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Abstract

Aging is a complex biological process characterized by progressive loss of cellular home-
ostasis, impaired regenerative capacity, and accumulation of senescent cells that collectively
predispose tissues to disease. Traditional two-dimensional culture systems and animal
models have provided valuable insights but fail to fully recapitulate the spatial organization,
cellular heterogeneity, and microenvironmental cues of aging human tissues. Organoid
technology—three-dimensional self-organizing structures derived from adult stem cells or
pluripotent stem cells has emerged as a transformative platform to model aging in vitro.
These mini-tissues retain the architecture, signaling dynamics, and lineage hierarchy of
native organs, making them powerful systems to interrogate age-associated cellular phe-
notypes, DNA damage responses, and senescence programs. This review discusses how
organoid models are advancing our understanding of aging biology across multiple organ
systems, from the intestines and liver to the brain and lung. We highlighted key molecular
pathways driving cellular senescence within organoids—including p16INK4a/p21CIP1
signaling, SASP activation, mitochondrial dysfunction, and epigenetic drift—and how
these can be targeted to restore tissue homeostasis. We further discussed how organoids
derived from aged tissues, induced pluripotent stem cells, and engineered oncogene sys-
tems reveal new therapeutic opportunities to modulate senescence in age-related disorders,
cancer, and regenerative medicine. Finally, we discussed emerging integrative tools such as
organoid co-cultures, single-cell omics, and senolytics drug screening that are expanding
the potential of organoids as translational platforms for anti-aging and disease intervention.

Keywords: organoids; cellular senescence; aging; regenerative medicine; disease modeling;
senolytics; molecular targets; 3D culture

1. Introduction

Aging is a universal biological process characterized by the progressive decline of
tissue integrity, stem cell function, and regenerative capacity across organ systems [1,2]. As
organisms age, cells accumulate DNA damage, undergo metabolic and epigenetic alter-
ations, and experience chronic stress that together contribute to impaired homeostasis and
heightened risk for disease [3,4]. A central hallmark linking aging to disease susceptibil-
ity is cellular senescence, a stable cell-cycle arrest program accompanied by widespread
chromatin remodeling, mitochondrial dysfunction, and secretion of pro-inflammatory
factors collectively known as the senescence-associated secretory phenotype (SASP) [5,6].
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Although senescence initially acts as a tumor-suppressive mechanism, its chronic accumu-
lation during aging contributes to tissue dysfunction, inflammation, fibrosis, and cancer
initiation [7,8].

Traditional in vitro models such as two-dimensional (2D) monolayer cultures have
provided foundational insights into senescence biology but fail to capture the three-
dimensional (3D) architecture, multi-lineage complexity, and native signaling gradients of
aging tissues [9]. Animal models, while physiologically relevant, are limited by species-
specific differences and difficulty in parsing human-specific aging phenomena [10]. These
limitations have driven the emergence of organoid technology as a transformative plat-
form to model human aging and senescence in vitro. Organoids are self-organizing, stem
cell-derived 3D structures that recapitulate key features of native tissues, including ep-
ithelial polarity, cellular heterogeneity, spatial organization, and lineage hierarchy [11].
Organoids derived from adult stem cells, pluripotent stem cells, or patient tissues have
enabled researchers to study aging signatures such as stem cell exhaustion, impaired niche
signaling, metabolic decline, altered stress responses, and senescence accumulation in con-
trolled experimental settings [12]. Importantly, organoids retain donor-specific epigenetic
and transcriptional landscapes, enabling direct comparison of young and aged tissues,
modeling organismal aging, and identification of cell-intrinsic drivers of senescence [13].
Furthermore, organoids can be genetically engineered—using tools such as CRISPR/Cas9
to induce senescence through DNA damage, oncogene activation, telomere dysfunction, or
mitochondrial stress, allowing mechanistic interrogation of senescence pathways including
p53/p21, p16INK4a/Rb, and SASP regulation [14] (Table 1).

Table 1. Key cellular senescence pathways and markers studied using organoid models, their
functional outcomes, therapeutic implications, and relevant references.

Pathway/Marker Organoid Model Functional Outcome Therapeutic Implication References
. . Cell cycle arrest, Senolytic targeting,
p16INK4a/Rb Intestinal, hepatic SASP induction tissue rejuvenation [15-171
DNA damage Chemotherapy response
p53/p21CIP1 Intestinal, cerebral response, apoptosis prediction, OIS modeling [18]
regulation
. . . . Metabolic regulation, Rapamycin/mTOR
mTOR signaling Hepatic, pancreatic . modulators, stem [19]
stem cell function . .
cell rejuvenation
Paracrine tissue
SASP factors (IL-6, Multiple tissues remodeling, Senomorphic interventions [20]
IL-8, MMPs) . .
inflammation
DNA Intestinal, cerebral Genomic instability, Senescence biomarkers, [21]

damage/y-H2AX

aging phenotype therapeutic monitoring

Because senescence plays roles in diverse pathologies—spanning cancer, neurodegen-
eration, metabolic disorders, pulmonary fibrosis, and chronic inflammation—organoid
systems have become powerful tools for targeted discovery and drug screening aimed
at modulating aging and senescence [4,21]. Recent advances integrating organoids with
single-cell omics, spatial transcriptomics, immune co-cultures, and organoid-on-chip plat-
forms further enhance their ability to model the complex microenvironmental cues that
govern aging in vivo [22-24]. By leveraging organoids as physiologically relevant, experi-
mentally tractable models, researchers are gaining novel insights into human aging biology
and accelerating the development of interventions aimed at improving health span and
combating age-associated diseases.
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In this review, we discuss how organoid systems provide unprecedented opportunities
to dissect the mechanisms of aging and cellular senescence across diverse tissues, high-
lighting key molecular and cellular pathways uncovered through organoid-based studies.
These platforms enable direct interrogation of epithelial-intrinsic aging programs, stem cell
dysfunction, and microenvironmental regulation within physiologically relevant 3D con-
texts. We further examine how integration of organoid models with emerging technologies,
including single-cell and spatial omics, functional genomics, and organoid-on-chip systems,
has advanced our understanding of senescence heterogeneity and dynamics. Finally, we
discuss emerging therapeutic strategies, including senolytic and senomorphic interventions,
that are enabled and refined through organoid-based platforms, underscoring their poten-
tial to accelerate the translation of aging biology into targeted and personalized therapies.

2. Overview of Organoid Systems

Organoid technology has revolutionized in vitro modeling by enabling the generation
of self-organizing, 3D structures that recapitulate key features of native tissues, including
multicellular composition, spatial architecture, and functional signaling networks [25].
Organoids are typically derived from two major sources: adult stem cells (ASCs) residing in
tissue-specific niches, and pluripotent stem cells (PSCs) such as embryonic stem cells (ESCs)
or induced pluripotent stem cells (iPSCs) (Table 2). Each system offers unique advantages
for modeling development, homeostasis, disease mechanisms, and aging (Figure 1).

Table 2. Organoid platforms for modeling aging-associated mechanisms and cellular senescence
across tissues. This table summarizes major organoid systems, their stem cell sources, and the specific
aging-related mechanisms they enable investigators to interrogate. Rather than broadly listing disease
applications, the table highlights key hallmarks of aging—including stem cell exhaustion, genomic
instability, mitochondrial dysfunction, altered niche signaling, and inflammaging—and outlines
mechanistic questions that can be addressed using each organoid platform. These models facilitate
age-stratified analysis and provide controlled systems to dissect epithelial-intrinsic aging processes,
microenvironmental remodeling, and age-modified responses to oncogenic or metabolic stress.

. Aging-Associated Key Aging Questions Representative
Organoid Type Stem Cell Source Mechanisms Modeled Addressed Applications References
Stem cell exhaustion; H.OW does aging alter
Wnt signaling niche responsiveness
decline: increased and regenerative Colorectal tumor
Intestinal Adult stem cells TGEF- f5/si naling; capacity? How does initiation; inflammaging; [26]
SASP accmgn ulati%;l . epithelial age modify regenerative decline
enomic instability oncogene-induced
& y senescence (OIS)?
Does mitochondrial
DNA damage decline drive
accumulation; age-associated metabolic Liver fibrosis;
Hepatic iPSC/Adult stem cells metabolic inflexibility; disease? How does metabolic syndrome; [27]
mitochondrial dysfunction;  genomic instability hepatocellular carcinoma
impaired detoxification influence fibrosis and
cancer risk?
Proteostasis decline; ngsx)lri?ise:i%i?ri 21:;1;1
mitochondrial dysfunction; rotein aggregation? Alzheimer’s disease;
Cerebral iPSC oxidative stress; ng does i%lgﬂar%lma i;'l Parkinson’s disease, (28]
neuroinflammatory - sing
sionalin contribute to
8 8 neurodegeneration?
3-cell senescence; How d(_)es aging redgce
oxidative stress; ' endocrine regenerative Type 2 diabetes;
Pancreatic iPSC/Adult stem cells ’ capacity? Can niche yp ’ [29]

impaired insulin
secretion; ER stress

modulation reverse
3-cell dysfunction?

pancreatic tumorigenesis
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Table 2. Cont.
. Aging-Associated Key Aging Questions Representative
Organoid Type Stem Cell Source Mechanisms Modeled Addressed Applications References
Tubular senescence; How does epithelial s
oxidative stress: re duc’e d aging impair nephron Chronic kidney
Renal Adult stem cells/iPSC repair capacity: regeneration? What is disease; polycystic [30]
fibll‘:; tic si P nalir}? the role of senescence in kidney disease
& & fibrosis progression?
_ Inflammaging; How do age-associated
immune-epithelial . & h Early tumori .
Multi-lineage/Co- ASC/iPSC + immune/ crosstalk; niche IMIMUNE ChANGEs ar’y tUmorigenesis;

influence epithelial stem

fibrosis; chronic

[31-33]

culture systems stromal cells deterlorat.lon, cell fitness and inflammatory disease
SASP-mediated iie s
. tumor initiation?
remodeling

Adult stem-cell derived organoids

Organoid systems as platforms to model aging and cellular senescence

Pluripotent stem-cell derived organoids Pluripotent stem-cell derived organoids

Reduced
proliferation

Young donor iPSC reprogramming

« Epigenetic age retained
« Stem cell competence

' / Rejuvenation \
Qe @D °

Senescence
(p21,p16)

Mitochondrial
dysfunction

Aged donor

ONA damage Metabolic stress
Long term culture . .
Epigenetic
« Stem cell exhaustion = drift
o Altered niche signals ,\)/./ )
o Senescent cells (H r:g
Q/\f Replication stress
Progeroid factors & Inflammatory
) SASP

Created in BioRender.com bio

Figure 1. Organoid systems as platforms to model aging and cellular senescence. Organoids

Modeling aging and senescence in 3D organoids

derived from adult stem cells (ASCs) and pluripotent stem cells (PSCs) provide complementary
approaches to study aging-related processes. ASC-derived organoids retain donor-specific genetic,
epigenetic, and aging-associated phenotypes, enabling direct interrogation of stem cell exhaustion,
senescence accumulation, and altered niche signaling in aged tissues. In contrast, PSC-derived
organoids recapitulate developmental programs and typically resemble fetal tissues but can be
engineered to exhibit aging-like features through prolonged culture, DNA damage, metabolic stress,
or progeroid manipulation. Together, these systems enable controlled modeling of key hallmarks
of aging, including reduced regenerative capacity, mitochondrial dysfunction, genomic instability,
epigenetic drift, and senescence-associated secretory phenotypes (SASP), within physiologically
relevant 3D tissue contexts. https://app.biorender.com/illustrations/canvas-beta/69753460cde6a4
242668b183 (accessed on 17 March 2026).

2.1. Adult Stem Cell-Derived Organoids

ASC-derived organoids are established from tissue-resident stem or progenitor cells
that retain intrinsic instructive cues for lineage specification and tissue regeneration. These
organoids closely mimic the physiology of the original tissue, including epithelial po-
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larity, adult transcriptional identity, and organ-specific functional properties [34]. The
reliance on defined niche signals such as Wnt, R-spondin, EGF, BMP inhibition, and Notch
modulation enables the ex vivo reconstruction of stem cell behavior and allows precise ma-
nipulation of signaling pathways relevant to aging and disease. Importantly, ASC-derived
organoids maintain donor-specific epigenetic signatures and aging phenotypes, making
them particularly valuable for studying tissue-specific aging, stem cell exhaustion, and
senescence accumulation.

2.2. Pluripotent Stem Cell-Derived Organoids

PSC-derived organoids recapitulate stages of embryonic development and are widely
used to model organogenesis, developmental defects, and early-onset diseases [34]. These
systems rely on stepwise differentiation protocols that mimic embryonic signaling pathways
such as Wnt, FGF, TGF-f3, and Hedgehog, leading to the generation of highly organized
structures such as brain, retinal, intestinal, hepatic, and kidney organoids. Although
PSC-derived organoids offer unparalleled developmental modeling capabilities, they of-
ten resemble fetal rather than adult tissues and lack aging-associated epigenetic marks,
which can limit their application in aging research [35]. Recent strategies, including pro-
longed culture, DNA damage induction, and metabolic manipulation, have been used to
induce aging-like features in PSC-derived organoids, expanding their utility for studying
senescence [36].

2.3. Modeling Multicellular Complexity and the Tissue Niche

A critical advantage of organoid systems is their ability to capture aspects of the tissue
niche and multicellular interactions. Many organoids retain intrinsic paracrine circuits
such as Wnt-producing Paneth cells in intestinal organoids or hepatocyte—cholangiocyte
interactions in liver organoids that are essential for maintaining tissue homeostasis and
are known to deteriorate with age [37,38]. Advances in co-culture systems have enabled
the inclusion of immune cells, fibroblasts, endothelial cells, and microbiota, providing a
more physiologically relevant microenvironment to study aging-associated inflammation,
stromal remodeling, and immune—epithelial crosstalk [38].

2.4. Comparison with Traditional 2D and Animal Models

Organoid systems overcome several inherent limitations of conventional 2D cell cul-
ture and animal models, making them powerful platforms for studying aging, senescence,
and complex human diseases. Traditional 2D cultures lack the spatial organization, mechan-
ical cues, and cellular heterogeneity necessary to faithfully model tissue architecture and
age-associated functional decline. In contrast, organoids preserve 3D structure, stem cell
hierarchies, and lineage relationships that more closely resemble native tissues, enabling
investigation of niche-dependent regulation of stem cell behavior and tissue homeosta-
sis [39,40]. Compared with animal models, organoids better capture human-specific ag-
ing signatures, including species-specific transcriptional programs, senescence-associated
gene expression, and human-relevant drug responses. Their tractability, scalability, and
compatibility with genome editing and high-throughput screening make organoids an
indispensable platform for aging and senescence research.

Another important advantage of organoid systems is their compatibility with ad-
vanced experimental approaches. Organoids can be readily integrated with genome-editing
technologies, high-throughput drug screening platforms, and functional genomics tools,
enabling systematic interrogation of pathways regulating senescence, stem cell exhaustion,
and tissue regeneration [41]. In addition, organoids are highly amenable to multi-omics
and imaging-based analyses, including single-cell transcriptomics, epigenomics, spatial
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profiling, and live-cell imaging, allowing detailed mechanistic dissection of aging processes
at cellular and subcellular resolution [41,42].

Organoids also offer practical and ethical advantages compared with animal models.
Their scalability and experimental tractability enable rapid hypothesis testing, precise
genetic manipulation, and repeated sampling over time without the confounding effects
of whole-organism variability or interspecies differences. While animal models remain
essential for studying systemic physiology and organism-level aging, organoids provide a
complementary and often more human-relevant system for dissecting cellular and molecu-
lar mechanisms underlying age-associated diseases.

Together, these features position organoid systems as an important bridge between
simplified in vitro models and in vivo studies, enabling more accurate modeling of human
tissue biology and improving the translational relevance of experimental findings.

2.5. Challenges and Limitations

Despite their transformative potential, organoid systems face several conceptual
and technical challenges that are particularly relevant for modeling aging and cellular
senescence. A major limitation lies in standardization and reproducibility, as organoid
derivation efficiency, growth dynamics, and cellular composition can vary substantially
depending on donor source, tissue type, passage number, and culture conditions [43].

Long-term culture, which is often required to model chronic aging processes, intro-
duces additional concerns. Extended passaging can lead to culture-induced stress, clonal
selection, epigenetic drift, and accumulation of somatic mutations, potentially mimicking
or obscuring bona fide aging-associated phenotypes [44—46]. Distinguishing true chrono-
logical aging from in vitro—induced senescence, therefore, remains a major conceptual and
technical challenge. To address this challenge, aging-associated stem cell exhaustion in
organoid systems is defined using comparative, molecular, and functional criteria rather
than reliance on single phenotypic markers [47]. In practice, importantly, these transcrip-
tional and epigenetic features align with signatures observed in aged tissues in vivo and
are retained across passages, supporting their intrinsic origin. In contrast, diffusion-limited
hypoxia or nutrient stress in static cultures typically produces spatially restricted necro-
sis, acute metabolic stress responses, and reversible growth impairment. Assessment of
hypoxia-responsive pathways, combined with the use of perfusion-based microfluidic
systems, further aids in distinguishing culture-induced artifacts from stable, age-associated
stem cell dysfunction. Moreover, cellular diversity and niche complexity are still incom-
pletely captured in most organoid systems. Although recent co-culture approaches have
enabled partial incorporation of immune cells, fibroblasts, and endothelial cells, maintain-
ing stable, long-term multicellular interactions that resemble aged tissue environments
remain technically demanding [48-50]. Faithfully modeling age-associated inflammatory
niches and SASP requires careful control to avoid non-physiological activation states.

Although animal models remain the preferred systems for studying systemic immune
aging, endocrine crosstalk, and pharmacokinetics, the organoid field has made substantial
advances in addressing these complex biological processes. Organoid platforms provide a
physiologically relevant and dynamically controlled microenvironment that more closely re-
capitulates human tissue architecture and function compared to traditional in vivo models.
Recent developments integrating organoids with immune components, hormonal signaling
cues, and microfluidics-based systems have expanded their utility in modeling systemic
interactions [51]. Organoids have been successfully applied to study diseases such as
cancer and inflammatory bowel disease, while enabling precise experimental manipulation
and high-resolution functional readouts. Importantly, their patient-derived nature allows
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for individualized disease modeling and therapeutic testing, thereby offering significant
potential for personalized medicine approaches.

Emerging technologies provide promising avenues to overcome these limitations.
Synthetic and tunable biomaterials allow precise control of matrix stiffness and biochemical
signaling, both of which change with age and influence senescence programs. Microfluidic
organoid-on-chip platforms enable dynamic perfusion, controlled gradients, and inter-
organ communication, improving physiological relevance and long-term stability [52].
Together, these advances are expected to enhance the fidelity and translational relevance of
organoid-based aging models. Microfluidic organoid-on-chip platforms enable dynamic
perfusion, mechanical cues, and controlled nutrient gradients that improve physiological
relevance compared to static cultures [52,53]. However, challenges remain, including device
complexity, limited scalability for high-throughput screening, variability in fabrication, and
incomplete integration of systemic immune and endocrine components. Addressing these
bottlenecks will be essential for translating fluidic organoid systems into robust platforms
for aging biology and pharmacokinetic modeling.

2.6. Organoid Systems as Models of Age-Associated Stem Cell Decline, Niche Deterioration, and
Senescence Accumulation

A central hallmark of tissue aging is the progressive decline in adult stem cell function,
often termed stem cell exhaustion, characterized by reduced self-renewal capacity, altered
lineage commitment, and diminished regenerative potential [54,55]. Organoid systems
derived from adult stem cells provide a unique platform to model this decline in a controlled
ex vivo setting, as they retain donor-specific transcriptional and epigenetic signatures
reflective of chronological aging [56]. Comparative studies using organoids derived from
young and aged donors have demonstrated persistent reductions in clonogenic efficiency,
impaired responsiveness to Wnt and Notch signaling, and increased expression of cell-cycle
inhibitors such as CDKN2A /p16INK4a in aged stem cell populations. These intrinsic
defects are maintained across passages under identical culture conditions, supporting the
interpretation that they reflect bona fide age-associated stem cell dysfunction rather than
transient culture stress.

Beyond cell-intrinsic decline, aging is accompanied by deterioration of the stem cell
niche, including altered paracrine signaling, extracellular matrix remodeling, and chronic
low-grade inflammation (“inflammaging”) [57]. Organoid platforms allow experimental
manipulation of niche components—such as Wnt ligands, R-spondin, BMP inhibitors, and
stromal-derived factors—to causally test how aged microenvironmental cues contribute
to stem cell exhaustion [57]. For example, restoration of Wnt signaling in aged intestinal
organoids partially rescues proliferative defects, demonstrating that niche deterioration
actively drives age-associated functional decline rather than representing an irreversible
intrinsic program. Synthetic and tunable extracellular matrices further enable modeling of
age-related changes in matrix stiffness and mechanotransduction, both of which influence
YAP /TAZ activity, metabolic fitness, and senescence induction.

Organoid systems also permit direct interrogation of senescence accumulation within
epithelial stem and progenitor compartments. Aging-associated senescent cells are char-
acterized by stable cell-cycle arrest, activation of p16INK4a/p21 pathways, persistent
DNA damage signaling, mitochondrial dysfunction, and acquisition of a SASP. In aged
tissue-derived organoids, increased expression of SASP cytokines, accumulation of YH2AX
foci, and reduced regenerative capacity have been observed even in the absence of
systemic immune or endocrine inputs. This isolation of epithelial-intrinsic aging pro-
grams allows discrimination between organism-level influences and cell-autonomous
senescence mechanisms.

https:/ /doi.org/10.3390/ targets4020012


https://doi.org/10.3390/targets4020012

Targets 2026, 4, 12

8 0f 35

Importantly, organoids enable distinction between chronological aging signatures and
culture-induced stress artifacts. Diffusion-limited hypoxia and nutrient gradients in static
3D cultures can induce stress responses that superficially resemble aging phenotypes [58].
However, comparison of young and aged donor-derived organoids under identical envi-
ronmental conditions, combined with transcriptomic alignment to in vivo aged tissues,
allows identification of conserved aging-specific gene expression programs [59]. Integra-
tion of microfluidic perfusion systems further reduces diffusion-related confounders and
strengthens modeling fidelity. Together, these approaches position organoids as mechanis-
tically powerful systems to dissect the interplay between intrinsic stem cell decline, niche
deterioration, and senescence accumulation that underlie tissue aging.

3. Modeling Cellular Aging in Organoids

Aging is accompanied by progressive and interconnected changes in cellular phys-
iology, stem cell competence, and the integrity of tissue-regenerating niches, ultimately
impairing organ function and increasing susceptibility to chronic diseases, degenerative
disorders, and cancer. Across multiple tissues, including the intestine, liver, pancreas,
and brain, adult stem cells exhibit age-associated declines in proliferative capacity, al-
tered lineage commitment, impaired regenerative responses, and heightened sensitivity
to metabolic, inflammatory, and oncogenic stress [60]. Historically, mechanistic insights
into tissue aging have largely relied on bulk tissue profiling or in vivo animal models,
which, while invaluable, obscure epithelial-intrinsic aging programs due to confounding
influences from systemic factors such as immune aging, circulating cytokines, endocrine
signaling, and changes in the stromal compartment [61]. These approaches also limit
the ability to disentangle cause-and-effect relationships between intrinsic stem cell aging
and extrinsic niche alterations. Organoid systems overcome many of these constraints by
providing a controlled, genetically tractable, and physiologically relevant ex vivo platform
to interrogate how aging reshapes the intrinsic properties of adult stem cells and their
immediate microenvironment.

ASC-derived organoids, in particular, have emerged as powerful tools for modeling
cellular aging because they retain donor-specific genetic, epigenetic, and transcriptional
signatures, including age-associated chromatin states and transcriptional programs [62]. In-
testinal organoids derived from aged donors exhibit reduced clonogenicity, delayed growth
kinetics, altered differentiation trajectories, and impaired responsiveness to niche-derived
signals such as Wnt and Notch, faithfully recapitulating in vivo aging phenotypes [63,64].
Similarly, hepatic and pancreatic organoids have revealed age-related declines in regener-
ative capacity and increased stress responses that are otherwise masked in whole-organ
analyses [65].

Organoid systems further enable high-resolution dissection of hallmarks of cellular
aging, including genomic instability, mitochondrial dysfunction, altered nutrient sensing,
epigenetic drift, and activation of senescence-associated transcriptional programs. Impor-
tantly, age-associated cellular senescence can be studied in a cell-type—specific manner
within organoids, allowing direct assessment of senescence markers, cell-cycle arrest, and
SASP without confounding contributions from systemic inflammation [66].

In addition to modeling intrinsic aging, organoids offer unique opportunities to in-
vestigate how aging alters stem cell-niche interactions. Changes in paracrine signaling,
extracellular matrix composition, and mechanical properties of the niche are increasingly
recognized as drivers of stem cell dysfunction during aging. By precisely manipulating
niche factors and matrix properties ex vivo, organoids enable causal testing of how aged
microenvironments contribute to stem cell exhaustion, lineage bias, and senescence accu-
mulation. Collectively, organoid-based aging models provide an unprecedented platform to
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dissect epithelial-intrinsic aging mechanisms, separate them from systemic influences, and
establish direct links between cellular aging, senescence, and disease susceptibility. These
systems, therefore, serve as a critical foundation for identifying age-specific vulnerabilities
and therapeutic targets across diverse age-associated diseases.

A major strength of organoid systems in aging research is their ability to preserve cell-
autonomous hallmarks of aging. Organoids derived from aged tissues display increased
DNA damage accumulation, reduced clonogenic potential, impaired Wnt responsiveness,
elevated reactive oxygen species, and molecular signatures of senescence, including upreg-
ulated Cdkn2a/p16INK4a and SASP-associated cytokines [67,68]. These changes persist
across passages, indicating that stem cell-intrinsic aging programs are retained ex vivo
and can be dissected in isolation from immune or endocrine cues. Conversely, organoids
derived from young donors provide a rejuvenated baseline against which age-dependent
phenotypes can be directly compared, enabling systematic evaluation of pathways such as
Wnt, Notch, EGFR, BMP, and YAP that are altered during aging. Organoid-based aging
models also allow the controlled introduction of genetic, epigenetic, environmental, and
pharmacological perturbations to identify pathways that drive epithelial decline. Studies
using intestinal and hepatic organoids have shown that age-related loss of niche-derived
Wnt and R-spondin signaling restricts stem cell renewal, while aged stem cells exhibit
amplified TGF-f signaling and chromatin remodeling that limit regenerative fitness [69,70].
Additionally, long-term culture systems using induced iPSC-derived organoids enable mod-
eling of premature or accelerated aging syndromes by manipulating telomere maintenance,
lamin processing, mitochondrial function, or DNA repair mechanisms [71,72].

Importantly, organoid platforms also facilitate the study of interactions between aging
and disease susceptibility, including infection, inflammation, metabolic dysfunction, and
cancer initiation. For example, aged intestinal organoids exhibit increased sensitivity to
inflammatory cytokines and heightened transcriptional activation of NF-«B and JAK-STAT
signaling upon stimulation, which may contribute to age-associated inflammatory bowel
disease risk [73]. Similarly, aged colon or pancreatic organoids show differential responses
to oncogenic mutations (e.g., BRAFV600E, KRASG12D), reflecting age-dependent differ-
ences in MAPK activation, senescence induction, and differentiation trajectories [74,75].
These discoveries underscore how organoid models can reveal context-specific vulnera-
bilities and therapeutic targets that arise with epithelial aging. Together, these advances
position organoids as a transformative platform for aging research, enabling precise mech-
anistic dissection of epithelial decline, niche dysregulation, senescence programs, and
age-related disease initiation. By integrating organoid-based assays with single-cell tran-
scriptomics, CRISPR editing, and high-Throughput compound screening, researchers can
now identify reshapes tissue homeostasis and identify strategies to restore regenerative
capacity or prevent age-associated disorders.

4. Senescence Pathways Revealed Through Organoid Models

Cellular senescence is an irreversible growth-arrest program triggered by diverse
stressors including DNA damage, telomere attrition, oxidative stress, chromatin disrup-
tion, and oncogene activation. While senescence acts as an essential tumor-suppressive
barrier, its long-term persistence contributes to chronic inflammation, impaired tissue
regeneration, and age-related pathologies through the secretion of pro-inflammatory cy-
tokines, chemokines, and matrix-remodeling enzymes collectively termed the SASP. Despite
its importance, studying senescence in vivo has historically been challenging due to tis-
sue heterogeneity, systemic influences, and limited access to early-stage senescent cells.
Organoid systems now provide a unique opportunity to interrogate the cell-intrinsic and
microenvironment-modulated mechanisms of senescence with unprecedented resolution.
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Importantly, the term “senescence marker” refers not to a single definitive molecule but to
a constellation of phenotypic and molecular features that collectively define a senescent
state. Canonical hallmarks include stable cell-cycle arrest, activation of the p53/p21CIP1
and/or pl6INK4a/Rb pathways, persistent DNA damage signaling (e.g., YH2AX foci),
senescence-associated [3-galactosidase (SA-f3-gal) activity, chromatin remodeling, and ac-
quisition of a SASP [76,77]. However, no single marker is sufficient to establish senescence,
as individual features such as p16INK4a expression or transient DNA damage responses
may also occur in non-senescent stress contexts [78]. In organoid systems, rigorous identifi-
cation of senescence therefore relies on combinatorial and functional criteria—including
durable growth arrest and sustained secretory remodeling—rather than isolated marker
expression. Moreover, the relative prominence of specific senescence features may vary
across tissue types and organoid platforms, necessitating context-dependent interpretation
rather than universal extrapolation.

Organoids faithfully recapitulate epithelial lineage hierarchies and retain the capacity
to undergo senescence in response to intrinsic aging, environmental insults, or targeted
genetic perturbations. Aged intestinal and hepatic organoids exhibit canonical senescence
features including elevated p16INK4a and p21CIP1 expression, increased DNA damage
markers (YH2AX), mitochondrial dysfunction, and diminished regenerative capacity [79].
Importantly, these phenotypes persist ex vivo, demonstrating that stem cell-intrinsic ag-
ing programs are maintained independent of systemic inflammatory or hormonal inputs.
This ability to isolate epithelial-intrinsic drivers makes organoids valuable for dissect-
ing transcriptional, epigenetic, and metabolic mechanisms underlying age-associated
senescence (Figure 2).

Organoid models have also been instrumental in uncovering how oncogene-induced
senescence (OIS) manifests within epithelial tissues. Organoid-based co-culture systems
incorporating fibroblasts, immune cells, or engineered extracellular matrices are illumi-
nating the microenvironmental regulation of senescence. Senescent epithelial organoids
secrete SASP factors such as IL-6, IL-8, MMPs, and GDF15, which can remodel the niche,
alter stromal behavior, and reinforce senescence in neighboring cells [80,81]. Conversely,
niche-derived signals such as Wnt, R-spondin, BMP, and TGF-3 profoundly influence the
induction, maintenance, or reversal of senescence. For instance, loss of Wnt/R-spondin
responsiveness in aged intestinal organoids accelerates senescence, whereas restoring niche
cues improves proliferation and reduces stress signaling. These systems highlight how ep-
ithelial senescence is a dynamic interplay between intrinsic damage responses and extrinsic
niche determinants.

Organoid models also support therapeutic discovery efforts, particularly for senolytic
(senescence-clearing) and senomorphic (SASP-modulating) interventions. High-throughput
drug screening using organoids derived from aged tissues or OIS-induced systems has iden-
tified candidate compounds targeting PI3K/AKT, BCL-2 family proteins, and metabolic
vulnerabilities unique to senescent cells [82]. Additionally, CRISPR-based genetic screens
in organoids are uncovering regulators of senescence escape, including chromatin mod-
ifiers, MAPK modulators, and DNA repair factors, which represent potential targets for
preventing early neoplastic transformation [83,84].

Collectively, organoids have emerged as a powerful platform for investigating the
full spectrum of senescence biology—from intrinsic aging-related decline and oncogene-
induced senescence to microenvironment-driven remodeling and therapeutic targeting.
By enabling mechanistic dissection at cellular and tissue levels, organoid models are
accelerating the discovery of senescence-associated vulnerabilities relevant to aging, cancer
initiation, and regenerative failure.
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Figure 2. Cellular senescence pathways and microenvironmental regulation uncovered through
organoid models. Organoid systems enable detailed dissection of senescence-inducing stimuli,
core signaling pathways, and downstream functional consequences within epithelial tissues. Aging-
associated stressors, including DNA damage, telomere attrition, metabolic dysfunction, and oncogene
activation, converge on canonical p53/p21 and p16INK4a/Rb tumor suppressor pathways to induce
stable cell-cycle arrest. Senescent cells exhibit mitochondrial dysfunction, chromatin remodeling,
and secretion of senescence-associated secretory phenotype (SASP) factors that remodel the local
microenvironment. Organoid co-culture systems further reveal dynamic crosstalk between senescent
epithelial cells, stromal fibroblasts, and immune components, highlighting context-dependent roles
of senescence in tissue dysfunction, inflammation, and early tumorigenesis. https://app.biorender.
com/illustrations/canvas-beta/697543791e425e67f693e5¢2 (accessed on 17 March 2026).

5. Organoids as Platforms for Target Discovery

Organoid systems have emerged as powerful and versatile platforms for therapeutic
target discovery, effectively bridging the gap between reductionist mechanistic studies
and clinically relevant translational research. Their defining features—3D architecture,
preservation of tissue-specific stem cell hierarchies, and retention of donor-specific genetic
and epigenetic information—enable the interrogation of disease-relevant pathways within
a physiologically meaningful context that is difficult to achieve in conventional 2D cultures.
These attributes are particularly advantageous for studying aging-related processes, where
subtle, cell-intrinsic alterations interact with niche-dependent signals to shape disease
susceptibility and therapeutic response. A key strength of organoid-based systems lies in
their ability to capture inter-individual heterogeneity, which is especially pronounced in
aging tissues. Organoids derived from young versus aged donors, or from patients with age-
associated diseases, retain differences in transcriptional programs, epigenetic landscapes,
and stress responses, allowing systematic identification of age-specific vulnerabilities
and candidate targets [85]. This donor-specific fidelity makes organoids well suited for
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uncovering pathways that drive stem cell exhaustion, senescence accumulation, and altered
differentiation trajectories during aging.

Organoids also provide a tractable platform to study OIS and early tumorigenic events,
processes that are increasingly recognized as critical windows for therapeutic interven-
tion. By introducing defined genetic alterations using genome-editing approaches, such
as CRISPR/Cas9, organoids enable direct comparison of oncogenic signaling outcomes
in young versus aged epithelial contexts. These studies have revealed that aging can
fundamentally alter cellular responses to oncogenic insults, shifting the balance between
growth arrest, senescence, and sustained proliferation, thereby uncovering age-dependent
therapeutic targets and resistance mechanisms. Importantly, organoids are highly com-
patible with functional genomics and high-throughput-screening approaches. Pooled or
arrayed genetic perturbation screens can be combined with phenotypic readouts such
as growth dynamics, lineage composition, senescence markers, and secretory profiles to
identify regulators of aging-associated decline and disease progression [86]. Similarly, drug
screening in organoid cultures has enabled the discovery of compounds that selectively tar-
get senescent cells, modulate senescence-associated secretory phenotypes, or restore aged
stem cell function, thereby accelerating the translation of aging biology into therapeutic
strategies [87].

Beyond epithelial-intrinsic targets, emerging organoid co-culture systems incorpo-
rating immune cells, fibroblasts, and endothelial components allow interrogation of
microenvironment- and niche-dependent vulnerabilities. These platforms are particularly
relevant for identifying targets linked to inflammaging, stromal remodeling, and immune
evasion—hallmarks of age-associated diseases that are poorly modeled in traditional sys-
tems. By enabling controlled manipulation of both epithelial and niche compartments,
organoids facilitate the discovery of combinatorial and context-dependent therapeutic
targets. Collectively, organoid-based platforms provide a scalable and human-relevant
framework for identifying therapeutic targets across aging-associated diseases. Their abil-
ity to integrate genetic perturbation, functional screening, and patient-specific biology
positions organoids as a cornerstone technology for precision target discovery and drug
development in the context of aging and cellular senescence.

5.1. Genetic and Molecular Target Identification

Organoids allow precise manipulation of genes, signaling pathways, and microenvi-
ronmental factors to identify targets that regulate aging, senescence, and disease progres-
sion. CRISPR/Cas9 and RNA interference (RNAi) screens in organoids have been applied
to systematically interrogate the roles of tumor suppressors, oncogenes, DNA repair genes,
and chromatin regulators in organ-specific contexts. For example, genome-wide CRISPR
screens in intestinal organoids have identified modulators of Wnt, Notch, and MAPK
signaling that govern stem cell renewal and resistance to senescence, revealing potential
targets for rejuvenation strategies and early cancer prevention. Moreover, organoid models
derived from aged tissues or engineered to harbor oncogenic mutations (e.g., BRAFV600E,
KRASGI12D) enable direct identification of context-dependent vulnerabilities. Studies in
aged colon organoids demonstrated that Wnt pathway augmentation can restore prolif-
erative capacity in senescent stem cells, whereas MAPK inhibition selectively suppresses
the growth of oncogene-primed cells. These insights are invaluable for designing tar-
geted therapies that selectively modulate senescent or pre-malignant cells while sparing
healthy tissue.

https:/ /doi.org/10.3390/ targets4020012


https://doi.org/10.3390/targets4020012

Targets 2026, 4, 12

13 of 35

5.2. High-Throughput Drug Screening and Senotherapeutics

Organoid cultures are highly compatible with high-throughput drug screening, al-
lowing systematic evaluation of small molecules, biologics, and senolytic or senomorphic
compounds in physiologically relevant human tissue models [88]. For instance, screen-
ing libraries of BCL-2 inhibitors, PI3K/AKT modulators, or metabolic regulators in aged
or senescence-induced organoids have identified candidate compounds that selectively
eliminate senescent cells or suppress SASP-associated inflammatory signaling [89]. Impor-
tantly, these findings are directly translating to preclinical or clinical studies, as organoids
preserve human-specific responses that may not be captured in murine models. In addi-
tion to senolytic compounds, organoids have been used to discover regenerative targets
that rejuvenate aged tissue stem cells. Manipulating niche factors (e.g., Wnt agonists,
BMP inhibitors) in aged intestinal organoids restores stem cell proliferation and mitigates
senescence phenotypes, demonstrating the utility of organoids in identifying actionable
pathways for tissue rejuvenation.

5.3. Multi-Omics Integration for Target Discovery

The combination of organoid technology with multi-omics profiling—including single-
cell transcriptomics, spatial transcriptomics, proteomics, and epigenomics—enables high-
resolution mapping of senescence and aging signatures [90]. Such analyses can reveal gene
regulatory networks, post-translational modifications, and metabolic dependencies that are
unique to senescent or oncogene-primed cells. For example, single-cell RNA sequencing
of aged intestinal organoids has uncovered subpopulations of stem cells with elevated
inflammatory signaling, chromatin remodeling factors, and SASP-associated genes, which
can serve as candidate therapeutic targets [91]. Spatial transcriptomics further allows the
identification of cell—cell interaction networks and niche-derived signals that modulate
senescence or stem cell function, enhancing the precision of target selection.

5.4. Personalized and Precision Medicine Applications

Patient-derived organoids (PDOs) extend the potential of organoid-based target dis-
covery into personalized medicine. By deriving organoids from healthy, aged, or diseased
tissues of individual patients, researchers can identify patient-specific vulnerabilities and
screen for drugs tailored to the individual’s molecular and epigenetic context [92]. For
aging-related interventions, PDOs allow evaluation of senolytic or rejuvenating compounds
across genetically diverse human backgrounds, thereby improving the translational rele-
vance of preclinical discoveries.

5.5. Aging-Dependent Vulnerabilities, Senolytic Strategies, and Age-Modulated
Oncogenic Responses

A major strength of organoid systems in aging research is their ability to reveal aging-
dependent cellular vulnerabilities that are not evident in young tissues or conventional
culture systems. Aging is accompanied by alterations in nutrient sensing, mitochondrial
metabolism, chromatin organization, and stress response pathways, generating distinct
molecular dependencies in aged epithelial stem cells. Organoids derived from aged donors
retain these transcriptional and epigenetic features, enabling identification of pathways
selectively required for survival or regeneration in aged tissues. For example, aged intesti-
nal organoids display impaired Wnt responsiveness and increased inflammatory signaling,
highlighting context-specific therapeutic targets [93].

Organoid models allow tissue-specific testing of senolytic compounds targeting anti-
apoptotic regulators such as BCL-2 family proteins or PI3K/AKT signaling, while dis-
tinguishing effects on senescent versus functional stem cell compartments. In parallel,
modulation of niche factors—including Wnt and BMP signaling—has demonstrated partial
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restoration of regenerative capacity in aged organoids. Organoids also uniquely enable in-
terrogation of age-modulated oncogenic responses. The same oncogenic mutation can elicit
distinct outcomes depending on epithelial age, with aged tissues exhibiting altered thresh-
olds for senescence induction, DNA damage responses, and proliferative escape [94,95].
These findings position aging as an active modifier of oncogenic fitness landscapes and
therapeutic vulnerability. By directly comparing young and aged epithelial backgrounds
under controlled genetic perturbations, organoids provide a powerful platform to define
age-specific targets and optimize intervention strategies.

5.6. Limitations and Future Directions

Despite their growing utility in therapeutic target discovery, organoid-based systems
face several conceptual and technical limitations that must be carefully considered when
modeling aging, senescence, and disease. One major challenge is variability and repro-
ducibility, as differences in donor material, tissue source, culture medium composition,
extracellular matrix properties, and passage number can substantially influence organoid
growth behavior, differentiation state, and drug responses [96]. Such variability complicates
cross-study comparisons and poses challenges for standardization in large-scale screening
and translational pipelines.

A related limitation concerns the dependence on animal-derived matrices, such as
Matrigel, which exhibit batch-to-batch variability and contain ill-defined biochemical and
mechanical cues. These matrices can obscure subtle aging-associated phenotypes and
confound interpretation of therapeutic effects, particularly when studying mechanosen-
sitive pathways or senescence-related changes in extracellular matrix signaling [97]. The
development and adoption of synthetic, tunable biomaterials represent an important future
direction for improving reproducibility and physiological relevance.

Another fundamental constraint is the lack of systemic and circulatory inputs. Conven-
tional organoid cultures are largely isolated from endocrine signals, immune surveillance,
neuronal inputs, and vascular perfusion, all of which profoundly shape aging trajectories
and therapeutic responses in vivo [98]. In particular, the absence of functional vasculature
limits long-term culture and drug delivery kinetics, while the lack of immune components
restricts the study of immunosenescence, inflammaging, and immune-mediated clearance
of senescent cells.

Recent technological advances are beginning to address these challenges. Microfluidic
organoid-on-chip platforms enable dynamic perfusion, controlled nutrients and oxygen
gradients, and real-time monitoring of tissue responses, thereby improving physiological
relevance and long-term stability [99]. Similarly, the generation of vascularized organoids
through endothelial co-culture or self-assembly approaches has enhanced tissue maturation,
metabolic function, and drug response fidelity [100]. These innovations are particularly
promising for modeling chronic aging processes and pharmacokinetics in a human-relevant
context. In parallel, advanced co-culture and assembled systems incorporating immune
cells, fibroblasts, and other stromal components are expanding the scope of organoid-based
target discovery. Such systems enable interrogation of aging-associated inflammatory
niches, senescence-associated secretory phenotypes, and stromal-epithelial crosstalk that
drive disease progression and therapeutic resistance [101]. Integrating these multicellu-
lar platforms with single-cell and spatial multi-omics approaches will further enhance
mechanistic resolution and target validation.

Looking ahead, the convergence of organoid technology with functional genomics,
artificial intelligence—driven analysis, and patient-derived biobanks is expected to trans-
form target discovery in aging and age-related diseases. Large-scale, standardized
organoid repositories representing diverse ages and disease states will enable systematic
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identification of age-specific vulnerabilities and facilitate precision therapeutic develop-
ment [102,103]. In summary, while organoid-based platforms for target discovery face
important limitations, ongoing advances in bioengineering, co-culture strategies, and sys-
tems integration are rapidly expanding their capabilities. By enabling genetic perturbation,
high-throughput drug screening, multi-omics profiling, and patient-specific modeling
within a physiologically relevant framework, organoids are poised to play a central role
in identifying interventions aimed at restoring tissue homeostasis, mitigating cellular
senescence, and preventing age-associated disease and early tumorigenesis.

6. Applications for Disease Modeling

Organoid technology has transformed our ability to model human disease by recapit-
ulating tissue architecture, cellular heterogeneity, and functional responses in vitro. Unlike
traditional 2D cultures or animal models, organoids retain patient-specific genetic, epi-
genetic, and phenotypic characteristics, providing unprecedented opportunities to study
aging, cancer, metabolic disorders, infectious diseases, and neurodegeneration [104]. This
section highlights key applications of organoids in modeling human disease.

6.1. Modeling Age-Associated Diseases

Aging is a major risk factor for multiple pathologies, including epithelial decline,
fibrosis, and cancer. Organoids derived from aged tissues preserve stem cell-intrinsic
aging features such as reduced proliferative potential, altered lineage allocation, DNA
damage accumulation, and SASP expression. Intestinal organoids from aged donors, for
example, have revealed diminished Wnt responsiveness and increased TGF-f3 signaling,
highlighting potential targets for rejuvenation or regenerative therapies [105]. Similarly,
hepatic and pancreatic organoids capture age-related declines in metabolic function, stress
responses, and regenerative capacity, providing models to study organ-specific aging
mechanisms (Table 3).

Table 3. Organoid-based models for investigating aging-associated diseases table summarizes
key organoid platforms used to study age-related diseases and highlights the aging-associated
mechanisms that can be investigated using these systems.

Disease Area

Aging-Associated
Mechanism Studied

Key Insights from

Organoid Model Organoid Studies

Colorectal cancer

Reveals age-dependent
susceptibility to tumor initiation
and altered responses to
oncogenic mutations

Stem cell exhaustion, altered
Wnt signaling,
oncogene-induced senescence

Intestinal organoids

Liver diseases

Mitochondrial dysfunction,
metabolic decline,
genomic instability

Enables study of metabolic aging

Hepatic organoids and fibrosis progression

Neurodegenerative diseases

Proteostasis decline, oxidative Model age-related protein

Cerebral organoids

stress, neuroinflammation

aggregation and
neuronal vulnerability

Diabetes and metabolic disorders

Pancreatic organoids

-cell senescence, oxidative stress,
metabolic dysregulation

Allows investigation of endocrine
aging and impaired
insulin secretion

Chronic kidney disease

Renal organoids

Tubular senescence,
inflammatory signaling

Provides insight into impaired
regenerative capacity in
aging kidneys

Infectious diseases

Intestinal/airway organoids

Age-related immune decline and
epithelial barrier dysfunction

Enables study of increased
infection susceptibility in
aged tissues
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6.2. Cancer Modeling

Patient-derived and genetically engineered organoids are widely used to study tu-
mor initiation, progression, and therapy resistance. In colorectal, pancreatic, gastric, and
liver cancers, organoids accurately recapitulate histological features, driver mutations, and
signaling pathway dependencies. Importantly, organoids derived from aged or oncogene-
primed tissues demonstrate age-dependent differences in responses to mutations, revealing
how aging reshapes tumor suppressive mechanisms, senescence induction, and microen-
vironmental interactions. These models enable dissection of OIS, identification of escape
pathways, and preclinical testing of targeted therapies. Importantly, aging alters not only
mutation frequency but also the cellular response to oncogenic activation. In aged epithe-
lial organoids, oncogene induction (e.g., BRAFV600E or KRASG12D) produces distinct
senescence thresholds, stress signaling dynamics, and proliferative outcomes compared
with young counterparts, reflecting age-dependent remodeling of tumor suppressive barri-
ers. These findings indicate that aging reshapes oncogenic fitness landscapes, influencing
whether cells undergo durable senescence, apoptosis, or malignant progression. Organoid
systems uniquely enable age-stratified genetic perturbation experiments within controlled
human epithelial contexts, allowing direct interrogation of how chronological aging modi-
fies tumor initiation trajectories.

6.3. Infectious Disease Modeling

Organoids have become powerful tools for studying host-pathogen interactions. Hu-
man intestinal, airway, hepatic, and brain organoids have been used to model viral, bacterial,
and parasitic infections, capturing tissue-specific infection patterns, immune responses,
and pathogen-induced cellular remodeling [106]. For example, intestinal organoids have
been used to study enteric viruses like rotavirus and SARS-CoV-2, providing insights into
epithelial tropism, replication dynamics, and antiviral responses while preserving donor-
specific variability [107]. Aging organoids further allow examination of age-dependent
susceptibility to infection, reflecting increased vulnerability observed in older populations.

6.4. Metabolic and Genetic Disorders

Organoids derived from patients with monogenic or metabolic diseases faithfully
recapitulate disease-specific phenotypes and facilitate functional assays for drug screening.
Hepatic organoids from patients with alpha-1 antitrypsin deficiency, familial hypercholes-
terolemia, or Wilson’s disease exhibit defective protein processing, lipid accumulation, or
copper metabolism, providing platforms to test gene-corrective therapies or pharmacolog-
ical interventions. Similarly, pancreatic and kidney organoids have been used to model
cystic fibrosis, diabetes, and polycystic kidney disease, allowing evaluation of therapeutic
responses in a patient-specific context.

6.5. Neurodegenerative Diseases

Cerebral organoids derived from human iPSCs allow modeling of neurodevelopmen-
tal and neurodegenerative disorders, including Alzheimer’s disease, Parkinson’s disease,
and microcephaly. These organoids capture critical features such as neuronal subtype
specification, cortical layering, synapse formation, and disease-relevant protein aggrega-
tion. Integration with aging or stress-inducing protocols enables modeling of late-onset
neurodegenerative processes, which are difficult to replicate in conventional cell cultures
or animal models.
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6.6. Immune and Microbiome Interactions

Co-culture of organoids with immune cells, fibroblasts, or microbiota components
enables the study of tissue-immune interactions and host-microbe dynamics. Immune-
competent intestinal and lung organoids have been used to examine inflammatory re-
sponses, immune-mediated tissue damage, and the impact of aging on immune surveil-
lance [108,109]. Similarly, microbial colonization of intestinal organoids allows investigation
of microbiome-driven metabolic and inflammatory alterations, revealing mechanisms by
which aging and dysbiosis contribute to disease susceptibility.

6.7. Mechanistic Modeling of Age-Associated Disease Pathways

Beyond modeling individual diseases, organoid systems provide a platform to dissect
shared mechanisms that drive age-associated pathologies across tissues. Aging is character-
ized by genomic instability, mitochondrial dysfunction, altered nutrient sensing, epigenetic
drift, and chronic low-grade inflammation, which collectively increase disease susceptibility.
Organoids derived from aged tissues retain many of these intrinsic hallmarks, enabling
mechanistic analysis of how accumulated cellular damage translates into organ-specific
dysfunction. For example, aged intestinal and hepatic organoids exhibit increased DNA
damage signaling and reduced repair capacity, reflecting age-related genomic instability.
Similarly, pancreatic and liver organoids demonstrate mitochondrial and metabolic alter-
ations that correlate with diminished regenerative potential and stress resilience. Because
organoids isolate epithelial-intrinsic aging from systemic influences, they allow direct test-
ing of whether such metabolic and genomic defects are primary drivers of pathology. Aging
is accompanied by progressive accumulation of somatic mutations, telomere attrition, and
impaired DNA repair capacity, leading to persistent activation of DNA damage response
pathways and increased genomic instability [110]. In aged organoid systems, elevated
YH2AX foci, altered ATM/ATR signaling, and reduced repair efficiency have been ob-
served under identical culture conditions, indicating intrinsic age-associated defects rather
than acute experimental damage [111]. These comparative young-versus-aged organoid
studies uniquely allow separation of chronic genomic decline from transient stress-induced
DNA damage, thereby positioning organoids as reductionist platforms to interrogate how
accumulated genomic instability drives stem cell exhaustion and tumor initiation.

Mitochondrial dysfunction is another central hallmark of aging, characterized by
impaired oxidative phosphorylation, increased reactive oxygen species (ROS) production,
and altered metabolic flexibility. Aged pancreatic, hepatic, and intestinal organoids exhibit
metabolic rewiring and reduced regenerative fitness consistent with in vivo aging pheno-
types. Because organoids isolate epithelial compartments from systemic inflammatory and
endocrine confounders, they allow direct testing of whether mitochondrial dysfunction
acts as a primary driver of stem cell decline or as a secondary consequence of organismal
aging. Such mechanistic dissection is difficult to achieve in whole-animal models where
systemic variables obscure cell-intrinsic effects.

Organoid systems also model inflammaging, a persistent inflammatory state that
contributes to fibrosis, tumorigenesis, and impaired regeneration. Cytokine exposure or
immune co-culture approaches reveal how sustained NF-kB and JAK-STAT activation
promotes stem cell dysfunction and senescence accumulation [112]. Importantly, compara-
tive studies of young versus aged organoids show that identical genetic or environmental
insults produce divergent outcomes depending on epithelial age, including altered senes-
cence thresholds and proliferative responses. These findings underscore that aging actively
reshapes disease trajectories rather than simply increasing disease incidence. By integrating
intrinsic stem cell decline, niche deterioration, and inflammatory remodeling, organoid sys-
tems position aging as a mechanistic driver of pathology rather than a passive background
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factor. An additional systemic mechanism increasingly recognized as a hallmark of aging is
clonal hematopoiesis of indeterminate potential (CHIP), characterized by age-associated ex-
pansion of hematopoietic stem cell clones harboring mutations in genes such as DNMT3A,
TET?2, or ASXL1 [113-115]. These mutant clones contribute to chronic low-grade inflamma-
tion, altered immune surveillance, and increased risk of cardiovascular disease, metabolic
dysfunction, and malignancy. Although organoid systems do not recapitulate hematopoi-
etic clonal expansion directly, they provide a controlled platform to model the downstream
consequences of CHIP-associated inflammatory environments [116]. Co-culture approaches
incorporating mutant macrophages or exposure to cytokine profiles characteristic of CHIP
(e.g., elevated IL-1f3, IL-6) enable interrogation of how systemic inflammatory signaling
influences epithelial stem cell fitness, senescence accumulation, and tumor initiation. In
this context, organoids can serve as reductionist systems to dissect how hematopoietic
aging indirectly accelerates dysfunction across non-hematopoietic organs [117].

6.8. Advantages of Organoid Systems for Modeling Aging and Disease

Organoid systems offer several distinct advantages over conventional 2D cell cul-
ture and animal models, positioning them as uniquely powerful platforms for studying
aging, senescence, and complex human diseases. A primary advantage is the retention
of human-specific tissue characteristics, including species-specific transcriptional pro-
grams, signaling dependencies, and epigenetic landscapes that are often poorly conserved
in animal models. This human fidelity is particularly important for aging research, as
many aging-associated pathways, immune responses, and drug sensitivities differ sub-
stantially between humans and commonly used model organisms. Unlike traditional 2D
cultures, which impose artificial polarity and uniform exposure to nutrients and growth
factors, organoids preserve 3D architecture, stem cell hierarchies, and cellular heterogeneity
that more closely resemble native tissues. This structural and cellular complexity allows
organoids to model lineage dynamics, cell-cell interactions, and niche-dependent regu-
lation of stem cell behavior—features that are essential for understanding age-associated
declines in tissue regeneration and the emergence of disease states. Advances in genome
editing and scalable culture formats have made it possible to perform targeted and genome-
wide perturbation studies directly in human organoids, uncovering functional dependen-
cies that are often missed in 2D systems. Similarly, drug screening in organoids provides
more predictive assessments of therapeutic efficacy and toxicity by capturing tissue-specific
responses and inter-individual variability.

Another key advantage is the compatibility of organoids with multi-omics and ad-
vanced imaging-based approaches, enabling deep mechanistic dissection of complex phe-
notypes [118]. Single-cell transcriptomics, epigenomics, proteomics, and spatial profiling
can be integrated with live-cell imaging and lineage tracing to resolve how aging and
disease processes unfold at cellular and subcellular resolution within intact tissue-like struc-
tures. While animal models remain indispensable for studying whole-organism physiology,
organoids provide a complementary and often superior platform for dissecting human-
specific mechanisms underlying multifactorial diseases, including cancer, degenerative
disorders, and age-associated pathologies. Together, these advantages make organoids
particularly well suited for modeling complex diseases in which human-specific physiology,
cellular interactions, and dynamic stem cell behavior play central roles. By bridging the gap
between simplified in vitro systems and in vivo models, organoids enable more accurate
mechanistic insights and improve the translational relevance of experimental findings.
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7. Emerging Technologies Specifically Enabling Mechanistic Dissection
of Aging and Senescence in Organoids

Emerging technologies have transformed organoid systems from static tissue mimetics
into dynamic platforms for dissecting the mechanisms of aging and cellular senescence.
Rather than serving solely as structural replicas of tissues, modern organoid models now
enable longitudinal, mechanistic, and age-stratified interrogation of stem cell exhaustion,
senescence heterogeneity, inflammaging, and age-modified oncogenic responses. The inte-
gration of high-resolution multi-omics, genome engineering, bioengineering approaches,
and computational modeling has shifted organoid-based aging research from descriptive
phenotyping toward causal and predictive analysis of age-associated decline [119,120].

One major technological advance is the application of single-cell and spatial multi-
omics to organoid systems. Single-cell transcriptomics, epigenomics, and chromatin acces-
sibility profiling allow precise mapping of age-associated cellular states, lineage trajectories,
and senescence programs within heterogeneous organoid populations [121]. Spatially
resolved transcriptomic and proteomic approaches further preserve architectural context,
enabling the study of how aging alters cell—cell interactions, niche signaling, and spatial
organization within tissues [122]. Together, these approaches dissect how aging manifests
at the level of individual cells and tissue microdomains. Advances in live imaging and lin-
eage tracing have also transformed the study of aging in organoids. Long-term time-lapse
imaging, combined with fluorescent reporters and inducible genetic labeling, allows direct
observation of stem cell dynamics, clonal competition, and senescence onset over extended
culture periods [123]. These tools are particularly valuable for distinguishing gradual,
age-related functional decline from acute stress responses or culture-induced artifacts.

The incorporation of microfluidic and organoid-on-chip technologies represents an-
other critical innovation. These platforms enable controlled perfusion, mechanical stimu-
lation, and real-time monitoring of tissue responses, addressing key limitations of static
organoid cultures such as hypoxia, nutrient gradients, and waste accumulation. For ag-
ing research, organoid-on-chip systems facilitate modeling of chronic stress, long-term
drug exposure, and inter-organ communication, offering a more faithful approximation
of in vivo aging environments. Emerging bioengineering approaches, including synthetic
and tunable extracellular matrices, allow precise control of mechanical stiffness, ligand
presentation, and matrix remodeling—parameters that are increasingly recognized as key
regulators of cellular aging and senescence. By decoupling biochemical and biophysi-
cal cues, these systems enable causal testing of how age-associated changes in the tissue
microenvironment drive stem cell dysfunction and disease susceptibility.

In parallel, genome engineering and functional genomics tools have been adapted for
use in organoids to systematically interrogate aging-associated pathways. CRISPR-based
perturbation strategies, including pooled loss-of-function, gain-of-function, and epigenome-
editing screens, allow high-throughput identification of regulators of senescence, stress
resistance, and regenerative decline in a tissue-specific context [124]. Integration of these
approaches with phenotypic and multi-omic readouts is accelerating the discovery of ac-
tionable targets in aging biology. Finally, advances in computational modeling and artificial
intelligence are beginning to play an important role in organoid-based aging research.
Machine learning approaches applied to high-content imaging, single-cell datasets, and
drug screening outputs enable pattern recognition, trajectory inference, and predictive
modeling of aging phenotypes and therapeutic responses [125]. These computational
frameworks are poised to enhance data integration and translational decision-making in
complex, multidimensional organoid datasets.

Together, these emerging technologies are transforming organoids into sophisticated
platforms for studying aging as a dynamic, multifactorial process (Table 4). By enabling
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precise manipulation, longitudinal analysis, and systems-level integration, they substan-
tially enhance the power of organoid models to uncover mechanisms of aging, identify
therapeutic targets, and predict intervention outcomes.

Table 4. Emerging technologies advancing aging research in organoid systems. This table summarizes
key experimental and computational technologies that enable mechanistic investigation of aging and

senescence in organoid models.

Technology

Application in Organoid Systems

Aging-Related Questions Addressed

Single-cell RNA sequencing

Identifies transcriptional
heterogeneity in organoids

What cell populations drive aging
and senescence?

Spatial transcriptomics

Maps spatial cell—cell interactions
within organoids

How does aging alter tissue architecture
and niche signaling?

CRISPR functional genomics

Genome-wide perturbation screening

Which genes regulate senescence, DNA
repair, and stem cell decline?

Organoid-on-chip /microfluidics

Perfusion, nutrient gradients, inter-organ
communication

How do chronic stress and vascular
decline influence aging tissues?

Advanced live-cell imaging

Long-term monitoring of stem
cell dynamics

How does senescence develop over time
in aging tissues?

Metabolomics and mitochondrial assays

Measurement of metabolic activity

How does metabolic decline drive

aging phenotypes?

Artificial intelligence and
machine learning

Analysis of multi-omics and
imaging data

Can aging trajectories and drug
responses be predicted?

7.1. Single-Cell and Spatial Omics

In the context of aging research, single-cell and spatial omics technologies are partic-
ularly powerful for resolving senescence heterogeneity, age-dependent lineage bias, and
stem cell exhaustion trajectories within organoid systems [125]. Single-cell RNA sequencing
(scRNA-seq), single-cell ATAC-seq, and spatial transcriptomics have revolutionized our
understanding of cellular heterogeneity in organoids. These technologies allow dissection
of age-associated transcriptional and epigenetic changes at the resolution of individual
cells, uncovering subpopulations of stem cells, progenitors, and differentiated cells with
distinct aging signatures [126]. For example, scRNA-seq in aged intestinal organoids has
identified stem cell subsets with elevated inflammatory signaling and diminished Wnt
responsiveness, pinpointing potential targets for rejuvenation [127]. Spatial transcriptomics
further enables mapping of microenvironmental interactions and niche-derived signals
that influence senescence and tissue decline, providing a more holistic understanding of
tissue aging.

7.2. CRISPR-Based Functional Genomics

For aging biology, CRISPR-based perturbation strategies enable direct testing of genes
that regulate senescence thresholds, DNA repair decline, mitochondrial fitness, and niche
responsiveness in aged versus young organoids [128]. CRISPR/Cas9 technologies facilitate
targeted genetic manipulation within organoids, enabling high-throughput functional
screens to identify regulators of aging, senescence, and stress responses. Pooled or ar-
rayed CRISPR screens allow interrogation of thousands of genes, revealing pathways
that control stem cell proliferation, senescence induction, and DNA repair. For instance,
CRISPR-mediated knockout of Wnt modulators or DNA damage response genes in aged
intestinal organoids can accelerate or reverse senescence, providing mechanistic insight
and highlighting potential therapeutic targets [129].
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7.3. Microfluidics and Organ-on-Chip Platforms

Because aging is profoundly influenced by chronic stress exposure, altered perfusion,
and systemic inflammation, microfluidic organoid-on-chip platforms are uniquely posi-
tioned to model long-term aging-associated microenvironmental remodeling. Integration of
organoids with microfluidic devices—so-called “organ-on-chip” systems—enhances physi-
ological relevance by introducing dynamic fluid flow, nutrient gradients, mechanical forces,
and vascular-like perfusion [130]. These platforms enable modeling of age-associated
changes in tissue perfusion, shear stress responses, and nutrient metabolism, which are crit-
ical for studying aging in vivo-like contexts. For example, microfluidic intestinal organoids
allow investigation of age-dependent epithelial barrier function, stem cell dynamics, and
responses to inflammatory or metabolic stressors under controlled flow conditions.

Beyond single-tissue modeling, recent advances in organoid-on-chip engineering
have enabled incorporation of endothelial layers, perfusable microvascular networks,
and immune components, thereby improving tissue maturation and functional stability.
Such systems facilitate more physiologically relevant drug exposure profiles and allow
partial modeling of pharmacokinetic and pharmacodynamic parameters that are other-
wise absent in static organoid cultures [131]. Multi-organ chip platforms further extend
this concept by linking different organoid types (e.g., liver—gut, liver-brain, or immune-
epithelium systems) to simulate aspects of inter-organ communication, systemic inflam-
mation, and metabolic crosstalk that contribute to organismal aging. These developments
are particularly significant for aging research, where chronic low-grade inflammation,
altered nutrient sensing, and vascular decline collectively shape tissue vulnerability and
therapeutic response.

Despite these advances, several bottlenecks currently limit the widespread adoption
of fluidic organoid platforms. Device fabrication and operation remain technically com-
plex, often requiring specialized engineering expertise and limiting accessibility across
laboratories. Variability in microfluidic chip design and materials introduces challenges in
reproducibility and standardization, complicating cross-study comparisons. Additionally,
scalability and throughput remain lower than conventional organoid cultures, restricting
large-scale screening applications [132]. While incorporation of vascular and immune
components has improved physiological relevance, fully recapitulating systemic endocrine
regulation, circulating immune aging, and whole-body pharmacokinetics remain chal-
lenging. Long-term stability of multi-cellular co-culture systems under continuous flow
conditions also requires further optimization. Addressing these technical and translational
challenges through standardized platforms, modular chip design, and integration with
high-throughput workflows will be critical for realizing the full potential of fluidic organoid
systems in aging and therapeutic modeling.

7.4. Imaging and Live-Cell Monitoring

Live-cell imaging approaches are especially valuable for aging research, as they enable
longitudinal visualization of gradual functional decline, clonal competition, and progres-
sive senescence accumulation in individual organoids. Advanced imaging techniques,
including confocal microscopy, light-sheet microscopy, and high-content live-cell imaging,
permit real-time monitoring of aging processes in organoids. These approaches enable
visualization of senescence markers, DNA damage foci, mitochondrial dynamics, au-
tophagy, and proliferation in three dimensions over time [133]. Time-lapse imaging of aged
organoids has revealed dynamic heterogeneity in senescence induction, niche remodeling,
and stem cell replacement, highlighting mechanisms of tissue resilience and decline [134].
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7.5. Metabolic and Functional Assays

Given that mitochondrial dysfunction and metabolic inflexibility are central hallmarks
of aging, integration of organoids with metabolic profiling platforms provides direct
functional assessment of age-associated bioenergetic decline [135]. Aging is tightly linked
to alterations in metabolism and mitochondrial function. Organoids are increasingly used
with metabolomics, mitochondrial flux analysis, and bioenergetic profiling to quantify
age-associated changes in energy homeostasis and reactive oxygen species generation.
These assays allow correlation of functional decline with molecular changes, facilitating
the identification of metabolic vulnerabilities and targets for intervention.

7.6. Artificial Intelligence and Computational Modeling

In aging-focused organoid studies, Al-driven integration of multi-dimensional
datasets enables reconstruction of senescence trajectories, prediction of regenerative po-
tential, and identification of age-specific therapeutic vulnerabilities [136]. Integration of
organoid data with machine learning and computational modeling enables predictive
analysis of aging trajectories, drug responses, and senescence induction. High-dimensional
datasets from single-cell omics, imaging, and functional assays can be analyzed to identify
biomarkers of aging, predict regenerative potential, and optimize therapeutic interventions.
Computational models also allow simulation of organoid behavior under different pertur-
bations, improving experimental design and accelerating discovery. Recent advances in Al
and integrative multi-omics are rapidly transforming organoid-based aging research from
descriptive profiling toward predictive and mechanistic modeling [137]. Machine-learning
frameworks applied to scRNA-seq, single-cell ATAC-seq, spatial transcriptomics, and
high-content imaging datasets now enable identification of senescence-associated cellular
states, inference of lineage trajectories, and reconstruction of gene regulatory networks at
unprecedented resolution [138]. In organoid systems, Al-driven image analysis has been
used to quantify morphological aging phenotypes, classify drug responses, and predict
functional decline based on multidimensional phenotypic signatures. Integration of tran-
scriptomic, epigenomic, proteomic, and metabolomic layers further allows mapping of
age-dependent regulatory circuits and identification of context-specific therapeutic vul-
nerabilities. Importantly, computational modeling approaches, including deep learning
and graph-based network inference, are being leveraged to predict senescence induction,
stem cell exhaustion trajectories, and responsiveness to senolytic or senomorphic com-
pounds in PDOs. These integrative strategies position organoids not only as experimental
platforms but also as data-rich systems for systems-level modeling of human aging and
therapeutic response.

7.7. Multi-Organ and Co-Culture Systems

Multi-organ and co-culture systems are particularly relevant for aging research, as they
allow modeling of inflammaging, immune—epithelial crosstalk, and inter-organ metabolic
communication that shape organismal aging. Emerging co-culture and multi-organoid
platforms facilitate the study of inter-organ interactions and systemic aging effects. For ex-
ample, co-culturing intestinal organoids with immune cells or fibroblasts enables modeling
of age-associated inflammation and niche deterioration, while coupling liver and pancre-
atic organoids in microfluidic systems allows investigation of metabolic crosstalk during
aging [139]. These approaches offer a more integrative perspective on organism-level aging
processes. Collectively, these technologies reposition organoids as mechanistic systems for
studying aging as a dynamic, multi-layered process rather than a static phenotype. By en-
abling age-stratified perturbation, longitudinal monitoring, and systems-level integration,
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emerging tools enhance the ability of organoid models to uncover causal drivers of stem
cell exhaustion, senescence accumulation, and age-modified disease trajectories.

8. Therapeutic and Translational Potential of Organoid Models

Organoid systems extend beyond their utility as experimental models of aging and
disease biology to serve as powerful platforms for therapeutic development and trans-
lational research. By faithfully recapitulating key aspects of human tissue architecture,
cellular heterogeneity, and patient-specific genetic and epigenetic contexts, organoids en-
able more predictive assessment of drug efficacy, toxicity, and resistance mechanisms than
traditional preclinical models [140]. These attributes are particularly valuable for aging-
associated diseases, where subtle cell-intrinsic defects and context-dependent signaling
critically shape therapeutic outcomes. One of the most impactful translational applica-
tions of organoid technology is in preclinical drug discovery and validation. PDOs have
been shown to reliably mirror clinical drug responses across multiple disease settings,
including colorectal, pancreatic, gastric, and liver cancers, as well as non-malignant dis-
orders. In the context of aging, organoids enable screening for compounds that restore
aged stem cell function, modulate senescence-associated pathways, or selectively eliminate
senescent cells, thereby facilitating the identification of candidate senotherapeutics with
improved human relevance [141]. Organoid models also provide a robust framework for
precision medicine, allowing therapeutic strategies to be tailored to individual patients
based on organoid-derived functional responses. Biobanked organoids generated from
diverse patient populations preserve inter-individual variability and can be used to predict
treatment sensitivity, optimize drug combinations, and stratify patients for clinical trials.
This approach is particularly promising for age-associated diseases, where heterogeneity in
biological aging trajectories often leads to variable treatment responses.

Beyond pharmacological testing, organoids are increasingly being explored in regen-
erative and cell-based therapies. Advances in long-term expansion, genetic stability, and
differentiation control have enabled the generation of transplantable organoid-derived
tissues for epithelial repair and regeneration. For aging tissues, organoid-based regenera-
tive strategies offer the potential to replenish dysfunctional stem cell pools, restore tissue
integrity, and counteract degenerative decline, although significant challenges related to
engraftment, integration, and safety remain. Organoids further serve as valuable plat-
forms for evaluating therapeutic toxicity and off-target effects in a tissue-specific manner.
Compared with animal models, human organoids provide more accurate assessments of
drug-induced injury, particularly for tissues such as liver, intestine, and kidney that are
highly susceptible to age-related functional decline and adverse drug reactions [142]. This
capability is especially relevant in elderly populations, where altered pharmacokinetics
and increased vulnerability necessitate careful evaluation of therapeutic safety.

Looking forward, the integration of organoid models with genome editing, multi-
omics profiling, and computational modeling is expected to further enhance their transla-
tional impact. Combining organoid-based functional data with patient clinical information
and machine learning approaches may enable more accurate prediction of therapeutic re-
sponses and identification of biomarkers linked to aging and senescence [143]. As organoid
technologies continue to mature, they are poised to play an increasingly central role in
bridging basic aging research and clinical intervention. In summary, organoid systems
represent a transformative platform for therapeutic discovery and translational research.
By enabling human-relevant drug testing, personalized treatment strategies, and regenera-
tive approaches within a controlled yet physiologically meaningful framework, organoids
hold substantial promise for improving outcomes in aging-related diseases and advancing
precision medicine.
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8.1. Drug Discovery and High-Throughput Screening

Organoids are increasingly employed in high-throughput drug screening to identify
small molecules, biologics, and senolytic compounds that selectively target aged, diseased,
or oncogene-primed cells. Patient-derived and genetically engineered organoids enable the
evaluation of therapeutic efficacy, toxicity, and resistance mechanisms in a human-relevant
system [140]. For example, aged intestinal and hepatic organoids have been used to
screen senolytic compounds such as BCL-2 inhibitors, which selectively eliminate senescent
cells and attenuate SASP-mediated inflammation, highlighting strategies to ameliorate
age-related tissue dysfunction [144].

Furthermore, organoids derived from cancer patients allow personalized drug screen-
ing, identifying therapeutics that target tumor-specific vulnerabilities while sparing normal
tissue. This approach has been particularly successful in colorectal, pancreatic, and liver
cancers, where patient-derived organoids faithfully predict responses to chemotherapy,
targeted therapy, and immunotherapy. Integrating organoids with automated platforms,
robotics, and multi-well assays enhances throughput and reproducibility, accelerating drug
discovery pipelines.

8.2. Senolytic and Senomorphic Therapeutics

Senescence contributes to aging-related tissue dysfunction, chronic inflammation, and
cancer progression. Organoid models provide a controlled platform for testing senolytic
(cell-eliminating) and senomorphic (SASP-modulating) therapies. Genetic or pharmaco-
logic induction of senescence in organoids allows the identification of compounds that
specifically target senescent cells without affecting proliferating stem cells [145]. Addition-
ally, organoids allow mechanistic evaluation of how therapeutic interventions modulate
secretory phenotypes and tissue microenvironmental interactions, providing insights into
potential systemic effects.

8.3. Gene and Cell-Based Therapies

Organoids are ideal platforms for evaluating gene editing and regenerative strate-
gies. CRISPR/Cas9-mediated correction of disease-causing mutations in patient-derived
organoids has been successfully demonstrated in cystic fibrosis, metabolic liver disorders,
and monogenic intestinal diseases [146,147]. Edited organoids can then be expanded and
transplanted into preclinical models to restore tissue function, offering a roadmap for
future cell-based regenerative therapies. Additionally, co-culture with immune cells or
vascular networks allows testing of gene- and cell-based therapies under physiologically
relevant conditions.

8.4. Modeling Therapy Response and Resistance

Organoids provide a predictive platform to study drug resistance mechanisms in
aged and diseased tissues. Aging and senescence can alter cellular metabolism, stress
responses, and signaling pathways, affecting therapeutic responses. Organoid models allow
systematic evaluation of these factors, enabling identification of combinatorial therapies to
overcome resistance [148,149]. This is particularly relevant in oncology, where organoids
derived from aged or genetically complex tumors can predict patient-specific responses to
chemotherapeutics, targeted inhibitors, and immune-modulating agents.

8.5. Integration with Personalized and Precision Medicine

PDOs are at the forefront of personalized medicine, enabling tailoring of therapeutic
interventions based on individual patient biology. By capturing donor-specific genetics,
epigenetics, and aging phenotypes, PDOs allow evaluation of therapy efficacy, toxicity,
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and optimal dosing in vitro before clinical administration. This approach is particularly
valuable in elderly patients or those with comorbidities, where standard therapies may be
less effective or more toxic.

8.6. Future Directions and Clinical Translation

Despite their promise, several challenges remain for translating organoid-based dis-
coveries into clinical practice, including long-term culture stability, scalability, reproducibil-
ity, and integration with immune and vascular systems [150]. Furthermore, combining
organoid models with multi-omics, imaging, and computational modeling will accelerate
identification of actionable targets and predictive biomarkers for aging-related diseases,
cancer, and regenerative interventions (Figure 3).

Role of organoids in aging and cancer research
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Figure 3. Applications of 3D organoid systems in aging and cancer research. 3D organoid models
enable physiologically relevant investigation of aging-associated tissue decline and cancer biology.
In aging research, organoids derived from young and aged tissues are used to study stem cell ex-
haustion, cellular senescence, and regenerative capacity, and to screen senolytic and senomorphic
compounds. In cancer research, patient-derived and genetically engineered organoids facilitate
modeling of tumor initiation and progression, functional interrogation of oncogenic drivers, and
assessment of drug responses and resistance. Across both contexts, integration of stromal and im-
mune components allows analysis of microenvironmental crosstalk that influences tissue homeostasis
and disease evolution, supporting translational target discovery and precision medicine applica-
tions. https://app.biorender.com/illustrations/canvas-beta/69759ff023658e17ca5bb58 (accessed on
17 March 2026).

In summary, organoid technology offers an unparalleled platform for therapeutic
discovery, testing, and translational research. By integrating genetic manipulation, high-
throughput screening, personalized modeling, and regenerative approaches, organoids
provide a versatile system to bridge basic biological insights with clinical applications.
Their use promises to improve treatment strategies for age-associated pathologies, can-
cer, metabolic disorders, and other human diseases, accelerating the move toward
precision medicine.
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9. Challenges, Limitations, and Future Perspectives

While organoid technology has revolutionized the study of aging, senescence, and
disease biology, several challenges and limitations remain that need to be addressed
to fully realize their translational potential. At the same time, ongoing technological
innovations provide promising avenues to overcome these barriers and expand the scope
of organoid research.

9.1. Technical and Biological Limitations

1.  Limited vascularization and immune components: Traditional organoids lack func-
tional vasculature and immune cell populations, which are critical for modeling
systemic aging, inflammatory responses, and tissue regeneration [151]. The absence of
vascular perfusion limits nutrient and oxygen delivery, impacting long-term culture
stability and cellular metabolism.

2. Incomplete tissue maturation: Organoids often resemble fetal or immature tissue
rather than fully adult tissue, which can limit their ability to accurately model late-
onset diseases or age-associated phenotypes [152]. Strategies to accelerate maturation,
such as growth factor modulation, mechanical cues, or co-culture with stromal cells,
are under investigation.

3. Donor and culture variability: Inter-donor heterogeneity and differences in culture
conditions (e.g., matrix composition, growth factors, oxygen levels) can lead to vari-
able organoid formation efficiency and phenotype reproducibility [153]. Standard-
ized protocols are essential to reduce experimental variability, especially for high-
throughput drug screening and translational applications.

4. Limited lifespan and senescence artifacts: Prolonged culture can introduce artifi-
cial senescence or genetic drift, complicating interpretation of age-related pheno-
types [154]. Careful optimization of passage number and culture duration is crucial
for maintaining physiologically relevant aging features.

5. The widespread reliance on animal-derived extracellular matrices such as Matrigel
introduces batch-to-batch variability and poorly defined biochemical cues, compli-
cating cross-study comparisons and large-scale translational applications [155,156].
Another key challenge is the incomplete maturation and architectural complexity
of many organoid models. While ASC-derived organoids retain aspects of tissue
identity, they frequently lack higher-order structures such as vasculature, innervation,
and lymphatic components, all of which play critical roles in aging, metabolic regula-
tion, and immune surveillance [157]. The absence of perfusable vascular networks
can result in diffusion-limited hypoxia, nutrient gradients, and waste accumulation
in long-term cultures, potentially confounding interpretations of senescence and
stress-associated phenotypes.

6. A further limitation is the insufficient representation of systemic aging cues. En-
docrine signals, circulating metabolites, immune aging (immunosenescence), and
neurohumoral regulation profoundly influence tissue aging in vivo but are largely
absent in conventional organoid cultures. Consequently, organoids primarily capture
cell-intrinsic and local niche-dependent aging mechanisms, while organismal drivers
of aging and inter-organ communication remain underrepresented [158].

9.2. Modeling Systemic and Multi-Organ Aging

Aging is a multifactorial process involving interactions between organs, tissues, and
systemic factors such as hormones, the immune system, and the microbiome. Current
organoid models are primarily tissue-specific and often lack integration with systemic
components. Emerging multi-organoid and organ-on-chip platforms, which link organoids
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from different tissues under controlled flow conditions, offer a potential solution for
studying inter-organ communication and systemic aging effects [159].

9.3. Integration with Microenvironmental and Niche Factors

Organoids typically lack complete representation of extracellular matrix (ECM) com-
plexity, stromal interactions, and mechanical forces present in vivo. These niche signals
are critical for stem cell maintenance, senescence regulation, and tissue homeostasis [160].
Advances in synthetic hydrogels, ECM engineering, and co-culture systems are enabling
more faithful recapitulation of the tissue microenvironment, which is essential for modeling
aging and disease.

9.4. Translational and Clinical Challenges

Despite their predictive potential, clinical translation of organoid-based discoveries
faces several hurdles:

e  Scalability: Producing organoids at clinical scale remains challenging, particularly for
regenerative therapies or personalized medicine applications.

e  Regulatory compliance: Safety, reproducibility, and standardization must meet regula-
tory standards for therapeutic use.

e  Cost and accessibility: Organoid culture is resource-intensive, limiting broad adoption
in some research or clinical settings.

9.5. Future Directions

1.  Vascularized and immune-competent organoids: Incorporation of vasculature, im-
mune cells, and other niche components will improve physiological relevance and
allow modeling of inflammation, immune surveillance, and systemic aging.

2. Advanced multi-omics integration: Combining single-cell transcriptomics, proteomics,
epigenomics, and metabolomics will enable comprehensive mapping of aging net-
works and identification of robust therapeutic targets.

3. Personalized aging models: Patient-derived organoids from different age groups and
genetic backgrounds will facilitate individualized studies of aging, senescence, and
drug response, advancing precision medicine approaches.

4. Automation and high-throughput platforms: Robotics, microfluidics, and organ-on-
chip integration will allow large-scale screening of drugs, senolytic compounds, and
regenerative therapies in physiologically relevant contexts.

5. Computational modeling and Al integration: Machine learning algorithms can an-
alyze complex organoid datasets to predict aging trajectories, therapy responses,
and optimal intervention strategies, accelerating translational research [161,162]. Al-
driven frameworks—including deep learning, trajectory inference algorithms, and
graph-based network modeling—enable integration of transcriptomic, epigenomic,
proteomic, and metabolic layers to reconstruct aging trajectories and identify regu-
latory circuits that drive stem cell exhaustion or senescence induction. In organoid-
based model systems, machine learning—driven image analysis has increasingly been
applied to extract quantitative information from complex morphological features.
These computational approaches enable the classification of aging-associated pheno-
types, such as changes in organoid size, shape, structural organization, and cellular
heterogeneity. By analyzing large image datasets, machine learning models can
also quantify drug-induced phenotypic responses and identify subtle morphological
changes that may not be easily detected through manual observation. Importantly,
these image-derived phenotypic signatures can be integrated with predictive algo-
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rithms to forecast therapeutic sensitivity, thereby providing a powerful platform for
high-throughput drug screening and precision medicine applications.

10. Conclusions

Organoid technology offers unprecedented opportunities to study aging, senescence,
and disease in human-relevant systems. It has emerged as a transformative paradigm in
biomedical research, offering unprecedented opportunities to model human aging, cellu-
lar senescence, and disease progression within physiologically relevant 3D systems. By
recapitulating native tissue architecture, cellular heterogeneity, and stem cell hierarchies,
organoids bridge the long-standing gap between simplified in vitro cultures and complex
in vivo models, enabling more precise dissection of epithelial-intrinsic aging mechanisms
across multiple organ systems [163]. This human-relevant fidelity is particularly critical for
aging research, where species-specific differences and systemic confounders often limit the
translational value of traditional models. Organoids derived from aged tissues, as well as
genetically or environmentally engineered to model senescence, have yielded important
insights into age-associated alterations in signaling pathways, stem cell competence, and mi-
croenvironmental regulation of tissue homeostasis. These systems have clarified how aging
reshapes proliferative capacity, lineage commitment, and stress responses, while revealing
context-dependent roles for OIS and SASP in tissue decline and disease initiation [5,85].
Importantly, organoid-based models allow aging-related phenotypes to be studied in iso-
lation from systemic influences, thereby enabling causal mechanistic interrogation that is
difficult to achieve in vivo.

The integration of organoid platforms with emerging technologies—including single-
cell and spatial multi-omics, CRISPR-based functional genomics, organoid-on-chip systems,
advanced live imaging, and computational modeling—has further expanded their analyti-
cal power [164]. These approaches enable longitudinal, high-resolution, and systems-level
analysis of aging processes, transforming organoids from descriptive models into predictive
platforms for hypothesis testing and therapeutic discovery [165]. As a result, organoids
now provide a versatile framework to uncover novel regulators of senescence, identify
age-specific vulnerabilities, and interrogate dynamic stem cell-niche interactions. Looking
ahead, organoid systems hold exceptional promises for the development and translation of
senescence-modulating therapies, including senolytic and senomorphic agents, regenera-
tive strategies, and patient-tailored interventions. Their compatibility with high-throughput
drug screening, functional genomics, and patient-derived biobanks positions organoids
as key drivers of precision medicine approaches for age-associated diseases. Furthermore,
organoid-based modeling of therapy resistance, toxicity, and tissue-specific responses is
poised to improve clinical decision-making, particularly in elderly populations where
treatment efficacy and safety remain major challenges.

Despite ongoing limitations related to standardization, maturation, and systemic
integration, rapid advances in bioengineering, multicellular co-culture, and microphys-
iological systems are steadily enhancing the physiological relevance and translational
utility of organoid models. Continued efforts to harmonize protocols, develop synthetic
matrices, and incorporate immune and vascular components will be essential to fully
realize the potential of organoids as comprehensive aging models [166,167]. In summary,
organoid systems represent a paradigm shift in aging and disease research. They provide
human-relevant, experimentally tractable platforms capable of elucidating fundamental
mechanisms of cellular aging, uncovering novel therapeutic targets, and guiding the devel-
opment of interventions aimed at mitigating senescence and preserving tissue resilience
across the lifespan. As these technologies continue to evolve, organoids are poised to play a
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central role in translating insights from aging biology into effective, personalized therapies
that address the growing burden of age-related disease.
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Abbreviations

The following abbreviations are used in this manuscript:

2D Two-dimensional
3D Three-dimensional
SASP Senescence-associated secretory phenotype
OIS Oncogene-induced senescence
ASCs Adult stem cells
PSCs Pluripotent stem cells (such as ESCs)
ESCs Embryonic stem cells
iPSCs Induced pluripotent stem cells
RNAi RNA interference
PDOs Patient-derived organoids
scRNA-seq Single-cell RNA sequencing
ECM Extracellular matrix
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