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The “Warburg effect” consists of a metabolic shift in energy production from oxidative phosphorylation to glycolysis. The

continuous activation of glycolysis in cancer cells causes rapid energy production and an increase in lactate, leading to

the acidification of the tumour microenvironment, chemo- and radioresistance, as well as poor patient survival.

Nevertheless, the mitochondrial metabolism can be also involved in aggressive cancer characteristics. The metabolic

differences between cancer and normal tissues can be considered the Achilles heel of cancer, offering a strategy for new

therapies. One of the main causes of treatment resistance consists of the increased expression of efflux pumps, and

multidrug resistance (MDR) proteins, which are able to export chemotherapeutics out of the cell. Cells expressing MDR

proteins require adenosine triphosphate (ATP) to mediate the efflux of their drug substrates. Thus, inhibition of the main

energy-producing pathways in cancer cells, not only induces cancer cell death per se, but also overcomes multidrug

resistance. 
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1. Introduction

The conversion of normal cells or benign tissue into neoplastic precursors usually corresponds to malignant

transformation. Additional alterations bestow these cells with unlimited proliferative potential, dissemination and

metastasis, resulting in tumor progression . In order to sustain the acquired features, metabolic reprogramming is

essential. Changes in cellular metabolism promote the fast production of adenosine triphosphate (ATP) and an increase in

the synthesis of biomolecules, including nucleotides, lipids and amino acids. Several mechanisms are known to modulate

cancer metabolism, which affect essential pathways for both energy production and carbon metabolism, such as

glycolysis and the tricarboxylic acid (TCA) cycle. As a consequence of these alterations, there is an increased

consumption of glucose and also of glutamine in tumor cells in order to maintain their metabolic requirements .

Metabolic reprogramming is one of the emerging characteristics of tumor progression and is crucial to support the energy

needs of cells during their continuous growth and proliferation. This metabolic reprogramming is also a key factor in the

development of cancer resistance to treatment . Often, during these treatments, cancer cells adapt, altering their

metabolic pathways and becoming less susceptible to therapies. Targeting and exploiting such metabolic changes can be

a promising approach to improve the chance of curing cancer. For this, the development of metabolism-targeting

nanoparticles, carrying multiple therapeutic agents, are increasingly being exploited, aiming to overcome drug resistance

and thus constituting an appellative tool in future cancer therapies.

2. Glucose Metabolism

Most mammalian cells have glucose as their preferred metabolic substrate, which is used in the cytoplasm and/or

mitochondria to provide energy for cell maintenance and proliferation  (Figure 1). Glycolysis, a metabolic pathway that

does not require oxygen, partially oxidizes into two pyruvate molecules, producing two moles of ATP and two moles of

nicotinamide adenine dinucleotide (NADH) per mole of consumed glucose . In the presence of oxygen and active

mitochondrial systems, healthy cells oxidize most of the pyruvate in the mitochondria, producing most of their ATP in this

way (32 molecules of ATP from 1 single glucose molecule) . When the anaerobic pathway is used, the pyruvate from

glycolysis is reduced to lactate by the cytoplasmic enzyme lactate dehydrogenase (LDH), to regenerate the oxidized form

NAD  for glycolysis, producing 16 times less ATP per consumed glucose. The monocarboxylate transporters (MCTs) will

then transport the excess lactate produced out of the cell through a proton-symport mechanism .
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Figure 1. Glucose metabolism in mammalian cells. Illustrative scheme of glycolysis, TCA cycle, and the electron transport

chain (red). Glucose from the blood stream is uptaken by the cells, converted into G6P by HK and posteriorly in pyruvate.

In the absence of oxygen, pyruvate is converted into lactate, whereas in the presence of oxygen, the pyruvate is

completely oxidized into Acetyl-CoA, which enters the mitochondrial TCA cycle. The generated NADH are then fed the

OXPHOS-producing ATP (blue). The PPP (green) synthetizes the ribose-5-phosphate, which is needed for nucleic acid

synthesis, and NADPH. The excess glucose is used to synthetize glycogen, via glycogenesis (purple). Created by the

Authors with BioRender.com. ATP: adenosine triphosphate; G6P: glucose-6-phosphate; HK: hexokinase; NADH:

nicotinamide adenine dinucleotide; NADPH: nicotinamide adenine dinucleotide phosphate; OXPHOS: oxidative

phosphorylation; PPP: pentose phosphate pathway; TCA cycle: tricarboxylic acid cycle.

The first step in the glucose metabolism consists of its entrance into the cell. Glucose transporters (GLUTs) belong to the

solute transporter (SLC2A) family of proteins and are present in many tissues/cells of the body, e.g., brain, erythrocytes,

adipocytes, and liver, where they mediate glucose uptake . The fourteen different isoforms of GLUTs are subdivided into

three distinct protein classes, according to their sequence homology. Each GLUT isoform has a unique tissue distribution,

substrate specificity, and a specific physiological function . All GLUT proteins were originally assumed to catalyze the

transport of hexoses into and out of cells. This is clearly the case for the class 1 GLUT proteins (GLUTs 1–4 and 14).

However, class 2 (GLUTs 5, 7, 9 and 11) and class 3 (GLUTs 6, 8, 10, 12 and 13) GLUT proteins do not necessarily have

a primary role in catalyzing glucose transport . GLUT-1 is expressed in tissues with a high glycolytic rate, such as

erythrocytes, which are responsible for glucose uptake in high-need cells . 

Although there are hundreds of types of cancer, they share some specific characteristics, namely the reprogramming of

the energy metabolism. Many cancer cells predominantly rely on glycolysis, instead of oxidative phosphorylation

(OXPHOS), to produce energy from glucose, even in the presence of O , with this metabolic shift being known as the

“Warburg effect” or “aerobic glycolysis” . Although OXPHOS is downregulated, cancer cells can still obtain the required

ATP for cell survival and proliferation, increasing the glycolytic flux and metabolizing glucose at high rates, with lactate

production . This alteration in metabolism provides a selective advantage during tumor initiation and progression,

sustaining the high proliferative rate of tumor cells and promoting resistance to cells. Nevertheless, in opposition to

previous beliefs, this phenotype is not due to mitochondrial dysfunction and the whole ATP factory in cancer cells is

important. In fact, not all tumor cell types completely restart glycolysis for the ATP supply, and some of them may equally

or even predominantly use OXPHOS . 

Many TCA cycle intermediates are used in biosynthetic processes; thus, a new carbon supply is required to maintain the

activity of the TCA cycle. Glutaminolysis, where glutamine is used to fuel the TCA cycle, is one of the most important

anaplerotic pathways in cancer . In fact, glutamine deserves special attention, as it is the second most consumed

metabolite by proliferating cells . Glutamine has been shown to be essential for the synthesis of proteins, fatty acids,

and nucleotides. Once inside the cell, glutaminase (GLS) converts glutamine into glutamate. Glutamate, in turn, can be

converted into α-ketoglutarate, which is an intermediate of the TCA cycle. As tumor cells proliferate at higher rates, they

are more glutamine-dependent than their non-tumoral counterparts . However, a number of other metabolites have

also been described to activate the TCA cycle in tumor cells .
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3. The Warburg Effect

In 1920, Otto Warburg postulated that cancer cells are characterized by an increased glycolytic rate, with pyruvate mostly

being converted to lactate, contrary to normal cells. This phenomenon became known as aerobic glycolysis or the

“Warburg effect” . This observation underlies the [18F]-fluorodeoxyglucose positron emission tomography (FDG-

PET) of tumors, which is used in the diagnosis of cancer and in the detection of metastasis, due to the high consumption

of the glucose analogue FDG by cancer cells .

Originally, Warburg postulated that the increased glycolytic activity observed in cancer cells should be due to impaired

mitochondrial function. In fact, mutations in TCA cycle enzymes are present in several types of cancer, such as fumarate

hydratase, succinate dehydrogenase, and isocitrate dehydrogenase . However, even when mitochondrial function

is normal, many cancer cells still prefer glycolysis, suggesting that glycolysis is associated with advantages to these cells

. As several glycolytic intermediates can be used in biosynthetic pathways, it is likely that the increase in the glycolytic

rate supplies the biosynthetic needs of cancer cells . In fact, the high consumption of glucose allows for the energy

necessary for cell growth to be obtained and, under these conditions, the PPP pathway is also favored, generating

NADPH and ribose-5-phosphate, which serve as a source for the formation of new nucleotides, lipids and proteins 

.

The overexpression of GLUTs is essential for cancer cells to meet their high demand for glucose, which is needed for their

high glycolytic rates. In addition, cancer cells often present higher levels of MCTs, since they allow for the maintenance of

intracellular pH and, consequently, the glycolytic way, as they are responsible for the export of lactate. Lactate secretion

may help to create an acidic extracellular tumor microenvironment (TME) that favors tumor growth, promoting migration

and invasion . The low pH found in TME activates metalloproteinases released from the cancer cells, promoting the

digestion of the surrounding matrix and leading to cells’ detachment from the solid substrate .

Thus, although ATP production through OXPHOS is more efficient, most cancer cells produce most of their ATP through

glycolysis, even in the presence of oxygen  (Figure 2). In fact, 70–80% of human cancers present the Warburg

phenotype, a metabolic alteration that results from the interaction between normoxic/hypoxic activation of the transcription

factor HIF-1, oncogenes’ activation, loss of tumor suppressors, altered signaling pathways and interactions with

components of the TME, as well as being associated with epigenetic mechanisms .

Figure 2. Schematic representation of the main differences between aerobic glycolysis (“Warburg effect”) in proliferative

tissue and OXPHOS and anaerobic glycolysis in differentiated tissues. In the presence of O , differentiated tissues (no

proliferating) metabolize glucose to pyruvate via glycolysis and subsequently completely oxidize pyruvate to CO  in the

mitochondria (OXPHOS). At low levels of O , pyruvate is partially oxidized by glycolysis, generating lactate (anaerobic

glycolysis). The generation of lactate results in minimal ATP production when compared with OXPHOS. In contrast,

cancer/proliferative cells predominantly produce energy through an increased rate of glycolysis, followed by a reduction of

pyruvate into lactate in the cytosol, resulting in a high production of lactic acid. Created by the Authors with

BioRender.com. ATP: adenosine triphosphate; OXPHOS: oxidative phosphorylation.

As glycolysis less efficient in energetic terms than OXPHOS, cancer cells increase their glycolytic flux by about 15 times,

leading to a drastic increase in the rate of ATP production, in order to compensate the energy yield . In addition, and as

previously discussed, the “Warburg effect” contributes to counteracting apoptosis and promotes macromolecule

biosynthesis. However, high rates of OXPHOS are displayed by some cancer cells. In fact, some cancer cells, even in a

glycolytic cancer, switch their metabolism to OXPHOS, as this metabolic pathway is the predominant supplier of ATP in

these cases . There is a significant emphasis on enzymes like isocitrate dehydrogenase (IDH) 1 and IDH2, which
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catalyze the first oxidative reaction of the TCA cycle, resulting in the generation of NADH, and thus have particular

importance in mitochondrial respiration .

4. Mechanisms of Cancers’ Drug Resistance

In the last few decades, cancer treatment has made great, promising advances. Nevertheless, despite these advances,

tumors seem to always find a way to resist practically all types of anticancer therapy, hindering their treatment potential 

. Cancer patients who are resistant to therapy often develop more metastases, which are the main cause of cancer-

related deaths in these cases . Thus, it is important to develop new therapeutic approaches to overcome resistance

to therapy . The growing knowledge of the molecular mechanisms of cancer has allowed for the discovery and

improvement of new therapeutic compounds with a better progression-free survival. Unfortunately, this does not always

translate into overall survival benefits, as resistance is one of the main problems to overcome. This resistance may be due

to intrinsic mechanisms or to acquired mechanisms, which arise after the exposure of cancer cells to chemotherapeutic

drugs  (Figure 3).

Figure 3. Mechanisms of chemotherapeutic drug resistance in cancer cells. This resistance may be due to intrinsic

mechanisms or due to acquired mechanisms, such as the ones listed in the figure.

This acquired resistance may result from several factors, namely the acquisition of mutations that cause a decrease in

drug binding, an increase in drug target activity, or an upregulation of multidrug resistance (MDR) transporters . For

example, mutations of the TP53 gene, a tumor suppressor responsible for genome stability, are frequently observed in

cancer cells and involved in cancer resistance to therapy . 

EMT plays an important role in tumor progression, metastasis and therapy resistance and is often associated with

metabolic alterations in cancer . EMT is a highly conserved biological process that involves the transition of

polarized, immobile epithelial cells into motile mesenchymal cells due to the loss of apicobasal polarity, loss of cell–cell

contacts, reorganization of the actin cytoskeleton, and ability to invade the extracellular matrix as an individual cell .

Different studies using cancer cell lines demonstrated the responsibility of EMT in radio- or chemotherapy-driven

resistance . In fact, conventional anticancer drugs are mainly directed toward rapidly dividing cells, with EMT

being associated with stem cell properties in cancer cells .

A large number of studies on metabolism-mediated drug resistance have focused on glycolysis and the TCA cycle,

including the roles of glucose and glutamine in such phenotypes . Nevertheless, fatty acids and BCAAs may

also be associated with both energy production and tumorigenesis. Concerning amino acids, their metabolism may also

constitute a target for treating drug-resistant tumors. Cancer cells may be dependent on specific amino acids, like serine,
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glycine, proline, aspartate, and arginine. In fact, amino acid metabolism has been extensively studied and recognized as

an important factor in both drug resistance and energy production. 

Unfortunately, resistance to therapy not only includes resistance to conventional treatments, such as chemotherapy or

radiation, but also immunological and targeted therapies , affecting the long-term therapeutic outcome of tumor patients

. Many scientific reports have shown that the MDR phenotype, which is characterized by a broad tumor’s resistance to

multiple drugs and can differ either in its structure or in its mechanism of action, often correlates with the expression of

active transport mechanisms responsible for the efflux of a wide variety of drugs, leading to a reduction in the effect of the

drug, as there is a reduction in its intracellular levels . These transporters, which are frequently highly expressed

in resistant cancer cells, belong to the ATP-binding cassette (ABC) family, with P-glycoprotein (Pgp) being the first-

identified and best-studied ABC transporter .

4.1. ABC Transporters

The ABC transporter family is composed of seven subfamilies (ABCA to ABCG), according to their genomic sequences

and the core structure of transmembrane domains, but only a few of them transport drugs; therefore, they play an

important role in their bioavailability . In humans, the proteins of this ABC transporter superfamily comprise at

least 48 genes with diverse functions . Given their ability to extrude several conventional antitumor drugs, recent

studies in cancer research focused on the members of this superfamily to understand the reasons for the failure of

chemotherapy treatment (Figure 4) .

Figure 4. A simplified schematic diagram of ABC transporter overexpression leading to drug resistance in cancer cells.

The ABC proteins (green) reduce intracellular drug concentration by actively transporting ABC substrate drugs (blue

circles) out of the cancer cell, which leads to the MDR phenotype. Created by the Authors with BioRender.com. ABC: ATP-

binding cassette; MDR: multidrug resistance.

Three major subfamilies of ABC transporters have been associated with the MDR phenotype and extensively studied:

ABCB, comprising ABCB1 (Pgp/MDR1), ABCC, comprising ABCC1 (Multidrug-Resistance Protein 1 (MRP1)) and ABCG,

comprising ABCG2 (Breast Cancer-Resistance Protein (BCRP)) in their respective members. These three proteins are

major players in both primary and acquired resistance to chemotherapeutic drugs . A key factor in the clarification

of the mechanisms behind MDR was the discovery of the MDR1 and MRP1 transporters, which allowed for the

identification of a variety of proteins with similar structures and transport capabilities. In addition to their role in transport of

drugs, several members of the ABCB subfamily are also involved in intracellular peptides’ transport, including a key role in

the presentation of major histocompatibility complex class I antigens . MDR1, MRP1 and BCRP transporters can export

an extensive range of chemotherapeutic compounds used in the treatment of cancer patients, making them attractive

therapeutic targets . 

In addition, cancer progression has been associated with the overexpression of some other ABC transporters, as in the

case of melanoma, where a clinical correlation with ABCB5 expression was found . To make the situation worse,

several cancers overexpress more than one ABC transporter; this co-expression contributes to multiple-drug resistance

. Thus, to achieve a better clinical outcome, multi-carrier inhibitors are required . For instance, the co-expression

of MDR1, ABCB5 and ABCC2 was observed in a subpopulation of melanoma cells . It has also been described that

BCRP/MDR1 transporters are highly expressed in hematopoietic stem cells . Furthermore, some studies

demonstrated a possible relationship between ABC transporters and the in vivo formation of metastasis, although there is

still no direct evidence of such an association .
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4.2. Metabolic Alterations Involved in Drug Resistance in Cancer

Recently, it has been shown that the response to first-line chemotherapy treatment largely depends on the metabolism of

cancer cells, which can be reprogrammed during the treatment . The development of tumor-cell-associated resistance

due to drug-induced selective pressures demonstrates specific resistant metabolic characteristics . Several

conventional chemotherapeutics activate apoptosis, killing cancer cells. However, if cancer cells find mechanisms to avoid

chemotherapy’s cytotoxic effect, they will escape this programmed cell death and, as a consequence, the cancer will grow

. Several mechanisms are involved in the development of drug resistance in cancers, such as increased drug

exportation, metabolic reprogramming and TME hypoxia . The activation of different signaling pathways with the

expression of signaling molecules is also involved in different mechanisms of drug resistance . It is established that

cells that express MDR proteins, such as Pgp or MRP, rely on ATP as their energy source to pump out drug substrates

from within the cells. Consequently, the heightened expression of these proteins results in increased drug efflux due to the

surplus production of cellular ATP, thereby inducing drug resistance . Furthermore, as previously mentioned, TME plays

an important role in the progression of cancers. Cancer cells have a greater need for nutrients to produce the necessary

energy and sustain their anabolic needs. Thus, the availability of nutrients influences the proliferation rate of cancer cells.

Despite this need, cancer cells have metabolic plasticity, which allows for them to adapt to conditions of reduced nutrient

availability, and may, in turn, remodel the TME . With changes in metabolism, the tumor microenvironment undergoes

changes to ensure its survival, namely hypoxia, acidosis, and the formation of stroma cells. These changes, besides

being particularly adverse to normal cells, are involved in the development of chemoresistance. Hypoxia can be caused

by increased oxygen consumption, the rapid growth and proliferation of the tumor and also by the lack of a vascular

system in certain tumor zones . On the other hand, and as previously mentioned, hypoxia can lead to the greater

use of glycolysis for the production of ATP in cancer cells, and this mechanism of obtaining energy leads to an

accumulation of lactate in cells, facilitating the evasion of the immune system . Lactate is transported to the outside

of cells through the increased activity of pH regulators like ATPases, carbonic anhydrases and MCTs in order to maintain

the intracellular acid-base balance.

At the mitochondrial level, mitochondrial DNA (mtDNA) depletion is related to tumor progression and metastasis, and may

further act as a “progression signal” for chemoresistance . Li et al. showed that mtDNA-depleted androgen-

independent prostate carcinoma cells, despite growing slowly, are highly carcinogenic, revealing an overexpression of

BCRP and extremely aggressive and radio- and chemoresistant characteristics . In addition, the fact that these cancer

cells present a slow growth may be an advantage in their resistance to chemotherapy treatments, since the cytotoxic

agents used in conventional chemotherapy have a more direct impact on rapidly proliferative cells . mtDNA depletion

in hepatocarcinoma cells resulted in cisplatin, DOX, and SN-38 chemoresistance linked with the upregulation of the MDR1

gene and MRP1 and MRP2, which are particularly involved in MDR. In colon cancer cells that are mtDNA-depleted, the

upregulation of MDR1 has also been observed .

4.3. Metabolic Modulation as an Approach to Overcome Drug Resistance

The metabolic reprogramming of cancer cells, besides its role in cancer proliferation and invasion, is also implicated in the

acquisition of resistance to therapy in cancer patients. In this way, the recent increase in the knowledge of tumor cell

metabolism and the subsequent exploration of metabolic alterations in these cells may offer an opportunity to discover

new potential targets for therapeutic intervention and to overcome such resistance. This is particularly important in the

different types of cancers that show resistance to drugs, to improve treatments and avoid adverse side effects. Disruption

of the Warburg effect is the most often used means of sensitizing the cells to conventional antitumor drugs, exploiting

cancer metabolic reprogramming . Thus, glycolytic inhibitors can be used as a therapeutic strategy as they drastically

decrease cellular ATP levels, which is necessary to maintain the activity of the drug efflux pumps  (Figure 5). This

could be an effective strategy, as one of the best-described mechanisms of drug resistance is due to the increased level

and/or activity of the efflux pumps that remove drugs from cells .
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Figure 5. Metabolic modulation as an approach to overcome drug resistance. Glucose and glutamine metabolism, in

tumor cells, supply vital components for the high requirements of both glycolysis and OXPHOS. The different compounds

(IAA and 2DG) are glycolytic inhibitors. DCA inhibits PDK, reactivating PDH, and switching the metabolism from glycolysis

towards OXPHOS. CCP is an uncoupler that inhibits ATP synthesis. The depletion of cancer cell energy probably leads to

the inactivation of the pumps’ ABC transporters. Created by the Authors with BioRender.com. 2DG: 2-deoxyglucose; ABC:

ATP-binding transporter; ATP: adenosine triphosphate; CCP: Carbonyl Cyanide m-chlorophenyl Hydrazone; DCA:

dichloroacetate; IAA: iodoacetate; OXPHOS: oxidative phosphorylation; PDH: pyruvate dehydrogenase.

Amino acid metabolism can be also related to MDR phenotype, as it provides cancer cells with specific adaptive

characteristics to neutralize the mechanism of action of the antitumor drugs to which they are exposed . In fact, amino

acids play an important role both in most biosynthetic pathways, which are upregulated in cancer cells, and in maintaining

the redox homeostasis balance . Among these, glutamine plays a crucial role in cancer metabolism and in drug

resistance in cancer cells, since glutaminolysis supports the biosynthesis of many essential molecules  (Figure 5).

The importance of glutamine is also due to the fact that it is the amino acid with the largest carbon source for the TCA

cycle. In the context of tumor cells, glutamine metabolism can provide essential building blocks for the excessive

demands of both glycolysis and OXPHOS . 

4.4. Self-Delivery of Nanomedicine to Overcome Drug Resistance

Chemotherapy, radiation therapy and resection surgery remain the three “gold standard” anticancer therapies .

Whether radiotherapy and surgery can be indicated for localized cancers, chemotherapy is considered the most

appropriate treatment for most patients with metastasis and advanced cancer, as chemotherapy drugs can be widely

distributed in the organism through the bloodstream . Nevertheless, the development of drug resistance and the low

hydrosolubility of drugs are significant problems that restrict the clinical use of currently available chemotherapy drugs .

Major chemotherapeutic agents include compounds like platinum complexes, DOX, vinca alkaloids, and taxanes, and

primarily affect nucleic acids and protein synthesis, interfering with cell cycle and triggering apoptosis . However,

most of the standard agents approved for clinical use do not have the capacity to differentiate normal cells from cancer

cells. This leads to serious side effects, especially in rapidly growing cells, as these drugs generally compromise mitosis.

These cells include hair follicles, bone marrow cells and the gastrointestinal system, leading to hair loss, immune system

failure, and infections, respectively . Thus, the decrease in the toxicity and side effects of the main chemotherapeutic

agents is an urgent problem that needs to be overcome . To overcome this problem, various compounds, such as 3BP,

DCA and 2DG, that interfere with metabolism, have been tested and demonstrated their ability to decrease tumor cell

metabolism . However, there are disadvantages to a metabolism-based approach in cancer therapy, since the

metabolic pathways required for cell survival are also present in normal cells. Thus, metabolism-based treatment can face

the major hurdle of non-specific toxicity . To decrease their toxic side effects and increase antitumor efficacy, a number

of drug delivery systems have been developed, such as albumin-bound PTX (Abraxane ) or liposome-entrapped PTX and

DOX, which have received clinical approval, as these formulations presented enhanced security but maintained their

effectiveness .

[56]

[42]

[36][57]

[58]

[59]

[60]

[60]

[61][62]

[63]

[61]

[64]

[5]

®

[60][61][65]



Nanotechnology-based cancer therapies aim to find new therapeutic methodologies correlated with disease mechanisms.

The use of nanoparticles to encapsulate the drugs may increase the specificity of delivery to cancer cells and decrease

the interaction with other non-cancer cells involved in tumor growth and spreading . Poly(lactic-co-glycolic acid)

(PLGA), a synthetic thermoplastic aliphatic biodegradable and biocompatible polyester, is widely studied and is one of the

most characterized polymers . PLGA is degraded in non-toxic products (H O and CO ) that are easily excreted .

Its polymeric NPs are degraded in vivo into lactate and glycolate. D-lactate is not metabolized prior to excretion and L-

lactate is transformed into CO , which is eliminated by pulmonary excretion, or converted to pyruvate, which fuels the TCA

cycle. Glycolate can be directly excreted by the kidneys or can be oxidized to glyoxylate, which is, in turn, further

metabolized producing glycine, serine, and pyruvate. Subsequently, pyruvate can re-enter the TCA cycle and follow the

OXPHOS pathway . The lactic acid (LA)/glycolic acid (GA) proportion is a good indicator not only when adjusting the

degradation time, but also of the drug release rate . Due to the absence of lateral methyl groups in GA, it has a

higher hydrophilia, and thus, when higher amounts of GA are present, a higher degradation rate is observed . 

Some PLGA polymers are FDA-approved materials and various PLGA NPs formulations have been clinically introduced,

such as a formulation targeting advanced prostate cancer, ELIGARD  . PLGA NPs were also shown to be effective in

increasing the accumulation of docetaxel in gastric tumors, thus causing an increase in anticancer activity .

Ongoing research underscores the significance of the TME in driving tumor proliferation, invasion, metastasis, and

resistance to therapeutic interventions. As mentioned, the TME provides protection for cancer cells, enabling them to

evade conventional treatments like surgery, radiotherapy, and chemotherapy. Furthermore, the constituents of the TME

play a pivotal role in fostering therapy resistance in solid tumors. Consequently, directing interventions toward the TME

presents a promising avenue for advancing the field of cancer nanomedicine. The combination of antitumor drugs with

drugs that interfere with resistance mechanisms has largely been made possible by advancements in nanotechnology .

Hence, directing efforts toward the TME presents an innovative approach to advancing the field of cancer nanomedicine

. Nanoparticles developed in response to TME cues, such as a low pH, redox conditions, and hypoxia, enhance the

pharmacokinetics and therapeutic effectiveness of nanomedicine, but also have glycolytic inhibitors . Although

not directly associated with this, and as has been shown for DCA in a lung cancer cell model, the use of nanoparticles

improves the delivery of the compound, which can be important in cases of resistance. 

Using NPs to direct therapy to energy metabolism and the TME could be a promising approach to sensitizing cells to

conventional chemotherapy. Although the use of nanotechnology is still a recent field in cancer therapy, there is already

enough evidence of its potential for successful treatment, allowing for a more accurate and specific delivery of antitumor

drugs into cancer cells and avoiding many adverse side effects. Many barriers still need to be overcome regarding the

success of NPs in clinical trials. Some of these barriers include the size and timing of certain NP therapies. The majority of

experimental tests of NPs are cell-based and use animal models, which may not lead to convincing results in human

testing. Furthermore, as the presence of metastases is a significant property of cancer, more studies should be carried out

with models of cancer metastasis .

5. Conclusions

Although conventional chemotherapy is particularly toxic to tumor cells, it is often non-specific, and is responsible for the

significant side effects associated with cancer treatment. However, there are differences between cancer cells and healthy

cells that can be explored to increase treatment specificity against cancer. One of these differences consists of the

“Warburg effect”, currently considered an emergent cancer hallmark, whereby the upregulation of the glycolytic rate in

tumor cells is a key player in acid-resistant phenotypes through their adaptation to hypoxia and acidosis, as well as in

tumor aggressiveness . High glycolytic rates are widely reported to promote the chemoresistance of tumor cells to

conventional therapy . In fact, increased acidification of the extracellular space leads to lower drug stability and,

consequently, lower drug efficacy. In parallel, the increased production of glycolytic intermediates promotes cell

proliferation, since these are biosynthetic precursors, whereas ATP production sustains the activity of proteins involved in

both drug efflux and cell division. Together, these effects underly multidrug resistance. Nevertheless, many cancer cells

adapt to changes in TME, exhibiting metabolic plasticity and switching their metabolism from glycolysis to OXPHOS, and

vice-versa. For example, OXPHOS could be the predominant metabolic pathway used by cancer stem cells, and is often

involved in cancer resistance, metastasis, and tumor relapse . Exploring specific characteristics of cancer cells, such as

this change in metabolism, could be a promising strategy for the use of more effective and more specific drugs that

primarily target cancer cells. In fact, metabolic changes in cancer cells can reveal specific vulnerabilities that could be

targeted with precision therapies. However, the metabolic plasticity and interchange of glycolytic and oxidative cells,

although occurring many times in the same cancer and being responsible for tumor heterogeneity, is not taken into

account in cancer therapies. Thus, more integrated research is needed, investigating the main metabolic pathways used
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in different conditions and stages of each cancer type, and the influence of the TME characteristics (e.g., oxygen, pH,

nutrients availability, immune components) on such metabolic adaptation and heterogeneity. An understanding of these

metabolic switches, the identification of metabolic targets, and the use of combined therapies in a more targeted way

through the use of nanoparticles could have a huge impact not only on the development of new drugs, but also on the

ability to overcome drug resistance, one of the major problems that occurs during cancer treatment. 
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