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INTRODUCTION

Chemotherapy remains one of the most widely used treatment
options for various cancers, despite its limitations, including
toxicity to healthy tissues, drug resistance, and suboptimal
therapeutic outcomes. Cancer cells often exhibit altered metabolic
pathways compared to normal cells, providing opportunities
to target these dysregulated metabolic processes to improve
treatment efficacy. Nanoparticlemediated drug delivery is an
emerging strategy that holds promise for overcoming many of these
challenges. By selectively targeting specific metabolic pathways in
tumors, nanoparticles can enhance the therapeutic response of
chemotherapy while minimizing systemic side effects [1].

TUMOR METABOLIC REPROGRAMMING

Tumor cells are known to undergo metabolic reprogramming, a
phenomenon often referred to as the "Warburg effect." This refers
to the preference of cancer cells to rely on glycolysis for energy
production, even in the presence of sufficient oxygen, a process
known as aerobic glycolysis. This metabolic shift is accompanied
by increased nutrient uptake, altered mitochondrial function, and
the accumulation of metabolic intermediates that promote tumor
growth and survival. Such reprogramming allows tumor cells to
thrive in the harsh microenvironment of tumors, characterized
by hypoxia, acidosis, and nutrient deprivation. In addition to
glycolysis, tumors also exhibit changes in lipid metabolism, amino
acid metabolism, and the tricarboxylic acid (TCA) cycle. These
alterations enable the rapid proliferation and survival of cancer
cells, making them potential therapeutic targets. Targeting these
altered metabolic pathways has garnered increasing attention
as a means to selectively disrupt tumor cell metabolism without
affecting normal cells [2].

ROLE OF NANOPARTICLES
TUMOR METABOLISM

IN TARGETING

Nanoparticles, with their unique physicochemical properties, offer
several advantages for targeted drug delivery. Their small size,

large surface area, and ability to be functionalized with targeting
ligands make them ideal carriers for delivering therapeutic agents
specifically to tumor cells. By designing nanoparticles that can
interact with and modulate specific metabolic pathways, researchers
can directly influence the metabolic processes that support tumor
growth and resistance to chemotherapy. For example, nanoparticles
can be engineered to carry small molecule inhibitors of key enzymes
involved in tumor metabolism. These enzymes, such as hexokinase
2 (HK2), pyruvate kinase M2 (PKM2), and glutaminase, are
frequently overexpressed in cancer cells and play critical roles in
the glycolytic pathway, amino acid metabolism, and mitochondrial
function. Delivering these inhibitors directly to tumor cells via
nanoparticles can inhibit the metabolic reprogramming that
supports their survival, thereby enhancing the effectiveness of
chemotherapy [3].

ENHANCING CHEMOTHERAPY WITH
NANOPARTICLE-MEDIATED METABOLIC
TARGETING

One of the key advantages of using nanoparticles to target tumor
metabolism is their ability to overcome the limitations of traditional
chemotherapy, such as poor drug penetration and systemic toxicity.
By encapsulating chemotherapeutic agents within nanoparticles, it
is possible to increase the concentration of the drug at the tumor
site while reducing exposure to healthy tissues. Furthermore,
nanoparticles can be engineered to release their payload in response
to specific metabolic changes within the tumor microenvironment.
For instance, certain nanoparticles can be designed to release their
drug cargo in response to the acidic pH often found in tumors,
a consequence of the Warburg effect and the accumulation of
lactate. These nanoparticles can be modified with pH-sensitive
polymers that degrade in the acidic tumor microenvironment,
releasing their payload directly where it is needed most. By
combining this pH-responsive delivery system with drugs that
target key metabolic enzymes, the overall efficacy of chemotherapy
can be enhanced [4]. Moreover, nanoparticles can be tailored
to exploit specific metabolic vulnerabilities within tumor cells.
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For example, nanoparticles can be designed to deliver inhibitors
of the mammalian target of rapamycin (mTOR) pathway, which
plays a central role in regulating cellular metabolism, growth, and
survival. The mTOR pathway is often dysregulated in cancer cells,
making it an attractive target for therapy. Nanoparticles that deliver
mTOR inhibitors directly to tumors could inhibit the metabolic
processes driving tumor growth and enhance the cytotoxic effects
of chemotherapy [5].

OVERCOMING CHEMORESISTANCE THROUGH
NANOPARTICLEMEDIATED METABOLIC
TARGETING

A significant challenge in cancer therapy is the development of
resistance to chemotherapy. Tumor cells can become resistant to
chemotherapeutic agents through various mechanisms, including
the overexpression of efflux pumps, enhanced DNA repair, and
alterations in metabolic pathways. Many chemoresistant tumors
exhibit further metabolic reprogramming, which helps them
survive in the face of chemotherapy-induced stress. Targeting these
metabolic pathways with nanoparticles offers a novel strategy to
overcome this resistance [6]. For example, nanoparticles can be
used to deliver drugs that inhibit the autophagy process, a survival
mechanism that is often upregulated in chemoresistant tumors.
Autophagy allows tumor cells to recycle cellular components and
maintain metabolic homeostasis under stress conditions, including
chemotherapy. By inhibiting autophagy through nanoparticle-
mediated delivery, the metabolic resilience of resistant tumor cells
can be weakened, making them more susceptible to chemotherapy-

induced cell death [7].
CHALLENGES AND FUTURE DIRECTIONS

Despite the promising potential of nanoparticles in targeting tumor
metabolism, several challenges remain. One of the main hurdles
is the complex and heterogeneous nature of tumor metabolism.
Tumors can exhibit significant variations in their metabolic
pathways depending on factors such as tumor type, stage, and
microenvironment. As a result, developing nanoparticles that can
precisely target specific metabolic alterations in different tumors is
a difficult task [8]. Additionally, the long-term safety and potential
toxicity of nanoparticles need to be thoroughly evaluated. While
nanoparticles can enhance drug delivery to tumors, they may also
accumulate in non-target tissues, leading to unwanted side effects
[9]. Therefore, more research is needed to optimize the design of
nanoparticles to ensure selective targeting and minimize off-target

effects [10].
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CONCLUSION

Nanoparticlemediated targeting of tumor metabolic pathways
holds significant promise for enhancing chemotherapy efficacy.
By exploiting the altered metabolic landscape of cancer cells,
nanoparticles can deliver therapeutic agents that disrupt key
metabolic processes, making tumor cells more susceptible to
chemotherapy and overcoming mechanisms of chemoresistance.
While challenges remain, continued advancements in nanoparticle
design and a better understanding of tumor metabolism will likely
lead to more effective and personalized cancer therapies in the
future.
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