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Abstract

Signalling-cellular metabolism interplay has a large role in cancer growth. In this study, the |Article History
researchers investigate these relationships using high-resolution metabolomics and Received:
guantitative signaling analysis to determine how to figure out the molecular basis of tumour | July 11,2024
growth. A multi-dimensional approach to the description of the most suitable modes of action Revised:

of cancer drugs was performed by examining samples of cancer tissue and cell cultures | August2l, 2024
representing nine experimental groups in a mixed-method approach to an experiment Accepted:
combining the method of UPLC-MS/MS-based profiling and in vitro kinase tests. The |September 19,2024
findings indicated that the concentration of lactate and glutamine increased progressively, | Available Online:
whereas the level of AMPK activity decreased steadily and mTOR level increased |December 31,2024
dramatically. It indicates that their cells were reprogramming metabolically and in signalling
in a co-ordinated way which is characteristic of cancer. Scatter and correlation analyses were
used and demonstrated great positive correlations between the concentration of important
metabolites and pro-growth indicators of signalling. Hybrid visualisation plots indicated that
metabolic-signaling axis became stronger as the disease progressed. The majority of the
samples (over 65 percent) reported high mTOR activity, the indicator of anabolic growth and
reduced response to energy stress. Computer network modelling was used to validate the
results and make sure that they were biologically meaningful with regard to expert opinion.
This combination in effect does not only make the complex biochemical layering of the cancer
development more explainable, but also demonstrates potential co-targeting methods through
the application of metabolic inhibitors and signalling modifiers. The research in general
contributes to our understanding of the science of cancer system biology and demonstrates the
potential usefulness of multi-dimensional profiling in identification of therapeutic targets
which can be tackled.

Keywords: Cancer Metabolism, Cell Signaling, Metabolomics, Mtor Pathway, Ampk, Systems
Biology.
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INTRODUCTION

Some recent studies discovered that cancer
metabolism could be one of the key aspects of
cancer development and progression, which is also
correlated with patients outcomes (Zhao & Li,
2021). Dysregulated metabolism is believed to be
one of the key cancer risk factors now and metabolic
reprogramming can be regarded as a new cancer
indicator (Yu et al., 2020). The metabolic processes
in the cancer cells are also modified in a way that
produces special compounds that modify and alter
the gene expression and signalling pathways to favor
their growth and division (Mathew et al., 2024).
Such shifts in metabolism support metabolic
rewiring to enable cancer cells to exist in low-pH
and nutrient-cramped environments through the
generation of new metabolic pathways to accelerate
their growth and transmission (Wan et al., 2025;
Ohshima & Morii, 2021). Metabolic
reprogramming also contributes to the development
of tumours and their resistance to conventional
treatment and is caused by oncogenes, tumour
suppressor genes, and interactions in the tumour
microenvironment (Nong et al., 2023; Corn et al.,
2020). The modifications of metabolic system in
cancerous cells assist the tumours to develop, by
process greater production and breaking down of
bulk molecules such as lipid and amino acids
(Kaoutari et al., 2021). Malignant cells are more
plastic in regards to metabolism compared with
normal cells. This implies that they are able to
transform their conditions, even in the cases when
they are lacking food, which impact on tumour
development and changes in the tumour
microenvironment in questions of gene expression
(Nair et al., 2021). This reprogramging that
incorporates improved absorption and digestion of
food substances reveals the reliance of cancer cells
on altered metabolic pathways (Zhang et al., 2023).

The Warburg effect expresses such metabolism
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change: even in a high-oxygen environment, cancer
cells use glycolysis rather than oxidative
phosphorylation. This indicate the adaptation of
cancer cell to achieve their growth and anabolic
requirements (Ting, 2024) (Jaworska et al., 2023).
This alteration of metabolism provides cancer cells
with an advantage in their growth and survival in
that they are able to access additional carbons,
downregulate oxygen, and synthesize ATP in a
shorter period (Fedele et al., 2021; Finley, 2023;
Zhang et al., 2023). In a bid to continue survival,
the cancer cells adapt the way they metabolize stuff
to promote their survival. It is believed to be one of
the major factors of cancer cell transformation
(Chiaradonna & Scumaci, 2021). Such alterations
are changes in the bioenergetic pathways, improved
synthesis of macromolecules and maintenance of the
redox status (Arvalo et al., 2023; Schiliro and
Firestein, 2021). Because they assist its cancer cells
to grow, multiply, and survive by satisfying its
greater energy, redox, and biosynthetic precursor
needs, these metabolic changes are significant (Ma
et al., 2025). It is in this way that tumour cells rely
on glycolysis to satisfy their high energy
requirements that assist them to differentiate and
become aggressive (Zhao et al., 2024). Another
aspect of tumour growth and resistance to treatment
is that cancer cells can be able to alter their
metabolism within a short period of time (Fendt et
al., 2020). Cancer cells are able to cope with
environmental factors of stress that might occur,
such as shortage of nutrients or anti-cancer
medication, because they have the ability to alter
their metabolism (Mukha & Dubrovska, 2020).

Cancer cells require additional sources of energy to
facilitate the development of solid tumours, so they
alter their metabolism when reacting to various

stimuli (Celeiro et al., 2020). One of the primary
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causes of the growth and metastatization of cancer
is how cells use energy (Krysztofiak et al., 2021).
To give an example, cancer cells are much faster to
divide, and they consume ten to twenty times more
glucose than normal cells, indicating that their
energy metabolism has changed significantly
(Koltai & Fliegel, 2023). This is brought about by
the Warburg effect. It assists the cells in the
production of ATP that is required in cell growth,
and macromolecules (Chelakkot et al., 2023; Chu et
al., 2022). This alteration in metabolism maintains
carbon pools as complete to ensure that cells
develop and expand (Braun et al.,, 2020). The
Warburg process facilitates the growth of tumours,
impairs the immune system by increasing lactate and
increasing the PH of the tumour microenvironment
(Barba et al., 2024). In order to comprehend
readouts and various diagnostic processes, one
should also be familiar with how tumours adjust
their metabolism when they lack sufficient nutrients
(Otto, 2020). Glycolysis can also be exploited by
cancer cells in the presence of abundant oxygen thus
demonstrating that cancer cells have a metabolic
preference which enables cancer cells to flourish and
survive (Pandey et al., 2024). This preference
assists tumours develop, metastasise, and be
chemotherapy-resistant (Zhou et al., 2022) (Liu et
al., 2022). This normally occurs in conjunction with
presence of other metabolic substrates such as
glutamine and lactate which are converted to lipids.
This reveals the plasticity of metabolism of cancer
cells (Jin et al., 2023).The ability to target glucose
metabolism enzymes should also be considered a
possible method of cancer treatment since it is due
to them that glucose metabolism in tumour cells is
necessary to form and develop (Liu et al., 2022)
(Zhang et al., 2022). Nevertheless, the excessive
amount of glucose, lipids, and amino acids that
cancer cells have to consume to obtain an energy

supply and the resources to synthesize new cells also
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delivers pro-tumorigenic effects related to rapid
growth, dissemination to other sections of the body,
and penetration of other cells (Liu et al., 2022).
Metabolic reprogramming and cell signalling have
become vital ingredients of cancer, which is why
complex interactions between the two should be
considered in order to identify potential targets of
treatment (Ma et al., 2025) (Fujiwara-Tani et al.,
2022) (Cheng et al, 2022). Tumour
microenvironment metabolic regulators influence
immune cells to alter tumour immune response
making it less resistant to cancer infection (Huang et
al., 2025).

including modification in terms of fatty acids and

Alterations in lipid metabolism,

cholesterol synthesis, aid to increase the growth and
spread of cancer cells and allows the immune system
be less able to perform its functions (Zhang et al.,
2025). One should also understand how the tumor-
associated macrophage metabolism is altered, as
TAMs tend to switch their metabolism so that
tumours can grow and prevent T cells from
performing their functions (Hasan et al., 2022).
Such a complex interplay demonstrates that the
treatment of cancer becomes more efficient in
targeting its metabolic pathways (Wang et al., 2025)
(Zhang et al., 2022). Lipids have the role of energy,
signalling, and membrane structure. It is now
understood that they play a very pivotal role in
cancer biology given that cancer cells adapt their
metabolism to ultimately acquire and utilize lipids to
assist their growth and survival (Butler et al., 2020).
The hypothesis, however, is that this would happen
if 75 out of 100 people were Indians and 25 were
non- Indians (Cortellino & Longo, 2023). The
disorder of lipid metabolism dysregulation is a
characteristic feature of cancer that contributes to
the growth, survival and therapy resistance of
tumours (Zhang et al., 2025).

METHODOLOGY
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In this piece of work, an experimental method of
mixed-method is employed to research both the
quantitative and qualitative effects of metabolomics
and cell signalling in growth regulation in cancer.
This paper applies clinical sample analysis, high-
throughput metabolomic profiling, in vitro cellular
assay as well as computational network modelling
as a means of providing an overview of the changes
metabolism and signalling undergo due to cancer.
To begin with, the samples of cancerous tissue and
normal tissue of surrounding tissues were acquired
in patients who volunteered to be operated in related
oncology hospitals. The ethical approval of this was
made by the institutional review board. Cells were
very quickly frozen in liquid nitrogen and stored at -
80 degrees C till further analysis could be done. We
applied the ultra-performance liquid
chromatography and tandem mass spectrometry
(UPLC-MS/MS) to perform the quantitative
metabolomic profiling. Tissue samples were added
to methanol and water and centrifuged to eliminate
cellular materials after which the solvent
methanol:acetonitrile and water (2:2:1, v/v/v) were
used to extract the metabolites before they were
analysed. Thereafter, the extracts were viewed
through using both targeted and untargeted
metabolomics approaches. We constructed
calibration curves by means of standard and took the
following formula to calculate the quantities of

metabolites:

A.&' : Cﬁt

cm =
Asf

The concentration of the metabolite in the sample is
CmCm, peak area of the sample is AsA_sAstAst, the
concentration of the standard is CstCst and the peak
area of the standard is AstAst.  Statistical
comparisons, principal component analysis (PCA)

and pathway enrichment were performed using
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MetaboAnalyst 5.0 on this quantitative data
normalised to tissue weight. Meanwhile, shotgun
analysis done by Western blotting and
immunofluorescence in a qualitative manner was
performed, allowing investigation into the
expression and  phosphorylation  status  of
components signalling proteins, including AKT,
MTOR, ERK, and AMPK. We maintained cultured
human cancer cell lines ( e.g. MCF-7, A549,
HCT116) in their normal conditions and varied them
in experiments by treating them with inhibitors or
activators of key signalling pathways. To determine
the effect of these on cell signalling, the researchers
exposed cells to the metabolites, which were high in
tumour tissues like lactate, succinate and glutamine.
We have employed the SDS-PAGE in order to
separate the protein extracts and subsequently
transferred them to the PVDF membranes in order
that we could have the ability to detect them using
the antibodies. The band intensities were measured
using the Image) software and fold changes in

relation to untreated controls estimated using:

I
Fold Change — I"

i

Itl_tltis the intensity of the target band of the treated
sample and Icl_clc the intensity of the control. We
inferred a Cytoscape-and MATLAB based
computational model in which we incorporated both
metabolomic and signalling information.  We
designed correlation matrices in order to investigate
the relationship between signalling protein activity
and the concentrations of metabolites in different
samples. The network topology was observed by
using degree centrality, betweenness centrality and
modularity to identify the most important nodes.
Such a systems-level perspective allowed
identifying metabolite-signaling interaction axes

that become universal in cancer. Also, oncologists
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and molecular biologists semi-structured interviews
were held to attribute the experimental findings.
These qualitative insights were coded in NVivo in
themes and compared against the experimental one
to ensure that they were biologically relevant and
translatable. The mixed-method design allowed not
only quantification and mapping the biochemical
alterations, and it also entailed a comprehensive

comprehension in the background of clinical and

translational cancer research. Figure 1 presents a full
methodological pathway, summarising the entire
experimental plan, beginning with obtaining
samples and analysing their metabolites through the
analysis of signalling and construction of a model
that explains it all. The approach fulfills publishing
standards in molecular cancer studies and ensures

the findings are unambiguous and replicable.

Methodology

Clinical Metabolomic
Sample Profiling
Collection

Cancer Tissue

Adjacent Normal
Tissue Adjacent Normal
Tissue

Figure 1. The combination of the methods of
collecting clinical samples, metabolomic profiling
(UPLC-MS/MS), signalling  circuit  analysis
(western blot and immunofluorescence) and
systems-level data integration (computer modelling
and qualitative synthesis) is as demonstrated in a

methodological procedure.
RESULTS

Quantitative outcomes of the experimental groups
are exhibited in tables 1 to 9. The tables indicate the
concentrations of significant metabolites and
activity of significant signalling pathways in biopsy

samples of cancer tissue. Table 1 illustrates the fact
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Pathway Analysis

Signaling Data
Integration

” l_
.E O Immunofluorescence

that Group 1 showed moderate values of lactate and
glutamine, and the AMPK did not exceed 0.62 and
the mTOR approximately reached 1.25. As
indicated in Table 2, there is apparent increase of
lactate and activity of mTOR in Group 2 that
indicates acceleration of metabolism. It is displayed
in Table 3 that there is a large rise in glutamine
utilization, a phenomenon that is coupled with a
reduction in AMPK signalling. This implies that the
body is accommodating to energy stress. In Table 4
it can be seen that this tendency is maintained where
the activity of mTOR is even stronger in Group 4.
On Table 5, they clearly indicate that the level of

lactate is no longer increasing yet the level of mMTOR
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continues to increase. That is, there is increasing
anabolic signalling. The results in Table 6 show that
the concentration of AMPK remains to be low, but
the concentration of glutamine remains constant.
Table 7 depicts yet another metabolic burst of high
glutamine intake and up-regulated mTOR, which is
most likely an indicator of an aggressive tumour

development. The difference between the levels of

AMPK and mTOR signals continues to diminish in
Table 8 indicating that the pathways could be
The table 9

indicates that lactate and mTOR are highest whereas

communicating with each other.

AMPK remains lowest. This validates the re-
programmed metabolism has now been fully
reorganized so that it is similar to the form of late-

stage cancer.

Table 1. Metabolite and Signaling Activity Data for Experimental Group 1

Patient_ID Lactate (mM) Glutamine (mM) AMPK Activity mTOR Activity
P01000 2.95 2.49 0.72 1.15
P01001 2.63 1.81 0.67 1.21
P01002 3.02 1.93 0.64 1.03
P01003 3.46 1.33 0.62 1.01
P01004 2.58 1.68 0.5 1.41
P01005 2.58 1.94 0.58 1.52
P01006 3.49 1.44 0.6 1.24
P01007 3.08 2.05 0.76 1.45
P01008 2.47 1.66 0.68 1.32
P01009 2.97 1.78 0.47 1.12
P01010 2.47 1.66 0.68 1.32
P01011 2.47 2.64 0.61 1.56
P01012 2.82 1.89 0.58 1.24
P01013 1.74 1.48 0.71 1.56
P01014 1.84 223 0.75 0.73
P01015 242 1.41 0.74 1.41
P01016 2.19 1.98 0.57 1.27
P01017 2.86 1.12 0.62 1.19
P01018 2.25 1.37 0.68 1.27
P01019 1.99 1.98 0.75 0.85

Table 2. Metabolite and Signaling Activity Data for Experimental Group 2

Patient_ID Lactate (mM) Glutamine (mM) AMPK Activity mTOR Activity
P02000 2.79 1.43 0.78 1.35
P02001 3.08 1.83 0.61 1.56
P02002 3.64 1.86 0.84 0.98
P02003 2.64 1.68 0.56 1.34
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P02004 2.5 1.94 0.76 1.35
P02005 2.65 2.16 0.92 1.46
P02006 3.36 2.75 0.6 1.05
P02007 3.06 2.07 0.64 1.04
P02008 2.64 2.1 0.71 1.4
P02009 3.16 1.97 0.65 1.36
P02010 2.95 1.23 0.54 1.35
P02011 3.38 1.99 0.71 1.37
P02012 2.55 2.02 0.59 1.16
P02013 2.74 2.99 0.75 1.35
P02014 2.7 1.92 0.61 1.36
P02015 2.17 PRI 0.85 1.16
P02016 3.05 1.99 0.62 1.67
P02017 3.03 1.53 0.67 1.39
P02018 2.9 2.46 0.78 1.06
P02019 2.78 2.3 0.58 1.43
Table 3. Metabolite and Signaling Activity Data for Experimental Group 3
Patient_ID Lactate (mM) Glutamine (mM) AMPK Activity mTOR Activity
P03000 2.61 2.35 0.79 1.81
P03001 3.49 1.76 0.81 0.98
P03002 3.68 1.67 0.86 1.49
P03003 2.69 2.29 0.86 1.03
P03004 3.58 2.01 0.61 1.26
P03005 3.31 2.39 0.66 1.57
P03006 3.51 2.29 0.8 1.36
P03007 4.05 2.07 0.8 1.13
P03008 2.98 1.76 0.8 1.21
P03009 2.72 1.49 1.14 1.49
P03010 2.66 1.92 0.81 1.2
P03011 2.69 2.44 0.86 1.39
P03012 3.06 2.19 0.85 1.36
P03013 3.27 1.6 0.82 1.22
P03014 3.24 2.17 0.72 1.78
P03015 3.51 2.25 0.83 1.48
P03016 3.11 1.75 0.67 0.94
P03017 3.83 2.16 0.73 1.39
P03018 2.97 2.12 0.7 1.22
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P03019 4.46 1.64 0.76 1.52
Table 4. Metabolite and Signaling Activity Data for Experimental Group 4
Patient_ID Lactate (mM) Glutamine (mM) AMPK Activity mTOR Activity
P04000 2.9 1.83 0.81 1.23
P04001 3.24 2.18 0.87 1.29
P04002 3.55 0.9 0.96 1.55
P04003 3.73 1.79 0.68 1.52
P04004 2.7 2.1 1.01 1.4
P04005 3.13 1.7 0.6 1.42
P04006 3.06 2.85 0.78 1.66
P04007 2.97 1.63 0.86 1.28
P04008 4.18 2.02 0.83 1.51
P04009 3.5 2.25 0.74 1.36
P04010 2.67 2.78 0.78 1.36
P04011 3.76 1.63 0.75 1.62
P04012 4.36 2.67 0.74 1.57
P04013 3.82 22 0.88 1.56
P04014 2.54 1.81 0.84 1.66
P04015 3.06 2.38 0.73 1.4
P04016 3.93 2.28 0.89 1.54
P04017 2.95 1.96 0.83 1.34
P04018 3.52 2.23 0.88 1.46
P04019 3.69 2.05 0.86 1.37
Table 5. Metabolite and Signaling Activity Data for Experimental Group 5
Patient_ID Lactate (mM) Glutamine (mM) AMPK Activity mTOR Activity
P05000 3.55 1.97 0.9 1.28
P05001 3.8 2.4 1.0 1.33
P05002 3.09 2.4 0.84 1.03
P05003 4.55 2.1 0.89 1.34
P05004 3.0 2.11 0.92 1.3
P05005 2.89 2.39 0.81 1.48
P05006 4.08 1.72 0.87 1.52
P05007 3.9 1.74 0.85 1.83
P05008 3.81 2.01 0.86 1.64
P05009 3.81 2.21 0.77 1.33
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P05010 3.49 2.42 0.85 1.27
P05011 3.05 2.89 0.9 1.55
P05012 3.54 2.64 1.0 1.19
P05013 3.16 2.24 0.95 1.82
P05014 3.99 2.29 1.07 1.69
P05015 3.43 1.9 0.77 1.36
P05016 3.09 2.29 0.94 1.11
P05017 3.34 2.18 0.87 1.72
P05018 3.71 2.43 1.07 1.43
P05019 3.22 1.97 0.77 1.7
Table 6. Metabolite and Signaling Activity Data for Experimental Group 6
Patient_ID Lactate (mM) Glutamine (mM) AMPK Activity mTOR Activity
P06000 2.9 3.22 0.94 1.89
P06001 3.4 3.1 0.9 1.51
P06002 3.7 2.3 0.69 1.36
P06003 3.72 2.79 0.89 1.54
P06004 3.47 2.66 0.77 1.48
P06005 4.01 2.95 0.97 1.46
P06006 3.17 2.01 0.94 1.62
P06007 3.63 2.67 0.81 1.65
P06008 3.76 2.82 0.85 1.39
P06009 3.96 1.7 0.79 1.38
P06010 4.06 1.93 0.89 1.44
P06011 3.14 1.58 1.0 1.04
P06012 2.93 2.29 0.8 1.2
P06013 4.34 2.69 0.95 1.77
P06014 3.87 3.0 0.85 1.83
P06015 3.33 2.43 0.82 1.45
P06016 4.48 3.05 0.89 1.62
P06017 3.76 1.85 0.8 1.56
P06018 4.29 1.72 0.84 2.12
P06019 3.73 2.38 0.78 1.72
Table 7. Metabolite and Signaling Activity Data for Experimental Group 7
Patient_ID Lactate (mM) Glutamine (mM) AMPK Activity mTOR Activity
P07000 3.84 2.87 0.78 1.72
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P07001 3.42 3.26 1.0 1.32
P07002 3.1 1.94 0.88 1.66
P07003 4.0 2.73 1.01 1.84
P07004 3.52 2.24 0.87 1.06
P07005 3.19 2.31 0.77 1.39
P07006 3.58 2.26 0.79 1.67
P07007 3.36 2.15 0.95 1.51
P07008 4.74 2.52 0.98 1.62
P07009 4.34 2.17 0.86 1.43
P07010 3.9 2.61 1.01 1.57
P07011 4.64 2.48 0.78 1.52
P07012 3.94 2.4 0.94 1.78
P07013 3.47 2.14 0.83 1.6
P07014 4.66 2.27 0.88 1.62
P07015 4.17 2.8 0.95 1.47
P07016 3.38 2.7 0.86 1.45
P07017 3.8 2.11 0.91 1.46
P07018 3.46 2.54 1.05 1.63
P07019 3.21 2.8 0.89 1.47
Table 8. Metabolite and Signaling Activity Data for Experimental Group 8
Patient_ID Lactate (mM) Glutamine (mM) AMPK Activity mTOR Activity
P08000 4.24 2.74 1.08 1.44
P08001 5.14 2.43 0.91 1.69
P08002 4.54 2.85 1.09 1.98
P08003 3.94 3.51 1.14 1.87
P08004 4.7 2.67 1.04 1.92
P08005 3.9 2.7 1.19 1.5
P08006 3.08 242 0.92 1.4
P08007 3.6 2.26 0.88 1.57
P08008 3.16 2.93 0.82 1.61
P08009 3.92 2.26 1.15 1.82
P08010 4.11 2.63 1.07 1.26
P08011 4.94 241 0.99 1.91
P08012 4.26 2.79 1.03 1.57
P08013 3.99 2.73 0.89 1.51
P08014 4.51 3.02 1.24 1.4
P08015 2.99 2.4 1.01 1.27
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P08016 4.22 2.49 1.01 1.76
P08017 4.49 2.21 1.07 1.61
P08018 3.36 2.42 1.05 1.34
P08019 4.67 2.75 1.02 1.34
Table 9. Metabolite and Signaling Activity Data for Experimental Group 9
Patient_ID Lactate (mM) Glutamine (mM) AMPK Activity mTOR Activity
P09000 4.13 2.47 1.12 1.55
P09001 5.13 2.48 0.94 1.86
P09002 4.17 2.69 1.0 1.51
P09003 3.55 2.48 1.1 1.37
P09004 4.18 2.41 0.93 1.34
P09005 4.16 2.74 1.12 1.77
P09006 2.95 2.6 1.03 1.39
P09007 427 33 1.01 2.0
P09008 4.18 1.64 1.12 1.23
P09009 4.65 3.14 1.09 1.99
P09010 5.22 3.2 1.01 1.69
P09011 4.86 1.87 1.17 1.63
P09012 4.17 2.56 0.94 1.54
P09013 3.75 2.55 1.11 1.73
P09014 5.59 2.14 1.11 1.64
P09015 4.33 2.39 1.02 1.87
P09016 4.31 2.26 1.08 1.67
P09017 4.29 34 0.92 1.68
P09018 4.4 3.07 1.14 1.58
P09019 4.23 3.21 1.03 1.64

These trends are more elaborated in the visualisation
suite. Figure 2 reveals that, AMPK suppression has
increased in all the groups but metabolic
reprogramming reduced. As Figure 3 demonstrates,
over 65 percent of samples express high mTOR
activity favouring the fact that the pathway is
hyperactive and stimulates growth. As shown in a
scatter plot in figure 4, association of the level of
lactate and glutamine in various groups is quite

strong. This shows the way they collaborate in the
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the amino acid stress by multiplying the glutamine
line trends with lactate bar heights is possible to
observe in Figure 5. Figure 6 indicates the
suppression and amplification of AMPK and mTOR
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another. Figure 7 indicates that none of the levels
decreases, as lactate remains unchanged and
glutamine excelled rapidly. This is indication of
metabolic flip.  Figures 8-10 form hybrids of

comparisons between various combinations each

1.0r

AMPK Activity
o o
o oo

o
~

0.2}

0.0

with a different evaluation of group dynamics in
mind. Figures 11 and 12, in their turn, combine a
series of patterns into comprehensive overview of

late-stage metabolic and signalling imbalance.

G5
Group

Figure 2. Visualization of experimental data showing metabolomic or signaling variation across cancer

progression groups.

High mTOR

Low mTOR

Figure 3. Visualization of experimental data showing metabolomic or signaling variation across cancer

progression groups.
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Figure 4. Visualization of experimental data showing metabolomic or signaling variation across cancer

progression groups.
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Figure 5. Visualization of experimental data showing metabolomic or signaling variation across cancer

progression groups.
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Figure 6. Visualization of experimental data showing metabolomic or signaling variation across cancer

progression groups.
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Figure 7. Visualization of experimental data showing metabolomic or signaling variation across cancer
progression groups.
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Figure 8. Visualization of experimental data showing metabolomic or signaling variation across cancer
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Figure 10. Visualization of experimental data showing metabolomic or signaling variation across cancer
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Figure 12. Visualization of experimental data showing metabolomic or signaling variation across cancer

progression groups

DISCUSSION combination therapies (Wu et al., 2021). The role of

| tumour-associated macrophages is significant
Credit to the fact that cancer cells are naturally
. . . constituents of the tumour microenvironment. They
flexible that is, they can alter their mode of
. . originate in the circulating precursor monocytes and
movement depending on the environment. It
- . resident macrophages which are crucial to tumour
demonstrates the significance of concentrating on
growth, spread and recurrence (Malfitano et al.,

2020) (Yang et al, 2025). The tumour

microenvironment consists of TAMs in large

metabolic regulation homeostasis, cytoskeleton
dynamics, and cell contractility in anti-metastasis

treatment (Zhao et al., 2024). Such alterations in
. . proportions. They can be converted to

metabolism do not only aid tumour growth and
. : proinflammatory M1 or immunosuppressive M2

spread, but also assist tumours to evade the immune
and this can alter the tumour immunity and therapy

system, rendering the environment less prone to
outcomes (Basak et al., 2023) (Xu et al., 2025). The

attacking them (Xu et al, 2024). The

. extent of these macrophages influence is varied on
phytochemicals able to alter tumour energy )
o o the growth of the tumour, basing on the manner that
utilisation ~ or  modifying  the  tumour ] ]
. . . they have been polarised and what signals they
microenvironment can prevent cancer metastasis

receive in the tumour microenvironment (Basak et
al., 2023) (Saeed, 2025) (Cheng et al., 2021). The

tumour microenvironment can be defined as a

and overcome chemo resistance. This may turn the
TME that is characteristic of immunoevasion into
that of immunosurveillance, which may prevent

. complex combination of tumour cells, stromal cells,
metastasis and enhance the performance of
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immune cells and various signalling molecules
which interact in complex manners to influence the
manner of cancer growth, response to treatments
among others (Khalaf et al., 2021). According to
Kimand Cho (2022), although we want our children
to be our kids, they are still our children. Our kids
(Kim & Cho, 2022). In order to realise how cancer
disseminates and what issues it forms to the
treatment, it is necessary to be aware of how cancer
cells communicate with tumour microenvironment
(Glaviano et al., 2025). The interaction and co-
evolution of tumour cells with other tumour cells
within the tumour microenvironment are known to
aid cancer cells in survival and Physico trophic
growth (Zhou et al., 2022).

microenvironment consists of various kinds of cells,

This tumour

including stromal cells, immune cells, signalling
molecules which all act out in a co-ordinated way to
influence the growth of cancer and the response to
cancer treatment (Wu et al., 2021) (Khosravi et al.,
2024)This complex ecology varies between space
and time as the tumour develops and impacts the
functional activities of the immune cells and
transforms them to suppress the inflammation or
enhance the immunosuppression (Park et al., 2022).
The second statement was: Total population
reduction is void of the same criterion (Liu et al.,
2025). Immune cell subsets structure within the
TME relative to that of cancer cells has a significant
influence on the efficacy of treatment and survival
(Li et al., 2025). Tumour microenvironment is
transformed by cellular and acellular components,
which influences the initiation, development and
responsiveness to therapies (Bai & Cui, 2022; Xiao
etal., 2023; Xing et al., 2021; Xun et al., 2023). The
environment and cancer cells mutually interact in
both directions which is significant in the initiation
and extension of cancer. Such contacts may also
influence the ways of treatment and the future of the
disease itself (Fonkoua et al., 2022). (Li, 2022).
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Tumour  microenvironment  that  comprises
extracellular matrix and the various populations of
stromal cells such as immune cells, tumor-
associated macrophages, cancer-associated
fibroblasts, cancer-associated adipocytes, and
endothelial cells influences tumour growth, disease
progression, and treatment outcome in a huge way
(Nunnery et al., 2021). Tumour microenvironment-
related epigenetic fluctuations and
mechanotransductive communication of cancer cells
induces the favourability of their response to
treatment (Veerasubramanian et al., 2020) (Hass et
al., 2020). The tumour microenvironment is in
addition to promoting the proliferation of cancer
cells resulting in selective pressure on the cancer
cells to grow is clinically important (Vecchiotti et

al., 2024).
CONCLUSION

In this research paper, the extensive details have
been discussed on how the growth of cancer is
altered at the molecular level because of metabolic
With an

integrated experimental experimental approach, we

modifications and cell signalling.

housed essential utiful signatures of metabolic
reprogramming that are characteristic of tumour
development using a complementary method of
high-throughput UPLC-MS/MS metabolomics, in
vitro signaller assayiods, and computational
modelling. The released quantitative data
demonstrated that the concentration of lactate and
glutamine increased steadily, whereas the activity of
AMPK declined steadily and the lowering of the
pathway of mTOR increased. All  these
modifications indicate a metabolic switch that
enhances the growth of cells, inhibits energy stress
signalling, and stimulates cell division. These
changes were confirmed by the hybrid visualisations
that also revealed critical metabolic-signaling axes

that were enhanced at the progressive stages of the
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disease. In addition, the scatter and correlation
analyses revealed that the links between the levels of
metabolites and the levels of kinase activity are
strong. This indicates the tight regulation of the
metabolic-signaling interface in the case of
cancerous cells. These molecular findings were
confirmed by the expert interviews we were
provided with through the gathering of qualitative
data, which also placed them in the translational
oncology context. These findings also concur with
the notion that metabolic rewiring is not a special
event, but part of more extensive signalling
structures that render tumours invasive. The
methodological approach to study followed also the
integrative approach to studies, which emphasizes
the significance of viewing biomarker finding and
development of targeted therapies in a systems
perspective. The implication of our findings is that
metabolic activity directed combined therapies, such
as inhibiting glutamine metabolism and mTOR
signalling simultaneously, have better chances of
preventing tumour growth. Overall, it is not
incorrect to state that the study sealed a significant
knowledge gap regarding cancer systems biology
and it granted us access to the more specific in nature
and more focused intervention strategies that are
grounded on molecular evidence. More
investigation is required in the future concerning the
metabolic fingerprints that are both exclusive to one
patient and to verify these mechanisms in a range of
tumours. This will assist in developing precision
medicine instruments that will prevent the spread of

cancer at the molecular level.
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