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Abstract

Background: Curcumin (CUR) has deserved extensive research due to its anti-inflammatory properties, of interest in human
diseases including cancer. However, pleiotropic even paradoxical responses of tumor cells have been reported, and the
mechanisms of action of CUR remain uncompletely elucidated.

Methodology/Principal Findings: 1H-NMR spectroscopy-based metabolomics was applied to get novel insight into
responses of MCF7 and MDA-MB-231 breast cancer cells to CUR alone, and MCF7 cells to CUR in cotreatment with docetaxel
(DTX). In both cell types, a major target of CUR was glutathione metabolism. Total glutathione (GSx) increased at low dose
CUR (# 10 mg.l21–28 mM-) (up to +121% in MCF7 cells, P,0.01, and +138% in MDA-MB-231 cells, P,0.01), but decreased at
high dose ($ 25 mg.l21 270 mM-) (249%, in MCF7 cells, P,0.02, and 256% in MDA-MB-231 cells, P,0.025). At high dose,
in both cell types, GSx-related metabolites decreased, including homocystein, creatine and taurine (260 to 280%, all,
P,0.05). Together with glutathione-S-transferase actvity, data established that GSx biosynthesis was upregulated at low
dose, and GSx consumption activated at high dose. Another major target, in both cell types, was lipid metabolism involving,
at high doses, accumulation of polyunsaturated and total free fatty acids (between 64.5 and 611, P,0.025), and decrease
of glycerophospho-ethanolamine and -choline (about 260%, P,0.025). Multivariate statistical analyses showed a metabolic
transition, even a biphasic behavior of some metabolites including GSx, between low and high doses. In addition, CUR at
10 mg.l21 in cotreatment with DTX induced modifications in glutathione metabolism, lipid metabolism, and glucose
utilization. Some of these changes were biphasic depending on the duration of exposure to CUR.

Conclusions/Significance: Metabolomics reveals major metabolic targets of CUR in breast cancer cells, and biphasic
responses that challenge the widely accepted beneficial effects of the phytochemical.
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Introduction

Curcumin (diferuloylmethane or 1,7-bis-(4-hydroxy-3-methox-

yphenol)-1,6-heptadiene-3,5-dione, CUR) is the major active

compound present in extracts from the rhizome of Curcuma longa

(Zingiberaceae). Commercial grade CUR is a mixture containing

high proportion -about 80%- pure CUR, with about 20% other

curcuminoids demonstrating similar biological activity [1]. There-

fore findings about these mixtures are most often attributed to

CUR. CUR belongs to the pharmacopoeia of Asian traditional

medicine or alternative medicine to treat inflammatory diseases

and a wide range of disorders. Given the role of inflammation in

the promotion of chronic human diseases including Alzheimer’s

disease, chronic obstructive pulmonary disease, cataract, diabetes,

and cancer, CUR has deserved extensive research. In the oncology

field, CUR was reported to exert anti-proliferative, anti-inflam-

matory, anti-angiogenic and pro-apoptotic effects in various tumor

types in vitro [2,3] and in vivo [4,5]. In addition, CUR used in

association with anticancer agents has been shown to protect

against cisplatin toxicity [6], and to sensitize tumor cells to

gemcitabine [7] or paclitaxel [8].

At the molecular level, CUR has been shown to target the

transcription factor NF-kB and gene expression related to NF-kB,

including immune response, cell adhesion, differentiation, prolif-

eration, angiogenesis and apoptosis [9], and the transcription

factor Nrf2 and gene expression related to Nrf2, including anti-

oxidant enzymes (glutamate cysteine ligase, GCL) and phase-2

detoxification proteins [10,11,12]. Other targets of CUR include

thioredoxin reductase [13], cyclooxygenase-2 (COX-2) and

phospholipase A2 (PLA2) [14].

A growing body of evidence establishes that CUR exhibits not

only anti- but pro-oxidant activities, and that anti-inflammatory

and anti-proliferative effects are linked to pro-oxidant activities

[15,16]. The anti-oxidant effect, mostly reported at low dose,
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involves scavenging of reactive oxygen species (ROS) [17],

attenuation of lipid peroxidation during oxidative stress [18] and

activation of signalling pathways yielding increased expression of

heat-shock proteins, anti-oxidant enzymes and anti-apoptotic

proteins. In contrast, the less studied pro-oxidant effect, mostly

occuring at high dose, involves oxidative DNA damage, protein

and membrane lipid peroxidation and apoptosis [15]. The

activation of the anti-oxidant response is considered to be at the

origin of most beneficial effects of CUR in the prevention and

relief of oxidative stress-associated degenerative diseases. In

contrast, in the cancer field, the beneficial effects of CUR are

challenged by the fact that many drugs kill tumor cells through

induction of oxidative stress [19]. Furthermore, it has been

reported that CUR can inhibit apoptosis induced by ROS

generating chemotherapy [20,21]. However, most reports on

antitumor effects of CUR relate them to anti-inflammatory

activities that are generally underpinned by pro-oxidant effects.

These appearently paradoxical data may relate to the fact that

anti- and pro-oxidant effects of CUR fit the response to a number

of cell stressing agents which is biphasic as a function of dose with

a stimulating phase followed by a toxic phase. This type of

response, called hormesis, is frequently encountered in the field of

nutripharmaceutics.

Because there is much expectation on the use of CUR in

cancer treatment, there is a need for identifying biomarkers of

the response and improving knowledge on the mechanisms of

the response. Although metabolomics is increasingly used to

evaluate mechanisms of action of various types of anticancer

agents [19,22,23], it was little applied to tumor cell response to

nutritional agents [24], and, to our knowledge, not yet to CUR.

In this article, we applied 1H-NMR spectroscopy-based

metabolomics to investigate the response of MCF7 and MDA-

MB-231 breast cancer cells to increasing doses of CUR and

that of MCF7 cells to CUR in cotreatment with docetaxel

(DTX), a therapeutic combination that has been proposed in

advanced and metastatic breast cancer [25]. In both cell types,

a major metabolic target of CUR was glutathione (GSx)

metabolism. GSx varied biphasically with CUR dose. GSx-

related metabolites and glutathione S-transferase (GST) activity

helped elucidating the mechanisms of this variation. Another

major target of both cell types was lipid metabolism. In

addition, the combination of DTX to CUR elicited duration of

association-dependent metabolic transitions, including a biphasic

response of glucose utilization. Hormetic behavior could account

for apparently paradoxical responses to CUR, but challenges

the widely accepted beneficial effects of the phytochemical.

Materials and Methods

Chemicals and Reagents
Commercial grade CUR was obtained from Sabinsa Corpora-

tion (Piscataway, USA). It contained approximately 80% pure

CUR as confirmed by high performance liquid chromatography

tandem mass spectrometry, and two other minor fractions:

demethoxycurcumin and bisdemethoxycurcumin. As stated be-

fore, the effects of minor fractions closely mimic those of pure

CUR. For the sake of simplicity, we thus designated the mixture

by CUR in the following. CUR was prepared so as to obtain the

final concentration of 0.5, 2.5, 10, 25, and 50 mg.l21 in 0.5%

dimethylsulfoxide (DMSO, Merckeurolab, Strasbourg, France),

corresponding to 1.4, 7, 28, 70 and 140 mM, respectively.

Docetaxel (DTX) was purchased from Sigma Aldrich (Saint

Quentin Fallavier, France), dissolved in DMSO and administered

so as to obtain a final concentration of 1 nM or 5 mM in 0.5%

DMSO in cell culture flasks. RPMI-1640 and Eagle’s MEM-

Glutamax media, MEM vitamin solution, sodium pyruvate, non

essential amino acids, phosphate buffered saline (PBS) solution and

gentamicin base were from Gibco Invitrogen (Cergy Pontoise,

France). Heat-inactivated fetal calf serum (FCS) was from Bio

West (Nuaillé, France). Low melting point agarose, sodium lauroyl

sarcosinate, ethidium bromide solution, Hoechst 33342 and

trypan blue dyes were from Sigma-Aldrich (Saint Quentin

Fallavier, France). D2O for NMR use was from SDS (Peypin,

France).

Cell Culture
Human MCF7 breast carcinoma cells and human MDA-MB-

231 breast carcinoma cells were purchased from the European

collection of cell cultures (Salisbury, UK). These cell types differ

in that MCF7 cells express hormonal (estrogen and progester-

one) receptors, while MDA-MB-231 cells do not. Cells were

maintained as a monolayer culture at 37uC in humidified

atmosphere containing 5% CO2 in Eagle’s MEM-Glutamax

medium supplemented with 10% FCS, 1% MEM vitamin

solution, 1% sodium pyruvate, 1% non essential amino acids

and 0.04% gentamicine base. Cells were plated in triplicate into

96-well plates at a density of 3.56104 cells/well for DNA

content measurement, membrane integrity assessment and

microscopy analysis, or T180 flasks (106106 cells/flask) for

NMR spectroscopy analysis.

Cell Treatment
Cells were exposed to CUR at 0.5, 2.5, 10, 25, and 50 mg.l21

for 24 h for the analysis of dose-dependent effect, and at

10 mg.l21 for 24, 48, 72, and 96 h for the analysis of time-

dependent response. Measurements in treated MCF7 and MDA-

MB-231 cells were compared to control MCF7 and MDA-MB-

231 cells (0.5% DMSO, CTL). When following time effects,

measurements relative to control values were matched for time.

Cotreatments of CUR with DTX consisted in exposure of MCF7

cells for 72 h to DTX at 1 nM (low dose, L) or at 5 mM (high dose,

H), in combination with 10 mg.l21 CUR for 24 h (CO-L-24 h

and CO-H-24 h, DTX at low and high dose, respectively), 48 h

(CO-L-48 h and CO-H-48 h, DTX at low and high dose,

respectively), 72 h (CO-L-72 h and CO-H-72 h, DTX at low

and high dose, respectively), and 96 h (CO-L-96 h and CO-H-

96 h, DTX at low and high dose, respectively). Before analysis,

cells were washed twice with PBS (100 ml per well or 20 ml per

flask) to remove detached cells.

DNA Content Measurement
DNA content of MCF7 and MDA-MB-231 breast cancer cells

was measured after cell lysis, using Hoescht 33342 staining. DNA

content was an index of biomass and ploidy of attached cells.

Briefly, 100 ml of a 0.01% (m/v) sodium dodecyl sulfate solution in

sterile distilled water was distributed into each well. Cells were

then incubated for 1 h at room temperature and frozen at 280uC
for 1 h. After thawing (approximately 15 min), 100 ml of Hoechst

33342 solution at 30 mg.ml21 in a hypersaline buffer (10 mM

Tris–HCl, 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 fluorometer

(Fluoroskan Ascent FL, Thermolabsystem, Helsinki, Finland) using

an excitation wavelength of 360 nm and an emission wavelength

of 460 nm.

Response of Breast Cancer Cells to Curcumin
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Comet Assay
The measured tail DNA value corresponded to the amount of

DNA in the comet tail, increased proportionally with the number

of DNA strand breaks induced by oxidative stress. DNA strand

breaks in MCF7 cells were quantified using the alkaline version of

the Comet assay [26]. Ten ml of treated MCF7 cell suspension

(approximately 20,000 cells) were mixed with 110 ml of 0.6% low

melting point agarose in RPMI-1640 at 37uC. Subsequently,

110 ml of the mixture were layered onto a slide pre-coated with

thin layer of 1% agarose, and immediately covered with a cover-

glass. Slides were left for 10 min on ice in order to allow the

agarose to solidify. After gently removing the cover-glass, the slides

were immediately immersed in an ice-cold freshly prepared lysis

solution (2.5 M NaCl, 10 mM Na2-EDTA, 10 mM Tris hydro-

xymethyl-aminomethane, 1% sodium lauroyl sarcosinate, 1%

Triton 100X and 10% DMSO, pH 10) to lyse the cells and to

allow DNA unfolding. After 1 h in the dark at 4uC, the slides were

immersed in freshly prepared alkaline electrophoresis buffer

(300 mM NaOH, 200 mM Na2-EDTA, pH 13) for unwinding

(25 min) and then electrophorezed (25 V/300 mA, 25 min). All

the steps were carried out under minimal illumination. Once

electrophoresis was completed, slides were neutralized (365 min,

0.4 M Tris, pH 7.5). The dried microscope slides were stained

with 20 mg.l21 ethidium bromide (50 ml per slide) and covered

with a cover-glass. Tail DNA was assessed under fluorescence

microscopy using the Comet Analysis Software 4.0 (Kinetic

Imaging Ltd., Liverpool, UK). Fifty randomly selected cells per

slide were analyzed for each triplicate condition.

Total Glutathione S-transferase 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 1,5006g for 10 min

at 4uC. Cell pellets were resuspended in 1 ml of cold buffer

(100 mM potassium phosphate, pH 7.0, containing 2 mM

EDTA). Cell suspensions were then sonicated for 30 s on ice

and centrifugated at 10,0006g for 15 min at 4uC. Supernatant

was used for GST measurement. Ten ml of CDNB, 20 ml of GSH,

and 150 ml of assay buffer (100 mM potassium phosphate, pH 6.5,

containing 0.1% Triton X-100) were added to 20 ml of sample.

Non enzymatic sample contained 170 ml of assay buffer and 20 ml

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

DU800 spectrophotometer (Beckman Coulter, Villepinte, France)

at 25uC.

1H-NMR Spectroscopy-based Metabolomics
Attached MCF7 and MDA-MB-231 breast cancer cells were

collected by centrifugation (1,5006g for 10 min at 4uC). Cell

pellets were washed twice with 1 ml D2O containing 1% PBS and

frozen at –80uC until analysis. Five to 106106 intact cells were

used for each NMR spectroscopy acquisition. NMR Spectroscopy

was performed on a small bore 500 MHz Avance DRX

spectrometer (Bruker Biospin, Karlsruhe, Germany) equipped

with a high resolution magic angle spinning (HRMAS) probe.

Unprocessed cell pellets were set into 4 mm-diameter 50 ml free

volume zirconium oxide rotor tubes. Rotors were spun at 4 kHz,

and cooled at 4uC using the BCU-05 temperature unit. One-

dimensional (1D) proton NMR spectra were obtained using a

Nuclear Overhauser Enhancement spectroscopy sequence with

low power water signal presaturation (NOESYPR) during both the

3.8-s relaxation delay and the 100-ms mixing time of the sequence.

The spectral width was 12 ppm with 16K complex data points and

32 transients. This resulted in 2:50 min acquisition duration. After

Fourier transformation, low order phase correction and baseline

spline correction were applied in a standardized way. Signal

attribution in spectra was done as previously described [27,28].

Quantification of one-dimensional (1D) NMR spectra was

performed using the Topspin 2.0 software (Bruker Biospin,

Karlsruhe, Germany). A two-dimensional (2D) NMR spectrum

was recorded immediately after the 1D NMR spectrum, using a

Total Correlation Spectroscopy (TOCSY) sequence involving

water signal suppression at low power, 6-ppm spectral bandwidth

along both frequency axes, 256 samples along the first axis, and

2K samples along the second axis, 75-ms mixing time during

which was applied the spin-lock pulse train (DIPSI-2), 1-s

relaxation delay, and 16 repetitions. The 2D NMR spectrum

duration was 1:41 h. TOCSY spectra were reconstructed at both

high (2K6256) and moderately lower (2566256) spectral resolu-

tion for signal attribution and quantification, respectively. Baseline

correction was applied using a second order polynomial. Then

spectra were transferred to an Excel worksheet (Microsoft Co.),

and processed using a homebuilt routine designed to automatically

compute cross-peak volumes of selected spectrum signals.

Retained metabolites are listed in Table 1. From quantified 1D

and 2D NMR signals, relative metabolite concentrations were

determined according to the method of standardization to protein

signals [22,28].

Data Processing and Statistical Analysis
Comparisons between groups were performed using the non

parametric Mann-Whitney test. Differences were considered

statistically significant for P,0.05. Principal component analysis

(PCA) using the metric of Spearman was applied to the different

data sets (dose-related data, time-related data, and cotreatment

data). Metabolic interpretation of principal components was done

using loading plots of axes. Partial least squares regression-

discriminant analysis (PLS-DA) was applied to reveal metabolites

associated with common response to CUR in both MCF7 and

MDA-MB-231 cell types, and to check for metabolites displaying a

hormetic behavior. In the latter case, the tested model consisted in

a positive phase between CTL and low dose samples (assigned

class values of 0 and +1, respectively), then a negative phase

(assigned class values of 0 and 21, at 25 and 50 mg.l21,

respectively). The variable importance in the projection (VIP)

was calculated for each metabolite. Criteria of quality of modeling

were R2X, the cumulative modeled variation in metabolite data,

R2Y, the cumulative modeled variation in class values, and Q2,

the cumulative predicted variation in metabolite data according to

cross-validation. These parameters range between 0 and 1, where

1 indicates a perfect fit. The highest values of VIP identified

metabolites that complied best with the tested model. Multivariate

statistical analyses were performed using the XLSTAT 7.5

software (Addinsoft, Paris, France).

Results

Dose-dependent Response of Breast Cancer Cells to CUR
Reveals Metabolic Targets

Cellular and biochemical measurements. Relative DNA

content decreased in response to CUR at 2.5 mg.l21 (60.5760.18

and60.5260.13, MCF7 and MDA-MB-231, P,0.05), 10 mg.l21

(60.6360.13 and 60.5060.08, MCF7 and MDA-MB-

231,P,0.05), then even more at 25 mg.l21 (60.1860.15 and

60.1260.05, MCF7 and MDA-MB-231, P,0.01) and 50 mg.l21

Response of Breast Cancer Cells to Curcumin
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(60.0660.06 and 60.0360.04, MCF7 and MDA-MB-231,

P,0.01) (Fig. 1A). DNA oxidative damage, expressed by tail

DNA, increased in attached MCF7 cells in response to CUR at

25 mg.l21 (66.261.9, P,0.01) and 50 mg.l21 (62365, P,0.01)

(Fig. 1B). GST activity dramatically dropped in cells treated at

0.5 mg.l21 (60.0360.09, P,0.001), 2.5 mg.l21 (60.0160.15,

P,0.001), 10 mg.l21 (60.0460.08, P,0.001), and 25 mg.l21

Table 1. Proton chemical shift of signals used for metabolite quantification.

Chemical shift NMR technique Metabolite Abbreviation

Methionine and glutathione metabolism derivatives

(1.72,2.13)63.13 2D Polyamines Ply

2.1762.72 2D Homocysteine Hcy

3.93;3.03 1D Total creatine tCr

(2.55,4.56)62.17 2D Total glutathione GSx

(2.41,2.51)64.17 2D Oxoproline OP

2.6363.35 2D Hypotaurine hTa

3.2763.43 2D Taurine Tau

Lipid and phospholipid metabolism derivatives

1.92 1D Acetate Ace

0.8861.33 2D Total fatty acids tFA

2.7965.33 2D Polyunsaturated fatty acids PUF

2.5562.75 2D Citrate Cit

3.2263.99 2D Phosphoethanolamine PE

3.3064.12 2D Glycerophosphoethanolamine GPE

3.5564.07 2D Choline Cho

3.6264.18 2D Phosphocholine PC

3.26 1D Phosphatidylcholine PtC

3.6664.42 2D Cytidine diphosphocholine CDPC

3.6664.34 2D Glycerophosphocholine GPC

Bioenergetic metabolism derivatives

8.53 1D Adenosine tri-phosphate ATP

8.35 1D Adenosine mono-phosphate AMP

7.98 1D Uridine diphosphate conjugates UDPX

1.3464.11 2D Lactate Lac

(3.54,3.61)63.28 2D Myo-inositol MyI

(3.76,4.13)64.02 2D Gluconate Gna

Glutamate metabolism derivatives

2.0663.76 2D Glutamate Glu

2.1262.46 2D Glutamine Gln

2.0364.15 2D Proline Pro

1.4763.77 2D Alanine Ala

(2.88,2.95)63.99 2D Asparagine Asn

(2.70,2.80)63.89 2D Aspartate Asp

(2.50,2.70)64.40 2D N-acetyl-aspartate NAA

(1.68,1.92)63.23 2D Arginine Arg

One-carbon metabolism derivatives and others

3.56 1D Glycine Gly

8.45 1D Formate For

1.3263.58 2D Threonine Thr

1.9063.77 2D Lysine Lys

3.1363.99 2D Phenylalanine Phe

Single chemical shift values or 2 chemical shifts separated by a semi-colon indicate 1D HRMAS 1H-NMR spectrum measurement; two chemical shift values separated by
a multiplicative sign indicate a measured cross-peak in 2D HRMAS 1H-NMR spectra; two chemical shift values within parentheses separated by a multiplicative sign from
another chemical shift indicate 2 measured cross-peaks in 2D HRMAS 1H-NMR spectra.
doi:10.1371/journal.pone.0057971.t001
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Figure 1. Dose-dependent response to CUR. A- Cellular DNA content in attached MCF7 (black bars) and MDA-MB-231 (white bars) breast cancer
cells exposed to increasing concentrations (0.5, 2.5, 10, 25, and 50 mg.l21) of CUR for 24 h, measured using the Hoechst fluorescence intensity assay.
*, P,0.05, **, P,0.01, CUR vs. CTL, Mann-Whitney test. B- DNA fragmentation expressed in tail DNA in MCF7 tumor cells exposed to increasing
concentrations (0.5, 2.5, 10, 25, and 50 mg.l21) of CUR for 24 h, measured using the alkaline Comet assay. *, P,0.05, CUR vs. CTL, Mann-Whitney test.
C- Total glutathione S-transferase (GST) activity in MCF7 tumor cells exposed to increasing concentrations (0.5, 2.5, 10, 25, and 50 mg.l21) of CUR for
24 h, measured using the Cayman Chemical Company assay kit. **, P,0.01, CUR vs. CTL, Mann-Whitney test. D- Set of typical 1D HRMAS 1H-NMR
spectra of MCF7 breast cancer cells in the 0.5–4.5 ppm spectral range. From bottom to top, cells exposed to 0, 0.5, 2.5, 10, 25, and 50 mg.l21 CUR.
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(60.1060.16, P,0.001), whereas it resumed to CTL levels at

50 mg.l21 (60.9060.12, P = NS) (Fig. 1C).
Metabolite profiling with increasing doses of

CUR. Dose-related 1D HRMAS 1H-NMR spectra showed

prominent biphasic alterations of GSx. GSx accumulated at low

doses (0.5 to 10 mg.l21) whereas it decreased at high doses (25 and

50 mg.l21), in both MCF7 (Fig. 1D) and MDA-MB-231 (Fig. 1E)

cells. Also free fatty acids accumulated at high dose only, in both

MCF7 and MDA-MB-231 cells.

Assignment of signals in 2D HRMAS 1H-NMR spectra

revealed an unusual metabolite, only visible in 2D NMR spectra

of CUR-treated cells, corresponding to gluconate (Gna)

(Fig. 1F,G). A total of 37 metabolites were quantified (Table 1).

In MCF7 cells, among glutathione metabolism derivatives, GSx

increased continuously until 10 mg.l21 (+45% at 0.5 mg.l21,

P,0.05; +72% at 2.5 mg.l21, P,0.01; +121% at 10 mg.l21,

P,0.01), oxoproline (OP) accumulated at 2.5 and 10 mg.l21 (63,

P,0.05, and 65, P,0.025, respectively), and hypotaurine (hTa)

decreased transiently to 247% (P,0.05) (Table 2, and Fig. 2).

Among glucose metabolization derivatives, MyI reached a peak

level at 10 mg.l21 (63.5, P,0.01), and among lipid metabolism

derivatives, Ace decreased by -70% (P,0.025), and PE first

decreased then reached a62.2 peak level (P,0.05). No significant

changes were found in tFA and PUF levels at low dose. In

contrast, at high dose (25 and 50 mg.l21), tFA and PUF

dramatically increased (64.5, P,0.025 and 611, P,0.025, and

64.5, P,0.025 and 618, P,0.01, respectively), two phospholipid

derivatives, GPE and GPC, decreased (about -60%, P,0.025),

and GSx decreased (211% at 25 mg.l21 and 249% at 50 mg.l21,

P,0.01). Several glutathione-related derivatives decreased (Hcy,

280% and 281%, P,0.05; tCr, 274% and 278%, P,0.01;

Tau, 257% and 273%, P,0.025; and hTa, 263% and 2100%,

P,0.05, at 25 and 50 mg.l21 respectively) (Table 2 and Fig. 2).

In MDA-MB-231 cells at low dose (10 mg.l21) CUR, similar

findings were obtained with GSx (+138%, P,0.01), no significant

changes in tFA and PUF, and a high level of MyI (+241%,

P,0.025). At high dose (50 mg.l21) CUR, like in MCF7 cells, GSx

decreased (-56%, P,0.025), with evidence of exhausted transsul-

furation (Hcy, tCr and Tau all decreased, P,0.05), free fatty acid

accumulation (tFA: 67.8, P,0.01 and PUF: 69.5, P,0.025), and

GPE and GPC decreased (both, P,0.01) (Table S1).

PLS-DA of metabolite data obtained in MCF7 and MDA-MB-

231 cells types responding to 10 mg.l21 CUR showed that the

common response to CUR at 10 mg.l21 of both cell types was

correlated with high levels of GSx and MyI (Fig. 3A). Similar plot

with CUR at 50 mg.l21 revealed that the common response of

both cell types to CUR at that dose was correlated with high levels

of tFA, PUF, Gln, Gly (Fig. 3B). Together with univariate data

(Table 2 and Table S1), these PLS-DA analyses confirm that

major targets of CUR at low and high dose include glutathione

and lipid metabolism.
PCA of dose-related metabolite data. PCA of the whole

set of CTL and dose-related data in MCF7 cells revealed two

separated clouds along the first axis F1 representing about 29% of

the variance of data. The first cloud, to the left, included CTL and

low dose (0.5, 2.5, and 10 mg.l21) samples, and the second one, to

the right, included high dose (25 and 50 mg.l21) samples (Fig. 3C).

The CTL group could not be separated from low dose samples,

even using the second factor F2. PCA demonstrated a metabolic

transition between low and high doses. The loading plot is given in

Fig. 3D. F1 was mostly explained by PUF and tFA which

correlated positively with the axis, and Tau, GPE, tCr, GPC

which correlated negatively.

Partial correlation of metabolites with covariates. The

analysis of available covariates in MCF7 cells (DNA content, tail

DNA and GST activity) revealed negative correlation between

GSx level and GST activity (r = -0.57, P,0.05), positive correla-

tion between Tau and DNA content (r = +0.63, P,0.05), positive

correlation between GPC and GPE and DNA content (r = +0.74

and +0.79, P,0.01, respectively), negative correlation between

GPC and GPE and tail DNA (-0.58 and -0.70, P,0.05), and

positive correlation between tFA, PUF and Ace and tail DNA

measurement (r = +0.78, +0.73, and +0.83, P,0.01, respectively)

(Fig. 3E).

PLS-DA modeling of hormetic-type response. PCA re-

vealed a metabolic transition between low and high doses. GSx

level as a function of dose was typically hormetic as shown in

Fig. 2A. Therefore, to investigate latent hormetic behavior, MCF7

metabolite data were fitted a biphasic model mimicking GSx

response, then processed using PLS-DA. Modeling was obtained

with 3 latent factors. The quality of fit was good with R2X = 0.46,

R2Y = 0.90 and Q2 = 0.59. Analysis revealed that the first 5

metabolites with the highest VIP, thus exhibiting a hormetic

behavior, were GSx, Ace, PUF, tFA and GPE. GSx and GPE

increased during the first phase then decreased, and Ace, PUF and

tFA decreased during the first phase then increased (Fig. 3F).

Duration of Exposure-dependent Response of MCF7 Cells
to CUR

Cellular and biochemical measurements. Relative DNA

content decreased with duration of exposure to 10 mg.l21 CUR

(from 60.6360.09 to 60.4060.01, all P,0.05) (Fig. 4A). DNA

fragmentation evaluated from tail DNA increased in attached

MCF7 cells in response to exposure to CUR for 96 h

(62.9860.77, P,0.05, Fig. 4B). GST activity was decreased for

all durations of exposure (down to 60.0460.08 the CTL value,

P,0.01, Fig. 4C).

Metabolite profiling of duration of exposure-related

data. GSx level was high at each time (+121% at 24 h and

+112% at 96 h, all P,0.01) (Fig. 4D). OP, a glutathione

derivative, was high at 24 h (65, P,0.01). GSx-related metabo-

lites involved decrease of Hcy (284 and 297% at 72 h and 96 h,

the latter P,0.01) and decrease of Glu derivatives (Glu: 230% at

48 h and 247% at 96 h, P,0.05; Asp: 283% at 24 h, P,0.05;

Arg: 280% at 96 h, P,0.01). Meanwhile, there was an increase of

Tau (+46% at 72 h and +69% at 96 h, P,0.025). Among lipid

metabolism derivatives, Ace was low at 24 h only (268%, P,0.05)

and Cit at 96 h (262%, P,0.025). tFA and PUF did not vary

significantly. A peak level of PE was observed at 24 h (62.2,

P,0.025). Among bioenergetics derivatives, Lac reached a peak

level at 48 h (62, P,0.05) but decreased at 96 h (239%,

P,0.025), and MyI was sequentially high at 24 h and low at

96 h (+250% and 268%, P,0.05, respectively).

Thin arrows, signals from glutathione (GSx) at positions 2.25, 2.55, 2.98, and 3.78 ppm. Grey arrowheads, signal from total free fatty acids (tFA) at
positions 1.30 and 0.89 ppm. E- Set of typical 1D HRMAS 1H-NMR spectra of MDA-MB-231 breast cancer cells. From bottom to top, cells exposed to 0,
10, and 50 mg.l21 CUR. Arrows, as in Fig. 1D. F- Two-dimensional HRMAS 1H-NMR spectra of intact MCF7 tumor cells, here from the 25 mg.l21 CUR
group. Thin arrows, cross-peaks of glutathione (GSx) at positions 2.2562.55, 2.2563.78, 2.5563.78, and 2.9864.55 ppm6ppm. Square, area
containing gluconate (Gna) signals. G- Square area magnified from the spectrum in Fig. 1F. Arrowheads, cross-peaks from Gna at positions 4.1364.02,
4.0263.76, and 3.7663.66 ppm6ppm. Gna was quantified from the first 2 cross-peaks.
doi:10.1371/journal.pone.0057971.g001
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PCA of duration of treatment-related metabolite

data. PCA was performed on duration of treatment-related

data (Fig. 4E). A metabolic transition appeared between short

duration of exposure (24 h and 48 h) samples and 72 h samples,

mostly undelain by axis F1. Another metabolic transition took

place between 72 h and 96 h, mostly underlain by axis F2. Axis F1

was explained by GPC, Thr, AMP, For and GPE which correlated

positively with the axis, and MyI which correlated negatively

(Fig. 4F). Axis F2 was explained by PUF and tFA which correlated

Table 2. CUR dose-related data in MCF7 cells (fold variation vs. 24 h controls).

CUR dose (mg.l21)

0 0.5 2.5 10 25 50

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

n 7 3 3 3 3 3

tFA 1 0.66 0.8 0.71 1.12 0.15 1 0.08 4.47 2.23* 10.62 7.10*

PUF 1 1.61 0.52 0.63 1.41 0.38 1.32 0.98 4.45 1.46* 18.37 11.59$

Lac 1 0.25 1.11 0.18 1.04 0.29 0.89 0.23 0.79 0.66 0.55 0.16*

Ace 1 0.63 0.65 0.38 0.25 0.11* 0.32 0.07# 0.89 0.33 5.26 2.12$

NAA 1 0.32 0.96 0.58 0.9 0.07 0.91 0.05 0.75 0.12 0.41 0.29*

MyI 1 0.61 0.68 0.7 1.14 0.42 3.49 0.99$ 0.92 0.73 0.5 0.49

Glu 1 0.24 0.79 0.25 1.59 0.73 0.87 0.28 1.41 0.49 0.95 0.47

Gln 1 0.46 0.84 0.33 1.8 1.05 0.94 0.22 3.51 1.07* 2.62 1.01*

Pro 1 0.37 0.95 0.37 0.97 0.4 1.21 0.35 1.3 0.22 0.54 0.08#

Asn 1 0.31 0.9 0.25 0.7 0.2 0.87 0.32 0.83 0.4 0.91 0.05

Asp 1 0.66 1.03 1.19 0.95 0.81 0.17 0.13# 0.74 0.55 0.24 0.34

Arg 1 0.33 0.91 0.11 0.7 0.12 0.82 0.17 1.29 0.17 0.75 0.05

Ply 1 0.41 1.18 0.48 0.79 0.32 0.87 0.31 0.64 0.18 0.86 0.25

Hcy 1 0.69 0.39 0.24 0.61 0.44 0.73 0.6 0.2 0.28# 0.19 0.26#

tCr 1 0.31 0.78 0.19 0.8 0.36 1.44 0.55 0.26 0.18$ 0.22 0.07$

hTa 1 0.44 1.26 0.66 0.53 0.28# 0.93 0.96 0.37 0.37# 0 0.00$

Tau 1 0.29 1.35 0.18 0.71 0.24 1.14 0.54 0.43 0.28* 0.27 0.22$

GSx 1 0.18 1.45 0.42# 1.72 0.35$ 2.21 0.35$ 0.89 0.19 0.51 0.16$

Gly 1 0.71 0.58 0.2 1.25 0.51 1.75 1.34 3.06 3.59 3.03 1.42#

Ala 1 0.42 1.12 0.33 1.47 0.64 1.26 0.28 4.74 1.10$ 2.98 0.63$

Lys 1 0.46 1.2 0.10# 1.06 0.4 1.17 0.54 1.87 0.42# 1.63 0.68#

Phe 1 0.22 0.94 0.28 0.84 0.13 0.71 0.11* 1.4 0.07# 0.91 0.08

Thr 1 0.27 1.14 0.35 0.79 0.53 0.91 0.41 1.62 0.50# 1.03 0.28

PE 1 0.69 0.56 0.08# 0.93 0.64 2.15 0.91# 0.69 0.3 0.94 0.28

GPE 1 0.14 1.05 0.28 0.92 0.08 0.96 0.25 0.37 0.19$ 0.35 0.03$

Cho 1 0.13 1.01 0.29 0.78 0.10# 1.16 0.19 0.62 0.5 0.49 0.10$

PC 1 0.41 1.4 0.09# 0.66 0.31 0.78 0.32 0.68 0.06 0.25 0.12$

CDPC 1 0.23 1.07 0.02 1.13 0.43 1.25 0.28 0.89 0.3 1.07 0.61

PtC 1 0.21 1.19 0.27 1 0.43 1.14 0.47 0.62 0.3 1.17 0.49

GPC 1 0.34 1.21 0.2 0.88 0.21 0.67 0.29 0.4 0.04$ 0.39 0.11$

Gna 1 0.79 0.78 0.1 0.92 0.7 1 0.3 3.28 1.85# 1.44 0.89

Cit 1 0.44 0.92 0.11 0.47 0.33 1.21 1.02 0.71 0.1 1.23 1.04

OP 1 0.93 1.32 0.33 3.11 1.26# 4.98 0.88$ 9.83 8.8 2.61 0.80#

ATP 1 0.57 2.05 0.16# 1.07 0.39 1.14 0.61 1.11 0.82 0.95 0.91

For 1 0.52 1.19 0.04 0.74 0.26 0.78 0.45 0.29 0.24# 0.32 0.14$

AMP 1 0.46 0.16 0.03# 0.77 0.48 0.66 0.59 0.14 0.09$ 0.24 0.13#

UDPX 1 0.22 1.19 0.34 1.5 0.82 1 0.19 0.94 0.67 0.78 0.63

Mean control value is set to 1 while dispersion of control data is maintained. Metabolite abbreviations, see Table 1. SD, standard deviation. #, P,0.05; *, P,0.025; $,
P,0.01, Mann-Whitney test.
Mean control value is set to 1 while dispersion of control data is maintained. Metabolite abbreviations, see Table 1. SD, standard deviation. *, P , 0.025; $, P , 0.01,
Mann-Whitney test.
doi:10.1371/journal.pone.0057971.t002
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Figure 2. Co-mapping of dose-related metabolite changes with metabolic schemes. A- Glutathione cycle and metabolism. Abbreviations:
GS-X, conjugated GSH; GSSG, oxidized GSH; GS-L, lactoyl-glutathione; Glu-Cys, glutamylcysteine; Cys, cysteine; Met, methionine; Ser, serine; GST,
glutathione S-transferase; GSR, glutathione S-reductase; GLO1, glyoxalase-1; GS, glutathione synthetase; GCL, glutamate-cysteine ligase; OPase,
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positively with the axis and Gna, Glu and Lac which correlated

negatively.

Response of MCF7 Cells to CUR in Cotreatment with Low
and High dose DTX

Cellular and biochemical measurements. The protocol of

cotreatment is shown in Fig. 5A. DNA content was decreased with

DTX-L and DTX-H at 72 h vs CTL at 72 h (60.3160.07, and

60.1560.03 the CTL level, both P,0.01). In contrast, tail DNA

was poorly altered with DTX-L and DTX-H (61.3360.16, and

60.8760.20 the CTL level, both P = NS). Measurements were

further normalized to 72 h-DTX values. Relative DNA content

relative showed a marked increase when duration of exposure to

CUR was 24 h with DTX-L (62.2660.15 vs 6160.22, P,0.01,

24 h cotreatment vs DTX-L alone), also an increase with DTX-H

(61.8460.30 vs 6160.24, P,0.05, 24 h cotreatment vs DTX-H

alone). With other durations of cotreatment, relative DNA content

was similar to that of the corresponding DTX value (P = NS)

(Fig. 5A,B). Tail DNA varied with duration of cotreatment

similarly as it did with CUR alone. At 96 h cotreatment with

DTX-L, it was61.9260.09 vs61.0060.12, cotreatment vs DTX-

L, P,0.05 (Fig. 5D). At 96 h cotreatment DTX-H, it was

61.8360.04 vs. 61.0060.12, cotreatment vs DTX-H, P,0.05

(Fig. 5E).

Metabolite profiling in co-treatment. At low dose DTX in

cotreatment (Fig. 5F), GSx content was increased by twice

whatever the duration of exposure to CUR (from 62.1 at 24 h

to62.0 at 96 h, all P,0.01). Other derivatives of GSx metabolism

included decreased Hcy (between 239% and 290%, both

P,0.025), decreased Gly (250 to 270%, from 24 h to 96 h, all

P,0.05), and increased tCr and Tau at 24 h and/or 48 h

(P,0.05). Among lipid metabolism derivatives, tFA and PUF

increased at 96 h cotreatment (63.2, and 65.4, P,0.01,

respectively), Ace increased at 48 h (63.5, P,0.025), GPC and

GPE both increased at 48 h and 72 h (up to +66% and +30%,

respectively, P,0.025). Among bioenergetics-related metabolites,

Lac increased from 24 to 72 h cotreatment (+107%, +30%, +43%,

all P,0.05), and MyI first increased at 24 h (+90%, P,0.025)

then decreased at 96 h (276%, P,0.025).

At high dose DTX in cotreatment (Fig. 5G), GSx increased

(from +195% at 24 h to +74% at 96 h, all P,0.01). Hcy increased

at 24 h cotreatment (+135%, P,0.025) then returned to the

control level. Gly decreased from 48 h to 96 h (about 260%, all

P,0.01), tCr increased at 48 h, and hTa decreased at 48 h (both,

P,0.05). Among lipid metabolism derivatives, tFA and PUF were

low at 24 h and 96 h cotreatment (290% and 292% at 24 h,

P,0.01 and 250% at 96 h for tFA, P,0.025). Lac increased at

24 h (+146%, P,0.01) then decreased at 96 h (260%, P,0.025).

MyI increased at 24 and 48 h (up to 65, P,0.025).

PCA of cotreatment-related metabolite data. PCA of

cotreatment with DTX-L revealed several separated clouds

(Fig. 6A), a first cloud corresponding to samples treated with

DTX-L alone, to the right, another cloud corresponding to CO-L-

24 h samples, then a cluster of CO-L-48 h and CO-L-72 h

samples and a cloud of CO-L-96 h samples. The F1 axis separated

the DTX-L group (to the right) alone from co-treatments (to the

left). It was explained positively by GSx-related derivatives (Hcy

and Asp) and lipid metabolism related-derivatives (CDPC and

Cit), and negatively by lipid derivatives (GPC, Cho, Ace). The F2

axis was explained positively by glucose utilization derivatives

(Lac, MyI and UDPX), and negatively by lipid metabolism

derivatives (tFA and PUF) (Fig. 6B). The metabolic fingerprint

underpinned by axis F2 had biphasic or hormetic behavior as a

function of duration of co-treatment, with a positive variation at

24 h cotreatment, reverted at 48 h then negative at 96 h.

PCA of cotreatment with DTX-H revealed a cloud of CO-H-

24 h samples clearly separated from the others along the F1 axis

(Fig. 6C). DTX-H scores in great part superimposed with CO-H-

48 h and CO-H-72 h scores. Another cloud was that of CO-H-

96 h samples, was well separated along the F2 axis. A metabolic

transition was revealed between DTX-H and CO-H-24 h

samples, and was fully reverted for 48 h of cotreatment. Axis F1

was mostly explained positively by GSx metabolism derivatives

(Glu, Gln, and Hcy) and lipid metabolism derivatives (CDPC,

GPC), and negatively by lipid metabolism derivatives (tFA, PUF,

Cho) and hTa (Fig. 6D). Axis F2 was mostly explained positively

by ATP and negatively by Cit and Gna.

Discussion

This article reports, to our knowledge, the first metabolomics

investigation of cancer cell response to CUR. 1H-NMR spectros-

copy-based metabolomics was applied to MCF7 and MDA-MB-

231 breast cancer cells responding to CUR according to dose, and

MCF7 breast cancer cells according to duration of CUR

treatment, alone and in combination with DTX. Metabolomics

identified prominent targets of CUR in both breast tumor cell

lines, including glutathione and lipid metabolism. Multivariate

statistical analyses revealed metabolic transitions, even biphasic or

hormetic responses with dose and duration of cotreatment with

DTX.

Responses of Breast Cancer Cells to CUR Dose
A major effect of CUR is its ability to both modulate and

generate intracellular ROS, as reported in several tumor cell types

[1,15,17,20,29]. ROS in low amounts are implicated in regular

cell function, signaling pathways, response to environmental

stresses and carcinogenesis. In high amount, ROS cause DNA

damage, lipid and protein peroxidation, and apoptosis. In this

study, ROS balance between production and quenching could be

evaluated from tail DNA measurement which accounts for DNA

oxidative damage and effectiveness of DNA repair systems. Tail

DNA increased at high doses, in favor that ROS production

overwhelmed cellular quenching capacities at those doses. Also,

some increase in ROS-related damages was found during delayed

(96 h) exposure to CUR used both alone and in combination with

DTX. Among metabolites testifying DNA damage, 8-hydroxy-

deoxyguanosine is the most abundant and by far the most studied.

But this biomarker of oxidative stress, as well as others including

malonyldialdehyde, a product of lipid peroxidation, are beyond

detectability in most NMR-based studies. However, in this study,

an unusual product of glucose oxidation significantly increased at

25 mg.l21. This metabolite, Gna, has been reported to accumulate

in breast cancer cells in a model of alkaloid-induced oxidative

oxoprolinase, CBS, cystathionine beta-synthase. Other metabolite abbreviations, as in Table 1. Italicized, enzymes; Grey, undetected/unmeasured
metabolites; #, P,0.05; *, P,0.025; $, P,0.01, Mann-Whitney test. B- Glycolysis and lipid metabolism. Abbreviations: PtE, phosphatidylethanolamine;
Glc, glucose; DAG, diacylglycerol; Pyr, pyruvate; ACoA, acetyl-CoA; PG, prostaglandin; CHK, choline kinase; CCT, choline cytidylyltransferase; PDH,
pyruvate dehydrogenase; PLA2, phospholipase A2; FASN, fatty acid synthase; COX-2, cyclooxygenase-2. Other metabolite abbreviations, as in Table 1.
#, P,0.05; *, P,0.025; $, P,0.01, Mann-Whitney test.
doi:10.1371/journal.pone.0057971.g002
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Figure 3. Multivariate analysis of CUR dose-related metabolite data. A- PLS-DA of metabolite data obtained in MCF7 and MDA-MB-231 cells
types responding to 10 mg.l21 CUR. Comapping of metabolites and 3 factors (cell type: MCF7 and MDA-MB-231) and common response to CUR at
10 mg.l21 (CUR10). Metabolite abbreviations, as in Table 1. B- PLS-DA of metabolite data obtained in MCF7 and MDA-MB-231 cells types responding
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stress [27]. Also, in this study, MCF7 and MDA-MB-231 breast

cancer cells demonstrated the same major dose-dependent

metabolic targets including glutathione metabolism and lipid

metabolism. Because these cell types differ by their expression of

hormonal receptors (only MCF7 cells express these receptors, and

are sensitive to hormonotherapy), it may be concluded that the

reported major metabolic targets do not depend on hormonal

signalling pathways, which make CUR a candidate adjuvant

therapy for estrogen-negative breast tumors with lower prognosis.

A prominent target of CUR is GSH metabolism, as revealed by

GSx and GSx-related magnitude of changes. The main regulatory

enzyme of GSH synthesis is glutamate-cysteine ligase (GCL)

(Fig. 2A). GSH plays a central role in cell protection against

oxidative stress as a cofactor of GSH peroxidases and GST. GST

enzymes belong to a family of multifunctional detoxification

proteins that protect cells from electrophilic compounds. Overex-

pression of GST in cancer is implicated in multidrug resistance.

However, intense conjugation and efflux may provoke GSH

cellular depletion, impairment of detoxification, and cell death. In

this study, changes in GSx and related metabolites testified of

upregulated biosynthesis of GSH through activation of GCL at

low doses explaining the enrolment of transsulfuration (decreased

levels of Hcy). Reactivation of GST at 50 mg.l21, at least in part,

explained the drop of GSx levels, since both parameters correlate

negatively and since biosynthetic activity of GSx was sustained

(exhaustion in GSx prcursors). High levels of GSH have been

reported in response to CUR [30,31], as well as upregulation of

GCL [30,31,32]. Another enzyme, cystathionine beta-synthase

(CBS), which regulates transsulfuration, plays an important role in

glutathione homeostasis. Our measurements, especially Hcy, show

that CBS pathway was recruited to respond to dramatic

requirement for GSH. GST activity was biphasic with decreased

activity at low dose CUR then increased activity at high dose, in

agreement with literature data [33]. Overall, at high dose CUR,

increased tail DNA, GST re-activation, GSx decrease, consistent

changes in GSx-related metabolites, and Gna increase, together

support the fact that ROS production overwhelmed tumor cell

defences explaining the drop in DNA content, cell cycle arrest and

cell death.

GSH metabolism is regulated by the Nrf2/antioxidant response

pathway (ARE) signaling pathway [34,35]. Nrf2 is a transcription

factor that induces genes which promoter contains ARE, including

antioxidant enzymes (GCL, glutathione reductase, catalase,

glutathione peroxidase, thioredoxin and thioredoxin reductase,

NADPH oxidoreductase, heme oxygenase) and phase-2 proteins

of the detoxification system (GST, UDP-glucuronosyltransferase)

[35]. Nrf2 activation has been implicated in tumor cell multidrug

resistance. However, at low dose, CUR inhibited GST activity

because of direct inhibition of the enzyme [33], not Nrf2 activity.

Our data are consistent with CUR dose-dependent activation of

the Nrf2 pathway since they show activation of GCL at low dose

then activation of GST at high dose resulting in biphasic behavior

of GSx.

Another recently reported enzymatic target of CUR is

glyoxylase-1 (GLO1), which links glycolysis to GSH metabolism

through the non enzymatic and permanent formation of

methylglyoxal, a side product of glycolysis [36]. Methylglyoxal is

a toxic 2-oxoaldehyde implicated in ROS production and

induction of apoptosis. The simultaneous decrease of Lac and

GSx levels at 50 mM curcumin in this study may be partly related

to inhibition of GLO1, whereas, at low dose CUR, GLO1 activity

should be unaffected. Inhibitors of GLO1 have been proposed as

potential anti-carcinogenic agents.

Besides GSH metabolism, another major response involved

lipid and phospholipid metabolism. At low dose CUR, there were

transient changes in PE and PC, two phospholipid derivatives of

ethanolamine and Cho metabolism, respectively. At high dose,

there was dramatic increase of tFA and PUF, to which could be

related increase of Ace, and decrease of GPC and GPE, two by-

products of phospholipid metabolism originating from activity of

phospholipase A2 (PLA2). PLA2 products (free fatty acids and

lysophosphatidylcholine) are bioactive and can initiate signalling

cascades that modulate cellular viability and inflammation.

Lysophosphatidylcholine is further catabolized in GPC. Increased

fatty acid NMR signals have been shown during accumulation of

mobile lipids and onset of apoptosis [37]. Mobile lipid accumu-

lation was reported in cytotoxic insults with inhibitors of

mitochondrial respiration involving mitochondrial damage, au-

tophagic vacuoles and lysosomal lipid catabolism [38]. The

formation of lipid droplets is another mechanism by which tFA

and PUF levels could increase. Lipid droplets are formed when

cells can no longer oxidize fatty acids because of deficient

mitochondrial functions. This mechanism is considered to prevent

lipotoxicity and induction of apoptosis due to accumulating free

fatty acids from either exogenous or endogenous sources. Taken

together, free fatty acid accumulation correlates with mitochon-

drial damage. In our study, decrease of GPC and GPE was in

favor of downregulation of PLA2 activity, possibly as a means for

the cell to limit release in the cytosol of membrane-originating

fatty acids and propagation of oxidative stress. Cyclooxygenase-2

(COX-2) can be induced by mitogenic and inflammatory stimuli, a

mechanism which results in enhanced synthesis of prostaglandins

in inflamed and neoplastic tissues. In our study, the accumulation

of PUF and tFA at high dose CUR is consistent with inhibition of

COX-2. Curcumin was shown to downregulate expression and

activity of COX-2 [39] and PLA2 [14,40] both in vitro and in vivo.

It may be proposed that increased levels of PUF and tFA and

decreased levels of GPC and GPE indicate inhibition of COX-2

and PLA2, both with anti-inflammatory effect. As a matter of

comparison, in serum of patients with active tuberculosis, lower

levels of lysophosphatidylcholine, the precursor of GPC, were

found and attributed to an anti-inflammatory response [41]. Thus

our lipid metabolism derivatives are candidate biomarkers of the

inflammation status.

Lipid metabolism alterations that we observe at high dose CUR

may be linked to NF-kB pathway. NF-kB is a transcription factor

that regulates the transcription of many genes for immune

to 50 mg.l21 CUR. Comapping of metabolites and 3 factors (cell type: MCF7 and MDA-MB-231) and common response to CUR at 50 mg.l21 (CUR50).
Metabolite abbreviations, as in Table 1. C- PCA of CUR dose related data. Each score corresponds to an individual measurement and is labeled CTL or
the corresponding CUR dose level. F1 and F2, first 2 principal components with the percentage of total variance of data they account for. Two elliptic
clouds separate, to the left, the set of CTL and low dose CUR (0.5, 2.5, and 10 mg.l21) samples, and, to the right, the set of high dose CUR (25 and
50 mg.l21) samples. Grey arrow, trajectory between low and high dose clouds. D- Loading plot of PCA. Metabolite abbreviations, as in Table 1. E-
Partial correlation of CUR dose-related data with available covariables (DNA content, tail DNA and GST activity). Red, positive correlation; green,
negative correlation; left, color scale of correlations, between -1 and +1. F- PLS-DA of metabolite data, after fitting to a hormetic model, showing the
VIP plot of the 5 most discriminant metabolites with hormetic behaviour (left). Corresponding loading plot (right). Metabolite abbreviations, as in
Table 1.
doi:10.1371/journal.pone.0057971.g003
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Figure 4. Duration of exposure-related response to CUR. Cells were treated with 10 mg.l21 CUR and followed for 96 h. A- Cellular DNA
content in attached MCF7 tumor cells relative to time-matched CTL. DNA content was measured using the Hoechst fluorescence intensity assay. *,
P,0.05, **, P,0.01 CUR vs. CTL, Mann-Whitney test. B- Tail DNA relative to time-matched CTL. DNA. Tail DNA was assessed using the alkaline Comet
assay. *, P,0.05, CUR vs. CTL, Mann-Whitney test. C- Total GST activity relative to time-matched CTL. GST activity was measured using the Cayman
Chemical Company assay kit. **, P,0.01, CUR vs. CTL, Mann-Whitney test. D- Metabolite variations relative to time-matched CTL. #, P,0.05; *,
P,0.025; $, P,0.01, CUR vs. CTL, Mann-Whitney test. E- PCA of duration of exposure-related data. The scores plot is displayed with individual scores
labeled by their duration of exposure, between 24 h and 96 h, with CTL data also displayed. F1 and F2, first 2 principal components with the
percentage of total variance of data they account for. Grey arrows, duration of exposure-related trajectory. F- Corresponding loading plot of PCA of
duration of exposure-related data. Metabolite abbreviations, as in Table 1.
doi:10.1371/journal.pone.0057971.g004
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response (interleukin-6), cell adhesion (matrix metallopeptidase-9),

differentiation, proliferation (COX-2, cyclins), angiogenesis

(VEGF), and antiapoptosis (Bcl-2) [42]. NF-kB activation is

involved in multiple human pathologies including inflammatory

diseases, immune deficiencies, diabetes, and atherosclerosis as well

as oncogenesis. CUR has been reported to inhibit NF-kB, thus

suppressing various cell survival and proliferative genes, resulting

in anti-inflammatory effects [9] [31,32]. Therefore, at high dose,

observed changes in tFA, PUF, GPC and GPE may indicate NF-

kB inhibition.

Responses to CUR in Cotreatment with DTX
The combination of CUR with other anticancer agents

deserved much interest, as a mean of sensitizing tumor cells to

chemotherapy or other aims. CUR was shown to exert additive

effects when combined with vinblastine, a microtubule depoly-

merizing drug, although antagonistic effects in combination with

paclitaxel [21]. Also, CUR at low dose (#10 mM) inhibited

chemotherapy-induced apoptosis in breast cancer cells [20].

Therefore, anticipating the results of a therapeutic association

including CUR may reveal at risk, and more investigations are

required to better understand the mechanisms of the interaction.

DTX is a taxoid cytotoxic agent that stabilizes microtubule

assembly and prevents microtubule depolymerisation, leading to

cell cycle arrest in the G2/M phase and apoptosis. Despite CUR

and DTX seem to have antagonist effect on microtubules [21],

both agents induce cell cycle arrest. In addition, anti-oxidant

effects of CUR in noncancerous cells can be exploited as a means

of reducing DTX systemic toxicity. This reasoning led to propose

the association of CUR with DTX in the treatment of patients

with advanced and metastatic breast cancer [25]. The choice of

the dose of CUR (10 mg.l21) corresponded to the order of

magnitude of concentration that may be reached in human plasma

following oral intake [43].

In our study, cotreatment with low dose as well high dose DTX

increased DNA content of MCF7 cell pellets when exposure to

CUR was 24 h. For longer delays of exposure, DNA content was

similar or poorly decreased in comparison to DTX effects alone.

Given the above discussion, there is major suspicion that response

at 24 h be pro-inflammatory and anti-oxidative. However

metabolomics provided further insight into the mechanisms of

the response. Combination maintained high levels of GSx

whatever the duration of CUR treatment. Thus GSH synthesis

and decreased GST activity in response to CUR at 10 mg.l21

were sustained whatever the duration of exposure to CUR. At low

dose DTX, GSH synthesis was supported by reduction in Glu (and

related Asp) levels, and by active transsulfuration (attested by low

Hcy levels). High GSx level could also be sustained by high GLO1

activity. Moreover, tFA and PUF, two of our biomarkers of

inflammation, increased at 96 h only, in favor of the emergence of

anti-inflammatory effects with long delays of treatment by CUR.

Consistently, GPC and GPE which were increased at 48 h and

72 h, in favor of pro-inflammatory effects, tended to decrease at

96 h only. At high dose DTX, tFA and PUF from 24 h to 96 h

indicating a sustained pro-inflammatory response due to co-

treatment by CUR Consistently, GPC and GPE were between

24 h and 96 h, also in favor of a pro-inflammatory response.

Finally, at 72 h and 96 h, accumulated, Gna, an abnormal

product of glucose utilization incrased which may announce the

emergence of oxidative stress [27], and correlates with other

abnormalities in glucose utilization at 96 h (Lac decrease).

Overall, metabolomics draws attention on the fact that

associating CUR at in vivo-achievable dose to DTX may induce

undesirable responses in breast cancer cells including pro-

inflammatory and anti-oxidant effects. Therefore the combination

needs further evaluation in terms of benefit-toxicity ratio because,

although it may alleviate chemotherapy-related toxicity in normal

cells, it may reduce chemotherapy efficacy in tumor cells.

Hormetic Responses to CUR
Some metabolites or metabolite subsets were found to behave

biphasically, even hormetically, with dose or duration of associ-

ation with DTX. Hormetic effects have been reported for cell

proliferation with CUR dose [9]. Also, hormetic effects have been

described in response to CUR for metabolites or enzyme activities

including GLO1 [36], thioredoxin reductase [13] and others [44].

In addition, the disparity of GSH level and GST activity

encountered at a single dose of CUR in various (tumoral and

non tumoral) cell types may be explained by hormetic behavior

[29]. Molecular pathways involved in hormetic response to

stressing agents in tumor cells include p53-dependent apoptotic

pathways, sphingomyelin metabolism pathway, Nrf2 transcription

factor pathway, and others [44].

In cotreatments of CUR with low dose DTX, metabolomics

revealed a hormetic component with duration of exposure to

CUR, the F2 axis of PCA, which was explained by accumulation

of glucose metabolization products (MyI, Lac, UDPX) and

diminished lipid content (tFA, PUF). These alterations at 24 h

cotreatment, reverted from 48 h to 96 h, thus following a hormetic

behavior. CUR was reported to activate the AMPK pathway [40]

The involvement of AMPK signaling could account for simulta-

neous increase in glycolysis (Lac high) and decreased fatty acid

biosynthesis, or increased fatty acid catabolism (tFA, PUF low).

The second phase of hormesis could take place when AMPK

activation was followed by COX-2 inhibition [40], yielding to

accumulation of tFA and PUF. Another mechanism which could

explain hormesis of metabolic pathways underlain by axis F2 is the

response of pyruvate dehydrogenase (PDH) to regulation of PDH

kinase by ROS. Metabolite changes similar to those explaing F2

were reported in PDH kinase modulation by ROS [45]. PDH

blockade through ROS quenching by CUR at 24 h could account

for Lac accumulation and fatty acid decrease. Hormetic reponses

should contribute to apparently paradoxical responses to CUR.

This is the reason why identifying biomarkers of the response to

CUR is important. This study establishes that derivatives of

glutathione metabolism (especially GSx) and lipid metabolism

(tFA, PUF, GPC and GPE) are candidate biomarkers of the

Figure 5. Response of MCF7 cells to co-treatment with CUR and DTX. A- Protocol of cotreatment. Thin arrows, onset of DTX treatment at
either low or high dose. White arrow, onset of CUR treatment (10 mg.l21). Right, abbreviations designating each condition: CO, cotreatment; L or H,
low dose DTX or high dose DTX; 24–96 h, duration of exposure to CUR at the time of measurement. B- Cellular DNA content in attached MCF7 tumor
cells relative to time-matched CTL in combinations with low dose DTX (DTX-L). DNA content was measured using the Hoechst fluorescence intensity
assay. C- Cellular DNA content in attached MCF7 tumor cells relative to time-matched CTL in combinations with high dose DTX (DTX-H). D- Tail DNA
for cotreatment with low dose DTX (DTX-L) relative to DTX-L. Tail DNA was assessed using the alkaline Comet assay. E- Tail DNA for cotreatment with
high dose DTX (DTX-H) relative to DTX-H. F- Metabolite variations as a function of duration of cotreatment with low dose DTX (DTX-L). Abbreviations,
as in Table 1. #, P,0.05; *, P,0.025; $, P,0.01, cotreatment vs. DTX-L, Mann-Whitney test. G- Metabolite variations as a function of duration of
cotreatment with high dose DTX (DTX-H). Abbreviations, as in Table 1. #, P,0.05; *, P,0.025; $, P,0.01, cotreatment vs. DTX-H, Mann-Whitney test.
doi:10.1371/journal.pone.0057971.g005
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impact of CUR on the redox status and the inflammatory status of

treated cells, also able to follow biphasic responses to CUR.

Conclusions
1H-NMR spectroscopy-based metabolomics revealed promi-

nent targets of CUR in MCF7 and MDA-MB-231 breast cancer

cells, including glutathione metabolism, lipid/phospholipid me-

tabolism, and glucose utilization. Candidate biomarkers of the

response to CUR are proposed, able to inform on oxidative and

inflammatory status of breast tumor cells. Also, metabolomics

demonstrated metabolic biphasic responses related to CUR dose

and duration of cotreatment with DTX, a chemotherapy agent.

Figure 6. Multivariate analysis of cotreatment-related metabolite data. A- PCA of data related to cotreatment with curcumin and DTX-L.
Each score corresponds to an individual measurement and is labeled as in Fig. 5A. F1 and F2, first 2 principal components with the percentage of total
variance of data they account for. Cloud contours are displayed for DTX-L, CO-L-24 h, the set of CO-L-48 h and CO-L-72 h, and CO-L-96 h. Arrows,
duration of exposure-related trajectory. B- Corresponding loading plot. Metabolite abbreviations, as in Table 1. C- PCA of data related to cotreatment
with curcumin and DTX-H. Each score corresponds to an individual measurement and is labeled as in Fig. 5A. F1 and F2, first 2 principal components
with the percentage of total variance of data they account for. Cloud contours are displayed for CO-H-24 h, the set of DTX-H, CO-H-48 h and CO-H-
72 h, and CO-H-96 h. Grey arrows, duration of exposure-related trajectory. D- Corresponding loading plot. Metabolite abbreviations, as in Table 1.
doi:10.1371/journal.pone.0057971.g006
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Biphasic behavior or hormesis likely accounts for apparently

paradoxical effects reported for CUR used at different doses, in

various therapeutic combinations and cell types, including

oxidative and inflammatory status. Such behavior, here demon-

strated at the metabolome level and probably underlaid by

generalized cellular stress responses, challenges the widely

accepted beneficial effects of the phytochemical.

Supporting Information

Table S1 CUR dose-related data in MDA-MB-231 cells
(fold variation vs. 24 h controls). Mean control value is set to

1 while dispersion of control data is maintained. Metabolite

abbreviations, see Table 1. SD, standard deviation. *, P,0.025; $,

P,0.01, Mann-Whitney test.

(DOC)

Acknowledgments

The authors thank Dr Isabelle Hininger-Favier and Mireille Osman from

INSERM U884 unit (Joseph Fourier University, Grenoble, France), for

technical support with the Comet Assay.

Author Contributions

Conceived and designed the experiments: MBR DM. Performed the

experiments: MBR DM. Analyzed the data: MBR DM. Contributed

reagents/materials/analysis tools: MBR DM. Wrote the paper: MBR DM.

References

1. Sandur SK, Pandey MK, Sung B, Ahn KS, Murakami A, et al. (2007)

Curcumin, demethoxycurcumin, bisdemethoxycurcumin, tetrahydrocurcumin

and turmerones differentially regulate anti-inflammatory and anti-proliferative

responses through a ROS-independent mechanism. Carcinogenesis 28: 1765–

1773.

2. Shao ZM, Shen ZZ, Liu CH, Sartippour MR, Go VL, et al. (2002) Curcumin

exerts multiple suppressive effects on human breast carcinoma cells. Int J Cancer

98: 234–240.

3. Karunagaran D, Rashmi R, Kumar TR (2005) Induction of apoptosis by

curcumin and its implications for cancer therapy. Curr Cancer Drug Targets 5:

117–129.

4. Huang MT, Lou YR, Ma W, Newmark HL, Reuhl KR, et al. (1994) Inhibitory

effects of dietary curcumin on forestomach, duodenal, and colon carcinogenesis

in mice. Cancer Res 54: 5841–5847.

5. Dorai T, Cao YC, Dorai B, Buttyan R, Katz AE (2001) Therapeutic potential of

curcumin in human prostate cancer. III. Curcumin inhibits proliferation,

induces apoptosis, and inhibits angiogenesis of LNCaP prostate cancer cells

in vivo. Prostate 47: 293–303.

6. Kuhad A, Pilkhwal S, Sharma S, Tirkey N, Chopra K (2007) Effect of curcumin

on inflammation and oxidative stress in cisplatin-induced experimental

nephrotoxicity. J Agric Food Chem 55: 10150–10155.

7. Ali S, Ahmad A, Banerjee S, Padhye S, Dominiak K, et al. (2010) Gemcitabine

sensitivity can be induced in pancreatic cancer cells through modulation of miR-

200 and miR-21 expression by curcumin or its analogue CDF. Cancer Res 70:

3606–3617.

8. Ganta S, Amiji M (2009) Coadministration of Paclitaxel and curcumin in

nanoemulsion formulations to overcome multidrug resistance in tumor cells. Mol

Pharm 6: 928–939.

9. Kamat AM, Sethi G, Aggarwal BB (2007) Curcumin potentiates the apoptotic

effects of chemotherapeutic agents and cytokines through down-regulation of

nuclear factor-kappaB and nuclear factor-kappaB-regulated gene products in

IFN-alpha-sensitive and IFN-alpha-resistant human bladder cancer cells. Mol

Cancer Ther 6: 1022–1030.

10. Surh YJ, Kundu JK, Na HK (2008) Nrf2 as a master redox switch in turning on

the cellular signaling involved in the induction of cytoprotective genes by some

chemopreventive phytochemicals. Planta Med 74: 1526–1539.

11. Kim AN, Jeon WK, Lee JJ, Kim BC (2010) Up-regulation of heme oxygenase-1

expression through CaMKII-ERK1/2-Nrf2 signaling mediates the anti-

inflammatory effect of bisdemethoxycurcumin in LPS-stimulated macrophages.

Free Radic Biol Med 49: 323–331.

12. Garg R, Gupta S, Maru GB (2008) Dietary curcumin modulates transcriptional

regulators of phase I and phase II enzymes in benzo[a]pyrene-treated mice:

mechanism of its anti-initiating action. Carcinogenesis 29: 1022–1032.

13. Fang J, Lu J, Holmgren A (2005) Thioredoxin reductase is irreversibly modified

by curcumin: a novel molecular mechanism for its anticancer activity. J Biol

Chem 280: 25284–25290.

14. Hong J, Bose M, Ju J, Ryu JH, Chen X, et al. (2004) Modulation of arachidonic

acid metabolism by curcumin and related beta-diketone derivatives: effects on

cytosolic phospholipase A(2), cyclooxygenases and 5-lipoxygenase. Carcinogen-

esis 25: 1671–1679.

15. Cao J, Jia L, Zhou HM, Liu Y, Zhong LF (2006) Mitochondrial and nuclear

DNA damage induced by curcumin in human hepatoma G2 cells. Toxicol Sci

91: 476–483.

16. Sandur SK, Ichikawa H, Pandey MK, Kunnumakkara AB, Sung B, et al. (2007)

Role of pro-oxidants and antioxidants in the anti-inflammatory and apoptotic

effects of curcumin (diferuloylmethane). Free Radic Biol Med 43: 568–580.

17. Barzegar A, Moosavi-Movahedi AA (2011) Intracellular ROS protection

efficiency and free radical-scavenging activity of curcumin. PLoS One 10:

e26012.

18. Chan WH, Wu HJ, Hsuuw YD (2005) Curcumin inhibits ROS formation and

apoptosis in methylglyoxal-treated human hepatoma G2 cells. Ann N Y Acad

Sci 1042: 372–378.

19. Tiziani S, Lodi A, Khanim FL, Viant MR, Bunce CM, et al. (2009)

Metabolomic profiling of drug responses in acute myeloid leukaemia cell lines.
PLoS One 4: e4251.

20. Somasundaram S, Edmund NA, Moore DT, Small GW, Shi YY, et al. (2002)
Dietary curcumin inhibits chemotherapy-induced apoptosis in models of human

breast cancer. Cancer Res 62: 3868–3875.

21. Banerjee M, Singh P, Panda D (2010) Curcumin suppresses the dynamic

instability of microtubules, activates the mitotic checkpoint and induces
apoptosis in MCF-7 cells. FEBS J 277: 3437–3448.

22. Morvan D, Demidem A (2007) Metabolomics by proton nuclear magnetic
resonance spectroscopy of the response to chloroethylnitrosourea reveals drug

efficacy and tumor adaptive metabolic pathways. Cancer Res 67: 2150–2159.

23. Tan G, Lou Z, Liao W, Zhu Z, Dong X, et al. (2011) Potential biomarkers in

mouse myocardium of doxorubicin-induced cardiomyopathy: a metabonomic
method and its application. PLoS One 6: e27683.

24. Massimi M, Tomassini A, Sciubba F, Sobolev AP, Devirgiliis LC, et al. (2012)
Effects of resveratrol on HepG2 cells as revealed by (1)H-NMR based metabolic

profiling. Biochim Biophys Acta 1820: 1–8.

25. Bayet-Robert M, Kwiatkowski F, Leheurteur M, Gachon F, Planchat E, et al.

(2010) Phase I dose escalation trial of docetaxel plus curcumin in patients with

advanced and metastatic breast cancer. Cancer Biol Ther 9: 8–14.

26. Hininger I, Chollat-Namy A, Sauvaigo S, Osman M, Faure H, et al. (2004)

Assessment of DNA damage by comet assay on frozen total blood: method and
evaluation in smokers and non-smokers. Mutat Res 558: 75–80.

27. Bayet-Robert M, Lim S, Barthomeuf C, Morvan D (2010) Biochemical disorders

induced by cytotoxic marine natural products in breast cancer cells as revealed

by proton NMR spectroscopy-based metabolomics. Biochem Pharmacol 80:
1170–1179.

28. Bayet-Robert M, Loiseau D, Rio P, Demidem A, Barthomeuf C, et al. (2010)
Quantitative two-dimensional HRMAS 1H-NMR spectroscopy-based metabo-

lite profiling of human cancer cell lines and response to chemotherapy. Magn
Reson Med 63: 1172–1183.

29. Syng-Ai C, Kumari AL, Khar A (2004) Effect of curcumin on normal and tumor
cells: role of glutathione and bcl-2. Mol Cancer Ther 3: 1101–1108.

30. Lavoie S, Chen Y, Dalton TP, Gysin R, Cuenod M, et al. (2009) Curcumin,
quercetin, and tBHQ modulate glutathione levels in astrocytes and neurons:

importance of the glutamate cysteine ligase modifier subunit. J Neurochem 108:
1410–1422.

31. Biswas SK, McClure D, Jimenez LA, Megson IL, Rahman I (2005) Curcumin
induces glutathione biosynthesis and inhibits NF-kappaB activation and

interleukin-8 release in alveolar epithelial cells: mechanism of free radical

scavenging activity. Antioxid Redox Signal 7: 32–41.

32. Zhou H, Beevers CS, Huang S (2011) The targets of curcumin. Curr Drug

Targets 12: 332–347.

33. Hayeshi R, Mutingwende I, Mavengere W, Masiyanise V, Mukanganyama S

(2007) The inhibition of human glutathione S-transferases activity by plant
polyphenolic compounds ellagic acid and curcumin. Food Chem Toxicol 45:

286–295.

34. Erlank H, Elmann A, Kohen R, Kanner J (2011) Polyphenols activate Nrf2 in

astrocytes via H2O2, semiquinones, and quinones. Free Radic Biol Med 51:
2319–2327.

35. Balogun E, Hoque M, Gong P, Killeen E, Green CJ, et al. (2003) Curcumin
activates the haem oxygenase-1 gene via regulation of Nrf2 and the antioxidant-

responsive element. Biochem J 371: 887–895.

36. Santel T, Pflug G, Hemdan NY, Schafer A, Hollenbach M, et al. (2008)

Curcumin inhibits glyoxalase 1: a possible link to its anti-inflammatory and anti-
tumor activity. PLoS One 3: e3508.

37. Hakumaki JM, Poptani H, Sandmair AM, Yla-Herttuala S, Kauppinen RA
(1999) 1H MRS detects polyunsaturated fatty acid accumulation during gene

therapy of glioma: implications for the in vivo detection of apoptosis. Nat Med 5:
1323–1327.

38. Delikatny EJ, Chawla S, Leung DJ, Poptani H (2011) MR-visible lipids and the
tumor microenvironment. NMR Biomed 24: 592–611.

Response of Breast Cancer Cells to Curcumin

PLOS ONE | www.plosone.org 16 March 2013 | Volume 8 | Issue 3 | e57971



39. Camacho-Barquero L, Villegas I, Sanchez-Calvo JM, Talero E, Sanchez-

Fidalgo S, et al. (2007) Curcumin, a Curcuma longa constituent, acts on MAPK
p38 pathway modulating COX-2 and iNOS expression in chronic experimental

colitis. Int Immunopharmacol 7: 333–342.

40. Lee YK, Park SY, Kim YM, Park OJ (2009) Regulatory effect of the AMPK-
COX-2 signaling pathway in curcumin-induced apoptosis in HT-29 colon

cancer cells. Ann N Y Acad Sci 1171: 489–494.
41. Weiner J, 3rd, Parida SK, Maertzdorf J, Black GF, Repsilber D, et al. (2012)

Biomarkers of inflammation, immunosuppression and stress with active disease

are revealed by metabolomic profiling of tuberculosis patients. PLoS One 7:
e40221.

42. Beinke S, Ley SC (2004) Functions of NF-kappaB1 and NF-kappaB2 in immune

cell biology. Biochem J 382: 393–409.

43. Shoba G, Joy D, Joseph T, Majeed M, Rajendran R, et al. (1998) Influence of

piperine on the pharmacokinetics of curcumin in animals and human volunteers.

Planta Med 64: 353–356.

44. Birringer M (2011) Hormetics: dietary triggers of an adaptive stress response.

Pharm Res 28: 2680–2694.

45. Hurd TR, Collins Y, Abakumova I, Chouchani ET, Baranowski B, et al. (2012)

Inactivation of pyruvate dehydrogenase kinase 2 by mitochondrial reactive

oxygen species. J Biol Chem 287: 35153–35160.

Response of Breast Cancer Cells to Curcumin

PLOS ONE | www.plosone.org 17 March 2013 | Volume 8 | Issue 3 | e57971


