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Flavonoids, widely occurring in various plants, exert a broad spectrum of beneficial effects on human health, and are

potentially powerful therapeutic tools against cancer. Recent evidences identified numerous natural flavonoids and their

derivatives as inhibitors of HIF-1, associated with the regulation of critical glycolytic components in cancer cells, including

pyruvate kinase M2(PKM2), lactate dehydrogenase (LDHA), glucose transporters (GLUTs), hexokinase II (HKII),

phosphofructokinase-1 (PFK-1), and pyruvate dehydrogenase kinase (PDK). Here, authors discuss the results of most

recent studies evaluating the impact of flavonoids on HIF-1 accompanied by the regulation of critical enzymes contributing

to the Warburg phenotype. Besides, flavonoid effects on glucose metabolism via regulation of HIF-1 activity represent a

promising avenue in cancer-related research. At the same time, only more-in depth investigations can further elucidate the

mechanistic and clinical connections between HIF-1 and cancer metabolism.
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1. Introduction

Despite amazing progress in understanding, diagnosis, therapy, and prevention, cancer remains one of the leading

causes of death worldwide, with more than 18 million new cases detected in 2018 . Cancer is characterized as a

multistage process in which tumor cells acquire specific abilities, such as uncontrolled proliferation, avoidance of

apoptosis, invasiveness, and the promotion of neovascularization . The uncontrolled and rapid proliferation of tumor

cells and insufficient formation of new blood vessels lead to inadequate oxygen supply to tumor tissues. Therefore, it is

not unusual for developing malignant tissue to possess hypoxic and necrotic areas . A cell’s adaptation to a lower level

of oxygen in hypoxic regions is accompanied by the activation of several survival pathways . Hypoxia-inducible factor 1

(HIF-1) is a crucial transcription factor responsible for the regulation of hypoxic responses. Recent evidence has revealed

that an elevated level of HIF-1 could act as a prognostic marker associated with metastasis, angiogenesis, development

of chemo/radioresistance, and overall poor prognosis of cancer patients . Metabolic reprogramming, leading to the

switch from oxidative phosphorylation (OXPHOS) to aerobic glycolysis, is crucial for cell adaptation to a hypoxic

environment. The favoring of aerobic glycolysis over OXPHOS (known as the Warburg effect), even at normal oxygen

levels, is frequently observed in many solid tumors .

The stabilization of HIF-1 independently of hypoxia could explain glycolysis’s acceleration under normoxic conditions.

Experimental studies have recently suggested a critical role of HIF-1 in regulating critical glycolytic proteins that contribute

to the Warburg phenotype; thus, HIF-1 represents a potential target against metabolic reprogramming in cancer cells .

Due to its significant cancer development role, several HIF-1 inhibitors were recently clinically trailed. However, further

studies on HIF-1 are necessary to provide novel therapeutic tools to inhibit its activity. Flavonoids, a class of naturally

occurring plant-derived compounds, exert numerous beneficial human health attributes . Flavonoids modulate various

signaling pathways associated with cancer initiation, promotion, and progression, both in vitro and in vivo . The

effects of flavonoids on the regulatory cascade connected to HIF-1 and glucose metabolism constitute a promising way to

inhibit metabolic reprogramming via the regulation of HIF-1 activity, as well as critical components of glycolysis. Therefore,

in this review, we provide a comprehensive discussion of recent studies evaluating the inhibitory effects of flavonoids on

HIF-1 and proteins directly contributing to the Warburg effect. The anticancer effectiveness of dietary phenols supports

their application in preclinical as well as clinical research, but several complications associated with bioavailability and

safety must be overcome to eliminate flavonoids’ side effects. Although flavonoids, either independently or combined with

conventional therapies, could act as powerful therapeutic tools targeting cancer, further mechanistic evaluation and

identifying individuals who would benefit from flavonoid-based approaches can provide hope for cancer patients.
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1.1. Aim of the Study

This comprehensive review discusses the anticancer effects of plant phenolic compounds, known as flavonoids, through

the targeting of HIF-1 and critical enzymes contributing to the Warburg effect. Connections between HIF-1 and metabolic

reprogramming play a crucial role in cancer progression. The core of presented paper summarizes the current knowledge

about the in vitro and in vivo efficacy of flavonoids against aerobic glycolysis and HIF-1 activity. Despite the lack of clinical

evidence, we emphasize the possibility of introducing flavonoids (targeting HIF-1) to the clinical research considering

predictive, preventive, and/or personalized medicine.

1.2. Source of the Data

The presented data were obtained from biomedical literature through the use of “hypoxia“ and “HIF-1“ or “ Warburg effect“

or “ aerobic glycolysis“ or “flavonoids“ or “flavonols“ or “chalcones“ or “anthocyanidins“ or “flavanols“ or “flavones“ or

“isoflavonoids“ or “flavanones“ as either keywords or medical subject heading (MeSH) terms in searches of the PubMed

database. We focused on recent publications from the last five years (2016–2020).

2. Hypoxic Conditions

Hypoxia is defined as oxygen deficiency that results in inadequate tissue oxygenation. A low oxygen level is a

characteristic feature of cancer tissue. Rapid tumor growth leads to a reduced oxygen supply to specific cancer tissue

areas due to insufficient vasculature development . Beyond hypoxia’s role in the neovascularization necessary for the

adaptation of cancer cells to oxygen and nutrient deprivation, the hypoxic state is related to other tumor features such as

metabolic alterations, prolonged cell lifespan, and changes in cell adhesion and production of the extracellular matrix 

. Therefore, hypoxia is a hallmark of solid tumors and is strongly connected with poor clinical prognosis due to the

development of chemoresistance, radioresistance, or more aggressive forms of the disease resulting in metastasis .

The mechanism of tumor adaptation to hypoxic conditions is mediated by hypoxia-inducible factors (HIFs), which are

transcription factors targeting specific genes in response to low oxygen levels .

2.1. Structure of Hypoxia-Inducible Factor 1

HIF-1 plays an essential role in cellular adaptation to hypoxia. Structurally, HIF-1 is a heterodimeric protein composed of

HIF-α and HIF-β subunits . Subunit α is further divided into three isoforms: HIF-1α, HIF-2α, and HIF-3α . It is

important to note that HIF-β is a constitutively expressed subunit, while HIF-α is an oxygen-regulated component of HIF-1.

The helix-loop-helix domain (bHLH), responsible for DNA binding, allows the dimerization of both α and β subunits. HIF-1α

and HIF-1β are composed of Per-ARNT-Sim (PAS) domains that are essential for maintaining the heterodimerization of

the α and β subunits . The α subunit is characterized by the oxygen-dependent degradation (ODD) domain. Prolyl-

hydroxylase-2 (PHD-2) hydroxylates the ODD domain, resulting in the proteasomal degradation of the α subunit under

normoxic conditions . Other significant domains of HIF-1α include the N-terminal transactivational domain (N-TAD),

which is essential for the activation of HIF-1 target genes, and the C-terminal domain (C-TAD). The C-TAD domain

interacts with the C-TAD binding protein (CBP) and P300 to regulate the transcription of HIF-1α under hypoxic conditions

. Figure 1 summarizes the structures of both HIF-1α and HIF-1β subunits with their specific domains.

Figure 1. Domain structures of hypoxia-inducible factor 1 (HIF-1α) and HIF-1β.
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2.2. Regulation of HIF-1

As mentioned above, HIF-1β is a constitutively expressed subunit, while different pathways can regulate the expression of

HIF-1α. HIF-1α is degraded via the ubiquitin-proteasome pathway under normoxic conditions. Prolyl hydroxylases (PHDs)

have an essential role in hydroxylating HIF-1α at its proline residues in an oxygen-dependent manner . The

hydroxylation of proline residues localized on the α subunit leads to ubiquitination mediated by von Hippel-Lindau

suppressor (pVHL), which contains E3 ubiquitin ligase, and subsequent degradation of HIF-1α in the proteasome .

Importantly, PHD is inhibited, and HIF-1α is therefore stabilized under hypoxic conditions. The second way of oxygen-

dependent regulation of HIF-1α is a cooperation with factor inhibiting HIF1 (FIH). FIH affects the stability of HIF-1α via

hydroxylation of its asparagine residues. This interaction causes the inhibition of transcriptional coactivator recruitment

. Moreover, FIH and PHD are dependent on the intracellular oxygen concentration, and both require cooperation with

co-factors, including 2OG (α-ketoglutarate) and Fe ions. In the absence of the mentioned co-factors, HIF-1α is active

even under normoxic conditions . Interestingly, calcium-mediated regulation of HIF-1α is another way to modulate the

activity of transcription factors. Recent evidence shows a strong correlation between disequilibrium in intracellular calcium

homeostasis and HIF-1 activity . For instance, calcium affects the dimerization of the receptor of activated protein C

kinase (RACK1), resulting in the regulation of HIF-1α . Additionally, the oxygen-independent manner of HIF-1

regulation is associated with various signaling pathways . HIF-1α is affected by the ERK/MAPK , PI3K/AKT/mTOR

, and JAK/STAT  signaling cascades. E3 ubiquitin ligase Mdm2 has an essential role in the regulation of transcription

factors, including HIF-1α and p53. The interplay between p53 and HIF-1α was documented in normoxia when p53 binds

to HIF-1α, leading to proteasomal degradation via Mdm2. Loss of or mutations in the tumor suppressor p53 inhibit Mdm2-

mediated proteasomal degradation of HIF-1α . Besides, heat shock chaperone protein 90 (HSP-90) is responsible for

the stabilization of HIF-1α via conformational changes in its structure . Furthermore, many studies described an

important role of epigenetic mechanisms in the regulation of HIF-1 stability and activity . Enzymes associated with

epigenetic machinery in cells include methyltransferases, acetyltransferases, ubiquitin E3 ligases, and protein kinases that

act as epigenetic writers. These enzymes can add epigenetic marks onto RNA, DNA, or histones . Histone

acetyltransferases, including c300/CBP and p300/CBP-associated factor (PCAF), promote HIF-1α stability. On the other

hand, acetyltransferase arrest-defective-1 (ARD1) induces the acetylation of lysine residues and consequent

ubiquitination of the HIF-1α subunit . In the case of methyltransferases, methyltransferase SET7/9 is a regulator of HIF-

1α stability . Moreover, the HIF-α regulatory capacity of methyltransferases (PRMT1, PRMT5, and PRMT9) was

detected at different levels . Epigenetic erasers (demethylases and deacetylases) are enzymes responsible for

removing specific epigenetic marks (such as methyl groups from chromatin) and, similarly to epigenetic writers, participate

in chromatin remodeling and gene regulation. For instance, histone deacetylases (HDACs) (HDAC1, -2, -3, -4, -6)

increase stability of HIF-1α protein . Furthermore, HDAC7 interacts with HIF-1α and p300/CBP, and thereby

promotes HIF-1 transcriptional activity. Furthermore, lysine-specific demethylase 1 (LSD1) promotes the increased

stability of HIF-1α by suppressing RACK1-mediated HIF-1α degradation . DNA methylation also modulates HIF-1α

stability and activity. Hypermethylation of the VHL promoter region leads to constitutive activation of HIF-1α .

Numerous studies have observed a connection between HIF and non-coding RNAs. Hypoxia can enhance the expression

of non-coding RNAs that can modulate HIF expression and stability. MicroRNAs, a group of small non-coding RNAs,

regulate the expression of target genes at the post-transcriptional level . Recent evidence suggests interplay between

HIF-1α and miR-33b, miR-338-3p, miR-138, miR-576-3p, miR-143-3p, and miR-20b . Interestingly, the

regulatory role of long non-coding RNA (lncRNA) was detected in gallbladder cancer. The lncRNA LINC00152 was

identified as an oncogene due to its role as a miR sponge for miR-138 targeting HIF-1α to promote carcinogenesis .

Similarly, the oncogenic character of lncRNAs acting as competing endogenous RNAs (ceRNAs) associated with HIF-1α

was documented by HOX transcript antisense RNA (HOTAIR) (suppression of miR-217), nuclear paraspeckle assembly

transcript 1 (NEAT1) (suppression of miR-186-5p), and PVT1 (suppression of miR-186) .

2.3. A Brief Introduction to the Warburg Phenotype

Alterations in tumor cell metabolism are a fundamental aspect of cancer compared to non-malignant cells . In healthy

cells, glucose is metabolized to pyruvate through the glycolytic cascade and subsequently oxidized to CO  in

mitochondria via oxidative phosphorylation. This metabolic cascade generates 36 molecules of ATP per molecule of

glucose. The described pathway occurs under the normoxic condition of healthy cells . During hypoxia, mitochondrial

OXPHOS is restricted, leading to pyruvate conversion into lactate in a process called aerobic glycolysis ; notably, the

overall yield of aerobic glycolysis is only 2 ATP per molecule of glucose.

Interestingly, the preference for aerobic glycolysis even under normoxic conditions and with fully functioning mitochondria

is observed across different cancer types . This phenomenon of metabolic reprogramming in cancer cells was first

described almost 100 years ago by Otto Warburg . The observation revealed that cancer cells receive enormous
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amounts of glucose compared to surrounding non-malignant tissue. The repression of cancer cell respiration and the

enhancement of glucose fermentation into lactate were also identified . Recent evidence has revealed the specific

molecular mechanisms responsible for switching from OXPHOS to aerobic glycolysis. Alterations in molecular pathways,

including PI3K/Akt/mTOR, specific genes such as cMYC and p53, and changes in epigenetic machinery directly

participate in the regulation of cancer metabolism . HIF-1 plays an essential role in the regulation of

changes leading to the Warburg phenotype; it acts as a central regulator of glucose metabolism and cell proliferation.

2.4. Implementation of HIF-1 in the Modulation of Cancer Metabolism

As principally described in the previous section, the metabolic reprogramming of cancer cells allows the switch from

OXPHOS to less efficient aerobic glycolysis, regulated by various molecular events such as the HIF-1 regulatory pathway

(Figure 2) . Dimerization of both HIF subunits (α and β) initiates the transcription of genes associated with increased

glucose uptake and lactate production. Heterodimer HIF-1 binds to the hypoxia-response element (HRE) and begins

expressing hypoxia-responsive genes . Glucose transporters (GLUTs) are responsible for transporting glucose into

the cells, and hypoxia leads to the upregulation of GLUT1 and GLUT3 . Overexpression of GLUTs guarantees enough

glucose for the cancer cells. Correlations between elevated HIF-1 activity and the overexpression of GLUT1 and GLUT3

were observed in glioma  and pancreatic neuroendocrine tumors, respectively . Pyruvate kinase (PK), an enzyme

responsible for converting phosphoenolpyruvate (PEP) into pyruvate, comprises four isoforms (PKL, PKR, PKM1, and

PKM2). Notably, the PKM2 isoform is preferred in cancer cells, while PKM2 gene transcription is modulated by HIF-1 .

PKM2 acts as a coactivator via interaction with the HIF-1α subunit due to oxygen deprivation or oncogene activation .

This interaction promotes the transactivation of target genes regulated by HIF-1 . Hexokinase (HK), another glycolytic

enzyme associated with enhanced glucose metabolism, is often upregulated in poorly differentiated and highly proliferated

neoplastic tissues . Recently, the connections between aberrantly triggered nuclear factor-κB (NF-κB), HIF-1, and

hexokinase II (HKII) expression were observed in B-cell lymphoma, while NF-kB inhibitors suppressed HIF-1 and HKII .

Similarly, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is an enzyme that catalyzes the conversion of

glyceraldehyde-3-phosphate to 1,3-biphosphoglycerate. Notably, this enzyme is often upregulated in cancer, as

demonstrated in colorectal  and colon tumors,  and melanoma . Deeper analysis of GADPH also revealed an

association between the enzyme’s activity and HIF-1 expression in breast cancer . Interestingly, the transcription of

genes associated with the Warburg phenotype, including GLUT1, phosphofructokinase (PFK), enolase-1 (ENO1), PKM,

aldolase A (ALDOA), and phosphoglycerate kinase-1 (PGK1), is regulated by the SIX1 transcription factor through

cooperation with the histone acetyltransferases HBO1 and AIB1. Current evidence describes an essential role of miR-

548a via the suppression of SIX1. Additionally, elevated HIF-1α levels are associated with decreased miR-548a, and thus

enhance glycolysis and tumor growth .
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Figure 2. HIF-1α-mediated crosstalk between hypoxia and glucose metabolism in a cancer cell. Abbreviations: HKII,

hexokinase II; PGI, phosphoglucose isomerase; PFK1, phosphofructokinase; TPI, triosephosphate isomerase; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase; PGK, phosphoglycerate kinase; PGM, phosphoglycerate mutase; PKM2,

pyruvate kinase M2; LDH, lactate dehydrogenase; ENO1, enolase 1; OXPHOS, oxidative phosphorylation; HRE, hypoxia-

response elements; HIF-1α/1β, hypoxia-inducible factor 1α/1β; GLUT1/3, glucose transporter 1/3.

2.5. Therapeutic Interventions Based on HIF-1 Regulation: Current Status and Future Directions

As noted above, the HIF-1 pathway modulates the expression of numerous genes involved in cancer progression and the

development of resistance to different treatments . Therefore, HIF, particularly its subunits HIF-1α and HIF-2α,

represents a potential target of novel and potentially clinically viable oncologic interventions . Several HIF inhibitors

were documented to target cancer in preclinical and clinical trials. Based on their mechanisms of HIF repression,

therapeutic agents are classified as factors regulating gene expression, factors modulating protein synthesis, agents

modulating cascades associated with protein dimerization and accumulation, or inhibitors responsible for DNA binding and

the transcriptional activity of HIF-1.

EZN-2968, an antisense oligonucleotide targeting HIF-1α mRNA, modulates HIF-1 activity at a transcriptional level; it was

clinically trailed (NCT01120288, NCT02564614) . Similarly, topotecan (a topoisomerase 1 inhibitor) demonstrated

activity against the hypoxic phenotype by inhibiting HIF-1α mRNA expression . Inhibitors of HIF-1α and HIF-2α

protein synthesis include 2-methoxyestradiol, which affects protein synthesis in lung cancer cells , and KC7F2, which

markedly suppresses the synthesis of HIF-1α in glioma, prostate, and breast cancers . Another possible way to

modulate HIF-1 activity is the disruption of protein stabilization and accumulation. Hsp90 inhibitors, such as

geldanamycin, tanespimycin, and alvespimycin, degrade HIF-1α through a VHL-independent proteasomal mechanism 

. Moreover, histone deacetylase inhibitors (HDACi), such as vorinostat exerted anti-hypoxic activity by degrading the

HIF-1α subunit in liver cancer-derived cells . Disruption of HIF-1α dimerization represents a promising way to inhibit its

transcriptional activity. Recent evidence revealed an essential role of a cyclic peptide (cyclo-CLLFVY) via inhibition of HIF-

1α heterodimerization .

Acriflavine showed potential as a therapeutic tool that disrupts HIF-1α dimerization . Interestingly, doxorubicin and

daunorubicin, well known chemotherapeutic agents, also exerted hypoxia-modulating abilities by inhibiting the binding of

HIF-1 to its target (HRE) sequences . Finally, epidithiodiketopiperazine chetomin inhibited the transcriptional activity of

HIF-1 by targeting the HIF-1α/p300 complex in multiple myeloma cell lines .

Table 1 provides an overview of inhibitors that modulate HIF-1 activity at different levels of action. As was briefly analyzed

in this section, inhibitors of HIF-1 are widely tested in preclinical and clinical research. Their multilevel mechanisms of

action show novel opportunities in therapy and open a hidden chamber of hypoxia’s molecular secrets for a more

profound understanding of the hypoxia-associated cascade in cancer. Further research in this sphere can bring well-

deserved rewards in the form of effective therapeutic interventions without side effects for cancer patients.

Table 1. An overview of HIF-1 inhibitors.

Agents. Effect on HIF-1 References

EZN-2968 Regulation of HIF-1α mRNA expression

Topotecan Regulation of HIF-1α mRNA expression

2-Methoxyestradiol Modulation of HIF-1α and HIF-2α protein synthesis

KC7F2 Modulation of HIF-1α protein synthesis

Geldanamycin, tanespimycin, and

alvespimycin
Disruption of HIF-1α protein stabilization and accumulation

Vorinostat (HDACi) Disruption of HIF-1α protein stabilization and accumulation
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Cyclo-CLLFVY Inhibition of HIF-1 α heterodimerization

Acriflavine Inhibition of HIF-1α heterodimerization

Doxorubicin, daunorubicin Inhibition of binding of HIF-1 to its target gene sequences

Chetomin
Inhibition of the HIF-1 transcriptional activity by targeting

HIF-1α/p300

Abbreviations: HIF-1, hypoxia-inducible factor 1; HIF-1α/2α, hypoxia-inducible factor 1α/2α; HDCAi, histone deacetylase

inhibitor.
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