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In order to adapt to a higher proliferative rate and an increased demand for energy sources, cancer cells rewire
their metabolic pathways, a process currently recognized as a hallmark of cancer. Even though the metabolism of
glucose is perhaps the most discussed metabolic shift in cancer, lipid metabolic alterations have been recently
recognized as relevant players in the growth and proliferation of cancer cells. Importantly, some of these
metabolic alterations are reported to induce a drug resistant phenotype in cancer cells. The acquisition of drug
resistance traits severely hinders cancer treatment, being currently considered one of the major challenges of the
oncological field. Evidence suggests that Extracellular Vesicles (EVs), which play a crucial role in intercellular
communication, may act as facilitators of tumour progression, survival and drug resistance by modulating
several aspects involved in the metabolism of cancer cells. This review aims to gather and discuss relevant data
regarding metabolic reprograming in cancer, particularly involving the glycolytic and lipid alterations, focusing
on its influence on drug resistance and highlighting the relevance of EVs as intercellular mediators of this

process.

1. Introduction

The rewiring of cancer cells metabolism is one of the emerging
hallmarks of cancer [1]. As rapid proliferative cells, cancer cells are
characterized by an increased demand for energy sources and biosyn-
thetic macromolecules [2]. Thus, in order to meet these needs, several
metabolic and biosynthetic pathways, including glucose, lipids and
amino acids metabolism are deregulated [3]. Glycolysis and oxidative
phosphorylation (OXPHOS) are the two main metabolic pathways
through which cells generate the necessary energy for all biological
processes in the form of adenosine triphosphate (ATP) [4,5]. OXPHOS is
the metabolic pathway preferentially used by normal cells, under non-
proliferating conditions. Since it requires oxygen, it is also known as
aerobic respiration and is responsible for the conversion of the glycolytic
product pyruvate into acetyl coenzyme A (acetyl-CoA), which is then
redirected to the tricarboxylic acid cycle (TCA) and to the electron
transport chain (ETC). This process takes place in the mitochondria and

presents a net gain of 36 ATP molecules per each glucose molecule [6].
On the other hand, glycolysis, commonly referred to as anaerobic
respiration due to its lack of dependence on oxygen, occurs in the cytosol
and results in the conversion of pyruvate into lactate. In this process,
only 2 ATP molecules are produced. Although glycolysis presents a
lower efficiency when compared to OXPHOS, the ATP is produced at a
faster rate. Thus, generally, glycolysis is used to sustain the basic cell’s
needs, keeping cells alive during stressful conditions and/or hypoxia
[6].

In the 1920 s, Otto Warburg documented for the first time that,
unlike normal cells, the majority of tumour cells use glycolysis as their
primary source of ATP, presenting a higher intake of glucose than
normal cells [7]. Even in the presence of significant amounts of oxygen,
this metabolic pathway is preferred by cancer cells, being therefore
known as “aerobic glycolysis” [8]. This metabolic shift that occurs in
cancer cells, is commonly referred to as the “Warburg effect” [8,9], and
is currently considered one of the hallmarks of cancer [1].
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Knowing that glycolysis is a much less energy efficient pathway, the
Warburg effect may seem counterintuitive, raising the question of “Why
would cancer cells prefer glycolysis?”. The first hypothesis relied on the
possible dysfunction of mitochondria in tumour cells [8,9]. However,
this theory was rejected, as there is considerable evidence showing that
cancer cells are able to maintain functional mitochondrial activity [10,
11]. Importantly, it is well known that one of the advantages of
glycolysis in tumours is the continuous and accelerated production of
ATP, and consequently an improved biosynthesis of macromolecules,
including nucleotides, lipids, amino acids, NAD", NADPH and H™ co-
factors, all essential building blocks and redox cofactors to meet the
requirements of rapidly proliferating cells [12,13]. Moreover, carbon
dioxide and reactive oxygen species (ROS), such as superoxide and
hydrogen peroxide, are released as subproducts of the OXPHOS
pathway. Released ROS can lead to a variety of cellular processes,
including DNA damage that leads to cell death, being harmful to cancer
cells [5]. Therefore, the shift from OXPHOS to glycolysis pathway is a
benefit to tumour cells, as the production of ROS is decreased, avoiding
DNA damage and consequent apoptosis [14,15].

Even though the metabolism of glucose is perhaps the most recog-
nized metabolic shift of cancer cells, other relevant metabolic alterations
occur in tumours, particularly in lipids metabolism. Lipids play an
important biological role in all cells as additional energy suppliers,
membrane building blocks, hormones and second messengers in cellular
signalling processes [16]. Interestingly, lipid composition differs be-
tween normal and cancer cells, being dependent on tumour type [17].
The majority of cell membrane lipids are phospholipids, sterols and
sphingolipids. All these molecules are synthetized from acetyl-CoA and
most of them contain fatty acids (FAs). In normal cells, the FAs building
blocks are generally obtained directly from exogenous sources. On the
other hand, tumour cells exhibit a shift towards de novo synthesis of FAs.
The upregulation of FAs biosynthesis confers cancer cells the ability to
meet their increased needs for cholesterol and lipids [18]. In fact, several
enzymes involved in FAs synthesis are upregulated in different types of
tumours, such as FA synthase (FAS), acetyl-CoA carboxylase (ACC) and
ATP-citrate lyase (ACLY). Notably, it is known that FAs synthesis inhi-
bition supresses tumour growth [19,20], indicating that FAs and com-
plex lipids as essential components for tumour growth. Moreover, FAs
and their by-products are being studied for other oncogenic roles, such
as their capacity to remodel membrane structure and fluidity, their role
as pro-tumorigenic signalling molecules and their impact on the tumour
microenvironment (TME) [21]. On the other hand, FA oxidation (FAO)
occurring in the mitochondria is upregulated in different cancer types
and promotes the survival and proliferation of tumours, by functioning
as an extra energy source when glucose is limited [22]. Additionally,
NADH produced in this process may protect cancer cells from oxidative
stress [23]. In addition to FAs metabolism, also cholesterol and iso-
prenoids biosynthesis via mevalonate pathway are altered in cancer
cells. Moreover, mevalonate pathway activity is essential for the survival
of several cancer cell lines, highlighting its crucial role in tumour growth
and progression [24].

The metabolism of amino acids, including glutamine, is also known
to be upregulated in cancer. Glutamine functions as a major substrate for
energy production and its metabolism produces several intermediates,
such as a-ketoglutarate and TCA cycle interveners, which serve as
additional energy sources for cancer cells [25]. Thus, glutamine meta-
bolism is increased in cancer cells in order to adapt to the alterations in
glycolytic pathway [26]. Furthermore, several oncogenic signalling
pathways are affected by glutamine metabolism, including the over-
expression by tumour cells of the proto-oncogene MYC, which promotes
an upregulated expression of glutamine transporters, glutaminase and
glutamine synthetase [27,28].

Interestingly, alterations in the tumour metabolism have been
recently associated with the development of therapy resistance in cancer
[4,12,29-31]. Additionally, the possibility of targeting altered meta-
bolic pathways for the development of new therapeutic strategies
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against cancer has also been discussed [6,30]. In fact, resistance of
cancer cells to treatment is one of the major challenges in oncology
nowadays. Resistance may be intrinsic, i.e. from diagnosis, or acquired,
if developed throughout drug treatment [32,33]. There are several
mechanisms behind the development of cancer drug resistance (Fig. 1),
which are generally associated either with host factors, the TME or with
tumour factors [33-35]. Host factors include genetic variations, muta-
tions in the drug targets (point mutations or target gene amplification)
and drug-drug interactions [36-38]; TME factors arise from the
communication between the tumour and surrounding cells, such as fi-
broblasts and macrophages [39-41]; tumour cells may contribute to
drug resistance by enhancing mechanisms to evade cell death [42,43],
exacerbating DNA damage response and repair mechanisms [44],
altering the expression of several microRNAs (miRNAs) [45,46] and
increasing the expression of the multidrug resistant (MDR) ATP-binding
cassette (ABC) transporter superfamily, leading to a higher drug efflux
and a consequent reduction in the intracellular drug concentration to
subtherapeutic levels, causing drug resistance [47,48]. Importantly,
another tumour factor consists in the metabolic reprogramming of
cancer cells, which may result in an important adaptative mechanism
driving drug resistance [4,12,49].

Cell-cell communication via Extracellular Vesicles (EVs) is another
mechanism that induces drug resistance, determining a spreading of
host factors from resistant to sensitive cells. The cargo of EVs released by
cells may contain proteins, lipids, DNA, RNA, among other components,
that reflects the intracellular status of the cell of origin [50-53]. Since
EVs play an important role in the intercellular communication, medi-
ating the horizontal transfer of their biological cargo, they may facilitate
the dissemination of metabolic alterations to recipient cells (Fig. 2).
However, the mechanisms behind this process are not yet fully under-
stood. This review will focus on the metabolic reprograming in cancer
affecting drug resistance, mainly the glycolytic and lipid reprogram-
ming, and on the intercellular transfer of these traits by EVs.

2. Metabolic reprogramming in cancer affects drug resistance
2.1. Glucose metabolic reprogramming

Several studies performed in well-established cancer cell lines
demonstrated a relationship between increased glucose uptake and
enhanced aerobic glycolysis with the development of chemoresistance.
For instance, Rui-Hua Xu et al. suggested that an inhibition of glycolysis
could be a strategy to overcome MDR in lymphoma and colon cancer
cells, by promoting ATP depletion and activating pro-apoptotic signal-
ling molecules, leading to cell death, especially in cancer cells presenting
mitochondrial dysfunction [54]. Furthermore, there is evidence that
gastric cancer cells that rely mainly on aerobic glycolysis and present an
enhanced glucose uptake are also resistant to chemotherapy with
cisplatin [55]. Another study performed in the breast cancer cell line
MCF7 shows that higher concentrations of glucose reduce the cells
sensitivity to tamoxifen treatment. This effect is a result of the direct
glucose modulation of the signalling molecule connective tissue growth
factor and its ability to promote interleukine-8 (IL-8) release by adipo-
cytes. In fact, the inhibition of this interleukin was previously found to
reverse drug resistance [56]. Moreover, a correlation between higher
glycolytic rates and resistance to glucocorticoids was found in
leukaemia models [57]. Interestingly, pyruvate, which is the final
product of aerobic glycolysis, may modulate the expression of the ABC
transporter P-glycoprotein (P-gp) in tumour spheroids derived from
multiple cell lines models, thus contributing to drug efflux and the
development of drug resistance [58].

Furthermore, a link between high levels of lactate, resulting from
increased glycolysis, and the development of cancer drug resistance has
been suggested in several studies. Wagner et al. showed the ability of
increased levels of lactate to reinforce DNA damage repair mechanisms,
leading to cisplatin-resistance in cervical carcinoma cells [59].
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Fig. 1. Main mechanisms of drug resistance in cancer. The main drivers of cancer drug resistance are related either with the host, the tumour cells or with the tumour

microenvironment (TME). Figure created with Biorender.com.

Importantly, the Warburg effect, with a consequent increase in lactate
levels, is also linked to the development of resistance to melphalan, in
multiple myeloma cells. In this study, the authors report that lactate
functions as a signalling molecule that upregulates the secretion of IL-8
and the vascular endothelial growth factor (VEGF), both mediators of
survival and proliferation, in resistant cells [60]. Interestingly, given this
oncogenic potential, the monocarboxylate family of transporters, which
are involved in lactate transport, are being considered as therapeutic
targets for cancer treatments [61]. For instance, the expression of the
monocarboxylate transporter 4 (MCT4) is currently considered of
prognostic value in different types of cancer [62-64]. The enzyme
Lactate dehydrogenase-A (LDHA) is responsible for the conversion of
pyruvate to lactate during glycolysis, playing a major role in glucose
metabolism. This isoform is predominantly expressed in breast tissue,
having an increased expression in taxol-resistant human breast cancer
cell lines, when compared to their sensitive counterparts. The down-
regulation of this enzyme was found to re-sensitize taxol-resistant breast
cancer cells [65]. Moreover, LDHA inhibition has shown to be a
potentially useful strategy against trastuzumab resistance in
ErbB2-positive breast cancer cells [66]. Similarly, inhibition of LDHA
restores the sensitivity to bortezomib in multiple myeloma cell lines
[67].

Other enzymes involved in glycolysis regulation are also known to be
involved in the development of drug resistance in cancer. For instance,
hexokinase 2 (HK2) is a rate limiting enzyme responsible for the first
reaction in glycolysis, which may be associated with drug resistance due
to its major role in the regulation of ATP production. Increased ATP
levels in cancer cells are known to contribute to drug efflux through ABC
transporters [68] and to activate the hypoxia inducible factor-la
(HIF-1a) transcription factor [69,70], both strongly contributing to the
emergence of drug resistance. Interestingly, using HK2 inhibitors, such
as 3-bromopyruvate, it was possible to reduce ATP levels, leading to the
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reversion of chemoresistance in liver cancer models [71,72]. In a study
comparing ERBB2-overexpressing breast cancer cells with their lapati-
nib resistant counterparts, it was shown that the resistant cells were
more sensitive to treatment with 2-deoxyglucose, a competitive HK2
inhibitor [73]. In another study using cisplatin-resistant lung and
ovarian cancer cell lines, lower levels of HK2 were correlated with an
increased sensitivity to treatment with the glycolytic inhibitor 2-deoxy-
glucose [74]. Moreover, HK2 was found upregulated in resistant neu-
roblastoma metastatic cells, playing a significant role in disease
progression [75]. Also, pancreatic cancer cell lines resistance to gem-
citabine presented higher levels of HK2. The knockdown of this enzyme
increased the pancreatic cancer cells sensitivity to drug treatment,
promoted apoptosis and decreased cell proliferation [76].

Also 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3, a rate
limiting glycolytic enzyme, was associated with drug resistance since its
inhibition increased the response of chronic myeloid leukaemia resistant
cells to treatment with tyrosine kinase inhibitors [77]. Moreover, py-
ruvate kinase M2 (PKM2) is a key glycolytic enzyme that, when down-
regulated in the lung cancer cell line A549 and in human lung cancer
xenografts in mice, is associated with an increased sensitivity to doce-
taxel treatment [78]. Also, PKM2 silencing in doxorubicin-resistant
cancer cell lines depleted the energy supply for ABC transporters,
increasing the intracellular doxorubicin accumulation, and leading to
cell starvation and mitochondrial apoptosis, synergistically contributing
to the anticancer drug effect [79]. Moreover, the inhibition of PKM2
enhanced the anti-tumour activity of cisplatin in the A549 human lung
cancer xenograft model [80]. Upregulated levels of PKM2 were also
found in the tamoxifen resistant breast cancer cells MCF-7/TAMR, and
its decreased expression re-sensitized the cells to treatment with
4-hydroxytamoxifen [81]. On the other hand, other authors reported
conflicting results regarding this enzyme. For instance, Yoo et al. re-
ported a decrease in the levels of PKM2 in cisplatin-resistant human
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gastric carcinoma cell lines [82], and Martinez-Balibrea et al., using a
proteomic approach, found an association between decreased levels of
PKM2 and oxaliplatin resistance in patients with colorectal cancer and
in human cell lines [83].

2.2. Lipid metabolic reprogramming

Several lipid metabolism regulators have been considered important
players in the development of drug resistance in cancer. A dependency
on lipids catabolism, upregulated lipogenesis and increased lipid uptake
are some of the factors sustaining the emergence of resistant phenotypes
in tumour cells [84]. For instance, the overexpression of FAS is known to
induce resistance to several anticancer drugs, such as BRAF inhibitors in
melanoma cells [85], gemcitabine in pancreatic cancer cells [86,87],
cisplatin in ovarian cancer cells [88], mitoxantrone and adriamycin in
breast cancer cells [89], tyrosine kinase inhibitors in lung adenocarci-
noma cells [90] and to radiotherapy in squamous cell carcinoma [91]
and lung cancer cells [92]. Interestingly, not only the synthesis but also
the composition of fatty acyl chains found in membrane phospholipids
may confer drug resistance. In fact, enrichment of membrane lipids with
oleic acid causes resistance to docetaxel in breast cancer [93]. In addi-
tion, the ceramide transport protein and the sphingosine Kinase 1 and 2
isoenzymes, necessary for the assembly of sphingolipids, are other reg-
ulators of lipid’s metabolism whose increased expression has been
correlated with resistance to cisplatin, paclitaxel and tamoxifen in
ovarian cancer [94-96]. Moreover, Sylvia Faict et al. have reported a
deregulation of the sphingolipid metabolism in multiple myeloma cells,
characterized by an upregulation of several ceramides and down-
regulation of sphingomyelin. This indicates an increase in sphingo-
myelinase, the enzyme responsible for the conversion of sphingomyelin
to ceramide, which is also associated with a tumour protective role and
the development of a drug resistant phenotype [97]. Of note,

sphingosine and ceramide metabolism deregulations may cause over-
expression of ABC transporters such as P-gp, MDR related proteins
(MRPs), and breast cancer resistance protein (BCRP) [98,99]. Drug
resistance may be also mediated by higher activity of the mevalonate
pathway responsible for production of isoprenoids and sterols [100].
Isoprenoids are necessary for the activity of Ras and Rho proteins,
well-known oncogenes [101], and activators of the respective down-
stream kinases (ERK1/2 and RhoAK) that stabilize HIF-1a and increase
the transcription of its target genes, including ABC transporters [102,
103]. Cholesterol instead regulates cell membrane permeability and
fluidity, which directly and indirectly influences anti-cancer drugs up-
take and efflux. Indeed, drug resistant tumours have higher membrane
cholesterol content which favours the activity of ABC transporters such
as P-gp [100,104].

2.3. Other altered metabolic pathways

The reprogramming of glutamine metabolism has been linked with
the development of drug resistance to several drugs in a variety of cancer
types [105]. In a study using mutant melanoma cells with acquired
resistance to BRAF inhibitors, an increased uptake of glutamine and an
upregulation of glutaminase was observed, compared with their sensi-
tive counterpart cells. The authors suggest that the shift towards gluta-
mine metabolism promotes survival and proliferation of resistant cells
[106]. Similarly, an increased glutamine uptake and increased sensi-
tivity to glutamine starvation was observed in melanoma cells with ac-
quired resistance to the MAPK pathway inhibitor vemurafenib,
compared to their sensitive counterparts [107]. Moreover, human
platinum resistant ovarian cancer cells revealed glutamine dependency
and an upregulation of glutamine transporters and glutaminase. Inter-
estingly, the knockdown of glutaminase re-sensitized the resistant cells
to drug treatment [108,109]. The combination of the FAS inhibitor
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orlistat with cisplatin also improved sensitivity of cisplatin-resistant
ovarian cancer cells, by decreasing glutamine metabolism and direct-
ing glutamine towards a reductive pathway of FAs resynthesis instead of
nucleotides and glutathione synthesis [88], two key metabolites for cell
proliferation and protection from oxidative stress induced by cisplatin.
In a study using the MCF7 breast cancer cell line, glutamine was linked
with tamoxifen-resistance by cooperation with cancer associated fibro-
blasts (CAFs). Ammonia, produced in the glutaminolysis pathway, in-
duces autophagy in CAFs, which leads to the release of several
catabolites (including glutamine) that are taken up by cancer cells. A
metabolic loop that protects breast cancer cells from the
tamoxifen-induced apoptosis is created since glutamine upregulates the
glycolysis and apoptosis regulator TIGAR (an enzyme also commonly
known as fructose-2,6-bisphosphatase), and consequently decreases
apoptosis, autophagy and oxidative stress in the cancer cells [110]. The
compensatory upregulation of glutamine metabolism was also demon-
strated in glioblastoma cell lines and xenografts, triggering resistance to
mTOR kinase inhibitors [111]. In a study with multiple myeloma
resistant cells, the glutaminase inhibitor CB-839 enhanced the activity of
several proteasome inhibitors, particularly carfilzomib [112]. Addi-
tionally, lung cancer cells resistant to cisplatin present a higher sensi-
tivity to glutamine deprivation, when compared to drug-sensitive cells.
When treated with riluzole, an approved drug for amyotrophic lateral
sclerosis, cisplatin resistant cells were selectively killed through
blockage of the cystine-glutamate antiporter xCT, which leads to a
decrease in glutamate flux [113]. Gemcitabine resistance in pancreatic
cancer cells may also be solved by disruption of glutamine metabolic
pathways. It was suggested that the glutamine analogue 6-diazo-5-o0x-
o-L-norleucine may synergize with the currently used therapeutic op-
tions (such as gemcitabine) and sensitize chemoresistant cells to
treatment by modulating ROS homeostasis and downregulating EGFR,
Akt, and MAPK dependent pathways [114].

Several chemotherapeutic drugs can interfere with the redox meta-
bolism by increasing ROS and DNA damage, ultimately leading to cell
death. Thus, alterations in the redox buffering system may contribute to
the development of drug resistance. For instance, in lung cancer,
cisplatin-resistant cells presented upregulated levels of glutathione and
Glutamate-Cysteine Ligase Catalytic Subunit (GCLC), the first rate-
limiting enzyme in glutathione synthesis, allowing cells to neutralise
the ROS production induced by cisplatin [115,116]. Furthermore, it was
reported that cisplatin-resistant lung cancer cells have higher sensitivity
to elesclomol, a drug known to increase ROS [117]. This drug also
induced cell death of vemurafenib-resistant melanoma cells [118], by
the same mechanism. Moreover, the apoptotic rate of colorectal cancer
cisplatin-resistant cells also increases by ROS accumulation [119]. In a
study using multiple cervical cancer cell lines, radioresistant cells
showed sensitivity to redox metabolism inhibition [120]. In addition,
multiple myeloma cells resistant to bortezomib presented higher
expression of the mitochondrial enzyme superoxide dismutase 2, which
is involved in the superoxide radical’s detoxification process [121]. In
line with this tendency of resistant cells to present an increased anti-
oxidant activity, higher levels of glutathione were also detected in
proteasome inhibitor-resistant multiple myeloma cells [122]. Further-
more, in tamoxifen-resistant breast cancer cells, two enzymes involved
in oxidative stress defence, NADPH dehydrogenase 1 and GCLC, were
found to be upregulated. Interestingly, an inhibition of NADPH dehy-
drogenase 1 was able to restore sensitivity of these cells to tamoxifen
[123].

A higher activity of the serine synthesis and pentose phosphate
pathways has been linked with an increased antioxidant capacity in
different multiple myeloma cell lines resistant to bortezomib [124]. One
of the enzymes involved in the serine pathway synthesis is the phos-
phoserine aminotransferase 1 (PSAT1), which is known to be overex-
pressed in colorectal cancer cells and to confer resistance to oxaliplatin
treatment [125]. In another study, it was found that an inhibition of this
enzyme in colorectal cancer cells and removal of serine from mouse diet
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contributed to an increase in the antitumor efficacy of 5-fluorouracil in
vivo [126]. Similarly, in oesophageal squamous cell carcinoma,
expression of PSAT1 was found increased and associated with poor
prognosis [127]. Moreover, in melanoma cells resistant to BRAF in-
hibitors, several enzymes involved in serine biosynthesis were found
overexpressed, and depletion of phosphoglycerate dehydrogenase
re-sensitized these cells to drug treatment [128].

3. Extracellular Vesicles are modulators of metabolic
reprogramming in cancer

3.1. Effect on tumour progression and survival

Several authors have described the presence of glycolytic enzymes in
EVs cargo. For example, the enzyme PKM2 has been identified in the
cargo of EVs released by primary prostate cancer cells and its transfer to
bone marrow stromal cells was found to promote a bone premetastatic
niche, a characteristic feature of the metastatic process in prostate
cancer [129]. The enzymes aldolase A and aldehyde dehydrogenase
3Al, also involved in the glycolytic pathway, can be transferred by EVs
isolated from the lung cancer A549 and NCI-H446 irradiated cell lines to
unirradiated cells, promoting glycolysis on the recipient cells and
enhancing their motility [130]. EVs also carry miRNAs linked with the
glucose metabolism. For instance, it was reported that EVs derived from
cells infected with KSHV, the etiological agent of Kaposi’s sarcoma,
carry several miRNAs responsible for the induction of aerobic glycolysis
and decreased mitochondria biogenesis to surrounding non-infected
cells, leading to increased angiogenesis and migration [131]. More-
over, miR-155 and miR-210 were found in the cargo of
melanoma-derived EVs, playing a pivotal role in the metabolic reprog-
ramming of normal fibroblasts, enhancing the glycolytic pathway and
supressing the OXPHOS pathway. Importantly, this metabolic alteration
in the stroma fibroblasts contributes to a pre-metastatic microenviron-
ment [132]. In addition, the miR-122 contained within EVs isolated
from breast cancer cell lines downregulated the expression of the
glycolytic enzyme PKM2, supressing glucose uptake in premetastatic
niche cells, promoting metastasis and disease progression [133].

Moreover, FAs and enzymes involved in lipid metabolism have been
found in EVs [134]. The lipidomic profiles of EVs from
non-tumourigenic, tumourigenic and metastatic cell lines are signifi-
cantly different, highlighting the potential significance of the EV’s lipids
both as causal agents of cancer progression and as potentially useful
biomarkers of diagnosis or staging [135]. Interestingly, EVs released by
adipocytes and containing proteins involved in FAO were able to upre-
gulate this pathway in the recipient cells, generating energy supplies
that favour migration, invasion and metastasis of melanoma cells [136].
EVs were found to play a critical role in mediating this metabolic
cooperation between adipocytes and melanoma cells, providing them
both with the enzymes and FAs that are needed for FAO [137].
Furthermore, the hormone adrenomedullin was shown to be upregu-
lated in EVs from the plasma of pancreatic cancer patients and to induce
lipolysis in the adipose tissue, when compared to plasma of healthy
controls. This finding may be of relevance to the early detection of
pancreatic cancer, using adrenomedullin as a biomarker [138]. EVs
containing miRNAs and other non-coding RNAs can also interfere with
lipids metabolism. A study using EVs isolated from breast cancer cells
showed that exosomal miR-155 directly downregulated the receptor
PPARy, inducing the beige/brown differentiation in adipocytes, thus
promoting lipolysis and triggering tumour progression [139]. Of note,
PPARy can be regulated also by miR-122, miR-192, miR27a-3p and
miR27b-3p [140], which are known to be carried by EVs. Moreover, in
another study using EVs isolated from breast cancer cells, miRNA-126
and miRNA-144 were also associated with tumour progression by
inducing beige/brown differentiation and lipolysis in adipocytes [141].
Interestingly, the circRNA_101093 found in EVs isolated from the
plasma of lung adenocarcinoma patients is able to interact with the fatty
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acid-binding protein 3, leading to a reduction in the levels of global
arachidonic acid and preventing the incorporation of this molecule in
the plasma membrane, ultimately resulting in a desensitization of lung
adenocarcinoma cells to ferroptosis [142]. Besides modulating the
amount of free arachidonic acid (thus impacting directly on membrane
fluidity, the unsaturation degree of FAs and sensitivity to ferroptosis),
EVs also carry arachidonic acid derivatives, such as prostaglandins
PGE2a, PGE1 and PGE2, which are important mediators of inflamma-
tion in the TME [103,140].

Metabolites such as glutamic and lactic acid were found in the cargo
of EVs derived from human mesenchymal stem/stromal cells. Interest-
ingly, these EVs promoted breast tumour growth in immunodeficient
mouse models and the authors suggested an influence of the referred
metabolites in this process, concluding that glutamic acid may act as a
provider of biosynthetic precursors for macromolecules needed for
tumour growth, while lactic acid may contribute to tumour survival in
hypoxic and nutrient deprived conditions [143].

Interestingly, EVs are also important mediators of metabolic
reprogramming in CAFs, key elements of the TME and important players
in the reverse Warburg Effect. For instance, it was reported that EVs
released by triple negative breast cancer cells induced mitophagy and,
consequently, glycolysis in CAFs. This can be explained by the ability of
EVs to transfer Integrin beta 4 to CAFs, a protein frequently overex-
pressed in cancer cells and associated with cancer progression [144]. In
a study using the same breast cancer cell lines, the authors reported that
EVs containing miR-105 in their cargo were able to confer CAFs the
ability to adapt their metabolic features to nutrients availability [145].
In this study it was shown that, in a nutrient sufficient environment,
miR-105 reprogrammed CAFs to upregulate glucose and glutamine
metabolism, contributing to the growth of cancer adjacent cells, but in a
nutrient insufficiency environment, CAFs acted as metabolic waste
detoxifiers, converting lactic acid and ammonium into energy-rich me-
tabolites [145]. Moreover, EVs derived from colorectal cancer cells were
also shown to modulate the metabolism of CAFs by upregulating GLUT1
transporter, the MCT4 lactate transporter and amino acid biosynthesis
proteins [146]. Interestingly, it was reported that EVs carrying the
Epstein-Barr virus encoded latent membrane protein 1 were able to
support the reverse Warburg effect in CAFs in nasopharyngeal carci-
noma cells [147]. The lipid metabolic reprogramming of CAFs in liver,
mediated by colorectal cancer cell derived-EVs, was also reported to
facilitate a pre-metastatic niche formation. Exosomal HSPC111 upre-
gulated acetyl-CoA levels and altered lipid metabolism in CAFs by
phosphorylating ATP citrate lyase, an important enzyme in FAs
biosynthesis that was previously linked with cancer cell growth and
metastasis [148].

3.2. Effect on cancer drug resistance

Besides the role of EVs as mediators of metabolic reprogramming,
these particles have also been described by several authors as important
mediators of the intercellular transfer of a drug resistant phenotype
[149-151]. Indeed, when EVs shed by different models of drug-resistant
cells are incorporated by their drug-sensitive counterpart cells, a shift in
their drug response phenotype may occur, transforming drug-sensitive
cells into drug resistant [150-153]. A vast number of modulators
known to be associated with drug resistance have been found in the
cargo of EVs shed by resistant cells and are known to be transferred to
recipient drug-sensitive cells by these small particles. Some of these
modulators include the drug efflux pumps from the ABC transporters
superfamily, apoptotic modulators, miRNAs, long non-coding RNAs
(IncRNAs), among others [154-156].

Most interestingly, it has been reported that MDR cancer cell lines,
overexpressing P-gp, present a different metabolic phenotype from their
drug-sensitive counterparts, including decreased pentose phosphate
pathway and OXPHOS rates and increased glutathione metabolism and
glycolysis, as well as alterations in the methionine/S-
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adenosylmethionine pathway. Moreover, EVs released by the MDR
cells were able to stimulate a metabolic switch in the drug-sensitive
counterpart cells, conferring these drug-sensitive cells a MDR pheno-
type [157]. Nevertheless, the mechanisms and the EVs cargo behind
these interesting results were not elucidated yet.

In the following sections, EVs cargos already reported to be associ-
ated with the induction of drug resistance, by shifting the metabolic
features of cancer cells, will be reviewed (Fig. 3 and Table 1).

3.2.1. Non-coding RNAs on EVs cargo

Non-coding RNAs, including miRNAs, IncRNAs and circular RNAs,
are known to induce metabolic alterations and consequently drug
resistance, in a process that may be mediated by EVs. For example, EVs
derived from M2 macrophages were reported to present high levels of
miR-3679-5p, being able to transfer this miRNA to lung cancer cells.
This miRNA leads to a decrease in the expression of NEDD4L, an
important regulator of the ubiquitination and degradation processes of
the oncogene c-Myc, promoting its stability. In turn, c-Myc stability was
associated with increased aerobic glycolysis, leading to cisplatin-
resistance in the human A549 lung cancer cell line [158]. In another
study, decreased levels of the enzyme pyruvate dehydrogenase E1
(PDHA1, a component of the pyruvate dehydrogenase complex that
links glycolysis to the TCA cycle) and a significant increase in the levels
of miR-21-5p were observed in the cisplatin resistant ovarian cancer cell
line SVOK3 and in ovarian cancer tissues resistant to the same drug,
when compared to controls [159]. Importantly, these authors also
detected increased levels of miR-21-5p in EVs derived from the cisplatin
resistant SKOV3 cells. The treatment of SVOK3 sensitive cells with EVs
shed by the cisplatin resistant cells promoted glycolysis and chemo-
resistance in the parental (sensitive) cells, through inhibition of PDHA1
[159]. Interestingly, the IncRNA HISLA, carried by EVs from
tumour-associated macrophages, promoted aerobic glycolysis and
apoptosis resistance in breast cancer cells by stabilization of HIF-1a. In
addition, clinical data associated the IncRNA HISLA with shorter sur-
vival of patients with breast cancer due to lack of treatment response.
Moreover, in vivo results showed that blocking the EV-mediated transfer
of HISLA caused inhibition of glycolysis and chemoresistance in breast
cancer cells [160].

The presence of circular RNAs in EVs has also been described to
mediate drug resistance by inducing metabolic alterations in cancer
cells. An in vitro and in vivo study reported the ability of EVs shed by
oxaliplatin-resistant colorectal cancer cells to deliver the circular RNA
hsa_circ_0005963 (ciRS-122) to chemosensitive cells. The ciRS-122 was
positively associated with drug resistance through upregulation of
glycolysis and PKM2 expression. Additionally, in vivo results showed
that silencing ciRS-122 improved drug response [161]. Furthermore,
another study revealed that EVs derived from pancreatic cancer cells
under hypoxic conditions were able to enhance gemcitabine resistance
in normoxic cells. The authors proposed that the mechanism behind this
effect involved the circular RNA circZNF91, which was increased in EVs
derived from hypoxic cells [162]. Indeed, circZNF91 was positively
correlated with the overexpression of glycolytic enzymes and, after
treatment with hypoxic EVs containing circZNF91, normoxic cells pre-
sented higher mRNA and protein levels of GLUT1, lactate dehydroge-
nase A (LDHA), HK2 and PKM2. Moreover, these authors described the
competitive binding of circZNF91 to miR-23b-3p, which was found to
upregulate the expression of the deacetylase Sirtuinl. In turn, this pro-
tein increased deacetylation-dependent stability of HIF-la protein,
promoting glycolysis and gemcitabine resistance. Thus, the authors
suggested that targeting circZNF91 and inhibiting HIF-1a or glycolysis
enhanced chemosensitivity of pancreatic cancer cells to gemcitabine
treatment [162]. Also, the circular RNA DLGAP4 (circDLGAP4) carried
by EVs played an important role in neuroblastoma chemoresistance
[163]. The authors of this study demonstrated that neuroblastoma cells
resistant to doxorubicin expressed higher levels of HK2 as well as higher
glycolytic rates. Moreover, exosomes derived from these cells carried
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Fig. 3. Extracellular Vesicles (EVs) cargo released by different cancer and tumour microenvironment cells. This cargo has been reported to induce metabolic al-
terations in recipient cells, conferring them a drug resistant phenotype. Figure created with BioRender.com.

circDLGAP4 and delivered it to sensitive cells. This circular RNA func-
tioned as a sponge for the HK2-targeting miR-143. Additionally,
knockdown of circDLGAP4 reversed drug resistance in recipient cells.
Thus, the authors suggested that exosome-delivered circDLGAP4 may
enhance glycolysis and drug resistance in neuroblastoma cells via
regulation of miR-143 and HK2 [163].

3.2.2. Metabolic associated proteins on EVs cargo

The direct regulation of metabolic enzymes, mediated by EVs, may
also lead to drug resistance. Glutathione S-transferase P1 (GSTP1) is a
phase II metabolic enzyme that belongs to the glutathione S-transferase
family of proteins and is involved in the detoxification process of several
drugs [164]. Increased expression of GSTP1 was found in
adriamycin-resistant breast cancer cells and their EVs, when compared
to sensitive control cells and respective EVs. Furthermore, this study also
reported a shift to a drug resistant phenotype in the sensitive cells,
following exposure to and internalization of GSTP1-containing EVs shed
by adriamycin-resistant cells. Additionally, after treatment with
GSTP1-siRNA, the apoptotic rates of adriamycin-resistant cells increased
and resistance to adriamycin decreased. Thus, these authors suggested
that there might be a positive correlation between GSTP1 levels and
drug resistance in breast cancer cells [165].

In a study using EVs isolated from ovarian cancer cells incubated in
low oxygen tension (hypoxia), the ability of these EVs to confer carbo-
platin resistance to previously sensitive ovarian cancer cells was re-
ported. Moreover, these authors referred that the chemoresistant
ovarian cells showed alterations in glycolysis and FAs synthesis. Sup-
porting this information, several glycolysis associated proteins [such as
PKM1/2, enolase 1 (ENO1) and fructose-bisphosphatase A] were iden-
tified in EVs isolated from the plasma of patients with ovarian cancer
recurrence [166]. High levels of the glycolytic enzyme PKM2 were also
found in the cargo of EVs released by hypoxic non-small cell lung cancer
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cells resistant to cisplatin. These EVs induced chemoresistance in pre-
viously sensitive cells through two different mechanisms. The first
consisted in the direct transfer of PKM2 to sensitive cells, which may
regulate glycolysis to produce reduced metabolites, decreasing ROS
levels and inhibiting apoptosis in a PKM2-BCL2-dependent manner. The
second involved the metabolic reprogramming of CAFs though PKM2,
leading to pyruvate and lactate release, promoting tumor proliferation,
invasion and chemoresistance [167].

The alteration in the metabolism of lipids, mediated by EVs, also has
an impact in cancer drug resistance. For instance, in a study using
multiple myeloma primary cells, an upregulation in the expression of
acid sphingomyelinase (an enzyme involved in the metabolism of
sphingomyelin to ceramide and phosphorylcholine) was found after
treatment of these cells with melphalan or bortezomib. Moreover, EVs
shed by these cells presented the same increase in acid sphingomyeli-
nase. Interestingly, the authors reported that these EVs were able to
transfer a drug-resistant phenotype to chemosensitive cells, suggesting a
tumour protective role for the metabolic enzyme acid sphingomyelinase
[97]. An increase in the expression of the microsomal triglyceride
transfer protein (MTTP) was found in adipocyte derived EVs as well as in
EVs from the plasma of colorectal cancer patients presenting a high body
fat ratio. This protein was linked with ferroptosis inhibition and resis-
tance to oxaliplatin in colorectal cancer, since it increases the ratio be-
tween saturated/unsaturated FAs in plasma membrane [168].

3.2.3. Other modulators on EVs cargo

Other modulators of the transfer of metabolic traits mediated by EVs,
are growth factors and phosphorylated signalling proteins. For instance,
EVs secreted by acute myeloid leukaemia cells were able to induce
glycolysis in human umbilical vein endothelial cells (HUVECs), which in
turn lead to vascular remodelling and chemoresistance in drug-sensitive
cells. This effect was mediated by the presence of VEGF and VEGF
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Table 1
Extracellular Vesicles (EVs) cargo and EVs mediated metabolic reprogramming leading to drug resistance in cancer cells.
Type of EVs cargo Identified mediators of Cancer Type Study Model Used Observed Results References
metabolic
reprogramming
Not Described Not Described Lung Cancer and Cell Lines EVs released by the MDR cells stimulated a metabolic [157]
Acute Myeloid switch in the drug-sensitive counterpart cells,
Leukaemia conferring them a MDR phenotype.

Non-Coding RNAs miR-3679-5p Lung Cancer Cell Lines, Tumour M2 macrophage-derived exosomes promoted cisplatin [158]
(miRNAs, IncRNAs, xenografts in mice and resistance in lung cancer cells by delivering miR-
CircularRNAs) Patient Tissues Samples 3679-5p, which downregulated NEDD4L. In turn, it

promoted increased glycolysis and c-Myc stability,
leading to chemoresistance.
miR-21-5p Ovarian Cancer Cell Lines and Patient Exosomes derived from ovarian cancer cells resistant [159]
Tissues Samples to cisplatin conferred sensitive cells an increased
glycolytic rate and a chemoresistant phenotype, by
delivering miR-21-5p and consequently targeting
PDHAL1.
IncRNA HISLA Breast Cancer Cell lines, Tumour EVs from breast cancer tumor-associated macrophages [160]
xenografts in mice, Patient  delivered the IncRNA HISLA to breast cancer cells,
Tissues Samples and promoting aerobic glycolysis, apoptosis resistance and
Primary Culture chemoresistance, by stabilization of HIF-a. A
correlation between HISLA and lack of treatment
response in patients was also found.
ciRS-122 Colorectal Cancer Cell lines, Tumour EVs-mediated transfer of ciRS-122 from oxiplatin- [161]
xenografts in mice and resistant colorectal cancer cells to sensitive cells
Patient Tissues Samples increased glycolysis and PKM2 expression, inducing a
drug resistant phenotype.
circZNF91 Pancreatic Cancer Cell lines, Tumour Exosomes derived from hypoxic pancreatic cancer cells [162]
xenografts in mice,Patient promoted glycolysis and chemoresistance in normoxic
Tissues and Blood samples  cells through delivery of circZNF91, which acted as a
miR-23b-3p sponge, upregulating SIRT1 expression
and leading to HIF-1a protein stabilization.
circDLGAP4 Neuroblastoma Cell Lines Exosome-delivered circDLGAP4 from doxorubicin [163]
resistant cells enhanced glycolysis and drug resistance
in neuroblastoma sensitive cells via regulation of miR-
143 and HK2.
Metabolic Enzymes GSTP1 Breast Cancer Cell lines, Patient Tissues EVs-mediated transfer of GSTP1 from adriamycin- [165]
and Blood samples resistant breast cancer cells induced drug resistance in
adriamycin sensitive breast cancer cells.
PKM1/2, ENO1 and Ovarian Cancer Cell lines and Patient EVs shed by hypoxic ovarian cancer cells induced [166]
fructose-bisphosphate A blood samples resistance to carboplatin in previously sensitive cells,
accompanied by alterations in glycolysis and FAs
synthesis. Additionally, metabolic proteins such as
PKM1/2, ENO1 and fructose-bisphosphate A were
identified in EVs from patient blood samples with
ovarian cancer recurrence.
PKM2 Lung Cancer Cell Lines EVs derived from cisplatin resistant non-small cell lung ~ [167]
cancer cells presented a high level of PKM2 and were
able to induce a chemoresistant phenotype in sensitive
cells.
Acid Sphingomyelinase Multiple Myeloma Cell Lines and Primary EVs shed by primary multiple myeloma cells [97]
Culture presenting a high level of Acid Sphingomyelinase were
able to induce chemoresistance in sensitive cells.
Microsomal triglyceride Colorectal Cancer Cell lines, Tumour Microsomal triglyceride transfer protein was presentin ~ [168]
transfer protein xenografts in mice and the cargo of adipocyte derived-EVs and was able to
Patient Tissues Samples inhibit ferroptosis and promote chemoresistance to
oxiplatin in colorectal cancer through the MTTP/
PRAP1/ZEB1 axis.
Other Modulators VEGF and VEGFR RNA Acute Myeloid Cell Lines VEGF and VEGFR RNA carried by Acute Myeloid [169]
Leukaemia Leukaemia derived-EVs were able to promote vascular
remodelling, glycolysis and drug resistance in
HUVECs.
p-ERK and p-AKT Colorectal Cancer Cell Lines and Patient p-ERK and p-AKT, delivered by EVs derived from [170]

Plasma Samples

normoxic colorectal cancer cells, activated HSCs,
increasing the release of IL-6. In turn, IL-6 rewired
lactate metabolism in hypoxic colorectal cancer cells,
inducing drug resistance.

receptor (VEGFR) RNA in EVs, which were transferred to HUVECs,
inducing glycolysis and chemoresistance in these cells [169]. In another
study, EVs derived from normoxic colorectal cancer cells were able to
activate hepatic stellate cells (HSCs) through the delivery of p-ERK and

p-AKT, increasing the secretion of interleukin-6. In turn, interleukin-6
released by HSCs enhanced lactate metabolism of hypoxic colorectal
cancer cells by upregulating the expression of monocarboxylate
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transporter 1, a lactate transporter, and lactate dehydrogenase B, an
enzyme that catalyses the conversion of lactate into pyruvate. Rewiring
of lactate metabolism lead to apoptosis inhibition in hypoxic colorectal
tumour cells, thus conferring chemoresistance [170].
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4. Discussion

Despite the scientific progress in the treatment of cancer, the
acquisition of drug resistant traits by cancer cells remains one of the
main causes of treatment failure. Given the fact that the metabolic
reprogramming of cancer cells has been linked to the development of
drug resistant traits, the disparity between the metabolic features of
sensitive and resistant cells should be further studied to identify targets
to overcome drug resistance. Nevertheless, the reprogramming of en-
ergy metabolism is highly variable due to intratumour (and inter-
tumour) characteristics of cancer cells and their TME, making the study
of the involved mechanisms a highly challenging research field.
Importantly, the role of EVs as mediators of drug resistance in cancer is
an already established fact among the scientific community. However,
little is known regarding the ability of EVs released by drug resistant
cells or by TME cells, to transfer metabolic features associated with drug
resistance to drug-sensitive cancer cells. Further understanding of this
intercellular communication network could contribute to the identifi-
cation of novel biomarkers of drug response and/or therapeutic targets
to overcome drug resistance.

Importantly, while the transfer of ncRNAs or proteins via EVs is
widely described, surprisingly few evidence exists on the transfer of
lipids that can induce a metabolic rewiring, triggering metastatic
behaviour and/or drug resistance. Untargeted lipidome analyses of EVs
from sensitive and resistant cells could help identifying a set of lipids
characterizing good or poor response to chemotherapy in specific tu-
mours. Based on this information, EVs enriched in specific lipids may be
used to induce chemosensitization and/or prevent drug resistance
caused by the horizontal transfer between resistant and sensitive cells.
This exciting field is open to new investigations and may lead to an
innovative approach in the prevention or overcoming of drug resistance.

EVs can be also manipulated in a reverse perspective, making them
therapeutic tools. Indeed, the analysis of the cargos of EVs released by
sensitive cells, in terms of miRNAs, proteins, metabolites and lipids, may
be useful to treat resistant tumours with sensitive cell-derived EVs. This
might induce a metabolic rewiring in the resistant cells (e.g. changes in
plasma membrane lipid composition, shift from glycolytic to OXPHOS-
based metabolism, transfer of chemosensitizing miRNAs and
IncRNAs), thus reversing drug resistance in those cells. A better dissec-
tion of the role of each metabolite, protein or ncRNA in the EVs cargo
could help to select the most effective EVs in inducing chemo-
sensitization (as the ones most enriched in a specific sensitizing
molecule).

Furthermore, as part of the continuous evolution of pharmaceutical
biotechnology and discovery of advanced therapies, EVs from sensitive
cells could also be exploited as carriers of chemotherapeutic drugs, small
molecules acting as target therapy or immunotherapeutic agents. These
engineered EVs could couple the benefits derived from the endogenous
components of EVs, reflecting the protein, lipid composition and meta-
bolism of donor sensitive cells, with the exogenous enrichment with
anticancer agents, opening the possibility for a new multitarget
approach that may be effective against the most aggressive and drug
resistant tumours.
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