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Abstract There is growing evidence that docetaxel, a
microtubule-targeting agent like the other taxane paclitaxel,
induces dual cytotoxicity mechanism according to dose
level. Postgenomics screening technologies are now more
and more applied to the elucidation of drug response
mechanisms. Proton nuclear magnetic resonance spectros-
copy-based pharmacometabolomics was here applied to get
further insight into the response of human MCF7 breast
carcinoma cells to docetaxel at high (clinical, 5 ptM) and low
(1 nM) doses. The global response to both doses was eval-
uated by nuclear morphology and DNA content, the latter as
an index of cell proliferation and DNA ploidy. High dose
provoked long-lasting cell cycle arrest in mitosis during the
first 48 h of exposure to treatment and severe decrease in
DNA content followed by significant amount of cell death. In
contrast, at low dose, no long-lasting cell cycle arrest was
observed on micrographies, and DNA content was decreased
but less than at high dose (P < 0.05), without significant cell
death. This response was compared to biochemical alteration
assessed by pharmacometabolomics. Thirty metabolites
were identified and quantified. Metabolite profiling at clini-
cal dose revealed time-dependent disorders in derivatives of
glycolysis, lipid metabolism and glutathione metabolism.
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Comparison between high and low doses was performed at
72 h and showed common traits including the accumulation
of cytidinediphosphocholine (x5.0 and x6.9, respectively,
P < 0.03), the decrease in phosphatidylcholine (x0.3 and
x0.2, respectively, P < 0.03), and gluthathione (x0.6 and
x 0.6, respectively, P < 0.03). Despite that, significant dose-
dependent differences were found in 12 of 30 measured
metabolites. Among them, the most discriminant metabo-
lites were polyunsaturated fatty acids (ratio of high-to-low
dose of 14.8, P < 0.05), glutamate, myoinositol, and homo-
cysteine (ratio < 0.4, P < 0.05). In addition, the mechanism
for glutathione decrease was different. At high dose, it
resulted from extensive consumption with precursor star-
vation (glutamate: —89%, P < 0.05) and increased gluta-
thione S-transferase activity (x5, P < 0.01), whereas at
low dose, it resulted from glutathione biosynthesis block-
ade with homocysteine accumulation (+144%, P < 0.03)
and decreased glutathione S-transferase activity (—70%,
P < 0.01). Altogether, this pharmacometabolomics analysis
provides further evidence of the varying cellular responses at
high and low doses of docetaxel in MCF7 breast cancer cells.

Keywords MCF7 breast cancer cells - Docetaxel -
Dose dependence - Cytotoxicity - Adaptive response -
Pharmacometabolomics - Metabolite kinetics -
Phospholipid metabolism - Glutathione metabolism

Abbreviations
DTX Docetaxel
HRMAS High resolution magic angle spinning

"H-NMR  Proton nuclear magnetic resonance
CBS Cystathionine beta-synthase

CPT Choline phosphotransferase

DAG Diacylglycerol

@ Springer



Breast Cancer Res Treat (2010) 120:613-626

614

PA Phosphatidic acid
PKC Protein kinase C
Introduction

Breast cancer is one of the most frequent invasive cancers
in women in industrialized countries [1] and is the second
leading cause of cancer death [2]. Among novel drugs for
the treatment of advanced or metastatic breast cancer,
microtubule-targeting agents as taxanes appear the most
effective for survival prolongation. Taxanes include two
members, paclitaxel and docetaxel (DTX). DTX is used as
the neoadjuvant or adjuvant standard treatment in associ-
ation with anthracyclines [3] and also as a monotherapy in
anthracycline-refractory metastatic breast cancer patients
[4, 5]. DTX was shown to interrupt the normal mitotic
process through the disruption of microtubules [6], to have
antiangiogenic effect [7], to activate several apoptotic
cellular signals such as protein kinases and caspases [8, 9],
and to decrease structural and antioxidative gene expres-
sion [10, 11]. Reactive oxygen and nitrogen species have
been reported to be involved in taxane cytotoxicity [12,
13], resulting from activation of NADPH oxidase [14].
Also DTX increased inducible nitric oxide synthase (iNOS)
expression [15] and subsequent nitric oxide (NO) produc-
tion [16] in breast cancer cells and through the stimulation
of p38 activity in alveolar macrophages [17]. At low
concentration (10 nM), DTX was shown to activate diac-
ylglycerol (DAG) kinase, a lipid kinase that phosphorylates
DAG into phosphatidic acid (PA) [18]. Recently, the dose
dependence of the response of human breast carcinoma
cells to DTX has been reported [10]. Like paclitaxel [19],
DTX provoked striking differences in cell cycle according
to the dose. At low dose (2—4 nM), DTX induced aberrant
mitosis followed by aneuploidy, whereas at clinical con-
centration (100 nM) it induced sustained mitotic arrest
followed by mitotic slippage [20, 21]. Postgenomics
screening technologies like transcriptomics, proteomics,
and metabolomics are now more and more applied to the
elucidation of drug response mechanisms and the identifi-
cation of biomarkers of the response. In this work, we used
nuclear magnetic resonance (NMR) spectroscopy-based
metabolomics [22] to get further insight into the response
of MCF7 tumor cells to high (clinical, 5 uM) and low
(1 nM) doses of DTX. The global response of MCF7 cells
to DTX was investigated by nuclear morphology and DNA
content measurement, the latter as an index of cell prolif-
eration and DNA ploidy. At high dose, nuclear morphology
showed a long-lasting cell cycle arrest in mitosis during the
first 48 h of exposure to DTX, severe decrease in DNA
content of attached cells, followed with reduction in DNA
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content testifying cell death. In contrast, at low dose, no
long-lasting cell cycle arrest was observed, and the DNA
content was decreased, but less than at high dose without
significant cell death. The global response was compared to
biochemical disorders using pharmacometabolomics.
Among the 30 identified and quantified metabolites, poly-
unsaturated fatty acid, glutamate, myoinositol, and homo-
cysteine showed the largest variations and discriminated
the responses to high and low doses. At both doses, a
common response of phosphatidylcholine biosynthesis
blockade and glutathione decrease was found. However,
the mechanism for glutathione decrease was obviously
different. At high dose, the decrease in GSx levels was
related to extensive consumption and precursor starvation,
whereas at low dose, it was related to blockade of trans-
sulfuration. Altogether, our pharmacometabolomics inves-
tigation provides further insight into the mechanism of the
varying cellular responses of MCF7 breast cancer cells to
high and low doses of DTX and also offers a basis for
translational studies of metabolites altered in response to
DTX into clinical endpoints.

Materials and methods
Chemicals

Docetaxel was purchased from Sigma-Aldrich (Saint
Quentin Fallavier, France) and was prepared as 1 nM or
5 uM solution in 0.5% DMSO. D,0 (SDS, Peypin, France)
was used as a solvent and a locking medium for NMR
spectroscopy.

Cell culture

MCF7 human breast carcinoma cells were purchased from
the European Collection of Cell Cultures (Salisbury, UK).
Cells were cultured at 37°C in humidified atmosphere
containing 5% CO,, using an Eagle’s MEM-GlutaMAX
medium (Life Technologies, USA) supplemented with
10% of heat-inactivated fetal calf serum, 1% (v/v) of a
200 mM L-glutamine solution, and 1% (v/v) of a 100 nM
sodium pyruvate solution and maintained in exponential
growth. MCF7 cells were plated in triplicate into 96-well
plates at a density of 3.5 x 10 cells/well for DNA content
measurement, T75 flasks (1 x 10° cells/flask) for GST
activity assay and microscopy analysis, or T180 flasks
(10 x 10° cells/flask) for NMR spectroscopic analysis.

Cell treatment

Two doses of DTX were chosen. The low dose (¢, 1 nM)
corresponded to the ICs, of MCF7 cells after 48 h exposure
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to DTX. The clinical dose (high dose, H, 5 uM) was
determined by extrapolation of clinical data as follows: in
patient, after 1 h perfusion of 100 mg m~2 DTX (mono-
therapy standard dose in advanced or metastatic breast
cancer), the mean of the maximal plasmatic concentration
reaches 3.7 mg ml~', namely 4.6 mM. To be extrapolated
to MCF7 cell culture treatment, the equivalent clinical dose
of DTX was calculated as: [plasma concentration (4.6 mM)
x cell culture medium volume (30 ml)]/clinical volume of
distribution (~301) ~ 5 uM.

Cells were exposed to 5 uM DTX, 1 nM DTX, or the
vehicle (0.5% DMSO) for 6, 12, 16, 24, 36, 48, 72, and
96 h. After each treatment and before analysis, cells were
washed twice with PBS (100 pl per well or 10-20 ml per
flask) to remove detached and dead cells. The pH of each
medium was measured.

DNA content measurement

DNA content of MCF7 cells was measured after cell lysis,
using Hoescht 33342 staining [23]. DNA content was an
index of biomass and ploidy of attached cells. Briefly, 100 pl
of 2 0.01% (m/v) SDS solution in sterile distilled water was
distributed into each well. Cells were then incubated for 1 h
at room temperature and frozen at —80°C for 1 h. After
thawing (approximately 15 min), 100 pl of Hoechst 33342
solution at 30 pg ml~" in a hypersaline buffer (10 mM Tris—
HCI, pH 7.4, 1| mM EDTA, and 2 M NaCl) was added to
each well. Plates were incubated in this solution for 1 h and
protected from light at room temperature on a plate shaker.
Fluorescence was then measured on a microplate fluorom-
eter (Fluoroskan Ascent FL, Thermolabsystem, Helsinki,
Finland) using an excitation wavelength of 360 nm and an
emission wavelength of 460 nm.

MCF7 cell death at 72 h was estimated from DNA
content measurement as: [(mean of treated cells at
36 h) — (mean of treated cells at 72 h)]/(mean of treated
cells at 36 h) x 100.

Optical and fluorescence microscopy analysis

Membrane integrity of MCF7 cells was assessed using the
Trypan Blue exclusion test. Membrane permeation to the
dye reflected the imbalance of membrane phospholipid
composition. A membrane integrity index was defined as:
[(count of intact membrane cells) — (count of injured
membrane cells)]/(count of injured membrane cells) x 100,
in a minimum of 100 cells.

For quantification of abnormal nuclear morphology,
cells were collected, fixed with absolute ethanol and acetic
acid (3/1) (v/v), and spread on microscope slides. DNA was
labeled with Hoechst 33342. An average of 600 cells was
randomly counted in several areas of the slide, and nuclear

morphology was assessed under fluorescence microscopy
(magnification 60x).

Total GST activity assay

Total (cytosolic and microsomal) glutathione S-transferase
(GST) activity was assayed by conjugation of 1-chloro-2,4-
dinitrobenzene (CDNB) with reduced glutathione (GSH),
using the Glutathione S-Transferase Assay Kit (Cayman
Chemical Company, Ann Arbor, MI, USA). MCF7 cells
were harvested using a rubber policeman and centrifugated
at 1,500xg for 10 min at 4°C. Cell pellets were resus-
pended in 1 ml of cold buffer (100 mM potassium phos-
phate, pH 7.0, containing 2 mM EDTA). Cell suspensions
were then sonicated for 30 s on ice and centrifugated at
10,000x g for 15 min at 4°C. Supernatant was used for
GST measurement according to a modified version of that
described in cell homogenates by Habig et al. [24]. Briefly,
10 pl of CDNB, 20 pl of GSH, and 150 pl of assay buffer
(100 mM potassium phosphate, pH 6.5, containing 0.1%
Triton X-100) were added to 20 pl of sample. Nonenzy-
matic sample contained 170 pl of assay buffer and 20 pl of
GSH. The formation of the S-conjugate induced an increase
in absorbance at 340 nm monitored every 60 s for 6 min,
using a DUSOO spectrophotometer (Beckman Coulter,
Villepinte, France) at 25°C.

NMR spectroscopy-based metabolomics

MCF7 cells were collected by centrifugation (1,500xg
for 10 min at 4°C). Cell pellets were washed twice with
1 ml D,O-PBS (10 g1™") and frozen at —80°C, in
prevision of pharmacometabolomics analysis. Five to
10 x 10° intact cells were used for each NMR spec-
troscopy acquisition. High resolution magic angle spin-
ning (HRMAS) proton ('H)-NMR spectroscopy was
performed at 500 MHz (Bruker DRX-500, Karlsruhe,
Germany). Intact MCF7 cell pellets with 5 ul D,O-PBS
were set into 4-mm-diameter, 50-pl zirconia rotor tubes
without upper spacer. Rotors were spun at 4 kHz at
room temperature. NMR spectroscopy acquisition and
processing were run from a workstation (Silicon Graph-
ics, Inc., USA).

The acquisition technique involved both one-dimen-
sional (1D) "H-NMR spectra and two-dimensional (2D)
"H-NMR spectra. The 1D sequence was a saturation-
recovery sequence with an 8 ps radiofrequency pulse,
water signal suppression at low power, a 10 ppm spectral
width, 8 K complex data points, a 10 s relaxation delay,
and 32 repetitions. After Fourier transformation, a baseline
correction was applied using a spline algorithm in the
spectral domain of interest. Peak referencing was done on
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the signal of 3-trimethylsilyl-propane sulfonate. Metabo-
lites that did not give rise to correlation signals in 2D
spectra, namely those identified from their methyl group
[total creatine (tCr = creatine + phosphocreatine) at
3.03 ppm, acetate (Ace) at 1.92 ppm, and phosphatidyl-
choline (PtC) at 3.26 ppm [25], or from their uncoupled
methylene signal (glycine (Gly) at 3.56 ppm) were mea-
sured in the 1D spectrum, using deconvolution procedures
(XWIN-NMR v2.6 software, Bruker).

The 1D NMR spectrum was immediately followed by a
2D NMR spectrum. The used sequence was a 2D total cor-
relation spectroscopy (TOCSY) sequence. It was performed
with water signal suppression at low power, with a 6 ppm
spectral bandwidth along both frequency axes (256 samples
along the first axis and 2 K samples along the second axis), a
mixing time of 75 ms during which the spin-lock pulse train
(DIPSI-2) was applied, a 1-s relaxation delay, and 16 repe-
titions. The 2D NMR spectrum lasted 1:41 h duration in
excellent compatibility with the preservation of the sample in
the magnet at room temperature. For quantification, a new
procedure for NMR-based metabolite profiling was applied
[22]. Quantified metabolites in 2D NMR spectra were
polyunsaturated fatty acid (PUF) at 2.79-5.33 ppm, lactate
(Lac) at 1.34-4.11 ppm, alanine (Ala) at 1.47-3.77 ppm,
glutamine (Gln) at 2.12-2.46 ppm, glutamate (Glu) at
2.06-3.76 ppm, aspartate (Asp) at 2.70/2.80-3.89 ppm,
hypotaurine (hTa) at 2.63-3.35 ppm, taurine (Tau) at 3.27—
3.43 ppm, total glutathione (GSx = [reduced glutathione,
GSH] + 2 x [oxidized glutathione, GSSG]; [25]) at 2.17—
2.55 ppm, arginine (Arg) at 1.68/1.92-3.23 ppm, lysine
(Lys) at 1.90-3.77 ppm, threonine (Thr) at 1.32-3.58 ppm,
choline (Cho) at 3.55—4.07 ppm, phosphocholine (PC) at
3.62—4.18 ppm, glycerophosphocholine (GPC) at 3.66—
4.34 ppm, phosphoethanolamine (PE) at 3.22-3.99 ppm,
glycerophosphoethanolamine (GPE) at 3.30-4.12 ppm,
N-acetylaspartate (NAA) at 2.50/2.70-4.40 ppm, myoino-
sitol (MyI) at 3.54/3.61-3.48 ppm, proline (Pro) at 2.03—
4.15 ppm, asparagine (Asn) at 2.88/2.95-3.99 ppm, homo-
cysteine (Hey) at 2.17-2.72 ppm, methionine (Met) at 2.14/
2.20-2.63 ppm, phenylalanine (Phe) at 3.13-3.99 ppm,
cytidinediphosphocholine (CDPC) at 3.66—4.42 ppm, and
polyamines (Ply) at 1.80-3.10 ppm. The percentage varia-
tion of each quantified metabolite in treated cells was cal-
culated as: [(mean of treated cells) — (mean of control
cells)]/(mean of control cells) x 100.

Statistical methods
Three to five independent experiments were performed for

each time point. Statistical comparisons between groups
were performed using the nonparametric Mann—Whitney
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test. Differences were considered statistically significant
for P < 0.05.

Results
Global response of MCF7 cells to docetaxel

DNA content (% of control) of MCF7 cells exposed to DTX
for 72 h decreased with increasing drug concentrations
(Fig. 1a). DTX-treated MCF7 cells were morphologically
assessed (Fig. 1b, c). Mitotic arrest was of 6.3% at 24 h
(P <0.05), 2.2% at 48 h (P =NS), and 0.7% at 72 h
(P = NS) atlow dose of DTX (Fig. 1b). Athigh dose, a peak
of mitotic arrest was observed in MCF7 cells of 34.7% at
24 h(P < 0.05),13.3% at48 h(P < 0.05),and 0.7% at 72 h
(Fig. 1c). No significant apoptosis was found after MCF7
cell exposure to high and low doses of DTX (Fig. 1b, c).

Also extracellular pH was measured at 72 h. In DTX-
treated cell culture medium, pH was 7.48 4 0.13 versus
7.64 £ 0.09 (treated vs. control, P = 0.06) at low dose and
7.44 £ 0.05 versus 7.64 = 0.09 (P < 0.01) at high dose.
Membrane integrity, defined as the percentage of viable
cells with intact membrane, was 91, 81, and 65%, respec-
tively, after 12, 36, and 72 h exposure to high dose of DTX
(all, P = NS).

Atlow dose, DNA content increased moderately between
36 and 72 h, from 5.17 to 5.76 in arbitrary units (a.u.), cor-
responding to 58 and 20% of control cell DNA content at
36 h and 72 h, respectively (treated vs. control, P < 0.05;
Fig. 1d). However, at high dose, DNA content was 2.76 a.u.
at 36 hand 2.43 a.u. at 72 h, corresponding to 30 and 8% of
control cell DNA content at 36 and 72 h, respectively
(P < 0.05; Fig. le). DNA content was statistically different
between low and high doses of DTX (P < 0.05, at 12,36, and
72 h). In attached cells, the amount of dead cells was esti-
mated from DNA content measurement at 72 h to be 0.3%
(treated vs. control, P = NS) at low dose and 12.8%
(P < 0.05) at high dose of DTX (low vs. high, P < 0.05;
Fig. 1b, ¢).

Typical 2D NMR spectra at 72 h are shown in Fig. 2. In
comparison to control, a decrease in the GSx signal and an
increase in the CDPC signal were found at high (Fig. 2a, b)
and low (Fig. 2a, ¢) doses of DTX. In contrast, the PUF
signal was dramatically increased in the high-dose DTX
spectrum only. Detached cells were collected after expo-
sure to high dose of DTX at 72 h for NMR spectroscopic
analysis. NMR spectra of these cells especially showed a
high level of PUF (Fig. 2d). In the following metabolomics
analysis, 30 metabolites were quantified from NMR spectra
of attached cells.
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Fig. 1 Global response of attached MCF7 cells to docetaxel (DTX).
Before DNA labeling with Hoechst 33342, cells were washed to
remove detached cells. Cellular DNA content (% of control), an index
of cell proliferation and DNA ploidy, was evaluated using the
Hoechst fluorescence intensity (in arbitrary units, a.u.). DNA content
of attached MCF7 cells was measured in response to increasing
concentrations of DTX at 72 h (a). Open arrows indicate doses of
interest (low dose, 1 nM and high dose, 5 pM). DNA content in
MCEFT7 cells treated with 1 nM and 5 uM was significantly different
from that in control cells, at 72 h (P < 0.05). Dose-dependent global
response of attached MCF7 cells to low (left panel) and high (right
panel) doses of DTX. Cells were incubated without drug for 48 h
(CTL, control) and with 1 nM DTX (¢, low dose) for 24, 48, and 72 h
(b), and without drug for 48 h (CTL), and with 5 uM DTX (H, high

Metabolomics of MCF7 cell response to docetaxel
at clinical dose

Metabolite kinetics (6, 16, 24, 48, 72, and 96 h) in response
to clinical dose of DTX (5 pM) is shown in Fig. 3. A
biphasic time-response could be described, involving an
early phase before 48 h and a delayed phase after 48 h,
matching the phases of the global morphological response.
During the early phase (12-36 h), there were variations of
Ala (—52% at 6 h), Ace (—91% at 6 h), tCr (+75% at
16 h), Gly (+487% at 24 h), and Ply (—45% at 24 h; all,
P < 0.05). During the delayed phase, significant variations
of the phospholipid derivative subset (Cho, PC, PE, CDPC,
PtC, GPC, GPE, and PUF) were observed, including a

c
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dose) for 24, 48, and 72 h (¢). Nuclear morphology was assessed
under fluorescence microscopy (magnification 60x), using Hoechst
33342 staining. Mitosis and apoptosis in DTX-treated cells were
expressed as percentage of total attached cells. MCF7 cell death was
evaluated from DNA content measurements at 36 and 72 h. SD are in
parenthesis. Full arrows indicate cells in mitotic arrest and arrow
head, a tetraploid cell. * P < 0.05 (treated vs. control, Mann—
Whitney test). Variation in DNA content of attached MCF7 cells
exposed to control (open squares) versus low dose of DTX (full
squares) (d), and to control (open squares) versus high dose of DTX
(full squares) (e) at 12, 36, and 72 h. ** P < 0.01 (treated vs. control,
Mann—Whitney test); #P <0.05 (low dose vs. high dose, Mann—
Whitney test)

decrease in GPE by —24% at 48 h, —43% at 72 h, and
—46% at 96 h; PtC by —70% at 72 h; and GPC by —51%
at 72 h and —58% at 96 h (all, P < 0.05). Other metabo-
lites increased, PE by +79% at 48 h, +125% at 72 h, and
+114% at 96 h; PC by +51% at 96 h; CDPC by +400% at
72 h and 4+540% at 96 h; and PUF by 4+-889% at 72 h and
+2048% at 96 h (all, P < 0.05). In addition, there were
variations in the glutathione metabolite subset (Met, tCr,
Ply, Hcy, hTa, Tau, GSx, Gln, Glu, and Arg), involving the
increase in Tau by +42% at 96 h (P < 0.05) and the
decrease in GSx by —45% at 48 h, —45% at 72 h, and
—33% at 96 h; Glu by —89% at 72 h, Arg by —78% at
48 h, and —61% at 72 h; and Hcy by —75% at 96 h (all,
P < 0.05). Moreover, glycolysis was altered as shown by
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Fig. 2 Associated 1D and 2D
"H-HRMAS NMR spectra of
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the decrease in Lac by —56% at 72 h and —51% at 96 h;
and Ace by —92% at 72 h and —94% at 96 h (all,
P < 0.05).

To investigate relationships between metabolite and
morphology changes, we compared GSx and phospholipid
derivatives to DNA content and membrane integrity in the
high dose DTX series (Fig. 4). Hcy and GSx varied in the
same way, showing that Hcy primarily supported GSx
biosynthesis, although Hcy varied in opposition to Tau at
72 h. Interestingly, GSx varied linearily with cellular DNA
content (Fig. 4a), not with membrane integrity index
(Fig. 4c). PtC and CDPC variations were opposite. PtC
varied linearily with membrane integrity index (Fig. 4d),
not with cellular DNA content (Fig. 4b).

Differential metabolomics of MCF7 cell response
to docetaxel at high and low doses

Thirty metabolites were compared at high and low doses
of DTX at 72 h (Fig. 5). At high dose, the subset of
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phospholipid derivatives showed the increase in PE by
+125%, CDPC by +4400%, and PUF by +4889% (all,
P < 0.05), with the decrease in PtC by —70%, GPC by
—51%, and GPE by —43% (all, P < 0.05). The subset of
glutathione derivatives showed significant decrease in GSx
(—45%, P < 0.05), Glu (—89%, P < 0.05), and Arg (—61%,
P < 0.05). Among the other metabolites (Asp, Asn, NAA,
Pro, Ala, Gly, Thr, Phe, Lys, Lac, Ace, and Myl), there was a
decrease in Lys (—60%, P < 0.05), Lac (—54%, P < 0.05),
and Ace (—92%, P < 0.05) levels. At low dose, the subset of
phospholipid derivatives showed the increase in PE by
+120% (P < 0.05) and CDPC by +586% (P < 0.05) and
the decrease in PtC by —85% (P < 0.05) and GPC by —34%
(P < 0.05). The subset of glutathione derivatives showed the
increase in Hcy by +144% (P < 0.05) with the decrease in
hTa by —92%, Tau by —57%, GSx by —43%, and Arg by
—68% (all, P < 0.05). Among the other metabolites, sig-
nificant alterations involved the increase in Asp by +193%
(P < 0.05) and the decrease in Alaby —41%, Thr by —69%,
Lys by —81%, and Ace by —92% (all, P < 0.05).
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Fig. 3 Complete set of kinetics
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Table 1 shows metabolite content differences between
high and low doses of DTX at 72 h. The following deriv-
atives varied significantly: Hey, Tau, Gln, Glu, Asp, Ala,
Lys, Myl, PC, GPC, GPE, and PUF (all, P < 0.05). Among
these metabolites, the largest variations were those of PUF
(low dose-to-high dose variation of 14.8, P < 0.05), Glu,
Myl, and Hcy (high dose-to-low dose variation of 7.3, 3.8,
and 3.1, respectively, P < 0.05). Because PUF content was
high in detached cells (Fig. 2d), we may consider PUF

level as a biomarker of cytotoxicity. In addition to
metabolite differential analysis, total GST activity of
MCF7 cells was measured. GST activity was increased
(x5, P<0.01) at high dose and decreased (—70%,
P < 0.01) at low dose of DTX.

Taken together, our pharmacometabolomics data
enabled to propose an interpretation for MCF7 cell res-
ponse to DTX at clinical and low doses, as reported in
Fig. 6.
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Fig. 4 Variation (% of control) of glutathione metabolism deriva-
tives, homocysteine (Hcy, open squares), total glutathione (GSx, full
squares), and taurine (Tau, full losanges), as a function of DNA
content (a) and membrane integrity index (b). Cellular DNA content
(% of control) was measured from Hoechst fluorescence intensity.
Data points represent 12, 36, and 72 h exposure to 5 pM DTX
(clinical dose). GSx variation followed a linear relationship with
DNA content according to: DNA content (% of control) = 104.69 —
2.53 x [unsigned GSx variation], =099 (P < 0.01). Variation (%

Discussion

This study is, to our knowledge, the first pharmacometa-
bolomics analysis of the response to DTX of MCF7 tumor
cells. Metabolomics is increasingly considered as a valu-
able tool to describe cell phenotype. It is now applied to the
field of pharmacology and takes part in the elucidation of
drug response mechanisms. We here applied a recently
developed NMR spectroscopy-based technique to profile
the metabolite content of intact MCF7 breast cancer cells.
The technique especially has the advantage of circum-
venting limitations of cell extraction procedures.

Varying cellular responses to DTX at high and low
doses were observed in this study. The global response of
MCF7 tumor cells involved a long-lasting cell cycle arrest
in mitosis during the first 48 h of exposure to high dose of
DTX, severe decrease in DNA content of attached cells
together with reduction in DNA content at 72 h, testifying
cell death. No long-lasting cell cycle arrest in MCF7 cells
exposed to low dose of DTX was observed, and DNA
content was reduced but to a lesser extend than at high
dose, without significant cell death in attached cells at 72 h.
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of control) of phospholipid metabolism derivatives, phosphatidylcho-
line (PtC, full squares), and cytidinediphosphocholine (CDPC, open
squares), as a function of DNA content (¢) and membrane integrity
index (d). Data points represent 12, 36, and 72 h exposure to 5 pM
DTX (clinical dose). PtC variation followed a linear relationship with
membrane integrity according to: Membrane integrity index
(%) = 99.46 — 0.46 x [unsigned PtC variation], =099 (P <
0.01). Vertical and horizontal bars SD. * P < 0.05 (treated vs.
control cells, Mann—Whitney test)

These findings are in agreement with literature reports.
Low dose of DTX was shown to induce aberrant mitosis
followed by aneuploidy and necrosis, whereas high dose
induced mitotic arrest followed by mitotic slippage into
tetraploid or “pseudo-G1” phase then apoptosis [10, 26].
Our DNA content measurements, reflecting cell prolifera-
tion and DNA ploidy although consistent with literature,
underestimated antiproliferative effects of DTX at high
dose because of cell tetraploidy. We did not observed
significant apoptosis in MCF7 cells exposed to both doses
of DTX. Actually, MCF7 cells are known to be partially
resistant to apoptosis due to Bcl-2 overexpression and
caspase-3 defect [21].

We compared global response of MCF7 cells to DTX
with metabolic response. Metabolite kinetics was obtained
at clinical dose, and metabolite alteration as a function of
dose was evaluated after 72 h exposure to treatment. At
this time, after the exit from the normal cell cycle, cells
both at low and high doses of DTX were engaged in a
process of cell death or survival, thus enabling to observe
mechanisms of DTX cytotoxicity and/or cell adaptation
to treatment. Figure 6 summarizes our interpretation of
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Fig. 5 Variation (% of control) Met X
of the 30 identified and )
quantified metabolites of MCF7 tCr

cells exposed to low (1 nM,
light gray bars) and high (5 pM,
dark bars) doses of DTX for
72 h. Measured metabolite

abbreviations, as in text.

* P < 0.05 (treated vs. control
cells, Mann—Whitney test).
#P <0.05 (1 nM vs. 5 uM,
Mann—Whitney test)

& #

CDPC

l

DTX-induced metabolic disorders and mechanistic data
from the literature. Two major metabolic network subsets
were interpreted, phospholipid metabolism and glutathione
metabolism. At baseline, MCF7 cells displayed strong
levels of GPC and GPE, which has been related to the
hormonal status, to the metastatic potential, or to differ-
ences in membrane maintenance mechanisms [27]. At both
high and low doses of DTX, the accumulation of CDPC
together with the decrease in PtC provided evidence of a
blockade of PtC biosynthesis at the choline phosphotrans-
ferase (CPT) level (Fig. 6a). The discriminant metabolic
patterns between high and low doses of DTX involved PUF

Metabolite variation (%)

content and the mechanism for GSx decrease. At high dose,
there was severe GSx consumption (increased GST activ-
ity), active transsulfuration explaining precursor starvation
(decreased Hcy and Glu levels), whereas at low dose, there
was a blockade of GSx synthesis at the first step of trans-
sulfuration, as shown by Hcy accumulation (Fig. 6b). The
possible origin of these findings is discussed below.
Among the most discriminating metabolic biomarkers of
DTX dose-dependent effects, we found PUF, Glu, MyI, and
Hcy. Glu and Hcy can be interpreted as members of the
glutathione metabolism subset. PUF and Myl were more
isolated metabolites in our profiling. At clinical dose, we
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Table 1 Variation of 30 metabolites in MCF7 cells in response to DTX

Metabolite High dose (H, 5 pM) Low dose (4, 1 nM) Between doses

Fold change (SD) P-value Fold change (SD) P-value H/¢ (SD) ¢/H (SD) P-value
Met 1.11 (1.82) 0.8786 1.06 (1.88) 0.8786 1.05 (2.80) 0.95 (2.23) 1.0000
tCr 0.32 (0.73) 0.1797 0.41 (0.72) 0.1797 0.78 (1.50) 1.28 (1.38) 0.6579
Ply 0.86 (0.82) 0.8815 1.15 (1.28) 0.6547 0.75 (2.53) 1.34 (2.68) 0.2752
Hcey 0.79 (0.60) 0.7642 2.44 (1.15) 0.0253 0.32 (1.20) 3.09 (9.92) 0.0495
hTa 0.61 (0.72) 0.4561 0.08 (0.96) 0.0253 7.63 (1.21) 0.13 (2.19) 0.2752
Tau 1.17 (1.17) 0.4561 0.43 (0.91) 0.0253 2.72 (1.21) 0.37 (3.37) 0.0495
GSx 0.55 (0.95) 0.0253 0.57 (0.97) 0.0253 0.96 (1.11) 1.04 (1.10) 0.8273
Gln 0.61 (0.88) 0.2967 1.21 (1.23) 0.6547 0.50 (2.44) 1.98 (1.44) 0.0495
Glu 0.11 (0.94) 0.0339 0.80 (0.76) 0.6547 0.14 (4.75) 7.27 (1.19) 0.0495
Arg 0.39 (0.91) 0.0339 0.32 (0.87) 0.0253 1.22 (1.15) 0.82 (1.18) 0.8273
Asp 1.31 (1.43) 0.6547 2.93 (1.06) 0.0253 0.45 (1.16) 2.24 (7.20) 0.0495
Asn 1.03 (1.33) 0.8815 1.02 (1.06) 0.8815 1.01 (6.45) 0.99 (5.30) 0.8273
NAA 1.05 (1.16) 0.8815 1.14 (1.07) 0.2967 0.92 (1.79) 1.09 (6.91) 0.8273
Pro 0.85 (0.62) 0.6547 1.43 (1.06) 0.1797 0.59 (1.62) 1.68 (5.87) 0.5127
Ala 1.02 (1.14) 0.8815 0.59 (0.89) 0.0253 1.73 (1.23) 0.58 (1.58) 0.0495
Gly 1.80 (2.49) 0.8815 1.23 (1.96) 0.6547 1.46 (12.47) 0.68 (1.91) 0.6579
Thr 0.55 (0.56) 0.4561 0.31 (0.81) 0.0339 1.77 (1.46) 0.56 (2.10) 1.0000
Phe 0.94 (0.90) 0.8815 0.88 (0.93) 0.8815 1.07 (1.63) 0.94 (3.17) 0.8273
Lys 0.40 (0.97) 0.0253 0.19 (0.94) 0.0253 2.11 (1.05) 0.48 (1.09) 0.0495
Lac 0.46 (0.79) 0.0339 0.76 (0.94) 0.2967 0.61 (1.74) 1.65 (1.14) 0.1266
Ace 0.08 (0.93) 0.0339 0.08 (0.96) 0.0339 1.00 (1.06) 1.00 (1.06) 1.0000
Myl 0.49 (0.66) 0.3682 1.87 (1.42) 0.1797 0.26 (1.34) 3.82 (1.99) 0.0495
Cho 0.89 (0.92) 0.4561 0.82 (0.99) 0.2967 1.09 (1.32) 0.92 (1.89) 0.8273
PC 1.17 (1.13) 0.4561 0.51 (0.96) 0.2967 2.29 (1.94) 0.44 (2.57) 0.0495
PE 2.25 (1.16) 0.0253 2.20 (1.05) 0.0253 1.02 (1.01) 0.98 (1.89) 0.8273
CDPC 5.00 (1.94) 0.0253 6.86 (1.36) 0.0253 0.73 (1.12) 1.37 (1.25) 0.2752
PtC 0.30 (0.79) 0.0339 0.15 (0.92) 0.0253 2.00 (1.18) 0.50 (1.27) 1.0000
GPC 0.49 (0.98) 0.0253 0.66 (0.98) 0.0339 0.74 (1.08) 1.35 (1.03) 0.0495
GPE 0.57 (0.94) 0.0253 0.80 (0.98) 0.1011 0.71 (1.25) 1.40 (1.05) 0.0495
PUF 9.89 (2.50) 0.0253 0.67 (0.77) 0.8815 14.76 (14.46) 0.07 (1.02) 0.0495

Fold change in metabolite content in MCF7 cells exposed to 5 uM (H high dose) and 1 nM (¢ low dose) of DTX for 72 h and between-dose
comparison using the ratio of metabolite content at high dose to metabolite content at low dose (H/¢) and inversely (¢/H). Significant changes are

in bold. Abbreviations, as in text; SD in parenthesis, fold change SD

found a dramatic accumulation of PUF starting from 48 h of
treatment. PUF accumulation may result from hydrolysis of
membranes [28], inhibition of PUF consumption, or inhibi-
tion of cyclooxygenase-2 (COX-2) activity [29]. Actually,
taxanes have been shown to yield mobile lipid formation [28,
30] and variations of phospholipid metabolism derivatives
[31], although not specifically among antineoplastic agents
[28, 32-34]. PUF levels may relate an autophagic process
implicating damaged membranes [30]. However, because in
our study detached cells contained a large amount of PUF,
PUF content may be a biomarker of DTX cytotoxicity at high
dose. Another metabolite strongly varied between doses,
Myl, which could be linked to the production of the bioactive
lipid phosphatidylinositol (PtI).

@ Springer

Phospholipid metabolism was severely altered, and a
common response was identified at high and low doses of
DTX, consisting in the blockade of PtC biosynthesis at the
last step of the Kennedy pathway, the CPT level (Fig. 6a).
High and low doses of DTX induced the delayed accumu-
lation of CDPC, associated with a rapid decrease in PtC and
GPC as soon as 6 h, suggesting that the disorder was ini-
tiated during the early response to DTX. However, the
delayed CDPC variation suggests an adaptive period pre-
ceeding the collapse of the CDPC pathway. This collapse
may be a cytotoxicity mechanism [35]. DAG is the other
substrate for CPT. Because CPT is not the regulatory
enzyme of the Kennedy pathway, the observed blockade
should result from insufficient DAG availability. First, there
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Fig. 6 Biochemical findings and interpretation of the response to
DTX for the phospholipid metabolism subset (a) and the glutathione
metabolism subset (b). Subscript H, high dose (5 ptM) DTX; subscript
¢, low dose (1 nM) DTX; filled asterisk, our findings; number,
literature reference; «, activation; k-, inhibition. a Abbreviations for
measured metabolites, as in text; Cer, ceramide; DAG, diacylglycerol;
FA, fatty acid; Glc, glucose; PA, phosphatidic acid; Pt/, phosphati-
dylinositol; PG, prostaglandin; Pyr, pyruvate; SM, sphingomyelin.
CPT, choline phosphotransferase; COX-2, cyclooxygenase-2; DGK,
diacylglycerol kinase; FASN, fatty acid synthase; f-oxid, beta-
oxidation; PAP, phosphatidic acid phosphatase; PLC, phospholipase
C; PLD, phospholipase D; PKCJ, protein kinase C-delta; PKCe,
protein kinase C-epsilon; SMase, sphingomyelinase; SMS, sphingo-
myelin synthase; mTOR, mammalian target of rapamycin. b Abbre-
viations for measured metabolites, as in text; Cys, cysteine; NO, nitric
oxide; GS-X, glutathione conjugate. CBS, cystathionine beta-syn-
thase; yGCS, gamma-glutamylcysteine synthetase; GST, glutathione
S-transferase; iNOS, inducible nitric oxide synthase; PKCu, protein
kinase C-alpha; TM, transmethylation

may be an effective decrease in DAG as a consequence of
the downregulation of glycolysis [35]. Our metabolic data
support glycolysis disorders with the significant decrease in
Lac and Ace. Actually, glycolysis supplies glycerophos-
phate, the precursor of PA. Indeed, it was previously shown
by *'P-NMR spectroscopy that induction of apoptosis by
farnesol resulted in increased level of CDPC in favor of
CPT blockade and the accumulation of fructose-1,6-bis-
phosphate, a glycolysis derivative, in favor of glycolysis

downregulation. Second, DAG decrease could result from
decreased hydrolysis of phospholipids, such as PtC via the
inhibition of phospholipase C or D activity, as shown for
farnesol cytotoxicity [36, 37]. Third, CPT blockade may
also be due to a rerouting of DAG through the activation of
protein kinase C (PKC) or diacylglycerol kinase (DGK).
PKCs are a family of ‘conventional’ PKCs («, 31, 32, and )
activated by DAG binding, ‘novel’ PKCs (4, ¢, #, u, and 6),
which are DAG-dependent, and ‘atypical’ PKCs (1, 4, and {)
also DAG-independent [38]. It was recently shown that
DTX activated PKCe¢ and PKC¢ in melanoma cells [8]. The
activation of PKCe was increased in human DTX-resistant
cells and associated with prosurvival signaling through
ERK1/2 pathway activation. In contrast to PKCe, high
levels of activated PKCJ were associated with sensitivity to
DTX and proapoptotic response through JNK activation
[38]. PKCd-mediated cell death could result from allosteric
activation of this PKC isoform or activation of p38 MAPK,
as shown in prostate LNCaP cells [39, 40]. Also DAG can
be consumed into PtC and produce ceramide, a proapoptotic
lipid, by the activity of sphingomyelinase. DAG can be
phosphorylated by DGK to produce PA, a precursor of
signaling phospholipids such as Ptl and an activator of
mTOR signaling, involved in cell survival and autophagy
[41]. mTOR may be downregulated through a reduction in
PA level [42]. DTX at low concentration (10 nM) was
shown to activate DGK, a lipid kinase that catalyzes DAG
conversion into PA. DTX triggers a metabolic cascade
consisting in phospholipase D-mediated PtC hydrolysis, PA
release, phosphatidic acid phosphatase-dependent DAG
production, and DGK stimulation leading to DAG conver-
sion back to PA [18]. Finally, another mechanism for CPT
blockade may be proposed, a competition between DAG
and cholesterol precursors, a mechanism which was shown
to provoke CDPC accumulation and inhibit PtC biosyn-
thesis [43]. At clinical dose of DTX, PtC was found to be a
positive biomarker of membrane integrity. Actually,
ceramide production following upregulation of sphingo-
myelinase is associated with increased cell membrane
permeability [44]. Insufficient PtC biosynthesis, like we
observed, could, in turn, explain decreased membrane
biosynthesis and repair.

The other major metabolic pathway to be altered was
glutathione metabolism, in a dose-dependent manner
(Fig. 6b). At high dose of DTX, the simultaneous decrease
in Hey and Glu, as well as the increase in GST activity,
indicated dramatic GSx consumption, accompanied by
active transsulfuration. The increase in GST activity testi-
fied involvement of detoxification processes as a cellular
adaptive response to counteract DTX cytotoxicity at high
concentration. At low dose, decreased GSx level resulted
from the blockade of GSx biosynthesis at an early step of
transsulfuration as testified by Hcy accumulation, probably
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at the level of cystathionine beta-synthase (CBS), the major
regulatory enzyme of transsulfuration [45]. Here also the
time-dependent response of MCF7 cells to DTX suggested
an adaptive period followed by the collapse of transsul-
furation and the decrease in GSx levels, a classical
cytotoxicity mechanism. The same disorder explained
decreased biosynthesis of downstream products of trans-
sulfuration (GSx, hTa, and Tau). CBS activity depends on
the cellular redox state and is inhibited by NO or acidosis
[46] and activated by ROS [45]. The balance between NO
and ROS levels was shown as an important mechanism of
the response to paclitaxel at low concentration [13, 46]. In
this study, at low dose of DTX, we found blockade of CBS
as well as acidosis. These findings are in agreement with
literature data on the implication of NO in the response of
cancer cells to low dose of DTX [12, 15]. In contrast, at
high dose of DTX, NO effect on CBS enzyme should be
conterbalanced and overwhelmed by accumulating ROS
effects. Another rate-limiting enzyme of GSH biosynthesis,
gamma-glutamylcysteine synthetase, downstream CBS, is
known to be transcriptionally upregulated by ROS [47] and
may participate to the starvation of the GSH biosynthetic
pathway. Furthermore, NO originates from iNOS, which
catabolizes Arg to form NO and citrulline. The decrease in
Arg that we found at low dose of DTX may reflect NO
production and at high dose, may be a consequence of Glu
excessive consumption. Actually, DTX was shown to
enhance iNOS expression [15] and NO production [16] in
breast cancer cells and through stimulation of p38 activity
in alveolar macrophages [17]. NO also mediates sphingo-
myelinase activation and apoptotic process through cera-
mide production [48]. Moreover, GSx depletion is
associated with lipid peroxidation and oxidative DNA
damage [49]. It was found to be associated with lipid
accumulation in human erythroleukemia K562 cells
exposed to paclitaxel [28, 32] and to PE accumulation in
B16 melanoma cells exposed to oxidative stress [50].
Conversely, GSx depletion may activate PKCo [51], as a
survival process.

In conclusion, this pharmacometabolomics study pro-
vides new insight into the mechanism of the varying cel-
lular response to DTX at clinical (high) and low doses.
Major variations implicated glycolysis, phospholipid
metabolism, and glutathione metabolism. Among the most
discriminant metabolites between high and low doses were
PUF, Glu, MyI, and Hcy. Although a common response to
both doses was PtC biosynthesis blockade, differential
responses between doses involved PUF accumulation and
the mechanism for GSx decrease, excessive consumption at
high dose, and biosynthesis blockade at low dose. In
addition, this study offers a basis for translational studies of
metabolites varying in response to DTX into clinical
endpoints.
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