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Abstract: Cancer cells usually show adaptations to their metabolism that facilitate their growth, invasiveness, and 
metastasis. Therefore, reprogramming the energy metabolism is one of the current key foci of cancer research and 
treatment. Although aerobic glycolysis-the Warburg effect-has been thought to be the dominant energy metabolism 
in cancer, recent data indicate a different possibility, specifically that oxidative phosphorylation (OXPHOS) is the 
more likely form of energy metabolism in some cancer cells. Due to the heterogeneity of epithelial ovarian cancer, 
there are different metabolic preferences among cell types, study types (in vivo/in vitro), and invasiveness. Current 
knowledge acknowledges glycolysis to be the main energy provider in ovarian cancer growth, invasion, migration, 
and viability, so specific agents targeting the glycolysis or OXPHOS pathways have been used in previous studies 
to attenuate tumor progression and increase chemosensitization. However, chemoresistant cell lines exert various 
metabolic preferences. This review comprehensively summarizes the information from existing reports which could 
together provide an in-depth understanding and insights for the development of a novel targeted therapy which can 
be used as an adjunctive treatment to standard chemotherapy to decelerate tumor progression and decrease the 
epithelial ovarian cancer mortality rate. 
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Introduction

Epithelial ovarian cancer (EOC) is one of the 
most common causes of cancer death in 
women for two main reasons: its most frequent 
presentation occurs at an advanced-stage and 
its high recurrence rate [1]. Despite the use of 
chemotherapy and targeted therapy, the ovari-
an cancer mortality rate remains as high as 
70% [2]. The factors that affect the disease 
prognosis and survival of EOC are its invasive-
ness, metastatic properties, and treatment 
response [3, 4]. The extent of its invasiveness 
and metastatic properties reflect the staging of 
EOC [2]. As regards the treatment response, 
several factors can contribute to chemoresis-
tance after a period of treatment for EOC, 
including an increased elimination of the active 
form of chemotherapy and the development of 
drug-resistant genes [5-7]. In the past decade, 

a new theory called “deregulation of cellular 
energetics” has been posited that focuses on 
the metabolic support of the growth, prolifera-
tion, invasion, and metastasis of cancer cells, 
and this has become one of the biological tar-
gets of cancer treatment development [8]. The 
Warburg effect, defined as the preference of 
cancer cells to use glycolysis even in the pres-
ence of oxygen, became one of those targets 
[9]. Prior studies demonstrated that the 
Warburg effect might be associated with the 
resistance of most cancer cells to treatment 
[10-12]. However, current evidence suggests 
that not every tumor exhibits the Warburg effect 
[13, 14]. EOC, a heterogeneous form of cancer, 
may use another pathway, such as oxidative 
phosphorylation (OXPHOS) [14, 15].

Apart from the current regimens of chemother-
apy and targeted therapy, such as antiangio-
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genesis and poly-ADP ribose polymerase 
(PARP) inhibitors, a treatment that modulates 
cancer metabolism has been proposed to im- 
prove the treatment response of EOC [16-20]. 
In this review, we comprehensively summarize 
studies on the metabolic changes in EOC com-
pared to normal ovarian cells from in vitro, in 
vivo and clinical studies. Consistencies and 
controversies from the reports on the metabol-
ic characters that are associated with the inva-
siveness and chemoresistant properties of 
EOC, and the effects of metabolic interventions 
on EOC progression and treatment response 
are also summarized and discussed. This  
comprehensive review will enhance the funda- 
mental overarching understanding pertinent to 
the metabolism of EOC and highlight mechanis-
tic insights for the development of novel drug 
regimens to target this. Advances in drug thera- 
pies may assist in reducing the tumor invasive-
ness, the tumor metastasis, and the mortality 
rate of EOC via the metabolic pathways.

Search strategy and selection criteria

The PubMed database was searched using the 
keywords “ovarian cancers”, “glycolysis”, and 
“oxidative” from its inception to September 
2020. The search was limited to original arti- 
cles published in English.

A general consideration of ovarian cancer me-
tabolism regarding glycolysis and the oxida-
tive phosphorylation pathway 

The pathways and regulation of glycolysis and 
OXPHOS are depicted in Figure 1. Under nor- 
mal physiological conditions, glycolysis con-
sists of a multistep pathway of glucose break-
down, followed by the conversion of phosph- 
oenolpyruvate (PEP) to pyruvate via the enzyme 
pyruvate kinase M1 (PKM1). Pyruvate is then 
moved to the mitochondria and enters the tri-
carboxylic acid (TCA) cycle via mitochondrial 
pyruvate carrier 1 (MPC1). This is followed by a 
respiratory chain consisting of five complexes, 
resulting in the release of thirty-six ATP mole- 
cules per single glucose molecule [21]. In the 
mitochondria, OXPHOS occurs resulting in the 
production of ATP, the energy for this produc-
tion [21]. Under hypoxic conditions, PEP is  
converted to pyruvate by pyruvate kinase M2 
(PKM2), pyruvate is subsequently changed into 
lactate by lactate dehydrogenase (LDH) and 

moves out of the cells via monocarboxylate 
transporter 4 (MCT4) (Figure 1) [22].

Even under normoxic conditions, some cancer 
cells utilize glycolysis without any of the glu-
cose residues entering the TCA cycle [22]. Since 
glycolysis allows the diversion of glycolytic 
intermediates into various biosynthetic path-
ways, glycolytic enzymes also support cell 
growth [8, 23]. For instance, hexokinase 2 
(HK2) and glyceraldehyde-3-phosphate dehy- 
drogenase (GAPDH) enzymes can regulate 
mTOR and apoptosis, while the phosphoglycer-
ate mutase 1 (PGAM1) enzyme can induce the 
formation of fibrillar actin (F-actin) and also cell 
migration [23]. In some cancers, F-actin is a 
crucial structure of cancer cell membrane pro-
trusions (lamellipodia), which facilitate cell 
migration and the formation of dynamic protru-
sions (invadopodia), contributing to extracellu- 
lar matrix penetration [24]. 

Although many studies have reported a meta-
bolic shift to the aerobic glycolysis of cancer 
cells in the past decades, there is evidence to 
show that not all cancer types are dependent 
on glycolysis [17, 18]. This includes EOC, which 
is one of the most heterogeneous cancers. It is 
now known that different histological types of 
EOC exhibit different kinds of metabolic change 
according to the specific conditions of this can-
cer, including chemoresistant vs. chemosensi- 
tive, and more aggressive vs. less aggressive.

Metabolic changes in the epithelial ovarian 
cancer cell lines

Previous in vitro studies investigated metabolic 
changes in the EOC cells and compared them 
to normal ovarian epithelial cells (Table 1). In 
addition, the metabolic alterations of EOC cells 
have been compared within a variety of histo-
logic types and also the invasiveness levels in 
the cells. There is growing evidence to show 
that metabolic changes in EOC cells mainly 
involve OXPHOS rather than the glycolytic path-
way (Table 1).

Various levels of glycolytic activity have been 
observed among human EOC cell lines when 
compared to the activity of normal human ovar-
ian cells. Specifically, ES-2, OVCA429, OVCA- 
433, and TOV-21G reveal higher glycolytic 
enzyme-related gene expression levels, higher 
basal extracellular acidification rate ECAR, and 
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higher glycolytic capacity than do normal ovari-
an cells [25, 26]. OVCAR3 shows a higher level 
of PFK and PKM [26], but non-significantly dif- 
ferent basal ECAR and glycolytic capacity com-
pared to normal ovarian cells [25]. Conversely, 
the SKOV3 and DOV-13 cell lines show lower 
phosphofructokinase (PFK) levels and basal 

indicated by the higher basal OCR and respira-
tory capacity levels [28]. 

In summary, the results from in vitro studies 
reveal that OXPHOS activity is more dominant 
in human EOC cells than in normal human ovar-
ian cells and similarly, it is more dominant in 

Figure 1. The pathways and regulation of glycolysis, the TCA cycle, and oxi-
dative phosphorylation. The figure shows glucose metabolism from its up-
take into the cell, the metabolic pathways, including the glycolytic pathway 
in the cell cytoplasms, the tricarboxylic acid cycle, and the mitochondrial 
oxidative phosphorylation, and its regulatory enzymes and metabolites. Ab-
breviations: 1, 3BPG, 1, 3-bisphosphoglycerate; 2PG, 2-phosphoglycerate; 
3PG, 3-phosphoglycerate; 3PPyr, 3 phosphopyruvate; 3PSer, 3 phospho-
serine; ECAR, extracellular acidification rate; F1, 6BP, fructose-1,6-bispho-
sphate; F6P, fructose-6-phosphate; G3P, glyceraldehyde-3-phosphate; G6P, 
glucose-6-phosphate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 
HIF1, hypoxia-induced transcription factor 1; HK2, hexokinase 2; LDH, lac-
tate dehydrogenase; MCT4, monocarboxylate transporter 4; MPC1, mito-
chondrial pyruvate carrier 1; OCR, oxygen consumption rate; PDH, pyruvate 
dehydrogenase; PDK, pyruvate dehydrogenase kinase; PEP, phosphoenol-
pyruvate; PFK1, phosphofructokinase 1; PFKFB3, 6-phosphofructo-2-ki-
nase/fructose-2,6-biphosphatase 3; PGM1, phosphoglucomutase 1; PHG-
DH, phosphoglycerate dehydrogenase; PK, pyruvate kinase; ROS, reactive 
oxygen species; TPI, triosephosphate isomerase.

ECAR than normal ovarian cells 
respectively [25, 26]. In mouse 
EOC cells, the glycolytic activity 
is lower than it is in normal 
mouse ovarian cells, as indi-
cated by the lower levels of  
glucose uptake, basal ECAR, 
and lactate [27]. 

When the OXPHOS activity  
was compared between hu- 
man EOC cells and normal 
human ovarian cells, the re- 
sults showed that cells from 
high-grade serous adenocarci- 
noma (HGSC), clear cell carci- 
noma (CCC), and other ovarian 
adenocarcinomas displayed hi- 
gher OXPHOS activity than the 
OXPHOS activity in normal 
cells, as indicated by the high-
er levels of OXPHOS enzymes, 
the basal oxygen consumption 
rate (OCR), and the respiratory 
capacity [25, 26]. In contrast,  
a previous study on mouse 
ovarian cells revealed that the 
OXPHOS activity was lower in 
mouse EOC cells when com-
pared with the OXPHOS activ- 
ity of benign mouse ovarian 
epithelial cells, as indicated by 
the higher basal OCR and ATP 
levels [27].

When considering the inva- 
siveness of human EOC cells, 
the lactate level (the end 
product of anaerobic glycoly- 
sis) is similar between the 
more invasive EOC cell line, 
SKOV3, and the less invasive 
EOC cell line, OVCAR3 [28]. 
However, the OXPHOS activity 
was found to be higher in the 
SKOV3 cell line when com-
pared to the OXPHOS activity 
of the OVCAR3 cell line, as  
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Table 1. Metabolic changes in epithelial ovarian cancer: in vitro studies

Study models

Major findings

Interpretation ReferencesGlycolytic-related findings OXPHOS-related findings
Glycolytic 
enzymes Basal ECAR Glycolytic 

capacity Others OXPHOS enzymes Basal 
OCR

Respiratory 
capacity Others

-Human ovarian HGSC cells (OVCAR3 (S), human 
OCCC cells (TOV-21G (C))

↑↑ PFKP (S): ↑↑ PDHB, IDH2, 
IDH3A, OGDHL, 
ND2, UQCRH
↓↓ CYB

-HGSC and clear cells 
had an increase in 
mitochondrial complex I 
and complex III activity 
compared to normal 
cells. 

[26]

-Normal ovarian epithelial cells (control) ↑↑ PKM (C): ↑↑ IDH2, OGDHL, 
ND2, CYB
↓↓ IDH3A

-Human HGSC cells (OVCAR3) ↔ ↔ ↑↑ ↑↑ -Human OCCC had 
an increase in both 
glycolysis and OXPHOS 
metabolism compared 
to other carcinoma 
and normal cells, 
while HGSC had higher 
OXPHOS only when 
compared to other 
carcinoma and normal 
cells.

[25]

-Normal ovarian epithelial cells (control)

-Human HGSC cells (OVCAR3) ↔ ↔ ↑↑ ↑↑

-Human ovarian carcinoma cells OVCA420 
(control)

-Human OCCC cells (ES-2, TOV-21G) ↑↑ (ES2) ↑↑ ↑↑ ↑ (ES2)

-Normal ovarian epithelial cells (control) ↑ (TOV-21G) ↑↑ (TOV-21G)

-Human OCCC cells (ES-2, TOV-21G) ↑ (ES2) ↔ (ES2) ↑↑ ↑↑

-Human non-OCCC cells, OVCA420 (control) ↔ (TOV-21G) ↑↑ (TOV-21G)

-Human ovarian E/OCCC cells (SKOV3) ↓↓ PFKP ↑ PDHB -Endometrioid or OCCC 
may have shown gly-
colysis impairment.

[26]

-Normal ovarian epithelial cells (control) ↑↑ PKM ↔ IDH2
↑↑ IDH3A, IDH3B
↔ OGDHL
↑↑ ND2, ND5, CYB
↓↓ UQCRH

-Human ovarian carcinoma cells (OVCA420, 
OVCA429, OVCA433, DOV-13)

↓ (DOV13) ↑↑* ↑↑* ↓↓ 
(OVCA420, 
OVCA433)

-Most human non-
specific adenocarci-
noma cells had higher 
OXPHOS than normal 
cells.

[25]

-Normal ovarian epithelial cells (control)

-More invasive human E/OCCC (SKOV3, 
SKOV3ip1)

↔ lactate ↑ ↑ ↑ 
pyruvate 
uptake

-More invasive human 
E/OCCC cells had 
higher OXPHOS com-
pared to less invasive 
HGSCs.

[28]

-Less invasive human HGSC (OVCAR3) (control) ↑ ATP

Mouse ovarian surface epithelial (MOSE) cells ↑ ↑↑ glucose 
uptake

↑ PDK1 ↓ ↓ ATP -Mouse aggressive 
ovarian cells had higher 
glycolysis and lower 
OXPHOS compared to 
mouse benign ovarian 
epithelial cells.

[27]

-MOSE-L = late-aggressive phenotype ↑↑ lactate ↑ CS

-MOSE-E = early benign phenotype (control) ↔ PDH

The superscript *indicates all cell lines except OVCA420. The arrow ↑ or ↓ denotes significant increase or decrease in the metabolic-related finding with a P value <0.05. The arrow ↑↑ or ↓↓ denotes significant increase or decrease in the 
metabolic-related finding with a P value <0.01. Abbreviations: CS; citrate synthase, CYB; cytochrome b reductase 1, E; endometrioid adenocarcinoma, ECAR; extracellular acidification rate, HGSC; high-grade serous carcinoma, IDH2; isocitrate 
dehydrogenase [NADP], IDH3A; isocitrate dehydrogenase [NAD] subunit alpha, IDH3B; isocitrate dehydrogenase [NAD] subunit beta, ND; NADH-ubiquinone oxidoreductase, OCCC; ovarian clear cell carcinoma, OCR; oxygen consumption rate, 
OGDHL; 2-oxoglutarate dehydrogenase-like, OXPHOS; oxidative phosphorylation, PDH; pyruvate dehydrogenase, PDK1; pyruvate dehydrogenase kinase 1, PFKP; phosphofructokinase platelet, PKM; pyruvate kinase muscle isozyme, UQCRH; 
ubiquinol-cytochrome c reductase hinge protein.
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more invasive human EOC cells than in less 
invasive human EOC cells. However, the glyco- 
lytic activity of EOC cell lines varies in compari-
son to normal ovarian cells. The different levels 
of OXPHOS activity between human EOC cells 
and mouse EOC cells suggests that the meta-
bolic changes in EOC are species-specific, 
which implies that they may be mediated by dif-
ferences in genetic regulation. Further studies 
are required to identify the exact mechanisms 
that result in the contradictory findings between 
human and mouse EOC cells.

Metabolic changes in epithelial ovarian cancer 
cells: clinical evidence

Clinical evidence from previous studies investi-
gating metabolic changes in ovarian cancer tis-
sues and serum samples from patients is listed 
in Table 2. All the studies showed that the EOC 
tissues and serum from EOC patients showed 
more glycolytic activity than did the normal 
ovarian tissues and serum from healthy women, 
as indicated by the higher GLUT expression lev-
els, glycolytic enzymes, and hypoxia-induced 
transcription factor 1α (HIF1α), a glycolysis-reg- 
ulating factor [26, 29-32]. In terms of OXPHOS, 
a previous study demonstrated an increase in 
the enzymes involved in the TCA cycle and 
OXPHOS, including pyruvate dehydrogenase 
(PDH), citrate synthase (CS), and isocitrate 
dehydrogenase (IDH) in human EOC tissues 
when compared to normal human ovarian tis-
sues [26].

When the various histologic types of EOC cells 
were compared the results showed that HGSC 
and CCC show more glycolytic activity than 
other variants, as indicated by their higher 
GLUT expression levels and glycolytic enzyme 
levels [33-35]. Also, a gene set enrichment 
analysis (GSEA) revealed that the hepatocyte 
nuclear factor 1β (HNF-1β) gene, which is 
strongly associated with anaerobic glucose 
catabolism, was increased in the CCC group 
when compared with that of the non-CCC group 
[33]. As regards OXPHOS, HGSC was more 
dependent on OXPHOS than were low-grade 
serous carcinoma tissues (LGSC), as indicated 
by a higher BioEnergetic Cellular index and a 
non-dimensional ratio, measures used to 
express the mitochondrial activity [36].

In summary, clinical evidence indicates an 
increase in glycolytic activity in EOC tissues 
when compared to the glycolytic activity in  

normal ovarian tissues. Additionally, the more 
invasive histologic types of EOC, such as HGSC 
and CCC, display more glycolytic activity than 
the less invasive EOC types do. These findings 
suggest that the different histologic types of 
EOC may each have a unique metabolic 
sequence from specific regulators. However, 
there are only a few prior studies comparing the 
OXPHOS activity between EOC tissue and nor-
mal ovarian tissue and between the more inva-
sive EOC and the less invasive EOC. Therefore, 
further studies with larger sample sizes and 
more outcome measurements are required to 
determine the overall changes in the cancer 
metabolic pathways. 

The effects of glycolytic interventions on epi-
thelial ovarian cancer

The impact of glycolytic intervention on the dif-
ferent aspects of EOC, growth, invasion, migra-
tion, and apoptosis, has been investigated in in 
vitro and in vivo studies. Glycolytic intervention 
can be classified in three main ways: 1) the 
knockdown of the glycolytic enzyme genes at 
the rate-limiting steps, specifically hexokinase 
(HK2) and pyruvate kinase (PKM2); 2) miRNA-
induced changes in the glycolytic activity of the 
EOC cells, and 3) substance-induced changes 
in the glycolytic activity of the EOC cells. The 
relevant studies are comprehensively summa- 
rized in Table 3 (in vitro reports) and Table 4 (in 
vivo reports).

Genetic modification by knocked down glyco-
lytic enzyme genes at the rate-limiting steps, 
HK2 and PKM2, to inhibit the glycolysis path-
way has been studied. The in vitro and in vivo 
studies showed that glycolytic inhibition dis-
rupted EOC growth as indicated by a decrease 
in the cell/colony counts, tumor sizes, and 
tumor weights [37, 38]. Glycolytic inhibition can 
increase the apoptosis, decrease the invasion 
and migration, and reduce the VEGF protein 
expression in EOC cells [37, 38].

Several miRNAs have demonstrated effects on 
the glycolytic activity of the EOC cells. The over- 
expression of miR-603, miR-532-3p, and miR-
144 by miRNA transfection or treatment with a 
miRNA upregulator, ginsenoside 20(S)-Rg3 
resulted in glycolytic disruption and impaired 
EOC cell growth, invasion, and migration [18, 
39, 40]. Likewise, studies in mice revealed that 
either the intratumoral injection of miR-603 or 
the subcutaneous injection of miR-144 trans- 
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Table 2. Metabolic changes in epithelial ovarian cancer: clinical studies

Tumor tissues or serum samples from human

Major findings

Interpretation ReferencesGlycolytic-related findings OXPHOS-related findings
Glut  

expression
Glycolytic 
enzymes Others OXPHOS 

enzymes Others

-150 EOC tissues (stage I-IV) ↑ PKM2 ↑↑ iNOS, eNOS -Human EOC tissues showed higher glycolytic 
shift than normal ovarian tissues.

[29]

-10 normal ovarian tissues (control)

-38 EOC tissues ↑ ↑ HK2 ↑ HIF1α, STAT3 -Tissues and serum of EOC patients showed 
higher levels of glycolysis compared to tis-
sues and serum of healthy people.

[31]

-22 normal ovarian tissues (control) ↑ LDHA ↓ SIRT3

-44 serum samples from EOC patients ↑ ↑ HK2 ↑ HIF1α, STAT3

-35 serum samples from healthy people (control) ↑ LDHA ↓ SIRT3

-78 EOC tissues ↑↑ ↑↑ HK2 ↑↑ FOXM1 -Human EOC tissues had higher glycolysis 
compared to normal ovarian tissues.

[30]

-35 normal ovarian tissues (control)

-7 EOC tissues ↑ PFK ↑ PDHB, CS, 
IDH2, OGDHL

↑ mitochondrial 
DEPs

-Human EOC tissues had an increase in OX-
PHOS compared to normal ovarian tissues.

[26]

-11 normal ovarian tissues (control) ↑ PKM ↑ UQCRH, CYB

-282 HGSC TMAs ↑↑ ↑ HK2 -HGSC tumor tissues had higher glucose 
metabolism compared to other histological 
types.

[35]

-98 non-HGSC TMAs (control) ↔ PKM2

↓ LDHA

-139 OCCC microarray dataset ↑↑ HK1 -OCCC had higher glycolysis phenotype com-
pared to other non-OCCC adenocarcinoma.

[33]

-24 non-OCCC microarray dataset (control) ↑↑ LDHA

-8 OCCC and 67 high-grade EOC tissues ↑ ↑ PKM2 -High-grade EOCs and OCCC had higher 
glycolysis than normal and low-grade EOC 
tissues.

[34]

-8 normal ovarian TMAs and 29 low-grade EOC TMAs (control) ↑ LDHA

-32 HGSC tissues ↑ BEC index -HGSC tumor tissues was more dependent 
on OXPHOS than LGSC tissues.

[36]

-15 LGSC tissues (control)

-11 EOC tissues (stage I-III) ↑ G6P* ↔ citrate ↔ pyruvate -Human primary EOC and metastatic omen-
tal tissues had higher glycolysis than normal 
ovarian tissues.

[32]

-7 MOC tissues in the omentum (stage III-IV) ↑↑ lactate

-12 normal ovarian tissues (control)

-1 tissue from recurrent stage IV PPC ↑ PDK1 -In recurrent stage IV PPC sample had 
lower OXPHOS shifting enzyme than stage I 
primary EOC tissue.

[60]

-1 tissue from stage I EOC (control) ↓ PDH

The superscript *indicates only in metastatic ovarian cancer tissues. The arrow ↑ or ↓ denotes a significant increase or decrease in the metabolic-related finding with a P value <0.05. The arrow ↑↑ or ↓↓ denotes a significant increase or 
decrease in the metabolic-related finding with a P value <0.01. Abbreviations: BEC index; BioEnergetic Cellular index, CS; citrate synthase, CYB; cytochrome b reductase, DEPs; differentially expressed proteins, EOC; epithelial ovarian cancer, 
FOXM1; forkhead box protein M1, G6P; glucose-6-phosphate, Glut; glucose transporter, HGSC; high-grade serous adenocarcinoma, HIF; hypoxia-induced transcription factor, HK; hexokinase, IDH2; isocitrate dehydrogenase 2, LDHA; lactate 
dehydrogenase A, LGSC; low-grade serous adenocarcinoma, MOC; metastatic ovarian cancer, NOS; nitric oxide synthase, OCCC; ovarian clear cell carcinoma, OGDHL; 2-oxoglutarate dehydrogenase-like, OXPHOS; oxidative phosphorylation, 
PDH; pyruvate dehydrogenase, PDK; pyruvate dehydrogenase kinase, PFK; phosphofructokinase, PKM; pyruvate kinase muscle isozyme, PPC; primary peritoneal carcinoma, SIRT3; sirtuin 3, STAT3; signal transducer and activator of transcrip-
tion 3, TMA; tissue microarray, UQCRH; ubiquinol-cytochrome c reductase hinge protein.
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Table 3. The eEffects of glycolytic interventions on epithelial ovarian cancer cell metabolism and invasive properties: in vitro studies

Human ovarian carcinoma 
cells

Intervention (dose, 
duration)

Major findings

Interpretation ReferencesGlycolytic-related findings Oncological outcomes
Glucose 
uptake

Glycolytic 
enzymes Lactate Others Growth Invasion Migration Apoptosis Others

A2780CP, ES-2, OVCAR3, SKOV3 -HK2 knockdown (shHK2/
siHK2, 48 h)

↓ HK2 ↓ ↓ ↓ ↓ ↓ stemness 
markers

-Inhibition of glycolytic 
enzyme, HK2, caused 
a decrease in cell 
proliferation, invasion, 
migration, and stem-
ness properties.

[38]

-HK2 overexpression 
(pCMV6-DDK-HK2 trans-
fection, 72 h)

↑ HK2 ↑ ↓ VEGF

OVCAR3, SKOV3 -PKM2 knockdown (siRNA-
PKM2, 24-72 h)

↓ PKM2 ↓ ↓ ↑ ↓ viability -PKM2 knockdown 
inhibited ovarian cancer 
cell viability, invasion, 
and migration.

[37]

A2780, SKOV3 -MiR603 overexpression 
(mimic miR603 siRNA 
transfection, 48 h)

↓ ↓ HK2
↔ PKM2

↓ ↓ ↓ ↓ -miR603 upregula-
tion from ginsenoside 
inhibited glycolysis, cell 
proliferation, invasion, 
and migration. 

[18]

-Ginsenoside (80 µg/
mL (SKOV3)/40 µg/mL 
(A2780), 48 h) + miR603 
inhibitor (inhibitor miR603 
siRNA transfection, 48 h)

↑ ↑ HK2 ↑ ↑ ↑

-Ginsenoside (control) 

A2780, SKOV3 -Ginsenoside (80 µg/
mL (SKOV3)/40 µg/mL 
(A2780), 48 h) OR mimic 
miR532-3p (siRNA trans-
fection 80 nM, 24 h) 

↓ ↓ HK2
↓ PKM2

↓ ↓ -miR532-3p upregula-
tion from ginsenoside 
inhibited glycolysis and 
cell growth.

[40]

-MiR532-3p inhibitor 
(siRNA transfection 100 
nM, 24 h) followed by 
ginsenoside 

↑ ↑ HK2 
↑ PKM2

↑ ↑

-Ginsenoside (control)

A2780, Hey -Cryptotanshinone (5/10 
µmol/L, 48 h)

↓ ↓ HK2
↓ LDHA

↓ ↓ Glut1 ↓ viability -Cryptotanshinone 
inhibited glycolysis and 
cell viability.

[31]

A2780, SKOV3 -Resveratrol (25-800 µM, 
72 h)

↓ ↓ ↓ ↓ ↑ ↓ viability -Resveratrol inhibited 
glycolysis, cell growth, 
migration, and invasion.

[42]

A2780, Hey -Bufalin (5/10 nM, 48 h) ↓ ↓ HK2
↓ LDHB

↓ ↓ Glut4 ↓ ↓ viability -Bufalin inhibited gly-
colysis, cell growth and 
proliferation.

[61]

SKOV3 -MiR144 overexpression 
(mimic miR144 siRNA 
transfection, 36/48 h)

↓ ↓ ↓ Glut1 ↓ ↓ viability -MiR-144 inhibited gly-
colysis and suppressed 
cell growth and viability.

[39]
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OVCAR3, SKOV3 -NOS inhibitor (0.75-10 
mM, 24 h)

↓ ↓ ↑ ↓ viability -A low dose of NO pro-
moted glycolysis & cell 
viability.

[29]

-NO donor (0.05-100 µM, 
24 h)

↑ ↑ ↓ ↑ viability

-NO donor (500-1000 µM, 
24 h)

↓ ↓ ↓ viability

CAOV3, OVCA432 -Lysophosphatidic acid 
(10 µM, 12 h) +5-3H 
glucose

↑ HK2 ↑ ↑ glycolytic 
flux

-Lysophosphatidic acid 
up-regulated glycolysis, 
which may affect cancer 
cell growth.

[62]

-control

-Lysophosphatidic acid +2-
DG (1.25 mM (CAOV3)/3 
mM (OVCA432))

↓ glycolytic 
flux

↓

-Lysophosphatidic acid 
alone (control)

Ovca429, Ovca433 -MiR203 overexpression 
(mimic miR203 transfec-
tion)

↑ ↑ ↑ ↑ -MiR-203 promoted 
glycolysis, cell growth, 
and migration.

[41]

-Anti-miR-203 ↓ ↓ ↓ ↓

OVCAR3, SKOV3, SKOV3ip1 -High concentrated pyru-
vate (10 mM, 12 h)

↑ ↑ ↑ pyruvate 
uptake

↑ -The high pyruvate 
concentration resulted 
in higher metabolism, 
and contributed to the 
motility in SKOV3 cells.

[28]

-Original pyruvate concen-
tration (1 mM) (control)

The arrow ↑ or ↓ denotes a significant increase or decrease in the glycolytic-related finding and oncological activities with a P value <0.05. Abbreviations: HK2; hexokinase 2, LDH; lactate dehydrogenase, miR; microRNA, NO; nitric oxide, NOS; 
nitric oxide synthase, PKM2; pyruvate kinase M2, VEGF; vascular endothelial growth factor.
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Table 4. The effects of glycolytic interventions on epithelial ovarian cancer cell metabolism and its invasive properties: in vivo studies

Study models Intervention (dose, duration)

Major findings

Interpretation ReferencesGlycolytic-related findings Oncological  
outcome-related findings

Glucose 
uptake

Glycolytic 
enzymes Others Growth Volume/

weight Others

Mice sc injected with ES-2 cells -SC or ip inj. shHK2 ES-2 (2 × 106 
cells, once)

↓ HK2 ↓ ↓ -HK2 knockdown mice had signifi-
cantly lower tumor weight and tumor 
growth rate than that of control mice.

[38]

Mice sc injected with SKOV3 cells -Intratumoral inj. agomiR603 (5 nM q 
3 days × 7 cycles)

↓ ↓ HK2 ↓ -miR603 inhibited glycolysis and 
tumor growth.

[18]

-Intratumoral inj. agomiR-NC (control)

Mice sc injected with Hey cells -Cryptotanshinone ip inj. (10 mg/kg, 
once)

↓ ↓ HK2, 
LDHA

↓ Glut1
↓ STAT3
↓ HIF1α

↓ ↓ -Cryptotanshinone inhibited glycolysis 
and tumor growth.

[31]

Mice sc injected with SKOV3 cells -CHIP overexpression ↓ PKM2 ↓ ↓ -CHIP overexpression inhibited 
glycolytic shifting enzyme, PKM2, and 
tumor growth.

[44]

-CHIP suppression (shCHIP transfec-
tion)

↑ PKM2 ↑ ↑

Mice sc injected with SKOV3 cells -PKM2 inhibitor, shikonin ip inj. (10 
mg/kg, 5 days/week × 3 weeks)

↓ PKM2 ↓ -Glycolytic shifting enzyme inhibitor, 
shikonin, inhibited tumor growth.

[47]

Mice sc injected with SKOV3 cells -Mimic miR144 (miR144 mimics-
containing lentivirus transfection, 16 
days)

↓ Glut1 ↓ ↓ -MiR-144 reduced glucose uptake 
and suppressed tumor growth.

[39]

Mice sc injected with A2780 cells -Bufalin ip inj. (10 mg/kg, AD) ↓ ↓ HK2
↓ LDHB

↓ Glut4 ↓ ↓ ↓ ITGB2
↓ FAK

-Bufalin decreased glycolysis and 
could inhibit cell growth, tumor 
volume and weight.

[61]

Mice sc injected with ID8 cells -Lysophosphatidic acid sc inj. (0.4 
µmol, AD × 20 days)

↑ HIF1α ↑ -Lysophosphatidic acid-induced HIF1α 
expression and tumor growth in mice.

[63]

Mice sc injected with A2780 and SKOV3 cells -FOXM1 silencing (shFOXM1 transfec-
tion)

↓ ↓ HK2 ↓ Glut1 ↓ -Decreased glycolysis by silencing 
FOXM1 gene could inhibit tumor 
volume and weight.

[30]

Mice intrabursally injected with M909 cells -JQ1 ip inj. (50 mg/kg/day, 4 weeks) ↓ ↓ LDHA ↓ lactate
↓ c-myc

↓ ↓ ↑ apoptosis -JQ1 inhibited glycolysis, tumor 
growth, and increased apoptosis.

[43]

The arrow ↑ or ↓ denotes a significant increase or decrease in the glycolytic-related finding and oncological activities with a P value <0.05. Abbreviations: AD; alternate day, CHIP; carboxyl terminus of Hsc70-interacting protein, FAK; focal adhe-
sion kinase, FOXM1; forkhead box protein M1, HIF; hypoxia-induced transcription factor, HK2; hexokinase 2, inj.; injection, ip; intraperitoneal, ITGB2; integrin beta 2, LDH; lactate dehydrogenase, miR; microRNA, PKM2; pyruvate kinase M2, sc; 
subcutaneous, STAT3; signal transducer and activator of transcription 3
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fected-cancer cells led to reduced glucose up- 
take in ovarian tumors, limiting ovarian tumor 
growth, and tumor weight [18, 39]. However, it 
has been shown that miR-203 promotes gly- 
colysis, cancer cell growth, and migration in the 
ovca433 and ovca429 cell lines [41]. These 
findings suggest that miRNAs can modulate gly-
colysis differently depending on their type, 
causing either the upregulation or downregula-
tion of glycolysis.

There are many substances extracted from 
herbs, animals, and fruits that can inhibit gly-
colysis. For example, crypsotanshinone, a 
Chinese herbal compound found in Danshen 
(Salvia miltiorrhiza) and bufalin-a substance 
isolated from the venom of a Chinese toad, 
have been shown to have a role in glycolytic 
inhibition and reducing EOC cell growth and 
viability, ovarian tumor growth, and ovarian 
tumor weight [29, 31]. Resveratrol, a natural 
ingredient found in the skin of peanuts, grapes, 
blueberries, mulberries, and raspberries, may 
decrease glucose uptake, and lactate levels, 
and reduce invasion, migration, and increase 
the apoptosis of the EOC cells [42]. Other sub- 
stances such as nitric oxide synthase (NOS) 
inhibitors, nitric oxide, carboxyl terminus of 
Hsc70-interacting protein (CHIP), and JQ1, a 
small molecule which selectively inhibits pro-
teins and downregulates c-Myc, have also been 
found to exhibit glycolytic inhibitory effects [24, 
29, 43, 44]. In support of these findings, previ- 
ous in vitro and in vivo studies reveal that  
those substances increased the apoptosis of 
EOC cells and impaired ovarian tumor growth, 
respectively [29, 43].

In summary, both in vitro and in vivo studies 
demonstrated that glycolysis has a crucial role 
in EOC. In fact, when glycolysis is inhibited in 
vitro, EOC cell growth, invasion, migration, and 
viability are restricted. Likewise, when glycoly- 
sis is disrupted in vivo, tumor growth or tumor 
volume decreases significantly. These findings 
suggest that the modulation of the glycolysis 
pathway could be beneficial in therapeutic 
interventions in EOC.

The comparative effects of glycolytic and 
OXPHOS interventions on epithelial ovarian 
cancer

When glycolytic and OXPHOS interventions 
were compared, all the in vitro studies showed 

that EOC cell growth, invasion and migration 
depend mainly on glycolysis rather than 
OXPHOS (Table 5). In fact, various glycolytic 
inhibition methods, including glycolytic enzyme-
related gene suppression, glycolytic enzyme 
inhibition, and glycolytic-related protein silenc- 
ing resulted in a significant reduction in EOC 
cell growth, invasion, and migration [34, 44- 
48].

Two in vivo studies support the results of the in 
vitro studies mentioned above, specifically that 
tumor growth and volume increase occurred 
mainly as a result of glycolysis (Table 6) [45, 
49]. Another study suggested that apart from 
glycolysis, fatty acid oxidation might also have 
a role in EOC growth [50]. In that study, mice 
with HGSC of the ovary were fed with either a 
low-fat diet (10% of calories derived from fat) or 
a high-fat diet (60% of calories derived from 
fat), followed by metformin treatment. The 
results showed that the tumor weight in the 
high-fat diet-fed mice was significantly higher 
than it was in the low-fat diet-fed mice. 
Metabolomic profiling was also carried out in 
mice ovarian tumors. Metabolomics revealed 
that the n-3 and n-6 fatty acid levels were 
decreased, while several acylcarnitine and 
dicarboxylic acid levels were increased in the 
ovarian tumors of the high-fat diet-fed mice. 
This suggests that the greater fatty acid oxida-
tion occurring in high-fat diet-fed mice than in 
low-fat diet-fed mice has an impact on tumor 
growth. Additionally, the ovarian tumors from 
the high-fat diet-fed mice exhibited an impair- 
ment in the succinate dehydrogenase (complex 
II) activity, consistent with a parallel decrease 
in lysolipids, fumarate, and malate. Interest- 
ingly, the metformin treatment had a more sig-
nificant effect on the reduction of tumor growth 
in the high-fat diet-fed mice than it did in the 
low-fat diet-fed mice [50]. This might be due to 
the inhibition of mitochondrial complex I by 
metformin that could potentiate the response 
in complex II-induced tumor impairment in 
obese mice [50]. 

Metabolic characteristics that determine the 
chemoresistance of epithelial ovarian cancer

The metabolic activities of the chemoresistant 
and chemosensitive EOC cell lines have been 
compared, but the results remain inconclusive 
(Table 7). Five studies compared the metabolic 
activities between the chemoresistant and  
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Table 5. The comparative effects of glycolytic and OXPHOS interventions on epithelial ovarian cancer cell metabolism and its invasive properties: 
in vitro studies

Human 
ovarian  
carcinoma 
cells

Intervention 
(dose, duration)

Major findings

Interpretation ReferencesGlycolytic-related findings OXPHOS-related findings Oncological outcomes
Glucose 
uptake

Glycolytic 
enzymes Lactate Others OXPHOS 

enzymes OCR ROS Other Growth Invasion Migration Others

A2780, SKOV3 -PTTG suppression 
(PTTG-shRNA, 25 
mmol/L, 48 h)

↓ ↓ HK
↓ PFK
↓ PKM2
↓ LDHA

↓ ↓ Glut1
↓ c-myc

↑ ↑ ↑ ATP ↓ -PTTG suppression 
caused a decrease 
in glycolysis and an 
increase in OXPHOS, 
and resulted in 
decreased cell prolif-
eration.

[34]

-PTTG-shRNA 
+2-DG (100 mM, 
12-72 h)

↓ decreased 
ECAR

↑ ↑ decreased 
viability

-Control-shRNA 
+2-DG

-PTTG-shRNA + 
oligomycin (2 µg/
mL, 12-72 h)

↔ ECAR ↓↓ ↓ viability

-Control-shRNA + 
oligomycin

Hey, SKOV3 -JQ1 (500-1000 
nM, 24 h)

↓ ↓ LDHA ↓ ↓ c-myc ↓ ↓ ATP ↓ ↑ apoptosis
↔ necrosis

-JQ1 inhibited c-myc, 
glycolysis, and cell 
proliferation.

[43]

CP90, OV90 -MICU1 silencing 
(siRNA-MICU1 
transfection, 48-
96 h)

↓ ↓ p-PDH
↑ PDH

↑ ↑ ↑ complex 
III

↓ ↓ ↓ ↓ motility -Silencing MICU1 
decreased glycolysis, 
cell growth, and 
invasiveness but 
increased OXPHOS 
shifting enzymes and 
OXPHOS metabolism.

[45]

OVCAR3, SKOV3 -MPC1 inhibitor (20 
µM, 1 week)

↑ ↑ ECAR ↓ mt-
pyruvate
↓ ATP

↔ ↑ ↑ stemness 
markers
↑ motility
↑ viability

-MPC1 inhibitor 
resulted in increased 
glycolysis, stemness 
markers, migration, 
and motility. 

[48]

A549, SKOV3 -FAM210B silencing 
(siRNA transfection, 
48 h)

↓ ↓ ↓ ECAR ↓ PDK4
↓ p-PDH

↑ ↔ ↑ ↑ viability
↑ EMT

-Loss of mitochondrial 
protein FAM210B 
caused an increased 
OXPHOS and 
promoted cell aggres-
siveness.

[64]

OVCAR3, SKOV3 -NOS inhibitor (10 
mM, 48 h)

↓ ↑ HK2 ↓ ↓ ↑ ↓ 
pyruvate 
uptake

↓ -NO could induce 
glycolysis, impaired 
OXPHOS, and cell 
growth.

[46]

-NO donor (100 µM, 
24 h) 

↑ ↑ ↓ ↓ complex 
II, III, IV



Metabolic reprogramming in ovarian cancer

9961 Am J Transl Res 2021;13(9):9950-9973

CP70, SKOV3 -PKM2 inhibitor, 
shikonin (3 µM, 
5 h)

↓ ↓ PKM2 ↓ ↓ ECAR ↔ ↓ ↓ -Inhibition of PKM2 
caused a decrease 
in glycolysis, cell 
proliferation, and 
migration.

[47]

-Control (7 h)

SKOV3 -Ad-CHIP (CHIP 5 
µM, 4 h)

↔ HK
↓ PKM2

↓ pyruvate
↓ ECAR
↓ glycolytic 
capacity

↑ ↓ -CHIP decreased gly-
colysis and inhibited 
cell proliferation.

[44]

The arrow ↑ or ↓ denotes a significant increase or decrease in the metabolic-related finding or the cells’ oncologic activities, i.e. cell growth, invasion, migration and viability, with a P value <0.05. The arrow ↑↑ or ↓↓ denotes a significant in-
crease or decrease in the metabolic-related finding or the cells’ oncologic activities with a P value <0.01. Abbreviations: Ad-; adenovirus infected, CHIP; carboxyl terminus of Hsc70-interacting protein, ECAR; extracellular acidification rate, EMT; 
epithelial-mesenchymal transition, HK; hexokinase, LDH; lactate dehydrogenase, MICU1; mitochondrial calcium uptake 1, miR; microRNA, MPC; mitochondrial pyruvate carrier, mt-; mitochondrial, NO; nitric oxide, NOS; nitric oxide synthase, 
OXPHOS; oxidative phosphorylation, OCR; oxygen consumption rate, p-PDH; phosphorylated-pyruvate dehydrogenase, PDH; pyruvate dehydrogenase, PDK; pyruvate dehydrogenase kinase, PFK; phosphofructokinase, PKM2; pyruvate kinase 
M2, PTTG; pituitary tumor-transforming gene, ROS; reactive oxygen species
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Table 6. The comparative effects of glycolytic and OXPHOS interventions on epithelial ovarian cancer cell metabolism and invasive properties: in 
vivo studies

Study in mouse models Intervention 
(dose, duration)

Major findings

Interpretation References
Glycolytic-related 

findings OXPHOS-related findings Oncological  
outcome-related findings

Glycolytic 
enzymes Others OXPHOS 

enzymes Metabolites Others Growth Volume
/weight Others

Ovaries intrabursally implanted with OV90 -MICU1 silencing 
(shMICU1 transfec-
tion, 48-72 h) 

↓ LDH ↓ lactate ↓ p-PDH
↑ PDH

↓ ↓ ↑ apoptosis
↑ median 
survival

-Silencing MICU1 
caused decreasing 
glycolysis, tumor 
growth, and mouse 
survival.

[45]

Serous EOC with somatic deletion of 
Brca1 and p53 inactivation 

-High-fat diet (obese) ↓ F6P, 
pyruvate

↑ succinate ↑ -Obese mice had 
less glycolytic activ-
ity but had more 
tumor growth than 
lean mice.
-Metformin 
induced glycolysis, 
decreased angio-
genesis, cell prolif-
eration, and invasive 
properties.

[50]

-Low-fat diet 
(control)

↓ fumarate, malate

-Metformin (200 
mg/kg, oral gavage 
× 4 weeks) in obese 
mice

↑ G6P, F6P, 
FBP, 2,3-DPG, 
PEP, lactate

↑ α-ketoglutarate, 
fumarate, malate

↓ ↓ ↑ caspase-3
↓ VEGF

-Metformin (200 
mg/kg, oral gavage 
× 4 weeks) in lean 
mice (control)

↓ succinate ↓ MMP 9

ID8 cells intraperitoneal injection -SP-/- (SPARC gene) ↑ HK2 ↑ G6P, F6P,  
pyruvate, 
lactate

↑ SUCLG1, 
SUCLG2, 
ME2, IDH1

↑ succinate ↑ ROS ↑ -Absence of SPARC 
genes increased 
glycolysis and 
OXPHOS activity and 
supported tumor 
growth.

[49]

-SP+/+ (control) ↑ TPI1
↑ PGK1
↑ PHGDH

↓ fumarate, citrate
↑ complex I, III, IV, V

The arrow ↑ or ↓ denotes a significant increase or decrease in the metabolic-related finding or tumor oncologic activities, with a P value <0.05. Abbreviations: 2,3-DPG; 2,3-diphosphoglycerate, EOC; epithelial ovarian cancer, F6P; fructose-
6-phosphate, FBP; fructose 1,6-bisphosphate, G6P; glucose-6-phosphate, HK2; hexokinase 2, IDH; isocitrate dehydrogenase, ip; intraperitoneal, LDH; lactate dehydrogenase, ME; malic enzyme, MICU1; mitochondrial calcium uptake 1, 
MMP; matrix metalloproteinase, OXPHOS; oxidative phosphorylation, p-PDH; phosphorylated-pyruvate dehydrogenase, PDH; pyruvate dehydrogenase, PEP; phosphoenolpyruvate, PGK1; phosphoglycerate kinase 1, PHGDH; phosphoglycerate 
dehydrogenase, ROS; reactive oxygen species, SPARC; secreted protein acidic and rich in cysteine, SUCLG; succinyl-CoA ligase, TPI1; triosephosphate isomerase, VEGF; vascular endothelial growth factor.
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Table 7. Characteristics of epithelial ovarian cancer cell metabolism in relation to chemosensitive and chemoresistant cell lines

Study Model

Major findings

Interpretation ReferencesGlycolytic-related findings OXPHOS-related findings
Glycolytic 
enzymes Lactate Basal 

ECAR Others OXPHOS 
enzymes

Basal 
OCR ROS Others

-Chemoresistant human serous ovarian carcinoma (C200, 
PEO4) 

↔ LDHa ↑ ↑ GLUT1 ↑↑ CoxVb ↑  ↑ ↑ OCR/ECAR -Chemoresistant cells had higher 
metabolic states than chemosensi-
tive cells.

[51]

-Chemosensitive human ovarian carcinoma (A2780, PEO1) 
(control)

↑ 
glycolytic 
capacity

↑ ATP
↑ respiratory 
reserve
↑↑ PGC-1α

-Human platinum-resistant HGSC (PEA2) ↓ PFK ↓ ↓ 
glycolytic 
capacity

↔ ↑ ↑ maximal OCR -Platinum resistant cells had higher 
OXPHOS but had lower glycolysis than 
platinum-sensitive cells.

[36]

-Human platinum-sensitive HGSC (PEA1) (control) ↓ GAPDH ↑ BEC index

-Cisplatin resistant human ovarian carcinoma (SKOV3/DDP) ↑ PFK ↓ ↓ ↑ Glut1 ↔ PDK1 ↑ ↑ ↑ ATP -Cisplatin resistant cells had higher 
OXPHOS and glucose metabolism 
than cisplatin-sensitive cells.

[52]

-Cisplatin sensitive human ovarian carcinoma (SKOV3) 
(control)

↑ LDHA ↑ glucose 
uptake

-Chemoresistant human ovarian carcinoma (C13, HeyA8MDR) ↑ PFK ↑ ↑ glucose 
uptake

↓  ↑ ATP -Chemoresistant cells had higher 
glycolysis compared to sensitive cells.

[19]

-Chemosensitive human ovarian carcinoma (HeyA8, OV2008) 
(control)

↑ LDH ↔ 
F2,6BP

-Cisplatin resistant human ovarian carcinoma
(A2780/DDP)

↑ HK2 ↑ ↑ glucose 
uptake

↓ ↓ ↓ citrate -Cisplatin resistant cells had higher 
glycolysis than cisplatin sensitive 
cells.

[53]

-Cisplatin sensitive human ovarian carcinoma (A2780) 
(control)

↑ LDH

The arrow ↑ or ↓ denotes a significant increase or decrease in the metabolic-related finding with a P value <0.05. The arrow ↑↑ or ↓↓ denotes a significant increase or decrease in the metabolic-related finding with a P value <0.01. Abbrevia-
tions: BEC index; BioEnergetic Cellular index, CoxVb; cytochrome c oxidase subunit Vb, ECAR; extracellular acidification rate, F2,6BP; fructose-2,6-bisphosphate, GAPDH; glyceraldehyde 3-phosphate dehydrogenase, HGSC; high-grade serous 
adenocarcinoma, HK2; Hexokinase 2, LDH; lactate dehydrogenase, OCR; oxygen consumption rate, OXPHOS; oxidative phosphorylation, PDK; pyruvate dehydrogenase kinase, PFK; Phosphofructokinase, PGC-1α; peroxisome proliferator-
activated receptor gamma coactivator 1-alpha, ROS; Reactive oxygen species.
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chemosensitive EOC cell lines, the results dif-
fering between the cell lines [19, 36, 51-53]. 
Chemoresistant serous C200 and PEO4 
showed higher glycolytic activity and higher 
OXPHOS activity, with a higher proportion of 
OXPHOS activity than glycolysis, compared to 
chemosensitive serous A2780 and PEO1 [51]. 
Platinum-resistant HGSC PEA2 had lower over- 
all glucose metabolism, as indicated by its 
lower levels of glycolytic enzymes and glycolytic 
capacity, lower ECAR, but higher OXPHOS than 
platinum-sensitive HGSC PEA1 [36]. A cisplat- 
in-resistant ovarian adenocarcinoma, SKOV3/
DDP, demonstrated higher glucose uptake and 
higher levels of glycolytic enzymes but lower 
ECAR and lactate levels than a cisplatin-
sensitive cell line, SKOV3 [52]. In addition, 
SKOV3/DDP displayed higher OXPHOS than 
SKOV3, as indicated by the greater basal OCR 
and ROS [52]. These findings suggest that the 
resistant cell line SKOV3/DDP showed increa- 
sed glycolysis, resulting in increased OXPHOS 
via the increased entering of substrates into 
the TCA cycle. In contrast, the chemoresistant 
ovarian adenocarcinoma variants C13, HeyA8- 
MDR, and A2780/DDP had a lower OXPHOS 
levels, as indicated by the lower basal OCR  
and ROS, but higher glycolysis, as indicated by 
the higher glycolytic enzyme levels and the 
higher glucose uptake and lactate levels than 
in chemosensitive ovarian adenocarcinoma-
OV2008, HeyA8, and A2780 [19, 53].

In summary, the studies on chemoresistant cell 
lines indicated that they could be classified into 
three groups according to their dominant meta-
bolic activity: first, cells that show a prevalence 
of glycolysis, for example C13, HeyA8MDR, and 
A2780/DDP; second, cells that have a preva- 
lence of OXPHOS, including HGSC PEA2 and 
SKOV3/DDP; finally, cells that are dominant  
in both glycolysis and OXPHOS, serous C200 
and PEO4. These findings indicate the potential 
targets for therapeutic strategies via metabolic 
regulation depending on the type of resistance 
exhibited by the cells.

Effects of metabolic interventions on epithe-
lial ovarian cancer chemoresistant cell lines

The effects of metabolic interventions, includ-
ing glycolytic or OXPHOS inhibition, on the  
alterations of the chemoresistant or chemo-
sensitive properties of the EOC cell lines are 

summarized in Table 8. Compared with the  
chemosensitive cell lines (A2780, PEA1, and 
SKOV), the chemoresistant cell lines (C200, 
HGSC, PEA2, and SKOV/DDP) were more toler- 
ant of glycolytic stress [36, 51, 52]. In other 
words, these resistant cells could shift the gly-
colysis toward OXPHOS and maintain viability 
when they were cultured in glucose-free media 
or treated with a glycolytic inhibitor: 2-deoxyglu- 
cose (2-DG).

The induction of chemosensitization with glyco-
lytic inhibition using a glucose-free medium, 
and a PFK inhibitor in a chemoresistant cell 
line, 2-DG, was investigated. Treatment with a 
combination of a glycolytic inhibitor and con-
ventional chemotherapy resulted in a signifi-
cant decrease in cell viability when compared 
to chemotherapy alone in some resistant cell 
lines such as PEO4 (serous carcinoma), adeno- 
carcinoma C13, and HeyA8MDR [19, 51, 54]. 
An in vivo study using a combined glycolytic 
inhibitor (PFK158) and chemotherapy (carbopl- 
atin/paclitaxel) package also demonstrated 
consistent results in HeyA8MDR tumor-bearing 
mice, the PFK158 inducing chemosensitivity 
[19]. Nevertheless, that combination did not 
significantly alter the cell viability in serous car-
cinoma C200 [51]. Previous clinical studies 
observed that OCCC also has a low sensitivity 
to chemotherapy [55, 56]. Its chemoresistant 
property is possibly due to its higher HNF-1β, 
leading to more aerobic glycolysis, leading to a 
reduction in ROS and resulting in the chemore-
sistant property of the EOC cells [57, 58]. After 
the knockdown of HNF-1β in OCCC (RMG2 and 
JHOC5), a glycolytic shift was inhibited, result- 
ing in a more cisplatin-sensitive property of 
these EOC cells [33].

The induction of chemosensitization in the  
chemoresistant cell lines using a combination 
of chemotherapy and an OXPHOS inhibitor was 
also investigated. An OXPHOS inhibitor-oligomy- 
cin-can induce chemosensitization in the che-
moresistant EOC cell lines: serous carcinoma, 
C200, and PEO4 [51]. Metformin is considered 
an OXPHOS inhibitor because it can inhibit 
mitochondrial complex I (NADH dehydrogenase) 
and subsequently decrease mitochondrial ATP 
production [16, 59]. The combined treatment  
of metformin and cisplatin can decrease cell 
viability and increase apoptosis in the chemo-
resistant cell line [36]. Another study used a 
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Table 8. The Effects of the metabolic interventions on the epithelial ovarian cancer chemoresistant cell lines and the metabolic interventions 
that alter the chemosensitization properties: reports from in vitro studies

Human Ovarian 
Cell Types

Intervention (Dose/
Duration)

Major findings

Interpretation ReferencesGlycolytic-related findings OXPHOS-related findings Oncological outcomes
Glycolytic 
enzymes Lactate Basal 

ECAR Others OXPHOS 
enzymes

Basal 
OCR ROS Others Proliferation Apoptosis Viability

-Chemoresistant 
ovarian carcinoma 
(C200) 

-Glucose-free media 
(48 h)

↑↑ ↑↑ glycolytic 
capacity

↑↑ ↑↑ max. 
respiration
↑↑ ATP

↑↑ -Chemoresistant cells 
had higher metabolic 
state than chemosen-
sitive cells, and could 
shift toward OXPHOS 
or glycolysis under 
stress conditions.

[51]

-Chemosensitive 
ovarian carcinoma 
(A2780) (control)

-Glucose-free media + 
pyruvate 
(1 mM, 48 h)

↑↑ ↑↑ glycolytic 
capacity

↑↑ ↑↑ max. 
respiration
↑↑ ATP

↑↑

-Glucose supplement 
(10 mM, 48 h)

↑↑ ↔ glycolytic 
capacity

↑↑ ↑↑ max. 
respiration
↑ ATP

-2-DG (100-200 mM, 
48 h)

↑↑

-Oligomycin (0.1-2 µM, 
48 h)

↔

-Chemosensitive 
ovarian carcinoma 
(A2780)

-2-DG (6.25, 25, 100 
mM, 48 h)

↓↓ ↑↑ glycolytic 
capacity

↔ ↑↑ max. 
respiration

↓ ↔ -Chemosensitive cells 
might use glycolysis 
as the main pathway 
and could increase the 
metabolic state when 
using non-toxic con-
centration of cisplatin.

-Oligomycin (0.31-1.25 
µM, 48 h)

↑↑ ↓↓

-Cisplatin (1 µM, 
24-48 h)

↑↑ ↑↑

-Chemoresistant 
HGSC (PEO4)

-Cisplatin (10 mM, 48 
h) + oligomycin (0.1 
mM, 48 h)

↓↓ -Resistant cells had 
the ability to shift 
metabolism type, and 
decreased viability 
when exposed to a 
combined OXPHOS 
inhibitor with cisplatin.

-Cisplatin (control)

-Cisplatin (10 mM, 48 
h) + 2-DG (100 mM, 
48 h)

↓↓

-Cisplatin (control)

-Chemoresistant 
serous ovarian carci-
noma (C200) 

-2-DG (6.25, 25, 100 
mM, 48 h)

↓↓ ↑↑ ↓

-Oligomycin (0.31-1.25 
µM, 48 h)

↑↑ ↓↓

-Cisplatin (10 mM, 48 
h) + oligomycin (0.1 
mM, 48 h)

↓↓

-Cisplatin (control)

-Cisplatin (10 mM, 48 h) 
+ 2-DG (100 mM, 48 h)

↔

-Cisplatin (control)
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-Platinum resistant 
HGSC (PEA2)

-PEA2 and PEA1 in 
low-glucose medium 
(glucose 1 g/L, 72 h)

↑ -Platinum-resistant 
cells were more 
tolerate to glucose 
deprivation.

[36]

-Platinum sensi-
tive HGSC (PEA1) 
(control)

-Platinum sensitive 
HGSC (PEA1)

-TRAP1 silencing 
(siRNA transfection, 
72 h)

↔ PFK ↔ ↔ glycolytic 
capacity

↑ ↑ ↑ BEC index -Increasing OXPHOS 
by TRAP1 silencing 
or OXPHOS inducer 
could induce platinum 
resistant in platinum 
sensitive HGSC.

-Cisplatin (20 µM, 
24 h)

↑↑ ↓

-Cisplatin + OXPHOS 
inducer (FCCP 1.2 µM, 
24 h)

↓ ↑↑

-Cisplatin (control)

-Cisplatin + TRAP1 
silencing

↓ ↑

-Cisplatin (control)

-Cisplatin + TRAP1 
silencing + metformin

↓

-Cisplatin + TRAP1 
silencing (control)

-Platinum resistant 
HGSC (PEA2)

-TRAP1 silencing 
(siRNA transfection, 
72 h)

↔ BEC 
index

-Using complex I inhibi-
tor, metformin, could 
induce chemosen-
sitivity in platinum 
resistant HGSC.

-Cisplatin (40 µM, 
24 h)

↑ ↓

-Metformin (10 mM, 
24 h)

↔ ↓

-Cisplatin + metformin ↑ ↓↓

-Cisplatin resistant 
carcinoma (SKOV3/
DDP)

-2-DG (10 mM, 24 h) ↑ -Cisplatin resistant 
cells had higher 
OXPHOS, were less 
sensitive to glucose 
deprivation, but use 
of glycolysis or anti-
apoptotic inhibitors 
could increase cell 
apoptosis.

[52]

-Cisplatin sensitive 
carcinoma (SKOV3) 
(control)

-OXPHOS inducer 
(FCCP 2.5 µM, 24 h)

↑ ↑ respira-
tory reserve

-Cisplatin sensitive 
ovarian carcinoma 
(SKOV3)

-Glucose-free media 
(24 h)

↓

-Bcl-2 inhibitor 
(ABT737 10 µM, 24 h)

↓ HIF-1α ↔ ↔ ATP ↔

-Cisplatin (6 µg/mL, 
24 h)

↓↓ ↓↓ ATP ↑↑

-Bcl-2 inhibitor + 
cisplatin

↓ ↓↓ ATP ↑↑
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-Cisplatin resistant 
ovarian carcinoma 
(SKOV3/DDP)

-Glucose deprivation 
(glucose-free medium)

↓

-Glucose deprivation + 
2-DG (10 mM, 24 h)

↓

-Glucose deprivation 
(control)

-Bcl-2 inhibitor 
(ABT737 10 µM, 24 h)

↓ HIF-1α ↓ ↓↓ ATP ↑↑

-Cisplatin (6 µg/mL, 
24 h)

↔ ↓↓ ATP ↑↑

-Bcl-2 inhibitor + 
cisplatin

↓↓ ↓↓ ATP ↑↑

-Bcl-2 inhibitor + 2-DG ↓ HK2 ↓ Glut1
↓ HIF-1α

↓ PDHB
↓ IDH1

↑ ↑

-Chemosensitive 
ovarian carcinoma 
(HeyA8, OV2008)

-PFKFB3 inhibitor 
(PFK158, 10-15 µM, 
30 min)

↓ ↓ glucose 
uptake

-Inhibition of PFKFB3 
could resensitize che-
moresistant cells.

[19]

-PFKFB3 inhibitor 
(PFK158, 10 µM, 
24 h)

↔

-CBP (77 µM, 24 h) or 
PTX (0.2 µM, 24 h)

↔

-PFKFB3 inhibitor + 
CBP or PTX

↑↑

-Chemoresistant 
ovarian carcinoma 
(C13, HeyA8MDR)

-PFKFB3 inhibitor 
(PFK158, 10-15 µM, 
30 min)

↓ ↓ glucose 
uptake

-PFKFB3 inhibitor 
(PFK158, 10 µM, 
24 h)

↔

-CBP (453 µM, 24 h) 
or PTX (3.59 µM, 24 h)

↔

-PFKFB3 inhibitor + 
CBP or PTX

↑↑

-Ovarian carcinoma 
(SKOV3, OVCAR3)

-MPC1 inhibitor (20 
µM, 1 week

↑ ↑ glucose 
uptake

↓ mt-
pyruvate
↓ ATP

↑ -MPC1 knockout pro-
moted glycolysis and 
induced chemoresis-
tance.

[48]

-MPC1 inhibitor + 
docetaxel (10 nM, 2 
weeks)

↑
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-Ovarian carcinoma 
(SKOV3, COC1) 

-BM-MSC-CM (miR-
1180 abundant 24 h) 

↑ HK2 ↑ ↑ PDK1 ↑ ATP ↑ ↑ -MiR-1180 induced 
glycolysis and chemo-
resistance.

[17]

-Standard medium 
(control)

↑ PKM2
↑ LDHA

-Glycolytic inducer 
(oligomycin 2 mg/mL, 
24 h)

↑

-BM-MSC-CM + cispla-
tin (0.5 mg/L, 24 h)

↑ ↑

-Cisplatin (control)

-Cisplatin (0.5 mg/L, 
24 h) + oligomycin (2 
mg/mL, 24 h)

↑ ↑

-Cisplatin (control)

-Anti-miR-1180 in BM-
MSC-CM + cisplatin 
(0.5 mg/L, 40 min 
for ECAR, 5 days for 
proliferation)

↓ ↓ ATP ↓ ↓

-control miRNA in BM-
MSC-CM + cisplatin 
(control)

-Ovarian carci-
noma (433, A2780, 
SKOV3, OVCAR3)

-Pim1 overexpression 
(72 h)

↓ PGK1, 
PGAM1, 
ENO1, 
PKM, 
LDHA 

↑ ↑ ↓ GLUT1 ↓ ↑ ↑ -Inhibition of Pim1 
reduced glycolysis and 
induced chemosensiti-
zation to cisplatin.

[65]

-Pim1 silencing 
(shPim1/siPim1 trans-
fection, 72 h)

↓ ↓ ↔ HIF-1α ↑ ↓ ↓

-Pim1 inhibitor (4 nM) 
+ cisplatin (1 µM), 
48 h

↓

-Cisplatin alone 
(control)

-Ovarian carcinoma 
(CP90, OV90) 

-MICU1 silencing 
(siRNA transfection, 
48-96 h)

↓ ↓ p-PDH ↑ ↑ ↑ complex 
III 

↓ ↑ ↓ -Silencing MICU1 
induced OXPHOS and 
enhanced cytotoxic 
effects of cisplatin in 
ovarian cancer cells.

[45]

-MICU1 silencing + 
cisplatin (10-20 µM)/
topotecan (5-10 µM)/
PTX (10-25 µM)/
doxorubicin (1-2 µM), 
48 h

↔ ↑ PDH ↑ ↓

-Cisplatin/topotecan/
paclitaxel/doxorubicin 
(control)

↑ PDH
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-Normal ovarian epi-
thelial cells (OSE)

-MICU overexpression 
(1 µg)

↑ ↑ p-PDH ↓ ↑ -MICU overexpression 
induced glycolysis and 
chemoresistance in 
normal ovarian cells.

[45]

-MICU overexpression 
(1 µg) + cisplatin (2.5 
µM), 48 h

↓ PDH 

-Cisplatin (control)

-OCCC (RMG2, 
JHOC5)

-Knockdown HNF1ß 
(sh-HNF1ß transfec-
tion)

↓ HK1
↓ LDHA

↓ ↑ 3-PG
↑ PEP
↑ pyruvate
↓ MCT4

↑ ↑ citrate, 
2-oxogluta-
rate
↔ ATP
↓ fumarate, 
malate

-Silencing HNF-1ß 
caused OCCC cells 
impaired adaptation 
to hypoxic conditions, 
increased resistance 
to glucose depriva-
tion, and enhanced 
cytotoxicity of cisplatin 
in hypoxic conditions.

[33]

-Hypoxic condition (2% 
O2, 24/48 h)

↑

-Knockdown HNF-1ß + 
Hypoxic condition

↓

-Control + hypoxic 
condition

-Knockdown HNF-1ß + 
glucose-free medium 
(24/48 h)

↑

-Cisplatin (20-80 µM 
+ sh-HNF1ß in hypoxic 
condition

↓↓

-Cisplatin treated in 
control cells in hypoxic 
condition

-Cisplatin sensitive 
serous carcinoma 
(A2780, PEO1)

-Cisplatin (50 µM, 
24 h)

↓ HIF-1α ↑ ↑ ↑ -Cisplatin down-
regulated HIF-1α and 
induced apoptosis 
only in cisplatin sensi-
tive cells.
-HIF-1α knockdown 
could resensitize 
cisplatin-resistant 
cells.

[54]

-NAC (5 mM, 24 h) 
+ cisplatin (20 µM, 
72 h)

↓

-Cisplatin (control)

-Cisplatin resistant 
serous carcinoma 
(A2780/CP, PEO4)

-Cisplatin (50 µM, 
24 h)

↓ LDHA ↔ HIF-1α ↔ ↔ ↓

-HIF-1α silencing 
(siHIF1 transfection, 
72 h) + cisplatin (20 
µM, 24 h)

↑ ↑

-Cisplatin (control)
The arrow ↑ or ↓ denotes a significant increase or decrease in the metabolic-related finding or oncological activities with a P value <0.05. The arrow ↑↑ or ↓↓ denotes a significant increase or decrease in the metabolic-related finding or onco-
logical activities with a P value <0.01. Abbreviations: 3-PG; 3-phosphoglycerate, BEC index; BioEnergetic Cellular index, BM-MSC-CM; Condition media of bone marrow-derived mesenchymal stem cells, CBP; carboplatin, ECAR; extracellular 
acidification rate, ENO; enolase, FCCP; carbonilcyanide p-triflouromethoxyphenylhydrazone, HGSC; high grade serous adenocarcinoma, HIF-1α; hypoxia-induced transcription factor, HK2; Hexokinase 2, HNF-1ß; Hepatocyte nuclear factor 1ß, 
IDH; isocitrate dehydrogenase, LDH; lactate dehydrogenase, MCT4; Monocarboxylate transporter 4, MICU1; Mitochondrial calcium uptake 1, miR; microRNA, MPC; mitochondrial pyruvate carrier, mt-; mitochondrial, NAC; N-acetyl cysteine, 
OCCC; Ovarian clear cell carcinoma, OCR; oxygen consumption rate, OXPHOS; oxidative phosphorylation, p-PDH; Phosphorylated-pyruvate dehydrogenase, PDH; pyruvate dehydrogenase, PDK; pyruvate dehydrogenase kinase, PEP; phospho-
enolpyruvate, PFK; Phosphofructokinase, PFKFB3; 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3, PGAM; phosphoglycerate mutase, PGK; phosphoglycerate kinase, PKM2; Pyruvate kinase M2, PTX; paclitaxel, ROS; Reactive oxygen 
species, TRAP-1; Tumor necrosis factor receptor-associated protein 1.
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bolic reprogramming of EOC cells could lead to 
the development of novel targeted therapies 
which may be used as alternatives to the stan-
dard chemotherapy options to slow down tumor 
progression and decrease the EOC mortality 
rate.
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