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Abstract: Resveratrol and its glucoside, piceid, are the primary stilbenes present in wine. These
compounds are well known for their pharmaceutical properties. However, these compounds can
undergo chemical transformations in wines, such as polymerization in the presence of metallic
reagents. This study investigates the oxidative coupling of resveratrol and piceid to form dimers,
including 8-viniferin and §-viniferin-diglucoside. These dimers were synthesized using silver acetate.
The formation of these stilbenes was monitored in wine model solutions and red wines. The results
indicated that resveratrol and piceid underwent transformation during heat treatment, forming their
respective dimers. The polymerization of both compounds is temperature-dependent, with higher
conversion rates at elevated temperatures. Notably, piceid was more reactive than resveratrol in
wine. Finally, the anti-inflammatory effects of these compounds were evaluated on the RAW 264.7
macrophage cell line.
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1. Introduction

Stilbenes are a family of phenolic compounds present in many plants, including
grapevine [1,2]. These compounds have many potential biological properties in terms of
both plant health [3] and human health [2,4]. Resveratrol (trans-3,5,4 -trihydroxystilbene)
is the best-known stilbene for its pharmaceutical potential [5,6]. Along with its glucoside,
piceid (trans-3,5,4’-trihydroxystilbene-3-O-B-D-glucoside), also named polydatin, resvera-
trol is naturally present in wine [7]. Piceid is typically the most abundant stilbene in red
wine, with concentrations reaching a few milligrams per liter. Red wine is considered as
the primary dietary source of resveratrol and piceid in Mediterranean countries [8].

Resveratrol is a polyphenol composed of two aromatic rings linked by a carbon—carbon
double bond. Under specific conditions, such as exposure to metallic catalysts, resveratrol
can undergo polymerization to form complex compounds such as dimers and tetramers [9].
This polymerization process could occur during winemaking and aging [10], influencing
key aspects of wine, such as color, flavor, and antioxidant capacity. While resveratrol is
known for its antioxidant properties, the polymerized forms may contribute to the overall
health benefit of wine’s polyphenolic content [11].

This study used an oxidative coupling reaction protocol to obtain resveratrol and
piceid dimers in ethanol using silver acetate (AgOAc). Our study aimed to investigate
the presence of these stilbenes in the wine. The resulting compounds were identified by
MS and NMR analysis. Following their identification, we studied the formation of these

Molecules 2024, 29, 6067. https:/ /doi.org/10.3390/molecules29246067

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules29246067
https://doi.org/10.3390/molecules29246067
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0009-0005-3585-1280
https://orcid.org/0000-0001-6062-4788
https://orcid.org/0000-0002-1359-4114
https://orcid.org/0000-0002-4545-3367
https://orcid.org/0000-0001-6509-8772
https://orcid.org/0000-0002-5308-8697
https://doi.org/10.3390/molecules29246067
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules29246067?type=check_update&version=2

Molecules 2024, 29, 6067

20of9

stilbenes in wine model solutions and red wine after heat treatment using a LC-QqQ-MS
method. We also assessed their abilities to prevent lipopolysaccharide (LPS)-induced NO
production in the RAW 264.7 macrophage cell line, comparing their efficacy to resveratrol.

2. Results and Discussion
2.1. Synthesis of 6-Viniferin and J-Viniferin Diglucoside

5-viniferin (3) and b-viniferin diglucoside (4) standards (Figure 1) are not commercially
available. These compounds were synthesized from resveratrol (1) and piceid (2) via oxida-
tive coupling, following our previously reported protocol for resveratrol [10]. The oxidative
coupling of resveratrol, catalyzed by silver acetate, begins with hydrogen abstraction from a
phenolic hydroxyl group (one-electron oxidation), followed by regioselective coupling and
intramolecular cyclization [9]. Resveratrol and piceid dimers were produced by dissolving
in ethanol and exposing them to silver acetate (AgOAc) for 1 h at 40 °C (Figure 1). The main
reaction products were fully characterized by NMR spectroscopy and LC-MS. 'H NMR
spectra of -viniferin (3) and 6-viniferin diglucoside (4) were provided as Supplementary
Materials (Figures S1 and S2, respectively). Consistent with our previous results concerning
resveratrol [10], §-viniferin (a C3-C8 regioisomer) and §-viniferin diglucoside were the
predominant dimers formed from resveratrol and piceid, respectively, along with minor
dimer species [10,12].

AgOAc
EtOH, 40°C, 1 h
yield: 29%

EtOH, 40°C, 1 h
yield: 41%

OH
AgOAc
\ —_—
2 HO

HO l

Figure 1. Synthetic pathways for 5-viniferin (3) and é-viniferin diglucoside (4) from resveratrol (1)
and piceid (2), respectively.

2.2. Monitoring Resveratrol and Piceid Stability

A previous study demonstrated that resveratrol can undergo oxidative coupling in
wine following heat treatment [10]. Despite regulated metal levels, trace metals in wine can
still promote oxidative coupling. This study aimed to explore the conditions under which
these reactions occur in wine subjected to moderate heat treatment. Given that the two
primary forms of stilbenes in wine are piceid followed by resveratrol [7], we examined for
the first time the oxidative coupling of both compounds in wine-like matrices containing
metal salts.

Figure 2 illustrates the dimerization kinetics of resveratrol in wine-like solutions
(SLW1: 12% EtOH, and SLW2: EtOH 12% and 0.1 g/L tartaric acid). The conversion of
resveratrol (100 mg/L) to 8-viniferin was monitored at 4 °C, 20 °C, and 40 °C over 63 days.
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Figure 2. Resveratrol (100 mg/L) conversion kinetics at 4 °C, 20 °C, and 40 °C in SLW1 (A) and
SLW2 (B), monitored using HPLC-DAD (A = 306 nm) over 63 days.

The results showed that this reaction is temperature-dependent, with higher conver-
sions obtained at 40 °C of resveratrol to 5-viniferin. The reaction in SLW2 occurs in an acidic
medium due tartaric acid (pKaj 3.1 and pKaj 4.2), a typical acid in wines [13]. Resveratrol
has pKa values of 8.8 (pKaj) and 9.8 (pKay) [14]. In one-electron oxidation reactions, where
a hydrogen atom is lost, the group from which the hydrogen is removed is usually the
one that is more acidic (lower pKa). This observation may explain the lower conversion of
resveratrol into 5-viniferin in the acidic medium (Figure 2B).

Similar experiments were conducted with piceid, and the results, shown in Figure 3,
confirmed conversion into é-viniferin-diglucoside under both solutions. As with resveratrol,
the dimerization was temperature-dependent, and it occurred more rapidly than resveratrol
at 40 °C (Figures 2A and 3A). The acidic medium (Figure 3B) also resulted in a slower
conversion rate for piceid.

100
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Figure 3. Piceid (100 mg/L) conversion kinetics at 4 °C, 20 °C, and 40 °C in SLW1 (A) and SLW2 (B)
monitored using HPLC-DAD (A = 306 nm) over 63 days (8-viniferin-diGlc = §-viniferin diglucoside).

The same reaction behavior at a concentration of 10 mg/L of the stilbenes was also
monitored over 63 days at 40 °C and showed a similar kinetic profile, with higher con-
versions in the SLW1 solution compared to SLW2, as shown in Figure S3 (Supplementary
Materials). These results indicate that both temperature and pH influence the stability of
resveratrol and its glucoside in a hydroalcoholic medium containing metal salts.

2.3. Dimerization of Resveratrol and Piceid in Red Wines

Considering the polymerization products obtained in wine-like solutions, we investi-
gated in the present work the possibility of producing the same derivatives in red wines
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without adding reagents. Our experiments with model solutions demonstrated that the
dimerization process is slow and significantly influenced by external conditions, such as
temperature and the reaction medium. Three red wines were stored at 40 °C in the dark
for 63 days. The compounds were quantified using LC-QqQ-MS before and after heat
treatment on wine samples that had been concentrated 20-fold. Calibration ranges, limits
of detection (LOD), and quantification (LOQ) for the analytical method are presented in
Table 1, with additional validation parameters in Supplementary Materials (Table S1).

Table 1. Calibration range, limit of quantification (LOQ) and limit of detection LOD (in pg/L) for
resveratrol (1), piceid (2), 8-viniferin (3) and d-viniferin-di-glucoside (4).

Compounds Calibration Range LOQ LOD
1 3100-9.6 9.6 2.8
2 3100-5.6 5.6 19
3 400-7.7 7.7 2.3
4 400-8.4 8.4 2.5

The concentrations of resveratrol (1) and piceid (2), as well as their oxidative coupling
products §-viniferin (3) and -viniferin-diglucoside (4), respectively, are shown in Table 2.
In all wines, piceid levels were consistently higher than resveratrol, which is in line with
previous findings [7].

Table 2. Average concentration of resveratrol (1), piceid (2), d-viniferin (3), and d-viniferin- diglucoside
(4) in red wines expressed in ug/L before and after treatment.

Compounds Wine 1 Wine 2 Wine 3
Before After Before After Before After
1 1025 19 188 ND 66 ND
2 OVER 365 OVER OVER OVER OVER
3 NQ ND ND NQ 38 ND
4 ND 14 19 40 ND 51

ND: not detected; NQ: not quantified; OVER: concentration above the calibration range (>3100 pug/L), not estimated.

Regarding resveratrol, the measured values indicate its consumption after 63 days,
suggesting its transformation into other compounds. However, post-treatment analysis
of the wines did not show a significant increase in §-viniferin concentrations (Table 2).
Interestingly, the d-viniferin initially present in the wines appears to undergo further
reactions during the treatment, as evidenced by wine 3. This finding underscores that
resveratrol and its dimer undergo transformations over time due to heating. Although
the long-term stability of resveratrol in wines has not been extensively investigated, it is
well established that factors such as pH and temperature can significantly influence its
stability [15-17]. Our findings confirm that resveratrol undergoes transformations in wine
under these conditions.

For piceid, the glycosylated monomer of resveratrol, higher concentrations were
observed in the wines compared to its non-glycosylated form. Although the initial con-
centrations exceeded the calibration range selected for this study, piceid was also found
to undergo transformation due to heat, as evidenced by wine 1. Notably, we detected the
presence of its dimer, 6-viniferin-diglucoside, in wine 2, making the first identification of
this compound in wine. Furthermore, 5-viniferin-diglucoside was detected in all wines
after the treatment, suggesting that oxidative coupling reactions do indeed occur in wine.
However, the measured concentrations, ranging from 14 to 51 ug/L, suggest that additional
reactions likely occur during the heating process.

Given the relatively low concentrations of resveratrol in the wines, we conducted ex-
periments where resveratrol or piceid (5 mg/L) was added before treatment. The resulting
levels of 8-viniferin (3) and d-viniferin-diglucoside (4) after treatment are shown in Table 3.
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For 6-viniferin, no significant variation in concentration was observed after treatment, even
in the wines where resveratrol was added. This could be due to competition between piceid
and resveratrol for dimerization. Indeed, our results showed that piceid dimerizes faster
than resveratrol at 40 °C in the model solutions.

Table 3. Average concentration (in pg/L) of -viniferin (3) and 8-viniferin-diglucoside (4) in red
wines after treatment, with the addition of 5 mg/L of either resveratrol (+R) or piceid (+P).

Compounds Wine 1 Wine 2 Wine 3
+R +P +R +P +R +P
3 ND 2 ND 3 42 ND
4 21 11 51 34 29 56

Regarding §-viniferin diglucoside, we observed significantly higher levels after treat-
ment in all the wines (Figure 4). The highest concentrations were obtained after 63 days
of incubation in wine 3, particularly with the addition of piceid. However, the addition
of piceid did not result in significant differences in §-viniferin diglucoside concentrations
at the end of the reaction period. This suggests that piceid addition is not a critical factor
for forming its corresponding dimer. These findings indicate that the naturally occurring
amounts of stilbenes in the wines are sufficient for dimer formation without adding piceid
or resveratrol. The ability to form these dimers may instead depend on the presence of
other reactants, such as metal ions, that can promote the dimerization process.
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Figure 4. Boxplots representing the concentrations of 3-viniferin-diglucoside in wine samples
((A): Wine 1; (B): Wine 2; (C): Wine 3), illustrating the treatments: no treatment (NT), addition
of piceid (P), and addition of resveratrol (R), alongside the initial condition (T0). Statistical differences
between the NT, P, and R treatments were analyzed using Tukey’s test (*: p < 0.05; **: p < 0.01).

2.4. Anti-Inflammatory Activities

Chronic inflammation and oxidative stress are physiological processes associated with
the onset and development of various chronic diseases, including cardiovascular disease,
cancer, and metabolic and neurodegenerative disorders. The anti-inflammatory activity
of the produced compounds was assessed by measuring nitric oxide (NO, a marker of
inflammation) in a macrophage model cell line (RAW 264.7 cells) activated with LPS. First,
the cytotoxicity of the compounds was assessed. Resveratrol showed no toxicity to cells
at concentrations between 1 and 20 uM, while d-viniferin was toxic at 20 uM. Piceid and
its produced dimer were non-toxic to cells up to 100 M. The anti-inflammatory activity
was then studied (Figure 5). Resveratrol and $-viniferin had ICsy values below 15 uM
(14.3 and 8.0 uM, respectively). At the same time, piceid and 6-viniferin-diglucoside had a
more moderate inhibitory effect, with ICsy values of 93.0 and 54.6 uM, respectively. This
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shows that glycosylated stilbenes are less active than non-glycosylated (aglycone) forms.
In addition, dimerization appears to increase anti-inflammatory activity.

120 -
100 A
80 4
60 4

40

NO (% of LPS control)

20 A

0 A
Compounds (uM) - 1 5 10 15 20 1 5 10 15 5 10 25 50 75 100 5 10 25 50 75 100

resveratrol 8-viniferin piceid S-viniferin diglucoside

Figure 5. Effect of treatment with stilbene and LPS (0.1 ug/mL) on the NO production in RAW
264.7 cells. Data are expressed as a percentage of the control (cells treated with LPS alone set to 100%
production), corresponding to the mean + SEM (n = 4) (* p < 0.05).

3. Materials and Methods
3.1. Reagents

In this study, all reagents were of analytical grade and used as received without further
purification. The organic solvents and acids were purchased from Fisher Scientific (Fisher
Scientific, Illkirch, France). The reagents were obtained from Sigma-Aldrich (Sigma-Aldrich
Chimie, Saint-Quentin-Fallavier, France) for biological assays. The silver acetate (AgOAc,
purity > 99%) was purchased from Acros Organics (Geel, Belgium). The ultrapure water
was obtained from an Elga apparatus (High Wycombe, UK). The deuterated solvents were
acquired from Eurisotop (Saint-Aubin, France). The trans-resveratrol (purity > 99%) was
supplied by Bulk Powders™ (Colchester, UK). Piceid was purchased from Sigma-Aldrich.

3.2. Production of Resveratrol and Piceid Dimers

The hemisynthesis of resveratrol and piceid derivatives was based on our previously
published protocol concerning resveratrol [10]. Briefly, the oxidative coupling reaction
was performed using silver acetate (1.5 equiv.) in pure ethanol. The mixture was stirred
for 1 h at 40 °C, stopped by cooling at 4 °C and centrifuged at 4000 rpm for 5 min. The
supernatant was collected and filtered to remove metal residues. The solvent was removed
under reduced pressure. Produced dimers were isolated and identified using preparative
HPLC, UHPLC-DAD, and NMR. The purity of the isolated compounds was estimated to
be higher than 90%.

Data for (£)-5-viniferin (3). [M-H] ~ 453.1334 (Cy3H,10¢), Mass error = —2.21 ppm.

Data for (4)-8-viniferin diglucoside (4). '"H NMR (600 MHz, methanol-dy): & (ppm)
7.40 (1H, dd, ] = 8.3 and 2.4 Hz, H6b), 7.20 (1H, brs, H2b), 7.17 (2H, d, | = 8.5 Hz, H2a(6a)),
7.04 (1H, d, ] =16.4 Hz, H7b), 6.87 (1H, d, ] = 8.3 Hz, H5b), 6.85 (1H, d, ] =16.4 Hz, H8b),
6.79 (2H, d, ] = 8.5 Hz, H3a(5a)), 6.77 (1H, t, ] = 2.1 Hz, H10b), 6.60 (1H, t, ] = 1.8 Hz, H14b),
6.49 (1H, d, ] =2.1 Hz, H-12a), 6.43 (1H, t, ] = 2.1 Hz, H-12b), 6.41 (2H, d, ] = 2.1 Hz, H-10a),
6.29 (2H, d, ] = 1.8 Hz, H-14a), 5.41 (1H, d, ] = 8.3 Hz, H-7a), 4.88 (1H, d, ] = 7.5 Hz, H1"),
4.86 (1H, d, ] =7.2 Hz, H1'), 4.47 (1H, d, ] = 8.3 Hz, H-8a), 3.95-3.65 (4H, Hé6a'(6a") and
Héb’(6b)), 3.50-3.34 (8H, H2 to H5' and H2" to H5"). [M-H]~ 777.2410 (C40H410147),
Mass error = 1.29 ppm.

3.3. Kinetics Study of Polymerization Reaction in Wine-like Solutions

This experiment used wine-like solutions named SLW1 (12% EtOH) and SLW2 (EtOH
12%, tartaric acid 0.1 g/L). The oxidative coupling reactions of resveratrol and piceid
(100 mg/L) were separately performed in wine-like solutions SLW1 and SLW2 (total
volume of 5 mL) in the presence of silver acetate (AgOAc—200 mg/L) as a catalyst at
4 °C, 20 °C, and 40 °C. Additionally, the same stilbenes were reacted using both wine-like
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solutions (5 mL) at a concentration of 10 mg/L with AgOAc (20 mg/L) at 40 °C. Both
sets of reactions were carried out for 63 days. Aliquots of 20 uL were taken at TO and
daily for 7 days, followed by weekly aliquots until day 63. All the samples were stored at
—20 °C until the day of instrumental analysis for kinetic evaluation. All the samples were
centrifuged at 12,000 rpm at 4 °C before analysis. The UHPLC-MS measurements were
carried out using the equipment and protocols described in the previous paragraph.

Data were processed with Bruker Data Analysis 3.2 software. The areas of t-piceid,
t-resveratrol, d-viniferin diglucoside, and $-viniferin obtained by UHPLC-DAD-MS were
monitored at Amax = 306 nm (maximum absorption for stilbenes) and transformed according
to the equation:

REAG or PRO
relative area (%) = < area ) x 100

areaREAG 4 greqgPRO

* REAG: reagents (t-piceid or t-resveratrol) * PRO: products (8-viniferin diglucoside or
d-viniferin).

3.4. Polymerization Reactions in Wines

A volume of 8 mL of three red wines was reacted under three different conditions:
(1) only wines; (2) wines spiked with 5 mg/L of resveratrol; (3) wines spiked with 5 mg/L
of piceid were incubated for 63 days in an orbital shaker (40 rpm) at 40 °C. Wine samples
were kept away from UV light.

After the reaction, each sample (2 mL) was extracted with a Supelco C18 SPE cartridge
(Merck, Darmstadt, Germany). The solution obtained was reduced in a rotary evaporator,
and the residual volume was evaporated in a SpeedVac (Thermo Fisher Scientific, Waltham,
MA, USA). This dried material was resuspended in 100 pL of MeOH (50%), resulting in a
20x more concentrated solution. In addition to the nine reacted samples, the unreacted
wines were extracted with C18 SPE cartridges under the same conditions described above.

The quantitative analysis was carried out on a UHPLC 1290 Infinity system coupled to
a triple quadrupole mass detector (6430 Triple Quad) with an electrospray ionization (ESI)
interface (Agilent Technologies, Wilmington, DE, USA). All the samples were previously
centrifuged at 12,000 rpm at 4 °C before being injected into the equipment. A Zorbax
SB-C18 column (Agilent Technologies, Santa Clara, CA, USA) was used to separate the
compounds. The mobile phases were water and acetonitrile (solvent B), both acidified with
formic acid (0.1%). Elution was performed at a flow rate of 0.3 mL.min~! with the following
gradient: 1-10%B (4 min), 10-20%B (4-12 min), 20-30% (12-13 min); 30%B (13-16 min);
30-35%B (1618 min); 35-50%B (18-20 min); 50-95%B (20-21 min); 95%B (21-25 min); and
95-99%B (25-28 min). The injection volume of reacted wines and standards was 5 pL.
The stilbenes were quantified using Multiple Reaction Monitoring (MRM) acquisition
at positive and negative ionization modes. The collision energies and MRM transitions
were set as follows: resveratrol—12 eV, 229.0 — 135.0; piceid—12 eV, 389.0 — 143.0; -
viniferin diglucoside—20 eV, 779.0 — 455.0; and 6-viniferin—12 eV, 453.0 — 359.0. The
mass spectrometer was set on 3 kV capillary source voltage, 350 °C source desolvation
temperature, 11 L/h (N;) desolvation gas flow and 3 L/h cone gas flow. A nitrogen
generator from Peak Scientific (Peak Scientific Instruments Ltd., Palaiseau, France) and
an argon gas bottle (Air Liquide, Paris, France) were coupled to the mass detector for gas
supply. The acquisition, quantitative, and qualitative analysis were driven by the software
MassHunter WorkStation (v. B.05.00 SP02, Agilent Technologies, Santa Clara, CA, USA).

The protocol of stilbenes quantification was validated considering linearity, limit of
quantification and detection (LOQ and LOD), recovery, accuracy, and precision for all
compounds. The calibration curves in MeOH at 5 to 400 pg/L (3-viniferin and 8-viniferin
diglucoside) and 5 to 3100 ug/L (resveratrol and piceid) were established. The linearity
was considered according to the coefficients (R?) of quadratic equations. The limit of
quantification (LOQ) and limit of detection (LOD) for each compound were calculated
based on signal-to-noise ratio (5/N). Recovery, accuracy, and precision were evaluated at
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two concentration levels (6.5 and 0.78 mg/L). Precision (n = 4) was carried out considering
the percentage of the relative standard deviation (RSD%) of stilbenes at the different
concentrations. Recovery (n = 4) was determined by adding known concentrations of
stilbenes to a quality control (QC) sample, which consisted of a mixture of reacted and
TO wines. The spiked samples (with stilbenes) were compared to non-spiked samples
(without stilbenes) to calculate the experimental amount of stilbenes recovered relative to
the amount initially added. The comparison between the obtained experimental value with
known concentrations and the theoretical concentration evaluated the method accuracy
(n=4).

Statistical analyses were performed using GraphPad Prism 10.3.1 (GraphPad Soft-
ware, San Diego, CA, USA). Differences among the various conditions were assessed
with a one-way Analysis of Variance (ANOVA) and Tukey’s post-hoc test for pairwise
comparisons. The normality of the variables was evaluated using the Shapiro-Wilk and
Kolmogorov-Smirnov tests. Results with a p-value of less than 0.05 were considered
statistically significant.

3.5. Biological Assays

The cell viability and nitic oxide (NO) production were assessed on RAW 264.7 cells
following our previously published protocole [11]. Briefly, cell viability was measured
using the MTT colorimetric assay. NO production was evaluated by measuring the nitrite
content in the culture supernatant. Experiments were performed in quadruplicate and
repeated at least three times. Data on NO production were analyzed using a one-way
analysis of variance followed by a Dunnett’s post-test using GraphPad Prism. Statistical
significance was set at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com /article/10.3390 /molecules29246067 /s1, Figure S1. 'H NMR spectra of §-viniferin
in acetone-dg; Figure S2. TH NMR spectra of d-viniferin diglucoside in methanol-dg; Figure S3.
Polymerization kinetics of d-viniferin from resveratrol (10 mg/L—A) and of -viniferin-diglucoside
from piceid (10 mg/L—B) at 40 °C based on relative area of HPLC-DAD (A = 306 nm) during 63 days;
Table S1. Validation parameters of recovery (%), accuracy (%), and precision (RSD%) for resveratrol
(1), piceid (2), 8-viniferin (3) and 3-viniferin-diglucoside (4) at 300 and 50 pg/L.
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