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INTRODUCTION

Plants produce millions of low molecular compounds, most of which are pro-

ducts of secondary metabolism. One of the most widely studied secondary

metabolites is resveratrol (3,5,40-trans-trihydroxystilbene). In the last 6 years,

the number of studies concerning resveratrol until August 2017 has amounted

to around 8000 in Web of Science, 8750 in Scopus, and 15,400 in Scifinder

(Chemical Abstracts); this attests to the continuing interest on this compound.

Resveratrol, which is produced by many plants, exists in two geometrical

isomers, i.e., trans-resveratrol and cis-resveratrol (1) [1,2]. Apart from the free

form, resveratrol occurs also as glucoside (trans- and cis-), also called piceid (2)
(with the b-glucosyloxy group bound in position 3) or resveratroloside (in posi-

tion 40) (3). The molecule has been described in 1977 in the roots of white

hellebore (Veratrum grandiflorum) [3] and has since then been found in more

than 72 plant species, e.g., in grapes, mulberry fruits, peanuts, pine trees, and

many other plants, a number of which form parts of everyday human diet [4,5].
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Resveratrol plays an important role in the protection of plants against infec-

tions [6] or stressful conditions (mechanical injury and exposure to UV light,

ozone) [7]. Infection by the molds Botrytis cinerea or Plasmopara viticola
and/or exposure to UV light is accompanied by a fast production and accumu-

lation of phytoalexins, including resveratrol in grapes. The maximum resvera-

trol concentration is reached within 24–96h after the onset of the assault.

Exposure/attack on a single berry in the grape leads to a fast rise in the level

of phytoalexins in neighboring berries [8].

The study of resveratrol was actuated by the finding that the frequency of

occurrence of cardiovascular diseases strongly decreased upon moderate con-

sumption of red wine even when consuming a high-fat diet [9]. This phenome-

non, known as the French paradox, was then ascribed to the high concentration

of resveratrol in red wine.

Analysis of the PubMed database shows an immense boost of resveratrol

studies since 1997, when the anticancer effects of this compound were first

observed [10]. The intensive study of resveratrol succeeded in revealing many

important properties including both in vitro and in vivo neuroprotective effect

on ischemic stroke [11], lowering of platelet aggregation [12], and antiproli-

feration capacity [13].

RESVERATROL CONCENTRATION IN GRAPES AND WINE

Resveratrol is commonly found in many plant parts including grapevine canes

[14] and stems [15] (see also Table 1.1). High amounts of resveratrol are also

found in wine grapes, wine varieties being richer in resveratrol than table

grapes [51], and the best food source being red wine [52]. The concentration

of resveratrol in the leaves of Vitis vinifera is in the range of 50–400mg/g
fresh weight [3].

Resveratrol is absent in grape flesh but is found in seeds and grape skins and

thus also in grape must and in wine. Its concentration in red wine is higher than

in white wine since during wine production, especially during the initial phase

of fermentation, the grape skins and seeds are in contact with must. The content

of resveratrol in ros�e wine is thus between those in red wine and white wine

[53,54].

The amount of resveratrol in wine markedly varies depending on variety,

geographical locality, agronomical factors, climatic conditions, exposure of

the vines to stress (UV radiation and fungal infections), and enological pro-

cesses [55–57]. Optimal processes are those that increase resveratrol extraction

from skins [21,56]. However, a clear correlation between the technology of

grape processing and the resveratrol content for all wine samples was not estab-

lished [58]. The amount of resveratrol in wine is therefore very difficult to

predict. It may range from trace amounts to 15mg/L [59]. Table 1.1 illustrates

the variability of the content of trans-resveratrol in diverse vine parts of differ-

ent varieties and from different regions.
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TABLE 1.1 The Amounts of trans-Resveratrol in Grapevine Parts, Their

Identification, and Quantification

Plant Part

Identification/

Quantification

trans-Resveratrol

Quantity (mg/kg

of DW or FW) References

Leaves UHPLC DAD MS/MS 117 DW [16]

RP-HPLC DAD 131.52 FW [17]

RP-HPLC DAD 0.2 DW [18]

RP-HPLC DAD 0.9�0.7 DW [19]

LC-APPI-MS 40 FW [20]

RP-HPLC ECD 44.20 DW [21]

Grape skins RP-HPLC DAD 300.49 FW [17]

RP-HPLC DAD >5 FW [22]

RP-HPLC DAD 0.78�0.09 FW [23]

HPLC UV/Vis 75.7�0.7 DW [24]

HPLC DAD 3.8 FW [25]

HPLC UV/vis 34 FW [26]

HPLC DAD 0.4 FW [27]

HPLC UV/vis 283.13 DW [28]

Grape seed
oil

HPLC DAD ESI-MS 0.3 FW [29]

Seeds RP-HPLC DAD 68�5 DW [30]

HPLC UV/vis 6.34 DW [31]

Canes HPLC DAD 4060 DW [32]

LC DAD 3450�40 DW [33]

HPLC DAD ESI-MS/MS 5959�302 [34]

RP-HPLC UV 2.6 DW [35]

HPLC DAD 575.1�16.5 [36]

HPLC UV/vis and DAD 158 DW [37]

HPLC DAD ESI-MS/MS 6533 DW [38]

HPLC DAD ESI-MSn 1526 DW [39]

HPLC DAD 1350.91�29.93 FW [40]

Continued
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The precursor in resveratrol biosynthesis is a saccharide, which gives rise to

phenylalanine via the shikimate pathway. Phenylalanine is metabolized to cin-

namic acid, which is then oxidized to 4-hydroxycinnamic acid. This acid reacts

with a free coenzyme A (CoA); the condensation with three molecules of mal-

onyl CoA yields resveratrol with a concomitant release of four CO2 molecules

(Fig. 1.1) [60]. This pathway contains three key enzymes: phenylalanine ammo-

nium lyase, coenzyme A ligase, and stilbene synthase (STS) (Fig. 1.2).

The biosynthesis catalyzed by these three enzymes can be induced by

stress [61]. Hence, grapes exposed to biotic or abiotic stress synthesize the

phytoalexin resveratrol and its level in grapes depends on the degree of the

stressing action. Infection by fungal pathogen [62,63], preharvest chemical

treatment with BTH (benzothiadiazole) or chitosan [64,65], and UVC radia-

tion [66] are strong stressors that increase the content of resveratrol in grapes

and thus also in wines, that can also be fortified by resveratrol [67]. Another

factor that can be responsible for increased resveratrol level in wine is the

use of transgenic yeast [68–71]. These methods are currently used to produce

resveratrol-enriched wines with constant and predictable high resveratrol

TABLE 1.1 The Amounts of trans-Resveratrol in Grapevine Parts, Their

Identification, and Quantification—Cont’d

Plant Part

Identification/

Quantification

trans-Resveratrol

Quantity (mg/kg

of DW or FW) References

HPLC DAD/FLD and
LC-DAD/MS

6030�680 DW [41]

RP-HPLC DAD 39.4�2.1 FW [42]

HPLC UV/vis and DAD 1751.6 FW [43]

Stems HPLC DAD and LC
ESI-MS

266 DW [44]

RP-HPLC DAD and
LC-ESI-MS/MS

3200�500 DW [45]

RP-HPLC EDS 482 DW [21]

Pomacea HPLC MWD 36�4.9 DW [46]

HPLC DAD ESI-MS/MS 123.0�5.1 DW [47]

HPLC UV/vis 161 DW [48]

HPLC DAD ESI-MS/MS 7.0�1.4 DW [49]

RP-HPLC DAD 14.6 DW [50]

aResidue remaining after fermentation (mainly consisting of skins and seeds).
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FIG. 1.1 Structure of trans- and cis-resveratrol (1), trans- and cis-piceid (2), and resveratrolo-

side (3).

FIG. 1.2 Biosynthesis of stilbenes.
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content irrespective of variations in production year. This approach would

represent a benefit for nutritional and health value of the products and would

be also of considerable market value [72].

Grapevine contains also other stilbenes in addition to trans-resveratrol.
Poutaraud et al. [73] discovered in grapevine leaves also trans-resveratrol
derivatives piceid (2), pterostilbene (4), o-viniferins (5), and d-viniferins (6).

Many of these substances, including piceid, astringin (7), and stilbene oligo-

mers (viniferins) are thus also found in wine [74–77]. Their concentrations in
wine are low and their biological activity has therefore been studied less than

that of resveratrol (Fig. 1.3).

The formation of stilbene derivatives from trans-resveratrol proceeds

differently in sensitive and disease-resistant grapevine varieties. In varieties

susceptible to diseases, resveratrol is synthesized in large amounts soon after

infection and is then rapidly glycosylated to the nontoxic piceid. The high

amounts of resveratrol synthesized in resistant varieties are rapidly oxidized

to toxic viniferins [78].

BIOAVAILABILITY AND PHARMACOKINETICS

After intake, resveratrol is readily metabolized, mostly to glucuronide and sul-

fate derivatives. The extent of glucuronidation can be lowered by piperine,

which thus increases the bioavailability of resveratrol in vivo [79]. The colon

microflora can produce the metabolite dihydroresveratrol (8). The maximum

concentrations of resveratrol metabolites in plasma are reached approximately

30min after intake; the half-life of total metabolites is about 9.2h [80].

FIG. 1.3 Structure of pterostilbene (4), o-viniferins (5), d-viniferins (6), and astringin (7).

6 Studies in Natural Products Chemistry



The concentration of resveratrol and its metabolites in plasma depend on the

consumed dose [81,82]. After a moderate consumption of red wine, the urine

was found to contain four different metabolites: resveratrol monoglucuronide

(9), resveratrol monosulfate (10), dihydroresveratrol monosulfate (11), and

dihydroresveratrol (8) [83] (Fig. 1.4).

The LDL (low-density lipoproteins) of volunteers who consumed 250mL

of red wine with known resveratrol content was found to contain up to

six metabolites: trans-resveratrol-3-O-glucuronide (12)/, cis-resveratrol-
3-O-glucuronide (13)/, cis-resveratrol-3-O-glucoside (piceid), free trans-
resveratrol, and in some cases also cis-resveratrol-40-O-glucuronide (14), and

trans-resveratrol-40-O-glucoside (15) [84] (Fig. 1.5).
Since the in vivo concentrations of individual metabolites of consumed

resveratrol can be much higher than that of resveratrol itself, further studies

are required to elucidate the activities of its metabolites [85].

Bertelli et al. [86] showed that resveratrol present in red wine (6mg/L as a

cis- and trans-form) is capable of reaching different target tissues in rats. In a

randomized single-blind study, a group of 13 healthy volunteers drank wine

FIG. 1.4 Structure of dihydroresveratrol (8), monoglucoronide (9), resveratrol monosulfate (10),

and dihydroresveratrol monosulfate (11).

FIG. 1.5 Structure of trans-resveratrol-3-O-glucuronide (12), cis-resveratrol-3-O-glucuronide

(13), cis-resveratrol-3-O-glucoside (piceid), free trans-resveratrol, cis-resveratrol-40-O-glucuronide
(14), and trans-resveratrol-40-O-glucoside (15).
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and it was found that three doses (ca. 450mL) are more than sufficient to

reach the plasma level of free trans-resveratrol in the range of 100nM to

1mM [87].

Resveratrol exhibited in vitro anticancer activity in doses of 5–100mM, the

doses used for prevention of cardiovascular diseases being 100nM to 1mM

[88]. Relevant studies imply that an average wine consumer (1–2 glasses of

red wine/day) can, especially over a longer time period, consume a sufficient

amount of resveratrol to account for the positive effect of red wine on human

health [89,90]. These findings can also explain why a relatively low dose of res-

veratrol from red wine or other food sources can in some cases have therapeutic

effects (e.g., platelet aggregation) [91]. The magnitude of the effects was found

to depend on the administered dose; at higher pharmacologically attainable

doses, the protective effects of resveratrol were more frequent, and the results

were more dramatic [92].

Resveratrol binds to albumin; for this reason, albumin can serve as a natural

store of polyphenols in vivo and could play a key role in the distribution and

bioavailability of resveratrol [93]. Accumulation of resveratrol in organs such

as heart, liver, and lungs was first described in 1996 [86], was recently con-

firmed [94], and the list was extended to include bile, stomach, and kidney [95].

A synergic action of resveratrol was found with quercetin and ellagic acid

in inducing apoptosis in human leukemic cells [96], with ethanol in the inhi-

bition of iNOS expression [97], with vitamin D [98], with vitamin E in the

prevention of lipid peroxidation [99], with catechin in the protection of

PC12 cells against b-amyloid toxicity [100], with nucleoside analogs in the

inhibition of HIV1 replication in cultured T lymphocytes [101], and with tyr-

osol and b-sitosterol in the modulation of LDL oxidative stress and synthesis

of PGE2 [102]. Investigation of the bioavailability and pharmacokinetics of

resveratrol and its analog pterostilbene showed that the latter compound had

a higher biological activity in vivo [103]. The efficiency of absorption of

trans-resveratrol, (+)-catechin, and quercetin in three beverages (white wine,

grape juice, and vegetable juice (homogenate)) was examined in healthy indi-

viduals after oral administration [104].

As concerns resveratrol toxicity, it was found that the earlier health bene-

fits of resveratrol are not associated with undesirable side effects unless

extremely high doses are administered [105]. Resvida, a dietary supplement

(DSM Nutritional Products, Netherlands) had no adverse effects on rats in

doses up to 750mg/kg body weight/day [106,107].

ANTIMICROBIAL ACTIVITY

The increasing resistance of microorganisms toward antibiotics has spurred

the research into new compounds capable of suppressing microbial infections.

Resveratrol was found to belong to substances with antimicrobial activity

against some gram-positive as well as gram-negative bacteria [108–110].
The bacteriostatic effect of resveratrol was used for suppressing human
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pathogenic bacteria (Bacillus cereus and Staphylococcus aureus) and the most

important food-spoiling bacteria in advanced countries, the gram-negative

Campylobacter and Salmonella [23]. Resveratrol is also effective against oral

microflora (Streptococcus mutans and S. sanguis) [111] and against acne,

which can be caused by Propionibacterium acnes [112]. It was also found

to be effective against the gram-negative microaerophilic bacterium Helico-
bacter pylori, which causes chronic gastritis and often resists therapy [113].

Microbiostatic (inhibits the reproductive capacity of the cells and maintains

the microbial population at a constant size) or microbicidal (kills the microbes

immediately) effects of resveratrol appear at concentrations of 15–400mg/mL

depending on the microorganism [108,114–116]. Cells transform resveratrol

in part to dihydroresveratrol [80] and to 3-O-b-D-glucoside [117].

Antimicrobial Activity of Wine

Although the antimicrobial effects of wine have been amply documented

[118–120], it is not yet quite clear what part of the antimicrobial effect can

be contributed to wine polyphenols and whether ethanol, sulfur dioxide, pH,

or other wine components contribute to these effects.

The antioxidant activity of wine correlates very well with the total content of

polyphenols and also with the antimicrobial activity of wine [121]. There are no

large differences among wines in terms of ethanol level and pH. The content of

organic acids, ethanol, and low pH was shown to exert a synergic action on the

antimicrobial activity of wine [118,122]. The study performed by Boban et al.

[123] compared individual wine components in terms of their antimicrobial

effects. They found that antimicrobial activity of complex solutions such as

intact wine cannot be exclusively attributed to its phenolic or nonphenolic con-

stituents and cannot be predicted on the basis of its particular components.

METABOLIC ENGINEERING OF RESVERATROL IN PLANTS AND
MICROORGANISMS

Flavonoids [124] are the basic plant components that respond to changes in the

environment, UV radiation, or attack by pathogens [125]. Some flavonoids pos-

sess antioxidant or biological activity [126]. Trans-resveratrol is currently pro-

duced primarily by field cultures of Polygonum cuspidatum, with China being

the leading producer. The main market for trans-resveratrol is in nutraceuticals

where the demand for it might further increase rapidly and, as a result, new

sources might soon become a necessity [127]. In the field of cosmetics, trans-
resveratrol is used widely, and grapevine is the most suitable material for

obtaining trans-resveratrol and its derivatives for cosmetic products [128,129].

Fan et al. [130] published a review that directly addresses the resveratrol

secretion strategy in natural specimens. This review contains almost 100 cita-

tions, mostly focused on advanced concentrating techniques such as solid-phase

extraction (SPE) and liquid–liquid extraction (LLE) including less used
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solid-phase microextraction (DI-SPME) and stir-bar sorptive extraction (SBSE).

HPLC separation is very thoroughly discussed, as well as its association with

detection methods, whether UV or diode array detection (DAD) or different

types of MS. Other methods include capillary zone electrophoresis (CZE) and

micellar electrokinetic chromatography (MEKC).

For this reason, increasing attention has been paid to ways in which the

biosynthesis of flavonoids in plants or microorganisms can be affected by

manipulating the phenylpropanoid pathway [131]. Four approaches are used

to affect flavonoid biosynthesis in plants: structural gene overexpression or

silencing, transcriptional regulation, flux control, and transporter overexpres-

sion [132–134]. Genetically modified Saccharomyces cerevisiae was used to

produce increased amounts of resveratrol [70] and reached up to twice the

amount produced by control cells [68]. Both Escherichia coli and yeast can

be used to produce flavonoids by means of metabolic engineering. However,

the use of genetic engineering for microbial production of flavonoids needs to

be economically feasible to make it usable in industry.

There are two possibilities to increase resveratrol content in plant tissues,

especially in grapes. The first one uses biotic or abiotic stress.

Biosynthesis of stilbenoids is induced by a pathogenic infection. One of the

most well-known fungal pathogens is B. cinerea [135]. Another possibility is

the addition of elicitors, i.e., compounds like methyl jasmonate (MeJA) (16)

or cyclodextrins (17–20) (see Table 1.2) into the cultured cells of grapes. Post-

harvest UV radiation also stimulates the synthesis of stilbenoids [145–147].
However, it should be borne in mind that UV radiation has high energy, so that

new compounds such as isorhapontigenin (21) are formed [145] (Fig. 1.6).

Another option is to use metabolic engineering (see the examples in

Table 1.3). Unfortunately, as seen in this table, the knowledge of the biosynthe-

sis and overproduction of resveratrol is at present far from sufficient. The com-

parison of the best results of overproduction achieved by metabolic engineering

with simple addition of MeJA or cyclodextrin to the culture medium clearly

shows the lower efficiency of metabolic engineering (see Table 1.3) (Fig. 1.7).

ANALYSIS

Here we describe the possibilities of analyzing resveratrol and its structurally

similar compounds, including sample preparation, separation, and detection

of these compounds. The advantages and disadvantages of each of these meth-

ods will be further described and compared. Resveratrol and similar com-

pounds, as mentioned earlier, are found in red wine at concentrations of

0.1–15mg/L [59] and in white wine at 0.0–3.5mg/L [182]. Since these are

low concentrations, the samples usually undergo a SPE prior to the analysis.

High-performance liquid chromatography (HPLC) is the most widely used

method for analyzing resveratrol and its derivatives. The most important factor

in analyzing resveratrol by HPLC is the choice of stationary and mobile phases.

Resveratrol separation was in most cases carried out on the reverse phase
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TABLE 1.2 Use of Microorganisms and Plant Cultures for the Production of Stilbenes

Production

Organism Introduced Genes and Their Origin Inducer/Elicitor

Produced

trans-Resveratrol References

Yarrowia
lipolytica

PAL/TAL (Rhodotorula glutinis), C4H, 4CL
(Streptomyces coelicolor), and STS (Vitis sp).

1.46mg/L [136]

Saccharomyces
cerevisiae

TAL (Rhodobacter sphaeroides), 4CL (Arabidopsis
thaliana), and STS (Vitis vinifera)

5mg/L [137]

4CL (Populus trichocarpa � Populus deltoides), and
STS (V. vinifera)

1.45mg/L [70]

4CL (Nicotiana tabacum) and STS (V. vinifera) 5.8mg/L [138]

Escherichia coli 4CL (S. coelicolor) and STS (Vitis sp). 3.6mg/L [136]

4CL (N. tabacum) and STS (V. vinifera) 16mg/L [138]

Vitis amurensis
cv. Rupr.

Sodium nitroprusside 0.15% DW [139]

Vitis thunbergii
cv Sieb. and
Zucc.

Various concentrations of
a-naphthalene acetic acid and
6-benzyl-aminopurine

3.7mg/g DW total
stilbenes

[140]

V. vinifera cv.
Barbera

Chitosan 234mg/g DW [141]

V. vinifera cv.
Gamay

Dimethyl-b-cyclodextrins 100mg/L [142]

Dimethyl-b-cyclodextrins with an
infection by Xylophilus ampelinus

203mg/L [142]

Continued



TABLE 1.2 Use of Microorganisms and Plant Cultures for the Production of Stilbenes—Cont’d

Production

Organism Introduced Genes and Their Origin Inducer/Elicitor

Produced

trans-Resveratrol References

V. vinifera cv.
Gamay Rouge

DIMEDa 3060mg/L [143]

RAMEDb 3320mg/L [143]

CAVASOL W7c 3280mg/L [143]

V. vinifera cv.
Monastrell
Albino

DIMED 4680mg/L [143]

HYPROBd 4110mg/L [143]

RAMED 5027mg/L [143]

CAVASOL W7 4963mg/L [143]

DIMED 680mg/L [144]

DIMED and MeJA 4000mg/L [144]

aHeptakis(2,6-di-O-methyl)-b-cyclodextrin.
bRandomly methylated-b-cyclodextrins.
cHydroxypropyl-b-cyclodextrin.
dHydroxypropylated hydroxypropyl-b-cyclodextrin.



(RP-C18), and the acetonitrile–water mixture was used as the mobile phase; the

pH was modified by using trifluoroacetic, acetic, formic, or phosphoric acids as

modifiers which improve the resolution and peak shape. C8 or cyano columns

were also used. In the current trend, the column diameter is being progressively

reduced from the original 4mm to the capillary column (see Table 1.3 for

examples).

Resveratrol has been detected in all possible ways, starting with UV–vis and
DAD, where, e.g., trans-resveratrol has an absorption maximum at 305.7nm

(e¼26,000) while the cis-isomer at 287.8nm (e¼12,000).

Electrochemical detection (ECD) is also used to identify and determine phe-

nolic compounds, primarily due to its high sensitivity (of the fmol order) [183].

In order to improve resveratrol detection sensitivity, a fluorimetric detection

(FLD) method was developed. In it, very low fluorescence of trans-resveratrol
is converted to highly fluorescent products by intensive UV radiation, allowing

for its detection. Unfortunately, all methods using light absorption have limited

and low selectivity and sensitivity due to the similarity of the UV spectrum

between resveratrol and its derivatives, and unambiguous identification of indi-

vidual compounds by other methods is required.

None of the earlier detectors allows for the direct identification of eluted

compounds, and the use of mass spectrometer (MS) as the most sensitive

detector with good specificity for the analysis of resveratrol and its derivatives

is increasingly frequent. The MS has the ability to identify unknown com-

pounds in picogram concentrations. The most common source of ions used

for analysis of resveratrol in the case of gas chromatography-mass spectrom-

etry (GC/MS) is electrospray ionization (ESI) or electron impact (EI).

GC/MS has also been applied to detect trans- and cis-resveratrol, although
it is far less commonly used. Unfortunately, due to the limited volatility of

the analytes, these compounds have to be derivatized to obtain substances

that are volatile and thermostable. The commonly used derivatizing agent is

bis(trimethylsilyl) trifluoroacetamide. In addition, the method of capillary

electrophoresis (CE) can be used in various modifications such as CZE or

MEKC. However, the problem of the identification of compounds remains,

especially if a complex matrix such as wine or grapes is used.

FIG. 1.6 Structure of methyl jasmonate (16) and isorhapontigenin (21).
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TABLE 1.3 Metabolic Engineering of Stilbene Synthase in Plants, Their Identification, and Quantification

Plant/Species

Identification/

Quantification Produced Stilbene(s) Stilbene Quantity (mg/kg of FW) References

Nicotiana tabacum LC-ESI-MS Resveratrol and piceid 60–369 [148]

Oryza sativa L. HPLC DAD Resveratrol 0.280–0.697 in seedlings [149]

HPLC UV Resveratrol and piceid 1.2–183.3 in leaves 0.2–18.9 grains [150]

Triticum aestivum L. RP-HPLC FLD Resveratrol 2 [151]

RP-HPLC DAD
AND FLD

Unknown derivative stilbene
compounds

35–190 [152]

Silybum marianum RP-HPLC UV Resveratrol 0.08% DW,a 0.0048% FW,a and 12mg/Lb [153]

Medicago sativa L. RP-HPLC DAD Piceid 0.5–20 [154]

Arabidopsis thaliana L. LC-MS/MS Piceid 580 [155]

Actinidia deliciosa
RP-HPLC DAD
AND FLD

Piceid 20–182 [156]

V. vinifera L. HPLC UV/vis Resveratrol 2.586 [157]

HPLC DAD Resveratrol 8.36�0.69 [158]

V. vinifera subsp. sylvestris HPLC UV/vis Resveratrol 273.13mg/kg DWb [159]

Malus domestica RP-HPLC DAD Piceid
3–7 for non-UV-irradiated fruit and 23–62
for UV-irradiated fruit

[160]

Lycopersicon esculentum
Mill.

RP-HPLC FLD Resveratrol and piceid 4–53 [161]

HPLC UV Resveratrol and piceid 0.1–1.2 [162]



HPLC DAD-MS Resveratrol and piceid
0.42–126 depending on the stage of
ripening and fruit samples

[163]

RP-HPLC FLD Resveratrol and piceid
6 and 126.58 of piceid depending on the
plant part

[164]

Rehmannia glutinosa
Libosch.

NMR and MS Resveratrol and piceid 22–116 up to 650 with stress treatment [165]

Lactuca sativa L.
HPLC and
ESI/MS

Resveratrol 56.4 [166]

Pisum sativum L.
HPLC DAD and
ESI-MS

Occurrence of two resveratrol-
glucoside compounds

0.53–5.2 [167]

Carica papaya L.
RP-HPLC DAD
and FLD

Resveratrol glucoside 54 [168]

Brassica napus L.
RP-HPLC DAD
and FLD

Resveratrol glucoside 361–616 [169]

Humulus lupulus L. HPLC DAD
Piceid, unknown stilbene astringin,
and resveratrol

490–560 [170]

Arachis hypogaea L. cv.
Andru II

TLC/HPTLC
and GC-MS

Resveratrol
0.1–0.35% DW,a 0.005–0.018% FW,a and
18–35mg/Lb

[171]

A. hypogaea L. HPLC UV Resveratrol 0.15% DW,a 0.008% FW,a and 11.4mg/Lb [172]

ESI-MS/MS Resveratrol 1210mg/kg DWb [173]

A. hypogaea L. cv. Tainan
no. 14

RP-HPLC
UV/vis and FLD

Resveratrol 0.02% DW,a 0.001% FW,b and 0.24mg/La [174]

RP-HPLC
UV/vis and FLD

Resveratrol 0.01% DW,a 0.001% FW,b and 0.14mg/La [174]

Continued



TABLE 1.3 Metabolic Engineering of Stilbene Synthase in Plants, Their Identification, and Quantification—Cont’d

Plant/Species

Identification/

Quantification Produced Stilbene(s) Stilbene Quantity (mg/kg of FW) References

Gossypium hirsutum L. RP-HPLC DAD Resveratrol
<0.001% DW,b <0.001% FW,a and
0.01mg/La

[175]

Vitis amurensis Rupr. HPLC UV/vis Resveratrol 0.033�0.009% DWb and 2.9�0.9 [176]

HPLC-UV-
HR-ESI/MS

Resveratrol, resveratrol
diglucoside, piceid, and viniferin

0.45% DWb of resveratrol [177]

HPLC DAD
Resveratrol, resveratrol
diglucoside, piceid, and viniferin

Up to 0.099% DW,b 0.0042% FW,b and
8.42mg/Lb

[178]

HPLC UV/vis Resveratrol 0.14% DW,b 0.006% FW,b and 14.3mg/Lb [179]

V. vinifera L. cv Gamay
Freaux var. Teinturier

RP-HPLCUV/vis Resveratrol 0.06% DW,a 0.003% FW,b and 5.5mg/La [180]

V. vinifera L. cv. Monastrell
albino

HPLC UV/vis
and ESI-MS

Resveratrol 02% DW,a 0.251% FW,b and 753mg/Lb [144]

V. vinifera L. cv. Barbera RP-HPLC DAD Resveratrol 0.02% DW,a 0.001% FW,a and 1.6mg/La [141]

RP-HPLC DAD Resveratrol 0.01% DW,a <0.001% FW,a and 6.7mg/La [181]

DW, dry weight; FW, fresh weight.
aIndicates the quantity of resveratrol calculated from data on resveratrol content in terms of fresh or dry biomass accumulation given that plant cells usually accumulate 10–20g/L dry
and 200–300g/L fresh biomass of cultivated cells.
bIndicates the quantity of resveratrol obtained in the cited article.



Soft Ionization MS

MS has proven to be an invaluable method in the analysis of grape cell deri-

vatives, grape cell cultures, and wines as well as food supplements. More than

100 stilbenes have so far been isolated from natural material [184].

There are basically two types of sample introduction into a MS—by using

HPLC or a shotgun analysis using a peristaltic pump.

In shotgun MS, the samples are analyzed without prior separation. This

method has the advantage of eliminating the change in the ratio of the ana-

lyzed compounds caused by the pretreatment of the sample and allowing for

FIG. 1.7 Structure of cyclodextrins.
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a rapid analysis, up to a maximum of minutes and often in the order of tens of

seconds. For example, the analyzed substances can be identified by tandem

ESI-MS, preferably in a high-resolution (HR) mode [185]. This method was

used for direct analysis of five wines (California Red, Corbiere, Zinfandel,

Beaujolais, and Sauvignon Blanc) without any prior separation or purification

steps [186]. Thirty compounds (phenolics and carbohydrates) were identified,

and the results suggest that it may be possible to fingerprint a wine based on

its electrospray ionization Fourier transform ion cyclotron resonance mass

spectrometry (ESI-FT-ICR-MS).

Electrospray ionization Fourier transform mass spectrometry (ESI-FT-MS)

in combination with multivariate statistics was used for the characterization

and sorting of Chilean wines. Forty-seven commercial red wines labeled as

Cabernet Sauvignon, Carmenère, Syrah, and Pinot noir, and 25 white wines

of the Chardonnay and Sauvignon Blanc varieties [187] were analyzed. This

represents a way to identify the wine in question if the low available sample

quantity does not permit tasting, for example when identifying traces in the

forensic science.

Gougeon et al. [188] used ESI-FT-ICR-MS fingerprinting coupled with

multivariate statistical analysis to show that barrel-aged wines have a

“metabologeographic signature” relating to the forest location from which

the wood used to manufacture the barrels was originally derived. Liger-Belair

et al. [189] using the same method revealed a large number of compounds in

aerosols derived from champagne bubbles and putatively assigned many signals

to compounds with organoleptic properties or potential to be aromatic precursors.

FT-ICR-MS was used to differentiate the grapes and the corresponding

wines from four different vineyards by the same producer according to complex

chemical fingerprints [190]. Thousands of metabolites have been analyzed and

significant terroir-discriminant families of metabolites have been obtained with

multivariate statistical analyses from geographically close, though distinct, vine-

yards, but only after a few years of bottle aging. The authors state that in the

future, FT-ICR-MS could be supplemented by ultra-performance liquid chroma-

tography/MS (UPLC/MS).

Many examples of MS utilization in the food industry are shown in

Table 1.1 of the review by Draper et al. [191]. An example of a study of non-

wine foods is the study by de Souza in which direct infusion ESI MS in the

negative ion mode of ESI was employed to evaluate the authenticity of aged

cachaças, a Brazilian national alcoholic beverage known also as Brazilian

rum. Sugarcane juice is used for its production instead of waste molasses.

The sugar cane is first pressed, the pressed juice is left to ferment and is

finally passed through distillation and dilution, and allowed to ripen in barrels.

It contains 40% alcohol [192]. It is thus possible to distinguish whether the

beverage has ripened in barrels made from oak or wood of the Amburana
cearensis tree or whether the A. cearensis wood powder has been added to

the barrels in order to accelerate the ripening of the cachaças.
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Liquid Chromatography-MS

HPLC is the most commonly used separation technique associated with MS

for the detection and quantification of stilbenoids. This association combines

chromatographic separation efficiency with specificity and resolution by MS.

Soft ionization techniques, i.e., ESI, either in positive or negative mode

and preferably in HR mode, are currently almost exclusively used today in

the MS analysis. The use of a positive or negative mode depends on the nature

of the compounds to be analyzed. The negative mode is the first choice for

compounds containing phenolic hydroxy groups. Further increase in sensitiv-

ity can be achieved by SIM instead of multiple ion monitoring.

Two ionization methods, namely atmospheric pressure chemical ionization

(APCI) and/or atmospheric pressure photoionization (APPI), were used to

analyze complex phenols in wine and vine leaves [20,193]. A number of

methods have been used in MS, namely HPLC/ESI-MS for detecting trans-
resveratrol and trans-piceid in chocolate [194] or tandem reversed-phase

HPLC coupled to APCI for identification of a new resveratrol hexoside in

cocoa liquor [195]. UHPLC-APPI-MS/MS was applied to the analysis and

authentication of polyphenols from fruits [196]. The analysis required a very

short time, usually less than 10min, and various ionization methods such as

atmospheric pressure ionization (API), APCI, or APPI were used.

However, these ionization methods are generally more suitable for less polar

compounds among which resveratrol and its derivatives are not included. That

is the reason why the ESI method has been almost exclusively used in the last

decade and is also related to the development and sale of modern MSs.

Several examples of practical application of LC/ESI-MS are described in

more detail below in order to highlight the possibilities of this technique, par-

ticularly with respect to the identification of stilbenoids in complex matrices,

or to explain the pharmacokinetics of these compounds.

The relationship between stilbenes in grapes or stalks and their content in

the corresponding wine were studied by positive and negative HPLC/ESI-MS

[197]. The transfer rate of stilbenes from skin and grape stems to wine was

very low, i.e., below 15% of total stilbenes. The HPLC/ESI-MS method has

been successfully used to identify compounds such as trans-resveratrol and
viniferin [198], as well as piceid metabolites in rats [199], resveratrol dimers,

isomers, and analogues [200] or for the analysis of polyphenols (including

resveratrol) in wines in order to classify them according to the geographical

origin, grape varieties, and harvest years [201].

For instance, 41 (both known and novel, see Fig. 1.2) stilbenoids were

detected in extracted red wine, 23 of them were determined for the first time

by ultra-high-performance liquid chromatography/electrospray ionization quad-

rupole time-of-flight mass spectrometry (UHPLC/ESI-QTOF-MS) [202] in Pinot

Noir, Merlot, and Cabernet Sauvignon wines. The method identified several

homodimers, resveratrol–piceatannol heterodimers, and piceatannol–piceatannol
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homodimers of the well-known monomeric stilbenes. Modified trimers of res-

veratrol including O-glycosylated, methoxylated, and oxidized dimers were also

detected. Multiple trimers of resveratrol, as well as some known and some novel

stilbenoid tetramers, were detected for the first time in red wine.

Polyphenolic compounds in Australian Pinot noir red wine were analyzed

in the m/z range from 100 to 1200 using the negative ionization mode by

RPLC/ESI ion trap MS/MS with the limit of detection (LOD)¼8.87mg/L
and limit of quantification (LOQ)¼29.4mg/L [203]. Before molecular analy-

sis, the molecular imprinted solid-phase extraction (MISPE) protocol resulted

in the significant enrichment of (E)-resveratrol and several structurally related

polyphenols.

Capillary RP-HPLC and ESI-MS/MS were used for the analysis and iden-

tification of (E)-resveratrol from Pinot noir grape skins using (E)-resveratrol
imprinted polymers [204]. While quercetin 3-O-glucuronide, (E)-resveratrol,
or the dimer catechin-methyl-5-furfuraldehyde adduct are specifically bound

to synthetic highly crosslinked porous polymeric materials, (+)-catechin or

procyanidin B dimer, are not specifically bound. This selectivity can be used

to extract and preconcentrate resveratrol.

The molecular weights and probably the structures (p-quinones) of the pho-
tochemical products resulting from simulated reactions of polyphenols (resver-

atrol monomer), pallidol (dimer), and amurensin G (trimer) (22) with 1O2 were

determined on the basis of the HPLC/ESI-MS2 analysis [205] (Fig. 1.8).

An ultrafast analytical protocol based on online solid-phase extraction

(SPE-HPLC/MS2) was used for the determination of resveratrol in eight red

wine samples from different regions of China. The obtained LOQs of trans-
and cis-resveratrol were 0.05 and 0.06ng/mL [206].

The resveratrol and piceid contents of 110 commercial beers from around the

world were analyzed by LC-MS2 after a SPE [207]. Resveratrol was found in

the range of 1.34–77.0mg/L in 79% of the beers analyzed, and piceid was found

in the range of 1.80–27.3mg/L in only 33% of them. Unfortunately, its concen-

tration in beer is so low that beer should not be considered a typical source of

resveratrol (Fig. 1.9).

An analytical method was developed for the simultaneous quantification

of serotonin, melatonin, trans- and cis-piceid, and trans- and cis-resveratrol
in green seedless grape, cranberry, strawberry, blackberry, green bell pepper,

banana, peach, nectarine, etc., using RP-HPLC/ESI-MS in both positive and

negative ionization modes. LOD was from 0.5 to 25pg/L [208].

Twenty-one resveratrol metabolites, including those formed by gut and

microbial metabolism, were identified in 24-h urine samples of humans using

UPLC/MS2 analysis after moderate consumption of red wine or dealcoholized

red wine for 28 days [209]. LC/MS2 was used after a specific extraction (mag-

netic hydrophilic multiwalled carbon nanotubes) for the analysis of edible oils

(peanut, camellia, olive, maize, grape seed, rapeseed, and sunflower oil) and

the LOD and LOQ were calculated as 0.6 and 2.0mg/kg, respectively [210].
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The matrix-assisted laser desorption-ionization (MALDI) method was

used to detect stilbene phytoalexins, pterostilbene, and viniferins. It was found

that grapevine leaves irradiated by UV show a specific colocalization of these

compounds around the veins, whereas leaf infection by P. viticola did not

cause this colocalization [211].

LC/ESI-MS was used for simultaneous analysis of resveratrol and piceid iso-

mers (cis- and trans-) in beeswax. The LOD and LOQ ranged from 1.0 to 1.7

and 3.5 to 5.5mg/kg, respectively. The determination of these compounds in

bee pollen showed LOD and LOQ ranging from 10 to 25 and 35 to 80mg/kg,
respectively [212]. HPLC/ESI-TOF-HR-MS was used to detect trans-resveratrol,
trans-resveratrol-3-O-sulfate, and trans-resveratrol-3-O-b-D-glucuronide in rat

serum with plasma LOD values of 3.7, 82.4, and 4.7ng/mL, respectively [213].

Selective ion monitoring (SIM) and multiple reaction monitoring (MRM)

techniques have been used to identify resveratrol and its related compounds

from various sources. Both positive and negative modes of APCI or ESI

were used. For instance, in a negative APCI spectrum of trans-resveratrol the
primary ion [M�H]+ has the value of 228.9Da, trans-piceid 388.8Da, and

[M�H glucose]� ion 226.8Da, whereas ESI gives the ions at 227Da (trans-
resveratrol), trans-piceid 338.7Da, and [M�H glucose]+ 276.7Da [182].

LC-MS/MRM analysis in negative mode gives a higher sensitivity for trans-
and cis-resveratrol, trans- and cis-piceid, trans- and cis-piceatannol, and

FIG. 1.8 Structure of amurensin G (22).
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FIG. 1.9 Structures of the major compounds found in red wine extracts.



trans- and cis-piceatannol glucoside than APCI, because the compounds are

acidic in nature and are therefore more efficiently ionized in negative mode

and are also deprotonated in mobile phase.

The analysis of resveratrol in red wines was described based on a paper

spray mass spectrometry (PS/MS) and MRM and isotope dilution method.

The LOD and LOQ reached values of 0.5 and 0.8mg/mL, respectively [214].

Although the LC/MS2 has many advantages, such as rapid and accurate

metabolite identification, which provides mass spectra of intact molecular

and fragment ions, in some cases it still does not provide complete informa-

tion for the identification of unknown substances. This is mainly a stereo-

chemical information, i.e., the three-dimensional structure. LC/MS is used

as a first step for the chemical profiling of plant extracts, and the compounds

are preidentified based on their molecular weight and fragment data for the

search in metabolomic libraries.

CONCLUSION

Here we briefly describe the main directions in the research of resveratrol and

its related compounds including its occurrence in plants and foods of plant

origin, bioavailability and pharmacokinetics, antimicrobial activity, metabolic

engineering of resveratrol in plants and microorganisms, and analytical methods

for identification and quantification of resveratrol and other stilbene compounds.

In the fields of analysis, the increasingly available instrumentation, i.e., MSs

with HR, makes it possible to identify minor stilbenes and possibly their meta-

bolites in many plant sources [184]. Chemical formulas are given of certain

compounds formed as tetra- and penta-resveratrol oligomers and oxidation pro-

ducts, both in vivo and in vitro.

MS plays an important role in determination of stilbenes in biological mate-

rial used for increased production of resveratrol or/and its derivatives. This

material can be either genetically modified organisms or a plant culture with

adjusted conditions leading to an overproduction of resveratrol. Both methods

have been in the focus of researchers conducted over the past 20 years.

Important are the antioxidant properties of resveratrol and the ability to

quench free radicals and protect against oxidative stress [215–218]. The anti-

microbial activity of stilbenes is gaining importance, especially since a grow-

ing number of infections are becoming harder to treat due to antibiotic

resistance. The phytoalexin resveratrol was tested against several pathogenic

strains and proved to be an interesting molecule in terms of antimicrobial

activity. Research into the antimicrobial activity of resveratrol and its deriva-

tives can in future bring exciting results.

Furthermore, it is necessary, at least in our opinion, to proceed to the

detailed investigation of the pharmacological activity of resveratrol, but espe-

cially of its polymerization and oxidation products, because the knowledge

about these substances is still scarce [219] (Fig. 1.10).
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FIG. 1.10 The structures tetra- and penta-resveratrol oligomers and oxidation products.
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ABBREVIATIONS

3-O-GT 3-O-b-glycosyltransferase
4CL 4-coumarate-CoA ligase

APCI atmospheric pressure chemical ionization

API atmospheric pressure ionization

APPI atmospheric pressure photoionization

BTH benzothiadiazole

C4H cinnamate-4-hydroxylase

CE capillary electrophoresis

CZE capillary zone electrophoresis

DAD diode array detector

DMSO dimethyl sulfoxide

ECD electrochemical detector

EI electron impact

ESI electrospray ionization

FLD fluorescence detector

FT Fourier transform

GC gas chromatography

HIV human immunodeficiency virus

HPLC high-performance liquid chromatography

HR high resolution

ICR ion cyclotron resonance

iNOS inducible nitric oxide synthase

LDL low density lipoproteins

LOD limit of detection

LOQ limit of quantification

MALDI matrix-assisted laser desorption-ionization

MeJA methyl jasmonate

MEKC micellar electrokinetic chromatography

MISPE molecular imprinted solid-phase extraction

MRM multiple reaction monitoring

MS mass spectrometry

PAL phenylalanine ammonia-lyase

PER peroxidase

PGE2 prostaglandin E2

QTOF quadrupole time-of-flight

RP reverse phase
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SIM selective ion monitoring

SPE solid-phase extraction

STS stilbene synthase

TAL tyrosine ammonia-lyase

TLC thin-layer chromatography

UHPLC ultra-high-performance liquid chromatography

UV ultraviolet

Vis visible
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