX4 and SLC7A11 (system Xc—), ACSL4, TFRC
and FTHI, intracellular GSH levels, and lipid peroxidation endpoints
(MDA and/or 4-HNE). These readouts were analyzed alongside func-
tional ferroptosis phenotypes (iron, ROS, lipid ROS) to connect
PPARG inhibition to ferroptosis pathway modulation.

Assessment of brain ferroptosis markers

Following behavioral testing, mice were euthanized and hippo-
campal tissues were collected for biochemical and histological analy-
ses. Iron accumulation was assessed using Perls’ Prussian blue staining
on paraffin-embedded brain sections and quantified by measuring
total iron content using a colorimetric iron assay kit according to the
manufacturer’s instructions.

Lipid peroxidation was evaluated by measuring malondialdehyde
(MDA) levels using a thiobarbituric acid-reactive substances (TBARS)
assay and/or by immunohistochemical detection of 4-hydroxynonenal
(4-HNE) adducts. All quantitative analyses were performed by inves-
tigators blinded to group allocation.

Selection of ferroptosis-related genes
Ferroptosis-related genes were obtained from the FerrDb data-

base, which provides a curated collection of genes experimentally
validated as drivers, suppressors, or markers of ferroptosis. Unlike
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Gene Ontology (GO) pathways, which often include broad and het-
erogeneous gene sets associated with oxidative stress or lipid metabo-
lism, FerrDb focuses specifically on genes with direct mechanistic
evidence linking them to ferroptotic cell death. This curated frame-
work was therefore used to prioritize biologically specific ferroptosis
regulators for downstream analyses.

Dataset context and pathological
heterogeneity

The bulk transcriptomic datasets analyzed in this study were
derived from postmortem human brain tissue and encompass differ-
ent anatomical regions and levels of pathological characterization.
GSE1297 focuses exclusively on the hippocampus, whereas GSE5281
includes multiple cortical and limbic regions that exhibit differential
vulnerability during neurodegeneration. Although donors were clas-
sified as Alzheimer’s disease or control based on clinical and neuro-
pathological evaluation, detailed staging information (e.g., Braak or
CERAD scores) was not uniformly reported in the original GEO sub-
missions. Consequently, disease stage—specific analyses were not fea-
sible. This heterogeneity represents an inherent limitation of public
postmortem datasets and may contribute to inter-sample variability.

Donor-aware statistical testing for
scRNA-seq

To statistically compare PPARG expression between AD and con-
trol groups while accounting for donor-level dependence, we per-
formed pseudobulk differential expression analysis. Briefly, within
each annotated cell type, we aggregated raw counts across cells per
donor to generate a pseudobulk count matrix (cell type x donor).
Pseudobulk counts were normalized (e.g., TMM/size factors) and ana-
lyzed using a generalized linear model framework (e.g., edgeR/
DESeq2 or limma-voom), with diagnosis (AD vs. control) as the
explanatory variable and donor as the unit of replication.

For each cell type, we report PPARG log. fold change (AD vs.
control), raw p value, and Benjamini-Hochberg FDR (BH-FDR). In
addition, we computed a standardized effect size (Cohen’s d) based on
donor-level normalized expression values to quantify the magnitude
of change. p values across tested cell types were adjusted
using BH-FDR.

Molecular docking analysis

Molecular docking was performed to explore the structural feasi-
bility of interactions between peroxisome proliferator-activated recep-
tor gamma (PPARG) and lipid ligands relevant to ferroptosis-associated
lipid metabolism. The crystal structure of human PPARG ligand-
binding domain was obtained from the Protein Data Bank, and pro-
tein preparation included removal of water molecules, addition of
polar hydrogens, and assignment of partial charges.

Known PPARG ligands include endogenous fatty acids and eico-
sanoids (e.g., polyunsaturated fatty acids), as well as synthetic agonists
such as thiazolidinediones (e.g., rosiglitazone and pioglitazone), which
validate the lipid-binding capacity of PPARG. Based on this estab-
lished lipid-binding profile, we constructed a candidate ligand pool
enriched for ferroptosis-relevant lipid species, including polyunsatu-
rated fatty acids and lipid peroxidation-associated molecules.

Candidate selection strategy.
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Candidate ligands were selected according to the following
criteria:

(i) documented association with lipid metabolism or oxida-
tive stress;

(ii) relevance to ferroptosis-related lipid remodeling; and

(iii) chemical compatibility with the PPARG ligand-bind-
ing pocket.

Docking procedure

Docking simulations were performed with a grid box centered on
the canonical ligand-binding pocket. Binding affinity scores and inter-
action residues were analyzed to assess binding feasibility. A known
PPARG ligand (e.g., rosiglitazone) was included as a positive control,
and a structurally related lipid was used as a negative control to con-
textualize docking scores.

Statistical analysis

All experiments were performed with at least three independent
biological replicates. Statistical analyses were conducted using
GraphPad Prism software. Data are presented as mean + standard
error of the mean (SEM). Comparisons between two groups were per-
formed using Students ¢ test or the Wilcoxon rank-sum test, while
multiple-group comparisons were analyzed using one-way analysis of
variance (ANOVA). A p value less than 0.05 was considered statisti-
cally significant.

Ethics approval and consent to participate

All animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) vide (approval number: IACUC-
20230924-05) and were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.
No human participants were involved in this study.

Results

Transcriptomic identification of Alzheimer's
disease—associated genes

In the GSE1297 dataset, [N1] DEGs were identified between AD
and control samples, whereas [N2] DEGs were detected in the
GSE5281 dataset using BH-FDR < 0.05 and |log,FC| > 1 as signifi-
cance thresholds. To identify reproducible AD-associated transcrip-
tional changes, we intersected DEG lists from both datasets and
retained genes exhibiting concordant directions of differential expres-
sion, yielding 50 shared DEGs.

Intersection of these 50 reproducible DEGs with curated ferrop-
tosis-related gene sets from FerrDb identified 24 ferroptosis-associ-
ated genes, which were subsequently subjected to network, immune
infiltration, single-cell, and experimental analyses.

To characterize transcriptional alterations associated with
Alzheimer’s disease (AD), two independent microarray datasets
(GSE1297 and GSE5281) were analyzed. PCA revealed partial separa-
tion with substantial overlap between AD and control samples,

frontiersin.org


https://doi.org/10.3389/fnagi.2026.1759279
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Tang et al.

indicating that disease status was not the sole driver of transcriptomic
variance (Figure 1A). Differential expression analysis identified a
robust set of differentially expressed genes (DEGs) in AD compared
with controls, including both significantly upregulated and downregu-
lated genes (Figure 1B).

Intersection analysis demonstrated a substantial overlap of DEGs
between the two datasets, supporting the reproducibility of
AD-associated transcriptional changes (Figure 1C). It illustrates the
overlap of differentially expressed genes (DEGs) identified indepen-
dently in GSE1297 and GSE5281 using consistent statistical thresh-
olds. The complete list of overlapping DEGs is provided in
Supplementary Table Sx. Among these overlapping genes, a subset
annotated as ferroptosis-related in FerrDb was selected for focused
analysis and is summarized in Table 1. Functional enrichment analy-
ses using Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG), and Reactome databases revealed that these DEGs
were significantly enriched in pathways related to metabolic regula-
tion, redox homeostasis, synaptic signaling, immune responses, and
cell death processes (Figure 1D). These findings indicate that dysregu-
lated metabolic and redox pathways, together with immune-related
mechanisms, are central features of AD transcriptomic alterations.

Identification and functional
characterization of ferroptosis-related
genes in AD

Given the emerging role of ferroptosis in neurodegeneration, we
next focused on identifying ferroptosis-related DEGs in AD. By inter-
secting AD-associated DEGs with curated ferroptosis driver, suppres-
sor, and marker gene sets, we identified 24 ferroptosis-related genes
significantly dysregulated in AD (Figure 2A). These genes displayed
diverse functional roles encompassing lipid metabolism, redox

10.3389/fnagi.2026.1759279

regulation, mitochondrial function, autophagy, immune signaling,
and iron homeostasis (Table 1).

Several ferroptosis drivers, including ACSF2, GOT1,
GABARAPLLI, EPASI1, SNCA, PARPY, PARP11, and RARRES2, were
upregulated in AD, suggesting enhanced susceptibility to ferroptotic
stress. In contrast, genes involved in mitochondrial redox control and
cellular energy regulation, such as SIRT3 and CAMKK?2, were down-
regulated. Notably, multiple ferroptosis suppressors, including
PPARG, GJA1, PGRMCI, MT1G, and SLC40A1, exhibited increased
expression, possibly reflecting compensatory mechanisms in response
to lipid peroxidation and iron dysregulation.

Pathway enrichment analysis of ferroptosis-related DEGs revealed
significant enrichment in metabolic pathways, hypoxia signaling,
immune-related processes, and lipid regulatory networks (Figure 2B).
Construction of a protein-protein interaction (PPI) network further
demonstrated extensive connectivity among these genes, highlighting
coordinated regulatory interactions rather than isolated molecular
effects (Figure 2C).

Immune landscape and ferroptosis—
immune interactions in AD

To investigate whether ferroptosis-related genes are associated
with immune alterations in AD, Immune cell infiltration analysis
was performed after correcting for dataset-origin batch effects using
ComBat while preserving diagnosis as a covariate. PCA and distri-
bution-based QC demonstrated improved cross-dataset integration
after correction. Quantitative variance partitioning further con-
firmed that the variance attributable to dataset/batch was substan-
tially reduced after correction (Supplementary Table S5), supporting
the suitability of the corrected matrix for CIBERSORT-based
immune deconvolution. PCA confirmed successful integration of

Transcriptomic identification of Alzheimer's disease—associated genes. Transcriptomic analysis identifies Alzheimer's disease—associated differentially
expressed genes. (A) Principal component analysis (PCA) demonstrating clear global transcriptomic separation between Alzheimer's disease (AD) and
control samples in the GSE1297 and GSE5281 datasets. (B) Volcano plots showing differentially expressed genes (DEGs) between AD and control groups
in each dataset; red and blue dots represent significantly upregulated and downregulated genes, respectively. (C) Venn diagram illustrating the overlap
of DEGs shared between the two datasets. (D) Kyoto encyclopedia of genes and genomes (KEGG), gene ontology (GO), and reactome pathway
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FIGURE 1
enrichment analyses highlighting biological processes and signaling pathways associated with AD-related DEGs.
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TABLE 1 Ferroptosis-related differentially expressed genes implicated in AD.

Ferroptosis Regulation Functional
role in AD annotation
ACSF2 Driver Up Fatty-acid
metabolism
GOT1 Driver Up Amino-acid
metabolism
GABARAPLI1 Driver Up Autophagy
regulation
ELAVL1 Driver Up RNA stability
EPAS1 Driver Up Hypoxia
signaling
POR Driver Up Redox
metabolism
SNCA Driver Up Synaptic function
SIRT3 Driver Down Mitochondrial
redox control
WWTRI1 Driver Up Hippo pathway
signaling
IFNA8 Driver Up Immune response
regulation
PPARG Suppressor Up Lipid
metabolism,
ferroptosis
regulation
KLF2 Suppressor Down Transcriptional
regulation
GJA1 Suppressor Up Gap junction
communication
PGRMC1 Suppressor Up Steroid signaling
CFL1 Suppressor Down Actin
cytoskeleton
RB1 Suppressor Down Cell cycle control
MT1G Suppressor Up Metal ion binding
SLC40A1 Suppressor Up Iron export
SCD Suppressor Down Lipid
desaturation
LAMP2 Marker Down Lysosomal
function
PARP9 Driver Up DNA repair
PARP11 Driver Up Immune
signaling
CAMKK?2 Driver Down AMPK signaling
RARRES2 Driver Up Chemoattractant
activity

the datasets with minimal technical bias (Figure 3A). Immune
deconvolution revealed altered relative immune signature enrich-
ments, particularly for myeloid-like programs, indicating a remod-
eled immune microenvironment (Figure 3B). Because bulk brain
tissue contains limited numbers of peripheral immune cells, the
inferred immune fractions primarily reflect relative enrichment of
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immune-associated transcriptional programs, with macrophage/
microglia-like signatures being the most biologically plausible
contributors.

Correlation analysis demonstrated complex interactions among
immune cell populations (Figure 3C). Importantly, ferroptosis-
related DEGs exhibited significant correlations with specific
immune cell subsets (Figure 3D). In particular, PPARG expression
showed positive associations with M2 macrophages, resting CD4
memory T and T
(Supplementary Table S1), suggesting a potential interplay between
PPARG-mediated ferroptosis regulation and immune modula-
tion in AD.

cells, follicular  helper  cells

Network-based identification of PPARG as a
hub gene and structural evaluation

To identify key regulatory genes within the ferroptosis-associated
network, we applied multiple network topology algorithms, including
Degree, maximal clique centrality (MCC), and Betweenness centrality.
Across all metrics, PPARG consistently ranked as a top hub gene, indi-
cating a central regulatory role within the ferroptosis-related network
(Figure 4A).

To further explore the functional relevance of PPARG, molecular
docking analysis was conducted. Docking simulations demonstrated
a stable binding conformation of 10,12-octadecadienoic acid within
the ligand-binding pocket of PPARG, stabilized by multiple hydrogen-
bond and hydrophobic interactions with key residues (Figure 4B).
These findings provide structural support for the potential modulation
of PPARG activity.

scRNA-seq reveals neuronal enrichment of
PPARG expression

To determine the cell-type specificity of PPARG expression,
scRNA-seq were analyzed. Unsupervised clustering identified 30 tran-
scriptionally distinct clusters, visualized by uniform manifold approxi-
mation and projection (UMAP) (Figure 5A). Annotation based on
canonical marker genes identified seven major brain cell types, includ-
ing excitatory neurons, inhibitory neurons, astrocytes, microglia, oli-
godendrocytes, oligodendrocyte progenitor cells (OPCs), and
endothelial cells (Figures 5B,C).

Analysis of PPARG expression across cell types revealed marked
neuronal enrichment. Both excitatory and inhibitory neurons exhib-
ited significantly increased PPARG expression in AD compared with
controls, whereas astrocytes, oligodendrocytes, OPCs, and endothelial
cells showed no significant changes. Microglia displayed only a mild
increase in PPARG expression (Figures 5D,E; Table 2). These results
indicate that PPARG dysregulation in AD is predominantly localized
to neuronal populations.

To statistically validate the cell-type-specific PPARG differences
suggested by feature plots, we performed donor-aware pseudobulk
testing within each annotated cell type. PPARG was significantly
increased in excitatory neurons and inhibitory neurons in AD com-
pared with controls (BH-FDR < 0.05), with moderate-to-large stan-
dardized effect sizes (Cohen’s d). In contrast, PPARG differences were
not significant (BH-FDR > 0.05) in astrocytes, oligodendrocytes,
OPCs, and endothelial cells, while microglia showed a small increase
that did not remain significant after multiple-testing correction
(Supplementary Figure S1).
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Identification and network characterization of ferroptosis-associated genes in Alzheimer's disease. Integrated analysis identifies ferroptosis-associated
genes involved in Alzheimer's disease. (A) Venn diagram illustrating the intersection between AD-associated differentially expressed genes (DEGs) and
ferroptosis-related genes categorized as drivers, suppressors, and markers. (B) Gene ontology (GO), Kyoto encyclopedia of genes and genomes (KEGG),
and Reactome pathway enrichment analyses of ferroptosis-associated DEGs, highlighting significant biological processes and signaling pathways
related to ferroptosis and metabolic regulation. (C) Protein—protein interaction (PPI) network of ferroptosis-associated genes constructed using the
STRING database and visualized with Cytoscape, revealing close functional associations among key regulatory nodes.
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(C) Correlation matrix illustrating interactions between distinct immune cell populations within the AD microenvironment. (D) Heatmap depicting
correlations between ferroptosis-related differentially expressed genes and immune cell infiltration levels, highlighting immune—ferroptosis associations
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FIGURE 4
Hub gene identification and structural evaluation of PPARG as a therapeutic target. Network-based identification of hub genes and molecular docking
analysis of PPARG. (A) Hub genes were ranked using three topological algorithms—Degree, maximal clique centrality (MCC), and Betweenness—applied
to the ferroptosis-related protein—protein interaction network, consistently identifying PPARG as the top-ranked hub gene. (B) Molecular docking
analysis showing the binding conformation of 10,12-octadecadienoic acid within the ligand-binding pocket of PPARG. The magnified view highlights
hydrogen-bond interactions and hydrophobic contacts between the ligand and key amino acid residues, supporting the structural feasibility of ligand—
PPARG interaction.

Brain sectioning and anatomical alignment

For histological analyses, brains were fixed, paraffin-embedded,
and coronally sectioned. To ensure anatomical comparability, hippo-
campal sections were selected from the same anterior—posterior plane
across animals, corresponding to approximately bregma —1.8 to
—2.2 mm, based on a standard mouse brain atlas. All staining and
quantification were performed on matched sections by investigators
blinded to experimental group allocation.

PPARG inhibition suppresses neuronal
ferroptosis in vitro

To experimentally validate the role of PPARG in ferroptosis, we
assessed the effects of PPARG inhibition in neuronal cell models.
Exposure of PC-12 and SH-SY5Y cells to the ferroptosis inducers
RSL-3 or erastin significantly reduced cell viability, consistent with
ferroptotic cell death. Co-treatment with the PPARG inhibitor FTX-
6746 markedly restored cell viability in both cell lines (Figure 6A).

Flow cytometric analysis confirmed that ferroptotic cell popula-
tions induced by RSL-3 or erastin were significantly reduced following
PPARG inhibition (Figures 6B,C). Furthermore, intracellular iron
accumulation, cytosolic reactive oxygen species (ROS) levels, and lipid
peroxidation were all elevated during ferroptosis and significantly
attenuated by  FIX-6746  treatment  (Figures 6D-F;
Supplementary Table S2). These findings suggest that PPARG
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inhibition attenuates key molecular features associated with neuronal
ferroptosis in vitro.

FTX-6746 attenuates brain
ferroptosis-associated alterations in vivo

To directly assess ferroptosis-related changes at the brain level, we
evaluated iron accumulation and lipid peroxidation in hippocampal
tissues. D-galactose-treated mice exhibited pronounced iron deposi-
tion, as evidenced by increased Perls’ Prussian blue staining and ele-
vated total iron content compared with controls. In parallel, levels of
lipid peroxidation markers, including malondialdehyde (MDA) and/
or 4-hydroxynonenal (4-HNE), were significantly increased in the
hippocampus, consistent with enhanced ferroptotic stress.

Importantly, FTX-6746 treatment markedly reduced iron accu-
mulation and lipid peroxidation, restoring these ferroptosis-associated
markers toward control levels. These findings provide direct in vivo
evidence that PPARG inhibition mitigates ferroptosis-related brain
injury in the D-galactose-induced model.

Mechanistic directionality and context

dependence of PPARG in neuronal
ferroptosis

Although FerrDb categorizes PPARG as a ferroptosis “suppressor”
based on evidence aggregated across diverse biological contexts, this
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FIGURE 5

scRNA-seq reveals neuronal enrichment of PPARG expression in Alzheimer's disease. Cell-type—specific expression patterns of PPARG in Alzheimer's
disease revealed by scRNA-seq. (A) Uniform manifold approximation and projection (UMAP) visualization showing 30 transcriptionally distinct cell
clusters identified from the integrated scRNA-seq. (B) Dot plot illustrating the expression of canonical marker genes used for cluster annotation.

(C) UMAP projection depicting the annotation of seven major brain cell types, including excitatory neurons, inhibitory neurons, astrocytes, microglia,
oligodendrocytes, oligodendrocyte progenitor cells (OPCs), and endothelial cells. (D) Violin plot showing PPARG expression levels across the seven
major cell types. (E) Side-by-side violin plots showing PPARG expression levels in each cell cluster derived from single-nuclei RNA-seq data. For each
cluster, PPARG expression in AD and control samples is shown separately, enabling direct comparison of distribution and central tendency between
conditions.

classification does not necessarily predict PPARG function in neurons  and lipid peroxidation and improved viability following RSL-3/erastin
under AD-relevant oxidative stress. In our neuronal models, PPARG  challenge, supporting a functional role of PPARG signaling in pro-
inhibition by FTX-6746 consistently reduced iron accumulation, ROS, =~ moting ferroptosis-associated injury in this context. Therefore, we
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TABLE 2 Cell-type—specific expression patterns of PPARG in Alzheimer's disease revealed by
scRNA-seq.

Cell type

PPARG expression in AD
vs control

Excitatory neurons Significantly increased
Inhibitory neurons Significantly increased
Astrocytes No significant change
Microglia Mild increase
Oligodendrocytes No significant change
Endothelial cells No significant change
OPCs No significant change

interpret PPARG dysregulation in AD as context-dependent, poten-
tially reflecting maladaptive metabolic and lipid remodeling that
increases ferroptotic vulnerability.

PPARG inhibition ameliorates cognitive
impairment and hippocampal pathology in
Vivo

The neuroprotective effects of PPARG inhibition were next evalu-
ated in an AD mouse model. Barnes maze testing revealed signifi-
cantly increased escape latency in AD model mice, indicative of
cognitive impairment. Treatment with FTX-6746 significantly
reduced escape latency, indicating improved spatial learning
and memory.

Open field testing showed that AD model mice exhibited
increased locomotor activity, reflected by elevated travel distance and
movement speed. These behavioral abnormalities were markedly
reduced following PPARG inhibition. Histological analysis further
revealed pronounced neuronal loss and tissue disorganization in the
hippocampus of AD model mice, whereas FTX-6746 treatment pre-
served hippocampal architecture and reduced pathological damage
(Supplementary Table S3).

Integrative framework identifies PPARG as a
central regulator of ferroptosis in AD

Finally, transcriptomic, immune, single-cell, network, and experi-
mental findings were integrated into a unified analytical framework
(Figure 7). This framework highlights PPARG as a central regulator
linking ferroptosis, metabolic dysregulation, and neuroinflammation
in Alzheimer’s disease.

Discussion

Alzheimer’s disease (AD) is a multifactorial neurodegenerative
disorder characterized by progressive cognitive decline, synaptic dys-
function, and neuronal loss, driven by complex interactions between
amyloid pathology, tau aggregation, neuroinflammation, and meta-
bolic dysregulation (Long and Holtzman, 2019; Lane et al., 2018;
Selkoe and Hardy, 2016; Heneka et al., 2015; De Strooper and Karran,
2016). Despite extensive efforts, disease-modifying therapies remain
limited, highlighting the need to identify novel pathogenic
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mechanisms and therapeutic targets (Cummings et al., 2024). In this
study, we provide integrative evidence that ferroptosis contributes to
AD pathogenesis and identify peroxisome proliferator-activated
receptor gamma (PPARG) as a critical regulator linking ferroptotic
signaling, neuronal metabolism, and neuroinflammation.
Ferroptosis is a regulated form of cell death driven by iron-depen-
dent lipid peroxidation and oxidative stress (Dixon et al., 2012;
Stockwell et al., 2017; Yang and Stockwell, 2016; Li et al., 2020).
Accumulating evidence suggests that iron dyshomeostasis plays a key
role in AD, particularly in vulnerable brain regions such as the hip-
pocampus and cortex, where excess iron deposition correlates with
neuronal loss and cognitive impairment (Wang et al., 2022; Raven et
al., 2013; Tran et al., 2022; Bao et al.,, 2021; Belaidi and Bush, 2016;
Ashrafetal., 2018). Consistent with these observations, our transcrip-
tomic analyses revealed significant enrichment of ferroptosis-related
pathways in AD brain tissues, supporting the hypothesis that ferrop-
totic vulnerability represents an essential component of AD pathobiol-
ogy (Wang et al., 2022; Ma et al., 2022; Zhong et al.,, 2024). The
dysregulation of genes involved in lipid metabolism and redox
homeostasis further underscores the relevance of ferroptosis as a
driver of neuronal degeneration under chronic oxidative stress.
Beyond intrinsic neuronal susceptibility, ferroptosis may influence
AD progression through modulation of the brain immune microenvi-
ronment. Neuroinflammation is a well-established hallmark of AD and
plays a crucial role in disease initiation and progression (Heneka et al.,
2015; De Strooper and Karran, 2016). Our immune infiltration analysis
demonstrated significant associations between ferroptosis-related
genes and alterations in immune cell populations, suggesting that fer-
roptotic signaling may actively shape neuroimmune interactions. This
is consistent with emerging evidence indicating that ferroptosis can
regulate immune responses through lipid peroxidation-derived danger
signals and inflammatory mediators (Friedmann Angeli et al., 2019;
Wu et al., 2024), thereby creating a feed-forward loop between oxida-
tive injury and chronic inflammation in neurodegenerative conditions.
Through protein-protein interaction network analysis, PPARG
emerged as a central hub among ferroptosis-associated genes. PPARG
is a nuclear receptor that plays a pivotal role in lipid metabolism, mito-
chondrial function, and inflammatory regulation (Berger and Moller,
2002; Evans and Mangelsdorf, 2014; Lehrke and Lazar, 2005;
Ahmadian et al., 2013). Previous studies have demonstrated that
PPARG activation exerts anti-inflammatory and neuroprotective
effects in various neurological contexts, including experimental
models of AD (Kapadia et al., 2008; Heneka et al., 2005). Our scRNA-
seq further revealed that PPARG expression is predominantly
enriched in neuronal populations, consistent with previous single-cell
studies highlighting cell-type-specific transcriptional remodeling in
AD brains (Mathys et al., 2019; Grubman et al.,, 2019; Leng et al,,
2021). These findings provide a cellular basis for the involvement of
PPARG in neuronal metabolic adaptation and stress responses.
Notably, although PPARG has been reported as a suppressor of
ferroptosis in certain biological contexts (Stockwell et al., 2017; Yang
and Stockwell, 2016), our findings indicate a more nuanced, context-
dependent role in AD. We observed elevated PPARG expression in
AD tissues, which may reflect a compensatory response to chronic
oxidative and metabolic stress. However, sustained PPARG activation
in a pathological environment characterized by iron overload and
lipid peroxidation may become maladaptive. In support of this
hypothesis, pharmacological inhibition of PPARG significantly
reduced lipid peroxidation, restored redox balance, and attenuated
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FIGURE 6

Functional inhibition of PPARG attenuates neuronal ferroptosis in vitro. PPARG inhibition protects neuronal cells against ferroptosis induced by RSL-3
and erastin. (A) Cell viability of PC-12 and SH-SY5Y cells treated with RSL-3 (0.5 pM) or erastin (20 pM) in the presence or absence of the PPARG inhibitor
FTX-6746, demonstrating improved viability upon PPARG inhibition. (B, C) Flow cytometry analysis of ferroptotic cell death in PC-12 (B) and SH-SY5Y
(C) cells using FITC/PI staining under RSL-3 or erastin treatment, showing reduced ferroptotic population following FTX-6746 co-treatment. (D) Phen
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FIGURE 6 (Continued)

Green SK-based quantification of intracellular iron levels, revealing increased iron accumulation after RSL-3 exposure and significant reversal upon
PPARG inhibition. (E) Flow cytometric measurement of cytosolic reactive oxygen species (ROS) using CM-H,DCFDA, showing elevated ROS during
ferroptosis and marked suppression by FTX-6746. (F) Lipid peroxidation assessment using a ratiometric lipid ROS sensor (PE — FITC), demonstrating
ferroptosis-induced lipid peroxidation and its attenuation following PPARG inhibition.
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FIGURE 7

Integrative analytical framework identifying PPARG-mediated ferroptosis in Alzheimer's disease.
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ferroptosis-induced neuronal injury in vitro. These results suggest that
PPARG function in neurodegeneration is highly dependent on cellular
context, ligand availability, and downstream metabolic state.

The therapeutic relevance of PPARG modulation was further sup-
ported by our in vivo findings. Inhibition of PPARG in an AD-like
mouse model improved cognitive performance and alleviated hippo-
campal neuronal damage, accompanied by reductions in oxidative
stress and lipid peroxidation markers. These observations align with
growing evidence that targeting ferroptosis-related pathways can
confer neuroprotection in AD and other neurodegenerative disorders
(Ma et al., 2022; Bao et al., 2021; Zhong et al., 2024). Importantly, our
results suggest that selective modulation, rather than broad activation,
of PPARG signaling may be required to achieve therapeutic benefit in
the context of ferroptosis-driven neurodegeneration.

Several limitations of this study should be acknowledged. First,
the D-galactose-induced model primarily reflects aging-associated
oxidative stress and does not fully recapitulate the complex amyloid
and tau pathology of human AD. Nevertheless, this model has been
widely used to investigate oxidative injury and cognitive dysfunction
relevant to AD (Ashraf et al., 2018). Future studies employing trans-
genic AD models or human induced pluripotent stem cell-derived
neurons would further strengthen the translational relevance of our
findings. Second, although pharmacological inhibition of PPARG pro-
duced robust neuroprotective effects, genetic approaches such as
neuron-specific knockdown or overexpression will be essential to
confirm causality and exclude potential off-target effects. Finally, the
interplay between ferroptosis and other regulated cell death pathways,
including apoptosis and autophagy, remains to be fully elucidated in
the context of AD (Yapryntseva et al., 2022; Su et al., 2019).

FerrDb annotations are curated from studies conducted in
varied cell types and conditions; thus, “driver/suppressor” labels
should be viewed as context-dependent rather than universal.

Frontiers in Aging Neuroscience

While PPARG is annotated as a ferroptosis suppressor in some set-
tings, our neuronal experiments show that PPARG inhibition
reduces lipid peroxidation and ferroptosis-associated phenotypes,
suggesting that in neurons under AD-relevant stress, PPARG sig-
naling may contribute to lipid remodeling that heightens ferrop-
totic susceptibility.

Limitations of immune deconvolution
in brain tissue

Immune “fractions” inferred from bulk brain transcriptomes
should be interpreted cautiously. CIBERSORT results depend on the
chosen signature matrix (e.g., LM22), which was developed largely
from peripheral immune cells and may not fully represent brain-
resident microglial activation states. In addition, AD brain tissues
exhibit marked shifts in neuronal and glial composition, which can
confound bulk expression-based deconvolution. Therefore, we inter-
pret the observed increase in M2-like myeloid signatures as relative
enrichment signals rather than direct evidence of peripheral macro-
phage infiltration. To improve robustness, we cross-validated findings
using brain-relevant marker scoring and/or scRNA-seq-guided
deconvolution.

This study integrates bulk and single-cell transcriptomics, network
analysis, immune deconvolution, and experimental validation. While
the transcriptomic and network-based analyses identify robust asso-
ciations between PPARG, ferroptosis-related pathways, and immune
signatures, they are inherently correlative and cannot independently
establish causality. Causal inference in this study is therefore derived
primarily from experimental perturbation of PPARG signaling using
pharmacological inhibition and corresponding ferroptosis readouts.
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Additional genetic and longitudinal studies will be required to fully
define causal relationships in human Alzheimer’s disease.

The D-galactose model employed in this study primarily reflects
aging-associated oxidative stress, neuroinflammation, and neuro-
degeneration, and does not fully recapitulate the hallmark
amyloid-f or tau pathology observed in transgenic Alzheimer’s dis-
ease models. Therefore, our in vivo findings should be interpreted
as evidence supporting a role of PPARG-mediated ferroptosis in
neurodegenerative and neuroinflammatory processes, rather than
definitive Alzheimer’s disease-specific mechanisms. Validation in
transgenic AD models will be an important direction for future
studies.

Conclusion

This study demonstrates that ferroptosis is a key contributor to
Alzheimer’s disease pathogenesis and identifies PPARG as a central
regulator linking lipid metabolism, iron dysregulation, and neuronal
vulnerability. Integrated transcriptomic, single-cell, and experimental
analyses reveal neuron-specific PPARG dysregulation and show that
PPARG inhibition effectively suppresses ferroptotic damage both in
vitro and in vivo. These findings highlight PPARG-mediated ferropto-
sis as a promising therapeutic target for mitigating neurodegeneration
in Alzheimer’s disease.
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