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Problem Statement

Cancer is a group of diseases characterized by
abnormal cell growth, with the potential to
invade or spread to other parts of the body. This
is in contrast to benign tumors, which lack
metastatic capacity (1). Possible signs and
symptoms of cancer include lump, abnormal
bleeding, prolonged cough, unexplained weight
loss, and change in bowel movements. While
these symptoms may indicate cancer, they can
also have other causes. Humans are affected by
over 100 different forms of cancer (2).

Cancer cell metabolism studies the alterations in
metabolic pathways that occur in cancer cells
compared to healthy cells. The field is based on
the hypothesis that cellular metabolic networks
support key aspects of cancer cell function (3). A
key feature of cancer cell metabolism is
increased glucose uptake and utilization, known
as the “Warburg effect.” These metabolic
changes help cancer cells maintain their rapid
and aggressive growth (4).

Lactate and its newly recognized role in
lactylation represent critical biochemical links
between exercise and cancer cell metabolism,
offering diverse mechanisms through which
physical activity may impact tumor growth and
immune responses (1). Exercise-induced lactate
production not only alters cancer cell
metabolism but also modulates the tumor
microenvironment and immune cell function,
presenting promising avenues for cancer
therapeutics (5).

Lactate has long been considered a waste
product in muscle metabolism during intense
exercise, yet recent research demonstrates that
lactate is a key regulator of metabolic and
epigenetic processes within tumors (6,7). Cancer
cells extensively use aerobic glycolysis, also
known as the Warburg effect, rapidly converting
glucose to lactate even in the presence of
oxygen. This leads to high lactate concentrations
in tumors that facilitate tumor progression by
fueling anabolic growth, promoting
angiogenesis, and creating an  acidic
microenvironment that facilitates invasion and
metastasis (8). The overexpression of lactate-
producing enzymes like lactate dehydrogenase
A (LDHA) (9) and lactate transporters such as
monocarboxylate transporters (MCT1 and
MCT4) further supports lactate accumulation
and exchange between cancer and stromal cells,
aiding tumor cell survival and metastasis (10).
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Conversely, exercise induces systemic elevations
of lactate, which may exert anti-cancer effects
through multiple mechanisms. During high-
intensity anaerobic exercise bouts, skeletal
muscles produce large amounts of lactate,
which is efficiently cleared and recycled in
healthy individuals through the Lactate Shuttle
mechanism, where lactate acts as a fuel source
for oxidative tissues (11). This metabolic
flexibility contrasts with the impaired lactate
clearance seen in cancer, where lactate
accumulates excessively (12). Exercise-induced
lactate has been shown to inhibit glycolysis in
subsequent exercise bouts by feedback
mechanisms, suggesting a similar potential to
disrupt tumor glycolysis and lactate production
(13).

Furthermore, exercise-modulated lactate
influences immune cell metabolism and function
in the tumor microenvironment (14). High
lactate concentrations within tumors can inhibit
lactate export in T cells, impairing their
metabolic activity and anti-tumor response.
Exercise may counteract this by redistributing
immune cells such as natural killer (NK) cells and
enhancing their infiltration into tumors,
promoting tumor cell lysis (14). The metabolic
reprogramming of immune cells via lactate and
its signaling pathways enhances immunogenicity

and also improves responses to cancer
immunotherapies (15).
A novel mechanism by which exercise-

associated lactate may affect cancer progression
involves lactylation, a newly described post-
translational modification derived from lactate.
Lactylation modifies histones and other
proteins, influencing gene expression and
cellular phenotypes, and thus adding an
epigenetic layer by which exercise can modulate
tumor behavior (16). This epigenetic regulation
may alter cancer cell proliferation, metastasis,
and immune interactions, highlighting lactate
not just as a metabolite but a critical signaling
molecule in the tumor (17).

Experimental evidence from models of clear cell
renal cell carcinoma (ccRCC) and breast cancer
cell lines suggests that exercise-induced lactate
accumulation suppresses tumor growth via
molecular pathways involving enzymes such as
CNDP2 and can reprogram metabolic and
epigenetic states in cancer cells (18). These
insights support the concept that physical
exercise induces biochemical environments less
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favorable for tumor progression, augmenting
the efficacy of conventional therapies (16).

Importance of the Topic

Sports oncology has grown significantly,
demonstrating the benefits of exercise for
cancer patients during diagnosis, treatment, and
recovery stages. Research reflects chronic
disease approaches and focuses on fitness,
symptom management, side effects reduction,
and prevention of complications, leading to
guidelines from organizations, such as the
American College of Sports Medicine (ACSM)
and the American Society of Clinical Oncology
(ASCO) (19). Exercise has received less attention
as a cancer treatment method. Animal studies
suggest that exercise can slow cancer
growth/spread through immune response,
metabolism, apoptosis, and DNA repair, and
sometimes can enhance drug efficacy by
improving tumor vasculature (20, 21).
Observational studies have linked increased
physical activity after cancer diagnosis to
improved survival, possibly through growth
factors, hormones, inflammation, and immunity
(22). The ‘"exercise as cancer therapy"
framework proposes that tumor/disease status
(primary tumor resected, existing, or metastatic)
and treatment status (simple, active, or
previously treated) be considered as key
variables. Applying this framework reveals gaps
and limited clinical utility in current research
(23). Therefore, examining exercise as a cancer
therapy is challenging. Similar to other
modalities, exercise will not be universally
effective, and is consistent with the precision
medicine understanding that single therapies
rarely cure all cancers. However, precision
medicine reveals opportunities for exercise to
be beneficial in cancer therapy. Efficacy depends
on cancer type, mutations, treatments, and the
timing and manner of exercise (22). Given the
heterogeneity of cancer, the biological and
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hemodynamic effects of exercise are likely to
vary depending on the treatment scenario.
Conversely, such benefits may not be universally
observed (19). The answers that many patients
are awaiting will therefore depend on robust
clinical trials built upon preclinical and
observational studies.

Conclusion

In sum, exercise impacts cancer cell lactate
metabolism  through diverse, interlinked
mechanisms, including:

1. Modulation of lactate production and
transport, disruption of tumor glycolysis, and
prevention of lactate accumulation.

2. Enhancement of systemic lactate clearance
and recycling, in contrast to the pathological
lactate accumulation in tumors.

3. Reprogramming of immune cell metabolism
to strengthen anti-tumor immunity, which is
otherwise disrupted in high-lactate tumor
microenvironments. Induction of lactylation,
thereby altering gene expression and epigenetic
states within tumors.

4. Modulation of signaling pathways and
transporters (e.g., MCT1/4, LDHA) that
represent potential therapeutic targets.

These findings underscore the therapeutic
potential of harnessing exercise-induced lactate
metabolism and lactylation to improve cancer
outcomes, either as adjuncts to immunotherapy
or as standalone metabolic interventions. Future
research integrating exercise physiology, cancer
metabolism, and epigenetics will further
elucidate the complex interplay of these
pathways and optimize personalized exercise
regimens for cancer prevention and treatment.
This  growing  understanding  advocates
integrating metabolic insights into clinical
oncology, supporting exercise as a biological
modulator of lactate metabolism with far-
reaching implications for tumor biology and
patient care.
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