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ARTICLE INFO ABSTRACT

Background: Resveratrol, a polyphenol found in plant products, has been shown to regulate many cellular
processes and to display multiple protective and therapeutic effects. Several in vitro and in vivo studies
have demonstrated the influence of resveratrol on multiple intracellular targets that may regulate metabolic
homeostasis.

Methods: We analysed the metabolic modifications induced by resveratrol treatment in a human hepatoblas-
toma line, HepG2 cells, using a 'H-NMR spectroscopy-based metabolomics approach that allows the simulta-
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HepG2 Results: Results demonstrated that cells cultured in the presence or absence of resveratrol displayed different

Sirt1 metabolic profiles: the treatment induced a decreased utilisation of glucose and amino acids for purposes of
energy production and synthesis associated to a decreased release of lactate in the culture medium and an
increase in succinate utilisation. At the same time, resveratrol treatment slowed the cell cycle in the S
phase without inducing apoptosis, and increased Sirt1 expression, also affecting its intracellular localisation.
Conclusions: Our results show that the metabolomic analysis of the exometabolome of resveratrol-treated
HepG2 cells indicates a metabolic switch from glucose and amino acid utilisation to fat utilisation for the pro-
duction of energy, and seem in agreement with an effect mediated via AMPK- and Sirt1-activation.

General significance: NMR-based metabolomics has been applied in a hepatocyte cell culture model in relation
to resveratrol treatment; such an approach could be transferred to evaluate the effects of nutritional com-
pounds with health impact.

Metabolic profiling
NMR spectroscopy
Metabolomics
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1. Introduction importance of its interaction with sirtuins. In particular, resveratrol

has been shown to increase Sirtl activity and to enhance Sirtl-

Resveratrol (3,5,4'-trihydroxystilbene) is a polyphenol found in
grapes, grape products and other plant products that has been the
subject of intense scientific interest in recent years on account of its
multiple protective and therapeutic effects [1-5]. Reported health
benefits include cardioprotection, antiaging effects, defence against
metabolic and neurodegenerative diseases, cancer prevention and
therapy [6,7]. Some important cellular processes, such as cell cycle
regulation and apoptosis are deeply influenced by this compound
and its preventive and/or therapeutic properties against cancer have
often been ascribed to antiproliferative and pro-apoptotic effects [8].

More recent research on the molecular mechanisms by which res-
veratrol might exert many of its biological effects has emphasised the
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dependent metabolic processes both in vivo and in vitro [9-11].
Resveratrol can affect different metabolic pathways depending on
the organ or cell type, on the cell state, and on the duration and dos-
age of treatment. At the same time, it has been shown that resveratrol
has numerous intracellular targets and affects the expression and
activity of different transcription factors/cofactors, thus regulating
metabolic homeostasis and resulting in multiple pleiotropic effects.
Among the numerous metabolic effects exhibited by resveratrol, the
topic of “calorie restriction mimicry” has aroused considerable inter-
est and several studies on cell cultures have been performed forcing
the system toward either a fed or a fasted condition by increasing
or decreasing nutritional supplies in the culture medium [10,12-14].
These considerations prompted us to study the metabolic modifi-
cations induced by resveratrol treatment in an in vitro system, using a
metabolomic approach that allows the simultaneous screening of
multiple metabolic pathways. Considering that the liver is one of
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the main target organs of resveratrol action in vivo, we analysed the
effects of resveratrol on HepG2 cells, a human hepatoblastoma line
that, although actively proliferating, exhibits many features specific
to human differentiated hepatocytes, and is also widely used in res-
veratrol metabolic studies [15-17].

We first verified in our experimental conditions whether cellular
responses to the treatment were similar to those reported in the liter-
ature, particularly in regard to antiproliferative and apoptotic effects
[17,18]. Next, we studied the metabolic profile in relation to resvera-
trol treatment. Changes in the exo-metabolome were evaluated using
TH-NMR spectroscopy on medium and Multivariate Data Analysis
(MVDA). The utilisation of substrates and the concurrent release of
metabolites into the extracellular space reflect the metabolic path-
ways that operate during a given set of physiological activities and
in response to metabolic perturbations, either chemical or physical,
leading to the characterisation of a specific metabolic profile (or fin-
gerprint). Previously, this approach allowed us to discriminate two
different metabolic profiles in HepG2 cells in relation to different
phases of cell growth [19].

2. Materials and methods
2.1. Cell culture and viability

Human HepG2 cells were purchased from the American Type
Culture Collection (ATCC) and were used within twenty passages.
Cells, suspended in RPMI 1640 medium (Sigma) supplemented with
10% foetal calf serum, 2 mM L-glutamine, 1% sodium pyruvate,
100 pg/mL streptomycin and 100 U/mL penicillin, were seeded in cul-
ture plates at 8 x 104 cells/cm? at 37 °C in a humidified incubator in
the presence of 5% CO,. Resveratrol (Sigma), 20-200 upM in DMSO,
was added to the cells and cultures were incubated for 24 or 48 h.
Cells cultured in medium containing only DMSO were used as con-
trols. At each time point, viable cells were estimated by a Trypan
blue exclusion test. To evaluate the percentage of damaged cells,
LDH leakage was monitored using an LDH Cytotoxicity Assay Kit
(BioVision Inc.) on cells cultured in multiwells in the presence or
absence of different amounts of resveratrol. DO was measured at
450 nm with a microplate reader (Bio-RAD).

2.2. Cytofluorimetric assay and DAPI staining

HepG2 cells after 24 or 48 h of treatment and control cells were
extensively washed with PBS and 1 x 10° aliquots were permeabilised
with cold 70% ethanol for 30 min. The cells were then treated in the
dark at room temperature with a DNA-staining solution (50 pg/ml
propidium iodide in 0.1% sodium citrate containing 0.1% Triton
X100). Cell cycle phase distribution was analysed by flow cytometry
(FACScan flow cytometry, Becton Dickinson Immunocytometry
System). Data from 10,000 events per sample were collected and
analysed using Cell Quest software.

In parallel experiments, cells were cultured on coverslips and
stained with DAPI (Sigma), 1:10,000 in PBS and observed under an
epifluorescence microscope (Axioplan 2, Zeiss).

2.3. Sirt1 detection

2.3.1. Western blot analysis

To prepare the whole-cell lysates, cells were washed with ice-
cold PBS, harvested and sonicated in lysis buffer (PBS containing
100 pg/mL PMSF and 5 pg/mL leupeptin). Proteins (80 g) were sepa-
rated on 10% SDS-PAGE and then transferred to a nitrocellulose
membrane (Bio-Rad). The membrane was first blocked with 5%
non-fat milk and then blotted with a rabbit polyclonal antibody to
Sirt1 (Sigma) diluted 1:500 in Tris-bufferd saline (10 mM Tris-HCI,
150 mM NaCl, pH 7.4) for 2 h. After washing, the membranes were

incubated with an anti-rabbit secondary antibody (1:10,000) for
1 h. The immunocomplexes were visualised by NBT-BCIP detection
of alkaline phosphatase-conjugated secondary antibodies (Sigma).
Quantitative analysis of the bands was performed on digitised im-
ages using the Image] 3.0 software. B-actin protein levels were
determined to normalise the data.

2.3.2. Immunofluorescence

Cells grown on coverslips were fixed in methanol for 10 min at
—20 °C, and non-specific staining was blocked with 10% normal
goat serum in PBS. Cells were then incubated for 2 h at room temper-
ature with a polyclonal antibody to Sirt1 (Sigma), 1:80 in PBS with 1%
BSA. They were then stained with Alexa Fluor 555-conjugated goat
anti-rabbit IgG for 1 h at room temperature (Molecular Probes, Invi-
trogen). After rinsing, the coverslips were mounted on slides in aque-
ous medium and examined under an epifluorescence microscope
(Axioplan 2, Zeiss). Negative controls were performed by exposing
slides under similar conditions while omitting the primary antibody.

2.4. Oil Red O staining

Cells were fixed in 10% formaldehyde in PBS for 1 h (or overnight)
and stained with a working solution (5 mM) of Oil Red O (Sigma)
for 10 min at room temperature. For quantitative analysis of cellular
triglycerides, after exhaustive washings with water samples were
dried and 60% isopropyl alcohol was added. The extracted dye was
immediately removed by gentle pipetting and its absorbance was
monitored by a spectrophotometer (Genesys) at 500 nm.

2.5. 'H NMR spectroscopy and multivariate analysis

2.5.1. "H NMR spectroscopy

'H NMR Spectra were acquired at a temperature of 298 K using a
Bruker Avance 400 spectrometer (Bruker BioSpin GmbH, Germany)
equipped with a magnet operating at 9.4 T, where the 'H nucleus reso-
nates at 400.13 MHz. The probehead was a 5 mm diameter multinuclear
PABBO BB-1H/D (Z108618/0044) equipped with z-gradient. The pulse
sequence adopted for spectra acquisition was a presaturation-single
90° detection pulse-acquire-delay sequence that is a modification of
the presaturation ZGPR sequence available as a standard sequence in
the spectrometer library. The modification makes it possible to set the
presaturation delay independently of the D1 relaxation delay, while in
the standard sequence the solvent signal is saturated for the entire dura-
tion of the relaxation delay. Since our spectra were acquired under full
relaxation conditions, with a very long relaxation interval (9.5 s), our se-
quence allowed us to irradiate the solvent nuclei for a given time (3 s)
leaving a true relaxation delay of 6.5 s. The acquisition time needed to
collect the 32K points was about 5.5s, allowing proton nuclei
other than solvent nuclei to relax for 15s, complying with the
full relaxation condition after a 90° pulse. The duration of the de-
tection pulse was calibrated prior to the acquisition of each spec-
trum, the spectral width was set to 5995.02 Hz (12 ppm), 64
scans were collected for each spectrum. 1TH NMR spectra were pro-
cessed using the 1H-Manager ver. 12.0 software (Advanced Chem-
istry Development, Inc., Toronto, Ontario, Canada). The assignment
of peaks to specific metabolites was achieved using an internal li-
brary of compounds and the literature [20,21, www.hmdb.ca] and
confirmed by standard two-dimensional (2D)'H-'H correlation
spectroscopy (COSY), total correlation spectroscopy (TOCSY), and
'H-13C heteronuclear single quantum correlation (HSQC).

2.5.2. Multivariate analysis

Multivariate data analysis was carried out using Unscrambler 9.8
Software (CAMO, Oslo, Norway). Spectral data were mean centred
and scaled before analysis [22] Principal components analysis (PCA)
was used to examine inherent clustering and to identify outliers.
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In addition, Projection to Latent Structure (PLS) or Partial least
squares-discriminant analysis (PLS-DA) [22] methods were applied
to maximise the distinction between sample groups, focusing on
differences according to group metabolic variations, and to assess
the correlation between the observed NMR data and class member-
ship information (i.e. an external variable that indicates to which
class the samples belong, of which the values are 0 for control and 1
for resveratrol-treated samples) as the response variable. Unpaired
Student's t-test was applied to the discriminant variables obtained
from partial least squares discriminant analysis; a P value <0.05 was
considered significant.

2.6. 3C NMR spectroscopy

A serum-free RPMI 1640 medium supplemented with ITS (Sigma-
Aldrich), 1% BSA (Fluka, BioChemika, Germany), 0.1 pM dexameta-
sone, 3.7 g/L NaHCOs;, 5.5 mM glucose, 0.5 mM carnitine, 0.5 mM
[U-13C;5] oleate (Isotec) was used for labelled oleate experiments.

13C-NMR spectra of cell and medium extracts were obtained on a
Bruker Avance 600 spectrometer (Bruker Spectrospin, Milano, Italy)
operating at 600 MHz ('H) and 150.9 MHz ('3C), respectively. Dried
samples were dissolved in 500 I of D,O (hydrosoluble fraction).
30 ul of acetonitrile in an external capillary tube were used in >C
spectra as a reference for chemical shifts and quantitative analysis.
Proton decoupled '3C spectra were acquired with the following pa-
rameters: 45° pulse, 31,000 Hz spectral width and 32K data points
in time domain. The acquisition time was 0.52 s and an additional
delay of 6.48 s was used to achieve fully relaxed conditions for each
carbon resonance. To avoid Nuclear Overhauser Effect, '>C spectra
were 'H decoupled only during acquisition using an inverse-gated
sequence.

The NMR data were processed off-line using Topspin software
(Bruker-Franzen Analitik GmbH, Bremen, Germany). Apodisation
with 0.5 Hz exponential line broadening was used for '3C spectra only.

Peak areas were used to quantify >C spectra. In '3C spectra the
total amount of '3C in each carbon resonance of a specific metabolite
was determined using acetonitrile as a standard reference. Fractional
13C enrichment was calculated for each carbon atom using the formu-
la: (['3C]—['3C].) x 100/[m], where ['3C]; was the total quantity of
13¢C; [3C], was the natural abundance of 3C (1.1%) and [m] was the
total quantity of the relevant metabolite [23]. The concentration of
glutamate was measured from '3C singlet resonance at 182.8 ppm.
The levels of [4,5-13C,] glutamate isotopomer were measured by the
area of the doublet at 182.8 ppm. The synthesis of C4~Cs glutamate
13C isotopomer is related to production of [1,2-'3C,] Acetyl-CoA
from [U-'3C;5] oleate through the beta-oxidation, as reported in
Fig. 1. The U-Mann Whitney non parametric statistical test has been

applied to the data to evaluate the significance of the observed differ-
ences on three independent experiments.

3. Results

3.1. Effects of resveratrol treatment on cell cycle, apoptosis and Sirtl
expression

We first investigated in our experimental system the effects of
resveratrol on proliferation, apoptosis and Sirt1 expression and loca-
lisation, in order to choose the best conditions for the metabolomic
analysis. Cells were plated and cultured to high density and then trea-
ted with 20-200 uM resveratrol for 24 or 48 h. The decrease of cell
growth was dose- and time-dependent, with an apparent GI50 of
80 uM and 40 uM after 24 and 48 h of culture, respectively. Treatment
with resveratrol resulted in a decreased cell number with respect to
controls: this effect was not due to cytotoxicity of the drug when
the concentration of 40 uM was used, as demonstrated by the LDH
leakage test (Fig. 2) and Trypan Blue exclusion test. At this resveratrol
concentration the percentage of dead cells was only about 5% at both
24 h and 48 h and was similar to that obtained in the controls. This
concentration was thus used for the subsequent experiments.

Cytofluorimetric assays indicated the influence of resveratrol on
the cell cycle: the treatment caused a decrease in cell numbers in
both the G1 and G2 phases of the cell cycle, while cells accumulated
in the S phase (Fig. 3 A, B), suggesting a resveratrol-induced blockade
or slowing of the cell cycle. At the same time, neither hypoploid peaks
nor pictures of DNA fragmentation after DAPI staining (Fig. 3 C) were
detectable. In fact, the nuclei from control and treated cells appeared
similarly stained with the fluorescent dye, and the sporadic occur-
rence of pictures of chromatin fragmentation was not dependent on
resveratrol treatment, excluding cell death by an apoptotic mecha-
nism. Western blot experiments were carried out to evaluate Sirt1
levels after resveratrol treatment. The results showed a 30% increase
in Sirtl expression in treated cells compared with controls, after
both 24 h and 48 h (Fig. 4 A). When immunolocalization of Sirt 1
was performed, a different localization of this protein was observed
(Fig. 4). Staining was well visible in the cytoplasm of both control
and treated cells. However, in treated cells, the positivity appeared
to be increased in the nuclei; this effect was marked after 48 h of
treatment (Fig. 4d arrows). This indicates a resveratrol-induced nu-
clear translocation of Sirt-1, which takes up a position more suitable
to its function.

Finally, a quantitative evaluation of total triglycerides in treated
and untreated cells was performed using the oil red O test. Results,
expressed as arbitrary OD units, were similar after 24 h of treatment
(Control 24 h: 202 £ 10.1; Resveratrol 24 h: 2004-11.3) while a 20%
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Fig. 1. The pathway of synthesis of C,~Cs glutamate 'C isotopomer in TCA cycle from [1,2-'3C,] Acetyl-CoA produced through [U-'3C;5] oleate beta-oxidation is described. In grey:
13C labelled carbons. In the separated box, the '>C signals of glutamate, namely C5 and relative C4-C5 coupling, utilised for enrichment measurements are reported.
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Fig. 2. LDH leakage test. Effect of different concentrations of resveratrol on LDH
leakage after 24 h and 48 h of treatment. Results are the means of three independent
experiments + SE. The percentage of damaged cells was similar to that obtained in the
controls up to 50 puM.

decrease was observed after 48 h (Control 48 h: 203 4+ 10.2; Resvera-
trol 48 h: 1604+-9.4).

3.2. 'H- and "*C-NMR spectroscopy

Table 1 shows the chemical shifts and multiplicity of resonances
of the metabolites present in the samples of RPMI culture medium
after 48 h. The concentrations of the assigned metabolites, measured
by the integrated area of the resonances (reported in supplementary
data), are expressed as differences between the levels at the begin-
ning and at the end of the experimental time and are normalised
for cell numbers (Fig. 5A and B). Thus the data are representative of
net balances, with positive and negative values being considered as
an estimate of net fluxes of production and utilisation of metabolites,
respectively. Both in control and treated cells the utilisation of
branched amino acids (isoleucine, valine) and other amino acids
such as glutamine, phenylalanine, histidine and tyrosine was deter-
mined. Glucose, pyruvate and succinate were also consumed during
the experiment. Conversely, positive delta values were observed for
alanine, glutamate, ornithine, lysine, glycine, threonine, formate and
lactate, as well as for the ketoacids related to the utilised branched
amino acids, such as 2-oxo-3-methyl-valerate, 2-oxo-isovalerate
and 3-hydroxy-isobutyrate which are released in the culture media
(Fig. 5A and B).

Statistically significant variations in net balances of metabolites
were found only for some compounds; resveratrol-treated cells used
less valine (p<0.005), isoleucine (p<0.01) and tyrosine (p<0.05)
while only 3-hydroxy-isobutyrate levels resulted significantly increased
(p<0.05). Interestingly, a statistically significant reduced utilisation of
glucose (p<0.005) was paralleled by a statistically significant reduced
production of lactate (p<0.005). Finally, resveratrol treatment caused
higher succinate utilisation (p<0.001). Neither glutamate production,
nor glutamine utilisation were significantly different in control and
treated culture media.

On the basis of the results obtained, suggesting a decreased glyco-
lytic activity and decreased amino acid utilisation for energy pur-
poses, we hypothised a resveratrol-dependent activation of different
metabolic processes to produce energy. To verify this point we used
BC-NMR spectroscopy to study fatty acid utilisation by adding
[U-13C4g] oleate to the medium of control and resveratrol-treated cul-
tures. It is possible to obtain information on the metabolic processes
involved in oleate utilisation by analysing the isotopomer distribution
of the '3C labelling in different metabolites.

From the labelling of C4 and C5 carbon atoms of glutamate we
calculated the contribution of acetyl-CoA, produced through the
mitochondrial beta oxidation of oleate, to the Krebs cycle in the syn-
thesis of ketoglutarate. Percentage fractional enrichments of gluta-
mate C4-C5 carbon atoms were 4.2+ 0.4 and 5.24+0.5 (p<0.05) in
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Fig. 3. Resveratrol effects on cell cycle distribution and apoptosis. (A) Representative
experiment of resveratrol effects on cell cycle distribution of HepG2 cells evaluated
by Flow Cytometry after PI staining of nuclei. Cells were incubated for 24 h (b) or
48 h (d) with 40 uM resveratrol, which was omitted in controls (a, c). An increase
in cell numbers in S phase paralleled with a decrease in G1/G2 phases was evident in
treated cells. (B) Histograms of cell cycle distribution of control and 40 uM resveratrol
treated HepG2 cells. Data are expressed as percentages of the total cell population
in each cell cycle phase, means of three independent experiments. (C) DAPI nuclear
staining of control (a, c) and 40 pM resveratrol treated (b, d) HepG2 cells at 24 h
(a,b) and 48 h (c,d). Nuclei with a condensed and fragmented morphology were
completely absent, excluding a resveratrol-induced apoptosis (Bars =20 pm).

the control and treated cultures, respectively. The results showed a
20% resveratrol-dependent increase in mitochondrial beta-oxidation
compared with controls.
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Fig. 4. Sirt 1 expression and localisation. (A) Representative Western blot of Sirt1 levels after 24 h and 48 h of 40 pM resveratrol treatment. Histograms show the densitometric
values expressed as arbitrary units. Beta-actin levels were used to normalise results. Data are the means + S.E. of three independent experiments performed in duplicate. Statistical
significance was determined using Student's t-test. A significant resveratrol dependent increase in Sirt1 (P<0.01) was shown at both times of treatment. (B) Immunofluorescence
localisation of Sirt1 in control HepG2 cells (a, ¢) and at 24 h (b) and 48 h (d) of 40 pM resveratrol treatment. The positivity, represented by a uniform red colour in the pictures, was
well visible in the cytoplasm of both control and treated cells. A nuclear localisation was evident in treated cells after 48 h of treatment (arrows). Bars =10 um.

3.3. Metabolic profiling and multivariate analysis

Principal Components Analysis was applied to the data set using
metabolite net balances obtained from control and resveratrol-treated
cultures in order to explore the data field. Resveratrol-treated samples
were clearly discriminated from controls by PLS analysis (Fig. 6). The
PLS discriminant model was validated and found to be predictive
(R?=10.958, Q> =0.828).

The significant discriminant metabolites in the PLS analysis were
valine, isoleucine, lactate, succinate, glutamine, ornithine, glucose,
tyrosine, hystidine and phenylalanine (Table 2). As a positive regres-
sion value for utilised metabolites means an increased level in the
medium, valine, isoleucine, glutamine, glucose and tyrosine resulted
less utilised by the treated cells. Resveratrol-treated cells were also
found to consume more succinate, as shown by the negative regres-
sion sign in the PLS analysis analogously to histidine and phenylala-
nine. Finally, the regression sign for lactate and ornithine was
negative, indicating that they were produced in smaller quantities.

In order to acquire additional information on the biological signifi-
cance of the observed variations, we analysed the correlation matrices
from the pair-wise linear Pearson's correlations in each experimental
group. A relevant variation in connectivity was observed among net
balances of the discriminating metabolites in the correlation matrix. In
particular, succinate, which did not show any significant correlation in
control cultures, acquired a positive Pearson's correlation with lactate
in the resveratrol-treated cultures (R?>=0.854). As succinate is utilised
and lactate is produced, a positive correlation means that when more
succinate is used, less lactate is produced, as shown in resveratrol-
treated cultures.

4. Discussion

Resveratrol has been shown to influence several metabolic path-
ways in both in vivo and in vitro experimental systems, creating
great interest in applications that could be useful for human health.
We focused on energy metabolism, since this molecule exerts an
effect that mimics calorie restriction [1,12,24].

Many different molecular mechanisms of action have been shown
to influence cell metabolism with a long list of involved up or down
regulated target genes and activated or suppressed factors/cofactors.
Resveratrol treatment increases insulin sensitivity, AMPK and PGC-
1o activity, and mitochondrial numbers, while it reduces insulin-

like growth factor-1 (IGF-1) levels and inhibits AKT/PBK phosphory-
lation involved in glucose uptake and metabolism [25,26].

In this context, it is not surprising that the pleiotropic effects of
resveratrol are reflected in a variety of different outcomes that are
strictly dependent on cell type or organ and on experimental condi-
tions, as well as on dose and treatment.

To investigate the metabolic system affected by resveratrol treat-
ment, we applied an NMR-based metabolomics approach to test
whether it was possible to discriminate different metabolic profiles
in an in vitro model, depending on treatment. In particular, we stud-
ied changes in the exometabolome, given that substrate utilisation
and production and substrate flux distribution reflect the cell's phys-
iological state and thus its metabolome [19,27].

The metabolic profile of the high density control cultures, that
is characterised by glucose, pyruvate and succinate utilisation and
lactate, alanine and keto-acids production, and the cell cycle phase
distribution were both in agreement with our preceding data [19].

We studied the global metabolic effect of treatment using a 40 pM
resveratrol concentration in confluent cultures at an experimental
time of 48 h; this dose, which represented the Glsq at 48 h of treat-
ment, caused neither necrosis nor apoptosis. At the same time, we
demonstrated an accumulation of cells in the S phase of the cell
cycle, together with a decrease in cells in G1 and G2. These results
are in agreement with literature data showing a strong S-phase
delay, a slowdown in cell cycle progression without an increase in ap-
optosis or necrosis [15,18,28]. In contrast, other authors, in addition
to showing a blockade of proliferative activity, also found apoptotic
effects of resveratrol on hepatoma cells. These discrepancies are prob-
ably associated with different experimental conditions [17,29,30].

The PLS multivariate analysis of the net balances of metabolites
clearly showed a discrimination between control and resveratrol-
treated cultures, characterised in the latter by a decreased glucose
and amino acid utilisation for energy production, with succinate
replenishing the Krebs cycle as an anaplerotic substrate. A recent
metabolomic study showed that a resveratrol treatment induced an
intracellular aminoacids increase associated to growth inhibition in
human breast cancer cell lines [31]. An intracellular aminoacids in-
crease could be explained by a decreased utilisation, in agreement
with our data.

Glucose and lactate were among the discriminant metabolites
with opposite sign; as glucose is consumed and lactate released, an
opposite sign means that when glucose is less utilised, lactate is less
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Table 1
Resonance assignations of metabolites identified in 'H-NMR spectra of RPMI 1640
medium.

Molecule (abbreviation) "H chemical shifts (multiplicity) Observed

Isoleucine (Ile) 0.93 (t) - 1.02 (d) - 1.27 (m) - TOCSY, COSY
1.47 (m) - 2.00 (m) - 3.68 (m)

Leucine (Leu) 0.94 (d) - 0.97 (d) - 1.72 (m) - TOCSY, COSY
3.74 (t)

Valine (Val) 0.99 (d) - 1.04 (d) - 2.26 (m) - TOCSY, COSY
3.61 (d)

2-0x0-3-methyl-n-valerate 0.90 (d) - 1.10 (d) - 1.48 (m) - TOCSY

(2-0MV) 1.71 (m) - 2.95 (m)

2-Oxo-isovalerate (2-01V) 1.13 (d) - 3.04 (m) TOCSY

3-OH butyric acid (3-OH But) 1.19 (d) - 4.48 (m) TOCSY

Lactate (Lac) 132 (d) -4.13 (q) TOCSY, COSY

Threonine (Thr) 1.34 (d) - 3.54 (m) - 4.28 (m) TOCSY, COSY

Alanine (Ala) 1.49 (d) - 3.78 (m) TOCSY, COSY

Lysine (Lys) 1.47 (m) - 1.73 (m) - 1.91 (m) -  TOCSY, COSY
3.04 (t) - 3.78 (m)

u2 1.56 (dd) - 1.88 (m) - 3.15 (dd) = TOCSY

Ornithine (Orn) 1.78 (m) - 1.93 (m) - 3.05 (t) - TOCSY, COSY
3.78 (t)

Acetate (Ace) 1.92 (s)

Glutamate (Glu) 2.03 (m) - 2.35 (dt) - 3.77 (m) TOCSY, COSY
Proline (Pro) 2.04 (m) - 235 (m) - 3.33 (t) - TOCSY, COSY
3.43 (t) - 4.15 (t)

Glutamine (GlIn) 2.13 (m) - 2.45 (dt) - 3.78 (m) TOCSY, COSY

Pyruvate (Pyr) 2.38 (s)
Succinate (Suc) 241 (s)
U4 2.60 (s)
Aspartate (Asp) 2.67 (dd) - 2.82 (dd) - 3.91 (dd)  TOCSY, COSY
Asparagine(Asn) 2.86 (dd) - 2.95 (dd) - 4,02 (m)  TOCSY, COSY
us 3.11 (m) - 3.30 (m) TOCSY, COSY
ué6 3.20 (m) - 3.74 (m) - 3.90 (m) TOCSY, COSY
Glucose 3 (Glc ) 3.26 (dd) - 3.40 (m) - 3.49 (m) - TOCSY, COSY
3.74 (m) - 3.90 (m) - 4.66 (d)
Myo-inositol (Myo-ino) 3.29 (t) - 3.53(m) - 3.65 (m) - TOCSY, COSY
4.08 (m)
Glucose a (Glc o) 3.42 (dd) - 3.55 (dd) - 3.73 (m) - TOCSY, COSY
3.83 (m) - 5.25 (d)
Glycine (Gly) 3.56s
Serine (Ser) 3.84 (dd) - 4.12 (m) TOCSY
u7 4.02 (d)
Tyrosine (Tyr) 6.90 (d) - 7.20 (d) TOCSY
Histidine (His) 7.06 (s) - 7.77 (s) TOCSY
Phenylalanine (Phe) 7.36 (m) - 7.43 (m) TOCSY
Formate (For) 8.46 (s) TOCSY
Nicotinamide (Nad) 7.60 (m) - 8,25 (m) - 8,73 (m) - TOCSY
8.95 (s)

Chemical shifts (ppm) are referred to trimethylsilylpropionate as internal standard; s,
singlet; d, doublet; dd, double of doublets; t, triplet; dt, doublet of triplets; q, quartet;
m, multiplet.

produced, indicating a resveratrol induced decreased glycolytic activ-
ity. A resveratrol-induced mimicry of an energy-restricted state, char-
acterised by a decreased glucose uptake and lactate production with
suppression of AKT and mTOR signalling, was also observed in
human ovarian cancer cells [32], although a decreased glucose uptake
was not observed in large B cell lymphomas [33]. These differing re-
sults could be due to differences in glucose uptake and metabolism
as well as to differences in glucose deprivation sensitivity among
diverse cancer cell types and normal cells. In HepG2 cells a reversal
of the effects of hyperglycaemia characterised by AMPK activation
and increased lactate release through resveratrol treatment has
been demonstrated. An increase in AMPK activity has also been ob-
served, although after less time and at a much higher dose (100 uM)
than in our experimental conditions [14]. Furthermore, resveratrol
treatment has been shown to down-regulate glycolysis and to oppose
the effects of high caloric intake in a mouse model [1].

In mammals, AMPK functions as a cellular energy sensor and
glucose sensor [34,35]. In particular, AMPK phosphorylates and inac-
tivates ACC2 (acetylcoenzyme A carboxylase-2), which produces
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Fig. 5. Net balances of extracellular metabolites. Net balances of extracellular metabo-
lites in control (empty bars) and resveratrol treated (full bars) samples. Balance
concentrations were obtained subtracting medium metabolite levels at 48 h with the
ones at 0 h. Data are expressed as means+ S.D. of nine independent experiments.
Unpaired Student's ¢ test: P<0.05 (*), P<0.01 (**).

malonyl-CoA; as the latter product is an inhibitor of fatty acid uptake
by mitochondria via the carnitine palmitoyltransferase system, the
final effect of AMPK activation is a stimulation of fatty acid oxidation.
In agreement, our results showed an increase in '>C-fractional enrich-
ment in glutamate C4-C5 carbon atoms, suggesting a switch from

/[\‘
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Fig. 6. PLS-DA score plot. PLS-DA score plot of control and resveratrol treated samples is
shown. Y variance values for PC1, PC2 and PC3 were 80%, 9% and 3%, respectively. The
PLS discriminant model was validated and found to be predictive (R* = 0.958, Q%> = 0.828).
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Table 2

PLS-DA analysis: significant metabolite balances in relation to resveratrol treatment.
Molecule Direction of p-values Metabolic change
(abbreviation) regression (t test) direction
Valine (Val) 1 0.004 Decreased utilisation
Isoleucine (Ile) 1 0.009 Decreased utilisation
Lactate (Lac) l 0.002 Decreased production
Succinate (Suc) l 0.001 Increased utilisation
Glutamine (Gln) 1 n.s. Decreased utilisation
Glucose (Glc) 1 0.003 Decreased utilisation
Tyrosine (Tyr) 1 0.014 Decreased utilisation
Phenylalanine (Phe) 1 0.036 Decreased utilisation
Histidine (His) 1 n.s. Decreased utilisation

The significance of the regression coefficients of metabolite balances in relation to
resveratrol treatment was calculated by applying the uncertainty test. p-values were
calculated by unpaired Student's t test. The direction of metabolic changes was evalu-
ated by comparison of metabolite net balance values. n.s. = not significant.

glycolysis to fatty acid B-oxidation. AMPK involvement was sup-
ported both by the increased expression of Sirtl and by a
resveratrol-dependent lowering of intracellular lipid content, as
shown by the Oil-Red-O test. Our data are in agreement with findings
that polyphenols reverse the effects of high glucose levels on AMPK
phosphorylation and its downstream target ACC, FAS expression
and lipid accumulation in HepG2 cells [10]. Furthermore, a crosstalk
between the Sirt1 and FOXO1 pathways influencing SREBP1 expres-
sion in relation to resveratrol treatment has been demonstrated in
HepG2 cells cultured in the presence of palmitate as a cell model of
steatosis [13]. An interplay among the above pathways and an impor-
tant metabolic regulator, PGC-1a has also been shown, suggesting
that Sirt1 plays a critical role in regulating hepatic lipid metabolism
and that treatment with Sirt1 activators such as resveratrol increases
fatty acid oxidation and regulates fat synthesis and mitochondrial
function [36-41].

Interestingly, a resveratrol-induced metabolic profile charac-
terised by increased utilisation of succinate can be inferred from the
PLS analysis. Recently, mass spectroscopic studies have revealed
that numerous TCA cycle enzymes and fatty acid oxidation enzymes
and subunits of oxidative phosphorylation complexes are modified
by acetylation in response to metabolic stress [42]. In particular,
Sirt3, which localised on the inner membrane of mitochondria and
is highly expressed in the liver [43], has been shown to interact
with several enzymes of the Krebs cycle, possibly regulating the flux
through TCA [42,44,45]. An acetyl-CoA and/or NADH/NAD™* ratio-
dependent regulation through deacylation by Sirt3 of succinate dehy-
drogenase (SDH) activity has been demonstrated in wild-type mice
[45]. SDH is an inner membrane-bound enzyme complex whose
activity influences both the Krebs cycle and oxidative phosphoryla-
tion. The deacylation of SDH by a NAD*-induced Sirt3 activation
will promote the generation of NADH and FADH2 for ATP synthesis
in a condition of nutrient deprivation [45]. Sirt3 also influences the
TCA cycle by activating glutamate dehydrogenase (GDH) that regu-
lates the aminoacid entry in the TCA cycle, while a downregulation
of GDH function has been demonstrated for another mitochondrial
sirtuin, namely Sirt4 [42,45,46]. Although we did not directly measure
the expression of Sirt3 and Sirt4, the observed metabolomic profile
suggested a resveratrol-induced increased anaplerotic role of succi-
nate, which is utilised in TCA cycle in association to a decrease in
both glycolysis and amino acid utilisation. This hypothesis is sup-
ported by the analysis of the pair-wise correlation of succinate;
while this metabolite showed no significant correlation with any
other metabolite in the control cultures, it acquired a significant pos-
itive correlation with lactate in the resveratrol-treated cultures. As
succinate is utilised in the Krebs cycle and lactate is released through
glycolysis, a positive correlation suggests that when more succinate is

utilised, less lactate is produced, in agreement with our experimental
data in the treated samples. These results were in agreement with the
observation that Sirt3-infected HepG2 cells cultured in the presence
of oleate exhibited fewer lipid droplets and significantly more phos-
phorylation of AMPK and ACC [47].

In conclusion, we have shown that the metabolomic analysis of
the exometabolome of resveratrol-treated HepG2 cells indicates a
metabolic switch from glucose and amino acid utilisation to fat utili-
sation for the production of energy. The data presented are consistent
with a model in which a resveratrol-induced alteration in glucose
utilisation influences SIRT1 and AMPK activity, mimicking calorie
restriction, in agreement with several pharmacological and genetic
in vivo models showing a Sirt1-dependent global shift towards fatty
acid oxidation [10,13,37,39,48]. However, considering the multiple
cellular targets and different organs distribution, as well as its varying
bioavailability and capacity to metabolise resveratrol, it is possible
that Sirt1 activation might occur through different mechanisms and
pathways, depending on particular conditions [49]. Furthermore, it
is now well established that the seven mammalian sirtuin isoforms
have different subcellular localisations providing a mechanism of
inter-organelle crosstalk, although the specific signalling mechanisms
and molecular targets are not yet known. In particular, the increase in
succinate utilisation in the Krebs cycle and the correlation of this
compound with lactate production observed only in resveratrol-
treated cells might suggest an activation of Sirt3 in the mitochondrial
subcellular compartment.

Because of the complexity of metabolic interconnections, the ef-
fects of resveratrol depend on the biochemical machinery effectively
operating in a given subcellular, cellular or organ system.

In this context, a metabolomic approach applied to biological
fluids (plasma and urine) could give valuable information on the sys-
temic effects of resveratrol treatment in vivo and help to define the
most suitable doses and timing of treatment, with the goal of devel-
oping a disease-specific personalised intervention.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbagen.2011.10.005.
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