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Agricultural by-products are often hidden sources of healthy plant ingredients. The investigation of the
nutritional values of these by-products is essential towards sustainable agriculture and improved food
systems. In the vine industry, grape leaves are a bulky side product which is strategically removed and
treated as waste in the process of wine production. In this work we performed an untargeted metabolomic
profiling of the methanol extract of the leaves of Vitis vinifera cultivar ‘Pinot noir’, analysed their fatty acid
content, and estimated their antioxidative capacity, with the purpose of investigating its nutritional and med-
icinal value. Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) analysis identified
the presence of numerous compounds which are known to possess diverse nutritional and pharmacologi-
cal properties, particularly polyphenols and phenolic compounds (e.g. caffeic acid, catechin, kaempferol
and quercetin), several phytosterols and fatty acids. Fatty acids were the most represented lipids' secondary
class, with the essential alpha-linolenic acid being the most abundant in ‘Pinot noir’ leaves, with a relative
content of 42%. Also, we have found that ‘Pinot noir’ leaves present a high antioxidant capacity, putting
grapevine leaves at the top of the list of foods with the highest antioxidative activity. Our findings scientifi-
cally confirmed that ‘Pinot noir’ leaves have a high content and diversity of biologically active phytochemical

rsc.li/food-function

Introduction

Used since ancient times in traditional medicine, plants are a
major source of natural bioactive compounds with a wide range
of applications in the pharmaceutical, food and cosmetic indus-
tries." However, the use of plants as a source of natural products
faces quite a few challenges, mainly the availability of the com-
pounds of interest, which can be very low, and the amount of
the starting material, not always adequate for industrial extrac-
tion purposes.” One strategy to overcome these issues is the
selection of an abundant plant material with a high phytochem-
ical content and nutritional value that is normally seen as agri-
cultural waste and turn it into a valuable resource.
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compounds which make it of exceptional interest for pharmaceutical and food industries.

Considering its importance in the wine industry, grapevine
(Vitis vinifera L.) is considered one of the most important fruit
crops in the world, occupying over 7.5 Mha of the global area.’
Currently, there are about 2000 different cultivars of V. vinifera
used for grape production and grown all over the world.*
About 50% of the world’s produced grape is destined to wine
production, a highly strategic industry for the economy of
several countries, with 30% being targeted for the commercia-
lization of fresh grapes and the rest is dried or consumed as
grape juice or musts.’ Grapes contain a great diversity of sec-
ondary bioactive metabolites, namely vitamins, anthocyanins,
flavonoids, polyphenols and stilbenoids, and are already being
used for the development of food supplements®” and in cos-
metics.® Grapevine’s bioactive compounds have been mostly
studied at the grape level, whereas the vegetative parts, par-
ticularly leaves, are still a disregarded by-product of this
industry. Grapevine leaves are a very abundant plant material,
containing a wide range of phenolic compounds and antioxi-
dants, being already used in traditional medicine for the
treatment of bleeding, inflammation, diarrhoea and diabetes-
induced hepatic complications.”® Additionally, vine leaves
have already been included in human diet in several
countries of the Mediterranean Basin, both fresh and brined,

This journal is © The Royal Society of Chemistry 2019
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and therefore are getting the attention from top European
wine producers.*°

We performed an untargeted metabolomics approach to
unfold the global view of the metabolic composition of leaves
from V. vinifera ‘Pinot noir’. This cultivar is one of the world’s
most planted grapevines, occupying the 12™ position world-
wide (the 10™ position among the wine making cultivars) and
representing around 112 kha of the planted area.'’ Fourier
transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS) was used for metabolite profiling, already success-
fully used in plant metabolomics due to its ultra-high-resolu-
tion and ultra-high-mass accuracy.'”'® These performance
characteristics allow the assignment of putative metabolite for-
mulae based solely on accurate mass, by an exhaustive search
and match with computed masses for a given chemical series
of compounds, in combination with the metabolomic data-
base search by accurate mass."»'” In our analysis, lipids,
mostly fatty acids, and phytochemical compounds were the
most prevalent metabolites. Hence, fatty acids were sub-
sequently quantified and the antioxidant capacity of ‘Pinot
noir’ leaves was determined to assess their potential as a
source of nutra-pharmaceutical compounds.

Results and discussion

V. vinifera ‘Pinot noir’ metabolic profile

A total of 6348 ions (peaks) were identified in ESI+, while in
ESI- 1105 peaks were detected in the metabolic profile of
V. vinifera ‘Pinot noir’ leaves. Through the analysis of the four
metabolite fractions, nearly 1000 metabolic entities (unique
masses) were identified: 785 in the positive ionization mode
and 151 in the negative ionization mode. To provide insight
into the metabolite diversity and elemental ratios, metabolite
formulas were assigned to the detected masses (combining
data from positive and negative ion modes), obtaining a total
of 857 different formulas. Compound formulas were used to
plot H/C ratios against O/C ratios in a Van Krevelen diagram
and build a frequency histogram of CHO, CHON, CHOS and
CHONS elemental compositions (Fig. 1).

The highest density of formulas contains H/C ratios between
1 and 2 and O/C ratios between 0 and 0.5. This area corres-
ponds mainly to lipids. Indeed, the compound database match
and compound taxonomical annotation revealed that within the
major metabolic classes, the lipids’ class was the most preva-
lent, accounting for 67% of the total detected metabolome.

Fatty acids (FAs) were the most represented lipids’ second-
ary class (48% of the total lipids, according to LipidMapsDB
classification), followed by prenol lipids, polyketides and
sterols (Fig. 2).

Fatty acids

Fatty acid quantification in ‘Pinot noir’ showed that alpha-lino-
lenic acid (C18:3) was the most abundant FA in leaves (42% of
the total quantified FAs). The second most abundant FAs were
linoleic acid (C18:2) and palmitic acid (16:0), with 25% and
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Fig. 1 (A) Van Krevelen diagram of ‘Pinot noir’ leaves’ metabolic com-
position, built from 857 different formulas. Representative elemental
ratio areas for selected groups of compounds are highlighted: lipids in
red, carbohydrates in green, and polyketides in purple. (B) Frequency
histogram of CHO, CHON, CHOS and CHONS elemental compositions
in the metabolite formulas displayed in (A).

Polyketides
10.63%

Sterol Lipids
8.73%

Prenol Lipids Sphingolipids
15.95% Glycerolipids 3.72%
6.91% =
— '///
-
o
e
__Other
9.95%
~— \_ Saccharolipids
T 0.15%

Glycerophospholipids

Fatty Acyls 6.07%

47.84%

Fig. 2 Lipids secondary classes’ annotation of grapevine lipids detected
by FT-ICR-MS, according to the LipidMaps classification.

22% of the total FAs. The essential polyunsaturated fatty acids
(PUFAs) C18:2 (omega-6) and C18:3 (omega-3) are not syn-
thesized by human cells"®"® but are required to produce long
chain PUFAs such as arachidonic and eicosapentaenoic acids,
respectively. Therefore, some PUFAs have already been
included in nutraceutical products (reviewed in ref. 20). These
two PUFAs, which conserved signalling molecules involved in
immune responses (reviewed in ref. 21), were putatively identi-
fied by MS in ‘Pinot noir’ leaves (ESI 1}), most likely from a
microbiological source. Less abundant, but also present in sig-
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nificant amounts and also identified by MS, were oleic acid
(C18:1), trans-hexadecanoic acid (C16:1t) and stearic acid
(C18:0), (ESI 17}). Other FAs identified by MS included docosa-
nedioic acid, dodecanoic acid, eicosanedioic acid and octaco-
sanoic acid (ESI 1f), in agreement with the FA composition
recently described for other grapevine cultivars.>

Grapevine leaves’ fatty acids profile was used to assess lipid
nutritional quality, through the determination of atherogeni-
city (IA) and thrombogenicity (IT) health lipid indexes. These
indexes are indicators of the effects of fatty acids in human
health, mainly their contribution to the prevention of ather-
oma and thrombus formation. ‘Pinot noir’ leaves have low IA
and IT levels, 0.32 and 0.17 respectively, meaning that they
could be part of a healthy diet.

Sterols

Plant sterols (also named phytosterols) are another secondary
class of lipids already incorporated in several foods>® for their
ability to interfere with cholesterol absorption. In ‘Pinot noir’
leaves, we detected several putative sterols, including 22S-
hydroxysitosterol, stylisterol B, 16a,17p-estriol 17-(p-p-glucuro-
nide), 1-hydroxyvitamin D3 3-p-glucopyranoside and several
other vitamin D3 derivatives (ESI 17).

Polyketides

Within the polyketide subclass, flavonoids and phenolic lipids
are the most relevant (reviewed in ref. 24). A highly important
antioxidative phenolic acid putatively found in V. vinifera
‘Pinot noir’ was caffeic acid, together with its 3-glucoside and
phenethyl ester forms (ESI 1}). Within the phenolic diter-
penes, carnosol was putatively identified in ‘Pinot noir’ leaves
(ESI 17). The extraction of several polyphenols was already opti-
mized from grape seeds to be used in food, cosmetics and
pharmaceutical industries (reviewed in ref. 25). Flavonoids
were already found in all V. vinifera tissues and organs.”®>°
Putatively identified flavonoids in ‘Pinot noir’ leaves included
the most common glycosylated forms and isoforms of kaemp-
ferol and quercetin, particularly glucoside, galactoside and glu-
curonide conjugate forms, rutin, catechin (and/or epicatechin)
and gallocatechin (and/or epigallocatechin), (ESI 1t). Plant
catechins (flavan-3-ols) are particularly interesting and have
been widely used by the pharmaceutical industry as nutraceuti-
cal products.*® Together with caffeic acid, catechin and epica-
techin were extracted from Uncaria sinensis to be used in the
treatment of fevers and nervous disorders (reviewed in ref. 25).
The dihydroflavonol astilbin, also present in grapes and wine
(reviewed in ref. 29), was detected in ‘Pinot noir’ leaves.
Resveratrol-derived flavonoids were also detected in ‘Pinot
noir’ leaves, namely dihydroresveratrol, 4'-prenyloxyresveratrol
and the resveratrol dimer ampelopsin (also named dihydro-
myrcetin), (ESI 1}). Anthocyanins and anthocyanidins also
have antioxidant activity and potential biologically therapeutic
effects (reviewed in ref. 24). Glucoside forms of the anthocya-
nins peonidin and cyanidin, delphinidin 3-O-rutinoside, leuco-
cyanidin and 3-deoxyleucocyanidin were detected in ‘Pinot
noir’ leaves (ESI 17). An acylated anthocyanin, peonidin 3-(6"-

3824 | food Funct, 2019, 10, 3822-3827

View Article Online

Food & Function

acetylglucoside), was putatively identified for the first time in
‘Pinot noir’. These acylated pigments combine their potent
antioxidant properties with an increased stability, being there-
fore more attractive for use as supplements in commercial
food products.*! Other natural antioxidants putatively detected
in ‘Pinot noir’ leaves included ascorbic and dehydroascorbic
acid and alpha-tocopherol (ESI 17).

Antioxidant capacity of ‘Pinot noir’ leaves

The presence of polyphenols and phenolic compounds in
grapevine leaves suggests that they can be a potential source of
antioxidants (reviewed in ref. 9). Indeed, the metabolic profile
of ‘Pinot noir’ leaves revealed several antioxidant compounds,
hinting for a quite relevant antioxidant capacity. We measured
the antioxidant activity in ‘Pinot noir’ leaves using the TEAC
(Trolox Equivalents Antioxidant Capacity) method. ‘Pinot noir’
leaves have a high antioxidant capacity (2402 + 198 pmol TE
per 100 g fresh weight (F,)), comparable to red cabbage
(2591 pmol TE per 100 g Fw), and higher than strawberries
(1846 pmol TE per 100 g Fw) or raspberries (1825 pmol TE per
100 g Fw), usually considered at the top of the list of foods
with significantly high antioxidant activity.** Like grape seeds,
skin and pomace, already recognized as a good source of anti-
oxidants®® grapevine leaves have thus an enormous potential
as a source for the extraction of natural antioxidant compounds.

Conclusions

The grapevine associated industry is one of the biggest world-
wide. Some premium cultivars as ‘Pinot noir’ are highly culti-
vated reaching plantation areas of 112 kha.'' Within this
industry, leaves are strategically removed every season, to
improve sunlight penetration, air circulation into the vine and
grape quality and are considered a waste product. Here, we have
shown that ‘Pinot noir’ leaves have high nutritional potential
for human or animal consumption or to be used as a source of
bioactive compounds. Grapevine leaves present a high content
in fatty acids, with alpha-linolenic acid at the top of the most
abundant FA. ‘Pinot noir’ leaves also contain several antioxidant
compounds, particularly phenolic compounds and polyphenols,
like caffeic acid, catechin, kaempferol, quercetin and resvera-
trol-derived flavonoids, with a very interesting antioxidant
activity, among other several metabolites with interesting pro-
perties in the context of human health.

Grapevine leaves’ potential as a source of nutraceuticals has
been overlooked. It is time to exploit this abundant natural
product as a source of bioactive compounds.

Experimental
Plant material

V. vinifera ‘Pinot noir’ leaves were collected at the Portuguese
Ampelographic Grapevine Collection (CAN, international code
PRT051, established in 1988), at INIAV-Dois Portos, located at

This journal is © The Royal Society of Chemistry 2019
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Quinta da Almoinha, 60 km north of Lisbon. This vineyard is
trained on a double-cordon system, selecting only four canes
in each arm. Plants were grafted on SO4 rootstock (Selection
Oppenheim 4), in alluvial soil (pH 8.1 at 0-21 cm deep), in
temperate oceanic climate (according to the Koppen climate
system). Sanitary status is controlled for viral diseases and
maintained with preventive phytochemical application every
12 to 15 days in the growing season. Since the beginning of
the season (March 2015) until sampling time (May 2015), the
mean temperature was 18 °C (Tmax: 24 °C; Tmin: 10 °C) and
the precipitation had a mean value of 50 mm (reaching
100 mm in April), (data from the Instituto Portugués do Mar e
da Atmosfera). The third to fifth leaves (from the shoot apex)
were collected from 5 fully developed plants and were com-
bined in 1 biological replicate, and 3 biological replicates were
collected for the analysis. Leaves were immediately frozen in
liquid nitrogen and stored at —80 °C until analysis.

Metabolite profile analysis by FT-ICR-MS

Metabolite extraction from V. vinifera ‘Pinot noir’ leaves was
performed following a previously developed protocol compati-
ble with direct infusion-FT-ICR-MS.'® After extraction, the
different obtained fractions (chloroform, water, methanol and
acetonitrile) were analysed by direct infusion on a 7T-FT-ICR
mass spectrometer (Britker Daltonics), using positive (ESI+)
and negative (ESI-) electrospray ionization modes, as pre-
viously reported.’® Spectra analysis, compound identification
and annotation were also performed as previously described."’
Compound formulas, obtained from MassTRIX analysis, were
used to plot H/C ratios against O/C ratios in a Van Krevelen
diagram and build a frequency histogram of CHO, CHON,
CHOS and CHONS elemental compositions.

Fatty acid quantification

Fatty acids’ methyl esters (FAME) were prepared by direct
trans-methylation of fatty acids using ground leaves with a
mixture of methanol: sulfuric acid (97.5:2.5, v/v), with incu-
bation at 70 °C for 1 h. Methyl esters were recovered in the
organic phase after the addition of petroleum ether : ultrapure
water (3:2, v/v). Quantitative analysis of fatty acids was
achieved by gas chromatography (3900 Gas Chromatograph,
Varian, Palo Alto, CA, USA) equipped with a flame ionization
detector, using a fused silica capillary column (0.25 mm i.d. x
50 m, WCOT Fused Silica, CP-Sil 88 for FAME, Varian) at
210 °C. Heptadecanoic acid (C17:0) was used as the internal
standard.

Indexes of lipid quality determination

Lipid nutritional quality can be assessed through the determi-
nation of the indexes of atherogenicity (IA) and thrombogeni-
city (IT). IA is defined as the relationship between the sum of
the main saturated fatty acids ( proatherogenic) and the sum of
the main classes of unsaturated fatty acids (antiatherogenic),
while IT represents the relationship between C16:0 and C18:0,
saturated fatty acids (prothrombogenetic) with monounsatu-
rated fatty acids (MUFAs), polyunsaturated fatty acids -n6

This journal is © The Royal Society of Chemistry 2019
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(PUFA-n6) and -n3 (PUFA-n3) (antithrombogenetic).** The fol-
lowing equations were used for IA and IT calculation:

B (C16:0+C18:0)
" MUFAS + PUFAS; + PUFASq6

Cl6:0+C18:0
IT = ( * )

PUFASs3
0.5 X MUFASs + 0.5 x PUFAsg + 3 X PUFAs 3 + | ——
PUFAS

Antioxidant assay

Total antioxidant capacity was determined in ‘Pinot noir’
leaves. Total antioxidant capacity was analysed by measuring
the Trolox equivalent antioxidant capacity (TEAC), following a
previously described protocol.®® Briefly, 100 mg of frozen
leaves were homogenized in 3 mL 50 mM potassium phos-
phate buffer pH 7.2, supplemented with 1% (w/v) of insoluble
polyvinylpolypyrrolidone (PVPP 40000), at 4 °C. After centrifu-
gation at 16 000g for 1 min, the supernatant was collected and
used for the assay. Total antioxidant capacity was determined
spectrophotometrically at 405 nm using the antioxidant assay
kit and Trolox as the standard (Sigma-Aldrich, ref. CS0790).
The assay was performed in 3 biological replicates, each ana-
lysed twice.
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