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INTRODUCTION 
 

Cellular senescence is a state of cell cycle arrest in 

previously proliferating cells, triggered by cellular 

stress [1–3]. This complex biological process can exert 

both beneficial and detrimental effects in a biological 

context-dependent manner [1–3]. Cellular senescence 

acts as a barrier to tumorigenesis by limiting the 

excessive proliferation of damaged cells [4]. In 

addition, Senescent cells (SnCs) play a functional role 

in regeneration [5–7], reprogramming [8], and 

development [9–11]. However, the accumulation of 

SnCs in tissues with age contributes to age-related 

pathologies, including cancer [12], lung diseases [13, 

14], cardiovascular disease [15], and neurodegenerative 

conditions [16] such as Alzheimer’s disease (AD) [17, 

18]. This effect is primarily attributed to the secretion  

of pro-inflammatory cytokines, chemokines, and 

proteases, known as the Senescence-Associated 

Secretory Phenotype (SASP) [2, 12]. While the diverse 

functional consequences of SnCs accumulation are well 
appreciated, the underlying metabolic adaptations of 

these cells and how they contribute to diverse 

phenotypes of SnCs are less understood. 
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ABSTRACT 
 

Senescent cells (SnCs) are growth-arrested yet remain metabolically active and undergo extensive 
reprogramming to support their survival and the Senescence-Associated Secretory Phenotype (SASP). SnCs 
undergo key metabolic changes, including increased glycolysis, altered mitochondrial function and dysregulated 
lipid metabolism. While these metabolic changes are increasingly recognized, a comprehensive understanding 
of how they contribute to the pathophysiological effects of SnCs is still lacking.  Here, through metabolic 
profiling, we identified elevated levels of glycolytic metabolites in SnCs, which coincided with an increased 
presence of lipid metabolites, specifically triacylglycerol derivatives, the precursors of lipid droplets (LDs). We 
show that SnCs accumulate LDs in a classical primary human fibroblast model, and that senescent microglia 
upregulate LDs markers in a mouse model of Alzheimer’s disease (AD), where they play a pathological role. 
Single-nucleus analysis of brains from AD patients further revealed an elevated levels of LDs markers in 
senescent brain cells, including microglia. Previous studies implicated both lipid droplet-containing microglia 
and senescent microglia in AD pathology. Our findings provide evidence that these may represent the same cell 
population, in which the co-occurrence of LDs accumulation and the senescent state jointly contribute to their 
disease-promoting properties. 
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SnCs undergo extensive metabolic reprogramming  

to support their survival and SASP. Key alterations 

include increased glycolysis [19], changes in 

mitochondrial functions [20], and metabolic rewiring 

that impacts redox homeostasis [21]. These changes can 

be triggered by various senescence-inducing factors, 

including mutant oncogenes [22, 23]. In a murine 

lymphoma model of chemotherapy-induced senescence, 

inhibiting glucose metabolism led to tumor regression 

[24]. This effect was partially attributed to the 

elimination of senescent cells and their SASP from  

the tumor microenvironment [24]. In addition to  

the changes in glycolysis, a dysregulation of lipid 

metabolism was also noted in SnCs [25, 26]. One of the 

cellular organelles that plays a central role in lipid 

metabolism is Lipid droplets (LDs) [27]. LDs are 

evolutionarily conserved organelles crucial for storing 

neutral lipids and maintaining energy homeostasis [27, 

28]. Excessive LDs have been implicated in various 

age-related pathologies [28–30], such as cancer [31], 

renal fibrosis [32], and non-alcoholic fatty liver disease 

[33], resembling the detrimental impact of SnCs 

accumulation. Given the roles of both SnCs and altered 

lipid metabolism in aging and disease, particularly in 

neurodegenerative conditions [16, 34–36], including 

Alzheimer’s disease (AD) [17, 37], we hypothesized 

that there is a link between these two phenomena.  

 

The accumulation of LDs has been described in several 

age-related neurological pathologies, including stroke 

[38] and AD [39]. In AD, microglia exposed to 

amyloid-beta exhibit LDs accumulation, which impairs 

their ability to clear amyloid plaques [40]. Furthermore, 

LDs are more prevalent in microglia from individuals 

with the APOE/e4 genotype and contribute to 

neurotoxicity [37]. In addition, the initial description of 

AD by Alois Alzheimer himself noted the presence of 

“many glial cells showing adipose saccules” in patient 

brains, highlighting a potentially underappreciated role 

for lipid accumulation in glial cells in this disease [37, 

41, 42]. Given the involvement of senescent microglia 

in AD pathogenesis, it is necessary to understand if the 

accumulation of LDs is a defining characteristic of these 

detrimental senescent cells. 

 

To test this hypothesis, we conducted an integrative 

analysis combining in vitro, in vivo, and human data. In 

senescent human fibroblasts, we observed elevated 

glycolysis and lipid metabolism, characterized by 

triacylglycerol accumulation and upregulation of LDs 

markers. A similar upregulation of LDs markers was 

detected in senescent microglia from 5xFAD mice, a 

mouse model of AD. In these mice, senescent microglia 
co-expressed LDs and senescence markers. Finally, 

single-nucleus RNA sequencing from post-mortem AD 

brains revealed that senescent brain cells, particularly 

microglia, exhibit increased expression of the LDs 

marker Plin2, along with other LDs-associated markers. 

These findings suggest that LDs accumulation is a 

conserved feature across senescent cells. 

 

RESULTS 
 

To gain an unbiased understanding of the metabolic 

alterations associated with cellular senescence, we 

performed metabolic profiling of senescent BJ primary 

human fibroblasts. We induced senescence in the BJ 

cells by exposure to the DNA-damage agent Etoposide, 

a well-established model for studying senescence in 

culture [43]. We then analyzed changes in both lipids 

and polar metabolic profiles, comparing SnCs to 

growing control BJ cells. Overall, we identified 370 

lipid species (Supplementary Table 1), among them 184 

were differentially expressed (DE) (Supplementary 

Figure 1A), and 239 polar metabolites (Supplementary 

Table 2), 71 of them were DE (Figure 1A). The analysis 

of polar metabolites revealed an increase in glycolysis-

related metabolites (e.g. Glucose 6-phosphate, 

Glyceraldehyde 3-phosphate, Glycerate) (Figure 1A), 

which was further analysed through pathway analysis 

showing an elevation in the pentose phosphate pathway 

(Figure 1B). This pathway is known to be activated 

during oxidative stress [44]. In addition, glycerol 3-

phosphate, cyclic AMP, and NADP were also 

upregulated, which could reflect metabolic adaptations 

in senescent cells involving anabolic processes, redox 

balance and stress signaling (Figure 1A). Data analysis 

of lipid molecules revealed an overall elevation in lipid 

metabolites (Figure 1C and Supplementary Figure 1A), 

with the most pronounced increase observed in 

members of Triacylglycerol (TAG) family in the SnCs 

compared to the control cells (Figure 1D). Unsaturated 

long-chain TAGs were more abundant in SnCs (Figure 

1E, 1F). We also found that unsaturated amphipathic 

lipid species are elevated in SnCs (Supplementary 

Figure 1B). These lipids increase membrane fluidity 

[45], which could affect membrane properties and 

contribute to morphological changes, which are known 

characteristics of senescent cells [46]. Our 

comprehensive metabolic profiling approach thus 

revealed a notable shift towards increased lipid 

metabolism, specifically TAG upregulation, alongside 

enhanced glycolytic activity and alterations in the 

pentose phosphate pathway in senescent fibroblasts.  

 

TAGs serve as the primary precursors for lipid droplets 

(LDs) formation [28]. We therefore hypothesize that the 

observed accumulation of TAGs reflects the build-up of 

LDs in senescent fibroblasts. To test this hypothesis, we 

evaluated the presence of LDs in senescent BJ fibroblasts 

compared to control BJ fibroblasts using LipidSpot 

staining, a neutral lipid dye commonly used to visualize 
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lipid droplets for fluorescence imaging. We observed a 

significant increase in LDs levels in senescent BJ 

fibroblasts compared to control cells (P = 0.0068, t(17) = 
3.080; Figure 2A). Additionally, we performed 

quantitative RT-PCR analysis for the expression of key 

LDs marker genes, Plin2 and ApoE. We detected  

a significant increase in the expression of these markers 

in SnCs compared to the control cells (ApoE: P = 
0.0002, t(13) = 5.184; Plin2: P = 0.0169, t(13) = 2.739; 

Figure 2B). Overall, our results suggest that LDs 

 

 
 

Figure 1. SnCs exhibit enhanced metabolic activity. Senescence was induced in BJ fibroblasts by a 48-hour incubation with 50 µM 

Etoposide, and cells were analysed one week post treatment [43]. Lipid profiling identified 370 lipid species, among them 184 were 
differentially expressed (DE) and 239 polar metabolites, 71 of them were DE. Parentheses indicate isomers. (A) DE polar metabolites in 
senescent BJ cells (n=3, red line) compared to control BJ cells (n=3, green line). (B) Over-represented pathways of significantly altered 
metabolites in senescent versus growing cells, ranked and coloured by –log10(p-value) and the size of the circle represents the enrichment 
ratio. (C) Volcano plot displaying the log2 fold change (x-axis) and statistical significance (-log10(p-value), y-axis) of lipid species in senescent 
versus control BJ cells. The size of the circle represents the value of P-value. (D) DE lipids of the triacylglycerol class in senescent BJ cells (n=3, 
red line) compared to control BJ cells (n=3, green line). (E) Relative abundance of triacylglycerol (TAG) species in senescent and growing cells 
categorized by total carbon chain length. (F) Relative abundance of TAG species by degree of unsaturation of chains (number of double 
bonds). Data are shown as mean ± SD. ***P < 0.001, **P < 0.01, *P < 0.05. 
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accumulate in senescent fibroblasts. These results are 

consistent with prior findings in therapy-induced 

senescent tumor cells, where lipid droplet accumulation 

was observed [25]. 

 

Rewiring of metabolic and signaling pathways is 

necessary for LDs accumulation and overall increase  

in TAGs in SnCs. To explore a molecular pathway 

potentially associated with the changes in lipid 

metabolism, we focused on AMP-activated protein 

kinase (AMPK), a central regulator of cellular energy 

homeostasis [47]. AMPK promotes catabolic pathways, 

while inhibiting anabolic processes such as lipid and 

fatty acid synthesis.  To evaluate the effect of AMPK on 

the changes in lipid metabolism in SnCs, we treated 

senescent BJ fibroblasts with three distinct AMPK 

activators (GSK621, PF-739, and MT63-78), all of 

which significantly reduced LDs content, as visualized 

by LipidSpot staining (one-way ANOVA: F(7,86) = 
10.11, P < 0.0001; Figure 2C). Thus, treatment with 

AMPK activators restricted LDs levels in SnCs to those 

of non-senescent control cells. Interestingly, this lipid-

lowering effect was accompanied by reduced levels of 

phosphorylated TBK1, a kinase involved in pro-

inflammatory signaling (Supplementary Figure 2A) and 

SASP pro-inflammatory cytokine IL-8 (Figure 2D, one-

way ANOVA, F (3, 8) = 18.34, P = 0.0006), suggesting 

that AMPK activation may also attenuate inflammatory 

pathways associated with senescence. Together, these 

results suggest that AMPK activation modulates 

metabolic pathways in senescent cells, leading to 

reduced LDs accumulation and diminished inflammatory 

pathway activation. Importantly, our findings are 

consistent with recent reports showing that neuronal 

AMPK regulates LDs formation in microglia in 

tauopathy models [48], indicating that this mechanism 

may be conserved across different senescent cell types.  

 

Considering the previous reports implicating both  

lipid droplets-accumulating microglia and senescent 

microglia in the progression of Alzheimer’s disease 

pathology, we sought to investigate whether these two 

cellular states might converge within the same cell 

population in vivo, potentially representing a single key  

 

 
 

Figure 2. SnCs accumulate lipid droplets (LDs). Senescence was induced in BJ fibroblasts by a 48-hour incubation with 50 µM Etoposide, 

and cells were analysed one week post treatment [43]. (A) Representative confocal microscopy images and quantification of LDs in growing 
and senescent BJ fibroblasts, visualized by LipidSpot staining. LDs numbers were counted and normalized to cell count. (B) RT-PCR analysis of 
the expression of LDs marker genes in senescent BJ fibroblasts compared to growing controls. (C) Representative confocal microscopy images 
and quantification of LDs in BJ fibroblasts treated with AMPK activators (10 µM for 48 hours) following senescence induction. LDs numbers 
were counted and normalized to cell count. The significant increase in LDs in senescent BJ cells was reversed by AMPK activators. (D) RT-PCR 
analysis of the expression of IL8 in senescent BJ fibroblasts non-treated and treated with GSK621 (10 µM) or with Metformin (3mM) 
compared to growing controls. Statistical significance was assessed using a two-tailed unpaired t-test (*P<0.05, **P<0.005, ***P<0.0005). 
Data are presented as mean ± SEM. Scale bar = 10 µm. 
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driver of neurodegeneration. Our goal was to determine, 

at the single-cell level, whether senescent microglia also 

accumulate LDs. We applied Cytometry by Time of 

Flight (CyTOF) to a single-cell suspension of the brains 

from 5xFAD mice aged 11.5-13.3 months, a model of 

Alzheimer’s disease (AD). These mice accumulate 

senescent microglia [17]. The CyTOF analysis combined 

markers for senescence (p16, p19, p21, gH2AX) and 

LDs (Plin2 and ApoE). This combination revealed that 

the distinct population of senescent microglia in the 

5xFAD mouse brain upregulated expression of the LDs 

markers (Figure 3A–3D). To explore the clinical 

relevance of our observations, we extended our 

investigation to post-mortem human brain tissue from 

AD patients and age-matched controls, aiming to 

identify the co-occurrence of senescence markers and 

LDs markers in human brain cells. We analyzed single-

nucleus RNA sequencing (snRNA-seq) data [49] and 

revealed that human senescent brain cells upregulate 

LDs markers. Based on transcriptional signatures and 

marker gene expression, we identified a cluster of brain 

microglia (Figure 4A and Supplementary Figure 3). We 

focused our analysis on this microglial cluster and, 

within it, we stratified the cells based on their 

senescence scores. Cells with a senescence score above 

the 99th percentile were classified as ‘High’ senescence, 

those with a score ≤ 0 as ‘Low,’ and all others as 

‘Medium (Figure 4B). Analysis of all the brain cells with 

high senescence scores exhibited elevated expression of 

Plin2, a lipid droplets-associated gene, as well as 

 

 
 

Figure 3. Senescent microglia accumulate LDs. Mass cytometry analysis was performed on brain tissue from wild-type (WT) mice 
(female (n = 4), male (n = 3), 10.9-13.3-month-old), and 5xFAD mice (females (n = 2), males (n = 3), 10.9-11.6-month-old). (A) Representative 
t-distributed Stochastic Neighbor Embedding (t-SNE) plots visualizing CD45+ cells (n = 39,504; 3,292 cells per sample) from each experimental 
group, with colors indicating FlowSOM-guided cell clusters. (B) Quantification of the percentage of senescent microglia within the total 
microglia population (Two-tailed Student’s t-test, P = 0.0112). (C) Feature plot showing the expression levels of Plin2 across the t-SNE clusters 
within the 5xFAD mouse group. (D) Heatmap displaying median marker expression values across the identified cell populations (average 
profile of n = 5; 5xFAD mice). *P<0.05, **P<0.005, ***P<0.0005; data represent mean ± SEM). 
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ApoE, compared to low-senescence-score (Figure 4C). 

Comparing microglia in the highest versus lowest 

senescence score quartiles revealed that Plin2, a lipid 

droplet-associated gene, was significantly upregulated 

in highly senescent microglia (Figure 4D). To explore 

molecular pathways associated with a senescent LDs-

marker positive microglia transcriptional profile,  

we performed enrichment analysis. We visualized  

the results as a network of overlapping gene sets 

(Figure 4E). Among the significantly enriched 

pathways, the lipid and atherosclerosis pathways are 

connected to senescence-relevant pathways, including 

Toll-like receptor signaling, MAPK signaling, 

apoptosis, and HIF-1 signaling. These interconnected 

pathways might provide a mechanistic link between 

LDs accumulation and the inflammatory and stress 

responses characteristic of senescent microglia. There-

fore, snRNA-seq analysis supports the presence of 

senescent LDs-containing microglia in the human 

brain.  

 

 
 

Figure 4. Human senescent brain cells accumulate LDs. Analysis of published single-nucleus RNA sequencing (snRNA-seq) data from 

post-mortem human Alzheimer’s patients and controls showing 35 clusters from 11 people with AD carrying TREM2-CV, 10 carrying TREM2-
R62H and 11 non-AD controls [49]. (A) UMAP clusters generated by SCTransform. (B) Microglia cluster feature plots of CDKN2A, CDKN1A, 
module score of senescence related genes; components leading to the assembly of senescence score, and factorial distribution of senescence 
score (“High” ≥ 99%, “Low” ≤ 0). Senescence score (snRNA-seq) was calculated per nucleus. Per nucleus we combined (i) a Seurat 
AddModuleScore based on KEGG and Reactome “cellular senescence” plus SenMayo genes (excluding CDKN1A/CDKN2A) and (ii) CDKN1A + 
CDKN2A expression (zeros set to 1). The final score is the product of (i) and (ii). (C) Volcano plot of Differentially Expressed Genes (DEG) 
between all brain cells with “High” and “Low” senescent scores. (D) Detailed analysis of DEG in “High” versus “Low” senescence score cells 
within the microglia cluster, emphasizing the upregulation of Plin2 in senescent microglial cells. (E) Enrichment plot displaying relationship 
between enriched pathways in a network.  
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DISCUSSION  
 

In this study, we provide evidence across in vitro, in 

vivo, and post-mortem human data demonstrating a 

connection between cellular senescence and the 

accumulation of lipid droplets (LDs). Our metabolomic 

profiling of senescent fibroblasts revealed elevated 

levels of triacylglycerols, precursors of LDs, which 

coincided with increased LDs abundance. In the context 

of Alzheimer’s disease (AD), senescent microglia 

exhibit increased expression of LDs markers in a mouse 

model of AD. The analysis of single-nucleus RNA 

sequencing data from human AD brains displayed a 

similar accumulation of LDs markers in senescent glial 

cells. Together, these convergent findings suggest that 

LDs accumulation is a feature of cellular senescence, 

potentially contributing to their detrimental role in age-

related diseases. Previous studies have established a 

connection between LDs and various age-related 

pathologies, including cancer, where LDs can provide 

energy and building blocks for rapid proliferation and 

confer drug resistance [50], obesity, where excessive 

LDs storage in adipocytes contributes to metabolic 

dysfunction [51], and neurodegenerative diseases [52], 

where altered lipid metabolism and LDs accumulation 

can impair cellular function and contribute to toxic 

protein aggregation [40]. Our findings provide evidence 

linking cellular senescence with LDs accumulation, 

suggesting that these two processes are interconnected 

and mutually supporting aging and disease. Specifically, 

the accumulation of LDs in senescent microglia, as 

observed in both the AD mouse model and the brains of 

human AD patients, highlights a potential pathological 

mechanism by which SnCs contribute to neuro-

inflammation in AD. Myelin degeneration is a hallmark 

of aging and Alzheimer’s disease models [53], where its 

breakdown exacerbates cognitive decline [54]. Plin2 

was found to promote LDs accumulation which, in turn, 

prevented remyelination in a demyelination model [55]. 

Studies have shown that microglia play a critical role in 

myelination [56]. During aging, there may be an 

increase in demyelination [54], and senescent microglia 

with LDs accumulation might be incapable of 

promoting regeneration of the myelin sheath, thereby 

contributing to Alzheimer’s disease pathology. 

 

Our study integrates in vivo, in vitro, and human 

datasets analyses. However, we acknowledge the 

limitation of the in vitro analyses which relied on a 

single senescence-induction paradigm, DNA damage 

induced senescence. This paradigm is widely used in 

the field. Within this framework, activation of AMPK 

consistently reduced lipid droplets (LDs) accumulation 

specifically in senescent cells and was accompanied by 

a reduction in IL-8, a prominent pro-inflammatory 

SASP factor. These findings support a link between 

senescence-associated metabolic remodeling and 

inflammatory signaling. LDs might serve as 

intracellular signaling platforms, influencing the 

production and release of SASP factors, including pro-

inflammatory cytokines [36, 48]. Conversely, the SASP 

itself might alter cellular metabolism in a way that 

promotes LDs accumulation. Investigating this could 

reveal novel therapeutic targets for modulating both the 

inflammatory and metabolic dysregulation associated 

with SnCs accumulation. On a broader scale, this study 

raises important questions about the nature of the 

relationship between SnCs and LDs. Are LDs simply a 

byproduct of the altered metabolism in SnCs, or do they 

play an active role in promoting the detrimental effects 

of cellular senescence? Future studies should explore 

the mechanisms linking these processes and investigate 

whether targeting LDs may ameliorate the adverse 

effects of SnCs in aging and age-related diseases while 

preserving their beneficial effects. For instance, by 

examining whether LD reduction in senescent cells 

affects SASP secretion and cell survival. In addition, 

future work incorporating optimized spatial and 

imaging-based approaches will be required to 

simultaneously visualize lipid droplets and senescent 

cells in the brain and define their anatomical 

distribution. 

 

In summary, our findings demonstrate that LDs 

accumulation in senescent cells is a feature that extends 

from in vitro to Alzheimer’s disease in both murine 

model and human patients. By elucidating the 

connections between SnCs, LDs, and metabolic 

pathways, particularly within microglial cells, this study 

might provide a crucial foundation for the development 

of novel therapeutic strategies aimed at mitigating the 

harmful effects of cellular senescence in aging and age-

related pathologies, with a specific focus on reducing 

LDs in senescent microglia and potentially slowing the 

progression of AD. 

 

METHODS 
 

Cell culture and induction of senescence 

 

Human BJ fibroblasts were obtained from the American 

Type Culture Collection (ATCC) and placed in a low 

oxygen (5% CO2, 3% O2) incubator at 37° C. The cells 

were maintained in DMEM (11965-092, Thermo Fisher 

Scientific) supplemented with 2 mM l-glutamine, 100 

units/ml of penicillin, 100 mg/ml of streptomycin (03-

031-1B, Biological Industries) and 10% fetal bovine 

serum (FBS) (10270, Thermo Fisher Scientific). DNA 

damage-induced senescence (DIS) was induced by 

treatment with etoposide (E1383, Sigma-Aldrich) at a 

concentration of 50 μM for 48 hr. By 7 days post-

treatment, the cells had acquired the senescence 
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phenotype. Treatment with AMPK activators (MT63-78 

cat-AOB31992, PF-739 cat-AOB33584, GSK621 cat-

SML2003, metformin cat- PHR1084) was either 10 μM 

for MT63, PF-739 and GSK621 or 3mM for Metformin 

for 48 hours following senescence induction with 

Etoposide.  

 

Metabolite extraction  

 

Extraction and analysis of polar metabolites and lipids 

were performed according previously described in 

Malitsky et al. (2016) [57] and Zheng et al. (2015) [21], 

with minor modifications. Senescent or control BJ cells 

pellets were extracted with 1 mL of a pre-cooled (−20° 

C) homogeneous mixture of methanol:methyl-tert-butyl 

ether (MTBE) at a 1:3 (v/v) ratio. The extraction solvent 

included internal standards: phosphatidylcholine 

(17:0/17:0, Avanti) at 0.1 μg/mL, phosphatidylethano-

lamine (17:0/17:0, Avanti) at 0.4 μg/mL, 

Ceramide/Sphingoid Internal Standard Mixture II 

(Avanti, LM6005) at 0.15 nmol/mL, d5-triacylglycerol 

Internal Standard Mixture I (Avanti, LM6000) at 0.0267 

μg/mL, and palmitic acid-13C (Sigma, 605573) at 0.1 

μg/mL. Samples were briefly vortexed and then 

sonicated for 30 minutes in an ice-cold sonication bath, 

with brief vortexing every 10 minutes. Subsequently, 

0.5 mL of UPLC-grade water (DDW):methanol (3:1, 

v/v) containing C13- and N15-labeled amino acid 

standards (Sigma, 767964; (1:1500)) was added. After 

vortexing thoroughly and centrifugation, the upper 

organic phase was transferred into a new tube. The 

remaining polar phase underwent a second extraction 

with an additional 0.5 mL of MTBE. Organic extracts 

from both extractions were combined, and the polar 

phase was transferred to a separate tube. Both extracts 

were dried under a gentle nitrogen stream and stored  

at −80° C. 

 

LC-MS analysis of polar metabolites 

 

Dried polar extracts were resuspended in 150 μL 

methanol:DDW (50:50), centrifuged twice, and 120 μL 

was transferred to HPLC vials. Metabolite profiling was 

performed using an Acquity I-class UPLC system 

(Waters) coupled to a Q Exactive Plus Orbitrap™ mass 

spectrometer (Thermo Fisher Scientific), operating in 

negative ionization mode. Chromatographic separation 

was conducted using a SeQuant Zic-pHilic column (150 

mm × 2.1 mm) with a SeQuant guard column (20 mm × 

2.1 mm) (Merck). Mobile phase B consisted of 

acetonitrile, while mobile phase A comprised 20 mM 

ammonium carbonate with 0.1% ammonium hydroxide 

in DDW:acetonitrile (80:20, v/v). The flow rate was 200 
μL/min with the column temperature maintained at 45° 

C. The gradient conditions were: 0–2 min at 75% B; 

linear decrease to 25% B by 14 min, maintained until 18 

min; increased to 75% B at 19 min, held for 4 min,  

and maintained at 75% B until 23 min. Injection 

volume: 2 μL. 
 

Mass spectral data were acquired within an m/z range of 

70–1050 using heated electrospray ionization (HESI) in 

negative mode. Ion source parameters included 

capillary temperature at 325° C, spray voltage at 3.25 

kV, sheath gas flow rate at 40, auxiliary gas flow rate at 

10 (arbitrary units), and auxiliary gas temperature at 50° 

C. MS1 spectra were acquired at a resolution of 35,000 

FWHM, with data-dependent MS/MS acquisition 

conducted using an isolation window of 3 m/z and a 

resolution of 17,500 FWHM.  

 

Polar metabolites data analysis 
 

Data processing was done using TraceFinder (Thermo 

Fisher Scientific) software, when detected compounds 

were identified by retention time, and fragments were 

verified using an in-house-generated mass spectra 

library. 

 

LC-MS for lipidomics analysis 

 

Lipid extracts were reconstituted in 150 μL of 

acetonitrile:isopropanol (ACN:IPA, 75:25), vortexed, and 

centrifuged. Subsequently, 130 μL of supernatant was 

transferred into HPLC vials. Lipid analysis was 

performed using an Acquity I-class UPLC system 

(Waters) coupled to a Q Exactive Plus Orbitrap™ mass 

spectrometer (Thermo Fisher Scientific). Chroma-

tographic separation was conducted on an ACQUITY 

UPLC BEH C8 column (2.1 × 100 mm, 1.7 μm; Waters). 

Mobile phase A was DDW:ACN:IPA (46:38:16, v/v/v) 

with 1% 1M NH4Ac and 0.1% acetic acid, and mobile 

phase B was DDW:ACN:IPA (1:69:30, v/v/v) with 

identical additives. The flow rate was 0.4 mL/min with 

the column temperature maintained at 40° C. The 

gradient program was as follows: 100% A for 1 min, 

decreased linearly to 25% A at 12 min, decreased further 

to 0% A at 16 min, held at 100% B until 21 min, returned 

to 100% A at 21.5 min, and equilibrated at 100% A until 

25 min. Injection volume: 2 μL. 

 

Mass spectral data were acquired within an m/z range of 

100–1500 using heated electrospray ionization (HESI), 

operated in switching positive and negative ionization 

modes. Ion source parameters included capillary 

temperature at 275° C, spray voltage at 3.1 kV, sheath 

gas flow rate at 60, auxiliary gas flow rate at 20 

(arbitrary units), and auxiliary gas temperature at 300° 

C. MS1 spectra were acquired at a resolution of 35,000 

FWHM, with data-dependent MS/MS acquisition 

conducted using an isolation window of 1 m/z and a 

resolution of 17,500 FWHM.  
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Lipid data analysis 

 

Lipid data were analyzed using LipidSearch™ (Thermo 

Fisher Scientific). Identification was validated by 

comparison with a homemade lipid library from various 

organisms and by correlation of retention times with 

carbon chain length and degree of unsaturation.  

 

Relative levels of polar and lipid metabolites were 

normalized to the internal standards and protein content 

of the original samples. 

 

Metabolomic analysis  

 

Metabolite intensities of both polar metabolites and 

lipids were analyzed using MetaboAnalyst 6.0 

framework [58]. Metabolites were considered 

differential using T-test statistics when detected in both 

groups, and had an absolute fold-change (log2) of over 

1 with FDR <0.05. Over-represented pathways were 

detected using the “Global test” enrichment against the 

KEGG human metabolic pathways database (updated 

Dec. 2023), with all measurable metabolites as a 

reference. Lipidomics analyses such as chain length  

and unsaturation were applied using LipidOne 2.0 tools 

[59]. 

 

Stainings 

 

BJ fibroblast cells were seeded in 4-well ibidiTreat™ μ-

slide (Ibidi GmbH). Lipid droplets were stained using 

LipidSpotTM 610 (1:1000 from 1mg/ml stock solution in 

DMSO; Biotium), while cell nuclei were labelled by 

Hoechst 33342 (1:2000, Thermo Fisher Scientific). 

Before imaging cell medium was replaced with fresh 

DMEM medium without phenol red.  

 
Confocal fluorescence microscopy 

 

Confocal imaging of live BJ fibroblasts (senescent and 

control, both treated and non-treated) cells was 

performed using an inverted Leica TCS SP8 STED3X 

microscope, equipped with internal Hybrid (HyD) 

detectors and an acousto-optical tunable filter (AOTF) 

(Leica Microsystems CMS GmbH, Germany), a white 

light laser (WLL), and a 405 nm diode laser. Cells were 

seeded in μ-Slide 4 Well - a chambered coverslip with 4 

wells (IBD-80426). 
 

Imaging was performed with an HC PL APO 86×/1.20 

NA water-immersion objective. Cells were imaged 

sequentially in two detection settings. In the first 

sequence, excitation was performed with the 592 nm 
WLL line, and emission was collected with the HyD 

detector from 610–705 nm (magenta channel). In the 

second sequence, excitation was performed with the 

405 nm diode laser, and emission was collected with 

the HyD detector from 415–456 nm (cyan channel). 

Samples were imaged in xyz scan mode with 

bidirectional scanning at 600 Hz, at single z-planes. 

Images were acquired using the galvanometric scanner 

in 1976 × 1976 format (pixel size 68 nm), with a line 

average of 4, and a pinhole of 1 Airy unit (152.2 μm at 

580 nm). Images were collected as single frames. 

Image visualization and processing were carried out 

using ImageJ (NIH).  

 

Lipid droplet staining analysis  

 

Lipid droplet accumulation was quantified using a 

custom Python script (scikit-image). For each image, 

the number of lipid droplet particles was determined 

and normalized to the cell count. Number of lipid 

droplets was corrected for clustering. 

 
Mice 

 

A mouse model of Alzheimer’s disease was used: 

heterozygous 5×FAD [60] transgenic mice (on a 

C57/BL6-SJL background), which express familial AD 

mutant forms of human APP (the Swedish mutation, 

K670N/M671L; the Florida mutation, I716V; and the 

London mutation, V717I), and PS1 (M146L/L286V) 

transgenes under transcriptional control of the neuron-

specific mouse Thy-1 promoter (5×FAD line Tg6799, 

The Jackson Laboratory).  

 
RNA purification, cDNA synthesis and quantitative 

real-time PCR analysis 

 
Total RNA from BJ cells was extracted using a RNeasy 

mini kit (74104, QIAGEN), followed by DNase-I 

treatment. The expression of specific mRNAs was 

measured using fluorescence-based quantitative real-

time PCR (rt–qPCR; Fast-SYBR PCR Master Mix, 

Applied Biosystems). cDNA was produced using 

random hexamers (N8080127, Thermo Fisher 

Scientific). The cDNA samples were amplified using 

Platinum SYBR Green qPCR SuperMix (11744-500, 

Life Technologies) in a QuantStudio™ 3 System. 

Relative expressions were normalized using the 

expression levels of HPRT. Quantification reactions 

were performed in duplicates for each sample using  

the ‘ΔΔCt’ method. Hypoxanthine phosphoribosyl-

transferase (HPRT) was chosen as a reference 

(housekeeping) gene.  

 
Gene Forward Reverse 

Human 

ApoE 

5’-GGGTCGCTTTTG 

GGATTACCT 

5’-CAGTTGTTCCTCC 

AGTTCCGA 

Human 

Plin2 

5’-AACAACACGCC 

CCTCAACTG 

5’-TTATGCTCAGATC 

GCTGGGTC 
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Human 

IL-8 

5’-GTCTGCTAGCCAG 

GATCCAC 

5’-GCTTCCACATG 

TCCTCACAA 

Human 

HPRT 

5’-TGACACTGGCAAA 

ACAATGCA 

5’-GGTCCTTTTCA 

CCAGCAAGCT- 

 

Conjugation of metals to antibodies 

 

Antibodies were conjugated to metals using the 

MIBItag Conjugation Kit (IONpath), according to the 

manufacturer’s protocols. Metals for conjugation were 

chosen to minimize noise and spillover between 

channels, according to guidelines in Han et al. [61]. A 

detailed list of antibodies used is provided in the 

supplementary materials (Supplementary Table 3). 

 

CyTOF sample preparation 

 

The single-cell suspensions of brain cells were stained 

by 1.25 μM Cell-ID cisplatin in Maxpar Cell Staining 

Buffer (Standard BioTools). Then, the samples were 

washed twice with Maxpar Cell Staining Buffer. Next, 

they were incubated with Fc-block CD16/32 (BD 

Biosciences; 10 min, room temperature), followed by 

incubation with the antibodies for extracellular markers 

(60 min, 4° C). The samples were fixed and 

resuspended with 4% formaldehyde (Pierce) for 10 min, 

and washed and kept on ice for 10 min. The cells were 

permeabilized using 90% methanol for 15 min on ice, 

blocked with 1% donkey serum and stained with 

antibodies for intracellular markers in buffer with 1% 

phosphatase inhibitor for 60 min at room temperature. 

Next, the samples were washed twice and kept in 4% 

formaldehyde (Pierce) with iridium (125 nM) at 4° C 

overnight. On the day of analysis, the samples were 

washed twice with Maxpar Cell Staining Buffer and 

then washed twice with Maxpar Cell Acquisition 

Solution Plus (Standard BioTools) before acquisition, 

using a CyTOF Helios system (Standard BioTools); 

before the reading, the cells were resuspended in 1:10 

Four Element Calibration Beads in Maxpar Cell 

Acquisition Solution Plus solution (Standard BioTools) 

at a concentration of up to 300K cell/ml and filtered 

(35-μm nylon mesh). A detailed list of antibodies  

used is provided in the supplementary materials 

(Supplementary Table 3).  

 

CyTOF data processing and analysis 

 

CyTOF data underwent the following pre-processing 

before analyses. The CyTOF software by Standard 

BioTools was used to normalize and concatenate the 

acquired data. Then, gates were applied using the 

Cytobank platform (Beckman Coulter). First, the 
CD11b stable signal across time was gated and then the 

event length and the Gaussian residual parameters. 

Then, the beads were gated out using the 140Ce beads 

channel. Live single cells were gated using the cisplatin 

195Pt and the iridium DNA label in 193Ir, and single 

cells were gated using the two channels for iridium. 

Lastly, we gated for CD45+cells. A representative 

sample illustrating the gating strategy is shown in 

Supplementary Figure 4. 

 

The CyTOF data were analyzed using Cytobank and 

MATLAB. In Cytobank, CD45+cells were processed 

with equal sampling. The two-dimensional reduction 

was applied using the Cytobank ‘visne’ (Vi-distributed 

stochastic neighbour embedding (Vi-SNE)) method, and 

FlowSOM-based clustering was performed.  

 

snRNA-seq analysis of data from Human Post-

Mortem Brain  

 

Single-nucleus RNA sequencing (snRNA-seq) data 

from post-mortem human Alzheimer’s disease patients 

and controls were analyzed to investigate LDs 

accumulation in senescent brain cells. Differential gene 

expression analysis was conducted, focusing on the 

expression of LDs markers in cells with “High” versus 

“Low” senescence scores. We obtained data from Zhou 

et al. [49], available on AD Knowledge Portal, this 

study provides single-nucleus transcriptomic data from 

the prefrontal cortex from individuals with TREM2 

variants selected from the Religious Orders Study and 

Memory and Aging Project (ROSMAP). Details about 

sample processing and sequencing can be found in the 

original publication [49] and AD Knowledge Portal. 

 

Data were uploaded into R version 4.4.1 and RStudio 

version 2024.04.2. Data handling and analysis were 

done using Seurat V5.0.2, and following SCTransform 

guidelines for integration, quality and normalization  

of data. All cells with less than 200 features or features 

appearing in less than 5 cells were removed.  

Cell annotations were assigned using combination  

of human brain maps from “DarmanisBrainData”, 

“DPollenGliaData”, “ZhongPrefrontalData” and 

“HumanPrimaryCellAtlasData” from “celldex” 

package. The best fitted annotation was assigned for 

each cell based on the annotation score and its UMAP 

coordinates proximity to other major brain cells. Odd 

and scarce cell annotations were removed, and 

microglial cell cluster was manually selected based on 

Supplementary Figure 3, using Seurat’s “CellSelector” 

function as shown in Supplementary Figure 5. These 

microglial cells cluster were the subject focused upon in 

the following analyses. Shortly, SCTransform, RunPCA 

(npcs = 30), FindNeighbors (dims = 1:30), FindClusters 

(resolution = 1) and RunUMAP (dims = 1:30) were 

executed on microglia cluster. Senescence score was 

assigned and composed for each cell based on 

CDKN1A, CDKN2A, and senescence related genes 

found in SenMayo [62], and in “cellular senescence” 
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pathway in KEGG and Reactome databases. Senescence 

score was established using combination of 

“AddModuleScore” function and sum of CDKN1A and 

CDKN2A. First, for the “AddModuleScore” function, 

all genes, excluding CDKN1A and CDKN2A, found in 

KEGG and Reactome under “cellular senescence”, and 

SenMayo gene set were utilized to receive a module 

score of most genes related to cellular senescence. 

Second, another score of the sum of CDKN1A and 

CDKN2A expression levels was calculated, replacing 

zero value with 1. Then, multiplication of both scores 

was calculated for each cell to receive our cellular 

senescence scale. Figure 4A shows the UMAP 

representation of all brain single nucleus analysis from 

AD patients from Zhou et. al. [49] human brain dataset. 

Figure 4B are feature plots of CDKN1A, CDKN2A, 

Module score of other senescence related genes, and 

factorial distribution of “High” (≥99% of senescence 

scores), “Medium”, and “Low” (senescence score ≤ 0). 

Figure 4C, 4D were created using “EnhancedVolcano” 

package. Figure 4E, enrichment plot, was created using 

“enrichplot” and “clusterProfiler”. 
 

Data availability 

 

Human snRNA-seq data that support the findings of  

this study are available via the AD Knowledge  

Portal (https://adknowledgeportal.org) under 

studysnRNAseqAD_TREM2and are also accessible 

through https://doi.org/10.7303/syn21125841. 

 

Abbreviations 
 

SnCs: Senescent cells; SASP: Senescence-Associated 

Secretory Phenotype; LDs: lipid droplets; AD: 

Alzheimer’s disease; DE: differentially expressed; 

TAG: Triacylglycerol; AMPK: AMP-activated protein 

kinase; CyTOF: Cytometry by Time of Flight; 

snRNA-seq: single-nucleus RNA sequencing; HPRT: 

Hypoxanthine phosphoribosyltransferase; Vi-SNE: 

Vi-distributed stochastic neighbour embedding. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 

 
 

Supplementary Figure 1. DE lipid profile. (A) DE lipid species of senescent BJ cells (red line) compared to control BJ cells (green line). (B) 
Distribution of major membrane phospholipids, including phosphatidylcholine (PC), phosphatidylethanolamine (PE) and phosphatidylserine 
(PS) by degree of unsaturation of chains (number of double bonds). Data are shown as mean ± SD. ***P < 0.001, **P < 0.01, *P < 0.05. 
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Supplementary Figure 2. AMPK is a metabolic regulator in SnCs. (A) Western blot results show that activation of AMPK with PF-739 
reduces the levels of phospho-TANK-binding kinase 1 (p-TBK1) in SnCs.  

 

 
 

Supplementary Figure 3. The microglia cluster, expressing microglia markers. 
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Supplementary Figure 4. Gating strategy for CyTOF analysis. Cells were first gated based on a stable CD11b signal across acquisition, 
followed by event length and Gaussian residual parameters to exclude aberrant events. Beads were removed using the ^140Ce channel. Live 
single cells were identified by exclusion of cisplatin (^195Pt) and gating on DNA content using ^193Ir, with doublets excluded based on 
iridium signal. CD45^+ cells were then selected for downstream microglial subset analysis. A representative sample is shown. 

 

 
 

Supplementary Figure 5. The microglia cluster selection. 
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Supplementary Tables 
 

Please browse Full Text version to see the data of Supplementary Tables 1, 2. 

 

Supplementary Table 1. Comprehensive lipidomic alterations in senescent BJ cells. 

Supplementary Table 2. Comprehensive polar metabolomic alterations in senescent BJ cells. 

Supplementary Table 3. Mass cytometry panel. 

Marker Metal 

CD45 89Y 

Ly6G/C 141Pr 

CD11b 148Nd 

gH2AX 149Sm 

TERM2 152Sm 

CD38 154Sm 

Tmem119 157Gd 

P2RY12  160Gd 

CD11c 162Dy 

CX3CR1 164Dy 

p16 165Ho 

p19 166Er 

Plin2 168Er 

CD206 169Tm 

ApoE 173Yb 
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