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Abstract

A detailed understanding of aging biology and the development of anti-aging therapeutic strategies remain 
imperative yet inherently challenging due to the protracted nature of aging. Cellular senescence arises naturally 
through replicative exhaustion and is accelerated by clinical treatments or environmental stressors. The 
accumulation of senescent cells—defined by a loss of mitogenic potential, resistance to apoptosis, and acquisition 
of a pro-inflammatory secretory phenotype—has been implicated as a key driver of chronic disease, tissue 
degeneration, and organismal aging. Recent studies have highlighted the therapeutic promise of senolytic drugs, 
which selectively eliminate senescent cells. Compelling results from preclinical animal studies and ongoing clinical 
trials underscore this potential. However, the clinical translation of senolytics requires further pharmacological 
validation to refine selectivity, minimize toxicity, and determine optimal dosing. Equally important is the evaluation 
of senolytics’ potential to restore tissue structure and function by reducing the senescent cell burden. In vitro tissue 
culture models offer a powerful platform to advance these efforts. This review summarizes the current landscape 
of in vitro systems used for inducing cellular senescence—referred to as “senescence assays”—and for screening 
senolytic drugs—referred to as “senolytic assays.” We conclude by discussing key challenges to improving 
mechanistic insight, predictive accuracy, and clinical relevance in senolytic drug development, as well as emerging 
applications of senolytic therapies.
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Introduction
Aging is a complex biological process, and one hallmark 
is cellular senescence(1), a state in which cells lose their 
mitogenic ability but acquire a senescence-associated 
secretory phenotype (SASP)(2). While linked to aging 
and disease, senescence plays beneficial roles early in 
life by supporting tissue remodeling, regulating 
proliferation, and orchestrating immune responses(3). 
In youth, senescent cells are transient and efficiently 
cleared by immune surveillance(4-6), maintaining tissue 
homeostasis. However, with advancing age, they 
accumulate due to telomere attrition from repeated cell 
proliferation and prolonged exposure to genotoxic and 
oxidative stress. At the same time, declining immune 
function impairs their clearance. The resulting buildup of 
senescent cells is a major driver of age-related chronic 
diseases, including diabetes, osteoporosis, 
osteoarthritis, pulmonary fibrosis, and Alzheimer’s 
disease(7-11). Beyond natural aging, standard cancer 
therapies such as radiation and chemotherapy induce 
substantial senescence in both malignant and normal 
cells(12-15). Recent studies also indicate that individuals 
recovering from COVID-19 often exhibit an elevated 
burden of senescence(16-19), further implicating 
senescence in post-viral pathology and chronic disease 
risk. 

The recognition of senescent cells as key drivers of 
age-related pathology has led to the development of a 
new class of therapeutics, termed senolytics(20, 21). 
These agents aim to selectively eliminate senescent cells 
or mitigate their SASP through targeting pro-survival 
pathways characteristically upregulated in senescent 
cells(22). Several drug modalities, including small 
molecules, antibody-drug conjugates, and proteolysis-
targeting chimeras, have been investigated(20, 23-26). 
However, their efficacy varies across tissues and 
organs(22, 27), partly due to the heterogeneous and 
dynamic nature of senescence. Moreover, their off-
target toxicity remains largely undefined. Thus, accurate 
identification and robust validation of senolytic 
therapeutics have become critical goals in preclinical 
research. 

A major challenge in aging research is the inherently 
slow pace of biological aging. While short-lived 

organisms like C. elegans and zebrafish offer valuable 
mechanistic insights, their physiological differences 
from humans limit translational relevance. Murine 
models remain a mainstay for mammalian models, but 
are costly to maintain when aged(28) and entail low-
throughput experiments. In addition, species-specific 
differences constrain their clinical applicability. 

In vitro tissue culture models present a promising 
alternative by enabling cost-effective, high-throughput, 
and human-relevant screening for senolytic agents(29-
31). Polystyrene tissue culture plastic (TCP) has been 
widely used; however, its non-physiological rigidity and 
flat geometry, along with the absence of native 
extracellular matrix (ECM) components(32, 33) impose 
mechanical and biochemical stress on cells. This can 
induce premature cellular senescence and trigger 
cellular responses that diverge from in vivo 
counterparts(34). Consequently, although TCP-based 2D 
cultures have been instrumental in identifying candidate 
senolytics, most studies remain focused on measuring 
basic senescent biomarker changes rather than 
evaluating tissue-specific structural and functional 
restoration.  

Bioengineered human tissue models, which culture 
human cells on substrates that mimic the structure and 
composition of native tissues, hold great promise for 
advancing senolytic drug discovery, functional assays, 
and safety assessment. Unlike conventional approaches 
that rely on a uniform TCP substrate across cell types, 
bioengineered models are designed to replicate tissue-
specific architecture and function. Evaluating senolytic 
efficacy and toxicity in physiologically relevant models 
can improve preclinical studies' reliability and 
translational value. Bioengineered tissue models have 
been continuously developed(29-31, 35), and are 
expected to play a key role in expanding the landscape 
of senolytic targets and generating preclinical evidence 
of drug safety and efficacy with high predictive 
power(29).

Three key considerations when applying in vitro 
models to senolytic screening include: (i) How can 
cellular senescence be induced in an experimentally 
robust and physiologically relevant manner? (ii) What 
biomarkers can reliably and quantitatively identify 
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senescent cells with high specificity? (iii) How can 
senolytic efficacy be accurately evaluated, including not 
only the selective clearance of senescent cells but also 
the restoration of tissue-specific structure and function? 

In this review, we first outline current senescence 
biomarkers, strategies to induce cellular senescence, 
and methods to assess senolytic drugs, with the goal of 
refining senescence and senolytic assays. We then 
highlight recent advances and applications of in vitro 
tissue-specific senescence models. Finally, we discuss 
ongoing challenges and emerging applications of 
bioengineered assays, including their potential to 
address environmental toxins and advance mechanistic 
understanding and therapeutic development.

A. Biomarkers to confirm senescence.
Senescent cells exhibit diverse phenotypic changes; 
however, no single biomarker can definitively identify 
cellular senescence, as many of these features are 
context-dependent, transient, and may also be present 
in quiescent or terminally differentiated cells. Therefore, 
accurate identification of senescent cells requires using 
multiple complementary biomarkers that capture the 
complex and heterogeneous nature of senescence 
(Table 1).  
A.1. Growth arrest. Growth arrest, a defining feature 
of cellular senescence, has been quantitatively assessed 
using three methods(36). First, nuclear staining with 
Hoechst or 4′,6-diamidino-2-phenylindole (DAPI) 
quantifies nuclear number, size, and morphology(37, 
38). Second, adenosine triphosphate (ATP)-based assays 
measure total cellular ATP levels by detecting 
luminescence generated through luciferase activity(39), 
providing an indirect readout of cell mass. Third, the 5-
ethynyl-2'-deoxyuridine (Edu) incorporation assay 
evaluates proliferation by quantifying the incorporation 
of fluorescently-labeled nucleotides into newly 
synthesized DNA(40).  Lastly, antibody staining of Ki67, 
a representative proliferation marker, is used to assess 
the mitogenic state of cells(41, 42). However, growth 
arrest-based assays alone are insufficient to define 
senescence, as quiescent cells that retain mitotic 
potential may be misclassified as senescent. 

A.2. Expression of cycle related genes p53, p21, 
and p16. Senescent cells upregulate cell cycle inhibitors 
in response to DNA damage or oncogenic stress, 
measurable at both mRNA and protein levels. Common 
biomarkers include the tumor suppressor protein p53 
and the cyclin-dependent kinase (CDK) inhibitors, p21 
and p16INK4A (43-47). p53 plays a central role in initiating 
senescence(45), with its downstream effector p21(44) 
maintaining cell cycle arrest(48). p16INK4a promotes 
senescence by inhibiting CDK4/6, preventing 
phosphorylation of the retinoblastoma protein and 
blocking G1/S progression(47). However, elevated 
expression of p16, p23, and p53 alone is insufficient to 
define senescence, as similar profiles can be observed in 
quiescent cells. 
A.3. Enlarged cell and nucleus size. Increased cell 
and nuclear size is a common feature of senescent 
cells(49). In vitro, senescent cells exhibit enlarged cell 
and nuclear size with altered morphology, which can be 
quantitatively measured by microscopy(50-52). 
However, increased size alone is insufficient to confirm 
senescence, as quiescent cells under certain conditions 
show similar features(53). Moreover, hypertrophic cells 
with enlarged morphology can transiently emerge 
during tissue repair following injury(54). 
A.4. Senescence-associated-β galactose. SA-β-Gal, a 
lysosomal enzyme, is the most widely used biomarker 
for identifying senescent cells. Its increased expression 
is detected using two main strategies(55),(56). The first 
is chromogenic X-gal staining, which measures SA-β-Gal 
activity at pH 6.0. While simple, this method is limited by 
its endpoint nature. The second uses C12FDG, a 
fluorogenic β-galactosidase substrate that allows SA-β-
Gal detection in live cells. This method is also compatible 
with fluorescence-activated cell sorting (FACS).(57) 
However, SA-β-Gal expression is influenced by assay 
conditions such as cell confluence, serum starvation, 
and medium pH(58). Moreover, cells released from 
quiescence can express SA-β-Gal, with levels correlating 
with time since release(49). Therefore, SA-β-Gal should 
not be used alone but in combination with additional 
biomarkers for accurate characterization of senescent 
cells.
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A.5. Senescence-associated mitochondrial 
dysfunction. Compromised mitochondrial function is a 
hallmark of senescence and aging(1, 2). Senescence-
associated mitochondrial dysfunction promotes the 
accumulation of reactive oxygen species (ROS), which 
exacerbate damage to both cellular and mitochondrial 
function(59, 60). Mitochondria function is commonly 
assessed by measuring the oxygen consumption rate 
(OCR)(61). Beyond energy production, mitochondria 
regulate apoptotic signaling(62) through making 
apoptosis-related proteins key biomarkers of 
senescence and targets for senolytic therapies. Notably, 
members of the B-cell lymphoma 2 (BCL-2) family, 
including BCL-xL, BCL-w, and MCL-1, are often 
upregulated in senescent cells, where they suppress 
apoptosis and mark mitochondrial-mediated 
senescence(63-65). 
A.6. Senescence-associated secretory phenotype. 
Senescent cells secrete elevated levels of inflammatory 
cytokines, chemokines, growth factors, and matrix 
metalloproteinases, collectively referred to as the 
senescence-associated secretory phenotype (SASP)(66). 
A selected set of SASP factors is analyzed in conditioned 
medium using multiplex ELISA. More recently, omics-
based approaches such as RNA-Seq and mass 
spectrometry have been employed for comprehensive 
and unbiased profiling. The Buck Institute has developed 
the SASP Atlas, an open-source proteomic database 
cataloging soluble proteins upregulated in senescent 
cells across diverse clinical samples and senescence 
triggers(67). Although core SASP components have been 
identified, the phenotype remains highly heterogenous, 
varying by cell type, time since senescence induction, 
and the nature of senescence-inducing stresses(68, 69). 
Thus, integrative efforts are needed to characterize 
SASP profiles across these key variables accurately. 
A.7. Senescent-specific cell surface antigens. 
Advanced proteomic analyses have identified multiple 
membrane proteins selectively expressed on senescent 
cells, enabling their identification and isolation. Using 
EJp21 and EJp16 cell lines, ten senescence-associated 

surface markers have been identified, including DEP1, 
NTAL, EBP50, STX4, VAMP3, ARMX3, B2MG, LANCL1, 
VPS26A and PLD3(70, 71).  B2MG has been further 
validated as a target for antibody-drug conjugates to 
eliminate senescent cells(24). Similarly, the membrane 
protein urokinase-type plasminogen activator receptor 
(uPAR), expressed on senescent cells, serves as a target 
for senolytic CAR-T cell therapies(23). The identification 
of surface markers represents a major advance due to 
their accessibility and druggability. 
A.8. Transcriptomic panels. RNA-seq and meta-
analyses have enabled the development of 
transcriptomic panels comprising core gene sets 
differentially expressed across diverse senescent cell 
types. Miossieveva et al. used a FACS-based approach to 
isolate senescent and non-senescent macrophages, 
satellite muscle cells, and fibro-adipogenic precursor 
cells, followed by RNA-seq analysis to identify a core 
senescence gene signature. Their study revealed the 
upregulation of genes involved in matrix remodeling, 
fibrosis, and inflammation, and the downregulation of 
genes related to cell cycle progression and protein 
translation(72). This study also demonstrated that 
muscle injury induces cellular senescence, subsequently 
impairing tissue regeneration. In a separate study, Saul 
et. al. conducted transcriptomic profiling of aged human 
bone biopsies and defined a novel gene set, termed 
“SenMayo” that reliably identified senescent cells across 
multiple tissues(73). While these studies provide 
compelling evidence for conserved senescence gene 
signatures, such signatures may differ by cell type and 
tissue context and are not universally generalizable. 
Continued investigation across varied biological settings 
is essential to define a robust senescence phenotype 
and discover new senolytic targets.
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Table 1. Biomarkers to identify cellular senescence.
Growth arrest

Function Ki67 is expressed in proliferating cells; nuclear stains assess cell number/morphology
Assays IHC, western blot, qPCR, FACS, microscopy
Advantages IHC and DAPI retain spatial information

Non-endpoint assays are possible with live DAPI stain

DAPI/Hoechst, Ki67

Ref.: (74-76) Limitations Quiescent cells also lack Ki67
Function p16 and p21 are cell cycle inhibitors 

p53 is a tumor suppressor involved in senescence.
Assays IHC, western blot, qPCR
Advantages IHC retains spatial information. 

p16, p21, p53

Ref.:(41, 42, 44-47, 49, 77-79)
Limitations Expression is also seen in quiescence and stress responses.

Morphology 
Function Senescent cells often exhibit enlarged and flattened morphology.
Assays Microscopy
Advantages Non-endpoint time-course microscopy imaging and measuring is possible.  

compatible with high-throughput imaging

Cell & nuclear size 

Ref:(50-52) Limitations Not senescence-specific; changes may occur in non-senescence states
Surface Antigens

Function Cell surface proteins upregulated on senescent cells.
Assays LC-MS, IHC, western blot, FACS
Advantages Druggable (B2MG demonstrated feasibility)

Allows live cell isolation

B2MG, DEP1, 
STX4, etc.
uPAR

Ref.:(23, 70, 71) Limitations Limited validation across tissues and senescence types
Intracellular cytoplasm

Function Increased lysosomal β-galactosidase activity in senescent cells 
Assays Colorimetric (X-gal), fluorometric (C12FDG), FACS 
Advantages C12FDG FACS allows isolation of senescent cells and supports live-cell analysis.

SA-β-Gal

Ref.:(41, 49, 58, 80)  
Limitations Colorimetric X-gal staining is endpoint-only, low-throughput, and limited in opaque models. 

SA-β-Gal expression is condition-dependent.
Function ROS accumulation and metabolic changes are hallmarks of senescence.
Assays ROS: MitoSOX Red(83), dichlorodihydrofluorescein diacetate (DCFDA)(84), Microscopy & FACS

Oxygen Consumption Rate, Seahorse XF Analyzer(85)
Advantages MitoSOX Red, DCFDA, and Seahorse XF Analyzer are compatible with live cells, MitoSOX Red is 

compatible with FACS sorting. Microscopy-based assays retain spatial information.

Mitochondria

Ref.:(63-65, 81, 82) Limitations ROS is transient; OCR assay is costly (e.g., Seahorse XF Analyzer) and low-throughput.
Nucleus 

Function Marker of DNA double-strand breaks
Early senescence indicator 

Assays IHC, western blot
Advantages Early detection; compatible with multiplex assays

γ-H2AX

Ref:(86, 87) Limitations May appear transiently in non-senescent cells.
Function Lamin B1 expression decreases in senescent cells.
Assays IHC, western blot, qPCR
Advantages IHC retains spatial information; compatible with co-staining

Nuclear 
envelope: 
Lamin B1

Ref.:(88, 89)
Limitations Endpoint assay

Weak signal in 3D or dense tissues
Secretion

Function Interleukins: IL-6, IL-8, IL-1α, IL-1β, IL-7, IL-15
Proteases: MMP1, MMP3, MMP9, PAI-1
Chemokines: MCP1, MCP2, MCP3, MCP4, MIP1α, MIP3α, HCC4, Eotaxin3, I-309, CXCL-1, CXCL-2, 
CXCL-4, CXCL-5, CXCL-12, GCP-2
Growth Factors: VEGF, GM-CSF, IGFBP-2, IGFBP-4, IGFBP-7

Assays ELISA, qPCR, RNA-seq, LC-MS 
Advantages Omics-compatible; longitudinal tracking via conditioned media collection.

SASP

Ref.:(67, 90-92)

Limitations High cost; low throughput; transcript-protein mismatch possible
Transcriptomic Signatures

Function Classify senescence subtypes, identify conserved features
Assays RNA-seq
Advantages Unbiased; support senescence classification

Core gene panels
(e.g. SenMayo) 

Ref.:(68, 73, 93)
Limitations High cost; Transcript levels may not reflect function
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B. Methods to induce cellular senescence. 
Obtaining primary senescent cells from aged animals or 
clinical samples is limited. Even when accessible, these 
cells display heterogeneous phenotypes and are 
impossible to expand. Thus, in vitro approaches have 
been exploited to expand cells, generate tissue models, 
and induce senescence in controlled and scalable 
methods. As senescence can be triggered through 
multiple pathways, diverse induction methods have 
been established—each associated with distinct 
mechanisms, phenotypes, and varying physiological and 
clinical relevance (Table 2). 
B.1. Radiation-induced senescence. Radiation-
induced DNA damage is a well-characterized mechanism 
and a frontline cancer treatment(94). Since genomic 
instability and DNA damage are major drivers of cellular 
senescence, ionizing radiation has been widely used to 
rapidly induce cellular senescence(11, 22, 64, 81, 95-105). A 
common dosage is 10 Gy, although the post-irradiation 
culture period required to establish senescence varies 
from 3 days to 3 weeks, with most studies adopting a 7-
10 day window. Ionizing radiation enables rapid and 
uniform senescence induction, making it well-studied 
for high-throughput applications. It also serves as a 
clinically relevant model for studying radiotherapy-
induced senescence. However, its use is limited by the 
high cost and regulatory requirements associated with 
radiation equipment.
B.2. Drug-induced senescence.  Chemotherapeutic 
agents such as doxorubicin, etoposide, and cisplatin are 
commonly used to treat various cancers and are known 
to induce significant cellular senescence,(15, 104, 106). 
Chemotherapy-induced senescence is a key contributor 
to accelerated aging in cancer survivors. However, 
establishing robust chemotherapy-induced senescence 
models requires careful optimization and detailed 
characterization, as the extent of senescence and 
cytotoxicity varies widely depending on the specific cell 
type and tissue context.
B.3. Replicative stress-induced senescence. 
Replicative senescence, driven by repeated cell 
passaging, offers a physiologically relevant method for 
inducing senescence in vitro(107-110). This process 
typically involves 30-60 passages until cells cease 

division and enter a senescent state, primarily due to 
telomere attrition(111, 112). As such, replicative 
exhaustion is considered the most representative model 
of natural aging. However, this approach is time-
consuming and requires prolonged culture, posing a 
major limitation. Moreover, the number of passages 
needed to reach senescence varies by cell type, species, 
and donor, complicating standardization across models.
B.4. Oxidative stress-induced senescence. 
Accumulation of reactive oxygen species (ROS) is a 
known driver of senescent phenotypes(113, 114). 
Ercc1−/− and Ercc1−/Δ mouse embryonic fibroblasts 
(MEFs), which lack the ERCC1-XPF DNA repair complex, 
are commonly used due to their rapid and cost-effective 
induction of oxidative stress-induced senescence under 
atmospheric oxygen; however, their murine origin limits 
translational relevance(115),(116). Hydrogen peroxide is 
a widely used agent for inducing oxidative stress-
mediated senescence, with effects typically observed 
within 2 hours to 3 days(117-119). Other agents, such as 
ultraviolet light(120), tert-butyl hydroperoxide(121), 
and ethanol(122) can also induce senescence, but have 
not been employed in senolytic screening platforms.
B.5. Inflammatory cytokines-induced senescence. 
A hallmark of senescent cells is the SASP(2), 
characterized by a proinflammatory cytokine milieu 
capable of inducing senescence in neighboring healthy 
cells via paracrine signaling(123). This effect can be 
modeled by culturing healthy cells in conditioned media 
derived from a senescent cell population. Engineered 
transwell systems are particularly suited for studying 
paracrine-induced senescence. This approach is 
valuable for identifying senolytic drugs that target 
inflammation-driven, systemic senescence. However, it 
is limited by the time and resources required to produce 
sufficient conditioned media and the increased 
complexity of transwell-based assays.
B.6. Thermal stress-induced senescence. Although 
limited, temperature-induced senescence presents a 
simple and physiologically relevant approach. The only 
well-established model is the ciPTEC-OAT1 kidney 
proximal tubule epithelial cell line, which conditionally 
overexpresses the organic anion transporter 1 when 
shifted from 33°C to 37°C(124). This temperature 
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increases halts cell proliferation and induces 
senescence-like features, including elevated expression 
of p53, p21, BCL-2 family proteins, and SASP 
components. These cells selectively respond to 
senolytics such as navitoclax, dasatinib, and quercetin. 
However, the utility of ciPTEC-OAT1 has thus far been 
demonstrated in 2D TCP, limiting its translational 
relevance for advanced bioengineered models. 
B.7 Genetic manipulation-induced senescence.
Senescence can be induced through overexpression of 
oncogenes or cell cycle inhibitors, a strategy widely 
applied using engineered cell lines(125). For example, 
the ER:Mek IMR90 human fibroblast line contains an 
inducible Ras construct activated by 4-hydroxy-
tamoxifen, resulting in robust senescence 
induction(126). Similarly, bladder cancer cell lines EJp53, 

EJp21, and EJp16 utilize tetracycline regulated 
expression systems; removal of tetracycline triggers 
overexpression of p53, p16, or p21, leading to rapid and 
irreversible senescence. These models have been 
employed for senolytic drug screening(24, 71, 127). 

Beyond engineered lines, oncogene-induced 
senescence can also be achieved via lentiviral or 
retroviral transduction.  For example, Chang et al. 
retrovirally induced Ras into WI-38 human fibroblasts to 
induce senescence(96), while Amor et al. induced Ras-
driven senescence in mouse hepatocytes through 
hydrodynamic tail vein injection in NrasG12V  mice, 
followed by in vitro analysis(23). Despite their utility, the 
availability of engineered cell lines and viral tools 
remains a barrier to widespread adoption.

Table 2. Strategies to induce in vitro cellular senescence.
Mechanism Radiation-induced DNA damage activates p53-p21 or p16-Rb pathways to induce senescence.
Conditions 2-20 Gy ionizing radiation exposure(11, 22, 64, 81, 95-105)
Advantages Rapid, robust, and cost-effective senescence induction. 

Recapitulates radiotherapy-induced senescence.

Radiation

Limitations Does not recapitulate chronological aging; limited access to irradiation equipment.
Mechanism Chemodrug-induced DNA damage activates p53-p21 or p16-Rb pathways to induce senescence.
Conditions Etoposide (2-50 µM), (65, 93, 128, 129) 

Alisertib (0.5-10µM), (93, 130)
Barasertib (0.625-10µM), (130)
Doxorubicin (100-200 nM), (7, 24, 101, 104, 106, 129, 
131, 132)
Cisplatin (15 µM), (101)
Palbociclib (0.5-5 µM), (23, 101, 129)

Ciprofloxacin (100 µg/mL), (133)
Trametinib (25 µM), (23)
Bleomycin (20 µM),(129)
Gemcitabine (1 µM),(129)

Advantages High-throughput; Recapitulates chemotherapy-induced senescence.

Chemodrug

Limitations Does not recapitulate chronological aging; Variable drug responses depending on cell type.
Mechanism Progressive telomere shortening leads to permanent growth arrest.

Extended passaging (10-60 passages)
-Primary human melanocytes after 15 passages (23)
-WI38 fibroblasts after 37 passages(26),(96) 

-PSC-27 prostate fibroblasts after 10 passages 
(134)
-IMR90 fibroblasts after 40 passages(65)

Conditions

-Rhesus monkey retinal pigment epithelial cells after 8 passages(135)  
Advantages Recapitulates chronological aging

Replicative 
exhaustion

Limitations Time-consuming; variable onset; heterogeneity across cell types. 
Mechanism ROS-induced mitochondrial damage and DNA instability promote senescence.
Conditions Ercc1-/- mouse cells at 20% O2(64, 128) Hydrogen peroxide (100-450 µM) (7, 117-119)
Advantages Rapid, scalable, and inexpensive

Oxidative stress

Limitations Does not recapitulate chronological aging process; ROS effects may be transient and context dependent. 
Mechanism Prolonged exposure to SASP induces secondary senescence.
Conditions Culture with conditioned media from senescent cells(7, 9, 19, 100, 135, 136)
Advantages Recapitulates inflammation-driven senescence; relevant for systemic aging

SASP paracrine 
signalling

Limitations Require additional steps (conditioned medium generation); may have variable effects across cell types.

Mechanism Temperature shift activates cell cycle inhibitors (e.g., p21 and p53).
Conditions ciPTEC-OAT1 cells cultured at 33°C from 37°C for 12 days(137)
Advantages Simple senescence induction.

Thermal stress

Limitations Does not recapitulate chronological aging; limited to specific cell lines. 
Mechanism Overexpression of oncogenes or cell cycle inhibitors induces senescence.
Conditions p16, p21, or p53 overexpression via lentivirus or tetracycline systems 

ER:Mek IMR90(101), EJp53(24), EJp21(24, 77), EJp16(138), FASST Cells(139), WI38(26, 96, 134), IMR-90(65, 
105) 
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Advantages Controlled and rapid induction; compatible with reporter systemsGenetic 
Manipulation Limitations Requires specialized cell lines or genetic tools; limited availability for all cell types
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C. Assessment of senolytic drug effects.
In vitro evaluation of senolytic drugs involves three key 
steps: (i) establishing cell or tissue culture models, (ii) 
inducing and characterizing senescence, and (iii) 
administrating senolytics and assessing efficacy and 
toxicity. Accurate assessment of off-target toxicity in 
non-senescent cells is essential to prevent adverse side 
effects. First-line efficacy testing distinguishes senolytic 
effects, selective induction of apoptosis in senescent 
cells, from senomorphic effects, which suppress the 
SASP without inducing apoptosis. Second-line functional 
assays assess the extent to which senolytic restore or 
alleviate age-related cellular and tissue phenotypes, 
providing critical endpoints for determining therapeutic 
potential (Fig.1). 
C.1. Cell apoptosis. Apoptosis following senolytic 
treatment is commonly assessed using three different 
methods, First, terminal deoxynucleotidyl transferase 
dUTP nick-end (TUNEL) detects DNA fragmentation, a 
hallmark of late apoptosis(140). Second, Annexin V 
binds to phosphatidylserine, which is externalized on 
the plasma membrane during early apoptosis, making it 
a widely accepted marker of apoptotic initiation(141, 
142). Third, caspase activation is routinely used to 
confirm apoptosis(62, 143). However, these markers are 
not specific to senescent cells, which can lead to 
confounded results due to cytotoxic effects on non-
senescent cells. To address this, recent studies have 
identified dihomo-15d-PGJ2, an oxylipin selectively 
released upon the apoptosis of senescent cells, as a 
promising senolysis-specific biomarker(105). While 
ELISA kits for 15d-PGJ2 exist, they lack specificity and 
exhibit cross-reactivity(105). Thus, accurate detection of 
dihomo-15d-PGJ2 currently relies on mass spectrometry, 
limiting its applicability in high-throughput senolytic 
screening.
C.2. Cell secretion. Reduction in SASP expression is a 
common method to assess senolytic efficacy. While 
SASP components can be measured at both the 
transcript and protein levels, protein-level analysis is 
preferred due to the limited correlation between mRNA 
and protein expression. Unbiased approaches such as 
multiplex ELISA panels or quantitative LC/MS of 
conditioned media enable simultaneous profiling of 

multiple SASP factors(144-146). For example, 
Mannarino et al. treated sparc -/- mice with o-vanillin 
and/or RG-7112, cultured intervertebral discs ex vivo, 
and used a Luminex multiplex assay to assess SASP 
protein levels(147). The main limitation of these 
methods is their high cost. 

As a more accessible alternative, single-analysis 
ELISAs can be used to measure individual SASP factors. 
Transcript-level analysis via qPCR or RNA-seq also 
provides insight. For instance, Saul et al. used RNA-seq 
to identify a gene set upregulated in senescent bone 
cells and demonstrated its reduction following senolytic 
treatment(73). 
C.3. Tissue function. Bioengineered tissue models 
provide a physiologically relevant and controllable 
platform to assess senolytic drug efficacy by replicating 
complex cell–matrix interactions and tissue-specific 
architecture. These systems enable direct evaluation of 
functional restoration, offering a more accurate and 
mechanistic measure of senolytic effectiveness in 
reversing age-related tissue dysfunction than surrogate 
markers such as senescent cell clearance alone.
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Figure 1. Workflow to Distinguish Senolytic, Senomorphic, Cytotoxic, and Off-Target Drug Effects. (A) Senescence 
assay: Multicellular in vitro models are stressed to induce senescence, assessed through viability, senescence 
biomarkers, SASP factors, tissue-specific structure, and function. Aged models typically show partial conversion to 
a senescent state. (B) Cytotoxicity assay: Candidate drugs are tested on non-senescent cells; a reduction in cell 
viability indicates general cytotoxicity. (C) Senolytic assay: Candidate drugs are tested on senescent models. Drugs 
that reduce both viability and SASP are classified as senolytics; those that reduce only SASP are senomorphics; drugs 
reducing viability without affecting SASP are classified as cytotoxic; no changes indicate no effect. (D) Off-target 
toxicity assay: Apoptosis in non-senescent cells indicates off-target toxicity. Ideal senolytics selectively eliminate 
senescent cells while sparing normal cells, although heterogeneous senescence complicates evaluation.

D. Tissue-specific models to assess senolytics.
Senolytic efficacy has traditionally been evaluated in 2D 
cell cultures by inducing senescence, applying 
senolytics, and measuring reductions in senescence 
markers. Recent advances in bioengineered models 
enable assessment of how senolytics restore tissue-
specific structural and functional deficits associated with 
aging. Here, we present these tissue-specific models and 
highlight their utility in improving the predictive 
accuracy of in vitro senolytic screening.

D.1 Bone models. Osteoporosis is an age-related 
degenerative disease marked by declining bone density 
and increased fracture risk(148-151). Bone homeostasis 
is maintained through continuous remodeling by bone-
forming osteoblasts and bone-resorbing 
osteoclasts(152-154). Subsurface osteocytes, which 
constitute over 90% of bone cells, play a key role in 
regulating this balance through paracrine signaling(155, 
156). Accumulation of senescent osteogenic cells 
disrupts bone remodeling, leading to net bone loss(157-
159). While conventional osteoporosis treatments 
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remain effective, senolytic drugs offer a promising 
strategy to mitigate bone aging and improve skeletal 
health. 

In vitro models have used osteoblast cell lines and 
primary bone marrow stromal cells (BMSCs), often in 2D 
monolayer cultures due to challenges in replicating the 
mineralized collagen-rich bone matrix. Functional 
assessments of senolytic efficacy have focused on 
enhancing osteoblast-mediated mineralization and 
reducing osteoclastogenesis (Fig.2A). However, 
outcomes have been variable. For example, ABT-263 
treatment of aged mouse BMSCs reduced senescence 
burden but impaired mineralized tissue formation(160). 
In contrast, another study showed that ex vivo 
treatment of aged mouse BMSCs with dasatinib and 
quercetin (DQ) improved proliferation and 
mineralization, evidenced by reduced SA-β-Gal, SASP 
factors, and cell cycle inhibitors, alongside increased 
calcein staining(161). Similarly, quercetin treatment of 
hydrogen peroxide-induced senescent rat BMSCs 
enhanced mineral deposition(162). Additionally, 
conditioned media from senescent cells impaired 
mineralization in osteoblastic MC3T3 cells compared to 
media from healthy controls (Fig. 2B)(9).

Beyond promoting bone anabolism, senolytics may 
prevent age-related bone loss by limiting 
osteoclastogenesis. Farr et al. demonstrated that SASP-
conditioned media enhanced osteoclast precursor 
survival, which was reversed by JAK/STAT pathway 
inhibition (Fig.2B)(9). Samakkarnthai et al. reported that 
zoledronic acid exerted senolytic effects on fibroblasts 
and selectively reduced osteoclast precursors, as shown 
by single-cell proteomic analysis(163). 
D.2. Cartilage models. Osteoarthritis is an age-related 
degenerative disease characterized by the progressive 
breakdown of articular cartilage, leading to joint pain, 
impaired mobility, and reduced quality of life(164-166). 
Senolytic therapies have emerged as a promising 
strategy to slow or reverse cartilage degeneration(165, 
166). In vitro cartilage models for evaluating senolytic 
effects are divided into 2D monolayer and 3D pellet 
cultures. 2D monolayer cultures are straightforward to 
prepare, monitor, and scale, making them suitable for 
dose-response screening of senolytic compounds. In 

contrast, 3D pellet cultures where chondrocytes 
aggregate into spheroids, better replicate the ECM 
environment and chondrogenic differentiation, offering 
more physiologically relevant insights into cartilage 
regeneration and ECM remodeling (Fig.2C).

For example, Jeon et al. used 2D cultures to identify 
the effective dose of UBX0101 and confirmed its 
regenerative effects in 3D pellets by demonstrating 
increased production of type II collagen and 
proteoglycans(8). Similarly, Yang et al. performed dose 
screening of ABT-263 in 2D cultures and observed 
enhanced expression of glycosaminoglycan, COL2A1, 
and ACAN in 3D human chondrocyte pellets(167). In 
contrast, Huang et al. reported that although the 
FOXO4-DRI peptide effectively eliminated senescent 
chondrocytes and reduced SASP markers, it did not 
significantly improve chondrogenesis in 3D 
cultures(168) (Fig.2D).
D.3. Lung models. Idiopathic pulmonary fibrosis is a 
chronic, progressive lung disease characterized by 
abnormal fibroblast activation and excessive ECM 
deposition(169). Advanced aging is the primary risk 
factor, with cellular senescence playing a critical role in 
disease onset(170, 171). Pulmonary epithelial aging 
accelerates early fibrotic progression, making senolytic 
therapy a promising strategy to reduce senescent cell 
accumulation and prevent fibrosis. To date, ex vivo 
tissue cultures and lung organoid models have been 
used to study the functional impact of senescence on 
matrisome composition and fibrotic ECM remodeling 
(Fig.2E).

For example, Lehmann et al. established a 3D lung 
explant culture model from bleomycin-induced fibrotic 
mice. This ex vivo model maintained tissue viability for 
two weeks and revealed increased senescent cell 
burden with fibrosis. Treatment with D+Q significantly 
reduced fibrotic collagen secretion during this 
period(172). Suezawa et al. developed human iPSC-
derived lung organoids embedded in Matrigel with 
growth factors, generating alveolar type 2 (AT2) cells. 
Bleomycin treatment induced senescence in AT2 cells, 
while inhibition of ALK5 or blockade of integrin αVβ6 
mitigated fibrogenic changes. RNA sequencing and 
matrisome analysis confirmed that TGF-β1 signaling is a 
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key driver of fibrosis mediated by bleomycin-induced senescent AT2 cells(173) (Fig.2F).

Figure 2. In vitro bone, cartilage and lung models for senescence and senolytic assays. (A) Senescence disrupts 
the regulation of bone remodeling, leading to osteoporosis by impairing the balance between osteoblasts and 
osteoclast activity. (B) Experimental studies demonstrate the impact of senescent bone marrow stromal cells 
(BMSCs): (i) DQ reduces senescent BMSCs in aged mice(161); and (ii) conditioned media from senescent cells 
impairs mineralization in MC3T3 osteoblasts and promotes osteoclast differentiation(9). (C) Senescence alters ECM 
deposition by chondrocytes, contributing to the development and progression of osteoarthritis which can be 
assessed in 3D pellet culture systems. (D) Senolytics have shown therapeutic potential in cartilage models: (i) ABT-
263 reduces senescent chondrocytes(167); and (ii) UBX0101 modules cartilage ECM deposition in a 3D pellet culture 
model(8). (E) Senescent lung fibroblasts contribute to the pathogenesis of idiopathies of idiopathic pulmonary 
fibrosis by promoting a pro-fibrotic microenvironment. (F) Senolytic drugs reduce senescent cells in lung fibrosis 
models, including (i) fibroblasts in 2D culture(174), (ii) alveolar type 2 epithelial cells in lung organoids(173), and (iii) 
senescent cells in ex vivo human lung slice cultures(175).

D.4. Brain models. Aging is a major risk factor for 
neurodegenerative diseases such as Alzheimer’s and 
Parkinson’s. Accumulation of senescent brain cells 
contributes to disease progression by secreting pro-
inflammatory cytokines, matrix-degrading enzymes, and 
other bioactive molecules. This persistent SASP 
exacerbates neuroinflammation, disrupts neuronal 
function, and accelerates neurodegeneration(176). 
Senolytic drugs hold promise for reducing 
neuroinflammation and slowing the progression of 

aging-related neurodegenerative conditions. A key 
advantage of engineered 3D brain models is their ability 
to recapitulate spatial organization, tissue architecture, 
and cellular complexity. Brain organoids have been 
widely used to study the effects of senescence and 
senolytic therapy on cell-type-specific gene expression, 
synaptic pruning, and disease progression (Fig. 3A).

For example, Aguado et al. used human brain 
organoids to show that senolytic therapy eliminates 
senescent astrocytes, neurons, and neural progenitors 
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in physiologically aged models (Fig.3B). Transcriptomic 
profiling enabled cell-type-specific senolytic responses. 
They further modelled COVID-19-induced senescence 
and demonstrated that senolytics mitigated associated 
neurotoxic effects(177). Jin et al. used iPSC-derived 
brain organoids to demonstrate that type-I interferon 
signaling drives microglial over-pruning of synapses and 
accelerated senescence in down syndrome iPSC-derived 
brain organoids, and that inhibiting interferon receptor 
expression can partially rescue these dysfunctional 
phenotypes(178). Shaker et al. identified the 
glycosylated transmembrane protein klotho as a key 
regulator of cortical neuron senescence in iPSC-derived 
organoids(179). Lastly, brain organoids were employed 
to study Ataxia-telangiectasia, revealing that 
senescence contributes to disease progression via 
cGAS/STING pathway(180). 
D.5. Heart models. Aging is a major risk factor for 
cardiovascular disease(181). Cardiomyopathy, an age-
related degenerative condition, impairs cardiac tissue 
function(182, 183). Senescence plays a crucial role in the 
progression of cardiomyopathy, and emerging studies 
using bioengineered cardiac tissue models suggest that 
senolytic therapies may alleviate its detrimental effects 
(184). Functional characterization of cardiac organoids 
has focused on evaluating the ability of senolytics to 
restore contractile function, beating rate, and myogenic 
potential (Fig.3C).

For example, Scalise et al. showed that doxorubicin 
induces senescence in human cardiac organoids, leading 
to cardiac progenitor exhaustion and reduced 
contractile function. D+Q treatment decreases oxidative 
stress, SASP factors, and senescence-related gene 
expression. D+Q treatment also restored cardiac beating 
rate and frequency, providing evidence for functional 
rejuvenation(106). Marino et al. examined cardiac tissue 
from patients with diabetes mellitus and observed an 
increased density of senescent cardiac stem cells, 
indicating paracrine-mediated senescence in the 
diabetic heart. Using a spherogenesis assay, they 

demonstrated that spheroids from diabetic cardiac stem 
cells exhibited impaired proliferation, differentiation, 
and function. Senolytic treatment significantly reduced 
the expression of SA-β-gal, p16INK4A, and γ-H2AX, while 
enhancing cell proliferation and myogenic potential 
(Fig.3D)(185). 
D.6. Tumour models. Advanced aging is a major risk 
factor for both primary and metastatic tumors. Tumor 
cells can evade traditional therapies by entering a 
senescent state(12). Concurrently, non-malignant cells 
in cancer survivors often develop therapy-induced 
senescence, contributing to accelerated aging and 
increased risk of relapse(14, 186-188). These challenges 
highlight the need for pharmacological strategies to 
eliminate both senescent tumor cells and non-
neoplastic senescent cells. Advanced organoid models 
offer a powerful platform to investigate the distinct 
roles of senescent malignant, stromal, and immune cells 
within the tumor microenvironment and their 
contributions to tumorigenesis, metastasis, and drug 
resistance (Fig.3E). 

For example, Nicolas et al. used patient-derived 
tumor organoids to show that senescent tumor cells 
induce therapy-associated senescence in fibroblasts via 
paracrine IL-Bα signaling, leading to inflammation and 
therapy resistance(189). Similarly, long-term culture of 
high-grade serous ovarian cancer organoids in SASP-
conditioned media reduced tumor cell adhesion and 
downregulated adhesion-related genes, suggesting 
senescence in metastatic dissemination(190). Organoid 
models have also been used to study senescence-driven 
chemoresistance and identify senolytic vulnerabilities in 
patient-derived tumors from lung(191), ovaries(192), 
breast(193), colon(194), and gastric cancer (195) 
(Fig.3F). 
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Figure 3. In vitro brain, cardiac muscle, and tumor models for senescence and senolytic assays. (A) Accumulation 
of senescent brain cells increases the risk of neurodegenerative diseases via persistent SASP, neuroinflammation, 
and neuronal dysfunction. (B) (i) Ataxia-telangiectasia-mimetic brain organoids exhibit increased IL-6 
secretion(180), (ii) senescence reduces neurite diameter in brain organoids(179), (iii) Aged brain organoids show 
senolytic drug responses, decreased SA-β-gal and p16 expression(177). (C) Senescent cells in cardiac tissue 
contributes to cardiomyopathy. Cardiac organoids and cell cultures are used to study senescence and senolytic 
responses. (D) (i) Cardiac organoids exposed to doxorubicin exhibit senescence elevated p16 expression. (ii) 
Treatment with DQ improves myogenic cell proliferation in cardiac organoids. (iii) Organoid diameter changes serve 
as a quantitative measure of senescence and senolytic effects(106). (E) Patient-derived tumor organoids are used 
to study chemotherapy-induced senescence in tumor microenvironments. (F) (i) Gastric cancer organoids treated 
with aurora kinase inhibitors induce senescence and (ii) Schematic representation of senolytic drug testing using 
patient tumor-derived organoids(195).

E. Remaining challenges and considerations.
E.1. Advance senescence and senolytic assays.
E.1.1. Refining senolytic efficacy and toxicity. A key 
challenge in developing senescence assays lies in the 
fact that senescence is not a binary state, but rather a 
gradual and potentially reversible process. The 
emergence of senescent phenotypes is shaped by three 
factors: the cell or tissue types, the inducing stress, and 
the duration since senescence induction. For example, 
stress-induced senescence often involves p16/p38 

activation, while replicative senescence is typically 
mediated by p53/p21 signaling(46). Transcriptomic 
analyses have revealed distinct context-dependent 
senescence signatures and considerable heterogeneity, 
particularly in replicative models(68, 69). 

To capture the temporal dynamics, a three-stage 
model has been proposed: primary senescence 
(p53/p21 activation, reduced proliferation), developing 
senescence (p53/p21, p16 activation, SASP emergence, 
morphological change), and late senescence (p16 
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activation, SASP amplification, chromatin remodeling, 
and lysosomal activity)(46). While conceptually 
valuable, this framework lacks quantitative validation 
and may not be universally applicable. These 
complexities complicate the accurate identification of 
senescent cells and the quantitative assessment of 
senolytic efficacy and off-target toxicity. It underscores 
the need for comprehensive characterization across 
diverse models and the integration of high-content 
omics technologies to identify stage-specific biomarkers 
that can guide the development of robust, predictive 
senolytic assays.
E.1.2. Standardization of controls. A critical aspect of 
senolytic assays is the consistent inclusion of controls. 
Senescence controls establish baseline biomarker levels 
by comparing untreated cells to those exposed to 
senescence-inducing stressors, with commonly used 
markers including SA-β-gal and SASP factors. Senolytic 
controls consist of senescent cells that do not receive 
drug treatment, enabling quantification of drug-specific 
effects and distinguishing true senolytic activity from 
off-target toxicity. However, the incomplete and 
heterogeneous nature of senescence induction 
complicates accurate assessment of senolytic efficacy 
and toxicity. Additionally, distinguishing quiescent from 
senescent cells is essential, as overlapping biomarker 
expression can lead to misidentification. Standardized 
controls are especially important when validating novel 
senescence biomarkers and ensuring reproducibility 
across experimental conditions. 
E.1.3. Senescence reporter cells. Senolytic effects 
are dynamic, yet most assays rely on static, endpoint 
measurements. Developing senescence reporter cell 
lines, which express fluorescent or luminescent signals 
under the control of senescence-associated promoters, 
can be a promising alternative strategy.  For example, 
A375 melanoma cells engineered to express GFP or 
luciferase under the control of mi-RNA-146a, a marker 
highly active in senescent cells(196, 197), have been 
employed in high-throughput screening to identify 
potent senescence inducers(130). Similarly, iPSC-
derived reporter lines driven by p21 promoter 
activity(198, 199) show great potential as versatile tools 
for senescence and senolytic research. 

Several senescence reporter mouse models have also 
been developed, including P16INK4A (200, 201) and p21 
reporter strains(202) (Table 3). Although primary cells 
often undergo rapid senescence during ex vivo culture, 
these models remain valuable for mechanistic and 
quantitative analysis. For example, the p16-3MR mouse 
expresses fluorescence and luciferase under the p16 
promoter and includes a suicide gene activated by 
diphtheria toxin(201). Nevertheless, careful validation 
of reporter fidelity and sensitivity is essential before 
deploying these systems in senescence and senolytic 
assays. For example, the p16-3MR model yielded weak 
endogenous fluorescence and requires endpoint 
antibody staining. 

E.2. Advanced in vitro human tissue models
E.2.1. Cell source. Bioengineered senolytic assays can 
enhance translational impact by optimizing human cell 
sources. First, primary human mesenchymal stem cells 
that readily expand and differentiate are well-suited for 
developing tissue-specific, high-throughput senolytic 
assays. Establishing cell banks from multiple donors 
across different ages and sexes can improve population 
heterogeneity. Second, induced pluripotent stem cells 
(iPSCs) are a promising source for developing humanized 
senolytic assays(173, 178, 179). Advances in iPSCs 
generation, expansion, and directed differentiation have 
enabled their broad application. Reporter iPSC lines, 
such as those from the Allen Institute, offer powerful 
tools for mechanistic studies and quantitative 
phenotypic assay development. Third, given cancer's 
heterogeneity, patient-specific senolytic assays are 
critical for targeting drug-resistant senescent cancer 
cells(207),(208). Personalized tissue models hold great 

Table 3. Reporter cells of senescence biomarkers
Function SASP regulator 

mi-RNA-146a Cell line miR146a-EGFP A375 cell line(130, 
196, 197) 

Function Cell cycle inhibitor

p16INK4A
Mouse model p16INK4A-ATTAC mice(203)

p16-3MR mice(201), p16-Luc 
mice(204)
p16-tdTomato(205)

Function Cell cycle inhibitor
Cell line p21-mNeonGreen iPSC line(199)

A549 p21V cell line(198)p21
Mouse model p21-3MR mouse model(202)

p21-Luc mice(206)

Page 15 of 32 Biomaterials Science



Biomaterials Science  Review

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 16

Please do not adjust margins

Please do not adjust margins

promise in advancing senolytic drug screening and 
clinical impact (Fig.4A). 
E.2.2. Extracellular matrices. Each tissue has a 
distinct ECM composition and structure that plays a 
critical role in regulating multicellular organization and 
supporting essential tissue functions(209). Thus, 
selecting an appropriate ECM is crucial for accurately 
recapitulating tissue-specific senescent phenotypes and 
senolytic drug responses. Matrigel - a mouse tumor-
derived ECM gel - has been widely used in organoid 
culture due to its ability to support the proliferation and 
differentiation of various stem cells(210). However, its 
broad, non-organized signalling may limit its 
effectiveness in guiding tissue-relevant organoid 
development(211). To address this, ECM gels derived 
from target tissues via decellularization and followed 
mechanical or enzymatic dissociation have been used to 
better support organoid maturation(212-214). For 
example, demineralized bone paper created by thin 
sectioning of demineralized bovine compact bone 
matrix significantly improves the recapitulation of in 
vivo-relevant, multicellular bone remodeling 
processes(152, 215-217) (Fig.4B). 
E.2.3. Oxygen environments. Oxygen level is a key 
factor that significantly influences drug responses by 
modulating cellular metabolism(218-220). This is likely 
applicable to senolytic drugs as well. Mitochondrial 
dysfunction and ROS-induced toxicity are key features of 
senescence(2). Previous studies showed that low oxygen 
exposure can extend lifespan in mice by reducing 
neurological damage(221, 222), suggesting that hypoxia 
may attenuate senescent phenotypes. However, the 
expression of hypoxia-induced factors (HIFs) under low-
oxygen conditions plays a context-dependent role in 
senescence(218). In some cases, HIFs promote 
senescence induction(220, 223-225), while in others, 
they inhibit its onset(219, 226, 227). Understanding how 
hypoxia regulates senescence and influences cellular 
responses is critical for identifying new senolytic or 
senomorphic targets. Recapitulating physiological 
oxygen gradients in senolytic assays represents great 
promise for elucidating hypoxia’s role in senescence 
regulation(228, 229) (Fig.4C). 

E.2.4. Mechanical stimulation. Each tissue exhibits a 
distinct mechanical stiffness, exposing cells to dynamic 
physical cues that are essential for maintaining 
homeostasis(230-237). A decline in the ability to sense 
and respond to these mechanical cues is closely 
associated with aging and cellular senescence(238-240). 
Senescent cells display altered cytoskeletal 
architecture(241) and changes in focal adhesion protein 
expression(242), which disrupts mechanotransduction. 
Mechanosensitive ion channels, such as PIEZO1, may 
also become dysfunctional and contribute to 
senescence induction(243-245). The degradation of 
lamin, a key structural component of the nuclear 
envelope, in senescent cells further deteriorates the 
mechanical regulation of gene expression via nuclear 
deformation(246). Additionally, the inflammatory SASP 
can promote ECM remodeling and alter local mechanical 
environments(66). Recapitulating these static and 
dynamic changes in mechanical environments in 
senolytic assays is a promising strategy to accurately 
model normal and aged tissue phenotypes and improve 
the predictive power of senolytic responses (Fig.4D).
E.3. Leverage advances in senescence biology.
E.3.1. Benchmark clinical data. A major challenge in 
developing in vitro senolytic assays is the lack of 
comprehensive, tissue-specific, and quantitative data on 
senescence phenotypes from clinical samples. Without 
such benchmarks, it is difficult to assess the fidelity of 
engineered tissue models in accurately representing 
senescent phenotypes. Although senescent cells are 
relatively rare in aged humans, efforts to collect relevant 
data are progressing. For example, the Buck Institute’s 
SASP Atlas has profiled SASP expression across various 
cell types and senescence-inducing stressors based on 
clinical samples from the Baltimore Longitudinal Study 
of Aging(67). The Mayo Clinic’s “SenMayo” gene set, 
derived from aged human bone samples, enables single-
cell identification of senescent cells and has shown 
decreased expression following senolytic treatment(73). 
Expanding these resources to include tissue-specific 
data from naturally aged, young, healthy, and 
prematurely aged individuals across diverse 
demographics will be crucial for benchmarking and 
validating senescence and senolytic assays. 
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E.2.2. Integrating computational approaches.  The 
detection and characterization of senescence have 
advanced significantly with the rise of computational 
approaches aimed at improving the precision of 
senescent cell identification and decoding their complex 
phenotypes. Early efforts focused on morphological 
features, particularly changes in nuclear architecture, 
using machine learning classifiers trained on high-
content imaging data to distinguish senescent from 
proliferative cells(50). With the growth of transcriptomic 
technologies, large-scale gene expression profiling led to 
the development of databases such as SenoRanger, 
CellAge, and SenMayo, which catalog genes consistently 
upregulated across various senescent cell types(73, 247, 
248). These resources have been instrumental in 
identifying conserved senescence signatures and 
prioritizing therapeutic targets. 

Building on this foundation, tools like SenCID now 
integrate bulk and single-cell transcriptomic data to 
enhance detection sensitivity and uncover context-
specific senescence identities across tissues, cell types, 
and stressors(249). This recognition of senescence 
heterogeneity represents a critical step toward 
understanding its biological complexity and tailoring 
therapeutic interventions accordingly. In parallel, 
machine learning models trained on known senolytics 
have been employed to predict senolytic potential by 
analyzing structural, functional, and transcriptomic 
features, enabling in silico screening of large chemical 
libraries and accelerating drug discovery(250). 
Collectively, these computational innovations have 
transformed the ability to detect, classify, and 
therapeutically target senescent cells, offering powerful 
tools to advance the next generation of senolytic 
strategies.

Figure 4. Emerging challenges and future directions. (A) Bioengineered models using diverse human cell sources 
enable personalized, tissue-relevant studies of senescence. (B) Tissue-specific ECMs enhance physiological 
relevance and support organ-specific senescent phenotypes. (C) Hypoxia-mimicking systems allow investigation of 
low-oxygen effects on senescence induction and senolytic drug efficacy in hypoxia-adapted cells. (D) 
Mechanotransduction-enabled models replicate biomechanical cues in mechanosensitive tissues to evaluate how 
mechanical forces influence senescence and whether senolytics restore proper signaling in aged cell.

F. Emerging applications of senolytic assays.
F.1. Senescence assays to evaluate environmental 
toxin-induced senescence. Modern industrialization 
has introduced various environmental toxins into 
ecosystems that may accelerate aging. Microplastics 
have been detected in various human tissues(251, 252). 
Per- and polyfluoroalkyl substances (PFAS), commonly 

used due to their extreme chemical stability(253), have 
been epidemiologically linked to osteoporosis(254), 
cardiovascular disease(255), and cancer(256). Heavy 
metals such as arsenic, mercury, lead, cadmium, 
chromium, and copper have also been associated with 
age-related pathogenesis, including neurodegenerative 
diseases(257), osteoporosis(258), and cancers(259).  
Similarly, chronic exposure to UV radiation accelerates 
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skin aging(260), increases the accumulation of 
senescent cells(261), and promotes skin cancer(262). 
These environmental stressors are emerging as key 
inducers of cellular senescence. Bioengineered human 
tissue-based senescence assays can be applied to assess 
their harmful effects, study aging-related phenotypes, 
and evaluate the potential of senolytic intervention 
(Fig.5A).
F.2. Senolytic assays to expand senolytic drug 
repertoire. Robust senolytic assays are essential to 
expand senolytic drug discovery, which can be pursued 
through three key strategies. First, combinatorial drug 
approaches have shown enhanced efficacy by targeting 
multiple anti-apoptotic pathways that differ across 
senescent cell types. Core survival networks vary by cell 
type(22), highlighting the benefits of multi-targeted 
therapies for improving efficacy, tissue specificity, dose 
optimization, and minimizing off-target effects. A 
representative example is the D+Q combination, which 
outperforms single agents.

Second, drug repurposing is a rapid, cost-effective 
approach to expand the senolytic pipeline. FDA-
approved drugs have well-characterized 
pharmacokinetic and safety profiles, enabling faster 
clinical transition for senolytics(194). Recent in silico 
analyses have identified senescence-maintaining gene 
networks, uncovering new targets for therapeutic 
intervention(250). 

Third, natural compound screening, particularly of 
flavonoids, offers a rich source of potential senolytics. 
Compounds such as fisetin(128), quercetin(22), and 
luteolin(263) are flavonoid-derived and modulate 
senescence-associated pathways. With over 5,000 
flavonoids identified, high-throughput functional 
screening could uncover novel compounds with cell-

type and disease-specific senolytic activity(264-266) 
(Fig.5B).
F.3. Senescence and senolytic assays to advance 
adjuvant cancer therapy. Senolytic drugs are gaining 
traction as adjuvant therapies in cancer treatment. 
Chemotherapy and radiation induce widespread 
senescence in normal tissues, accelerating biological 
aging and increasing the risk of long-term complications 
in cancer survivors(267, 268). Incorporating senolytics 
into treatment regimens could mitigate therapy-
induced senescence, delay aging-related sequelae, and 
enhance treatment outcomes. Administering senolytics 
post-chemotherapy or radiation may synergistically 
eliminate residual senescent tumor cells(93, 130) and 
senescent stromal cells, reducing recurrence risk(98, 
186). Emerging evidence also implicates senescence in 
pre-metastatic niche formation and metastatic 
spread(139) through SASP-mediated regulation of 
tumor cell adhesion, invasion, and migration(190, 269, 
270). 

Advanced in vitro tissue models allow faithful 
simulation of these clinical scenarios, dissection of 
senescence induction in tumor versus stromal cells, and 
reveal new vulnerabilities(6, 12). They can also parse the 
roles of senescent immune and stromal cells in the 
tumor microenvironment in promoting cancer 
progression, drug resistance, and relapse. Indirect co-
culture models are suited for studying long-term SASP 
paracrine signalling, while direct models allow analysis 
of ECM remodelling, cell-cell contact, and biochemical 
cues. Collectively, these tools will facilitate mechanistic 
studies and accelerate the integration of senolytic 
therapies into cancer treatment (Fig.5C). 
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Figure 5. Emerging applications of senescence and senolytic assays. (A) Senescence assays enable the study of 
how environmental toxins induce cellular senescence. (B) Senolytic assays support the discovery of new senolytics 
through combinatorial strategies, repurposing FDA-approved drugs, and screening natural compounds such as 
flavonoids. (C) These assays can model therapy-induced senescence following cancer treatment and evaluate 
senolytic strategies to eliminate senescent tumor or stromal cells, aiming to improve treatment outcomes.

Conclusion
Human lifespan has steadily increased in recent 
decades, yet aging and its associated functional decline 
remain major contributors to chronic diseases. 
Senescence is traditionally considered an antagonistic 
pleiotropic process—beneficial during early 
development but detrimental later in life. Emerging 
evidence suggests a more nuanced view, with certain 
senescent cell subtypes performing beneficial roles. 
However, the accumulation of deleterious senescent 
cells poses significant health risks, underscoring the 
need for senolytics that selectively eliminate harmful 
cells while sparing beneficial ones.

Developing pharmacological strategies to slow aging 
remains a major scientific and medical challenge. 
Senolytic therapies hold great potential to delay, and 
possibly reverse, age-related phenotypes. The 
advancement of preclinical in vitro human tissue models 
and predictive phenotypic assays will be essential for 
accurately assessing senolytic efficacy and toxicity, 

thereby accelerating clinical translation. The FDA 
Modernization Act 2.0 supports this shift by authorizing 
validated human tissue models as alternatives to animal 
testing. With continued collaboration across academia, 
industry, and government, significant progress in aging 
biology and therapeutic development is expected in the 
next 5–10 years.
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