Open Access Article. Published on 28 July 2022. Downloaded on 5/7/2026 3:08:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Dalton Trans., 2022, 51,
12512

Received 28th June 2022,
Accepted 27th July 2022

DOI: 10.1039/d2dt02068h

Comparative NMR metabolomics of the responses
of A2780 human ovarian cancer cells to clinically
established Pt-based drugsf

Veronica Ghini,>® Francesca Magherini,© Lara Massai,” Luigi Messori (2 ** and

Paola Turano (2 *2b

Pt-Based drugs play a very important role in current cancer treatments; yet, their cellular and mechanistic
aspects are not fully understood. NMR metabolomics provides a powerful tool to investigate the meta-
bolic perturbations induced by Pt drugs in cancer cells and decipher their meaning in relation to the pre-
sumed molecular mechanisms. We have carried out a systematic and comparative *H NMR metabolomics
study to analyze the responses of A2780 human ovarian cancer cells to the main clinically established Pt
drugs, i.e., cisplatin, carboplatin and oxaliplatin. Notably, NMR analysis revealed some moderate and con-
sistent changes in the metabolomic profiles of A2780 cells treated with the 3 Pt drugs with respect to
controls, but only very small differences among them. Beyond alterations at the level of nucleic acid pre-
cursors, the observed changes highlight in all cases the induction of a significant endoplasmic reticulum
stress. Owing to the clinical relevance of platinum resistance, the behavior of a cisplatin resistant A2780
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Introduction

Cisplatin (CIS), carboplatin (CARBO) and oxaliplatin (OXA) are
the three most important platinum-based drugs approved
worldwide for cancer treatment in clinics (Fig. 1A)."* All these
Pt drugs are characterized by the presence of a square planar
platinum(u) center that is primarily responsible for biological
and pharmacological effects. In order to perform its biological
actions, the platinum(u) center requires chemical activation
that is typically achieved through the slow release of the more
labile ligand(s) (i.e., the two chlorides in CIS, the cyclobutandi-
carboxylate ligand in CARBO and the oxalate ligand in OXA).?
The nature of the leaving group, beyond controlling the acti-
vation of the platinum(u) center, also modulates the overall
pharmaceutical profile of these metallodrugs by affecting the
lipophilicity, the aqueous solubility, the ability of crossing cell
membranes, the intracellular biodistribution, and so on. The
activated platinum(u) center shows a relevant and broad reac-
tivity with a variety of biomolecules, such as nucleic acids and

“Magnetic Resonance Center (CERM), University of Florence, 50019 Sesto Fiorentino,
Florence, Italy. E-mail: turano@cerm.unifi.it

bDICUS, Department of Chemistry, University of Florence, Via della Lastruccia 3-13,
50019 Sesto Fiorentino, Italy. E-mail: luigi. messori@unifi. it

‘Department of Experimental and Clinical Biomedical Sciences “M. Serio”,

University of Florence, 50134 Florence, Italy

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2dt02068h

12512 | Dalton Trans., 2022, 51, 1251212523

cancer cell line upon cisplatin treatment was also evaluated.

proteins; platinum(u) coordination to the exposed groups of
these biomolecules and the resulting structural and functional
perturbations are the main determinants of the cytotoxic and
anticancer effects of this class of metallodrugs.™*

Cisplatin was first approved for cancer treatment in 1978
following the pioneering studies conducted by Barnett
Rosenberg. Carboplatin was later modelled on the basis of cis-
platin’s structure and reactivity and entered clinical use in
1988. Though basically both share the same mode of action,
carboplatin manifests slower activation kinetics and, accord-
ingly, a lower biological potency and a lower systemic toxicity
than cisplatin. Owing to its lower toxicity, carboplatin replaces
conveniently cisplatin in a number of therapeutic cancer proto-
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Cisplatin Carboplatii [o)
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B
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A2780 2.5+0.7 5545 0.47+0.1
A2780cp 15.0+0.8 - -

Fig. 1 (A) The structures of cisplatin, carboplatin and oxaliplatin and (B)
a table reporting ICsg values (pM) as obtained by the MTT assay using an
exposure time of 72 h.
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cols.” Oxaliplatin obtained clinical approval in 2002.
Oxaliplatin is characterized by the presence of oxalate as a
bidentate ligand playing the role of a leaving group. Notably,
oxaliplatin manifests a spectrum of anticancer actions that are
significantly different from cisplatin and carboplatin, though
the reasons for the observed pharmacological differences are
not clear yet.

At variance with CIS and CARBO that are often used in the
treatment of ovarian, lung and testicular cancers, OXA is
almost exclusively used in the treatment of colon cancer.®

For a long time it was believed that the three main Pt drugs
roughly shared the same mechanism of action mostly relying
on the direct damage to genomic DNA as a result of platinum
(1) coordination to DNA nucleobases and subsequent acti-
vation of cancer cell apoptosis (the so called “DNA paradigm”
for the mode of action of Pt drugs).””® However, just a few years
ago, Lippard and his group proposed - through an advanced
and sophisticated experimental approach - that oxaliplatin
possesses a mode of action largely distinct from cisplatin that
is based on the induction of ribosome biogenesis stress.’

Untargeted nuclear magnetic resonance (NMR) metabolo-
mics is a powerful tool to characterize the metabolome of cul-
tured cancer cells, to monitor the cellular responses to treat-
ment and to relate the observed metabolic changes to the
mode of action of the tested drugs.'®** Despite being far less
sensitive, NMR metabolomics shows some important advan-
tages over MS metabolomics such as greater reproducibility,
much less sample handling, and an easier and more straight-
forward interpretation of the obtained results.'>"®

Several studies in the literature already exploited NMR
metabolomics to evaluate the metabolic responses of cancer
cells to metal based drugs, in particular Pt drugs. The effects
of Cisplatin were studied in a variety of cancer cells including
lung,"” brain,"®2° breast,”"** and ovarian®*** cancer cells, as
well as osteosarcoma,*”*® mostly by analyzing whole or lysed
cells or focusing on cell extracts and cell media. These studies
revealed some common trends in the induced metabolic
changes such as a direct effect on lipid metabolism and mem-
brane integrity, a decrease in the overall metabolic activities of
the treated cells, and the alteration of some other diagnostic
metabolites, e.g., UDP sugars. However, the picture arising
from the NMR metabolomic studies conducted so far on cis-
platin is still ill-defined and fragmentary owing to the large
variability of the observed cellular responses, to the several
investigated cancer cell lines and to the often largely different
conditions of the various experiments. On the other hand,
only very few studies have analyzed so far the behavior of car-
boplatin and oxaliplatin. The metabolic impact of OXA on the
polar extracts of hepatocellular carcinoma cells was studied by
NMR metabolomics,?” and that of carboplatin (in combination
with other drugs) on the exo-metabolome of oral
squamous carcinoma cells.”® A very recent paper by Ann Gil
described comparatively the effects of cisplatin and oxaliplatin
on human osteosarcoma cells; no major differences in the
resulting patterns of metabolomic alterations
highlighted.?

were
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Upon considering the available literature, we realized that
no systematic investigation yet existed aimed at comparing the
metabolic effects of cisplatin, carboplatin, and oxaliplatin in
the same cancer cell line as a function of the time of treat-
ment. Thus, we decided to characterize the alterations in the
NMR metabolomic profiles of A2780 ovarian cancer cells eli-
cited by Pt drug treatment, considering the changes produced
both in the endo- and exo-metabolomes.

One of the main goals of our study was to reveal the poss-
ible metabolic changes between cisplatin and carboplatin on
one hand and oxaliplatin on the other hand, in relation to
recently described mechanistic differences.” Moreover, to
enlarge the description of the metabolomics effects induced
by Pt drugs, we have extended our attention to an A2780
cancer cell line made resistant to cisplatin (A2780cp, hereafter)
with the aim to explore the molecular basis of Pt resistance at
the metabolic level and identify the possible biomarkers of Pt
resistance.

Results

Preliminary characterization of the investigated cancer cell
lines

The in vitro cytotoxic activity of CIS was preliminarily deter-
mined for the A2780 and A2780cp cell lines by the MTT assay
using an exposure time of 72 h. The ICs, values are reported in
Fig. 1B. The A2780cp cell line has an ICs, value for CIS of
15 pM compared with the value of 2.5 pM measured for its sen-
sitive counterpart, leading to a resistance index of 6 (Fig. 1B).
The cytotoxic activity of CARBO and OXA on the A2780 line
was also measured; their ICs, values are about 22 times larger
and 5 times lower than that of CIS, respectively. For the NMR
analysis of the effects induced in A2780 cells we used a con-
centration of the Pt drugs equal to the respective ICs, value at
72 h (in such a way to work under equitoxic conditions), but
for shorter times (24 and 48 h) in order to detect only or predo-
minantly the metabolic derangements taking place before the
occurrence of significant apoptosis. In the case of A2780cp,
experiments were performed at two different concentrations of
CIS, namely that corresponding to the ICs, of this cell line (to
work at equal toxicity) and that of the ICs, of the A2780 cell
line (to work with the same concentration of CIS).

After this initial screening, "H NMR spectra were acquired
for A2780 and A2780cp untreated cells to evaluate their charac-
teristic metabolomic fingerprints, both in terms of endo- and
exo-metabolomes (Fig. 2 and 3). The standard RPMI
1640 medium supplemented with 2 mM glutamine, 10% of
FCS (same batch for all the experiments) and antibiotics was
used for all the experiments.

The metabolites that could be identified in the spectra of
the cell lysates and growth media are listed in Table S1;7 they
mainly comprise amino acids, intermediates of glycolysis and
of the tricarboxylic acid cycle, choline-derivatives, carbo-
hydrates and nucleotides, providing an overview of the meta-
bolic state of the cell. Notably, in the two cell lines, we
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observed important differences in the relative concentrations
of these molecules both in the lysates and in the growth
media, but not in the chemical nature of the metabolites.

The effects of CIS, CARBO and OXA on A2780 cells

Fig. 4 shows the main changes in the endo- and exo-metabo-
lomes of A2780 cells observed upon treatment with CIS,

12514 | Dalton Trans., 2022, 51, 12512-12523

View Article Online

Dalton Transactions

CARBO and OXA (2.5 pM, 55 pM, and 0.47 uM, respectively)
after 24 or 48 h.

It is evident that the alterations induced by the treatment
are on average relatively modest both in number and intensity.
The observed changes occur quite slowly being typically less
intense at 24 h compared to 48 h. Among the three Pt drugs,
CIS is the one that produces the largest and earliest changes,
both at the level of the endo- and exo-metabolomes. For this
reason, the effects of CIS were also evaluated at 6 hours,
Fig. S1.7 The overall pattern of the observed changes is gener-
ally conserved for the three Pt drugs although the effects of
CARBO are, on average, less evident.

In the cell lysates, the most prominent effects are associated
with the fact that all three Pt-drugs induce a net change in the
intracellular concentrations of the choline derivatives: in par-
ticular, a significant increase of phosphocholine (PC) along
with a decrease in glycerol phosphocholine (GPC) is invariably
observed; choline, instead, is not altered by the treatment.
While for carboplatin and oxaliplatin these changes appear
only after 48 h of treatment, cisplatin induces a significant
increase in PC already at 6 h and 24 h (Fig. 4 and Fig. S1 and
S2+t). Accordingly, at 48 h, the ratio between GPC and PC (GPC/
PC) significantly decreases for all three treatments going from
0.7 in controls to 0.2, 0.3 and 0.3 for CIS, OXA and CARBO,
respectively.

At 24 h, the GPC/PC ratio significantly changes only for CIS,
going from 0.3 in controls cells to 0.2 (Fig. S27).

Additional Pt drug-induced general changes in the cell
lysates are the following (see Fig. 4A): (i) an increase of taurine
at 48 h; this effect is significant for cisplatin and oxaliplatin;
(ii) an increase in myo-inositol at 48 h (significant only for cis-
platin); (iii) a significant decrease of creatine and/or phospho-
creatine at 24 h; (iv) a general but modest decrease in the intra-
cellular levels of a few amino acids over time (4-hydroxy-Pro,
Leu, Tyr, His and Pro).

In the growth media, there is a gradual down-regulation of
the uptake of several amino acids (such as Val, Ile, Leu, Phe
and Lys) (Fig. 4B). Moreover, an increase in the release of a few
important metabolites like formate, Gly, Ala, and pyruvate is
observed as a consequence of the three treatments over time.
The release of formate, pyruvate and Ala is significantly larger
after 48 h of treatment in CIS- and OXA-treated cells; the con-
centration of Gly in the media starts to be significantly higher
in all the Pt drug-treated cells with respect to control cells at
24 hours, while at 48 h it was found to be significantly
different in CIS- and OXA-treated cells. Finally, at 48 h, for CIS
and OXA, we can detect a very slight but significant decrease
in glucose uptake along with a slightly greater release of
lactate detected only in OXA treated cells at 48 h. These
changes can be evocative of a small decrease in the glycolytic
flux, which appears to be more prominent for OXA.

A2780 cisplatin-resistant cells

In paragraph 1 (preliminary characterization of the investigated
cancer cell lines) we have described the general fingerprints of
A2780 and A2780cp cells highlighting that the differences do

This journal is © The Royal Society of Chemistry 2022
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(p-value <0.05).

not reside in the chemical nature of the detected metabolites
but, rather, in their relative concentrations, both in the lysates
and in the growth media. In line with this observation, princi-
pal components analysis (PCA) score plots shown in Fig. 5A
and B revealed that A2780 and A2780cp segregate into
different clusters; the bar plots, representing the log, fold
change (FC) of the metabolites in Fig. 5C and D, clearly indi-
cate the differences in the relative amount of each metabolite.
In A2780cp cell lysates, we observed much greater concen-
trations (log,(FC) > 1) with respect to A2780 cells for the two
choline derivatives (PC and GPC), and for taurine, acetate,
lactate, creatine and myo-inositol, and to a lesser extent for Tyr
and Leu (Fig. 5C). In A2780cp cells, the GPC/PC ratio has a
value of 1.0 in comparison to 0.7 in A2780 cells (Fig. S17).
Lower concentrations of UDP-N-acetylglucosamine
(UDP-GIcNAc), UDP-N-galactosamine, His, Ala, 4-hydroxypro-
line, niacinamide, Glu, choline and Gly (log,(FC) < —1) were
detected (Fig. 5C). Looking at the growth media (Fig. 5D),
A2780cp cells show a lower uptake of amino acids, such as the
branched chain amino acids (Val, Ile, Leu) and the aromatic
amino acids (His, Phe and Tyr). Interestingly, A2780cp cells do
not use the Asp and Glu present in the medium. In A2780cp
cells an increase in ornithine release along with an increase in
Arg uptake is detected; these changes are evocative of a dysre-
gulation of the urea cycle. Resistant cells also show a signifi-
cant decrease in the release of formate and acetate. At var-
iance, glucose uptake and lactate and pyruvate release do not
exhibit significant differences between the two cell lines.

This journal is © The Royal Society of Chemistry 2022

Then, we analysed the effects of the treatment of A2780cp
cells on CIS. In particular, we tested the condition of equal tox-
icity (i.e. 48 h treatment with 2.5 uM and 15 pM of CIS for
A2780 cells and A2780cp cells, respectively) and the condition
of equal concentration (i.e. 48 h treatment with 2.5 uM, corres-
ponding to the 72 h ICs, value for A2780) (Fig. 6).

When a CIS concentration corresponding to equal cyto-
toxicity was used, the changes detected in A2780cp lysates
were found to be more evident than in A2780 lysates (PCA
score plots in Fig. 6A), due to the greater number of affected
metabolites and to the larger intensity of their changes, with
17 out of 34 metabolites significantly altered upon treatment,
in comparison to 11 significantly altered metabolites in A2780
cells (Fig. 6B, 3rd column).

Most of the CIS-induced changes are coherent (in terms of
direction) between the two cell lines, but 4 metabolites move
in the opposite direction. Indeed, PC, glutamate and myo-ino-
sitol decrease upon treatment with A2780cp cells while they
increase in the sensitive cells; proline shows the opposite
trend. Upon cisplatin treatment with A2780cp, the GPC/PC
ratio goes from 1.0 to 0.8 (Fig. S2t), a change to be compared
with the decrease from 0.7 to 0.2 observed in A2780 cells.

Fewer differences are instead observed in A2780cp cells
with respect to A2780 cells at the level of the exo-metabolites
(Fig. 6C, 3rd column). In both cases the CIS treatment induces
a significant increase in the release of formate and glycine.
The opposite behaviour for the release of pyruvate and Ala
(even if not significant) is instead observed.

Dalton Trans., 2022, 51,12512-12523 | 12515
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As expected, when cells were treated with the equal concen- log,(FC)) but all coherent (in terms of direction) with respect
tration of CIS used for the 48 h treatment of A2780 cells (i.e. to the changes observed under the equal toxicity conditions
2.5 pM), the observed changes were milder (in terms of (Fig. 6B, 2nd column). Four metabolites are significantly
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64.34%, PC2: 19.46%, and PC3: 0.75%) and growth media (PC1: 83.28%, PC2: 10.12%, and PC3: 0.32%) for the comparison of equal toxicity between
A2780 and A2780cp cells; blue dots (control cells) and green dots (CIS-treated cells) and (B) level plots of fold change for cell lysates: red/green
parameters indicate the higher/lower concentration of CIS-treated cells with respect to control samples (log,(FC)). (C) Growth media: red/green
parameters indicate the higher/lower process of uptake (—log,(FC)) or release (log,(FC)) in CIS-treated cells with respect to control samples. The
brightness of the colors corresponds to the magnitude of FC. Asterisks indicate statistical significance (p-value <0.05). S: sensitive A2780 cells and
R: cisplatin-resistant A2780cp cells.
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decreased upon treatment, i.e., GPC, glycine, myo-inositol and
UDP-GIcNAc, while lactate levels are significantly increased.

The same trend is observed in the exo-metabolome; milder
alterations in terms of log,(FC) and all coherent in terms of
the direction of the changes with respect to the equal toxicity
conditions, Fig. 6C, 2nd column.

Discussion

NMR metabolomics is an excellent tool for the detailed charac-
terisation of the cellular effects of drugs. Though intrinsically
not very sensitive, this NMR method has the potential to
measure - in real time and in a very reproducible manner -
the concentrations of the most abundant metabolites in
untreated cells and their changes upon drug treatment at
different time intervals; in turn, the concentrations of a few
selected metabolites and their time dependent changes may
reflect very closely the actual metabolic state of the cell and its
possible dysregulations.

As a matter of fact, numerous NMR studies during the last
ten years have analysed and interpreted the metabolomic
alterations induced by anticancer metallodrugs, in primis cis-
platin, in cultured cancer cells;**** yet, the resulting picture
appears not to be homogeneous nor conclusive. As stated
above, this may be the consequence of the intrinsic large varia-
bility occurring among the several tested cancer cell lines and
also of the highly different concentrations of Pt drugs used in
those studies. These arguments led us to investigate in detail
and comparatively, through "H NMR metabolomics, the effects
of the three main clinically established Pt drugs, i.e., cisplatin,
carboplatin and oxaliplatin, in A2780 ovarian cancer cells, one
of the most widely used cancer cell models.

The "H NMR analysis of A2780 cancer cells before treatment
allowed us to identify unambiguously and quantify 34 metab-
olites in the endo-metabolome and 30 metabolites in the exo-
metabolome. The direct observation of these metabolites offers
a chance to monitor directly the main metabolic pathways of
the cell. Afterwards, A2780 cancer cells were treated with equi-
toxic amounts of the three mentioned platinum drugs (using
drug concentrations corresponding to the respective ICs, values
at 72 h), and the induced alterations in the endo-metabolome
and exo-metabolome analysed through NMR at 24 and 48 h in
order to detect the early cellular effects of these Pt drugs before
significant cell death occurs. On the whole, the three Pt drugs
turned out to affect a rather limited number of metabolites and
to cause relatively moderate quantitative changes even after
48 h treatment; also, we noticed that the patterns of the
induced changes were quite similar among the three Pt drugs,
at least from the qualitative point of view.

Then, the clinical importance of acquired resistance to Pt
drugs prompted us to analyse comparatively an additional
A2780 ovarian cancer cell line made resistant to cisplatin (the
A2780cp line). Notably, the A2780 and A2780cp cell lines show
starting metabolomic profiles that are significantly different
from each other in terms of the concentrations of many

12518 | Dalton Trans., 2022, 51,12512-12523

View Article Online

Dalton Transactions

metabolites, suggesting that the acquired CIS resistance is
associated with multiple metabolic alterations. Indeed, a
number of studies have shown that CIS resistance is a multi-
faceted phenomenon that is mediated by a variety of cellular
processes such as increased drug inactivation/efflux, increased
DNA repair, alterations in drug toxicity and changes in the
apoptotic processes.*® It was previously reported that platinum
drugs interact with membranes and cause a relevant change in
their biophysical properties; such alterations may activate
apoptotic pathways but are also involved in Pt uptake and Pt
resistance.®® Accordingly, the increased amount of PC and
GPC and the decreased level of choline that we found in
A2780cp cells in comparison to A2780 cells can be explained
in terms of biophysical changes in the membranes of resistant
cells, which in turn might influence drug transport.
Consistently, we observe here the intracellular accumulation of
taurine in A2780cp cells, which has been reported to be a
marker of the inhibition of cisplatin uptake.*” In fact, taurine
release is controlled by the same proteins that were suggested
to be directly involved in the cellular uptake of cisplatin and
that are found to be down-regulated in resistant cells.*> The
observed increase in choline derivatives and decrease in
UDP-GIcNAc and UDP-N-galactosamine are considered
markers for cancer aggressiveness.**** Among the possible
effects related to resistance, the proposed pro-survival
increased production of glutathione®***3¢ was not visible in
our experiments, whereas this phenomenon has been clearly
observed by NMR for other metallodrugs.'* Even with these
different starting situations, the responses to the CIS treatment
of A2780cp and A2780 cells show a number of common traits.
Two different conditions were tested to compare the response
to CIS of A2780cp cells with that of A2780 cells, i.e. equal tox-
icity and equal concentration of platinum. On the whole, the
detected changes were coherent with those observed in the
A2780 cells with a few notable exceptions, as it will be dis-
cussed below.

The main metabolic changes elicited by Pt drugs in A2780
and A2780cp cells may be recapitulated and interpreted as
follows.

Formate and Gly are precursors for the de novo synthesis of
nucleotides and their increased release in the media for both
A2780 and A2780cp cells could be the consequence of the
reduced biosynthetic demand. This observation is broadly con-
sistent with the primary mechanism of Pt drugs that are
believed to exert their action mainly through the formation of
Pt adducts with genomic DNA, thus causing inhibition of DNA
replication.®> Beyond hitting their primary target (DNA), Pt-
drugs may give rise to multiple off-target interactions,
affecting cell signalling and other pathways. Details of these
effects are given below. In this context, it is worth reminding
that apoptosis mediated by endoplasmic reticulum (ER) stress
has been proposed by several authors as an alternative cancer
cell death mechanism characteristic of Pt drugs.’”®
Additionally, the group of Steve Lippard even suggested that
the mode of action of OXA mostly relies on the induction of
ribosome biogenesis stress rather than direct DNA damage.’

This journal is © The Royal Society of Chemistry 2022
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In our experiments, the change in PC and GPC concen-
trations is the most relevant event occurring in A2780 cells
upon treatment with the 3 Pt drugs; a large and early decrease
of GPC is accompanied by a later increase of PC. In A2780
cells, at 48 h, this trend translates into a GPC/PC ratio signifi-
cantly decreased for all three treatments, going from 0.7 in
controls to 0.2, 0.3 and 0.3 for CIS, OXA and CARBO, respect-
ively. Instead, the CIS-treated A2780cp cells are characterized
by a higher GPC/PC starting ratio (1.0 vs. 0.7), which slightly
decreases down to 0.8 upon CIS treatment. Consistently with
our findings, a favourable response to treatments is believed to
be associated with a reduction in GPC concentration during
the course of the treatment.*® Multiple mechanisms can con-
tribute to the modulation of GPC and PC levels from mem-
brane remodelling as a function of Pt drug uptake®' to the de
novo lipogenic synthesis and/or lipolytic pathway.’® The
increased level of intracellular PC in cancer cells is mainly
attributed to the upregulation of choline kinase, the first
enzyme in the Kennedy pathway responsible for choline phos-
phorylation, but can also be partly produced by the activation
of phosphatidylcholine-specific phospholipase C.*° Notably,
depletion of phosphatidylcholine affects the endoplasmic reti-
culum morphology,*’ whereas choline kinase inhibition
induces exacerbated endoplasmic reticulum stress and triggers
apoptosis.**> Therefore, a close, albeit complex, interplay exists
between lipid metabolism and ER stress.

The relevant changes in the levels of taurine and myo-inosi-
tol observed upon Pt drug treatment may be tentatively inter-
preted as follows. ER stress is intimately linked to the unfolded
protein response (UPR), a cell-signaling system that readjusts
ER folding capacity to restore protein homeostasis. The key
UPR signal activator, the inositol requiring enzyme 1o/p
(IRE1), responds to ER stress by propagating the UPR signal
from the ER to the cytosol. The UPR has a dual function, as it
promotes homeostasis and cell survival under mild ER stress
but can lead to apoptosis and cell death under intense, persist-
ent stress.*>** The intracellular levels of myo-inositol are
expected to modulate UPR via IRE1.*’ The different signs of
the fold change in myo-inositol induced by CIS in A2780 and
A2780cp cells might be ascribed to the above UPR-modulation
of cell survival/apoptosis. In addition, myo-inositol together
with taurine is an osmolyte involved in modulating the cell
volume.*® The increase in the intracellular levels of these two
molecules upon platinum treatment in A2780 cells could be
related to a progression towards an apoptotic phenotype and
to cell adaptation in an attempt to contrast it. In particular,
taurine corrects cell shrinkage, one of the main characteristics
of the apoptotic process.?* It was recently demonstrated that in
the A2780 cell line, cisplatin resistance correlates with an
increased intracellular accumulation of taurine that in turn
protects cells from volume reduction.?” The here-detected high
levels of taurine (FC > 2) in A2780cp cells with respect to the
sensitive cells are in line with this observation.

Another consistently observed change in all our examples is
the decrease of UDP-GlcNAc levels; this variation is significant
following CIS treatment in both A2780 and A2780cp cells,
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while with OXA and CARBO the decrease is not statistically sig-
nificant. UDP-GIcNAc is the precursor of N-acetylglucosamine,
which is added to Ser and Thr residues for O-GlcNAcylation
and to Asn for N-glycosylation. Interestingly, disruption of this
latter glycosylation leads to the accumulation of unfolded pro-
teins in the ER lumen and induces the UPR.*” This inducible
post-translational modification is differently modulated in
different tumor types and has been proposed to regulate
cancer cell metabolic reprograming and survival stress signal-
ling, which also occurs in the ER."**®

Notably, upon platinum treatment, in both sensitive and
resistant cells, we observed a clear increase of intracellular suc-
cinate, fumarate and lactate. The variations of the levels of
these metabolites appear stronger in A2780cp cells where the
increase of the lactate level is statistically significant. In con-
trast, the changes in the exo-metabolome upon treatment are
not coherent between the two cell lines. In A2780 cells, Pt drug
treatment leads to a small, but significant, reduction of the
glucose uptake. This tendency is more marked for CIS and
OXA treatments; in the latter case we also observed a signifi-
cant decrease of lactate excretion. Interestingly, ER-induced
stress has been reported to be associated with greatly reduced
glucose uptake and lactate production.’® Moreover, a signifi-
cant increase in the release into the medium of pyruvate and
alanine is here observed for A2780 cells. In contrast, CIS treat-
ment of A2780cp cells establishes a more anaerobic metab-
olism, where a significant increase in the intracellular concen-
tration of lactate is accompanied by an increase in the glucose
uptake (although not significant); accordingly, the amounts of
pyruvate and alanine excreted in the medium decrease signifi-
cantly. The levels of extracellular lactate were not significantly
altered by the treatment.

Finally, the redox metabolism, at least for what concerns
the NMR-detectable part (which does not include ROS nor
NOx), is in all cases scarcely affected by Pt drug treatment. In
agreement with our results, no change in the GSH level was
detected in the A549 lung cancer cell line treated for 48 h with
cisplatin.”

Experimental

Cell culture and Pt drug treatment

A2780 cells (RRID: CVCL 0134) were purchased from Sigma-
Aldrich and derived from the European Collection of
Authenticated Cell Culture (human ovarian carcinoma; catalo-
gue no.: 93112519; lot no. 16L020, passage no.: P + 8); the
A2780 human cells have been authenticated using STR (or
SNP) profiling. A2780cp cells were obtained via prolonged
exposition to sub-lethal doses of cisplatin. All experiments
were performed with mycoplasma-free cells.

Cells were maintained in RPMI1640 medium supplemented
with 2 mM glutamine, 10% of fetal calf serum (FCS) and anti-
biotics at 37 °C in a 5% CO, atmosphere and sub-cultured
twice weekly. Oxaliplatin and carboplatin were purchased from
Alfa Aesar, with a declared purity of 100% and 99.2%, respect-
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ively. Cisplatin was purchased from Merck, with a declared
purity of 99.9%.

The inhibition of cell proliferation by CIS, OXA and CARBO
on A2780/A2780cp cell lines was evaluated by the MTT (3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) test
using an exposure time of 72 h. Viable cells can convert MTT
into formazan, which is coloured and detectable at 595 nm.
From the absorbance measurements, the half-maximal inhibi-
tory concentration (ICs,) value was calculated using GraphPad
Prism software version 6.0 (Graphpad Holdings, LLC, USA).

For drug treatment, 2.7 x 10° A2780 cells were seeded in a
p100 plate and after 24 hours they were exposed to a concen-
tration of the three Pt drugs, i.e. CIS, OXA and CARBO equal to
their 72 h-exposure ICs, value (Fig. 1B). The drug incubations
were stopped at two different time points, 24 h and 48 h. For
CIS, 6 h incubation was also tested.

The A2780cp cells were exposed to a concentration of cispla-
tin equal to their 72 h-exposure ICs, value (Fig. 1B). The
A2780cp cells were also exposed to a concentration of cisplatin
equal to the 72 h-exposure ICs, value for A2780 sensible cell
lines. The former condition was used to study the A2780cp
and A2780 cells under equal toxicity. The latter condition was
used, instead, to study both cell lines using equal concen-
trations of the drug. In both cases the drug incubation was
stopped after 48 h of treatment.

All the experiments were performed on biological tripli-
cates. At the end of each experiment, in agreement with the
procedures for NMR sample preparation,'®'*?° the cells were
washed with phosphate buffered saline (PBS, pH 7.4) and then
scraped in PBS supplemented with a protease inhibitor cock-
tail diluted in DMSO to quench the enzymatic reactions and
stabilize the sample composition; the cells were lysed by soni-
cation in ice and then centrifuged at 200 000g for 30 min at
4 °C. 1 ml of the growth medium was also collected for the
metabolomic analysis. All the samples were stored at —80 °C
until further analyses.

NMR sample preparation

Frozen samples were thawed at room temperature and shaken
before use. For cell lysates, 50 pl of *H,O were added to 450 pl
of each lysate sample (PBS, pH 7.4). In the case of cell culture
media, 300 pl of sodium phosphate buffer (75 mM Na,HPOy;
20% v/v *H,0, pH 7.4) was added to 300 pl of each sample.
The mixtures were homogenized by vortexing for 30 s and
transferred into 5 mm NMR tubes for analysis.

NMR analysis

Cell lysates and the respective growth media were analysed
using untargeted "H NMR based metabolomics."™'® Samples
for NMR analyses were prepared according to procedures
developed to obtain highly quality samples for cell
metabolomics.'>"® All the "H NMR spectra were recorded with
a Bruker 600 MHz spectrometer (Bruker BioSpin) optimized
for metabolomic investigations, operating at 600.13 MHz
proton Larmor frequency and equipped with a 5 mm PATXI
"H-"*C-""N and *H-decoupling probe including a z-axis gradi-
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ent coil, an automatic tuning-matching (ATM) and an auto-
matic refrigerated sample changer (SampleJet, Bruker
BioSpin). A BTO 2000 thermocouple was used for temperature
stabilization at the level of approximately 0.1 K of the sample.
Before measurement, to equilibrate temperature at 300 K,
samples were kept for at least 5 minutes inside the NMR probe
head.

The spectra of cell lysates were acquired with the Carr-
Purcell-Meiboom-Gill (CPMG) sequence using a one-dimen-
sional (1D) spin-echo sequence with water presaturation, 512
scans, 73 728 data points, a spectral width of 12 019 Hz and a
relaxation delay of 4 5.

The spectra of the growth media were acquired with a 1D
nuclear Overhauser enhancement spectroscopy (NOESY)-presa-
turation pulse sequence, 64 scans, 98 304 data points, a spec-
tral width of 18 028 Hz and a relaxation delay of 4 s."”

The raw data were multiplied by a 0.3 Hz exponential line
broadening before applying Fourier transform. Transformed
spectra were automatically corrected for phase and baseline
distortions and calibrated using TopSpin 3.6 (Bruker Biospin
srl).

Statistical analysis

All the statistical analyses were performed using the “R” soft-
ware. Multivariate principal component analysis (PCA) was
applied on binned spectra. To this aim, each spectrum in the
region of 10.00-0.2 ppm was divided into 0.02 ppm chemical
shift bins, and the corresponding spectral areas were inte-
grated using the AMIX software. The area of each bin was nor-
malized to the total spectral area calculated with exclusion of
the water and DMSO regions (4.50-5.00 ppm and
2.90-2.60 ppm, respectively). No scaling method was applied
on the data. PCAwas used as unsupervised exploratory analysis
to obtain a general overview of the data and to detect the pres-
ence of clusters.

The metabolites, whose peaks were well resolved, were
assigned and their levels were analysed using a R script devel-
oped in-house. We identified and quantified 34 metabolites in
the spectra of cell lysates and 30 metabolites in the spectra of
the growth medium (Table S1f). The assignment was per-
formed using an internal 'H NMR spectral library of pure
organic compounds (BBIOREFCODE, Bruker BioSpin), stored
reference NMR spectra of metabolites and spiking experi-
ments. Matching between new NMR data and databases was
performed using the AssureNMR software (Bruker BioSpin).
The nonparametric Wilcoxon-Mann-Whitney test was used for
the determination of meaningful metabolites; a p-value <0.05
was considered statistically significant. Log, fold change (FC)
was calculated for each metabolite to show how the metabolite
levels vary upon the different comparisons. FC was calculated
as the ratio of median metabolite concentrations in the
spectra of the two groups (treated over controls). In the growth
media, the metabolites were divided into two different classes,
i.e. those that are taken up from the medium and those that
are released into the medium. While for the molecules that are
released, lower concentration levels upon treatment mean a
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lower release, for the molecules that are taken up from the
starting media, lower levels upon treatment mean a greater
consumption of nutrients, i.e. increased uptake, and vice versa.
Thus, for the taken-up metabolites the quantity that is plotted
is —log,(FC).

Conclusions

In conclusion, this study has provided detailed and compara-
tive insight into the cellular effects of the three main Pt drugs
in A2780 cancer cells in terms of NMR detectable metabolomic
alterations. We have shown that Pt treatment produces, on the
whole, similar and relatively moderate effects in A2780 cancer
cells. In any case, the patterns of the observed changes were
carefully analyzed and their meaning interpreted in the frame
of the available mechanistic knowledge. In particular, a
number of metabolomic alterations triggered by Pt drugs
could be related to the induction of endoplasmic reticulum
stress, in good agreement with previous observations. This
study further supports the use of NMR metabolomics as an
excellent investigative tool to characterize drug induced meta-
bolic alterations.
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