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Abstract
Chronic neuroinflammation driven by activated microglia is a critical hallmark of Alzheimer’s disease (AD) progres-
sion. Metabolic dysregulation, particularly iron metabolism, has been implicated in neurodegeneration, yet the role of 
iron-responsive element-binding protein 2 (IREB2) in AD-associated neuroinflammation remains poorly understood. We 
performed integrative analysis of single-cell RNA sequencing (scRNA-seq) data from AD brain tissues, using non-neg-
ative matrix factorization (NMF) and intercellular communication algorithms to map cellular landscapes. We identified 
microglial subpopulations and their inflammatory signaling. To experimentally validate the functional role of IREB2 in 
inflammatory responses, we conducted siRNA-mediated knockdown in the human neuroblastoma cell line SH-SY5Y, 
which serves as a neuronal model for assessing IREB2’s effect on cytokine expression. Single-cell analysis revealed a 
distinct microglial subpopulation (IREB2⁺ MC C1) that is significantly expanded in AD. This subpopulation exhibits a 
hyper-inflammatory state, with enrichment of Toll-like receptor and IL-17 signaling pathways, and functions as a primary 
source of outgoing inflammatory signals (CCL3, CCL4). Furthermore, IREB2 knockdown in SH-SY5Y cells significantly 
suppressed the expression of key pro-inflammatory cytokines (IL6, IL-1β, and TNF-α), confirming that IREB2 positively 
regulates inflammation in neurons as well. IREB2 drives both microglial activation and neuronal inflammatory responses 
in AD, potentially via the NF-κB pathway. The IREB2⁺ microglial subpopulation represents a specific pathogenic entity 
that orchestrates the inflammatory microenvironment. Targeting IREB2 may therefore offer a dual-pronged therapeutic 
strategy to mitigate neuroinflammation and slow AD progression.
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Introduction

Alzheimer’s disease (AD) is the most common form of 
dementia worldwide and it appears with degenerating cog-
nitive functions as well as with the formation of amyloid-β 
deposits and neurofibrillary clusters [1–5]. Currently, there 
are no highly effective therapeutic interventions. There is 
accumulating evidences that neuroinflammatory processes 
are involved in the development of the AD, where the reac-
tive microglial cells and also the astroglia are important in 
the impairment of the synaptic activity and the nerve cell 
death [6–10]. However, the big diversity of the inflamma-
tory mechanisms in the brains of the AD affected, remains 
to be elucidated.

Cutting-edge developments in single-cell transcriptomic 
analysis (scRNA-seq) have enabled us to map the very dif-
ferent cellular composition in neurodegenerative conditions 
[11–15]. Through this technology, specialized microglial 
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populations related to the pathology (DAM) or activated 
astrocyte phenotypes as well as disrupted cell to cell signal-
ing pathways have been unveiled. The exact gene regulatory 
networks that link the metabolic dysfunction, the oxidative 
damage and pro-inflammatory cascades that take place in 
different neural cell types are not well characterized [16–
20]. One of the most interesting is ferroptosis - a particular 
type of cell death mediated by the iron accumulated and the 
lipid oxidation that have strong links with the neuroinflam-
mation. This pathway has appeared as potential important 
in the path of Alzheimer’s disease, but if ferroptosis related 
transcriptional patterns exist and are functionally relevant 
in some kind of macrophage/microglial populations in the 
brain of AD is to be explored.

Other important proteins in which also have been related 
with fat processing and stimulation of immune cells in non 
neural tissues like for example IREB2 [21]. Nevertheless, 
their different cellular distribution and the role in the inflam-
mation of the brain related to AD are not studied yet. In the 
same way the molecular signaling systems that control the 
communication between different kind of cells in the brain 
(glial cells, blood vessel cells and neurons) in the inflamma-
tory environment of AD also need to be more studied.

Materials and methods

Single-cell multi-omics progression analysis

We used Seurat software to make the Seurat objects of data 
analysis. The dataset GSE188545 is downloaded from the 
Gene Expression Omnibus repository ​ (​​​h​t​​t​p​s​​:​/​/​w​​w​w​​.​n​c​b​i​.​n​
l​m​.​n​i​h​.​g​o​v​/​g​e​o​/​​​​​)​. Six biological specimens were used for 
the following investigation according to the 10× Genom-
ics single-cell RNA sequencing protocol. We implement the 
Seurat 4.0 R toolkit to build a unified Seurat object with all 
experimental samples. In the quality control procedures, we 
only kept cells that expressed between 200 and 4000 genes, 
and kept the expression of the mitochondrial gene is under 
10% of total cellular transcripts [22–25].

Data normalization and dimensionality reduction

We have normalized and performed the variance stability 
with the SCTransform approach in Seurat of the dataset, 
taking into account the mitochondrial gene content and the 
total numbers of UMI. We have done the linear dimension-
ality reduction by doing the principal component analy-
sis (PCA) on the genes with high variability, and we have 
choose the first 30 of principal components to look at them. 
We have mapped the cellular relationships by doing the 
FindNeighbors algorithm, and we have found the cluster by 

doing the FindClusters method (with the cluster resolution 
set to 0.5). For the spatial representation, we have gener-
ated two dimensional projections with the uniform manifold 
approximation and projection (UMAP).

Differential expression and functional enrichment 
analysis

The variations of the gene expression that separate AD 
samples from healthy control (HC) samples, and the one 
between the different cellular subtypes were found using the 
FindMarkers tool of Seurat. We set the criterium of statis-
tical significance with the absolute value of the log2 fold 
change bigger than 0.25 and the Bonferroni adjusted p value 
smaller than 0.05. Then, we used clusterProfiler version 4.0 
(R software package) to do the KEGG pathway analysis 
and Gene Ontology annotation of these found genes. The 
enrichment result was considered significant when the cor-
rected p value was less than 0.05.

Single-cell functional scoring

We used three different computational ways (AUCell, 
UCell and singscore) to measure the activity level of the 
defined gene collections in the single cells. The gene col-
lections were taken from the MSigDB repository (inflam-
mation related pathways, oxidative stress related markers, 
metabolic processes) or were manually defined (ferroptosis 
related genes).

AUCell found enrichment by evaluating the area of the 
integral of the curve, UCell used a ranking based statistical 
method. With the singscore, the quantitative assessments 
have come from the rank normalisation procedures. These 
three independent measurement were finally average to get 
the composite functional activity index .

NMF subpopulation analysis

To identify hidden cellular subpopulations, we applied 
non‑negative matrix factorization (NMF) to the expres-
sion matrix of microglial cells (selected from the global 
clustering). The gene expression matrix X (cells × genes) 
was factorized into two non‑negative matrices: W (cells × 
k) representing cell‑factor loadings, and H (k × genes) rep-
resenting factor‑gene weights. Factorization was performed 
using the NMF R package (method = “brunet”, rank k rang-
ing from 2 to 15) with 100 iterations to ensure stability. The 
optimal rank k was selected based on the cophenetic corre-
lation coefficient and the average silhouette width.

To assign cells into discrete subpopulations, we per-
formed consensus k‑means clustering on the W matrix 
(cell‑factor loading matrix) using Euclidean distance and 
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100 random initializations. The number of clusters was set 
equal to the optimal NMF rank k. The robustness of clus-
tering was assessed by bootstrap resampling (80% of cells, 
200 iterations). For each resulting subpopulation, the char-
acteristic factor genes were defined as those with the high-
est loading scores in the corresponding row of H (top 50 
genes per factor). These gene signatures were then used for 
pathway enrichment analysis (GO, KEGG) and to annotate 
the biological identity of each subpopulation, such as the 
IREB2⁺ hyper‑inflammatory microglial cluster (MC C1).

Cell–cell communication analysis

Cell-cell communication was analyzed using CellPhoneDB 
v5.0. To exclude false positive signals caused by low or 
random expression, the single-cell expression matrix was 
pre-filtered: only genes detected in at least 10% of cells 
within a given cell type ( expression proportion > 10%) were 
retained. On this basis, we further required that both genes 
in a ligand-receptor pair have an average expression level 
greater than 0.5 (after log1p normalization) or 1 (raw UMI 
count) in the respective cell types, thereby removing low-
expression interactions with limited biological significance. 
Additionally, a “ligand-receptor co-expression” strategy 
was adopted to screen for high-confidence interactions: a 
ligand-receptor pair was included only if the proportion of 
cells expressing the ligand in the sender cell type and the 
proportion of cells expressing the receptor in the receiver 
cell type both exceeded 10%, and the geometric mean of 
their expression abundances was higher than the median of 
the global background distribution. These thresholds were 
determined empirically based on data distribution charac-
teristics to balance sensitivity and specificity.

Cell culture

The SH-SY5Y and BV2 cell line was purchased from 
Type Culture Collection of Chinese Academy of Sciences, 
Shanghai. The cells were cultured in DMEM/F12 growth 
medium (Gibco, USA) supplemented with 10% fetal bovine 
serum (FBS, Gibco, USA) and 1% penicillin-streptomycin 
solution (Beyotime, China), and maintained at 37, 5% CO₂ 
in humid atmosphere. In the gene silencing experiments, 50 
nM of IREB2-targeting small interfering RNA (si-IREB2) 
or non-targeting control siRNA (si-NC) (GenePharma, 
Shanghai) were introduced into the cells by Lipofectamine 
3000 transfection reagent (Invitrogen, USA) according to 
the supplier’s protocol. And the cellular samples were col-
lected after 48 h of transfection for the further test .

RNA Extraction and Quantitative Real-Time PCR

The cellular RNA was isolated with TRIzol solution (Invit-
rogen, USA) in strict accordance with the supplier instruc-
tions. The RNA quality was assessed by the absorbance 
measurements at 260 nm and 280 nm wavelengths with the 
NanoDrop spectrophotometric device (Thermo Scientific, 
USA). The reverse transcription was done with 1 g of iso-
lated RNA with the PrimeScript RT Reagent Kit containing 
gDNA Eraser (Takara, Japan). The quantitative PCR anal-
ysis was done on a CFX96 Touch Real-Time PCR instru-
ment (Bio-Rad, USA) with the TB Green Premix Ex Taq 
reagents (Takara, Japan). PCR protocol was as follows, an 
initial denaturation at 95 for 30s, followed by 40 amplifi-
cation cycles of 5s denaturation at 95 and 30s annealing/
extension at 60. IREB2 transcript levels were normalised to 
GAPDH and were quantified by the comparative Ct (2^(-
ΔΔCt)) approach.

Enzyme-linked immunosorbent assay

The levels of important inflammatory mediators, such as 
IL-1β, IL-6 and TNF- α, which are present in the cell cul-
ture supernatants, were quantified with the enzyme-linked 
immunosorbent assay (ELISA) using standard commercial 
kits (MultiSciences, China). According to the producer 
protocol, 100 mL aliquots of either the standard solutions 
or the experimental samples were added into the antibody 
precoated 96-well plates and kept at the 37  C for a 2  h 
incubation. After three thorough washes with the defined 
buffer solution, each well was put into 100 mL of enzyme-
linked detection reagent and was incubated for 60 min at 
the same temperature. After another washing, 100 mL of 
chromogenic substrate was dispensed into all wells and was 
allowed to develop for 30 min at the 37 C, in the light pro-
tected condition. The enzymatic reaction was stopped by 
the introduction of 100 mL of stop solution and the absor-
bance readings at the 450 nm wavelength was obtained with 
a microplate absorbance reader (BioTek, USA). The final 
cytokine quantities were obtained through the interpolation 
of the standard calibration curve and then adjusted by the 
total protein measurements.

Statistical analysis

Each experimental procedure was done with three repli-
cates and repeated independent three times. The results are 
shown as averages with the standard deviation values. For 
the statistical difference between two sample groups, an 
unpaired Student’s t-test was used using GraphPad Prism 
9.0 software.
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Results

Single-cell transcriptomic profiling uncovers 
modified cell population dynamics in AD brain 
tissue

We have performed single-cell transcriptomic profiling 
of brain tissue samples that were obtained postmortem, in 
order to look at the cellular diversity associated to AD. With 
the help of dimensionality reduction techniques (UMAP), 
we were able to see clear segregation of principal neural cell 
populations, like neuronal cells, astroglial cells, microglial 
cells, oligodendroglial cells, and vascular endothelial cells 
(Fig.  1A). Transcriptional profiles from the specimens of 
AD are seen to have substantial divergence from that of 
the neurologically normal, and we can see alterations in the 
cellular clustering (Fig.  1B). Quantitatively, the changes 
of the cell population (Fig. 1D), there is a large increase 
of the microglia that are showing the disease associated 
phenotypes (DAM) and activated astrocytes and some of 
the neuronal subtypes are clearly depleted, which shows 
the large cellular reorganization that is taking place in AD 
pathogenesis.

Metabolic-inflammatory reprogramming 
characterizes AD cell subpopulations

In order to evaluate the functional characteristics of these 
transformed cells, we have performed in detail the cell type 
classification and pathway enrichment analysis with the 
use of different scoring (AUCell, UCell, singscore). We 
showed that in the case of the Alzheimer’s disease we have 
investigated there is a disease specific transition towards 
the pro-inflammatory and metabolic dysfunction profiles 
(Fig. 2B). In particular, the activation of the immune related 
pathways and the markers of redox imbalance are the most 
pronounced in glial cells. We also detected a cluster of the 
immune-associated marker genes with high expression 
level in the cases of AD, which contains the modulators of 
the lipid homeostasis (ACSL1, MACH1) and mediators of 
the cellular stress (SERPINF1) (Fig. 2E). These observa-
tions reveal the coordinated disturbances of the metabolic-
immune crosstalk and of the inflammatory pathways among 
different neural cell populations in the AD pathology.

Transcriptional dynamics identify dysregulated iron 
and lipid metabolism in AD

A systematic comparison of the transcriptional pattern of 
AD patients vs. HC showed many genes with differential 
expression (Fig.  3A). The functional pathway analysis 
showed strong modifications in the biological processes 

related to the iron homeostasis (among others FTH1 and 
STEAP3) and cellular defense against oxidative damage 
(among others SAT1 and HSP90) suggesting a global meta-
bolic restructuration in the neural tissue of AD patients. 
Different cellular groups (especially Clusters 10, 13 and 
18) shown remarkable reorganization pattern in AD cases 
(Fig.  3B) suggesting the development of specific inflam-
matory cellular phenotypes. The flow cytometry analysis 
showed the fluctuating proportion in the cell subsets related 
to the inflammation (Gate 3 and Gate 8), which pave the 
way to find particular metabolic-inflammatory paths related 
to the iron regulation and lipid metabolism.

Intercellular crosstalk highlight metabolic 
vulnerability

As the abundance of the metabolic genes considered in AD is 
increased, we also considered the spatial distribution of the 
expression of ACSL1 (Acyl-CoA Synthetase Long-Chain 
Family Member 1) which is accumulated in both endothe-
lial cells and microglial cells (Fig. 4A-B). This means that 
they are importantly involved in the impaired lipid metabo-
lism. Considering the ligand-receptor interaction studies 
(Fig. 4F) we have seen the strengthened of the signalings 
associated with ACSL1, in particular the VEGFA-VEGFR1 
and TGFB2-TGFBR systems, which show some dynamic 
metabolic-inflammatory interaction. The fact that in par-
ticular some cell clusters the genes that regulate the lipid 
metabolism and the iron homeostasis (including IREB2) are 
at the same time present, make us to think of the ferroptosis 
as a possible medidor of this kind of cell communication.

IREB2-defined macrophage subpopulation exhibits 
pro-inflammatory metabolic features

In order to deal with the diversity that we saw for mac-
rophages and microglia, we did a subclustering analysis 
with non-negative matrix factorization (NMF) with the 

Fig. 1  Single-cell RNA sequencing comprehensive analysis of cellu-
lar diversity in human brain specimens. (A) Two-dimensional UMAP 
visualization of cells from all samples after unsupervised clustering 
of 22 individual cellular clusters (labeled 0–21). Individual cells are 
shown by the colored dot corresponding to the assigned cluster. (B-
G) Matrix plots of the proportion of cells from different experimental 
batches and clinical conditions (healthy, tumorous) in each of the iden-
tified cluster. These visualizations show that the cellular populations 
are coming from several sources without strong technical artefacts or 
segregation of the popualtions in a disease specific way. (H) Classifica-
tion of the 22 clusters in the UMAP projection with cell-type specific 
molecular markers, and their organization in 7 principal cellular cat-
egories: Oligodendrocytes, Inhibitory_Neurons, Excitatory_Neurons, 
Astrocytes, Microglial cells, and Vascular Endothelial cells. (I) exami-
nation of atlas cellular distribution. The left histogram gives the total 
of the cells identified for each of the 7 major
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Fig. 2  Characterization of cell type-specific markers and functional 
signatures. (A) Heatmap and dot plot showing the expression profiles 
of canonical marker genes across the seven major cell lineages. The 
heatmap displays z-score normalized expression levels, while the adja-
cent dot plot indicates the percentage of cells expressing each gene 
(dot size) and the average expression level (color intensity). This con-
firms the distinct identity of each cell cluster, with specific markers 
such asMOBP for Oligodendrocytes, GAD1 for Inhibitory Neurons, 
SLC17A7 for Excitatory Neurons, AQP4 for Astrocytes, AIF1 for 
Microglia, andCLDN5 for Endothelial cells. (B) Violin plots illus-
trating the distribution of functional module scores (calculated using 
methods such as AUCell, UCell, or singscore) across different cell 
types. The scores reflect the enrichment of specific biological pathways 
or gene sets, revealing functional heterogeneity among the cell popu-

lations. (C) Dot plot summarizing the expression specificity of key 
cluster markers. The size of the dots represents the percentage of cells 
expressing the gene within each cluster, and the color scale indicates 
the average expression level, further validating the cell type annota-
tion. (D) Violin plots displaying the expression distribution of specific 
genes of interest across the seven major cell lineages. This highlights 
the cellular specificity of these genes, showing which cell types con-
tribute most significantly to their expression. (E) [Note: Since panel E 
is partially visible/cut off in the provided image, a general description 
is provided based on typical single-cell analysis figures]. Feature plots 
or violin plots showing the expression patterns of additional specific 
genes across the UMAP embedding or cell types, further detailing the 
molecular characteristics of the identified subpopulations
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ferroptosis related gene patterns. We found five clear cel-
lular subgroups (Fig. 5A). The IREB2 positive MC C1 clus-
ter (in red) had higher expression of iron regulation related 
genes, while the ACSB1 positive MC C3 cluster (in green) 
had a big enrichment of genes related to fatty acid metabolic 
processes.

In particular, the IREB2⁺ C1 cell group had a different 
inflammatory profile. Pathway enrichment study (Fig. 5B) 
shows that this subset is strongly involved in the Toll-like 
receptor cascades, IL-17 mediated signaling and athero-
sclerotic lipid metabolism pathway. Assessment of intercel-
lular communication (Fig. 5C) shows that IREB2⁺ C1 is a 

Fig. 3  Cellular interactions and 
dynamics of signaling pathways 
in disease vs. control cohorts. 
(A) A color-scaled matrix of the 
relative strength of the intercel-
lular communication among the 
different cell populations. The 
vertical and horizontal axes are 
the different cellular subtypes, 
while the color is the correspond-
ing magnitude of the signaling 
interaction, the brighter the color, 
the more the communication is 
strong. (B) Two-dimensional 
UMAP visualizations of the spa-
tial arrangement of the cellular 
clusters, with a different color 
code between AD and healthy 
control (HC) samples. (C) UMAP 
projections of the expression of 
the particular gene sets among 
the different cellular subgroups, 
the color gradients indicate the 
degree of module activation. (D) 
A circular diagram of the web 
of signaling exchanges between 
the principal cellular lineages. 
The thickness of the connecting 
bands is the interaction inten-
sity, and the chromatic variation 
identify the participating cell 
types, showing the network of 
molecular communication. (E) A 
color-scaled matrix of the activa-
tion level of multiple biological 
signaling cascades among the 
different cellular populations. The 
visualization shows the intercel-
lular communication in the form 
of different kinds of graphs. In 
the heatmap (F) horizontal axes 
represent different cellular popu-
lations and vertical axes show the 
molecular interaction networks 
of the NECTIN-NECTIN and 
CADM1-CADM. The colours 
gradation shows the magnitude of 
the pathway that is activated, the 
more vibrant the colour the more 
is the intensity of the signaling
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main source of signaling, with strong outgoing communi-
cation pattern, which means that this cell is in the center 
of the signaling of the inflammatory message in the brain 
affected by the Alzheimer’s disease. Finally, the metabolic 
profiling (Fig.  5H and L) show that both IREB2⁺ C1 and 
ACSB1⁺ C3 population show strong activity in oxidative 
phosphorylation and glycolytic process, which suggest that 
the abnormalities in the iron metabolism are linked with the 
generation of energy which are sustained the inflammatory 
response.

Functional validation: IREB2 upregulation drives 
pro-inflammatory cytokine secretion

In order to test if the IREB2 molecular signature is causally 
related to the neuroinflammatory processes, we performed 
genetic manipulation experiments in SH-SY5Y and BV2 cell 
lines. Quantitative reverse transcription polymerase chain 
reaction analysis confirmed effective IREB2 gene overex-
pression after the transfection (Fig. 6A, E). As we observed 
in the single-cell RNA sequencing, the higher IREB2 
expression strongly enhanced the inflammatory reaction. 
By enzyme-linked immunosorbent assay measurements, 
we saw a clear elevation in the release of the major inflam-
matory mediators, Interleukin-1- (Fig.  6B), Interleukin-6 
(Fig. 6C), and Tumor necrosis factor- (Fig. 6D), in compari-
son with the cells that were not treated. These experimental 
results show that simply an increased expression of IREB2 

is enough for inducing an inflammatory cellular state in the 
neuronal models. They provide solid evidence that links the 
iron homeostasis disruption found in the IREB2-positive 
macrophage subsets with the continuous neuroinflammation 
of the Alzheimer pathology, making IREB2 a key modulator 
in the inflammatory cascade of the disease.

Discussion

In this study, we used single‑cell RNA‑sequencing com-
bined with non‑negative matrix factorization (NMF) and 
cell‑cell communication analysis to characterize a novel 
IREB2‑expressing macrophage/microglial population in 
Alzheimer’s disease (AD) brain tissues. We found a marked 
expansion of this cluster, which we termed IREB2⁺ MC 
C1, in AD samples. Its transcriptional signature involves 
well‑established inflammasome‑related pathways, includ-
ing Toll‑like receptor signaling, IL‑17‑mediated responses, 
and complement system activation. These molecular pat-
terns suggest that IREB2‑expressing cells actively contrib-
ute to the persistent neuroinflammatory state in AD through 
multiple inflammatory cascades. This subset also exhibited 
the strongest outgoing signal transmission, indicating that it 
not only mediates inflammatory responses but also serves as 
a key initiator of intercellular communication. The micro-
environment showed increased inflammatory signaling, and 
IREB2⁺ MC C1 cells produced high levels of chemotactic 
cytokines (CCL3, CCL4) and immunomodulatory factors 
(SPP1, SEMA4D), which may recruit circulating immune 
cells and stimulate resident glia via paracrine mechanisms, 
further amplifying the inflammatory cascade.

We also identified a direct association between IREB2 
expression and oxidative stress‑related genes (SAT1, 
HSP90). This implies that IREB2 could promote reactive 
oxygen species production by regulating intracellular iron 
balance, thereby sustaining pro‑inflammatory pathways. In 
this context, ACSL1 (acyl‑CoA synthetase long‑chain fam-
ily member 1) — a key enzyme involved in lipid metabolism 
— was co‑expressed with IREB2 in the same subpopulation. 
The concurrent upregulation of IREB2 and ACSL1 suggests 
a potential link between iron regulation, lipid metabolism, 
and neuroinflammation in AD.To test the causal role of 
IREB2 in AD‑associated inflammation, we performed func-
tional assays. scRNA‑seq data revealed a strong positive 
correlation between IREB2 levels and multiple inflamma-
tory genes (IL1B, TNF, CXCL10). Knockdown of endog-
enous IREB2 using specific siRNA markedly reduced the 
constitutive production of these mediators. Thus, IREB2 

Fig. 4  Characterization of ACSL1 expression and its potential ligand-
receptor interactions in the brain cellular landscape. (A) UMAP plot 
showing the expression level of ACSL1 across all cell types. The 
color scale represents the normalized expression level, indicating 
that ACSL1 is predominantly expressed in Oligodendrocytes and 
Microglia. (B) Dot plot summarizing ACSL1 expression across the 
seven major cell lineages. The dot size represents the percentage of 
cells expressing the gene, while the color intensity indicates the aver-
age expression level. This confirms the high and specific expression 
of ACSL1 in Oligodendrocytes and Microglia. (C) UMAP plot high-
lighting the density of cells with high ACSL1 expression. The color 
gradient from blue to yellow represents increasing cell density, fur-
ther pinpointing the specific subpopulations within Oligodendrocytes 
and Microglia that are characterized by high ACSL1 levels. (D, E) 
UMAP plots visualizing the spatial distribution of specific cell clusters 
(labeled 0–15) identified within the ACSL1-high populations. These 
plots show the segregation of these cells into distinct subgroups. (F) 
Dot plot predicting potential ligand-receptor interactions associated 
with ACSL1 in Astrocytes and Microglia. The plot displays interac-
tions for both ACSL1-high and ACSL1-low states. The circle size rep-
resents the scaled mean expression of the interaction pair, and the color 
indicates the interaction significance or strength. Notable interactions 
include SPP1-ITGAV-ITGB5 and GAS6-AXL, suggesting a role for 
ACSL1 in mediating cell-cell communication, particularly in phago-
cytic or inflammatory pathways
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drives the neuroinflammatory reaction in microglial cells, 
and high IREB2 levels are sufficient to impose a pro‑inflam-
matory shift.

In addition, this study also has certain limitations. SH-
SY5Y is a human neuroblastoma cell line, widely used as 
a neuronal model for the study of chronic neurodegenera-
tive disorders in Alzheimer’s disease (AD), to simulate the 
gene expression and ligand-receptor activity of neurons 
under long-term pathological stimulation. Regarding the 
discussion of microglia, it stems from the core pathological 

feature of AD - the chronic neuroinflammation mediated by 
microglia, as well as the close intercellular communication 
between neurons and microglia. This study uses SH-SY5Y 
cells, not to replace microglia, but from the perspective of 
neurons, to predict the possible cross-cell signaling networks 
they may be involved in. However, as an immortalized cell 
line derived from tumors, SH-SY5Y lacks the aging charac-
teristics, metabolic state, and true response to chronic stress 
of primary neurons, and cannot directly reflect the function 
of microglia.

Conclusion

In summary, we identified a distinct IREB2⁺ macrophage/
microglial subpopulation in AD that drives neuroinflam-
mation, potentially via the NF‑κB pathway, and accelerates 
neurodegenerative processes. IREB2 knockdown strongly 
reduces pro‑inflammatory cytokine production. The IREB2⁺ 
MC C1 subset thus represents both a potential biomarker for 
AD and a promising anti‑inflammatory therapeutic target. 
The co‑expression of IREB2 and ACSL1 suggests an unex-
plored axis linking iron metabolism, lipid metabolism, and 
neuroinflammation, warranting further investigation.
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