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Introduction

Hypoxia, or low oxygen levels, is a common feature of solid tumors
and plays a crucial role in shaping the tumor microenvironment (TME).
As tumors grow rapidly, their demand for oxygen outpaces the supply
delivered by blood vessels. This imbalance leads to the development
of hypoxic regions within tumors, where oxygen levels fall below
normal physiological conditions. Hypoxia influences a range of cellular
processes within the TME, including metabolic reprogramming,
immune evasion, angiogenesis (the formation of new blood vessels),
and treatment resistance [1].

In recent years, researchers have increasingly recognized the
importance of tumor hypoxia in promoting aggressive cancer
behavior and conferring resistance to conventional therapies such
as chemotherapy and radiation. Hypoxia triggers adaptive cellular
responses that allow tumor cells to survive and thrive in oxygen-
deprived conditions, making it a critical factor in tumor progression.
Understanding how hypoxia shapes the TME and contributes to cancer
therapy resistance is essential for developing new therapeutic strategies
that target hypoxic tumor regions or reverse the effects of hypoxia [2].
This article explores the impact of hypoxia on TME dynamics and
discusses its implications for cancer therapy.

Description

Tumor hypoxia and its origins

In normal tissues, oxygen is delivered to cells via a network of
blood vessels, ensuring adequate oxygen supply for cellular functions.
However, as tumors grow beyond a certain size, the existing blood
supply becomes insuflicient to meet the increased demand for oxygen.
This results in the formation of poorly structured and leaky blood
vessels, leading to areas of low oxygen (hypoxia) within the tumor.
Hypoxia is often found in the center of tumors, while peripheral regions
may still be oxygenated due to proximity to blood vessels [3].

Hypoxia can also result from other factors, including the high
metabolic demand of rapidly proliferating tumor cells and disrupted
tumor vasculature. The resulting hypoxic regions create a unique
microenvironment that significantly influences tumor biology.

Cellular responses to hypoxia

Tumor cells exposed to hypoxic conditions activate a variety of
adaptive mechanisms to survive and proliferate. One of the most
well-studied responses is the activation of hypoxia-inducible factors
(HIFs), particularly HIF-1a, a transcription factor that regulates the
expression of genes involved in cell survival, metabolism, angiogenesis,
and immune modulation [4]. Under low oxygen conditions, HIF-1a
becomes stabilized and translocates to the nucleus, where it drives the
expression of several target genes involved in these processes.

Angiogenesis: Hypoxia promotes the production of vascular
endothelial growth factor (VEGF), a key mediator of angiogenesis.
VEGF stimulates the growth of new blood vessels, a process that helps

supply the tumor with much-needed oxygen and nutrients. However,
the new vasculature is often abnormal and inefficient, which perpetuates
a cycle of hypoxia and tumor progression [5].

Metabolic  reprogramming:  Hypoxic  conditions  also
trigger metabolic changes in tumor cells, shifting from oxidative
phosphorylation to aerobic glycolysis (the Warburg effect), which
allows for ATP production even in the absence of oxygen. This
metabolic reprogramming ensures that tumor cells can continue to
generate energy and biomass needed for rapid growth, despite limited
oxygen availability [6].

Immune evasion: Hypoxia in the TME can impair the function of
immune cells, particularly cytotoxic T cells and natural killer (NK) cells,
which are critical for recognizing and destroying cancer cells. Hypoxia-
induced lactic acid production leads to a more acidic environment that
further dampens immune cell activity and promotes immune evasion.
Additionally, hypoxic tumor cells can recruit regulatory T cells (Tregs),
which suppress immune responses, further enhancing the tumor’s
ability to escape immune surveillance.

Therapy resistance: Hypoxic tumor regions are often more
resistant to treatments such as chemotherapy and radiation. The low
oxygen levels reduce the efficacy of radiation therapy, as radiation-
induced DNA damage requires oxygen to be effective in killing cells.
Furthermore, hypoxia can increase the expression of genes that promote
drug resistance, such as MDR1 (multidrug resistance protein 1), which
pumps chemotherapy drugs out of cancer cells [7].

Impact on tumor microenvironment dynamics

Hypoxia does not act in isolation but interacts with other
components of the TME, including stromal cells, fibroblasts, and
immune cells. Cancer-associated fibroblasts (CAFs), which are often
found in hypoxic regions, can secrete growth factors, cytokines, and
extracellular matrix components that promote tumor cell survival,
invasion, and metastasis. Additionally, immune cells in the TME,
including tumor-associated macrophages (TAMs), can be polarized
by hypoxic conditions to a pro-tumorigenic phenotype that promotes
tumor growth and suppresses anti-tumor immunity.

The combination of these cellular and molecular interactions
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creates a dynamic and constantly evolving TME that supports tumor
progression and therapeutic resistance. Tumor cells adapt to hypoxic
stress through a variety of mechanisms, but the hypoxic TME also
influences the surrounding non-cancerous cells, which, in turn,
enhance tumor malignancy.

Conclusion

Hypoxia plays a pivotal role in shaping the tumor microenvironment
and driving cancer progression. By inducing changes in tumor
cell metabolism, angiogenesis, immune modulation, and therapy
resistance, hypoxia significantly contributes to the aggressive nature
of cancer. Moreover, the dynamic interactions between hypoxic tumor
cells and the surrounding stromal and immune cells further complicate
the treatment landscape.

Given its central role in cancer biology, hypoxia presents an attractive
therapeutic target. Strategies aimed at targeting hypoxic tumor regions
such as hypoxia-activated prodrugs, which are designed to selectively
kill hypoxic tumor cells, or vascular normalization therapies to improve
tumor blood supply are actively being explored in preclinical and
clinical settings. In addition, combining hypoxia-targeted therapies with
immunotherapies could restore immune function in hypoxic tumors,
overcoming one of the key barriers to effective cancer treatment. Despite
the challenges, including the heterogeneous nature of tumors and the
complexity of the TME, therapeutic strategies targeting hypoxia offer
significant promise. Continued research into the molecular pathways
driven by hypoxia and their impact on tumor biology will be crucial

in developing more effective cancer therapies that can overcome the
barriers posed by the hypoxic tumor microenvironment and improve
patient outcomes.
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