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ABSTRACT

Exercise represents a non-pharmacological strategy capable
of concurrently modulating tumor metabolism and immunity.
Regular physical activity reprograms systemic and tumor-
localized metabolic networks, including glucose, lactate,
amino acid, and lipid pathways, while enhancing innate and
adaptive immune responses. Exercise-induced myokines (e.g.,
IL-6, IL-15, irisin, SPARC) and improved vascularization
contribute to reshaping the tumor microenvironment (TME),
mitigating immunosuppressive metabolite accumulation, and
promoting T cell and NK cell infiltration. Mechanistically,
exercise activates integrated signaling networks including
AMPK-mTOR-HIFla, PGC-1o—ERRa, and IL-6/STAT3 axes,
supporting metabolic flexibility and anti-tumor immunity.
Translational and clinical studies suggest exercise can
enhance chemotherapy and immunotherapy efficacy, while
precision exercise prescriptions based on FITT principles,
biomarkers, and patient-specific tolerance may maximize
therapeutic benefits. This review summarizes the molecular and
systemic mechanisms of exercise-induced metabolic-immune
reprogramming and outlines strategies for clinical translation
in oncology.
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INTRODUCTION

Cancer is a multifactorial disease driven by intricate genetic,
epigenetic, and environmental influences. Among its hall-
marks, metabolic reprogramming and immune evasion are
recognized as key contributors to tumor initiation, progres-
sion, and resistance to therapy (1, 2). Tumor cells undergo
profound metabolic adaptations to sustain rapid prolifera-
tion and survive under nutrient-deprived, hypoxic condi-
tions. These changes—encompassing glycolysis, amino acid
metabolism, and lipid utilization—reshape the TME and
directly impair the function of various immune cell types,
including CD8" T cells, Natural killer (NK) cells, and den-
dritic cells (DCs), thereby facilitating immune escape (3-5).

Central to tumor metabolic reprogramming is the War-
burg effect, wherein cancer cells favor aerobic glycolysis,
leading to excessive lactate production and acidification of
the TME (6, 7). Lactate accumulation not only suppresses
effector T and NK cell function but also promotes regula-
tory T cell differentiation and tumor-associated macrophage
polarization (8). Similarly, altered amino acid metabolism
(e.g., glutamine, serine, tryptophan) and lipid metabolism
contribute to immune dysfunction and support tumor growth
4,9, 10).

The immunosuppressive TME created by these meta-
bolic shifts represents a major barrier to effective anti-tumor
immunity and limits the efficacy of immunotherapies (11-
14). As a result, targeting the metabolism-immunity axis is
gaining traction as a promising therapeutic strategy (15).

Exercise, a well-established modulator of systemic
metabolism and immune function, has recently emerged as a
potential non-pharmacological intervention to disrupt tumor
metabolic networks and restore immune competence (16-20).
Studies suggest that exercise may improve glucose and lipid
metabolism, reduce lactate accumulation, and reprogram
amino acid utilization within tumors. Concurrently, exercise
enhances the mobilization and cytotoxicity of immune effec-
tor cells, modulates immune checkpoint expression, and may
synergize with immunotherapy (16-20).
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However, important knowledge gaps remain. The impact
of exercise varies across tumor types and individual patients
due to molecular and physiological heterogeneity (21, 22).
Moreover, the optimal parameters of exercise—type, dura-
tion, intensity—required to achieve therapeutic benefits in
cancer contexts are not yet fully defined (22, 23).

This review aims to provide a comprehensive overview
of how tumor metabolic reprogramming drives immune
suppression and how exercise may counteract these effects
through systemic and tumor-local immunometabolic modu-
lation. We further explore emerging evidence supporting the
integration of exercise into anti-cancer strategies and high-
light directions for future research focused on precision exer-
cise oncology.

HALLMARKS OF TUMOR METABOLISM:
MECHANISMS AND IMPACT OF
METABOLIC REPROGRAMMING

Tumor cells are distinguished by their profound metabolic
alterations, a phenomenon first noted by Warburg, where can-
cer cells preferentially produce energy via glycolysis rather
than relying on mitochondrial oxidative phosphorylation
(OXPHOS)—even under aerobic conditions (24). This met-
abolic shift, commonly known as the Warburg effect, leads
to an increased rate of glucose uptake and lactate production,
providing the essential building blocks and energy required for
rapid proliferation (24-27). The excessive lactate accumula-
tion in the TME not only fuels tumor growth but also contrib-
utes to acidification, which in turn supports immune evasion
and promotes angiogenesis (7, 8).

Beyond glycolysis, tumors exhibit extensive reprogram-
ming of other metabolic pathways. Alterations in amino acid
metabolism—such as the enhanced utilization of glutamine,
serine, and glycine—enable cancer cells to replenish sub-
strates for biosynthesis and sustain energy production even
under nutrient-limited conditions (28-30). Similarly, modifi-
cations in lipid metabolism, including increased uptake and
oxidation of fatty acids (FAs) and cholesterol, further support
the structural and energetic needs of malignant cells (28, 29).
These adaptive changes collectively not only meet the meta-
bolic demands of tumor cells but also reshape the surrounding
microenvironment to favor tumor survival and progression.

Moreover, the metabolic reprogramming of cancer cells
has broader implications. The interplay between altered cancer
cell metabolism and the diverse cell types within the TME—
ranging from immune cells to stromal cells—creates a compet-
itive landscape for nutrients. This competition can exacerbate
immune suppression by depriving effector cells of vital met-
abolic substrates, thereby reinforcing mechanisms of immune
escape (31, 32). Understanding these metabolic adaptations is
therefore critical, as they reveal potential targets for therapies
aimed at disrupting the tumor’s metabolic network and restor-
ing anti-tumor immunity (13-15).

IMMUNOMETABOLIC INTERACTIONS:
HOW TUMOR-DERIVED METABOLITES
REGULATE TUMOR PROGRESSION
AND IMMUNE FUNCTION

Mounting evidence indicates that tumor metabolic reprogram-
ming not only facilitates malignant cell survival and prolif-
eration under hostile microenvironmental conditions but
also promotes immune evasion, thereby accelerating tumor
progression (15, 33, 34). Within the TME, cancer cells and
immune cells coexist in a metabolically competitive and often
suppressive landscape. Tumor-derived metabolites, such as
glucose, lactate, and amino acids, play dual roles: they sus-
tain cancer cell metabolism while simultaneously impairing
anti-tumor immunity.

In this section, we examine how these metabolites influ-
ence immune cell function, alter metabolic pathways within
the TME, and contribute to immunosuppression. We further
explore strategies that may restore immune function by tar-
geting these metabolic vulnerabilities (Figure 1 and Table 1).

GLUCOSE AND LACTATE: DUAL ROLES IN
FUELING TUMORS AND
SUPPRESSING IMMUNITY

Glucose metabolism: Competition between tumor and
immune cells in the TME

Glucose is a critical energy substrate for both tumor cells and
immune cells. Cancer cells reprogram their glucose metabolism
by enhancing glycolysis, the tricarboxylic acid (TCA) cycle,
the pentose phosphate pathway (PPP), and the serine synthesis
pathway (SSP), thereby supporting biosynthesis and prolifera-
tion (68). This metabolic flexibility enables tumor cells to adapt
to hypoxia and nutrient stress, in part by maintaining transcrip-
tional programs such as the yes-associated protein (YAP)/tran-
scriptional coactivator with PDZ-binding motif (TAZ) axis that
drive oncogenic growth and invasiveness (69).

However, immune cells within the TME—particularly
CDS8* T cells and tumor-associated macrophages (TAMs)—
also depend on glucose to sustain their effector functions (34,
70). Studies have shown that TAMs, especially the M2-like
subtype, consume substantial amounts of glucose, promoting
pro-tumoral behavior via O-GlcNAcylation of cathepsin B
and facilitating chemoresistance and metastasis (70). In addi-
tion, tumor-derived metabolites such as D-2-hydroxyglutarate
(D-2HG), produced through mutant isocitrate dehydrogenase
(IDH), can impair glycolysis in CD8" T cells, suppressing their
proliferation and cytotoxicity (71).

Pharmacologic or genetic interventions that inhibit gly-
colysis in tumor cells can, paradoxically, restore immune sur-
veillance. For instance, inhibition of Glucose Transporter 1
(Glutl) enhances Cytotoxic T Lymphocyte (CTL) -mediated
Tumor Necrosis Factor-alpha (TNFa) release and tumor cell
lysis (39). Moreover, GLUT10 has been identified as a selec-
tive regulator of glucose uptake and effector function in CD8*
T cells, making it a potential therapeutic target (35).
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Table 1. Immunosuppressive effects of tumor-associated metabolites and their molecular targets in preclinical studies.

Immune-Metabolic

in tumors.

Metabolites Immune Cells . Effects/Mechanism on Immune-Metabolic Interaction References
Interaction Targets

Glucose CD8+ T cells GLUT10 GLUTIQ regulates glucose u_ptake gnd is essential for CD8" T-cell proliferation, effec- (33
tor function, and anti-tumor immunity.
Deletion of the glucose/NSUN2/TREX?2 axis activates cGAS/STING signaling,

o

Glucose CD8+ T cells NSUN2 increases CD8" T-cell infiltration, and enhances anti-PD-L1 response. (36)
PERK-driven glucose metabolism enhances macrophage immunosuppressive activity

Glucose MDM GLUTI via histone lactylation, inhibiting T-cell function and promoting tumor growth. G7)

Glucose NK cell MICA/B High glucose inhibits MICA/B expression through the AMPK-Bmil-GATA?2 axis, 38)
reducing NK cell-mediated cytotoxicity.

Glucose CTL Glutl and Gpil CDeelllclsuency of Glutl or Gpil enhances cytotoxic T-cell-mediated killing of tumor (39)

Glucose bC STING signal Glycglysls activates STING signaling in dendritic cells, enhancing their anti-tumor (40)
activity in lung cancer.

Glucose DC NCoR1 NCoR1 r'egulates the blalan(,te bétW§en tolerfn}ce and inflammation by modulating @1
glycolysis and fatty acid oxidation in dendritic cells.

Glucose B Cells PP2A PP?A Aredlrects glucose metabolism from glycolysis to the PPP to protect B cells from @2, 43)
oxidative stress.

LA CDS8 T cells GLUT10 ngh lz'wtate binds GLUT10 fmd blocks glucose uptake, suppressing CD8" T-cell (35)
activation and effector function.

LA MDM, T cells PERK-ATF4 axis Lactate mduces hlsto_ng lactylation and IL-10 expression in macrophages, suppressing 7
T-cell anti-tumor activity.

LA Treg MCTI Lactate‘enh.ances PD-1 expression on Tregs, reducing effector T-cell function and (44)
promoting immune escape.

. . Tumor-derived lactate enhances glycolysis and OXPHOS in B cells, leading to glu-
LA B cells, T cells mTOR signaling pathway cose deprivation and T-cell inhibition. @3
LA M2 macrophages, Mye Myc promotes lactate-induced Gpr132-dependent M2 polarization and suppresses (46)
CDS8 T cells ¥ CD8" T-cell function in ovarian cancer.

LA NK cell CaMKK2 La}ctgte regulates CaMKK2 expression, promoting NK cell survival and proliferation 7
within tumors.

LA NK cell MCT1/4, GLUT1 Tumor-derived lactatcA lowcrs AI\IAK—ccllAmtraccllAular pH, induces mitochondrial stress, @8)
and promotes apoptosis, impairing anti-tumor immunity.

Lactate DC SREBP2 Lactate activates the SRﬁBPZ ;')athway'm DCsl, driving their transition to a regulatory (49)
phenotype and suppressing anti-tumor immunity.

Lactate T cell MCT4 i,sactate accumulation through MCT4 inhibits T-cell function and anti-tumor respons- (50)

Lactate T ex cells MCT11 Uprk?gulatlon of MCT11 'by lactate increases T-cell sensitivity to high-lactate TME, 1)
leading to T-cell exhaustion.

Sodium lactate CD8+ T cell Histone deacetylase Sodium lactate enhances CD8" T-cell stemness and anti-tumor immunity in a pH-in- (52)
dependent manner.

D-Lactate macrophage PI3K/AKT pathway D-lactate interacts \.Vlth. TLR2/TLRY, inhibits PI3K-AKT, activates NF-kB, and (53)
promotes M1 polarization.

Asn CD8+ T cell NRF2 Asl'aaragme'restnct.lon activates NRF2, enhances CD8" T-cell proliferation, and boosts (54)
anti-tumor immunity.

Leucine Teell LRIG1, VISTA LRIGI binds AVISTA, suppressing TCR signaling and CTL amplification, leading to (55)
immune evasion.

. Valine enhances CD8" T-cell recognition of tumor cells lacking TAP function via
Valine CD8+ T cell HLA-A2 improved HLA-A2 binding. (56)
. CircTRPS1/miR-141-3p/ Tumor exosomal circTRPS1 modulates glutamine metabolism and ROS homeostasis,
+

Glutamine CD&* T cells GLSI axis limiting CD8" T-cell exhaustion. S

Glutamine ¢DCls, CDS T cell SLC38A2 Qlutalﬁlne supports cDC1-CD8" T-cell metabolic crosstalk to sustain anti-tumor (58)
immunity.

Glutamine T cell and NK cell TNF-q, IL2 GlutamlAne‘ supplementaAtlon ephances T-cell activation, NK-cell cytotoxicity, and (59)
apoptosis in tumor-bearing mice.

Kynurenine T eell D-kynurenine D—kypurenlne modulates T-cell metabolism and proliferation, limiting immunosup- (60)
pression.

Tryptophan CD8+ T cell AhR IntratL_lmoral I3A from .tryptophan metabolism activates AhR and enhances the effica- 1)
cy of immune checkpoint therapy.

Serine Regulatory T Cell GSH Serm§ regulatgs GSH synthesis and one-carbon metabolism, modulating Treg sup- ©2)
pressive capacity.

Arginine TAM, CD8+ T cell Collagen Argln}ne fiepletlon by TAMs promotes fibrosis and suppresses CD8" T-cell responses, (63)
reducing immunotherapy efficacy.

Fatty acid Regulatory T Cells PI3K-AKT-mTOR signaling RHOA mutatlons‘mcrease fatty acid production, enhancing Treg accumulation and (64)

pathway immune suppression.

Fatty acid CTL FAO, CPTIA Fatl}{ acids inhibit CPT1A, reducing T-cell cytotoxicity and promoting immune (65)
evasion.

Cholesterol Mo ABCAI Cholesterol accumulation promotes immunosuppressive macrophage differentiation (66)
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Figure 1. Metabolic reprogramming in tumors and its bidirectional crosstalk with the immune system.

(A) Carbohydrate metabolism: Tumor cells consume excessive glucose via GLUT transporters, converting it to lactate through aerobic glycolysis.
Lactate suppresses T and NK cell function, promotes M2 macrophage polarization, and facilitates immune evasion. Inhibitors such as 2-DG and
BAY-876 target glycolysis and glucose transport. (B) Amino acid metabolism: Tumor cells exploit glutamine, arginine, and tryptophan to support
proliferation and evade immunity. Enzymes like IDO1 degrade tryptophan to kynurenine, activating Tregs and suppressing CD8+ T cells. Targeted
therapies (e.g., Sulfasalazine, NCT-503) aim to restore immune function.
(C) Lipid metabolism: Tumor cells uptake fatty acids and cholesterol to fuel membrane synthesis and survival under stress. Lipid byproducts
suppress NK and T cell activity through pathways such as COX2/PGEZ2. Inhibitors like Ezetimibe and other lipid regulators can improve immune

responses.

(D) Immune Factors: Cytokines such as IFNy, TNF, and IL-6 reshape cellular metabolism, which in turn modulates immune function. For instance,
IFNy enhances glycolysis in effector T cells, TNF affects lipid metabolism in macrophages, and IL-6 drives tumor glycolytic flux—all contributing
to the balance between anti- and pro-tumor immune responses
Abbreviations: GLUT1: Glucose Transporter 1; GLUT10: Glucose Transporter 10; CAIX: Carbonic Anhydrase IX; MCT: Monocarboxylate
Transporter; LAT1: L-type Amino Acid Transporter 1; CAT1: Cationic Amino Acid Transporter 1; ASCT1: Alanine: Serine: Cysteine Transporter
1; ASCT2: Alanine: Serine: Cysteine Transporter 2; PHGDH: 3-Phosphoglycerate Dehydrogenase; FATP: Fatty Acid Transport Protein; NPC1L1:
Niemann-Pick C1-Like 1 Protein; SREBP-1: Sterol Regulatory Element-Binding Protein 1; SREBF-1: Sterol Regulatory Element-Binding Factor
1; LDs: Lipid Droplets; COX2: Cyclooxygenase 2; M2 macrophage: M2-Type Macrophage; Vy9Vs2 T cell: Vy9Vs2 T cell; DCs: Dendritic Cells; NK
cell: Natural Killer Cell; Treg cell: Regulatory T Cell; CD8+ T cell: CD8 Positive T Cell; HLA-A2: Human Leukocyte Antigen A2; IDO1: Indoleamine
2,3-Dioxygenase 1; GZMB: Granzyme B; IFNy: Interferon Gamma; PGE2: Prostaglandin E2; MDSCs: Myeloid-Derived Suppressor Cells; TCA
cycle: Tricarboxylic Acid Cycle (Krebs Cycle); HK: Hexokinase; LDHA: Lactate Dehydrogenase A; LDHB: Lactate Dehydrogenase B; PI3K:
Phosphoinositide 3-Kinase; mTORC1: Mammalian Target of Rapamycin Complex 1; Akt: Protein Kinase B; TNF: Tumor Necrosis Factor; IL-5:

Interleukin-5
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Future studies should explore how exercise impacts glu-
cose availability and utilization in both tumor and immune
cells, particularly regarding GLUT transporter expression,
glycolytic flux, and nutrient competition in the TME (36-38,
40-43).

Lactate:

A key mediator of immune suppression and tumor survival
Lactate, the terminal product of aerobic glycolysis, has emerged
as a multifunctional metabolite central to tumor growth and im-
mune evasion. Tumor cells produce lactate primarily via lactate
dehydrogenase A (LDHA), and extracellular lactate is imported
through monocarboxylate transporters such as Monocarboxylic
acid transporter 1 (MCT1) and MCT#4 (8). Far from being a mere
waste product, lactate supports cancer cell survival as a metabol-
ic substrate and functions as a signaling molecule that shapes the
TME.

One of the most critical roles of lactate is its capacity to reg-
ulate protein function through post-translational modification.
Accumulated lactate can enter the nucleus and participate in lac-
tylation, a novel epigenetic modification that influences protein
stability, DNA repair, and transcriptional regulation (72, 73). In
lung cancer cells, lactate-induced lactylation of autophagy-relat-
ed proteins such as Unc-51 Like Autophagy Activating Kinase 1
(ULK1), Phosphatidylinositol 3-Kinase Catalytic Subunit Type
3 (PIK3C3), and UV Radiation Resistance Associated Gene
(UVRAG) promotes endosomal-lysosomal degradation path-
ways, contributing to tumor adaptation and growth under stress
conditions (74).

Lactate also plays a major role in shaping the immunosup-
pressive TME. It impairs the cytotoxic function of CD8" T cells
by disrupting pyruvate metabolism, reduces NK cell viability, and
promotes polarization of TAMs toward an M2 phenotype (35,
50, 52). Additionally, lactate can upregulate immunosuppressive
cytokines like IL-10 and TGF-B, further reinforcing immune eva-
sion. These effects collectively contribute to diminished anti-tu-
mor immune surveillance and enhanced tumor progression.

Interestingly, the immunoregulatory effects of lactate appear
to vary depending on pH. In tumor tissues, cancer cells highly
express LDHA and produce large amounts of lactate through gly-
colysis. This process is accompanied by H* extrusion, leading to
acidic lactate accumulation that acidifies the TME and suppress-
es anti-tumor immunity (75). Among these factors, acidity is a
dominant feature of the TME—it can inhibit cytosolic extracel-
lular signal-regulated kinase (ERK) activity, block oncogene-in-
duced mitochondrial fragmentation, and promote mitochondrial
fusion. Consequently, it enhances mitochondrial respiration and
supports cancer cell adaptation to various metabolic stresses, al-
lowing sustained proliferation even under harsh conditions (76).
At physiological pH, lactate primarily exists in its anionic form
(lactate’), and sodium lactate does not contribute to acidification.
Notably, lactate can serve as a metabolic substrate for CD8" T
cells, promoting oxidative metabolism and thereby enhancing
T cell stemness and persistence (77). For instance, sodium lac-
tate—administered in a neutral-pH form—has been shown to
promote CD8" T cell stemness and improve anti-tumor immunity
in preclinical models (52). Intraperitoneal injection of sodium
lactate (2 g/kg) in mice reduces tumor growth in breast cancer,
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cutaneous melanoma, Lewis lung cancer (LLC) and colon ade-
nocarcinoma models, and this effect is dependent on T cells (78).
Helene et al. also reported that in a mouse breast cancer model, 2
g/kg sodium lactate treatment increased the number of tumor-in-
filtrating immune cells, specifically CD3* T cells, including CD4*
and CD8" T cells (79). In contrast, administration of a lower dose
(1 g/kg) of sodium lactate shortened the survival of tumor-bear-
ing mice (79). Therefore, it is essential to distinguish between the
immunosuppressive effects driven by acidic lactate accumulation
and the immunoenhancing effects induced by neutral sodium lac-
tate supplementation (44-49, 51, 53).

In summary, lactate is a central mediator linking tumor me-
tabolism with immune dysfunction (Figure 2). Future studies
should investigate how exercise modulates lactate dynamics,
particularly its influence on lactylation, immune cell metabolism,
and lactate transporter expression (e.g., MCT1/MCT4). Under-
standing these mechanisms may provide new opportunities to
exploit exercise as an adjuvant strategy in metabolic-immuno-
therapy.

Amino acid metabolism: Modulating tumor growth and im-
mune cell activity

Amino acids are essential substrates for cell growth, functioning
as both nitrogen and carbon donors in biosynthetic pathways, sig-
nal transduction, and epigenetic regulation. Tumor cells exploit
amino acid metabolism to bypass nutrient limitations and sustain
rapid proliferation. Key amino acids involved include glutamine,
arginine, tryptophan, serine, glycine, and asparagine (Asn), all of
which contribute to tumor biosynthesis and redox balance (80,
81). Glutamine, although classified as non-essential, becomes
conditionally essential for many tumors, especially under hy-
poxic conditions where it replaces glucose as a primary carbon
source in the TCA cycle (82). Altered glutamine metabolism acti-
vates oncogenic pathways such as PI3K/AKT/mTOR, promoting
tumor progression, as shown in hepatocellular carcinoma models
(83). Similarly, high arginine levels drive metabolic remodeling
and support tumor proliferation (84).

Immune cells also depend on amino acids for survival, pro-
liferation, and effector function. CD8" T cells, macrophages, and
neutrophils require distinct amino acid pools to execute anti-tu-
mor responses (55-63) . For example, restricting Asn triggers
NRF2-mediated stress responses that reduce glucose and gluta-
mine consumption while boosting nucleotide synthesis, there-
by enhancing CD8" T cell proliferation and cytotoxicity (54).
Moreover, tryptophan catabolism via kynurenine—a ligand for
the aryl hydrocarbon receptor (AhR)—promotes differentiation
of immunosuppressive regulatory T cells (Tregs), dampening in-
flammation and immune surveillance (61).

Future research should examine how exercise influences
amino acid metabolism in both tumor and immune compart-
ments. Understanding exercise-induced changes in glutamine,
arginine, and tryptophan pathways may provide novel opportuni-
ties to overcome metabolic suppression and improve anti-tumor
immunity.

Lipid metabolism:
Supporting tumor adaptation and immune escape
Lipids serve multiple biological functions including energy stor-
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Figure 2. Multifaceted roles of lactate in tumor progression and immune suppression.
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serving as a substrate and signaling molecule.

This figure summarizes the pleiotropic effects of lactate in the TME, highlighting its metabolic, signaling, and immunoregulatory functions.
(A) Lactate shuttle. Tumor cells generate lactate via LDHA and export it through MCT1/4 transporters. Lactate circulates between cells and organs,

Resistance T
[

(B) Lactylation modification. Lactate-mediated protein lactylation represents a novel post-translational modification mechanism that extensively
participates in critical biological processes including gene expression regulation, DNA damage repair, and protein stability maintenance. This

with immunosuppressive microenvironments.

modification not only provides survival and proliferation advantages for tumor cells but more importantly, induces resistance to chemotherapy,
radiotherapy, and targeted therapies, thereby significantly enhancing tumor immune evasion. Research indicates that lactylation modification can
alter the immunogenicity of tumor cells through epigenetic regulation, serving as a crucial molecular bridge connecting aberrant tumor metabolism

increases Treg recruitment.

(C) Lactate in the TME. High lactate concentrations acidify the TME, upregulate immunosuppressive cytokines (e.g., IL-10, TGF-f), and impair

CD8* T cell and NK cell function. Lactate also promotes polarization of tumor-associated macrophages (TAMs) toward an M2 phenotype and

Overall, lactate acts as a central mediator of metabolic-immune crosstalk, shaping an immune-suppressive and tumor-promoting environment.
Abbreviations: GLUT: Glucose Transporter; MCT1: Monocarboxylate Transporter 1; MCT2: Monocarboxylate Transporter 2; MCT4: Monocarboxylate
Transporter 4; LDHA: Lactic Acid Dehydrogenase A; LDHB: Lactic Acid Dehydrogenase B; Acetyl-CoA: Acetyl Coenzyme A; Lactyl-CoA: Lactyl
Coenzyme A; AARST: Alanyl-tRNA Synthetase 1 ; CBP: CREB Binding Protein; NBS1: Nibrin Protein 1; PIK3C3: Phosphoinositide 3-Kinase
Catalytic Subunit 3; UVRAG: UV Radiation Resistance-Associated Gene Protein; IL-10: Interleukin 10; TGF-f: Transforming Growth Factor Beta;

TNF-a: Tumor Necrosis Factor Alpha; IFN-y: Interferon Gamma; IL-12: Interleukin 12; IL-16: Interleukin 16; IL-6: Interleukin 6; VEGF: Vascular
Endothelial Growth Factor; ROS: Reactive Oxygen Species; SOD1: Superoxide Dismutase 1; SOD2: Superoxide Dismutase 2.
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age, membrane synthesis, and intracellular signaling. In cancer,
dysregulated lipid metabolism—particularly involving FAs and
cholesterol—is a hallmark of tumor progression (85). Tumor
cells exploit lipid pathways to meet increased energy demands,
enhance membrane biosynthesis, and support metastatic potential
under fluctuating nutrient availability in the TME (86). Upregu-
lation of lipid-regulatory transcription factors such as SREBF1
and SREBP-1 promotes autophagy-mediated lipid droplet break-
down, enabling efficient mobilization of cholesterol and FAs for
membrane synthesis and rapid growth (87).

Lipid metabolism is also reprogrammed in stromal and im-
mune cells within the TME. FAs enhance OXPHOS in resting
DCs, skew macrophage polarization, suppress cytokine produc-
tion in NK cells, and contribute to T cell exhaustion (65, 66).
Cholesterol accumulation in the TME further promotes immune
dysfunction by inducing T cell depletion (64, 67).

Despite increasing insights, the precise mechanisms through
which lipid metabolism affects immune modulation remain poor-
ly defined. Future studies should explore how exercise modifies
lipid metabolic pathways in both tumors and immune cells. In-
vestigating fatty acid oxidation (FAO), lipid signaling, and mem-
brane remodeling in response to physical activity could reveal
novel therapeutic strategies for restoring immune competence in
cancer.

IMMUNOMETABOLIC INTERACTIONS:
IMPACT OF IMMUNE-DERIVED FACTORS
ON TUMOR METABOLISM.

Immune-derived factors, such as interferons (IFNs), TNF-a, and
interleukin-15 (IL-15), act as key mediators of immunometabolic
reprogramming within the TME. These signaling molecules not
only modulate immune responses but also remodel tumor cell
metabolism, collectively influencing tumor progression and ther-
apeutic outcomes.

IFN:

Driven Crosstalk Between Tumor Metabolism and Immune
Editing

IFNs are broadly classified into type I and type II families. Type |
IFNs include IFN-a, IFN-B, and IFN-o, which all signal through
a common cell-surface receptor, whereas IFN-y is the sole type
II interferon that engages a distinct receptor complex (88). Type
I interferons (IFN-Is) are central coordinators of tumor—immune
interactions(88). One preclinical study has shown that persistent
IFN-I signaling and the chronic activation of interferon-stimu-
lated genes (ISGs) may paradoxically promote tumor progres-
sion. For instance, the ISG mediates the pro-tumorigenic effects
of IFN-I by enhancing mRNA translation and reprogramming lip-
id metabolism, thereby driving cancer growth (89). Conversely,
IFN-I can also induce tumoricidal metabolic responses. One study
demonstrated that [FN-I promotes OXPHOS and triggers autoph-
agy-dependent Adenosine triphosphate (ATP) release, with extra-
cellular ATP subsequently activating P2X7-dependent dendritic
cell signaling, leading to enhanced anti-tumor T cell responses
(90). Beyond its classic immune-modulatory roles, IFN-o has
been shown to suppress the key metabolic regulator FBJ murine
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osteosarcoma viral oncogene homolog B (FosB) in an Interferon
regulatory factor 1 (IRF1)-dependent manner, concurrently inhib-
iting downstream HIF-1a signaling. This downregulation of gly-
colysis-related genes sensitizes hepatocellular carcinoma cells to
anti-PD-1 immunotherapy, providing a promising combinatorial
strategy for advanced liver cancer (91). IFN-y, a hallmark cyto-
kine produced by activated T cells, profoundly shapes tumor met-
abolic phenotypes. In melanoma models, T cell-derived I[FN-y
upregulates c-Myc expression in tumor cells, driving metabolic
reprogramming that favors immune evasion (92). Intriguingly,
recent evidence suggests that IFN-y signaling may paradoxical-
ly activate tumor-intrinsic compensatory pathways during im-
mune checkpoint blockade. IFN-y—induced secretion of fibroblast
growth factor 2 (FGF2) promotes PKM2 phosphorylation, inhib-
its glycolysis, and lowers intracellular NAD" levels. The result-
ing IFNy-FGF2—B-catenin axis integrates immune, metabolic,
and proliferative pathways, representing a potential biomarker
and therapeutic target to prevent hyperprogressive disease (HPD)
during immunotherapy (93).

TNF-a:

Linking inflammation, mitochondrial bioenergetics, and im-
mune suppression

TNF-a acts as a central regulator of both metabolism and in-
flammation within the TME, where it exhibits paradoxical roles.
Preclinical research indicates that TNF-o—mediated activation of
NF-«B regulates the expression of LYRM?7, affecting mitochon-
drial supercomplex assembly and reactive oxygen species (ROS)
production—key drivers of metabolic reprogramming (94).
Moreover, TNF-a derived from TAMs can enhance tumor glycol-
ysis and upregulate PD-L1 expression, thereby diminishing the
efficacy of PD-L1 blockade therapy (95). Beyond cancer, macro-
phage-secreted TNF-a and IL-1p contribute to insulin resistance
and B-cell dysfunction, establishing a mechanistic link between
systemic metabolic disorders and chronic inflammation (96). In
early-stage breast cancer, infiltration of innate immune cells se-
creting IL-6 and TNF-a into the liver suppresses HNF4a, leading
to hepatic metabolic reprogramming and systemic inflammation
that together promote tumor initiation (97).

IL-15:

Sustaining lymphocyte metabolic fitness and therapeutic
persistence

IL-15, a ye-family cytokine produced by bone marrow, dendrit-
ic, and muscle cells, is a master regulator of T cell and NK cell
homeostasis, effector function, and memory formation. In addi-
tion to these immunologic roles, IL-15 enhances mitochondrial
biogenesis through activation of the PGC-1a pathway, increases
spare respiratory capacity (SRC), and promotes FAO via upregu-
lation of CPT1A, collectively favoring oxidative metabolism over
glycolysis (98). IL-15-induced memory-like CD8* T cells display
enhanced OXPHOS and mitochondrial fusion mediated by car-
diolipin remodeling (98, 99). In adoptive cell therapy, IL-15—ex-
panded CAR-T cells (CAR-T/IL15) retain a stem cell-like memo-
ry phenotype (Tscm) characterized by CD62L*CD45RACCR7*
expression, reduced exhaustion, and improved mitochondrial fit-
ness. Mechanistically, IL-15-mediated suppression of mTORCI
activity maintains metabolic quiescence while enhancing in vivo
antitumor efficacy.

IL-15 also modulates NK cell metabolism and anti-cancer
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activity. High IL-15 levels stimulate NK cell metabolism through
mTOR activation, boosting cytotoxic function (100). However,
dosing strategies are critical: continuous IL-15 exposure induc-
es NK cell exhaustion, functional decline, and reduced fatty acid
metabolism (101). Together, these findings highlight IL-15 as a
pivotal regulator of immune cell metabolic resilience, offering a
promising avenue for optimizing next-generation immunothera-
pies (102).

EXERCISE-INDUCED REGULATION
OF TUMOR METABOLISM AND
IMMUNE RESPONSES:
MECHANISMS AND THERAPEUTIC
POTENTIAL

Emerging evidence highlights the capacity of exercise to modulate
both systemic and tumor-localized metabolism, while simultane-
ously reprogramming immune responses. These dual effects posi-
tion exercise as a promising adjunctive approach to cancer therapy
(103, 104). Regular physical activity has been shown to inhibit
tumor growth by altering tumor cell metabolic networks, enhanc-
ing immune surveillance, and improving treatment responsiveness
(109).

Mechanistically, exercise impacts tumor progression through
three major pathways: (1) regulation of tumor metabolite avail-
ability (e.g., glucose, lactate, FAs), (2) enhancement of innate
and adaptive immune cell function, and (3) modulation of im-
mune-metabolic interactions within the TME. Exercise repro-
grams systemic energy metabolism and modulates cytokines in-
volved in tumor biology, such as interleukin-6 (IL-6) (106-108).
The exercise-induced modulation of metabolic hormones and their
impact on tumor signaling pathways are discussed in the following
section.

Moreover, endurance training has been shown to alter expres-
sion of lactate metabolism-related factors (e.g., MCT1, LDHA,
Estrogen-Related Receptor Alpha (ERRa)), reduce tumor acidity,
and restore immune cell infiltration (109). Myokines such as IL-6,
irisin, and Secreted Protein Acidic And Cysteine Rich (SPARC),
secreted by skeletal muscle during exercise, further modulate tu-
mor metabolism, epithelial-mesenchymal transition (EMT), and
immune activation (110, 111).

As such, understanding the mechanisms of exercise-induced
metabolic reprogramming may lead to novel intervention strate-
gies that reshape the TME, limit nutrient competition, and restore
anti-tumor immunity. This section explores how these systemic
and local effects translate into potential clinical benefits.

Systemic effects of exercise on organ metabolism and immune
homeostasis

The anti-tumor effects of exercise are partly attributable to its abil-
ity to induce metabolic and immune remodeling across multiple
organs. Key systems—including skeletal muscle, cardiovascu-
lar system, liver, and gastrointestinal tract—respond to exercise
through metabolic reprogramming and immune regulation, which
in turn can influence tumor progression (20, 112, 113). We have
compiled a summary of this research in Figure 3.

As the primary site for nutrient storage and energy utilization,
skeletal muscle plays a central role in the physiological adaptations
to exercise, particularly in the regulation of metabolism, angiogen-
esis, and immune responses (114). A single bout of exercise can
directly enhance amino acid and glucose uptake in skeletal mus-
cle, while during the recovery phase, it promotes muscle protein
synthesis and improves insulin-stimulated glucose disposal (115).

Exercise-induced improvements in cardiorespiratory fitness
(CRF) are mediated by multiple mechanisms, including modula-
tion of sympathetic nerve activity, increased myocardial contrac-
tility, reduced oxidative stress, promotion of physiological cardiac
hypertrophy, enhancement of stroke volume and heart rate, and
regulation of non-coding RNAs and their signaling pathways (116,
117). A preclinical study demonstrated that exercise elevates the
abundance and/or activity of antioxidant enzymes—such as super-
oxide dismutases (SOD1, SOD2), glutathione peroxidase, and cat-
alase—in mitochondria isolated from ventricular cardiomyocytes.
These changes reduce myocardial ROS and enhance cardiac anti-
oxidant capacity (118)

The liver, as the major metabolic organ, also exhibits signifi-
cant adaptive responses to exercise. Accumulating evidence indi-
cates that regular physical activity improves systemic metabolism
and insulin sensitivity, induces adaptations in glucose and lipid
metabolism, and markedly reduces the risk of chronic metabolic
diseases such as alcoholic fatty liver and metabolic dysfunction—
associated fatty liver disease (MAFLD) (119-121). Exercise-in-
duced fibronectin (FN1) acts as a circulating metabolic factor that
triggers hepatic autophagy and systemic insulin sensitization via
the hepatic a5f1 integrin—-IKKo/B—-JNK1-BECNI signaling path-
way, thereby promoting protein and organelle turnover and sys-
temic metabolic adaptation (122).

The gut is a dynamic environment, and the gut microbiota
plays an important role in human biology, including metabolism,
endocrine, neuronal, and immune functions (123, 124). A recent
study found that proper exercise can increase the diversity of gut
microbes and the number and activity of beneficial bacteria, in-
directly affecting the body’s metabolism and immunity, thereby
having a positive impact on health (123, 125).

Exercise regulation of tumor-associated metabolites and en-
zymes: pathways to enhanced anti-tumor immunity

Exercise represents a powerful, non-pharmacologic intervention
capable of reshaping the tumor metabolic landscape and restoring
immune competence. Tumor cells display altered metabolic pro-
files, with enhanced glycolysis, glutaminolysis, and lipid metab-
olism that facilitate rapid proliferation and immune evasion (6, 8,
28, 86). These same pathways, however, can be modulated by ex-
ercise to limit nutrient availability to tumor cells while supporting
immune cell activation. The dual impact of exercise on metabo-
lism and immunity makes it a unique tool in anti-cancer strategies,
particularly in the context of immunotherapy (16, 103, 104) .

This section outlines how exercise regulates tumor metabo-
lism (5.2.1), reshapes immune function (5.2.2), and exercise and
immune-metabolic crosstalk: mechanistic integration of tumor
suppression (5.2.3), highlighting the mechanistic foundations and
therapeutic relevance of these interactions. We have compiled a
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(A) Exercise might improve liver metabolic function, promotes metabolic balance, and enhances gluconeogenesis and lipid metabolism.

(B) Exercise could enhance muscle metabolic function, improves energy metabolism and insulin sensitivity, and helps maintain muscle mass.

(C) Exercise probably improves blood circulation and metabolic capacity of the heart, promoting cardiovascular health.

(D) Exercise can improve lung function, increasing oxygen intake and carbon dioxide expulsion efficiency.

(E) Exercise may promote gut microbiome diversity, improves gut health and immune function, and reduces the risk of metabolic diseases.
Abbreviations: FN1-a581- IKKa/B-JNK1-BECN1 pathway: Fibronectin 1-a5p1-KKa/B-JNK1-Beclin1 autophagy-related protein pathway;
Hepatic steatosis: Liver fat degeneration; 3HB: 3-Hydroxybutyrate; Gpld: Glycosylphosphatidylinositol-specific Phospholipase D; PP2A: Protein
Phosphatase 2A; IFN-1: Interferon 1; IRF: Interferon Regulatory Factor; PGC1a: Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1
Alpha; PPARa: Peroxisome Proliferator-Activated Receptor Alpha; PPARy: Peroxisome Proliferator-Activated Receptor Gamma; Acute myocardial
infarction: Acute myocardial infarction (heart attack); ROS: Reactive Oxygen Species; SOD1: Superoxide Dismutase 1; SOD2: Superoxide
Dismutase 2; Glutathione peroxidase: Glutathione Peroxidase; HIF1a: Hypoxia-Inducible Factor 1 Alpha; VEGF: Vascular Endothelial Growth
Factor; IL-1K: Interleukin 1 Beta; IL-6: Interleukin 6; MCP-1: Monocyte Chemoattractant Protein 1; NRF2 pathway: Nuclear Factor E2-Related

Factor 2 pathway

summary of this research in Table 2 and Figure 4.
Reprogramming tumor metabolism through exercise: Glu-
cose, lactate, and growth factor pathways

Tumor cells rely on a high rate of aerobic glycolysis, consum-
ing excessive glucose and secreting lactate into the TME. This
metabolic phenotype—known as the Warburg effect—not only
supports anabolic processes but also creates a hostile, acidic mi-
croenvironment that suppresses immune activity (6, 7). Lactate
impairs T and NK cell functions, enhances regulatory T cell ex-
pansion, and polarizes macrophages toward immunosuppressive
phenotypes (8, 35, 50).

Exercise can reverse several aspects of this metabolic imbalance.
Endurance and moderate-intensity exercise improve whole-body
glucose homeostasis, lower insulin and IGF-1 levels, and reduce
the availability of metabolic substrates to tumors (106-108).
GLUT4-mediated glucose uptake in skeletal muscle is enhanced
during exercise, effectively reducing systemic glucose concen-
trations and limiting tumor access to this critical nutrient (134).
Additionally, exercise modulates lactate dynamics within the
TME (109). Furthermore, exercise may offer a non-pharmaco-
logic strategy to mitigate lactate-mediated immune suppression.
Preclinical studies have shown that endurance training reduces
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lactate accumulation in tumors by enhancing systemic lactate
clearance and downregulating key lactate transport and meta-
bolic regulators such as LDHA, MCT1, and ERRa (109). These
adaptations can shift the TME from immunosuppressive to im-
mune-permissive.

Beyond glycolysis, exercise also affects amino acid and lipid
metabolism. For example, exercise reduces tumor glutamine up-
take by downregulating glutamine transporters and modulating
MYC- and mTOR-dependent pathways that drive glutaminolysis
(82-84). These changes impair nucleotide synthesis and antiox-
idant defense in cancer cells. Similarly, exercise enhances FAO
in multiple tissues and reduces lipid accumulation within tumors,
decreasing the metabolic flexibility and survival advantage of
cancer cells under stress (86, 87).

As a systemic modulator, exercise influences metabolic hor-
mones, including insulin and IGF-1. Downregulation of the insu-
lin/IGF-1 axis leads to inhibition of the PI3K/AKT/mTOR path-
way, reducing cancer cell proliferation and resistance to apopto-
sis (107). These systemic effects synergize with local metabolic
changes in the TME, collectively creating a metabolically hostile
environment for tumors while preserving immune cell function.
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Figure 4. The potential mechanisms through which exercise affects tumors by regulating metabolism and immunity.

(A) Exercise Modulates Metabolic Pathways Exercise regulates the levels of metabolites such as glucose, lactate, and fatty acids, thereby
increasing the metabolic rate of tumor-associated organs. This limits nutrient availability to tumors, reducing their risk and progression. Exercise
also influences metabolism-related growth factors or cytokines, modulating tumor-related metabolic pathways to inhibit tumor cell proliferation
and survival. (B) Exercise Modulates Immune Responses Exercise enhances tumor-associated immune responses by modulating the number
and function of immune cells in both the innate and adaptive immune systems. This improvement strengthens anti-tumor immunity. In the innate
immune system, exercise increases the activity of NK cells, neutrophils, macrophages, and dendritic cells. In the adaptive immune system, exercise
enhances the function of T cells and B cells, promoting anti-tumor immune responses. (C) Exercise Modulates Immune-Metabolic Interactions
Exercise reduces tumor immune escape and suppresses tumor progression by modulating immune-metabolic interactions. For instance, in
animal models of pancreatic cancer, exercise promotes immune cell mobilization and tumor infiltration, enhancing the immune system’s anti-
tumor effects. Furthermore, exercise may affect tumor progression by modulating iron metabolism and tumor extracellular matrix. This includes
selectively targeting tumor cells and promoting muscle-derived extracellular vesicles, such as miR-29a-3p, to inhibit the tumor extracellular matrix
and facilitate immune cell infiltration.

Abbreviations: NK cell: Natural Killer Cell; M2 Macrophages: M2 Type Macrophages; CD8+ T cell: CD8 Positive T Cell; IL-15 Rak: Interleukin 15
Receptor Alpha Chain; IL-15: Interleukin 15; miR-29a-3p: MicroRNA-29a-3p; EVs: Extracellular Vesicles; WAT: White Adipose Tissue; BDNF:
Brain-Derived Neurotrophic Factor; P21: Cyclin-Dependent Kinase Inhibitor 1A; AMPK: AMP-Activated Protein Kinase; mTORC1: Mammalian
Target of Rapamycin Complex 1; PI3K: Phosphoinositide 3-Kinase; HIF-1X: Hypoxia-Inducible Factor 1 Alpha; VEGF: Vascular Endothelial Growth
Factor; Wnt: Wnt Signaling Pathway;X-Catenin: Beta-Catenin; IkB: Inhibitor of Nuclear Factor Kappa B; NF-XB: Nuclear Factor Kappa B; MDSCs:
Myeloid-Derived Suppressor Cells; CXCR3: CXC Chemokine Receptor 3; CXCR9,10,11: CXC Chemokine Receptor 9, 10, 11; FOXP3+CD4+ T cell:
Forkhead Box Protein P3 Positive CD4 Positive T Cell; CD19+ B cell: CD19 Positive B Cell; TNF-X: Tumor Necrosis Factor Alpha; IFN-K: Interferon
Gamma
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Table 2. Summary of the potential regulatory mechanisms of exercise on metabolic and immune function in preclinical models.

Cancer type

Research sub-
ject

Parameters of exer-
cise

Metabolites

Immune cells

The effect of exercise on meta-
bolic-immune regulation

References

NSCLC

Mouse

Voluntary wheel
running

Collagen, miR-
29a-3p

T cells

Voluntary exercise could increase
T cell infiltration via the collagen
inhibition orchestrated inflamma-
tory TIME.

(126)

Melanoma
Liver cancer,
Lewis,

Lung Cancer

Mouse

Voluntary wheel
running

Epinephrine

NK cells

Regular exercise probably enhanc-
es immune function through epi-
nephrine - and IL-6-mediated NK
cell mobilization and infiltration,
thereby inhibiting tumor growth
and reducing tumor incidence and
risk of recurrence.

(127)

Pancreatic
cancer

Rat

Moderate Intensity
Training Program (8
weeks)

Glucose
and glutamine

Lymphocytes
and
macrophages

Moderate-intensity exercise can
improve the survival of tu-
mor-bearing rats by modulating
glucose and glutamine metabolism
in immune cells (e.g., lympho-
cytes and macrophages), promot-
ing increased aerobic metabolism,
and improving immune function.

(128)

Breast cancer

Mouse

Running wheels

TCA Metabo-
lites

CD8 T cell

Exercise could alter the central
carbon metabolism of CD8+ T
cells by inducing the production
and secretion of metabolites in
skeletal muscle, which in turn
enhances their antitumor effects.

(129)

Pancreatic
cancer

Rat

High-intensity
treadmill training (10
weeks, 5 days/week,
30 minutes/day, 85%
VO2 max)

Glucose
and glutamine

Lymphocytes
and
macrophages

High-intensity exercise would
promote anti-tumor effects by
modulating immune function and
tumor cell metabolism (e.g., glu-
cose and glutamine metabolism),
and thus may be an effective
strategy against cancer.

(130)

Lymphoma

Mouse

Voluntary wheel
running

Epinephrine

NK cell

Voluntary wheel running could
mobilize cytotoxic immune cells
and prevents tumor progression
through 2-adrenergic receptor
signaling, suggesting that com-
bining physical activity with ad-
renergic modulation can enhance
anti-tumor immune responses.

(131)

GvL

Mouse

Voluntary wheel
running

Genes related to
metabolic
processes

Lymphocytes

Voluntary wheel running could
downregulates genes related to
mitochondrial function, protein
synthesis, and metabolism in
tumors, and improves donor
lymphocyte infusion outcomes by
enhancing graft-versus-leukemia
effects while reducing graft-ver-
sus-host disease, partially through
metabolic reprogramming of
leukemia cells

(132)

PDA

Mouse

Treadmill, 30min, per
day at 15cm/s, Sdays/
week.

Epinephrine

CD8+ T cells

Exercise possibly promotes im-
mune mobilization and accumula-
tion of tumor-infiltrating IL15Ra+
CDS8 T cells and inhibits tumor
growth.

(133)
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Collectively, these adaptations suggest that exercise repro-
grams the tumor’s metabolic network, reducing nutrient access
and interfering with biosynthetic pathways essential for malig-
nant progression.

Modulation of innate and adaptive immunity by exercise
Exercise exerts robust immunomodulatory effects, influencing
both the quantity and functionality of innate and adaptive im-
mune cells. Acute exercise mobilizes immune cells into circula-
tion, including NK cells, monocytes, neutrophils, and DCs, while
chronic training induces sustained enhancements in immune sur-
veillance and anti-tumor immunity (126-128, 131, 132) .

In the adaptive compartment, exercise improves the cytotoxicity
of CD8" T cells by increasing granzyme B, perforin, and IFN-y
production, while reducing the expression of exhaustion markers
like Programmed Death-1 (PD-1), TIM-3, and LAG-3 (19, 108).
These functional improvements translate to enhanced killing of
tumor cells and improved responsiveness to immune checkpoint
blockade therapies. Exercise has also been shown to promote
CD8" memory T cell differentiation and expansion, thereby es-
tablishing long-term immune protection (108, 110, 111).

NK cells are particularly sensitive to exercise stimuli. Phys-
ical activity increases NK cell mobilization and infiltration into
tumors, improves their activation status, and enhances the re-
lease of cytolytic molecules such as FasL and TRAIL (126, 129).
These changes contribute to both early detection and control of
tumor growth.

Exercise also impacts myeloid cell populations in the TME.
It can reduce the accumulation of immunosuppressive my-
eloid-derived suppressor cells (MDSCs), which otherwise inhibit
T cell responses through arginase production and ROS genera-
tion (130). Moreover, exercise skews macrophage polarization
from the M2 phenotype toward an MI-like, pro-inflammatory
phenotype, enhancing antigen presentation and promoting an-
ti-tumor immunity (126).

Importantly, exercise also improves the trafficking and in-
filtration of immune cells into tumors, a process often hindered
by the dense extracellular matrix and abnormal vasculature. Ex-
ercise-induced vascular remodeling and reduced tumor fibrosis
facilitate immune cell access and improve immune—tumor en-
gagement (110, 111, 129).

These immunological benefits collectively enhance immune
readiness and support long-term tumor control, particularly when
combined with immunotherapies.

EXERCISE AND IMMUNE-METABOLIC
CROSSTALK: MECHANISTIC INTEGRATION
OF TUMOR SUPPRESSION

Macro-functional overview: Exercise reshapes tumor metab-
olism and immunity

The functional outcomes of anti-tumor immunity are intimately
linked to metabolic support. Within the TME, nutrient competi-
tion between tumor and immune cells often leaves effector lym-
phocytes functionally impaired. For example, glucose depletion

impairs T cell proliferation and cytokine secretion, while trypto-
phan degradation via IDOI leads to Treg induction and CD8* T
cell suppression (61).

Exercise can shift this metabolic competition in favor of the
immune system. By reducing tumor consumption of glucose,
glutamine, and lipids, exercise helps preserve these nutrients
for immune cell activation (133). Moreover, exercise activates
AMPK signaling in immune cells, enhancing their metabolic
flexibility and mitochondrial function, allowing them to sustain
cytotoxicity even under nutrient stress (135).

Exercise also attenuates tumor-derived suppressive metabo-
lites such as lactate and kynurenine. Reduced lactate levels in the
TME improve CD8" T cell viability, increase effector cytokine
secretion, and inhibit lactate-mediated polarization of TAMs (8,
52). Meanwhile, suppression of tryptophan catabolism and ky-
nurenine production by exercise may limit AhR signaling, reduc-
ing Treg differentiation and restoring immune surveillance (61).

Myokines secreted during physical activity—including IL-
6, IL-7, IL-15, irisin, and SPARC—further modulate immune
metabolism and function (110, 111). For example, IL-15, a key
regulator of lymphocyte metabolic fitness as detailed in section
4.3, may mediate several exercise-induced benefits on immune
cells. Irisin has been shown to inhibit tumor cell proliferation and
EMT, and may play a role in modifying stromal cell behavior
(110, 111).

Exercise-induced improvement in tumor vasculature, per-
fusion, and oxygenation also plays a vital role in immune-met-
abolic synergy. Better oxygen delivery reduces hypoxia-driven
immunosuppression and restores OXPHOS in T cells. Combined
with improved immune cell trafficking, these effects enhance the
depth and durability of anti-tumor responses.

Together, these findings illustrate how exercise simultane-
ously remodels the metabolic and immunological landscape of
tumors. A deeper understanding of this bidirectional regulation
may facilitate the development of individualized exercise regi-
mens as adjuncts to immunotherapy or metabolic-targeted cancer
treatments.

AMPK-mTOR-HIF1a axis

AMPK serves as a central energy sensor and regulator of cellu-
lar homeostasis. The AMPK-mTOR-HIF1la signaling axis not
only governs tumor metabolic plasticity but also enhances mi-
tochondrial function in T cells and NK cells, thereby supporting
immune effector activity and energy supply (136). One preclin-
ical study demonstrates that regular exercise markedly activates
AMPK and its downstream phosphorylation targets, leading to
the suppression of tumor proliferation (137). Mechanistically,
exercise-induced AMPK activation suppresses mTOR signaling,
reduces tumor glycolysis and HIFla-driven lactate accumula-
tion, and enhances mitochondrial oxidative capacity in T and NK
cells—forming a core framework of “energy sensing—metabolic
reprogramming—immune activation”(138). In melanoma mod-
els, exercise improves tumor vascular architecture and oxygen-
ation via an ERKS-dependent mechanism, which increases CD8*
T-cell infiltration, reprograms myeloid cell phenotypes, and de-
stabilizes HIF1a under reduced hypoxic stress (139). Similarly,

EIR 31 2025



55 Rewiring the Tumor-Immune Metabolome Through Exercise

aerobic exercise improves tumor perfusion and oxygen supply
while decreasing mitochondrial ROS accumulation, further pro-
moting HIFla inactivation (140). In breast cancer models, in-
hibition of the mTOR pathway by exercise reverses metabolic
reprogramming, limits glucose and glutamine utilization, and
induces tumor cell apoptosis (141).

At the systemic level, exercise also counteracts the prolif-
erative stimulus of a high-fat diet. For instance, in MCF7 cells,
exercise-activated AMPK upregulates p27, downregulates pAkt,
and increases AdipoR1 expression, thereby promoting cell-cycle
arrest in an intensity-dependent manner—high-intensity training
(>3 km/day) completely abolishes HFD-induced proliferation
(142). Furthermore, exercise enhances NK cell activity accom-
panied by upregulation of PIK3R1, which supports NK cell mat-
uration, trafficking, and cytotoxic functions (143).

PGC-10-ERRa axis

The PGC-lo—ERRa axis represents a crucial molecular bridge
connecting exercise, mitochondrial function, and immunometa-
bolic adaptation (144). PGC-1a (peroxisome proliferator-activat-
ed receptor gamma coactivator 1-alpha) is a master transcriptional
coactivator regulating mitochondrial biogenesis and oxidative me-
tabolism, and it plays a central role in muscle fiber type switching
(145). Acting as a metabolic sensor of environmental stress (146),
exercise-induced activation of PGC-la enhances mitochondrial
health, promotes OXPHOS, and maintains energy homeostasis
(147). Beyond its direct metabolic role, PGC-1a regulates the se-
cretion of myokines such as irisin and IL-15, which convey sys-
temic signals that reshape the metabolic flexibility of tumor and
immune cells (148). Through this endocrine-like mechanism, exer-
cise not only improves systemic energy balance but also indirectly
enhances the metabolic fitness of immune effectors. Within tumor
cells, PGC-1a enhances OXPHOS and restrains glycolysis (149),
while in skeletal muscle it contributes to whole-body metabolic sta-
bility (150).

Meanwhile, ERRa functions downstream of PGC-1a to con-
trol oxidative gene networks. Genetic enhancement of ERRa in-
creases exercise endurance and fatigue resistance by globally re-
modeling DNA binding and transcriptional programs, leading to in-
creased oxidative fiber proportion, mitochondrial biogenesis, FAO,
and lactate homeostasis (151). Targeting ERRa has thus emerged
as a strategy to develop exercise mimetics, which can improve mi-
tochondrial respiration and mitigate age-related or disease-induced
muscle dysfunction(152). Importantly, ERRa also regulates lactate
and energy metabolism in tumors; exercise can inhibit its aberrant
activation, reduce TME acidification, and restore immune cell
function (153).

Together, these findings define the PGC-10~ERRa axis as a
mechanistic bridge between exercise, mitochondrial function, and
immune metabolism, serving as a central node of exercise-mediat-
ed metabolic regulation in cancer.

IL-6/STAT3 axis

The IL-6/STAT3 pathway constitutes another key interface be-
tween exercise and immunometabolic regulation. In non-small cell
lung cancer (NSCLC), sustained activation of IL-6—STAT3 signal-
ing contributes to CD8" T-cell exhaustion and tumor progression
(154). However, exercise modulates this pathway in an opposite,
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transient, and beneficial manner.

One clinical study has shown that resistance training increases
plasma levels of anti-inflammatory cytokines and simultaneously
activates STAT3 signaling in peripheral blood mononuclear cells
(PBMCs), highlighting a potential mechanism by which resistance
exercise enhances immune anti-inflammatory capacity (155). Ex-
ercise-induced IL-6 primarily acts as a myokine—a cytokine se-
creted from skeletal muscle—whose short-term elevation improves
insulin sensitivity, activates STAT3-dependent mobilization path-
ways, and promotes the trafficking of NK and CD8" T cells from
circulation to tissues (156). This transient cytokine surge represents
a rapid immunometabolic mobilization mechanism underlying the
systemic benefits of exercise.

During exercise, both skeletal muscle and stromal or immune
cells within the TME release IL-6. Short-term elevations of myo-
kine-derived IL-6 improve insulin sensitivity, stimulate anti-in-
flammatory cytokine production, recruit cytotoxic immune cells,
and transiently activate IL-6 signaling within the TME. Long-term
regular exercise lowers basal intratumoral IL-6, correlating with
smaller tumor size, while maintaining metabolic and immune ho-
meostasis (157-159).

The biological outcome of IL-6 signaling thus depends criti-
cally on exercise intensity and duration: moderate, transient 1L-6
elevations are immunometabolically beneficial, whereas chronic or
pathologically sustained IL-6 activation may promote tumor pro-
gression (160).

EXERCISE PRESCRIPTION PARAMETERS
INFLUENCING TUMOR METABOLISM
AND IMMUNITY

According to the FITT principle (Frequency, Intensity, Time, and
Type), the design of exercise interventions should comprehensively
consider key parameters such as exercise type, intensity, frequency,
and duration. However, some patients with advanced malignancies
may not tolerate evidence-based FITT protocols; therefore, exer-
cise prescriptions should be adjusted according to individual phys-
ical capacity and treatment tolerance (161).

Different exercise types can activate distinct metabolic and
immune signaling pathways to exert anticancer effects. Forced
treadmill running—a common modality in preclinical studies—can
regulate gut microbiota-derived metabolites such as formate, there-
by enhancing tumor antigen-specific CD8" T-cell effector functions
and improving the efficacy of immune checkpoint inhibitors (ICIs)
through an Nrf2-dependent mechanism in melanoma (162).In con-
trast, voluntary wheel running elevates the level of skeletal mus-
cle—derived extracellular vesicle (EV) miR-29a-3p, which targets
COL1A1 to suppress collagen deposition in the tumor stroma, pro-
moting T-cell infiltration and augmenting immunotherapy response
(163).Resistance training improves metabolic health in cancer
survivors by reducing adiposity and preserving lean muscle mass
(164).In addition, traditional Eastern exercise modalities such as
Taoist Qigong and Yoga also show immune-modulatory potential:
Qigong alters B-cell and monocyte proportions, while Yoga reduc-
es pro-inflammatory cytokines (TNF-a, IL-6), increases IL-10, and
ameliorates oxidative stress (165).
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Among the FITT components, intensity appears to be the most
critical determinant of anticancer efficacy. Based on the percent-
age of maximal running capacity in mice, exercise can be classi-
fied as low (~30%), moderate (~60%), or high (~90%) intensity.
Both low- and moderate-intensity training promote tumor vascular
normalization; however, only moderate-intensity exercise signifi-
cantly enhances intratumoral CD8" T-cell infiltration and effector
molecule expression (CD69, IFNy, GzmB) (166).A systematic re-
view further demonstrated that a single bout of moderate-to-vig-
orous aerobic exercise could suppress tumor cell proliferation via
increased secretion of myokines and hormones (167).Nonetheless,
the benefits of intensity follow a U-shaped curve: excessive or ex-
haustive training may blunt immune surveillance. In a comparative
preclinical study, high-intensity interval training (HIIT) and mod-
erate-intensity continuous training (MICT) both improved cardio-
vascular fitness and quality of life in breast cancer patients, but no
significant differences were observed in metabolic or inflammatory
biomarkers (168).However, prolonged exhaustive high-intensity
exercise (HIE) was shown to elevate anti-inflammatory cytokines
and Treg proportions, potentially increasing infection susceptibility
and impairing antitumor immunity (169).Collectively, these find-
ings suggest that moderate-intensity exercise maximizes immune
activation while minimizing immunosuppression, thereby repre-
senting the optimal balance for anticancer effects.

Exercise frequency also shapes metabolic and immune out-
comes by regulating skeletal muscle circadian genes such as
PPARS. Regular training reinforces the synchronization between
muscle clocks and metabolic pathways, improving glucose—lipid
balance, mitochondrial efficiency, and redox homeostasis, while
reducing tumor-related metabolic dysregulation (170).Epidemio-
logical evidence indicates that total weekly exercise duration ex-
ceeding 280 minutes more effectively improves systemic inflam-
matory markers such as TNF-o and IL-8 (171).Moderate-to-high
frequency programs (2—4 sessions per week) with moderate total
load appear most efficient in eliciting short- to mid-term immune
cell mobilization and metabolic benefits (171).After a single bout
of training, leukocyte and NK-cell mobilization are positively cor-
related with intensity, and frequent repetition of such transient re-
sponses can lead to cumulative enhancement—an “EX-BOOST”
phenomenon. Therefore, at least two sessions of moderate-to-vig-
orous exercise per week are recommended to maintain sustained
immune activation (172).

Exercise duration determines whether adaptations remain tran-
sient or consolidate into long-term immunometabolic remodeling.
A comprehensive review showed that short-term (4—12 weeks),
medium-term (13-24 weeks), and long-term (>24 weeks) interven-
tions each exert distinct physiological impacts (167).Short-term
exercise primarily triggers acute leukocyte and NK-cell mobiliza-
tion pathways (172) enhances glucose—lipid metabolism, and mod-
ulates myokine secretion (e.g., irisin, myostatin) (173). In contrast,
long-term, regular training stabilizes immune homeostasis, reduces
chronic inflammation, and enhances chemotherapy tolerance and
efficacy (171).Immediately after acute exercise, serum IL-4, IL-6,
and IL-10 levels rise transiently and return to baseline within one
hour. Chronic moderate-to-high intensity training, however, de-
creases TNF-a, IL-6, and CD4/CD8 ratio, while increasing 1L-10
after 24 weeks (174).These patterns suggest that long-term exercise
establishes a persistent “immunometabolic memory” at the organ

and systemic levels, and interventions lasting over 24 weeks may
produce durable antitumor immune adaptations (175).

Overall, optimization of exercise prescription following the
FITT framework is essential for achieving maximal therapeutic
benefit in oncology. Exercise type defines the molecular entry point
(e.g., Nrf2, myokine, or collagen remodeling pathways), intensity
dictates the immune activation threshold, frequency governs rhyth-
mic and cumulative adaptations, and duration determines the per-
sistence of immunometabolic reprogramming. Properly calibrated,
these parameters synergize to transform exercise into a form of
precision metabolic-immune modulation, offering a non-pharma-
cological strategy to complement chemotherapy and immunother-
apy in cancer treatment.

TRANSLATIONAL AND CLINICAL
PERSPECTIVES:
TOWARD PRECISION EXERCISE ONCOLOGY

With the rapid advancement of data analytics and personalized
medicine, Precision Exercise Oncology is emerging as an import-
ant component of cancer rehabilitation and adjuvant therapy. The
core principle is to design precise and dynamic exercise prescrip-
tions based on tumor type, metabolic phenotype, immune status,
and individual physiological characteristics, leveraging big data
and intelligent monitoring to maximize patients’ metabolic homeo-
stasis and immune function (176).

Extensive clinical studies consistently indicate that exercise is
safe and beneficial for most cancer patients, including those under-
going chemotherapy or radiotherapy (16-20).In parallel, preclinical
evidence increasingly suggests that exercise combined with meta-
bolic or immunotherapy can significantly enhance antitumor effica-
cy (133, 135).Currently, several clinical trials are investigating the
synergistic effects of exercise with immuno- or metabolic therapies
(Table 3), and a systematic review evaluating the role of exercise
in modulating immunity and immunotherapy outcomes in cancer is
forthcoming (177).However, most trials are ongoing, and the defin-
itive therapeutic outcomes remain to be established.

Despite its potential benefits, exercise interventions must con-
sider patients’ physical capacity and metabolic reserve. Patients
with cachexia, anemia, or immunosuppression may not tolerate
standard exercise regimens. Given the variability in cancer types,
treatment modalities, and potential cardiovascular risks, medical
evaluation and clearance are generally required prior to initiating
exercise programs.

For cachectic patients, a systematic review of randomized and
non-randomized controlled trials indicated that exercise interven-
tions are overall safe and can improve body composition and mus-
cle strength (178). However, excessive whole-body exercise may
exacerbate energy imbalance and weight loss in this population
(179).Therefore, low-intensity resistance training combined with
high-protein, energy-dense nutritional support, and dynamic ad-
justment of training loads based on body weight and muscle mass
is recommended to ensure safety (180, 181).

For anemic patients, multiple studies demonstrate that aerobic
exercise can maintain red blood cell levels and oxygen-carrying
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Table 3. Summary of Ongoing Clinical Trials on Exercise Interventions Targeting Immune-Metabolic Regulation in Cancer.

Immune-Metabolic | Exercise Planned .
Cancer Type | NCT Number Interaction Intervention Enrollment Expected Outcome / Endpoint
Adverse events at treatment initiation
Self-reported .
Melanoma NCT06627595 | Immunotherapy . . 160 and 6 months, assessed via [PAQ
physical activity . .
questionnaire
Urological Immunothera Regular physical E;(rlzloer?tti(\)/rgs Se;[;lg};s nerr)fe;[llli?s
& NCT06152926 24 activity or 12 Perspes  exper
Cancers (e.g., ICD . regarding exercise during
planned exercise .
immunotherapy
. . Feasibility of acute exercise
+ -
Metastatic | \opg4676009 | Immunotherapy + | Acute 35-min 1, ¢ immediately before immunotherapy
NSCLC Chemotherapy physical exercise
and chemotherapy
Triple. Chemotherapy = | X Cin
Negative NCT06672120 Immunotherapy supervised 120 Inmdenge pf CTRCD and ICl-related
(checkpoint myocarditis at 24 and 52 weeks
Breast Cancer N endurance &
inhibitors) . ..
resistance training
Checkpoint . .
Melanoma NCT05358938 | blockade 30-m1.n moderate ” Exerc1se. to enhance response to
. exercise checkpoint blockade therapy
immunotherapy
Chemo- and/or Stens per week Evaluate predictors and correlation
Lung Cancer | NCT06993896 PSP 38 with patient-reported outcomes (pain,
Immunotherapy (walking) . .
distress, fatigue)
Cutancous Checkpoint Moderate pace Feasibility of exercise intervention;
NCT06008977 | blockade rate pace, 20 preliminary data on day-of-therapy
Cancers . 30 min/day .
immunotherapy exercise effects
Resistance
. training 30 . .
ol crusisses CARTCH e 20| Bl coris g s
£ 24 moderate aerobic preparing 24
>3 days/week
Feasibility and comparison of immune
12-week training: activity, cardiorespiratory fitness,
Lung Cancer | NCT06026111 | Immunotherapy HIIT, MICT, or 30 physical function, immunotherapy-
usual care related adverse events, and patient-
reported outcomes
Aerobic interval Aerobic interval training to improve
NSCLC NCT06983899 | Immunotherapy trainin 100 oxygen utilization and immune
& activity, enhancing treatment response
Assess ADT effects on basal muscle
Prostate NCT03440879 | ADT Strength training | 23 protein turnover and strength trgmmg
Cancer response; secondary: postprandial
glucose/insulin differences
Impact of targeted nutrition + exercise
Nutritional Physical activity on metabolic and immune-related
Breast Cancer | NCT06928701 supplement per WHO and 160 gene expression in early breast cancer
PP EUSOMA criteria patients undergoing neoadjuvant
therapy
Aerobic + Diet and exercise intervention to
Prostate strength/ mitigate metabolic and physiologic
Cancer NCT04870515 | ADT resistance 40 changes caused by ADT and
exercise radiotherapy
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capacity during breast cancer chemoradiotherapy. Moderate-in-
tensity, regular aerobic exercise improves treatment-related ane-
mia and encourages participation (182-186).Nevertheless, anemia
severity, cancer type, treatment regimen, and exercise type and
intensity all influence safety and tolerance (182).A systematic
review suggested that platelet counts >20 x 10°L are generally
safe for exercise and daily activities, whereas <10 x 10%/L warrants
caution or contraindication; hemoglobin <70-80 g/L may increase
the risk of adverse events during exercise (187).Thus, pre-exercise
evaluation of cardiopulmonary function and symptoms is essential
for anemic patients, and HIE should be delayed if Hb <7-8 g/dL or
hypoxic symptoms are present, with preference for static, breath-
ing, or functional training modalities to ensure safety (161, 181).

Exercise has been shown to regulate the TME and enhance
immune cell function, potentially ameliorating cancer-associated
immunological dysfunction (188-190). Nevertheless, infection
risk must be considered, particularly in immunocompromised pa-
tients such as those with HIV or post-transplant status (191). In
these populations, exercise programs should be professionally su-
pervised, prioritize low-intensity, progressive training, and adopt
home-based or one-on-one formats, avoiding high-exposure envi-
ronments while dynamically adjusting exercise load to optimize
immune and metabolic benefits safely (192, 193).

Achieving truly precision exercise interventions requires the
development of a biomarker-based framework that dynamically
reflects metabolic and immune status, guiding exercise frequency,
intensity, type, and duration, and predicting individual responsive-
ness. Although no standardized system exists, several candidate
markers have been proposed:

Metabolic biomarkers: Lactate levels and LDHA expression
may serve as immediate indicators of exercise intensity and tu-
mor metabolic response, helping to avoid excessive acidification
of the TME (194, 195). Circulating insulin concentrations provide
long-term assessment of exercise tolerance and metabolic benefits
(196). Exercise-induced changes in tryptophan metabolites (ky-
nurenine) and gut microbiota-derived formate reflect modulation
of CD8&" T-cell function and immunosuppressive metabolic envi-
ronment (162, 197). Mitochondrial regulator PGC-1a is implicat-
ed in the protective effects of physical activity on colorectal can-
cer, as its activity is positively stimulated by exercise and inversely
correlated with cancer risk (144).

Immune biomarkers: Neutrophil-to-lymphocyte ratio (NLR),
CD4", CD8", NK cells, Treg, and MDSCs—both absolute and rel-
ative levels—can identify patients suitable for exercise interven-
tion and serve as dynamic predictors of response (198). Short-term
exercise-induced immune activation can be monitored via IFN-y,
Granzyme B, and Perforin (199). Exercise mobilizes IL-15-depen-
dent immune cells and promotes accumulation of tumor-infiltrat-
ing IL-15Ra’ CD8* T cells, which exhibit potent antitumor activ-
ity, highlighting IL-15 as a potential therapeutic target in exercise
oncology (133). Concurrently, exercise-induced IL-6 enhances
insulin sensitivity, stimulates anti-inflammatory factor secretion,
mobilizes immune cells, and reduces DNA damage, synergistical-
ly preventing tumor initiation and progression (200). Moreover,
circulating NK cell activity, intratumoral NK cell infiltration, and
IL-6 levels can serve as biomarkers of exercise-induced antitumor
immune activation and may be used to monitor and optimize exer-

cise interventions in cancer models (127).

In summary, precision exercise oncology offers a viable strat-
egy for rehabilitation and adjuvant therapy in cancer patients,
while providing new avenues for individualized optimization of
metabolic and immune therapies. Future research should integrate
multi-omics, physiological monitoring, and Al algorithms to con-
struct a biomarker-feedback—based closed-loop exercise interven-
tion system, achieving truly personalized and dynamically adap-
tive exercise prescriptions for cancer therapy.

CONCLUSION AND FUTURE PERSPECTIVES:
EXERCISE AS A METABOLIC-IMMUNE
MODULATOR IN CANCER THERAPY

Tumor metabolic reprogramming and immune evasion are two
central hallmarks that synergistically sustain cancer progression
and therapeutic resistance. As highlighted in this review, exercise
represents a promising, low-cost, and non-pharmacological strat-
egy capable of concurrently modulating tumor metabolism and
enhancing anti-tumor immunity. By reshaping the tumor metabol-
ic microenvironment—including reducing lactate accumulation,
reprogramming amino acid and lipid metabolism, and improving
systemic glucose homeostasis—exercise may indirectly restore
immune function and strengthen host anti-tumor defenses.

Importantly, the influence of exercise extends beyond skeletal
muscle to organs such as the liver, heart, and gut, each contributing
to the metabolic and immune landscape of the TME. These sys-
temic effects offer a unique opportunity to leverage exercise as an
adjunct therapy in oncology.

However, significant challenges remain. Current knowledge
on how exercise influences immune-metabolic pathways in dif-
ferent tumor types and molecular subtypes is still limited. More-
over, the optimal parameters of exercise—such as type, intensity,
frequency, and duration—may vary significantly across patients,
cancer types, and stages of treatment. Future studies should aim
to establish precision exercise prescriptions that consider tumor
heterogeneity, host fitness levels, and treatment context (e.g., im-
munotherapy vs. chemotherapy). Additionally, integrating wear-
able technology and real-time metabolic monitoring may enable
dynamic adjustment of exercise protocols for individual patients.

In conclusion, exercise has the potential to become an inte-
gral component of personalized cancer therapy by targeting the
immunometabolic vulnerabilities of tumors. Advancing this field
requires translational and clinical research that bridges molecular
mechanisms with practical implementation, ultimately enabling ev-
idence-based, individualized exercise strategies in oncology care.
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