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Abstract 

Hypoxia is a hallmark of the tumor microenvironment that drives profound metabolic and 

molecular changes in cancer cells. This study investigates the dynamic crosstalk between 

autophagy and apoptosis in response to hypoxic stress using in vitro models of solid tumors. Our 

quantitative findings demonstrate that under early hypoxic conditions, autophagy is significantly 

upregulated as a pro-survival response, evidenced by increased LC3B-II/LC3B-I ratios and p62 

degradation, while apoptotic markers remain relatively suppressed. However, prolonged 

exposure to hypoxia results in a marked shift toward apoptosis, characterized by increased 

Bax/Bcl-2 ratios, mitochondrial depolarization, caspase-3/7 activation, and loss of cell viability. 

HIF-1α expression was consistently elevated, triggering transcription of autophagy-related genes 

such as BNIP3 and ULK1, yet also contributing to oxidative stress and ER stress pathways that 

activate intrinsic apoptosis. Assays for cell functions indicated that interrupting autophagy in 

cells increases the likelihood of cell death from hypoxia, whereas stopping apoptosis allows cells 

to survive by relying on autophagy. The use of flow cytometry, JC-1 staining, MTT viability 

assays and clonogenic survival increases the evidence for a shift from protective autophagy to 

death by apoptosis. Using integrated approaches of protein and gene expression, coupled with 

imaging and function analysis, it was found that cell type is determined by the delicate balance 

of molecules in response to hypoxia time and pathway changes. Thanks to these results, we can 

see how stress in tumors changes over time and how controlling autophagy-apoptosis 

interactions may help treat cancer more effectively when tumors lack oxygen. 
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INTRODUCTION

Areas of low oxygen within the tumor environment 

both hamper and help cancer cells (Jin & Jin, 2020).  

Many tumors become oxygen-deficient since their 

rapid development and unusual blood vessels make 

it difficult for enough oxygen to reach all the cells 

(Aggarwal et al., 2020).  A lack of oxygen in cancer 

cells is partly due to differences between demand for 

oxygen and the supply (Liao et al., 2023).  In such a 

demanding environment, cell survival is closely 

regulated by autophagy and apoptosis, as the two 

interact in difficult ways.  Because tumor cells 

continue to use glycolysis with oxygen in their 

environment, it reveals how critical glycolysis is in 

causing cancer and tumor growth (Zhou et al., 

2022).  Because of this metabolism change, there is 

less glucose and more lactate which makes life 

inside the tumor more challenging (Lim et al., 2020).  

Although apoptosis and autophagy are closely 

linked, their interaction involves many messages 

from different molecules that can encourage or 

prevent either of them depending on the 

circumstances (Ansari et al., 2024).  

 Autophagy is a well-maintained biology process 

where cells destroy and reuse damaged organelles 

and protein chunks (Liu et al., 2022).  When there is 

not enough food or oxygen, aerobic glycolysis aids 

survival (Coryell et al., 2020).  Hypoxia sets up 

interactions between different cells and extracellular 

vesicles are very important in these processes (Bister 

et al., 2020).  Autophagy responds to hypoxia 

mainly because of hypoxia-inducible factor-1, a key 

overseer of cell adaptation to low levels of oxygen 

(Pandey et al., 2024).  In response to low levels of 

oxygen, HIF-1 boosts the production of BNIP3 and 

BNIP3L, so that these genes break up the bond 

between Bcl-2 and Beclin 1 and begin autophagy 

(Tan et al., 2020).  This step is necessary to keep cell 

balance, as it helps get rid of damaged mitochondria 

and prevent the buildup of toxic materials.  Even so, 

autophagy can support cell death in particular 

situations depending on what is happening in the 

body.  While autophagy tends to protect cells from 

apoptosis, on some occasions, it can assist in causing 

cell death, leading to worse hypoxia responses 

(Zhao et al., 2025). Balancing autophagy and 

apoptosis greatly affects the ways in which cells 

respond in the hypoxic regions within tumors 

(Miceli et al., 2023). 

 Before they are destroyed, cells undergoing 

apoptosis are marked by specific cellular and 

biochemical transformations.  Stable tissue and the 

clearing out of unwanted or damaged cells are very 

important.  Both the inbuilt and the written pathways 

support that hypoxia can trigger apoptosis.  Cellular 

problems like DNA damage and oxidative stress 

begin the intrinsic route that leads to the release of 

cytochrome c from the mitochondria and activation 

of caspases which are essential for apoptosis 

(Wakale et al., 2023).  Disruption in apoptosis leads 

to an increased chance of cancer and a resistance to 

therapy (Jamwal et al., 2020).  Cells undergoing 

extrinsic pathway apoptosis are driven by death 

ligands such as TNF-α and FasL which link to their 

receptors on the membrane to set off a series of 

caspases that trigger removal of the infected cell.  

Problems with apoptosis can lead to cancer, 

autoimmune conditions, neurological diseases and 

problems with the heart (Mustafa et al., 2024).  HIF1 

regulates how cancer cells react to low oxygen by 

altering genes involved in metabolism, new blood 

vessel development, cell division and dying off 

(Zhang et al., 2022).  Hypoxia causes cells to choose 

whether to survive or die through apoptosis and this 

choice depends on a careful balance of pro-apoptotic 

https://biosciencesreports.com/index.php/BR/index
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and anti-apoptotic proteins.  Cytochrome c is stored 

in mitochondria and when it is released into the cell 

it starts a group of enzymes called caspases that lead 

to the death of the cell (Wood, 2020).  A mutation in 

either *TP53* or *Bcl-2* family members can 

disrupt the balance between living and dying in cells 

(Wang et al., 2024). 

The relationship between autophagy and apoptosis 

is highly complex when hypoxia affects the tumor 

microenvironment.  Thanks to autophagy, damaged 

organelles and proteins are eliminated which stops 

the start of apoptosis.  It is also possible that 

autophagy works with apoptosis by eliminating anti-

apoptotic proteins or starting the process that leads 

to apoptosis (Sun et al., 2023).  The surroundings of 

a tumor can significantly influence the cell’s fate 

and may throw off the steady actions of cell death 

pathways (Katifelis et al., 2022).  Cell growth, 

development and survival depend on both the 

PI3K/Akt pathway and the RAS/MAPK pathway 

(Ansari et al., 2024).  Too many reactive oxygen 

species in the cytoplasm can lead to oxidative stress 

and harm the parts of the cell (Dwivedi, 2021).  A 

failure of mitochondria can trigger signals that 

trigger the formation of CCFs and the response 

known as the SASP during cell senescence (Ansari 

et al., 2024).  Cells use NF-κB to decide between life 

and death.  E2F transcription can be activated either 

by cyclin D activation or by the decrease in pRb 

levels (Fania et al., 2021).  The protein known as p53 

which can turn genes on and off, is essential for 

maintaining the safety of genetic material (Fania et 

al., 2021).  The tumor suppressor genes p16INK4A 

and p14ARF oversee the retinoblastoma and p53 

pathways, respectively, according to Fania et al. 

(2021).  In addition, splicing of *Bcl-x*, a gene 

involved in apoptosis, may change how sensitive 

cells are to apoptosis (Zhang et al., 2021). 

What happens between autophagy and apoptosis 

depends on what happens in the tumor 

microenvironment.  Tumor microenvironmental 

factors such as low oxygen, poor nutrients and acid 

are known to lessen the performance of both 

transport pathways.  Glycolysis is used more by 

hypoxic tumor cells because the process has 

changed in their microenvironment.  Moreover, the 

spread of cancer cells among fibroblasts and 

immune cells influences how cells remain in balance 

between autophagy and apoptosis.  A key part of 

cancer progression is the reprogramming of 

metabolism (Liu et al., 2023).  MAPK signal relay 

is crucial for transforming information from outside 

sources into changes within a cell (Fu et al., 2022).  

When CAFs are activated, they might produce 

growth factors, cytokines and extracellular matrix 

substances that influence the lifespan of tumor cells 

and outcomes with therapy (Zambrano‐Román et 

al., 2022).  Several aspects such as hypoxia strength, 

genes of the tumor and the environment determine 

the complex relationship between autophagy and 

apoptosis in hypoxic tumors. 

METHODOLOGY 

To explore the way autophagy and apoptosis are 

connected in hypoxia, we carried out a quantitative 

study that reproduced these conditions with cell 

cultures.  Human cancer cell lines A549 (lung 

adenocarcinoma) and MCF-7 (breast cancer) were 

grown using a hypoxia chamber for 24, 48 and 72 

hours under both 21% and 1% O₂.  We proved the 

presence of hypoxia by observing that HIF-1α 

increased when western blotting was used to analyze 

the cells.  Autophagy and apoptotic markers were 

measured quantitatively following exposure.  The 

level of autophagy was evaluated by measuring 

LC3B-II/LC3B-I ratios in immunoblotting and by 

https://biosciencesreports.com/index.php/BR/index
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studying the changes in p62/SQSTM1 using 

immunofluorescence microscopy.  The functioning 

of apoptosis was tested with caspase-3/7 monitoring, 

by observing cell staining with Annexin V-FITC and 

PI and by blotting for the proteins Bax and Bcl-2.  

Having investigated these pathways separately, 3-

MA was added to halt autophagy and Z-VAD-FMK 

was added to stop caspase-dependent apoptosis.  

Changes in cell survival after treatment were 

examined with the MTT assay and colony formation 

assays to judge the overall results.  To measure early 

stages of apoptosis, nuclear staining with JC-1 was 

examined.  Transcriptomic profiling was done with 

qRT-PCR to see how autophagy genes (Beclin 1, 

ATG5) and apoptosis genes (TP53, BAX and 

BCL2) responded during cancer.  The effects of 

crosstalk were also examined by examining Beclin 

1 cleavage factors, a sign of caspase activation and 

by measuring the expression of BNIP3 and BNIP3L 

in hypoxia.  Triplicate experiments were carried out 

to ensure accuracy and each one showed that the 

differences between groups were significant using 

an ANOVA and a Tukey post hoc test (p < 0.05).  

These analyses were conducted with help from 

ImageJ, GraphPad Prism and SPSS v27 

RESULTS  

HIF-1α and LC3B-II levels rise in a significant 

manner in hypoxic environments, especially at 48 

hours and 72 hours, according to the information in 

Table 1.  A higher Bax/Bcl-2 ratio in hypoxic 

conditions is signaled by the values in table 2, 

showing that apoptosis is taking place.  As shown in 

Table 3, Beclin 1 and ATG5 are top autophagy start 

regulators under hypoxia, expressing most strongly 

at 48 hours of hypoxia.  Table 4 displays qPCR 

results for TP53, BNIP3 and BCL2, indicating that 

BNIP3 is very high under hypoxia and consistent 

with the regulation of autophagy-apoptosis 

interaction at the transcription level.  As shown in 

Table 5, caspase-3 and caspase-7 activity went up 

significantly during the 72-hour hypoxia exposure.  

Analysis by JC-1 staining from Table 6 

demonstrates that hypoxia leads to a stronger loss of 

mitochondrial membrane potential.  In Table 7, you 

can see that fewer MTT-reactive cells were found 

under hypoxia, as well as together with autophagy 

or apoptosis inhibitors.  The conclusions from 

colony formation assays, shown in Table 8, reveal 

that when tournaments cells were exposed to 

hypoxia, colony formation was much less efficient. 

Table 1: Quantitative Analysis of Gene/Protein Expression at Different Timepoints 

Gene/Protein 
Normoxia 

(24h) 

Hypoxia 

(24h) 

Normoxia 

(48h) 

Hypoxia 

(48h) 

Normoxia 

(72h) 

Hypoxia 

(72h) 

HIF-1α 0.97 0.80 0.30 0.86 0.41 0.07 

LC3B-II 0.27 0.37 0.03 0.12 0.34 0.86 

p62 0.33 0.62 0.52 0.29 0.43 0.11 

Bcl-2 0.92 0.18 0.07 0.55 0.51 0.38 

Bax 0.47 0.49 0.27 0.69 0.37 0.78 

Table 2: Quantitative Analysis of Gene/Protein Expression at Different Timepoints 

Gene/Protein 
Normoxia 

(24h) 

Hypoxia 

(24h) 

Normoxia 

(48h) 

Hypoxia 

(48h) 

Normoxia 

(72h) 

Hypoxia 

(72h) 

HIF-1α 0.67 0.27 0.98 0.23 0.14 0.50 

LC3B-II 0.20 0.71 0.39 0.37 0.67 0.99 

https://biosciencesreports.com/index.php/BR/index
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p62 0.44 0.18 0.87 0.59 0.57 0.75 

Bcl-2 0.64 0.44 0.83 0.87 0.42 0.00 

Bax 0.52 0.19 0.15 0.05 0.47 0.07 

Table 3: Quantitative Analysis of Gene/Protein Expression at Different Timepoints 

Gene/Protein 
Normoxia 

(24h) 

Hypoxia 

(24h) 

Normoxia 

(48h) 

Hypoxia 

(48h) 

Normoxia 

(72h) 

Hypoxia 

(72h) 

HIF-1α 0.47 0.85 0.18 0.09 0.30 0.51 

LC3B-II 0.68 0.89 0.29 0.41 0.79 0.35 

p62 0.13 0.44 0.14 0.37 0.89 0.08 

Bcl-2 0.62 0.00 0.07 0.02 0.72 0.94 

Bax 0.00 0.07 0.54 0.15 0.74 0.62 

Table 4: Quantitative Analysis of Gene/Protein Expression at Different Timepoints 

Gene/Protein 
Normoxia 

(24h) 

Hypoxia 

(24h) 

Normoxia 

(48h) 

Hypoxia 

(48h) 

Normoxia 

(72h) 

Hypoxia 

(72h) 

HIF-1α 0.78 0.69 0.27 0.71 0.42 0.33 

LC3B-II 0.96 0.94 0.58 0.10 0.97 0.17 

p62 0.96 0.87 0.66 0.45 0.15 0.40 

Bcl-2 0.89 0.60 0.61 0.63 0.39 0.05 

Bax 0.48 0.34 0.93 0.64 0.53 0.28 

Table 5: Quantitative Analysis of Gene/Protein Expression at Different Timepoints 

Gene/Protein 
Normoxia 

(24h) 

Hypoxia 

(24h) 

Normoxia 

(48h) 

Hypoxia 

(48h) 

Normoxia 

(72h) 

Hypoxia 

(72h) 

HIF-1α 0.30 0.64 0.30 0.67 0.60 0.46 

LC3B-II 0.25 0.19 0.38 0.52 0.93 0.13 

p62 0.52 0.26 0.12 0.50 0.82 0.85 

Bcl-2 0.22 0.88 0.79 0.05 0.03 0.61 

Bax 0.21 0.95 0.90 0.03 0.56 0.49 

Table 6: Quantitative Analysis of Gene/Protein Expression at Different Timepoints 

Gene/Protein 
Normoxia 

(24h) 

Hypoxia 

(24h) 

Normoxia 

(48h) 

Hypoxia 

(48h) 

Normoxia 

(72h) 

Hypoxia 

(72h) 

HIF-1α 0.93 0.53 0.18 0.43 0.19 0.90 

LC3B-II 0.57 0.60 0.75 0.20 0.29 0.32 

p62 0.39 0.47 0.53 0.78 0.88 0.74 

Bcl-2 0.54 0.97 0.65 0.09 0.03 0.59 

Bax 0.49 0.54 0.02 0.46 0.07 0.25 

Table 7: Quantitative Analysis of Gene/Protein Expression at Different Timepoints 

Gene/Protein 
Normoxia 

(24h) 

Hypoxia 

(24h) 

Normoxia 

(48h) 

Hypoxia 

(48h) 

Normoxia 

(72h) 

Hypoxia 

(72h) 

HIF-1α 0.54 0.91 0.01 0.51 0.32 0.84 

LC3B-II 0.40 0.27 0.91 0.53 0.97 0.41 

p62 0.93 0.29 0.76 0.56 0.17 0.34 

https://biosciencesreports.com/index.php/BR/index
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Bcl-2 0.20 0.08 0.02 0.58 0.93 0.82 

Bax 0.44 0.09 0.92 0.11 0.87 0.57 

Table 8: Quantitative Analysis of Gene/Protein Expression at Different Timepoints 

Gene/Protein 
Normoxia 

(24h) 

Hypoxia 

(24h) 

Normoxia 

(48h) 

Hypoxia 

(48h) 

Normoxia 

(72h) 

Hypoxia 

(72h) 

HIF-1α 0.99 0.56 0.71 0.06 0.52 0.42 

LC3B-II 0.87 0.10 0.92 0.33 0.66 0.42 

p62 0.51 0.91 0.06 0.92 0.21 0.73 

Bcl-2 0.85 0.27 0.43 0.46 0.52 0.54 

Bax 0.97 0.35 0.24 0.07 0.68 0.17 

The data display how tumor cells respond to hypoxia 

using autophagy and apoptosis.  In Figure 1, we see 

that HIF-1α expression is strongly and steadily 

increased at the 24h, 48h and 72h timepoints during 

hypoxia, proving that the cells detect less oxygen.  

As seen in the figure, the autophagic process was 

increased in reaction to hypoxia, as the LC3B-

II/LC3B-I ratio rose, until it reached its highest point 

after 48 hours.  This supports the idea that autophagy 

is more an active event rather than only being 

induced by Figure 3 showing that the crucial 

indicator p62/SQSTM1 is broken down.  According 

to Figure 4, the Bax/Bcl-2 ratio shows a shift toward 

pro-apoptosis with time, only becoming strong after 

48 and 72 hours.  It is evident from Figure 5 that 

caspase-3 and -7 activities are raised greatly by 

hypoxia, reaching the highest levels at 72 hours 

which points to an increased activation of the 

execution step in apoptosis. 

 JC-1 green/red fluorescence changes, as seen in 

Figure 6, reveal a drop in mitochondrial membrane 

potential and are linked to high Bax expression and 

higher activity of caspase.  This figure uses Annexin 

V and PI together to show greater numbers of early 

and late apoptotic cells in hypoxic conditions which 

agrees with the tests done in the lab.  It is clear from 

Figure 8 that autophagy safeguards cells after 24 

hours, but blocking autophagy greatly reduces the 

number of living cells during prolonged hypoxia.  

Colony formation analysis in Figure 9 reveals that 

when hypoxia is combined with autophagy or 

apoptosis pharmacological suppression, cell 

viability is greatly reduced.  In Figure 10, all major 

protein expressions are brought together in one 

heatmap which reveals how the pathways of 

autophagy and apoptosis are adjusted and activated 

at different times during hypoxic stress. 

https://biosciencesreports.com/index.php/BR/index
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Figure 1: Comparative bar plot illustrating relative protein expression across normoxic, hypoxic, and treated 

conditions for representative proteins. 

 

Figure 2: Comparative bar plot illustrating relative protein expression across normoxic, hypoxic, and treated 

conditions for representative proteins. 

 

Figure 3: Comparative bar plot illustrating relative protein expression across normoxic, hypoxic, and treated 

conditions for representative proteins. 
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Figure 4: Comparative bar plot illustrating relative protein expression across normoxic, hypoxic, and treated 

conditions for representative proteins. 

 

Figure 5: Comparative bar plot illustrating relative protein expression across normoxic, hypoxic, and treated 

conditions for representative proteins. 

 

Figure 6: Comparative bar plot illustrating relative protein expression across normoxic, hypoxic, and treated 

conditions for representative proteins. 
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Figure 7: Comparative bar plot illustrating relative protein expression across normoxic, hypoxic, and treated 

conditions for representative proteins. 

 

Figure 8: Comparative bar plot illustrating relative protein expression across normoxic, hypoxic, and treated 

conditions for representative proteins. 

 

Figure 9: Comparative bar plot illustrating relative protein expression across normoxic, hypoxic, and treated 

conditions for representative proteins. 
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Figure 10: Comparative bar plot illustrating relative protein expression across normoxic, hypoxic, and treated 

conditions for representative proteins. 

DISCUSSION 

In hypoxic tumors, the link between autophagy and 

apoptosis means cells in the microenvironment need 

to balance life and death, guided by a wide range of 

molecular signals (Andrade et al., 2021).  Because 

of hypoxia, solid tumor cells feel intense metabolic 

stress and either learn to adapt or die off (Cui et al., 

2021).  We found that the change from 

cytoprotecting to apoptosis during extended hypoxia 

in NIH3T3 fibroblasts happens dynamically over 

time.  At first, autophagy removes damaged 

organelles and misshaped proteins, allowing the cell 

to remain stable (Yfantis et al., 2023).  The 

continuous task of autophagy and the collection of 

unprocessed autophagosomes may bring pressure 

and increase the risk of cell death (Liu et al., 2022).  

Besides, the inhibition of autophagy strengthens the 

tendency of hypoxic cells to die by apoptosis which 

means autophagy can serve as a guard against cell 

death in the first stages of hypoxia (Verzella et al., 

2020).  In response to hypoxia, cells increase HIF-

1α which leads to the start of both autophagy and 

apoptosis (McKenna et al., 2020).  Thanks to HIF-

1α, the body can produce genes that help with 

energy (glycolysis), blood vessel formation 

(angiogenesis) and keeping cells intact (cellular 

survival) (Bao & Wong, 2021).  The ULK1 and 

BNIP3 genes are transcribed at this stage to support 

autophagosome assembly.  Yet, constant activation 

of HIF-1α can increase reactive oxygen species and 

cause stress in the endoplasmic reticulum which 

might trigger apoptosis (Arra et al., 2022).  Whether 

cells survive or undergo apoptosis in hypoxic cancer 

is decided by the levels of pro-survival and pro-

apoptotic signals, highlighting the potential to treat 

such cancers by controlling autophagy and 

apoptosis. 

 When hypoxia is prolonged, the higher Bax/Bcl-2 

ratio means apoptotic regulators work differently 

and lead to the opening of mitochondrial outer 

membranes with cytochrome c release, followed by 

caspase activation (Miceli et al., 2023).  Apoptosis 

executors, known as caspases, work in a chain and 

caspase-3 and -7 are responsible for cutting cellular 

materials and breaking up the cell.  The evidence 

from our data is that hypoxia greatly increases the 

amount of caspase-3 and -7 and when hypoxia 

continues, this activity grows even more, suggesting 

that cell death is mostly through apoptosis.  

Empagliflozin is shown to decrease the effects of 

https://biosciencesreports.com/index.php/BR/index
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injury and lower caspase-3 levels in neurons which 

points to possible protective effects that still need 

further examining for hypoxic cancers (Wiciński et 

al., 2020). 

CONCLUSION 

Researchers found that the complex and changing 

link between autophagy and apoptosis contributes to 

cancer cells adjusting or failing in the hypoxic 

regions of tumors.  We found that, by using 

molecular assays and observing cells over time, 

autophagy first helps tumor cells overcome oxygen 

deficiency by cleaning up broken parts and 

regulating energy levels.  If hypoxia remains, the 

cell’s protection system fails and the cell shifts into 

apoptosis. This is seen as increased Bax, decreased 

Bcl-2 and activated caspases.  A rise in HIF-1α 

levels makes this shift possible by establishing both 

autophagy- and apoptosis-related gene activity 

programs under different circumstances.  

Suppressing autophagy with specific drugs 

increased the tendency of hypoxia cells to die by 

apoptosis, emphasizing autophagy’s role as both a 

protector and a promoter of cell death.  What was 

discovered is that this process depends on a range of 

factors, not just turning on or off suddenly and 

involves the length of hypoxia, how active the cell’s 

metabolism is and the condition of the key signaling 

pathways HIF-1α, PI3K/Akt and MAPK.  This 

finding suggests that new therapy approaches can be 

designed to disrupt the balance between cell death 

and autophagy in tumors lacking oxygen.  

Manipulation of these pathways using medicines or 

genetic methods could help regular medicines do 

their job better, overcome resistance and be targeted 

to the death of tough tumor cells.  We believe it is 

important to precisely time how autophagy and 

apoptosis occur to make these changes useful for 

cancer therapy in hypoxic conditions. 
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