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Hepatocellular carcinoma (HCC) is a primary malignancy of the liver and the third leading cause of cancer death worldwide. The
incidence of HCC accounts for more than 90% of primary HCC. Like most solid malignancies, the occurrence and development of
HCC are closely related to the Warburg effect. The Warburg effect of HCC is mainly manifested as increased glucose uptake by
HCC cells, increased glycolysis, restricted mitochondrial oxidative phosphorylation, increased pentose phosphate pathway in
HCC cells, and increased glutamine decomposition. As the contribution of glycolysis to the total ATP of tumor cells generally
does not exceed 50% to 60%, oxidative phosphorylation (OXPHOS) still makes a considerable contribution to the ATP of tumor
cells. In some cases, there will be an anti-Warburg effect. HCC Warburg effect is closely related to HCC cell proliferation,
apoptosis, immune escape, migration and invasion, chemotherapy resistance, and treatment failure. The mechanism of the
Warburg effect in HCC is complex, involving the expression of stimulating the key glycolysis enzymes by hypoxia-inducible
factor-1(HIF-1), the activation of oncogenes and the inactivation of tumor suppressor genes, the continuous activation of related
signaling pathways, the participation of noncoding RNA, and the rate of metabolism gene mutation of enzyme. This article
synthetically discusses the characteristics of glucose metabolism in HCC cells, the mechanism of Warburg effect, clinical
significance, and corresponding treatment strategies and provides new perspectives for the prevention and treatment of HCC.

1. Preface

For most normal cells, glucose metabolism with glucose as a
substrate is the main energy metabolism method. One of the
main characteristics that distinguish tumor cells from normal
cells is that tumor cells mainly use glycolysis of glucose to
produce lactic acid for metabolic energy production, while
oxidative phosphorylation (OXPHOS) is in a relatively inhib-
ited state, this is the Warburg effect of tumor cells (Figure 1)
[1]. Tumor cells can evade the normal apoptosis program
through the Warburg effect and enhance the proliferation
and migration ability, which is a key factor in the pathogen-
esis of tumors. The Warburg effect can not only occur in the

hypoxic tumor microenvironment but can also occur under
aerobic conditions, so it is also called “aerobic glycolysis”
[2]. It is that tumor cells use a series of molecular mecha-
nisms to weaken aerobic respiration under aerobic condi-
tions, carry out efficient glycolysis, and then obtain a large
amount of adenosine triphosphate (ATP) and create a micro-
environment suitable for tumor cells to survive proliferation
advantage. In addition, the Warburg effect suppresses the
monitoring and lethality of T lymphocytes through local
hypoxia, creating tumor immune escape. By inhibiting the
pathways related to the Warburg effect, some antitumor
drugs such as glucose and dichloroacetic acid can more effec-
tively inhibit the proliferation advantage and immune escape
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of tumor cells brought about by the Warburg effect, thereby
inhibiting tumor cell growth and promoting tumor cell
death. Further studies have found that the contribution of
glycolysis to the total ATP of tumor cells generally does not
exceed 50%~60% [3]; therefore, OXPHOS still makes a con-
siderable contribution to the ATP of tumor cells. In some
cases, there will be an anti-Warburg effect [4]. Hepatocellular
carcinoma (HCC) is the main histological subtype of liver
cancer, accounting for 90% of primary liver cancer, and is
the third most common cause of cancer-related mortality
worldwide [5]. Like most solid malignancies, Warburg effect
plays an important role in the pathogenesis of HCC [1, 6].
This article synthetically discusses the characteristics of glu-
cose metabolism in HCC cells, the mechanism of Warburg
effect, clinical significance, and corresponding treatment
strategies and provides new perspectives for the prevention
of HCC and the development of targeted drugs.

2. HCC Warburg Effect

2.1. Increased Glucose Uptake of HCC Cells. After glucose is
absorbed into the blood from the digestive tract, it needs to
enter the cells for metabolism in the body. This process relies
on glucose transporter (GLUT). On March 30, 2020, Boyi
Gan’s research group at MD Anderson Cancer Center in
the United States and his collaborators published a paper in
Nature Cell Biology, stating that they found that cystine
ingested by the cystine transporter SLC7A11 was reduced
to cysteine in the cell. The acid needs to consume a large
amount of reduced nicotinamide adenine dinucleotide phos-
phate (NADPH). Intracellular NADPH is mainly derived
from the bypass of glucose metabolism—the pentose phos-
phate pathway, so it is highly dependent on the supply of

glucose. In the absence of glucose, the high expression of
SLC7A11 in cancer cells will lead to the significant accumu-
lation of cystine and other disulfides in the cell, the break-
down of the redox system, and the rapid cell death. It
suggests that for patients with cancer cells, the lack of glucose
will have a more adverse effect on the body. 14 human
GLUTs (GLUT1-14) have been found, and they play a role
in different tissues and cells; most of which are expressed in
liver tissues [7, 8]. Compared with nontumor tissues, the
expression of GLUT-1 in HCC was significantly increased
[8, 9], suggesting that HCC cells have increased glucose
uptake. Amann et al. [9] found that the expression level of
GLUT1mRNA in HCC tissues and cell lines was significantly
increased. Inhibiting the expression of GLUT1 in HCC cell
lines can reduce glucose uptake and lactate secretion.

2.2. Enhanced Glycolysis of HCC Cells.Under normal circum-
stances, most cells in the human body mainly rely on the tri-
carboxylic acid (TCA) cycle and OXPHOS to be fully oxidize
to supply cell energy under aerobic conditions; in the case of
hypoxia, it mainly relies on glycolysis production capacity to
supply cell energy. The productivity of glycolysis is higher
than that of OXPHOS, allowing cancer cells to gain a com-
petitive advantage. In addition to energy production, glycol-
ysis also provides many precursor substances, which can
maintain the tumor microenvironment and the stability of
HIF. A few cells with extremely metabolically active, such
as nerve cells and white blood cells, often use glycolysis to
provide part of their energy even if they are not hypoxic.
Individual cells, such as mature red blood cells, are
completely dependent on glycolysis due to lack of mitochon-
dria. Like most tumor cells, HCC cells mainly rely on glycol-
ysis to supply cell energy, whether aerobic or anaerobic. This
is the so-called Warburg Phenomenon, also known as “aero-
bic glycolysis,” which is manifested in the increased expres-
sion and enhanced activity of the rate-limiting enzyme of
glycolysis. For example, the of hexokinase (HK) increases,
6-phosphofructokinase-1 (G6P) increases, pyruvate kinase
(PK) increases and activity enhance, and the metabolite lactic
acid increases [1, 2, 10, 11].

2.3. Limited Mitochondrial Oxidative Phosphorylation. The
aerobic oxidation of glucose is roughly divided into three
stages. The first stage: glucose is decomposed into pyruvate
in the cytoplasm through glycolysis. The second stage: pyru-
vate enters the mitochondria, oxidative decarboxylation pro-
duces acetyl CoA. This process is catalyzed by the pyruvate
dehydrogenase complex. The third stage: acetyl CoA TCA
cycle and OXPHOS in the mitochondria. It is generally
believed that TCA is mainly regulated by isocitrate dehydro-
genase (IDH) and α-ketoglutarte dehydrogenase complex.
The TCA is the final metabolic pathway of the three major
nutrients of sugar, fat, and amino acids. The oxidation of glu-
cose, fat, and amino acids in the body eventually produces
acetyl CoA, which then enters TCA for decomposition.
TCA itself does not produce ATP, only OXPHOS reaction
to generate ATP to provide NADH+H+ and FADH2.
OXPHOS is coupled with ADP phosphorylation to generate
ATP during the electron transport process of the respiratory
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Figure 1: Tumor Warburg effect.
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chain. As early as 1996, Capuano et al. discovered mitochon-
dria isolated from biopsies of human hepatocellular carci-
noma exhibit a decreased rate of respiratory ATP synthesis
and a decreased ATPase activity [12].

2.4. Enhancing the Pentose Phosphate Pathway of HCC Cells.
The pentose phosphate pathway (PPP) is another way of oxi-
dative decomposition of glucose besides glycolysis and TCA
cycle. PPP is also called the hexose monophosphate shunt.
It is a pathway through which glucose-6-phosphate is metab-
olized to produce NADPH and ribose-5-phosphate. Glucose-
6-phosphate dehydrogenase (glucose-6-phosphate dehydro-
genase, G6PD) is the rate-limiting enzyme of the oxidative
arm of the PPP, and its expression is significantly increased
in HCC tissues. The data obtained by Kowalik MA and
others from patients undergoing HCC resection or liver
biopsy showed that compared with their adjacent tissues,
G6PD was significantly upregulated in most HCC tissues
[13]. PPP includes two stages: oxidation and nonoxidation.
In the oxidation stage, glucose-6-phosphate is converted to
ribulose-5-phosphate and CO2, and two molecules of
NADPH are generated; in the nonoxidation stage, ribulose-
5-phosphoric acid is isomerized to ribose-5-phosphate or
converted into two intermediate metabolites in glycolysis,
fructose-6-phosphate and glyceraldehyde-3-phosphate. For
tumor cells, the most important effect of PPP is produce
NADPH, maintain redox homeostasis, prevent oxidative
damage, and protect tumor cells.

2.5. Enhanced Decomposition of Glutamine. Glycolysis is
dominant in most tumor energy metabolism, but some
tumor cells still use OXPHOS as the main energy production
pathway, or a mixed energy production pathway of glycolysis
and OXPHOS [14]. Due to the Warburg effect, tumor cells
obtain biosynthetic precursors and NADPH through the
TCA cycle. The demand for biosynthetic precursors and
NADPH has increased dramatically. In order to meet the
needs, tumor cells often rely on the decomposition of gluta-
mine to maintain the TCA cycle and provide biosynthetic pre-
cursors and NADPH [15, 16]. It was discovered a long time
ago that in the human HCC cell line HepG2 cells, when gluta-
mine is sufficient, the promoter of its transporter ASCT2 is
activated, which increases the expression of ASCT2 [17].

3. HCC Glucose Metabolism Reverse
Warburg Effect

Some tumors have two-compartment tumor metabolism or
metabolic coupling. In the biphasic model of tumor metabo-
lism, tumor cells induce the surrounding stromal fibroblasts
to produce the Warburg effect, which makes the fibroblasts
differentiate into myofibroblasts. Through aerobic glycolysis,
the myofibroblasts produce a large amount of energy metab-
olism such as lactic acid and pyruvate. However, when glu-
cose is metabolized to lactic acid, only 2 ATP is produced
per glucose molecule, and after a glucose molecule is
completely oxidized, oxidative phosphorylation can produce
up to 36 ATP. However, tumor cells preferentially ferment
glucose even when oxygen is sufficient. This is because no

matter how much stimulation, the aerobic glycolysis cells
have a high ratio of ATP/ADP and NADH/NAD+. In addi-
tion, even small changes in the ATP/ADP ratio can affect
its growth. Cells with insufficient ATP usually undergo
apoptosis. When the ability of normal proliferating cells to
produce ATP from glucose metabolism is impaired, they will
undergo cell cycle arrest and reactivate catabolism. At the
same time, there are signaling pathways to sense energy sta-
tus. The product is then transported to tumor cells, enters
the tumor cell mitochondria, provides fuel for the TCA cycle,
and generates a large amount of ATP through oxidative
phosphorylation, which promotes tumor cell proliferation
and resists apoptosis [18, 19]. Whether HCC cells provide
fuel for the TCA cycle through two-compartment tumor
metabolism has not been reported in the literature.

3.1. Mechanism of Warburg Effect in HCC

3.1.1. The Role of Hypoxia-Inducible Factor-1 (HIF-1)

(1) HIF1 Upregulates the Expression of GLUT1 in HCC Cells.
Due to the rapid growth of tumor cells, the formation of new
blood vessels is relatively lagging, and most of the new blood
vessels are malformed and cannot adequately supply nutri-
ents and oxygen. Therefore, there is hypoxia or hypoxia in
most tumor tissues. Hypoxia-induced HIF1 can upregulate
the expression of GLUT1 on the surface of HCC cells and
increase glucose uptake [20]. Inhibiting the expression of
hypoxia-inducible factor 1 alpha, the expression of GLUT1
in HCC cells was significantly reduced, and the uptake of
glucose was reduced [21].

(2) HIF1 Stimulates the Expression of Glycolytic Rate-
Limiting Enzymes. Zhuonan et al. found that while the
expression of HIF-1 in liver tissue increased in low tempera-
ture environment, the levels of HK-2 and pyruvate dehydro-
genase kinase (PDK-1) increased [22]. Golinska et al.
investigated the consequences of HIF-1 deficiency in mice,
using the well-established Hepa-1 wild-type (WT) and HIF-
1β-deficient (c4) model, found that HIF-1β-deficient Hepa-
1 c4 tumours grew significantly more slowly than WT
tumours, and (as expected) showed significantly lower
expression of many glycolytic enzymes [23]. Mathupala
et al. found the hepatoma cells transfected type II hexokinase
gene promoter to hypoxic conditions activate the type II
hexokinase promoter almost 3-fold, a value that approaches
7-fold in the presence of glucose [10].

(3) HIF1 Stimulates the Expression of Pyruvate Dehydroge-
nase Kinase 1. Increased expression of HIF-1 can be found
in almost all HCC tissues [24]. HIF-1 is particularly crucial
for shifting the metabolic program of cancer cells from oxida-
tive phosphorylation to glycolysis [25]. HIF-1 can stimulate
the expression of PDK1; PDK1 can phosphorylate the pyru-
vate dehydrogenase complex, inactivate the latter and then
prevent acetone acid enters the TCA cycle [26].

(4) HIF1 Stimulates the Expression of a Less Active Complex I
Subunit. Hypoxia results in an inefficient transfer of electrons
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during oxidative phosphorylation leading to increased oxida-
tive stress. NDUFA4L2 is a less active subunit of complex I in
the oxidative phosphorylation electron transport chain, and
it is also a direct transcriptional target of HIF [27]. Lai et al.
found that HIF inhibitor, digoxin, profoundly inhibited
growth of tumors that expressed high level of NDUFA4L2
in orthotopic model [27].

In summary, HIF-1 plays an important role in the meta-
bolic reprogramming of HCC. The effect of HIF-1 on the
glucose metabolism of HCC cells and its targets are shown
in Table 1.

3.1.2. Activation of Oncogenes and Inactivation of Tumor
Suppressor Genes

(1) Upregulation of GLUT1 Expression in HCC Cells. In HCC
cells, the activated protooncogenes mainly include c-myc and
K-Ras. The mutations of the protooncogenes c-myc and K-
Ras can upregulate the expression of glucose transporters
on the surface of HCC cells, thereby increasing glucose
uptake. Glypican-3 enhances the glycolysis of HCC cells by
upregulating the glycolysis genes of GLUT1, HK2, and
LDH-A [28, 29]. This may be one of the reasons for the
enhanced glycolysis in HCC cells.

(2) Stimulating the Expression of Glycolytic Rate-Limiting
Enzymes. C-myc and K-Ras gene mutations can not only
upregulate the expression of GLUT1 in HCC cells but also
stimulate the expression of glycolytic rate-limiting enzymes,
such as HK, G6P, and PK, thereby increasing the level of gly-
colysis [28, 29]. p53 is a major tumor suppressor gene; wild-
type p53 can suppress tumour development by multiple
pathways, mutation of TP53, and the resultant inactivation
of p53 allow evasion of tumour cell death and rapid tumour
progression [30]. p53 in half mutations occur in human can-
cers (in half of all human cancers) [31], but the wild-type p53
(WTp53) is often retained in HCC and suppressing
pyruvate-driven oxidative phosphorylation by inducing

PUMA [30]. The role of p53 in tumors is conflicting, and fur-
ther research is needed.

(3) Mitochondrial Dysfunction in HCC Cells. K-Ras gene
mutation can cause mitochondrial dysfunction in HCC cells,
which in turn weakens the level of oxidative phosphorylation
of glucose metabolism, forcing HCC cells to change their
energy metabolism from oxidative phosphorylation to
aerobic sugars. Fermentation is the main thing [28, 29].

3.1.3. Continuous Activation of Related Signal Pathways

(1) Promote Glycolysis of Tumor Cells. Take the
PI3K/AKT/mTOR signaling pathway as an example. Their
continuous activation can promote glycolysis of tumor cells.
In the pathway, AKT is a serine/threonine kinase whose
expression is significantly enhanced in HCC tissues [32],
which can induce the expression of HK II and the activation
and phosphorylation of sphosphofructokinase-2 (PFK2) to
enhance glycolysis of HCC cells [32]. Combretastatin A4
phosphate (CA4P) can also reduce HIF-1α through
PI3K/AKT/mTOR signaling pathway and synergistically
inhibit HCC [33]. Akt can also use mTOR-mediated expres-
sion of glycolytic enzymes through the activation of HIF-1α,
NFκB, and c-Myc [34].

3.1.4. Noncoding RNA Is Involved in Regulation

(1) Noncoding RNA Regulates GLUT1 to Participate in Glu-
cose Uptake of Hepatoma Cells. LINC01638 lncRNA [35],
lncRNA HOTAIR [36], miR-181a-5p [37], and MiR-505
[38] increase the uptake of glucose by cancer cells by upreg-
ulating the expression of GLUT1 on the surface of HCC cells
and promote the proliferation of hepatocellular carcinoma
cells; lncRNA SLC2A1-AS1 [39], miR-342-3p [40], miR-
455-5p [41], and miR-328-3p [42] can reduce the expression
of GLUT1 on the surface of HCC cells. Inhibiting the uptake
of glucose by cancer cells inhibits the proliferation of hepato-
cellular carcinoma cells.

Table 1: The effects and targets of hypoxia-inducible factor-1 (HIF-1) on glucose metabolism of HCC cells.

Metabolism type Target Effects Reference

Glucose uptake GLUT1 Upregulated expression, enhanced activity [21, 22]

Aerobic glycolysis

6-phosphofructokinase-1 Upregulated expression [23]

Hexokinase Upregulated expression [23–25]

Pyruvate kinase Upregulated expression [25]

Tricarboxylic acid cycle and
oxidative phosphorylation

Pyruvate dehydrogenase complex
Upregulate the expression of pyruvate

dehydrogenase kinase 1
[27]

Isocitrate dehydrogenase, IDH

α-Ketoglutarte dehydrogenase complex

Complex I-IV Upregulate NDUFA4L2 expression [28]

ATP synthase

Pentose phosphate pathway Glucose-6-phosphate dehydrogenase, G6PD

Glutamine metabolism
ASCT2

Glutaminase
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(2) Noncoding RNA Is Involved in Glycolysis of HCC. Var-
ious noncoding RNAs (ncRNAs) including microRNAs
(miRNAs), long noncoding (lncRNAs), and circular RNAs
(circRNAs) have recently been proved to play potential
roles in glycolysis in hepatocellular carcinoma [43]. For
example, miR-4417 [44] and circMAT2B [45] can activate
PKM2 expression, thereby promoting glycolysis in HCC,
while LncRNA WPDC2p [46], miR-199a [47], MiR-491-
5p [48], and miR-122 [49] can inhibit the expression of
PKM2.

(3) Noncoding RNA Is Involved in TCA and OXPHOS. The
mitochondria of HCC cells contain a large amount of
lncRNA metastasis-associated lung adenocarcinoma tran-
script 1 (MLAT1). MALAT1 knockdown induced alterations
in the CpG methylation of mtDNA, and in mitochondrial
transcriptomes, at the same time, HCC cells have changes
in mitochondrial structure, low oxidative phosphorylation
(oxphos), and decreased ATP production [50].

In short, noncoding RNA can affect HCC metabolism
through multiple pathways, and its effects on HCC cell car-
bohydrate metabolism and targets are shown in Table 2.

3.1.5. Mutations in Rate-Limiting Enzyme Genes. According
to reports, some specific types of HCC IDH1 may show a
higher mutation rate. For example, Jung et al. detected 48
cases of HCC (including 20 cases of clear cell type and 13
cases of pseudoglandular pattern) IDH1, with a mutation
rate of 10.4%; all of which were clear cell type HCC [51].
IDH is one of the rate-limiting enzymes of the TCA cycle,
responsible for the oxidative decarboxylation of isocitrate
into α-ketoglutarate and NADH+H+. IDH mutation changes
the active site of the enzyme and endows the enzyme with
new catalytic activity, using α-ketoglutar-ate (α-KG) to pro-
duce high levels of R-2-hydrox-yglutarate (R-2-HG); the
molecular structure of 2-HG and α-KG is very similar [52],
and it is speculated that 2-HG may participate in OXPHOS
by inhibiting α-KG through competition.

Table 2: The effects and targets of noncoding RNA on glucose metabolism of HCC cells.

Metabolism type Target Effects Noncoding RNAs

Glucose uptake GLUT1

Up

LINC01638 lncRNA [34]
lncRNA HOTAIR [35]
miR-181a-5p [36]
MiR-505 [37]

Down

lncRNA SLC2A1-AS1 [38]
miR-342-3p [39]
miR-455-5p [40]
miR-328-3p [41]

Aerobic glycolysis

6-Phosphofructokinase-1
Up

Down

Hexokinase Up miR-181a-5p [36]

Pyruvate kinase

Up
miR-4417 [43]
circMAT2B [44]

Down

LncRNA WPDC2p [45]
miR-199a [46]
miR-491-5p [47]
miR-122 [48]

LDH
Up miR-181a-5p [36]

Down

Tricarboxylic acid cycle and oxidative
phosphorylation

Pyruvate dehydrogenase complex
Up

Down

Isocitrate dehydrogenase, IDH
Up

Down

α-Ketoglutarte dehydrogenase complex
Up

Down

Complex I-IV Up lncRNA MALAT1 [49]

ATP synthase Down

Pentose phosphate pathway Glucose-6-phosphate dehydrogenase,G6PD
Up

Down

Glutamine metabolism
ASCT2

Up

Down

Glutaminase Up
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3.1.6. Glycolysis Inhibits Oxidative Glycolysis. Domenis et al.
reported that the well-differentiated HCC cell line HepG2
OXPHOS system is rarely damaged [53]. If glycolysis is inhib-
ited, such as silencing the expression of hexokinase-2 in HCC
cells, the flow of glucose to pyruvate and lactic acid is inhib-
ited, but the flow of tricarboxylic acid is maintained [54]. As
we all know, the metabolic fate of pyruvate produced by
glycolysis is determined by the route of NADPH+H+. When
aerobic NADPH+H+ enters the mitochondria for oxidation,
pyruvate undergoes aerobic oxidation without producing lac-
tic acid. NADPH+H+ cannot be oxidized under hypoxia;
pyruvic acid acts as a hydrogen acceptor to generate lactic acid.
In most cases, HCC cells are in a hypoxic microenvironment,
NADPH+H+ cannot be oxidized, pyruvate produced by
glycolysis can only be used as a hydrogen acceptor to produce
lactic acid, and oxidative phosphorylation is restricted.

3.1.7. Mitochondria Are Damaged. The “Warburg effect”
illustrates that tumor cells tend to choose aerobic glycolysis
over OXPHOS, as does HCC cells. In the past, as represented
byWarburg, it was believed that tumor cells mainly used aer-
obic glycolysis for energy because mitochondria were dam-
aged, and oxidative phosphorylation dysfunction occurred
[1]. It is now believed that the reprogramming of tumor cell
metabolic pathways is not caused by simple mitochondrial
dysfunction [55].

4. The Clinical Significance of Warburg Effect of
HCC Glucose Metabolism

4.1. The Clinical Significance of the Warburg Effect of HCC
Glucose Metabolism

4.1.1. Warburg Effect Promotes the Proliferation of HCC Cells.
TheWarburg effect is a metabolic hallmark of cancer. Tumor
cells rapidly adjust their energy source to glycolysis in order
to efficiently proliferate in a hypoxic environment [56]. The
main physiological significance of glycolysis. It is to provide
energy quickly. The ATP production rate of glycolysis may
be 100 times faster than that of OXPHOS [57]. The produc-
tion rate of ATP produced by glycolysis increases, giving
cancer cells a selective growth advantage. Inhibition of the
expression of key enzymes of glycolysis and tumor cell prolif-
eration is inhibited. For example, when HK2 expression is
silenced, glucose flux to pyruvate and lactate of HCC cells
is inhibited, and the proliferation and death of HCC cells
increase at the same time [58].

4.1.2. Warburg Effect Inhibits Apoptosis of HCC Cells. Pyru-
vate dehydrogenase E1α subunit (PDHA1) is one of the main
factors for metabolic switch fromOXPHOS to aerobic glycol-
ysis and has been suggested to be closely associated with
tumorigenesis [59]. Upregulated PDHA1 gene expression in
HCC cell line SMMC-7721 and HepG2 can inhibit Warburg
effect and enhanced mitochondria-mediated apoptosis
pathway [59].

4.1.3. Warburg Effect Promotes Tumor Cell Metastasis. Aero-
bic glycolysis can produce a large amount of lactic acid and
creat an acidic microenvironment, which is conducive to

tumor cell invasion and metastasis [43]. Todisco et al. [17]
found that increased G6PD expression is related to HCC
metastasis and poor prognosis, while decreased g6pd expres-
sion inhibits the proliferation, migration, and invasion of
HCC cell lines.

4.1.4. Warburg Effect Ultimately Leads to Tumor Immune
Escape. The enhanced of tumor aerobic glycolysis is accom-
panied by the production and extracellular transport of a
large amount of glycolysis end product in tumor cells, which
leads to lactic acid in the tumor microenvironment accumu-
lation and acidic microenvironment. The high lactate titer
and acidic microenvironment outside the cell can directly
hinder the extracellular transport of CTL and NK cells,
thereby directly affecting the proliferation and cytokine
secretion of CTL and NK cells, resulting in impaired killing
function [60]. On the other hand, the acid degradation of
IFN-γ weakens the differentiation of initial T cells into tumor
suppressor type 1 helper T cells (Th1) and promotes them to
differentiate into type 2 helper T cells (Th2) [61] and pro-
mote the proliferation of myeloid-derived suppressor cells
(MDSC) in the tumor, and ultimately lead to the immune
escape of the tumor through a variety of mechanisms.

4.2. The Clinical Significance of the Reverse Warburg Effect of
HCC Glucose Metabolism

4.2.1. Promote Tumor Cell Proliferation and Resist Apoptosis.
Martinez-Outschoorn et al. [62] found that some tumors
have a two-compartment tumor metabolism, which is called
the reverse Warburg effect or metabolic coupling. In the
biphasic model of tumor metabolism, epithelial tumor cells
induce the surrounding stromal fibroblasts to produce the
Warburg effect, which makes the fibroblasts differentiate into
myofibroblasts, and the myofibroblasts produce large
amounts of energy such as lactic acid and pyruvate through
aerobic glycolysis. The metabolites are then transported to
epithelial tumor cells, enter the tumor cell mitochondria,
provide fuel for the TCA cycle, and generate large amounts
of ATP through OXPHOS to promote tumor cell prolifera-
tion and resist apoptosis [63, 64].

4.2.2. It May Be the Cause of Chemotherapy Resistance and
Treatment Failure. The biphasic metabolism of tumor may
be the cause of chemotherapy resistance and treatment fail-
ure, and it may also explain the contradictory phenomenon
of high mitochondrial respiration and low glycolysis rate in
some tumor cells [65]. This pattern indicates that there is a
host-parasite relationship between tumor cells and surround-
ing fibroblasts or metabolic coupling [7]. The metabolic
coupling includes two levels: (i) the metabolic coupling of
fibroblasts and tumor cells and (ii) the coupling of aerobic
glycolysis and OXPHOS in tumor cells.

5. Treatment Strategies for HCC Based on
Positive and Negative Warburg Effect

5.1. Before Treatment with Energy Metabolism Drugs, It Is
Necessary to Evaluate the Metabolic Characteristics of HCC
Patients. Due to the difference in cell origin and
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differentiation of tumors, not all tumor cells exhibit glycoly-
sis, and the contribution of glycolysis to the total ATP of
tumor cells ranges from 1% to 64% [66]. HCC is a highly het-
erogeneous cancer, both at the molecular and histological
level [67]. According to the WHO classification standards,
it is divided into highly differentiated, moderately differenti-
ated, and poorly differentiated HCC. Poorly differentiated,
undifferentiated, and fast-growing tumors are generally
glycolysis-based, and OXPHOS is inhibited. For example,
the undifferentiated HCC cell line JHH-6XPHOS system is
significantly damaged, and its metabolism is mainly
glycolysis [68].

5.2. According to the Patient’s Metabolic Characteristics,
Select the Appropriate Treatment Drug. HCC cells, like most
tumors, have different cellular energy metabolism, but in
general, they are still dominated by glycolytic phenotypes
and rely on the consumption of glutamine. Studies have
found that even if the tumor tissue is rich in oxygen, its
glycolysis is still in the production capacity, but oxidative
phosphorylation is relatively inhibited [6]. The specific strat-
egy is as follows.

5.2.1. Reduce Glucose Transport into Cells. The GLUT1 gene
is a key rate-limiting factor encoding glucose transport to
cancer cells. Shang et al. [69] found that using siRNA to
inhibit the expression of GLUT1, HCC cells are reducing
glucose. At the same time of uptake and secretion of lactic
acid, the growth and migration potential of HCC cells is
weakened [69].

5.2.2. Inhibition of Glycolysis. Hexokinase is the first rate-
limiting enzyme in the glycolysis pathway. Hexokinase
catalyzes the phosphorylation of glucose into glucose 6-
phosphate. Glucose 6-phosphate can be used for glycolysis
or pentose phosphate pathway. DeWaal et al. reported that
silencing HK2 expression, HCC cell glucose flux to pyruvate
and lactate is inhibited, while HCC cell proliferation
decreased and death increased, knockout HK2 in mice can
reduce proliferation and the incidence of tumors induced
by diethylnitrosamine (DEN) [11].

5.2.3. Inhibition of Decomposition of Glutamine.Glutamine is
the amide of glutamic acid. L-glutamine is the amino acid
encoded in protein synthesis. It is a nonessential amino acid
in mammals and can be converted from glucose in the body.
Lee et al. reported that mitochondrial dependence on gluta-
mine can drive the chemotherapy resistance of HCC stem
cells [70]. The high level of glutamine in the blood provides
a ready source of carbon and nitrogen to support the biosyn-
thesis, energy metabolism, and cell homeostasis of cancer
cells and promote tumor growth. Glutamine is transported
into the cell by the transporter SLC1A5 (the solute carrier
family 1 neutral amino acid transporter member 5) in the
cell. Under nutrient-deficient conditions, cancer cells can
obtain glutamine by breaking down macromolecules. Exces-
sive activation of the oncogene RAS can promote pinocytosis.
Cancer cells remove extracellular proteins and degrade them
into amino acids including glutamine to provide nutrients for
cancer cells.

5.2.4. Inhibition of the Pentose Phosphate Pathway. The pen-
tose phosphate pathway is a branch of glycolysis and a bypass
pathway of glucose metabolism, producing NADPH and
pentose. NADPH is a hydrogen donor for various anabolism
in the body, and pentose is a nucleoside and is necessary for
rapid cell proliferation. The same study reported that G6PD
silencing significantly inhibited HepG2 cell line invasion
[71]. In vivo studies reinforced the relevance of G6PD in
HCC progression, as G6PD suppression inhibited tumor
growth in Huh7 orthotopic tumor and mouse xenograft
models [72].

5.2.5. Promote Oxidative Phosphorylation. Pyruvate dehydro-
genase E1α subunit (PDHA1) is one of the main factors for
the metabolic switch from OXPHOS to aerobic glycolysis
and has been suggested to be closely associated with tumori-
genesis. Sun etc. observed that the PDHA1 protein was
reduced in HCC specimens by immunohistochemistry and
Western blot, which was significantly associated with poor
overall survival [73]. At the same time, mitochondrial
OXPHOS was enhanced accompanied with higher ATP.
Sun et al. also found that apoptosis was promoted, and
intrinsic pathway proteins were increased in PDHA1-
overexpressing cells.

5.3. Combination Medication. Due to the high metabolic
adaptability of tumor cells, when any metabolic pathway
encounters obstacles, tumor cells will automatically switch
or activate other pathways to avoid stress damage. Therefore,
tumor metabolic regulation therapy should jointly block or
regulate multiple metabolisms. The biphasic metabolism of
tumors may be the cause of chemotherapy resistance and
treatment failure [74]. For HCC chemotherapy resistance
and treatment failure, multisite and multipath combination
medication should be considered.

6. Summary

HCC is a primary liver cancer with high mortality, and its
pathogenesis is related to the Warburg effect. The Warburg
effect of HCC is mainly manifested in the increased glucose
uptake of HCC cells, increased glycolysis, restricted mito-
chondrial oxidative phosphorylation, increased pentose
phosphate pathway in HCC cells, and increased glutamine
decomposition. In some cases, there will be a reverse War-
burg effect. HCC Warburg effect and reverse Warburg effect
are closely related to HCC cell proliferation, apoptosis,
immune escape, migration and invasion, chemotherapy
resistance, and treatment failure. Therefore, subsequent in-
depth discussions on the Warburg effect mechanism of liver
cancer cells and the corresponding clinical significance can
provide a new way for the prevention of liver cancer and
the development of targeted drugs.
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