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Introduction

Metabolic reprogramming is a fundamental characteristic of
cancer cells, allowing them to support the increased biosynthetic
demands associated with rapid cell division, survival, and metastasis.
Unlike normal differentiated cells, which primarily rely on oxidative
phosphorylation (OXPHOS) for energy production, cancer cells often
shift to aerobic glycolysis, a phenomenon known as the Warburg effect.
This shift allows cancer cells to generate ATP more quickly, even in the
presence of oxygen, and to produce metabolic intermediates required
for the synthesis of nucleotides, lipids, and proteins. In addition to
glycolysis, cancer cells also exhibit alterations in fatty acid metabolism,
amino acid catabolism, and mitochondrial function, all of which are
fine-tuned to support tumor growth and progression. Oncogenes and
tumor suppressor genes, including mutations in the PI3K/AKT/mTOR
pathway, p53, and MYC, play a central role in driving these metabolic
changes. Moreover, the tumor microenvironment, characterized by
hypoxia, nutrient deprivation, and acidic conditions, further exacerbates
metabolic adaptations [1]. As a result, cancer cells become highly
dependent on specific metabolic pathways to survive and proliferate.
Given the pivotal role of metabolism in cancer biology, targeting the
altered metabolic pathways in tumor cells offers a promising therapeutic
strategy. This approach could potentially complement conventional
therapies such as chemotherapy and immunotherapy, providing a
means to overcome resistance and improve treatment outcomes.
However, the complexity of metabolic networks and the heterogeneity
of tumors pose significant challenges to the development of effective
metabolic-based therapies. The aim of this review is to explore the
current understanding of metabolic reprogramming in cancer cells and
its implications for therapeutic targeting [2].

Methods

To investigate the impact of metabolic reprogramming in cancer
cells, a systematic review of the literature was conducted using databases
such as PubMed, Scopus, and Google Scholar. We focused on recent
studies (from the past 10 years) that provide insights into the molecular
mechanisms underlying cancer cell metabolism and the therapeutic
potential of targeting these pathways. Keywords such as “metabolic
reprogramming,” “cancer metabolism,” “Warburg effect,” “glycolysis,”
“oxidative phosphorylation,” and “metabolic targeting in cancer” were
used to identify relevant articles [3]. Studies selected for inclusion were
those that explored key alterations in metabolic pathways, including
glucose metabolism, fatty acid synthesis, and mitochondrial function,
and the role of oncogenic signaling pathways (e.g., PI3K/AKT/mTOR,
MYC, p53) in regulating these processes. We also examined research
on metabolic inhibitors and their preclinical and clinical efficacy in
cancer treatment. Additionally, studies on cancer cell metabolism in the
context of the tumor microenvironment, such as hypoxia and nutrient
limitation, were reviewed to understand how these factors influence
metabolic shifts. Data were synthesized to provide a comprehensive
overview of current understanding and highlight the therapeutic
implications of targeting cancer cell metabolism [4].

Results

The findings from the reviewed studies indicate that metabolic
reprogramming plays a critical role in sustaining cancer cell growth and
survival. The shift to aerobic glycolysis, known as the Warburg effect,
was found to be a universal metabolic adaptation in many cancers,
contributing to increased glucose consumption and lactate production.
Additionally, cancer cells exhibit upregulated fatty acid metabolism,
allowing them to generate lipids for membrane synthesis and energy
storage. Mitochondrial function also undergoes significant changes
in cancer cells, with some cancers exhibiting increased mitochondrial
biogenesis and altered oxidative phosphorylation (OXPHOS) to
support biosynthesis. Oncogenes, particularly MYC and mutant p53,
were identified as key drivers of metabolic reprogramming, influencing
key enzymes involved in glycolysis and lipid metabolism. The PI3K/
AKT/mTOR signaling pathway was also implicated in regulating
metabolic alterations by promoting anabolic processes and inhibiting
catabolic pathways [5]. Furthermore, the tumor microenvironment,
characterized by hypoxia and nutrient deprivation, was shown to
exacerbate these metabolic shifts, leading to an increased reliance on
glycolysis and the pentose phosphate pathway for cell survival. Targeting
key enzymes, such as lactate dehydrogenase A (LDHA), hexokinase 2
(HK2), and fatty acid synthase (FASN), was shown to inhibit cancer cell
proliferation in preclinical models. However, resistance to metabolic
inhibitors was observed in some studies, suggesting the need for
combination therapies to enhance the efficacy of metabolic-targeted
treatments [6].

Discussion

Metabolic reprogramming in cancer cells is a complex, dynamic
process that allows tumors to adapt to the ever-changing environment.
The Warburg effect, which drives increased glycolysis, provides cancer
cells with rapid ATP production and metabolic intermediates necessary
for growth. This shift is not merely a consequence of hypoxia but is
actively regulated by oncogenic signaling pathways [7]. MYC, for
example, increases the expression of enzymes involved in glycolysis
and glutamine metabolism, while mutant p53 enhances glycolytic flux.
Moreover, the PI3K/AKT/mTOR pathway facilitates nutrient uptake
and biosynthesis, further supporting tumor growth. Another critical
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aspect of cancer metabolism is the altered lipid metabolism, which
enables the synthesis of cell membrane components and provides an
energy reservoir for rapid cell division. The tumor microenvironment,
which is often hypoxic and nutrient-deprived, amplifies these
metabolic alterations, driving the increased reliance on glycolysis and
alternative metabolic pathways. Despite the potential of targeting these
altered metabolic pathways, several challenges persist. For instance,
tumors exhibit significant heterogeneity in metabolic profiles, making
it difficult to identify universal metabolic targets [8]. Additionally,
metabolic inhibitors often result in compensatory mechanisms, where
alternative pathways are upregulated, reducing the long-term efficacy of
monotherapies. Combination strategies involving metabolic inhibitors
and other treatments, such as chemotherapy or immunotherapy, may
hold the key to overcoming resistance. Furthermore, the development
of specific and potent inhibitors for key enzymes involved in cancer
metabolism, without affecting normal cells, remains a major challenge.
More research is needed to fully understand the metabolic plasticity
of cancer cells and to develop strategies that can effectively target this
plasticity in the clinic [9,10].

Conclusion

Metabolic reprogramming is a hallmark of cancer and is essential
for supporting the rapid growth and survival of tumor cells. By altering
metabolic pathways such as glycolysis, oxidative phosphorylation, and
fatty acid metabolism, cancer cells adapt to the harsh conditions of the
tumor microenvironment and maintain their proliferative capacity.
Oncogenic signaling pathways, including MYC, p53, and PI3K/AKT/
mTOR, play a central role in driving these metabolic changes. Targeting
metabolic pathways offers a promising therapeutic strategy to hinder
cancer progression, but challenges such as metabolic heterogeneity
and the potential for resistance remain. To overcome these challenges,
combination therapies that target multiple metabolic pathways or
synergize with traditional therapies may be required. The development
of selective and potent metabolic inhibitors is crucial for the successful

application of metabolic-targeted therapies in clinical settings. Ongoing
research into cancer cell metabolism will provide the foundation for
novel therapeutic strategies aimed at exploiting the vulnerabilities of
tumor metabolism, ultimately improving cancer treatment outcomes.
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