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Glutamine is a non-essential amino acid that can be synthesized by cells. It plays a

vital role in thegrowthandproliferationofmammalian cells cultured in vitro. In the

process of tumor cell proliferation, glutamine not only contributes to protein

synthesis but also serves as the primary nitrogen donor for purine and pyrimidine

synthesis. Studies have shown that glutamine-addicted tumor cells depend on

glutamine for survival and reprogram glutamine utilization through the Krebs

cycle. Potential therapeutic approaches for ovarian cancer including blocking the

entry of glutamine into the tricarboxylic acid cycle in highly aggressive ovarian

cancer cells or inhibiting glutamine synthesis in less aggressive ovarian cancer

cells. Glutaminemetabolism is associated with poor prognosis of ovarian cancer.

Combiningplatinum-basedchemotherapywith inhibitionofglutaminemetabolic

pathways may be a new strategy for treating ovarian cancer, especially drug-

resistant ovarian cancer. This article reviews the role of glutamine metabolism in

thebiological behaviorsofovarian cancercells, suchas proliferation, invasion, and

drug resistance. Its potential use as a new target or biomarker for ovarian cancer

diagnosis, treatment, and the prognosis is investigated.

KEYWORDS
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1 Introduction

Ovarian cancer has the highest mortality rate in women, causing an estimated

140,000 people worldwide to die each year (1). Currently, ovarian cancer treatment

mainly includes surgery, chemotherapy, molecular targeted therapy and hormone

therapy, etc. (2). Since the deep location of the ovaries in the pelvis prevents early
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symptoms from being noticeable, making the clinical diagnosis

difficult, the vast majority of ovarian cancer patients are

diagnosed at an advanced stage. Moreover, ovarian cancer is

prone to metastasis and recurrence, which has become a tricky

hot spot in gynecological cancer research (3). Therefore, it is

crucial to find the causes of ovarian cancer progression and

select novel biomarkers as target in treating ovarian cancer.

Glucose and glutamine (Gln) are the primary energy sources

for the rapid proliferation of ovarian cancer cells, especiallyGln (4).

The activity of glutaminase (GLS) is significantly increased in

cancer patients. GLS is a rate-limiting enzyme of Gln catabolism

and is closely tied to tumorgrowth, angiogenesis, and immunity (5).

Gln is an abundant and non-essential amino acid in the human

body. Gln synthesis cannot meet cell proliferation needs in fast-

proliferating tumor cells such as ovarian cancer cells. Gln is then

converted into a conditionally essential amino acid. Glutamine

metabolic enzymes and the overexpression of glutamine

transporter lead to glutamine uptake and utilization under the

regulationof oncogenes.Through this procedure, tumor cells create

a vital energy andmetabolic exchange (6).. Studies have shown that

Gln can enter ovarian cancer cells through selective amino acid

transporters, and plays a vital role in the occurrence, metastasis,

invasion, and treatment of ovarian cancer (7). Blocking Gln

tricarboxylic acid cycle in highly aggressive ovarian cancer cells

or inhibiting Gln synthesis in less aggressive ovarian cancer cells

may be a potential treatment for ovarian cancer. Inhibition of Gln

pathways and platinum-based combination may be a new strategy

for the treatment of ovarian cancer, especially drug-resistant

ovarian cancer (8). Since the current summaries of Gln

metabolism in ovarian cancer are limited, this article reviews the

research progress of Gln metabolism as well as the ovarian cancer

occurrence and development, provides new treatment strategies for

ovarian cancer patients and explores the ovarian cancer

mechanisms from the perspective of metabolism.

2 Related signals and genes
regulating Gln metabolism in
ovarian cancer

Tumor metabolism is dominated by glycolysis. The

accumulation of lactic acid produced by glycolysis leads to the

acidic state of the tumor immune microenvironment. A low pH

microenvironment can affect T cell function, promote the immune

escape of tumor cells, and promote tumor occurrence,

development, and metastasis (9). Genes involved in the

regulation of Gln metabolism include mTORC1, myc, and

phosphatidylinositol 3-kinase (PI3K) (4, 10, 11).

2.1 mTORC1

As an amino acid sensor, mTOR is indirectly or directly

involved in the regulation of cellular metabolism (12). One of its
Frontiers in Oncology 02
forms, mTORC1, transfers extracellular Gln into cells in the

absence of amino acids (13). In ovarian cancer cells, mTORC1 is

closely associated with Gln metabolism, and the mTORC1

signaling pathway is inhibited if the expression of the

glutamine transporter is silenced (14). Pusapati et al. found

that combined inhibition of glycolysis and mTORC1 signaling

disrupts metabolic reprogramming in ovarian cancer cells and

inhibits their growth in vitro and in vivo (15).
2.2 Hypoxia-inducible factor 1

HIF-1 is a crucial transcription factor produced by tumor cells

under hypoxic conditions. It is closely related to angiogenesis and

glycolysis (16). HIF-1 participates in the TCA cycle and the

synthesis of citric acid to promote Gln metabolism in a hypoxic

state (17).HIF-1a also increased the expressionofGLS in cells (18).

HIF-1-based research can explore and discover corresponding

targets affecting ovarian cancer metabolic reprogramming and

energy metabolism. Studies have found that the reduced

expression of mitochondrial coenzyme I (NAD)-dependent

deacetylase SIRT3, a vital regulator of the Warburg effect, can

regulate reactive oxygen species production, the increase of HIF-1

expression, and Gln metabolism regulation (19). Nakayama et al.

found that the HIF-1a gene up-regulated the expression of VEGF

in ovarian cancer and was involved in the angiogenesis of ovarian

cancer (20). Tumor cell proliferation was inhibited in ovarian

cancer when HIF-1 expression was inhibited (21).
2.3 PI3K

PI3K is an essential factor affecting cell proliferation,

differentiation, and apoptosis. In ovarian cancer, PI3K/Akt is

abnormally activated, and the utilization of Gln is significantly

enhanced (22). Studies have found that HIF-1a silencing can

attenuate the viability of hypoxic ovarian cancer cells and

increase apoptosis and autophagy through the PI3K/AKT/

mTOR signaling pathway (23).
2.4 myc

The proto-oncogene, myc, can promote mitochondrial Gln

glycolysis in tumor cells, and the upregulation of myc is the

cause of Gln addiction in tumor cells (24). Myc completes this

process by upregulating key enzymes or glucose and glutamine

transporters in the glutaminolysis pathway, as well as glycolysis.

It also coordinates cellular utilization of glucose and Gln in

biosynthetic pathways by directly regulating mitochondrial mass

and activity (25). Li et al. found that miR-145 inhibits glutamine

metabolism by targeting c-myc and c-myc can promote GLS1

expression through transcriptional activation (4). Their research
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suggests that myc mainly serves as an antioxidant regulating the

downstream of GLS1.
2.5 STAT3

As a signal transducer and activator of transcription, STAT3

induces the rewiring of metabolic pathways by participating in

cell differentiation, anti-apoptotic responses, metastasis, and

large-scale signaling systems (26). ERK1/2 and Janus-activated

kinase 1 (JAK1) affect cancer cell proliferation, metabolic

regulation, and cancer cell metastasis through the regulation of

STAT3 amino acid phosphorylation levels in invasive ovarian

cancer cells (27). Therefore, continuous activation of STAT3 can

induce myc and cyclin D and inhibit the expression of BclXL,

facilitating the growth and survival of tumor cells. In highly

aggressive ovarian cancer cells, Gln breaks down into the TCA

cycle relying on GLS and activates JAK1. JAK1 further activates

STAT3 through tyrosine phosphorylation to regulate glycolysis.

In other words, Gln breakdown increases the invasiveness of

ovarian cancer cells (28). In addition, Gln also promotes STAT3

serine phosphorylation by activating ERK1/2 and the interaction

with mitochondrial complexes I and II enhances oxidative

phosphorylation within mitochondria. This process increases

the TCA cycling activity of OVCA cells, and further increases the

invasiveness (29).
2.6 JAK-STAT

The JAK-STAT signaling pathway can regulate the

expression of the downstream oncogene myc and promote the

cell transformation during the G1 phase and S phase, cell

proliferation and tumor transformation (30). It has been

reported that myc can induce the expression of mitochondrial

and promote the catabolism Gln by inhibiting miR-23a and

miR-23b (31). Studies have confirmed that the catabolism of Gln

is associated with high invasiveness and poor prognosis of

ovarian cancer cells. Therefore, the JAK-STAT signaling

pathway can indirectly regulate the expression of glutaminase

through the oncogene myc and play an important role in the

metabolism of ovarian cancer cells. At the same time, the

decomposition of Gln can positively activate the expression of

the JAK-STAT signaling pathway. The positive feedback

enhances the invasiveness of ovarian cancer cells. Moreover,

myc can induce cisplatin resistance in ovarian cancer cells (32).

The JAK-STAT signaling pathway activated by Gln

decomposition can also regulate the expression of the

downstream anti-apoptotic gene Bcl-XL. The high expression

level of Bcl-XL makes ovarian cancer cells resistant to

programmed apoptosis caused by chemotherapy drugs. Stover

et al. found that ovarian cancer cells with high Bcl-XL expression

were highly resistant to cisplatin and paclitaxel. The drug
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resistance of ovarian cancer cells was positively correlated with

Gln catabolism (33). However, Gln doesn’t directly interact with

a kinase or a transcription factor to alter its function. The

relevant molecular mechanism is shown in Figure 1.
3 The role of Gln metabolism in the
clinical course of ovarian cancer

3.1 Gln promotes the growth of ovarian
cancer cells

Gln is one of the most important nutrients for tumor cell

biosynthesis. The dependence of ovarian cancer cell lines (HEY,

SKOV3, and IGROV-1) on Gln has been assessed by analyzing

cytotoxicity, cell cycle progression, apoptosis, cellular stress, and

glucose/Gln metabolism. The results show that the proliferation

of three cell lines is dose-dependent on Gln (34). Gln can

promote cells enter the G1 phase to the S phase. Annexin-V

analyzed the effect of Gln on apoptosis and found that the

apoptosis rate of ovarian cancer cells in a Gln-deficient medium

was significantly increased. The production of ROS and the

expression of cell stress-related proteins are induced at the same

time. Mitogen-activated protein kinase/extracellular signal-

regulated kinases (MAPKs/ERK) and PI3K/AKT/mTOR

pathways are critical in controlling the growth and survival of

ovarian cancer cells. Gln can increase S6 (Ser235/236) and p42/

44 (ERK) phosphorylation, indicating that MAPK/ERK and

mTOR/S6 are involved in Gln metabolism. The mTOR

inhibitor rapamycin can strongly inhibit the phosphorylation

of S6 and the expression of GLS, and Gln promotes the

proliferation of ovarian cancer cells through the mTOR/S6

pathway. In addition, Gln increases GLS and glutamate

dehydrogenase (GDH) activities by regulating mTOR/S6 and

MAPK pathways (34, 35). The above studies suggest that Gln

metabolism has a very important role in promoting the growth

of ovarian tumors. Therefore, whether it is possible to target key

syntheses in the Gln metabolism pathway and seek new

treatment options for ovarian cancer deserve in-depth

discussion. It is well known that Gln metabolism is critical for

cellular reactive oxygen species (ROS) homeostasis (36), and

some Gln metabolic pathways can directly regulate ROS levels

(37). We should think about whether ovarian cancer

carcinogenesis and ROS homeostasis, which is regulated by

Gln metabolic pathways, are related.
3.2 Gln is associated with ovarian cancer
cell invasion

The diverse tumor microenvironments suggest that cells

require nutrients for growth, invasion, and energy metabolism.

An increasing number of studies have shown that tumor cell
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metabolism is mainly driven by oncogene alterations and

reprogramming of cellular metabolic processes. However,

recent cancer invasion and malignancy studies have shown

that tumor is metabolism-dependent. Glucose and Gln
Frontiers in Oncology 04
promote tumor cell growth. The dependence of tumor cell

invasion and migration ability on specific tumor cell

metabolites remains unclear. Interactions of glucose

metabolism and tumor cell survival pathways affect cell
FIGURE 1

Schematic diagram of the molecular mechanism related to Gln in ovarian cancer. mTORC1 is inhibited when the expression of the glutamine
transporter is silenced; myc induce the expression of mitochondrial and promote the catabolism Gln by inhibiting miR-23a/b; HIF-1 participates
in the TCA cycle and the synthesis of citric acid to promote Gln metabolism in a hypoxic state; The reduced expression of mitochondrial
coenzyme I (NAD)-dependent deacetylase SIRT3 can regulate reactive oxygen species production, the increase of HIF-1 expression, and Gln
metabolism regulation; HIF-1a up-regulated the expression of VEGF and was involved in the angiogenesis; The JAK-STAT signaling pathway
activated by Gln decomposition can regulate the expression of anti-apoptotic gene Bcl-XL.
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invasion, migration, and energy balance. Many targeted drugs

for glycolysis regulate cell differentiation, anti-apoptosis, and

metastasis by activating epidermal growth factor receptor

(EGFR), oncogene Src, JAK, and ERK pathways (38, 39).

However, the network of Gln metabolism and control of

tumor cell phenotype is still unclear. The metabolic network of

ovarian cancer patients showed that patients with poor

prognosis have high expression of Gln catabolism-related

genes, including GLS1, GDH, aspartate aminotransferase 1

(GOT1) and GOT2, and tricarboxylic acid cycle-related genes

[such as Pyruvate dehydrogenase (PDH), citrate synthase (CS),

aconitase (ACO2) and succinate dehydrogenase (SDHB)]. This

is in contrast to the expression of genes involved in the entry of

glucose into the Krebs cycle. Gas chromatography-mass

spectrometry (GC-MS) technology was used to analyze the

abundance of metabolites related to OVCAR3 and SKOV3

ovarian cancer cell lines by targeted metabolomics. By GC-MS,

glycolysis Pathway (pyruvate, lactate) and tricarboxylic acid

cycle (citric acid, malic acid, and fumaric acid) metabolites of

low-invasive ovarian cancer cells (LI-OVCA) were found to be

higher than those in highly aggressive ovarian cancer cells (HI-

OVCA). Using isotope tracer technology and bioenergetics

analysis, it was found that LI-OVCA was Gln-independent,

and HI-OVCA was significantly Gln-dependent, suggesting

that Gln metabolism supports mitochondrial tricarboxylic acid

cycle activity in highly aggressive ovarian cancer. Therefore, Gln

metabolism is associated with poor prognosis in ovarian cancer,

rather than glycolysis (29).

By studying the relationship between ovarian cancer cells and

glutamine, Yang et al. found that the proliferationofhighly invasive

ovariancancer cells isdependentonglutamine. Incontrast, the low-

invasive ovarian cancer cells use the conversion of glucose

metabolism to glutamine to compensate for the deficiency of Gln

(35). Absence of this metabolic process results in low Gln-

dependence in low-invasive ovarian cancer cells. Some scholars

have analyzedovariancancer patients’ gene expressionand survival

data by analyzing the cancer genome atlas (TC-GA). They found

that glutamine decomposition can increase themitochondrialTCA

cycle activity in highly aggressive ovarian cancer patients (40).

Caneba et al. confirmed that highly aggressive ovarian cancer cells
Frontiers in Oncology 05
mainly use Gln decomposition products as TCA cycle metabolites

instead of pyruvate, thereby promoting tumor cell invasion and

metastasis (41). Chenget al. found that low-invasiveovariancancer

cells can decompose glucose into the TCA cycle through pyruvate

carboxylation, thereby exerting mitochondrial activity and

promoting tumor invasion and metastasis (42).
3.3 The high expression of glutaminase
affects the prognosis of ovarian cancer

The studies mentioned above suggest that Gln may play a

key role in the growth of highly aggressive ovarian tumors and

overall patient survival. Muys et al. found that glutamate

dehydrogenase (GLUL) expression was high in low-invasive

ovarian cancer cells. The expression of glutaminase, which

breaks down Gln, was higher in highly aggressive ovarian

cancer cells. By further evaluating the clinical significance of

the ratio of GLN catabolism to anabolism, it was found that

ovarian cancer patients with high GLS protein expression were

associated with lower overall survival compared with patients

having high GLUL protein expression (43). The study of

glutamine metabolism found that the gene expression ratio

related to Gln catabolism and anabolism has become a

biomarker for predicting patient prognosis.
3.4 Gln and ovarian cancer treatment

2.4.1 Anti-ovarian cancer drugs based on
Gln metabolism

Glnmetabolism is involved in the occurrence anddevelopment

of various cancers, givinggreat applicationprospects for its targeted

drugs.Themost studieddrugs are glutaminemetabolizingenzymes

and their transporter inhibitors. Table 1 shows the relevant Gln

metabolized drugs in ovarian cancer.

3.4.1.1 Alanine-serine-cysteine transporter 2 inhibitors

The expression of ASCT2 (SLC1A5) is significantly

increased in various tumors, including ovarian cancer. The
TABLE 1 Drugs targeting on glutamine metabolism in ovarian cancer.

Class Drugs Status

ASCT2 inhibitors Anti-ASCT2 antibody (44) Preclinical tool

GLS inhibitors BPTES (45) Preclinical tool

Compound 968 (46) Preclinical tool

CB-839 (47) Preclinical tool

xCT inhibitors Erastin (48, 49) Tool compound

Sorafenib (50, 51) Approved for anti-cancer

Sulfasalazine (52) Approved for arthritis
ASCT2, Alanine-serine-cysteine transporter 2; GLS, glutaminase; BPTES, bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl) ethyl sulfide 3; xCT, cystine/glutamate transporter cystine-glutamate exchange.
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loss of its activity or expression can effectively inhibit tumor

growth. ASCT2 monoclonal antibody is more specific and stable

than traditional small molecule inhibitors and can produce

antibody-dependent cytotoxicity. Using Chinese hamster ovary

cells expressing SLC1A5 as immunogens, Suzuki et al. generated

monoclonal antibodies KM4008, KM4012, and KM4018 that

could recognize the ASCT2 cell surface domain. As neutralizing

antibodies, these three monoclonal antibodies inhibited

glutamine-induced colon cancer cell proliferation in a dose-

dependent manner (53). Through molecular processes unrelated

to cytotoxic drug sensitivity, SLC1A5 reduces ovarian cancer

recurrence in the pathogenesis of the disease (54). Studies have

shown that the combined detection of ASCT2 and p-mTOR can

be used as a molecular marker for ovarian cancer, providing

reference information for the diagnosis, postoperative follow-up,

and targeted therapy of early ovarian cancer patients (44).

The small molecule inhibitor L-Glutamyl-p-nitroanilide

(GPNA) inhibits glutamine uptake and induces ROS

enrichment by binding ASCT2. In addition, V-9302 is a small

molecule antagonist developed based on 2-amino-4-2

(aryloxybenzyl) aminobutyric acid, which can bind to ASCT2.

It is currently in the preclinical research stage, and it sensitizes

CB-839-treated glutamine-dependent (GD) cells (55). However,

the use of GPNA and V-9302 has not been reported in ovarian

cancer so far.

3.4.1.2 GLS inhibitors

Bis-2-(5-phenylacetamido-1, 2, 4-thiadiazol-2-yl) ethyl

sulfide 3 (BPTES) is an allosteric inhibitor of GLS1 (56). It

specifically binds to GLS1, inhibits its phosphorylation and

activation, and even has an inhibitory effect on GLS1 after

phosphorylation activation (57). The study shows that BPTES

treatment resulted in a significant reduction in the ability of

glutamine-dependent ovarian cancer cells to form colonies in a

clonogenic assay. BPTES resensitizes paclitaxel- and cisplatin-

resistant ovarian cancer cells to chemotherapy by inhibiting cell

proliferation (45). Since the structure of BPTES has no similarity

with glutamine, the off-target effect caused by the interaction

with glutamine-related enzymes is reduced, and the toxic and

side effects are small (56).

Compound 968 inhibits both GLS1 and GLS2. The

mechanism of allosteric inhibition of GLS1 by compound 968
Frontiers in Oncology 06
differs from that of BPTES, which is manifested by various

binding sites and the most inhibition of GLS1 in the inactive

state. Compound 968 inhibits the aberrant Rho-dependent

signaling of GLS1 in tumor cells while having little effect on

normal cell proliferation (58). Studies have shown that

compound 968 inhibits the growth of ovarian cancer cells by

inducing cell cycle arrest of G1-phase, cell apoptosis, and cellular

stress, suggesting that targeting GLS1 is a therapeutic strategy for

ovarian cancer (46). Wang et al. demonstrated that combination

therapy with the GLS inhibitor 968 and PD-L1 blockade

enhanced the immune response to ovarian cancer. In vivo

experiments showed that compound 968 increased the

infiltration of CD3+ T cells into ovarian cancer and enhanced

the secretion of CXCL10 and CXCL11 by ovarian cancer cells

(59). This research indicated the clinical significance of

compound 968 combining immune checkpoint inhibitors in

treating ovarian cancer.

CB-839 is an oral small-molecule GLS inhibitor developed

based on BPTES (56). In a phase I clinical trial, CB-839 alone has

a small inhibitory effect on most tumors. However, it is

significantly inhibited when combined with other antitumor

drugs. Multiple Phase I/II clinical trials have shown that CB-

839 has well patient tolerance. It can effectively improve the drug

resistance of paclitaxel, carboplatin, and everolimus, and

enhance the effect of capecitabine, cabozantinib, etc., in

inhibiting glutamine-dependent tumors. Treatment of ovarian

cancer mice using CB-839 prolongs the survival of the mice (47).

Studies have shown synergistic effects of CB-839 in combination

with immune checkpoint inhibitor anti-PDL1 in an Arid1a-

inactivated mouse ovarian cancer xenograft model (60). On

ClinicalTrials.gov, we retrieved a CB-839 clinical trial

combined with niraparib for patients having platinum-

resistant ovarian cancer (NCT03944902). However, this study

has been terminated and will not be resumed due to the

company’s decision to stop using this drug. One participant

has withdrawn from the study (See Table 2).

GLS-specific inhibitors alone have no apparent inhibitory

effect on tumors, and the search for drugs that broadly inhibit

glutamine metabolism has attracted more attention. DON (6-

diazo-5-oxo-norleucine) competitively binds to the active site of

glutamine, forming a covalent compound that irreversibly

inhibits various metabolic enzymes that utilize glutamine, such
TABLE 2 Clinical trials of glutamine metabolism-related drugs and ovarian cancer.

NCT
identifier

Study
phase

Condition or disease Treatments Primary end point Status

NCT05039801 I Various solid tumors including
ovarian cancer

Drug: Glutaminase Inhibitor IPN60090
Biological: Pembrolizumab

Incidence of AEs Recruiting

NCT03944902 I Ovarian Cancer
Resistant BRCA Wild-
Type Ovarian Cancer

Drug: CB-839 Dose Escalation Access toxicity as evidenced by the number and
percent of treatment AEs.

Terminated
fron
AEs, adverse events.
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as GLS, GS, and transaminase. It has analgesic, antibacterial,

antiviral, and tumor-inhibiting effects. However, its wide range

of effects has strong toxic and side effects (61). Studies have

shown that DON reduces the peritoneal adhesion of ovarian

cancer in mice by inhibiting hyaluronan synthase activity (62).

Recently, there have been many breakthroughs in the design of

DON drugs. Prodrugs not metabolized in plasma but

decomposed in target cells are obtained by modifying the

carboxyl and amino groups of DON, including DON

substituted with acetyl-lysine and JHU-083. In vitro and in

vivo experiments showed that DON substituted with acetyl-

lysine selectively metabolized in P493B lymphocytes and

inhibited the proliferation of tumor cells in a dose-dependent

manner (63). However, there are no relevant reports on ovarian

cancer, and we look forward to furthering research.

3.4.1.3 Cystine/glutamate transporter cystine-
glutamate exchange (xCT) inhibitors

xCT promotes the synthesis of GSH and plays an important

role in maintaining intracellular redox balance. Its inhibitors

include sulfasalazine, erastine (Ras selective lethal small molecule

3), and sorafenib (64). The xCT-GSH/glutathione peroxidase 4

(glutathione peroxidase 4, GPX4) axis is the main signaling

pathway of ferroptosis (65). These inhibitors induce ferroptosis,

which may be an innovative approach to tumor therapy. The effect

of sulfasalazine on glutathione consumption was examined in a

preclinical study using an ovarian cancer model (52). Erastin is a

novel specific small molecule that induces ferroptosis in ovarian

cancer cells. Erastin and docetaxel act synergistically in ovarian

cancer. The co-delivery of erastin with docetaxel can lead to

significant cell viability reduction apoptosis, as well as cell cycle

arrest in G2/M in ovarian cancer cells. This suggests that the

combination of erastin and docetaxel may provide an effective

drug delivery method for chemotherapy-resistant patients with

ovariancancer (48).Erastinalsoacts synergisticallywithcisplatin to

inhibit ovarian cancer cell growth. This is completed possibly

through a ROS-mediated mechanism to enhance the cisplatin

effect (49). Sorafenib is a nonselective multikinase inhibitor with

proven antiproliferative effects in thyroid, renal and hepatocellular

carcinoma. There has been multiple phases I, II, and III clinical

trials in ovarian cancer related to sorafenib. In several trials of

sorafenib, the effects of sorafenib as a single agentor in combination

with other chemotherapeutic agents have generally been modest,

with complete responses rarely observed (50). In a subsequent

phase II clinical trial combining sorafenib with bevacizumab in

patients with recurrent ovarian cancer, although some clinical

responses were observed, the prespecified primary endpoint was

not met (51).

3.4.2 Chemotherapy resistance of Gln
metabolism in ovarian cancer treatment

Chemotherapy resistance is an important issue in the

current drug treatment of ovarian cancer. A major pathogenic
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factor that results in cancer resistance to standard therapies is

oncogenic heterogeneity. Various metabolic phenotypes may arise

due to gene expression among different types of cancer, different

patients with the same tumor type, and even within a single tumor.

Thismakes a single-treatment approach insufficient (66). Platinum

and paclitaxel are first-line chemotherapy drugs for ovarian cancer.

Although 80% of ovarian cancer patients are sensitive to platinum-

basedfirst-line chemotherapy, the recurrence rate is as high as 60%.

Most recurrent ovarian cancer patients would have platinum

resistance and an extremely poor prognosis (67, 68). Studies have

confirmed that c-myc regulates the dependence of Glnmetabolism

in platinum-resistant ovarian cancer cell lines through the

tricarboxylic acid cycle and oxidative phosphorylation. At

present, taking metabolic pathways as research targets to enhance

the therapeutic efficacy of ovarian cancer and overcome drug

resistance is a more attractive research direction. In the platinum-

sensitive ovarian cancer cell line A2780, the metabolism of glucose

and Gln is up-regulated in platinum drug treatment initially. In

contrast, the platinum-resistant cell line CP70 is significantly

dependent on Gln, accompanied by up-regulation of Gln

transporters ASCT2 and GLS. The important role of Gln

metabolism in causing platinum resistance was confirmed by

stable overexpression of GLS. Down-regulation of GLS

expression using small hairpin RNA (shRNA) in platinum-

resistant ovarian cancer cells can resensitize the cells to platinum

therapy. Significantly, the combination of GLS inhibitor (BPTES)

and platinum can synergistically inhibit platinum-sensitive and

resistant ovarian cancer in vitro. The combination of platinum and

BPTES significantly increased the inductionof tumor cell apoptosis

compared with platinum alone. Therefore, combining the Gln

metabolic pathway and platinum-based chemotherapy is a

potential therapeutic strategy for ovarian cancer, especially for

drug-resistant ovarian cancer (69).

Studies have shown that periodic fasting can improve the

chemosensitivity of cancer cells (70). Florine et al. demonstrated

for the first time the specific killing effect of periodic fasting on

platinum-resistant tumor cells (71). Gln could inhibit the death of

starved ovarian cancer cells, and depletion of Gln could resensitize

platinum-resistant ovarian cancer cells. Various platinum-

resistant cells can promote oxidative phosphorylation and

upregulate the activities of Gln transporters ASCT2 and GLS by

increasing glycolysis to boost Gln metabolism (69). Most studies

have shown that the critical target of platinum resistance related to

glutamine metabolism is GLS; knock out of GLS can resensitize

platinum-resistant ovarian cancer cells to cisplatin, and

overexpression of GLS can lead to platinum resistance (69).

However, Florine et al. found that the inhibition of GLS by

genes or drugs cannot induce the death of platinum-resistant

cells (71). On the contrary, inhibition of GLS can induce the

proliferation of platinum-resistant cells, which may be caused by

reducing the conversion of intracellular Gln to glutamate to make

Gln maintain at a level compatible with promoting nucleotide

biosynthesis. Mass spectrometry metabolomics and specific
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interventions on glutamine metabolism showed that in cisplatin-

resistant cells, Gln was mainly used for nucleotide biosynthesis

rather than tricarboxylic acid replenishment, bioenergy, and redox

reactions. Tardito et al. showed that the goal of inhibiting the

death of Gln-deficient platinum-resistant glioblastoma cells could

not be achieved by promoting the tricarboxylic acid cycle (72).

According to Florine et al., ribonucleotide supplementation can

effectively inhibit starvation-induced death of platinum-resistant

lung cancer cells (71).

In conclusion, the above studies suggest that Gln promotes

platinum resistance by increasing the concentration of

intracellular nucleotides, rather than by promoting the

tricarboxylic acid cycle. Therefore, cisplatin-resistant cancers

become hypersensitive to periodic fasting and antimetabolite

therapy targeting nucleotide metabolisms (73), such as the

thymidine synthase inhibitor 5-fluorouracil (5-FU) and

ribonucleic acid reductase inhibitor clofacitabine. It has been

reported that compared with cisplatin alone in the treatment of

malignant pleural mesothelioma, the combination of cisplatin

and rititrexed can improve the overall survival rate (74),

indicating that platinum chemotherapy drugs combined with

anti-nucleotide metabolizers can increase the platinum

sensitivity of ovarian cancer cell population.
4 Future directions

Although significant progress has been achieved in diagnosing

and treating ovarian cancer in recent years, the development of

prognosis is still poor.Glncatabolismcontributes to the growthand

invasion of ovarian cancer. Glutamate metabolism plays a crucial

role in thediagnosis, development, and treatmentofovariancancer.

Theoretically intervening with one or more enzymes or genes of

Gln metabolism can block the metabolism in ovarian cancer cells

and achieve better therapeutic effects. For better treatment, in-

depth experimental studies on Gln metabolism are required to

determinewhetherGlnmetabolism-blocking targetedmedications

affect normal cell metabolism and which drugs can prevent

chemical drug resistance. Current studies have focused on

overcoming the tumor’s adaptive changes after inhibiting

glutamine metabolism, such as inhibiting multiple metabolic

pathways at the same time (75). GLS inhibitor compounds 968,

CB-839, SLC1A5 inhibitor V-9302, and monoclonal antibodies

have significant antitumor activity in preclinical studies, and more

clinical trials are urgently needed. DON and its derivatives inhibit

the glutamine metabolism of tumor cells and increase the immune

function of CD8+ T cells simultaneously. They are expected to

become complementary therapy to immunotherapy. Since the role

of Gln in tumor therapy is affected by various factors such as tissue

type, genetics, tumor microenvironment, diet, and physiology, the

individualizeddrugdelivery forpatientswithglutamine-dependent

tumors also needs to be further studied (9). There are few clinical

trials of Gln metabolism inhibitors in ovarian cancer. One of the
Frontiers in Oncology 08
studies was terminated (Table 2).We look forward tomore clinical

studies related to Gln metabolism.

5 Conclusion

Ovarian cancer often occurs inperimenopausalwomen.Due to

the lack of apparent symptoms and effective diagnosis in the early

stage, its mortality rate always ranks first in gynecological tumors.

In the past decade, tumor metabolomics research has reattracted

researchers’ attention. It has beennearly a century since researchers

discover the characteristics of tumor metabolism changes. Using

new biochemical andmolecular biologicalmethods to study tumor

metabolismwill help increase the understanding of themechanism

and function of tumor-related metabolic changes in different

periods. Gln, the second largest source of tumor nutrients, has

becomeanewdirectionofovariancancermetabolismresearch.The

above studies show that Gln catabolism contributes to the growth

and invasion of ovarian cancer cells. Inhibiting Gln catabolism

enzymes such as GLS can effectively block cancer invasion and

make platinum-resistant ovarian cancer cells re-sensitize to

platinum-based chemotherapy drugs. Therefore, targeting the

Gln catabolic pathway is of great significance in searching for

diagnostic and prognostic markers and new therapeutic targets for

ovarian cancer.
Author contributions

XY and JF take responsibility for the integrity of the data and

the accuracy of the data analysis. XY and ZL contributed equally

to this study. Concept and design: XY. Drafting of the

manuscript: XY and ZL. Critical revision of the manuscript for

important intellectual content: JF. Obtained funding: XY and JF.

Technical support: XP. All authors contributed to the article and

approved the submitted version.
Funding

This study was funded by the Shanghai Jiao Tong University

Affiliated Sixth People’s Hospital (contract grant number:

ynqn202118) and the Science and Technology Project of Shanghai

Municipal Science andTechnologyCommission (No. 22Y31900500).

The funding organizations had no role in the design and conduct of

the study; collection, management, analysis, and interpretation of the

data;preparation, review,orapprovalof themanuscript; ordecision to

submit the manuscript for publication.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
frontiersin.org

https://doi.org/10.3389/fonc.2022.1018642
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Yang et al. 10.3389/fonc.2022.1018642
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated
Frontiers in Oncology 09
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Penny SM. Ovarian cancer: An overview. Radiol Technol (2020) 91:561–75.

2. Liu T, Hou M, Li M, Qiu C, Cheng L, Zhu T, et al. Pyroptosis: A developing
foreland of ovarian cancer treatment. Front Oncol (2022) 12:828303. doi: 10.3389/
fonc.2022.828303

3. Arora T, Mullangi S, Lekkala MR. Ovarian cancer. Treasure Island (FL:
StatPearls (2022).

4. Li J, Li X, Wu L, Pei M, Li H, Jiang Y. miR-145 inhibits glutamine metabolism
through c-myc/GLS1 pathways in ovarian cancer cells. Cell Biol Int (2019) 43:921–
30. doi: 10.1002/cbin.11182

5. Masisi BK, El Ansari R, Alfarsi L, Rakha EA, Green AR, Craze ML. The role of
glutaminase in cancer. Histopathology (2020) 76:498–508. doi: 10.1111/his.14014

6. Tang E, Liu S, Zhang Z, Zhang R, Huang D, Gao T, et al. Therapeutic
potential of glutamine pathway in lung cancer. Front Oncol (2021) 11:835141. doi:
10.3389/fonc.2021.835141

7. Prasad P, Roy SS. Glutamine regulates ovarian cancer cell migration and
invasion through ETS1. Hel iyon (2021) 7 :e07064. doi : 10.1016/
j.heliyon.2021.e07064

8. Guo J, Satoh K, Tabata S, Mori M, Tomita M, Soga T. Reprogramming of
glutamine metabolism via glutamine synthetase silencing induces cisplatin
resistance in A2780 ovarian cancer cells. BMC Cancer (2021) 1:174. doi:
10.1186/s12885-021-07879-5

9. Cluntun AA, Lukey MJ, Cerione RA, Locasale JW. Glutamine metabolism in
cancer: Understanding the heterogeneity. Trends Cancer (2017) 3:169–80. doi:
10.1016/j.trecan.2017.01.005

10. Meng D, Yang Q, Wang H, Melick CH, Navlani R, Frank AR, et al.
Glutamine and asparagine activate mTORC1 independently of rag GTPases. J
Biol Chem (2020) 295:2890–9. doi: 10.1074/jbc.AC119.011578

11. DeBerardinis R, Lum J, Hatzivassiliou G, Thompson C. The biology of
cancer: metabolic reprogramming fuels cell growth and proliferation. Cell Metab
(2008) 1:11–20. doi: 10.1016/j.cmet.2007.10.002

12. Gabriel SS, Tsui C, Chisanga D, Weber F, Llano-Leon M, Gubser PM, et al.
Transforming growth factor-beta-regulated mTOR activity preserves cellular
metabolism to maintain long-term T cell responses in chronic infection.
Immunity (2021) 54:1698–714.e5. doi: 10.1016/j.immuni.2021.06.007

13. Csibi A, Fendt SM, Li C, Poulogiannis G, Choo AY, Chapski DJ, et al. The
mTORC1 pathway stimulates glutamine metabolism and cell proliferation by
repressing SIRT4. Cell (2021) 184:2256. doi: 10.1016/j.cell.2021.03.059

14. Wang Y, Zhang M, Wang Z, GuoW, Yang D. MYC-binding lncRNA EPIC1
promotes AKT-mTORC1 signaling and rapamycin resistance in breast and ovarian
cancer. Mol Carcinog (2020) 59:1188–98. doi: 10.1002/mc.23248

15. Pusapati RV, Daemen A, Wilson C, Sandoval W, Gao M, Haley B, et al.
mTORC1-dependent metabolic reprogramming underlies escape from glycolysis
addiction in cancer cells. Cancer Cell (2016) 29:548–62. doi: 10.1016/
j.ccell.2016.02.018

16. Zhang Q, Han Z, Zhu Y, Chen J, Li W. Role of hypoxia inducible factor-1 in
cancer stem cells (Review). Mol Med Rep (2021) 23:17. doi: 10.3892/
mmr.2020.11655

17. Chi PI, Huang WR, Chiu HC, Li JY, Nielsen BL, Liu HJ. Avian reovirus
sigmaA-modulated suppression of lactate dehydrogenase and upregulation of
glutaminolysis and the mTOC1/eIF4E/HIF-1alpha pathway to enhance glycolysis
and the TCA cycle for virus replication. Cell Microbiol (2018) 20:e12946. doi:
10.1111/cmi.12946

18. Stegen S, Laperre K, Eelen G, Rinaldi G, Fraisl P, Torrekens S, et al. HIF-
1alpha metabolically controls collagen synthesis and modification in chondrocytes.
Nature (2019) 565:511–5. doi: 10.1038/s41586-019-0874-3

19. Xu L, Li Y, Zhou L, Dorfman RG, Liu L, Cai R, et al. SIRT3 elicited an anti-
warburg effect through HIF1alpha/PDK1/PDHA1 to inhibit cholangiocarcinoma
tumorigenesis. Cancer Med (2019) 8:2380–91. doi: 10.1002/cam4.2089

20. Nakayama K, Kanzaki A, Hata K, Katabuchi H, Okamura H, Miyazaki K,
et al. Hypoxia-inducible factor 1 alpha (HIF-1 alpha) gene expression in human
ovarian carcinoma. Cancer Lett (2002) 176:215–23. doi: 10.1016/S0304-3835(01)
00762-5

21. Miyazawa M, Yasuda M, Miyazawa M, Ogane N, Katoh T, Yano M, et al.
Hypoxia-inducible factor-1alpha suppression in ovarian clear-cell carcinoma cells
by silibinin administration. Anticancer Res (2020) 40:6791–8. doi: 10.21873/
anticanres.14702

22. Guo L, Zhou B, Liu Z, Xu Y, Lu H, Xia M, et al. Blockage of glutaminolysis
enhances the sensitivity of ovarian cancer cells to PI3K/mTOR inhibition
involvement of STAT3 signaling. Tumour Biol (2016) 8:11007–15. doi: 10.1007/
s13277-016-4984-3

23. Huang J, Gao L, Li B, Liu C, Hong S, Min J, et al. Knockdown of hypoxia-
inducible factor 1alpha (HIF-1alpha) promotes autophagy and inhibits
phosphatidylinositol 3-kinase (PI3K)/AKT/Mammalian target of rapamycin
(mTOR) signaling pathway in ovarian cancer cells. Med Sci Monit (2019)
25:4250–63. doi: 10.12659/MSM.915730

24. Tambay V, Raymond VA, Bilodeau M. MYC rules: Leading glutamine
metabolism toward a distinct cancer cell phenotype. Cancers (Basel) (2021)
13:4484. doi: 10.3390/cancers13174484

25. Ganguly K, Bhatia R, Rauth S, Kisling A, Atri P, Thompson C, et al. Mucin
5AC serves as the nexus for beta-Catenin/c-Myc interplay to promote glutamine
dependency during pancreatic cancer chemoresistance. Gastroenterology (2022)
162:253–68.e13. doi: 10.1053/j.gastro.2021.09.017

26. El-Tanani M, Al Khatib AO, Aladwan SM, Abuelhana A, McCarron PA,
Tambuwala MM. Importance of STAT3 signalling in cancer, metastasis and
therapeutic interventions. Cell Signal (2022) 92:110275. doi: 10.1016/
j.cellsig.2022.110275

27. Pencik J, Pham HT, Schmoellerl J, Javaheri T, Schlederer M, Culig Z, et al.
JAK-STAT signaling in cancer: From cytokines to non-coding genome. Cytokine
(2016) 87:26–36. doi: 10.1016/j.cyto.2016.06.017

28. Majoros A, Platanitis E, Kernbauer-Holzl E, Rosebrock F, Muller M, Decker
T. Canonical and non-canonical aspects of JAK-STAT signaling: Lessons from
interferons for cytokine responses. Front Immunol (2017) 8:29. doi: 10.3389/
fimmu.2017.00029

29. Yang L, Moss T, Mangala LS, Marini J, Zhao H, Wahlig S, et al. Metabolic
shifts toward glutamine regulate tumor growth, invasion and bioenergetics in
ovarian cancer. Mol Syst Biol (2014) 10:728. doi: 10.1002/msb.20134892

30. Jiang Q, Lin Z, Su Z, Li S, Li J, Guan S, et al. Peptide identification of
hepatocyte growth-promoting factor and its function in cytoprotection and
promotion of liver cell proliferation through the JAK2/STAT3/c-MYC pathway.
Eur J Pharmacol (2022) 920:174832. doi: 10.1016/j.ejphar.2022.174832

31. Gao P, Tchernyshyov I, Chang TC, Lee YS, Kita K, Ochi T, et al. C-myc
suppression of miR-23a/b enhances mitochondrial glutaminase expression
and glutamine metabolism. Nature (2009) 458:762–5. doi: 10.1038/
nature07823

32. Bagratuni T, Mavrianou N, Gavalas NG, Tzannis K, Arapinis C, Liontos M,
et al. JQ1 inhibits tumour growth in combination with cisplatin and suppresses
JAK/STAT signalling pathway in ovarian cancer. Eur J Cancer (2020) 126:125–35.
doi: 10.1016/j.ejca.2019.11.017

33. Stover EH, Baco MB, Cohen O, Li YY, Christie EL, Bagul M, et al. Pooled
genomic screens identify anti-apoptotic genes as targetable mediators of
chemotherapy resistance in ovarian cancer. Mol Cancer Res: MCR (2019)
17:2281–93. doi: 10.1158/1541-7786.MCR-18-1243

34. Yuan L, Sheng X, Willson AK, Roque DR, Stine JE, Guo H, et al. Glutamine
promotes ovarian cancer cell proliferation through the mTOR/S6 pathway. Endocr
Relat Cancer (2015) 22:577–91. doi: 10.1530/ERC-15-0192

35. Furusawa A, Miyamoto M, Takano M, Tsuda H, Song YS, Aoki D, et al.
Ovarian cancer therapeutic potential of glutamine depletion based on GS
expression. Carcinogenesis (2018) 39:758–66. doi: 10.1093/carcin/bgy033

36. X.M.Yao W, Fang D, Xiao CY, Wu X, Li MH, Luo Z. Emerging roles of
energy metabolism in ferroptosis regulation of tumor cells. Adv Sci (Weinh) (2021)
22:e2100997. doi: 10.1002/advs.202100997
frontiersin.org

https://doi.org/10.3389/fonc.2022.828303
https://doi.org/10.3389/fonc.2022.828303
https://doi.org/10.1002/cbin.11182
https://doi.org/10.1111/his.14014
https://doi.org/10.3389/fonc.2021.835141
https://doi.org/10.1016/j.heliyon.2021.e07064
https://doi.org/10.1016/j.heliyon.2021.e07064
https://doi.org/10.1186/s12885-021-07879-5
https://doi.org/10.1016/j.trecan.2017.01.005
https://doi.org/10.1074/jbc.AC119.011578
https://doi.org/10.1016/j.cmet.2007.10.002
https://doi.org/10.1016/j.immuni.2021.06.007
https://doi.org/10.1016/j.cell.2021.03.059
https://doi.org/10.1002/mc.23248
https://doi.org/10.1016/j.ccell.2016.02.018
https://doi.org/10.1016/j.ccell.2016.02.018
https://doi.org/10.3892/mmr.2020.11655
https://doi.org/10.3892/mmr.2020.11655
https://doi.org/10.1111/cmi.12946
https://doi.org/10.1038/s41586-019-0874-3
https://doi.org/10.1002/cam4.2089
https://doi.org/10.1016/S0304-3835(01)00762-5
https://doi.org/10.1016/S0304-3835(01)00762-5
https://doi.org/10.21873/anticanres.14702
https://doi.org/10.21873/anticanres.14702
https://doi.org/10.1007/s13277-016-4984-3
https://doi.org/10.1007/s13277-016-4984-3
https://doi.org/10.12659/MSM.915730
https://doi.org/10.3390/cancers13174484
https://doi.org/10.1053/j.gastro.2021.09.017
https://doi.org/10.1016/j.cellsig.2022.110275
https://doi.org/10.1016/j.cellsig.2022.110275
https://doi.org/10.1016/j.cyto.2016.06.017
https://doi.org/10.3389/fimmu.2017.00029
https://doi.org/10.3389/fimmu.2017.00029
https://doi.org/10.1002/msb.20134892
https://doi.org/10.1016/j.ejphar.2022.174832
https://doi.org/10.1038/nature07823
https://doi.org/10.1038/nature07823
https://doi.org/10.1016/j.ejca.2019.11.017
https://doi.org/10.1158/1541-7786.MCR-18-1243
https://doi.org/10.1530/ERC-15-0192
https://doi.org/10.1093/carcin/bgy033
https://doi.org/10.1002/advs.202100997
https://doi.org/10.3389/fonc.2022.1018642
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Yang et al. 10.3389/fonc.2022.1018642
37. Ying MF, You D, Zhu XB, Cai LM, Zeng SY, Hu X. Lactate and glutamine
support NADPH generation in cancer cells under glucose deprived conditions.
Redox Biol (2021) 46:102065. doi: 10.1016/j.redox.2021.102065

38. Xin P, Xu X, Deng C, Liu S, Wang Y, Zhou X, et al. The role of JAK/STAT
signaling pathway and its inhibitors in diseases. Int Immunopharmacol (2020)
80:106210. doi: 10.1016/j.intimp.2020.106210

39. Zhang X, Hu F, Li G, Li G, Yang X, Liu L, et al. Human colorectal cancer-
derived mesenchymal stem cells promote colorectal cancer progression through IL-
6/JAK2/STAT3 signaling. Cell Death Dis (2018) 9:25. doi: 10.1038/s41419-017-
0176-3

40. Schindler C, Levy DE, Decker T. JAK-STAT signaling: from interferons to
cytokines. J Biol Chem (2007) 282:20059–63. doi: 10.1074/jbc.R700016200

41. Caneba CA, Bellance N, Yang L, Pabst L, Nagrath D. Pyruvate uptake is
increased in highly invasive ovarian cancer cells under anoikis conditions for
anaplerosis, mitochondrial function, and migration. Am J Physiol Endocrinol
Metab (2012) 303:E1036–52. doi: 10.1152/ajpendo.00151.2012

42. Cheng T, Sudderth J, Yang C, Mullen AR, Jin ES, Mates JM, et al. Pyruvate
carboxylase is required for glutamine-independent growth of tumor cells. Proc Natl
Acad Sci United States America (2011) 108:8674–9. doi: 10.1073/pnas.1016627108

43. Muys BR, Sousa JF, Placa JR, de Araujo LF, Sarshad AA, Anastasakis DG,
et al. miR-450a acts as a tumor suppressor in ovarian cancer by regulating energy
metabolism. Cancer Res (2019) 79:3294–305. doi: 10.1158/0008-5472.CAN-19-
0490

44. Guo H, Xu Y, Wang F, Shen Z, Tuo X, Qian H, et al. Clinical associations
between ASCT2 and pmTOR in the pathogenesis and prognosis of epithelial
ovarian cancer. Oncol Rep (2018) 40:3725–33. doi: 10.3892/or.2018.6729

45. Masamha CP, LaFontaine P. Molecular targeting of glutaminase sensitizes
ovarian cancer cells to chemotherapy. J Cell Biochem (2018) 119:6136–45. doi:
10.1002/jcb.26814

46. Yuan L, Sheng X, Clark LH, Zhang L, Guo H, Jones HM, et al. Glutaminase
inhibitor compound 968 inhibits cell proliferation and sensitizes paclitaxel in
ovarian cancer. Am J Transl Res (2016) 8:4265–77.

47. Shen YA, Hong JX, Asaka R, Asaka S, Hsu FC, Rahmanto YS, et al.
Inhibition of the MYC-regulated glutaminase metabolic axis is an effective
synthetic lethal approach for treating chemoresistant ovarian cancers. Cancer Res
(2020) 20:4514–26. doi: 10.1158/0008-5472.CAN-19-3971

48. Zhou HH, Chen X, Cai LY, Nan XW, Chen JH, Chen XX, et al. Erastin
reverses ABCB1-mediated docetaxel resistance in ovarian cancer. Front Oncol
(2019) 9:1398. doi: 10.3389/fonc.2019.01398

49. Cheng Q, Bao L, Li M, Chang K, Yi X. Erastin synergizes with cisplatin via
ferroptosis to inhibit ovarian cancer growth in vitro and in vivo. J Obstet Gynaecol
Res (2021) 47:2481–91. doi: 10.1111/jog.14779

50. Xia X, Fan X, Zhao M, Zhu P. The relationship between ferroptosis and
tumors: A novel landscape for therapeutic approach. Curr Gene Ther (2019)
19:117–24. doi: 10.2174/1566523219666190628152137

51. Lee JM, Annunziata CM, Hays JL, Cao L, Choyke P, Yu M, et al. Phase II
trial of bevacizumab and sorafenib in recurrent ovarian cancer patients with or
without prior-bevacizumab treatment. Gynecol Oncol (2020) 159:88–94. doi:
10.1016/j.ygyno.2020.07.031

52. Verschoor ML, Singh G. Ets-1 regulates intracellular glutathione levels: key
target for resistant ovarian cancer. Mol Cancer (2013) 12:138. doi: 10.1186/1476-
4598-12-138

53. Suzuki M, Toki H, Furuya A, Ando H. Establishment of monoclonal
antibodies against cell surface domains of ASCT2/SLC1A5 and their inhibition
of glutamine-dependent tumor cell growth. Biochem Biophys Res Commun (2017)
482:651–7. doi: 10.1016/j.bbrc.2016.11.089

54. Bjersand K, Seidal T, Sundstrom-Poromaa I, Akerud H, Skirnisdottir I. The
clinical and prognostic correlation of HRNPM and SLC1A5 in pathogenesis and
prognosis in epithelial ovarian cancer. PloS One (2017) 12:e0179363. doi: 10.1371/
journal.pone.0179363

55. Jin H, Wang S, Zaal EA, Wang C, Wu H, Bosma A, et al. A powerful drug
combination strategy targeting glutamine addiction for the treatment of human
liver cancer. Elife (2020) 9:e56749. doi: 10.7554/eLife.56749

56. Zimmermann SC, Wolf EF, Luu A, Thomas AG, Stathis M, Poore B, et al.
Allosteric glutaminase inhibitors based on a 1,4-Di(5-amino-1,3,4-thiadiazol-2-yl)
Frontiers in Oncology 10
butane scaffold. ACS Med Chem Lett (2016) 7:520–4. doi: 10.1021/
acsmedchemlett.6b00060

57. Haga RB, Ridley AJ. Rho GTPases: Regulation and roles in cancer cell
biology. Small GTPases (2016) 7:207–21. doi: 10.1080/21541248.2016.1232583

58. Wilson KF, Erickson JW, Antonyak MA, Cerione RA. Rho GTPases and
their roles in cancer metabolism. Trends Mol Med (2013) 19:74–82. doi: 10.1016/
j.molmed.2012.10.011

59. Wang JJ, Siu MK, Jiang YX, Leung TH, Chan DW, Wang HG, et al. A
combination of glutaminase inhibitor 968 and PD-L1 blockade boosts the immune
response against ovarian cancer. Biomolecules (2021) 11:1749. doi: 10.3390/
biom11121749

60. Wu S, Fukumoto T, Lin J, Nacarelli T, Wang Y, Ong D, et al. Targeting
glutamine dependence through GLS1 inhibition suppresses ARID1A-inactivated
clear cell ovarian carcinoma. Nat Cancer (2021) 2:189–200. doi: 10.1038/s43018-
020-00160-x

61. Kulkarni RM, Dakoulas EW, Miller KE, Terse PS. Evaluation of genetic
toxicity of 6-diazo-5-oxo-l-norleucine (DON). Toxicol Mech Methods (2017)
27:518–27. doi: 10.1080/15376516.2017.1333552

62. Tzuman YC, Sapoznik S, Granot D, Nevo N, Neeman M. Peritoneal
adhesion and angiogenesis in ovarian carcinoma are inversely regulated by
hyaluronan: the role of gonadotropins. Neoplasia (2010) 12:51–60. doi: 10.1593/
neo.91272

63. Tenora L, Alt J, Dash RP, Gadiano AJ, Novotna K, Veeravalli V, et al.
Tumor-targeted delivery of 6-Diazo-5-oxo-l-norleucine (DON) using substituted
acetylated lysine prodrugs. J Med Chem (2019) 62:3524–38. doi: 10.1021/
acs.jmedchem.8b02009

64. Dixon SJ, Patel DN, Welsch M, Skouta R, Lee ED, Hayano M, et al.
Pharmacological inhibition of cystine-glutamate exchange induces endoplasmic
reticulum stress and ferroptosis. Elife (2014) 3:e02523. doi: 10.7554/eLife.02523

65. Su Y, Zhao B, Zhou L, Zhang Z, Shen Y, Lv H, et al. Ferroptosis, a novel
pharmacological mechanism of anti-cancer drugs. Cancer Lett (2020) 483:127–36.
doi: 10.1016/j.canlet.2020.02.015

66. Yang L, Xie HJ, Li YY, Wang X, Liu XX, Mai J. Molecular mechanisms of
platinumbased chemotherapy resistance in ovarian cancer (Review). Oncol Rep
(2022) 47:82. doi: 10.3892/or.2022.8293

67. Buechel M, Herzog TJ, Westin SN, Coleman RL, Monk BJ, Moore KN.
Treatment of patients with recurrent epithelial ovarian cancer for whom platinum
is still an option. Ann Oncol (2019) 30:721–32. doi: 10.1093/annonc/mdz104

68. Mantia-Smaldone GM, Edwards RP, Vlad AM. Targeted treatment of
recurrent platinum-resistant ovarian cancer: Current and emerging therapies.
Cancer Manage Res (2011) 3:25–38. doi: 10.2147/CMR.S8759

69. Hudson CD, Savadelis A, Nagaraj AB, Joseph P, Avril S, DiFeo A, et al.
Altered glutamine metabolism in platinum resistant ovarian cancer. Oncotarget
(2016) 7:41637–49. doi: 10.18632/oncotarget.9317

70. Lee C, Raffaghello L, Brandhorst S, Safdie FM, Bianchi G, Martin-Montalvo
A, et al. Fasting cycles retard growth of tumors and sensitize a range of cancer cell
types to chemotherapy. Sci Transl Med (2012) 4:124ra27. doi: 10.1126/
scitranslmed.3003293

71. Obrist F, Michels J, Durand S, Chery A, Pol J, Levesque S, et al. Metabolic
vulnerability of cisplatin-resistant cancers. EMBO J (2018) 37:e98597. doi:
10.15252/embj.201798597

72. Tardito S, Oudin A, Ahmed SU, Fack F, Keunen O, Zheng L, et al.
Glutamine synthetase activity fuels nucleotide biosynthesis and supports growth
of glutamine-restricted glioblastoma.Nat Cell Biol (2015) 17:1556–68. doi: 10.1038/
ncb3272

73. Chon J, Stover PJ, Field MS. Targeting nuclear thymidylate biosynthesis.
Mol Aspects Med (2017) 53:48–56. doi: 10.1016/j.mam.2016.11.005

74. D'Alessandro EG, Nebuloni Nagy DR, de Brito CMM, Almeida EPM,
Battistella LR, Cecatto RB. Acupuncture for chemotherapy-induced peripheral
neuropathy: a randomised controlled pilot study. BMJ Support Palliat Care (2022)
12:64–72. doi: 10.1136/bmjspcare-2018-001542

75. Luo Z, Xu J, Sun J, Huang H, Zhang Z, Ma W, et al. Co-Delivery of 2-
deoxyglucose and a glutamine metabolism inhibitor V9302 via a prodrug micellar
formulation for synergistic targeting of metabolism in cancer. Acta Biomater
(2020) 105:239–52. doi: 10.1016/j.actbio.2020.01.019
frontiersin.org

https://doi.org/10.1016/j.redox.2021.102065
https://doi.org/10.1016/j.intimp.2020.106210
https://doi.org/10.1038/s41419-017-0176-3
https://doi.org/10.1038/s41419-017-0176-3
https://doi.org/10.1074/jbc.R700016200
https://doi.org/10.1152/ajpendo.00151.2012
https://doi.org/10.1073/pnas.1016627108
https://doi.org/10.1158/0008-5472.CAN-19-0490
https://doi.org/10.1158/0008-5472.CAN-19-0490
https://doi.org/10.3892/or.2018.6729
https://doi.org/10.1002/jcb.26814
https://doi.org/10.1158/0008-5472.CAN-19-3971
https://doi.org/10.3389/fonc.2019.01398
https://doi.org/10.1111/jog.14779
https://doi.org/10.2174/1566523219666190628152137
https://doi.org/10.1016/j.ygyno.2020.07.031
https://doi.org/10.1186/1476-4598-12-138
https://doi.org/10.1186/1476-4598-12-138
https://doi.org/10.1016/j.bbrc.2016.11.089
https://doi.org/10.1371/journal.pone.0179363
https://doi.org/10.1371/journal.pone.0179363
https://doi.org/10.7554/eLife.56749
https://doi.org/10.1021/acsmedchemlett.6b00060
https://doi.org/10.1021/acsmedchemlett.6b00060
https://doi.org/10.1080/21541248.2016.1232583
https://doi.org/10.1016/j.molmed.2012.10.011
https://doi.org/10.1016/j.molmed.2012.10.011
https://doi.org/10.3390/biom11121749
https://doi.org/10.3390/biom11121749
https://doi.org/10.1038/s43018-020-00160-x
https://doi.org/10.1038/s43018-020-00160-x
https://doi.org/10.1080/15376516.2017.1333552
https://doi.org/10.1593/neo.91272
https://doi.org/10.1593/neo.91272
https://doi.org/10.1021/acs.jmedchem.8b02009
https://doi.org/10.1021/acs.jmedchem.8b02009
https://doi.org/10.7554/eLife.02523
https://doi.org/10.1016/j.canlet.2020.02.015
https://doi.org/10.3892/or.2022.8293
https://doi.org/10.1093/annonc/mdz104
https://doi.org/10.2147/CMR.S8759
https://doi.org/10.18632/oncotarget.9317
https://doi.org/10.1126/scitranslmed.3003293
https://doi.org/10.1126/scitranslmed.3003293
https://doi.org/10.15252/embj.201798597
https://doi.org/10.1038/ncb3272
https://doi.org/10.1038/ncb3272
https://doi.org/10.1016/j.mam.2016.11.005
https://doi.org/10.1136/bmjspcare-2018-001542
https://doi.org/10.1016/j.actbio.2020.01.019
https://doi.org/10.3389/fonc.2022.1018642
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	New progress of glutamine metabolism in the occurrence, development, and treatment of ovarian cancer from mechanism to clinic
	1 Introduction
	2 Related signals and genes regulating Gln metabolism in ovarian cancer
	2.1 mTORC1
	2.2 Hypoxia-inducible factor 1
	2.3 PI3K
	2.4 myc
	2.5 STAT3
	2.6 JAK-STAT

	3 The role of Gln metabolism in the clinical course of ovarian cancer
	3.1 Gln promotes the growth of ovarian cancer cells
	3.2 Gln is associated with ovarian cancer cell invasion
	3.3 The high expression of glutaminase affects the prognosis of ovarian cancer
	3.4 Gln and ovarian cancer treatment
	2.4.1 Anti-ovarian cancer drugs based on Gln metabolism
	3.4.1.1 Alanine-serine-cysteine transporter 2 inhibitors
	3.4.1.2 GLS inhibitors
	3.4.1.3 Cystine/glutamate transporter cystine-glutamate exchange (xCT) inhibitors

	3.4.2 Chemotherapy resistance of Gln metabolism in ovarian cancer treatment


	4 Future directions
	5 Conclusion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


