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Abstract: The tumor microenvironment (TME) is a heterogenous assemblage of malignant and
non-malignant cells, including infiltrating immune cells and other stromal cells, together with
extracellular matrix and a variety of soluble factors. This complex and dynamic milieu strongly
affects tumor differentiation, progression, immune evasion, and response to therapy, thus being
an important therapeutic target. The phenotypic and functional features of the various cell types
present in the TME are largely dependent on their ability to adopt different metabolic programs.
Hence, modulating the metabolism of the cells in the TME, and their metabolic crosstalk, has emerged
as a promising strategy in the context of anticancer therapies. Natural compounds offer an attractive
tool in this respect as their multiple biological activities can potentially be harnessed to ‘(re)-educate’
TME cells towards antitumoral roles. The present review discusses how natural compounds shape
the metabolism of stromal cells in the TME and how this may impact tumor development and

progression.

Keywords: tumor microenvironment; stromal cells; metabolism; metabolic modulation; natural
compounds; phytochemicals; cancer

1. Introduction

The tumor microenvironment (TME) can be defined as the complex and dynamic mi-
lieu where cancer cells are embedded. It comprises nonmalignant cells, such as infiltrating
immune cells, fibroblasts, endothelial cells, and adipocytes, together with the extracel-
lular matrix and a variety of cytokines, chemokines, and growth factors resulting from
heterotypic signaling. All these components actively interact and contribute to an evolving
balance between anti- and protumoral events [1]. For instance, immune cells recruited to
the tumor site (e.g., monocytes/macrophages and lymphocytes) can either help to eliminate
cancer cells, mainly in early stages of tumor development, or perform protumorigenic
functions via multiple mechanisms. Nonimmune stromal cells are also key for cancer cells
to thrive, as evidenced by the role of activated fibroblasts in ECM remodeling to favor cell
invasion and migration or the involvement of endothelial cells in tumor vascularization
needed to supply oxygen and nutrients to cancer cells, clear metabolic waste, and enable
tissue invasion by metastatic cells. Besides supporting tumor growth and progression,
the TME strongly determines the success of anticancer therapies, mainly by physically
influencing drug access and inducing drug resistance through soluble factors, cell-cell
interactions, and /or immune responses [2]. Hence, due to its well-established importance
in cancer progression and response to treatment, the TME is currently considered a central
paradigm in oncobiology and anticancer drug development.

Metabolic reprogramming is widely accepted as one of the major cancer hallmarks [3,4].
Tumor cells typically show altered uptake and metabolic processing of nutrients, mainly
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to sustain their enhanced energetic and biosynthetic needs, as well as to maintain a favor-
able balance between the production of reactive oxygen species (ROS) and antioxidant
mechanisms [5]. Rewired metabolisms of tumor cells stem from changes in signaling
pathways, protein expression, and other molecular mechanisms but is also strictly linked to
the interplay with other cells in the TME via paracrine signaling, competition for nutrients,
and cooperative metabolic exchange [6]. For instance, lactate produced by glycolytic cancer
cells and activated fibroblasts may serve as metabolic fuel for less glycolytic tumor cells.
Moreover, lactate-induced acidification favors metastasis, angiogenesis, immune evasion,
and immunosuppression [7]. On the other hand, the metabolic programs adopted by
stromal cells, in response to tumor signals and the changing microenvironment, strongly
determine the phenotypic and functional features of TME cells, hence their contribution
to tumor development and progression [8]. Consequently, modulating the metabolism of
the TME cells has emerged as an attractive strategy to hinder the protumoral roles of these
cells or even to ‘(re)-educate’ them towards antitumoral functions.

Several natural compounds produced by plants, microorganisms and marine organ-
isms, which display strong cytotoxic activity against a variety of tumor cells, are under
preclinical testing or used already as conventional chemotherapy drugs [9]. The enormous
structural diversity, adequacy to chemical modification, and multitargeting activities of
these compounds are some of the features that make them attractive as anticancer cytotoxic
and/or cytostatic agents. Moreover, many of these molecules have great potential to sensi-
tize cancer cells to different therapeutic approaches, including radiotherapy, chemotherapy,
and immunotherapy, as recently reviewed for flavonoids [10]. Notably, besides direct
effects in cancer cells, some natural compounds exhibit other biological activities in non-
cancerous cells, such as antioxidant, anti-inflammatory, and immunomodulatory activities
that empower the host immune system, enhance the efficacy of anticancer drugs, and/or
protect normal cells from drug toxicity [11,12]. Consequently, a growing number of studies
is now focusing on the effects of natural compounds beyond tumor cells, with special
emphasis on the modulation of immune cells in the TME [13,14]. Given the relevance
of cell metabolism in the TME, the purpose of the present review is to specifically ad-
dress how natural compounds shape the metabolism of key noncancer cells in the TME
and how this may impact tumor development and progression. We will start by a brief
description of TME cellular components and their metabolic plasticity, followed by illustra-
tive examples of antitumoral metabolic reprogramming mediated by natural compounds.
This knowledge, combined with our understanding on the direct effects of these com-
pounds in the metabolism of tumor cells (recently reviewed in [15,16]), is expected to
provide a more integrated picture of the biological impact and therapeutic potential of
these compounds as anticancer metabolic modulators.

2. Cells in the Tumor Microenvironment and Their Metabolic Plasticity
2.1. Malignant Cells

Extensive research on metabolic reprogramming of tumor cells has identified key
hallmarks of oncometabolism, which are commonly found across different cancer types
and known to actively contribute to tumorigenesis. Their detailed description can be found
in excellent recent reviews [17,18]. In general terms, the main metabolic features of cancer
cells include the overutilization of glucose and upregulation of aerobic glycolysis, which
leads to augmented lactate secretion (Warburg effect), along with increased glutaminolysis
and the upregulation of pathways essential to the biosynthesis of macromolecules and/or
to redox control (e.g., pentose phosphate pathway, one-carbon metabolism, and de novo
lipid synthesis). Furthermore, it has come to light those niches of cancer cells in different
parts of the tumor can have different metabotypes that sustain symbiotic relationships
and favor tumor growth. For instance, the lactate secreted by highly glycolytic cancer
cells, typically located in strongly hypoxic regions, can be used by more oxidative cancer
cells, which convert it into pyruvate to fuel the tricarboxylic acid cycle (TCA cycle) and
mitochondrial energy production [7].



Molecules 2021, 26, 3494

30f18

The tumor metabolic heterogeneity is further augmented by the presence of small
groups of stem-like cancer cells in the TME. These so-called cancer stem cells (CSCs) have
the ability to self-renew and a high tumorigenic activity, thus being chiefly implicated
in disease progression, metastasis to distant sites, and resistance to chemo-/radiation
therapies [19,20]. In fact, the elimination of CSCs is currently viewed as a key strategy
in cancer treatment and the prevention of metastatic disease. CSCs share several proper-
ties with normal stem cells, such as the expression of some surface markers (e.g., cluster
of differentiation CD44 and CD133 or the enzyme aldehyde dehydrogenase isoform 1,
ALDH1); activation of particular cell-signaling pathways (Wnt, Notch, or Hedgehog);
quiescence for long periods of time; and active DNA repair capacity, which enable them to
regenerate the tumor mass. It has recently come to light that the stemness and tumorigenic
potential of CSCs are closely linked to their metabolism [21]. While there is no consensus
on the dominant metabolic phenotype of CSCs, mounting evidence suggests that these
cells have great metabolic plasticity in response to microenvironmental conditions and that
different CSC subpopulations may display distinct metabolic programs. Compared to their
differentiated progeny, CSCs appear to rely more on mitochondrial respiration and less on
aerobic glycolysis for energy production, as sustained by increased mitochondrial mass
and oxygen consumption [22,23]. A functional oxidative phosphorylation, together with
a tight control of the cell’s redox status, have been identified as crucial to maintain CSCs
stemness and metastatic potential. Indeed, these cells are highly vulnerable to drugs that
inhibit mitochondrial respiration, such as metformin [24,25]. On the other hand, the abil-
ity to adapt to hypoxia, starvation, and/or the pharmacological inhibition of oxidative
phosphorylation (OXPHOS), by boosting the glycolytic phenotype and adopting a mixed
glycolytic/respiratory phenotype, enables CSC maintenance and therapy resistance [21].

2.2. Immune Cells
2.2.1. Tumor-Associated Macrophages

Tumor-associated macrophages (TAM) are one of the most abundant immune cell
populations infiltrating the TME [26]. Macrophages are highly plastic phagocytic cells
that can polarize to a continuum spectrum of activation states, depending on the microen-
vironmental stimuli. Inflammatory M1-like macrophages display tumoricidal functions,
but the anti-inflammatory M2-like macrophages, that can be induced by soluble factors
present in the TME, are essentially protumorigenic [27,28]. As a positive correlation be-
tween M2-like TAM frequency and worse prognosis has been established in several cancer
types [29-32], shifting TAM polarization towards an antitumoral M1-like phenotype has
emerged as an attractive strategy to elicit tumor regression and aid cancer treatment. Impor-
tantly, macrophage phenotypes are linked to their metabolic programs. Proinflammatory
M1-like macrophages are typically highly glycolytic with impairment of the TCA cycle,
leading to accumulation of citrate and succinate. In contrast, the metabolism of M2-like
macrophages mainly relies on the TCA cycle and OXPHOS. Evidence suggests that target-
ing macrophage energetic metabolism impacts on tumor growth. For example, hampering
the function of immune-responsive gene 1 (Irgl), which encodes an enzyme synthesizing
itaconate from the TCA cycle intermediate cis-aconitate, in tumor-resident macrophages,
leads to reduced itaconate production and decreases tumor progression [33].

The production of nitric oxide (NO) via the upregulated inducible nitric oxide syn-
thase (iNOS)-mediated catabolism of arginine is another crucial feature of macrophage
metabolism, especially of M1-like macrophages. Conversely to M2-like macrophages,
which display upregulated arginase 1 (ARG1), an enzyme that catalyzes the conversion
of L-arginine to L-ornithine and urea, M1 cells can generate high amounts of NO upon
metabolizing L-arginine [34,35]. This NO is associated with the microbicidal activity of
M1 macrophages. In the TME, NO production may display either pro- or antitumoral
activities, depending on the concentrations reached and the cell types involved [36]. Indeed,
the role of NO in modulating TAM behavior and its interactions with other TEM cells is
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multifaceted. Broadly, high levels of NO are usually associated with cellular apoptosis,
while low levels of NO promote tumorigenesis [37].

2.2.2. T Lymphocytes

T cells play a significant role in antitumor immunity, mostly through their capacity to
lyse cancer cells. There are several types of T lymphocytes, including cytotoxic T cells (Tc)
and regulatory T cells (Treg), among others [38]. Tc have antitumoral activities, whereas
Treg inhibit Tc activity to suppress immunity. Thus, high levels of Treg are correlated with
a poor prognosis in many cancers [39]. The metabolic requirements of T cells change from
naive to effector T cells. These activated lymphocytes mainly rely on aerobic glycolysis to
obtain energy, displaying increased glucose uptake and flux through the pentose phosphate
pathway (PPP), as well as increased glutamine metabolism [40-42]. Tc function may be
hampered by the depletion of amino acids and glucose from the TME by cancer cells.
Conversely, it was found that reprogramming Tc activity by promoting the production of
the glycolytic intermediate PEP (phosphoenolpyruvate) leads to more efficient Tc function,
associated with restricted tumor growth [43]. On the other hand, anti-inflammatory Treg
cells and CD8+ memory T cells rely on OXPHOS to survive [40].

2.2.3. Natural Killer Cells

Natural Killer (NK) cells are another type of cytotoxic lymphocytes that play an im-
portant role in antitumor immune responses. Results from a recent meta-analysis have
concluded that high levels of NK cell markers (CD56, CD57, NKp30, and NKp46) are
significantly correlated with favorable prognosis in patients with solid tumors [44]. To en-
hance their cytotoxic function, activated NK cells upregulate glycolysis and OXPHOS [45].
Thus, the competition for glucose with cancer cells might inhibit NK cell activation. Addi-
tionally, lactate accumulation and lower pH in the TME also result in decreased NK cell
activity [46,47].

2.2.4. Dendritic Cells

Mature dendritic cells (DCs) are antigen-presenting cells (APCs) that activate naive T
lymphocytes and play a critical role in inducing adaptive immune responses. On the other
hand, DCs can adopt a tolerogenic profile and inhibit the immune response. In tumors,
there is typically an accumulation of tolerogenic DCs [48]. Expression of the enzyme in-
doleamine 2,3-dioxygenase (IDO) is particularly significant, because IDO activity converts
mature DCs into tolerogenic APCs that promote Tregs and suppress Tc [49-51]. DC activa-
tion mainly relies on glycolysis during activation [52], whereas fatty acid oxidation drives
DCs towards a tolerogenic phenotype by increasing the flux through the TCA cycle [53].

2.3. Nonimmune Stromal Cells
2.3.1. Cancer-Associated Fibroblasts

Cancer-associated fibroblasts (CAFs) are one of the most abundant nonimmune cells
present in the TME. CAFs modulate cancer metastasis via secretion of several growth
factors and cytokines, as well as by remodeling the extracellular matrix (ECM) and in-
fluencing angiogenesis. Moreover, evidence suggests that CAFs contribute to therapy
resistance through different mechanisms, such as via cell-matrix and cell-cell interactions
that control cell survival and through paracrine signaling to cancer cells upon the se-
cretion of pro-survival factors and a variety of modulatory molecules like TGF-f3 [54].
The metabolism of CAFs is also implicated in their protumoral activity. In the so-called
reverse Warburg effect, cancer cells reprogram the metabolism of neighboring CAFs to
adopt aerobic glycolysis, partly through ROS-induced oxidative stress. These CAFs secrete
high amounts of pyruvate and lactate, which are taken up by cancer cells to support their
metabolic needs [55]. Moreover, increased expression of glutamine synthetase (GS) and
higher glutamine secretion by CAFs can also support tumor growth, as seen, for instance,
in pancreatic and ovarian cancer cells [56,57]. Importantly, in an orthotopic mouse model
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of ovarian carcinoma, co-targeting GS in CAFs and glutaminase in cancer cells effectively
reduced tumor growth and metastasis [57], which underscores the significance of targeting
the stromal cancer metabolic crosstalk.

2.3.2. Tumor Endothelial Cells

The TME is characterized by morphologically and functionally abnormal vessel net-
works. Strong evidence suggests that tumor endothelial cells (TECs) have different pheno-
typic and functional features when compared to normal endothelial cells (NECs). Since
TECs are highly proliferative and present increased potential for self-renewal, they display
a relevant functional role as promoters of tumor angiogenesis. Simultaneously, TECs
are mediators of immune regulation in the TME, acting as antigen-presenting cells, as-
sociated with T-cell priming, activation, and proliferation [56]. By transcriptomic and
metabolomic analysis, Cantelmo and colleagues showed that TECs have a hyperglycolytic
metabolism [57]. A metabolic pathway analysis revealed that the glycolytic flux was
three-fold higher in TECs compared to NECs, while the glucose oxidation and oxygen
consumption associated with ATP production were not altered. Moreover, inhibition of
the glycolytic activator PFKFB3 (6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
3) proved to be effective in inducing tumor vessel normalization, reducing metastasis
and improving chemotherapy [57,58]. In addition to glycolysis, mitochondrial respiration
has also been attributed a crucial role in endothelial cells, with mitochondrial complex
III deemed essential for their proliferation during angiogenesis [59]. Further metabolic
requirements associated with vessel sprouting include glutaminolysis [60] and fatty acid
oxidation (FAO) [61].

2.3.3. Cancer-Associated Adipocytes

In solid tumors that grow in the vicinity of adipose tissue, the TME comprises rele-
vant amounts of adipocytes, which, upon interaction with cancer cells, acquire molecular
features that promote tumor growth and invasion. These so-called cancer-associated
adipocytes (CAA) are postulated to influence tumor development via multiple mecha-
nisms, including the release of adipokines, growth factors and hormones, the recruitment
of immune cells, the production of proteases that degrade the ECM and facilitate cell
migration, and the metabolic reprogramming of cancer cells [62]. Several studies based
on cocultures of adipocytes and cancer cells demonstrate the establishment of a symbiotic
metabolic relationship, whereby adipocyte lipolysis and lipid release, stimulated by cancer
cells, serve to supply cancer cells with fatty acids, increasing their reliance on (3-oxidation
for energy production [63,64]. Additionally, a recent study has shown that naive adipocytes,
unstimulated by tumor cells, can also provide lipids to melanoma cells through extracel-
lular vesicles, found to contain not only lipids but also the enzymatic machinery needed
for FAO [65]. Hence, targeting lipolysis in adipocytes and their metabolic crosstalk with
cancer cells could represent an additional strategy to improve anticancer therapies.

Overall, the main phenotypic and metabolic features of cells in the tumor microenvi-
ronment are summarized in Table 1.

Table 1. Main phenotypic and metabolic features of cells in the tumor microenvironment.

Cells in the TME

Phenotypic Features Metabolic Features Ref.

Malignant Cells

Cancer Cells

1 Aerobic glycolysis (lactate

Proangiogenic secretion)
Invasion and metastasis 1 Glutaminolysis (7,17,18]
Immune evasion 1 PPP e
Immunosuppression 1 One-carbon metabolism

1 de novo lipid synthesis
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Table 1. Cont.
Cells in the TME Phenotypic Features Metabolic Features Ref.
Expression of surface markers (CD44,
;]e)rﬁ?es; Ao];?nliii Mitochondrial respiration (1
Cancer Stem Cells (CSCs) poter mitochondrial mass, 1 oxygen [19-23]
Prometastatic .
Lo consumption)
Protumorigenic
Resistance to chemo/-radiation
Immune Cells
Ml—h'ke phenotype: 1 Glycolysis
- Proinflammatory . . .
.. . Citrate and succinate accumulation [27-33]
- Tumoricidal functions
Tul\rr/}or-Assoaated M2-like phenotype:
acrophages - Anti-inflammator
Matory 1+ TCA cycle and OXPHOS
- Protumorigenic .
< . . . Itaconate production
- Positive correlation with poor prognosis
in cancer patients
. Aerobic glycolysis
Cytotoxic T cells (Tc):
- Antitumoral activities ( glucos'e uptake, T PPP’ T [38-43]
glutamine metabolism)
T Lymphocytes Regulatory T cells (Treg):
o Inh1b1t19n of Tc activity . + OXPHOS
- Positive correlation with poor prognosis
in cancer patients
Antitumoral activity .
Natural Killer Cells (NK cells)  Positive correlation with favorable T Glycolysis and OXPHOS to [44-47]
. . enhance cytotoxic capacity
prognosis in cancer patients
Mature/activated DCs:
- Activation of T lymphocytes T Glycolysis during activation [48-53]
- Induction of adaptive immune response
Dendritic Cells (DCs) Tolerogenic DCs:
- Inhibition of immune response
- T Expression of IDO 1T TCA cycle
- Promotion of Treg
- Suppression of Tc
Nonimmune Stromal Cells
Protumoral activity: Reverse Warburg effect (aerobic
Cancer-Associated Fibroblasts - Modulation of cancer metastasis glycolysis) [54,55,66,67]
(CAFs) - ECM remodeling 1 Glutamate and glutamine e
- Therapy resistance secretion (1 glutamine synthetase)
Promotion of angiogenesis: 1 Glycolysis
Tumor Endothelial Cells - Highly proliferative 1 Mitochondrial respiration [56-50]
(TECs) - Self-renewal potential (mitochondrial complex III),
Can act as APC glutaminolysis and FAO
Promotion of tumor growth and invasion:
. - Release of adipokines, growth factors
Cancer-Associated and hormones 1 Lipolysis and lipid release [62-65]

Adipocytes (CAA)

- Recruitment of immune cells
- Production of proteases

Abbreviations: ALDH1, aldehyde dehydrogenase 1; APC, antigen presenting cells; ECM, extracellular matrix; FAO, fatty acid oxidation; IDO,
indoleamine 2,3-dioxygenase; OXPHOS, oxidative phosphorylation; PPP, pentose phosphate pathway; TCA cycle, tricarboxylic acid cycle.



Molecules 2021, 26, 3494

7 of 18

3. Metabolic Modulation of TME Cells by Natural Compounds
3.1. Curcumin

Curcumin (Figure 1a) is a hydroxycinnamic acid present in the rhizome of Cur-
cuma longa (turmeric), which is used as a dietary spice. It has potent antiproliferative
and proapoptotic effects in tumor cells of various origins, and it can alter their susceptibil-
ity to radio- or chemotherapy treatments [68], as well as to anticancer gene therapy [69].
Moreover, curcumin can inhibit the replication and/or reactivation of herpesvirus involved
in the etiology of human cancers, such as Kaposi’s sarcoma-associated herpesvirus (KSHV)
and the Epstein—Barr virus (EBV) [70]. The activities of curcumin in tumor cells involve
multiple signaling pathways and molecular targets, including inflammatory mediators;
transcription factors, growth factors; and proteins orchestrating cell survival, prolifer-
ation, and death. In recent years, curcumin’s antitumoral action has also been linked
to its metabolic effects [71]. Subtoxic levels of curcumin inhibited glucose uptake and
glycolytic conversion to lactate in several cancer cell lines by decreasing the expression
of key glycolytic enzymes like hexokinase 2 (HK2) [72] and pyruvate kinase isoform
M2 (PKM2) [73,74]. As many cancer cells strongly depend on the Warburg metabolism
for rapid energy production and macromolecular synthesis, this effect may contribute
to curcumin’s antiproliferative activity. Importantly, glycolysis inhibition and reduced
extracellular lactate levels were accompanied by the downregulation of lactate hydrox-
ycarboxylic acid receptor-1 (HCAR-1/GPR81) in hepatic carcinoma cells. As HCAR-1
modulates the multidrug resistance (MDR) protein family involved in cytotoxic drug ex-
pelling, this could explain the curcumin-induced sensitization to chemotherapy drugs [75].
Moreover, the antitumoral effects of curcumin were related to inhibition of fatty acid syn-
thase (FASN) [74,76,77], a key enzyme in de novo lipid synthesis, as well as to its ability to
inhibit ATP synthase activity, resulting in impaired mitochondrial respiration, increased
production of ROS, and apoptosis [78].

Curcumin has also been shown to target CSCs and cause their elimination through
interference with several biological processes and pathways [79]. At the metabolic level,
curcumin (40 uM, 48 h) was proposed to interfere with glutamine uptake in colon CSCs,
possibly via direct coupling with CD44 at the cell surface [80]. In that study, purported CSCs
were isolated from the HT29 colorectal cancer cell line through CD44-positive selection us-
ing magnetic beads. A 48h-treatment with 50 uM of curcumin induced apoptosis in CD44*
cells but not in CD44 ™~ cancer cells, suggesting that curcumin preferentially targets the CSC
subpopulation within colorectal cancer cells. Through mass spectrometry-based metabolic
profiling, curcumin was also found to differentially affect the metabolism of CD44* and
CD44~ cells. The former showed significantly reduced intracellular levels of glutamine,
an amino acid that typically serves as an anaplerotic substrate to sustain the increased
energetic needs of cancer cells. Based on the unchanged ATP levels observed in curcumin-
treated CD44" cells (which excluded intensified OXPHOS), the authors hypothesized that
glutamine uptake could be blocked due to direct interaction of curcumin with CD44 at
the cell membrane and that this metabolic disruption could induce apoptosis of CSCs.
On the other hand, corroborating this hypothesis, the glutamine levels were not affected
in curcumin-treated CD44~ cancer cells [80].

Regarding stromal TME cells, curcumin was found to modulate the lipid metabolism
in THP-1-derived macrophages. In particular, it induced lipid accumulation by upregulating
the expression of lipid transport genes, such as fatty-acid transporter (CD36/FAT) and fatty
acid-binding protein-4 (FABP-4) [81,82]. The authors suggested that lipid accumulation
in macrophages could be a mechanism through which curcumin helps lowering the lipid
levels in the bloodstream. In the context of the TME, this may reduce the availability of
the lipids for cancer cells, which, in turn, could contribute to impairing the tumor growth.
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Figure 1. Chemical structures of some natural compounds reported to alter the metabolism of stromal
cells in the TME: (a) curcumin, (b) resveratrol, (c) epigallocatechin gallate (EGCG), (d) phloretin,
and (e) shikonin.

3.2. Resveratrol

Resveratrol (Figure 1b) is a stilbenoid produced by many plants in response to stress
factors and is commonly found in the skin of grapes, berries, and peanuts. Among
other biological activities (e.g., anti-inflammatory, antioxidant, and cardioprotective),
the chemopreventive and anticancer effects of resveratrol have been widely reported
and reviewed [83,84]. Like curcumin, the antitumoral activity of resveratrol is multitar-
geted and comprises interference with the cell cycle and death mechanisms of tumor cells,
together with the modulation of the processes involved in oncogenic signaling in the tumor
microenvironment, such as hypoxia, oxidative stress, and inflammation.

Resveratrol rewires glucose metabolism of tumor cells by inhibiting glycolysis and
upregulating OXPHOS, in association with PKM2 downregulation and AMPK activation,
as reviewed in reference [85]. Notably, this ability to shift the glycolytic-to-oxidative
balance of tumor cells was recently shown to enhance the antitumor effect of silencing PD-
L1 (programmed cell death protein ligand 1), a protein that hinders the cytotoxic activity
of T cells [86]. In that study, resveratrol (10 uM) was co-delivered with PD-L1 siRNA,
through copolymer-based polyplexes and found to stimulate mitochondrial OXPHOS
while downregulating the glycolytic enzymes and lactate production in melanoma (B16F10)
and colorectal (CT26) cancer cell lines. These effects were also observed in vivo, after
the injection of resveratrol-containing polyplexes into tumor mouse models. The abrogation
of glycolysis and consequent decrease in tissue lactic acidosis could, in itself, be expected
to mitigate the immunosuppressive TME [7]. However, the accompanying upregulation of
mitochondrial respiration was found key to enhance the immune responses [86], consisting
of higher infiltration of CD8* and CD4* T cells, the inhibition of Tregs and myeloid
derived suppressor cells (MDSCs), and increased secretion of interferon-gamma (IFN-vy),
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a cytokine that stimulates Th1 responses and macrophage activation and, thus, promotes
antitumoral immunity.

The resveratrol-induced stimulation of mitochondrial OXPHOS was also reported
in nasopharyngeal carcinoma (NPC) CSCs [87]. CSCs isolated serially from NPC cell lines
through irradiation, sphere formation, and side population selection displayed a more gly-
colytic phenotype compared to parental cells, characterized by lower oxygen consumption
and higher lactate secretion. On the other hand, the treatment with resveratrol (50 uM)
opposed these changes and stimulated OXPHOS in CSCs, as corroborated by the downreg-
ulation of pyruvate dehydrogenase kinase (PDK), a suppressor of pyruvate dehydrogenase
(PDH), which results in shifting pyruvate back to mitochondrial metabolism. Addition-
ally, resveratrol induced higher ROS levels and mitochondrial membrane depolarization
in NPC CSCs. Mechanistically, induction of the tumor suppressor p53 was proposed to
be at the basis of resveratrol-induced changes in CSCs properties, as the overexpression
and silencing of this gene produced clear responses in terms of CSCs stemness, the EMT,
and metabolic reprogramming [87].

The importance of resveratrol-mediated metabolic reprogramming in the TME was
further demonstrated by its direct effects on T cells [88]. The exposure of human CD4* T
cells (isolated from peripheral blood of healthy donors) to low-dose resveratrol (20 uM)
downregulated the membrane glucose transporter 1 (GLUT1) and decreased the glucose
uptake and glycolysis, as monitored by the production of lactate and extracellular acidifi-
cation. Moreover, resveratrol induced a higher glutamine consumption by lymphocytes,
as shown by increased glutamine transporter ASCT2, previously found to be critical for
T-cell activation [89]. This was accompanied by an upregulation of glutaminase 2 (GLS2),
an enzyme that catalyzes the conversion of glutamine into glutamate, and by an increased
glutamine uptake, all data indicating the resveratrol-induced stimulation of glutaminoly-
sis in T cells. Moreover, resveratrol-treated lymphocytes displayed an increased oxygen
consumption rate (OCR), which indicates a shift to OXPHOS, corroborated by increased
intracellular ATP levels and a higher production of mitochondrial ROS. These metabolic
changes were linked to the activation of p53, which was mediated by a genotoxic stress
response involving kinase ataxia telangiectasia-mutated and Rad3-related ATR. Most im-
portantly, the enhancement of T-cell bioenergetic fitness by resveratrol was associated with
increased IFN-y secretion and, thus, an augmented effector function.

3.3. Epigallocatechin Gallate

Epigallocatechin gallate (EGCG) (Figure 1c¢) is the most abundant and bioactive cat-
echin in green tea, and its anticancer effects have been extensively studied. As recently
reviewed [90], EGCG can hit a variety of molecular targets in different cancer cells and
induce antiproliferative, antioxidant, anti-inflammatory, and antiangiogenic effects at all
stages of carcinogenesis. A few studies have additionally shown that EGCG interferes
with tumor cell metabolism [91,92]. In breast cancer cells, concomitantly with the induc-
tion of autophagy and apoptosis, EGCG (20-240 uM) downregulated the expression of
the glycolytic regulators GLUT1 and hypoxia-inducible factor 1-« (HIF-1x) and inhib-
ited several glycolytic enzymes, thus hampering the glucose metabolism [91]. Moreover,
in colon cancer cells, this flavonoid (50 pug/mL) was shown by joint transcriptomics and
metabolomics analyses to impact other metabolic pathways, namely glycerophospholipid
metabolism and glutathione metabolism, likely related to antiproliferative and antioxidant
actions, respectively [92]. The metabolic effects underlying the ability of a green tea extract
(GTE) and EGCG (50 uM) to inhibit the proliferation of umbilical vein endothelial cells
(HUVECsS), thus avoiding neovascularization, have also been recently described [93]. GTE
was found to downregulate the pathways related to the synthesis of cellular building blocks
(nucleotides, nucleotide sugars, amino acids, and pantothenic acid); mitochondrial energy
production; and inositol signaling, all postulated to explain GTE’s antiproliferative actions.
On the other hand, it triggered protective mechanisms by activating the pathways related to
vitamin B6, glycerophospholipids, and antioxidants production, thus maintaining the cellu-
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lar integrity. Interestingly, EGCG also exerted inhibitory and protective effects but through
different pathways, as revealed by metabolic profiling. Growth inhibition was ascribed to
prooxidant effects and the suppression of membrane signaling molecules, while cellular
protection appeared to be promoted via the upregulated expression of vitamins B6 and B2,
NAD, and putrescine. Comparatively to catechins, the antiangiogenic drug Bevacizumab,
which blocks proliferation by specifically inhibiting the binding of vascular endothelial
growth factor (VEGF) to its receptor, displayed a narrower spectrum of metabolic effects.
It mainly suppressed the biosynthesis of amino acids and increased polyunsaturated fatty
acids expression, which may alter the membrane properties and affect cellular proliferation.
Altogether, the multitargeting activity of GTE and catechin mixtures in endothelial cells,
which could be largely explained at the metabolic level, represents a valuable feature
in antiangiogenic approaches.

3.4. Phloretin

Phloretin (Figure 1d) is a hydroxylated dihydrochalcone present in the root bark and
leaves of apple and other fruit trees. It was shown to inhibit glucose transporters in breast [94]
and colon cancer cells [95], an effect that has been related to cell growth suppression. Re-
cently, its potential role in modulating the TME metabolism, namely the tumor—fibroblasts
metabolic crosstalk, has been highlighted [96]. To induce a CAF-like state, bone marrow-
derived mesenchymal stem cells (MSCs), at 60-70% confluence, were incubated for up to
30 days in a medium conditioned by MDA-MB-231 breast cancer cells. The CAFs were
shown to oxidize lactate into pyruvate, which, in turn, supported the biosynthetic, energetic,
and antioxidant needs of cancer cells. This lactate-pyruvate metabolic loop was disrupted
by phloretin (100 uM), which significantly attenuated glycolysis and ROS accumulation
in cancer cells, while disrupting the lactate uptake in CAFs. In addition, phloretin enhanced
the cytotoxicity of doxorubicin (a conventional chemotherapy drug) in the presence of a CAF-
conditioned medium, but it did not contribute to drug cytotoxicity in the complete medium.
Overall, phloretin was demonstrated to be a powerful adjuvant to potentiate the effects of an-
ticancer drugs, due to its efficacy in downregulating the glucose uptake and monocarboxylate
exchange, which are key metabolic dependencies of tumors [96].

3.5. Shikonin

Shikonin (Figure 1e) is a naturally occurring naphthoquinone found in the root of
plants from the Boraginaceae family and the first compound to be obtained from large-scale
plant cell cultures [97]. It has been used in traditional Chinese medicine for centuries and
shown to possess several therapeutic properties, including antimicrobial, wound healing,
anti-inflammatory, antioxidant, and anticancer activities [98]. The potential of shikonin and
its derivatives in cancer treatment has received increasing attention in recent years, mainly
due to its wide spectrum antitumor effects [99]. The repression of glycolysis through
the specific inhibition of PKM2, the enzyme catalyzing the conversion of phosphoenolpyru-
vate to pyruvate, is a key mechanism in shikonin’s antitumor activity, as demonstrated
in a variety of tumor cells [100-102]. Moreover, recent data clearly showed that shikonin-
mediated metabolic effects impacted the TME by repolarizing TAM and synergizing with
PD-1 blockage (mediated by JQ1), thus enhancing the immune response [103]. In that
work, mannosylated lactoferrin nanoparticles were loaded with shikonin (1 pM) and JQ1
(3 uM) for a targeted codelivery to colon cancer cells (CT26) and TAM. The bioactive NPs
reduced lactate production in cancer cells (in association with PKM2-mediated glycolytic
inhibition) and skewed macrophages towards a proinflammatory phenotype, characterized
by a higher production of TNF-« and lower secretion of TGF-f3. Furthermore, the treat-
ment of CT26 tumor-bearing mice with the shikonin/JQ1-loaded nanosystem efficiently
decreased the tumor growth; suppressed the glucose metabolism (as seen by reduced
levels of lactate, PKM2, and HIF-1«x in the tumor tissue); downregulated the intratumoral
PD-L1 expression; and remodeled the TME’s immune configuration (e.g., the promotion
of dendritic cell maturation and CD8"* T-cell infiltration, as well as suppression of Treg).
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Overall, the synergism between metabolic reprogramming and the regulation of immune
responses was shown to improve the antitumor treatment efficacy.

3.6. Other Natural Compounds

Ribosomally synthesized and post-translationally modified peptides (RiPP) are a group of
microbial natural products that are attracting increasing attention as novel antitumor drugs [104].
One of these compounds, thioholgamide (thioA), identified as a product of Streptormyces sp.,
was recently shown to exhibit dual anticancer activity by targeting both cancer cells and tumor-
associated macrophages [105]. Even at subtoxic nanomolar concentrations, thioA was found to
act on the metabolism and migration of liver (RIL175) and/or colon (HCT116) carcinoma cells,
demonstrating its ability to modulate key cancer hallmarks. Additionally, thioA skewed in vitro
differentiated human monocyte-derived macrophages (HMDMSs) polarized to M2- or TAM-
like phenotypes through incubation with interleukin-4/13 (IL-4/IL-13) or a tumor-conditioned
medium, respectively, to a more antitumoral profile. This profile included the downregulation of
OXPHOS-dependent energy production and a compensatory glycolytic increase, together with
reduced phagocytic capacity and downregulation of anti-inflammatory polarization markers (IL-
10 and CD163) and upregulation of the proinflammatory cytokine interferon-gamma-inducible
protein 10 (IP-10).

The phenotypic and bioenergetic reprogramming of tumor-supporting M2-like
macrophages to tumoricidal M1-like macrophages was also achieved with yeast-derived
particulate 3-glucan [106]. Mouse bone marrow-derived macrophages (BMDMs) pre-
polarized to M2 with macrophage colony-stimulating factor (M-CSF) or IL-4/IL-13 re-
sponded to this natural polysaccharide by downregulating the mRNA expression of several
conventional M2 marker genes (such as IL-10 and arginase I) while promoting the M1
gene expression signature (including iNOS, IL-12p35, TNF-«, IL-13, and IL-6). Con-
comitantly, 3-glucan (100 pg/mL) induced the accumulation of arginine, consistent with
the suppression of arginase, and enhanced glycolysis, the TCA cycle, and glutamine uti-
lization. These metabolic events, unveiled through stable isotope resolved metabolomics
(SIRM), were largely coincident with those triggered by GM-CSF M1 polarization, which
underscores their importance in the 3-glucan-mediated polarization shift. Importantly,
the B-glucan treatment also repolarized immunosuppressive TAM isolated from murine
tumor models, both phenotypically and functionally (by promoting T-cell responses),
and reduced the tumor burden in vivo.

Another recent study reported the ability of two flavonoid derivatives to oppose
the effects induced by hemin in THP-1-derived macrophages [107]. Hemin is a myoglobin-
derived metabolite related to meat intake, which promotes an anti-inflammatory phenotype
in macrophages via the activation of heme-oxygenase (HO)-1 [108]. According to refer-
ence [107], the exposure to hemin during the stimulation with lipopolysaccharide (LPS)
and IFN-y led macrophages to produce lower levels of IP-10, prevented the upregulation
of glycolysis (as assessed by the activity of some glycolytic enzymes and measurement
of extracellular acidification), and diminished the macrophage capacity to engulf and kill
A375 melanoma cells. Notably, the flavonoid derivatives 3,4-dihydroxyphenylacetic acid
(34DHPAA) and 4-hydroxyphenylacetic acid (4HPAA) were able to largely counteract
the hemin-induced effects. These metabolites originate from the microbial transformation
of major dietary phenolics, namely quercetin and its glycosylated compounds in the case
of 3,4ADHPAA and proanthocyanidins and kaempferol in the case of 4HPAA. Treating THP-
1-derived macrophages with noncytotoxic concentrations of these compounds (10 uM)
during the 72h-exposure to hemin (10 pM) rescued the IP-10 production and upregulated
glycolytic activity and several metabolic enzymes involved in glycolysis and the PPP.
Additionally, it stabilized HIF-1«, a positive regulator of glycolysis, as evidenced by the in-
creased cytosolic protein levels. Moreover, both phenolic derivatives rescued the capacity
of activated macrophages to engulf and kill cocultured cancer cells, an outcome likely
associated to macrophage metabolic reprogramming.
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Some phytochemicals have also been credited for suppressing adipocyte differentia-
tion and inhibiting adipogenic activity. For instance, EGCG and apigenin (a flavone present
in many plants) inhibited the differentiation of preadipocytes (3T3-L1) to mature adipocytes,
significantly decreasing the lipid accumulation in these cells [109,110]. Mechanistically;,
apigenin acted by reducing the expression of CD36 and peroxisome proliferator-activated
receptor gamma (PPAR-y) via the upstream downregulation of the signal transducer and
activator of transcription 3 (STAT3), a promoter of adipogenesis whose expression is up-
regulated during adipocyte differentiation [110]. The triterpene maslinic acid (MA) also
had an antiadipogenic effect in 3T3-L1 cells, which resulted in a decreased lipid synthesis
and enhanced glucose uptake, possibly as an alternative energetic fuel to adipocytes [111].
The antiadipogenic effect of these and other natural compounds has been highlighted
in the context of anti-obesity therapy. However, given the protumoral role of adipocytes
in providing fatty acids to neighbor cancer cells in the TME [112], the antiadipogenic
activity of natural compounds could also be beneficial in the context of cancer treatment.
This is even more so if a glucose uptake is also stimulated, as seen with MA, since this
could potentially limit the glucose availability to cancer cells.

4. Concluding Remarks

The improved understanding of the central role of the TME in cancer development,
progression, and response to treatment has opened a plethora of new perspectives on how
modulating the complex tumor milieu, rather than targeting only malignant cells, could
make a difference in therapeutic approaches. The use of bioactive natural compounds for
this purpose has attracted increasing interest, as many of them have multiple biological ac-
tivities beyond antiproliferative and proapoptotic effects in tumor cells that can potentially
be harnessed to promote an antitumoral microenvironment.

The rewiring of cellular metabolism is an emergent TME-modulating strategy, and sev-
eral natural compounds have shown promise in this respect, as highlighted by the illustrative
examples discussed in this review (Figure 2). A common feature to several of these com-
pounds is their negative regulation of glycolysis in cancer cells and consequent decrease of
lactate secretion, which can have important implications in shaping the TME. This has been
clearly shown for phloretin, which disrupted the lactate-pyruvate loop between CAF and
cancer cells, and for the shikonin-induced repression of glucose metabolism, which influenced
TAM polarization and contributed to remodeling the immune component of the TME.

Additionally, some natural compounds (thioA, 3-glucan, and flavonoid derivatives)
could stimulate glycolysis in macrophages and favor their antitumoral role, while others
could limit the availability of lipids to cancer cells by hindering adipogenesis in TME
adipocytes (apigenin and maslinic acid) or promoting their accumulation in macrophages
(curcumin). Furthermore, the metabolic effects induced by EGCG in endothelial cells and
by resveratrol in T cells, related, respectively, to the antiangiogenic and antitumor immune
effector functions, are relevant examples of the far-reaching and multitargeted activity of
natural compounds as anticancer metabolic modulators.
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Figure 2. Overview of the main effects of the selected natural compounds on the metabolism
of cells present in the TME, namely T cells, macrophages, cancer, and cancer stem cells, as well
as on the disruption of the crosstalk between fibroblasts and cancer cells. Metabolic alterations
induced by resveratrol are represented in purple, by curcumin in yellow, by the flavonoid deriva-
tives 3, 4DHPAA and 4HPAA in green, and by phloretin in red. Abbreviations: 3,4DHPAA, 3,4-
dihydroxyphenylacetic acid; 4HPAA, 4-hydroxyphenylacetic acid; Acetyl-CoA, acetyl-coenzyme A;
ASCT?2, alanine-serine-cysteine transporter 2; FAT, fatty acid transporter; Fructose-1,6-BP, fructose 1,6-
bisphosphate; Fructose-6-F, fructose-6-phosphate; G6PD, glucose-6-phosphate dehydrogenase; GLS2,
glutaminase 2; Glucose-6-P, glucose-6-phosphate; GLUT1, glucose transporter 1; HK, hexokinase;
LDHA, lactate dehydrogenase A; PDK, pyruvate dehydrogenase kinase; PEP, phosphoenolpyruvate;
PHD, pyruvate dehydrogenase complex; PK, pyruvate kinase; ROS, reactive oxygen species; TCA
cycle, tricarboxylic acid cycle.

There is still much to discover about the impact of natural compounds on the metabolism
of TME cells and their crosstalk. By providing a holistic picture of effects, omics approaches,
particularly proteomics and metabolomics, represent valuable tools in this respect, and their
integration in biological studies should help in disclosing the intricate aspects of TME
metabolism and its modulation. The development of adequate and more realistic cellular
models is another critical challenge in TME studies. Advances in 3D culture platforms,
such as heterotypic spheroids, organoids, and microfluidic cancer-on-a-chip models [113],
will certainly enable a better recapitulation of the TME and its dynamic changes. Finally,
the results of cancer clinical trials performed with natural compounds such as curcumin,
resveratrol, catechins, and shikonin, listed, respectively, in references [68,85,90,99], should
be carefully considered. Such trials often reveal that the clinical application of these
molecules may be severely limited by issues like poor solubility, rapid biotransformation
upon oral administration, reduced bioavailability and tissue distribution, and/or unac-
ceptable toxicity to normal cells. Several strategies have been devised to overcome these
limitations, including the combination with other bioactive compounds, chemical modifi-
cation to increase stability and/or water solubility, and inclusion in carrier nanosystems.
There are indeed many examples of the successful nanoencapsulation of phytochemicals,
which protects them from degradation, improves their pharmacokinetic profile, and/or
enables the selective delivery to specific cell types/tissues, thus avoiding unwanted side
effects [114]. Moreover, nanoencapsulation offers the possibility to combine different bioac-
tive agents to achieve multiple, synergistic effects, as recently illustrated by the combination
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of anti-PD-L1 therapeutics with resveratrol [86] or shikonin [86] in copolymer-based poly-
plexes and mannopyranoside-lactoferrin nanoparticles, respectively. Overall, it is clear that
the pleiotropic anticancer potential of a panoply of natural compounds should be further
explored in both preclinical and clinical studies to advance the current understanding of
their mechanisms of action in the complex TME, as well as to potentiate the effects that
will result in improved safety and efficacy profiles in vivo.
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