
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Šimčíková et al. Cancer & Metabolism           (2024) 12:27 
https://doi.org/10.1186/s40170-024-00355-1

Cancer & Metabolism

*Correspondence:
Petr Heneberg
petr.heneberg@lf3.cuni.cz

Full list of author information is available at the end of the article

Abstract
Background  High-grade serous ovarian carcinoma (HGSOC) is the most common and aggressive subtype of 
epithelial ovarian carcinoma. It is primarily diagnosed at stage III or IV when the 5-year survival rate ranges between 
20% and 40%. Here, we aimed to validate the hypothesis, based on HGSOC cell lines, that proposed the existence of 
two distinct groups of HGSOC cells with high and low oxidative phosphorylation (OXPHOS) metabolism, respectively, 
which are associated with their responses to glucose and glutamine withdrawal.

Methods  We isolated and cultivated primary cancer cell cultures from HGSOC and nontransformed ovarian 
fibroblasts from the surrounding ovarium of 45 HGSOC patients. We tested the metabolic flexibility of the primary 
cells, particularly in response to glucose and glutamine depletion, analyzed and modulated endoplasmic reticulum 
stress, and searched for indices of the existence of previously reported groups of HGSOC cells with high and low 
OXPHOS metabolism.

Results  The primary HGSOC cells did not form two groups with high and low OXPHOS that responded differently 
to glucose and glutamine availabilities in the cell culture medium. Instead, they exhibited a continuum of OXPHOS 
phenotypes. In most tumor cell isolates, the responses to glucose or glutamine withdrawal were mild and surprisingly 
correlated with those of nontransformed ovarian fibroblasts from the same patients. The growth of tumor-derived 
cells in the absence of glucose was positively correlated with the lipid trafficking regulator FABP4 and was negatively 
correlated with the expression levels of HK2 and HK1. The correlations between the expression of electron transport 
chain (ETC) proteins and the oxygen consumption rates or extracellular acidification rates were weak. ER stress 
markers were strongly expressed in all the analyzed tumors. ER stress was further potentiated by tunicamycin but not 
by the recently proposed ER stress inducers based on copper(II)-phenanthroline complexes. ER stress modulation 
increased autophagy in tumor cell isolates but not in nontransformed ovarian fibroblasts.

Conclusions  Analysis of the metabolism of primary HGSOC cells rejects the previously proposed hypothesis 
that there are distinct groups of HGSOC cells with high and low OXPHOS metabolism that respond differently to 
glutamine or glucose withdrawal and are characterized by ETC protein levels.
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Background
High-grade serous ovarian carcinoma (HGSOC) is the 
most common and aggressive subtype of epithelial ovar-
ian carcinoma (OC) [1]. Most women are diagnosed 
at stage III or IV when the 5-year survival rate ranges 
between 20% and 40% [2]. The survival rate of HGSOC 
patients has not improved since the 1970s. The typical 
first-line treatment for advanced OC consists of surgical 
reduction of the tumor mass, followed by multiple cycles 
of paclitaxel and carboplatin or PARP inhibitors (for 
BRCA1/2 mutation carriers). Three chemotherapy cycles 
may be administered before surgery [3]. The response 
of HGSOC to chemotherapy has been suggested to be 
closely linked to the metabolic phenotype of the respec-
tive cancer case [4]. Typically, HGSOCs prioritizing 
oxidative phosphorylation (OXPHOS) over aerobic gly-
colysis exhibited a better response to chemotherapy [4].

Compared with cells of normal ovarian tissue, HGSOC 
cells express high levels of the endoplasmic reticulum 
(ER) stress-associated proteins GRP78, PERK, and ATF6. 
High expression levels of GRP78 and PDI are associated 
with poor survival, HGSOC aggressiveness, and disease 
progression [5, 6]. Additionally, TUSC3, an ER stress 
regulator responsible for the N-linked glycosylation of 
proteins in the endoplasmic reticulum, is strongly asso-
ciated with the overall and disease-free survival of OC 
patients [7] and with the viability, epithelial–mesenchy-
mal transformation, and migration of OC cells [8]. ER 
stress initiates a cascade of unfolded protein response 
(UPR) reactions. The UPR is linked to the progression 
of multiple cancer types [9]. In the normal ovarian epi-
thelium, the UPR is periodically activated during follicu-
lar growth and maturation [10] and is further increased 
when the uterine lining is atrophied in menopausal 
women and ovariectomized animals [11]. One mecha-
nism of UPR activation in OC cells involves PTEN loss, 
which drives constitutive mTORC1 activity and UPR 
induction; the mTORC1 and UPR signaling pathways are 
correlated in primary carcinoma samples [12]. ER stress 
can be pharmacologically induced by tunicamycin, which 
causes the accumulation of unfolded glycoproteins in the 
ER and is inhibited by salubrinal, which also acts as an 
autophagy activation inhibitor. Recently, the cytotoxicity 
of copper(II)-phenanthroline complexes was linked to ER 
stress modulation in OC cell lines [13, 14].

The acquired resistance of HGSOC to platinum-based 
chemotherapies is a critical issue. The UPR is involved 
in paclitaxel resistance independent of the antimitotic 
effects of taxanes [15] and is generally involved in cancer 
drug resistance [16–18]. Additionally, strong evidence 

has shown the role of cellular stress in the maintenance 
of senescent cisplatin-resistant HGSOC cells. Cisplatin 
induces substantial oxidative stress, which affects central 
carbon metabolism and upregulates NAD+-dependent 
histone deacetylases, such as SIRT2; these prime HGSOC 
for cisplatin sensitivity [19, 20]. NAD+ biosynthesis 
regulates the acquisition of the cisplatin-induced senes-
cent phenotype in HGSOC [21], likely through NAMPT 
modulation [22]. The mechanism of action of some novel 
OC therapeutics, such as AZD1775, appears to be related 
to the induction of ER stress [23]. Other therapeutics, 
such as gonadotropin-releasing hormone analogs, pro-
tect ovarian function by relieving ER stress and modu-
lating mTOR signaling and autophagy induction [24]. 
Metformin can also induce the UPR and autophagy in 
OC cells (but not normal ovarian epithelial cells), and 
the combination of autophagy and PERK activation pro-
tects OC cells against metformin-induced apoptosis [25]. 
Despite these findings, a direct link between ER stress 
and chemotherapy resistance in HGSOC remains to be 
determined.

Two distinct subgroups of HGSOC cell lines with high 
and low OXPHOS were previously reported [4]. These 
subgroups respond differently to chemotherapy and 
depletion of glucose or glutamine and are characterized 
by prominent differences in electron transport chain 
(ETC) protein expression [4]. Therefore, we hypothesized 
that these two groups of cells should be detectable in pri-
mary cancer cell isolates from HGSOC patients and that 
this classification should predict the spectrum of func-
tional responses to ER stress modulation, pharmacother-
apeutic targeting of cellular metabolism, and depletion of 
glucose or glutamine.

Materials and methods
Patients
Resected anonymized HGSOC tissues and matched nor-
mal adjacent ovarian tissues were obtained from Czech 
patients who underwent surgery for clinical purposes at 
the University Hospital Královské Vinohrady. Immedi-
ately after surgery, small pieces of tissue from selected 
patients were fixed in 4% neutral-buffered paraformal-
dehyde for further immunohistopathological examina-
tion. The remainder of the tissue was minced, cleaved by 
dispase, passed through a 100  μm strainer, and allowed 
to proliferate in 2D culture for two to six weeks [26]. 
The purity of the cultured cells was tested by stain-
ing single-cell-gated cells with the following antibodies: 
anti-vimentin-Alexa Fluor 488 (Cell Signaling Technol-
ogy, Danvers, MA, #9854), anti-pan-keratin-PE (Cell 
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Signaling Technology, #5075), and anti-smooth muscle 
actin-Alexa Fluor 488 (eBioscience, San Diego, CA, #53-
9760-82). The identity of randomly selected tumor cell 
isolates from patients with HGSOC of FIGO stage IIIC 
or higher was also confirmed by semiquantitative analy-
sis of p53 expression (stained using DO-7, 1:200; Agilent 
DAKO) in formalin-fixed, paraffin-embedded blocks 
containing the cultured cells. The cells from matched 
normal adjacent tissues consisted of fibroblasts instead 
of the already mostly atrophied epithelia. The use of 
resected tissues was approved by the Ethics Commit-
tee of the Third Faculty of Medicine, Charles University 
(approval not numbered, dated April 29, 2020) and by the 
Ethics Committee of the University Hospital Královské 
Vinohrady (approval #EK-VP/24/0/2020, dated June 3, 
2020). The clinical parameters of the examined cohort of 
patients are provided in Table S1.

The cells were cultivated at 37  °C in 5% CO2. Myco-
plasma contamination was routinely assessed by qPCR 
(Eurofins Genomics, Ebersberg, Germany). DMEM 
(Thermo Fisher Scientific; Gibco #A14430-01) supple-
mented with or without 5.5 mM glucose and/or 2 mM 
glutamine and 10% FBS was used unless otherwise stated. 
The FBS contained 4 mM glucose and ∼ 1 mM glutamine; 
therefore, the final glucose concentration in the glucose-
depleted medium was 0.4 mM, and the final glutamine 
concentration in the glutamine-depleted medium was 
∼ 0.1 mM.

ER stress modulation
We used Western blotting to examine the expression of 
key ER stress regulators in seven primary cell cultures 
isolated from HGSOC and in five fibroblast isolates from 
the surrounding ovarium. Specifically, we determined 
the levels of BiP, P-eIF2α (S51), and total eIF2α. We also 
analyzed P-PERK (T982) and total PERK in nontrans-
formed fibroblasts. We modulated the levels of ER stress 
with the following compounds: the prototypic ER stress 
inducer tunicamycin, two other previously suggested ER 
stress inducers consisting of copper(II)-phenanthroline 
complexes containing different imidazolidine-2-thione 
ligands (the complexes were designated as C0 and C1 as 
specified below), salubrinal alone or in combination with 
C1 as a compound that alleviates ER stress, and taurour-
sodeoxycholic acid (TUDCA). Tunicamycin, salubrinal, 
and TUDCA were obtained from Sigma–Aldrich (St. 
Louis, MO); C0 and C1 were synthetized as described 
[27]. The modulation of ER stress by the two mixed 
copper(II)-phenanthroline complexes was previously 
shown to induce the UPR in OC cell lines [13, 14]. These 
consisted of the parental compound [Cu(phen)2(OH2)]
(ClO4)2 (designated as C0); and a complex that was pre-
viously synthesized from the parent complex, namely, 
[Cu(phen)2(2-imidazolidinethione)](ClO4)2 (designated 

as C1) [27]; in some cases, we administered C1 together 
with salubrinal.

Histopathological examination
A histopathological examination was performed to mea-
sure the ER stress levels and confirm the identity of the 
examined tissues. We performed immunohistochemi-
cal staining of tissues fixed in 4% buffered paraformal-
dehyde (Santa Cruz Biotechnology, Dallas, TX), washed 
in PBS, dehydrated in an Autotechnicon tissue proces-
sor, and embedded in paraffin blocks. Five-micrometer-
thick tissue sections were deparaffinized in xylene and 
rehydrated in ethanol. Antigen retrieval was performed 
using a Target Retrieval Solution at pH 6 or 9 (Dako, 
Jena, Germany) for 30 min at 98 °C, which was followed 
by treatment with 0.3% H2O2 in PBS (pH 7.4) to quench 
endogenous peroxidase activity. Blocking was performed 
by incubating the sections with 10% BSA for 30 min, after 
which they were incubated with the primary antibody for 
one hour at room temperature. The primary antibodies 
were diluted in Antibody Diluent (Dako, Jena, Germany). 
The sections were then incubated with the biotinyl-
ated antibody reagent DAKO EnVisionTM + Dual Link 
(Dako, Jena, Germany) for 20 min at room temperature. 
Finally, the sections were incubated with streptavidin-
HRP (LSAB1System HRP, Dako, Germany) until a brown 
color developed. The sections were then counterstained 
with Gill’s hematoxylin, dehydrated, and mounted with 
Pertex medium. The list of primary antibodies used and 
the reaction conditions are provided in Table S2. The 
expression of E-cadherin and N-cadherin was assessed 
by a semiquantitative scoring system. E-cadherin expres-
sion was scored as follows: 0, no immunoreactivity; 1+, 
incomplete or dot-like faintly membranous immuno-
reactivity; 2+, complete circumferential membranous 
immunoreactivity of < 10% of the cells; and 3+, complete 
circumferential membranous immunoreactivity of ≥ 10% 
of the cells. The expression of other markers, namely 
PERK, eIF2α, vimentin, calnexin, CHOP, and BiP was 
evaluated on a scale from 0 to 3: 0, negative; 1, detectable 
but weak; 2, moderate but submaximal; and 3, maximal.

Flow cytometry
We analyzed the uniformity of the adherently grown 
primary cells isolated from HGSOC tumors (des-
ignated as tumor cells) and the adherently grown 
nontransformed primary fibroblasts from the sur-
rounding ovarium (designated as fibroblasts) by 
flow cytometric analysis of pan-keratin, α-actin, and 
vimentin expression. The cells were trypsinized, per-
meabilized three times for 5  min each time with 0.1% 
Triton X-100 in PBS, blocked for 30 min with 5% BSA 
in PBS, and stained with the antibodies anti-pan-ker-
atin-PE (Cell Signaling Technology, clone C11) and 
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anti-α-actin-Alexa Fluor 488 (eBioscience, clone 1A4) 
or anti-vimentin-Alexa Fluor 488 (Cell Signaling Tech-
nology, clone D21H3) in 5% BSA for 1 h at room tem-
perature. The cells were washed three times with 0.1% 
Triton X-100 in PBS and stored in PBS supplemented 
with 0.02% azide until analysis with a FACSVerse (Bec-
ton Dickinson, Franklin Lakes, NJ).

Assays for cell viability, proliferation, and redox status
We measured cell viability in 96-well plates with the ala-
marBlue cell viability reagent (Thermo Fisher Scientific, 
Waltham, MA) according to the manufacturer’s instruc-
tions. We also indirectly assessed changes in cell counts 
by measuring ATP levels with CellTiter-Glo (Promega, 
Madison, WI) according to the manufacturer’s instruc-
tions. We also determined cell proliferation by count-
ing trypan blue-stained cells. All measurements were 
obtained from three or more independent experiments, 
each performed in quadruplicate.

We further evaluated a randomly selected set of iso-
lates of tumor cells for changes in reactive oxygen species 
(using CM-H2DCFDA at 1.6 µg mL− 1, with an excitation 
at 493 ± 20  nm and an emission at 520 ± 20  nm), mito-
chondrial superoxide (using 1 µM MitoSOX Red, with an 
excitation at 396 ± 20 nm and an emission at 610 ± 20 nm), 
and intracellular reduced glutathione (using 10 µM Thi-
olTracker Violet, with an excitation at 405 ± 20  nm and 
an emission at 526 ± 20 nm) (all from Thermo Fisher Sci-
entific, Waltham, MA) according to the manufacturer’s 
instructions. The compounds were diluted in phosphate-
buffered saline and incubated for 20  min. Following 
these measurements, we lysed the cells in CellTiter-Glo 
and transferred the lysates to white plates for endpoint 
ATP measurements. The measurements were performed 
with a Spark microplate reader (Tecan, Männedorf, 
Switzerland).

RNA isolation, qRT–PCR and immunoblotting
We isolated RNA with a PicoPure RNA isolation kit 
(Applied Biosystems, Waltham, MA). We transcribed 
the isolated RNA with a SuperScript VILO cDNA syn-
thesis kit (Invitrogen, Waltham, MA) and performed 
qRT–PCR with the 7500 Fast Real–Time PCR System 
(Applied Biosystems). We used GAPDH for normal-
ization in all the experiments. We assessed mRNA 
expression with TaqMan probes (Table S3) and Taq-
Man Fast Advanced Master Mix (all from Thermo 
Fisher Scientific). All measurements were performed 
in triplicate.

For Western blotting, we used NuPAGE Bis-Tris 4 to 
12% mini protein gels and NuPAGE MES SDS Running 
Buffer (both from Thermo Fisher Scientific). We quanti-
fied the Western blots with ImageLab (Bio-Rad Labo-
ratories, Hercules, CA). The list of primary antibodies 

used for Western blotting is provided in Table S4. The 
uncropped blots are provided in Supplementary File 2.

Extracellular acidification rate (ECAR)
Glycolytic parameters were measured using the Gly-
colysis Stress Test on a Seahorse Analyzer XFp (Agilent 
Technologies, Santa Clara, CA). The cells were plated at 
a density of 2 × 104 cells per well in XFp tissue culture 
plates. The next day, the cell monolayers were washed 
and incubated for 30  min in XF Base Medium, pH 7.4. 
Before performing the measurements, the cells were 
counted using a SpectraMax i3 (Molecular Devices, San 
Jose, CA). The following compounds were sequentially 
injected at 10× concentrations to reach the following 
final concentrations: 10 mM glucose, 2 µM oligomycin 
A, and 100 mM 2-deoxyglucose. At least three biological 
replicates and five technical replicates were measured for 
each patient.

Oxygen consumption rate (OCR)
Mitochondrial respiration parameters were measured 
using the Cell Mito Stress Test on a Seahorse Analyzer 
XFp (Agilent Technologies). The cells were plated at 
a density of 2 × 104 cells per well in XFp tissue culture 
plates. The next day, the cell monolayers were washed 
and incubated for 30 min in XF Assay Medium, pH 7.4, 
supplemented with 10 mM glucose, 1 mM HEPES, pH 
7.4, 1 mM pyruvate, and 0.1% BSA. Before perform-
ing the measurements, the cells were counted using a 
SpectraMax i3 (Molecular Devices). The following com-
pounds were sequentially injected at 10× concentrations 
to reach the following final concentrations: 2 µM oligo-
mycin A, 0.5 µM and 1.0 µM FCCP (sequentially), and 
1 µM rotenone combined with 1 µg/ml antimycin A. At 
least three biological replicates and five technical repli-
cates were measured for each patient.

Statistical analysis
All the measurements were obtained from three or 
more independent experiments. The data are shown as 
the means ± SEs unless stated otherwise. The Spearman 
correlation coefficient was used to estimate associa-
tions between continuous variables. Student’s t-test, the 
REML mixed-effect model followed by Tukey`s multiple 
comparison tests, and one-way ANOVA with the Stu-
dent–Newman–Keuls post-hoc tests were used for the 
statistical analyses. All the data were tested for equality 
of variance and distribution normality; if the data did not 
fulfill these conditions, Kruskal–Wallis ANOVA with 
Dunn’s post-hoc tests was used. The statistical analyses 
were conducted in SigmaPlot 12.0 (Systat Software, San 
Jose, CA) or GraphPad Prism 8 (Dotmatics, Boston, MA). 
Differences were considered statistically significant at 
p < 0.05.
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Fig. 1 (See legend on next page.)
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Results and discussion
Metabolic activity of tumor cells and ovarian fibroblasts
After several passages, the cells exhibited uniform pat-
terns. They were depleted of stroma and adipocytes and 
lost abundant lipid droplets within the first few days of 
culture. Tumor cells were positive for pan-keratin and 
α-actin (Fig.  1A). Most but not all tumor cell isolates 
stained strongly for p53, and the stains were uniform 
within individual cell isolates. These data combined sug-
gest their epithelial origin and acquisition of mesenchy-
mal features through epithelial–mesenchymal transition, 
and the uniform and mostly strong p53 stains confirm 
their identity as HGSOC isolates. Ovarian fibroblasts 
were positive for α-actin but negative for pan-keratin 
(Fig. 1A). Epithelial cells were lacking due to age-related 
changes in the ovarium, and these samples gave rise to 
uniform ovarian fibroblast populations.

The ECAR and OCR were generally greater for tumor 
cells than ovarian fibroblasts (Fig.  1B-D). The most 
prominent differences were in basal ECAR (one-tailed 
t-test p = 0.03), maximum respiration (one-tailed t-test 
p = 0.04), spare respiratory capacity (one-tailed t-test 
p = 0.03), and non-mitochondrial respiration (one-tailed 
t-test p = 0.02) (Fig.  1D). However, the interindividual 
differences were prominent and we focused on their 
possible causes. In OC cell lines, increased respiratory 
capacity was previously correlated with OXPHOS activ-
ity and ETC protein levels. Importantly, these cells dif-
fered in their preferences for glucose or glutamine to fuel 
mitochondrial respiration [4].

Since data on glucose and glutamine preferences from 
primary tumor cells were lacking, we measured the redox 
state employing the resazurin reduction rate and cel-
lular ATP by CellTiter-Glo in media supplemented with 
glucose and glutamine or with either glucose or gluta-
mine alone. We found that the resazurin reduction rate 
decreased in most (but not all) tumor cell isolates fol-
lowing the depletion of glucose or glutamine (Fig.  1E). 
In ovarian fibroblasts, these decreases were present in 
most glucose-deprived cells but in only a few glutamine-
deprived isolates (Fig. 1E). Therefore, in tumor cells, the 
resazurin reduction rates of glucose-deprived and gluta-
mine-deprived cells were predominantly correlated with 
each other. However, a subgroup of tumor cell isolates 
(only ∼ 10% of the total) that displayed restricted metabo-
lism under glutamine-deprived but not glucose-deprived 

conditions was also observed (Fig.  1F). In most tumor 
cell isolates, the responses to glucose or glutamine with-
drawal were mild.

The ATP measurements revealed no differences in 
cell number following glucose depletion in either tumor 
cells or ovarian fibroblasts (Fig.  1G). For six randomly 
selected tumor cell isolates, we matched the data from 
the cell ATP measurements with the data from trypan-
blue-based cell counting; these results suggested a good 
agreement between the methods used (Fig. S1). Taken 
together, these data suggested that both cell types exhib-
ited lower resazurin reduction rates following glucose 
depletion (Fig.  1E). In contrast, glutamine depletion 
induced prominent decreases in ATP levels in wells with 
both tumor cells and ovarian fibroblasts (Fig.  1G). This 
finding is consistent with the role of glutamine as an 
important ATP source. Glutamine is likely more impor-
tant than glucose as an ATP source because glutamine 
allows ATP generation by entering the Krebs cycle via 
glutamate and α-ketoglutarate. The decreases in ATP 
levels in wells with cells cultured in glucose- and gluta-
mine-depleted media were not correlated (Fig. 1H). The 
relatively uniform pattern of the response to glucose and 
glutamine withdrawal was surprising, given that previ-
ously published data from OC cell lines suggested the 
existence of differentially responsive populations [4]. Pre-
viously reported differences in OXPHOS rates and addic-
tion to glucose or glutamine may represent artifacts of 
long-term cell culture. The adverse effects of long-term 
cell culture can also be deduced from the more promi-
nent effects of glutamine withdrawal relative to glucose 
withdrawal, as many long-term cultivated cells become 
glucose-addicted even though they were initially gluta-
mine-addicted [28–30]. Glucose-addicted tumor cells are 
sensitive to chemotherapy, whereas glucose-deprivation-
resistant tumor cells are resistant to chemotherapy [31, 
32].

The study design provided a great opportunity to ana-
lyze matched tumor cells and ovarian fibroblasts from the 
same patient. Surprisingly, patient-specific responses of 
tumor cells and ovarian fibroblasts were correlated with 
one another following the depletion of glucose or gluta-
mine. A strong negative correlation was also observed 
between the proliferation of ovarian fibroblasts follow-
ing the withdrawal of glutamine and the proliferation of 
tumor cells from the same patients, as measured in the 

(See figure on previous page.)
Fig. 1  Characterization of primary cell cultures. (A) Example of the FACS analysis of tumor cells (blue) and ovarian fibroblasts (red) according to their 
α-actin (PE) and pan-keratin (Alexa Fluor 488) expression. (B-D) Differences in the ECAR (B) and OCR (C) among tumor cells (n = 9; shown in grey) and ovar-
ian fibroblasts (n = 2; shown in color). (D) Basal ECAR, glycolysis, glycolytic capacity, glycolytic reserve, basal respiration, proton leakage, maximum respira-
tion, spare respiratory capacity, and non-mitochondrial respiration in tumor cells and ovarian fibroblasts. (E-H) Resazurin reduction rates and cellular ATP 
levels. Relative absorbances of alamarBlue (E-F) and CellTiter-Glo (G-H) in tumor cells (tumor) and ovarian fibroblasts (fibroblasts) cultivated in complete 
medium (+Q, +G) or medium with depleted glucose (+Q, -G) or glutamine (-Q, +G). Individual data points represent the means of four measurements 
from each patient-derived cell isolate and are shown relative to those of the isolates in complete medium (+Q, +G). The bars indicate the means and SDs 
(B, C,E, G) or SEs (D). Asterisks (*) indicate significant differences at α < 0.05 in the REML mixed-effect model, followed by Tukey`s multiple comparison tests
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Fig. 2 (See legend on next page.)
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presence of both glucose and glutamine or the presence 
of only one of these compounds (Fig.  2). The resazurin 
reduction rate did not reveal such correlations (Fig. 2).

Gene and protein expression patterns
Genes involved in regulating glycolysis and glutamine 
metabolism were previously suggested to be predictors of 
the OXPHOS activity of HGSOC cell lines [4]. Therefore, 
we analyzed the transcript levels of 14 genes involved in 
metabolic pathways, particularly those involved in regu-
lating glycolysis and glutamine metabolism (Fig. S2). 
The proliferation of tumor cells in the absence of glucose 
was negatively correlated with the expression levels of 
HK2 and HK1. Notably, the expression of transcripts of 
these two hexokinase isoforms was correlated with one 
another (Spearman rho = 0.65; p < 0.001). In contrast, 
the proliferation of tumor cells in the absence of glucose 
was positively correlated with the expression levels of 
lipid trafficking regulator FABP4, which is known to be 
upregulated in various malignant solid tumors and is cor-
related with a poor prognosis [33, 34]. In the absence of 
glutamine, the proliferation of tumor cells was negatively 
correlated with the expression levels of HK2 (but not 
those of HK1, which is more abundant in these cells; see 
[35]) (Fig. S2).

With respect to ovarian fibroblasts, we analyzed the 
expression of only four genes, HK1, HK2, IDO1, and 
SLC7A11. Similar to the findings in tumor cells, we found 
a positive correlation between HK1 and HK2 expression 
in ovarian fibroblasts. In addition, we detected a positive 
correlation between IDO1 expression and alamarBlue 
readouts in cells grown in media supplemented with both 
glutamine and glucose or with glucose alone (Fig. S2A). 
When we compared the levels of these four transcripts 
(HK1, HK2, IDO1, and SLC7A11) in tumor cells and cor-
responding ovarian fibroblasts in patient-matched sam-
ples, we detected no correlation between their expression 
in ovarian fibroblasts and that in patient-matched tumor 
cells (Fig. S2C).

At the protein level, HGSOC cell lines with high and 
low OXPHOS rates are characterized by prominent dif-
ferences in ETC protein expression [4]. The correlations 
of CellTiter-Glo readouts of tumor cells grown in glu-
cose- or glutamine-deficient media with the expression 
of ETC proteins were weak (Spearman p > 0.05 for all 

correlations between ETC II, III, IV, and V compared to 
ATP levels in wells with tumor cells grown in glucose-
deficient or glutamine-deficient media). An overview 
of patient-matched data is shown in Fig.  3A, where the 
tumor cell isolates are sorted according to the ATP levels 
detected after cultivation in glutamine-deficient media. 
Similarly, OCR or ECAR parameters were mostly inde-
pendent on the expression of ETC proteins. The only sig-
nificant correlations for ECAR were when basal ECAR 
was compared to ETC IV expression (Spearman rho=-
0.63, p = 0.04). The only significant correlations for OCR 
were when spare respiratory capacity was compared to 
ETC IV expression (Spearman rho=-0.61, p = 0.03) and 
when non-mitochondrial respiration was compared 
to ETC II and ETC V expression (Spearman rho = 0.81, 
p = 0.004 and rho = 0.596, p = 0.04, respectively). An over-
view of patient-matched data is shown in Fig. 3B, where 
the tumor cell isolates are sorted according to the ETC IV 
expression levels. Importantly, tumor cells did not form 
two distinct clusters when stratified according to their 
expression of ETC proteins, cellular proliferation, meta-
bolic activity, mitochondrial respiration, or glycolytic 
activity (Figs. 1 and 3).

Metformin and erastin
The viability of high-OXPHOS cell lines is selectively 
inhibited by metformin [4]. Metformin, an inhibitor of 
mitochondrial complex I, reportedly affects the viabil-
ity of high-OXPHOS cells but not that of low-OXPHOS 
cells [4]. To inhibit the mitochondrial respiratory chain 
directly, previous studies have typically used up to 5 
mM metformin in vitro [4, 36, 37], which leads to a 
compensatory increase in glycolysis [38, 39]. In our pre-
vious study of ovarian cancer cell lines, we used 2 mM 
and 10 mM metformin, with somewhat different effects 
observed at the two concentrations [35]. We titrated the 
effects of metformin (0.2–10.0 mM) on three randomly 
selected isolates of tumor cells (in complete medium and 
media without glucose or glutamine) with an alamarBlue 
assay. We found that one of the tumor cell isolates was 
unresponsive, one responded partially to 5 mM and 10 
mM metformin in the glucose-depleted medium, and the 
alamarBlue signal was eliminated by 5 mM and 10 mM 
metformin in the glucose-depleted medium in the third 
tumor cell isolate (Fig. S3). Therefore, we used 2 mM 

(See figure on previous page.)
Fig. 2  Heatmap of the Spearman rho correlation analysis of the resazurin reduction rates and cellular ATP levels in matched tumor cells and ovarian 
fibroblasts from the same patient. The data are shown for the alamarBlue and CellTiter-Glo measurements analyzed as absolute values (relative to the 
cell count) for tumor cells (tumor) and ovarian fibroblasts (fibroblasts) cultivated in complete medium (+Q, +G) or in medium with depleted glucose 
(+Q, -G) or glutamine (-Q, +G). (A) Spearman rho values. (B) Spearman p values. The correlations in (A) compared data obtained from the tumors (lower 
right quadrant) and fibroblasts (upper left quadrant) and compared the values obtained from matched patient isolates of the two cell types (upper right 
quadrant). The ovals indicate significant negative correlations for which individual data points are shown in (C-E). (C-E) Dot plots of CellTiter-Glo values 
for cancer cells cultivated in +Q, +G medium (C), +Q, -G medium (D), and -Q, +G medium (E) compared with CellTiter-Glo values for ovarian fibroblasts 
from paired patient-specific samples cultivated in -Q, +G medium. The data in (C-E) were calculated relative to the number of cells present prior to the 
addition of the specific cell culture media
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Fig. 3  The lack of two distinct clusters among tumor cell isolates stratified according to their proliferation (indirectly assessed by ATP levels) in glucose-
deficient and glutamine-deficient media, expression of ETC proteins, ECAR, and OCR. (A) An overview of patient-matched data of CellTiter-Glo readouts 
of tumor cells grown in glucose- or glutamine-deficient media (lower part of the subfigure) compared with the expression of ETC proteins (upper part 
of the subfigure). The tumor cell isolates are sorted according to the ATP levels detected after cultivation in glutamine-deficient media. (B) An overview 
of patient-matched data of the ETC protein expression (lower part of the subfigure) compared with ECAR (middle part of the subfigure) and OCR (upper 
part of the subfigure) parameters. The tumor cell isolates are sorted according to the ETC IV expression levels
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and 10 mM metformin in the present study of primary 
isolates.

The OXPHOS status of tumor cells did not correlate 
with the response to metformin treatment (Fig.  4), and 
the differential metformin-induced reduction in high-
OXPHOS cell viability, as opposed to the lack of impact 
on low-OXPHOS cells (both proposed on the basis of cell 
line data), was not recapitulated in tumor cells. Instead, 
the response to metformin was much more prominent in 
glucose-depleted cells.

We found that metformin alone induced only weak 
effects on the proliferation and metabolic activity of 
tumor cells. Notably, metformin combined with gluta-
mine withdrawal, and particularly metformin combined 
with glucose withdrawal severely decreased the prolifera-
tion and metabolic activity of tumor cells (Fig. 4, Fig. S1). 
The ovarian fibroblasts were much more resistant to met-
formin treatment. Only the combination of metformin 
treatment with glucose withdrawal induced significant 
decreases in the proliferation and metabolic activity of 
these cells (Fig. 4, Fig. S4). Notably, while ATP measure-
ments closely matched data from trypan blue-based cell 
counting in metformin-untreated cells, some isolates of 
tumor cells (Fig. S1) and one of the three tested isolates of 
ovarian fibroblasts (Fig. S4) presented decreases in ATP 
values that were disproportional to changes in number 
of cells. These differences were particularly prominent in 
the glucose-deprived medium (Fig. S1). The mechanistic 
explanation of the differential effects of metformin with 
or without glucose withdrawal stems from the blockade 
of complex 1 by metformin. ATP can still be generated 
by complex 2, which uses FADH2. Therefore, glucose 
removal had cytotoxic effects as metformin-treated 
tumor cells lacked glycolysis-derived ATP. A glucose-
depleted environment is characteristic of central parts 
of large or poorly vascularized tumors [40], where met-
formin could be more effective than previously thought 
on the basis of experiments in glucose-rich cell culture 
conditions.

The sensitivity to glutamine led us to test the effects of 
the xCT inhibitor erastin, which induces ferroptosis and 
is cytotoxic to some but not all OC cell lines [41–43]. 
The cystine–glutamate antiporter xCT is essential for 
the import of cystine into ovarian cancer cells. These 
cells use cystine for the intracellular synthesis of gluta-
thione and for regulating the intracellular redox balance. 
In line with the above findings, ovarian cancer cells are 
often stimulated by high levels of cystine or glutathione 
itself from the tumor microenvironment [43]. Thus, xCT 
is crucial for the survival and maintenance of redox bal-
ance in ovarian cancer cells. However, whether any syn-
ergy exists between the shift in nutrient availability and 
the outcome of erastin treatment in TC remains unclear. 
The individual tumor cells and ovarian fibroblast isolates 

varied in their response to erastin alone. Compared with 
patient-matched ovarian fibroblasts, tumor cells were 
more sensitive to erastin treatment when evaluated by 
ATP measurements. But both of these cell types dis-
played an inhibition of metabolism. The withdrawal of 
glucose or glutamine did not affect the outcomes of eras-
tin treatment (Fig. 4E-F).

ER stress in HGSOC and the adjacent ovary
The increased sensitivity of tumor cells to oxidative stress 
often leads to the onset of ER stress [44]. Immunohisto-
chemical analysis of a subset of paraformaldehyde-fixed 
HGSOC tumors revealed that the tumor cells expressed 
high levels of ER stress markers, including BiP, PERK, 
eIF2α, CHOP, and calnexin (Fig.  5A-D; Fig. S5). CHOP 
staining was strong not only in tumor cells but also in 
infiltrating immune cells and, to a lesser extent, in other 
cells of the tumor microenvironment and in fibroblasts 
in the adjacent ovary. Nevertheless, all cells of the ana-
lyzed compartments were CHOP-positive. In contrast, 
the adjacent ovary tissue was negative for all other ER 
stress markers. Stromal cells were only weakly posi-
tive for ER stress markers. Infiltrating immune cells dis-
played a similar percentage of PERK- and eIF2α-positive 
cells as the tumor cells, but the percentages of BiP- and 
calnexin-positive cells were lower than those in corre-
sponding tumor cells, which suggests that the ER stress 
pathways were not fully activated in infiltrating immune 
cells (Fig. 5A).

Owing to the high expression of ER stress markers 
in tumor cells, we treated a subset of tumor cells with 
TUDCA. This compound prevents UPR dysfunction 
and attenuates ER stress. In line with the above find-
ings, TUDCA treatment led to increased proliferation of 
tumor cells cultivated in complete or glucose-deficient 
media (Fig.  5E). The responses of individual tumor cell 
isolates were heterogeneous, which suggests differences 
at the molecular level.

Therefore, we examined the protein expression of key 
ER stress regulators. All the examined primary cell iso-
lates were susceptible to further increases in ER stress 
caused by tunicamycin but not copper(II)-phenanthroline 
complexes when evaluated by BiP expression (Fig.  5F-
H; Fig. S6). This finding strongly contrasts with the data 
obtained previously in OC cell lines, namely, A2780 and 
SKOV-3 [13], and with reports of the generally cytotoxic 
effects of these compounds [13, 45]. These complexes 
have a strong affinity for DNA in vitro; however, the exact 
mechanism of their previously reported induction of the 
UPR in ovarian cancer cells remains unclear. The absence 
of an ER stress response following C0 and C1 treatments 
in primary cell cultures isolated from HGSOC was sur-
prising, given that their cytotoxic effects were previously 
reported in the two abovementioned ovarian cancer cell 
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Fig. 4  Inhibition of the mitochondrial respiratory chain by high-dose metformin and xCT (SLC7A11) inhibition by erastin. The levels of resazurin reduction 
rates (A, C, E) and cellular ATP levels (B, D, F) following the incubation of cells with 10 mM metformin (A, B), 2 mM metformin (C, D) or 5 µM erastin (E, F). 
Relative absorbances of alamarBlue (A, C, E) and CellTiter-Glo (B, D, F) in tumor cells (tumor) and ovarian fibroblasts (fibroblasts) cultivated in complete 
medium (+Q, +G) or medium with depleted glucose (+Q, -G) or glutamine (-Q, +G). Individual data points represent the means of four measurements 
from each patient-derived cell isolate and are shown relative to those of the isolates in complete (control) medium (+Q, +G) without the study com-
pound. The bars indicate the means and SDs
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Fig. 5 (See legend on next page.)
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lines and other cancer cell lines [45]. Additionally, salu-
brinal alone or combined with C1 did not induce any 
major change in BiP expression in tumor cells or ovarian 
fibroblasts (Fig. 5F-H; Fig. S6). When eIF2α phosphory-
lation was examined, the data were more heterogeneous 
(Fig. S6; Fig. S7). The total level of PERK and its phos-
phorylation at T982 changed in the same direction (Fig. 
S8).

ER stress modulation increased autophagy in isolates of 
tumor cells but not in nontransformed fibroblasts
Under ER stress conditions, the UPR and ubiquitin–pro-
teasome system often fail to restore the ER to its normal 
state when stimuli persist or are too strong. The damaged 
ER can be partially engulfed for degradation by autopha-
gic vesicles when ER stress persists [46]. Therefore, we 
investigated autophagy markers to determine whether ER 
stress in primary cell cultures isolated from HGSOCs and 
fibroblasts from the surrounding ovarium was linked to 
an increased autophagic response. Specifically, we ana-
lyzed P-ULK1 (S757), total ULK1, P-AMPK (T172), and 
total AMPK levels, LC3B II/I ratios, and VPS34 levels.

The P-ULK1 (S757) / total ULK1 ratio in tumor cells 
but not in ovarian fibroblasts decreased following treat-
ment with all of the tested ER stress-modulating com-
pounds (Fig. S9; Fig. S10). The levels of total ULK1 varied, 
and the direction of responses to ER stress-modulating 
compounds depended on the initial ULK1 levels (Fig. 
S10); similar issues with interindividual variability were 
detected when the LC3B II/I ratio was measured (Fig. 
S9; Fig. S10). We also quantified the phosphorylation of 
AMPK at T172 as a proxy for the promotion of AMPK-
mediated autophagy [47]. In tumor cells and ovarian 
fibroblasts, autophagy was not upregulated through T172 
phosphorylation of AMPK (Fig. S9C-D). The responses of 
VPS34, an essential regulator of autophagosome genera-
tion, endocytosis, and vesicular transport regulation [48], 
also varied interindividually, and the VPS34 levels mainly 
remained stable or decreased following treatment with 
ER stress-modulating compounds (Fig. S11). Therefore, 
the induction of ER stress was associated with changes in 
the autophagic activity of the tested cells. Nevertheless, 

the direction and extent of the response were partly 
dependent on autophagy levels in the resting state and 
were partly isolate-specific.

Tunicamycin and the two copper complexes had neg-
ligible effects on cell viability and metabolism; only salu-
brinal induced a decrease in cell proliferation (Fig. 5G-H).

To evaluate the role of ER stress in the response of 
tumor cells to erastin, we treated a randomly selected set 
of eight isolates of tumor cells with TUDCA and erastin 
together and performed endpoint ATP measurements. 
The treatment lasted for 24  h, which is sufficient to 
observe the effects of erastin but insufficient to observe 
the relatively mild effects on cell proliferation induced by 
TUDCA. Among the eight tested isolates of tumor cells, 
only one responded to erastin treatment (tumor 16  N), 
and combined treatment with erastin and TUDCA did 
not affect the readout (Fig. S12).

In a set of six randomly selected isolates of tumor 
cells, we further tested whether the erastin and TUDCA 
treatments affected the levels of reactive oxygen species 
(assessed by CM-H2DCFDA), mitochondrial superoxide 
(assessed by MitoSOX), and intracellular reduced glu-
tathione (assessed by ThiolTracker), and compared the 
obtained data with endpoint ATP (CellTiter-Glo) mea-
surements. While the total ROS levels remained nearly 
stable, there were prominent decreases in mitochondrial 
superoxide and intracellular reduced glutathione levels 
in five of the six tested isolates of tumor cells following 
erastin treatment. These changes were independent of 
glucose levels in the cell culture medium. Surprisingly, 
TUDCA treatment did not rescue the erastin-induced 
changes in mitochondrial superoxide or intracellular 
reduced glutathione (Fig. S13).

Susceptibility of tumor cell isolates to compounds that 
regulate the metabolism of amino acids and fatty acids
Given that HGSOC is challenging to target, we tested 
a panel of compounds that modulate the metabolism 
of amino acids and fatty acids and their synthetic lethal 
effects in combination with glucose or glutamine with-
drawal (Fig. 6). This approach identified several promis-
ing candidates, which should be addressed in detail in 

(See figure on previous page.)
Fig. 5  ER stress in HGSOC and adjacent ovarian tissues. (A) Heatmap summarizing the outcomes of immunohistochemical staining of a subset of 
paraformaldehyde-fixed HGSOC tumors. The data are shown for the quantity of positive cells among cells of the indicated type. (B, C, D) Examples of 
immunohistochemical staining for BiP (200× magnification) in tumor tissue (B), and tissue from the adjacent ovary (C); a negative control of the tumor 
tissue is also provided (D). (E) Changes in the relative cell count of tumor cells (tumor) following incubation with TUDCA in complete medium (+Q, +G) or 
medium with depleted glucose (+Q, -G). (F) Changes in BiP levels following treatment with compounds that modulate ER stress. The tumor cells (tumor) 
and ovarian fibroblasts (fibroblasts) were incubated with DMSO (as a control), salubrinal, copper(II)-phenanthroline complexes C0 and C1, a mixture of 
C1 with salubrinal, or tunicamycin, and the protein expression of BiP was subsequently analyzed by Western blotting. The heatmap shows the relative 
expression levels of BiP in individual patients. The data are shown as log2 quantities relative to the DMSO control (0; white). Blue indicates decreased 
expression; red indicates increased expression. (G-H) Changes in the resazurin reduction rate and cellular ATP levels following treatment with compounds 
that modulate ER stress. The data are shown for the alamarBlue and CellTiter-Glo assay measurements, which were analyzed as values relative to those of 
tumor cells cultivated in a complete medium. The cells were incubated with DMSO (as a control), salubrinal, copper(II)-phenanthroline complexes C0 and 
C1, a mixture of C1 with salubrinal, or tunicamycin. The data from three independent tumor cell isolates, each measured four times, are shown
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future studies. These include the synergistic effects of 
the OCT2 inhibitor trimetazole or a fatty acid oxida-
tion inhibitor with glutamine deprivation. In a glucose-
depleted medium, the most promising results were 
observed with orlistat combined with metformin. The 

responses of individual tumor cell isolates were highly 
heterogeneous. However, the extent of response of the 
respective individual tumor cell isolate was often similar 
across multiple compounds (see color codes in Fig.  6). 
Therefore, to address drug sensitivity and specificity of 

Fig. 6  Susceptibility of tumor cell isolates to compounds that regulate the metabolism of amino acids and fatty acids. The cellular ATP levels in tumor 
cells following treatment with compounds that affect cellular metabolism were measured by the CellTiter-Glo cell viability assay. The study compounds 
included trimetazole (1 mM), benzylserine (10 mM), CB-839 (1 µM), etomoxir (100 µM), C75 (20 µM), orlistat (200 µM), a combination of orlistat with met-
formin (10 mM), ranolazine (200 µM), and triclosan (20 µM). The cells were cultivated in a complete medium (+Q, +G) or medium with depleted glucose 
or glutamine; the presence or absence of glucose and glutamine in the medium is indicated on the X axis. Individual data points represent the means of 
four measurements from each patient-derived cell isolate and are shown relative to those of the isolates in complete (control) medium (+Q, +G) without 
the study compound. Color codes indicate individual tumor cell isolates. The bars indicate the means and SDs
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Fig. 7 (See legend on next page.)
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compounds targeting the metabolism of amino acids and 
fatty acids in patients with HGSOC requires individual-
ized precision medicine approaches.

Tumor cells were inhibited by treatment with the 
OCT2 transporter inhibitor trimetazole (1 mM), and this 
effect was synergistic with glutamine deprivation (Fig. 6). 
The response to trimetazole alone was uniform; the ATP 
concentration, a proxy of the cell count, decreased to only 
61.0%±3.0% of the control level following trimetazole 
treatment, and the synthetic lethal effects of trimetazole 
combined with glutamine deprivation induced a further 
decrease to 26.3%±3.1% of the control level (Fig. 6).

With respect to the metabolism of amino acids, ben-
zylserine (10 mM), an inhibitor of leucine and glutamine 
uptake, induced heterogeneous responses in the tested 
tumor cell isolates, with most of the tested tumor cells 
responding only weakly to this treatment. Interestingly, 
when benzylserine was combined with glucose depriva-
tion, the ATP concentration decreased to 62.3%±8.8%, 
and when benzylserine was combined with gluta-
mine deprivation, the ATP concentration decreased to 
46.7%±8.2%. Similarly, the glutaminase inhibitor CB-839 
(1 µM) induced only a weak response when the cells 
were grown in complete medium (87.9%±2.6%). When 
CB-839 was combined with glucose deprivation, the ATP 
level decreased to 81.9%±9.3% of the control level. When 
CB-839 was combined with glutamine deprivation, the 
ATP level further decreased to only 52.4%±7.8% of the 
control level (Fig. 6).

We further tested the effects of these two compounds 
on the metabolism of amino acids in combination with 
TUDCA to determine whether reducing ER stress has the 
potential to affect treatment outcomes. TUDCA treat-
ment did not rescue the benzylserine-induced (Fig. S14) 
or CB-839-induced (Fig. S13) changes. We further found 
that despite CB-839 having strong effects on relative ATP 
levels in both glucose- and glutamine-deprived media, 
this compound had negligible effects on total ROS, mito-
chondrial superoxide, and intracellular reduced glutathi-
one (Fig. S13).

With respect to lipid metabolism, the most promi-
nent effects were obtained when the fatty acid oxidation 
inhibitor etomoxir (100 µM) was used. When etomoxir 
was used alone, the ATP level was reduced to 72.8%±7.8% 
of the control level. When etomoxir was combined with 
glucose deprivation, the ATP concentration decreased 

to 61.5%±9.1%. When combined with glutamine depri-
vation, the ATP concentration further decreased to 
34.9%±11.5% of the control level (Fig. 6). The responses 
to the FASN inhibitor C75 (20 µM) and the lipase inhibi-
tor orlistat (200 µM) were in a similar direction but much 
weaker. Interestingly, the combination of orlistat with 
metformin (10 mM) induced a highly variable response 
when applied to cells in complete medium and strongly 
inhibited cells cultured in glucose-depleted medium. The 
ATP level in cells derived from the two tested tumor cell 
isolates and cultured in complete medium decreased to 
only 85% and 95% of that of the control but decreased 
to less than 20% of that of the control in the other cell 
isolates. In glucose-depleted medium, the ATP level 
decreased to 17.1%±9.4% of the control level. In gluta-
mine-depleted medium, the decrease was much milder. 
The ATP levels were 45.8%±9.1% of the control level 
(Fig. 6). Ranolazine (200 µM) serves as a partial fatty acid 
oxidation inhibitor and an inhibitor of sodium channels 
and is thus a calcium uptake inhibitor; this compound 
induced highly variable responses, which were unaffected 
by glucose or glutamine deprivation, in the tested tumor 
cells. A similar direction and heterogeneity of responses 
were observed with the mild mitochondrial uncoupler 
triclosan (20 µM) (Fig. 6).

Correlation with clinical parameters
As the examined cohort of patients with HGSOC was 
relatively heterogeneous (see Table S1 for more details), 
we examined the correlations of the examined cellu-
lar metabolism parameters of the tumor cells with the 
clinical parameters of the patients, classification of the 
examined tumors, and applied treatments and treat-
ment outcomes. Approximately one-quarter of the exam-
ined patients were < 60 years of age (mean ± SD 64 ± 9 
years). Age at diagnosis was independent of all the ana-
lyzed parameters except for the levels of HK1 transcripts 
(Spearman rho = 0.39; p = 0.03; Fig.  7A). All the exam-
ined tumors were of the serous histotype of grade III but 
differed in their FIGO substages. FIGO substage was 
inversely correlated with the abundance of IDO1 (Spear-
man rho = -0.43; p = 0.017) and FABP4 transcripts (Spear-
man rho = -0.58; p = 0.018), and inversely correlated 
with the cell proliferation following TUDCA treatment 
(Spearman rho = -0.62; p = 0.048).

(See figure on previous page.)
Fig. 7  Relationships between metabolic parameters of the tumor cells and clinical parameters of matched patients. (A) Levels of HK1 transcripts (relative 
to GAPDH) in tumor cell isolates plotted against the age at diagnosis of their source patients. (B) Age at diagnosis in patients with HGSOC stratified ac-
cording to the presence of cancer-associated variations in BRCA1. (C) Levels of HK1 transcripts (relative to GAPDH) in tumor cell isolates stratified accord-
ing to the presence of cancer-associated variations in BRCA1. (D) Proliferation of tumor cell isolates in complete media, and media without glutamine 
or glucose; the isolates were stratified according to the presence of macroscopic postoperative residua. (E) Changes in ATP levels following metformin 
treatment in a glucose-deficient medium as measured using CellTiter-Glo, changes in alamarBlue signal following erastin treatment in glucose-deficient 
medium, basal respiration, and nonmitochondrial respiration as measured using OCR in tumor cell isolates stratified according to the presence of post-
operative recurrence
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Over one-fifth of the patients were positive for germinal 
cancer-associated variations in BRCA1 or BRCA2; sev-
eral additional patients were positive for somatic muta-
tions in these proteins only. As expected, the presence 
of cancer-associated variations in BRCA1 was inversely 
correlated with age at diagnosis (Spearman rho = -0.61; 
p < 0.001; Fig. 7B) and inversely correlated with the levels 
of TBP (Spearman rho = -0.79; p = 0.025) and HK1 (Spear-
man rho = -0.37; p = 0.039; Fig. 7C) transcripts.

Two-fifths of the patients were treated with neoadju-
vant chemotherapy. These patients were at significantly 
higher FIGO substages (Spearman rho = 0.34; p = 0.029), 
but the application of neoadjuvant chemotherapy was not 
associated with changes in the properties of the obtained 
tumor cells. Approximately two-fifths of the patients had 
macroscopic postoperative residua; these patients were, 
as expected, at a higher FIGO stage (Spearman rho = 0.45; 
p = 0.005), and isolates from these patients had a sur-
prisingly lower ability to proliferate in media without 
glutamine (Spearman rho = -0.41; p = 0.026) or glucose 
(Spearman rho = -0.39; p = 0.037) but did not differ in 
their ability to proliferate in complete media (Spearman 
p > 0.05) (Fig. 7D).

Postoperative recurrence was common and reached 
59% within three years following tumor resection (47% 
in patients with R0, 62% in patients with R2; Table S1). 
As expected, postoperative recurrence was inversely cor-
related with the use of PARPi (Spearman rho = -0.61; 
p < 0.001) and consequently with the presence of cancer-
associated mutations in BRCA1 (Spearman rho = -0.38; 
p = 0.026) or BRCA2 (Spearman rho = -0.44; p = 0.010). 
Interestingly, postoperative recurrence was also posi-
tively correlated with greater basal and nonmitochon-
drial respiration, as measured by the OCR (Spearman 
rho = 0.75; p = 0.021, both; Fig. 7E), and with cell prolifera-
tion following metformin treatment in glucose-deficient 
medium (Spearman rho = -0.54; p = 0.038; Fig. 7E). Con-
cerning changes in alamarBlue signal following erastin 
treatment in glucose-deficient medium, the tumor cells 
formed two groups (responders and nonresponders). The 
responders were more commonly isolated from patients 
with postoperative recurrence (6 of 10 cases), whereas 
the nonresponders were more commonly isolated from 
patients without postoperative recurrence (7 of 9 cases) 
(Fig. 7E).

Limitations
The high variability of the examined patients should be 
considered a limitation of the present study. Besides the 
variability among tumor cell isolates, we observed simi-
lar variability even among ovarian fibroblast isolates. 
The variability in ovarian fibroblasts cannot be linked to 
cancer-associated changes. However, it may be linked 
to the age-related loss of ovarian function (all examined 

patients were middle-aged or older). Owing to the enor-
mous metabolic heterogeneity of tumor cells and ovarian 
fibroblasts, treatment efficacy is difficult to predict with 
any of the markers used in this or previous studies.

Another limitation is the focus on cells cultivated ex 
vivo in 2D conditions. This study revealed that treatment 
outcomes varied dramatically with changing glucose 
or glutamine concentrations. Sensitivity to cell culture 
media composition is directly relevant to the intratu-
moral environment, where nutrients are often limit-
ing, and glucose is typically a poorly available nutrient. 
Studies of 3D organoids are needed to corroborate the 
obtained data. Notably, all the tumor cell isolates partly 
changed their phenotype during the first weeks of cul-
tivation before their use in the experiments described 
above. The cells initially contained large lipid droplets, 
which were lost during cultivation, and consequently, the 
analyzed cells did not contain lipid droplets.

On the basis of the present study settings, we cannot 
rule out the role of differences in intrinsically produced 
glutamate. There was no glutamate in the DMEM pro-
vided to the cells (Thermo Fisher #A14430), and gluta-
mine was added or not added, as indicated. On the basis 
of our metabolomic experiments with ovarian cancer cell 
lines [35], we assume that glutamate is abundantly pres-
ent and secreted in the cell culture medium during cell 
cultivation. However, its levels may vary depending on 
the cultivation conditions and the cell isolate used.

Conclusions
We provided conclusive evidence that the previously 
proposed existence of two distinct groups of HGSOC 
cells with high and low OXPHOS metabolism that are 
associated with the responses to glucose and gluta-
mine withdrawal does not accurately describe the situ-
ation in tumor cells. Tumor cells formed a continuum 
of OXPHOS phenotypes. Surprisingly, the responses 
of tumor cells to glutamine or glucose withdrawal were 
only partially related to the expression levels of ETC pro-
teins, and the associations between ETC proteins and the 
OCR or ECAR were particularly weak. The regulation of 
OXPHOS metabolism in tumor cells is complex, and its 
prediction in individual patients is challenging. Identifi-
cation and modulation of the OXPHOS status of HGSOC 
cells is important, as HGSOC cells that prioritize 
OXPHOS demonstrate better responses to paclitaxel and 
carboplatin [4]. However, as we have shown here in cells 
isolated from chemotherapy-treated and chemother-
apy-naïve patients, the HGSOC cells exhibited multiple 
metabolic profiles. These cells differed in their sensitiv-
ity to glucose or glutamine withdrawal, and their growth 
under glutamine-deficient conditions was negatively cor-
related with HK2 expression but not HK1 expression. 
Notably, HK2 expression is increased in most tumors, 
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whereas HK1 is highly expressed in HGSOC  (particu-
larly BRCA1-negative HGSOC) and a few other tumor 
types, which suggests a specific regulatory role for HK2 
in HGSOC. All the analyzed HGSOC tumors and tumor 
cells exhibited increased ER stress. The incubation of 
tumor cells with compounds that relieve ER stress stim-
ulated faster proliferation. In contrast, it was possible to 
further increase the level of ER stress by incubating the 
cells with tunicamycin. However, the use of copper(II)-
phenanthroline complexes, which were recently pro-
posed to be alternative ER stress inducers on the basis of 
experiments in OC cell lines [13], did not affect BiP levels 
in tumor cells or ovarian fibroblasts. Notably, treatment 
with tunicamycin or copper(II)-phenanthroline com-
plexes had negligible effects on cell viability and metabo-
lism. The compounds that induce or suppress ER stress 
only modulated the autophagic responses of the cells, but 
the responses varied individually based on the autopha-
gic status of the respective HGSOC cell isolates before 
treatment. Tumor cells remain a difficult-to-treat target, 
and tumor cell metabolism cannot be stratified into two 
groups on the basis of OXPHOS activity. Instead, tumor 
cells form a continuum of metabolic phenotypes with a 
broad range of protein expression patterns. Caution is 
needed when interpreting data obtained from established 
immortalized HGSOC cell lines, as most of these cell 
lines are glucose-addicted due to long-term cultivation in 
glucose-rich media.
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