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Abstract 

Despite an increasing arsenal of anticancer therapies, many patients continue to have poor 

outcomes due to the therapeutic failures and long-term tumor relapses. Indeed, the clinical 

efficacy of anticancer therapies is markedly limited by intrinsic and/or acquired resistance 

mechanisms that can occur in any tumor type and with any treatment. There is thus an urgent 

clinical need to implement fundamental changes in the tumor treatment paradigm by the 

development of new experimental strategies that can help to predict the occurrence of clinical 

drug resistance and to identify alternative therapeutic options. Apart from mutation-driven 

resistance mechanisms, tumor microenvironment (TME) conditions generate an intratumoral 

phenotypic heterogeneity that supports disease progression and dismal treatment outcomes. 

Tumor cell metabolism is a prototypical example of dynamic, heterogeneous, and adaptive 

phenotypic trait, resulting from the combination of intrinsic [(epi)genetic changes, tissue of 

origin and differentiation dependency] and extrinsic (oxygen and nutrient availability, 

metabolic interactions within the TME) factors, enabling cancer cells to survive, metastasize 

and develop resistance to anticancer therapies. In this review, we summarize the current 

knowledge about metabolism-based mechanisms conferring adaptive resistance to chemo-

radio and immunotherapies as well as targeted therapies. More precisely, we report the role 

of TME-mediated intratumoral metabolic heterogeneity in therapy resistance and how 

adaptations in amino acid, glucose, and lipid metabolism support the growth of therapy-

resistant cancers and/or cellular subpopulations. We also report the intricate interplay 

between tumor signaling and metabolic pathways in cancer cells and discuss how manipulating 

key metabolic enzymes and/or providing dietary changes may help to eradicate relapse-

sustaining cancer cells. Finally, in the current era of personalized medicine, we describe the 

strategies that may be applied to implement metabolic profiling for tumor imaging, biomarker 

identification, selection of tailored treatments and monitoring therapy response during the 

clinical management of cancer patients. 
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Abbreviation: 18
F-DOPA, 

18
F-3,4-dihydroxyphenylalanine; 

18
F-FDG, 2-deoxy-2-[fluorine-18] fluoro-D-

glucose; 2-DG, 2-deoxy-D-glucose; 2HG, 2-hydroxyglutarate; 5-FU, 5-fluorouracil; AAD, antiangiogenic 

drugs; ABC, ATP-binding cassette transporter; ADT, androgen deprivation therapy; AI, artificial 

intelligence; ARE, antioxidant response elements; ASC, adipose-derived mesenchymal stem cell; Asn, 

asparagine; ASNS, asparagine synthetase, ASS1, argininosuccinate synthase 1; BCAT1, branched-chain 

amino acid transaminase 1; BDNF, brain-derived neurotrophic factor; BPTES, bis-2-(5-phenylacetamido-

1,3,4-thiadiazol-2-yl)ethyl sulfide; BSO, buthionine sulfoximine; BTKi, Bruton’s tyrosine kinase inhibitor; 

C1P, Cer-1-phosphate; CAA, cancer-associated adipocytes; CAF, cancer-associated fibroblasts; CAXII, 

carbonic anhydrase XII; Cer, ceramide; CEBP-β, CAAT enhancer binding protein-β; CLCF1, cardiotrophin-

like cytokine factor 1; cPLA2, cytosolic phospholipase A2; CSC, cancer stem cells; CSK, C-terminal SRC 

kinase; DON, 6-diazo-5-oxo-L-norleucine; DRM, detergent-resistant membrane; ECM, extracellular 

matrix; EGF, epidermal growth factor; EMA, European Medicines Agency; EMT, epithelial-to- 

mesenchymal transition; ENO, enolase; ER, estrogen receptor; ET, endocrine therapy; EVs, extracellular 

vesicles; FA, fatty acid; FAO, Fatty acid oxidation; FASN, fatty acid synthase; FDA, Food and Drug 

Administration; FGF, fibroblast growth factor; FPP, farnesyl pyrophosphate; G6PD, glucose-6-phosphate 

dehydrogenase; GCLC, glutamate-cysteine ligase catalytic subunit; GCN2, general control non-

depressible 2; GGPP, geranylgeranyl pyrophosphate; GLS, glutaminase; GLUTs, glucose transporters 

GPAT1, glycerol 3-phosphate acyltransferase; GPER, G-protein-coupled estrogen receptor; GSH, reduced 

glutathione; GSSG, oxidized glutathione; H2O2, hydrogen peroxide; HIF-1α, hypoxia-inducible factor 1α; 

HIF, hypoxia-inducible factor; HKII, hexokinase II; HMGCR, 3-β-hydroxy-3-β-methyl glutaryl coenzyme A 

reductase; HMGCS1, 3-β-hydroxy-3-β-methylglutaryl coenzyme A synthase 1; ICIs, immune checkpoint 

inhibitors; IDH, isocitrate dehydrogenase; IDO1, indoleamine 2,3-dioxygenase; IFN-γ, interferon gamma; 

LD, lipid droplets; LDH, lactate dehydrogenase; LDL, low density lipoprotein; LKB1, liver kinase B1; LPA, 

lysophosphatidate; LPAR, LPA receptor; LPCAT2, lysoPC acyltransferase 2; LXR, liver X receptor; LysoPL, 

lysophospholipids; MCT, monocarboxylate transporter; MDR, multidrug resistance; ME, malic enzyme; 

MPC, mitochondrial pyruvate carrier; MSI, mass spectrometry imaging; mtDNA, mitochondrial DNA; 

NADPH, reduced nicotinamide adenine dinucleotide phosphate; NHE, Na
+
/H

+
 exchanger; NMR, nuclear 

Magnetic Resonance; NQO1, NAD(P)H quinone oxidoreductase; O2
•-

, superoxide anion; 
•
OH, hydroxyl 

radical; OXPHOS, oxidative phosphorylation; P-gp, P-glycoprotein; PAG1, phosphoprotein associated 

with glycosphingolipid-enriched microdomains; PDH, pyruvate dehydrogenase; PDK, pyruvate 

dehydrogenase kinase; PET-CT, positron emission tomography coupled to computed tomography; PFK, 

phosphofructokinase; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; 

PGD, phosphogluconate dehydrogenase; pHe, extracellular pH; PHGDH, phosphoglycerate 

dehydrogenase; PKM2, pyruvate kinase M2; PL, phospholipid; PLIN4, perilipin 4; PPAR, peroxisome 

proliferator activated receptor; PPI, proton pump inhibitors; PPP, pentose phosphate pathway; PTMA, 

prothymosin α; ROS, reactive oxygen species; RTK, tyrosine kinase receptors; S1P, Sph-1-phosphate; 

SAT1, spermidine/spermine N1-acetyltransferase; SCD-1, stearoyl-coenzyme A desaturase-1; SLC, solute 

carrier transporters; SMs, sphingomyelins; SOD, superoxide dismutase; Sph, sphingosine; SREBP1, sterol 
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regulatory element-binding protein 1; STAT3, signal transducer and activator of transcription 3; TCA, 

tricarboxylic acid; TDO, tryptophan 2,3-dioxygenase; TG, triglyceride; TIF, tumor interstitial fluid; TKI, 

tyrosine kinase inhibitors; TME, tumor microenvironment; TPP
+
, phenol triphenyl alkyl phosphonium; 

TSG, tumor suppressor gene; V-H
+
-ATPase, vacuolar H

+
-ATPase; VEGF, vascular endothelial growth 

factor; YAP, yes-associated protein; α-KG, α-ketoglutarate. 
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1. Introduction 

Despite significant improvements in tumor prevention, diagnosis, and treatment, the 

prognosis for cancer patients remains frequently dismal due to drug resistance and 

consequent tumor relapse. Therapeutic failures in clinics can affect all types of tumors, 

hematological and solid tumors, and may even occur virtually with all anticancer treatments, 

including conventional chemo/radiotherapy to targeted therapy or immunotherapy. Indeed, 

the clinical efficacy of anticancer therapies is strongly limited by drug resistance mechanisms 

that may exist at diagnosis or develop throughout treatment referred to as intrinsic and 

acquired drug resistance, respectively (Gonen and Assaraf, 2012; Li et al., 2016; Wang et al., 

2019b; Wijdeven et al., 2016). The current clinical protocols, primarily based on the application 

of a maximum-tolerated dose, aim to kill the largest proportion of cancer cells in a short time 

but, at the same time, may select for resistant tumor cell phenotypes (Enriquez-Navas et al., 

2015; Gillies et al., 2012). Apart from genetic alterations, intratumor phenotypic heterogeneity 

has been widely recognized to support resistance to anticancer treatments in various cancer 

types (Marine et al., 2020). Therapy resistance is indeed often associated with the existence of 

specific tumor microenvironment (TME) conditions (the so-called niches) that can shape 

adaptive stem-like tumor cell phenotypes more prone to contribute to minimal residual 

disease and long-term clinical relapse (Boumahdi and de Sauvage, 2020). Acquired resistance 

may arise from a Darwinian selection of rare pre-existing resistant clones within the 

heterogeneous tumor cell population (Assaraf et al., 2019; De Angelis ML, 2018). Although 

therapy-resistant or drug-tolerant state may be found in any tumor cell, it is notoriously found 

in stem-like tumor cells that may be present within any type of malignancy (Balça-Silva et al., 

2017; Freitas et al., 2014; Li et al., 2021).  

However, the mechanisms mediating drug resistance are multifactorial, often interconnected, 

and typically involved in tumor progression. Most of them have been recognized as either 

associated with cancer hallmarks or with interactions between the TME and tumor cells 

(Assaraf et al., 2019). These mechanisms include, among others, enhanced escape from cell 

death (Lima et al., 2004) tumor intracellular genetic instability and tumor dynamics due to 

mutations (Dagogo-Jack and Shaw, 2018), along with epigenetic alterations (Garnier-Suillerot 

et al., 2001; Ozyerli-Goknar and Bagci-Onder, 2021) or alterations in microRNAs (miRs) 

expression (Hugo et al., 2013; Lima et al., 2011; Alves et al. 2019). Furthermore, intercellular 

communication with stromal and immune cells from TME (Bu et al., 2020; Kadel et al., 2019; 

Xavier et al., 2021), escape from immune surveillance (Sharma et al., 2017; Vasan et al., 2019), 

induction of (partial) epithelial-to-mesenchymal transition (EMT) (Faheem et al., 2020; Zheng 
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et al., 2015), alterations in intracellular drug concentration mediated by several mechanisms 

(Alves et al., 2015; Joyce et al., 2015; Law et al., 2021; Namee and O'Driscoll, 2018; Sousa et 

al., 2015) and metabolic alterations (Boedtkjer and Pedersen, 2020; Wang et al., 2021) are 

other mechanisms involved in cancer drug resistance (Figure 1). Tumor metabolism perfectly 

illustrates how TME peculiarities strongly influence tumor cell phenotypes and hence 

treatment outcomes in patients (Faubert et al., 2020; McCann and Kerr, 2021). In this review, 

we summarize the current knowledge about metabolism-based mechanisms of adaptive 

resistance to anticancer therapies. More precisely, we report on the role of TME-mediated 

intratumor metabolic heterogeneity in drug resistance and the reliance of many therapy-

resistant cancer types and/or subpopulations on amino acid (AA), glucose, and lipid 

metabolism. We also discuss the therapeutic avenues of interference with tumor metabolism 

that may achieve the eradication of relapse-sustaining cancer cells. This review finally explores 

the strategies that may be applied to implement metabolic profiling of tumors for rational 

clinical decision-making in cancer patients. 

 

2. Metabolic reprogramming in cancer and therapy resistance 

Metabolic needs and preferences evolve along disease progression to facilitate cancer cell 

survival, proliferation, metastasis, and the development of resistance to anticancer therapies. 

Compelling evidence has shown that tumor cells display high metabolic flexibility, i.e., the 

capacity to utilize different nutrients as well as plasticity reflected in their capacity to 

metabolize the same nutrient differently. Additionally, tumor cells can either cooperate (i.e., 

metabolic symbiosis) or compete with non-cancerous cell populations. These scenarios are not 

mutually exclusive and participate in the intratumoral metabolic heterogeneity, thereby 

equipping cancer cells with multiple adaptations and escape options when facing stressful and 

hostile conditions, including therapy-induced stress (Figure 2). 

 

2.1. Pyruvate as a central metabolic gatekeeper in therapy-resistant cancer cells 

Cancer cells displaying therapy resistance have been reported to be either Warburg-like or 

oxidative phosphorylation (OXPHOS)-addicted. Pyruvate appears as a critical metabolite since 

it is at the crossroads of cytoplasmic glycolysis and mitochondrial oxidative metabolism, and it 

has been widely described to support both stem-like cell phenotype and drug resistance 

(Corbet, 2017). A study has reported that the mitochondrial pyruvate carrier (MPC) is 

transcriptionally regulated by the androgen receptor and its function (i.e., mitochondrial 
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pyruvate import) is indispensable to support tumor growth in in vitro and in vivo models of 

hormone-responsive and castration-resistant prostate adenocarcinoma (Bader et al., 2019). 

Conversely, decreased MPC expression and activity have been correlated with increased stem-

like features and poor survival in several cancer types, including lung, colon, clear cell renal, 

prostate, and esophagus squamous cell carcinomas (Schell et al., 2014; Wang et al., 2016a; 

Zhong et al., 2015). Recent studies have also documented that low expression of BRP44L, the 

MPC1-encoding gene, is associated with poor prognosis and resistance to temozolomide in 

glioblastoma (GB) and radioresistance in pancreatic cancer (PaC) cells (Chai et al., 2019; 

Takaoka et al., 2019). Besides the capacity to take up pyruvate into mitochondria via MPC 

activity, key rate-limiting steps that determine the metabolic fate between glycolysis versus 

mitochondrial OXPHOS are the conversion of phosphoenolpyruvate into pyruvate and the 

metabolism of the latter to acetyl CoA by pyruvate kinase M2 (PKM2) and pyruvate 

dehydrogenase (PDH), respectively. Several studies have provided new insights into the 

molecular mechanisms that couple glycolysis to drug resistance in cancer cells. 

Shanmugasundaram and co-authors have reported that NADPH oxidase isoform NOX4, 

preferentially localized to the inner mitochondrial membrane, induces production of reactive 

oxygen species (ROS) that in turn inhibit p300/CBP-associated factor-dependent acetylation 

and lysosomal degradation of PKM2 and support etoposide resistance in renal cell carcinoma 

(RCC) models in vitro and in vivo (Shanmugasundaram et al., 2017). In ovarian cancer (OC) 

cells, PDH activity is regulated by the mitochondrial calcium uptake 1 protein 

(MICU1/CBARA1). This protein promotes PDH dephosphorylation and subsequent activation, 

leading to increased glycolysis and lactate production, which are associated with cisplatin 

resistance and poor prognosis in OCs (Chakraborty et al., 2017). 

Over the last years, there has been growing evidence that glycolysis can support resistance to 

anticancer therapies in several tumor types [reviewed by (Marcucci and Rumio, 2021)]. 

Glycolysis-induced drug resistance is associated with the induction of several molecular 

mechanisms, including inhibition of apoptosis, EMT activation, enhanced autophagy, and drug 

influx/efflux regulation. Importantly, it occurs in response to various internal and/or external 

cues such as oncogenic signaling or hypoxia. For instance, in estrogen receptor (ER)-positive 

breast cancer (BC) cells, tamoxifen resistance has been associated with enhanced glycolytic 

pathway upon activation of EGFR signaling (He et al., 2019). Tamoxifen-resistant BC cells 

exhibit a downregulation of miR-186-3p that results in the increased expression of EREG, an 

agonist of EGFR, and subsequent upregulation of glycolysis-related genes, thereby positioning 

the miR-186-3p/EREG axis and enhanced aerobic glycolysis as potential targets to overcome 
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endocrine resistance in breast tumors. Several studies have also reported a role for glycolytic 

pathway stimulation in the resistance to lapatinib (Tykerb), a small-molecule EGFR/HER2 

tyrosine kinase inhibitor (TKI), in HER2-overexpressing BCs. Overexpression of LDHA increased 

expression of the glucose deprivation response network (Komurov et al., 2012; Zhao et al., 

2011), and phosphorylation changes in glycolysis-mediating enzymes [e.g., LDHA, enolase 1 

(ENO1), phosphoglycerate mutase] (Ruprecht et al., 2017) have been indeed described to 

support lapatinib resistance in BC cells. Aberrant expression of hypoxia-inducible factor 1α 

(HIF-1α) is well known to trigger an increased glycolytic metabolism and contributes to drug 

resistance in cancer cells. A recent study has shown that HIF1α-mediated hexokinase II (HKII) 

overexpression in hepatocellular carcinoma (HCC) cells leads to increased glycolytic 

metabolism and resistance to sorafenib, a multi-kinase inhibitor (Gao et al., 2021). 

Furthermore, increased expression of glycolytic enzymes has been found in melanoma and 

lung cancer patient samples poorly infiltrated by T cells (Cascone et al., 2018). Importantly, in 

this study, the authors show that enhanced glycolytic activity in tumor cells is associated with a 

lower response to adoptive T cell therapy. This is actually reminiscent of the observation of a 

metabolic competition for glucose between tumor cells and T cells that metabolically restrict 

the latter and therefore limit the development of an effective antitumor immune response 

(Chang et al., 2015; Ho et al., 2015). 

Beyond the “Warburg effect” dogma, compelling experimental evidence has reported a 

detailed contribution of oxidative mitochondrial metabolism to anticancer drug resistance. 

First, low mitochondrial DNA (mtDNA) content has been correlated with a better outcome in 

BC patients treated with anthracycline-based chemotherapy (Weerts et al., 2017). Moreover, 

mtDNA mutations have been reported to alter the response to therapy in several tumor types 

(Hertweck and Dasgupta, 2017; Ju et al., 2014; Stewart et al., 2015). For instance, a somatic 

mutation in the gene encoding for the ND4 subunit of the electron transport chain (ETC) 

complex I has been associated with chemoresistance in serous OCs (Guerra et al., 2012), while 

several mutations in non-coding mtDNA regions correlate with chemoresistance in colorectal 

cancer (CRC) patients (Lièvre et al., 2005). Increased reliance on mitochondrial energy 

metabolism, in particular OXPHOS, has been reported as a distinctive hallmark of therapy-

resistant cancer cells in a variety of tumor types, including OC (Gentric et al., 2019; Matassa et 

al., 2016), PaC (Viale et al., 2014), colon (Vellinga et al., 2015), prostate (PC) (Ippolito et al., 

2016), melanoma (Vashisht Gopal et al., 2019; Vazquez et al., 2013), BC (Echeverria et al., 

2019; Lee et al., 2017; Wang et al., 2018b), GB (Hoang-Minh et al., 2018), as well as large B cell 

lymphoma (Caro et al., 2012), acute myeloid leukemia (AML) (Farge et al., 2017; Lagadinou et 
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al., 2013; Ye et al., 2016), and chronic myeloid leukemia (Kuntz et al., 2017) (Table 1). In 

addition, therapy-resistant oncogene-addicted cancers, such as EGFR-mutant non-small cell 

lung cancer (NSCLC) and BRAF-mutant melanoma, have been found to undergo metabolic 

reprogramming towards an OXPHOS-driven metabolism (Hirpara et al., 2019). Notably, a 

recent study has observed that resistance to two anthracyclines, doxorubicin and epirubicin, is 

associated with distinct primary metabolic vulnerabilities in human BC cells (McGuirk et al., 

2021). Indeed, while doxorubicin-resistant BC cells mostly rely on glutamine metabolism and 

de novo glutathione biosynthesis, epirubicin-resistant cell counterparts exhibit increased 

OXPHOS-mediated ATP production. These specific therapy-induced metabolic adaptations 

have been correlated with a distinct sensitivity towards buthionine sulfoximine (BSO), an 

inhibitor of glutathione biosynthesis, and phenformin, an OXPHOS inhibitor in doxorubicin- 

and epirubicin-resistant BC cells, respectively. These observations reveal that for the same 

tumor cell type, metabolic vulnerabilities can vary with the therapeutic agent. It is still unclear 

whether drug-mediated stress induces de novo metabolic reprogramming by oxidative 

metabolism and/or selects the pre-existing cancer cells with high OXPHOS status. The shift 

towards OXPHOS may confer to cancer cells some metabolic/growth advantages that allow 

them to become resistant to therapy (Bosc et al., 2017). Notably, a recent study has revealed 

important new insights by showing that mitochondrial oxidative metabolism can provide ATP 

as an energy source necessary to support drug efflux through ATP binding cassette (ABC) 

transporter activity (Giddings et al., 2021), pinpointing the crucial role of mitochondrial energy 

metabolism in supporting drug resistance. However, in most of the studies described above, 

the nature of the substrates (i.e., glucose, lactate, glutamine, and/or fatty acids) fueling the 

mitochondrial metabolism in OXPHOS-addicted therapy-resistant cancer cells has not been 

clearly identified and requires further investigation. 

 

2.2. Lipid metabolism in cancer cells and drug resistance 

Lipid metabolism can contribute to tumor progression by supporting cell proliferation, 

invasion, and resistance to stress cues in cancer cells (Corbet and Feron, 2017a). Both intrinsic 

tumor and TME-associated lipids can sustain the therapy-resistant cancer cell phenotype. 

Moreover, despite the diversity in tumor types and anticancer therapies, virtually all lipid 

classes have been associated with the onset of resistance and maintenance. 

In most tumors, the sterol regulatory element-binding protein 1 (SREBP1) is increased, 

promoting fatty acid (FA) and triglyceride (TG) synthesis, leading to the accumulation of lipid 
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droplets (LD) within the cell. Inhibiting SREBP1 and reducing lipogenic pathways 

chemosensitize colon cancer cells to gemcitabine (Shen et al., 2019), suggesting that LD play a 

role in chemoresistance. Indeed, LD can sequester lipophilic drugs, such as docetaxel, as 

documented in BC (Schlaepfer et al., 2012), and LD-related proteins have an active role in 

inducing chemoresistance. For instance, the LD-associated enzyme lysoPC acyltransferase 2 

(LPCAT2) mediates resistance to oxaliplatin and 5-fluorouracil (5-FU) in CRC because it alters 

the phospholipid (PLs) composition of endoplasmic reticulum, mediating resistance to 

endoplasmic reticulum-stress dependent apoptosis and immunogenic cell death elicited by 

chemotherapy (Cotte et al., 2018). Similarly, the LD-associated stearoyl-coenzyme A 

desaturase-1 (SCD-1) mediates the resistance to cytoskeleton-targeting drugs as docetaxel 

(Schlaepfer et al., 2012), likely because it alters the composition and fluidity of membranes and 

the junctions between membrane and cytoskeleton. Prothymosin α (PTMA) is a SREBP1-

activating protein and an inducer of LD in colon cancer cells. The higher the expression of 

PTMA and the amount of LD are, the higher is the resistance to gemcitabine, caused by the 

PTMA/LD-mediated activation of the pro-survival factor signal transducer and activator of 

transcription 3 (STAT3) (Jin et al., 2021a). The LD-associated cytosolic phospholipase A2 

(cPLA2) is another interesting target to chemosensitize OC to carboplatin and paclitaxel. cPLA2 

is phosphorylated and activated by PFKFB3, a serine/threonine kinase and a glycolysis 

regulator, and in this form, it prevents lipophagy from LD by interacting with the pro-

autophagic protein P62. This phenotype is associated with chemoresistance. In contrast, the 

PFKFB3 inhibitor, PFK158, deactivates cPLA2 and lipophagy, restoring apoptosis in response to 

chemotherapeutic drugs (Mondal et al., 2019). This work opens a new avenue of reversing 

chemoresistance by disrupting the metabolic crosstalk between glucose and lipid metabolism.  

Lipogenesis has a role not only in the maintenance but also in the acquisition of drug 

resistance. In an elegant model of acute exposure to doxorubicin, the surviving clones of triple-

negative breast cancer (TNBC) cells showing resistance to the drug had an increase in 

mitochondria and LD, coupled to a shift from glycolysis- to OXPHOS-dependent metabolism. 

These changes are supported by the increase in peroxisome proliferator-activated receptor α 

(PPAR) and γ (PPARγ), two proteins involved in mitobiogenesis and lipid oxidation (Sirois et 

al., 2019). If TG stored in LD may provide FA that undergo fatty acid oxidation (FAO), 

supporting the OXPHOS metabolism, this process is antagonized by the simultaneous increase 

in perilipin 4 (PLIN4), a natural antagonist of hormone-sensitive lipase. If, on the one hand, the 

PPAR/PPARγ/PLIN4high signature identified a subset of patients refractory to neoadjuvant 
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chemotherapy, it also unveiled a metabolic vulnerability, as demonstrated by the reversion of 

doxorubicin resistance by FAO or PPARγ inhibitors (Sirois et al., 2019).  

Chemoresistant tumor cells often have a simultaneous activation of FAO and FA synthesis, 

controlled by HIF-1α (Belisario et al., 2020b). This interplay between FAO and FAS also finely 

tunes the balance between energy and building blocks supply, making cells less dependent on 

glucose and glutamine, more resilient to energy-depleted TME and chemotherapy 

(DeBerardinis and Thompson, 2012).  

Tissue Cancer Genome Atlas (Kuzu et al., 2016), Gene Ontology (Greife et al., 2015), and 

Ingenuity Pathway (Hossian et al., 2021) analyses highlighted that patients with poor response 

to chemotherapy have an increased endogenous biosynthesis of cholesterol. The rate-limiting 

enzyme 3-β-hydroxy-3-β-methyl glutaryl coenzyme A reductase (HMGCR) is more active in 

drug-resistant cells because of its reduced ubiquitination by the TRC8 E3 ubiquitin ligase, which 

has a lower activity in these cells (Gelsomino et al., 2013). The increased cholesterol results in 

more rigid detergent-resistant membrane (DRM) domains, where the drug efflux ABC 

transporters ABCB1 (P-glycoprotein, P-gp), ABCC1 (MRP1), and ABCG2 (BCRP) proteins are 

abundant. The increased rigidity maintains the ABC transporters within the DRM domain, 

where they actively efflux multiple chemotherapeutic drugs (Gelsomino et al., 2013). High 

activity of HMGCR has been reported in cancer-stem-like cells (CSCs) of prostate origin, making 

them particularly resistant to docetaxel. The deregulated HMGCR activity, due to the removal 

of enzyme inhibition by AMPK, maintains high levels of the transcription factor yes-associated 

protein (YAP) that contributes to the stemness maintenance and the expansion of 

chemoresistant CSCs (Iannelli et al., 2020). Therefore, targeting HMGCR activity with statins 

could be an attractive option to eradicate chemorefractory tumor cells, more prone to support 

long-term clinical relapse. Recently, the enzyme upstream of HMGCR, 3-β-hydroxy-3-β-

methylglutaryl coenzyme A synthase 1 (HMGCS1), has been indicated as a mediator of 

resistance to doxorubicin and cytarabine because it increases the resistance to endoplasmic 

reticulum- and mitochondria-stress mediated cell death (Zhou et al., 2021). Although the 

mechanism has not been investigated, it is likely that HMGCS1 increases the amount of 

cholesterol within these organelles and makes them less susceptible to cytotoxic damage. 

Intriguingly, both endogenous and exogenous cholesterols are delivered by low-density 

lipoproteins (LDL), which are taken up avidly by drug-resistant cancer cells (Kopecka et al., 

2011), and transcriptionally up-regulate ABCB1, ABCC1 (Celestino et al., 2015), and ABGC2 (Wu 

et al., 2015). Indeed, the cholesterol-derivative oxysterols can activate the transcription factor 

SREBP1, which cooperates with HIF-1α in inducing ABCB1 transcription (Furuta et al., 2008), 
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and the liver X receptorβ (LXRβ), which activates ABCB1 and ABCG2. This coordinated program 

resulted in the protection of ovarian cells from the pro-apoptotic activity of cisplatin (Kim et 

al., 2018). More recently, LXRα too has been highly correlated with the expression of ABCB1 

and chemoresistance in TNBC cells and ER-negative BC patients (Hutchinson et al., 2021). The 

increased endogenous synthesis of cholesterol is also associated with an increased 

accumulation of upstream metabolites, such as farnesyl pyrophosphate (FPP) and 

geranylgeranyl pyrophosphate (GGPP) that activate convergent pathways such as RAS/ERK1/2 

and RhoA/RhoB kinase that stabilize HIF-1α, thereby up-regulating ABCB1 (Belisario et al., 

2020a). Collectively, the observations linking chemoresistance, cholesterol metabolism, 

cholesterol-activated transcription factors, or upstream pathways have a significant 

translational interest because all of these pathways are druggable by cholesterol-lowering 

agents such as statins, aminobisphosphonates, LXR antagonists, and some kinase inhibitors, 

successfully employed at the preclinical level (Hutchinson et al., 2021; Iannelli et al., 2020; 

Kopecka et al., 2016).  

Apart from neutral lipids, PLs or their precursors, the lysophospholipids (lysoPL), have been 

recently re-considered as mediators of chemoresistance (Kopecka et al., 2020b). The FA 

composition of PLs depends on acyltransferase enzymes that – under this perspective – appear 

attractive druggable targets to enhance chemosensitivity. For instance, lysophosphatidate-1 

(LPA-1), a precursor shared by most PLs, activates the NRF2 transcription factor that in turn 

up-regulates several antioxidant enzymes and several transporters involved in 

chemoresistance, namely ABCC1, ABCC2, ABCC3, and ABCG2 (Venkatraman et al., 2015). In 

melanoma cells, the mechanisms, underlying resistance that is induced by LPA, are mediated 

by the signaling pathways that are dependent on the LPA receptor (LPAR) 5 (Minami et al., 

2019) and 2 (Minami et al., 2020); although this mechanism must be elucidated, it is 

independent of ABC transporters overexpression. Furthermore, lysophosphatidylcholine and 

lysophosphatidylethanolamine have been associated with resistance to the five common 

cytotoxic drugs used in PaC treatment – gemcitabine, oxaliplatin, 5-FU, SN-38, and docetaxel – 

in patient-derived tumor xenografts (PDTX), highlighting a new metabolic signature predictive 

of resistance, but also a new therapeutic approach. Indeed, FSG67, an inhibitor of glycerol 3-

phosphate acyltransferase (GPAT1), impairs the first step of the de novo biosynthesis of PLs 

and sensitizes patient-derived cells to the chemotherapeutic drugs in use (Kaoutari et al., 

2021).  

Among sphingolipids as sphingomyelins (SMs), chemosensitivity or resistance depends on the 

ratio between ceramide (Cer), the precursor of SM, and sphingosine (Sph), the precursor of 
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Cer, as well as by the levels of their phosphorylated forms, Cer-1-phosphate (C1P) and Sph-1-

phosphate (S1P). C24:0- and C24:1-Cer are inducers of chemoresistance by increasing the 

antiapoptotic protein BCL2L13 (Jensen et al., 2014) and the acidification of lysosomes through 

the up-regulation of the vacuolar H+-ATPase (V-H+-ATPase) (Wang et al., 2017). This process 

favors the sequestration of hydrophobic weak base drugs, followed by the exocytosis of the 

sequestered drugs (Cui et al., 2018; Stark et al., 2020; Zhitomirsky and Assaraf, 2014; 

Zhitomirsky and Assaraf 2016; Zhitomirsky et al., 2018). Both C1P and S1P transcriptionally up-

regulate ABCB1, ABCC1, and ABCG2 by activating the autocrine production and signaling of 

prostaglandin E2 (Brachtendorf et al., 2018) or HIF-1α and HIF-2 transcription factors (Gstalder 

et al., 2016). Finally, glucosylceramide is also known to mediate chemoresistance: first, it is 

preferentially incorporated into DRM domains (Wegner et al., 2018), where – together with 

cholesterol – they contribute to increased membrane rigidity, supporting the activity of the 

ABC efflux transporters which are integral plasma membrane transporters (Gelsomino et al., 

2013). Second, GC activates specific tyrosine kinase receptors (RTKs) abundant in DRM 

domains, triggering AKT- and ERK1/2-dependent signaling that increases cell survival (Wegner 

et al., 2018) and transcriptionally induces ABCB1 (Kopecka et al., 2016). 

Several tumors of distinct cancer lineages with a high-mesenchymal cell state have been 

associated with resistance to multiple treatments. This cell state promotes the biosynthesis of 

polyunsaturated lipids that creates a lipid metabolism dependency on pathways converging on 

the GPX4 that prevents the induction of ferroptosis (Viswanathan et al., 2017). In BC cells, 

tamoxifen resistance can be acquired via inhibition of lysosomal membrane permeabilization. 

This fact is supported by the increase in neutral lipids into lipid droplets and the accumulation 

of free cholesterol in the lysosomes (Hultsch et al., 2018). Poor response to gemcitabine and 

survival in PaC patients as well as disease progression in a spontaneous PaC mouse model 

were associated with increased fatty acid synthase (FASN) expression (Tadros et al., 2017). 

These authors analyzed, using in vitro and in vivo models (PaC cells in culture and orthotopic 

implantation models, respectively), a combination treatment of orlistat with gemcitabine, and 

observed a synergistic effect in part due to induction of endoplasmic reticulum stress that 

resulted in apoptosis (Tadros et al., 2017). Similarly, FASN inhibition, in castration-resistant 

prostate cancer, antagonized tumor cell growth, affecting the synthesis and oxidation of FAs 

and the metabolism of TGs and PLs. These changes in the lipid homeostasis decreased the 

protein expression of the androgen receptor, as well as the emerging resistance mechanism to 

the second-generation nonsteroidal anti-androgen drug, enzalutamide, and the androgen 

synthesis inhibitor, abiraterone (Zadra et al., 2019). 
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2.3. Amino acid metabolism in cancer cells and therapy resistance 

Tumor cells undergo profound changes in AA metabolism to meet their increased demand for 

the cellular macromolecule building blocks (proteins, nucleic acids, and lipids) to obtain energy 

and reducing agents for biosynthetic pathways. Indeed, besides the utilization of glucose and 

lipids, tumor cells often depend on AA uptake and/or synthesis to sustain disease progression. 

Surprisingly, some studies have reported that several nonessential AA limit tumor growth in 

vivo (Loayza-Puch et al., 2016; Sullivan et al., 2018). Targeting AA metabolism has thus 

emerged as an attractive therapeutic strategy to thwart tumor evolution and enhance 

response to anticancer treatments in therapy-refractory tumors. Several approaches have 

been proposed to deregulate AA homeostasis in cancer cells, with either the inhibition of 

enzymes and transporters regulating the uptake, utilization, or synthesis of AA or the depletion 

of exogenous pools of AA in order to overcome acquired resistance to conventional anticancer 

therapies (Table 2) (Butler et al., 2021). Recent studies have documented changes in the 

expression of AA transporters in cancer cells, thereby altering AA homeostasis and supporting 

resistance to anticancer treatments. Indeed, hypoxia has been shown to trigger upregulation 

of SNAT2/SLC38A2, an AA transporter, thereby causing endocrine therapy (ET) resistance in 

ER-positive BC (Morotti et al., 2019). A new variant for the glutamine transporter 

SLC1A5/ASCT2 has been recently identified to be induced by hypoxia in a HIF2α-dependent 

manner (Yoo et al., 2020). Such variant has an N-terminal targeting signal for mitochondrial 

localization and can support glutamine-induced ATP production and glutathione synthesis to 

confer resistance to gemcitabine in PaC cells. Another study has reported that ET resistance in 

BC is associated with a downregulation of the neutral and basic AA transporter SLC6A14, while 

import of acidic AA (aspartate and glutamate) is enhanced through the SLC1A2 transporter 

(Bacci et al., 2019). Notably, the authors report that increased aspartate and glutamate levels 

in PDTX correlate with ET resistance and, impairing their transport reduces the metastatic 

potential of resistant BC cells in vivo. Another AA transporter, namely xCT carrier, which 

transports cystine into the cell while exporting glutamate, has been shown to play a role in 

therapy resistance in a variety of cancer types, including PaC (Lo et al., 2008), TNBC 

(Timmerman et al., 2013), head and neck squamous cell carcinoma (Yoshikawa et al., 2013), 

and GB (Long et al., 2020). Treatment with sulfasalazine, an inhibitor of xCT-dependent cystine 

transport, actually decreased tumor growth in vivo, sensitized TNBC cells to carboplatin 

(Timmerman et al., 2013), and depleted CD44v-expressing undifferentiated head and neck 
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squamous cell carcinoma cells improving anti-EGFR therapy response in the remaining 

differentiating cells (Yoshikawa et al., 2013). 

Glutamine is a prototypical AA for which metabolism-interfering therapeutic strategies have 

been investigated to treat cancer. Allosteric inhibitors of glutaminase (GLS) and glutamine 

analogues, e.g., bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES) and 6-

diazo-5-oxo-L-norleucine (DON), respectively, have shown promising (pre)clinical results in a 

variety of therapy-refractory tumor models. GLS inhibition has been indeed reported to 

overcome resistance to BRAF inhibitors in melanoma (Baenke et al., 2016; Hernandez-Davies 

et al., 2015), gemcitabine in KRAS-mutant PaC (Mukhopadhyay et al., 2020), and anti-NOTCH1 

therapies in T cell acute lymphoblastic leukemia (ALL) (Herranz et al., 2015). More recently, 

treatment with CB-839 (Telaglenastat), an orally bioavailable GLS1 inhibitor, has been shown 

to resensitize human esophageal squamous cell carcinoma to anti-CDK4/6 treatment 

(palbociclib) in vitro and in xenograft tumor models (Qie et al., 2019). Combined treatment 

with CB-839 and everolimus, an mTOR inhibitor, also interrupted the growth of endocrine-

resistant BC (Demas DM, 2019). An intimate relationship between glutamine metabolism and 

mTOR activation has been observed in various tumor types, with a compensatory upregulation 

of glutamine utilization in GB and lung squamous cell carcinoma resistant to mTOR inhibitors 

(Momcilovic et al., 2018; Tanaka et al., 2015). Glutamine-dependent metabolic alterations and 

PPARδ-mediated reductive glutamine carboxylation and lipid biosynthesis have also been 

identified as potential therapeutic targets to overcome sorafenib resistance in HCC (Kim et al., 

2017).  

A recent study has also reported that mantle cell lymphoma cells, resistant to the Bruton’s 

tyrosine kinase inhibitor (BTKi) ibrutinib, mainly rely on glutamine-fueled OXPHOS that can be 

therapeutically targeted with IACS-010759, an ETC complex I inhibitor, to overcome the BTKi 

resistance (Zhang et al., 2019). Besides blockade of glutamine catabolism, genetic abrogation 

of glutamine synthetase, an enzyme converting glutamate and ammonia into glutamine, has 

been shown to overcome radiation resistance in nasopharyngeal carcinoma and glioma cell 

lines via delayed DNA repair, impaired nucleotide metabolism and enhanced radiosensitivity, 

both in vitro and in vivo (Fu et al., 2019). Finally, cisplatin-resistant lung cancer and OC cells 

have been found to rely on glutamine metabolism; glutamine starvation leads to the 

impairment of nucleotide biosynthesis, which can re-sensitize these cells to cisplatin-induced 

cell death (Obrist et al., 2018). 

Asparagine (Asn) is undoubtedly one of the most successful and documented targets for 

applying AA depletion therapy in cancer treatment. The Asn-depleting enzyme asparaginase 
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has become a critical component of the treatment regimen for pediatric ALL. Although under 

clinical investigation in some solid tumors, albeit its therapeutic efficacy is still very limited. 

Recent studies have shown upregulation of asparagine synthetase (ASNS) (Williams et al., 

2020) or aspartate/glutamate transporter SLC1A3 (Sun et al., 2019b) as resistance mechanisms 

to asparaginase in several solid tumor types. Another study has reported that Asn metabolism 

mediates resistance to OXPHOS inhibitors in PaC (Halbrook et al., 2020) and identifies Asn-

depleting modalities (genetic silencing of ASNS and depletion of exogenous Asn upon 

asparaginase treatment) as potential therapeutic strategies to re-sensitize pancreatic tumor 

cells to phenformin treatment. In addition, it has been shown that Phenformin is a genuine 

tumor disruptor not only by producing hypoglycemia due to caloric restriction via energy-

sensing AMP-activated protein kinase, but also as a blocker of the mTOR regulatory complex 

(Rubiño et al., 2019). 

Arginine metabolism has also been described to contribute to therapy resistance in some 

tumor types. More specifically, argininosuccinate synthase 1 (ASS1) and spermidine/spermine 

N1-acetyltransferase (SAT1), two central enzymes for arginine metabolism, are downregulated 

in cisplatin-resistant bladder cancer (BlC) cells, thereby sensitizing them to arginine deprivation 

upon treatment with PEGylated arginine deiminase (Yeon et al., 2018). Branched-chain AA 

metabolic reprogramming, in particular the upregulation of branched-chain amino acid 

transaminase 1 (BCAT1), has also been reported to support resistance to anti-EGFR inhibition 

in lung cancer (Wang et al., 2019c) as well as to ET in BC (Thewes et al., 2017). Evidence of 

serine metabolism in therapy resistance has also been documented in several cancer types 

(Montrose et al., 2021; Ross et al., 2017), with phosphoglycerate dehydrogenase (PHGDH) 

being a critical driver for resistance to erlotinib in EGFR mutation-positive lung 

adenocarcinomas (Dong et al., 2018) and sorafenib in HCC (Wei et al., 2019). Histidine 

catabolism has also been reported to increase the sensitivity of cancer cells to the antifolate 

methotrexate (Kanarek et al., 2018). Mechanistically, histidine catabolism drains the 

intracellular pool of tetrahydrofolate, which is particularly harmful to cells treated with 

methotrexate, suggesting that the effectiveness of methotrexate could be increased through 

simple dietary intervention (Kanarek et. al, 2018). 

he histidine degradation pathway markedly influences the sensitivity of cancer 

cells to methotrexate and may be exploited to improve methotrexate efficacy 

through a simple dietary intervention. 
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In the last years, compelling evidence revealed that tryptophan is a potential modulator of the 

response to immune checkpoint blockade in cancer patients. Blockade of the 

immunosuppressive tryptophan catabolism mediated by indoleamine 2,3-dioxygenase (IDO1) 

and tryptophan 2,3-dioxygenase (TDO) has been shown to reduce the production of the 

immunosuppressive metabolite kynurenine, to overcome the immunosurveillance escape, and 

to improve the response to immunotherapy (Bader et al., 2020; Lemos et al., 2019). Finally, 

although the metabolism of other AA, such as aspartate (Birsoy et al., 2015; Garcia-Bermudez 

et al., 2018; Sullivan et al., 2018), alanine (Sousa et al., 2016), and methionine (Wang et al., 

2019d) has been shown to play pleiotropic roles in tumor cells to support disease progression, 

the straightforward contribution to therapy resistance is still largely unknown and needs 

further investigation. 

 

3. Microenvironment-mediated intratumoral metabolic heterogeneity and therapy 

resistance 

Cancer is now undoubtedly viewed as a dynamic ecosystem in which subclonal cancer cell 

populations behave cooperatively with non-cancer stromal cells to support disease 

progression (Tabassum and Polyak, 2015). Cancer cells can metabolically cooperate or 

compete with other cell types, such as cancer-associated fibroblasts (CAFs), cancer-associated 

adipocytes (CAA), and immune cells to support tumor progression and therapy resistance. 

Metabolic reprogramming has also been reported to be indispensable for cancer cells to adapt 

highly selective TME barriers, including hypoxia, acidosis, and oxidative stress, along with 

tumor progression. 

 

3.1. Tumor metabolic symbiosis and therapy resistance 

Microenvironment-driven metabolic heterogeneity within the tumor bulk is well exemplified 

by the occurrence of a lactate shuttle between hypoxic (lactate-generating) and oxidative 

(lactate-consuming) cancer cells in various cancer types (Doherty and Cleveland, 2013; 

Sonveaux et al., 2008). Such lactate-based metabolic symbiosis has been described to support 

adaptive resistance to antiangiogenic therapies in pancreatic neuroendocrine tumors (Allen et 

al., 2016), murine BC models (Pisarsky et al., 2016), PDTX models, and human clinical samples 

of RCC (Jiménez-Valerio et al., 2016). Indeed, upon treatment with antiangiogenic and an initial 

regression, murine and human tumors resume growth by exhibiting a compartmentalized 

expression of monocarboxylate transporters (MCT) 4 and MCT1 that support the export of 
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glycolysis-derived lactate from hypoxic cancer cells and its import (and subsequent metabolic 

utilization) in normoxic cancer cells, respectively. A similar metabolic symbiosis has been 

reported in TNBC, with lactate being used as a primary source of energy, in an MCT1-

dependent manner, to allow cancer cells to survive under long-term glucose deprivation as 

well as to resist anti-PI3K/mTOR targeted therapies (Park et al., 2016). Inhibition of glycolysis 

upon 3-PO treatment or MCT4 genetic knockout (Pisarsky et al., 2016) or blockade of mTOR- 

and estrogen-related receptor alpha-associated signaling pathways (Allen et al., 2016; Jiménez-

Valerio et al., 2016; Park et al., 2016) has been shown to prevent lactate-based metabolic 

symbiosis and to sensitize cancer cells to therapies both in vitro and in vivo. More recently, a 

study has also documented a role for lactate metabolism in the resistance to MET and EGFR 

TKI (JNJ-605; crizotinib and erlotinib, respectively) (Apicella et al., 2018). The authors have 

indeed shown that glycolytic metabolism is exacerbated, with enhanced lactate secretion, in 

patient-derived NSCLC and GC cells upon continuous treatment with anti-MET or-EGFR TKI. 

Released lactate exhibits paracrine effects by acting as a signaling molecule on CAFs to induce 

the subsequent overproduction of hepatocyte growth factor, which, in turn, activates MET in 

cancer cells, thereby overcoming TKI-induced growth inhibitory effects. Genetic or 

pharmacological interference with enzymes/transporters related to lactate metabolism (e.g., 

MCT1, MCT4, LDHs) has been reported to overcome resistance. Another recent study has also 

reported that GC cells, exposed to the multi-target tyrosine kinase inhibitor anlotinib, release 

lactate that can then instruct CAFs to produce brain-derived neurotrophic factor (BDNF) in a 

NF-κB-dependent manner (Jin et al., 2021b). CAF-derived BDNF activates TrkB downstream 

signaling pathways in GC cells, thereby reducing the response to anlotinib. Similarly, CAF-

derived lactate has been shown to fuel oxidative metabolism in both ER-positive and -negative 

BC cells, thereby conferring upon tumor cells a multidrug resistance (MDR) phenotype towards 

several conventional clinical treatments, including ET (tamoxifen), HER-2-targeted therapy 

(trastuzumab/Herceptin) and chemotherapy (epirubicin) (Yu et al., 2017). This metabolic 

interplay is intricately linked to a signaling crosstalk between the two cell types, with the 

tumor-activated PI3K/AKT signaling pathway that induces the cytoplasmic G-protein-coupled 

estrogen receptor (GPER) translocation and activation of PKA/CREB downstream signaling 

pathway in CAFs. Altogether, these studies pinpoint the contribution of such lactate-based 

metabolic symbiosis in therapy resistance and the potential clinical relevance to use symbiosis-

interfering therapeutic avenues (Corbet et al., 2018; Martinez-Outschoorn et al., 2017). 

A metabolic crosstalk between CAAs or adipose-derived mesenchymal stem cells (ASCs) and 

cancer cells has also been reported to alter the response to anticancer treatments. Over the 
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years, several epidemiological studies have indeed reported worse clinical outcomes in obese 

cancer patients compared with non-obese patients, although both received the same 

treatment regimen [see (Cao, 2019) for review]. A study has shown that implantation of CRC, 

HCC, or pancreatic ductal adenocarcinoma tumors in adipocyte-rich tissue results in intrinsic 

resistance to antiangiogenic drugs (AAD). In contrast, genetically identical tumors implanted in 

non-adipose tissue are sensitive to the same AAD treatment (Iwamoto et al., 2018). Another 

study has identified the gonadal adipose tissue as a niche for a subpopulation of leukemic stem 

cells to evade chemotherapy (Ye et al., 2016). Similarly, the co-culture of adipocytes with ALL 

cells has been shown to support chemotherapy resistance and treatment failure (Tucci et al., 

2021). In all these studies, adipocytes have been shown to release free FAs (initially stored as 

TGs in LDs) that can be taken up and used by cancer cells to support metabolic demands and 

survival under drug-induced stress conditions. Finally, a lipid-based metabolic cooperation has 

also been observed between macrophages and prostate cancer cells to support therapy 

resistance (El-Kenawi et al., 2021). The authors have observed that macrophages can transfer 

cholesterol to tumor cells in vitro, supporting a persistent androgen receptor signaling despite 

androgen deprivation therapy (ADT). Macrophage depletion reduces androgen levels within 

prostate tumors and overcomes ADT resistance. 

The presence of ASCs significantly up-regulates the expression of C-terminal SRC kinase (CSK)-

binding protein (CBP)/phosphoprotein associated with glycosphingolipid-enriched 

microdomains (PAG1) complex, which favors tumor proliferation and resistance to 

doxorubicin, by activating a downstream cascade that increases the prosurvival AKT/mTOR axis 

(Lu et al., 2017). Since the ASC conditioned medium produces the same phenotype, it is likely 

that a secreted metabolite or cytokine/chemokine produces these effects, although a precise 

analysis of the secretome has not been performed yet. In BC, leptin and insulin-growth factor 1 

secreted by adipocytes have been considered as the most likely candidates inducing resistance 

to anthracyclines because they activate antiapoptotic pathways in BC and alter the 

recruitment of immune cells within the TME (Mentoor et al., 2018), thus impairing the 

immunogenic cell death mediated by these chemotherapeutic agents. Similarly, the IL-6 

abundantly produced by CAAs has been correlated with chemoresistance because it activates 

the CAAT Enhancer Binding Protein-β (CEBP-β) (Mentoor et al., 2018), a transcription factor 

that induces ABCB1 transcription (Riganti et al., 2015). Another interesting mechanism of 

chemoresistance is the up-regulation of cytosolic vesicles containing the major vault protein in 

cancer cells cultured with adipocytes: this phenotype increases the sequestration and the 

subsequent efflux of doxorubicin, paclitaxel, and 5-FU (Lehuédé et al., 2019), thus conferring a 
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MDR phenotype. Since major vault protein is particularly abundant in the invasion front of BC, 

in the proximity of breast adipose tissue (Lehuédé et al., 2019), this observation may indicate 

that in patients, the presence of abundant adipose tissue within the mammary glands can 

predict a poor response to chemotherapy. The same increased risk is observed in obese 

patients (Mentoor et al., 2018), indicating that not only paracrinely produced factors but also 

systemic factors released by adipose tissues may contribute to chemoresistance. Since 

mammary glands are physiologically rich in adipocytes, it is not surprising that most studies 

were focused on BC. However, the presence of chemoresistance driven by CAAs is not tissue-

specific, as demonstrated by the observation that PaC cells cultured with a CAA-conditioned 

medium also displayed increased migration and resistance to 5-FU. In this case, the effect was 

due to the increased serum amyloid A1 protein expression within cancer cells, a well-known 

marker of clinical aggressiveness and poor outcome (Takehara et al., 2020). The panorama of 

the circuitries linking adipocytes and chemoresistance largely remains to be elucidated. It is 

likely that this open field will pave the way to the discovery of new druggable targets in the 

next future. 

Mitochondrial transfer also illustrates how cancer cells and stromal cells can cooperate to 

support resistance to anticancer treatments. In the last decade, several studies have reported 

that the acquisition of mitochondria from neighboring stromal cells, via the formation of 

tunneling nanotubes, increases oxidative metabolism and enhances resistance to 

chemotherapy in a variety of cancer types, including BC (Pasquier et al., 2013), T-ALL (Burt et 

al., 2019; Wang et al., 2018a), AML (Marlein et al., 2017; Moschoi et al., 2016), multiple 

myeloma (MM) (Matula et al., 2021), GB (Salaud et al., 2020), and radioresistance in brain 

tumors (Osswald et al., 2015). Importantly, another study has shown that horizontal transfer of 

mtDNA via CAF-derived circulating extracellular vesicles (EVs) may promote ER-independent 

OXPHOS and an exit from dormancy of therapy-induced cancer stem-like cells, thereby leading 

to ET resistance in metastatic BC (Sansone et al., 2017). It is noteworthy that the levels of 

circulating cell-free mtDNA are decreased in the plasma of BC patients (vs. healthy control 

group) (Kohler et al., 2009). Further investigations are thus needed to understand better the 

functional role of mtDNA and its potential as a biomarker in the clinical management of 

(breast) tumor patients. 

 

3.2. Hypoxia, acidosis, and oxidative stress: roles of TME selection barriers in therapy 

resistance 
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TME is most often associated with therapy resistance through its physicochemical 

components. Hypoxia is well known to be associated with multiple pathways accounting for 

therapy resistance (e.g., oxidative stress, apoptosis inhibition, genomic instability, and cell 

cycle arrest) (Wilson and Hay, 2011). Acidosis also contributes to therapy resistance by 

affecting the transport of charged compounds through the cell membrane (the so-called ion 

trapping phenomenon) (Corbet and Feron, 2017b; Kolosenko et al., 2017). Several studies have 

recently identified an interplay between TME peculiarities, associated metabolic phenotypes, 

and resistance to anticancer treatments. 

Adaptation to a hypoxic environment is an important characteristic of a tumor. HIF-1 is a key 

regulator of response to low oxygen, and when activated by hypoxic stimuli, it promotes tumor 

growth by inducing the expression of its downstream genes related to angiogenesis, metabolic 

reprogramming, and invasion (Shirai et al., 2021). This central transcription factor is 

responsible for the activation of the transcription of several glycolytic genes, including glucose 

transporter (GLUT)1 and GLUT3, HK, PFKFB3, and PKM2. The induction of these genes 

enhances glycolysis and pentose phosphate pathway (PPP) (Ghanbari Movahed et al., 2019). 

Pyruvate dehydrogenase kinase (PDK) is also transcriptionally activated by HIF-1α and is 

responsible for the inhibition of PDH, disconnecting the tricarboxylic acid (TCA) cycle from 

glycolysis and leading to a decrease in ATP and citrate by the mitochondria (Kim et al., 2006; Lu 

et al., 2008). A recent study by Xu et al. showed a high PPP activity in imatinib-resistant 

gastrointestinal stromal tumors cell lines through a positive correlation between HIF-1α and 

PPP enzyme phosphogluconate dehydrogenase (PGD) (Xu et al., 2020). In this respect, HIF-1α 

has been studied in preclinical and clinical models as a therapeutic target in cancer resistance 

phenotypes once it might redirect aerobic glycolysis toward mitochondrial OXPHOS (Semenza, 

2003; Shukla et al., 2017; Wei et al., 2020). 

Acidic extracellular pH (pHe) has become an important hallmark of the TME in solid tumors, 

with mean pH values ranging from 6.2 to 6.8. It is now well accepted that it can act as a highly 

selective barrier for adaptive cancer cell phenotypes to sustain tumor progression (Corbet and 

Feron, 2017b; Gatenby and Gillies, 2008; Vander Linden and Corbet, 2019). Tumor acidosis 

results not only from the exacerbated glycolysis in tumor cells and the disorganized tumor 

vasculature but also from the mitochondrial respiration-derived CO2 hydration. Acidic pHe 

induces pleiotropic effects on tumor cells, including increased migration/invasion capacities in 

vitro and metastatic potential in vivo (via the activation of a variety of proteinases and 

acquisition of an EMT-like phenotype), apoptosis evasion, low proliferation, and epigenetic 

reprogramming (Pillai et al., 2019). Additionally, tumor acidosis has been reported to induce a 
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stem-like phenotype in a variety of cancers, including malignant melanoma (Andreucci et al., 

2020), glioma (Filatova et al., 2016; Hjelmeland et al., 2011), and BC (Pellegrini et al., 2016), 

suggesting that acidosis-exposed cancer cells may contribute to the occurrence of drug 

resistance and metastatic dissemination. Several studies have reported an association 

between extracellular acidity and increased chemoresistance in various types of tumors. For 

instance, the unfolded protein response pathway is activated in endothelial cells from oral 

squamous cell carcinoma in response to an acidic microenvironment, leading to sunitinib 

resistance (Visioli et al., 2014). A study using rat prostate cancer cells demonstrated that the 

drug efflux activity of the pump protein P-gp depends on the microenvironmental pHe, which 

seems to be mediated by p38 activation. Thus, an extracellular acidosis in solid tumors might 

lead to a chemoresistance phenotype due to increased P-gp activity (Sauvant et al., 2008). 

Moreover, another study demonstrated that a short-term (24-48 hours) acidosis induced 

resistance to different chemotherapeutic drugs, such as doxorubicin, cisplatin, and 

methotrexate in osteosarcoma cells (Avnet et al., 2016).  

The use of proton pump inhibitors (PPI) has been proposed to increase pH and enhance tumor 

chemosensitivity by repressing the transport of protons driven by ATP (Corbet and Feron, 

2017b; Taylor et al., 2015). For example, LASS2 (a tumor metastasis suppressor gene that 

interacts with a subunit of V-H+-ATPase) enhanced the chemosensitivity of BC cells to 

doxorubicin by counteracting the acidic TME through inhibition of the V-ATPase proton pump 

activity (Fan et al., 2013). Similarly, TM9SF4, a V-ATPase-interacting protein, modulated tumor 

pH and its suppression decreased cytosolic pH, thus reducing the extracellular acidity, and 

consequently increasing sensitivity to 5-FU in colon cancer cells (Lozupone et al., 2015). Also, 

the exposure of osteosarcoma cells to low pH combined with omeprazole, a PPI targeting 

lysosomal acidity, enhanced doxorubicin cytotoxicity (Avnet et al., 2016).   

Importantly, extracellular acidification increased the release of EVs by different types of 

malignant cells, which was associated with tumor malignancy (Logozzi et al., 2018). For 

instance, an enhancement in EVs secretion under acidic stress was associated with the 

elimination of toxic substances, which otherwise would accumulate in stressed cells (Bång-

Rudenstam et al., 2019). Furthermore, some studies link the release of EVs to a reduction in 

the effectiveness of anticancer drugs. For example, an increase in the number of EVs released 

by human melanoma cells and low pH was associated with the reduced effectiveness of 

cisplatin (Federici et al., 2014). Moreover, microenvironment acidification obtained by 

lowering the pH in 2D cultures and 3D spheroids caused an increase in the production of EVs 
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by mammary carcinoma cells, leading to doxorubicin resistance (Ralph et al., 2020). 

Nevertheless, the exact mechanism linking low pH and EVs release is still under investigation.  

Acidic pHe conditions have also been linked to drug resistance and long-term clinical relapse 

via their effects on immune function. Acidosis has been reported to decrease T cell 

proliferation and produce several cytokines, including interleukin-2, interferon-γ, granzyme B, 

and perforin (Fischer et al., 2007). Tumor acidosis also hampers immune response by reducing 

dendritic cell maturation (Gottfried et al., 2006; Trempolec et al., 2020), natural killer cell 

activity (Liao et al., 2007), and monocyte-derived tumor necrosis factor secretion (Dietl et al., 

2010). When chronically established in the TME, acidosis has been found to induce profound 

metabolic reprogramming. Indeed, acidosis-exposed cancer cells shift their metabolic 

preferences from glucose utilization towards enhanced glutamine and FA metabolism (Corbet 

et al., 2014; Corbet et al., 2016; LaMonte et al., 2013). Acidosis also triggers changes in 

mitochondrial morphology to sustain efficient ATP production regardless of O2 levels (Khacho 

et al., 2014). It has been reported to induce a strong reliance on an OXPHOS-related metabolic 

phenotype that can support cancer cell aggressiveness (Corbet et al., 2020). Importantly, 

reliance on oxidative metabolism, particularly FA oxidation, in cancer cells exposed to acidic pH 

conditions offers new therapeutic opportunities. A study in melanoma has demonstrated that 

the acidic TME, besides promoting tumor progression and resistance to therapy, also renders 

cancer cells susceptible to mitochondrial inhibitors, such as oligomycin or phenformin 

(Noguchi et al., 2017). Similarly, prostate cancer cells are more prone to the effect of 

niclosamide, a mitochondrial inhibitor, in the presence of an acidic pH (Ippolito et al., 2016). A 

recent study has also shown that FA addiction in acidosis-exposed cancer cells can be 

therapeutically exploited by adding exogenous cytotoxic polyunsaturated FA that triggers 

ferroptosis cell death in these cells (Dierge et al., 2021). All these studies revealed that in 

addition to pH modulation to counteract drug resistance, it is also possible to directly target 

the associated (metabolic) phenotype to hamper tumor progression. 

Redox homeostasis – a balance between cellular oxidants and antioxidants with reductive 

potential – is essential for the maintenance of normal physiological functions but also plays an 

important role in growth, survival, and therapy resistance of cancer cells (Chun et al., 2021). 

Oxidative stress, defined as an altered redox balance towards the oxidative reactions, 

implicates high levels of ROS brought about by an increase in ROS production or a decrease in 

antioxidant activities (Hayes et al., 2020). Tumor cells contain higher levels of ROS than normal 

cells, promoting cancer progression and development (Cui et al., 2018). On the other hand, 

when ROS concentrations become extremely high, they cause tumor cell death. A mild and 
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persistent oxidative stress induced by chemotherapy induces adaptive stress responses with 

consequently excessive accumulation/production of reductive molecules, which may stimulate 

survival, resistance to chemotherapy, and stemness of tumor cells (Chun et al., 2021). This fact 

suggests that tumors shift their TME to more reductive conditions by adapting to the ROS 

threshold in response to chemotherapy. For these reasons, various drugs with direct or 

indirect effects on ROS levels have been employed as cancer therapies (Cui et al., 2018). 

Mitochondria are the primary producers of ROS and are the main site of metabolic 

reprogramming in response to oxidative stress (Faubert et al., 2020). As anticipated, several 

tumors rely on mitochondrial respiration rather than glycolysis (Olivier et al., 2021). During 

OXPHOS, oxygen molecules are partially reduced, leading to the formation of ROS, first with 

the formation of superoxide (O2
•−), which can be then converted into other reactive species 

such as hydrogen peroxide (H2O2), hydroxyl radical (•OH) (Kausar et al., 2018). The main 

mitochondria antioxidant systems include superoxide dismutase (SOD2), the thioredoxin 

system – thioredoxin 1 and 2, thioredoxin reductase-2, and peroxidase 3. The upregulation of 

the thioredoxin system is considered a negative prognostic factor in several types of cancers 

and is observed in drug-resistant tumors favoring cell proliferation, invasion, and migration 

and preventing apoptosis (Scalcon et al., 2018). As a result of accelerated metabolism, tumors 

produce more ROS and upregulate antioxidant pathways in response to OS. For example, 

oncogenic KRAS, BRAF, and MYC inhibit ROS generation by regulating the NRF2 transcription 

factor, which is considered one of the key actors of the cellular antioxidant response. Indeed, 

NRF2 controls the expression of several genes that contain antioxidant response elements 

(ARE) important to proliferation, apoptosis, angiogenesis, immunity and inflammation, 

genome instability, and metabolic reprogramming (Rojo de la Vega et al., 2018). 

A soluble endogenous antioxidant metabolite present in all tissues is glutathione (GSH). In 

physiological conditions, the levels of the reduced form of GSH prevail over oxidized 

glutathione (GSSG), whereas, in the presence of a high level of H2O2 and lipid peroxide, GSH is 

oxidized to GSSG by the GSH peroxidase. GSSG can be reduced back to GSH in the presence of 

NADPH, another important reductive molecule. The ratios between GSH/GSSG and 

NADPH/NADP+ are important to determine the cellular redox state (Kennedy et al., 2020). PPP 

and glutamine metabolism are essential for the production of GSH and are controlled by NRF2 

(Rojo de la Vega et al., 2018). In particular, the first reaction of the oxidative branch of PPP, 

catalyzed by the glucose-6-phosphate dehydrogenase (G6PD), produces NADPH molecules 

necessary for the regeneration of GSH (Kennedy et al., 2020). Tumors with high GSH levels 

display worse prognoses because GSH confers resistance to several drugs (Emmings et al., 
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2019). In relapsed ALL patients, an increase of GSH was observed, contributing to drug 

resistance and therapeutic failure (Sarmento-Ribeiro et al., 2012). On the contrary, GSH 

depletion increases the tumor sensitivity to chemotherapies (Emmings et al., 2019). Cisplatin, a 

compound commonly used in cancer treatment, causes DNA damage-induced cell apoptosis 

and increases ROS. Cisplatin-resistant ovarian cancer and lung cancer cells have a high ROS 

production and have an active glutathione GSH synthesis pathway to cope with cisplatin-

induced oxidative stress (Cruz-Bermúdez et al., 2019). Other chemotherapeutic agents, as 

paclitaxel or doxorubicin, also induce changes in cellular GSH level (Barrera et al., 2021; Kim et 

al., 2019) or in PPP flux (Polimeni et al., 2011) as protective mechanisms.  

Another frequent metabolic alteration relevant for antioxidant response in cancer is the high 

demand for glutamine that can be converted by glutaminase and further incorporated into 

glutathione by glutathione cysteine ligase (Shah and Chen, 2020). The upregulation of 

glutaminolysis also leads to an increase of GSH and NADPH, whereas inhibition of glutamine 

metabolism results in increased ROS. This provides the rationale for using glutaminase 

inhibitors as a potential anticancer agent (Matés et al., 2020). They could be proposed as 

indirect agents decreasing GSH in order to sensitize tumors to chemotherapy.  

Beyond NRF2, the other players that increase the antioxidant potential in chemoresistant 

cancer cells are NF-kB, FOXO family, and AP-1 transcription factors, directly regulating the 

classic antioxidant genes SOD1 or SOD2 (Barrera et al., 2021). MYC also plays a role in inducing 

mitochondrial biogenesis and function, increasing OXPHOS. Genomic events occurring in 

tumors also affect the redox balance and chemoresistance. MYC, one of the oncogenes most 

frequently amplified or hyper-activated in cancer, stimulates peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α), which regulates mitochondrial biogenesis and 

activates antioxidant enzymes, sustaining a drug-resistant phenotype. Since MYC can 

cooperate with HIF-1 in increasing glycolysis under hypoxic conditions, this could be important 

for cell adaptation to different TMEs and different responses to chemotherapeutic agents 

(Kopecka et al., 2020a; Marengo et al., 2019). Mitochondrial chaperone tumor necrosis factor-

associated protein 1 is another important player in the metabolic and oxidative 

reprogramming of cancer cells: indeed, it shifts the metabolism towards OXPHOS, promotes a 

stress-adaptive response in cancer cells, and triggers resistance to chemotherapeutic 

treatments (Avolio et al., 2020). Moreover, alterations in tumor-suppressor genes (TSG) 

contribute to resistance to oxidative stress and chemotherapy. Missense mutant TP53 

interacts with NRF2 and controls specific transcriptional programs that promote pro-survival 
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toward oxidative stress (Cordani et al., 2020), activating a coordinated response that also 

mediates chemoresistance. 

 

4. Intricate interplay between tumor signaling and metabolic pathways in therapy resistance 

Cell signaling pathways are critical in metabolic regulation for the maintenance of 

homeostasis. The aberrant dysregulation of one or more signaling pathways is strongly 

associated with cancer progression and plays a crucial role in therapy resistance (Figure 3). 

One of the most commonly dysregulated pathways in human cancer is the PI3K/AKT/mTOR 

network, contributing to cancer cell growth and survival. The activation of the PI3K/AKT/mTOR 

pathway in cancer can occur through different processes, from mutations in TSG like PTEN to 

abnormal signaling of RTKs, leading to PI3K/AKT-mediated activation of mTOR (Zhang et al., 

2017b). This axis is also a key regulator of aerobic glycolysis and glucose metabolism and is an 

important signaling network for MDR in multiple cancers. Its activation alone is not responsible 

for MDR; however, PI3K/AKT/mTOR provides an important link between different cellular 

processes, such as apoptosis, cell growth, and cellular metabolism, that are strongly associated 

with the MDR phenotype (Liu et al., 2020). AKT plays a key role in this pathway, regulating the 

transcription and translation of glycolytic effectors, such as GLUTs, HKs, and 

phosphofructokinase (PFKs), directly or through mTOR and its downstream transcription 

factors, including HIF and MYC (Lee et al., 2018). Activation of the AKT axis is sufficient to 

prompt the switch to aerobic glycolysis characteristic of cancer cells (Elstrom et al., 2004). 

Inhibiting this pathway alone or combined with chemotherapy enhances drug sensitivity, 

suggesting a correlation of chemoresistance with the aberrant activation of AKT in different 

cancer types (Gong et al., 2018; Gremke et al., 2020). Resistance to Sorafenib, a multi-kinase 

inhibitor, indicated for the treatment of HCC, RCC, and thyroid carcinoma, was associated with 

enhanced glycolysis in HCC cells by activation of PI3K/AKT pathway via the upregulation of 

cardiotrophin-like cytokine factor 1 (CLCF1) and activation of GLUT3, HKII, and PDK1 genes 

(Zhang et al., 2020c). Another study conducted by Zhang et al. demonstrated an upregulation 

of the PI3K/AKT pathway in a doxorubicin-resistant leukemia cell line related to glucose 

metabolism reprogramming, favoring the adaptation of tumor cells to stressful conditions as 

chemotherapy (Zhang et al., 2017a). In this context, inhibiting aerobic glycolysis has been an 

effective therapeutic strategy for overcoming MDR in different cancer types (Cui et al., 2021; 

Zhang et al., 2018). Moreover, this inhibition seems more efficient when combining glycolysis 

inhibitors with PI3K/AKT axis inhibitors (Liu et al., 2016).  
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Another pathway is RAS/RAF/ERK/MEK signaling, which affects metabolism via MYC. 

This oncogene regulates glucose uptake, glycolysis, and the PPP and upregulates the 

expression of glutamine transporters and GLS, which converts glutamine into glutamate that 

can be metabolized in mitochondria. It also regulates the expression of nucleotide and AA 

biosynthesis enzymes and, in turn, an alternative splice form of PKM2 found in most cancer 

cells. Furthermore, the loss of the tumor suppressor liver kinase B1 (LKB1) can lead to 

metabolic alterations, inducing inactivation of AMPK, a cellular energy regulator, and 

activation of mTORC1, which promote protein synthesis and lipogenesis (Sever and Brugge, 

2015). 

AMPK is an evolutionarily conserved cellular energy and nutrient sensor that also 

controls cellular energy homeostasis. It is a negative regulator of aerobic glycolysis and cellular 

biosynthesis in tumor cells. Cells lacking the catalytic alpha subunit(s) of AMPK present a 

higher aerobic glycolysis rate through the increase in lactate production from glucose, and 

downregulation of AMPK activity is sufficient to induce the Warburg effect in cancer cells 

(Faubert et al., 2013). AMPK is activated in response to insufficient energy supply and acts by 

allocating nutrients towards the catabolic/energy-producing (generating ATP) or the 

anabolic/growth-promoting (consuming ATP) metabolic pathways (Carling, 2017; Hardie, 

2011). Due to its role as a stress-responder, AMPK, a tumor suppressor gene, is a canonical 

downstream effector of LKB1, a previously known TSG. After tumor development, AMPK 

becomes a tumor promoter once it protects from several cellular stresses and is involved in 

drug resistance (Vara-Ciruelos et al., 2019). AMPK also regulates CSC self-renewal and induces 

autophagy, two important contributors to chemotherapy resistance (Tan et al., 2019; Wang et 

al., 2016b). 

Besides the dysregulated signaling within cancer cells, cancer progression (at least in solid 

tumors) and drug resistance also depends on the TME (Roma-Rodrigues et al., 2019), which 

consists of extracellular matrix (ECM) and a variety of normal resident cells and recruited cells, 

as already mentioned. All these cells are involved in complex and dynamic interactions with 

cancer cells that alter cell signaling mechanisms, representing new targets for therapeutic 

strategies (Figure 3) (Lasfar et al., 2019) to circumvent drug resistance. 

Components of the ECM as fibronectin, laminin, and collagen, serve as ligands that activate 

integrin signaling mediated by RAS/ERK/MEK and PI3K/AKT/mTOR pathways. ECM with a 

different composition has been associated with CAFs in advanced carcinomas, affecting cell 

signaling within the tumor (Liu et al., 2019). Further, endothelial cells are essential to form new 

blood vessels (angiogenesis) through several factors, such as vascular endothelial growth 
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factor (VEGF), platelet-derived growth factor, and angiopoietin, which also activates the PI3K-

AKT pathway. In turn, this pathway activates HIF-1, stimulating cancer cells to synthesize and 

secrete VEGF, and plays an important role in angiogenesis (Sever and Brugge, 2015). Immune 

cells also produce VEGF and matrix metalloproteinases, which promote angiogenesis, ECM 

remodeling, and the release of other bioactive molecules (Sever and Brugge, 2015). In 

addition, inflammatory cells secrete other growth factors, including epidermal growth factor 

(EGF) and fibroblast growth factor (FGF), all important regulators of RAS/ERK and PI3K/AKT 

pathways, contributing to abnormal cell proliferation, cell death, metabolism, and migration. 

Another signaling pathway important in cancer and tumor-associated inflammatory cells is 

mediated by the transcription factor NF-kB, which is mutated in some lymphoid malignancies, 

promotes cell survival and proliferation, and stimulates cytokine production (Grondona et al., 

2018; Sever and Brugge, 2015).  

The complex interplay of cell signaling between cancer cells and TME and the fact that several 

components of RAS/ERK and AKT/PI3K pathways are commonly mutated or present abnormal 

expression in several cancers justified the development of targeted therapeutic approaches 

directed to these pathways. However, despite the inhibition of these pathways, the TME 

secretes factors that stimulate alternative pathways maintaining cell viability or can select cells 

containing drug-resistant variants of the targeted protein in other pathways (Sever and 

Brugge, 2015), contributing to drug resistance and clinical relapse. In a recent study, 

Zervantonakisa and collaborators showed, by using a panel of HER2+ BC cell lines co-cultured 

with diverse fibroblast populations, that these fibroblasts protect cancer cells from lapatinib 

cytotoxic effects. This reduction in drug sensitivity involves an increased expression of 

antiapoptotic proteins and activation of the PI3K/AKT/mTOR pathway. However, when they 

used a combined therapeutic regimen with mTOR inhibitors or the antiapoptotic proteins BCL-

XL and MCL-1, the sensitivity to lapatinib was re-established. These results suggest that, 

besides the activation of the constitutive PI3K/AKT/mTOR pathway in tumor cells, factors 

secreted by fibroblasts may maintain this pathway in the context of HER2 inhibition, indicating 

the relevance of combined therapies to circumvent drug resistance and/or to restore drug 

sensitivity (Zervantonakis et al., 2020). 

 

5. Enhancing cancer therapy by targeting cancer metabolism  

5.1. Tumor metabolism: more than a clinical illusion? 
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Since the development and clinical introduction, more than 70 years ago, of the antimetabolite 

drugs to impair the activity of key enzymes in the nucleotide biosynthetic pathways (e.g., 

dihydrofolate reductase and thymidylate synthase), tumor metabolism has become a 

significant source of inspiration to develop new anticancer drugs (Fendt et al., 2020; Luengo et 

al., 2017). The antimetabolites represent a relatively large group of anticancer agents that 

include folic acid antagonists (e.g., methotrexate, pemetrexed, and pralatrexed), purine 

antimetabolites (e.g., 6-mercaptopurine, fludarabine phosphate, pentostatin, and cladribine), 

and the pyrimidine antimetabolites (e.g., 5-FU, cytarabine, and gemcitabine). These 

compounds disrupt nucleic acid biosynthesis, interfering with major nucleotide metabolites 

production or replacing the natural metabolite (Avendaño and Menéndez, 2008). 5-FU and 

methotrexate were the first chemotherapeutic drugs used to treat cancer, which remain the 

standard first-line treatment for several solid tumors and some solid and hematological 

pediatric cancers, respectively (Issaq and Heske, 2020; Ngoi et al., 2019; Rahman and Hasan, 

2015). However, usual pharmacokinetics and pharmacodynamics issues and the toxicity to 

healthy cells/tissues limit the number of breakthrough discoveries of new metabolic drugs 

under clinical evaluation. Additionally, the development of drug resistance limits the 

therapeutic effectiveness of antimetabolites. 

Several metabolic specificities or vulnerabilities were identified and allowed the development 

of drugs currently approved or enrolled in preclinical programs or clinical trials (Table 3). These 

drugs mainly target enzymes involved in the glucose uptake and glycolytic pathways, signaling 

pathways that modulate cancer metabolism, nucleotides, AA, and FAs biosynthesis pathways, 

and immunometabolism. Among the handful of metabolism-interfering drugs that have 

reached late clinical phases, two oral small-molecule inhibitors, ivosidenib (Tibsovo) and 

enasidenib (Idhifa), were approved by the Food and Drug Administration (FDA) and the 

European Medicines Agency (EMA) to treat patients with relapsed/refractory AML with a 

mutation in isocitrate dehydrogenases 1 (IDH1) and 2 (IDH2) genes, respectively (DiNardo et 

al., 2018b). Although both of these IDH inhibitors induce an overall response rate of about 40% 

in relapsed or refractory AML (DiNardo et al., 2018b; Stein et al., 2017), some primary and 

acquired resistance to IDH inhibitors were already detected (Intlekofer et al., 2018; Sarmento-

Ribeiro et al., 2019). A recent analysis revealed that leukemia stemness is a major driver of 

intrinsic (primary) resistance to IDH inhibitors. In contrast, selection of mutations in 

RUNX1/CEBPA or RAS-RTK pathway genes is the main driver of acquired (secondary) resistance 

to IDH inhibitors, along with BCOR, homologous IDH gene, and TET2 (Wang et al., 2021). 
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As emphasized above, metabolic plasticity and flexibility are thought to enable tumor cells to 

adapt TME modifications and evade therapy-induced stress (McGuirk et al., 2020). Targeting 

tumor metabolism, particularly inhibiting a single metabolic pathway, may be more complex 

than anticipated due to the fast selection of drug-resistant cancer subclones. After treatment, 

limiting the options for metabolic adaptations has been increasingly considered a modality to 

identify the most efficient metabolism-based anticancer modalities (Ngoi et al., 2019). Several 

treatment combinations targeting tumor metabolism such as the association of an LDH 

inhibitor with the IACS-010759, an inhibitor of the complex I of the mitochondrial ETC (Oshima 

et al., 2020), metformin with the MCT1 inhibitor AZD3965 (Beloueche-Babari et al., 2017) or, 

more recently, the glycolysis inhibitor 3-bromopyruvate with the anti-inflammatory drug 

diclofenac, repurposed as an MCT4 inhibitor (Vander Linden et al., 2021), has been reported as 

efficient therapeutic strategies to overcome metabolic plasticity and to enhance overall 

antitumor effects in in vitro and in vivo cancer models. Similarly, Méndez-Lucas et al. 

demonstrated that the synergistic inhibition of glutaminases and amidotransferases or 

glycolysis-related HKII significantly affected the growth of MYC-induced liver tumors in vivo 

(Méndez-Lucas et al., 2020). 

The concept of metabolic synthetic lethality also illustrates how some mutations in oncogenes 

may reprogram tumor cell metabolism and therefore offer opportunities for developing 

selective therapies that would target cancer cells while sparing healthy tissues (Zecchini and 

Frezza, 2017). For instance, a recent study reported that IDH1-mutant glioma cells rely on 

NRF2-driven glutathione metabolism to survive under elevated ROS levels (Yu et al., 2020). 

Pharmacological inhibition of the transcriptional activity of NRF2 induced apoptosis in IDH1-

mutated glioma cells through oxidative damage, establishing a synthetic lethality interaction 

with the neomorphic IDH1 mutation. 

Another therapeutic approach is applying evolutionary (Darwinian) principles to cancer 

therapy to overcome acquired resistance in cancer patients (Gatenby and Brown, 2020). The 

general aim of such strategies, called “double-bind” or “sucker’s gambit”, is to apply sequential 

treatments during which phenotypic adaptation of tumor cells to a first-line treatment renders 

them more vulnerable (than the initial population) to a second-line therapy (Antonia et al., 

2006; Ramakrishnan et al., 2010). Interestingly, a similar approach has been recently applied to 

metabolism-targeting drugs, with the use of diclofenac and koningic acid to inhibit MCT and 

GAPDH activity, respectively (Ordway et al., 2021). In this study, the authors have shown that 

the application of both antimetabolic drugs can control the growth of BC cells in vitro and in 

vivo more efficiently than when applied in monotherapy. Several recent studies have also 
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identified metabolic bottlenecks upon drug-induced stress and have reported the successful 

use of metabolic inhibitors to target drug-tolerant cancer cells. For instance, Goldman et al. 

have shown that taxane-treated BC cells become resistant to doxorubicin and rely more on 

glucose metabolism (Goldman et al., 2019). They have further observed that co-administration 

of lonidamine, a glycolysis inhibitor, with doxorubicin is effective to target BC cells, pre-

challenged with a taxane, and delay tumor growth in cultured cell lines and PDTX models of 

BC. Similarly, Van Gastel et al. have shown that AML cells, persisting upon chemotherapy 

application, have a strong reliance on glutamine and pyrimidine biosynthesis pathways (van 

Gastel et al., 2020). Notably, sequential treatment, but not combinatorial treatment, with 

chemotherapy as a first-line treatment and inhibitors of glutamine metabolism or pyrimidine 

synthesis as second-line therapy, has been reported to reduce the number of residual 

leukemia-initiating cells and improve survival in leukemia mouse models and PDTX. 

Consistently, Levin et al. recently showed that cytarabine resistance in AML cell lines and 

patient specimens could be overcome with a highly synergistic combination of hydroxyurea 

and azidothymidine (Pérez-Ruiz et al., 2020). Collectively, these studies have thus highlighted 

not only the potential of metabolism-interfering compounds in cancer therapy but also the 

importance of therapy dynamics/sequence in order to achieve successful clinical outcomes. 

The notion of collateral vulnerability in the field of tumor metabolism has led to the 

identification of mutations in specific metabolic enzymes giving rise to druggable cancer cell 

vulnerabilities (Dey et al., 2017; Mavrakis et al., 2016; Muller et al., 2012). Indeed, this concept 

refers to the co-deletion of TSG with neighbor passenger genes playing diverse roles in cell 

homeostasis (Muller et al., 2015). ENO1/2 encoding for enolase 1 and 2 as well as malic 

enzyme (ME) 2/3 are examples of metabolic genes involved in collateral lethality in GB and PaC 

cells, respectively (Dey et al., 2017; Muller et al., 2012). The ENO1 gene is deleted in 

approximately 1-5% of GB patients (Muller, 2012). However, this deletion is compensated for 

by the expression of the ENO2 gene. Therefore, ENO2 inhibition selectively suppresses the 

growth, survival, and tumorigenic potential of ENO1-deleted GB cells but does not affect 

ENO1-expressing cells (Muller et al., 2012). The ablation of a redundant metabolic enzyme 

rendered cells dependent on the other metabolic enzyme that compensates for that pathway, 

creating a druggable therapeutic target. 

Altogether, these studies highlight the complexity of targeting tumor metabolism and make it 

evident that metabolism-interfering drugs may have a very limited clinical applicability as 

monotherapy in cancer patients. However, many recent studies described above have 

provided a better understanding of how genetic background, microenvironmental cues, and 
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therapy-induced stress drive tumor cell metabolic phenotypes and thus enable novel strategies 

interfering with metabolic vulnerabilities to overcome therapy resistance in a variety of tumor 

types. 

 

5.2. The crosstalk between metabolism and therapy resistance 

The advances in cancer treatment substantially improved the survival and quality of life of 

cancer patients. However, most patients relapse or are refractory to treatment due to primary, 

secondary, and adaptive resistance. Increasing evidence reveals that changes in metabolism 

modulate therapy response and contribute to resistance to most types of anticancer therapies 

(Zaal and Berkers, 2018). In general, anticancer drugs target uncontrolled proliferation of 

cancer cells, while the metabolic rewiring required to overcome anticancer drug effects is to 

restore growth and survival (Fendt et al., 2020). Additionally, tumor cells exhibit high 

heterogeneity and plasticity that render cells more prone to resist therapy or develop 

resistance, contributing to poorer clinical outcomes (Dagogo-Jack and Shaw, 2018; McGuirk et 

al., 2020).  

Cisplatin is a chemotherapeutic drug that can alkylate purine bases and decrease GSH, causing 

DNA damage and inducing apoptosis in cancer cells (Dasari and Bernard Tchounwou, 2014). 

Ovarian and cervical cancer cells resistant to cisplatin show higher glycolysis rates and reduced 

mitochondrial activity than sensitive cells (Catanzaro et al., 2015; Rashmi et al., 2018). On the 

other hand, lung cancer resistant cells display lower glucose uptake, glycolysis rate, and lactate 

production accompanied by increased OXPHOS (Sullivan et al., 2014; Wangpaichitr et al., 

2017). The metabolic modulation with a glutaminase inhibitor and a FASN sensitizes cisplatin-

resistant OC cells to chemotherapy (Masamha and LaFontaine, 2018; Papaevangelou et al., 

2018). Cisplatin-resistant cells highlight the heterogeneity of metabolic rewiring in therapy 

response and resistance and the importance of intrinsically resistant populations with 

distinctive metabolic and structural profiles, highlighting the relevance of combination 

therapies. On the other hand, tamoxifen-resistant MCF-7 cells have increased antioxidant 

defenses due to the upregulation of NAD(P)H quinone oxidoreductase (NQO1) and glutamate-

cysteine ligase catalytic subunit (GCLC). The tamoxifen-resistant metabolic phenotype was 

characterized by increased mitochondrial biogenesis, increased ATP production, and reduced 

glutathione levels. The use of dicoumarol, a NQO1 inhibitor, restored tamoxifen sensitivity in 

resistant BC cells (Fiorillo et al., 2017). Furthermore, in ER-positive BC patients that received 
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endocrine therapy, the expression of the NQO1 gene strongly predicts high-risk patient relapse 

(Fiorillo et al., 2017). 

The resistance to targeted therapy is also mediated by metabolic reprogramming. For 

example, lung cancer cells resistant to erlotinib, an ERK inhibitor, depend on mitochondrial 

respiration for proliferation and survival (De Rosa et al., 2015). Multiple myeloma cell lines and 

patients resistant to bortezomib, a proteasome inhibitor, exhibit higher mitochondrial 

function, expression of mitochondrial genes, and OXPHOS activity, demonstrating that 

bortezomib-resistant cells are more dependent on OXPHOS (Song et al., 2013; Thompson et 

al., 2017). Other studies show that bortezomib resistance is associated with higher glucose 

uptake and glycolytic activity (Soriano et al., 2016; Zaal et al., 2017). However, the combination 

of targeted therapy with metabolic drugs can potentiate and overcome resistance to 

treatment. For example, the combination of lapatinib, an EGFR and HER2 tyrosine kinase 

inhibitor to treat HER2+ BC patients, with phenformin, a mitochondrial complex I inhibitor that 

induces bioenergetic stress, elicits cell death through the modulation of AA metabolism in 

several cancer cell lines (Hulea et al., 2018). Furthermore, in MM cells and myeloma bearing 

mice, dichloroacetate, a PDK1 inhibitor, increases the sensitivity to bortezomib (Fujiwara et al., 

2013; Sanchez et al., 2013). 

Immune checkpoint inhibitors (ICIs) revolutionized cancer treatment in several tumors, 

including solid (cervical cancer, CRC, GC, liver cancer, and NSCLC) and hematological 

malignancies (diffuse large B cell lymphoma and Hodgkin's lymphoma) (Twomey and Zhang, 

2021). However, patients who received ICIs treatment can develop primary, adaptive, and 

acquired resistance (Pérez-Ruiz et al., 2020), limiting the efficacy of these treatments (Chiappa 

et al., 2021; Dal Bo et al., 2020; Kon and Benhar, 2019; Leonetti et al., 2019; Pérez-Ruiz et al., 

2020; Sarmento-Ribeiro et al., 2019; Schoenfeld and Hellmann, 2020). Cancer cells have great 

biosynthetic demands depleting glucose, AA, and FAs from the TME and inducing immune cells 

to undergo metabolic reprogramming and affecting their fate and functions (Weng et al., 

2021). Cancer cells with high aerobic glycolysis induce a hypoxic and acidic TME, inhibiting the 

normal metabolism of immune cells, which leads to inhibition of mTOR activity, intracellular 

interferon-gamma (IFN-γ) production, glycolytic capacity in T cells, and diminished T-cell 

function (Fumarola et al., 2018). However, the mitigation of TME hypoxia in combination with 

ICIs can improve the infiltration level of T cells and circumvent the therapy resistance of "cold 

tumors" (Jayaprakash et al., 2018). Amino acid depletion is also a mechanism of resistance to 

ICIs. Tryptophan is fundamental for T cell activation, and its depletion leads to intracellular 

accumulation of uncharged tryptophan transfer ribonucleic acid and activation of general 
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control non-depressible 2 (GCN2), which can inhibit T cells clonal proliferation and induce their 

apoptosis (Bai et al., 2020). In vivo experiments using indoximod, a tryptophan mimetic, 

reversed the tumor-associated immunosuppression by reducing the tumor-infiltrating 

myeloid-derived suppressor cells and regulatory T cells and eliminating the suppressive 

function of these cells (Fumarola et al., 2018; Holmgaard et al., 2015). Emerging evidence 

suggests that cancer metabolic rewiring and adaptability markedly impact resistance 

development to immunotherapy by altering the TME. Therefore, the study of therapeutic 

strategies using immunotherapy and metabolic targeted drugs is needed to promote 

successful and viable antitumor responses. 

The pleiotropic effects of altered cellular cancer metabolism contribute to chemotherapy and 

TKI resistance and highlight the need to understand the complex metabolic phenotypes of 

therapy resistance. Understanding cancer metabolism can improve cancer therapy response, 

identify new and valuable prognostic biomarkers for therapy response, and provide insights 

into the molecular mechanisms of resistance. Several clinical trials are currently testing new 

therapeutic combination treatments with metabolic drugs to improve patient management.  

 

5.3. Impact of the targeting of cancer metabolism on circumvention of therapy resistance 

Considering the peculiarities in the metabolism of chemoresistant tumors, targeting cancer 

metabolism is considered a powerful approach to chemosensitize refractory tumors. Several 

preclinical studies have demonstrated the utility of inhibiting glycolysis, for instance, by using 

2-deoxy-D-glucose (2-DG), which blocks glycolytic flux and increases the efficacy of doxorubicin 

(Wang et al., 2015), 5-FU (Pepe et al., 2017) and etoposide (Hagenbuchner et al., 2013), simply 

causing a metabolic collapse in highly glycolytic tumors. Other metabolic inhibitors have a dual 

action that synergizes with chemotherapeutic agents: 3-bromopyruvate inhibits HKII, reducing 

the glucose-dependent ATP production, but it is also an alkylating agent of HKII and 

antioxidant enzymes. Based on this property, it synergized with DNA alkylating agents such as 

carmustine (Sun et al., 2020). In other cases, metabolic inhibitors target moonlight enzymes, 

thereby altering different metabolic or physiological functions. PFK158, an inhibitor of PFKFB3, 

reduces glycolytic flux by reducing PFK2 activity and, at the same time, induces lipophagy by 

reducing LD accumulation. The inhibition of PFKFB3 double-action results in the sensitization 

of OC cells to carboplatin and docetaxel (Mondal et al., 2019).  

Overcoming intratumor acidosis could be useful to restore the efficacy of chemotherapeutic 

drugs that are weak bases, such as anthracyclines. In this perspective, the recent development 
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of MCT1 inhibitors such as α-cyano-4-hydroxycinnamate, AR-C155858, and AZD3965 have 

raised interest (Marchiq and Pouysségur, 2016), although they suffered some limitations. First, 

both MCT1 and MCT4 are present, and the blockage of one isoform is often associated with 

the increase of the other one (Marchiq and Pouysségur, 2016), leading to the persistence of 

lactate and H+ within the TME. Second, MCT1 is also expressed on non-tumor cells, particularly 

on infiltrating CD8+T-lymphocytes that decrease their metabolic efficacy and become anergic 

in the case of MCT1 blockade (Fischer et al., 2007). The use of Na+/H+ exchanger (NHE) 

inhibitor ethyl-isopropyl amiloride (Miraglia et al., 2005) or synthetic carbonic inhibitors 

(Kopecka et al., 2015; Mujumdar et al., 2019; Salaroglio et al., 2018) and antibodies (von 

Neubeck et al., 2018) targeting carbonic anhydrase XII (CAXII), as acidosis correctors and 

chemosensitizer agents, have been more encouraging. Indeed, NHE1 and CAXII are specifically 

overexpressed in tumors, limiting the toxicity on healthy tissues or immune-infiltrating cells. 

CAXII inhibitors look particularly promising because they indirectly inhibit ABCB1 activity, 

altering the optimal pH at which the pump works. This inhibition results in increased 

accumulation of chemotherapeutic drugs within the tumor cells (Kopecka et al., 2015; 

Mujumdar et al., 2019; Salaroglio et al., 2018), coupled with their lower pH-dependent 

inactivation.   

Lipogenesis is another pathway that offers a new possibility of chemosensitization. As 

previously demonstrated, the abundance of LD (Shen et al., 2019) and CAAs (Mentoor et al., 

2018) is a cause of chemoresistance. The FA synthase inhibitor orlistat reduces lipid storage 

and chemosensitized T-cell lymphoma to cisplatin (Kant et al., 2014). The mechanism has not 

been reported in detail, but it is likely that the decrease in FAO triggers a mitochondrial 

derangement, reducing the ATP fueling of ABC transporters and increasing the mitochondrial 

ROS at dangerous levels. In this perspective, agents impairing the mitochondrial metabolism 

termed “mitocans” and inducing OXPHOS uncoupling are under intensive investigations in 

oncology research (Zielonka et al., 2017). Indeed, the decrease in ATP and the increase in ROS 

levels create the optimal condition to synergize with chemotherapeutic drugs that generate 

ROS as anthracyclines, platinum-derivatives, or gemcitabine (Sinha, 2020; Wang et al., 2019a; 

Yang et al., 2018; Zhang et al., 2020a). Examples of mitocans potentially useful to 

chemosensitize drug-resistant tumors are the phenol triphenyl alkyl phosphonium (TPP+)-

derivatives OXPHOS inhibitors (Gazzano et al., 2018), as dichloroacetate-TPP+, which inhibits 

the PDH step and the OXPHOS (Pathak et al., 2014), and the inhibitor of the mitochondrial 

respiratory chain complex IACS-010759. They are under evaluation in phase I trials to treat 

AML and GB (Molina et al., 2018).  
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Since metabolic pathways are strictly interconnected, the combination of two metabolic 

modifiers has been tested as a more potent chemosensitizer strategy. For instance, the 

concomitant use of MCT and OXPHOS inhibitors has shown a strong killing of the most hypoxic 

and chemoresistant cells (Marchiq and Pouysségur, 2016). Similarly, the inhibition of glycolysis 

with 2-DG and FAO with etomoxir chemosensitized acute pro-myelocytic leukemia cells to 

arsenic trioxide, causing massive decrease in ATP production and downregulating pro-survival 

kinases, such as ERK1/2 and AKT (Estañ et al., 2014). The main limitation of these approaches 

is their high toxicity towards normal cells that rely on the same pathways to meet their 

bioenergetic demands. 

In solid tumors, hypoxia remains an obstacle to effective radiation therapy, and the “metabolic 

radiosensitization” is a therapeutic concept that targets the metabolic demand for oxygen 

(Benej et al., 2018). Benej et al. demonstrated that papaverine, an ergot alkaloid, reduces 

tumor hypoxia transiently through the inhibition of mitochondrial ETC complex I, providing a 

clinically manageable therapeutic window to deliver more effective radiotherapy (Benej et al., 

2018). Another study by Corbet et al. showed that 7ACC2, an inhibitor of mitochondrial 

pyruvate transport that blocks pyruvate import into mitochondria, sensitized BC xenografts to 

radiotherapy (Corbet et al., 2018). This compound blocks the TCA cycle and inhibits 

mitochondrial pyruvate transport, reducing the oxygen consumption rate and sensitizing 

tumors to radiotherapy. This fact indicates that inhibition of MPC profoundly alters OXPHOS 

and increases oxygen availability (Corbet et al., 2018). The tumor mitochondrial oxidative 

consumption also contributes to resistance to ICIs by blocking the PD-1 response. The 

deregulation of oxidative metabolism was associated with increased hypoxia in animal models 

of melanoma, and oxygen was shown to be a fundamental metabolite for the appropriate 

differentiation of tumor-infiltrating T cells after PD-1 blockade (Najjar et al., 2019). Similarly, in 

squamous cell carcinoma of the head and neck, hypoxia-induced immunosuppression also 

creates a barrier to immunotherapy response. Zandberg et al. showed that oxidative 

metabolism increased during the resistance to anti-PD-1 blockade with a subsequent increase 

in intratumoural hypoxia in the murine models of this tumor type (Zandberg et al., 2021). 

These facts suggest that targeting tumor oxidative metabolism may be a viable strategy to 

improve immunotherapeutic response.  

The OXPHOS is also implicated as a resistance mechanism to venetoclax, a BCL-2 inhibitor. This 

drug was approved to treat chronic lymphocytic leukemia (Roberts et al., 2015) and AML 

(DiNardo et al., 2018a). Guièze and colleagues showed that resistance to venetoclax in 

lymphoid cells involved not only the reprogramming of the outer mitochondrial membrane 
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biology, changing the expression of BCL-2 family members, but also the increase in OXPHOS 

activity (Guièze et al., 2019). In AML, the clinical efficacy of venetoclax, as a single agent or in 

combination with hypomethylating agents, is impaired by intrinsic and acquired resistance 

(Sharon et al., 2019). Using tedizolid, an antibiotic targeting the 50S ribosome that inhibits 

mitochondrial protein synthesis, it was possible to overcome venetoclax resistance in AML 

effectively. The combination treatment of tedizolid with venetoclax suppressed mitochondrial 

respiration, mounting an integrated stress response, which suppresses glycolytic capacity and 

reduces leukemic burden in mice engrafted with venetoclax-resistant AML cells (Sharon et al., 

2019). In this context, the introduction of metabolic modulators in the therapeutic schemes of 

venetoclax-resistant patients can be a strategy to circumvent the resistance to this BCL-2 

inhibitor. 

One possible solution to circumvent the toxicity of metabolic modifiers could be using clinically 

used drugs whose side-effects and pharmacokinetic/pharmacodynamics profiles are already 

known. In this perspective, one of the first drugs that have been re-purposed as an anticancer 

drug is metformin, an antidiabetic drug that inhibits complex I (Saraei P, 2019). By increasing 

mitochondrial ROS, it worked as a radio-sensitizer in PaC cells (Saraei P, 2019), and the same 

mechanism could be at the basis of a potential chemosensitization. ω-3 FAs, used as dietary 

supplements in cardiovascular diseases, chemosensitize resistant colon cancer cells to 

doxorubicin and irinotecan because they reduce the endogenous synthesis of cholesterol and 

increase the fluidity of DRM-domains, thereby reducing the efflux activity of ABCB1, ABCC1, 

and ABCG2 (Gelsomino et al., 2013). Given their low intrinsic toxicity, ω-3 FAs have been well-

tolerated by patients and have been shown to increase the efficacy of anthracyclines in BC 

patients (Bougnoux et al., 2009), cisplatin and vinorelbine in NSCLC patients (Murphy et al., 

2011). The molecular basis of these clinical effects likely relies on the inhibition of ABC 

transporters that efflux all the drugs mentioned above. Clearly, the most studied agents in the 

drug repurposing process have been statins and aminobisphosphonates, which inhibit HMGCR 

and FPP synthase steps in the cholesterol-synthetic pathway, respectively. By reducing 

cholesterol synthesis, statins increase DRMs fluidity (Kopecka et al., 2011), as ω-3 FAs did. At 

the same time, by decreasing the production of isoprenoids downstream HMGCR, they reduce 

the activity of RAS/ERK1/2/HIF-1α and RhoA/RhoA kinase/HIF-1α axes, thereby decreasing the 

transcription of ABCB1. This effect was shared by aminobisphosphonates, anti-osteoporotic 

drugs already used to reduce bone metastasis, which lower the FPP production (Belisario et al., 

2020a). In another case, the chemosensitizing effect of cholesterol-targeting drugs is an off-
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target effect: for instance, simvastatin interferes with autophagic flux in GB, and this process 

has been linked to chemosensitization to temozolomide (Shojaei et al., 2020).  

Despite the encouraging results in preclinical models, the clinical scenario using these drugs is 

quite variable and most trials using statins or aminobisphosphonates have shown 

disappointing results (Beckwitt et al., 2018). The unfavorable pharmacokinetic profile may 

explain the unsatisfactory results (e.g., the first-passage effect that strongly reduces the half-

life of specific statins, the fast uptake by bone tissue for aminobisphosphonates) by the lack of 

specificity for tumor tissues over liver or excretory organs and the concurrent administration 

of chemotherapeutic drugs, which may contribute to the faster metabolic inactivation of 

statins via cytochrome p450 system. Although targeting metabolism can offer a broad variety 

of targets to achieve a good chemosensitization, the translation of the results obtained in 

preclinical models is still at the beginning because of major limitations, including the tumor 

specificity, undesired side-effects, and drug-drug interactions that must be overcome.  

Finally, dietary changes can influence the blood concentration of several metabolites impairing 

tumor growth (McGuirk et al., 2020; Vernieri et al., 2016). Diets restricting specific nutrients in 

combination with pharmacological treatments are emerging as anticancer strategies in clinical 

trials. Gao et al. demonstrated that methionine restriction combined with 5-FU in colorectal 

PDTX models or radiation in an autochthonous model of soft-tissue sarcoma inhibited tumor 

growth and sensitized tumor cells to chemo- and radiotherapy (Gao et al., 2019). Diet 

modulation produces pleiotropic effects on different metabolic pathways, but some of these 

interventions, such as short-term fasting or ketogenic diets, have poor acceptability or are 

inapplicable to cachectic patients (Vernieri et al., 2016). 

 

6. Implementing tumor metabolic profiling for clinical decision-making in cancer patients 

The identification of individual patients most likely to benefit from a metabolic therapy may 

speed up the entrance of these drugs into clinical practice, but the majority of metabolic 

therapies lack reliable biomarkers (Faubert et al., 2020). An exception to this is IDH1/2 

inhibitors. As mentioned before, mutations in IDH1/2 genes lead to neomorphic activities that 

convert α-ketoglutarate (α-KG) to 2-hydroxyglutarate (2-HG). The detection of this 

oncometabolite represents not only a potential biomarker of IDH mutation status and a 

surrogate marker of treatment in gliomas (Sim et al., 2019) but also a sensitive biomarker of 

residual leukemic cells after induction chemotherapy and measurable residual disease in AML 

(DiNardo et al., 2013). 
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The knowledge of the metabolic programs and adaptations in cancer cells allowed the 

identification of potential prognostic cancer biomarkers. The high expression of LDHA has been 

associated with poor prognosis in neuroblastoma (Dorneburg et al., 2018), medulloblastoma 

(Valvona and Fillmore, 2018), and MM (Fujiwara et al., 2013). The high expression of HKII was 

associated with shorter overall survival in HCC, GC, and CRC (Liu et al., 2016). In addition to 

these enzymes, GLUTs were also found to have prognostic value in oral squamous cell 

carcinoma (Botha et al., 2021), HCC (Gao et al., 2020), BC (Zeng et al., 2020), and locally 

advanced GC (Yin et al., 2020). The prognostic value of GLSs was also investigated in a 

multiomic analyses. Saha et al. found that overexpression of kidney-type glutaminase was 

associated with poor prognosis in breast, esophagus, head and neck, and blood cancers, and 

liver-type glutaminase overexpression was associated with shorter overall survival in colon, 

blood, ovarian, and thymoma cancers (Saha et al., 2019). Besides these prognostic biomarkers, 

the metabolic abnormalities may also lead to the identification of drug response biomarkers 

and contribute to a more personalized and precision medicine. 

Positron emission tomography coupled to computed tomography (PET-CT) is certainly the best 

example of how tumor metabolism can be assessed and harnessed for cancer diagnosis, 

staging, and monitoring therapy response. 18F-fluorodeoxyglucose (18F-FDG) PET-CT imaging is 

indeed widely used, as a non-invasive technique in cancer patients, for the evaluation of both 

metabolic and anatomic characteristics of the disease. Despite the tremendous promise and 

use of 18F-FDG PET-CT, a noticeable portion of the tumors are still 18F-FDG PET-negative, 

thereby highlighting the high metabolic plasticity and flexibility within tumors, besides glucose 

utilization. This has led to the development of other metabolic PET imaging agents, and several 

radiolabeled AA have been thus developed and are now under investigation to assess their 

potential for clinical use. Alternative tracers such as 11C-labelled methionine, acetate and 

choline, and 18F-fluoroglutamine have been, for instance, clinically validated as promising 

tumor biomarkers in several different cancer types, including prostate cancer, MM, and glioma 

(Lapa et al., 2017; Michaud et al., 2020; Spick et al., 2016; Venneti et al., 2015). Labeled AA 

analogs such as the 18F-3,4-dihydroxyphenylalanine (18F-DOPA) have also been developed and 

used for PET imaging of brain tumors (Somme et al., 2020). The short half-life of 11C limits the 

use of some metabolic tracers to nuclear medicine departments equipped with an onsite 

cyclotron. 

In the last decade, the use of stable isotope-based metabolic analysis, directly in cancer 

patients, has brought important new insights into tumor cell metabolism, particularly on the 

fate of distinct bioenergetic substrates (e.g., glucose, glutamine, and lactate) during disease 
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progression. For a variety of cancers, human patients have been indeed intraoperatively 

infused with 13C-labeled stable tracers (e.g., isotopically labeled glucose, glutamine, lactate, 

and acetate) before surgical tumor resection and 13C-Nuclear Magnetic Resonance (NMR) or 

mass spectrometry imaging (MSI) analysis to assess isotope enrichment in downstream 

metabolites within the tumor tissues (Fernández-García et al., 2020). Infusion of [U-13C]glucose 

in patients revealed distinct metabolic fates depending on the tumor type. A recent study has 

reported that pediatric solid tumors use both glycolysis and the TCA cycle in vivo, with 

subtype-specific differences observed in glucose handling (Johnston et al., 2021).  

Moreover, other tumors, such as clear cell RCC, have been reported as highly glycolytic, with a 

preferential conversion of pyruvate into lactate rather than oxidizing through the 

mitochondrial TCA cycle (Courtney et al., 2018). In contrast, infusion of [U-13C]glucose in 

patients has revealed that multiple cancer types, including glioma, NSCLC, and brain 

metastases, mostly rely on glucose-derived pyruvate oxidation through mitochondrial 

metabolism (Davidson et al., 2016; Fan et al., 2009; Hensley et al., 2016; Maher et al., 2012; 

Sellers et al., 2015). Importantly, these studies have shown enhanced glucose oxidation in 

FDG-PET-positive brain and lung tumors, thereby highlighting an uncoupling between high 

rates of glucose uptake and reduced glucose oxidation, suggesting that aggressive tumors can 

rely on the TCA cycle to produce energy via oxidative metabolism (Hensley et al., 2016; Sellers 

et al., 2015). Moreover, a limited proportion of the acetyl-CoA pool (< 50%) has been found to 

derive from blood-borne glucose in human brain tumors (Maher et al., 2012), suggesting that 

alternative substrates contribute to tumor metabolism. Some studies have identified 

glutamine, acetate, and lactate as additional respiratory fuels to complement glucose 

oxidation to support biosynthetic and bioenergetic needs within tumors (Faubert et al., 2017; 

Hensley et al., 2016; Hui et al., 2017; Mashimo et al., 2014). Although the stable isotope-based 

metabolic analysis in human cancer patients shows intrinsic limitations (e.g., presence of 

stromal cells in collected tumor fragments, metabolic perturbation upon pre-surgical arterial 

occlusion), this method can potentially identify metabolic alterations in advanced tumors. 

These alterations may lead to novel metabolism-interfering therapeutic strategies that prevent 

and/or overcome resistance to conventional anticancer treatments. 

The recent developments in the isolation and metabolic characterization of tumor interstitial 

fluid (TIF) allowed the finding that TIF metabolite composition could be different from the 

plasma (Ho et al., 2015; Sullivan et al., 2019). Since they represent an average level of 

metabolites found in the tumor extracellular fluid, these measurements do not allow to 

spatially capture the metabolic heterogeneity within tumor cell compartments. Nevertheless, 
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metabolomics analysis of TIF has been shown to pinpoint important changes in the absolute 

concentrations of metabolites upon a dietary alteration (Sullivan et al., 2019), thereby adding 

further credit to the clinical implementation of metabolomics. 

MSI-based metabolomics has emerged as a very promising technique to visualize the spatially 

resolved metabolic preferences in heterogeneous tumor types and identify vulnerabilities that 

can be targeted for cancer therapy. Two recent studies have revealed a profound 

reprogramming of carnitine metabolism, at both metabolite and enzyme levels, in BC tissues 

from human patients and PDTX models of GB (Randall et al., 2020; Sun et al., 2020). MSI-based 

metabolomics analysis in tissues from esophageal cancer patients has also shown spatially 

resolved alterations in several metabolic pathways, including biosynthesis of proline, 

polyamine, and FAs, as well as the metabolism of glutamine, uridine, and histidine (Sun et al., 

2019a). Multi-isotope imaging MSI has also been used to document a high degree of metabolic 

heterogeneity at the single-cell level in various tumor types (Zhang et al., 2020b). Notably, the 

authors have identified a correlation between the heterogeneous utilization of glucose and 

glutamine, tumor cell proliferation, and (non)response to therapies. Recent studies have 

reported that metabolic acidosis can also be exploited for tumor imaging to enable early 

detection, localization, and monitoring of response to therapy and guide treatment decisions 

in cancer patients. Acidosis-based release of 64Cu radiotracer via pH-dependent polymers 

combined with PET imaging has been described as a non-invasive imaging technique with high 

resolution for the brain, head and neck, and breast tumors in mouse models (Huang et al., 

2020a). Importantly, this strategy has been shown to outcompete conventional FDG-based PET 

imaging by showing clear detection of occult malignant in tumor-bearing mice while reducing 

false positive detection rates of inflammation in non-cancerous mouse models. Similar 

observations have been made with a pH-dependent peptide pHLIP that allows the specific 

release of the 64Cu radiotracer in acidic (tumor) tissues and the detection of primary and 

metastatic lesions in mouse models of CRC (Hao et al., 2021). In this study, the authors have 

also reported that this approach can monitor the therapeutic response to 5-FU, a standard 

chemotherapy for CRC. Further, intravenous administration of ONM-100, a fluorescent 

reporter of acidosis, has been reported as a useful tool for fluorescence-guided surgery to 

assess tumor margins in a variety of tumor types, including head and neck, CRC, and BC 

(Voskuil et al., 2020), thereby highlighting the need to integrate and exploit TME in clinical 

decision-making during and post-surgery or anticancer treatment. 

Finally, the implementation of tumor metabolic profiling for clinical decision-making in cancer 

patients will undoubtedly benefit from the development of machine learning methods (e.g., 
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artificial intelligence (AI)-based predictive analysis) to analyze multi-OMICs data, including 

large-scale metabolomics datasets (Figure 4). A recent study has shown that integration of 

metabolomics data, together with genomics and transcriptomics data, from a wide TCGA panel 

of radiation-sensitive and -resistant patient tumors, provides an accurate prediction of tumor 

metabolism and can identify diagnostic and therapeutic biomarkers for radiation response 

(Lewis and Kemp, 2021). Another study has also reported the use of machine learning 

algorithms to identify a set of metabolic biomarkers able to distinguish early-stage lung 

adenocarcinoma from controls (Huang et al., 2020b). High-quality metabolic datasets are still 

scarce and a collective effort is warranted to enable the metabolism field to take full 

advantage of AI. Nevertheless, such genome-scale metabolic modeling might be applied to 

various tumor types and anticancer therapies and position AI-based predictive analysis as one 

of the most promising methods to provide cancer patients and clinicians with predictive and 

prognostic metabolic markers to complement the oncogene-driven personalized/precision 

medicine (Vander Linden and Corbet, 2020). 

 

7. Conclusion and Future perspectives 

The reprogramming of energy metabolism by tumor cells is currently considered one of the 

hallmarks of cancer (Hanahan and Weinberg, 2011) and metabolic rewiring is regarded as a 

novel and important mechanism of adaptive resistance (Zaal and Berkers, 2018). The 

mechanisms involved in therapy resistance are multifactorial. They are often interconnected 

and typically also involved in tumor progression, and most have been recognized as being 

either associated with the cancer hallmarks or associated with interactions between the TME 

and tumor cells (Assaraf et al., 2019). Besides tumor and TME characteristics, host-related 

factors are one of the significant effects that determine the activity of the antitumor drug, 

influencing drug absorption, distribution, metabolism, and excretion (pharmacokinetics), 

leading to the “Pharmacokinetic Resistance” concept (Alfarouk et al., 2015). Further, metabolic 

plasticity and flexibility, enabling tumor cells to adapt TME modifications and to evade 

therapy-induced stress, highlight the need to understand the complex metabolic phenotypes 

of therapy resistance, and the development of new therapeutic combinations with several 

metabolic drugs to overcome metabolic plasticity (and metabolic synthetic lethality) and to 

enhance overall antitumor effects, in order to improve patient management. The widespread 

use of 18F-FDG highlights the importance of cancer metabolism in diagnosis, treatment, and 

prognosis. The development of alternative tracers, as 11C-labelled methionine, acetate, choline 

and essentially of 18F-fluoroglutamine and 18F-3,4-dihydroxyphenylalanine, could further 
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improve the use of these techniques and in a more targeted and specific way, dependending 

on the cancer type. 

Although metabolic inhibitors such as antimetabolites (e.g., 5-FU and methotrexate) have been 

used for decades to treat cancers, several current lines of research are exploring the altered 

metabolism of cancer cells to find novel targets for therapy. This knowledge led to the 

development of compounds that specifically target the unique metabolism of cancers, some of 

which are already in clinical practice.   

In this review, we have discussed specific metabolic programs and adaptations in therapy-

resistant tumors, how these adaptations depend on the treatment and tumor origin and how 

they contribute to therapy resistance. These studies make it clear that combinational 

treatments with metabolic drugs and/or dietary approaches hold great promise to enhance 

drug efficacy for many first-line chemotherapeutic agents. Moreover, a better understanding 

of the altered metabolism in different therapy-resistant cancers is essential to further improve 

cancer therapy. Such understanding will provide insights into the molecular mechanisms 

underlying drug resistance to identify novel metabolic targets (through genome-scale 

metabolic modeling using artificial intelligence (AI)-based predictive analysis) that can be used 

for (combinational) therapy and/or circumvent therapy resistance. Finally, this knowledge may 

also lead to the identification of new prognostic biomarkers and therapy response, which 

could advance current therapy by predicting therapy response based on the metabolic state of 

a tumor in a specific patient and, thereby, contribute to a more efficacious precision medicine. 
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Figure Legends 

 

Figure 1. Molecular mechanisms underlying cancer drug resistance. Tumor heterogeneity is 

represented by cells with different colors. Cancer stem-like cells are represented in red. EV, 

extracellular vesicles; DDR, DNA damage response; TME, tumor microenvironment. 

 

Figure 2: Microenvironment-driven tumor metabolic heterogeneity and therapy 

resistance. Besides the tumor genetic background, TME peculiarities can determine tumor 

metabolic adaptability and resistance to anticancer treatments via the (co-)existence of 

different metabolic "scenarios". Intratumor metabolic heterogeneity relies not only on high 

capacities of flexibility and plasticity but also on the capacities of distinct tumor cell 

populations (e.g., normoxic vs. hypoxic cancer cells) to cooperate together or with stromal 

cells, such as cancer-associated fibroblasts and adipocytes. Tumor cells can also compete with 

immune cells for specific bioenergetic substrates, thereby impairing efficient immune 

response. Horizontal transfer of mitochondria or mtDNA, via tunneling nanotubes or 

extracellular vesicles, is another example of metabolic cooperation between cancer cells and 

stromal cells that may support therapy resistance. 

 

Figure 3. The interplay between cell signaling pathways and metabolism. In cancer cells, the 

metabolism shift into glycolysis is often regulated by PI3K/AKT and RAS/RAF/ERK pathways. 

AKT activates mTOR, which activates HIF-1α resulting in the induction of GLUT, glycolytic 

enzymes, and PDK, inhibiting the pyruvate flux to the TCA cycle. MYC enhances glycolysis by 

increasing the transcription of glycolytic enzymes and is also involved in glutaminolysis. Also, 

mutant IDH produces 2HG, an inhibitor of TET and JHDM families, among other enzymes. TME 

produces several ligands (GF/cytokines) that activate cancer cell signaling and metabolism. 

2HG, 2-hydroxyglutarate; AKT, Protein kinase B; BCL2, B-cell lymphoma protein 2; BCL-XL, B-

cell lymphoma-extra-large; ERK, Extracellular signal-regulated kinases; G6P, glucose-6-

phosphate; G6PD, glucose-6-phosphate dehydrogenase; GF, growth factor; GLUT, glucose 

transporter; GST, glutathione S-transferase; HIF, hypoxia-inducible factor; HK, hexokinase; HO-

1, heme oxygenase-1; IDH, isocitrate dehydrogenase; IKK, IKB kinase; IKB, inhibitor of NF-kB; 

JHDM, JmjC domain-containing histone demethylation protein; KEAP1, kelch-like ECH-

associated protein 1; LDH, lactate dehydrogenase; mTOR, mammalian target of rapamycin; 

MYC, Myc proto-oncogene protein; MRP1, multidrug resistance related protein 1; NF-kB, 
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Nuclear factor kappa B; NQO1, NAD(P)H quinone oxidoreductase; NRF2, Nuclear factor 

erythroid 2-related factor 2; P, phosphate; PDH, pyruvate dehydrogenase; PDK, pyruvate 

dehydrogenase kinase; PFK, phosphofructokinase; PI3K, phosphoinositide 3-kinase; PKM, 

pyruvate kinase; PRDX1, peroxiredoxin-1; RAF, Raf proto-oncogene, serine/threonine kinase; 

RAS, Rat sarcoma protein; ROS, reactive oxygen species; RTK, receptor tyrosine kinase; TCA, 

tricarboxylic acid; TET, ten-eleven translocation; TXNRD1, thioredoxin reductase 1; α-KG, α-

ketoglutarate; TME, tumor microenvironment. 

 

Figure 4. Strategies to implement tumor metabolic profiling in clinical decision-making for 

cancer patients. Metabolic profiling in cancer patients may complement the genomic, 

transcriptomic, and histological analyses, already used in the clinics, to identify new predictive 

and prognostic biomarkers. Metabolic tumor imaging and isotope tracing can also help tumor 

detection, therapy response monitoring, and identification of metabolic vulnerabilities. The 

overall integration of multiomic data, including metabolomics data with clinical information in 

machine learning and AI-based analyses, may enable patient clustering and prediction of 

clinical outcomes 
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Table 1. OXPHOS dependence in therapy-resistant cancers and associated metabolism-interfering therapeutic modalities. 

Cancer Subtype Biological model Therapy 
resistance 

Metabolic rewiring Metabolism-interfering 
therapeutic modalities 

Ref 

AML / PDTX + human 
AML cell lines 

cytarabine -OXPHOS gene 
signature 
-increased FAO, ROS 
levels, mito mass 

-mito protein synthesis inhib 
(tigecycline, ethidium bromide) 
-ETC complex activity inhib 
(rotenone, phenformin and 
metformin for complex I; 
antimycin A and atovaquone for 
complex III) 
-CPT1 inhib (etomoxir) 

(Farge et 
al., 2017) 

 Relapsed/ 
refractory 
AML 

Human primary 
AML samples; 
PDTX and cell 
lines 

standard-of-
care 
treatment in 
AML 

-High OXPHOS -complex I inhib (IACS-010759) (Molina et 
al., 2018) 

 IDH 
mutation 

Human cell 
lines; PDTX 

Ivosidenib; 
enasidenib 

-High OXPHOS  
-FAO activity and 

increased PGC1 
phosphorylation PI3K-
Akt mediated 

-ETC complex I inhib (metformin, 
IACS-010759, ATVQ) 

(Stuani et 
al., 2021) 

AML/ 
CML 

Sca-1
+
/Lin

-
 

stem cells 
Murine model of 
blast crisis CML; 
human primary 
bcCML and AML 
samples; 
xenografts 

cytarabine, 
doxorubicin, 
etoposide, 
SN-38, 
irinotecan, 
dasatinib 

-Increased FAO and 
CD36 expression 

-CPT1 inhib (etomoxir) 
-CD36 inhib (SSO) 
-Glycolysis inhib (2-DG) 
-complex I inhib (rotenone) 

(Ye et al., 
2016) 

CML Stem cell–
enriched 
CD34

+
 cells 

Human primary 
CML samples 

imatinib 
(TKI) 

-Increased FAO, 
pyruvate carboxylase 
activity and mito 
respiration 

-inhib of mito protein synthesis 
(tigecycline) 
-complex I inhib (phenformin) 

(Kuntz et 
al., 2017) 

Breast 
cancer 

/ Py2T cell line 
from MMTV-
PyMT transgenic 
mouse breast 
cancer model 

antiangiogen
ics 
(nintedanib) 

-Lactate-based 
metabolic symbiosis 
(increased GLUT1 and 
MCT4 expression in 
hypoxic tumor areas) 

-glycolysis inhib (PFKFB3 inhib. 
3PO) 
-MCT4 genetic knockout 

(Pisarsky 
et al., 
2016) 

 TNBC Human cell lines 
and xenografts 

PI3K/mTOR 
targeted 
therapies 

-ERRα-dependent 
lactate metabolism (+ 
glutamine metab) 

-ERRα antagonists (cpd 29 + 
XCT790) 
-complex I inhib (metformin) 
-MPC inhib (UK5099) 

(Park et 
al., 2016) 

 TNBC Neoadjuvant 
chemotherapy 
(AC) 

Patient 
derived 
xenografts; 
biopsies  

-High OXPHOS -ETC complex I inhib (IACS-
010759) 

(Echeverri
a et al., 
2019) 

 CD44
+
/CD24

-
 stem cells 
(TNBC) 

Human cell lines 
+ MMTV-PyMT 
mice 

paclitaxel -JAK/STAT3-induced 
FAO 

CPT1 inhib (etomoxir, perhexiline) (Wang et 
al., 2018b) 

 ALDH
+
 stem 

cells (TNBC) 
Human primary 
tumor samples + 
cell lines 

paclitaxel -co-amplification of 
MYC and MCL1 genes 
-MYC-dependent mito 
biogenesis 
-increased mito 
respiration (FAO) and 
ROS levels 

-complex I inhib (metformin) 
-CPT1 inhib (etomoxir) 
-HIF1α translation inhib (digoxin) 

(Lee et al., 
2017) 

 CD44
+
/CD24

-
 stem cells 
(TNBC) 

Human cell 
lines; 
xenografts; 
human breast 
cancer tissues 

Doxorubicin-
docetaxel 
combination 
therapy 

High ROS production; 
increased glucose 
metabolism and PPP  

-CB-839, G6PD inhib; lonidamine 
-in combination with doxorubicin 
and docetaxel therapies 

(Goldman 
et al., 
2019) 

 / Human cell 
lines; xenografts 

Doxorubicin; 
epirubicin 

-High ROS production 
and glutamine for de 
novo glutathione 
synthesis  
-increased OXPHOS 

-phenformin 
-buthionine sulfoximine (BSO) 

(McGuirk 
et al., 
2021) 
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capacity 
Pancreatic 
cancer 

PanNET RIP1Tag2 
transgenic mice 
+ mouse PanNET 
cell lines 

antiangiogen
ics 
(sunitinib, 
axitinib) 

Lactate-based 
metabolic symbiosis: 
-compartmentalized 
expression of MCT1 in 
normoxic tumor cells 
and MCT4 and GLUT1 
in hypoxic tumor cells 
-Increased mTOR 
signaling 

-lactate uptake inhib (CHC, 7ACC2) 
-glutaminase and alanine 
aminotransferase inhib (DON, 
AOA) 
-mTOR signaling inhib (rapamycin) 

(Allen et 
al., 2016) 

 KRAS
G12D

-
driven 
PDAC; 
CD133

+
/CD4

4
high

 stem 
cells 

inducible mouse 
model of 
mutated 
KRAS

G12D
; PDTX 

MEK inhib. 
(AZD8330); 
PI3K/mTOR 
inhib 
(BEZ235) 

-Increased OXPHOS 
gene signature 
-Increased mito 
activity (FAO) 

ATP synthase inhib (oligomycin) 
CPT1 inhib. (etomoxir) 

(Viale et 
al., 2014) 

 CD133
+
 

cancer stem 
cells 

PDTX / -High mitochondrial 
respiration and 
biogenesis in a 
MYC/PGC1alpha-
dependent manner 

-complex I inhib (metformin, 
rotenone) 
-mito ROS induction (menadione) 
-ATP synthase inhib (resveratrol) 

(Sancho et 
al., 2015) 

 / Human cell 
lines; human 
patient-derived 
cell lines 

Gemcitabine -SLC1A5 variant 
expression 

-SLC1A5_var knockdown 
-Glycolysis inhib 2-DG treatment 

(Yoo et al., 
2020) 

 AR 
transcriptio
n factor 
driven 
tumorigenes
is 

Human prostate 
cancer cell lines; 
human cancer 
specimens  

AR signaling 
pathway 
inhibition 
hormone 
therapies   

-MPC2 mRNA 
upregulation and 
locus amplification 

-MPC targeting molecule 
(MSCDC0160) 

(Bader et 
al., 2019) 

Ovarian 
cancer 

High-grade 
serous 

Human ovarian 
cancer cell lines; 
xenografts; 
cohorts of 
ovarian cancer 
patients 

Taxane and 
platinum 
salts 

-High glutamine- and 
FAO-fuelled OXPHOS 
-Chronic oxidative 
stress 

-ETC complex I inhib (Metformin)  (Gentric et 
al., 2019) 

Renal cell 
carcinoma 

/ PDTX antiangiogen
ics 
(sunitinib) 

-Lactate-based 
metabolic symbiosis: 
     -
compartmentalized 
expression of MCT1 in 
normoxic tumor cells 
and MCT4 and GLUT1 
in hypoxic tumor cells 
      -Increased mTOR 
signaling 

- mTOR signaling inhib 
(everolimus) 

(Jiménez-
Valerio et 
al., 2016) 

NSCLC MET- and 
EGFR-
addicted 
tumours 

Cell lines and 
xenografts + 
patient tumor 
samples 

MET inhib 
(JNJ-605, 
crizotinib); 
EGFR inhib 
(erlotinib) 

-Lactate-based 
symbiosis between 
tumor cells (increased 
GLUT1 and MCT4) and 
CAFs (HGF secretion) 

-pharmacological and genetic 
inhibition of MCT1 (AZD3965) and 
LDH (NHI-Glc-2) 

(Apicella 
et al., 
2018) 

Lung and 
breast 
tumours 

/ Human cell lines 
+ xenografts 

Radiotherap
y  

-Tumor hypoxia  Papaverine (Benej et 
al., 2018) 

Melanoma BRAF
V600E

- 
driven 
melanoma 

Human cell lines 
+ primary 
human 
melanoma 
specimens 
+xenografts 

BRAF inhib 
(vemurafeni
b and 
PLX4720) 

-Increased OXPHOS 
gene signature 
-Increased mito 
number (mito 
biogenesis) 

 

-Mitochondrial uncoupling (DNP 
and CCCP) 
-OXPHOS inhib (oligomycin A, 
rotenone, TTFA) 

(Haq et al., 
2013) 

 BRAF
V600E

- 
driven 

Human cell 
lines, xenografts 

BRAF inhib 
(PLX4720) 

-Reliance on OXPHOS 
for cell growth 

phenformin (Yuan et 
al., 2013) 
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melanoma and BRAF
V600E

 
/PTEN

nul
l-driven 

mouse 
melanoma 
model 

 BRAF
V600E

- 
driven 
melanoma 

Human cell 
lines, human 
primary tumor 
specimens 

BRAF inhib 
(RAF265, 
PLX4720) 
MEK inhib 
(PD0325901; 
AZD6244) 

-High 
“MitoBiogenesis” 
gene signature 
-Increase in mtDNA, 
mito mass and ROS 
levels 

-mito biogenesis inhib (gamitrinib) 
-complex I inhib (phenformin) 

(Zhang et 
al., 2016) 

 BRAF 
mutation 

Human cell 
lines; xenografts 

Trametinib 
(MEK inhib) 

-High OXPHOS ETC complex I inhib (IACS-010759) (Vashisht 
Gopal et 
al., 2019) 

For different therapy-resistant cancers, the biological model(s) used in the study, the metabolic phenotype of resistant cancer cells and 

therapeutic strategies used to interfere with OXPHOS dependence are indicated; inhibitors are indicated in brackets. AML, acute myeloid 

leukemia; ETC, electron transport chain; inhib, inhibitor; MPC, mitochondrial pyruvate carrier; Mito, mitochondrial;  NSCLC, non-small cell lung 

cancer; PanNET, pancreatic neuroendocrine tumours; PC, pyruvate carboxylase; PDTX, patient-derived tumor xenograft; TNBC, triple negative 

breast cancers; TKI, tyrosine kinase inhibitor. 
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Table 2. Amino acid metabolism in therapy-resistant cancers and associated metabolism-interfering therapeutic modalities.  

Cancer Subtype Biological 
model 

Therapy 
resistance 

Metabolic rewiring Metabolism-
interfering 
therapeutic 
modalities 

Ref 

Breast cancer ERα-positive Human cell 
lines and 
xenografts 

Endocrine 
therapy 
(tamoxifen, 
fulvestrant) 

-Hypoxia-induced 
upregulation of 
SNAT2/SLC38A2, 
SLC1A1 and SLC7A5 
-Increased glutamine 
metabolism 

-SNAT2 genetic 
knockout + inhib. 
(MeIAB) 

(Morotti et 
al., 2019) 

 ERα-positive Human cell 
lines; PDTX 
and patient 
tumor 
samples 

Endocrine 
therapy 
(tamoxifen, 
fulvestrant, 
letrozole) 

-miR-23b-3p-
dependent SLC16A14 
downregulation 
-decreased overall 
amino acid uptake 
-increased SLC1A2 
expression and 
aspartate/glutamate 
uptake 

-SLC1A2 genetic 
knock-down 

(Bacci et 
al., 2019) 

 Triple 
negative 
breast 
cancers 
(TNBC) 

Human cell 
lines; purified 
tumor cells 
from patient 
pleural 
effusions 

Paclitaxel 
Doxorubicin 
Carboplatin 

-Glutamine 
auxotrophy 
-Increased xCT 
expression 
-Enhanced cystine 
uptake 

-Glutamine 
metabolism inhib. 
(asparaginase, DON 
treatments) 
-xCT inhib. 
(sulfasalazine) 

(Timmerma
n et al., 
2013) 

Head and  
neck squamous  
cell carcinoma 

CD44v-
expressing 
tumours 

Human cell 
lines and 
xenografts; 
patient tumor 
samples 

Anti-EGFR 
therapy 
(cetuximab) 

-Increased 
intracellular GSH 
levels 
-Increased xCT 
expression 

-xCT genetic 
knockdown + inhib. 
(sulfasalazine) 

(Yoshikawa 
et al., 2013) 

Pancreatic cancer / Human cell 
lines 

Gemcitabin
e 

-Increased xCT 
expression 
-Enhanced cystine 
uptake 

-xCT inhib. (MSG) (Lo et al., 
2008) 

 KRAS-driven 
PDAC 

Human cell 
lines and 
xenografts, 
patient tumor 
samples, KPB 
mouse PDAC 
allografts 

Gemcitabin
e 

-NRF2-induced 
glutamine 
dependence 
-Increased GLS1 
expression 

-GLS inhib. (BPTES, 
CB-839) 

(Mukhopad
hyay et al., 
2020) 

T-ALL NOTCH1-
driven 
leukaemia 

Mouse 
models of T-
ALL 

Anti-NOTCH 
therapy 
(DBZ) 

-Increased GLS 
expression 
-Upregulated 
glutaminolysis 

-GLS inhib. (BPTES) (Herranz et 
al., 2015) 

Esophageal 
squamous  
cell carcinoma 

Fbxo4-
mutant or 
cyclin D1 
overexpress
ing ESCC 

Human cell 
lines and 
xenografts; 
mouse 
embryonic 
fibroblasts 

Anti-CDK4/6 
therapy 
(palbociclib) 

-Increased glutamine 
uptake 
-Reduced OXPHOS 

-GLS inhib. (CB-839) (Qie et al., 
2019) 

Melanoma BRAF-
mutant 
cancers 

Human cell 
lines and 
xenografts 

BRAF inhib. 
(vemurafeni
b and 
PLX4720) 

-Increased mito. mass 
and OXPHOS 
-Enhanced 
glutaminolysis 

-GLS inhibition 
(BPTES) 

(Baenke et 
al., 2016) 

 BRAF-
mutant 
cancers 

Human cell 
lines and 
xenografts 

BRAF inhib. 
(vemurafeni
b) 

-Increased glutamine 
uptake and 
metabolism 

-GLS inhibition (BPTES 
and DON) 

(Hernandez
-Davies et 
al., 2015) 

For different therapy-resistant cancers, the biological model(s) used in the study, the metabolic phenotype of resistant cancer cells and 

therapeutic strategies used to interfere with amino acid metabolism are indicated; inhibitors are indicated between brackets. ALL, 

acute lymphoblastic leukemia; DBZ, dibenzazepine; ER, estrogen receptor; GLS, glutaminase; MeIAB, α(methylamino)isobutyric acid; 
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MSG, monosodium glutamate; PDTX, patient-derived tumor xenograft; SLC1A1, solute carrier family 1 member 1; SLC1A2, solute carrier 

family 1 member 2; SLC7A5, solute carrier family 7 member 5; SLC16A14, solute carrier family 16 member 14; SLC38A2, solute carrier 

family 38 member 2; SNAT2, sodium-coupled neutral amino acid transporter 2. 
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Table 3. Selected metabolic drugs approved and under research. 

Drug Class/mechanism of action Stage and indication 
ADI-PEG 20 Arginine deiminase replacements Phase III: LC 

Phase II/III: Mesothelioma 
Phase II: AML; melanoma; NHL; SCLC; STS 
Phase I: Glioblastoma; HNC; NSCLC; PaC; solid tumours 

AG 270 MAT2A protein inhibitors Phase I: Lymphoma; solid tumours 
AZD3965 Monocarboxylic acid transporter 

inhibitors 
Phase I: Solid tumours 

BAY-1436032 Isocitrate dehydrogenase 1 inhibitors Phase I: AML; solid tumours 
BAY872243 Hypoxia-inducible factor-1 alpha 

inhibitors 
Preclinical: Solid tumours 

Ciforadenant Adenosine A2A receptor antagonists Phase I/II: NSCLC; RCC 
Phase I: Cancer; MM 

Devimistat Ketoglutarate dehydrogenase 
complex inhibitors; Pyruvate 
dehydrogenase complex inhibitors 

Phase III: AML; PaC 
Phase II: BCL; BL; MDS; SCLC; solid tumours 
Phase I/II: BiC; CRC; solid tumours;  

Enasidenib Isocitrate dehydrogenase 2 inhibitors Approved: AML 
Phase III: MDS 
Phase II: Myelofibrosis; MPN 
Phase I/II: Solid tumours 
Phase I: CMML 

Epacadostat Indoleamine-pyrrole 2,3-dioxygenase 
inhibitors 

Phase III: HNC; melanoma; NSCLC; RCC; UC 
Phase II:EC; FTC; GC; GIST; GB; OeC; OC; PaC; PeC; 
sarcoma; solid tumours 
Phase I/II: Solid tumours; CRC; PC 
Phase I: RC 

IDH 305 Isocitrate dehydrogenase 1 inhibitors Preclinical: AML; solid tumours 
Ivosidenib Isocitrate dehydrogenase 1 inhibitors Approved: AML 

Preregistration: Cholangiocarcinoma 
Phase III: MDS 
Phase II: Glioma; solid tumours 

L-asparaginase Asparagine modulators Approved: LM; NHL; PCLL 
ND-646 Acetyl-CoA carboxylase inhibitors Preclinical: BC; LC; NSCLC 
Numidargistat Arginase inhibitors Phase I/II MM; solid tumours 
NYH817100 Aldehyde dehydrogenase inhibitors; 

Cholestenone 5-alpha reductase 
inhibitors; Electron transport 
complex I inhibitors 

Phase I: Solid tumours 
Preclinical: Haematological malignancies 

Oleclumab 5-nucleotidase inhibitors; Antibody-
dependent cell cytotoxicity 

Phase II: BC; NSCLC; OC; sarcoma 
Phase I/II: CRC; PaC 
Phase I: BlC; Solid tumours 

Olutasidenib Isocitrate dehydrogenase 1 inhibitors Phase I/II: AML; glioma; MDS; solid tumours 
PEG-BCT-100 Arginase replacements Phase II: AML; LC 

Phase I/II: Solid tumours 
PFK 158 Glucose modulators; PFKFB3 protein 

inhibitors 
Phase I: Solid tumours 

Phenformin Electron transport complex I 
inhibitors 

Phase I: Melanoma 

Telaglenastat 
(CB-839) 

Glutaminase inhibitors Phase II: BC; leukaemia; MDS; NSCLC 
Phase I/II: CRC; melanoma; PaC; Solid tumours 
Phase I: solid cancer; MM 

TVB 2640 Fatty acid synthetase complex 
inhibitors; Vascular endothelial 
growth factors inhibitors 

Phase II: Astrocytoma; BC; NSCLC 
Phase I: CRC; Solid tumours 

Vorasidenib Isocitrate dehydrogenase 1 
inhibitors; Isocitrate dehydrogenase 
2 inhibitors 

Phase III: Glioma 
Phase I: Solid tumours 

AML, acute myeloid leukemia; BC, breast cancer; BCL, B-cell lymphoma; BiC, biliary cancer; BL, Burkitt's lymphoma; 
BlC, bladder cancer; CMML, chronic myelomonocytic leukemia; CRC, colorectal cancer; EC, Endometrial cancer; FTC, 
fallopian tube cancer; GB, glioblastoma; GC, gastric cancer; GIST, gastrointestinal stromal tumours; HNC, head and 
neck cancer; LC, liver cancer; LM, lymphomatous meningitis; MDS, myelodysplastic syndromes; MM, multiple 
myeloma; MPN, myeloproliferative disorders; NHL, non-Hodgkin's lymphoma; NSCLC, non-small cell lung cancer; 
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OC, ovarian cancer; OeC, esophageal cancer; PaC, pancreatic cancer; PCLL, Precursor cell lymphoblastic 
leukaemia/lymphoma; PeC, peritoneal cancer; RC, renal cancer; RCC, renal cell carcinoma; SCLC, small cell lung 
cancer; STS, soft tissue sarcoma; UC, Urogenital cancer. ClinicalTrials.gov and AdisInsight data accessed on 23

rd
 July 

2021. 
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