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Traditionally, cancer treatment relied on the maximum tolerated dose (MTD) approach,
in which chemotherapeutic agents are given at the highest dose that patients can tolerate,
with scheduled breaks to allow for recovery. However, this method has notable drawbacks,
including significant toxicity, tumor regrowth during drug-free intervals, and the development
of resistance. Metronomic chemotherapy offers an innovative alternative, characterized by
continuous low-dose administration without treatment interruptions. This approach primarily
targets the tumor microenvironment, including tumor vasculature and cancer stem cells, while
also affecting the immune system. By maintaining a steady level of drug exposure, metronomic
therapy prevents the recovery of tumor endothelial cells and enhances immune surveillance,
leading to prolonged disease stabilization and potentially improved long-term outcomes. Due
to its reduced toxicity, cost-effectiveness, and suitability for oral administration, metronomic
chemotherapy is especially beneficial for long-term maintenance therapy for the elderly, or
frail patients. This review explores the mechanisms, clinical advantages, and challenges of
metronomic chemotherapy, as well as its potential for integration with other treatment modalities
to improve patient outcomes. Additional research is needed to optimize drug dosing, identify
biomarkers for treatment response, and conduct large-scale clinical trials comparing metronomic
approaches with standard chemotherapy regimens.
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The historical foundation of cancer
treatment has been built upon the maximum tolerated
dose (MTD) paradigm, wherein chemotherapeutic
agents are administered at the highest possible
dose that produces acceptable toxicity, followed
by treatment-free intervals to facilitate recovery
of healthy tissues.! This approach, which emerged
during the mid-20th century, operates on log-kill
kinetics principles with the objective of eliminating

the maximum proportion of tumor cells during each
treatment cycle.?

Despite its widespread adoption,
conventional MTD chemotherapy faces significant
limitations. The considerable collateral damage
to non-malignant tissues frequently results in
debilitating adverse effects, including bone
marrow suppression, gastrointestinal toxicity,
cardiac damage, and peripheral neuropathy.3

This is an
Published by Oriental Scientific Publishing Company © 2025

Open Access article licensed under a Creative Commons license: Attribution 4.0 International (CC-BY).

QO




1918

These complications often necessitate therapeutic
compromises through dose adjustments or
treatment suspensions, potentially undermining
clinical efficacyw . Moreover, the obligatory
treatment-free intervals between cycles create
opportunities for tumor regeneration and the
development of adaptive resistance mechanisms.*

For solid malignancies, the MTD strategy
presents a challenge, as it preferentially eliminates
drug-sensitive cell populations while creating a
selective advantage for resistant subclones.® This
evolutionary pressure facilitates the emergence
of treatment-refractory disease phenotypes,
contributing to therapeutic failure and disease
progression.>® The typical clinical trajectory
following conventional chemotherapy often
involves initial tumor regression followed by
recurrence, with progressively diminishing benefits
from subsequent treatment lines.”

In an attempt to address these
shortcomings, clinical oncology has historically
pursued intensified multidrug combinations,
embracing the”more is better” philosophy.®’
While such combination strategies have yielded
improvements in certain cancer types, they
frequently result in compounded toxicity profiles
without proportional therapeutic advantages.’

Contemporary advances in tumor
biology have redirected attention from direct
cytotoxicity toward modulation of the complex
tumor microenvironment (TME).'®!" This
conceptual evolution recognizes neoplastic disease
as an intricate ecosystem rather than simply an
aggregation of transformed cells. Within this
framework, sustained disease stabilization and
improved survival outcomes have supplanted
immediate tumor size reduction as primary
therapeutic objectives, particularly when such
reductions fail to translate into meaningful clinical
benefits. '™

Metronomic chemotherapy represents
an innovative therapeutic paradigm that aligns
with this evolving biological understanding.'*'”
This approach involves regular, often daily,
administration of chemotherapeutic agents
at substantially reduced doses, without the
extended treatment-free periods characteristic
of conventional protocols.'®" The persistent
exposure to low-concentration cytotoxic agents
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targets both neoplastic cells and their supporting
microenvironment, with particular effects on
tumor vasculature, also helping to reduce potential
side effects.?** This alternative administration
strategy, also described as continuous low-dose
chemotherapy or anti-angiogenic chemotherapy,
employs distinctive mechanistic principles
compared to traditional approaches.”*® Unlike
conventional schedules, metronomic protocols
maintain continuous therapeutic pressure on the
tumor ecosystem without permitting recovery
intervals between treatment cycles.?**7-3°

The metronomic strategy offers numerous
pragmatic advantages, including attenuated
toxicity profiles, enhanced cost-effectiveness,
and accessibility of oral administration,
eliminating requirements for vascular access
devices or extended infusion sessions.?>'** These
characteristics render it particularly appropriate
for long-term maintenance therapy, the treatment
of elderly or medically compromised patients, and
its integration within multidisciplinary treatment
frameworks.***

MATERIALS AND METHODS

Study Design

This comprehensive review evaluates
the mechanistic principles, clinical applications,
and therapeutic advantages of metronomic
chemotherapy compared to conventional maximum
tolerated dose (MTD) regimens. An analysis of
preclinical and clinical evidence was conducted
to elucidate the multidimensional mechanisms
through which metronomic scheduling exerts anti-
neoplastic effects.
Literature Search Strategy

A systematic search of electronic
databases including PubMed/MEDLINE, Embase,
Web of Science, and the Cochrane Library was
performed. Search terms included combinations of
“metronomic chemotherapy,” “continuous low-dose
chemotherapy,” “anti-angiogenic chemotherapy,”
“dose-dense chemotherapy,” “chemotherapy
scheduling,” and “tumor microenvironment.”
Additional references were identified through
citation tracking of key articles. Publications were
limited to English-language studies published until
October 2024.
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RESULTS

Mechanistic Findings

Metronomic chemotherapy exhibits
antineoplastic activity through multiple
complementary mechanisms, extending beyond
conventional cytotoxicity. This multidimensional
approach targets various components of the tumor
ecosystem, creating an inhospitable environment
for cancer proliferation and dissemination.'?2040-4
Direct Cytotoxic Effects on Tumor Cells

Though administered at concentrations
below those of conventional regimens, metronomic
chemotherapy maintains persistent cytotoxic agent
exposure within the tumor microenvironment.*
This sustained presence impedes cellular DNA
repair mechanisms between treatment cycles,
potentially resulting in cumulative genomic damage
within susceptible neoplastic populations.®'-*
Additionally, the consistent low-level exposure
may affect slowly cycling cells, including those
in dormant states, which frequently evade pulsed
high-dose chemotherapy effects.*43

Specific subpopulations of malignant cells
demonstrate enhanced vulnerability to continuous
low-dose exposure compared to intermittent high-
dose administration. This differential sensitivity
pattern may relate to distinctive cell cycle kinetics,
metabolic characteristics, or specific molecular
vulnerabilities exploited by the metronomic
approach.?>2
Targeting Cancer Stem Cells

Cancer stem cells (CSCs) constitute a
pivotal subpopulation within tumors, possessing
self-renewal capacity and being frequently
implicated in therapeutic resistance, disease
recurrence, and metastatic progression. These
cells commonly demonstrate resistance to standard
chemotherapy through various mechanisms,
including enhanced DNA repair capacity,
upregulated drug efflux transporters, and adaptive
metabolic pathways.*-4¢

Notably, metronomic chemotherapy has
demonstrated efficacy against CSC populations in
numerous preclinical models.?*** The continuous
exposure to low-concentration chemotherapeutics
may circumvent certain resistance mechanisms
by preventing the activation of adaptive responses
typically occurring during treatment-free intervals.
Furthermore, the anti-angiogenic properties of
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metronomic regimens may disrupt specialized
microenvironmental niches supporting CSC
maintenance and self-renewal functions.''*
Anti-angiogenic Effects

The most thoroughly characterized
mechanism of metronomic chemotherapy involves
its potent anti-angiogenic activity.'? Solid tumors
depend critically on neovascularization to
support growth beyond minimal dimensions,
with tumor-associated endothelial cells (TECs)
undergoing rapid proliferation during angiogenic
processes.'*!* These actively dividing endothelial
populations demonstrate particular vulnerability to
chemotherapeutic agents, even at concentrations
substantially below those required for direct tumor
cell cytotoxicity.'

Metronomic administration creates an
imbalance between pro-angiogenic and angiostatic
factors within the tumor microenvironment.!!
Specifically, these regimens enhance the expression
of endogenous angiogenesis inhibitors, including
thrombospondin-1 (TSP-1), while simultaneously
suppressing pro-angiogenic mediators such as
vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), and
hypoxia-inducible factor 1 (HIF-1).'¢!®

Remarkably, anti-angiogenic effects
manifest at picomolar concentrations, with
endothelial cells exhibiting 10-100,000-fold
greater sensitivity compared to non-endothelial
cellular populations.'"** This therapeutic window
enables selective targeting of tumor vasculature
while minimizing systemic toxicity. The dose-
response relationship for tumor cells versus tumor
endothelial cells reveals that TECs can effectively
be targeted at drug concentrations substantially
below those required for direct tumor cell
elimination. This differential sensitivity enables
metronomic regimens to indirectly suppress
tumor growth by compromising vascular support,
while avoiding the intense selection pressure that
promotes resistant clone emergence.'®!”

Conventional MTD regimens, despite
inherent anti-angiogenic potential, permit
endothelial recovery during treatment-free
intervals.* This recovery frequently features
a “rebound” phenomenon, characterized by
augmented pro-angiogenic factor expression
during treatment breaks, potentially accelerating
tumor revascularization. By eliminating these
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Table 1. Common drugs for metronomic therapy

Drug Class Examples Mechanism of Action Common Metronomic Dosing
Alkylating agents Cyclophosphamide =~ DNA cross-linking, 50 mg daily oral
anti-angiogenic effects
Antimetabolites Methotrexate, Inhibition of DNA synthesis, Methotrexate: 2.5-5 mg twice
Capecitabine anti-angiogenic effects weekly; Capecitabine:
500-1000 mg twice daily
Taxanes Paclitaxel Microtubule stabilization, 20-30 mg/m? weekly
anti-angiogenic effects
Vinca alkaloids Vinorelbine, Microtubule inhibition, Vinorelbine: 30-50 mg three
Vinblastine anti-angiogenic effects times weekly; Vinblastine:
3-5 mg/m?* weekly
Platinum compounds ~ Carboplatin DNA cross-linking, AUC 2 weekly
anti-angiogenic effects
Topoisomerase Etoposide, Inhibition of DNA unwinding, Etoposide: 50 mg daily for
inhibitors Irinotecan anti-angiogenic effects 14-21 days; Irinotecan:

50 mg/m? weekly

treatment gaps, metronomic protocols maintain
consistent pressure on tumor vasculature,
preventing angiogenic recovery.'*'¢

Inhibition of Endothelial Progenitor Cell
Mobilization

Beyond its effects on established tumor
vessels, metronomic chemotherapy disrupts
the recruitment of bone marrow-derived
endothelial progenitor cells (EPCs). These
progenitor populations contribute significantly
to tumor neovascularization by responding to
angiogenic signals and incorporating themselves
into developing vascular networks.?’> While
conventional chemotherapy affects circulating
EPCs, treatment-free intervals allow compensatory
mobilization from bone marrow reserves,
replenishing depleted populations. This “rebound”
mobilization has been associated with accelerated
tumor revascularization and growth during
treatment interruptions.?!

Metronomic administration eliminates
these recovery periods, while maintaining persistent
suppression of EPC mobilization and circulation.
This sustained inhibition prevents vascular repair
processes that would otherwise support tumor
regrowth, contributing to the long-term efficacy
of the metronomic approach.'>!*!
Immunomodulatory Effects

Anincreasingly appreciated mechanism of
metronomic chemotherapy involves its substantial
impact on the tumor immune microenvironment.

While conventional high-dose chemotherapy
typically induces generalized immunosuppression,
metronomic dosing demonstrates selective
immunomodulatory effects that potentially enhance
antitumor immunity.?%**

Metronomic regimens preferentially
deplete immunosuppressive cellular populations,
particularly regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSCs).'®
These immunoregulatory cells play critical
roles in tumor immune evasion by inhibiting
effector T cell and natural killer (NK) cell
functions. Their selective reduction shifts the
immunological balance toward an antitumor
state.'®!? Concurrently, metronomic chemotherapy
enhances dendritic cell (DC) maturation and
functional capacity, improving antigen presentation
efficiency. This effect, combined with increased
expression of tumor-associated antigens and
antigen-presenting molecules on malignant cells,
facilitates more effective tumor recognition by
immune surveillance mechanisms.?*?* Metronomic
administration promotes immunogenic cell death
(ICD) through several pathways. It induces
calreticulin (CRT) externalization on tumor
cell surfaces, serving as a recognition signal
for phagocytic cells. Additionally, it stimulates
the release of endogenous danger-associated
molecular patterns (DAMPs) including high-
mobility group box 1 (HMGBI1) and adenosine
triphosphate (ATP), which activate dendritic
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cells and promote adaptive immune responses.*
The membrane expression of heat shock proteins
(HSPs) represents another immunostimulatory
consequence of metronomic chemotherapy.
These molecular chaperones facilitate antigen
presentation and enhance recognition by immune
effector populations.’®*? Finally, metronomic
regimens induce the expression of natural killer
cell receptor ligands on tumor cells, rendering them
more susceptible to innate immune surveillance and
elimination.3>%

The temporal dynamics of antitumor
effects differ substantially between conventional
and metronomic approaches.’® MTD regimens
typically produce rapid but transient tumor
regression, followed by recurrence as resistant
clones emerge. In contrast, metronomic
chemotherapy demonstrates a delayed response
pattern, with initial disease stabilization or even
continued progression followed by gradual but
sustained regression over time. This pattern reflects
the indirect nature of its mechanisms, particularly
anti-angiogenic and immunomodulatory effects,
which require time to fully manifest but potentially
offer superior long-term outcomes.****

In Table 1, common drugs used in
metronomic chemotherapy and their respective
mechanisms of action are presented.

DISCUSSION

Metronomic chemotherapy represents a
paradigm shift in cancer treatment approaches,
moving away from the traditional maximum
tolerated dose (MTD) paradigm toward a more
sustainable, continuous administration strategy.
This approach has gained significant attention
due to its multifaceted mechanisms of action that
extend beyond direct cytotoxicity.”®

The primary advantage of metronomic
chemotherapy lies in its ability to target the tumor
microenvironment, particularly focusing on the
tumor vasculature. By maintaining constant, low-
level drug exposure, this approach effectively
prevents the compensatory angiogenic rebound
typically observed during treatment breaks
in conventional chemotherapy regimens. The
continuous presence of chemotherapeutic agents,
even at significantly reduced doses, creates
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persistent pressure on tumor-associated endothelial
cells, which are particularly sensitive to these
agents. This sensitivity allows for effective anti-
angiogenic effects at doses that cause minimal
toxicity to normal tissues.

Another crucial aspect of metronomic
chemotherapy is its immunomodulatory effect.
Traditional high-dose chemotherapy often causes
significant immunosuppression, potentially
counteracting any immunogenic tumor cell
death it might induce. In contrast, metronomic
dosing has been shown to selectively deplete
immunosuppressive cell populations like regulatory
T cells and myeloid-derived suppressor cells while
preserving or even enhancing effector immune
populations. This immune remodeling creates
a more favorable environment for anti-tumor
immune responses, potentially converting “cold”
tumors into “hot” ones that are more responsive to
immune surveillance.*°

The reduced toxicity profile of metronomic
regimens also allows for more extended treatment
periods and improved quality of life for patients.
This is particularly valuable in palliative settings
or for elderly or frail patients who may not tolerate
conventional MTD regimens. Additionally, the
oral administration of many metronomic protocols
reduces hospital visits and healthcare costs,
making this approach more patient-friendly and
economically sustainable.

Despite these advantages, several
challenges remain in optimizing metronomic
chemotherapy. Determining the optimal dosing
and scheduling for different drugs and tumor
types requires further investigation. The balance
between maintaining effective anti-angiogenic
pressure and avoiding the development of
resistance mechanisms needs careful consideration.
Moreover, identifying reliable biomarkers to
predict response to metronomic therapy and
monitor treatment efficacy remains an unmet need.
Combination strategies incorporating metronomic
chemotherapy with other treatment modalities
such as targeted therapies, immunotherapies, or
radiation therapy also represent promising avenues
for research. These combinations might exploit
synergistic effects while maintaining favorable
toxicity profiles.

CONCLUSION
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Metronomic chemotherapy offers a
promising alternative to conventional maximum
tolerated dose regimens in oncology. Its multi-target
approach—affecting tumor cells directly, disrupting
tumor vasculature, eliminating cancer stem cells,
and modulating the immune microenvironment—
provides a comprehensive strategy against cancer
that may improve long-term outcomes.

The lower toxicity profile, reduced
costs, and patient-friendly administration make
metronomic chemotherapy particularly valuable in
various clinical scenarios, including maintenance
therapy, palliative care, and treatment of frail or
elderly patients. Moreover, this approach aligns
with the evolving understanding of cancer as a
complex ecosystem rather than simply a collection
of malignant cells.

Future research should focus on
optimizing drug selection, dosing, and scheduling
for different tumor types, developing reliable
biomarkers for patient selection and response
monitoring, and exploring rational combinations
with other therapeutic modalities. Additionally,
well-designed randomized controlled trials
comparing metronomic approaches with standard
treatments across various cancer types are needed
to solidify the evidence base.

In summary, metronomic chemotherapy
represents a paradigm shift in cancer treatment
that emphasizes the quality and sustainability
of response over short-term tumor shrinkage.
By targeting multiple aspects of tumor biology
while minimizing toxicity, this approach has the
potential to transform cancer therapy from acute
intervention to chronic disease management,
ultimately improving both survival outcomes and
quality of life for cancer patients.
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