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Abstract: Cancer cells exhibit distinct metabolic adaptations that suppott their rapid proliferation and survival in hostile
microenvironments. The fundamental alterations in cellular metabolism, first described by Otto Warburg, have emerged as crucial
hallmarks of cancer progression. Malignant cells preferentially utilize glucose through aerobic glycolysis while simultaneously
maintaining oxidative phosphorylation, enabling them to meet their enhanced bioenergetic and biosynthetic demands. Recent
advances in cancer metabolism research have unveiled complex metabolic networks involving glucose, glutamine, and lipid
metabolism that contribute to tumor growth and metastasis. These metabolic alterations present unique therapeutic
opportunities, as cancer cells often develop dependencies on specific metabolic pathways. Novel therapeutic strategies targeting
key metabolic enzymes and transporters have shown promising results in preclinical and clinical studies. However, metabolic
plasticity and heterogeneity within tumors pose significant challenges, often leading to drug resistance. The identification of
reliable metabolic biomarkers has facilitated better patient stratification and treatment response monitoring. Emerging
approaches combining metabolic inhibitors with conventional therapies, immunotherapy, or other targeted agents demonstrate
enhanced efficacy. The continued elucidation of cancer metabolic reprogramming mechanisms and their clinical implications will
be crucial for developing more effective therapeutic strategies and improving patient outcomes.
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1. Introduction

Cellular metabolism represents a complex network of biochemical reactions that maintain life processes through energy production
and biomolecule synthesis. In cancer, these metabolic networks undergo profound alterations, enabling malignant cells to meet their
heightened energetic and biosynthetic demands [1]. The significance of metabolic alterations in cancer has evolved from early
observations of increased glucose fermentation to our current recognition of extensive metabolic rewiring as a fundamental
characteristic of malignant transformation [2]. Historical perspectives trace back to Otto Warburg's seminal discoveries in the 1920s,
which identified unusual glucose metabolism patterns in cancer cells [3]. Modern technological advances have since revealed that
metabolic reprogramming extends far beyond glucose metabolism, encompassing complex alterations in amino acid utilization, lipid
metabolism, and nucleotide synthesis [4]. These metabolic adaptations support not only energy generation but also provide building
blocks for cellular components and maintain redox balance [5].

The molecular basis of metabolic reprogramming involves intricate interactions between oncogenic signaling pathways and
metabolic networks. Mutations in key oncogenes and tumor suppressors, including PI3K, p53, and MYC, directly influence
metabolic enzyme expression and activity [6]. Furthermore, the tumor microenvironment exerts significant pressute on cancer cell
metabolism, driving adaptations to hypoxia, nutrient limitation, and pH changes [7].
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Recent advances in metabolomics, genomics, and proteomics have enhanced our ability to map cancer-specific metabolic alterations
at unprecedented resolution [8]. These technological developments have revealed remarkable heterogeneity in metabolic profiles
across different cancer types and even within individual tumors [9]. The emergence of single-cell analysis techniques has further
highlighted the complexity of metabolic regulation in cancer, demonstrating significant metabolic plasticity and adaptation
capabilities [10]. The clinical significance of cancer metabolism extends beyond basic biology to therapeutic applications. Metabolic
alterations influence treatment responses, disease progression, and patient outcomes [11]. PET imaging utilizing glucose analogs
represents a prime example of how understanding cancer metabolism translates into clinical practice [12]. Moreover, the
identification of cancer-specific metabolic vulnerabilities has spurred the development of novel therapeutic strategies targeting key
metabolic pathways [13]. The integration of metabolism with other cancer hallmarks, including sustained proliferation, metastasis,
and immune evasion, highlights its central role in malignancy [14]. Metabolic interactions between cancer cells and the tumor
microenvironment, including immune cells and stromal components, add another layer of complexity to cancer metabolism [15].

2. Cancer metabolism

2.1. Warburg Effect

The Warburg effect, characterized by increased glucose uptake and fermentation to lactate even in the presence of oxygen, remains
a central paradigm in cancer metabolism [16]. This metabolic phenotype serves multiple purposes beyond ATP generation, providing
essential precursors for biosynthetic pathways and creating a favorable microenvironment for tumor progression [17].
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Figure 1. The Warburg Effect and Metabolic Reprogramming in Cancer Cells

2.1.1. Molecular Mechanisms

The molecular underpinnings of aerobic glycolysis involve coordinated changes in multiple cellular processes. Enhanced glucose
uptake is facilitated by upregulation of glucose transporters, particularly GLUT1, through transcriptional activation by oncogenic
signaling pathways [18]. The main glycolytic enzymes, including hexokinase II (HK-1I), phosphofructokinase-1 (PFK1), and
pyruvate kinase M2 (PKM?2), undergo isoform switching and activity modulation to supportt the glycolytic phenotype [19].

Table 1. Metabolic Pathways Altered in Cancer

Metabolic Enzymes/Transportets Major Alterations Clinical Significance

Pathway

Glycolysis HK2, PKM2, PFKFB3, |1 Glucose uptake, 1 Lactate | Diagnostic imaging (FDG-PET),
GLUT1 production therapeutic targeting

Glutamine GLS1, GLUD1, ASCT?2 1 Glutamine consumption, 1 | Glutamine addiction, therapeutic

Metabolism Anaplerosis vulnerability

Lipid Metabolism FASN, ACLY, ACC 1 De novo lipogenesis, ] FAO | Membrane synthesis, energy source

One-Carbon SHMT1/2, MTHFD1/2 T Nucleotide synthesis, 1 | Therapeutic targeting, biomarker

Metabolism Methylation potential

TCA Cycle IDH1/2, SDH, FH Altered flux, oncometabolite | Diagnostic markers, targeted therapy

production

HK2: Hexokinase 2; PKM2: Pyruvate Kinase M2; GLUT1: Glucose Transporter 1;
GLS1: Glutaminase 1; FASN: Fatty Acid Synthase; IDH: Isocitrate Dehydrogenase
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The role of mitochondria in the Warburg effect extends beyond reduced oxidative phosphorylation. Cancer cells maintain functional
mitochondria, which participate in biosynthetic processes and redox homeostasis [20]. The preferential channeling of pyruvate to
lactate, catalyzed by lactate dehydrogenase A (LDHA), supports NAD+ regeneration and contributes to microenvironmental
acidification [21].

2.1.2. Regulation of Metabolic Reprogramming

Multiple signaling pathways orchestrate metabolic reprogramming in cancer cells. The PI3K/AKT/mTOR pathway promotes
glucose uptake and glycolysis through direct phosphorylation of metabolic enzymes and transcriptional regulation [22]. Hypoxia-
inducible factors (HIFs) play crucial roles by activating genes involved in glucose metabolism and angiogenesis [23].

The c-MYC oncogene serves as a master regulator of cancer metabolism, coordinating glucose and glutamine metabolism [24]. p53
mutations not only remove metabolic checkpoints but also actively promote metabolic rewiring through altered expression of
metabolic enzymes and transporters [25].

2.1.3. Metabolic Consequences

Enhanced glycolysis generates various metabolic advantages for cancer cells. The rapid ATP production, although less efficient than
oxidative phosphorylation, supports high-energy demands during proliferation [26]. Glycolytic intermediates feed into various
biosynthetic pathways, including the pentose phosphate pathway for nucleotide synthesis and the serine biosynthesis pathway [27].

The production of lactate creates an acidic microenvironment that facilitates tumor invasion and immunosuppression [28].
Additionally, the reduced dependence on oxygen allows cancer cells to survive in hypoxic regions, contributing to therapy resistance
[29].

2.1.4. Interconnection with Other Metabolic Pathways

The Warburg effect interfaces with numerous other metabolic pathways critical for cancer cell survival. Glutamine metabolism
complements glucose utilization by providing carbon and nitrogen sources for biosynthesis [30]. Lipid metabolism undergoes
significant alterations, with enhanced fatty acid synthesis supporting membrane biogenesis and signalling molecule production [31].

2.2. Metabolic Pathways in Cancer

2.2.1. Glutamine Metabolism

Glutamine serves as a critical nutrient in cancer cells, functioning beyond its role as a protein building block. Enhanced glutamine
uptake through upregulated transporters, particularly SLC1A5 (ASCT2), supports various metabolic processes [32]. Glutaminase
(GLS) catalyzes the conversion of glutamine to glutamate, which enters the TCA cycle through a-ketoglutarate, supporting cellular
bioenergetics and biosynthesis [33].

Cancer cells exhibit "glutamine addiction,”" patticularly in MYC-driven tumors, where glutamine metabolism supports redox
homeostasis through NADPH production and glutathione synthesis [34]. The anaplerotic role of glutamine maintains TCA cycle
functionality when glucose-derived carbons are diverted to biosynthetic pathways [35].

2.2.2. Lipid Metabolism

Altered lipid metabolism represents a crucial adaptation in cancer cells. De novo lipid synthesis is enhanced through increased
expression of key enzymes including fatty acid synthase (FASN), ATP citrate lyase (ACLY), and acetyl-CoA carboxylase (ACC) [30].
These alterations support membrane biogenesis, energy storage, and signaling molecule production [37].

Fatty acid oxidation (FAO) provides an alternative energy source, particularly important during nutrient stress conditions. Enhanced
FAO activity, regulated by carnitine palmitoyltransferase 1 (CPT1), supports cancer cell survival during glucose limitation [38].

2.2.3. One-Carbon Metabolism

One-carbon metabolism, encompassing folate and methionine cycles, plays essential roles in cancer progression. This pathway
supports nucleotide synthesis, methylation reactions, and NADPH production [39]. Serine and glycine metabolism, closely linked
to one-carbon metabolism, contribute to cellular redox state maintenance and epigenetic regulation [40].

2.2.4. Nucleotide Metabolism

Cancer cells require enhanced nucleotide synthesis to support rapid proliferation. Both de novo synthesis and salvage pathways
undergo significant upregulation [41]. The pentose phosphate pathway provides ribose-5-phosphate for nucleotide synthesis while
generating NADPH for redox balance [42].
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2.2.5. TCA Cycle Alterations

The TCA cycle undergoes significant remodeling in cancer cells, shifting from its classical role in energy production to supporting
biosynthetic processes [43]. Oncogenic mutations in TCA cycle enzymes, including IDH1/2 and SDH, produce oncometabolites
that influence cellular signaling and epigenetic regulation [44].

2.2.6. Amino Acid Metabolism

Beyond glutamine, cancer cells exhibit altered metabolism of various amino acids. Serine and glycine synthesis pathways are
frequently upregulated, supporting one-carbon metabolism and protein synthesis [45]. Branched-chain amino acid metabolism
contributes to protein synthesis and serves as an alternative energy source [46].

2.2.7. Redox Metabolism

Cancer cells maintain complex redox balance mechanisms to manage increased oxidative stress. Enhanced NADPH production
through multiple pathways supports antioxidant systems and biosynthetic processes [47]. Glutathione metabolism undergoes
significant alterations to combat elevated reactive oxygen species levels [48]

2.3. Metabolic Vulnerabilities

2.3.1. Cancer Cell Dependencies

Metabolic adaptations in cancer cells create specific dependencies that represent potential therapeutic targets. Glucose addiction,
characterized by enhanced sensitivity to glucose deprivation, emerges from the commitment to aerobic glycolysis [49]. Similatly,
glutamine dependency varies across cancer types, with particular prominence in MYC-driven tumors [50].

Specific metabolic vulnerabilities atise from oncogenic signaling. KRAS-mutant cancers exhibit heightened dependence on pathways
including macropinocytosis and glutamine metabolism [51]. PIK3CA mutations create dependencies on specific lipid metabolism
pathways, offering therapeutic opportunities [52].

2.3.2. Synthetic Lethal Interactions

Metabolic synthetic lethality occurs when simultaneous disruption of complementary metabolic pathways leads to cell death. For
instance, cells with defective mitochondrial function become critically dependent on glycolysis [53]. Understanding these interactions
has revealed novel therapeutic strategies, particularly in cancers with specific genetic alterations [54].

2.3.3. Redox Vulnerabilities

Cancer cells maintain delicate redox balance, creating targetable vulnerabilities. Enhanced oxidative stress renders cancer cells
dependent on antioxidant systems, particularly glutathione and thioredoxin pathways [55]. Disruption of NADPH production
mechanisms can selectively impact cancer cell survival [506].

2.3.4. Nutrient Availability Dependencies

Spatial and temporal variations in nutrient availability create context-dependent vulnerabilities. Hypoxic regions within tumors force
adaptation to limited oxygen availability, affecting metabolic pathway utilization [57]. Nutrient competition within the tumor
microenvironment influences cellular dependencies and survival strategies [58].

2.3.5. Cell State-Specific 1V nlnerabilities

Different cellular states within tumors exhibit distinct metabolic vulnerabilities. Cancer stem cells often display unique metabolic
requirements, including enhanced mitochondrial function [59]. Metastatic cells show specific dependencies during different stages
of the metastatic cascade [60].

2.3.6. Therapentic Window

Exploitable differences between normal and cancer cell metabolism create therapeutic windows. Cancer-specific isoform expression
of metabolic enzymes offers opportunities for selective targeting [61]. Differential requirements for specific nutrients between
normal and cancer cells can be therapeutically leveraged [62].

2.3.7. Microenvironmental Dependencies

The tumor microenvironment creates unique metabolic vulnerabilities. Acidic pH conditions influence metabolic pathway utilization
and drug sensitivity [63]. Metabolic interactions between cancer cells and stromal components, including immune cells, present
additional therapeutic opportunities [64].
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2.3.8. Compensatory Mechanisms

Initial metabolic adaptations to therapeutic pressure can create new dependencies [65]. Sequential targeting of primary and
compensatory pathways represents a promising therapeutic strategy [66]

3. Current treatment

3.1. Targeting Glucose Metabolism

Glycolysis inhibition represents a fundamental approach in metabolic targeting. 2-deoxy-D-glucose (2-DG), a glucose analog,
competitively inhibits hexokinase, disrupting the initial step of glycolysis [67]. Lonidamine, targeting mitochondria-bound

hexokinase II, shows enhanced efficacy in combination with conventional therapies [68].

Table 2. Current Metabolic Targeting Agents in Clinical Development

Drug Class Example Compounds | Target Clinical Phase | Cancer Types
Glycolysis Inhibitors 2-DG, Lonidamine HK2, GLUT1 | Phase II/III Solid tumors
Glutaminase Inhibitors | CB-839, BPTES GLS1 Phase 11 TNBC, RCC
FASN Inhibitors TVB-2640 FASN Phase 11 Solid tumors
IDH Inhibitors Ivosidenib, Enasidenib | IDH1/2 FDA Approved | AML, Glioma
Metformin Metformin HCI Complex I Phase 111 Multiple

TNBC: Triple Negative Breast Cancer; RCC: Renal Cell Catcinoma

GLUT1 inhibition, using compounds such as WZB117 and BAY-876, reduces glucose uptake in cancer cells [69]. These agents
demonstrate particular efficacy in tumors with high glucose dependence, though careful patient selection remains crucial [70].

Metabolic Profiling

High Glycolysis

High Glutamine High Lipid Metabolism

2-DG Treatment
Glycolysis Inhibition

CB-839 Treatment
Glutaminase Inhibition

FASN Inhibition
Lipid Synthesis Block

Figure 1. Metabolic Pathway Decision Tree for Therapeutic Targeting
3.2. Glutamine Metabolism Inhibitors
Glutaminase inhibitors have emerged as promising therapeutic agents. CB-839 (Telaglenastat), a selective GLS1 inhibitor, shows
clinical efficacy in various cancer types [71]. Combination strategies with conventional chemotherapy or targeted agents enhance

therapeutic outcomes [72].

Novel approaches targeting glutamine transporters, particularly ASCT2, demonstrate potential in preclinical models [73]. Dual
inhibition of glutamine metabolism and complementary pathways addresses potential resistance mechanisms [74].

3.3. Lipid Metabolism Targeting

FASN inhibitors, including TVB-2640, target de novo lipid synthesis in cancer cells [75]. These agents show particular promise in
lipid-dependent malignancies, with several compounds advancing through clinical trials [76].
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Strategies targeting lipid uptake and fatty acid oxidation provide additional therapeutic opportunities. CPT1 inhibitors, limiting fatty
acid oxidation, demonstrate efficacy in specific cancer contexts [77].

3.4. Metabolic Enzyme Inhibitors

IDH inhibitors, approved for IDH-mutant cancers, represent successful implementation of metabolism-targeted therapy [78].
Additional enzyme-specific inhibitors, targeting PKM2, LDHA, and other key metabolic enzymes, are under development [79].

3.5. Novel Delivery Approaches

Nanoparticle-based delivery systems enhance the efficacy of metabolic inhibitors [80]. Smart delivery platforms, responding to
tumor-specific metabolic conditions, improve therapeutic targeting [81].

3.6. Combination Strategies

3.6.1. Integration with Standard Therapies

Metabolic inhibitors enhance the efficacy of conventional chemotherapy and radiation [82]. Careful timing and sequencing of
combination approaches maximize therapeutic benefit while minimizing toxicity [83].

3.6.2. Immunotherapy Combinations

Metabolic targeting can enhance immunotherapy response through multiple mechanisms [84]. Modulation of tumor metabolism
influences immune cell function and anti-tumor immunity [85].

3.6.3. Resistance Management Strategies

Dual targeting of primary and compensatory metabolic pathways prevents resistance development [86]. Adaptive treatment
protocols, based on metabolic monitoring, optimize therapeutic outcomes [87].

3.6.4. Metabolism-Based Patient Selection

Metabolic profiling guides patient stratification for targeted therapies [88]. Integration of molecular and metabolic markers improves
treatment selection and monitoring [89]

4. Imaging Biomarkers

4.1. Nuclear Medicine Approaches

18F-FDG PET imaging remains the gold standard for assessing glucose metabolism in tumors [90]. Advanced quantitative analysis
methods enhance diagnostic accuracy and treatment response monitoring [91]. Novel radiotracers targeting specific metabolic
pathways, including 11C-glutamine and 18F-acetate, provide complementary metabolic information [92].

4.2. Magnetic Resonance Spectroscopy

MR spectroscopy enables non-invasive assessment of metabolite profiles in tumors [93]. Dynamic nuclear polarization techniques
enhance sensitivity for metabolic imaging [94]. Real-time monitoring of metabolic flux provides insights into treatment response
[95].

4.3. Circulating Biomarkers

4.3.1. Metabolomics-Based Markers

Plasma metabolomic profiling reveals cancer-specific metabolic signatures [96]. Circulating metabolites serve as early detection
markers and indicators of disease progression [97]. Integration of metabolomics with other molecular markers improves diagnostic
accuracy [98].

4.3.2. Circulating Enzgymes and Metabolic Products

Serum lactate dehydrogenase levels correlate with disease burden and prognosis [99]. Circulating fatty acids and amino acids reflect
altered tumor metabolism [100]. Novel blood-based metabolic markers enable non-invasive monitoring [101].
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4.4. Tissue-Based Biomarkers

4.4.1. Metabolic Enzgyme Expression

Immunohistochemical analysis of key metabolic enzymes guides therapeutic decisions [102]. Spatial distribution of metabolic
markers reveals intratumoral heterogeneity [103].

Table 3. Metabolic Biomarkers in Cancer

Biomarker Type Examples Detection Method | Clinical Application
Imaging FDG uptake, Glutamine tracers PET/CT, MRS Diagnosis, monitoring
Circulating Metabolites | 2-HG, Lactate, Glutamine LC-MS, NMR Disease monitoring
Enzyme Expression PKM2, GLS1, FASN IHC, Western blot | Prognosis, stratification
Genetic Markers IDH1/2 mutations, PKM2 variants | NGS, PCR Treatment selection
Metabolic Signatures Glucose/glutamine ratio Metabolomics Response prediction

4.4.2. Metabolic Gene Signatures
Transcriptional profiles of metabolic pathways predict treatment response [104]. Integration of metabolic signatures with molecular

subtypes enhances prognostication [105].

4.5. Novel Biomarkers

4.5.1. Single-Cell Metabolomics

Advanced technologies enable metabolic profiling at single-cell resolution [106]. Spatial metabolomics reveals metabolic
heterogeneity within tumor microenvironments [107].

4.5.2. Real-Time Monitoring

Biosensor technologies enable continuous monitoring of metabolic parameters [108]. Implantable devices measure key metabolites

in tumor environments [109].

4.6. Clinical Applications

4.6.1. Treatment Response Monitoring

Early metabolic changes predict therapeutic efficacy [110-114]. Dynamic monitoring guides treatment adaptation and resistance
management [115].

4.6.2. Disease Progression Markers

Metabolic alterations signal disease recurrence and metastatic spread [116]. Integration of multiple metabolic markers improves
progression monitoring [117].

5. Drug Resistance Mechanisms

5.1. Metabolic Adaptation

5.1.1. Primary Resistance Mechanisms

Cancer cells exhibit intrinsic metabolic flexibility, enabling rapid adaptation to metabolic inhibitors [118]. Alternative pathway
activation maintains essential metabolic functions during therapeutic pressure [119]. Pre-existing metabolic heterogeneity
contributes to treatment tesistance [120].

5.1.2. Acquired Metabolic Resistance

Prolonged exposure to metabolic inhibitors induces compensatory pathway upregulation [121]. Epigenetic modifications alter
metabolic enzyme expression patterns [122]. Mitochondrial dynamics and function undergo significant adaptations during resistance
development [123].
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Table 4. Resistance Mechanisms to Metabolic Targeting

Resistance Type Mechanism Example Therapeutic Usage
Primary Resistance Metabolic flexibility Substrate switching Combination therapy
Acquired Resistance | Pathway compensation | Alternative enzyme isoforms | Sequential targeting
Microenvironmental | Stromal support CAF metabolic symbiosis Microenvironment targeting
Genetic Adaptation | Enzyme mutations IDH inhibitor resistance Second-generation drugs
Phenotypic Plasticity | Cell state switching EMT-mediated changes Multi-modal therapy

CAF: Cancer-Associated Fibroblasts; EMT: Epithelial-Mesenchymal Transition; ICI: Immune Checkpoint Inhibitors

5.2. Molecular Mechanisms of Resistance

5.2.1. Signaling Pathway Alterations

Activation of PI3K/AKT/mTOR signaling promotes metabolic adaptation [124]. AMPK-mediated stress responses enable sutvival
under metabolic pressure [125]. Enhanced HIF signaling facilitates metabolic reprogramming during treatment [126].

5.2.2. Transcriptional Regulation

Modified expression of metabolic enzymes through transcriptional adaptation [127]. Enhanced activity of metabolic master
regulators, including MYC and PGC-1a [128]. Epigenetic modifications affect metabolic gene expression patterns [129].

5.3. Microenvironmental Factors

5.3.1. Stromal Cell Interactions

Cancer-associated fibroblasts provide metabolic support during therapy. Metabolic symbiosis between tumor and stromal cells
promotes resistance [130].

5.3.2. Hypoxia-Mediated Resistance

Hypoxic regions foster resistance through metabolic adaptation. HIF-dependent metabolic reprogramming supports survival under
therapy [131].

5.4. Transport-Mediated Resistance

5.4.1. Metabolite Transporter Modifications

Altered expression of nutrient transporters affects drug efficacy. Enhanced metabolite exchange between cellular compartments
[132].

5.4.2. Drug Efflux Mechanisms

ATP-dependent transporters affect metabolic inhibitor distribution. Membrane composition changes influence drug uptake and
retention [133].

5.5. Compensatory Metabolic Pathways

5.5.1. Alternative Substrate Utilization

Shift to alternative nutrient sources during pathway inhibition. Enhanced fatty acid oxidation compensates for glucose restriction

[134].

5.5.2. Metabolic Network Rewiring

Reorganization of metabolic flux distributions. Development of bypass pathways maintaining essential functions [135].

5.6. Cell State Transitions

5.6.1. Phenotypic Plasticity

Transition to drug-tolerant persister states. Metabolic adaptation in cancer stem cell populations [136].
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5.6.2. Stress-Induced Responses

Activation of survival pathways under metabolic stress. Enhanced autophagy and metabolic recycling mechanisms [137].

6. Clinical Applications

6.1. Resistance Monitoring

Metabolic biomarkers indicate emerging resistance. Real-time monitoring of metabolic adaptation [138].

6.2. Treatment Strategies

Sequential targeting of primary and compensatory pathways [139]. Rational combination approaches preventing resistance
development [140].

Table 5. Recent Therapeutic Strategies in Cancer Metabolism

Strategy Approach Examples Current Status
Combination Therapy | Metabolic + Standard care CB-839 + Paclitaxel Clinical trials
Immunometabolic Metabolism + Immunotherapy | PKM2 inhibitors + ICls Early phase trials
Synthetic Lethality Genetic vulnerability PARP + Metabolic inhibitors | Preclinical
Smart Drug Delivery | Targeted nanopatticles Metabolic-responsive catriers | Development
Metabolic Editing CRISPR-based Enzyme modification Preclinical

7. Conclusion

Metabolic reprogramming in cancer involves interconnection between cellular pathways, microenvironmental factors, and systemic
influences. The expanding knowledge of cancer metabolism has revealed numerous therapeutic opportunities, yet challenges remain
in developing effective targeting strategies. The emergence of resistance mechanisms and metabolic plasticity necessitates innovative
approaches, including combination therapies and precision medicine strategies. Advanced technologies in metabolomics, imaging,
and artificial intelligence continue to enhance our understanding and therapeutic targeting capabilities. Combined usage of metabolic
targeting with immunotherapy and conventional treatments shows promise for improving patient outcomes.

References

(8]

]

(10]

[11]

Pavlova NN, Thompson CB. The emerging hallmarks of cancer metabolism. Cell Metab. 2016;23(1):27-47.
DeBerardinis R], Chandel NS. Fundamentals of cancer metabolism. Sci Adv. 2016;2(5):e1600200.

Koppenol WH, Bounds PL, Dang CV. Otto Warburg's contributions to curtent concepts of cancer metabolism. Nat Rev
Cancer. 2011;11(5):325-337.

Vander Heiden MG, DeBerardinis RJ. Understanding the intersections between metabolism and cancer biology. Cell.
2017;168(4):657-669.

Faubert B, Solmonson A, DeBerardinis R]. Metabolic reprogramming and cancer progression. Science.
2020;368(6487):caaw5473.

Levine AJ, Puzio-Kuter AM. The control of the metabolic switch in cancers by oncogenes and tumor suppressor genes.
Science. 2010;330(6009):1340-1344.

Sullivan LB, Gui DY, Vander Heiden MG. Altered metabolite levels in cancer: implications for tumour biology and cancer
therapy. Nat Rev Cancer. 2016;16(11):680-693.

Wishart DS. Emerging applications of metabolomics in drug discovery and precision medicine. Nat Rev Drug Discov.
2016;15(7):473-484.

Yuneva MO, Fan TW, Allen TD, et al. The metabolic profile of tumors depends on both the responsible genetic lesion and
tissue type. Cell Metab. 2012;15(2):157-170.

Xiao Z, Dai Z, Locasale JW. Metabolic landscape of the tumor microenvironment at single cell resolution. Nat Commun.
2019;10(1):3763.

Luengo A, Gui DY, Vander Heiden MG. Targeting metabolism for cancer therapy. Cell Chem Biol. 2017;24(9):1161-1180.

Edward Raju Gope et al 319



[20]

[39]
[40]
[41]

[42]

Journal of Pharma Insights and Research, 2025, 03(01), 311-326

Zhu A, Lee D, Shim H. Metabolic positron emission tomography imaging in cancer detection and therapy response. Semin
Oncol. 2011;38(1):55-69.

Martinez-Outschoorn UE, Peiris-Pagés M, Pestell RG, et al. Cancer metabolism: a therapeutic perspective. Nat Rev Clin
Oncol. 2017;14(1):11-31.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144(5):646-674.
Biswas SK. Metabolic reprogramming of immune cells in cancer progression. Immunity. 2015;43(3):435-449.
Liberti MV, Locasale JW. The Warburg effect: how does it benefit cancer cells? Trends Biochem Sci. 2016;41(3):211-218.

Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg effect: the metabolic requirements of cell
proliferation. Science. 2009;324(5930):1029-1033.

Hay N. Reprogramming glucose metabolism in cancer: can it be exploited for cancer therapy? Nat Rev Cancer.
2016;16(10):635-649.

Israelsen WJ, Vander Heiden MG. Pyruvate kinase: function, regulation and role in cancer. Semin Cell Dev Biol. 2015;43:43-
51.

Weinberg SE, Chandel NS. Targeting mitochondria metabolism for cancer therapy. Nat Chem Biol. 2015;11(1):9-15.

San-Millan I, Brooks GA. Reexamining cancer metabolism: lactate production for carcinogenesis could be the purpose and
explanation of the Warburg Effect. Carcinogenesis. 2017;38(2):119-133.

Manning BD, Toket A. AKT/PKB signaling: navigating the network. Cell. 2017;169(3):381-405.
Semenza GL. HIF-1: upstream and downstream of cancer metabolism. Curr Opin Genet Dev. 2010;20(1):51-56.
Stine ZE, Walton ZE, Altman BJ, et al. MYC, metabolism, and cancer. Cancer Discov. 2015;5(10):1024-1039.

Kruiswijk F, Labuschagne CF, Vousden KH. p53 in survival, death and metabolic health: a lifeguard with a licence to kill.
Nat Rev Mol Cell Biol. 2015;16(7):393-405.

Lunt SY, Vander Heiden MG. Aerobic glycolysis: meeting the metabolic requirements of cell proliferation. Annu Rev Cell
Dev Biol. 2011;27:441-464.

Locasale JW. Serine, glycine and one-carbon units: cancer metabolism in full circle. Nat Rev Cancer. 2013;13(8):572-583.
Cotbet C, Feron O. Tumour acidosis: from the passenger to the drivet's seat. Nat Rev Cancer. 2017;17(10):577-593.
Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. Nat Rev Cancer. 2011;11(6):393-410.

Altman BJ, Stine ZE, Dang CV. From Krebs to clinic: glutamine metabolism to cancer therapy. Nat Rev Cancer.
2016;16(10):619-634.

Réhrig F, Schulze A. The multifaceted roles of fatty acid synthesis in cancer. Nat Rev Cancer. 2016;16(11):732-749.

Bhutia YD, Ganapathy V. Glutamine transporters in mammalian cells and their functions in physiology and cancer. Biochim
Biophys Acta. 2016;1863(10):2531-2539.

Jin L, Alesi GN, Kang S. Glutaminolysis as a target for cancer therapy. Oncogene. 2016;35(28):3619-3625.

Still ER, Yuneva MO. Hopefully devoted to Q: targeting glutamine addiction in cancer. Br | Cancer. 2017;116(11):1375-
1381.

DeBerardinis R], Cheng T. Q's next: the diverse functions of glutamine in metabolism, cell biology and cancer. Oncogene.
2010;29(3):313-324.

Currie E, Schulze A, Zechner R, et al. Cellular fatty acid metabolism and cancer. Cell Metab. 2013;18(2):153-161.
Beloribi-Djefaflia S, Vasseur S, Guillaumond F. Lipid metabolic reprogramming in cancer cells. Oncogenesis. 2016;5(1):¢189.

Carracedo A, Cantley LC, Pandolfi PP. Cancer metabolism: fatty acid oxidation in the limelight. Nat Rev Cancer.
2013;13(4):227-232.

Newman AC, Maddocks ODK. One-carbon metabolism in cancer. Br | Cancer. 2017;116(12):1499-1504.
Yang M, Vousden KH. Serine and one-carbon metabolism in cancer. Nat Rev Cancer. 2016;16(10):650-662.

Villa E, Ali ES, Sahu U, Ben-Sahra I. Cancer cells tune the signaling pathways to empower de novo synthesis of nucleotides.
Cancers. 2019;11(5):688.

Patra KC, Hay N. The pentose phosphate pathway and cancer. Trends Biochem Sci. 2014;39(8):347-354.

Edward Raju Gope et al 320



[43]

[44]

[45]

[40]

[47)
48]

[49]

[50]
[51]

[52]

[53]

[54]

58]

[59]
[60]
[61]

Journal of Pharma Insights and Research, 2025, 03(01), 311-326

Anderson NM, Mucka P, Kern JG, Feng H. The emerging role and targetability of the TCA cycle in cancer metabolism.
Protein Cell. 2018;9(2):216-237.

Xiao M, Yang H, Xu W, et al. Inhibition of a-KG-dependent histone and DNA demethylases by fumarate and succinate
that are accumulated in mutations of FH and SDH tumor suppressors. Genes Dev. 2012;26(12):1326-1338.

Mattaini KR, Sullivan MR, Vander Heiden MG. The importance of serine metabolism in cancer. | Cell Biol. 2016;214(3):249-
257.

Ananieva EA, Wilkinson AC. Branched-chain amino acid metabolism in cancer. Curr Opin Clin Nutr Metab Care.
2018;21(1):64-70.

DeNicola GM, Cantley LC. Cancet's fuel choice: new flavors for a picky eater. Mol Cell. 2015;60(4):514-523.

Harris IS, DeNicola GM. The complex interplay between antioxidants and ROS in cancer. Trends Cell Biol. 2020;30(6):440-
451.

Birsoy K, Possemato R, Lorbeer FK, et al. Metabolic determinants of cancer cell sensitivity to glucose limitation and
biguanides. Nature. 2014;508(7494):108-112.

Wise DR, Thompson CB. Glutamine addiction: a new therapeutic target in cancer. Trends Biochem Sci. 2010;35(8):427-433

Commisso C, Davidson SM, Soydaner-Azeloglu RG, et al. Macropinocytosis of protein is an amino acid supply route in
Ras-transformed cells. Nature. 2013;497(7451):633-637.

Hao Y, Samuels Y, Li Q, et al. Oncogenic PIK3CA mutations reprogram glutamine metabolism in colorectal cancer. Nat
Commun. 2016;7:11971.

Gui DY, Sullivan LB, Luengo A, et al. Environment dictates dependence on mitochondrial complex I for NAD+ and
aspartate production and determines cancer cell sensitivity to metformin. Cell Metab. 2016;24(5):716-727.

Possemato R, Marks KM, Shaul YD, et al. Functional genomics reveal that the serine synthesis pathway is essential in breast
cancer. Nature. 2011;476(7360):346-350.

Harris IS, Treloar AE, Inoue S, et al. Glutathione and thioredoxin antioxidant pathways synergize to drive cancer initiation
and progression. Cancer Cell. 2015;27(2):211-222.

Jiang P, Du W, Wu M. Regulation of the pentose phosphate pathway in cancer. Protein Cell. 2014;5(8):592-602.

Petrova V, Annicchiarico-Petruzzelli M, Melino G, Amelio I. The hypoxic tumour microenvironment. Oncogenesis.
2018;7(1):10.

Chang CH, Qiu J, O'Sullivan D, et al. Metabolic competition in the tumor microenvironment is a driver of cancer
progression. Cell. 2015;162(6):1229-1241.

Sancho P, Barneda D, Heeschen C. Hallmarks of cancer stem cell metabolism. Br ] Cancer. 2016;114(12):1305-1312.
Elia I, Doglioni G, Fendt SM. Metabolic hallmarks of metastasis formation. Trends Cell Biol. 2018;28(8):673-684.

Luengo A, Abbott KL, Davidson SM, et al. Mechanism-based targeting of cancer metabolism. Nat Chem Biol.
2021;17(10):1046-1056.

Muir A, Vander Heiden MG. The nutrient environment affects therapy. Science. 2018;360(6392):962-963.

Parks SK, Chiche J, Pouysségur J. Distupting proton dynamics and energy metabolism for cancer therapy. Nat Rev Cancer.
2013;13(9):611-623.

Leone RD, Powell JD. Metabolism of immune cells in cancer. Nat Rev Cancer. 2020;20(9):516-531.

Olivares O, Vasseur S. Metabolic rewiring of pancreatic cancer: adaptations to therapeutic targeting. Int ] Mol Sci.
2016;17(12):2093.

Zhao Y, Butler EB, Tan M. Targeting cellular metabolism to improve cancer therapeutics. Cell Death Dis. 2013;4(3):e532.

Raez LE, Papadopoulos K, Ricart AD, et al. A phase I dose-escalation trial of 2-deoxy-D-glucose alone or combined with
docetaxel in patients with advanced solid tumors. Cancer Chemother Pharmacol. 2013;71(2):523-530.

Nath K, Guo L, Nancolas B, et al. Mechanism of antineoplastic activity of lonidamine. Biochim Biophys Acta.
2016;1866(2):151-162.

Liu Y, Cao Y, Zhang W, et al. A small-molecule inhibitor of glucose transporter 1 downregulates glycolysis, induces cell-
cycle arrest, and inhibits cancer cell growth in vitro and in vivo. Mol Cancer Ther. 2012;11(8):1672-1682.

Edward Raju Gope et al 321



[70]

[71]

[72]

[73]

[74]

[75]

[76]

83]

(84]

[85]

(86]

87]

(88]

89]

[90]

[91]

[92]

93]

Journal of Pharma Insights and Research, 2025, 03(01), 311-326

Ganapathy-Kanniappan S, Geschwind JF. Tumor glycolysis as a target for cancer therapy: progress and prospects. Mol
Cancer. 2013;12:152.

Gross MI, Demo SD, Dennison |B, et al. Antitumor activity of the glutaminase inhibitor CB-839 in triple-negative breast
cancer. Mol Cancer Ther. 2014;13(4):890-901.

Gregory MA, Nemkov T, Park HJ, et al. Targeting glutamine metabolism and redox state for leukemia therapy. Clin Cancer
Res. 2019;25(13):4079-4090.

van Geldermalsen M, Wang Q, Nagarajah R, et al. ASCT2/SLC1A5 controls glutamine uptake and tumout growth in triple-
negative basal-like breast cancer. Oncogene. 2016;35(24):3201-3208.

Birsoy K, Wang T, Chen WW, et al. An essential role of the mitochondrial electron transport chain in cell proliferation is to
enable aspartate synthesis. Cell. 2015;162(3):540-551.

Menendez JA, Lupu R. Fatty acid synthase and the lipogenic phenotype in cancer pathogenesis. Nat Rev Cancer.
2007;7(10):763-777

Brenner AJ, Von Hoff DD, Infante JR, et al. First-in-human investigation of the oral first-in-class fatty acid synthase (FASN)
inhibitor, TVB-2640. J Clin Oncol. 2017;35(15_suppl):TPS2618.

Schlaepfer IR, Joshi M. CPT1A-mediated fat oxidation, mechanisms, and therapeutic potential. Endocrinology.
2020;161(2):bqz046.

DiNardo CD, Stein EM, de Botton S, et al. Durable remissions with ivosidenib in IDH1-mutated relapsed or refractory
AML. N Engl ] Med. 2018;378(25):2386-2398.

Anastasiou D, Yu Y, Israclsen WJ, et al. Pyruvate kinase M2 activators promote tetramer formation and suppress
tumorigenesis. Nat Chem Biol. 2012;8(10):839-847.

Zhao Z, Ukidve A, Kim J, Mitragotri S. Targeting strategies for tissue-specific drug delivery. Cell. 2020;181(1):151-167.

Chen WW, Balaj L, Liau LM, et al. BEAMing and droplet digital PCR analysis of mutant IDH1 mRNA in glioma patient
serum and cerebrospinal fluid extracellular vesicles. Mol Ther Nucleic Acids. 2013;2:¢109.

Lin H, Su X, He B. Protein lysine acylation and cysteine succination by intermediates of energy metabolism. ACS Chem
Biol. 2012;7(6):947-960.

Pushpakom S, Iorio F, Eyers PA, et al. Drug repurposing: progress, challenges and recommendations. Nat Rev Drug Discov.
2019;18(1):41-58.

Li X, Wenes M, Romero P, et al. Navigating metabolic pathways to enhance antitumour immunity and immunotherapy. Nat
Rev Clin Oncol. 2019;16(7):425-441.

O'Sullivan D, Sanin DE, Pearce EJ, Pearce EL. Metabolic interventions in the immune response to cancer. Nat Rev
Immunol. 2019;19(5):324-335.

Zhao H, Yang L, Baddour J, et al. Tumor microenvironment derived exosomes pleiotropically modulate cancer cell
metabolism. Elife. 2016;5:e10250.

Andrejeva G, Rathmell JC. Similarities and distinctions of cancer and immune metabolism in inflammation and tumors. Cell
Metab. 2017;26(1):49-70.

Bruntz RC, Lane AN, Higashi RM, Fan TWM. Exploring cancer metabolism using stable isotope-resolved metabolomics
(SIRM). J Biol Chem. 2017;292(28):11601-11609.

Patel CH, Leone RD, Horton MR, Powell JD. Targeting metabolism to regulate immune responses in autoimmunity and
cancer. Nat Rev Drug Discov. 2019;18(9):669-688.

Zhu A, Marcus DM, Shu HK, Shim H. Application of metabolic PET imaging in radiation oncology. Radiat Res.
2012;177(4):436-448.

Schuurbiers OCJ, Meijer TWH, Kaanders JHAM, et al. Glucose metabolism in NSCLC is histology-specific and diverges
the prognostic potential of 18FDG-PET for adenocarcinoma and squamous cell carcinoma. ] Thorac Oncol.
2014;9(10):1485-1493.

Venneti S, Dunphy MP, Zhang H, et al. Glutamine-based PET imaging facilitates enhanced metabolic evaluation of gliomas
in vivo. Sci Transl Med. 2015;7(274):274ral7.

Glunde K, Bhujwalla ZM, Ronen SM. Choline metabolism in malignant transformation. Nat Rev Cancer. 2011;11(12):835-
848.

Edward Raju Gope et al 322



[94]

[95]

[96]

[97)

98]
[99]

[100]
[101]

[102]

[103]

[104]
[105]
[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

Journal of Pharma Insights and Research, 2025, 03(01), 311-326

Comment A, Merritt ME. Hyperpolarized magnetic resonance as a sensitive detector of metabolic function. Biochemistry.
2014;53(47):7333-7357.

Kurhanewicz |, Vigneron DB, Ardenkjaer-Larsen JH, et al. Hyperpolarized 13C MRI: path to clinical translation in oncology.
Neoplasia. 2019;21(1):1-16.

Patti GJ, Yanes O, Siuzdak G. Innovation: metabolomics: the apogee of the omics trilogy. Nat Rev Mol Cell Biol.
2012;13(4):263-269.

Rodrigues TB, Serrao EM, Kennedy BWC, et al. Magnetic resonance imaging of tumor glycolysis using hyperpolarized 13C-
labeled glucose. Nat Med. 2014;20(1):93-97.

Zamboni N, Saghatelian A, Patti GJ. Defining the metabolome: size, flux, and regulation. Mol Cell. 2015;58(4):699-7006.

Farah IO. Differential modulation of intracellular energetics in A549 and MRC-5 cells. Biomed Sci Instrum. 2007;43:110-
115.

Warburg O, Wind F, Negelein E. The metabolism of tumors in the body. ] Gen Physiol. 1927;8(6):519-530.

Yuneva M, Zamboni N, Oefner P, et al. Deficiency in glutamine but not glucose induces MYC-dependent apoptosis in
human cells. J Cell Biol. 2007;178(1):93-105.

Jiang L, Shestov AA, Swain P, et al. Reductive carboxylation supports redox homeostasis during anchorage-independent
growth. Nature. 2016;532(7598):255-258.

Caro P, Kishan AU, Norberg E, et al. Metabolic signatures uncover distinct targets in molecular subsets of diffuse large B
cell lymphoma. Cancer Cell. 2012;22(4):547-560.

Hensley CT, Faubert B, Yuan Q, et al. Metabolic heterogeneity in human lung tumors. Cell. 2016;164(4):681-694.
Faubert B, Li KY, Cai L, et al. Lactate metabolism in human lung tumors. Cell. 2017;171(2):358-371.

Xia J, Sinelnikov IV, Han B, Wishart DS. MetaboAnalyst 3.0--making metabolomics more meaningful. Nucleic Acids Res.
2015;43(W1):W251-W257.

Gui DY, Lewis CA, Vander Heiden MG. Allosteric regulation of PKM2 allows cellular adaptation to different physiological
states. Sci Signal. 2013;6(283):pe7.

Hosios AM, Hecht VC, Danai LV, et al. Amino acids rather than glucose account for the majority of cell mass in proliferating
mammalian cells. Dev Cell. 2016;36(5):540-549.

Davidson SM, Papagiannakopoulos T, Olenchock BA, et al. Environment impacts the metabolic dependencies of Ras-driven
non-small cell lung cancer. Cell Metab. 2016;23(3):517-528.

Palm W, Park Y, Wright K, et al. The utilization of extracellular proteins as nutrients is suppressed by mTORCI1. Cell.
2015;162(2):259-270.

Mayers JR, Torrence ME, Danai LV, et al. Tissue of origin dictates branched-chain amino acid metabolism in mutant Kras-
driven cancers. Science. 2016;353(6304):1161-1165.

Spinelli JB, Yoon H, Ringel AE, et al. Metabolic recycling of ammonia via glutamate dehydrogenase supports breast cancer
biomass. Science. 2017;358(6365):941-946.

Sellers K, Fox MP, Bousamra M 2nd, et al. Pyruvate carboxylase is critical for non-small-cell lung cancer proliferation. ] Clin
Invest. 2015;125(2):687-698.

Metallo CM, Gameiro PA, Bell EL, et al. Reductive glutamine metabolism by IDH1 mediates lipogenesis under hypoxia.
Nature. 2011;481(7381):380-384.

Sullivan LB, Luengo A, Danai LV, et al. Aspartate is an endogenous metabolic limitation for tumour growth. Nat Cell Biol.
2018;20(7):782-788.

Garcia-Cafiaveras JC, Chen L, Rabinowitz JD. The tumor metabolic microenvironment: lessons from lactate. Cancer Res.
2019;79(13):3155-3162.

Muir A, Danai LV, Gui DY, et al. Environmental cystine drives glutamine anaplerosis and sensitizes cancer cells to
glutaminase inhibition. Elife. 2017;6:¢27713.

Fan ], Kamphorst JJ, Mathew R, et al. Glutamine-driven oxidative phosphorylation is a major ATP source in transformed
mammalian cells in both normoxia and hypoxia. Mol Syst Biol. 2013;9:712.

Duran RV, Oppliger W, Robitaille AM, et al. Glutaminolysis activates Rag-mTORCI signaling. Mol Cell. 2012;47(3):349-
358.

Edward Raju Gope et al 323



[120]

[121]

[122]

[123]

[124]

[125]

[126]
[127]

[128]
[129]

[130]

[131]

[132]

[133]
[134]

[135]

[136]

[137]

[138]

[139]

[140]

Journal of Pharma Insights and Research, 2025, 03(01), 311-326

Garcia-Bermudez J, Baudrier L, La K, et al. Aspartate is a limiting metabolite for cancer cell proliferation under hypoxia and
in tumours. Nat Cell Biol. 2018;20(7):775-781.

Cantor JR, Abu-Remaileh M, Kanarek N, et al. Physiologic medium rewires cellular metabolism and reveals uric acid as an
endogenous inhibitor of UMP synthase. Cell. 2017;169(2):258-272.

Vernieri C, Casola S, Foiani M, et al. Targeting cancer metabolism: dietary and pharmacologic interventions. Cancer Discov.

2016;6(12):1315-1333.

Huang D, Li T, Li X, et al. HIF-1-mediated suppression of acyl-CoA dehydrogenases and fatty acid oxidation is critical for
cancer progression. Cell Rep. 2014;8(6):1930-1942.

Buescher JM, Antoniewicz MR, Boros LG, et al. A roadmap for interpreting 13C metabolite labeling patterns from cells.
Curr Opin Biotechnol. 2015;34:189-201.

Dang I, White DW, Gross S, et al. Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature.
2009;462(7274):739-744.

Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat Rev Cancer. 2011;11(2):85-95.

Mullen AR, Wheaton WW, Jin ES, et al. Reductive carboxylation supports growth in tumour cells with defective
mitochondria. Nature. 2011;481(7381):385-388.

Eischen CM. Genome stability requires p53. Cold Spring Harb Perspect Med. 2016;6(6):2026096.

Sabharwal SS, Schumacker PT. Mitochondrial ROS in cancer: initiators, amplifiers or an Achilles' heel? Nat Rev Cancer.
2014;14(11):709-721.

Fiaschi T, Marini A, Giannoni E, et al. Reciprocal metabolic reprogramming through lactate shuttle coordinately influences
tumor-stroma interplay. Cancer Res. 2012;72(19):5130-5140.

Sonveaux P, Végran F, Schroeder T, et al. Targeting lactate-fueled respiration selectively kills hypoxic tumor cells in mice. J
Clin Invest. 2008;118(12):3930-3942.

Keith B, Johnson RS, Simon MC. HIF1la and HIF2a: sibling rivalry in hypoxic tumour growth and progression. Nat Rev
Cancer. 2011;12(1):9-22.

Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. 2003;3(10):721-732.

Ganapathy V, Thangaraju M, Prasad PD. Nutrient transporters in cancer: relevance to Warburg hypothesis and beyond.
Pharmacol Ther. 2009;121(1):29-40.

Gottlieb E, Tomlinson IP. Mitochondrial tumour suppressors: a genetic and biochemical update. Nat Rev Cancer.
2005;5(11):857-866.

Szakics G, Paterson JK, Ludwig JA, et al. Targeting multidrug resistance in cancer. Nat Rev Drug Discov. 2006;5(3):219-
234,

Pavlides S, Whitaker-Menezes D, Castello-Cros R, et al. The reverse Warburg effect: aerobic glycolysis in cancer associated
fibroblasts and the tumor stroma. Cell Cycle. 2009;8(23):3984-4001.

Schafer ZT, Grassian AR, Song L, et al. Antioxidant and oncogene rescue of metabolic defects caused by loss of matrix
attachment. Nature. 2009;461(7260):109-113.

Carracedo A, Weiss D, Leliaert AK, et al. A metabolic prosutrvival role for PML in breast cancer. ] Clin Invest.
2012;122(9):3088-3100.

DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The biology of cancer: metabolic reprogramming fuels cell
growth and proliferation. Cell Metab. 2008;7(1):11-20.

Edward Raju Gope et al 324



Journal of Pharma Insights and Research, 2025, 03(01), 311-326

Author’s Short Biography

M:t. Edward Raju Gope

Mr. Edward Raju Gope is an Assistant Professor of Pharmaceutical Analysis at K. G. R. L. College of
Pharmacy in Bhimavaram, Andhra Pradesh. He holds a Mastet's degree in Pharmaceutical Analysis.
Edward is passionate about educating students in developing effective and industrially applicable
pharmaceutical formulations. He constantly strives to make the subject engaging and research-oriented
for learners. Edward also encourages collaboration with industries through student projects and facility
visits.

Miss Geetha Gayatri Bommanaboyina

Miss Geetha Gayatri Bommanaboyina is an undergraduate scholar pursuing her Bachelor of
Pharmacy (B.Pharm) at K.G.R.L College of Pharmacy, Bhimavaram. During her academic journey, she
has demonstrated keen interest in pharmaceutical sciences, particularly in the areas of pharmaceutical
analysis and drug development. As an undergraduate researcher, she has actively participated in various
academic projects and laboratory work under the guidance of faculty members. Her commitment to
learning is reflected in her academic performance and involvement in college activities.

Mr Abhishek Gonaboyina

Mr. Abhishek Gonaboyina is completing his undergraduate studies in pharmacy at KGRL College of
Pharmacy. He has demonstrated excellence in pharmaceutical analysis and research methodology.
His academic work focuses on analytical techniques and their applications in pharmaceutical research.

Miss Yamini Satya Guru Devi Madugula

Miss Yamini Satya Guru Devi Madugula is a dedicated pharmacy student at K.G.R.LL College of
Pharmacy, Bhimavaram, where she is pursuing her Bachelor of Pharmacy degree. She has shown
particular enthusiasm for pharmaceutical analysis and drug development throughout her studies.
Working closely with faculty members, she actively participates in research projects and lab work. Her
strong academic performance and involvement in college activities showcase her genuine passion for
learning,

Miss Manasa Krishna Pandreka

Miss Manasa Krishna Pandreka is an undergraduate pharmacy student at KGRL College of Pharmacy
with a focus on pharmaceutical analysis and quality control. She has participated in several research
initiatives and demonstrates strong laboratory skills. Her academic interests include analytical method
development and validation.

Mrs Vanitha Madhuri Tadepalli

Mrs Vanitha Madhuri T is currently serving as Assistant Professor in the Department of
Pharmaceutical Analysis at K.G.R.L College of Pharmacy, Bhimavaram. She received her
Bachelor's degree in Pharmacy (B.Pharm) and went on to complete her Mastet's degree (M.Pharm)
with specialization in Pharmaceutical Analysis. Her research interests focus on analytical method
development and validation using advanced analytical techniques like HPLC, UPLC, and LC-
MS/MS.

Edward Raju Gope et al



Journal of Pharma Insights and Research, 2025, 03(01), 311-326

Miss Shaik Munnisha Begam

Miss Shaik Munnisha Begam is currently working as a Lecturer in Pharmaceutical Analysis at K.G.R.LL
College of Pharmacy in Bhimavaram. She specializes in developing and validating analytical methods
using sophisticated instrumental techniques.

Dr. Raghava D

Dr. Raghava D, is the Principal of K.G.R.L. College of Pharmacy, Bhimavaram, India is an eminent
Pharmacy professional having 15 years of experience in Pharmacy teaching and pharmaceutical
Industry.

Dr. Nageswara Rao K

Dr.Kavala Nageswara Rao, M.Pham., Ph.D from Andhra University having 22 years of experience in
Pharma Industry in India. He worked as a Community Pharmacist in abroad for 9 years, kingdom of
Saudi Arabia and 17 years of teaching in Bhimavaram. He served in various capacities of many
reputed multinational companies like Rallis India Ltd., Raptakos, Brette & Co. Ltd.,Mumbai.

Edward Raju Gope et al

326



	1. Introduction
	2. Cancer metabolism
	2.1. Warburg Effect
	2.1.1. Molecular Mechanisms
	2.1.2. Regulation of Metabolic Reprogramming
	2.1.3. Metabolic Consequences
	2.1.4. Interconnection with Other Metabolic Pathways

	2.2. Metabolic Pathways in Cancer
	2.2.1. Glutamine Metabolism
	2.2.2. Lipid Metabolism
	2.2.3. One-Carbon Metabolism
	2.2.4. Nucleotide Metabolism
	2.2.5. TCA Cycle Alterations
	2.2.6. Amino Acid Metabolism
	2.2.7. Redox Metabolism

	2.3. Metabolic Vulnerabilities
	2.3.1. Cancer Cell Dependencies
	2.3.2. Synthetic Lethal Interactions
	2.3.3. Redox Vulnerabilities
	2.3.4. Nutrient Availability Dependencies
	2.3.5. Cell State-Specific Vulnerabilities
	2.3.6. Therapeutic Window
	2.3.7. Microenvironmental Dependencies
	2.3.8. Compensatory Mechanisms


	3. Current treatment
	3.1. Targeting Glucose Metabolism
	3.2. Glutamine Metabolism Inhibitors
	3.3. Lipid Metabolism Targeting
	3.4. Metabolic Enzyme Inhibitors
	3.5. Novel Delivery Approaches
	3.6. Combination Strategies
	3.6.1. Integration with Standard Therapies
	3.6.2. Immunotherapy Combinations
	3.6.3. Resistance Management Strategies
	3.6.4. Metabolism-Based Patient Selection


	4. Imaging Biomarkers
	4.1. Nuclear Medicine Approaches
	4.2. Magnetic Resonance Spectroscopy
	4.3. Circulating Biomarkers
	4.3.1. Metabolomics-Based Markers
	4.3.2. Circulating Enzymes and Metabolic Products

	4.4. Tissue-Based Biomarkers
	4.4.1. Metabolic Enzyme Expression
	4.4.2. Metabolic Gene Signatures

	4.5. Novel Biomarkers
	4.5.1. Single-Cell Metabolomics
	4.5.2. Real-Time Monitoring

	4.6. Clinical Applications
	4.6.1. Treatment Response Monitoring
	4.6.2. Disease Progression Markers


	5. Drug Resistance Mechanisms
	5.1. Metabolic Adaptation
	5.1.1. Primary Resistance Mechanisms
	5.1.2. Acquired Metabolic Resistance

	5.2. Molecular Mechanisms of Resistance
	5.2.1. Signaling Pathway Alterations
	5.2.2. Transcriptional Regulation

	5.3. Microenvironmental Factors
	5.3.1. Stromal Cell Interactions
	5.3.2. Hypoxia-Mediated Resistance

	5.4. Transport-Mediated Resistance
	5.4.1. Metabolite Transporter Modifications
	5.4.2. Drug Efflux Mechanisms

	5.5. Compensatory Metabolic Pathways
	5.5.1. Alternative Substrate Utilization
	5.5.2. Metabolic Network Rewiring

	5.6. Cell State Transitions
	5.6.1. Phenotypic Plasticity
	5.6.2. Stress-Induced Responses


	6. Clinical Applications
	6.1. Resistance Monitoring
	6.2. Treatment Strategies

	7. Conclusion
	References
	Author’s Short Biography

