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AMINO acid metabolism at the senescence—

cancer interface

Giulia Lori'*, Caterina Mancini'*, Erica Pranzini>*, Francesca Magherini>*, and Maria L. Taddei'

Amino acid (AA) metabolism plays a fundamental role in the regulation of cellular
senescence. Through profound AA metabolic reprogramming, senescent
stromal cells can sustain tumor progression, metastatic dissemination, and the
establishment of an immunoevasive microenvironment. Conversely, alterations
in AA availability within the tumor microenvironment can enforce tumor-
suppressive senescence in malignant cells. In this review, we discuss how
senescence-driven rewiring of AA metabolism shapes tumor-stroma interac-
tions and immune responses. We propose that AA-targeted interventions may
represent an effective therapeutic strategy to simultaneously mitigate the detri-
mental effects of stromal senescence while inducing tumor-suppressive senes-
cence in cancer cells.

Amino acid metabolism in cancer and senescence: a double-edged sword
Cellular senescence is a stable cell cycle arrest that arises in response to different stress
signals, including genomic damage, oncogenic signaling, oxidative stress, and chemotherapy-
induced toxicity. Senescent cells have classically been associated with profound metabolic
rewiring, characterized by the accumulation of dysfunctional mitochondria, increased production
of reactive oxygen species (ROS) (see Glossary), impaired oxidative phosphorylation, alter-
ations in the NAD*/NADH balance, and a shift toward glycolytic metabolism [1] (Box 1).
However, accumulating evidence indicates that these metabolic changes are not merely
passive consequences of cellular stress but rather constitute an active and regulated adaptive
program that enables the establishment and maintenance of the senescent phenotype and
supports the senescence-associated secretory phenotype (SASP) [4]. In this context,
amino acids (AA) metabolism is increasingly emerging as a critical player in the regulation of
cellular senescence (Figure 1 and Box 2). Beyond their canonical role as building blocks for
protein synthesis, AA function as key metabolic regulators and signaling molecules that influ-
ence multiple aspects of the senescent program. Indeed, specific AA and their metabolites
can modulate pathways involved in cell cycle arrest, stress responses, and the regulation of
the SASP (Box 2).

Cellular senescence plays a dual role in cancer biology: acting as both a tumor suppressor and a
tumor promoter. In early tumorigenesis, senescence serves as a protective mechanism by arrest-
ing the proliferation of damaged or transformed cells through pathways such as p53/p21 and
p16/Rb. This growth arrest, together with the SASP, helps to prevent malignant transformation
and promotes immune-mediated clearance of premalignant cells by recruiting cytotoxic immune
cells. However, in later stages of cancer, senescence can become detrimental. Specifically,
persistent senescent stromal cells and the proinflammatory SASP can create an immunosup-
pressive tumor microenvironment (TME) that supports tumor progression, invasion, metasta-
sis, therapy resistance, and relapse [15-18]. Indeed, removal of senescent cells, including
populations of macrophages and endothelial cells (ECs), significantly decreases tumor burden

Trends in Cancer, Month 2026, Vol. xx, No. xx

Highlights

Senescent cells exhibit diffuse metabolic
alterations and selective dependencies
on specific amino acids, driven by
increased demands for redox homeo-
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of the senescence-associated secretory
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dual role in cancer: promoting tumor
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through the induction of cancer cell
senescence.

Dysregulated amino acid metabolism in
senescent cells promotes immune
evasion, creating a permissive environ-
ment for malignant progression.

Amino acid-driven metabolic changes in
stromal senescent cells facilitate pre-
metastatic niche formation, supporting
the colonization and reawakening of
dormant disseminated tumor cells.

Targeting senescent cells’ metabolic
vulnerabilities offers a promising strategy
to enhance cancer therapy and over-
come immune suppression.
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Box 1. Metabolic changes in cellular senescence

Cellular senescence is a state of stable cell cycle arrest induced by different stressful conditions, associated with significant
metabolic reprogramming crucial for maintaining bioenergetic, biosynthetic, and redox homeostatic needs. Senescent
cells exhibit altered metabolic profiles, including mitochondrial dysfunction with a consequent shift toward glycolysis, as
well as changes in lipid and AA metabolism. These alterations are not mere byproducts of senescence but are essential
for sustaining SASP, influencing inflammation, tissue remodeling, and immune surveillance.

Despite an increase in mitochondrial mass and mtDNA, senescent cells exhibit mitochondrial dysfunction, reduced
mitochondrial membrane potential, and a decreased NAD+/NADH ratio. Furthermore, as a consequence of inefficient
ATP production, senescent cells display an increased AMP/ATP ratio, activating the AMP-activated protein kinase
(AMPK)/p53 pathway [2]. Altered mitochondrial function also contributes to the accumulation of ROS, which activate the
JNK (c-Jun N-terminal Kinase) kinase and the proinflammatory component of the SASP [3]. Another key metabolic change
in senescent cells is the shift toward glycolysis, redirecting energy production from mitochondria to the glycolytic pathway.
This reprogramming allows senescent cells to meet their energy demands and manage oxidative stress. Intermediates of
glycolysis and the TCA cycle support the biosynthesis of nucleotides, AA, and lipids functional to sustain the SASP [4].

Additionally, senescent cells also exhibit significant alterations in lipid metabolism, including changes in the sphingomyelin/
ceramide pathway and upregulation of enzymes involved in both fatty acid synthesis and oxidation. In addition, senescent
cells accumulate lipid droplets, and polyunsaturated fatty acids (PUFAs) are released from cell membranes, contributing to
the SASP. Elevated levels of PUFASs, such as eicosapentaenoic acid and arachidonic acid, are linked to the production of
bioactive lipids, including oxylipins such as prostaglandins, which reinforce the proliferative arrest in senescent cells [2].

Cellular senescence is also marked by significant changes in AA metabolism, mainly through the upregulation of specific
AA transporters and metabolic enzymes. Glutaminolysis plays a critical role in the survival of senescent cells, and increased
GLS1 expression has been observed in this context. In keeping with this, GLS1 inhibition restores mitochondrial function
and ameliorates several senescence-associated aging phenotypes [5].

in different mouse models [19] and senescent cancer-associated fibroblasts (CAFs) inhibit
immune-responses and predict tumor recurrence in breast cancer [20].

This duality underscores the need for therapeutic strategies that selectively enhance the tumor-
suppressive functions of senescence while limiting its pro-tumorigenic effects. Although the
contribution of cytokines and other protein components of the SASP has been extensively
investigated, little is known about the role of metabolic mediators derived from the senescent
stroma in supporting tumor development [21] or how metabolic remodeling within tumor
cells can drive proliferation arrest, cellular senescence, and, in certain contexts, restrain
tumor progression.

In this review, we discuss how AA metabolism in senescent cells influences tumor evolution
through a complex, bidirectional dynamic: on one side, AA provided by senescent stromal cells
sustain tumor progression, and on the other side, metabolic dependencies in cancer cells
make them vulnerable to AA deprivation, leading to tumor cell cycle arrest and senescence [17].

Metabolic pathways contribute to senescence in cancer

Several mechanisms link AA metabolism to the induction of senescence in cancer cells.
Therapy-induced senescence (TIS) promotes distinct AA metabolic dependencies in lung
cancer cells, including reduced oxidation of glucose and increased reliance on glutamine [22].

In addition, in breast and lung adenocarcinoma cell lines escaping from TIS, glutamine is
not used for fueling the tricarboxylic acid (TCA) cycle or maintaining redox homeostasis;
rather, it provides an advantage by partially supporting de novo nucleotide biosynthesis
(mainly adenine) and contributing to the nonessential amino acid (NEAA) pool. Elevated
NEAA favors TIS escape by enabling glutamine synthetase expression and subsequent glutamine
biosynthesis [23].
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Glossary

Auxotrophic: an organism that has lost
the ability to synthesize a specific
metabolite required for growth and
survival, and thus depends on external
supplementation.

CpG islands: genomic regions rich in
CpG dinucleotides, typically
unmethylated and located near gene
promoters. They are associated with
transcription initiation and play key roles
in epigenetic regulation.

Disseminated tumor cells (DTCs):
cancer cells detached from a primary
tumor that have entered the circulation
and subsequently seeded distant
organs.

Glutaminolysis: a mitochondrial
pathway responsible for the deamination
of glutamine by GLS, yielding ammonia
and glutamate, which is then converted
into a-ketoglutarate, driving the TCA
cycle.

Immune tolerance: a state of reduced
responsiveness of the immune system
to specific antigens, which tumors can
exploit to evade immune surveillance.
Mitophagy: the selective degradation
of damaged or dysfunctional
mitochondria via autophagy to

prevent the accumulation of defective
organelles.

One-carbon metabolism (OCM): a
biochemical pathway that transfers one-
carbon units (e.g., methyl, formyl, and
methylene groups) for nucleotide
synthesis, methylation reactions, and
redox balance, supporting cancer cell
proliferation and survival.
Osteoclastogenesis: differentiation
and maturation of osteoclasts from
hematopoietic precursors, central to
bone remodeling.

Polyamine: positively charged
molecule with two or more amino
groups (e.g., putrescine, spermidine,
and spermine) involved in DNA
stabilization, translation, and cell
proliferation. Dysregulation of polyamine
metabolism is common in cancer.
Pre-metastatic niche (PMN): a
secondary organ environment
conditioned by tumor-derived factors
that supports the survival and
colonization of metastatic tumor cells.
Reactive oxygen species (ROS):
highly reactive oxygen derivatives

(e.g., superoxide and hydrogen
peroxide) generated during metabolism
and stress, which can damage DNA and
other cellular components if they
accumulate.
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Figure 1. Schematic representation of the major alterations linked to AA metabolism in senescent cells.
Tryptophan is generally catabolized through IDO1 to kynurenine. Tryptophan depletion promotes immune evasion.
Glucose metabolism feeds into glycolysis, where glucose is converted to 3-phosphoglycerate, pyruvate and subsequently
acetyl-CoA, sustaining flux toward serine biosynthesis or through the TCA cycle. The TCA cycle intermediates (citrate, a-
KG, succinyl-CoA, and oxaloacetate) support both energy production and biosynthetic processes. Perturbations in OCM
metabolism are highlighted by decreased serine and glycine availability and dysregulation of the folate cycle, which in turn
affects the methionine cycle. Reduced methionine levels lead to diminished cysteine synthesis, resulting in decreased GSH
production. The reduction in GSH compromises antioxidant capacity and contributes to the accumulation of ROS.
Glutamine metabolism is another pathway profoundly altered during senescence. Senescent cells exhibit increased
expression of GLS1, and the ammonia generated by this reaction is exploited to balance the acidic intracellular
environment generated by damaged lysosomes. Despite increased glutamine availability, downstream pathways show
selective alterations: proline synthesis from glutamate via P5C is reduced, contributing to the typical mitochondrial
dysfunction of senescent cells. Arginine metabolism is downregulated, as indicated by reduced arginine levels and altered
flux through the urea cycle. This shift favors the diversion of ornithine toward polyamine synthesis, which is upregulated
and may contribute to tumor progression. BCAA metabolism is markedly altered. The upregulation of BCAA transporters
(SLCBA14, SLCBA15) is accompanied by reduced expression of BCATT, leading to intracellular accumulation of BCAAs,
which in turn activates mTORC1 signaling. Enhanced mTORC1 activity promotes anabolic processes and is associated
with increased production of SASP factors. (Red arrows indicate downregulation, whereas green arrows indicate
upregulation of metabolites, enzymes, or pathways). BCAAs: branched-chain amino acids; BCAT1: branched-chain
aminotransferase 1; Cys: cysteine; Gly: glycine; Glu: glutamate;GLS1: glutaminase 1; GSH: glutathione; IDO1: indoleamine
2,3-dioxygenase 1; a-KG: a-ketoglutarate; mMTORC1: mammalian target of rapamycin complex 1; P5C: pyrroline-5-
carboxylate; 3PG: 3-phosphoglycerate; ROS: reactive oxygen species; SASP: senescence-associated secretory
phenotype; SLC6A14: solute carrier family 6 member 14; SLC6A15: solute carrier family 6 member 15; TCA: tricarboxylic
acid. Figure created using BioRender (https://biorender.comy/).

Deregulation of AA metabolism can also promote cellular senescence by altering gene expres-
sion programs. In this context, recent studies investigating the implications of one-carbon
metabolism (OCM) in aging have highlighted that folate and methionine cycles regulate DNA
and histone methylation, linking AA status to epigenetic drift and the induction of cellular senes-
cence [10]. Specifically, methionine metabolism controls the pool of methyl donors that shape
the epigenetic and transcriptional landscapes associated with the senescent state in liver cancer
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Redox balance: the dynamic
equilibrium between oxidizing and
reducing reactions within a cell is
essential for metabolic homeostasis and
the prevention of oxidative damage.
Senescence-associated secretory
phenotype (SASP): a proinflammatory
and tissue-remodeling secretome
produced by senescent cells, containing
cytokines, immune modulators, growth
factors, and proteases that influence the
surrounding microenvironment.
Senolytic: a compound that selectively
eliminates senescent cells by targeting
their survival pathways.

Senomorphic: a compound that
modulates or suppresses the
deleterious effects of the SASP or other
senescent cell functions without
eliminating the cells.

Therapy-induced senescence (TIS):
cellular senescence triggered in tumor or
normal cells by anticancer treatments,
often accompanied by SASP. Generally,
it decreases treatment response and
increases relapse in cancer.

Tumor microenvironment (TME): the
heterogeneous milieu composed of
cellular and acellular components
surrounding tumor cells, which deeply
affects tumor initiation, progression,
immune evasion, and therapeutic
response.

Trends in Cancer, Month 2026, Vol. xx, No. xx 3




- ¢? CellPress Trends in Cancer

Box 2. Fueling aging: AA as metabolic and signaling hubs in senescence

Alterations in AA metabolism vary depending on the biological context and experimental model [6]. In human lung fibro-
blasts, human embryonic kidney, and bronchial epithelial cell lines, the upregulation of BCAA transporters (i.e., SLC6A14
and SLCBA15), together with the downregulation of the catabolic enzyme BCAT1, results in accumulated BCAAs. These
AA are exploited by senescent cells to fuel NEAA (providing nitrogen) and lipid (providing carbon skeletons) biosynthesis,
finally supporting the anabolic demands required for the maintenance of SASP. In addition, elevated BCAA levels also acti-
vate the mTORC1 complex, a key driver of SASP gene expression [6] by regulating the translation of mitogen-activated
protein kinase-activated protein kinase 2 (MAPKAPK2) and IL1A (Interleukin-1 Alpha), which increases the mRNA levels
of SASP factors, and by directly enhancing the translation of those mRNAs [7,8]. Glutamine metabolism is also rewired
during senescence. Human senescent fibroblasts increase the expression of kidney-type GLS, which catalyzes the
conversion of glutamine into glutamate, generating free ammonia as a byproduct. This ammonia contributes to buffering
the acidic intracellular environment resulting from lysosomal membrane damage, thereby helping maintain cytosolic pH
homeostasis and supporting cell survival [9]. In addition, glutaminolysis can partially restore mitochondrial dysfunction in
human myofibroblasts derived from patients with progeria syndrome, as well as in mouse models of accelerated aging [5].

Alterations in OCM also influence the balance between senescence and longevity through metabolic and epigenetic regu-
latory mechanisms [10]. Notably, mitochondrial/cytosolic OCM is downregulated in the early phases of senescence in
human lung fibroblasts, resulting in reduced purine and thymidylate synthesis and decreased serine-to-glycine conversion
[11,12]. Consistently, serine and glycine availability influence aging across different model organisms: the lifespan-extend-
ing effect depends on an intact methionine cycle, indicating that glycine (and serine) regulates aging primarily by modulat-
ing OCM and the epigenetic regulation of gene expression.

Cysteine metabolism and glutathione (GSH) homeostasis represent key regulators of cellular redox balance and senes-
cence, with an aging-associated decrease in GSH synthesis contributing to increased oxidative stress. Multiomics profiling
in aged muscle stem cells identified GSH metabolism as one of the most profoundly altered pathways [13]. In parallel,
proline metabolism also modulates mitochondrial function and senescence. In senescent MSCs, proline supplementation
enhances mitochondrial respiration and promotes mitophagy via AMPKa activation and Parkin upregulation, indepen-
dently of proline dehydrogenase 1 (PRODH1) activity, ultimately reducing senescence-associated markers and alleviating
key features of cellular aging [14].

Overall, AA emerge as central nodes in the integration of metabolism and cellular senescence, offering potential therapeu-
tic opportunities to modulate cellular aging and its pathological consequences, including tumorigenesis.

cells. Consistently, inhibition of methionine adenosyltransferase 2A (MAT2A) or methionine depriva-
tion induces senescence in hepatocellular carcinoma (HCC) cells, leading to DNA hypomethylation,
particularly at CpG islands in the promoters of genes encoding cyclin-dependent kinase inhibitors
[24].

Arginine metabolism also contributes to the induction of cellular senescence in tumor cells. Unlike
normal hepatocytes, HCC cells suppress the expression of all major urea cycle enzymes, render-
ing them auxotrophic for exogenous arginine. Short-term arginine deprivation activates the
general control nonderepressible 2 (GCN2) kinase, with a consequent translation of p21 mRNA
and inhibition of general protein synthesis, leading to a reversible quiescent state that allows
tumor cell survival under nutrient stress. Conversely, inhibiting GCN2 upon long-term arginine
deprivation promotes a senescent phenotype because of defective autophagy and the conse-
quent accumulation of toxic waste [25].

Collectively, these findings show that AA metabolism rewiring contributes to tumor cell senes-
cence and may act as a barrier to tumor progression.

Senescent cell-driven metabolic modulation of stromal cells

In the TME, senescent stromal cells, including fibroblasts, ECs, and adipocytes, profoundly influ-
ence the proliferative fate of tumor cells through cytokine components of their SASP [17,18]. In
prostate cancer, senescent CAFs influence tumor progression through the secretion of paracrine
factors that include AA-related metabolites. Decreased levels of arginine, resulting from enhanced
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polyamine biosynthesis in fibroblasts, activate the GCN2 kinase, leading to a senescent stromal
phenotype that participates in creating a pro-tumorigenic microenvironment. Indeed, dermal
fibroblasts from transgenic mice overexpressing ornithine decarboxylase, the rate-limiting
enzyme in polyamine biosynthesis, produce SASP factors that increase the invasiveness of
stem-like epidermal tumorspheres as well as the polarization of M2-like macrophages [26].
Senescent adipocytes represent another critical component influencing the metabolic landscape
of the TME. Multiple myeloma cells alter adipocyte gene expression and cytokine secretory
profiles, inducing a senescent-like phenotype. Consequently, senescent adipocytes promote
therapy resistance, highlighting a bidirectional crosstalk that results in increased aggressiveness
[27]. In addition, the senescence of ECs is characterized by modifications in glucose and AA
metabolism [28-30], suggesting that these alterations foster tumor outgrowth. Although the
specific contribution of AA-derived metabolites from senescent ECs to cancer progression has
not yet been clearly defined, senescent ECs disrupt vascular integrity and increase permeability,
thereby creating conditions that facilitate tumor progression and metastasis [31]. ECs in liver
metastases of uveal melanoma patients show significant senescence promoted by the upregula-
tion of Krlippel-like factor 4 (KLF4) [32]. Moreover, EC senescence induced by treatment with
Sunitinib can enhance vascular permeability and promote myeloid cell recruitment, ultimately
contributing to pre-metastatic niche (PMN) formation in a mouse model [33].

Collectively, these findings suggest that senescent stromal cells actively reshape the metabolic
and signaling landscape of the TME, thereby promoting tumor progression through complex
bidirectional interactions, which may, in part, be driven by AA metabolic reprogramming.

Senescent cell-driven metabolic modulation of the tumorimmune microenvironment
The immune compartment within the TME actively participates in tumor progression, as immune
cells can either recognize and eliminate transformed cells or, under certain conditions, be co-
opted to support tumor growth and immune evasion [34]. In this context, cellular senescence
exerts spatially and temporally distinct effects. Senescent cells can promote immune surveillance
by activating natural killer (NK) cells through natural killer group 2, member D (NKG2D) ligands.
This immunogenic phenotype has been observed across different cellular contexts, including
both stromal cells (e.g., fibroblasts) and tumor cells undergoing senescence. However, when
senescent cells persist, they can experience phenotypic remodeling and contribute to an immu-
nosuppressive microenvironment through SASP components, including chemokine-mediated
recruitment of regulatory T cells (Tregs) and increased expression of immune checkpoint mole-
cules such as programmed death-ligand 1 (PD-L1), ultimately favoring immune evasion. Notably,
TIS in either stromal or malignant compartments can similarly boost antitumor immunity or,
conversely, create an immunosuppressive niche that favors disease progression [35].

SASP protein components play a key role in regulating tumor progression and immune interac-
tions [36-38]; however, less attention has been given to the metabolic side of this crosstalk.
Indeed, immune cells are auxotrophic for most AA, making exogenous sources of these metab-
olites essential regulators of their functions [39]. Depletion or accumulation of specific AA can
influence immune cell activation, proliferation, or differentiation. They can act as ‘checkpoints’
to provide an additional layer of control that complements classical immunological signals such
as cytokines and receptor-mediated pathways [40,41].

Arginine metabolism

Arginine is a key regulator of T lymphocyte function [40] and Arginase | (Arg1) is a central regulator
of immunomodulation. Arg1 expression in myeloid-derived suppressor cells (MDSCs) and
dendritic cells (DCs) influences T-cell function, antigen presentation, and tolerance through the
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metabolic control of L-arginine availability [40,41] (Figure 2). In murine models, Arg1 also
competes with inducible nitric oxide synthase (iNOS) for L-arginine, thereby modulating nitric
oxide outputs that affect macrophage and MDSC effector functions [40]. Furthermore, Arg1
can be induced by interleukin-4 (IL-4), IL-10, prostaglandin E2, and tumor-derived factors,
promoting the development of tolerogenic DCs with diminished immune-stimulatory capacity
[42]. In humans, Arg1 is abundantly expressed in polymorphonuclear MDSCs (PMN-MDSCs)
[40]. Upon activation, human PMN-MDSCs release Argl extracellularly, producing rapid
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Figure 2. AA-driven metabolic reprogramming and immune modulation within the TME. Schematic
representation of the central role of AA metabolism in orchestrating cellular crosstalk within the tumor niche. Tumor cells,
stromal cells, and immune populations dynamically compete for and reshape the availability of key AA, thereby influencing
tumor growth, immune surveillance, and immune escape. BCAAs are exploited by immune cells to support the increased
biosynthetic demands associated with immune cell activation. BCAAs exert a key immunomodulatory role by regulating
mTORC1 activation, which in turn controls the differentiation into effector subsets. The presence of senescent cells in the
TME could create metabolic competition for BCAAs, leading to an immunosuppressive environment. T-cell functionality is
strongly influenced by the presence of arginine in the TME. MDS cells and DCs enzymatically degrade arginine via Arg1,
resulting in local arginine depletion and impairing T-cell activation. In addition, senescent cells also contribute to this
arginine reduction, impairing T-cell function. Glutamine serves as a major carbon and nitrogen source for rapidly
proliferating tumor cells and stromal components. Excessive glutamine consumption in the TME alters metabolic fluxes
and restricts its availability for immune cells, thereby impairing the expansion of Th1 and Th17 cells, while promoting the
development of Tregs. In this context, senescent cells contribute to creating an immunosuppressive environment that
consumes high amounts of glutamine and releases ammonia, which inhibits NK and T-cell activity. Methionine plays a
crucial role in the TME: tumor cells are highly dependent on methionine metabolism for proliferation, and methionine
availability boosts T-cell-mediated immune responses. This methionine depletion from the TME is strictly linked to
senescence induction. Tryptophan catabolism leads to profound immunosuppressive effects. IDO1 is induced during
inflammation in macrophages and DCs and by SASP-associated cytokines in tumor cells. The activation of IDO1 leads to
extracellular tryptophan depletion and consequent immune tolerance, enhancing Treg recruitment and inhibiting effector
T-cell proliferation. BCAAs: branched-chain amino acids; IDO1: indoleamine 2,3-dioxygenase 1; Gin: Glutamine; MDS:
myeloid-derived suppressor; Met: methionine; NK: natural killer; TME: tumor microenvironment; Treg: T regulatory; Trp:
tryptophan. Figure created using BioRender (https://biorender.comy).
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consumption of environmental L-arginine, thus impairing T-cell activation [40]. Senescent macro-
phages in the TME could also contribute to arginine depletion and consequent T-cell mediated
immunity impairment. In an immunocompetent animal model of H-Ras-expressing glioblastoma,
it has been demonstrated that, to promote successful tumor initiation, cancer cells induce macro-
phage senescence along with upregulation of Arg1 in these cells. The consequent arginine deple-
tion causes a downregulation of CD3¢, limiting the assembly of TCR (T Cell Receptor) and
impairing antigen response [43]. In colorectal cancer (CRC), comparison of tumor tissues from
younger and older patients reveals that aged hosts exhibit increased infiltration of tumor-
associated macrophages (TAMs) with pro-tumor activity. Upon stimulation with tumor-
conditioned medium, ‘aged’ TAMs promote CRC cell growth more effectively and show greater
Arg1 induction, whereas ‘young’ bone marrow-derived macrophages exhibit a larger increase in
iINOS expression [44]. Because Arg1 is linked to an immunosuppressive, pro-tumorigenic pheno-
type, whereas iINOS is associated with antitumor activity, the divergent responses of ‘young’ and
‘aged’ macrophages to tumor stimulation underscore cellular senescence as a central mediator
of arginine-dependent immune regulation in the TME.

Tryptophan metabolism

Tryptophan is an essential AA in immune cells, catabolized by the enzyme Indoleamine 2,3-
dioxygenase (IDO1) to kynurenine [45]. IDO1 activity is strongly induced during inflammation in
macrophages, DCs, and fibroblasts [46]. Similarly, SASP-associated cytokines can induce
IDO1 in tumor cells. In CRC, IDO1 overexpression increases kynurenine release; kynurenine
inhibits the IGFBP5 (Insulin-like Growth Factor Binding Protein 5)-p53 signaling pathway, thereby
suppressing cellular senescence and promoting 5-fluorouracil (5-FU) resistance [47]. In lung
adenocarcinoma, tumor cells increase IDO1 expression and enzymatic activity upon stimulation
with the inflammatory cytokine IL-1(3 [48]. Once upregulated, IDO1 depletes extracellular trypto-
phan, thereby promoting long-term immune tolerance. Enzymatic activation of IDO1 then leads
to increased production of kynurenine, which binds the aryl hydrocarbon receptor (AhR), a tran-
scription factor involved in Treg differentiation, promoting this tolerogenic state [49]. In parallel,
tryptophan depletion activates the GCN2 signaling pathway in IDO1-expressing DCs and macro-
phages, skewing them toward anti-inflammatory cytokine production, promoting Treg recruit-
ment, and inhibiting effector T-cell proliferation [49]. Activated GCN2 phosphorylates elF2a
(Eukaryotic Initiation Factor 2 alpha), which enhances the translation of stress-responsive tran-
scripts such as ATF4 (Activating Transcription Factor 4). In T cells, this integrated stress response
(ISR) induces cell cycle arrest and reduces proliferation, while promoting metabolic reprogram-
ming characterized by suppression of mammalian target of rapamycin complex 1 (MTORCH1)
activity, reduced glycolysis, and adaptation to AA deprivation, ultimately favoring anergy or differ-
entiation toward a regulatory phenotype [49,50]. Together, these findings support a model in
which senescence-associated inflammatory signaling directly induces IDO1-mediated immuno-
suppression, providing a mechanistic bridge between cellular senescence and tumor immune
escape (Figure 2).

Branched-chain amino acid catabolism

Branched-chain AA (BCAA) catabolism supports the increased biosynthetic demands associ-
ated with immune cell activation. T-cell activation depends on mTORC1-driven metabolic repro-
gramming. BCAAs, and in particular leucine, display this ‘immunomodulatory’ role by regulating
mTORC1 activity: robust mTORC1 activation promotes glucose and AA uptake and drives effec-
tor T-cell differentiation, whereas reduced mTORC1 activity favors Treg or memory T-cell forma-
tion [51]. In mice, loss of the essential AA transporter SLC7A5 (Solute Carrier Family 7 Member 5)
disrupts leucine uptake and mTORC1 activation, which promotes proliferation and differentiation
of Thelper 1 (Th1), Th17, and cytotoxic T cells [52]. Furthermore, isoleucine appears important for
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sustaining Treg proliferation after ineage commitment in healthy mouse models [52,53]. Once inside T
cells, BCAAs are transaminated into their corresponding a-keto acids by the cytosolic and mitochon-
drial forms of branched-chain AA transaminase (BCAT) (BCATc-cytosolic and BCATm-mitochondrial).
Their activities can reduce free leucine levels, causing a decrease in mTORCH1, ultimately supporting a
model in which BCATc and BCATm act as negative regulators of T-cell activation by fine-tuning
leucine-dependent nutrient signaling [51]. By contrast, senescence programs are associated with
increased expression of AA transporters [e.g., solute carrier family 6 member 14 (SLC6A14)/
SLCBA15] and reduced BCAA catabolism, resulting in intracellular BCAA accumulation. Elevated intra-
cellular BCAA levels can activate mTORC1 signaling, which contributes to the establishment and main-
tenance of SASP [6]. These observations suggest a potential integrative model: in tumors enriched for
senescent cells, these cells act as a BCAA metabolic ‘sink’, competing with antitumor immune cells for
the same nutrient pool, while simultaneously amplifying SASP-dependent signaling that remodels
immune composition and function in the TME (Figure 2). However, this senescent-immune competi-
tion for BCAAs remains to be fully elucidated.

Additional metabolic pathways

Senescent cells are highly dependent on glutaminolysis, resulting in the production of large
amounts of ammonia [9]. Ammonia can promote tumor immune escape by inhibiting both NK
and T-cell cytotoxic activity [54]. In this context, ammonia derived from senescent stroma could
support cancer progression by primarily sustaining immune evasion (Figure 2).

Cancer cells also rely on enhanced methionine uptake for survival, and methionine deprivation
has been associated with cellular senescence in liver cancer [24] (Figure 2). This balance in methi-
onine may shape immune cell functions. However, the role of methionine in immunity remains
somewhat controversial. While methionine availability can enhance T-cell-mediated immune
response in HCC cells, increased methionine levels or S-adenosylmethionine-derived methionine
metabolism have also been associated with immune evasion [24]. Together, these observations
highlight a scenario where senescent cell-driven rewiring of AA metabolism profoundly impacts
the tumor immune microenvironment (Figure 2), establishing a nutrient-restrictive niche that
fuels immune evasion.

Senescent cell-driven AA reprogramming in the TME: a metastatic accelerator?
The establishment of a permissive ‘“fertile soil’” supporting disseminated cancer cells is a critical prereg-
uisite for metastatic progression. Despite substantial advances in understanding the genetic and
microenvironmental drivers of metastasis, including oncogenic alterations, vascular dynamics, and
stromal interactions [55], the contribution of tissue-intrinsic metabolic landscapes to metastatic
competence remains relatively less explored. In particular, the capacity of disseminated tumor
cells (DTCs) to successfully engraft and expand in distant organs is strongly influenced by the local
availability of nutrients. Studies mainly conducted in models of breast cancer metastasizing to the
lung have demonstrated that AA represent critical determinants of this process, acting both as meta-
bolic substrates [56] or signaling molecules [57]. In brain metastases, scarcity of specific AAs can
impose metabolic constraints that limit DTC survival and proliferation across cancers of different origins
(i.e., breast cancer and melanoma) [58]. Conversely, in lung metastases, the enrichment of specific
nutrients can support cellular adaptation and promote early metastatic colonization [57]. The metabolic
state of tissue-resident cells, such as the alveolar type Il cells in the lung and astrocytes in the brain,
critically shapes AA availability within the metastatic niche [59,60], thereby either promoting or
constraining metastatic outgrowth.

In addition to classical determinants of PMN formation [61], cellular senescence has recently
emerged as a pivotal contributor to organ metastatic priming (Figure 3). In uveal melanoma,
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Figure 3. Senescence-driven mechanisms promoting metastatic progression across organ-specific niches. A
schematic overview illustrating the different, nonmutually exclusive mechanisms through which senescent cells (gray) promote
metastasis at distinct stages of the metastatic cascade. Red circle: primary tumor (PT)-derived factors induce senescence in
tissue-resident stromal cells at distant sites, establishing PMNs prior to tumor cell arrival. In breast cancer, PT-derived signals drive
bone MSCs toward a senescent state characterized by enhanced pro-osteoclastogenic activity. Orange circle: sen-SCs actively
contribute to the formation of PMNs in distant organs. In melanoma, sen-SCs in the lung promote the reawakening of dormant
metastatic cells by inhibiting WNT5A signaling through the secretion of the WNT antagonist sFRP1. In uveal melanoma, sen-ECs
overexpressing KLF4 promote a pro-metastatic microenvironment and enhance tumor cell dissemination from the PT via the
secretion of a C-X-C motif chemokine ligand 12 (CXCL12)-enriched SASP. In the bone microenvironment, sen-OBs support
breast cancer metastatic cell engraftment and outgrowth through an IL-6-rich SASP, whereas sen-Os drive osteolytic bone
metastases via SASP-mediated mechanisms. Green circle: metabolic crosstalk between metastatic cancer cells and senescent
stromal cells sustains metastatic growth. Local enrichment of specific AAs promotes the emergence or maintenance of stromal
senescence, amplifying metastatic progression. In the lung, metastatic breast cancer cells increase Pro secretion, potentially
supporting the metabolic demands of senescent MSCs or sen-Ms, which display reduced Pro biosynthesis. In the brain,
metastatic cells exhibit enhanced Ser synthesis and secretion, which may sustain sen-SCs characterized by reduced expression
of the Ser biosynthetic enzyme PHGDH. Purple circle: systemic chemotherapy induces senescence in normal tissues, leading to
the accumulation of senescent cells that enhance metastatic seeding and progression. In breast cancer, Sunitinib treatment
induces a senescence-like phenotype in ECs, resulting in increased VCAM1 expression that promotes tumor cell recruitment and
adhesion and facilitates transmigration by loosening endothelial junctions. Similarly, Palbociclib treatment drives lung ECs toward a
p16-INK4A-high senescent phenotype, further contributing to a pro-metastatic microenvironment. Dashed arrows: hypothetical
interactions. IL-6: interleukin-6; KLF4: KrUppel-ike factor 4; MSC: mesenchymal stem cel; PHGDH: phosphoglycerate
dehydrogenase; p16-INK4A: cyclin-dependent kinase inhibitor 2A; Pro: Proline; sen-EC: senescent endothelial cell; SASP:
senescence-associated secretory phenotype; sen-M: senescent macrophage; sen-O: senescent osteocyte; sen-OB: senescent
osteoblast; sen-SC: senescent stromal cell; Ser: serines; sFRP1: secreted frizzled-related protein 1; VCAM1: vascular cell adhesion
molecule 1; WNT: Wingless-Type MMTV Integration Site Family; WNT5A: Wingless-Type MMTV Integration Site Family, Member
BA . Figure created using BioRender (https:/biorender.com).

senescent ECs that overexpress KLF4 are enriched in liver metastases and actively promote
cell migration through the SASP, which contributes to the formation of a pro-metastatic micro-
environment [32]. In the bone microenvironment, senescent osteoblasts participate in creating
a ‘hospitable niche’ for metastasizing breast cancer cells. Indeed, these osteoblasts, charac-
terized by a SASP enriched in IL-6, exhibit impaired mineralization capacity and promote oste-
oclastogenesis, thereby facilitating metastatic breast cancer cell engraftment and outgrowth in
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bone [62]. In addition, osteocytes can develop premature senescence and a distinctive SASP that
favors bone destruction, triggering lytic bone metastases from breast cancer [63]. This process can
be exacerbated by the influence of the primary tumor even before the arrival of metastatic cells at
distant tissues (Figure 3). Primary breast tumors can systemically modify bone marrow mesenchymal
stem cells (MSCs), driving them toward a senescent phenotype characterized by ROS accumulation,
increased inflammatory signaling, and enhanced pro-osteoclastogenic activity. These alterations might
contribute to PMN establishment by fostering a pro-metastatic and pro-resorptive bone [64]. In in vivo
models of breast cancer, systemic chemotherapy can further ampilify these effects by inducing normal
tissue damage and accumulation of senescent fibroblasts, which in turn facilitate the outgrowth of
DTGCs at distant sites and promote metastatic disease in mouse models [65]. In metastatic breast
cancer, Sunitinib treatment induces a senescence-like phenotype in ECs, leading to increased inflam-
matory chemokine secretion and vascular cell adhesion molecule 1 (VCAM1) expression, ultimately
creating a PMN that enhances distant metastasis [33]. Similarly, pretreatment with the CDK4/6
(Cyclin-Dependent Kinase 4/6) inhibitor Palbociclib in breast cancer triggers cellular senescence in
healthy lung tissue and ECs, promoting a favorable environment that increases the ability of drug-
resistant cancer cells to form metastases in the lungs. Palbociclib-enhanced lung colonization can
be partially mitigated by the removal of host senescent cells expressing cyclin-dependent kinase inhib-
itor 2A (p16INK4A) [66].

The presence of senescent stromal cells may also enhance metastatic outgrowth by facilitating the
reawakening of dormant metastatic cells seeded at secondary sites (Figure 3). In melanoma, senes-
cent fibroblasts in the lungs increase their secretion of the WNT (Wingless-Type MMTV Integration
Site Family) antagonist, secreted frizzled-related protein 1 (sFRP1), which inhibits WNT5A (Wingless-
Type MMTV Integration Site Family, Member 5A) in dormant melanoma cells, thus inducing metastatic
outgrowth [67].

In addition to these mechanisms, alterations in AA metabolism in senescent resident cells may further
facilitate DTC seeding and metastatic outgrowth (Figure 3). However, no studies have demonstrated
this hypothesis. In parallel, alterations in nutrient availability within metastatic lesions may further
promote the emergence or maintenance of senescent stromal cells, thereby amplifying metastatic
progression. For instance, detached metastatic cells can increase proline secretion in 3D colon cancer
models [68]. This metabolite may support the metabolic needs of senescent MSCs, which are char-
acterized by reduced proline biosynthesis from glutamate via pyrroline-5-carboxylate (P5C) [14], similar
to what has been demonstrated for macrophages in the same metabolic context [68]. Likewise,
metastatic cells in specific organs, such as the brain, exhibit enhanced serine synthesis and secretion
[58]. This metabolic rewiring may provide an exogenous source of serine to senescent stromal cells,
which typically display decreased intracellular serine levels and reduced expression of the serine-
biosynthetic enzyme phosphoglycerate dehydrogenase (PHGDH), as shown in senescent vascular
ECs [69]. Collectively, these nutrient exchanges suggest a model in which metastatic cells sculpt a
metabolic microenvironment that not only supports their own growth but also fosters stromal senes-
cence, further reinforcing a PMN.

Although several aspects remain unresolved, emerging evidence points to a dual contribution of
AA metabolism in senescent stromal cells to metastatic colonization: metabolic alterations may
sustain the induction of a senescent phenotype within the stromal compartment of the PMN,
while simultaneously increasing nutrient availability for incoming metastatic cancer cells.

From metabolic rewiring to targeted therapy: exploiting senescent cell vulnerabilities
Alterations in the metabolism of specific AA, such as glutamine, serine, methionine, and BCAAs,

are distinctive characteristics of cellular senescence, providing interesting therapeutic
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opportunities for cancer. In contrast to stromal cells, senescence in cancer cells can be tumor-
suppressive. In this context, AA availability emerges as a key factor that can be targeted to
suppress cancer cell growth. Inhibition of glutaminolysis in aged mice specifically eradicates
senescent cells in different tissues and improves age-associated organ dysfunction [9]. Blocking
glutaminase 1 (GLS1) significantly improves mitochondrial function in senescent MSCs and
ameliorates aging hallmarks in a mouse model of accelerated aging [5] (Box 2). Moreover,
GLS1 inhibition alleviates senescence phenotypes and reduces SASP markers in senescent
Wharton'’s jelly-derived MSCs [70]. Furthermore, targeting glutaminolysis in stromal and cancer
senescent cells could be effective in the reactivation of the immune response by restoring NK
cell and T-cell activity [54].

Glutamine is also a key player in tumor metabolism. In esophageal squamous cell carcinoma
(ESCC) cells, increased expression of RNA binding motif protein 4 (RBM4) contributes to
bypassing doxorubicin-induced senescence. However, this adaptive strategy renders ESCC
cells dependent on glutamine metabolism, increasing their sensitivity to the GLS inhibitor CB-
839 [71]. In HCC cells, the nuclear translocation of [3-catenin enhances glutaminolysis and
ammonia excretion through SLC4A11; loss of SLC4A11 promotes senescence and sensitizes
[3-catenin-mutant cells to targeting approaches against senescent cancer cells [72]. Several
GLS inhibitors have been developed to target glutamine metabolism in tumors. Among them,
the selective GLS1 inhibitor Telaglenastat represents the most clinically advanced compound
and has been evaluated in multiple clinical trials, often in combination with other anticancer
therapies [73]. Therefore, targeting glutaminolysis may provide therapeutic advantages by simul-
taneously suppressing the pro-tumoral function of senescent stromal cells and limiting the growth
of glutamine-addicted cancer cells.

Additionally, senescent immune cells exhibit increased IDO1 activity, which leads to the depletion
of L-tryptophan and the build-up of immunosuppressive metabolites, further weakening antitu-
mor immune responses [74,75]. Consistently, IDO1 inhibitors such as Navoximod, Epacadostat,
Linrodostat, and Indoximod are being explored as immunomodulatory therapies, both alone and
in combination with other antitumor strategies [76]. In CRC cells, IDO1-driven tryptophan catab-
olism promotes escape from 5-FU-induced senescence and chemoresistance, and both pheno-
types are reversed upon restoration of tryptophan availability [47]. Overall, this scenario highlights
how targeting IDO1 could represent a valid strategy to increase tryptophan availability; therefore,
exerting a dual therapeutic effect by mitigating immunosenescence, simultaneously restraining
tumor progression, and improving responsiveness to anticancer therapies.

Different types of senescent stromal cells have been reported to produce lower levels of aspara-
gine due to reduced expression of asparagine synthetase (ASNS) [77]. Consequently, these cells
become increasingly dependent on extracellular asparagine to sustain protein synthesis and
cellular homeostasis. In this context, L-asparaginase (L-ASNase) combined with autophagy
inhibitors effectively eradicated senescent stromal cells by synergistically restricting asparagine
availability. Indeed, this strategy simultaneously blocked both extracellular asparagine supply
and intracellular recycling mechanisms, thereby exposing a metabolic vulnerability of senescent
cells [77]. Several malignancies rely on exogenous asparagine for their growth. For this reason,
L-ASNase is widely used in the treatment of acute lymphoblastic leukemia and has also shown
activity in other ASNS-low tumors [78]. Based on these observations, it can be hypothesized
that in such therapeutic settings, L-ASNase may exert a dual effect by inhibiting tumor cell prolif-
eration and metastasis (as already demonstrated for breast cancer metastasis in a mouse model)
[79] through systemic depletion of asparagine, while also contributing to the removal of senescent
stromal cells within the TME.
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Moreover, recent evidence underlines the importance of targeting AA metabolism in combination
with senomorphic and senolytic strategies to selectively eliminate SASP and senescent cells.
Although most senolytics and senomorphics act on pro-survival or anti-inflammatory pathways,
targeting AA metabolism could potentially remove senescent cells by exploiting their metabolic
vulnerabilities. Inhibiting methionine metabolism through MAT2A blockage results in DNA damage
and cell cycle arrest in HCC. A combination of MAT2A and the senolytics glycogen synthase kinase
3 (GSKQ) inhibitors effectively decreases liver cancer growth [24]. Moreover, inhibition of GCN2
in arginine-deprived senescent HCC cells renders them vulnerable to senolytic compounds.
Consistently, preclinical models confirm that a combination of arginine deprivation, GCN2 inhibi-
tion, and senolytic agents effectively promotes HCC regression [25]. Moreover, in therapy-
induced senescent melanoma cells, GLS1 inhibition promotes cancer cell death in vitro and
in vivo. This senolytic approach is also effective in inhibiting Vemurafenib-resistant melanoma cells.

Current anticancer therapies often target not only malignant cells but also multiple stromal compo-
nents of the TME, including fibroblasts, adipocytes, and ECs, which can undergo TIS, thus contrib-
uting to tumor progression and resistance [38]. Despite their distinct biological characteristics,
cancer cells and senescent stromal cells share notable metabolic similarities, highlighting common
vulnerabilities that can be therapeutically exploited. In this context, simultaneously targeting both
proliferating tumor cells and pro-tumorigenic senescent stromal populations may provide a signif-
icant therapeutic advantage. Moreover, interventions aimed at modulating the altered AA metabo-
lism of senescent cells may not only suppress their pro-tumorigenic secretory phenotype but also
contribute to the restoration of antitumor immunity. Collectively, these observations support the
development of combinatorial strategies integrating metabolic inhibitors, senolytic agents, and
immune-based therapies to improve cancer treatment outcomes.

Concluding remarks and future perspectives

AA metabolism has emerged as a central hub at the cellular senescence and cancer progression
interface. Senescent stromal cells undergo marked metabolic changes that sustain the SASP,
promote immunosuppressive TMEs, and contribute to the formation of PMNs. Together, these
alterations create metabolic conditions that support tumor growth while weakening antitumor
immune responses.

The metabolic dependencies of senescent cells also represent therapeutic opportunities.
Targeting specific AA pathways may selectively eliminate senescent cells, improve the sensitivity
of cancer cells to therapy, and enhance antitumor immunity. Future studies should define how AA
metabolism changes over time during senescence, use single-cell approaches to capture meta-
bolic heterogeneity within senescent populations, and systematically test combination strategies
that integrate AA pathway inhibitors with senolytic or senomorphic agents and immunotherapies
(see Outstanding Questions). Successful clinical translation will require the identification of robust
biomarkers to stratify patients and careful evaluation of potential toxicities in normal tissues with
high metabolic activity. Given the accumulation of senescent stromal cells in aged tissues and
TMEs, targeting AA metabolic dependencies offers the opportunity to simultaneously blunt
the deleterious effects of senescent stromal cells while enforcing growth arrest and immune
sensitivity in malignant cells, opening new avenues for integrated anticancer strategies.
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Outstanding questions

Can the selective targeting of amino
acid metabolism (e.g., glutamine,
serine, methionine, or arginine path-
ways) eliminate senescent cells with-
out altering systemic physiology or
compromising the metabolic fitness of
healthy tissues?

Could combining amino acid-targeted
therapies with senolytic or senomorphic
agents improve the selectivity and
efficacy of cancer treatments?

Can senescence-driven  nutrient
restriction modulate the efficacy of
immunotherapy?

What combination, timing, and dosing
strategy can best integrate metabolic
inhibitors with senolytic and immune-
based therapies?

Does the metabolic composition of
different tissues influence the efficacy
of therapeutic strategies targeting
cellular senescence?
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