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Introduction

Introduction
The current world production of fruits and vegetables is placed at 429 and 596
million tonne, respectively1. The waste generated by fruit and vegetable
processing industries includes both solids and liquids. In particular, the food
waste, can be classified into the following six categories: (a) crop waste and
residues; (b) fruit and vegetables by-products; (c) sugar, starch and confectionary
industry by-products; (d) oil industry by-products; (e) grain and legume byproducts; and (f) distilleries’ and breweries’ by-products.
The byproducts production is estimated to be approximately 30% of the processed
material2 (table 1).
Table 1. Percentage of food wastes and by-products in fruit and vegetable production.

This percentage is due to the global intensification of food production that has led
to the creation of large quantities of wastes; generally the disposal of waste
materials requests huge price by the industries and farmers.
For this reason, during the last years, the research has developed a great interest
for the efficient reutilization of agricultural industry residues; in particular, fruit
and vegetable processing by-/co-products are promising sources of valuable
substances such as phytochemicals (carotenoids, phenolics, and flavonoids),
antioxidants, antimicrobials, vitamins, or dietary fats that possess favorable
1
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technological activities or nutritional properties. Moreover, fruit and vegetable
processing residues have traditionally been used in animal nutrition as the main
feed ingredients and their effect on animal performance has been extensively
studied2.

Byproducts of Protected Geographical Indication (PGI) products of Campania
region: “Nocciola di Giffoni” and “Marrone di Roccadaspide”.
Horticulture in Campania is a major economic resource with an extremely varying
range of products and many valued typical varieties. Typical products are
characterized by a strong identification with the land they come from. PDO
(Protected Designation of Origin), PGI (Protected Geographical Indication) and
TSG (Traditional Specialities Guaranteed) labels in Campania contribute
significantly to agricultural economy since producers and consumers have
developed a strong sensibility to quality.
In Campania region there are currently 16 registered agriculture products, among
which the PGI products “Nocciola di Giffoni” (Corylus avellana L.) and
“Marrone di Roccadaspide”3 (Castanea sativa Mill.).
-

“Nocciola di Giffoni”. The Protected Geographical Indication "Nocciola di
Giffoni" refers to one of the most appreciated Italian varieties: Tonda di
Giffoni.
The distinctive characteristics of the "Nocciola di Giffoni"
PGI are represented from the perfectly round shape of the
seed (which is the shelled hazelnut), which has a white
flesh, consistent, with an aromatic flavor, and a thin and
easily detachable perisperm (internal film). "Nocciola di Giffoni" is
particularly suitable for roasting, peeling; moreover it is strongly requested
by the industries for the production of pasta and grain, as well as, as a raw
material, for the preparation of high-quality confectionery specialties.
2
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"Nocciola di Giffoni" production is limited to the Salerno province around
the Picentini Mountains and Irno valley4. Being a medium-early cultivar,
the harvesting of the fruits usually begins as early as the third decade of
August, after which the hazelnuts are dried, they are deposited in cool and
ventilated places, without odors and humidity3.

-

“Marrone di Roccadaspide” has been recognised as a PGI (Protected
Geographical Indication) product in 2008.
The distinctive characteristics of the "Marrone di
Roccadaspide " are represented by a medium size of the
fruit (80-85 fruits per Kg) of a prevalently semispherical shape, sometimes roundish. For the valuable
characteristics of the fruit, "Marrone di Roccadaspide " is among the few
varieties of chestnuts in Campania to be defined botanically "brown type"
and is therefore particularly required for industrial processing (over 90%
of the commercial destination ), infact the industry uses them mainly for
the production of marron glacés, jams, chestnuts with rum, and purees3.
"Marrone di Roccadaspide" is considered, together with “Castagna di
Montella” PGI and “Castagna di Serino”, among the best chestnuts
produced in Campania, not only for the quality, but also for the soil and
the favorable climate3.
The production area of "Marrone di Roccadaspide PGI" is located in the
province of Salerno and in particular in the Alburni area3. The harvesting
is carried out during the first decade of November.

The PGI products of Campania region are not only extensively used in the local
gastronomy but also represent the Italian products abroad. Italy is the second
producer of hazelnut with over 13% after Turkey. Campania is the first Italian
3
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region in the hazelnut production, and in Salerno 90% of the production is given
by “Nocciola di Giffoni”. Italy is the leading producer of chestnuts: in Campania,
the growing area of PGI “Marrone di Roccadaspide” is very large, and represents
about 50% of the production of Salerno province.
The high importance of these products is evident, considering that only the 1015% of the nuts are used fresh while the remaining part is for the food industry.
Even if the nutritive features of these PGI products are well known, in some cases
very little is known about their metabolome. A deeper insight on the chemical
composition of this PGI products has the purpose to protect the reputation of the
regional foods, to promote rural and agricultural activity, to help producers to
obtain a premium price for their authentic products, and to eliminate the unfair
competition and misleading of consumers by non-genuine products, which may be
of inferior quality.
In particular, attention has been focused on the parts of the plants not edible,
which result waste products and represent a large amount of the total biomass of
the products. The PGI “Nocciola di Giffoni” hazelnut skin, hazelnut green leafy
cover, and hazelnut tree leaf, by-products of roasting, cracking, shelling/hulling,
and harvesting processes, respectively, don’t have any commercial value and
represent a huge amount of discarded material; also the by-products of the PGI
“Marrone di Roccadaspide” such as shell, resulting from the fruit peeling process,
wood and leaves represent waste material.
The aim of the present PhD project has been the definition of the metabolome of
byproducts and of the edible parts of the selected PGI branded products; particular
attention has been paid to the study of waste products as potential sources of
bioactive molecules, in order to highlight the occurrence of phytochemicals to use
as functional ingredients for nutraceutical, herbal and cosmetic formulations.
Specifically, the objectives achieved during PhD are the following:
4
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-definition of the chemical profile of the different parts of the selected plant
species Corylus avellana L. cv. Tonda di Giffoni and Castanea sativa Mill. cv.
Marrone di Roccadaspide;
- development of methods for the qualitative and quantitative analysis of extracts
obtained from the different parts of the selected plant species;
-definition of the bioactivity profile of extracts and pure compounds.

Experimental plan

Extraction of the selected parts of plant.
Plant tissue metabolites are highly diverse. Several critical factors must be
considered during extraction, such as the ratio of solvent and plant material,
solvent characteristics, the time of extraction, the temperature and the choice of an
appropriate method for the desired goals. The choice of a solvent is extremely
important for the achievement of reliable results because it needs to be adequate
for the metabolites targeted for extraction and for the analytical method.3 For this
reason, a specific extraction protocol has been developed for each plant raw
material, by using traditional extraction procedure or in some cases innovative
extraction methods like Naviglio extraction.

Qualitative and quantitative analysis.
Following a qualitative approach (untargeted metabolomics), the extracts obtained
from the different parts of the plants have been analyzed by liquid
chromatography coupled to mass spectrometry (LC-MS) which is a very useful
tool in phytochemistry and food chemistry, allowing to determine in a single
analysis a large number of different molecules and, with the utilization of suitable
fragmentation experiments and protocols, to obtain information about the
structures. In particular LC coupled with electrospray multicollisional Ion trap
5
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(IT) mass spectrometry (LC-ESI(IT)MSn), due to its capacity to rapidly separate,
fragment and detect a broad range of small molecules, can be considered a
powerful approach for structural characterization in metabolite fingerprinting.
Spectrometer with an ion trap analyser allow to run experiments of tandem mass
spectrometry and MSn, increasing the number of information obtained by a single
LC-MS experiment.
According to this, a high-resolution mass spectrometer has been used (i. e.
Orbitrap).
To characterize unequivocally all components of the extracts, off-line isolation
protocols have been performed by carrying out sequential fractionating steps with
the aid of different chromatographic preparative or semi-preparative techniques.
The selection of the different chromatographic protocol depends on the physicalchemical properties of the extracts and the compounds to isolate. The same
analytical protocols, when performed in semi-preparative or preparative scale on a
partially purified extract can lead to a fast isolation of interesting compounds.
The structural determination of pure compounds has been performed by Mass
Spectrometry (MS) and spectroscopic methods like CD, UV, IR but mainly by
NMR.
The NMR structural assignment of metabolites has been obtained by 1D-(1H and
13

C) and 2D-NMR (DQF-COSY, HSQC, HMBC, TOCSY, ROESY).

In particular, the NMR structural assignment of plant metabolites has been carried
out acquiring scalar coupling homonuclear spectra (1D-TOCSY, 2D-TOCSY,
COSY) for the determination of the molecule spin-systems, heteronuclear spectra
(HSQC, HMBC) for the identification of the substitution pattern and for the
assembly of the molecule moieties, dipolar coupling homonuclear spectra
(NOESY, ROESY) for a further assessment of the substructures contained in the
molecule and for the definition of the configurational orientations particularly in
those cases with well-defined conformational properties. Moreover, to determine
6
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the relative configuration a combined QM (quantum mechanical)/NMR approach,
has been followed in the frame of collaborations.
In some cases, metabolite profiling analysis has been followed by quantitative
analyses based on mass spectrometry targeted approach. In particular, LCESI/QqQ/MS/MS, with a very sensitive and selective mass tandem experiment
such as Multiple Reaction Monitoring (MRM), has been used.

Evaluation of the biological activity of the PGI product extracts and of the pure
compounds.
On the basis of the chemical composition of the PGI products, biological assays
have been carried out on extracts and pure compounds considering the chemical
nature of the isolated metabolites. Preliminarly, in the frame of collaborations, the
cytotoxicity has been evaluated to highlight the non-toxic concentration;
successively different biological assays have been performed, mainly aimed at
evidencing the antioxidant potential of the extracts and pure compounds.

7
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Introduction
Hazelnut (Corylus avellana L.), belonging to the Betulaceae family, is a tree
which may grow up to 6 m, exhibiting deciduous leaves which are rounded, 6–12
cm long, softly hairy on both surfaces, and with a double-serrate margin; hazelnut
is one of the most popular tree nuts on a worldwide basis and ranks second in tree
nut production after almond. Italy is the second largest producer of hazelnut
(13%) after Turkey; the main products of C. avellana are kernels, nutritious food
with a high content of healthy lipids1, used by the confectionary industry,
consumed raw (with skin) or preferably roasted (without skin). The leaves of C.
avellana are used in traditional medicine for the treatment of varicose veins and
hemorrhoidal symptoms and also for their mild antimicrobial effects2. Antioxidant
activity has been reported for hazelnuts and leaves of C. avellana1. Previous
phytochemical investigations on the leaves resulted in the isolation of phenolic
constituents, such as flavonoids, caffeic acid, and linear diarylheptanoid
derivatives3.
The Italian “Nocciola di Giffoni”, also known as “Tonda di Giffoni”, is a labeled
PGI (Protected Geographical Indication) product of the Campania region,
representing an important economic resource.

Although the nutritive features of the PGI “Nocciola di Giffoni” hazelnut are well
known4,5, no studies are reported on the chemical composition of the leaves of C.
avellana, source of the PGI hazelnut. As part of an ongoing effort to search for
11
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new bioactive compounds from C. avellana6, 7, the MeOH extract of the leaves
was investigated.
The phytochemical investigation of C. avellana cv. Tonda di Giffoni leaves
allowed us to isolate and characterize, by 1D and 2D NMR experiments, 16 new
cyclic diarylheptanoids and diaryletherheptanoids, some of which highly
hydroxylated, named giffonins A-P. Cyclic diarylheptanoids are characterized by
a C-C bond between C-1 and C-2 positions of the two aromatic rings, while cyclic
diaryletherheptanoids are characterized by an ether linkage between C-1 and C-17
of the two aromatic moieties. In particular, in this chapter the following topics are
reported:
-

isolation and structural elucidation of giffonins A-I, some of which

characterized by the presence of only one stereogenic centre on the heptyl
moiety; for these compounds (giffonins B, C and E-H) the absolute
configuration has been established through the application of the modified
Mosher’s method.
-

isolation and structural elucidation of giffonins J-P, possessing at

least two stereogenic centres on the heptyl unit; in this case a combined
QM/NMR approach has been used to establish the relative configurations.
human

evaluation of the effects of giffonins A-P on oxidative damage of
plasma

lipids,

induced

12

by

H2O2

and

H2O2/Fe2+.
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1.1. Giffonins A-P, Antioxidant Cyclic Diarylheptanoids from the Leaves of
Corylus avellana cv. Tonda di Giffoni
1.1.1 LC-ESI/LTQOrbitrap/MS/MSn analysis
The leaves of C. avellana cv. Tonda di Giffoni (910 g) have been dried and
extracted at room temperature using solvents of increasing polarity.
High-performance liquid chromatography coupled to multiple-stage linear iontrap and orbitrap high-resolution mass spectrometry in negative electrospray
ionization mode (LC-ESI/LTQOrbitrap/MS/MSn) analysis, of the MeOH extract
of C. avellana leaves allowed us to obtain a preliminary plant metabolite
profiling.

Figure 1.1.. LC-MS profile of the MeOH extract of C. avellana leaves.

LC-MS profile of the MeOH extract highlighted peaks with m/z values
corresponding to a wide range of phenolic compounds. In particular, the LC-MS
spectrum showed ions characterized by typical fragmentation patterns of
flavonoids, and further peaks suggesting the occurrence of diarylheptanoid
derivatives (fig. 1.1).
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Diarylheptanoids
Since the first diarylheptanoid isolated in 1815, more than 500 diarylheptanoids
have been identified. Diarylheptanoids occur frequently in plants belonging to the
Betulaceae family; they rappresent a class of natural products based on the 1,7diphenylheptane skeleton that are mainly found in terrestrial plants.
They can be divided into linear or cyclic compounds. There is a smaller number12
of cyclic diarylheptanoids that are formed from the corresponding linear type by
phenolic oxidative coupling, either C-C coupling leading to meta,meta-bridged
biaryls or C-O coupling leading to bridged diaryl ethers (fig. 1.2). So, they can be
classified into three subgroups, namely linear diarylheptanoids, cyclic
diaryletherheptanoids, and cyclic diarylheptanoids (fig. 1.2)12.
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Figure 1.2. A) linear diarylheptanoids; B) macrocyclic diaryletherheptanoids; C) macrocyclic
diarylheptanoids.

The biosynthesis of diarylheptanoids starts from L- phenylalanine; which thanks
to the action of phenylalanine-ammonia-lyase (PAL) loses the amine group
leading to cinnamic acid. The subsequent action of the cinnamate 4-hydroxylase
(C4H) converts cinnamate into p-coumarate. At this point the concatenated
actions of the 4-cumarate CoA ligase (4CL), of the p-cumaroyl shikimato
transferase (CST) combined with the action of p-coumaroyl 5-O-shikimato 3'hydroxylase (CS3'H), leads to the synthesis of caffeoyl-CoA. Finally, the
caffeoyl-CoA O-methyltransferase (CCOMT) leads to the feruloyl-CoA, which
represents the starting point for the synthesis of most of the diarylhepanoids
14
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known today13. The combination of two phenylpropanoid moieties in the form of
CoA-esters with malonyl-CoA generates a diarylheptanoid derivative.

SAM = S-adenosylmethionine; SAHC = S-adenosylhomocysteine

15
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Linear diarylheptanoids are abundant in plants of the genera Curcuma, Zingiber,
Alpinia (Zingiberaceae), Alnus and Betula (Betulaceae). Cyclic diarylheptanoids
are distributed in Myrica (Myricaceae), Acer (Aceraceae), Garuga (Burseraceae),
Corylus, Betula, Carpinus (Betulaceae), and Juglans (Juglandaceae) species13.
The

aromatic

diarylheptanoids

rings
are

of

linear
often

hydroxylated or methoxylated. C-4'
and C-4'' hydroxyl groups can be
acetylated or glycosylated. Natural occurring molecules with unsubstituted
aromatic rings are scarce. The aliphatic C-7 chain is either saturated or can have
up to three double bonds. Further possibility is the presence of carbonyl groups at
C-3 and/or C-5. On the heptane chain hydroxyl groups can be present that may be
free or engaged in another function: methyl, acetyl, sulfate or glycosyl groups can
be attached. Diarylheptanoids can occur as mono-, di- or triglycosides. The sugar
moieties may be further substituted by phenol carboxylic acids. Diarylheptanoids
can also possess flavonoid (e.g. chalcone, flavanone) moieties at C-5 or C-7.
Dimeric compounds with antiproliferative activity were also isolated from Alpinia
species, additionally, a chalcone moiety can also be attached to the dimeric
diarylheptanoid skeleton13.

16
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The co-occurrence of cyclized diarylheptanoids with their corresponding acyclic
counterpart in plant such as A. japonica, and Acer Nikoense provided indication of
their biosynthetic relationship.
Intramolecular phenolic oxidative
coupling of linear diarylheptanoids,
would

predict

that

biphenylcyclophane will be meta,
meta bridged in nature, while
diphenylether type cyclophane be
meta, para bridged. Such a structural pattern were indeed found in natural
products13.
Cyclized diarylheptanoids are
reported in few species of
Betullaceae

family,

Carpinus

cordata8,

sieboldiana9,

10

such

as

Alnus

, and Ostryopsis

nobilis11. Cyclic diaryletherheptanoids and cyclic diarylheptanoids show different
oxidation pattern on heptanoid chain, characterized by alcoholic and chetonic
funtions and cis or trans olefinic bonds; moreover, some cyclic diarylheptanoids
show one or more methoxy groups on aromatic ring.

1.1.2 Results and discussion

Isolation and characterization of cyclic diarylheptanoids in the MeOH extract of
C. avellana cv. Tonda di Giffoni leaves.
In order to unambiguously elucidate the compounds corresponding to the
unknown peaks occurring in the LC-ESI/LTQOrbitrap/MS/MSn spectrum, the
MeOH extract was purified by size exclusion chromatography, followed by
17
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further purification steps by reversed-phase using high-performance liquid
chromatography equipped with refractive index (HPLC-RI), to obtain 16
compounds. Their structures were established by 1D and 2D-NMR experiments
along with ESIMS and ESI/LTQORBITRAP/MS analysis.
The ESI/LTQORBITRAP/MS of 1 (m/z 377.1369 [M+Na]+, calcd for
C21H22O5Na, 377.1365) and the 13C NMR data supported a molecular formula of
C21H22O5. The IR spectrum showed a band at 1705 cm−1 indicative of the
presence of a ketocarbonyl group.
The 1H NMR spectrum displayed signals for five aromatic protons ascribable to
two aromatic rings: a signal at δ 4.41 (s), typical of the proton of a penta
substituted aromatic ring and signals at δ 7.41 (2H, d, J = 8.3 Hz) and 7.01 (2H, d,
J = 8.3 Hz), due to the proton of a 1,4-disubstituted aromatic ring. The 1H NMR
data displayed further signals due to a di-substituted trans-olefinic group at δ 6.34
(d, J = 15.7 Hz) and 5.20 (dt, J = 8.0, 15.7 Hz) and four methylene groups at δ
2.32 (2H, m), 2.44 (2H, t, J = 5.5 Hz), 2.86 (2H, t, J = 5.5 Hz), and 3.03 (2H, t, J
= 5.5 Hz) (fig. 1.3 and table 1.1). Moreover, two signals for two methoxy groups
at δ 4.00 and 3.67 were evident.

18
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Figure 1.3. 1H NMR spectrum (600 MHz, CD3OD) of giffonin A (1).

The

13

C NMR spectrum of 1 showed 21 carbon signals (table 1.1), typical of

diaryletherheptanoid derivatives14-16, comprising a signal at δ 211.1, ascribable to
a ketocarbonyl group. The signal at δ 4.41 was attributed to H-6, which generally
resonates at an abnormally high field, due to the anisotropic effect of the A ring in
diaryletherheptanoids15. This observation together with the ROESY correlations
of H-6 at δ 4.41 with H-18 (δ 7.01) and H.16 (δ 5.20) suggested the ether linkage
between C-1 and C-17 of the aryl moieties. The HMBC correlations of H-6 (δ
4.41) with the

13

C NMR resonances at δ 152.7 (C-1), 136.9 (C-2), 140.4 (C-4),

127.8 (C-5), and 125.5 (C-7) suggested the 1,2,3,4-tetrahydroxylation of the A
ring. The disposition of the heptanoid chain and the position of the keto group
were determined by HSQC, HMBC, and COSY experiments. (fig 1.4-1.6)

19
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Figure 1.4. HSQC spectrum (CD3OD) of giffonin A (1).

Figure 1.5. HMBC spectrum (CD3OD) of giffonin A (1).

20
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In the HMBC spectrum of 1, the methylene protons at δ 3.03 were assigned to C13 on the basis of their correlations with the

13

C NMR resonances at δ 132.2 (C-

15 and C-19), 141.0 (C-14), 46.2 (C-12), and 211.1 (C-11) as showed in figures
1.5. The COSY correlation between the methylene protons at δ 3.03 and 2.86
allowed the latter methylene group to be located at C-12, and therefore the keto
group to be located at C-11. The HMBC correlations of the proton at δ 6.34 (H-7)
with the

13

C NMR resonances of the B ring at δ 140.4 (C-4), 127.8 (C-5), and

109.0 (C-6) and the linear connectivity observed in the COSY spectrum from H-7
to H-10 were used to assign the heptanoid chain (fig. 1.6).

Figure 1.6. COSY spectrum (CD3OD) of giffonin A (1).

Finally, the HMBC correlations between the protons at δ 4.00 and 3.67 with the
13

C NMR resonances at δ 136.9 (C-2) and 140.4 (C-4), respectively, allowed the

methoxy groups to be located at C-2 and C-4 of the A ring. The foregoing
spectroscopic data allowed the structure of compound 1, named giffonin A, to be
assigned as shown (fig. 1.7).
21
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The ESI/LTQORBITRAP/MS of 2 (m/z 393.1318 [M+Na]+, calcd for
C21H22O6Na, 393.1314) and the 13C NMR data supported a molecular formula of
C21H22O6. The 1H NMR spectrum displayed five aromatic proton signals, which
suggested the occurrence of a penta-substituted [δ 4.39 (s)] and a 1,4-disubstituted
aromatic ring [δ 7.70 (dd, J = 8.3, 1.9 Hz), 7.45 (dd, J = 8.3, 1.9 Hz), 7.16 (dd, J =
8.3, 1.9 Hz), 7.00 (dd, J = 8.3, 1.9 Hz)] (table 1.1), as in 1.
The NMR data of 2 revealed that it differed from 1 by the presence of a secondary
hydroxy group suggested by a signal at δ 5.23 (dd, J = 5.4, 8.9 Hz) (table 1.1).
The HMBC correlations of the proton at δ 5.23 with the 13C NMR resonances at δ
131.4 (C-15), 128.4 (C-19), 143.4 (C-14), 54.2 (C-12), and 209.5 (C-11)
suggested the secondary hydroxy group to be located at C-13. The presence of
hydroxy groups on the heptane moiety causes the different chemical shifts for the
corresponding protons on the aromatic ring (H-15 and H-19; H-16 and H-18) 11.
The ROESY spectrum showed correlations between H-6 at δ 4.39 and H- 8 (δ
5.14). The aromatic proton H-19 at δ 7.70 showed a correlation with the
methylene protons H-9 (δ 2.00), and H-13 at δ 5.23 showed a strong correlation
with H-15 (δ 7.45).
The absolute configuration at C-13 of compound 2 was determined through the
application of the modified Mosher’s method12. Mosher derivatization was
performed on compound 2, which was treated with (R)- and (S)-MTPA chloride to
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form (S)- MTPA and (R)-MTPA esters, respectively. To determine the absolute
configuration of C-13 in 2, the Δδ (δS− δR) values were observed for signals of
the protons close to C-13, revealing a 13S configuration for 2 (Fig. 1.8). Thus, on
the basis of the above data the structure of 2, named giffonin B, was determined
as reported (fig. 1.8).

Figure 1.8. giffonin B.

The positive-ion ESI/LTQORBITRAP/MS data of 3 showed a pseudo-molecular
ion at m/z 379.1524 [M+Na]+ (calcd for C21H24O5Na, 379.1521), which in
combination with the 13C NMR data supported a molecular formula of C21H24O5.

Figure 1.9. 1H NMR spectrum (600 MHz, CD3OD) of giffonin C (3).
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Comparison of the 1H NMR spectrum of 3 in the aromatic region with that of
giffonin B (2) suggested that they share the same aromatic substitution patterns
(table 1.1). Moreover, the

1

H NMR spectrum displayed signals due to a

disubstituted cis olefinic function at δ 6.35 (d, J = 11.4 Hz) and 5.51 (ddd, J =
11.4, 7.3, 7.3 Hz), a proton linked to an oxymethine carbon at δ 3.31, and two
methoxy groups at δ 4.03 (s) and 3.68 (s) (fig. 1.9 and table 1.1). On the basis of
the COSY experiment (fig. 1.10), the connectivity from H-7 to H-13 was
established and the hydroxy group was located at C-11 (δ 72.6).

Figure 1.10. COSY spectrum (CD3OD) of giffonin C (3).

The methoxy groups were placed at C-2 and C-4 via the HMBC correlations
between the protons at δ 4.03 and 3.68 with the
and 141.6, respectively (fig. 1.11 and fig 1.12).
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Figure 1.11. HSQC spectrum (CD3OD) of giffonin C (3).

Figure 1.12. HMBC spectrum (CD3OD) of giffonin C (3).
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The hydroxy group at C-11, bulkier than a hydrogen atom, should be directed
away from the inside of the macrocyclic ring16.
The ROE correlations between H-15 (δ 7.37) and H-13β (δ 3.04) and between H19 (δ 7.30) and H 13α (δ 2.74) and H-11 (δ 3.31) were observed (fig. 1.13).

Figure 1.13. ROESY spectrum (CD3OD) of giffonin C (3).

Mosher derivatization was performed on compound 3, which was treated with
(R)- and (S)-MTPA chloride to form (S)-MTPA and (R)-MTPA esters,
respectively. Analysis of the Δδ (δS− δR) values of the protons close to the
oxygenated methane according to the Mosher model12 allowed the assignment of
the 11R absolute configuration of 3 (fig. 1.14). Thus, the structure of compound 3,
named giffonin C, was elucidated as depicted.
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Figure 1.14. giffonin C.

The

13

C NMR and ESI/LTQORBITRAP/MS data of 4 (m/z 377.1367 [M+Na]+,

calcd for C21H22O5Na, 377.1365) supported a molecular formula of C21H22O5. The
IR spectrum showed a band at 1713 cm−1 for the presence of a ketocarbonyl
group. The NMR data of compound 4 were comparable to those of giffonin C (3)
except for the presence of a carbonyl group replacing the secondary hydroxy
group in 3. Analyses of HMBC and COSY experiments confirmed the presence of
a carbonyl group at C-11 (δ 213.9). Notably, the absence of the hydroxy group on
the heptanoid chain induced similar chemical shifts of H-15 and H-19 (each, δ
7.26, d, J = 8.3 Hz) and H-16 and H-18 (each, δ 7.06, d, J = 8.3 Hz) (table 1.1).
On the basis of the reported data the structure of 4, named giffonin D, was
deduced as depicted (fig. 1.15).
H3CO
O
HO

H3CO

O

Figure 1.15. giffonin D.
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Table 1.1. 13C and 1H NMR Data (J in Hz) of compounds 1-4 (600 MHz,  ppm, in MeOH-d4).

1

2

H (J in Hz)

151.8
137.5
144.7
141.6
124.7
108.3
124.6

5.14, ddd
(15.7, 10.8,
4.0)
2.52, m
2.00, m

132.5

5.51, ddd (11.4,
7.3, 7.3)

131.0

27.0

1.90, m
1.78, m

23.0

1.94, (2H)
m

2.57, dt (17.0,
3.0)
2.29, ddd (3.0,
11.0, 12.0)
3.04, (2H) t
(5.5)
5.23, dd (5.4,
8.9)

40.1

1.05, m
0.43, m

46.5

1.94, (2H)
m

72.6
40.9

213.9
45.0

2.66, (2H) t
(6.8)
3.03, (2H) t
(6.8)

140.0
130.8

3.31, overlapped
1.96, m
1.72, m
3.04, dt (12.8,
3.7)
2.74, td (12.8,
5.0)
7.37, dd (8.3, 1.9)

124.9

7.17, dd (8.3, 1.9)

124.5

156.3
123.8

6.98, dd (8.3, 1.9)

157.0
124.5

132.8

7.30, dd (8.3, 1.9)

131.8

61.3

4.03, s

61.4

7.26, d
(8.3)
7.06, d
(8.3)
7.06, d
(8.3)
7.26, d
(8.3)
4.02, s

61.0

3.68, s

61.2

3.69, s

135.5

9

26.7

2.32, (2H)
m

26.1

10

44.3

2.44, (2H) t
(5.5)

45.2

11
12

211.1
46.2

209.5
54.2

13

29.8

2.86, (2H) t
(5.5)
3.03, (2H) t
(5.5)

14
15

141.0
132.2

143.4
131.4

16

125.2

17
18

155.8
125.2

19

132.2

2OCH3
4OCH3

61.7

7.41, d
(8.3)
7.01, d
(8.3)
7.01, d
(8.3)
7.41, d
(8.3)
4.00, s

61.6

7.45, dd (8.3,
1.9)
7.00, dd (8.3,
1.9)
7.16, dd (8.3,
1.9)
7.70, dd (8.3,
1.9)
4.00, s

61.2

3.67, s

61.0

3.66, s

71.2

124.4
158.5
125.8
128.4
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34.2

C

4
H (J in Hz)
5.18, s
6.40, d
(11.4)
5.48, dt
(11.4, 8.0)

4.39, s
6.36, d (15.7)

8

135.5

3
H (J in Hz)
5.34, s
6.35, d (11.4)

C

1
2
3
4
5
6
7

4.41, s
6.34, d
(15.7)
5.20, dt
(8.0, 15.7)

C
152.7
137.0
144.1
140.6
128.0
109.2
125.6

H (J in Hz)

C
152.7
136.9
144.3
140.4
127.8
109.0
125.5

151.8
137.6
145.0
141.9
125.7
108.0
125.9

33.6

138.6
131.8

Chapter 1
Table 1.2.13C and 1H NMR Data (J in Hz) of compounds 5-8 (600 MHz,  ppm, in MeOH-d4).

5
H (J in Hz)
5.11, s
6.33, d (11.6)
5.32, dd (11.6,
8.6)
3.86 ddd (12.1,
8.6, 3.6)
1.32, m
0.31, br t (12.1)
1.78, q (10.8)
1.08, m
2.11, m
1.30, m

2.49, m
1.74, br s
-

139.9

44.7

2.84, td (12.5,
5.6)
2.51, m

42.3

3.05, m
2.47, td (12.7,
5.4)

32.9

3.08, m
3.03, td (12.1,
5.6)

34.3

138.6
130.5

61.2

7.52, dd (8.3,
1.9)
7.20, dd (8.3,
1.9)
6.98, dd (8.3,
1.9)
7.12, dd (8.3,
1.9)
4.03, s

139.3
132.8

61.4

7.40, dd (8.3,
1.9)
7.15, dd (8.3,
1.9)
7.00, dd (8.3,
1.9)
7.39, dd (8.3,
1.9)
4.03, s

61.2

7
H (J in Hz)
5.46, s
6.36, d (11.4)
6.01, dd
(11.4, 9.2)
5.67, dd
(15.4, 9.2)
5.64, dd
(15.4, 8.6)
4.07, dt (8.6,
3.3)
2.05, dq
(14.2, 3.3)
1.66, tt (14.2,
3.3)
3.04, dt (12.8,
3.0)
2.71, td (12.8,
3.0)
7.33, dd (8.3,
1.9)
7.20, dd (8.3,
1.9)
7.01, dd (8.3,
1.9)
7.42, dd (8.3,
1.9)
4.05, s

61.2

3.71, s

61.2

3.71, s

61.0

3.69, s

1
2
3
4
5
6
7
8

C
151.9
137.6
144.5
141.6
125.7
108.5
123.0
136.8

9

69.5

10

39.0

11

22.9

12

30.5

13

36.3

14
15

140.1
130.9

16

124.9

17
18

155.8
123.2

19

134.0

2OCH3
4OCH3

The

molecular

formula

C
152.1
138.3
145.2
142.4
124.7
108.3
124.9
132.2
65.3
51.3
215.4

125.0
156.9
123.8
134.0

of

6
H (J in Hz)
4.89, s
6.46, d (12.0)
5.31, dd
(12.0, 8.8)
4.33, t (9.8)

5

was

C
150.4
136.7
144.2
140.4
125.1
110.0
124.5
129.0
126.6

73.2

122.8
155.2
125.6
130.5

established

as

C
155.6
136.9
151.7
110.8
133.5
109.6
129.9
128.8
126.8
140.1
73.2
42.5

34.6

140.9
133.2
123.0
156.7
126.3
130.7
60.0

8
H (J in Hz)
6.30, d (1.7)
5.51, d (1.7)
6.09, d (11.2)
5.94, t (11.2)
5.68, dd (15.4,
11.2)
5.63, dd (15.4,
8.6)
4.09, dt (8.6,
3.4)
2.05, dq (14.2,
3.4)
1.67, tt (14.2,
3.4)
3.04, dt (13.0,
3.3)
2.72, td (13.0,
3.3)
7.36, dd (8.3,
1.9)
7.19, dd (8.3,
1.9)
7.03, dd (8.3,
1.9)
7.44, dd (8.3,
1.9)
4.03, s

C21H24O5

by

ESI/LTQORBITRAP/MS (m/z 379.1526 [M+Na]+, calcd for C21H24O5Na,
379.1521) and 13C NMR data. The 1H NMR spectrum of 5 displayed signals at δ
7.40 (dd, J = 8.3, 1.9 Hz), 7.39 (dd, J = 8.3, 1.9 Hz), 7.15 (dd, J = 8.3, 1.9 Hz),
7.00 (dd, J = 8.3, 1.9 Hz), 5.11 (s), 4.03 (s), and 3.71 (s), ascribable to the two aryl
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moieties with the same substitution pattern as in 3 (table 1.2). Further signals of a
disubstituted cis-olefinic function at δ 6.33 (d, J = 11.6 Hz) and 5.32 (dd, J = 11.6,
8.6 Hz) and of a proton linked to an oxymethine carbon at δ 3.86 (ddd, J = 12.1,
8.6, 3.6 Hz) (table 1.2) were observed. The position of the hydroxy group was
determined by COSY and HMBC correlations. In the HMBC spectrum,
correlations between the proton signals at δ 6.33 (H-7) and the

13

C NMR

resonances at δ 141.6 (C-4), 125.7 (C-5), 108.5 (C-6), 136.8 (C-8), and 69.5 (C-9)
were observed. In the COSY spectrum the correlation between the proton at δ
6.33 (H-7) and the proton at δ 5.32 (H-8), which in turn correlated with the proton
at δ 3.86 (H-9), allowed the hydroxy group to be located at C-9. The 1H and 13C
NMR chemical shifts of the heptene moiety and the coupling constant of the
proton of the secondary hydroxy function (δ 3.86, ddd, J = 12.1, 8.6, 3.6 Hz) of
compound 5 were almost superimposable to those of 3,5′- dihydroxy-4′-methoxy3′,4″-oxy-1,7-diphenyl-1-heptene,

isolated

from

Betula

platyphylla

var.

japonica17.
The absolute configuration of compound 5 was determined through the
application of the Mosher methodology18. The Δδ (δS − δR) values observed for
signals of the protons close to C-9 in compounds 5a and 5b revealed a 9S
configuration for 5. On the basis of these observation, the structure of 5, named
giffonin E, was determined as depicted (fig. 1.16).

Figure 1.16. giffonin E.
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The

13

C NMR and ESI/LTQORBITRAP/MS data of 6 (m/z 393.1319 [M+Na]+,

calcd for C21H22O6Na, 393.1314) supported a molecular formula of C21H22O6. The
IR spectrum showed a band at 1710 cm−1 for the presence of a carbonyl group.
The NMR data of compound 6 were similar to those of giffonin E (5) except for
the presence of the resonance of a carbonyl group (δ 215.4). The location of the
carbonyl group at C-11 was confirmed by the HMBC correlations of the proton
signals at δ 3.08 and 3.03 (H-13) and δ 4.33 (H-9) with the carbon resonance at δ
215.4.
Mosher derivatization was performed on compound 6, which was treated with
(R)- and (S)-MTPA chloride to form (S)-MTPA and (R)-MTPA esters,
respectively. Analysis of the Δδ (δS − δR) values of the protons neighboring the
oxygenated methine according to the Mosher model18 allowed the assignment of
the 9S configuration of 6. (fig. 1. 17). Accordingly, the structure of compound 6,
named giffonin F, was determined as shown.

Figure 1.17. giffonin F.

The

molecular

formula

of

7

was

established

as

C21H22O5

by

ESI/LTQORBITRAP/MS (m/z 377.1367 [M+Na]+, calcd for C21H22O5Na,
377.1365) and the 13C NMR data. Comparison of the 1H NMR spectrum of 7 with
those of 1−6 suggested that they share the same aromatic substitution patterns.
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Furthermore, the 1H NMR spectrum displayed four signals at δ 6.36 (d, J = 11.4
Hz), 6.01 (dd, J = 11.4, 9.2 Hz), 5.67 (dd, J = 15.4, 9.2 Hz), and 5.64 (dd, J =
15.4, 8.6 Hz), ascribable to Z- and E olefinic protons, respectively, and a signal at
δ 4.07 (dt, J = 8.6, 3.3 Hz), corresponding to a proton linked to an oxymethine
carbon (table 1.2). The COSY experiment showed the connectivity from H-7 to
H-10, allowing a conjugated diene system (C-7/C-10) flanked by a hydroxy group
at C-11 (δ 4.07) to be identified. ROESY experiment showed correlations of H-15
(δ 7.33) with H-13β (δ 3.04) and of H-19 (δ 7.42) with H-13α (δ 2.71) and H-11
(δ 4.07).
To determine the absolute configuration of C-11 in 7, (S)- and (R)-MTPA esters
of 7 were synthesized. The Δδ (δS − δR) values observed for signals of the protons
close to C-11 revealed an 11S configuration for 7. On the basis of the reported
data, the structure of compound 7, named giffonin G, was determined as depicted
(fig. 1.18).

Figure 1.18. giffonin G.

The

13

C NMR and ESI/LTQORBITRAP/MS data of 8 (m/z 347.1261 [M+Na]+,

calcd for C20H20O4Na, 347.1259) supported a molecular formula of C20H20O4. The
1

H NMR data for the heptadiene moiety were comparable to those of 7, while

differences were observed for signals due to an aryl moiety. In particular, the 1H
NMR spectrum showed aromatic signals at δ 7.44 (dd, J = 8.3, 1.9 Hz, H-19),
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7.36 (dd, J = 8.3, 1.9 Hz, H-15), 7.19 (dd, J = 8.3, 1.9 Hz, H-16), and 7.03 (dd, J
= 8.3, 1.9 Hz, H-18), corresponding to the 1,4-disubstituted aromatic ring, and at δ
6.30 (d, J = 1.7 Hz, H-4) and 5.51 (d, J = 1.7 Hz, H-6), corresponding to a 1,2,3,5tetrasubstituted aromatic ring (table 1.2). Moreover, a signal at δ 4.03 (s), typical
of a methoxy group, was observed. The HMBC correlation between the proton
signal at δ 4.03 and the carbon resonance at δ 136.9 allowed the methoxy group to
be placed at C-2.
Mosher derivatization was performed on compound 8, which was treated with
(R)- and (S)-MTPA chloride to form (S)-MTPA and (R)-MTPA esters,
respectively. Analysis of the Δδ (δS − δR) values of the protons neighboring the
oxygenated methine according to the Mosher model18 allowed the assignment of
an 11S configuration of 8. Therefore, the structure of compound 8, named giffonin
H, was defined as shown (fig. 1.19).

Figure 1.19. giffonin H.

The

13

C NMR and ESI/LTQORBITRAP/MS data of 9 (m/z 611.2107 [M+Na]+,

calcd for C30H36O12Na, 611.2104) supported a molecular formula of C30H36O12.
The

13

C NMR spectrum of 9 showed 30 carbon signals, of which 19 were

assigned to a diaryl heptanoid moiety17 and 11 to two sugar units (table 1.3).
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Table 1.3.13C and 1H NMR Data (J in Hz) of compound 9 (600 MHz,  ppm, in MeOH-d4).
9

C
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

127.4
127.5
152.4
117.6
128.9
137.6
30.4
40.6
203.0
134.6
150.4
36.2
33.8
133.4
129.3
116.4
153.2
136.0
134.2

1
2
3
4
5

93.5
73.7
74.5
72.7
62.7

1
2
3
4
5
6

97.9
76.0
77.7
71.6
77.7
62.5

H (J in Hz)
6.83, d (8.0)
7.04, dd (8.0, 2.2)
3.17, (2H) m
2.83, (2H) m
6.62, d (15.6)
7.10, dt (15.6, 7.6)
2.62, (2H) m
2.93, (2H) br t (5.5)
7.03, dd (8.0, 2.2)
6.76, d (8.0)
6.92, d (2.2)
7.02, d (2.2)
α-Ara (at C-3)
5.14, d (3.7)
3.38, dd (8.0, 3.7)
3.69, dd (8.0, 3.0)
3.81, m
3.87, dd (12.5, 3.0)
3.67,(atddC-17)
(12.5, 2.6)
β-Glc
4.51, d (7.8)
3.15, dd (9.0, 7.8)
3.37, dd (9.0, 9.0)
3.31, dd (9.0, 9.0)
3.31, m
3.80, dd (12.0, 2.5)
3.70, dd (12.0, 4.5)

The 1H NMR spectrum (fig. 1.20) showed signals ascribable to two 1,2,4
trisubstituted aromatic rings at δ 7.04 (dd, J = 8.0, 2.2 Hz), 7.03 (dd, J = 8.0, 2.2
Hz), 7.02 (d, J = 2.2 Hz), 6.92 (d, J = 2.2 Hz), 6.83 (d, J = 8.0 Hz), 6.76 (d, J =
8.0 Hz), and signals due to a disubstituted trans-olefinic function at δ 6.62 (d, J =
15.6 Hz) and 7.10 (dt, J = 7.6, 15.6 Hz).
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Figure 1.20. 1H NMR spectrum (600 MHz, CD3OD) of giffonin I (9).

The structure of the heptanoid moiety was readily deduced from HSQC, HMBC
and COSY correlations (fig. 1.21, 1.22 and 1.23). Thus, the aglycone of 9 was
established as alnusone, a natural compound previously isolated from Alnus
japonica and also available via total synthesis14,15. The 1H NMR spectrum
displayed in the sugar region signals corresponding to two anomeric protons at δ
5.14 (d, J = 3.7 Hz) and 4.51 (d, J = 7.8 Hz). The NMR data (HSQC, HMBC,
COSY, and 1D-TOCSY) indicated the presence of an α-arabinopyranosyl unit (δ
5.14) and a β- glucopyranosyl unit (δ 4.51).
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Figure 1.21. HSQC spectrum (CD3OD) of giffonin I (9).

Figure 1.22. HMBC spectrum (CD3OD) of giffonin I (9).
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Figure 1.23. COSY spectrum (CD3OD) of giffonin I (9).

The configurations of the arabinose and glucose units were established as L and D,
respectively, after hydrolysis of 9 with 1 N HCI, trimethylsilation and GC
analysis16. The linkage sites of the sugar units on the diaryl heptanoid moiety were
obtained from the HMBC spectrum, which showed correlations between H-1ara (δ
5.14) and the

13

C NMR resonance of C-3 (δ 152.4), and between H-1glc (δ 4.51)

and C-17 (δ 153.2). On the basis of the reported data, the structure of compound 9,
named giffonin I, was established as shown (fig. 1.24).
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Figure 1.24. giffonin I.

Moreover, the isolation and the structural elucidation of giffonins J-P, possessing
at least two stereogenic centres on the heptyl unit was carried out. These data
resembled those reported for giffonins A-H, as characterized by the signal of H-6
being considerably upfield shifted, due to the anisotropic effect of the A-ring in
diaryletherheptanoids. In particular, the ESI/LTQORBITRAP/MS of 10 (m/z
395.1475 [M+Na]+, calcd for C21H24O6Na, 395.1471) and the

13

C NMR data

1

supported a molecular formula of C21H24O6. The H NMR spectrum displayed
signals for five aromatic protons ascribable to two aromatic rings: a signal at δ
5.32 (s), typical of the proton of a pentasubstituted aromatic ring and signals at δ
7.65 (dd, J = 8.2, 1.9 Hz), 7.32 (dd, J = 8.2, 1.9 Hz), 7.29 (dd, J = 8.2, 1.9 Hz),
6.99 (dd, J = 8.2, 1.9 Hz) (fig. 1.25 and table 1.4), due to the protons of a 1,4disubstituted aromatic ring.
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Figure 1.25. 1H NMR spectrum (600 MHz, CD3OD) of giffonin J (10).

The 1H NMR data displayed further signals due to a disubstituted cis-olefinic
group at δ 6.35 (d, J = 12.0 Hz) and 5.48 (dt, J = 12.0, 6.0 Hz), and for two
protons linked to an oxymethine carbon at δ 4.84 (dd, J = 10.7, 5.6 Hz) and 3.11
(tt, J = 9.0, 2.0 Hz) (table 1.4). Moreover, two signals for two methoxy groups at δ
4.03 and 3.68 were evident. The

13

C NMR spectrum of 10 showed 21 carbon

signals (table 1.4), typical of a diaryletherheptanoid derivative.

39

Chapter 1
Table 1.4. 13C (150 MHz) and 1H NMR Data (600 MHz, CD3OD,  ppm, J in Hz) of compounds
10 and 11.

10

11

C

H (J in Hz)

C

H (J in Hz)

150.1

-

151.8

-

2

136.2

-

138.0

-

3

143.1

-

144.8

-

4

141.1

-

141.9

-

5

123.6

-

125.3

-

6

108.0

5.32, s

110.3

5.44, s

7

124.9

6.35, d (12.0)

125.2

6.37, d (11.4)

8

132.2

5.48, dt (12.0, 6.0)

129.1

6.03, dd (11.4, 9.2)

9

27.3

1.72, 1.92, m

127.0

5.62, dd (15.4, 9.2)

10

39.5

0.36, 1.07, m

139.2

5.59, dd (15.4, 8.6)

11

69.4

3.11, tt (9.0, 2.0)

71.3

3.84, m

12

50.1

1.65, 2.24, m

50.6

2.25, 1.72, m

13

73.5

4.84, dd (10.7, 5.6)

73.7

4.83a

14

141.8

-

143.0

-

15

130.2

7.32, dd (8.2, 1.9)

127.9

7.65, dd (8.4, 1.8)

16

123.1

6.99, dd (8.2, 1.9)

126.5

7.30, dd (8.3, 1.9)

17

156.4

-

157.6

-

18

125.4

7.29, dd (8.2, 1.9)

122.2

7.04, dd (7.9, 2.2)

1

19

127.9

7.65, dd (8.2, 1.9)

131.0

7.44, dd (8.3, 1.9)

OCH3-2

61.3

4.03, s

61.3

4.06, s

OCH3-4

61.3

3.68, s

61.2

3.69, s
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The HMBC correlations of H-6 (δ 5.32) with the 13C NMR resonances at δ 150.1
(C-1), 136.2 (C-2), 141.1 (C-4), 123.6 (C-5) and 124.9 (C-7), suggested the
1,2,3,4 tetrahydroxylation of the A-ring (fig. 1.26 and 1.27).

Figure 1.26. HSQC spectrum (CD3OD) of giffonin J (10).

Figure 1.27. HMBC spectrum (CD3OD) of giffonin J (10).
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A secondary hydroxy group was assigned to C-13 on the basis of the correlations
of the proton signal at δ 4.84 with the

13

C NMR resonances at δ 130.2 (C-15),

127.9 (C-19), and 141.8 (C-14). The HMBC correlations of the proton at δ 6.35
(H-7) with the

13

C NMR resonances of the B ring at δ 141.1 (C-4), 123.6 (C-5)

and 108.0 (C-6), and the linear connectivity observed in the COSY spectrum (fig.
1.28) from H-7 to H-13 were used to assign the heptanoid chain allowing the
further secondary hydroxy group to be located at C-11 (69.4).

Figure 1.28. COSY spectrum (CD3OD) of giffonin J (10).

Finally, the HMBC correlations between the protons at δ 4.03 and 3.68 with the
13

C NMR resonances at δ 136.2 (C-2) and 141.1 (C-4), respectively, suggested

that the methoxy groups are located at C-2 and C-4 of the B ring. Thus, on the
basis of the above data, the planar structure of 10, named giffonin J, was
determined as shown (fig. 1.29).
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Figure 1.29. planar structure of giffonin J.

The

molecular

formula

of

11

was

established

as

C21H22O6

by

ESI/LTQORBITRAP/MS and the 13C NMR data. HSQC data confirmed the same
aromatic substitution patterns as in 10 (table 1.4). Furthermore, the 1H NMR
spectrum displayed four signals at δ 6.37 (d, J = 11.4 Hz), 6.03 (dd, J = 11.4, 9.2
Hz), 5.62 (dd, J = 15.4, 9.2 Hz), 5.59 (dd, J = 15.4, 8.6 Hz), ascribable to Z- and
E- olefinic protons, respectively, and two signals at δ 4.83 (overlapped) and 3.84
(m), corresponding to protons linked to oxymethine carbons (table 1.4). The NMR
data revealed that compound 11 differed from 10 for the presence of an additional
double bond. The COSY, HSQC, and HMBC experiments supported a conjugated
diene system (C-7/C-10) and the two hydroxy groups at C-11 (δ 71.3) and C-13 (δ
73.7). The foregoing spectroscopic data allowed the planar structure of compound
11 (giffonin K) to be assigned as shown (fig. 1.30).
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H3CO
OH
O

OCH3

OH
HO

Figure 1.30. planar structure of giffonin K.

The 1H and 13C NMR spectra of compounds 12-16 showed signals ascribable to a
diaryl heptanoid moiety. In particular, for compound 12, the 1H NMR spectrum
showed signals attributable to two 1,2,4 trisubstituted aromatic rings at δ 7.04 (dd,
J = 8.2, 1.8 Hz), 7.01 (dd, J = 8.2, 1.8 Hz), 6.94 (d, J = 1.8 Hz), 6.81 (d, J = 8.2
Hz), 6.80 (d, J = 8.2 Hz), and 6.77 (d, J = 1.8 Hz) (table 1.5).
A detailed analysis of their NMR data showed that compounds 12-16 differed in
terms of the occurrence of secondary hydroxy groups and carbonyl functions at
various positions on the heptanoid chain (tables 1.5 and 1.6). A combination of
HSQC, HMBC and COSY experiments permitted the determination of the linear
connectivity from H-7/C-7 to H-13/C-13 of the heptanoid chain in compounds 1216.
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Table 1.5. 1H NMR Data (600 MHz, CD3OD,  ppm, J in Hz) of compounds 12-16.

10

12
6.81, d (8.2)
7.01, dd (8.2,
1.8)
2.70, dd (15.9,
11.2)
3.13, dd (15.9,
2.8)
4.21, td (11.2,
2.8)
2.59, dd (15.2,
11.2)
1.56, dd (15.2,
10.8),
4.40, brd (10.8)

11

4.12, brs

12

16
17
18
19

4.80, dd (11.4,
3.5)
3.02, dd (16.6,
11.4)
2-.97, dd (16.6,
3.5),
7.04, dd (8.2,
1.8)
6.80, d (8.2)
6.94, d (1.8)
6.77, d (1.8)

1
2

-

7.08, dd (8.1,
2.1)
6.82, d (8.1)
6.56, d (1.8)
6.71, d (1.8)
-

3

-

-

4

-

-

5

-

-

1
2
3
4
5
6
7

8
9

13

14
15

13
6.78, d (8.1)
7.00, dd (8.1,
2.1)
3.19, dd (15.4,
3.6)
2.56, dd (15.4,
11.4),
4.63, m

14
6.77, d (8.2)
7.02, dd (8.2,
1.8)
3.32, dd (15.2,
3.5)
2.63, dd (15.2,
11.4),
4.69, m

2.46, dd (14.5,
11.6)
1.60, td (11.6,
3.4)
4.43, dd (11.9,
3.4)
-

2.47, dd (14.6,
11.6)
1.77, td (11.6,
3.2)
4.64, m

2.91, 3.50, m

2.95, 3.53, m

2.89, 3.16, m

2.85, dd (16.4,
3.6)
3.16, m
7.06, dd (8.2,
1.8)
6.80, d (8.2)
6.57, d (1.8)
6.68, d (1.8)
β-Glc (at C-8)
4.46, d (8.0)
3.26, dd (9.0,
8.0)
3.42, dd (9.0,
9.0)
3.24, dd (9.0,
9.0)
3.39, m

-
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15
6.84, d (8.2)
7.07 dd (8.2, 1.8)
3.02, dd (16.0,
11.2)
3.08, dd (16.0,
3.8)
4.73, dd (11.2,
3.8)
4.83a

16
6.84, d (8.2)
7.08, dd (8.2,
1.8)
2.97, dd (16.4,
3.2)
3.04, m
4.77, dd (11.3,
3.2)
4.09, brs

-

4.19, d (10.1)

2.35, dd (13.3,
9.4)
3.65, d (13.3)
4.52, m

4.04, d (10.1)

2.79, dd (16.6,
11.2)
3.18, dd (16.6,
2.5)
7.07, dd (8.2,
1.8)
6.84, d (8.2)
6.90, d (1.8)
7.07, d (1.8)
-

4.27, brdd (9.9,
6.1)
3.05, m

7.07, dd (8.2,
1.8)
6.80, d (8.2)
6.76, d (1.8)
6.82, d (1.8)
-

-

-

-

-

-

-

Chapter 1
6

-

-

3.87, dd (12.0,
2.5)
3.62, dd (12.0,
4.5)

a

Overlapped with the H2O peak in CD3OD.
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Table 1.6. 13C NMR Data (150 MHz, CD3OD,  ppm) of compounds 12-16.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
1
2
3
4
5
6

12
127.6
128.0
153.8
117.3
129.8
131.4
40.4
68.9
42.8
78.7
70.9
69.7
35.3
130.6
129.8
117.3
153.9
134.5
134.8
-

13
127.0
127.7
153.8
117.0
130.0
130.1
40.9
67.6
42.1
76.1
217.4
36.6
24.8
130.8
129.3
117.1
153.1
134.3
134.3
-

14
128.0
127.0
154.0
117.2
130.2
134.0
37.0
75.2
40.3
75.2
219.3
36.7
24.7
130.6
129.3
117.2
153.1
134.2
134.2
β-Glc (at C-8)
102.3
74.9
77.9
72.2,
77.7
63.6
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15
128.9,
128.7
153.9
117.2
130.3
130.1
36.7
69.5
76.1
210.3
46.5
68.0
40.7
129.3
130.3
117.2
153.7
135.1
135.1
-

16
128.7
128.7
152.8
116.8
130.3
130.3
34.7
70.0
68.8
79.2
68.8
69.7
36.2
131.4
130.3
116.8
152.8
135.4
135.2
-
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The

13

C NMR and ESI/LTQORBITRAP/MS data of 12 supported a molecular

formula of C19H22O6. The 1H NMR spectrum of this compound showed signals
corresponding to four protons linked to oxymethine carbons at δ 4.80, 4.40, 4.21,
and 4.12, which were assigned to C-12 (δ 69.7), C-10 (δ 78.7), C-8 (δ 68.9) and
C-11 (δ 70.9), respectively, as supported by HMBC and COSY correlations. Thus,
the planar structure of compound 12 (giffonin L) was elucidated as depicted (fig.
1.31).
4
5

OH

3

6

7

OH
2
1

8

17

19
OH

16

18

9

OH

10
HO

14

11
12

15

13

HO

Figure 1.31. planar structure of giffonin L.

The ESI/LTQORBITRAP/MS data of 13 in combination with the

13

C NMR data

supported a molecular formula of C19H20O5. The IR spectrum showed a band at
1720 cm-1 for the presence of a ketocarbonyl group. As with 12, HSQC data
confirmed a diarylheptanoid core structure with oxymethine (δ 4.63, 4.43) proton
resonances correlating with carbons at δ 67.6 (C-8) and 76.1 (C-10), respectively.
The carbonyl group could be located at C-11 (δ 217.4), on the basis of the HMBC
correlations between H-10 (δ 4.43), H2-12 (δ 3.50, 2.91), H2-13 (δ 3.16, 2.89), and
H2-9 (δ 2.46, 1.60) with the carbon resonance at δ 217.4. Accordingly, the planar
structure of compound 13 (giffonin M) was determined as shown (fig. 1.32).
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OH

OH

OH

HO

O

Figure 1.32. planar structure of giffonin M.

The

molecular

formula

of

ESI/LTQORBITRAP/MS and the

14
13

was

established

as

C25H30O10

by

C NMR data. The NMR data of 14 revealed

that it differed from 13 by the presence of a β-glucopyranosyl unit (H-1glc = δ
4.46) (fig. 1.33 and tables 1.5 and 1.6).

Figure 1.33. 1H NMR spectrum (600 MHz, CD3OD) of giffonin N (14).
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The configuration of the glucose unit was established as D, after hydrolysis of 14
with 1 N HCI, trimethylsilation and GC analysis 19. The sugar unit was located at
C-8 on the basis of the HMBC correlation (fig. 1.34) between H-1glc (δ 4.46) and
C-8 (δ 75.2), downfield shifted if compared with compound 13 (δ 67.6, C-8).

Figure 1.34. HMBC spectrum (CD3OD) of giffonin N (14).

On the basis of the data measured, the planar structure of compound 14 (giffonin
N) was established as shown (fig. 1.35).
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OH

OH

OGlc

HO

O

Figure 1.35. planar structure of giffonin N.

The

molecular

formula

of

ESI/LTQORBITRAP/MS and the

15
13

was

established

as

C19H20O6

by

C NMR data. For the heptanoid chain, the

NMR data showed the presence of three secondary hydroxy groups at C-8 (δH
4.73/δC 69.5), C-9 (δH 4.83/δC 76.1), and C-12 (δH 4.52/δC 68.0). Similar to 13, the
heptanoid chain contained a carbonyl group (δC 210.3), as suggested by an
absorption peak at 1725 cm-1 in the IR spectrum. This was assigned at C-10 on the
basis of the HMBC correlations between H-9 (δ 4.83), H-8 (δ 4.73), H-12 (δ
4.52), and H2-11 (δ 3.65, 2.35) with the carbon resonance at δ 210.3. Therefore,
the planar structure of compound 15 (giffonin O) was defined as shown (fig.
1.36).
OH

OH

OH
OH

HO
O

giffonin O

Figure 1.36. planar structure of giffonin O.
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The

13

C NMR and ESI/LTQORBITRAP/MS data of 16 allowed a molecular

formula of C19H22O7 to be established. The proton sequence (δ 4.77, 4.09, 4.19,
4.04, and 4.27), as deduced from the COSY experiment was located at C-8 (δ
70.0), C-9 (δ 68.8), C-10 (δ 79.2), C-11 (δ 68.8) and C-12 (δ 69.7), on the basis of
HSQC and HMBC experiments, revealing the presence of a highly hydroxylated
heptanoid chain. Thus, on the basis of the above performed data the planar
structure of 16 (giffonin P) was determined as reported (fig. 1.37).
OH

OH

OH
OH

HO
HO

HO

giffonin P

Figure 1.37. planar structure of giffonin P.

In

addition,

four

known

flavonoid

derivatives,

myricetin

3-O-α-L-

rhamnpyranoside20 (17), quercetin 3-O-α-L-rhamnopyranoside20 (18), kaempferol
3-O-α-L-rhamnopyranoside20 (19), and kaempferol 3-O-(4''-trans-p-coumaroyl)-αL-rhamnopyranoside21 (20) were also isolated from the leaves of C. avellana in
the present investigation.

Relative configurations of the diarylheptanoids 10-16
In collaboration with Prof. Giuseppe Bifulco (Department of Pharmacy,
University of Salerno), the relative configurations of the reported compounds 1016 were assigned. In particular, a combined QM/NMR approach, comparing the
experimental

13

C/1H NMR chemical shift data and the related predicted values

was used. This procedure was employed, since the chemical shifts are the most
diagnostic parameters of the local chemical and magnetic environment and the
most reliably addressable by quantum chemical calculations22.
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For each compound considered, a proper sampling of the conformations was
performed in order to attain a close agreement between calculated and
experimental NMR parameters. For these reasons, an extensive conformational
search at the empirical level (molecular mechanics, MM) for all the possible
diastereoisomers of each investigated compound was carried out, combining
Monte Carlo Molecular Mechanics (MCMM), Low-Mode Conformational
Sampling (LMCS), and Molecular Dynamics (MD). Subsequently, the selected
non-redundant conformers were submitted further to a geometry and energy
optimization step at the density functional level (DFT). After the optimization of
the geometries at the QM level, the newly selected conformers were used for the
subsequent computation of the 13C and 1H NMR chemical shifts.
In detail, the conformational analysis revealed many degrees of freedom in the
heptanoid chains connecting the two phenyl moieties, determining different
geometries to be accounted in the final Boltzmann distribution. Furthermore,
similar conformers differing in the presence/absence of intramolecular H-bonds
between the hydroxy groups placed on adjacent carbons on the heptanoid chains
were weighted energetically in the Boltzmann distribution according to the protic
solvent (MeOH) “continuum model” considered in the QM calculations. The
diaryl moieties also affected the conformational sampling, leading to various
conformers specifically differing for the dihedral angles between the two aromatic
groups and their final arrangements on the heptanoid chain.
Starting from the selected conformers, the

13

C and 1H NMR chemical shifts for

each investigated diastereoisomer were computed at the density functional level
(DFT). Afterwards, for each atom of the investigated molecules, a comparison of
the experimental and calculated

13

C and 1H NMR chemical shifts was performed

by computing the Δδ parameter. Finally, the relative configuration of each
investigated compound was determined by calculating and comparing the mean
absolute errors (MAEs) for all the possible diastereoisomers (table 1.7).
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Table 1.7. 13C/1H MAE (ppm) Values Reported for all the Possible Relative Stereoisomers for
Compounds 10-16. a

10

# of
# of
stereoi
ster possible
somer
eog
relative
enic stereoisom
cent
er
ers
2
2
10a

relative
configurati
on

13
1
# of
C
H
sampled
MAE MAE
conformers (ppm (ppm)
)

12S*,14S*

24

1.63

proposed structure

H3CO

0.22

OH

O
OCH3

10b

12R*,14S*

25

1.73

0.28

OH
HO

11

2

2

11a

12S*,14S*

19

1.85

H3CO

0.25

O

OH
OCH3

OH

12

4

8

11b

12R*,14S*

18

1.71

0.17

12a

8S*,10R*,1
1R*,12R*
8S*,10R*,1
1R*,12S*
8S*,10R*,1
1S*,12R*
8S*,10R*,1
1S*,12S*
8S*,10S*,1
1R*,12R*
8S*,10S*,1
1R*,12S*
8S*,10S*,1
1S*,12R*
8S*,10S*,1
1S*,12S*
8S*,10S*

16

4.37

0.36

17

2.77

0.34

12b
12c
12d
12e
12f
12g
12h
13

2

2

13a

HO

OH
OH

15

2.25

0.23

17

2.05

0.34

18

1.70

0.25

15

1.37

0.16

17

3.00

0.28

18

3.07

0.21

27

2.62

0.30

OH
OH
HO
HO

OH
OH
OH

13b

8S*,10R*

28

2.08

0.19
HO
O

54

Chapter 1
14

2

2

14a

8S*,10S*

35

2.79

OH

0.16

OH
OGlc

14b

8S*,10R*

34

2.50

0.14

HO
O

15

3

4

15a
15b
15c
15d

16

4

8

16a
16b
16c
16d
16e
16f
16g
16h

8S*,9R*,12
S*
8S*,9R*,12
R*
8S*,9S*,12
S*
8S*,9S*,12
R*
8S*,9R*,11
R*,12R*
8S*,9R*,11
R*,12S*
8S*,9R*,11
S*,12R*
8S*,9R*,11
S*,12S*
8S*,9S*,11
R*,12R*
8S*,9S*,11
R*,12S*
8S*,9S*,11
S*,12R*
8S*,9S*,11
S*,12S*

18

3.21

0.31

20

1.50

0.18

OH
OH
OH
O

HO

18

2.06

0.23

20

2.61

0.35

19

3.56

0.34

22

2.40

0.31

21

3.67

0.23

22

3.57

0.24

20

2.80

0.29

21

2.98

0.23

19

2.28

0.18

21

3.04

0.37

OH

OH
OH
OH
OH OH
HO
HO

584 total
sampled
conformers
a

MAE = Σ[|(δexp – δcalcd)|]/n, summation through n of the absolute error values (difference of the

absolute values between corresponding experimental and

13

C/1H chemical shifts), normalized to

the number of the chemical shifts. The predicted relative configurations are highlighted in green.
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In this way, the relative configurations of compounds 10-16, shown in figure 1.38,
were assigned selecting the related diastereoisomers showing the lowest

13

C/1H

MAE errors (table 1.7).
H3CO

16

OH

O

17

H3CO

OH

2

3

O

1

OCH3

4

15

18
14

19

6

OCH3

5
7

OH

9

OH

13
HO

8

10

12

HO

11
4

10

5

6

7

11

OH

3

OH
2
1

8

17

19
OR1

16

18

9

R5

10

R2
R3

14

11
12

15

13

R4

R3

R4

R5

R1

R2

12

H

H

OH

OH

13

H

H

OH

O

H

14

Glc

H

OH

O

H

15

H

OH

O

16

H

OH

OH

OH

H
OH

Figure 1.38. relative configuration of compounds 10-16.
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1.1.3 Biological activity

Diarylheptanoids have been reported by numerous studies to possess diverse
bioactivities including anti-inflammatory, antioxidant, anticancer, estrogenic,
leishmanicidal, melanogenesis, hepatoprotective and neuroprotective activities23.
In vitro and in vivo cytotoxicity against human cancer cell lines of
diarylheptanoids has been reported23. In vivo citotoxicity of oregonin has been
proved in the B16 murine melanoma model.
In the diarylheptanoid class, curcumin, the well known polyphenolic molecule
isolated from the rhizome of Curcuma longa (Zingiberaceae), appears as a
promising chemopreventive compound able to reverse, inhibit or prevent the
development of cancer and to affect molecular events implicated in
inflammation24.

Evaluation of cytotoxicity of MeOH extract of leaves and giffonins
Preliminarly, , in collaboration with Dr. G. L. Russo (ISA, CNR, Avellino), the
cytotoxic activities of compounds 1-16 and curcumin, used as a reference
compound, were evaluated against two cancer cell lines, namely U2Os and SAOs
cells. The two cell lines were selected based on the following criteria: (1) both cell
lines have a common origin (human osteosarcoma) and they are resistant to
apoptotic stimuli; (2) they are characterized by a different genetic background
relatively to p53 gene, being SAOs p53 mutated and U2Os p53 wild-type; and (3)
both cell lines have been employed in previous studies to assess the biological
activity of naturally occurring phenolic compounds. The results obtained showed
that all the tested compounds exhibited EC50 values higher than 150 µM at 24-48
h, indicating the absence of cytotoxicity against both cell lines.

Evaluation of antioxidant activity of MeOH extract of leaves and giffonins
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The diarylheptanoids isolated from plants belonging to the Betulaceae family have
been reported to possess various biological activities including antioxidant2;
moreover, the antioxidant activity has been reported for hazelnuts and leaves of C.
avellana1. Therefore, in collaboration with the research group of Prof. Beata Olas
(University of Lodz, Poland), peroxidation induced by H2O2 and H2O2/Fe2+ has
been evaluated, by measuring the concentration of TBARS (Thiobarbituric Acid
Reactive Substances).
2-ThioBarbituric Acid Reactive Substances (TBARS) are naturally present in
biological specimens and include lipid hydroperoxides and aldehydes which
increase in concentration as a response to oxidative stress. TBARS assay values
are usually reported in malonaldehyde (malondialdehyde, MDA) equivalents, a
compound that results from the decomposition of polyunsaturated fatty acid lipid
peroxides. The TBARS assay is a well-recognized, established method for
quantifying these lipid peroxides; this assay is based on the reaction of a
chromogenic reagent, 2-thiobarbituric acid, with MDA at 25°C. One molecule of
MDA reacts with 2 molecules of 2-thiobarbituric acid via a Knoevenagel-type
condensation to yield a chromophore with absorbance maximum at 532 nm25, as
shown below in figure 1.39.

Figure 1.39.
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In our case, the MeOH extract, compounds 1-16, and curcumin, used as reference
compound, were tested at doses ranging from 0.1 to 100 µg/mL and from 0.1 to
100 µM, respectively. The tested compounds, curcumin, and the plant extract did
not exert any effect on autoperoxidation of human plasma (data not shown). The
MeOH extract of leaves at 10 µg/ mL reduced by about 38 % plasma lipid
peroxidation stimulated by H2O2 or H2O2/Fe2+. Giffonin D (4) and giffonin H (8)
at 10 µM reduced both H2O2 and H2O2/Fe2+ induced lipid peroxidation by more
than 60 and 50 %, respectively, being more active than curcumin (fig. 1.41).
Among the 16 compounds, the weakest activity was displayed by compounds 2, 6,
and 9 (fig. 1.40. and 1.41, and table 1.8), which exerted a protective action against
oxidative stress induced by H2O2 or H2O2/Fe2+, similar to that shown by curcumin

Figure 1.40. Effects of MeOH extract (0.1 – 100 µg/mL; 30 min), giffonins A-P (1-16) (0.1 – 100
µM; 30 min) and curcumin (0.1 – 100 µM; 30 min) on plasma lipid peroxidation induced by H 2O2.
The results are representative of three independent experiments, and are expressed as means  SD.
The effect of five different concentrations of tested compounds (0.1, 1, 10, 50 and 100 M) and
tested extract (0.1, 1, 10, 50 and 100 g/mL) was statistically significant according to ANOVA I
test, p<0.05 (for compounds 1, 5, 7 and curcumin); p<0.02 (for compounds 4, 8, 13, 16 and
extract); p>0.05 (for compounds 2, 3, 6, 9, 10-12 and 14-15).
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Figure 1.41. Effects of MeOH extract (10 µg/mL; 30 min), giffonins A-P (1-16) (10 µM; 30 min)
and curcumin (10 µM; 30 min) on plasma lipid peroxidation induced by H 2O2/Fe2+. The results are
representative of three independent experiments, and are expressed as means  SD. The statistical
significances were confirmed with the paired Student’s t-test.

.
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Table 1.8. Inhibitory Effects of the Extract (10 µg/mL; 30 min), compounds 1-16 (10 µM; 30 min)
and Curcumin (10 µM; 30 min) on Plasma Lipid Peroxidation Induced by H2O2 or H2O2/Fe2+.

compound

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
curcumin
extract

Inhibition of lipid peroxidation
induced by H2O2 (%)
8.1 ± 3.6 (p<0.05)
2.2 ± 2.4 (p>0.05)
16.4 ± 3.9 (p<0.05)
64.3 ± 14.5 (p<0.002)
20.8 ± 5.1 (p<0.05)
12.1 ± 4.9 (p<0.05)
37.6 ± 7.7 (p<0.02)
55.8 ± 13.9 (p<0.01)
12.6 ± 4.5 (p<0.05)
65.4 ± 8.0 (p<0.05)
81.3 ± 7.1 (p<0.05)
89.7 ± 16.9 (p<0.05)
77.3 ± 6.1 (p<0.02)
82.4 ± 12.5 (p<0.05)
77.6 ± 6.2 (p<0.05)
68.4 ± 8.3 (p<0.02)
19.2 ± 4.4 (p<0.05)
38.8 ± 6.1 (p<0.02)

61

Inhibition of lipid
peroxidation induced by
H2O2/Fe2+ (%)
36.8 ± 8.8 (p<0.02)
7.3 ± 3.8 (p>0.05)
28.2 ± 4.9 (p<0.05)
63.2 ± 10.7 (p<0.002)
30.8 ± 6.8 (p<0.02)
12.0 ± 5.2 (p<0.05)
35.5 ± 7.6 (p<0.02)
50.6 ± 14.5 (p<0.01)
18.1 ± 4.8 (p<0.05)
59.9 ± 8.7 (p<0.05)
65.5 ± 5.8 (p<0.05)
81.1 ± 5.3 (p<0.05)
66.3 ± 8.7 (p<0.02)
78.5 ± 12.1 (p<0.05)
69.3 ± 6.5 (p<0.05)
60.7 ± 7.3 (p<0.02)
18.6 ± 5.1 (p<0.05)
38.3 ± 7.2 (p<0.02)
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1.2. Metabolite profiling of “green” extracts of Corylus avellana leaves by 1H
NMR spectroscopy and multivariate statistical analysis

Introduction
In traditional medicine the leaves of C. avellana are used for their mild
antimicrobial effects and also for the treatment of varicose veins and hemorrhoidal
symptoms. They are claimed for their beneficial properties, are widely distributed
in on-line market and suggested to be used in infusion preparations. To the best of
our knowledge, there are no study on the chemical composition of extracts of the
leaves obtained by infusion. Thus a further objective of the present project was the
investigation of the infusion of the leaves of C. avellana cv. Tonda di Giffoni with
the aim to highlight their chemical composition and to evidence the occurrence of
phytochemicals with health benefits. Each extraction method has its own
advantages and disadvantages, but the main goal of the chosen method is the
achievement of complete extraction of the compounds of interest and avoidance of
their chemical modification. The chemical investigation was carried out also on
extracts obtained by “eco-friendly” procedures in order to explore their potential
use as functional ingredients for nutraceutical, herbal and cosmetic formulations.
NMR metabolomics is considered an invaluable tool in plant science since it is a
robust, quick, reproducible, non-destructive and relatively easy to use analytical
platform that does not require laborious sample preparation and can
simultaneously identify diverse groups of secondary metabolites. NMR
metabolomics is widely used to study the plant metabolite composition influenced
by extraction methods26. Metabolomic analysis generates huge datasets that make
it necessary the application of chemometric methods.
Herein NMR metabolomics with multivariate data analysis (MVDA) were used to
identify the metabolite variation among the “green” extracts obtained by
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maceration, infusion and SLDE-Naviglio methods. Moreover the total phenolic
and antioxidant capacities of the obtained extracts were measured by colorimetric
assays, respectively Folin–Ciocalteu, DPPH and ABTS assay and the most active
extracts were studied by an in vitro antioxidant test to validate the phytomedicinal
properties of the significant metabolites identified from the NMR analysis.

1.2.1. Results and discussion

Choice of the best parameters for the extraction by maceration
The leaves of C. avellana cv. Tonda di Giffoni were extracted by maceration in a
beaker at room temperature. Parameters such as time of extraction, solid-solvent
ratio and mixture ethanol-water as solvent of extraction were modified in order to
choose the best conditions for a higher phenolic content. Preliminarily, the
extraction time has been evaluated using 50% ethanol-water and 1:20 solidsolvent ratio at different time extraction (30 min, 60 min, 90 min, 2 h, 4 h, 8 h, 10
h, 14 h and 18 h) 27, 28.
The choice of the best extraction time was given by the phenolics content, assayed
by the Folin-Ciocalteu method that showed as the phenolic extraction yield
increased during the time. The best result was at 10h (216.49 mg GAE/g DW), but
no significant difference was observed after 10h.
In fact, two stages of extractions could be observed, an initial increase of the
concentration of polyphenols in the beginning of the process followed by slow
extraction (after 10 h) characterized by a low enhancement of polyphenol content
with the progress of extraction. The decrease in the extraction yield, observed
with the progression of the time extraction may be due to the degradation of
polyphenols29. The optimization of the extraction was further monitored at 2 h, 4
h, 8 h and 10 h, changing other parameters. In fact, other two different solidsolvent ratio (1:10, 1:30) were examined to test the effect of the solid-solvent
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ratio, using 50% ethanol-water. The highest phenolic content was measured for
the 1:30 solvent ratio at 10 h (608.10 mg GAE/g DW). The results are in
agreement with the previous findings that higher solid-solvent ratio leads to the
higher yield of polyphenols28. It should be noted that higher solid-solvent ratio
generate a decrease in the consumption of plant material and decrease in the cost
of extraction.
In order to investigate the effects of different solvents on the extraction efficiency,
ethanol at concentration of 70% and 80% were also used. The results revealed that
the yield of phenolic content was maximized at 50% of ethanol (608.10 mg
GAE/g DW) as shown in Table 1.9 So, water can play an important role in
swelling of plant material, whereas ethanol is responsible for disrupting the
bonding between the solutes and plant matrix, thus enabling better mass transfer
of the compounds. Therefore, the mixture of water and ethanol as solvent agent
shows a synergistic effect which facilitates phenolic extraction30.
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Table 1.9. Phenolic content evaluated by Folin−Ciocalteu method.

Maceration (% ethanol-water, time of
Total phenolics content (mg GAE/g DW)
extraction)* 1:30*
50% 2 h
306.37±0.01
50% 4 h
496.99±0.01
50% 8 h
573.53±0.01
50% 10 h
608.10±0.01
70% 2 h
255.01±0.01
70% 4 h
409.58±0.01
70% 8 h
443.65±0.01
70% 10 h
466.86±0.01
80% 2 h
298.47±0.01
80% 4 h
329.58±0.02
80% 8 h
403.65±0.01
80% 10 h
430.32±0.01
Infusion**
1:100
19.95±0.01
5:100
60.44±0.01
10:100
170.57±0.01
SLDE-Naviglio***
6.5
322.66±0.01
8.0
471.80±0.01
12.0
322.17±0.01
*1:30 solid– solvent ratio; **solid:solvent ratio; ***time of each cycle (min)
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Choice of the best parameters for the extraction by infusion
According to Pharmacopoeia XII, three different infusions were obtained using
1:100, 5:100 and 10:100 solid:solvent ratios at 100 ◦C. For each infusion the
phenolic content activity has been evaluated through the Folin-Ciocalteu method
and the results showed the better phenolic content of 170.57 mg GAE/g DW for
the 10:100 solid:solvent ratio (table 1.9). These experimental results showed that
the increase of the solid:solvent ratio improve the yield of polyphenols, but
significantly differences were observed between these three infusion and the
extract obtained with ethanol:water, probably because the only water is not able to
extract all the polyphenolic components.

Choice of the best parameters for the extraction by solid–liquid dynamic extractor
(SLDE)-Naviglio
To select the most suitable extractive cycle, three different conditions have been
tested. Extractions with 20 extractive cycles have been used, that differed from
each other for the time of each cycle, 6.5 min 8 min and 12 min, respectively. The
Folin-Ciocalteu assay revealed a higher phenolic content for the extraction
performed by SLDE-Naviglio with a time of cycle of 8.0 min (table 1.9). The
decrease in yield extract, observed with longer time of cycle may be due to the
degradation of polyphenols with progressing time extraction.

Antioxidant activity by DPPH and TEAC assays
The antioxidant activity of the extracts exhibiting the higher phenolic content
(50% 1:30 10 h macerate, 10:100 infusion and SLDE-Naviglio 8 min) were tested
by DPPH and TEAC assays.
For DPPH assay, expressed as μg/mL of antioxidant required to decrease the
initial DPPH• concentration by 50% (EC50), the highest antioxidant activity was
displayed by SLDE-Naviglio with cycles of 8.0 min (EC50 = 100.33), as shown in
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table 1.10. This extract in the TEAC assay showed the highest antioxidant activity
(TEAC value 1.62 mg/mL), defined as the concentration of a standard Trolox
solution with the same antioxidant capacity as a 1 mg/mL of the tested extract,
and compared to quercetin 3-O- β-D-glucopyranoside, used as reference
compound (table 1.10).

Table 1.10. free radical scavenging activity evaluated by TEAC and DPPH assay.

C. avellana cv. Tonda di Giffoni leaves

free radical scavenging free radical scavenging
activity (mg/mL ± SD)a activity (EC50, μg/mL±
SD)b
Maceration (EtOH:H2O 50%, solid-solvent 1.26 ± 0.007
129.34 ± 0.009
ratio 1.30, 10h)
Infusion (solid-solvent ratio 10:100)
1.15 ± 0.006
195.08 ± 0.014
SLDE-Naviglio (8.0 min)
1.62 ± 0.004
100.33 ± 0.012
quercetinc
1.79 ± 0.008
Vitamin Cd
4.40 ± 0.012
a
Determined by TEAC assay Range of tested concentrations (0.25−1.00 mg/mL). bDetermined by
DPPH test. Range of tested concentrations (50−200 μg/mL). cPositive control for TEAC assay.
d
Positive control for DPPH assay.

Targeting metabolomics analysis by 1H NMR spectra
A detailed analysis of the metabolite profile of C. avellana leaves “green extract”
was performed using 1D and 2D NMR spectra. The 1H NMR spectrum was
crowded, with several overlapping peaks. Therefore, an accurate analysis of the
proton spectrum was carried out to assign unambiguously a key signal
characteristic of an individual metabolite. Based on the NMR data, a total of 28
metabolites, including 8 primary metabolites and 20 phenolic compounds were
detected. C. avellana leaves extracted by different processes exhibited quantitative
variation rather than qualitative variation in the metabolite content. The resonance
values selected to detect each compound are shown in table 1.10 with a wide
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range
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metabolites,

including

amino

diarylheptanoids and flavonoids.
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Figure 1.42. 1H NMR spectra with annotations of identified metabolites detected in C. avellana leaves macerate at 10
hours, 50% (H2O:EtOH), 1:30 (solid.: solvent): valine, alanine, giffonin J (10), GABA, aspartic acid, giffonin O (15),
giffonin E (5), giffonin N (14), giffonin K (11), sucrose, giffonin P (16), β- glucose, giffonin L (12), α- glucose, giffonin C
(3), kaempferol 3-O-(4″-trans-p-coumaroyl) )-α-L-rhamnopyranoside (20), giffonin G (7), quercetin 3-O-α-Lrhamnopyranoside (18), giffonin M (13), giffonin I (9), tyrosine, myricetin 3-O-α-L-rhamnpyranoside (17), giffonin D (4),
giffonin H (8), giffonin A (1), giffonin B (2), giffonin F (6), kaempferol 3-O-α-L-rhamnopyranoside (19).
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Table 1.11. Characteristic 1H NMR peaks identified in C. avellana leaves extracts.

compound
valine
alanine
giffonin J (10)
GABA
aspartic acid
giffonin O (15)
giffonin E (5)
giffonin N (14)
giffonin K (11)
sucrose
giffonin P (16)
β- glucose
giffonin L (12)
α- glucose
giffonin C (3)
kaempferol 3-O-(4″-trans-p-coumaroyl)-α-Lrhamnopyranoside (20)
giffonin G (7)
quercetin 3-O-α-L-rhamnopyranoside (18)
giffonin M (13)
giffonin I (9)
tyrosine
myricetin 3-O-α-L-rhamnpyranoside (17)
giffonin D (4)
giffonin H (8)
giffonin A (1)
giffonin B (2)
giffonin F (6)
kaempferol 3-O-α-L-rhamnopyranoside (19)
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H (J in Hz)
1.0 (d, 1.0)
1.49 (d, 7.1)
2.24 m
2.30 (t, 7.5)
2.75 (dd, 8.8, 17.3)
2.79 (dd, 11.2, 16.6)
3.05 m
3.53 m
4.06 s
4.13 (d, 8.7)
4.27 (brdd, 6.1, 9.9)
4.50 (d, 7.9)
4.80 (dd, 3.5, 11.4)
5.14 (d, 3.6)
5.34 s
6.24 (d, 2.1)
6.36 (d, 11.4)
6.42 (d, 2.0)
6.71 (d, 1.8)
6.76 (d, 8.1)
6.86 m
6.98 s
7.26 (d, 8.1)
7.36 (dd, 1.8, 8.1)
7.41 (d, 8.1)
7.45 (dd, 1.8, 8.1)
7.52 (dd, 1.8, 8.1)
7.81 (d, 8.1)
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Amino acids occurring in the C. avellana leaves include valine, alanine, GABA,
aspartic acid in the low to mid frequency region of the 1H NMR spectrum and
tyrosine in the region of higher frequency26. A typical signal at δ 2.30 (t, J = 7.5)
corresponding to γ-aminobutyric acid26 (GABA) was also evident. The presence
of fatty acids was suggested by specific resonances at δ 1.27 and δ 1.64, along
with overlapping triplets with coupling constants around 7.0 Hz within 0.8-0.95
ppm.
The mid to low-field region from 3.5 to 5.5 ppm showed peaks mainly due to
carbohydrate. The 1H NMR spectrum displayed signals of sugars ascribable to
sucrose at δ 4.13 (d, J = 8.7 Hz), and two anomeric protons related to β-glucose at
δ 4.50 ppm (d, J = 7.9 Hz) and α-glucose at δ 5.14 (d, J = 3.6 Hz).
A large number of phenolic compounds were present in the 1H NMR spectrum,
mainly represented by diarylheptanoid and flavonoid derivatives. The analysis of
the NMR spectrum at low-field region suggested the presence of different signals
ascribable to cyclic diarylheptanoids typical of C. avellana; in particular, five
aromatic signals at δ 7.26, 7.36, 7.41, 7.45, 7.52 due to the protons H15 of
giffonins D, H, A, B, F, respectively, and other aromatic signals related to
different protons of the 1,2,4-trisubstituted aromatic rings of giffonin M at δ 6.71
(d, J = 1.8 Hz) and giffonin I at δ 6.76 (d, J = 8.0 Hz) were observed. The region
6.8-7.5 ppm showed other overlapping signals, due to the presence of other
giffonins (as further confirmed by 2D NMR experiments). So, for these
compounds other signals located in different regions of the spectrum were chosen,
to unequivocally assign the molecule structures. Thus, the protons linked to the
oxymethine carbons of the heptanoid chain related to giffonin P at δ 4.27 (brdd, J
= 6.1 and 9.9 Hz), giffonin L at δ 4.80 (dd, J = 3.5 and 11.4 Hz) and giffonin C at
δ 5.34 (s) were considered. In the aliphatic region, signals related to CH2 of the
heptanoid chain of giffonins J at δ 2.24 (m), giffonin O at δ 2.79 (dd, J = 11.2 and
16.6 Hz), giffonin E at δ 3.05 (m) and giffonin N at δ 3.53 (m), were detected.
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The presence of flavonoids was suggested by their characteristic signals in the
aromatic regions, in particular the signal at δ 7.81 (2H, d, J = 8.6 Hz) was relative
to H-2' and H-6' of the kaempferol 3-O-α-L-rhamnopyranoside, the proton signal
at δ 6.98 (s) corresponded to myricetin 3-O-rhamnpyranoside while the signals at
δ 6.24 (d, J = 2.1 Hz) and 6.42 (d, J = 2.0 Hz) were ascribable to H-8 of the
kaempferol 3-O-α-L-(4″-trans-p-coumaroyl) rhamnopyranoside and quercetin 3O-α-L-rhamnopyranoside, respectively.
The presence of all the metabolites suggested by the 1H NMR spectra was further
confirmed by their peaks in the bidimensional experiments HSQC, HMBC and
COSY.

Multivariate Data analysis
With the aim to investigate the impact of the preparation method on the
metabolite profile of C. avellana leaves, PCA, PLS-DA and PLS methods were
carried out. Specifically, exploratory data analysis was performed by principal
component analysis (PCA) while two different projection to latent structures
partial least squares-discriminant analysis (PLS-DA) and partial least squares
(PLS )-based methods were applied to discriminate the samples.
While PCA is a well-known technique used in multivariate data analysis, the PLSbased approach is a robust regression technique used to investigate the
relationships existing between two blocks of data, usually called X- and Y-block
and has predictive applications. In the present study, in a first step discriminant
classification was carried out using partial least squares-discriminant analysis
(PLS-DA), a method based on the PLS regression algorithm, that use arbitrary
classes as the Y for the regression. In a second step the quantitative determination
of phenolic content was used as Y and correlated to the data matrix obtained by
NMR metabolomics data.
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To this extent, PCA was performed by measuring the selected peak area for each
identified metabolite in the 1H-NMR dataset and a matrix was obtained by using
these areas (variables), while the columns of the matrix were the different “green”
extracts obtained through the use of “eco-friendly” procedures (observations). The
exploratory principal component analysis (PCA) was employed in order to acquire
a general insight and visualize any relation (trends, outliers) among the
observations (samples). The PCA score plot shows the separation of samples into
clusters (observations), while the loading plot highlights the metabolites that
contribute to the separation (variables).
In this study, 1H NMR derived data set were subjected to PCA to understand the
clustering characteristic of the extracts obtained with different extraction
protocols, and to determine the compounds responsible for their discrimination.
The resulted model, obtained after scaling data by Pareto scaling, showed good
fitness and the absence of outliers. The extracts of the leaves obtained with the
four different extraction methods (maceration with methanol, maceration with
ethanol:water, infusion and SLDE-Naviglio) appeared separated into four clusters.
In figure 1.43, the extracts obtained with MeOH, used only in a comparative way
respect of “eco-friendly” procedures, appear located in a section of the score plot
different from those of the “green extracts”. PC1 contributed to 49.3% of the
variance followed by PC2, which contributed to 11.9%. Hence, the first two PCs
exhibited a total variance of 61.2%. Therefore, the extracts were well
discriminated each other. Specifically, in the PCA model the extracts obtained by
infusions (in triplicate, I1-3, J1-3 and K1-3) were separated from extracts obtained
by maceration (in triplicate, A1-3, B1-3, C1-3, D1-3) and SLDE-Naviglio (in
triplicate, E1-3, F1-3, G1-3) along the second principal component (PC2),
resulting the extraction solvent as the main differentiating factor. In the PCA
model a clear difference between the extractions carried out with SLDE-Naviglio
with cycle of 12 minutes and those of 6.5-8 minutes, was evident, probably due to
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a very long and hard extraction that affect the metabolite content; for this reason
the extracts obtained by SLDE-Naviglio, with a cycle of 12 min were not
considered during successive steps. Figure 1.43 B shows the loading scatter plot
relative to this model. The contribute of variables under investigation for the
discrimination of MeOH extract samples, appearing in the low right square of the
plot, is not evaluable by loading plot.
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Figure 1.43. A) PCA score scatter plot, B) PCA loading plot.
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Figure 1.44 shows the comparative PLS-DA analysis of extracts obtained by
infusion, macerations and SLDE-Naviglio (except that with cycle of 12 min), with
the PLS-DA score plot with component one explaining 22% of the variation and
component two accounting for 36% of the variation, exhibiting a good separation
between these groups.The PLS-DA analysis showed a distinct separation (R2Y,
0.84) and good predictability (Q2, 0.71) and was validated by permutation test
which proved the model was credible and robust.
PLS-DA showed a main separation among extracts obtained by infusion and those
obtained by maceration along the first principal component (PC1). Only the
extracts achieved by Naviglio (E1-3: with a cycle of 8 min and F1-3: with a cycle
of 6.5 min) were separated in the plot by the second principal component (PC2)
but not by PC1 component (fig. 1.44A). In figure 1.44B the loading scatter plot
shows potentially significant metabolites based on contributions and reliability to
the separation observed in the score scatter plot. Metabolites in the loading plot
that are distant from the origin, can be considered as markers of the extraction
procedures as a confirmation of their different distribution in different samples. In
addition the specific contribute of single variables to the principal component 1
(PC1) is reported in figure 1.44C. The metabolites marked below the baseline are
present in lower concentrations in the extracts obtained by maceration as
compared to those obtained by infusions. Maceration protocol determine higher
concentrations of primary metabolites as amino acids (valine, aspartic acid and
GABA), sugars (α-glucose, β-glucose and sucrose) and of some secondary
metabolites [(giffonins C, I, K, P, kaempferol 3-O-(4″-trans-p-coumaroyl)-α-Lrhamnopyranoside and myricetin 3-O-α-L-rhamnpyranoside)].
Moreover, a PLS correlation of 1H NMR data matrix with phenolic content
(measured by Folin-Ciocalteu method) used as Y, was performed. PLS analysis
model was validated as described above, resulting in a predictive Q2 value of 0.67
and in a correlation R2Y value of 0.82.
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Score scatter plot of PLS model (fig. 1.45A) showed principally a separation of
observations along the first principal component (PC1). In detail, the infusions
and the extracts obtained by maceration were located, respectively, in the left and
right of the score scatter plot; only the extracts achieved by Naviglio (E1-3: with a
cycle of 8 min and F1-3: with a cycle of 6.5 min) were separated in the plot by the
second principal component (PC2) but not by PC1 component. By means of PLS
variable graphs (fig. 1.45B) it has been possible to highlight the metabolites
mainly responsible of these differences, in particular the flavonoids kaempferol 3O-(4″-trans-p-coumaroyl)-α-L-rhamnopyranoside

and

myricetin

3-O-α-L-

rhamnpyranoside and the diarylheptanoid giffonin I mainly contribute to phenolic
content of extracts obtained by maceration.
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Figure 1.44. A) PLS-DA score scatter plot, B) PLS-DA loading plot, C) PLS DA single variables
to the principal component 1 (PC1).
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Figure 1.45. PLS correlation of 1H NMR data matrix with phenolic content (measured by FolinCiocalteu method. A) PLS Score Plot, B) single variables to the principal component 1 (Comp. 1),
Y= phenols. C) single variables to the principal component 2 (Comp. 2), Y= phenols
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Cytotoxicity by WST-1 assay.
During my period abroad at the University of Veterinary and Pharmaceutical
Sciences of Brno, the cytotoxicity of the extracts that showed the highest total
phenolic content (1:30, 50% 10h and Naviglio 6.5 min) and their ability to inhibit
proliferation were investigated by WST-1 assay using the cell line THP-1 with the
aim of ﬁnding a nontoxic concentration for subsequent in vitro experiments. The
amount of formazan formed by reduction of the tetrazolium salt WST-1
corresponds directly to the number of viable cells with active mitochondrial
reductases. Clearly non-toxic concentrations of the tested extracts were chosen for
subsequent studies on cell cultures (5 µg/mL).
Evaluation of Inﬂuence of the extracts tested on the formation of ROS
Successively, the antioxidant effects of the tested extracts were confirmed by the
evaluation of cellular ROS production stimulated by pyocyanin.
The pyocyanin, a toxin produced and secreted by the Gram negative bacterium
Pseudomonas aeruginosa, causes the intracellular generation of ROS, which is
one possible reason for cytotoxicity and the development of inflammation31.
Role of Oxidative Stress in Pyocyanin’s Toxicity
Oxidative stress is a major contributing factor to the cytotoxicity displayed by
PCN a reversible redox active compound with its effects seen in figure 1.46 below
PCN’s induction of oxidative stress is, at least in part, due to its ability to increase
intracellular levels of reactive oxygen species (ROS), in particular superoxide (O2) and hydrogen peroxide (H2O2). These increases are mediated by dismutase and
under aerobic conditions, H2O2 and O2- are formed by cyclic non enzymatic
reduction by NAD(P)H with PCN accepting electrons from NAD(P)H. The
intracellular ROS formed after PCN exposure cause free radical damage resulting
in oxidative damage to components of the cell cycle, as well as direct damage to
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DNA, NAD(P)H depletion and enzyme inhibition with the main target, the
mitochondria of cells31.

Figure 1.46. Mechanism of PCN‐induced oxidative stress.

In this study the tested extracts produced antioxidant effects by reducing
intracellular ROS levels. In particular, at 5 µg/mL, the extract obtained by
maceration (1:30, 50% at 10h) and by Naviglio (6.5 min) showed a reducing
intracellular ROS levels of about 31% and 42% (fig. 1.47 and table 1.12).
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Figure 1.47. Antioxidant activity of tested extract by in vitro assay.
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Table 1.12. Antioxidant activity evaluated by in vitro ROS- Pyocyanin assay.

“Tonda di Giffoni“ PGI leaves extracts 5
µg/mL)
Maceration (EtOH:H2O 50%, solid-solvent
ratio 1.30, 10h)
SLDE-Naviglio (8.0 min)
Quercetin*
DMSO
* 5 µM; ** p< 0.05

inhibition of ROS induced by pyocyanin
pyocyanin (%)
30.92 ± 4.08**
42.41 ± 2.59**
65.89 ± 0.94**
89.47 ± 4.00**

1.3. Conclusion
The phytochemical investigation of the MeOH extract of C. avellana, cv. Tonda
di Giffoni leaves allowed us to isolate and characterize 16 new compounds
belonging to diarylheptanoid class, some of which preventing the oxidative
damages of human plasma lipids, induced by H2O2 and H2O2/Fe2+. Noteworthy,
giffonins A−P differ from the compounds reported in the leaves of C. avellana
collected in Turkey, because they represent cyclized diarylheptanoids, revealing
the cultivar Tonda di Giffoni as a source of both cyclic diarylheptanoids and
diaryletherheptanoids.
Herein NMR metabolomics with multivariate data analysis (MVDA) was used to
identify the metabolite variation among the “green” extracts obtained by
macerations, infusions and SLDE-Naviglio extraction of the leaves of C. avellana.
The three different “eco-friendly” extraction methods contribute to the variation
of phenolic content, as well as to the antioxidant activity. By means of the 1H
NMR analysis followed by multivariate data analysis of C. avellana leaves it is
evident that no qualitative variation occur in the extracts obtained by maceration,
infusion and SLDE-Naviglio. The obtained results demonstrate that the
maceration procedure with 50% ethanol:water for 10 h is the most suitable
method to extract C. avellana leaves, affording the highest amount of phenolic
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compounds. The 1H NMR-based metabolomics reveals the metabolite variation
among the leaves subjected to different extraction methods and correlates the
phenolic content to the specific phytochemicals occurring in the extracts. So, the
constituents that mainly contribute to the phenolic content of the extract obtained
by with 50% ethanol:water for 10 h result to be kaempferol 3-O-(4″-trans-pcoumaroyl)-α-L-rhamnopyranoside , myricetin 3-O-α-L-rhamnpyranoside and the
diarylheptanoid giffonin I.
Therefore, this study demonstrates the potential benefits of C. avellana leaves as a
rich source of phenolic compounds and reinforces the notion of the antioxidant
capacity of C. avellana leaves extracts. In particular, it can be suggested that the
maceration in the indicated conditions appears as the best procedure to obtain an
extract rich in antioxidant phenolics. All these finding represent a real way to give
an interesting and economically feasible opportunity to recycle the leaves of the
PGI product C. avellana.

1.4. Experimental section

Plant Material
The leaves of the C. avellana cv. Tonda di Giffoni were collected at Giffoni,
Salerno, Italy, in November 2012 and identified by V. De Feo (Department of
Pharmacy, University of Salerno, Italy). A voucher specimen has been deposited
in this Department.

Extraction and Isolation
The leaves of C. avellana cv. Tonda di Giffoni (910 g) were dried and extracted
at room temperature using solvents of increasing polarity, inclusive of as n-hexane
(2.5 L for 3 days, three times), CHCl3 (2.5 L for 3 days, three times), and MeOH
(2.5 L for 3 days, three times). After filtration and evaporation of the solvent to
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dryness in vacuo, 30 g of crude MeOH extract were obtained. The dried MeOH
extract (3.0 g) was fractionated on a Sephadex LH-20 (Pharmacia) column (100 x
5 cm), using MeOH as mobile phase, affording 88 fractions (8 mL), which were
monitored by TLC. Fractions 30-31 (36.9 mg) were chromatographed by semipreparative HPLC using MeOH- H2O (12:8) as mobile phase (flow rate 2.5
mL/min) to yield compounds 10 (1.7 mg, tR = 9.2 min) and 11 (2.1 mg, tR = 10.0
min). Fractions 34-35 (56.5 mg) were chromatographed by semipreparative HPLC
using MeOH−H2O (3:2) as mobile phase (flow rate 2.5 mL/min) to yield
compounds 2 (1.8 mg, tR = 11.1 min), 6 (1.5 mg, tR = 19.5 min), 3 (2.9 mg, tR =
30.2 min), and 5 (1.6 mg, tR = 52.2 min). Fractions 36−40 (90.0 mg) were
chromatographed by semipreparative HPLC using MeOH− H2O (13:7) as mobile
phase (flow rate 2.5 mL/min) to yield compounds 8 (2.4 mg, tR = 18.0 min), 1 (2.0
mg, tR = 19.2 min), 7 (3.5 mg, tR = 20.5 min), and 4 (4.1 mg, tR = 21.2 min).
Fraction 41 (13.5 mg) was chromatographed by semipreparative HPLC using
MeOH− H2O (9:11) as mobile phase (flow rate 2.5 mL/min) to yield compound 9
(2.5 mg, tR = 20.0 min). Fractions 42-43 (27.0 mg) were chromatographed by
semi-preparative HPLC using MeOH- H2O (4:6) as mobile phase (flow rate 2.5
mL/min) to yield compound 14 (2.5 mg, tR = 18.4 min). Fractions 48-50 (31.0
mg) were chromatographed by semi-preparative HPLC using MeOH-H2O (2:3) as
mobile phase (flow rate 2.5 mL/min) to yield compounds 16 (3.2 mg, tR = 9.2
min), 12 (1.8 mg, tR = 18.2 min), 15 (1.0 mg, tR = 19.5 min), and 13 (1.0 mg, tR =
21.6 min). Fractions 52-53 (29.0 mg) were chromatographed by semi-preparative
HPLC using MeOH-H2O (1:1) as mobile phase (flow rate 2.5 mL/min) to yield
compound 19 (3.0 mg, tR = 28.8 min). Fractions 54-56 (70.0 mg) were
chromatographed by semi-preparative HPLC using MeOH-H2O (9:11) as mobile
phase (flow rate 2.5 mL/min) to yield compound 18 (10.0 mg, tR = 29.6 min).
Fractions 59-62 (82.0 mg) were chromatographed by semi-preparative HPLC
using MeOH-H2O (2:3) as mobile phase (flow rate 2.5 mL/min) to yield
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compound 17 (15.0 mg, tR = 10.8 min). Fractions 71-73 corresponded to
compound 20 (13.6 mg).
Giffonin A (1): amorphous white solid; IR (KBr) max 3440, 2935, 1705, 1660 cm1

;

1

H

and

13

C

NMR

(MeOH-d4,

ESI/LTQORBITRAP/MS [M+Na]

+

600

MHz)

data,

see

table

1.1;

m/z 377.1369 (calcd for C21H22O5Na,

377.1365).
Giffonin B (2): amorphous white solid; []25D -14 (c 0.1 MeOH); IR (KBr) max
3430, 2940, 1705, 1660 cm-1; 1H and

13

C NMR (MeOH-d4, 600 MHz) data, see

table 1.1; ESI/LTQORBITRAP/MS [M+Na]+ m/z 393.1318 (calcd for
C21H22O6Na, 393.1314).
Giffonin C (3): amorphous white solid; []25D -28 (c 0.03 MeOH); IR (KBr) max
3450, 2940, 1655 cm-1; 1H and

13

C NMR (MeOH-d4, 600 MHz) data, see table

1.1; ESI/LTQORBITRAP/MS [M+Na]+ m/z 379.1524 (calcd for C21H24O5Na,
379.1521).
Giffonin D (4): amorphous white solid; IR (KBr) max 3425, 2930, 1713, 1665 cm1

;

1

H

and

13

C

NMR

(MeOH-d4,

ESI/LTQORBITRAP/MS [M+Na]

+

600

MHz)

data,

see

table

1.1;

m/z 377.1367 (calcd for C21H22O5Na,

377.1365).
Giffonin E (5): amorphous white solid; []25D -28 (c 0.03 MeOH); IR (KBr) max
3430, 2935, 1665 cm-1; 1H and

13

C NMR (MeOH-d4, 600 MHz) data, see table

1.2; ESI/LTQORBITRAP/MS [M+Na]+ m/z 379.1526 (calcd for C21H24O5Na,
379.1521).
Giffonin F (6): amorphous white solid; []25D -24 (c 0.03 MeOH); IR (KBr) max
3432, 2940, 1710, 1665 cm-1; 1H and

13

C NMR (MeOH-d4, 600 MHz) data, see

table 1.2; ESI/LTQORBITRAP/MS [M+Na]+ m/z 393.1319 (calcd for
C21H22O6Na, 393.1314).
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Giffonin G (7): amorphous white solid; []25D -71 (c 0.1 MeOH); IR (KBr) max
3430, 2930, 1620 cm-1; 1H and

13

C NMR (MeOH-d4, 600 MHz) data, see table

1.2; ESI/LTQORBITRAP/MS [M+Na]+ m/z 377.1365 (calcd for C21H22O5Na,
377.1365).
Giffonin H (8): amorphous white solid; []25D -22 (c 0.03 MeOH); IR (KBr) max
3430, 2930, 1620 cm-1; 1H and

13

C NMR (MeOH-d4, 600 MHz) data, see table

1.2; ESI/LTQORBITRAP/MS [M+Na]+ m/z 347.1261 (calcd for C20H20O4Na,
347.1259).
Giffonin I (9): amorphous white solid; []25D -4 (c 0.1 MeOH); IR (KBr) max
3425, 2920, 1710 cm-1; 1H and

13

C NMR (MeOH-d4, 600 MHz) data, see table

1.3; ESI/LTQORBITRAP/MS [M+Na]+ m/z 611.2107 (calcd for C30H36O12Na,
611.2104).
Giffonin J (10): amorphous white solid; []25D -15 (c 0.1 MeOH); IR (KBr) max
3440, 2945, 1655 cm-1;

13

C and 1H NMR (MeOH-d4, 600 MHz) data, see table

1.4; ESI/LTQORBITRAP/MS [M+Na]+ m/z 395.1475 (calcd for C21H24O6Na,
395.1471).
Giffonin K (11): amorphous white solid; []25D -5 (c 0.1 MeOH); IR (KBr) max
3435, 2930, 1625 cm-1;

13

C and 1H NMR (MeOH-d4, 600 MHz) data, see table

1.4; ESI/LTQORBITRAP/MS [M+Na]+ m/z 393.1317 (calcd for C21H22O6Na,
393.1314).
Giffonin L (12): amorphous white solid; []25D + 10 (c 0.1 MeOH); IR (KBr) max
3440, 3010, 2941, 655 cm-1; 1H and

13

C NMR (MeOH-d4, 600 MHz) data, see

tables 1.5 and 1.6, respectively; ESI/LTQORBITRAP/MS [M+Na]+ m/z 369.1317
(calcd for C19H22O6Na, 369.1314).
Giffonin M (13): amorphous white solid; []25D - 14 (c 0.1 MeOH); IR (KBr) max
3430, 2930, 1720, 1665 cm-1;

13

C and 1H NMR (MeOH-d4, 600 MHz) data, see
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tables 1.5 and 1.6, respectively; ESI/LTQORBITRAP/MS [M+Na]+ m/z 351.1211
(calcd for C19H20O5Na, 351.1208).
Giffonin N (14): amorphous white solid; []25D +6 (c 0.03 MeOH); IR (KBr) max
3420, 2925, 1665 cm-1;

13

C and 1H NMR (MeOH-d4, 600 MHz) data, see tables

1.5 and 1.6, respectively; ESI/LTQORBITRAP/MS [M+Na]+ m/z 513.1740 (calcd
for C25H30O10Na, 513.1737).
Giffonin O (15): amorphous white solid; []25D + 27 (c 0.1 MeOH); IR (KBr) max
3430, 2930, 1725, 1665 cm-1;

13

C and 1H NMR (MeOH-d4, 600 MHz) data, see

tables 1.5 and 1.6, respectively; ESI/LTQORBITRAP/MS [M+Na]+ m/z 367.1161
(calcd for C19H20O6Na, 367.1158).
Giffonin P (16): amorphous white solid; []25D - 37 (c 0.1 MeOH); IR (KBr) max
3430, 2920, 1615 cm-1;

13

C and 1H NMR (MeOH-d4, 600 MHz) data, see tables

1.5 and 1.6, respectively; ESI/LTQORBITRAP/MS [M+Na]+ m/z 385.1266 (calcd
for C19H22O7Na, 385.1263).
Preparation of (S)- and (R)-MTPA esters of 2, 3 and 5−8
(R)-(−) and (S)-(+)-MTPA-Cl (15 μL) and a catalytic amount of DMAP were
separately added to two different aliquots of 2 (each 1.5 mg) in anhydrous
pyridine. The resulting mixtures were maintained at room temperature under
vigorous stirring overnight, and then 1H NMR spectra were recorded. The related
proton signals were assigned by analyzing COSY spectra. By the same procedure,
the (S)- and (R)-MTPA esters of 3, 5−8 were prepared, and the related proton
signals were also assigned by analyzing COSY spectra.
(S)-MTPA ester of 2 (2a): selected 1H NMR values (600 MHz, MeOH-d4) δH 7.80
(dd, J = 8.5, 1.9 Hz, H-19), 7.74 (dd, J = 8.5, 1.9 Hz, H-15), 7.29 (dd, J = 8.5, 1.9
Hz, H-18), 5.79 (dd, J = 5.4, 8.9 Hz, H-13), 5.25 (ddd, J = 15.5, 10.5, 4.0, H-8),
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3.17 (t, J = 5.5 Hz, H-12), 2.65 (dt, J = 16.0, 3.0 Hz, H-10), 2.60 (m, H-9), 2.15
(m, H-9).
(R)-MTPA ester of 2 (2b): selected 1H NMR values (600 MHz, MeOH-d4) δH
7.74 (dd, J = 8.5, 1.9 Hz, H-19), 7.72 (dd, J = 8.5, 1.9 Hz, H-15), 7.28 (dd, J =
8.5, 1.9 Hz, H-18), 5.79 (dd, J = 5.4, 8.9 Hz, H-13), 5.26 (ddd, J = 15.5, 10.5, 4.0,
H-8), 3.43 (t, J = 5.5 Hz, H-12), 2.68 (dt, J = 16.0, 3.0 Hz, H-10), 2.61 (m, H-9),
2.17 (m, H-9).
(S)-MTPA ester of 3 (3a): selected 1H NMR values (600 MHz, MeOH-d4) δH 6.49
(d, J = 11.5 Hz, H-7), 5.65 (ddd, J = 11.5, 7.5, 7.5 Hz, H-8), 4.23 (m, H-11), 3.15
(dt, J = 12.5, 3.7 Hz, H-13), 2.85 (td, J = 12.5, 5.2 Hz, H-13), 2.21 (m, H-12),
2.01 (m, H-9), 1.98 (m, H-12), 1.97 (m, H-9), 1.30 (m, H-10), 0.75 (m, H-10).
(R)-MTPA ester of 3 (3b): selected 1H NMR values (600 MHz, MeOH-d4) δH
6.48 (d, J = 11.4 Hz, H-7), 5.63 (ddd, J = 11.5, 7.5,7.5 Hz, H-8), 4.23 (m, H-11),
3.19 (dt, J = 12.5, 3.7 Hz, H-13), 2.87 (td, J = 12.5, 5.2 Hz, H-13), 2.31 (m, H12), 2.00 (m, H-9), 2.03 (m, H-12), 1.95 (m, H-9), 1.24 (m, H-10), 0.68 (m, H10).
(S)-MTPA ester of 5 (5a): selected 1H NMR values (600 MHz, MeOH-d4) δH 6.43
(d, J = 11.2 Hz, H-7), 5.20 (dd, J = 11.2, 8.6 Hz, H-8), 5.05 (ddd, J = 12.0, 8.5,
3.4 Hz, H-9), 3.07 (m, H-13), 2.45 (td, J = 12.5, 5.4 Hz, H-13), 2.16 (m, H-12),
1.98 (q, J = 10.8 Hz, H-11), 1.45 (m, H-10), 1.38 (m, H-12), 1.12 (m, H-11), 0.35
(br t, J = 11.8 Hz, H-10).
(R)-MTPA ester of 5 (5b): selected 1H NMR values (600 MHz, MeOH-d4) δH
6.40 (d, J = 11.2 Hz, H-7), 5.15 (dd, J = 11.2, 8.6 Hz, H-8), 5.05 (ddd, J = 12.0,
8.5, 3.4 Hz, H-9), 3.09 (m, H-13), 2.48 (td, J = 12.5, 5.4 Hz, H-13), 2.21 (m, H12), 2.05 (q, J = 10.8 Hz, H-11), 1.65 (m, H-10), 1.40 (m, H-12), 1.28 (m, H-11),
0.40 (br t, J = 11.8 Hz, H-10).
(S)-MTPA ester of 6 (6a): selected 1H NMR values (600 MHz, MeOH-d4) δH 6.53
(d, J = 11.8 Hz, H-7), 5.25 (dd, J = 11.8, 8.6 Hz, H-8), 5.15 (t, J = 10.0 Hz, H-9),
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3.13 (m, H-13), 3.09 (td, J = 12.5, 5.5 Hz, H-13), 2.90 (td, J = 12.5, 5.5 Hz, H12), 2.59 (m, H-12), 2.75 (m, H-10), 1.90 (br s, H-10).
(R)-MTPA ester of 6 (6b): selected 1H NMR values (600 MHz, MeOH-d4) δH
6.50 (d, J = 11.8 Hz, H-7), 5.20 (dd, J = 11.8, 8.6 Hz, H-8), 5.15 (t, J = 10.0 Hz,
H-9), 3.15 (m, H-13), 3.10 (td, J = 12.5, 5.5 Hz, H-13), 2.92 (td, J = 12.5, 5.5 Hz,
H-12), 2.60 (m, H-12), 2.80 (m, H-10), 2.05 (br s, H-10).
(S)-MTPA ester of 7 (7a): selected 1H NMR values (600 MHz, MeOH-d4) δH 7.52
(dd, J = 8.2, 1.9 Hz, H-19), 7.08 (dd, J = 8.2, 1.9 Hz, H-18), 6.47 (d, J = 11.4 Hz,
H-7), 6.05 (dd, J = 11.4, 9.0 Hz, H-8), 5.87 (dd, J = 15.4, 8.4 Hz, H-10), 5.69 (dd,
J = 15.4, 9.0 Hz, H-9), 5.57 (dt, J = 8.4, 3.3 Hz, H-11), 3.05 (dt, J = 12.5, 3.0 Hz,
H-13), 2.83 (td, J = 12.5, 3.0 Hz, H-13), 2.27 (dq, J = 14.0, 3.3 Hz, H-12), 1.75
(tt, J = 14.0, 3.3 Hz, H-12).
(R)-MTPA ester of 7 (7b): selected 1H NMR values (600 MHz, MeOH-d4) δH
7.53 (dd, J = 8.2, 1.9 Hz, H-19), 7.09 (dd, J = 8.2, 1.9 Hz, H-18), 6.45 (d, J = 11.4
Hz, H-7), 6.02 (dd, J = 11.4, 9.0 Hz, H-8), 5.83 (dd, J = 15.4, 8.4 Hz, H-10), 5.67
(dd, J = 15.4, 9.0 Hz, H-9), 5.57 (dt, J = 8.4, 3.3 Hz, H-11), 3.08 (dt, J = 12.5, 3.0
Hz, H-13), 2.85 (td, J = 12.5, 3.0 Hz, H-13), 2.41 (dq, J = 14.0, 3.3 Hz, H-12),
1.79 (tt, J = 14.0, 3.3 Hz, H-12).
(S)-MTPA ester of 8 (8a): selected 1H NMR values (600 MHz, MeOH-d4) δH 7.41
(dd, J = 8.3, 1.9 Hz, H-19), 7.30 (dd, J = 8.3, 1.9 Hz, H-18), 6.22 (d, J = 11.4 Hz,
H-7), 5.98 (t, J = 11.4 Hz, H-8), 5.88 (dd, J = 15.4, 8.6 Hz, H-10), 5.79 (dd, J =
15.4, 11.4 Hz, H-9), 5.57 (dt, J = 8.6, 3.5 Hz, H-11), 3.06 (dt, J = 13.0, 3.3 Hz, H13), 2.80 (td, J = 13.0, 3.3 Hz, H-13), 2.24 (dq, J = 14.2, 3.4 Hz, H-12), 1.73 (tt, J
= 14.2, 3.4 Hz, H-12).
(R)-MTPA ester of 8 (8b): selected 1H NMR values (600 MHz, MeOH-d4) δH
7.42 (dd, J = 8.3, 2.9 Hz, H-19), 7.31 (dd, J = 8.3, 2.9 Hz, H-18), 6.20 (d, J = 11.2
Hz, H-7), 5.96 (t, J = 11.2 Hz, H-8), 5.84 (dd, J = 15.4, 8.6 Hz, H-10), 5.76 (dd, J
= 15.4, 11.2 Hz, H-9), 5.57 (dt, J = 8.6, 3.8 Hz, H-11), 3.08 (dt, J = 12.8, 3.3 Hz,
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H-13), 2.82 (td, J = 12.8, 3.3 Hz, H-13), 2.36 (dq, J = 14.2, 3.8 Hz, H-12), 1.75
(tt, J = 14.2, 3.8 Hz, H-12).

Computational Details
Maestro 9.632 was used to build the chemical structures of all possible relative
diastereoisomers of compounds 10-16. Optimization of the 3D structures was
performed with MacroModel 10.232 using the OPLS force field33 and the PolakRibier conjugate gradient algorithm (PRCG, maximum derivative less than 0.001
kcal/mol).
In particular, for compounds 10, 11, 13 and 14, which have two stereochemical
centers, two possible diasteroisomers were considered:
-

10a (12S*,14S*), 10b (12R*,14S*);

-

11a (12S*,14S*), 11b (12R*,14S*);

-

13a (8S*,10S*), 13b (8S*,10R*);

-

14a (8S*,10S*), 14b (8S*,10R*).

For compound 15, possessing three stereochemical centers, four possible
diasteroisomers were considered:
-

15a (8S*,9R*,12R*), 15b (8S*,9R*,12S*),

-

15c (8S*,9S*,12R*) and 15d (8S*,9S*,12S*).

Moreover, for compounds 12, possessing four stereochemical centers, eight
diastereoisomers were accounted:
-

12a (8S*,10R*,11R*,12R*), 12b (8S*,10R*,11R*,12S*),

-

12c (8S*,10R*,11S*,12R*), 12d (8S*,10R*,11S*,12S*),

-

12e (8S*,10S*,11R*,12R*), 12f (8S*,10S*,11R*,12S*),

-

12g (8S*,10S*,11S*,12R*), 12h (8S*,10S*,11S*,12S*);

For compound 16, which has five stereochemical centers with one plane of
symmetry, eight possible diasteroisomers were taken into account:
-

16a (8S*,9R*,11R*,12R*), 16b (8S*,9R*,11R*,12S*),
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-

16c (8S*,9R*,11S*,12R*), 16d (8S*,9R*,11S*,12S*),

-

16e (8S*,9S*,11R*,12R*), 16f (8S*,9S*,11R*,12S*),

-

16g (8S*,9S*,11S*,12R*), 16h (8S*,9S*,11S*,12S*).

Starting from the obtained 3D structures, exhaustive conformational searches at
the empirical molecular mechanics (MM) level with Monte Carlo Multiple
Minimum (MCMM) method (50,000 steps) and Low Mode Conformational
Search (LMCS) method (50,000 steps) were performed, in order to allow a full
exploration of the conformational space. Furthermore, molecular dynamic
simulations were performed at 450, 600, 700, 750 K, with a time step of 2.0 fs, an
equilibration time of 0.1 ns, and a simulation time of 10 ns. A constant dielectric
term of MeOH, mimicking the presence of the solvent, was used in the
calculations to reduce artefacts.
For each diastereoisomer, all the conformers obtained from the previously
mentioned conformational searches were minimized (PRCG, maximum derivative
less than 0.001 kcal/mol) and compared. The “Redundant Conformer
Elimination” module of Macromodel 10.232 was used to select non-redundant
conformers, excluding the conformers differing more than 13.0 kJ/mol (3.11
kcal/mol) from the most energetically favoured conformation and setting a 1.0 Å
RMSD (root-mean-square deviation) minimum cut-off for saving structures.
Next, the obtained conformers were optimized at quantum mechanical (QM) level
by using the MPW1PW91 functional and the 6-31G(d) basis set34, and
experimental solvent effects (CH3OH) were reproduced using the integral
equation formalism version of the polarizable continuum model (IEFPCM). After
this step at the QM level, the newly obtained geometries were visually inspected
in order to remove further possible redundant conformers, and then those selected
were accounted for the subsequent computation of the 13C and 1H NMR chemical
shifts, using the MPW1PW91 functional and the 6-31G(d,p) basis set and MeOH
IEFPCM. Final

13

C and

1

H NMR spectra for each of the investigated
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diastereoisomers were built considering the influence of each conformer on the
total Boltzmann distribution taking into account the relative energies.
Furthermore, calibrations of calculated 13C and 1H chemical shifts were performed
following the multi-standard approach (MSTD)35, 36. In particular, aromatic

13

C

and 1H chemical shifts were scaled using benzene as reference compound35, 36. All
the other

13

C and

1

H calculated chemical shifts were scaled to TMS

(tetramethylsilane).
Then, for each atom of the investigated molecules, the comparison of the
experimental and calculated

13

C and 1H NMR chemical shifts was performed

computing the Δδ parameter:
Δδ = |δexp - δcalc|
where, δexp (ppm) and δcalc (ppm) are the

13

C/1H experimental and calculated

chemical shifts, respectively.
The computation and comparison of the mean absolute errors (MAEs) for all the
possible diastereoisomers (see table 1.7), were used for the determination of the
relative configuration of each investigated compound:
MAE = ∑(Δδ)/n
specifically defined as the summation through n of the absolute error values
(difference of the absolute values between corresponding experimental and 13C-1H
chemical shifts), normalized to the number of the chemical shifts considered. All
QM calculations were performed using Gaussian 09 software package37.

Determination of the Sugar Configuration.
The configurations of the sugar unit of glycosylate compounds were established
after hydrolysis of each compounds with 1 N HCl, trimethylsilation, and
determination of the retention times by GC operating under the reported
experimental conditions.
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Sample preparation for eco-friendly extracts and infusion

Maceration extraction
To determine the factors that permit to increase polyphenols yields, experiments
under selected conditions for polyphenols extraction have been performed based
on the literature data 29, 30.
In particular, maceration has been carried out in a beaker with agitation fixed on
170 rpm, at room temperature. During extraction, the solution has been protected
with plastic parafﬁn ﬁlm, to prevent solvent evaporation. Aluminum foil has been
used to preserve phenolic compound against every reaction with light.
The time extraction, the solid-solvent ratio and the different percentage ratio of
the two solvents chosen for extraction have been studied as factors able to change
the polyphenols yield.
Preliminary, the extraction with 50% ethanol:water and 1:20 solid– solvent ratio
was performed27, 28. The samples were collected at 30 min, 60 min, 90 min, 2 h, 4
h, 8 h, 10 h, 14 h and 18 h. The effect of the different time of extraction on yield
extract has been determined by colorimetric assays.
The extraction time lower than 2 h and the extraction time of more than 10 h had
no significant influence on the amount of phenolics, so the optimization of the
extraction for the next experiments was monitored at 2 h, 4 h, 8 h and 10 h.
In the next set of experiments, other two different solid-solvent ratio (1:10, 1:30)
and different percentage ratio of ethanol:water (70% and 80%) have been used.
The effect of these factors on yield extract have been determined by colorimetric
assays.

Infusion extraction
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On the basis of Pharmacopea XII three different solid-solvent ratio (1:100, 5:100
and 10:100) were studied. The infusions were carried out in boiling distilled
water, using moderate stirring, recovered with aluminum and protected with
plastic paraﬁlm both to permit the conservation of a stable temperature and to
prevent solvent evaporation and light reaction; then filtered under reduced
pressure.
The effect of different solid-solvent ratio on yield extract was determined by the
Folin−Ciocalteu methods.

SLDE-Naviglio
A dynamic solid−liquid extraction was carried out using a Naviglio Extractor. To
find the best extractive cycle, were tested the follow conditions: 20 extractive
cycles of 6.5 min (5 min in the static phase and 1.5 min in the dynamic phase;
SLDE-Naviglio-6.5), 8 min (5 min in the static phase and 3 min in the dynamic
phase; SLDE-Naviglio-8), and 12 min (9 min in the static phase and 3 min in the
dynamic phase; SLDENaviglio-12) each as reported in literature.38
The effect of the different extractive cycle on yield extract was determined by
colorimetric assays.

Determination of total penolic content, determination of DPPH and TEAC radical
scavenging activity.
Reported in the section: general experimental procedures.

NMR spectroscopy
All 2D-NMR spectra were acquired in MeOH-d4 (99.95%).
For the sample preparation 5 mg crude extract was transferred to Eppendorf tube
before the addition of the same volume (600 µL) of both MeOH-d4. The sample
was then vortexed and sonicated for 15 min at controlled temperature. A 500 µL
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of supernatant was transferred to NMR tube. NMR experiments were performed
on a Bruker DRX-600 spectrometer (Bruker BioSpin GmBH, Rheinstetten,
Germany) equipped with a Bruker 5 mm TCI CryoProbeat 300 K. The NMR
tubes were labeled and immediately subjected to 1H NMR measurements using a
preset setting for all of the samples. The analysis temperature was 24 °C.
Gradient shimming was performed prior to signal acquisition and MeOH-d4 was
used to provide an internal lock. The proton spectra were collected with a 90◦
pulse width of 8.25 µs, a relaxation delay 3 s, 128 scans, 64 K data points and a
spectral width of 9 ppm.
A series of 2D experiments, Heteronuclear Single-Quantum Correlation
Spectroscopy (HSQC) and Heteronuclear Multiple Bond Correlation (HMBC)
were implemented and permitted the assignment of the existing metabolites.

Data reduction and spectral alignment
The spectra were imported into the MestreNOVA 10 software. Phasing, baseline
correction, binning (spectral buckets of 0.004 ppm), normalization to the
standardized area of the reference compound and removal of unwanted resonances
(residual solvent) were performed. Finally, the spectra were aligned and converted
to ASCII format.

Chemometrics

Data analysis
Spectrum processing is an intermediate step between acquiring the raw spectra
and data analysis. It should preserve as much as possible the variance relative to
the chemical compounds contained in the NMR spectra while reducing other
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types of variance induced by different sources of bias such as baseline, noise or
misalignment. Generally, spectrum processing steps include baseline correction,
noise elimination, alignment, data reduction and normalization prior to
multivariate statistical analyses. In the present work NMR spectra were manually
phased and baseline corrected. Identification of metabolites was achieved using
chemical shifts known by literature for each compound. Each samples was
analyzed in triplicate.

Multivariate data analysis
Chemometric techniques based on projection methods were applied for
metabolomics multivariate data analysis. Specifically, exploratory data analysis
was performed by principal component analysis (PCA) while a projection to latent
structures (PLS-DA) based method was applied to discriminate the samples based
on the extraction system. In the protocol here followed, discriminant classification
was carried out using partial least squares-discriminant analysis (PLS-DA), a
method based on the PLS regression algorithm giving each sample a class based
on the extraction method used. Classes attributed were -1, 0 and +1 and
specifically -1 to samples obtained under maceration (I,L,K)

0 to samples

obtained under Naviglio extraction ( E, F, G) +1 to samples obtained by water
infusion( A, B, C, D), Finally a PLS correlation of data matrix with measured
phenolic content was performed (using the measured value as a Y).
Projection methods in multivariate data analysis were performed by using
SIMCA-P+ software (Version 12.0, Umetrics, Umeå, Sweden). The entire data
matrix, after log transform and Pareto scaling, was first analyzed by PCA to
define homogeneous cluster of samples (Exploratory data analysis).
Models were validated by cross-validation techniques and permutation tests
according to standardized good practice to minimize false discoveries and to
obtain robust statistical models. A small number of metabolites changing during
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the experiment was extracted and the behavior of each single metabolite was
studied by linear mixed-effects model for longitudinal studies. All the different
pretreatments provided good discriminant ability in calibration and crossvalidation (above 90%)39.

Biological assay: materials and methods

Cytotoxicity Testing
- The U2Os and SAOs cell lines, derived from human osteosarcomas40, 41 were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS; Life Technologies, Monza, Italy), 1% L-glutamine,
1% penicillin, 1% streptomycin (Life Technologies) at 37 °C, in a 5% CO2
humidified atmosphere and harvested at approximately 90% confluence.
Cell viability tests were performed plating cells in 96-multiwells plate at a density
of 1 x 104 in a total volume of 0.1 mL. Cells were allowed to adhere for 24 h and
subsequently incubated (in quadruplicate; n =2) for 24-48 h in the presence of
different concentrations of tested compounds dissolved in DMSO. Viability was
determined using a crystal violet assay42. Briefly, medium was carefully removed
and cells gently washed with phosphate buffer saline solution (PBS). After fixing
with 10% formalin for 15 min at room temperature, 0.01% crystal violet (w/v)
was added and cells incubated for an additional 30 min. After washing, 10%
acetic acid was added to solubilize the dye and absorbance was measured
spectrophotometrically at 590 nm (Microplate reader, Synergy HT BioTek, Milan,
Italy). EC50 values were calculated using a linear dose-response curve. Curcumin,
used as reference compound, showed after 24 h EC50 values of 34.4 µM and 48.6
µM against the U2Os and SAOs cell lines, respectively and after 48 h, EC50 values
of 22.8 µM and 28.1 µM against the U2Os and SAOs cell lines, respectively.
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- THP-1 cells (ﬂoating monocytes, 500000 cells/mL) were incubated in 100 μL of
a serum-free RPMI 1640 medium and seeded into 96-well plates in triplicate at 37
°C. Measurements were taken 24 h after treatment with increasing concentrations
of the test compounds dissolved in DMSO. Viability was measured by the cell
proliferation reagent WST-1 (Roche, Basel, Switzerland) according to the
manufacturer’s manual. The amount of formazan created (which correlates to the
number of metabolically active cells in the culture) was calculated as a percentage
of the control cells, which were treated only with DMSO and were assigned as
100%. THP-1 cells, human monocytic leukemia cell line, (ﬂoating monocytes,
500000 cells/mL) were incubated in 100 μL of a serum-free RPMI 1640 medium
and seeded into 96-well plates in triplicate at 37 °C. Measurements were taken 24
h after treatment with increasing concentrations of the test compounds dissolved
in DMSO. Viability was measured by the cell proliferation reagent WST-1
(Roche, Basel, Switzerland) according to the manufacturer’s manual. The amount
of formazan created (which correlates to the number of metabolically active cells
in the culture) was calculated as a percentage of the control cells, which were
treated only with DMSO and were assigned as 100%.

TBARS assay and Lipid Peroxidation Measurament.
Reported in the section: general experimental procedures.

Determination of intracellular reactive oxygen species (ROS) scavenging activity
To elucidate the possible pro/anti-oxidative activity of the different extracts, a
dichlorofluorescein method was used. THP1-XBlue™-MD2-CD14 cells were
seeded in a serum-free medium (50 000 cells/100 μL/well) into a black 96-well
plate and were incubated for 2 hours. In the following step, the solutions of tested
compounds were added at the final concentration of 5μg/mL and the standard
antioxidant quercetin was added at the final concentration of 5μM. After 30
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minutes of the treatment of the cells with the compounds, pyocyanin was added in
final concentration 100μM in each well (except in the group of negative control)
and the cells were incubated for 30 minutes. After this incubation, DCFH-DA (5
µg/mL) was introduced into the cell medium of all the wells and the cells were
incubated for the next 30 minutes. Finally, the intracellular fluorescence of the
dichlorofluorescein product was measured by Fluostar Omega Microplate Reader
(BMG Labtech) using the λ(ex./em.) = 480/530 nm.

Statistical Analysis.
The statistical analysis was done by several tests. In order to eliminate uncertain
data, the Q-Dixon test was performed. All the values in this study were expressed
as mean  SD. The statistical analysis was performed with one-way ANOVA for
repeated measurements. The statistically significant differences were also assessed
by applying the paired Student’s t-test.
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Introduction
During hazelnut processing, a large amount of waste material is generated such as
leafy covers, skins and shells. In fact, only 10% of hazelnuts is sold in shells,
while generally the hazelnuts are consumed raw or roasted 1.The amount of
hazelnut byproducts production is estimated to be approximately about 40%. A
comprehensive investigation of the byproducts of the Turkish variety of C.
avellana, known as Tombul, evaluated their antioxidant acitivity by different
tests, revealing as hazelnut byproducts could potentially be considered as an
excellent and readily available source of natural antioxidants 1.
The discovery of cyclic diarylheptanoids, giffonins A-P, from the leaves of C.
avellana cv. Tonda di Giffoni, some of which able to prevent oxidative damages
of human plasma lipids, encouraged us to study the chemical profile of other
byproducts of C. avellana, as well as to investigate their biological activities.
Therefore, the chemical and biological investigation of the male flowers, green
leafy covers and shells of C. avellana has been performed.

107

Chapter 2

2.1 Quali-quantitative analysis of the phenolic fraction of the flowers of
Corylus

avellana,

cv.

Tonda

di

Giffoni:

isolation

of

antioxidant

diarylheptanoids

C. avellana male flowers
C. avellana flowers are produced very early in spring
before the leaves, and are monoecious, with single-sex
catkins;the male catkins are pale yellow and 5-12 cm
long, and the female ones are very small and largely
concealed in the buds, with only the bright-red, 1-to-3
mm-long styles visible.

2.1.1. Results and discussion

Qualitative analysis of MeOH extract of C. avellana, cv. Tonda di Giffoni flowers.
LC-ESI/LTQOrbitrap/MS/MSn analysis, in negative ionization mode, of the
MeOH extract of C. avellana male flowers allowed us to obtain a preliminary
plant metabolite profiling.
In particular, a careful analysis of the multistage mass spectra of the main peaks
suggested the presence of twelve phenolic compounds (fig. 2.1).
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Figure 2.1. LC-ESI/LTQOrbitrap/MS profile (negative ion mode) of the MeOH extract of C.
avellana flowers.

In order to unambiguously elucidate their structures by NMR experiments, the
twelve compounds were isolated by size exclusion chromatography of the MeOH
extract, followed by further purification steps by reversed-phase HPLC-RI. Their
structures were established by 1D and 2D-NMR experiments along with ESIMS
and ESI/LTQORBITRAP/MS analysis.
The ESI/LTQORBITRAP/MS of compound 26 (m/z 293.1182 [M-H]-, calcd for
C19H17O3, 293.1178) and the

13

C NMR data supported a molecular formula of

C19H18O3. The IR spectrum showed a band at 1725 cm-1 suggesting the presence
of a ketocarbonyl group. The 1H NMR spectrum showed aromatic signals at δ
7.29 (2H, d, J=8.2 Hz, H-15 and H-19) and 6.99 (2H, d, J=8.2 Hz, H-16 and H18) typical of a 1,4-disubstituted aromatic ring, and signals at δ 6.73 (d, J=8.2 Hz,
H-3), 6.55 (dd, J=8.2, 1.8 Hz, H-4) and 5.82 (d, J=1.8, H-6) due to the protons of
a 1,2,5-trisubstituted aromatic ring (fig.2.2. and table 2.1).
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Table 2.1. 1H NMR spectroscopic data (600 MHz, J in Hz) and 13C NMR data of
compounds 26-28 (CD3OD).

26
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
OCH3
at C-3

27

C

H (J in Hz)

C

151.4
148.1
116.2
122.5
138.9
115.8
32.0
34.9
134.6
131.8
203.9
33.6
44.6
138.6
131.5
124.0
156.8
124.0
131.5

151.3
147.9
6.73, d (8.2)
117.3
6.55, dd (8.2, 1.8) 125.0
129.8
5.76, d (1.9)
119.6
2.69, m
136.2
2.37, m
124.3
6.59, m
138.5
5.82, d (16.1)
135.5
205.8
2.73, t (6.5)
43.2
3.05, t (6.5), 2.3532.8
m
140.1
7.29, d (8.2)
131.7
6.99, d (8.2)
124.6
157.6
6.99, d (8.2)
124.6
7.29, d (8.2)
131.7

28

H (J in Hz)

C

151.2
137.3
6.84, d (8.2)
149.2
6.74, dd (8.2, 1.8) 108.0
136.8
5.94, d (1.8)
114.1
6.51, d (11.5)
136.8
6.03, dd (11.5, 9.6) 125.6
6.27, dd (16.2,138.2
9.60)
6.18, d (16.2),
136.0
205.0
2.74, d (5.6)
43.5
3.07, d (5.6)
32.8
139.5
7.30, d (8.2)
131.7
7.10, d (8.2)
125.8
157.5
7.10, d (8.2)
125.8
7.30, d (8.2)
131.7
56.5
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H (J in Hz)
6.53, d (1.8)
5.61, d (1.8)
6.52, d (11.5)
6.05, dd (11.5, 9.6)
6.27, dd (16.2,
9.60)
6.20, d (16.2)
2.74, d (5.6)
3.07, d (5.6)
7.28, d (8.2)
7.08, d (8.2)
7.08, d (8.2)
7.28, d (8.2)
3.89, s
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Moreover, the 1H NMR spectrum displayed signals due to a disubstituted transolefinic group at δ 6.59 (m, H-9) and 5.76 (d, J=16.1 Hz, H-10), and four
methylene groups at δ 3.05 (t, J=6.5 Hz) and 2.35 (m), 2.73 (2H, t, J=6.5 Hz),
2.69 (2H, m), and 2.37 (2H, m).

Figure 2.2. 1H NMR spectrum (600 MHz, CD3OD) of giffonin Q (26).

The

13

C NMR spectrum of 26 showed 19 carbon signals, typical of

diaryletherheptanoid derivatives, comprising a signal at δ 203.9, ascribable to a
ketocarbonyl group (table 2.1). The signal at δ 5.82 was attributed to H-6, which
generally resonates at an abnormally high field, due to the anisotropic effect of the
A ring in diaryletherheptanoid. This observation together with the ROESY
correlation of H-6 at δ 5.82 with H-18 (δ 6.99) suggested the ether linkage
between C-1 and C-17 of the aryl moieties. The HMBC correlations of H-6 (δ
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5.82) with the

13

C NMR resonances at δ 151.4 (C-1), 148.1 (C-2), 122.5 (C-4),

138.9 (C-5) and 32.0 (C-7) and the HMBC correlations of H-4 (δ 6.55) with the
13

C NMR resonances at δ 148.1 (C-2), 138.9 (C-5), 115.8 (C-6) and 32.0 (C-7)

suggested the 1,2, dihydroxylation of the A-ring. The disposition of the heptanoid
chain, the olefinic grups and the position of the ketocarbonyl group were
determined by HSQC, HMBC, and COSY (fig. 2.3.-2.5) experiments. On the
basis of the HMBC correlations between H-10 (δ 5.82), H2-12 (δ 2.73), H2-13 (δ
3.05 and 2.35) and H-9 (δ 6.58) with the carbon resonance at δ 203.9 the carbonyl
group was assigned to C-11 (fig 2.3-2.5).

Figure 2.3. HSQC spectrum (CD3OD) of giffonin Q (26).
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Figure 2.4. HMBC spectrum (CD3OD) of giffonin Q (26).

Figure 2.5. COSY spectrum (CD3OD) of giffonin Q (26).

On the basis of these observations the structure of compound 26, named giffonin
Q, was elucidated as shown (fig. 2.6).
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Figure 2.6. giffonin Q.

This structure is reported as an artefact formed during the acid hydrolysis of
aceroside V, a diaryletherheptanoid β-glucopyranoside isolated from Acer
nikoense 2. Moreover, no NMR data were reported for this artefact. So, this is the
first finding of this compound as a natural product.
The ESI/LTQORBITRAP/MS of 27 (m/z 291.1026 [M-H]-, calcd for C19H15O3,
291.1021) and the 13C NMR data supported a molecular formula of C19H16O3. The
IR spectrum showed a band at 1715 cm-1 due to the presence of a ketocarbonyl
group. Comparison of the 1H NMR spectrum of 27 in the aromatic region with
that of giffonin Q (26) suggested that they share the same aromatic substitution
patterns (table 2.1). Moreover, the 1H NMR spectrum displayed four signals at δ
6.51 (d, J = 11.5 Hz), 6.03 (dd, J = 11.5, 9.6 Hz), 6.27 (dd, J = 16.2, 9.6 Hz), 6.18
(d, J = 16.2 Hz), ascribable to Z- and E- olefinic protons, respectively. The linear
connectivity observed in the COSY spectrum showed the presence of a
conjugated diene system (C-7/C-10). On the basis of the HMBC correlations
between H-10 (δ 6.18), H2-12 (δ 2.74), H2-13 (δ 3.07) and H-9 (δ 6.27) with the
carbon resonance at δ 205.8 the carbonyl group was assigned to C-11 (δ 205.8).
On the basis of these observation the structure of compound 27, named giffonin
R, was elucitaded as shown (fig. 2.7).
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Figure 2.7. giffonin R.

The

molecular

formula

of

28

was

established

as

C20H18O4

by

ESI/LTQORBITRAP/MS (m/z 321.1130 [M-H]-, calcd for C20H17O4, 321.1127)
and the 13C NMR data. A detailed analysis of NMR data of compound 28 revelead
that the heptadienone moiety was comparable to that of 28, while differences were
observed for signals due to one aryl moiety. In particular, the 1H NMR spectrum
showed aromatic signals at δ 7.28 (2H, d, J = 8.2 Hz, H-15 and H-19) and 7.08
(2H, d, J = 8.2 Hz, H-16 and H-18), corresponding to the 1,4-disubstituted
aromatic ring, and at δ 6.53 (d, J = 1.8 Hz, H-4), and 5.61 (d, J = 1.8, H-6),
corresponding to a 1,2,3,5-tetrasubstituted aromatic ring (table 2.1). Moreover, a
signal at δ 3.89 (s), typical of a methoxy group was observed. The HMBC
correlation between the proton signal at δ 3.89 with the carbon resonance at δ
149.2 (C-3) allowed the methoxy group to be placed at C-3. Therefore, the
structure of compound 28, named giffonin S, was determined as reported (fig.
2.8).
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Figure 2.8. giffonin S.

Moreover, the other compounds isolated by HPLC-RI, were identified by analysis
of spectroscopic data in comparison to those reported in literature as giffonin I (9),
quercetin

3-O-α-L-rhamnopyranoside

rhamnopyranoside
rhamnopyranoside
glucopyranoside

(19),
(20),
(21),

(18),

kaempferol
quercetin

kaempferol

3-O-α-L-

3-O-(4''-trans-p-coumaroyl)-α-L-

3-O-β-D-galactopyranosyl-(1→2)-β-D-

kaempferol

3-O-β-D-glucopyranosyl-(1→2)-β-D-

glucopyranoside (22), quercetin 3-O-β-D-glucopyranoside (23), kaempferol 3-O(4''-cis-p-coumaroyl)-α-L-rhamnopyranoside (24), and alnusone (25) (fig.2.9).
.
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Figure. 2.9. Compounds isolated from C. avellana flowers.
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Quantitative analysis of compounds 9, and 18-28 in C. avellana flowers by LCESI/QqQ/MS/MS
In order to determine the amount of the main compounds occurring in the MeOH
extract of C. avellana flowers (fig. 2.9), a quantitative determination by LC-MS
was carried out. LC-ESI/QqQ/MS/MS using a very sensitive and selective mass
tandem experiment such as Multiple Reaction Monitoring (MRM) is considered
one of the most suitable techniques for quantification of metabolites3-7.
As reported in table 2.2, for the flavonoids quercetin 3-O-α-L-rhamnopyranoside
(18), kaempferol 3-O- α-L-rhamnopyranoside (19), kaempferol 3-O-(4''-trans-pcoumaroyl)-α-L-rhamnopyranoside (20) quercetin 3-O-β-D-galactopyranosyl(1→2)-β-D-glucopyranoside (21), kaempferol 3-O-β-D-glucopyranosyl-(1→2)-βD-glucopyranoside (22), quercetin 3-O-β-D-glucopyranoside (23), kaempferol 3O-(4''-cis-p-coumaroyl)-α-L-rhamnopyranoside (24), the loss of the sugar moiety,
leading to a fragment ion [(M-sugar)-H]−, was the predominant fragmentation
obtained from the pseudomolecular ion [M-H]−, thus this fragment ion was chosen
for MRM analysis. The cis and trans isomers of kaempferol 3-O-(4''-pcoumaroyl)-α-L-rhamnopyranoside (24, 20) showed a pseudomolecular ion [MH]− at m/z 577. They were characterized by the same MS/MS fragmentation
pattern originating a main fragment ion [(M-146-146)-H]− at m/z 285, due to the
loss of a rhamnose and a p-coumaroyl unit. MRM transition of giffonin I (9) was
characterized by the loss of both glucose and arabinose sugars originating a very
intense fragment ion [(M-294)-H]− at m/z 293. In the LC-MS/MS experiment
alnusone (25) showed a very simple fragmentation pattern where the base peak
was produced by the neutral loss of 210 amu corresponding to the diaryl moiety.
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Figure. 2.10. Negative ion LC-ESI/QqQ/MS/MS spectrum and proposed fragmentation pattern of
alnusone occurring in the MeOH extract of C. avellana flowers.

This was explained by a rearrangement from the deprotonated compound and the
subsequent opening of the diarylheptanoid cycle by the cleavage of the linkage
between carbons 7 and 8. A subsequent cleavage of the linkage between carbons
12 and 13 originated a very intense signal at m/z 83 ascribable to a deprotonated
pent-3-en-2-one fragment ion. For this reason this transition was selected for
MRM experiments (fig. 2.10). Finally due to their low abundance in the MeOH
extract, high quality MS/MS spectra of the new diaryletherheptanoids giffonin Q,
R, S (26-28) were not available. According to this, pseudo-MRM (pseudomultiple
reaction monitoring) was chosen as tandem mass spectrometry detection method.
As in MRM, both the first and second analyzers were focused on selected masses,
but the precursor and product ions are set to the same m/z values8,9. Therefore,
stock solutions of 1 mg/mL were prepared and properly diluted to produce known
concentration solutions. To each solution an internal standard, was added. By
injecting triplicates of standard solutions at different concentrations, linear
regression curves were obtained for each compound with the only exception of
kaempferol

3-O-(4''-trans-p-coumaroyl)-α-L-rhamnopyranoside
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amount was calculated by considering the regression curve of its isomer
kaempferol

3-O-(4''-cis-p-coumaroyl)-α-L-rhamnopyranoside

(24).

The

calibration curves were found to be linear in the range 0.0015-0.020 µgµL−1.
Finally area ratio of the internal and external standard peak were calculated and
related, in a Cartesian coordinate system, to the corresponding known reference
concentration. Table 2.3 shows the amount (mg/100 g) of each selected compound
in C. avellana flowers. The quantitative results highlight that compounds are
present in concentration ranges of 1.20-65.47 (mg/100 g). In particular, the
flavonoids quercetin 3-O-β-D-galactopyranosyl-(1→2)-β-D-glucopyranoside (21),
kaempferol
kaempferol

3-O-β-D-glucopyranosyl-(1→2)-β-D-glucopyranoside
3-O-(4''-cis-p-coumaroyl)-α-L-rhamnopyranoside

(24)

(22),
and

the

dyarylheptanoid alnusone (25) exhibit the highest concentrations. In spite of this,
giffonin I (9) and the new diaryletherheptanoids giffonin Q, R, S (26-28) were not
quantified, since they resulted not detectable in the MeOH extract of C. avellana
flowers (table 2.3).
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Table 2.2. Quantitative data of C. avellana flowers extract (MRM, negative ion mode) Five-point
calibration with eleven standards. MRM transitions, Limits of detection (LODs), limits of
quantification (LOQs) in ng mL-1.

Compound

MRM
transition

R2

Regression line

quercetin
3-O-β-Dgalactopyranosyl-(1→2)-β-Dglucopyranoside (21)
kaempferol
3-O-β-Dglucopyranosyl-(1→2)-β-Dglucopyranoside (22)
quercetin
3-O-β-Dglucopyranoside (23)
quercetin
3-O-α-Lrhamnopyranoside (18)
giffonin I (9)
kaempferol
3-Oα-Lrhamnopyranoside (19)
kaempferol
3-O-(4''-cis-pcoumaroyl)-α-Lrhamnopyranoside (24)
alnusone (25)
giffonin Q (26)
giffonin R (27)
giffonin S (28)

625→463

0.9912

609→447

Y=50.6x+0.0833

LOQ
(ng
mL-1)
18.0

LOD
(ng
mL-1)
2.5

0.9928

Y=22.8x+0.0385

18.0

2.5

463→301

0.9968

Y=122x+0.2250

15.0

3.5

447→301

0.9840

Y=501x+2.4000

15.0

3.5

587→293
431→285

0.9899
0.9900

Y=603x+4.4000
Y=411x+1.4400

18.5
12.0

4.5
2.0

577→285

0.9943

Y=206x+0.2410

15.0

3.5

293→83
293→293
291→291
367→367

0.9908
0.9967
0.9892
0.9916

Y=92.2x+0.0695
Y=633x +3.3000
Y=891x+6.8900
Y=700x+5.2000

10.0
20.0
20.0
20.0

3.0
5.0
4.5
4.5
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Table 2.3. Retention times (Rt), molecular formula, [M-H]-, [M+HCOOH]-, Δ ppm, characteristic
product ions (m/z), amount (mg/100g dry weight) of compounds 9, 18-28 occurring in the MeOH
extract of C. avellana flowers quantified by LC-ESI/QqQ/MS/MS and identified by LCESI/LTQOrbitrap/MS/MSn .

n°

Compound

Rt
(min)

Molecular
Formula

[M-H]-

Δ
ppm

21

17.27

C27H30O17

625.1386

18.08

C27H30O16

18.99

25

quercetin 3-O-β-Dgalactopyranosyl(1→2)-β-Dglucopyranoside
kaempferol 3-O-β-Dglucopyranosyl-(1→2)β-D-glucopyranoside
quercetin 3-O- β-Dglucopyranoside
quercetin 3-O-α-Lrhamnopyranoside
giffonin I
kaempferol 3-O- α-Lrhamnopyranoside
kaempferol 3-O-(4''-cisp-coumaroyl)-α-Lrhamnopyranoside
kaempferol 3-O-(4''trans-p-coumaroyl)-αL-rhamnopyranoside
alnusone

26
27
28

22

23
18
9
19
24

20

-2.19

Characteristic
product
ions
(m/z)
463, 445, 301

mg/100g
flowers
±SD*
49.33±2.6
4

609.1432

-3.01

447, 429, 285

65.47±3.6
3

C21H20O12

463.0858

-2.58

301

1.36±0.21

20.47

C21H20O11

447.0909

-2.84

301

6.53±0.92

21.14
21.80

C30H36O12
C21H20O10

587.21320
431.0962

1.52
-2.47

455, 425, 293
285

**ND
1.20±0.39

28.27

C30H26O12

577.1324

-2.90

431, 285

53.33±11.
57

28.79

C30H26O12

577.1328

-2.15

431, 285

17.73±3.8
4

31.91

C19H18O3

293.1168

-1.39

251, 83

giffonin Q
giffonin R

38.08
39.18

C19H18O3
C19H16O3

51.07±3.4
5
**ND
**ND

giffonin S

40.41

C21H19O6

293.1178
1.97
291.1021
1.81
[M+HCOOH]
367.1182
1.59

* Values mean of triplicates for each sample.
** ND, not detected.
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2.1.2. Biological activity

Cytotoxic activity
The cytotoxic activity of isolated compounds by male flowers of C. avellana cv.
Tonda di Giffoni was tested against two cancer cell lines including A549 (human
lung adenocarcinoma) and DeFew (human B lymphoma). In the range 10-100
µM, the compounds did not show a significant reduction of the cell number (data
not shown), in agreement with the absence of cytotoxicity previously reported for
giffonins A-P.

Biological evaluation of isolated compounds by male flowers of C. avellana in
TBARS assay.
On the basis of the antioxidant activity reported for the MeOH extract of C.
avellana leaves and for giffonins A-P, the MeOH extract and the isolated
compounds (except giffonin I because tested previously) were evaluated for their
inhibitory effects on human plasma lipid peroxidation induced by H2O2 and
H2O2/Fe2+, by measuring the concentration of TBARS (thiobarbituric acid
reactive substances). Exposure of human plasma to strong chemical oxidants such
as H2O2 and H2O2/Fe2+ resulted in enhanced level of plasma lipid peroxidation.
The MeOH extract and pure compounds were found to protect plasma against
H2O2 and H2O2/Fe2+ induced lipid peroxidation. The MeOH extract, isolated
compounds, and curcumin used as reference compound were tested at doses
ranging from 0.1 to 100 µg/mL (MeOH extract) and from 0.1 to 100 µM. All
tested compounds, curcumin and the MeOH extract did not exert any effect on
autoperoxidation of human plasma (data not shown). The MeOH extract at 10
µg/mL reduced by about 50 % and 25 % the plasma lipid peroxidation stimulated
by H2O2 or H2O2/Fe2+, respectively. Compounds 27 and 28 at 10 µM reduced both
H2O2 and H2O2/Fe2+ induced lipid peroxidation by more than 50 % and about 35
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%, respectively, resulting more active than curcumin (fig. 2.11 and table 2.4).
Among the twelve compounds, 18, 21, 24 and 25 (fig. 2.11 and table 2.4) exerted
a protective action against oxidative stress induced by H2O2 or H2O2/Fe2+ similar
to that shown by curcumin.

Table 2.4. Inhibitory effects of the extract (10 µg/mL; 30 min), compounds 18-28 (10 µM; 30
min) and curcumin (10 µM; 30 min) on plasma lipid peroxidation induced by H 2O2 or H2O2/Fe2+.

compound
18
19
20
21
22
23
24
25
26
27
28
Curcumin
extract

Inhibition of lipid peroxidation
induced by H2O2 (%)
26.3 ± 8.1 (p<0.05)
5.7 ± 3.2 (p>0.05)
31.8 ± 9.9 (p<0.02)
19.9 ± 5.2 (p<0.05)
35.4 ± 9.9 (p<0.02)
23.1 ± 5.6 (p>0.05)
36.9 ± 10.1 (p<0.02)
23.9± 7.8 (p<0.05)
40.4 ± 12.2 (p<0.02)
52.3 ± 17.2 (p<0.01)
54.6 ± 15.2 (p<0.01)
20.6 ± 8.2 (p<0.05)
51.1 ± 13.3 (p<0.01)

Inhibition of lipid peroxidation
induced by H2O2/Fe2+ (%)
28.7 ± 5.6 (p<0.05)
20.1 ± 7.2 (p<0.05)
39.7 ± 8.2 (p<0.02)
18.8 ± 6.3 (p<0.05)
14.2 ± 4.4 (p<0.05)
9.9 ± 4.2 (p>0.05)
29.5 ± 5.1 (p<0.05)
31.2 ± 7.9 (p<0.02)
38.5 ± 5.9 (p<0.02)
33.4 ± 4.2 (p<0.02)
36.6 ± 7.7 (p<0.02)
23.2 ± 5.8 (p<0.05)
25.5 ± 7.0 (p<0.05)
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Figure. 2.11. (A). The effects of MeOH extract (0.1 – 100 µg/mL; 30 min), tested compounds) (0.1 – 100 µM; 30 min) and
curcumin (0.1 – 100 µM; 30 min) on plasma lipid peroxidation induced by H 2O2. The results are representative of 5-9
independent experiments, and are expressed as means  SD. The effect of five different concentrations of tested
compounds (0.1, 1, 10, 50 and 100 M) and tested extract (0.1, 1, 10, 50 and 100 g/mL) was statistically significant
according to ANOVA I test (p<0.05). (B). The effects of MeOH extract (10 µg/mL; 30 min), tested compounds (10 µM; 30
min) and curcumin (10 µM; 30 min) on plasma lipid peroxidation induced by H2O2/Fe2+. The results are representative of
6-9 independent experiments, and are expressed as means  SD. The statistical significances were confirmed with the
paired Student’s t-test (p<0.05).
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2.2. Cyclic Diarylheptanoids from Corylus avellana cv. Tonda di Giffoni
Green Leafy Covers: Determination of Their Absolute Configurations and
Evaluation of Their Antioxidant and Antimicrobial Activities

C. avellana green leafy covers
Hazelnuts develop in clusters of 1-12, each separately
enclosed in an involucre made up of two overlapping,
leafy bracts (modified leaves) that vary considerably
across the Corylus species in terms of length,
constriction around the nut, indentation and serration
at the apex, and thickness at the base. In C. avellana this cup of green leafy cover
encloses about three quarters of the nut. The green leafy covers have no current
commercial value, but are occasionally used as fertilizer for the hazelnut trees
upon composting10. On the basis of the occurrence of phenolic antioxidants with
potential health benefits in the leaves of C. avellana, a phytochemical
investigation of the green leafy covers of C. avellana cv. Tonda di Giffoni has
been carried out.
2.2.1 LC-ESI/LTQOrbitrap/MS/MSn analysis
The green leafy covers of C. avellana cv. Tonda di Giffoni (535 g) have been
dried and extracted at room temperature using solvents of increasing polarity.
LC-ESI/LTQOrbitrap/MS/MSn analysis, in negative ionization mode, of the
MeOH extract of C. avellana leaves allowed us to obtain a preliminary plant
metabolite profiling.
LC-MS profile of the MeOH extract of C. avellana leaves highlighted peaks with
m/z values corresponding to a wide range of phenolic compounds. In particular,
the LC-MS spectrum showed ions characterized by typical fragmentation patterns
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of flavonoids, and further peaks suggesting the occurrence of diarylheptanoid
derivatives (fig. 2.12).

Figure 2.12. LC-ESI/LTQOrbitrap/MS profile (negative ion mode) of the MeOH extract of C.
avellana green leafy covers.

2.2.2. Results and discussions

Qualitative analysis of MeOH extract of C. avellana, cv. Tonda di Giffoni green
leafy covers.
With the aim to unambiguously elucidate the compounds corresponding to the
unknown peaks occurring in LC-ESI/LTQOrbitrap/MS/MSn spectrum, the MeOH
extract of the leafy covers of C. avellana was fractionated by size-exclusion
chromatography and the resulting fractions were purified by semipreparative
HPLC to obtain 11 compounds. Their structures were established by 1D and 2DNMR experiments along with ESIMS and ESI/LTQORBITRAP/MS analysis.
The 1H and 13C NMR spectra of compounds 29-31 showed signals ascribable to a
diaryl heptanoid moiety. A detailed analysis of their NMR data showed that these
compounds differed in terms of the occurrence of secondary hydroxy groups and
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carbonyl functions at various positions on the heptanoid chain (table 2.5). A
combination of HSQC, HMBC and COSY experiments permitted the
determination of the linear connectivity from H-7/C-7 to H-13/C-13 of the
heptanoid chain in compounds 29-31.
In particular, the ESI/LTQORBITRAP/MS data of 29 (m/z 343.1188 [M-H]-,
calcd for C19H19O6, 343.1182) in combination with the 13C NMR data showed the
molecular formula C19H20O6. In the IR spectrum an absorption maximum at 1720
cm-1 due a ketocarbonyl group was evident. The 1H NMR data showed signals
ascribable to two 1,2,4 trisubstituted aromatic rings at δ 7.08 (dd, J = 8.1, 1.8 Hz),
7.02 (dd, J = 8.1, 1.8 Hz), 6.81 (d, J = 8.1 Hz), 6.78 (d, J =8.1 Hz), 6.68 (d, J =1.8
Hz) and 6.39 (d, J =1.8 Hz) (fig. 2.13 and table 2.5).

Figure 2.13. 1H NMR spectrum (600 MHz, CD3OD) of carpinontriol B (29).
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Table 2.5. 1H NMR and 13C NMR data of compounds 29-31 (MeOH-d4).

1
2
3
4
5

29
c
127.1
127.0
153.3
117.1
129.2

6
7

130.7
37.1

8

68.5

9
10
11
12

69.7
78.6
215.0
37.1

13

24.9

14
15

130.7
129.0

16
17
18
19

117.1
152.7
134.6
134.4

1
2
3
4

30

H (J in Hz)
6.78, d (8.1)
7.02, dd (8.1,
1.8)
2.91, d (15.8,
11.3)
3.07, dd (15.8,
4.2)
4.74, dd (11.3,
4.2)
3.93, d (10.1)
4.25, d (10.1)
2.97,
ddd
(19.6, 5.2, 2.0)
3.54,
ddd
(19.6,
12.6,
2.0)
2.87,
ddd
(16.6, 5.2, 2.0)
3.18,
ddd
(16.6,
12.6,
2.0)
7.08, dd (8.1,
1.8)
6.81, d (8.1)
6.39, d (1.8)
6.68, d (1.8)
-

c

H (J in Hz)

c

128.4
127.7
151.9
117.3
130.6

6.81, d (8.1)
7.05, dd (8.1, 1.8)

126.8
128.4
153.1
116.8
130.6

130.2
37.1

2.88, dd
(15.8,
12.2)
3.09, dd (15.8, 4.4)

130.6
39.5

68.5

4.67, dd (12.2, 4.4)

71.9

69.5
78.4
215.3
37.0

3.74, d (10.1)
4.21, d (10.1)
2.95, m
3.55, m

70.1
77.6
81.7
216.9

24.7

2.94, m
3.15,
ddd
(17.2, 12.6, 2.0)

43.7

132.8
129.7

7.23, dd (8.1, 1.8)

129.9
130.1

115.4
152.6
135.9
135.8

7.20, d (8.1)

116.8
153.1
136.9
135.6

102.3
74.6
78.0
71.2

129

6.30, d (1.8)
6.54, d (1.8)
-Glc (at C-17)
5.12, d (7.6)
3.48, dd (9.0, 7.6)
3.54, dd (9.0, 9.0)
3.41, dd (9.0, 9.0)

-

31
H (J in Hz)
6.81, d (8.2)
7.09,
dd
(8.2, 1.8)
2.94,
dd
(16.3, 9.6)
3.01,
dd
(16.3, 3.8)
4.22,
dd
(9.6, 3.8)
4.41, br s
4.35, d (5.6)
4.27, d (5.6)
-

3.13,
(12.0)
4.74,
(12.0)

d
d

7.06,
dd
(8.1, 1.8)
6.83, d (8.1)
7.25, d (1.8)
6.68, d (1.8)
-

Chapter 2
5
6

-

77.9
62.3

3.52, m
3.73, dd (12.0, 4.5)
3.93, dd (12.0, 2.5)

-

-

The 1H NMR spectrum showed further signals corresponding to three oxymethine
protons at δ 4.74 (dd, J =11.3, 4.2 Hz), 4.25 (d, J =10.1 Hz) and 3.93 (d, J =10.1
Hz). The 13C NMR spectrum of compound 29 showed 19 carbon signals, typical
of a cyclic diarylheptanoid10. HMBC (fig 2.15) and COSY cross-peaks and (fig.
2.16) permitted the assignment of the three hydroxy groups to C-8 (δ 68.5), C-9 (δ
69.7), and C-10 (δ 78.6).

Figure 2.14. HSQC spectrum (CD3OD) of carpinontriol B (29).
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Figure 2.15. HMBC spectrum (CD3OD) of carpinontriol B (29).

Figure 2.16. COSY spectrum (CD3OD) of carpinontriol B (29).
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The position of the carbonyl group was determined by 2D NMR data; in
particular, the HMBC cross-peaks between the signals of H-9 (δ 3.93), H-10 (δ
4.25), H2-12 (δ 3.54, 2.97) and H2-13 (δ 3.18, 2.87), with the carbon resonance at
δ 215.0 allowed the carbonyl group to be located at C-11 of the heptyl moiety.
The ROESY experiment (fig. 2.17) showed correlations of H-19 (δ 6.68) with H18 (δ 6.39), H-8 (δ 4.74), and H-9 (δ 3.93), as well as correlations of H-18 (δ
6.39) H2-12 (δ 3.54) and H2-13 (δ 3.18). Further correlations of H-8 (δ 4.74) with
H-9 (δ 3.93), and H-10 (δ 4.25) were observed.

Figure 2.17. ROESY spectrum (CD3OD) of carpinontriol B (29).

However, ROESY correlations cannot define the orientations of the hydroxy
groups on the heptyl moiety chain because of its conformational mobility. Based
on the aforementioned data, the 2D structure of compound 29 was elucidated as
depicted (fig. 2.18).
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HO

OH

OH

HO
OH

O

Figure 2.18. planar structure of compound 29.

The 1H and 13C NMR spectra of compounds 30 and 31, in comparison with those
of 29, suggested they were also diarylheptanoid derivatives.
The

molecular

formula

of

30

was

established

as

C25H30O11

by

ESI/LTQORBITRAP/MS (m/z 505.1717 [M-H]-, calcd for C25H29O11, 505.1710)
and the 13C NMR data. The NMR data of 30 revealed that it differed from 29 by
the presence of a β-glucopyranosyl unit (δ 5.12) (fig. 2.19 and table 2.5).

Figure 2.19. 1H NMR spectrum (600 MHz, CD3OD) of giffonin T (30).
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The D-configuration of the glucose unit was established via hydrolysis of 30 with
1 N HCl, trimethylsilation, and GC analysis11. The linkage site of the sugar unit
on the diaryl moiety was obtained from the HMBC spectrum, which showed a
cross-peak between H-1glc (δ 5.12) and C-17 (δ 152.6). Thus, the 2D structure of
giffonin T (30), was established as shown (fig. 2.20).
HO

OH

OH

HO
O

OGlc

Figure 2.20. planar structure of giffonin T.

The

13

C NMR and ESI/LTQORBITRAP/MS data of 31 (m/z 359.1136 [M-H]-,

calcd for C19H19O7, 359.1131), suggested a molecular formula of C19H20O7. A
carbonyl group was evident in the IR spectrum at 1730 cm-1. Analysis of the
NMR data showed that compound 31 differed from 29 regarding the presence of
an additional secondary hydroxy group and the location of the carbonyl function
(table 2.5). In particular, HSQC data confirmed a diarylheptanoid core structure
with oxymethine (δ 4.41, 4.35, 4.27, 4.22) proton resonances correlating to C-9 (δ
70.1), C-10 (δ 77.6), C-11 (δ 81.7), and C-8 (δ 71.9), respectively (table 2.5). The
carbonyl group was located at C-12 (δ 216.9), on the basis of the HMBC crosspeaks between H2-13 (δ 4.74, 3.13), H-10 (δ 4.35) and H-11 (δ 4.27) with the
carbonyl resonance at δ 216.9. In the ROESY spectrum correlations of H-18 (δ
7.25) with H-19 (δ 6.68) and H-10 (δ 4.35), and of H-8 (δ 4.22) with H-9 (δ 4.41),
H-10 (δ 4.35), and H-7 (δ 2.94) were observed. The 2D structure of giffonin U
(31) was thus established as shown (fig. 2.21).
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HO
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OH

HO
OH

OH
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Figure 2.21. planar structure of giffonin U.

Relative configurations of the diarylheptanoids 29-31
These compounds, possessing at least two stereogenic centres on the heptyl unit,
therefore, as realized previously for giffonins J-P, in collaboration with Prof.
Giuseppe Bifulco (Department of Pharmacy, University of Salerno) a combined
QM/NMR approach has been used to establish the relative configurations of
compounds 29-31. In the present investigation, the QM/NMR approach was
employed to determine the relative configurations of compounds 29-31 through
the comparison of the experimental

13

C/1H NMR chemical shift data and the

related predicted values. The latter data were computed on all the possible
diastereoisomers12-17, also taking into account the atropisomers arising from the
hindered rotation along the biaryl axis. Specifically, QM/NMR calculations were
performed for compounds 29 and 31, since the experimental data revealed that 30
differs from 29 by the presence of a β-D-glucopyranosyl unit, while maintaining
the same relative configuration. Firstly, the experimental NMR data for compound
29 showed a high similarity with those reported for carpinontriol B from Carpinus
cordata18. In this case, the QM/NMR combined approach was used for confirming
the established relative configuration, while additional stereochemical information
arising from the preferred atropisomeric forms were reported. Moreover, the
absolute configurations of 29 and 31 were established by comparing the
calculated and experimental ECD spectra.
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As previously described for analogous compounds10, an extensive conformational
search related to all the possible diastereoisomers of 29 and 31 was required for
the subsequent phases of computation of the NMR parameters. Firstly, the
conformational search was performed at the empirical level (molecular
mechanics, MM), combining Monte Carlo Molecular Mechanics (MCMM), LowMode Conformational Sampling (LMCS), and Molecular Dynamics (MD)
simulations. The accurate analysis of these representative conformers highlighted
a significant conformational variability mainly due to the flexible heptyl moieties,
and the distribution of intramolecular H-bonds between the hydroxy groups on
adjacent carbons rather influenced the energy of the related conformers weighted
in the Boltzmann distribution. Also, the hypothesized hindered rotation along the
o-disubstituted biaryl axis determines one preferential arrangement of the two
phenyl moieties (aR or aS absolute configuration) giving rise to atropisomerism19,
20

. Importantly, the starting MM sampling generated conformers for both groups

of possible atropisomers for each diastereoisomer, that were subsequently
submitted to geometry and energy optimization steps at the density functional
level of theory (DFT). After the optimization of the geometries, the conformers
were visually inspected in order to avoid further possible redundant conformers.
DFT calculations were employed for predicting the rotational energy barrier
related to the interconversion between the atropisomers (Experimental Section),
specifically on the aR*/aS* atropisomers of 8S*,9R*,10R*-29 as representative
system for all the investigated compounds. The difference between the energy of
the most energetically favoured conformer and the related energy of the transition
state indicated ΔGǂ = 20.7 kcal/mol, thus suggesting hindered rotation about the
biphenyl bond19.
Specifically,

this

parameter

was

calculated

for

the

aR*,8S*,9R*,10R*

(29a)/aS*,8S*,9R*,10R* (29b) atropisomers of compound 29 as representative
system for all the investigated diastereoisomers, and showed ΔGǂ = 20.7 kcal/mol
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for 29a and ΔGǂ = 16.6 kcal/mol for 29b (difference between the energy of the
most energetically favoured conformers of 29a and 29b and the related energy of
the transition state). The high rotational barrier calculated for 29a (ΔGǂ = 20.7
kcal/mol) indicated the hindered rotation about the biphenyl bond 19 corroborating
the presence of atropisomerism and the related hindered interconversion to the
29b isomer. On the other hand, 29b showed a lower predicted energy barrier (ΔGǂ
= 16.6 kcal/mol) that would allow its interconversion to the energetically more
favoured and stable 29a isomer.
For each considered compound, the NMR chemical shift data were computed for
all the possible diastereoisomers featuring a specific relative configuration at the
stereogenic centers and at the biaryl axis (aR*/aS* atropisomeric forms). For each
of them, the weighted averages of the predicted 13C and 1H NMR chemical shifts
were computed at the density functional level of theory (DFT), accounting the
energies of the sampled conformers on the final Boltzmann distribution. Also, a
first set of

13

C and 1H NMR chemical shift data were obtained with TMS as

reference compound; afterwards, the “multi-standard” approach21,

22

was also

employed obtaining a second set of values, using TMS as reference only for sp3
13

C and 1H atoms, and benzene as reference for sp2

13

C and 1H atoms. For each

atom of the investigated molecules, experimental and calculated 13C and 1H NMR
chemical shifts were compared, and afterwards the mean absolute errors (MAEs)
for all the possible diastereoisomers were computed (table 2.6).
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Table 2.6. 13C/1H MAE (ppm) Values, and DP4+ Data Reported for the Possible Stereoisomers of
compounds 29 and 31; Stereochemistry of compound 30 was Considered the Same as 29, Since
They Differ by the Presence of a β-D-glucopyranosyl Unit. In the Last Two Columns, the
Predicted Absolute Configurations and the Related Chemical Structures of 29-31 are Reported.

#
of # of Stere
stereogen possi oiso
ic centers ble
mer
relati
ve
stere
oiso
mer

Relative
configura
tion

# of
sam
pled
conf
orm
ers

13

C
M
A
E
(p
p
m)

1

H DP4+
Absolute
M probability configurat
A c
iond
E
(p
p
m)

Proposed
structure

b

a
13

plus 8
29 3,
one axis
of
chirality

29a
29b
29c

29d
29e
29f
29g
29h
plus 8
30 3,
one axis
of
chirality

30a
30b
30c
30d
30e

aR*,8S*,9
R*,10R*
aS*,8S*,9
R*,10R*
aR*,8S*,9
R*,10S*

7

aS*,8S*,9
R*,10S*
aR*,8S*,9
S*,10R*
aS*,8S*,9
S*,10R*
aR*,8S*,9
S*,10S*
aS*,8S*,9
S*,10S*
aR*,8S*,9
R*,10R*
aS*,8S*,9
R*,10R*
aR*,8S*,9
R*,10S*
aS*,8S*,9
R*,10S*
aR*,8S*,9
S*,10R*

4

5
11

10
2
6
4

2.9
2
4.1
6
2.3
0

0.1
7
0.3
5
0.1
3

4.3
6
2.7
8
4.1
8
2.8
6
4.1
7

0.4
5
0.2
6
0.3
6
0.1
5
0.2
9

C
dat
a
0.0
2%
0.0
0%
99.
44
%
0.0
0%
0.0
0%
0.0
0%
0.5
4%
0.0
0%

1

H
dat
a
0.0
0%
0.0
0%
99.
96
%
0.0
0%
0.0
0%
0.0
0%
0.0
4%
0.0
0%

all
data
0.00
%
0.00
%
100. aS,8R,9
00% S,10R

HO
(R)
(S)

HO

OH

OH

(R)

O

OH

0.00
%
0.00
%
0.00
%
0.00
%
0.00
%
HO
(R)
(S)

HO
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30f
30g
30h
plus 16
31 4,
one axis
of
chirality

31a

31b

31c

31d

31e

31f

31g

31h

31i

31j

31k

31l

31m

31n

aS*,8S*,9
S*,10R*
aR*,8S*,9
S*,10S*
aS*,8S*,9
S*,10S*
aR*,8S*,9
R*,10R*,1
1R*
aS*,8S*,9
R*,10R*,1
1R*
aR*,8S*,9
R*,10R*,1
1S*
aS*,8S*,9
R*,10R*,1
1S*
aR*,8S*,9
R*,10S*,1
1R*
aS*,8S*,9
R*,10S*,1
1R*
aR*,8S*,9
R*,10S*,1
1S*
aS*,8S*,9
R*,10S*,1
1S*
aR*,8S*,9
S*,10R*,1
1R*
aS*,8S*,9
S*,10R*,1
1R*
aR*,8S*,9
S*,10R*,1
1S*
aS*,8S*,9
S*,10R*,1
1S*
aR*,8S*,9
S*,10S*,1
1R*
aS*,8S*,9

3

3.2 0.3 0.0 0.0 0.00
5
1
0% 0% %

5

3.2 0.2 0.0 0.0 0.00
1
3
0% 0% %

8

2.3 0.3 0.0 0.0 0.00
5
0
0% 0% %

9

2.0 0.2 0.0 0.0 0.00
6
3
5% 0% %

11

1.7 0.3 0.0 0.0 0.00
7
0
0% 0% %

11

3.1 0.2 0.0 0.0 0.00
6
8
0% 0% %

13

1.8 0.1 0.0 3.5 0.00
2
8
2% 3% %

5

4.5 0.3 0.0 0.0 0.00
9
5
0% 0% %

9

2.4 0.2 0.0 0.0 0.00
7
9
0% 0% %

9

2.4 0.2 0.0 0.0 0.00
4
8
0% 0% %

7

2.4 0.2 0.0 0.0 0.00
4
3
0% 0% %

1

3.6 0.2 0.0 0.0 0.00
9
8
0% 0% %

10

1.7 0.2 12. 0.0 0.00
6
8
02 0% %
%
2.2 0.3 0.0 0.0 0.00

4
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31o

31p

a 13

S*,10S*,1
1R*
aR*,8S*,9
S*,10S*,1
1S*
aS*,8S*,9
S*,10S*,1
1S*

7
13

8

2

1% 0% %

1.9 0.1 87.
9
2
90
%
2.9 0.3 0.0
7
0
0%

96.
47
%
0.0
0%

100. aS,8R,9
00% R,10R,1
1R
0.00
%

C MAE = (Σ[|(δexp – δcalcd)|])/n, summation through n of the absolute error values (difference of the absolute values

between corresponding experimental and 13C chemical shifts), normalized to the number of the chemical shifts. Chemical
shift data reported were produced using the “multi standard” approach, using TMS as reference compound for sp 3
atoms, and benzene for sp

2 13

C atoms; .

13

C

H MAE = (Σ[|(δexp – δcalcd)|])/n, summation through n of the absolute error values

b1

(difference of the absolute values between corresponding experimental and 1H chemical shifts), normalized to the number
of the chemical shifts. Chemical shift data reported were produced using the “multi standard” approach, using TMS as
reference compound for sp3 1H atoms, and benzene for sp2 1H atoms. cDP4+ probabilities This set of data was produced
using only TMS as reference compound, and then sp 3/sp2 atoms were differently treated following the “multi-standard”
approach flagging them in the DP4+ Excel file.dThe absolute configurations of compounds 29-31 were determined after
comparison of the experimental and predicted ECD spectra. Starting from the identified absolute configurations of 29-31,
we also predicted the ECD spectra of aR,8R,9S,10R-29 and aR,8R,9R,10R,11R-31, namely the atropisomers differing from
(aS,8R,9S,10R)-29 and (aS,8R,9R,10R,11R)-31 for the inversion of the axis of chirality. Their predicted CD spectra showed
a poor superposition with the experimental curves and an opposite behaviour if compared with those of aS,8R,9S,10R-29
and aS,8R,9R,10R,11R-31, then suggesting that the ECD transitions are strongly affected by the geometry of the biphenyl
moiety and corroborating the aS axial chirality for the investigated compounds.

The results highlighted the slight accordance between 13C/1H MAEs related to the
possible isomers of 29 and 31 also when using the data arising from the “multistandard” approach, then determining the uncertainty to unambiguously assign the
relative configurations (table 2.6). For these reasons, we also relied on the
recently introduced DP4+ approach23, that emerged as a new powerful tool for the
correct stereochemical assignment of organic compounds. In particular, the
relative configurations of compounds 29 and 31 were predicted selecting the
stereoisomers with the highest DP4+ probability (all data DP4+, namely
combining both

13

C/1H NMR chemical shift data) (table 2.6). The results

confirmed the 8S*,9R*,10S* configuration for compounds 29 and 30, the same as
was reported for carpinontriol B18. This was corroborated by the perfect
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agreement between experimental and calculated 3J9,10 (Jexp=10.1 Hz, Jcalc=10.2
Hz). The data further suggest the axial chirality, permitting assignment of the
aR*,8S*,9R*,10S*-29 and -30 relative configurations. Moreover, the 1D 1H NMR
spectra at various temperatures of compound 29, in DMSO-d6, have been
acquired, focusing on the protons of the diphenyl moieties (fig. 2.22).

Figure 2.22. 1H NMR spectra (600 MHz, DMSO) of compound 29 at 298 K (red), 323 K (green),
353 K (blue) and 373 K (purple).

As can be observed in the 1H NMR spectra of carpinontriol B (fig. 2.22), the
resonances of H-4, H-5, H-15, H-16, H-18, and H-19 showed no significant
changes in their chemical shifts over a range of temperatures (298–373 K), a
finding in agreement with a high rotational barrier, hence confirming the presence
of atropisomers.
Concerning compound 31, this procedure led to identification of the 31o isomer
showing the lowest MAEs and the highest DP4+ probability. We then proposed
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aR*,8S*,9S*,10S*,11S*-31 as relative configuration, that was further corroborated
by the good agreement between experimental and predicted 3J10-11 (Jexp= 5.6 Hz,
Jcalc= 5.1 Hz).Once the most probable relative configurations of 29 and 31 were
identified.

Absolute configurations of the diarylheptanoids 29-31
In collaboration with Prof. Giuseppe Bifulco (Department of Pharmacy,
University of Salerno), the absolute configurations of compounds 29-31 were
assigned by comparing the calculated and experimental ECD spectra of the two
enantiomers24-26. Starting from the selected conformers related to the isomers of
29 and 31 (29c, 31o), QM calculations at the TDDFT MPW1PW91/6-31g(d,p)
level were performed in EtOH IEFPCM to reproduce the experimental solvent
environment. As shown in figure 2.23., the comparison of calculated and
experimental ECD curves permitted assignment of the absolute configurations of
29-31 as (aS,8R,9S,10R)-29 and -30; (aS,8R,9R,10R,11R)-31.
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Figure 2.23. Comparison of the experimentally ECD spectra with the TDDFT-predicted curves of
compounds 29 and 31.

In addition, giffonin I (9), myricetin 3-O-α-L-rhamnopyranoside10 (17),
kaempferol 3-O-α-L-rhamnopyranoside10 (19), kaempferol 3-O-(4''-trans-pcoumaroyl)-α-L-rhamnopyranoside10 (20), citric acid (32),27 1-methyl citrate27
(33), trimethyl citrate27 (34), 3,5-dicaffeoylquinic acid28 (35), and were isolated
from the green leafy. covers of C. avellana (fig. 2.24).
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Figure 2.24. compounds isolated from the green leafy covers of C. avellana.
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Interestingly, the aglycone moiety of giffonin I (9') shows no stereogenic centers
in the macrocyclic ring but its biphenyl moiety also possesses an axis of chirality.
After performing an extensive conformational search at the MM level, the
conformers were submitted to an optimization of the geometries at the QM level.
In order to assess the possible interconversion between the aR and aS atropisomers
of 9' (9'a and 9'b, respectively; fig. 2.25), the rotational barrier predicting the
energy of the transition state was computed and showed a ΔGǂ = 17.1 kcal/mol
value which may be compatible with an interconversion between the two
atropisomers19.
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Figure 2.25. Chemical structures of the two possible atropisomers of 9', named 9'a-b.

These data were corroborated by the experimental ECD spectrum of 9' with the
absence of Cotton effects near 220 nm (fig. 2.26).
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Figure 2.26. CD spectrum of the aglycone of compound 9.

2.2.3. Biological assay

Cytotoxic activity
The cytotoxic activity of compounds isolated from the green leafy covers of C.
avellana was tested against two cancer cell lines including A549 (human lung
adenocarcinoma) and DeFew (human B lymphoma). In the range 10-100 µM, the
compounds did not show a significant reduction of the cell number (data not
shown), in agreement with the absence of cytotoxicity previously reported for
giffonins A-P.

Evaluation of antioxidant activity of MeOH extract of green leafy covers and pure
compounds by TBARS assay.
On the basis of the antioxidant activity shown by giffonins isolated from the
MeOH extract of C. avellana cv. Tonda di Giffoni leaves, in collaboration with
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Prof. Beata Olas, the antioxidant activity of the MeOH extract of the green leafy
covers of C. avellana and of the isolated compounds was evaluated for their
potential protective properties against oxidative damages (lipid peroxidation)
induced by H2O2 and H2O2/Fe2+ in human plasma. In particular, all compounds
isolated by MeOH extract of leavy covers, except compounds 9, and 19-20, which
were tested previously; were tested. So, the activity of compounds 17, 29-35 was
compared to that of the well-known antioxidant curcumin. Compounds and
curcumin were tested at doses ranging from 0.1 to 100 µM. Compounds 29 and 31
at 10 µM reduced both H2O2 and H2O2/Fe2+ induced lipid peroxidation by more
than 30 %, hence were more active than curcumin (fig. 2.27 and table 2.7).
Compound 35 exhibited a protective action against oxidative stress induced by
H2O2 or H2O2/Fe2+, similar to that shown by curcumin, while weaker activity was
displayed by compounds 30.

146

Chapter 2
Table 2.7. Inhibitory Effects of Compounds 17 and 29-35 (10 µM; 30 min) and curcumin (10 µM;
30 min) on Plasma Lipid Peroxidation Induced by H 2O2 or H2O2/Fe2+.

compound

17
29
30
31
32
33
34
35
curcumin
*

Inhibition
of
lipid
peroxidation induced by H2O2
(%)
44.4 ± 8.4 (p<0.05)
32.2 ± 7.7 (p<0.05)
14.7 ± 4.3 (p<0.05)
33.3 ± 9.9 (p<0.05)
n.s.*
n.s.*
n.s.*
24.2 ± 6.7 (p<0.05)
21.1 ± 7.9 (p<0.05)

not significant
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Inhibition
of
lipid
peroxidation
induced
by
H2O2/Fe2+ (%)
34.1 ± 6.9 (p<0.05)
24.4 ± 6.7 (p<0.05)
23.3 ± 7.9 (p<0.05)
14.4 ± 6.1 (n.s.)
n.s.*
n.s.*
n.s.*
25.5 ± 9.9 (p<0.05)
22.9 ± 5.1 (p<0.05)
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Figure. 2.27. (A). The effects of MeOH extract (0.1 – 100 µg/mL; 30 min), tested compounds) (0.1 – 100 µM; 30 min) and
curcumin (0.1 – 100 µM; 30 min) on plasma lipid peroxidation induced by H 2O2. The results are representative of 5-9
independent experiments, and are expressed as means  SD. The effect of five different concentrations of tested
compounds (0.1, 1, 10, 50 and 100 M) and tested extract (0.1, 1, 10, 50 and 100 g/mL) was statistically significant
according to ANOVA I test (p<0.05). (B). The effects of MeOH extract (10 µg/mL; 30 min), tested compounds (10 µM; 30
min) and curcumin (10 µM; 30 min) on plasma lipid peroxidation induced by H 2O2/Fe2+. The results are representative of
6-9 independent experiments, and are expressed as means  SD. The statistical significances were confirmed with the
paired Student’s t-test (p<0.05, p<0.005).
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Evaluation of antimicrobial activity of MeOH extract of green leafy covers and
pure compounds by halo assay.
On the basis of the antimicrobial activity reported for hazelnut tree leaves and for
some diarylheptanoid derivatives29-31, in collaboration with Dr. Filomena Nazzaro
(ISA, CNR, Avellino), the antimicrobial activity of the MeOH extract C. avellana
green leafy covers and of isolated compounds (9, 17, 19-20 and 29-35) was
evaluated against the Gram-positive strains Bacillus cereus and Staphylococcus
aureus, and the Gram-negative strains Escherichia coli and Pseudomonas
aeruginosa by halo assay.
With halo test, approximately one million cells from a single strain are spread
over an agar plate using a sterile swab, then incubated in the presence of the
antimicrobial object (in our case MeOH extract and pure compounds). If the
bacterial or fungal strain is susceptible to the antimicrobial agent, then a zone of
inhibition appears on the agar plate (fig. 2.28). If it is resistant to the antimicrobial
agent, then no zone is evident.

Figure 2.28.

Among compounds isolated from C.avellana green leafy covers, the most active
compounds were 29 and 31. In particular, carpinontriol B (29) proved efficacy at
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10 µg/disk (tables 2.8 and 2.9), with the exception of S. aureus, in respect of
which 40 µg/disk were needed to obtain an inhibition halo (tables 2.8 and 2.9). At
40 µg/disk both compounds caused the formation of zones of inhibition
completely comparable to those obtained with tetracycline at 7 µg/disk used as
positive control (table 2.8). Giffonin T (30) showed weaker antimicrobial activity,
and only against B. cereus (4313), P. aeruginosa, and S. aureus, at 40 µg/disk
(table 2.9).
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Table 2.8. Antimicrobial Activity of compounds 29-31 and 20 and MeOH extract of leafy covers
of C. avellana cv. Tonda di Giffoni.

Data are expressed in mm. Results are shown as the mean ± SD (n = 3). Means followed by
different letters in each column differ significantly to Dunnett’s multiple comparisons test, at the
significance level of p < 0.05. EC: Escherichia coli; BC 4384: Bacillus cereus DSM 4384; BC
4313: Bacillus cereus 4313; PA: Pseudomonas aeruginosa; SA: Staphyloccus aureus. Tetracycline
(7 µg/disk) and DMSO were used as positive and negative control, respectively. e: p < 0.0001; d: p
< 0.001; c: p < 0.001; b: p< 0.005; a: p < 0.05.
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Table 2.9. Antimicrobial Activity of compounds 9, 17, 19, and 32-35 at 40 µg/disk.

9
17
19
32
33
34
35

EC
10 (0)b
9.67a (0.57)
10(0)b
10.67 (0.57) b
10(0)b
11.33 (0.57) a
8.33 (0.57) c

BC 4384
0(0)e
0(0)e
5(0)e
0(0)e
0(0)e
0(0)e
0(0)e

BC 4313
5 (0)e
0(0)e
0(0)e
10 (0)
5.67e
0(0)e
0(0)e

PA
4.67e
5 (0)e
4(0)e
9.33a
0(0)e
6.67e
0(0)e

SA
10 (0) b
6.33 (0.57)d
10.33 (0.57) b
10.67 (0.57)b
10.67 (0.57) b
11.33 (0.57) a
6.67 (0.57) d

Data are expressed in mm. Results are shown as the mean ± SD (n = 3). Means followed by
different letters in each column differ significantly to Dunnett’s multiple comparisons test, at the
significance level of p < 0.05. EC: Escherichia coli; BC 4384: Bacillus cereus DSM 4384; BC
4313: Bacillus cereus 4313; PA: Pseudomonas aeruginosa; SA: Staphyloccus aureus. Tetracycline
(7 µg/disk) and DMSO were used as positive and negative control, respectively. e: p < 0.0001; d: p
< 0.001; c: p < 0.001; b: p< 0.005; a: p < 0.05.

The different behaviour of compounds 29-31 was confirmed by evaluation of the
minimal inhibitory concentration (MIC) (table 2.10), which evidenced a stronger
activity of carpinontriol B (29) and giffonin U (31) on almost all strains tested
(except against S. aureus). Giffonin I (9) was effective against almost all the
tested strains at 40 µg/disk. The antimicrobial activity shown by the kaempferol
derivatives 19 and 20 as well as by myricetin 3-O-α-L-rhamnopyranoside (17)
was in agreement with those reported by Cushnie and Lamb32. The antimicrobial
activity of citric acid (32), 1-methyl citrate (33), and trimethyl citrate (34)
confirmed the capability of this class of compounds to inhibit the growth of
microorganisms such as E.coli33.
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Table 2.10. Minimal Inhibitory Concentration (MIC, µg/disk) of compounds 29-31 and of MeOH
extract of leafy covers of C. avellana cv. Tonda di Giffoni.

Microorganism
Bacillus cereus 4313
Bacillus cereus 4384
Escherichia coli
Pseudomonas aeruginosa
Staphylococcus aureus

29
4 µg
4 µg
10 µg
10 µg
30 µg
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30
30 µg
50 µg
50 µg
30 µg
30 µg

31
5 µg
5 µg
10 µg
10 µg
30 µg

MeOH extract
50 µg
50 µg
100 µg
30 µg
30 µg
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2.3. LC-MS profiling highlights Hazelnut (cultivar Tonda di Giffoni PGI)
shells as a byproduct rich in antioxidant phenolics.

C. avellana shells
Hazelnut shells represent more than 50% of the
total nut weight. They are composed of about 30%
hemicelluloses, 27% celluloses and 43% lignin, so
they are mainly utilized as a low-value heat source.
The hazelnut shells represent one of the major
byproducts (about 42% of the total biomass) producing a big amount of waste
material available at very low cost. Actually, hazelnut shells are mostly used as
heating source upon burning and for the mulch.
In order to achieve deeper insight into the chemical composition of the shell of C.
avellana cv. Tonda di Giffoni and to highlight the occurrence of biologically
active compounds, a phytochemical investigation was carried out.

2.3.1 Results and discussion

Qualitative analysis of MeOH extract of C. avellana, cv. Tonda di Giffoni shells.
To determine the total phenol content of the MeOH extract of C. avellana shells,
the Folin-Ciocalteau method was carried out. The phenolic content was 340.44
µg/mg extract and expressed as gallic acid equivalent. Moreover, a significant
concentration-dependent free-radical scavenging activity evaluated by DPPH
(EC50 = 54.30 µg/mL) and by TEAC assay (TEAC value = 1.42 mg/ml) correlated
to the high phenolic content, as already suggested by Shahidi1.
To correlate the phenolic content to the chemical composition of the MeOH
extract, a preliminary plant metabolite profiling was performed by LCESI/LTQOrbitrap/MS/MSn

analysis,

in
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negative

ionization

mode.

LC-
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ESI/LTQOrbitrap/MS/MSn analysis using the “data dependent scan” mode in
which the MS software selects precursor ions corresponding to the most intense
peaks in LC-MS spectrum, were carried out. A careful analysis of the multistage
mass spectra of the main peaks suggested the presence of sixteen phenolic
compounds (fig. 2.29), corresponding to phenylpropanoids (36-38), neolignans
(39-45 and 47) characterized by two phenylpropanoid units linked by a bond other
than a β,β'-bond, flavonoid glycosides (20 and 24), and diarylheptanoid
derivatives (16, 29 and 46).
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Figure 2.29.

LC-ESI/LTQOrbitrap/MS profile (negative ion mode) of the MeOH extract of

C. avellana shells has leaded to the isolation of sixteen compounds: 2,3-dihydroxy-1-(4-hydroxy3-methoxyphenyl)-propan-1-one (36), 1-(-4-hydroxy-3-methoxy)-1,2,3-propanetriol (37), threo1,2-bis(4-hydroxy-3-methoxyphenyl)-1,3-propandiol (38), giffonin P (16), erythro-(7S,8R)guaiacylglycerol-β-O-4'-dihydroconiferyl

alcohol

(39),

ficusal

(40),

erythro-(7R,8S)-

guaiacylglycerol-β-O-4'-dihydroconiferyl alcohol (41), ent-cedrusin (42), erythro-(7S,8R)guaiacylglycerol-β-coniferyl aldehyde ether (43), carpinontriol B (29), ceplignan (44),
dihydrodehydrodiconiferyl alcohol (45), giffonin V (46), balanophonin (47), kaempferol 3-O-(4''cis-p-coumaroyl)-α-L-rhamnopyranoside

(24),

kaempferol

3-O-(4''-trans-p-coumaroyl)-α-L-

rhamnopyranoside (20).

Compounds 39 and 41 in High Resolution Mass Spectrometry showed a
pseudomolecular ion at m/z 377, that submitted to fragmentation gave a principal
daughter ion at m/z 329 amu due to the loss of two methyl groups and a water
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molecule; similarly, compounds 40, 45 and 47 were characterized by [(M-30)-H]fragment ions at m/z 299, 329, 325 amu, respectively.
The

formic

acid

adduct

of

compound

43

showed

in

the

LC-

ESI/LTQOrbitrap/MS/MSn spectrum a principal precursor [(M+ HCOOH) −H]−
ion at m/z 419 amu, whose fragmentation pattern was highly informative about the
presence of a neolignan moiety; in the tandem LC-MS experiments a peak at m/z
195 amu originated by neutral loss of 224 amu attributed to the cleavage of the β
O-linkage and the contemporary loss of a molecule of water leading to a
deprotonated 1-(4-hydroxy-3-methoxy)-prop-2-ene-1,2diol was evident.
Compounds 29 and 46 were characterized by the same fragmentation pattern, very
similar to that already described for alnusone. Infact the main peaks at m/z 269
and 253 respectively, were typical fragmentation of diarylheptanoids compounds
due to the neutral moiety loss of 74 amu, this was explained by the rearrangement
of the deprotonated compound and the subsequent opening of the diarylhepatonid
cycle by the cleavage of the linkage between carbons 7 and 8. A subsequent
cleavage of the linkage between carbons 10 and 11 originated a very intense [(M74)-H]- fragment ion ascribable to the neutral loss of an hydroxy-propan-2-one
unit; for this reason these compounds were tentatively identified as
diarylheptanoids.
Finally, compounds 24 and 20 showed both a pseudomolecular ion [M-H]- at m/z
577 and submitted to fragmentation gave the same fragment ion at m/z 285
ascribable to the loss of a deoxyhexose and a p-coumaroyl units.
Some of the main peaks were tentatively attributed according to the accurate
masses,

characteristic

fragmentation

patterns,

and retention

times and

“KNApSAcK” database. MS information does not allow to discriminate among
structural isomers or stereoisomers. Thus it is worthwhile to establish the truly
chemical structure of naturally occurring molecules. Moreover, with the aim to
quantify pure compounds occurring in the hazelnut shells and also evaluate their
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activity, the phytochemical investigation of the hazelnut shell extract was carried
out. Compounds 16, 20, 24, 29 and 36-47 were isolated by size exclusion
chromatography (SEC) of the MeOH extract, followed by further purification
steps by reversed-phase HPLC-RI and their structures were unambiguously
elucidate by NMR experiments and Circular Dichroism (CD) spectra, with ESIMS and high resolution ESI-MS analysis.
The molecular formula of compound 46 was established as C19H20O5 by
ESI/LTQORBITRAP/MS (m/z 327.1232 [M-H]-, calcd for C19H19O5, 327.1227)
and the 13C NMR data. The IR spectrum showed bands at 3440, 2935, 1715 cm-1,
the latter suggesting the presence of a ketocarbonyl group

34

. The 1H and

13

C

NMR spectra of 46 showed signals ascribable to a diarylheptanoid moiety . In
particular, the 1H NMR spectrum (fig. 2.30 and table 2.11) showed signals
attributable to two aromatic rings as ABX systems, at δ 7.10 (dd, J = 8.2, 1.8 Hz),
7.07 (dd, J = 8.2, 1.8 Hz), 6.84 (d, J =8.2 Hz), 6.83 (d, J =1.8 Hz), 6.81 (d, J = 8.2
Hz), and 6.49 (d, J =1.8 Hz), as well as to two protons linked to oxymethine
carbons at δ 3.84 (bs) and 3.82 (m).
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Figure 2.30. 1H NMR spectrum (600 MHz, CD3OD) of giffonin V (46).
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Table 2.11. 1H NMR and 13C NMR data of compound 46 (CD3OD).

46
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

C

H (J in Hz)

127.2
127.1
151.8
116.2
130.6
130.8
27.7
31.6
69.1
82.5
214.4
34.2
24.6
131.2
129.1
116.3
151.0
135.3
134.0

6.81 d (8.2)
7.07 dd (8.2, 1.8)
2.94 m
2.70, 1.74, m
3.82, m
3.84, bs
2.39 t (7.4)
3.17 dd (16.0, 7.4), 2.89 dd (16.0, 7.4)
7.10 dd (8.2, 1.8)
6.84 d (8.2)
6.49 d (1.8)
6.83 d (1.8)
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A detailed analysis of 2D-NMR experiments (HSQC, HMBC and COSY) led to
assign the two hydroxy groups to C-9 (δ 69.1) and C-10 (δ 82.5) of the heptanoid
chain. The position of the keto group was assigned to C-11 by HMBC (fig 2.32)
correlations between the proton signals of H-9 (δ 3.82) and H-13 (δ 2.89), with the
carbon resonance at δ 214.4. The coupling constant between H-9 and H-10 was
not observed, probably due to the gauche dihedral angle.

Figure 2.31. HSQC spectrum (CD3OD) of giffonin V (46).
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Figure 2.32. HMBC spectrum (CD3OD) of giffonin V (46).

Figure 2.33. COSY spectrum (CD3OD) of giffonin V (46).
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To determine the relative configuration of giffonin V, ROESY experiment has
been carried out. In particular ROESY spectra (fig. 2.34) highlighted the
correlations between the proton signals H-10 (δ 3.84) and H-9 (δ 3.82) with the
proton signals H-18 (δ 6.49), H-19 (δ 6.83), and H2-8 (δ 2.70 and 1.74); These
results indicated that the two hydroxy groups at C-9 and C-10 were located in the
same orientation.

Figure 2.34. ROESY spectrum (CD3OD) of giffonin V (46).

Thus, the structure of 46 was assigned as shown in figure 2.35, and named
giffonin V (fig. 2.34).
Compounds 40, 42, 44, 45, and 47 have been established as dihydrobenzofuran
neolignans according to 1D and 2D-NMR experiments. Since isomers are of
widespread interest in chemistry and biochemistry, because can possess different
biological activities, the truly chemical structure of compounds 40, 42, 44, 45, and
47 was assessed by NMR experiments along with CD analysis. The C-7/C-8
relative conﬁguration of dihydrobenzofuran neolignans was assigned on the basis
of the literature data, reporting a trans configuration with the coupling constant
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between H-7/H-8 of 6.6 Hz, and a cis configuration with the coupling constant
between H-7/H-8 of 8.4 Hz35. In detail, for compounds 40, 42, 44, 45, and 47, the
coupling constant of 6.1 Hz between H-7 and H-8 suggested the C-7/C-8 trans
relative configuration. Therefore, the isolated compounds have been established
as ficusal36 (40), ent-cedrusin37 (42), ceplignan38 (44), dihydrodehydrodiconiferyl
alcohol39 (45) and balanophonin40 (47). To establish the absolute configuration,
CD experiments have been carried out. Literature data reported in the CD
spectrum a negative Cotton effect at 282 nm for the 7R,8S configuration while a
positive Cotton effect at 282 nm for the 7S,8R configuration41. On the basis of
these observation, the positive Cotton effect at 283 nm for compound 44 allowed
us to establish a 7S,8R configuration while a negative Cotton effect at 283 nm for
compounds 40, 42, 45 and 47 permitted us to assign a 7R,8S configuration.
The remaining isolated compounds were identified by analysis of their NMR
spectroscopic data in comparison to those reported in literature as 2,3-dihydroxy1-(4-hydroxy-3-methoxyphenyl)-propan-1-one42 (36), 1-(4-hydroxy-3-methoxy)1,2,3-propanetriol43

(37),

threo-1,2-bis(4-hydroxy-3methoxyphenyl)-1,3-

propandiol44 (38), giffonin P (16), erythro-(7S,8R)-guaiacylglycerol-β-O-4'dihydroconiferyl alcohol45 (39) and erythro-(7R,8S)-guaiacylglycerol-β-O-4'dihydroconiferyl alcohol45 (41), erythro-(7S,8R)-guaiacylglycerol-β-coniferyl
aldehyde ether46 (43), carpinontriol B18 (29), kaempferol 3-O-(4''-cis-pcoumaroyl)-α-L-rhamnopyranoside (24), kaempferol 3-O-(4''-trans-p-coumaroyl)α-L-rhamnopyranoside (20) (fig 2.35).
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Figure 2.35. Compounds isolated from C. avellana shells.

Quantitative analysis of the MeOH extract of C. avellana, cv. Tonda di Giffoni
shells.
The main compounds occurring in the MeOH extract of C. avellana shells,
erythro-(7S,8R)-guaiacylglycerol-β-O-4'-dihydroconiferyl alcohol (39), ficusal
(40),

erythro-(7R,8S)-guaiacylglycerol-β-O-4'-dihydroconiferyl

alcohol

(41),

erythro-(7S,8R)-guaiacylglycerol-β-coniferyl aldehyde ether (43), carpinontriol B
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(29), dihydrodehydrodiconiferyl alcohol (45), giffonin V (46), balanophonin (47),
kaempferol

3-O-(4''-cis-p-coumaroyl)-α-L-rhamnopyranoside

(24)

and

kaempferol

3-O-(4''-trans-p-coumaroyl)-α-L-rhamnopyranoside

(20),

were

quantified by LC-ESI/QqQ/MS/MS using a very accurate and sensitive tandem
mass spectrometric technique such as MRM . Compounds 16, 36-38, 42 and 44
were not quantified, since their amount in the MeOH extract of C. avellana shells
was found below the LOQ of the applied method.
On the basis of the transitions selected for MRM experiments, the amount
(mg/100 g dry weight) of each compound in the MeOH extract of C. avellana
shells was determined (tables 2.12 and 2.13).
The quantitative results highlight that indicated compounds occurred in the extract
in concentration ranging from 6.4 to 83.3 (mg/100 g), with erythro-(7S-8R)guaiacylglycerol-β-O-4'-dihydroconiferyl- alcohol (39) exhibiting the highest and
kaempferol 3-O-(4''-trans-p-coumaroyl)-α-L-rhamnopyranoside (20) the lowest
concentrations, respectively. The new compound giffonin V (46) occurred in
concentration of 24.8 mg/100 g of C.avellana shells MeOH extract (table 1.13).
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Table 2.12. Retention times (Rt), molecular formula, [M-H]-, [M+HCOOH]-, Δ ppm, characteristic
product ions (m/z), amount (mg/100g dry weight) of compounds occurring in the MeOH extract of
C.

avellana

shells

quantified

by

LC-ESI/QqQ/MS/MS

and

identified

by

LC-

n

ESI/LTQOrbitrap/MS/MS .
[M-H]-

[(M+HCO
OH)-H]-

Δ ppm

C11H14O7

257.0661

1.99

Characteristic
product
ions
(m/z)
-

7.49

C11H14O7

257.0662

2.37

-

15.22

C17H20O6

319.1180

365.1232

1.12

271

20.12

C19H22O7

361.1283

0.31

erythro-(7S,8R)guaiacylglycerol-βO-4'dihydroconiferyl
alcohol
ficusal

23.10

C20H26O7

377.1595

0.08

241, 271, 301,
343
329, 195, 165

23.84

C18H18O6

329.1025

1.57

24.51

C20H26O7

377.1594

-0.16

25.51
27.27

C19H22O6
C21H24O9

345.1350
373.1284

29

erythro-(7R,8S)guaiacylglycerol-βO-4'dihydroconiferyl
alcohol
ent-cedrusin
erythro-(7S,8R)guaiacylglycerol-βconiferyl
aldehyde
ether
carpinontriol B

29.47

C19H20O6

343.1181

44

ceplignan

31.11

C18H18O7

345.0974

391.1025

1.48

45

32.70

C19H20O6

359.1495

405.1546

1.49

46

dihydrodehydrodicon
iferyl alcohol
giffonin V

38.91

C19H20O5

327.1227

-0.06

47

balanophonin

41.02

C20H20O6

355.1182

1.62

n°

Compound

Rt (min)

Molecular
Formula

36

2,3-dihydroxy-1-(4hydroxy-3methoxyphenyl)propan-1-one
1-(-4-hydroxy-3methoxy)-1,2,3propanetriol
threo-1,2-bis(4hydroxy-3methoxyphenyl)-1,3propandiol
giffonin P

5.68

37

38

16
39

40
41

42
43
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391.1337
419.1335

269, 209, 239,
167, 299
329, 195, 165

1.37
-0.43

327, 315
373, 325, 177,
195

1.53

269, 283,
313, 325
193, 151,
221
135, 177,
341
253, 283,
271
337, 281,
325, 219

299,
315,
329,
241,
249,
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24

20

kaempferol 3-O-(4''cis-p-coumaroyl)-αL-rhamnopyranoside
kaempferol 3-O-(4''trans-p-coumaroyl)α-Lrhamnopyranoside

54.24

C30H26O12

577.1334

-1.13

431, 285

55.61

C30H26O12

577.1335

- 1.03

431, 285

* Values mean of triplicates for each sample.
**Not detected (ND) compounds.

168

Chapter 2
Table 2.13. Quantitative data of C. avellana shlls extract (MRM, negative ion mode), MRM
transitions, Limits of detection (LODs), limits of quantification (LOQs) in ng mL -1 and amount
(mg/100g shells ±SD) of compounds isolated by shells.
Compound name

MRM
transition

R2

Regression line

erythro-(7S,8R)guaiacylglycerol-β-O-4'dihydroconiferyl- alcohol (39)
ficusal (40)
erythro-(7R,8S)guaiacylglycerol-β-O-4'dihydroconiferyl- alcohol (41)
erythro-(7S,8R)guaiacylglycerol-β-coniferyl
aldehyde ether (43)
carpinontriol B (29)

377→329

0.990

329→299
377→329

dihydrodehydrodiconiferyl
alcohol (45)
giffonin V (46)
balanophonin (47)
kaempferol 3-O-(4''-cis-pcoumaroyl)-α-Lrhamnopyranoside (24)
kaempferol 3-O-(4''-trans-pcoumaroyl)-α-Lrhamnopyranoside (20)

Y=0.331x+0.0467

LOQ
(ng
mL-1)
18.0

LOD
(ng
mL-1)
3.5

mg/100g
shells
±SD*
83.3±1.8

0.996
0.989

Y=0.143x+0.0054
Y=0.107x 0.0010

12.0
18.0

3.0
3.5

72.2±5.4
55.3±5.2

419→195

0.987

Y=1.53x+0.6100

18.0

3.0

33.2±1.0

343→269

Y=0.206x+0.0074

15.0

2.5

22.3±1.4

359→329

0.997
2
0.991

Y=0.209x+0.0122

12.0

3.0

57.3±8.7

327→253
355→325
577→285

0.990
0.993
0.981

Y=0.142x-0.0004
Y=1.06x+0.0823
Y=2.86x + 0.196

15.0
15.0
10.0

3.0
2.5
2.5

24.8±3.0
11.8±1.6
9.8±1.0

577→285

0.996

Y=1.93x +0.0251

10.0

2.5

6.4±1.4

Evaluation of antioxidant activity by TEAC assay.
The antioxidant activity of each compounds was tested by TEAC assay and
expressed as TEAC value, defined as the concentration of Trolox solution with
antioxidant potential equivalent to a 1 mM concentration of the test sample47
(table 2.14), and compared to that of quercetin 3-O-β-D-glucopyranoside. The
results showed that compounds 24 and 20 exhibited the higher free-radicalscavenging activity similar to that shown by quercetin 3-O-β-D-glucopyranoside
suggesting that the presence of coumaroyl moiety improves the radical169
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scavenging capacity. The other compounds showed a free-radical-scavenging
activity in the range of 0.54-0.87 mM. In detail, diarylheptanoids (16, 29 and 46),
possessing similar chemical features characterized by the presence of two
phenolic groups showed a weak radical-scavenging capacity as well as compound
38. Lower antioxidant activity was observed for other compounds due to the
presence of methoxy functions, even if compounds 40 and 43 contribute to the
antioxidant activity of the extract due to their reasonable amount in the extract.
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Table 2.14. Free radical scavenging activities of compounds isolated, and of the MeOH extract of
C. avellana shells in the TEAC assay.

Compound
16

TEAC value (mM± SD)

20

1.43± 0.01

24

1.39± 0.02

29

0.82± 0.07

36

0.79 ± 0.01

37

0.76 ± 0.01

38

0.87 ± 0.01

39

0.65 ± 0.01

40

0.51 ± 0.01

41

0.66 ± 0.01

42

0.82± 0.02

43

0.54± 0.01

44

0.65± 0.01

45

0.60± 0.02

46

0.85± 0.06

47

0.61± 0.01

0.86 ± 0.01

Quercetin 3-O-β-D-glucopyranoside 1.54 ± 0.01
TEAC value (mg/mL ± SD)
MeOH extract

1.42 ± 0.02
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2.3.2. Biological assay

Citotoxicity activity of the MeOH extract of C. avellana shells and of compounds
isolated.
Some neolignans are reported as promising chemopreventive compounds able to
reverse, inhibit or prevent the development of cancer and to affect molecular
events implicated in inflammation; the cytotoxic activity of the MeOH extract of
C. avellana shells and of compounds isolated was tested against two cancer cell
lines including A549 (human lung adenocarcinoma) and HeLa cells (human
epitheloid cervix carcinoma). The MeOH extract (at 500 µg/mL and 250 µg/mL)
and the tested compounds, in a range of concentrations between 12.5 and 100 µM,
did not cause a significant reduction of the cell number (data not shown). The
cytotoxic activity of MeOH extract and of compounds isolated was also tested
against a human normal cell line, HaCat cells (human normal skin keratinocyte).
The results showed the absence of a significant cytotoxicity at tested
concentration.

2.4. Conclusion

This investigation afforded six new diarylheptanoids, in particular cyclic
diaryletherheptanoids giffonins Q-S isolated by male flowers, and cyclic
diarylheptanoids giffonins T-U isolated by green leafy covers and giffonin V
isolated by shells. The absence of cytotoxicity evaluated on the selected human
cancer cell lines and also on human normal cell line (HaCat) along with the
antioxidant activity exerted by giffonins and flavonoids show the potential
benefits of C. avellana byproducts as a rich source of phenolic compounds with
antioxidant activity and highlight as, in addition to hazelnuts “Tonda di Giffoni”,
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also other no eatable parts could represent interesting source of phytochemicals
with health benefits.

2.5. Experimental section

Plant mataerial
C. avellana L. shells and green leafy covers, cv. Tonda di Giffoni were collected
at Giffoni, Salerno, Italy in August 2014, while the male flowers were collected in
January 2015; they have been identified by V. De Feo (Department of Pharmacy,
University of Salerno, Italy). A voucher specimen has been deposited in this
Department.

Qualitative analysis
Qualitative LC-MS was performed using a Thermo Scientific Accela HPLC
system (Thermo Scientific, Germany) equipped with a C18 reversed-phase (RP)
column at a flow rate of 0.2 µl/min and coupled to a LTQ-Orbitrap XL mass
spectrometer. Linear gradient elution was carried out by using water with 0.1%
formic acid as eluent A and acetonitrile as B.
The instrument was calibrated using the manufacturer's calibration standards. The
scan was collected in the Orbitrap at a resolution of 30 000 in a m/z range of 200–
1500 amu. The m/z of each identified compound was calculated to 4 decimal
places and measured with a mass accuracy < 2ppm. The source voltage was -4.0
kV and capillary voltage -35 kV, the tube lens offset -126 V and the capillary
temperature was set at 280 °C, the auxiliary gas was set at 20 (arbitrary units) and
the sheath gas at 10 (arbitrary units). In full LC-ESIMS experiments Total Ion
Current (TIC) profile was produced by monitoring the intensity of all the ions
produced and acquired in every scan during the chromatographic run. In order to
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get structural information, Data Dependent experiments were performed by
acquiring MS2 spectra of the most intense ions produced during the acquisition.
- LC-ESI/LTQOrbitrap/MS/MSn gradient for MeOH extract of flowers and green
leafy covers. X-Terra MS C18 5 lm:(2.1 x 250 mm;; Waters, Milford, MA) was
used for HPLC-ESI-Orbitrap MS. The HPLC gradient started at 5% (B) hold for 5
min and after 45 min, %B was at 100% holding it for 5 min before returning back
to the starting percentage.
- LC-ESI/LTQOrbitrap/MS/MSn gradient for MeOH extract of shells. Atlantis T3
5µm

RP

C18

column

(150mm×2.1mm

i.d.)

was

used

for

LC-

ESI/LTQOrbitrap/MS/MSn. The HPLC gradient started at 5% (B) hold for 5 min
and after 6 min, %B was at 15%, after 60 min % (B) at 50 %, after 10 min at
100% holding it for 8 min before returning back to the starting percentage.
Extraction and isolation procedures

Extraction and isolation of the MeOH extract of cv. Tonda di Giffoni flowers
The male flowers of C. avellana, cv. Tonda di Giffoni (1.125 Kg), were dried and
extracted at room temperature using solvents of increasing polarity such as
petroleum ether (4.4 L for 3 days, three times), CHCl3 (4.5 L for 3 days, three
times), and MeOH (2.9 L for 3 days, three times). After filtration and evaporation
of the solvent to dryness in vacuo, 30 g of crude MeOH extract were obtained.
The metanolic extract was dried under vacuum and subjected to n-butanol–water
repartition to remove free sugars. The final butanolic fraction was dried under
vacuum and 3 g were fractionated on a Sephadex LH-20 (Pharmacia) column (100
x 5 cm), using MeOH as mobile phase, affording 49 fractions (8 mL), monitored
by TLC. Fractions 14-16 (14.1 mg) were chromatographed by semipreparative
HPLC using MeOH-H2O (2:3) as mobile phase (flow rate 2.5 mL/min) to yield
compounds 26 (1.2 mg, tR = 40.0 min), 27 (1.0 mg, tR = 59.5 min) and 28 (1.1 mg,
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tR = 66.0 min). Fractions 17-19 (21.4 mg) were chromatographed by
semipreparative HPLC using MeOH-H2O (2:3) as mobile phase (flow rate 2.5
mL/min) to yield compounds 9 (1.2 mg, tR = 34.0 min) and 22 (8.0 mg, tR = 24.0
min). Fractions 20-24 (42.5 mg) were chromatographed by semipreparative HPLC
using MeOH-H2O (2:3) as mobile phase (flow rate 2.5 mL/min) to yield
compounds 25 (10.1 mg, tR = 35.8 min) and 21 (7.8 mg, tR = 14.3 min). Fraction
28, 32 and 35 corresponded to compunds 19 (2.3 mg), 18 (2.7 mg), and 23 (2.1
mg), respectively. Fractions 39-43 were chromatographed by semipreparative
HPLC using MeOH-H2O (2:3) as mobile phase (flow rate 2.5 mL/min) to yield
compounds 24 (11.0 mg, tR = 34.6 min) and 20 (4.8 mg, tR = 35.4 min).
Giffonin Q (26): Amorphous white solid; C19H18O3; IR KBrmax cm-1: 3440, 2935,
1715, 1660; 1H and

13

C NMR (MeOH-d4, 600 MHz) data, see table 2.1;

ESI/LTQORBITRAP/MS m/z 293.1182 [M-H]- (calcd for C19H17O3, 293.1178).
Giffonin R (27): Amorphous white solid; C19H16O3; IR KBrmax cm-1: 3440, 2940,
1725, 1665; 1H and

13

C NMR (MeOH-d4, 600 MHz) data, see table 2.1;

ESI/LTQORBITRAP/MS m/z 291.1026 [M-H]- (calcd for C19H15O3, 291.1021).
Giffonin S (28): Amorphous white solid; C20H18O4; IR KBrmax cm-1: 3445, 2935,
1720, 1665; 1H and

13

C NMR (MeOH-d4, 600 MHz) data, see table 2.1;

ESI/LTQORBITRAP/MS m/z 321.1130 [M-H]- (calcd for C20H17O4, 321.1127).
Extraction and isolation of the MeOH extract of C. avellana, cv. Tonda di Giffoni
green leafy covers
The green leafy covers of C. avellana L., cv. Tonda di Giffoni (535 g) were dried
and extracted with n-hexane (2 x 4.4 L, 3 days each), CHCl3 (2 x 4.6 L, 3 days
each), and MeOH (3 x 4.6 L, 3 days each), to obtain 23.8 g of crude MeOH
extract. The dried MeOH extract (3 g) was fractionated on a Sephadex LH-20
(Pharmacia) column (100 x 5 cm), using MeOH as mobile phase to afford 65
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fractions (8 mL), monitored by TLC. Some of these fractions were further
chromatographed by semipreparative HPLC using MeOH-H2O (7:13) as mobile
phase (flow rate 2.5 mL/min). Fractions 15-16 (37.0 mg) were purified by HPLC
using MeOH-H2O (9:11) to yield giffonin I (9) (32.5 mg, tR =16.2 min). Fractions
19-20 (23.9 mg) were purified by HPLC using MeOH-H2O (7:13) to yield citric
acid (32) (8.1 mg, tR = 2.8 min), 1-methyl citrate (33) (2.5 mg, tR = 4.0 min) and
trimethyl citrate (34) (1.6 mg, tR = 4.2 min). Fractions 41-44 (77.8 mg) were
purified by HPLC using MeOH-H2O (2:3) to obtain compounds 30 (1.3 mg, tR =
6.4 min), 31 (5.1 mg, tR = 9.8 min), carpinontriol B (29) (3.2 mg, tR = 20.8 min),
and kaempferol 3-O-α-L-rhamnopyranoside (19) (1.8 mg, tR = 26.7 min).
Fractions 47-48 (17.2 mg) were purified by HPLC using MeOH-H2O (2:3) to
obtain 3,5-dicaffeoylquinic acid (35) (1.6 mg, tR = 8.0 min) and myricetin 3-O-αL-rhamnopyranoside (17) (2.1 mg, tR = 24.2 min). Fraction 55 (6.0 mg)
corresponded to kaempferol 3-O-(4''-trans-p-coumaroyl)-α-L-rhamnopyranoside
(20) (17.1 mg).
Giffonin T (30): amorphous white solid; []25D -6 (c 0.1 MeOH); IR (KBr) max
3425, 2930, 1713, 1665 cm-1; 1H and 13C NMR (MeOH-d4, 600 MHz) data, table
2.5; ESI/LTQORBITRAP/MS [M-H]- m/z 505.1717 (calcd for C25H29O11,
505.1710).
Giffonin U (31): amorphous white solid; []25D -21 (c 0.1 MeOH); IR (KBr)
-1 1

max

13

3425, 2930, 1730, 1665 cm ; H and C NMR (MeOH-d4, 600 MHz) data, table
2.5; ESI/LTQORBITRAP/MS [M-H]- m/z 359.1136 (calcd for C19H19O7,
359.1131).
Compound 30' was obtained as an amorphous white solid after hydrolysis of 30
with 1 N HCl; []25D 0 (c 0.1 MeOH).
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Extraction and isolation of the MeOH extract of C. avellana cv. Tonda di Giffoni
shells
C. avellana L. shells, cv. Tonda di Giffoni (2.435 Kg), were dried and extracted
with hexane and CHCl3 at room temperature (6.4 L × 3 days × 2 times), and after
with MeOH at room temperature (6.4 L for 3 days, three times).
The filtrate was concentrated under reduced pressure until elimination of MeOH
to obtain 12.27 g crude extracts.
MeOH extract (3 g) was fractionated on a Sephadex LH-20 (Pharmacia) column
(100 x 5 cm), using MeOH as mobile phase, affording 62 fractions (8 mL),
monitored by Thin-layer chromatography (TLC). HPLC separations were carried
out on a Waters 590 system equipped with a Waters R401 refractive index (RI)
detector, a Waters XTerra Prep MSC18 column (300 x 7.8 mm i.d.), and a
Rheodyne injector. by using mixtures of MeOH-H2O in different percentages as
mobile phase (flow rate 2.5 mL/min). Fractions 23-24 (447.7 mg) were purified
using MeOH-H2O (2:3) to yield compounds 39 (2.0 mg, tR = 15.2 min) and 41
(1.3 mg, tR = 16.0 min). Fractions 25-27 (441.9 mg) were purified using MeOHH2O (4:6) as mobile phase to yield compounds 37 (2.0 mg, tR = 2.3 min), 38 (1.5
mg, tR = 6.4 min), 43 (3.1 mg, tR = 20.8 min) and 45 (14.8 mg, tR = 42.0 min).
Fraction 28 (131.3 mg) was chromatographed using MeOH-H2O (4:6) to yield
compound 42 (5.1 mg, tR = 15.6 min). Fractions 30-32 (249.4 mg) were purified
using MeOH-H2O (2:3) as mobile phase to yield compound 36 (1.2 mg, tR = 4.5
min). Fractions 35-42 (207.5 mg) were chromatographed by semipreparative
HPLC using MeOH-H2O (1:1) as mobile phase (flow rate 2.5 mL/min) to yield
compounds 44 (2.1 mg, tR = 11.8 min), 40 (3.5 mg, tR = 16.8 min) and 47 (6.5 mg,
tR = 23.5 min). Fractions 43-44 (21.7 mg) were purified using MeOH-H2O (2:3) to
yield compound 16 (1.3 mg, tR = 12.0 min). Fractions 52-53 (21.2 mg) were
purified using MeOH-H2O (1:1) to yield compounds 29 (6.5 mg, tR = 11.3 min)
and 46 (1.5 mg, tR = 25.8 min). Fractions 55-60 were purified using MeOH-H2O
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(2:3) to yield compounds 24 (11.0 mg, tR = 34.6 min) and 20 (4.8 mg, tR = 35.4
min).
Giffonin V (46): amorphous white solid; (c 0.1 MeOH); IR (KBr) max 3320, 2933,
1725, 1665 cm-1; 1H and

13

C NMR (MeOH-d4, 600 MHz) data, table 2.11;

ESI/LTQORBITRAP/MS [M-H]- m/z 329.1227 (calcd for C19H19O5, 359.1222).
Computational Details of the compounds 29-31
Maestro 10.239 was used for generating the starting 3D chemical structures of all
possible diastereoisomers of compounds 29, 31, and 9. Calculations were not
performed for compound 30, since experimental data revealed that it differs from
29 only by the presence of a β-D-glucopyranosyl unit. Optimization of the 3D
structures was performed with MacroModel 10.239 using the OPLS force field40
and the Polak-Ribier conjugate gradient algorithm (PRCG, maximum derivative
less than 0.001 kcal/mol).
In particular, for compound 29, which has three stereogenic centers and an axis of
chirality, eight possible diasteroisomers were considered:
-

29a (aR*,8S*,9R*,10R*), 29b (aS*,8S*,9R*,10R*),

-

29c (aR*,8S*,9R*,10S*), 29d (aS*,8S*,9R*,10S*),

-

29e (aR*,8S*,9S*,10R*), 29f (aS*,8S*,9S*,10R*),

-

29g (aR*,8S*,9S*,10S*), 29h (aS*,8S*,9S*,10S*);

For compound 31, possessing four stereogenic centers and an axis of chirality, 16
diastereoisomers were considered:
-

31a (aR*,8S*,9R*,10R*,11R*), 31b (aS*,8S*,9R*,10R*,11R*),

-

31c (aR*,8S*,9R*,10R*,11S*), 31d (aS*,8S*,9R*,10R*,11S*),

-

31e (aR*,8S*,9R*,10S*,11R*), 31f (aS*,8S*,9R*,10S*,11R*),

-

31g (aR*,8S*,9R*,10S*,11S*), 31h (aS*,8S*,9R*,10S*,11S*),

-

31i (aR*,8S*,9S*,10R*,11R*), 31j (aS*,8S*,9S*,10R*,11R*),

-

31k (aR*,8S*,9S*,10R*,11S*), 31l (aS*,8S*,9S*,10R*,11S*),
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-

31m (aR*,8S*,9S*,10S*,11R*), 31n (aS*,8S*,9S*,10S*,11R*),

-

31o (aR*,8S*,9S*,10S*,11S*), 31p (aS*,8S*,9S*,10S*,11S*)

Starting from the obtained 3D structures, exhaustive conformational searches at
the empirical molecular mechanics (MM) level with Monte Carlo Multiple
Minimum (MCMM) method (50000 steps) and Low Mode Conformational
Search (LMCS) method (50000 steps) were performed, in order to allow a full
exploration of the conformational space. Furthermore, molecular dynamics
simulations were performed at 450, 600, 700, and 750 K, with a time step of 2.0
fs, an equilibration time of 0.1 ns, and a simulation time of 10 ns. A constant
dielectric term of MeOH, mimicking the presence of the solvent, was used in the
calculations to reduce artifacts.
For each diastereoisomer, all the conformers obtained from the conformational
searches were minimized (PRCG, maximum derivative less than 0.001 kcal/mol)
and compared. The “Redundant Conformer Elimination” module of Macromodel
10.239 was used to select non-redundant conformers, excluding those differing
more than 21.0 kJ/mol (5.02 kcal/mol) from the most energetically favoured
conformation and setting a 0.5 Å RMSD (root-mean-square deviation) minimum
cut-off for saving structures. For compounds 29, 31, and 9', MM conformational
searches produced both sets of atropisomers, that were manually separated after
visual inspection once the hindered rotation along the biaryl axis was assessed by
means of quantum mechanical (QM) calculations (vide infra). All the QM
calculations were performed using Gaussian 09 software41.
The conformers were optimized at the QM level using the MPW1PW91
functional and the 6-31G(d) basis set.42 Experimental solvent effects (MeOH)
were reproduced using the integral equation formalism version of the polarizable
continuum model (IEFPCM).43 After this step at the QM level, the optimized
geometries were visually inspected in order to remove redundant conformers.
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The perceived atropisomerism arising from the hindered rotation about the
biphenyl axis was evaluated by computing the rotational energy barrier required
for the interconversion between the (aR*,8S*,9R*,10R*) and (aS*,8S*,9R*,10R*)
atropisomers of compound 29, assuming that this system could be considered
representative of all diastereoisomers. Specifically, the starting geometry model
representing the transition state was built with the two phenyl moieties occupying
the same plane, that was subsequently optimized at the QM level using the Berny
algorithm and the MPW1PW91 functional and the 6-31G(d) basis set followed by
vibrational frequency calculations (TS, CalcAll, Freq keywords for Gaussian
calculations). Analysis of the vibrational frequencies showed that the optimized
structure was correctly associated with the transition state, since the two phenyl
moieties slightly moves along the biaryl axis producing the two different
atropisomeric forms at each oscillation. Comparison of the energies between the
lowest energy-associated conformer found for (8S*,9R*,10R*)-29 and the
transition state confirmed the hindered rotation about the biphenyl axis (Results
and Discussion). The different atropisomers could be differently treated for the
subsequent calculations of the NMR parameters and for the computation of the
CD spectra.
Following the same procedure, the energy of the transition state associated with
the interconversion between (aR) and (aS) atropisomers of 9' was computed.
The computation of the 13C and 1H NMR chemical shifts was performed on all the
selected conformers for the different diastereoisomers of compounds 29 and 31,
using the MPW1PW91 functional and the 6-31G(d,p) basis set and MeOH
IEFPCM. Final

13

C and 1H NMR spectra for each of the diastereoisomers were

built considering the influence of each conformer on the total Boltzmann
distribution taking into account the relative energies. Calibrations of calculated
13

C and 1H chemical shifts were performed following the multi-standard approach

(MSTD).21, 22 In particular, sp2

13

C and 1H NMR chemical shifts were computed
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using benzene as reference compound,21, 22 while TMS was used for computing
sp3 13C and 1H chemical shift data.
A further set of data was produced using only TMS as reference compound, and it
was subsequently used for the computation of the DP4+ probabilities.
13

Firstly, experimental and calculated

C and 1H NMR chemical shifts were

compared computing the Δδ parameter:
Δδ = |δexp - δcalc|
where δexp (ppm) and δcalc (ppm) are the

13

C/1H experimental and calculated

chemical shifts, respectively.
The mean absolute errors (MAEs) for all the considered diastereoisomers were
computed using the following equation:

defined as the summation (Σ) of the n computed absolute error values (Δδ),
normalized to the number of chemical shifts considered (n).
Furthermore, DP4+ probabilities related to all the stereoisomers of 29 and 31 were
computed considering both 13C and 1H NMR chemical shifts, and comparing them
with the related experimental data. In particular, since the available DP4+
Toolbox (Excel file) for the DP4+ computation allows the setting of sp3/sp2 atoms
following the “multi-standard” approach, we used the chemical shift data set
obtained using TMS as reference compound.
For compounds 29c and 31o identified as the most probable diastereoisomer of 29
and 31, respectively, Boltzmann-weighted prediction of J values was performed
for the most energetically favoured conformers [energies associated with the QM
optimization step, MPW1PW91/6-31g(d,p)], performing a two-step spin-spin
calculations (mixed keyword for Gaussian calculations) using the MPW1PW91
functional and the 6-311+g(d,p) basis set.
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Once the relative configurations of 29 and 31 were obtained, the prediction of
ECD spectra were performed using all the conformers obtained from the DFT
calculations, and performing QM calculations at the TDDFT (NStates=40)
MPW1PW91/6-31g(d,p) level, in EtOH IEFPCM to reproduce the experimental
solvent environment. The final ECD spectra for both the enantiomers related to
the predicted stereoisomers of 29 and 31 (29c, and 31o) were calculated
considering the influence of each conformer on the total Boltzmann distribution
taking into account the relative energies, and were graphically plotted using
SpecDis software44. In order to simulate the experimental ECD curve, a Gaussian
band-shape function was applied with the exponential half-width (σ/γ) of 0.20 eV.

Determination of the Sugar Configuration.
The configurations of the sugar unit of glycosylate compounds were established
after hydrolysis of each compounds with 1 N HCl, trimethylsilation, and
determination of the retention times by GC operating under the reported
experimental conditions38.

LC-ESI/QqQ/MS and MS/MS method
Quantitative analysis were performed on an Agilent 1100 HPLC system (Agilent
Technologies, Palo Alto, CA, USA) coupled to an API 2000 QqQ mass
spectrometer (Applied Biosystems, Foster City, CA, USA). HPLC separation was
conducted by an Atlantis T3 5µm RP C18 column (150mm×2.1mm i.d.) and
coupled to an Applied Biosystems API2000 triple quadrupole instrument. HPLC
separation was conducted by an Atlantis T3 5 µm C18 reversed-phase (RP)
column (2.1 x 150nm, Waters, Mildford, MA, USA) at a flow rate of 0.2 µL/min.
Linear gradient elution was carried out by using H2O with 0.1% formic acid as
eluent A and acetonitrile 0.1% formic acid as B. The HPLC gradient started at 5%
B after 10 min % B was at 20%, changing from 20% B to 40% B in 18 min, from
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40%B to 56%B in 4 min, from 56% B to 68% B in 10 min, from 68% B to 76% B
in 16 min and finally from 76% B to 100% B in 6 min holding it for 5 min before
returning back to the starting percentage.
The QqQ mass spectrometer was used in tandem MS mode with MRM. The
instrument operated in the negative ion mode with specific parapeters for each
extract (table 2.15).
C. avellana extracts were diluted by using a solution of MeOH/water (50:50 V/V)
and 10 µL were injected in triplicate.
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Table2.15. LC–MS/MS conditions for quantitation of identified compounds by negative ion
MRM.

condition
declustering potential
focusing potential
entrance potential
collision energy
collision cell exit potential

MeOH extract of flowers
-108 eV
-200 eV
-8 eV
45%
-5 eV

MeOH extract of shells
-35 eV
-354 eV
-8 eV
33%
-15 eV

Preparation of calibration curves
Stock solutions (l mg/mL) of the external standards (ES) were prepared by
dissolving compounds isolated by MeOH extracts of male flowers and shells in a
solution of MeOH/water (50:50 V/V). Stock solutions were diluted with
appropriate amounts of MeOH to give solutions containing 0.0015, 0.002, 0.005,
0.01, 0.020 µgµL−1 of each standard.
Stock solutions (l mg/mL) of the external standards (ES) were prepared by
dissolving compounds in a solution of MeOH/water (50:50 V/V). Stock solutions
were diluted with appropriate amounts of MeOH to give solutions containing
0.0010, 0.005, 0.025, 0.05, 0.1 µgµL−1 of each standard.
To each standard solution was added an appropriate amount of internal standard
(IS; apigenin) to yield a final concentration of 0.025 µgmL−1 and 0.05 µgmL−1 for
quantitative analysis of MeOH extract of flowers and shells, rispectively.
Calibration curves were constructed by injecting 10 µL of each standard solution
at each concentration level in triplicate. The ratios of the peak areas of the ES to
those of the IS were calculated and plotted against the corresponding
concentrations of the standard compounds using weighted linear regression to
generate standard curves.
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Cancer cell lines
Human alveolar basal carcinoma (A549), obtained from the European Collection
of Cell Cultures (ECACC), HeLa cells (human epitheloid cervix carcinoma),
DeFew (human B lymphoma) and HaCat cells (human normal skin keratinocyte),
obtained from Cell Bank in GMP-IST (Genova, Italy) were cultured in
Dulbecco’s Modified Eagle’s Medium - high glucose (DMEM) medium
supplemented

with

10%

fetal

bovine

serum

(Invitrogen),

1%

penicillin/streptomycin and 2 mM L-glutamine (37°C, 5% CO2).
Analysis of cell viability
A549 (5 x 103), Hela (5 x 103), DeFew (5 x 103) and HaCat (5 x 103) cells were
plated in 96-well microtiter plates and incubated for 48 h in the absence and in the
presence of compounds (at concentrations of 12.5, 25, 50, 100 µM). The viability
of cells was determined by 3-(4,-5-dimethylthiazo-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay to detect functional mitochondria in living cells (Mosmann,
1983). 25 µL of MTT (5 mg/mL) were added to each well and the cells were
incubated for an additional 3 h. Thereafter, cells were lysed with 100 µL of a
solution containing 50% (v/v) N,N-dimethylformamide and 20% (w/v) sodium
dodecyl sulfate (SDS) (pH 4.5) to allow solubilization of dark blue crystals. The
optical density (OD) of each well was measured with a microplate
spectrophotometer (Mutiscan Go, Thermo Fisher Scientific Inc. Waltham, MA,
USA) equipped with a 620 nm filter. IC50 values were calculated from cell
viability dose-response curves and defined as the concentration resulting in 50%
inhibition of cell survival at 48 h, compared to untreated cells.

TBARS assay and Lipid Peoxidation Measurament.
Reported in the section: general experimental procedures.
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Statistical analysis
The statistical analysis was done by several tests. In order to eliminate uncertain
data, the Q-Dixon test was performed. All the values in this study were expressed
as mean  SD. The statistical analysis was performed with one-way ANOVA for
repeated measurements. The statistically significant differences were also assessed
by applying the paired Student’s t-test.

Antimicrobial Activity.
The antibacterial activity of the MeOH extract of C. avellana, cv. Tonda di
Giffoni leafy covers and of isolated compounds, was assayed by the inhibition
halo test on agar plates47 against Bacillus cereus (DSM 4313 and DSM 4384),
Staphylococcus aureus DSM 25923, Escherichia coli DSM 8579, and
Pseudomonas aeruginosa ATCC 50071, provided by Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ, Braunschweig, Germany).
Each strain was incubated at 37 °C for 18 h in TY broth (Sigma-Aldrich, Milano,
Italy). The microbial suspensions at 1 × 108 colony forming units (cfu)/mL were
uniformly spread on the solid media plates (Ø = 90-mm dishes). Sterile Whatman
Grade 1 paper filter disks (Ø = 5 mm), previously impregnated with samples (final
amount ranging from 10 to 40 μg/ disk) and dried at room temperature for 60
minutes, were individually placed on the inoculated plates. Plates were then
incubated at 37 °C for 24–48 h, depending on the strain. The activity of
compounds was evaluated by measuring the diameter (in mm) of the inhibition
zones around the disks. Sterile DMSO was used as negative control. Tetracycline
(7 µg/disk; Sigma-Aldrich, Milano, Italy) was the reference sample. The samples
were tested in triplicate, and the results were expressed as the mean
values ± standard deviations.
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Minimum Inhibitory Concentration.
The MIC values for the MeOH extract and carpinontriol B (29) and giffonins T-U
(30-31) were evaluated by the resazurin microtiter-plate assay modified from
Sarker and coworkers48 (2007), as previously reported49. It is based on the
capability of microorganisms to lower the redox potential of the medium in which
they are located as a result of their growth and metabolic activities. The addition
of resazurin as a redox indicator displays, through its colour change (dark purple >
colorless), the state of oxidation or reduction, thus the growth of bacteria.
Samples, dissolved in DMSO, were pipetted in a multi-well with different
volumes of Muller-Hinton broth (Sigma Aldrich, Milano, Italy). Two-fold serial
dilutions were performed such that each well had 50 μL of the test material in
serially descending concentrations. Thirty-five μL of 3.3× strength isosensitised
broth and 5 μL of resazurin indicator solution were added to a final volume/well
of 240 μL. Finally, 10 μL of bacterial suspension was added to each well to
achieve a concentration of about 5 × 105 cfu/mL. Ciprofloxacin (1 mg/mL in
DMSO, Sigma) and DMSO were used as positive and negative controls,
respectively. Plates were prepared in triplicate, and incubated at 37 °C for 24 h.
The lowest concentration at which a color change occurred indicated the MIC
value.
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Multi-class polar lipid profiling of fresh and
roasted hazelnut (Corylus avellana cv. Tonda di
Giffoni) by LC-ESI/LTQOrbitrap/MS/MSn

193

194

Chapter 3

Introduction
Several research groups have reported the benefits of inclusion of nuts in the
human diet1. Noteworthy, among nut species, Food and Drug Administration
(FDA) has recognized hazelnuts as “heart-healthy” foods by virtue of their
nutritional and nutraceutical properties1, 2. In particular, the hazelnut oil has
proved to be able to decrease cholesterol levels in blood and to control adverse
effects of hypertension, due to its fatty acid composition, rich in monounsaturated
(MUFA) and polyunsaturated fatty acids (PUFA). The presence of these
compounds might bring health benefits, protecting low density lipoprotein (LDL)
from oxidation and decreasing plasma oxidized LDL levels. Moreover, hazelnut
oil is a good source of α-tocopherol, that reduces the risk of chronic diseases, such
as heart disease, type 2-diabetes, hypertension, and prevents some of the negative
effects associated with ageing3. Currently in Italy there are two hazelnut varieties
registered by the European Union with the special origin declaration of Protected
Geographical Indication (PGI), “Nocciola del Piemonte” and “Nocciola di
Giffoni”. The latter is the product of a C. avellana cultivar of Campania region
(Tonda di Giffoni, ‘TG’). It is recognized as high quality hazelnut with good
sensorial characteristics and interesting technological properties, and largely
contributes to the production of the national crop, accounting for about one-third
of the nut national crop4. Notwithstanding this and the significant lipid role in
determining beneficial effects on human health, until now no comprehensive
analysis is available about polar lipid composition of “Nocciola di Giffoni”
hazelnut kernel.
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3.1. Result and discussion

LC-MS analysis of fresh and roasted hazelnut (C. avellana cv. Tonda di Giffoni)
by LC-ESI/LTQOrbitrap/MS/MSn
Preliminarily, in order to highlight the presence of diarylheptanoids in the butanol
extract of fresh and roasted hazelnut (C. avellana cv. Tonda di Giffoni) a plant
metabolite profiling was performed by LC-ESI/LTQOrbitrap/MS analysis, in
negative ionization mode. LC-MS analyses using previously isolated giffonins AT as standards have been carried out, showing that giffonins M, P, Q and
carpinontriol B occurred in the extract of fresh hazelnut in very little amount and
giffonin P, Q and carpinontriol B resulted minor compounds in the extract of
roasted hazelnut. All the other giffonins were not detected (table 3.1 and fig. 3.1).

Figure 3.1. LC-ESI(Orbitrap)MS Base Peak chromatograms of the butanolic extract of C.
avellana hazelnuts, toasted and fresh.
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Table 3.1. Diarylheptanoids in fresh and roasted C.avellana cv. Tonda di Giffoni.

DIARYLHEPTANOIDS
Compound

Rt Molecular [M-H]-(m/z)
(min) Formula

Carpinontriol B 3.83

C19H19O6

Δ
ppm

Characteristic
fragment ions

TGR

TGF

343,11874

3.27

Compare with
standard
Compare with
standard
Compare with
standard
Compare with
standard

+

+

-

+

+

+

+

+

Giffonin M

5.20a C19H19O5

327,12314a

1.34a

Giffonin P

6.12

361,12845

0,75

Giffonin Q

9.07a C19H17O3

293,11734 a

0,41 a

C19H21O7

Tonda
Giffoni

di

LC-MS analysis of the butanol extract of C.avellana cv. Tonda di Giffoni
highlighted the presence of m/z values corresponding to a wide range of polar
lipids.

Polar lipids
Polar lipids are biomolecules distributed in different chemical classes (e.g.
phospholipids, glycolipids, sphingolipids) according to the specific polar moiety
(‘head group’) characterizing each class, in turn composed of various molecular
species, structurally defined by fatty acids or other hydrocarbon portions varying
in chain length and in saturation degree (fig. 3.2).
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Figure 3.2. different class of polar lipids.

Polar lipids profiling by LC-ESI/LTQOrbitrap/MS/MSn
Lipid profiling using mass spectrometry is emerging as a strategy allowing the
analysis of a broad-range of lipid species in a single platform. Mass spectrometry
(MS) can provide detailed information about lipid composition rapidly and with
small amount of samples; extracts can be analysed directly and effectively even
without pre-separation of the lipids into classes5. By using positive or negative
electrospray ionization mode, each lipid compound provides singly charged
molecular ion, most of the time sufficient on their own to allow unambiguous
fatty acyl group identification. Infact the carbon number/double bond combination
is stricty indicative of the nature of fatty acids composing the molecules. When
the definition of fatty acids is ambiguous, or lipid species of the same mass (i.e.
isobaric species) are contemporary present in the sample, liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS) analysis can be resolutive,
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since in product ion experiments the head-group can undergo the neutral loss of
the common head-group unit or yield a common product ion, in both cases
allowing to promptly identify the lipid class.
Thereby, continuing our investigation on C. avellana cultivar Tonda di Giffoni
hazelnut, we carried out this study with the aim to provide a detailed and
comprehensive characterization of the polar lipids. More specifically, considering
that roasting is a thermal process that could influence the chemical composition of
hazelnut, and that hazelnuts are generally consumed after roasting, the n-butanol
extracts of both fresh (TGF) and roasted (TGR) “Tonda di Giffoni” hazelnut
kernels (without skin) were analysed by an analytical approach based on highperformance liquid chromatography coupled to multiple-stage linear ion-trap and
orbitrap high-resolution mass spectrometry both negative and positive
electrospray ionization mode (LC-ESI/LTQOrbitrap/MS/MSn), in order to
compare their lipid profil and to highlight the chemical changes occurring in
hazelnut after thermal treatment.

LC-ESI/LTQOrbitrap/MS/MSn analysis of the polar lipids of hazelnut kernels.
In order to obtain a multi-class polar lipid profiling of the n-butanol extract of
fresh and roasted “Tonda di Giffoni” hazelnuts, an analytical approach based on
high-performance liquid chromatography coupled to multiple-stage linear ion-trap
and orbitrap high-resolution mass spectrometry (LC-ESI/LTQOrbitrap/MS/MSn)
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was applied. Considering the remarkable structural diversity of lipid classes,
differing in their ionization capacity and producing polarity-dependent forms of
molecular anions and cations, both negative and positive electrospray ionization
were used. Moreover, to allow the analysis of lipid metabolites differing by size
and polarity, two different types of chromatographic columns were used, a RP
C18 and a RP C4 column, the latter in particular used to reduce the strong
adsorption to the RP C18 stationary phase of high molecular weight lipids, such as
phospholipids, obtaining a more effective detection and separation.
Using these conditions, a wide range of peaks corresponding to lipophilic
metabolites ranging from oxylipins and long chain bases to intact high molecular
weight lipids, such as phospholipids, sphingolipids, and glycolipids could be
appreciated. In particular, for phospholipids and glycolipids the chromatographic
step allowed the separation of structural isomers, corresponding to different
distributions of unsaturations on the acyl chain, and regioisomers, characterized
by a different positioning of the same acyl chain on the sn-1 and sn-2 positions of
the glycerol backbone.
Identification of

each

TG hazelnut

lipid

compounds

was

based on

chromatographic behavior, accurate mass measurements, consecutive MSn
analyses, and comparison with data in the literature. By this analytical approach, a
total of 120 lipid compounds were tentatively identified from TGF and TGR
hazelnut kernels.

Identification of Oxylipins
Oxylipins are a family of bioactive secondary metabolites deriving from the
oxidative metabolism of essential PUFA, such as α-linolenic acid (ALA, 18:3ω-3)
and linoleic acid (LA, 18:2 ω -6)6. Oxylipins can be synthesized in vivo from their
precursor fatty acids via oxygenase enzymes, or obtained through food or dietary
oils. The oxidation of fatty acids in oils is nonenzymatic and is known to be
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influenced by storage or processing conditions. However, enzymatic oxidation via
lipoxygenase enzymes occurs during the oil extraction process, when the barrier
integrity of the seed is compromised by homogenization7.
Oxylipins are reported in several seed oils of higher plants, such as soybean, corn,
olive, canola, and ricinus, and in wheat flour. The best known of these metabolites
is ricinoleic acid [12-HydroxyOctadec-9-MonoEnoic acid, 12-HOME (9)], which
is the main costituent (up to 90%) of castor oil. Moreover, dienoic fatty acids with
one hydroxy group [e.g. 9-HydroxyOctadec-10,12-DiEnoic acid, 9-HODE
(10,12), and 13-HydroxyOctadec-9,11-DiEnoic acid, 13-HODE (9,11)] and
dihydroxy fatty acids [e.g. 9,10-DiHydroxyStearic Acid (DHSA), 9,10-DHSA]
have been described in a number of seed oils, and some of them have commercial
value6,7.
In plants, oxylipins serve as signal molecules in developmental processes (e.g.,
pollen formation) and in defense mechanisms (e.g., pathogenesis, wounding, and
herbivores). Little is known about the role of ALA derived oxylipins in mammals,
while LA derived oxylipins have proved to be involved in in vivo inflammatory
cascades, pain perception, and skin barrier integrity7.
The careful study of full and tandem mass spectra acquired by LCESI/LTQOrbitrap/MS/MSn analysis of both TGF and TGR hazelnut kernel
extracts allowed to ascertain the presence of eight different oxylipin species (fig.
3.3).
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Figure 3.3. Extracted ion chromatograms of oxylipin ions from the LC-MS analysis of TGF (black
plot) and TGR (red plot) extracts on Atlantis T3 column in ESI negative ion mode (Normalized
level: TGF 1.4 x 105; TGR 1.0 x 104).

In agreement with literature data, they were tentatively identified on the basis of
both their molecular formulae and characteristic product ions (table 3.2)6,7.
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Table 3.2. Oxylipins putatively identified in TG hazelnut kernel.

n°Compound

[M-H]-

Characteristic product ions (m/z)

TGR

TGF

+

+

C18H32O4

311,2229 3.99

-

+

C18H34O4

313,2376 0.87

314 (22), 311 (49), 293 (23), 291
(4), 229 (100), 211 (68), 199 (5),
197 (5), 183 (7), 171 (38)
311 (48), 293 (13), 283 (6), 243
(10), 213 (37), 209 (22), 184 (75),
183 (100)
295 (100), 277 (10), 183 (27)

+

+

C18H34O4

313,2377 1.35

-

+

C18H36O4

315,2533 1.09

295 (82), 277 (11), 269 (17), 245
(21), 201 (100), 183 (20), 171 (32)
297 (100), 279 (2), 201 (2), 187 (7),
171 (13)
277 (83), 233 (21), 195 (88), 179
(21), 171 (41), 99 (67)

+

+

-

+

-

+

Rt Molecular
(min) Formula
10.15 C18H34O5

1 9,12,13TriHOME
(10)
11.63
2 12,13DiHODE
(9,15)
14.87
3 12,13DiHOME (9)
4 9,10-DiHOME15.18
(12)
5 9,10-DHSA 17.64

21.90 C18H32O3
6 13-HODE
(9,11)
7 9-HODE
(10,12)
8 12-HOME (9) 24.71 C18H34O3

Δ
ppm
329,2327 1.27

295,2267 -0.07

297,2424 0.03

277 (100), 195 (10), 171 (22)
279 (4), 251 (25), 211 (5), 197 (15),
184 (30), 183 (100), 169 (2)

Calculated from the LC-MS analysis of TGF on Atlantis T3 column in negative ion mode. Characteristic ions for
identification are in bold. Same as other tables. In round brackets relative intensities.

An elution order could be noted with oxylipins characterized by more hydroxy
groups eluting before than oxylipins with a higher number of double bonds (i.e.
TriHOME>DiHODE); furthermore in the frame of oxylipins with the same
number of OH groups, those ones with a higher unsaturation degree eluted faster
(i.e. DiHODE>DiHOME>DHSA) (fig. 3.1). Noteworthy, the thermal treatment of
TG kernel hazelnuts by roasting seems to modify the oxylipin pattern, yielding a
general decrease of oxylipin peaks in TGR and the disappearance of some species
(fig. 3.3).
There are few reports about oxylipins in hazelnuts, mainly referring them in
leaves and under glyceride forms in hazelnut derived fats and oils8. Thereby, to
the best of our knowledge, this is the first report of these metabolites in hazelnuts.

203

Chapter 3

Identification of phospholipids and N-acylglycerophosphoethanolamines (NAGPEs).
Phospholipids (PL) are the main constituents of biological membranes and have
important structural and functional properties. They are made up of several
distinct moieties with different polar head groups (tables 3.3 and 3.4). Each
phospholipid class consists of a mixture of many molecular species containing
different combinations of fatty acids in the sn-1 and sn-2 positions on the glycerol
backbone.
Phospholipids which are the main constituents of some foods are believed to have
a diverse array of beneficial effects in the human body. For example, dietary
phosphatidylserine (PS) has emerged as a brain-specific nutrient that ameliorates
declining memory, while dietary phosphatidylcholine (PC) has shown to prevent
the development of nonalcoholic fatty liver disease in rats fed with a high-fat diet.
Moreover, phosphatidylethanolamine (PE) has shown to cause a decrease in
serum cholesterol, and phosphatidylinositol (PI) has proved to promote
cholesterol transport and excretion in rabbits and to affect cholesterol metabolism
and absorption of PI in rats9.
Dietary phospholipids, known to be metabolized in the gastrointestinal lumen, are
hydrolyzed into free fatty acids and lyso-phospholipids (l-PL) by pancreatic
phospholipase A2 (PLA2) before absorption. l-PL are phospholipids in which only
one of sn-1/sn-2 position of glycerol is fatty acylated; they are recognized as
important cellular signaling molecules and are involved in important processes
such as cell proliferation, cell survival, cell migration, diabetes, angiogenesis,
inflammation, and cancer mediated by l-PL-specific G-protein coupled
receptors10. Lyso-phospholipids are minor components in foodstuffs.
A challenge in identifying phospholipids by MS-based methods is that species
from different structural classes may have the same masses. For example, exact
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masses of molecular cations of PC and PE may overlap because their heteroatom
compositions are the same (NO8P).
This was the case of six compounds occurring in the positive LCESI/LTQOrbitrap/MS profile of the TGR kernel extract and showing a molecular
formula with a NO7P heteroatom composition that could correspond to lyso-forms
of both PC and PE phospholipids. The analysis of the respective tandem mass
spectra dispelled all doubts giving information on the nature of the headgroup. In
fact in all cases a product ion at m/z 184 generated by the relative [M+H]+
pseudomolecular ion was detected and related to the presence of the
phosphocholine moiety (table 3.3).
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Table 3.3. l-PC, PC, l-PE, PE, l-PI, PI, and NA-GPE putatively identified in TG hazelnut kernel.

R1 and R2 = fatty acyl chain or hydrogen
R3 = choline in l-PC and PC, ethanolamine in l-PE and PE, inositol in l-PI and PI, N-acylethanolamine in NA-GPE
n° Compound
Molecular [M+H]+
Δ [(M+FA)− Δ ppm Characteristic product TGR TGF
Rt
(min) Formula
ppm H]ions (m/z)
l-PC and PC
9 l-PC (18:11O)
10 l-PC (18:12O)
11 l-PC (18:12O)
12 l-PC (18:2)

11.83a C26H52O8NP
12.34a C26H52O9NP
12.52a C26H52O9NP
15.15a C26H50O7NP

538,3493a 1.88a
a
554,3437 2,71a
a
554,3436 2,89a
a
520,3380 3,37a
564,3294b -0,43b

13 l-PC (18:2) 15.77a C26H50O7NP

520,3379a 3,49a
564,3293b -0,56b

14 l-PC (16:0) 16.75a C24H50O7NP

496,3384a 2,77a
540,3292b -0,81b

15 l-PC (16:0) 17.69a C24H50O7NP

496,3383a 2,87a
540,3293b -0,58b

16 l-PC (18:1) 18.45a C26H52O7NP

522,3535a 3,63a
566,3452b -0,17b

17 l-PC (18:1) 19.44a C26H52O7NP

522,3535a 3,59a
566,3451b -0,27b

18 l-PC (18:0) 24.31a C26H54O7NP

568,3601b -1,36b

19 l-PC (18:0) 25.95a C26H54O7NP

568,3603b -1,06b

PC
33.15c C44H80O8NP
(18:2;18:2)
PC
35.25c C42H80O8NP
21
(16:0;18:2)

826,5597c 0.52c

20

802,5600c 0.92c
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520, 258, 184

+

-

536, 520, 518, 394, 258,
184
536, 520, 518, 394, 258,
184
502, 184

+

-

+

-

+

+

504, 279; MS3(504): 279,
242, 224, 168
502, 184

+

+

504, 279; MS3(504): 279,
242, 224, 168, 153
478, 184

+

-

480, 255; MS3(480): 255,
242, 224, 168, 153
478, 184

+

+

480, 255; MS3(480): 255,
242, 224, 168, 153
504, 184

+

+

506, 281; MS3(506): 281,
242, 224, 168, 153
504, 184

+

+

+

-

+

+

+

+

+

+

506, 281; MS3(506): 281,
242, 224, 168, 153
508; MS3(508): 283, 242,
224, 168, 153
508; MS3(508): 283, 242,
224, 168, 153
766; MS3(766): 504, 279
742; MS3(742): 504, 480,
462, 279, 255

Chapter 3
PC
36.44c C44H82O8NP
(18:2;18:1)
PC
39.13c C42H82O8NP
23
(16:0;18:1)
PC
40.54c C44H84O8NP
24
(18:1;18:1)
l-PE and PE

828,5746c -0.39c

768; MS3(768): 506, 504,
488, 486, 281, 279
744; MS3(744): 488, 480,
462, 281, 255
770; MS3(770): 506, 488,
281

+

+

+

+

+

+

n° Compound Rt
Formula
(min)
25 l-PE (18:2) 14.78b C23H44O7NP

[M-H]-

Characteristic
product
ions
415, 279, 214, 196, 153

TGR

TGF

+

-

26 l-PE (18:2) 15.32 C23H44O7NP

476,2770 -0.26

b

415, 279, 214, 196, 153

+

+

27 l-PE (16:0) 16.15b C21H44O7NP

452,2768b -0.89b

22

b

804,5750c 0.12c
830,5911c 0.60c

Δ ppm

476,2766b -1.17b
b

391, 255, 214, 196, 153

+

-

28 l-PE (16:0) 17.01 C21H44O7NP

452,2764 -1.69

b

391, 255, 214, 196, 153

+

+

29 l-PE (18:1) 17.79b C23H46O7NP

478,2923b -1.02b

417, 281, 214, 196, 153

+

+

30 l-PE (18:1) 18.74b C23H46O7NP

478,2924b -0.89b

417, 281, 214, 196, 153

+

+

31 l-PE (18:0) 24.67b C23H48O7NP

480,3079b -1.26b

419, 283, 214, 196, 153

+

-

22.25c C39H74O9NP

730,5023c 0,79c

712, 492, 474, 452, 295,
255

+

-

22.30c C41H76O9NP

756,5179c 0,75c

738, 494, 476, 297, 279

+

-

22.71c C39H74O10NP

746,4976c 1,31c

728, 710, 490, 472, 452,
434, 391, 311, 293, 255

+

-

22.80c C41H76O9NP

756,5185c 1,14c

738, 492, 478, 474, 295,
281

+

-

23.35c C41H76O10NP

772,5134c 1,41c

754, 736, 492, 476, 474,
313, 295, 279

+

-

23.94c C39H76O10NP

748,5139c 2,08c

730, 712, 510, 492, 452,
434, 391, 313, 295, 255

+

-

24.81c C41H78O10NP

774,5294c 1,87c

+

-

28.82c C41H74O8NP

738,5078c 1,36c

756, 738, 510, 492, 478,
460, 431, 417, 313, 295,
281
476, 458, 279

+

+

30.69c C39H74O8NP

714,5075c 0,92c

+

+

32.01c C41H76O8NP

740,5232c 0,99c

+

+

34.06c C39H76O8NP

716,5234c 1,25c

476, 458, 452, 434, 279,
255
478, 476, 460, 458, 281,
279
478, 460, 452, 434, 281,
255

+

+

b

PE
(16:0;18:21O)
PE
33
(18:2;18:11O)
PE
34
(16:0;18:22O)
35 PE (18:21O;18:1)
32

36

37

38

39
40
41
42

PE
(18:2;18:12O)
PE
(16:0;18:12O)
PE
(18:1;18:12O)
PE (18:2;
18:2)
PE (16:0;
18:2)
PE (18:2;
18:1)
PE (16:0;
18:1)

b
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43 PE (18:1; 35.48c C41H78O8NP
18:1)
NA-GPE

742,5391c 1,33c

n° Compound Rt
Formula
(min)
44 NA-GPE 24.94d C23H44O7NP
(18:2)
12.46e

[M+H]+

45 NA-GPE 33.76d C23H46O7NP
(18:1)
13.38e

480.3070d

Δ ppm

[M-H]-

478.2925d

-0.64d
476.2771e 1.33e
-3.05d
e

478.2930 0.82

e

504, 486, 478, 460, 281

+

+

Characteristic
ions
460, 324, 306

TGR

TGF

+

+

+

+

Characteristic
product
ions (m/z)
449, 431, 333, 315, 295,
277, 241, 223

TGR

TGF

+

-

433, 333, 315, 297, 241,
223

+

-

611, 499, 449, 431, 333,
315, 313, 295, 241

+

-

415, 333, 315, 279, 241,
223, 171
415, 333, 315, 279, 241,
223, 171
409, 391, 333, 315, 255,
241, 223, 171
409, 391, 333, 315, 255,
241, 223, 171
435, 417, 333, 315, 281,
241, 223, 171
435, 417, 333, 315, 281,
241, 223, 171
437, 419, 333, 315, 283,
241, 223
609, 577, 447, 431, 311,
293, 279
703, 609, 553, 447, 311,
297, 255, 241
731, 713, 629, 611, 579,
449, 315, 313, 297, 281

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+

-

+

-

product

402, 384, 278, 214, 171,
153
462, 326, 308
404, 386, 280, 214, 171,
153

l-PI and PI
n° Compound Rt
Formula
(min)
46 l-PI (18:2- 12.95b C27H49O13P
1O)
13.36b
47
48

13.91b

[M-H]

Δ ppm

-

611.2819b -1.38b
b

611.2814 -2.08

b

611,2813b -2.28b

49 l-PI (18:1- 14.69b C27H51O13P
1O)
15.32b
50

613.2963b -3.41b

51 l-PI (18:1- 15.92b C27H51O14P
2O)
16.65b
52

629.2921b -1.84b

53

17.19b

613,2977b -1.12b

629,2926b -1.06b
629.2928b -0.76b

54 l-PI (18:2) 23.53b C27H49O12P

595.2873b -0.84b

55 l-PI (18:2) 25.26b C27H49O12P

595.2874b -0.67b

56 l-PI (16:0) 26.90b C25H49O12P

571.2875b -0.51b

57 l-PI (16:0) 29.50b C25H49O12P

571.2873b -0.87b

58 l-PI (18:1) 31.46b C27H51O12P

597.3028b -1.07b

59 l-PI (18:1) 34.11b C27H51O12P

597.3030b -0.75b

60 l-PI (18:0) 46.60b C27H53O12P

599.3182b -1.42b

61 PI (18:2- 16.55c C45H79O15P
2O;18:2)
62 PI (18:2- 17.19c C43H79O15P
2O;16:0)
63 PI (18:1- 17.28c C45H83O15P
2O;18:1)

889,5074c 0,12c
865,5079c 0,68c
893,5389c 0,37c
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64 PI (18:2- 18.42c C45H79O14P
1O;18:2)

873,5129c 0,63c

19.29c C43H79O14P

849,5129c 0,64c

19.97c C45H81O14P

875,5283c 0,31c

20.11c C43H81O14P

851,5286c 0,67c

20.34c C45H79O14P

873,5129c 0,62c

20.52c C43H81O15P

867,5235c 0,66c

20.75c C45H83O14P

877,5439c 0,31c

21.12c C43H79O14P

849,5129c 0,62c

72 PI (18:2- 21.75c C45H81O14P
1O;18:1)
PI
22.16c C45H77O13P
73
(18:3;18:2)

875,5283c 0,29c

PI
22.57c C45H85O14P
(18:0;18:11O)
PI
22.62c C43H77O13P
75
(16:1;18:2)

879,5598c 0,58c

PI
22.98c C43H77O13P
(18:2;16:1)

831,5022c 0,49c

23.58c C45H79O13P

857,5177c 0,26c

24.58c C43H79O13P

833,5174c -0,09c

25.63c C45H81O13P

859,5334c 0,35c

26.91c C43H81O13P

835,5334c 0,40c

PI
28.23c C45H83O13P
(18:1;18:1)
PI
31.65c C45H85O13P
82
(18:0;18:1)

861,5492c 0,53c

65 PI (18:21O;16:0)
PI
66
(18:1;18:21O)
67 PI (18:11O;16:0)
68 PI (18:21O;18:2)
PI
69
(16:0;18:12O)
70 PI (18:11O;18:1)
71 PI (18:21O;16:0)

74

76

PI
(18:2;18:2)
PI
78
(16:0;18:2)
PI
79
(18:1;18:2)
PI
80
(16:0;18:1)
77

81

855,5023c 0.53c

831,5021c 0.40c

863,5647c 0,36c

855, 711, 611, 593, 577,
449, 431, 415, 315, 295,
297, 279
831, 687, 593, 553, 431,
391, 315, 295, 255, 241
713, 611, 593, 579, 431,
417, 315, 297, 295, 281

+

-

+

-

+

-

689, 595, 571, 553, 433,
391, 315 297, 255, 241
611, 593, 577, 449, 431,
415, 315, 297, 295, 279
849, 611, 571, 553, 535,
391, 315, 313, 297, 295,
255, 241
715, 613, 595, 579, 433,
417, 315, 297, 281
831, 593, 571, 553, 431,
409, 391, 315, 297, 295,
255, 241
857, 713, 611, 593, 579,
431, 417, 315, 295, 281
595, 593, 577, 575, 433,
431, 415, 413, 315, 297,
279, 277, 241
717, 599, 595, 581, 433,
419, 315, 297, 283

+

-

+

-

+

-

+

-

+

-

+

-

+

+

+

-

813, 669, 577, 569, 551,
415, 389, 297, 279, 253,
241
813, 577, 569, 551, 415,
389, 315, 297, 279, 253,
241
595, 577, 433, 415, 315,
297, 279, 241
577, 571, 553, 415, 391,
315, 297, 279, 255, 241
597, 579, 435, 417, 315,
297, 281, 279, 241
673, 579, 571, 553, 417,
391, 315, 297, 281, 255,
241
699, 597, 579, 435, 417,
315, 297, 281, 241
599, 581, 437, 419, 315,
297, 283, 281, 241

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

a = Calculated from the LC-MS analysis of TGR on Atlantis T3 column in positive ion mode; b = Calculated
from the LC-MS analysis of TGR on Atlantis T3 column in negative ion mode; c = Calculated from the LCMS analysis of TGR on Simmetry C4 column in negative ion mode; d = Calculated from the LC-MS analysis
of TGF on Atlantis T3 column in positive ion mode; e = Calculated from the LC-MS analysis of TGF on
Simmetry C4 column in negative ion mode.
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The 18-carbon (or 16-carbon) hydroxylated acyl chain is abbreviated, e.g., as 18:1-1O and 18:1-2O, to
indicate one double bond equivalent and one or two oxygen atoms beyond the carbonyl group.
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Table 3.4. l-PS, l-PA and PA, l-PG and PG putatively identified in TG hazelnut kernel.

R1 and R2 = fatty acyl chain or hydrogen
R3 = serine in l-PS, hydrogen in l-PA and PA, glycerol in l-PG and PG
n° Compound Rt
Molecular
[M-H]Δ
Characteristic product ions TGR TGF
(min) Formula
ppm (m/z)
l-PS
522,2822a -0.79a 504, 435, 153
+
+
83 l-PS (18:1) 23.12a C24H46O9NP
a
a
a
522,2825 -0.45
435, 153
+
+
84 l-PS (18:1) 25.77 C24H46O9NP
l-PA and PA
433,2349b -0.11b 415, 279, 153, 135
+
+
85 l-PA (18:2) 32.42b C21H39O7P
b
b
b
l-PA
(18:2)
34.47
C
H
O
P
433,2349
-0.05
415,
279,
153,
135
+
+
86
21 39 7
b
b
b
409,2347 -0.28
391, 255, 153
+
+
87 l-PA (16:0) 41.95 C19H39O7P
435,2505b -0.16b 417, 281, 153, 135
+
+
88 l-PA (18:1) 44.73b C21H41O7P
435,2503b -0.27b 417, 281, 153, 135
+
+
89 l-PA (18:1) 47.69b C21H41O7P
c
c
c
PA
36.88 C39H69O8P
695,4655 1.27
433, 415, 279
+
+
90
(18:2;18:2)
PA
39.16c C37H69O8P
671,4656c 1.50c
433, 415, 409, 391, 279, 255
+
+
91
(16:0;18:2)
PA
40.49c C39H71O8P
697,4814c 1.57c
435, 433, 417, 415, 281, 279
+
+
92
(18:1;18:2)
PA
44.46c C37H71O8P
673,4810c 1.01c
435, 417, 409, 391, 281, 255
+
+
93
(16:0;18:1)
PA
46.28c C39H73O8P
699,4966c 1.01c
435, 417, 281
+
+
94
(18:1;18:1)
l-PG and PG
509,2887c 1.30c
417, 281, 245, 227, 153
+
+
95 l-PG (18:1) 13.09c C24H47O9P
c
509,2885c 1.08c
417, 281, 245, 227, 153
+
+
96 l-PG (18:1) 13.36 C24H47O9P
c
c
c
PG
30.42 C40H75O10P
745,5023 1.16
671, 507, 489, 483, 465, 415, +
+
97
(16:0;18:2)
391, 279, 255
PG
31.74c C42H77O10P
771,5182c 1.42c
697, 509, 507, 491, 489, 417, +
+
98
(18:1;18:2)
415, 281, 279
PG
33.70c C40H77O10P
747,5176c 0.69c
567, 509, 491, 483, 465, 417, +
+
99
(16:0;18:1)
391, 281, 255
PG
35.16c C42H79O10P
773,5339c 1.50c
509, 491, 435, 417, 281
+
+
100
(18:1;18:1)
a = Calculated from the LC-MS analysis of TGR on Atlantis T3 column in negative ion mode; b = Calculated
from the LC-MS analysis of TGF on Atlantis T3 column in negative ion mode; c = Calculated from the LCMS analysis of TGR on Symmetry C4 column in negative ion mode
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The fragmentation behaviour of each peak was in agreement with literature data,
allowing to identify the l-PC species reported in table 3.3 and here described for
the first time in TG hazelnut kernel6, 11. Unfortunately, the sn-1/sn-2 position of
the acyl chain on the glycerol backbone could not be determined; notwithstanding
this, it could be declared that likely both the lyso-forms occurred in the TGR
extract, being present three couples of compounds sharing the same molecular
formula two by two. Apparently, apart for the lack of the compounds eluted at
16.75 min, the TGF extract showed the same results, even though with a lower ion
peak intensity (fig. 3.4).

Figure 3.4. Extracted ion chromatograms of l-PC ions from the LC-MS analysis of TGF and TGR
extracts on Atlantis T3 column in ESI positive ion mode (Normalized level: TGR 1.5 x 107; TGF
1.5 x 105).
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Noteworthy the analysis of the positive LC-ESI/LTQOrbitrap/MS/MSn spectra
highlighted, in the only TGR extract, the presence of three minor compounds
belonging to the l-PC class but showing molecular formulae characterized by
NO8P and NO9P heteroatom composition, suggesting the presence of mono- and
dihydroxylated fatty acid unit, respectively (fig. 3.4). Infact in all cases, in
addition to the product ion at m/z 184 Da, main product ions originated by
consecutive neutral losses of one or two water molecules from the [M+H]+ ion
were present in the relative MS2 spectrum, along with a common product ion at
m/z 258 Da, corresponding to the phosphocholine-glycerol ion and originated by
the neutral loss of the ketene form of the relative hydroxylated fatty acid (table
3.2). Once again, the regiospecificity of the relative acyl linkage could not be
clearly assigned.
Noteworthy, l-OH-PC species seem to be not present in TGF extract, allowing to
suppose that the high roasting temperature have decreased the stability of
hazelnut, mainly affecting the primary oxidation of lipids. This is in agreement
with previous studies showing that high temperatures cause an increase in lipid
oxidation rates2.
To the best of our knowledge, this is the first report of l-OH-PC species in
hazelnut kernels, so far 9-11 being reported only in rice seed and jojoba seed
meal12.
Interestingly, the analysis of the LC-ESI/LTQOrbitrap/MS/MSn spectra of both
TGR and TGF extract acquired in negative ion mode on Symmetry C4 column
displayed exclusively not hydroxylated PC species (table 3.3; fig. 3.5),
characterized by molecular [(M+FA)-H]- anions formed as adducts with formic
acid, yielding a main [M-15]- product ion in the MS2 spectrum.
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Figure 3.5. Extracted ion chromatograms of PC ions from the LC-ESI/LTQOrbitrap/MS analysis
of TGF and TGR extracts on Symmetry C4 column in ESI negative ion mode (Normalized level:
TGR 5.0 x 106; TGF 5.0 x 104).

The analysis of the MS3 spectra obtained by this product ion allowed to identify
the fatty acids, yielding the [(M-15)-RxCOOH]- product ions along with the two
RxCOO- anions and the product ions originated by the neutral loss of the ketene
fatty acyl chain; the regiochemistry of the acyl chains could also be determined 6.
In this way, even though with an intensity difference, in both TGR and TGF
kernel it could be appreciated the presence of five PC species (table 3.3), among
which only 20-22 have already been described in hazelnut11.
The analysis of negative MS2 spectra allowed to ascertain, in both TGR and TGF
extract, the presence of l-PE and PE species (table 3.3; fig. 3.6A-B).
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Figure 3.6. A) Extracted ion chromatograms of l-PE ions from the LC-MS analysis of TGF and
TGR extracts on Atlantis T3 column in ESI negative ion mode. (Normalized level: TGR 1.2 x 10 6;
TGF 1.2 x 105). B) Extracted ion chromatograms of PE ions from the LC-MS analysis of TGF and
TGR extracts on Symmetry C4 column in ESI negative ion mode. (Normalized level: TGR and
TGF 2.0 x 106).

Tandem mass spectra of l-PE were characterized by diagnostic product ions at m/z
214, 196 and 153 Da, corresponding to the glycero-phosphatidylamine ion and to
the mono-dehydrated forms of glycero-phosphatidylamine and glycerol-phosphate
ions, respectively, along with the abundant RCOO- ion and the product ion
obtained by neutral loss of ethanolamine from the [M-H]- ion (table 3.3).
Analogously, the MS2 spectra of PE species displayed minor11 [(M-RxCOOH)-H], and [(M-Rx=CO)-H]- product ions along with abundant carboxylate anions of sn1 and sn-2 acyl residues (with R2COO− > R1COO−), each one originated by
neutral loss of 197 Da (corresponding to the mono-dehydrated form of glycero215
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phosphatidylamine) from the [(M-Rx=CO)-H]- ion (table 3.3). Among the l-PE
and the PE molecules detected, only PE 39-43 have been already described in
hazelnut11.
Once again, as well as for l-PC species, hydroxylated PE (OH-PE) species were
detectable only in the TGR extract. Negative tandem mass spectra of compounds
32-38 were characterized by abundant RxCOO- anions, one of them being
ascribable to a mono- or dihydroxylated unsaturated fatty acid, along with [(MRxCOOH)-H]- and [(M-Rx=CO)-H]- ions, and product ions formed by neutral loss
of one or two water molecules13 (table 3.3; fig. 3.6B). The occurrence of OH-PE
species in roasted hazelnut kernels is here reported for the first time, even though
this class has been already described - along with other oxidized complex lipid
species involving PC, PG, MGDG, and DGDG species - as lipid oxidation
products with increased levels in plant under stress conditions like thermal
treatment, hypoxia, light/darkness exposition, and wounding14, 15. Nevertheless, to
the best of our knowledge, oxidized complex PEs in which the oxylipin
corresponds to 18:1-1O or 18:1-2O (33, 36-38) have not yet been reported so far
(table 3.3).
The careful analysis of both positive and negative TGF and TGR LCESI/LTQOrbitrap/MS/MSn spectra highlighted the presence of two compounds
(44-45) showing the same molecular formula and the same NO7P heteroatom
composition of l-PE 25-26 and 29-30, respectively, but displaying a different MS2
fragmentation pattern and eluting at a later retention time (table 3.3; fig. 3.7). The
comparison

with

literature

data

allowed

acylglycerophosphoethanolamines (NA-GPEs)16.
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Figure 3.7. Extracted ion chromatograms of NA-GPE ions from the LC-MS analysis of TGF and
TGR extracts on Symmetry C4 column in ESI negative ion mode. (Normalized level: TGR and
TGF 4.0 x 106).

NAPEs are a widespread, albeit minor, class of membrane phospholipids found in
both plants and animals, characterized by unusual structural features (a third fatty
acid moiety amide-linked to the amino head group of PE) with bilayer-stabilizing
properties. NA-GPEs have been reported as intermediate products of a NAPE(phospholipase-D)-independent biosynthetic pathway in which both O-acyl chains
of NAPE are eliminated, followed by hydrolysis of the phosphodiester bond of the
resultant NA-GPE, to yield as final product the N-acylethanolamine (NAE)17. This
latter gained wide recognition as evolutionarily conserved lipid mediator that
modulates various physiological processes in eukaryotic cells, such as
neuroprotection, cell proliferation, pain initiation, fertility, apoptosis and food
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intake in animals, and responses to pathogens, plant development and germination
in plants18. Among different NAEs, anandamide (N-arachidonoylethanolamine)
has been well characterized since it exerts cannabimimetic actions as an
endogenous agonist of cannabinoid receptors. Other NAEs that are inactive at
cannabinoid receptors have also attracted attention because of their biological
actions. In particular, N-palmitoylethanolamine and N-oleoylethanolamine have
been extensively investigated owing to their anti-inflammatory and analgesic
effects and anorexic effect, respectively17. Thereby, being NA-GPEs species
natural precursors of NAEs, it is interesting to highlight their occurrence in
hazelnut, as, at the best of our knowledge, they are so far never described in this
nut.
The analysis of the LC-ESI/LTQOrbitrap/MS/MSn spectra acquired for both TGR
and TGF in negative ion mode on RP-C18 and RP-C4 columns highlighted the
presence of l-PI and PI species, by showing the typical fragmentation pattern
characterized by the diagnostic product ion at m/z 241 Da, corresponding to the
dehydrated form of the inositol-phosphate, and by the [(M-162)-H]- and [(M-180)H]- product ions formed by neutral loss of the inositol moiety (table 3.3). Product
ions generated by neutral loss of one (in l-PI case) or two fatty acyl moieties, and
one (in l-PI case) or two ketene fatty acyl moieties, along with the corresponding
carboxylate anions (with R1COO- > R2COO- in the case of PI species) were also
detectable (table 3.3) 11. Both roasted and fresh TG hazelnut kernels displayed the
same l-PI (54-60) and PI (73, 75-82) species, here reported for the first time in
hazelnut, among which 58-60, 75-76, and 81-82 never described before in plants
(table 3.3; fig. 3.8A-B).
.
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Figure 3.8. A) Extracted ion chromatograms of PI ions from the LC-MS analysis of TGF and
TGR extracts on Symmetry C4 column in ESI negative ion mode (Normalized level TGR and
TGF: 9.0 x 106). B) Extracted ion chromatograms of l-PI ions from the LC-MS analysis of TGR
extract on Atlantis T3 column in ESI negative ion mode. (Normalized level: 6.7 x 10 6). Red plot =
TGF; black plot = TGR.
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l-PIs are small membrane-derived lipids. Increasing evidence supports a role for lPIs as bioactive lipids. Indeed it is now well recognized that l-PIs are not merely
intermediates in PIs metabolism without any informational function, but bioactive
mediators per se. The first reports focusing on the biological activities of l-PIs
infact suggested that they were involved in stimulation of insulin release from
pancreatic islets19. It was then suggested that l-PIs may play a significant role in
the regulation of whole body metabolism. Moreover, PI holds a potential of
becoming an important dietary supplement due to its biological effects, mainly
related to improvement of lipid and cholesterol metabolism in animals and
humans, manifested as a decrease of the blood cholesterol and lipids, and relief of
the metabolic syndrome20. On these bases it is important to underline the
considerable number of l-PI and PI species occurring in TG hazelnut kernels.
Furthermore, a more careful analysis of negative LC-ESI/LTQOrbitrap/MS/MSn
spectra allowed to ascertain, such as for PE and l-PC species, the presence of
oxidized forms of both l-PI and PI species only in TGR extract (table 3.3; fig.
3.8A-B). The contemporary presence of the diagnostic product ion at m/z 241 Da
and of carboxylate anions corresponding to mono- or dihydroxylated fatty acyl
chain, along with product ions generated by neutral loss of 162 Da due to the
dehydrated inositol moiety, permitted to define the nature of these metabolites
(table 3.3), however resulting as minor lipids (fig. 3.8A-B).
Generally the occurrence in plants of oxylipins esterified to complex lipids such
as PI seems to be the result of a variety of abiotic and biotic stresses. For example,
OH-PI species have been described to accumulate in Arabidopsis tissue following
the so called hypersensitive response (HR), a strong resistance plant response to
pathogenic effectors21. Interestingly, most of the OH-PI species observed in TGR
(64-68, 70-72, 74) were also identified, at increased levels, in U87 cells, a human
primary glioblastoma cell line, in response to the treatment with combined p53
gene- and chemotherapies, a treatment known to trigger apoptosis and cell cycle
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arrest in cancer cells22. Accordingly with these results, the finding of hydroxylated
l-PI and PI species in TGR hazelnut kernels highlights hazelnut as a rich source of
bioactive lipids with potential beneficial physiological activities and encourages
their use in human nutrition.
Finally, the analysis of negative LC-ESI/LTQOrbitrap/MS/MSn spectra of TGR
and TGF allowed to identify in both extracts molecular species belonging to l-PS,
l-PA, PA, l-PG and PG classes, on the basis of diagnostic neutral losses of 87 or
92 and 74 Da from the [M-H]- ion relative to l-PS or l-PG and PG species,
respectively, and of the product ions at m/z 153 and 245 Da corresponding to the
anhydrous form of the glycerolphosphate and to the glycerophosphoglycerol
anion, typical of l-PA, PA, l-PG, and PG species (table 3.4; fig. 3.9, fig. 3.10A-B
and fig. 3.11).
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Figure 3.9. Extracted ion chromatograms of l-PS ions from the LC-MS analysis TGF (red plot)
and TGR (black plot) extracts on Atlantis T3 column in ESI negative ion mode (Normalized level
TGR and TGF: 1.5 x 105).

Figure 3.10. A) Extracted ion chromatograms of l-PA ions from the LC-MS analysis TGF and
TGR extracts on Atlantis T3 column in ESI negative ion mode (Normalized level TGR and TGF:
5.0 x 105). B) Extracted ion chromatograms of PA ions from the LC-MS analysis TGF and TGR
extracts on Symmetry C4 column in ESI negative ion mode (Normalized level TGR and TGF: 3.0
x 106). Red plot = TGF; black plot = TGR.
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Figure 3.11. Extracted ion chromatograms of l-PG and PG ions from the LC-MS analysis TGF
(red plot) and TGR (black plot) extracts on Symmetry C4 column in ESI negative ion mode
(Normalized level TGR and TGF: 2.0 x 106).

The product ions relative to RxCOO-, [(M-RxCO-92)-H]-, [(M-RxCOOH)-H]-,
[(M-RxCO)-H]- and [(M-74)-H]- concurred to complete the fragmentation pattern
of these phospholipid classes (table 3.4). Among these lipid species, l-PA and PA
were more numerous than l-PG/PG and l-PS, and, unlike these latter, showed
more intense peaks in TGF than in TGR extract (fig. 3.9, fig. 3.10A-B and fig.
3.11).
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l-PA are the best studied lysophospholipid mediators. They play pivotal roles in
physiological events including cell proliferation, survival, motility, cytoskeletal
changes, and electrophysiological changes as well as pathophysiological
processes that include autoimmune disease, fibrotic disease, cancer, inflammation,
bone diseases, pain, metabolic syndrome, infertility, and hair loss10. For instance,
l-PA was shown to prevent or restore gastrointestinal disorders, such as diarrhea
and stomach ulcer9. Because l-PA can be formed from PA by digestive PLA2,
dietary PA can be considered a potential antiulcer phospholipid. l-PS has lipid
mediator-like actions too, including stimulation of mast cell degranulation both in
vivo and in vitro, suppression of proliferation of T lymphocytes and induction of
neurite outgrowth. Thus, it is possible that l-PS serves as a lipid mediator and is
involved in various pathophysiological processes through the l-PS receptors23.
To the best of our knowledge, this is the first report describing the presence of
these phospholipid species in hazelnut, although, for example, 85-89 were already
reported in other plant seeds such as walnut24.

Identification of Long-Chain Bases (LCBs), Long-Chain Base Phosphate (LCBP), and Sphingolipids.
Sphingolipids are an ubiquitous class of lipids present in a variety of organisms
including eukaryotes and bacteria. They are major structural lipids of biological
membranes and perform additional essential functions as signalling molecules.
Although there is considerable structural variation among the sphingolipids from
different species, the basic building block of sphingolipids is an amino alcohol
long chain base (LCB), which is composed predominantly of 18 carbon atoms25.
The LCB is characterized by the presence of a hydroxy group at C1 and C3 and an
amine group at C2. The C18 sphinganine is the primary plant sphingolipid LCB
from which any other derivative can be generated by subsequent hydroxylation
and desaturation steps. Sphinganine (d18:0), 4-hydroxysphinganine (t18:0), cis
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and trans isomers of 8-sphingenine (d18:18), 4,8-sphingadienine (d18:24,8), and 4hydroxy-8-sphingenine (t18:18) are the most representative plant long-chain
bases25. The LCBs can also be phosphorylated (LCB-Ps) on primary hydroxy
group of the LCB moiety as part of their metabolism.
The analysis of LC-ESI/LTQOrbitrap/MS/MSn spectra of TGF n-butanol extract
in ESI positive ion mode allowed to ascertain the presence of two LCBs (101 and
102) (fig. 3.12), showing an intense [M+H]+ pseudomolecular ion in the full scan
spectrum (table 3.5).
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Figure 3.12. A) Extracted ion chromatogram of LCB ions from the LC-MS analysis of TGF
extract on Atlantis T3 column in ESI positive ion mode (Normalized level: 1.0 x 10 7). B)
Extracted ion chromatogram of LCB-P ions from the LC-MS analysis of TGF extract on Atlantis
T3 column in ESI positive ion mode (Normalized level: 6.4 x 10 6). C) Extracted ion
chromatograms of GlcCer ions from the LC-MS analysis of TGF (red plot) and TGR (black plot)
extracts on Symmetry C4 column in ESI negative ion mode (Normalized level TGR and TGF: 1.0
x 106).
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Table 3.5. LCB, LCB-P and GlcCer putatively identified in TG hazelnut kernel.

R1 = hydrogen in LCB and ceramide, phosphate in LCB-P, glucose or galactose in cerebroside
R2 = hydrogen in LCB and in LCB-P, fatty acyl chain in ceramide and cerebroside
R3 = backbone of the aliphatic amino alcohol composing the long chain base
n° Compound Rt
Molecular [M-H]Δ [M+H]+
Characteristic
TGR
(min) Formula
ppm
product ions (m/z)
316,2831a 298, 280, 262, 245
101 LCB (t18:1) 10.77a C18H37O3N
a
4.96
318,2989a 300, 282, 264, 247
102 LCB (t18:0) 11.21a C18H39O3N
a
4.34
396,2491a 378, 298, 280, 263, LCB-P
11.90b C18H38O6NP
103
(t18:1-P)
262
394,2352b0.26b
104

LCB-P
(d18:2-P)

378.2384a

12.26b C18H36O5NP

LCB-P
(t18:0-P)

12.52b C18H40O6NP

398,2647a
396,2508b0.33b

106

GlcCer
23.94c C40H75O9N 712,5369c 1,50c
(d18:2;16:0h)

107

GlcCer
27.68c C42H79O9N 740,5668c (d18:2;18:0h)
0,46c

108

GlcCer
34.61c C46H89O10N 814,6399c (t18:1;22:0h)
0,47c

+
+
+

-

+

-

+

+

+

+

+

+

+

359, 358, 341, 334,
327, 279, 224

376,2246b0.18b
105

377, 376, 348, 338,
314, 303, 282
360, 280, 262, 245

TGF

380, 300, 282, 265,
264
379, 378, 352, 350,
336, 312, 298, 284,
267, 255,225, 224
550, 532, 271, 225;
MS3(550): 532, 314,
312, 296, 271, 270,
253, 235, 225
578, MS3(578): 560,
530, 342, 340, 324,
299, 298, 281, 253
652; MS3(652): 634,
410, 398, 355, 354,
253

a = Calculated from the LC-MS analysis of TGF on Atlantis T3 column in positive ion mode; b = Calculated from the LCMS analysis of TGF on Atlantis T3 column in negative ion mode; c = Calculated from the LC-MS analysis of TGR on
Simmetry C4 column in negative ion mode. The nomenclature used to name LCBs consists of a first letter that is “d” for
dihydroxylated bases or “t” for trihydroxylated ones, followed of two numbers separated by a colon, indicating the number
of carbons and double bonds. In GlcCer nomenclature, the 2-hydroxylated fatty acids are indicated by the letter “h” added
to their lipid number (i.e., 16:0h).
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The MS2 spectra of both LCBs were characterized by the presence of three main
product ions originated by consecutive neutral losses of three water molecules,
along with a minor product ion (at m/z 245 Da for 101, and 247 Da for 102,
respectively) formed by neutral loss of an ammonia molecule from the totally
dehydrated LCB molecule. This behaviour was consistent with trihydroxylated
LCBs, likely 4-hydroxysphinganine (t18:0) and 4-hydroxy-8-sphingenine (t18:18)
(table 3.5)26. Analogously, three different free LCB-P species differing for
hydroxylation and unsaturation degree could be appreciated in TGF kernels. In
fact, as shown in figure 3.12, compounds 103-105 could be assigned to LCB-P
(t18:1-P), LCB-P (d18:2-P) and LCB-P (t18:0-P) species, respectively, on the
basis of the careful analysis of the relative fragmentation pattern in the positive
tandem mass spectrum, as supported by literature data (table 3.5)26,
analysis

of

the

negative

LC-ESI/LTQOrbitrap/MS

and

27

. The
LC-

ESI/LTQOrbitrap/MS/MSn spectra acquired for these peaks confirmed this
assignment (table 3.5).
Both LCB 101-102 and LCB-P 103-105 were not found in TGR and are here
described for the first time in hazelnut species; in particular the free LCB-P
(d18:2-P) has been described so far only in human and murine plasma and in
Drosophila melanogaster27 .
Free LCBs are found in very small amounts in plants, mostly being in the form of
complex sphingolipids such as ceramides and ceramide derivatives. To form a
ceramide, the amine group of the LCB is acylated with a fatty acid, generally
composed of 14-26 carbon atoms which are usually hydroxylated in the 2
position25. Ceramide is the backbone of the sphingolipids detected in cells, and
therefore the basic building block for the synthesis of more complex
sphingolipids. The basic ceramide structure can be further modified through
changes in chain length, methylation, hydroxylation and⁄or degree of desaturation
of both the LCB and fatty acid moieties. Further modifications involve the
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conjugation of the primary hydroxy group of the LCB moiety, resulting in a polar
headgroup which can be a phosphoryl group (ceramide phosphates), mono- or
pluri-hexose (glycosylceramides), and an inositol phosphate group.
The analysis of TGF and TGR extract on Symmetry C4 column in negative ion
mode allowed to identify in both extracts three peaks yielding [M-H]- ions
corresponding to molecular formulae of cerebrosides (106-108) (fig. 3.12C).
The multicollisional mass spectra of compounds 106-108 confirmed this claim,
showing a fragmentation pattern typical of this molecular class, in particular all
cerebrosides gaving [(M-162)-H]- and [(M-180)-H]- product ions in their MS2
spectra, along with anions of 2-hydroxy fatty acids (which can be used to
determine the length of the fatty acyl chain moiety) in the MS3 spectrum obtained
from the relative [(M-162)-H]- ion, in agreement with literature data25 (table 3.5).
Unlike LCBs and LCB-Ps, the cerebroside distribution in TGF and TGR extract
was about the same, suggesting that roasting treatment doesn’t exert changes in
the chemical composition of GlcCers. To our knowledge, although GlcCer 106
and 108 have already been described in hazelnut oil, this is the first report of 107
in hazelnut kernel28.
Sphingolipids are found in many food products; it is estimated that individuals
consume 0.3 to 0.4 g/d. Little is known about the contribution of sphingolipids in
the human diet, so there is not any nutritional requirement regarding them.
However, studies with experimental animals pointed to a possible role of these
lipids in the inhibition of colon carcinogenesis and improvements of the lowdensity versus high-density lipoprotein cholesterol balance, suggesting they are
functional components of food29.
This sphingolipid protective role may be the result of a turnover to bioactive
metabolites, including LCBs (sphingosine and sphinganine) and ceramides, which
inhibit proliferation and stimulate apoptosis. Sphingadienes (SDs), for example,
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are growth-inhibitory LCBs that the enzymes at the brush border of the gut
liberate from complex sphingolipids, thereby allowing SDs to be taken up into
intestinal epithelial cells

29

. It was recently demonstrated that SDs exert

chemopreventive action in a mouse model of intestinal tumorigenesis. SDs are
cytotoxic to colon cancer cells, promoting apoptosis and autophagy by inhibiting
Akt (Protein Kinase B) activation, thereby derepressing conserved cell death
pathways29. Orally delivered SDs are poorly absorbed into the bloodstream,
exhibit a low toxicity profile, and, unlike sphingolipids derived from mammalian
sources are poorly converted to the oncogenic lipid sphingosine 1-phosphate
(S1P). These features make SDs attractive for their potential utility in colon
cancer chemoprevention strategies29.
Although there are no studies on the biological effect of sphingolipids in nuts,
investigations using human adenocarcinoma cell line (HT29 cells) found that the
toxicities of soy and wheat ceramides were comparable to brain ceramides.
Thereby, knowledge about the structures and concentrations of sphingolipids in
nuts and their metabolic pathways in human body can became very important28.

Identification of monoacylglycerols (MAG) and glycolipids (DGMG and SQDG)
Among glycolipids, sulfolipids and galactolipids, species containing a sulfonic
group and one (or two) galactose molecule(s), respectively, have been regarded as
the predominant lipid components of the photosynthetic membrane in plants,
algae and various bacteria30.
Mono- and digalactosyldiacylglycerols, along with digalactosylmonoacylglycerols
(MGDG, DGDG and DGMG) have been observed in significant levels in oat
kernels and other seeds31. Various studies have shown that galactolipids exhibit
specific

biological

properties

including

antiviral,

antitumor,

and

anti-

inflammatory activities. Additionally, they appear to play a role in the inhibition
and promotion of cell growth and in protection against cell death32.
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Moreover, monoacylglycerols (MAG) have been reported in plant tissues, in
which the MAG product is believed to serve as a precursor for the synthesis of
cutin polymers33. This neutral lipid has long been recognized as a central
molecule in lipid resynthesis from dietary fat in animals. MAG released by the
action of pancreatic lipases is absorbed in the animal intestine and resynthesised
into DAG by monoacylglycerol acyltransferase using fatty acyl-CoA as the acyldonor33. In addition, it is now recognized that 2-monoacylglycerols and 2oleoylglycerol, in particular, have a signalling function in the intestines by
activating a specific G-protein-coupled receptor GPR119, sometimes termed the
‘fat sensor’. When stimulated, this causes a reduction in food intake and body
weight gain in rats and regulates glucose-stimulated insulin secretion34.
The LC-ESI/LTQOrbitrap/MS/MSn analysis allowed to ascertain the presence of
DGMG and MAG species in both TGF and TGR kernel (table 3.6).
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Table 3.6. MAG, DGMG and SQDG putatively identified in TG hazelnut kernel.

R1 and R2 = fatty acyl chain or hydrogen in DGMG, fatty acyl chain in SQDG
R3 = digalactose in DGMG, sulfonated glucose in SQDG
R1 R2 R3 = one fatty acyl chain and two hydrogen in MAG
n° Compound Rt Formula [M-H]Δ [M+H]+ Characteristic product
(min)
ppm
ions (m/z)
DGMG
415, 397, 323, 279, 235
109 DGMG 14.05aC33H58O14 677.3743a 0.07a
(18:2)
415, 397, 323, 279, 235
110 DGMG 14.69aC33H58O14 677.3735a (18:2)
1.09a
415, 397, 281, 235
111 DGMG 16.60aC33H60O14 679,3889a (18:1)
1.59a
415, 397, 281, 235
112 DGMG 17.65aC33H60O14 679,3888a (18:1)
1.68a
SQDG
563, 555, 537, 281;
113 SQDG 29.92bC43H80O12S819,5292b 0.69b
(16:0; 18:1)
MS3(563): 545, 519, 299,
225
b
b
b
SQDG
31.37
C
H
O
S
845,5449
0.68
563, 281; MS3(563): 299,
114
45 82 12
(18:1; 18:1)
225
565, 563, 283, 281;
115 SQDG 35.02bC45H84O12S847,5610b 1.26b
(18:0; 18:1)
MS3(563): 225
MAG
331,2829c 313, 281, 257
116 MAG 46.16cC19H38O4
c
(16:0)
4.09
357,2983c 339, 283, 265
117 MAG 47.19cC21H40O4
c
(18:1)
4.55
c
357,2982c 339, 283, 265
118 MAG 48.75 C21H40O4
c
(18:1)
4.88
359,3140c 341, 285, 267, 239
119 MAG 54.42cC21H42O4
c
(18:0)
4.41
359,3139c 341, 285, 267, 239
120 MAG 55.76cC21H42O4
c
(18:0)
4.61

TGR

TGF

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

a = Calculated from the LC-MS analysis of TGR on Atlantis T3 column in negative ion mode; b =
Calculated from the LC-MS analysis of TGR on Symmetry C4 column in negative ion mode; c =
Calculated from the LC-MS analysis of TGF on Atlantis T3 column in positive ion mode.
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In

particular,

in

negative

ion

mode

the

analysis

of

the

LC-

ESI/LTQOrbitrap/MS/MSn highlighted four peaks (109-112) characterized by [MH]- pseudomolecular ions whose molecular formula was referred to DGMG
species (fig. 3.13).
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Figure 3.13. A) Extracted ion chromatograms of DGMG ions from the LC-MS analysis of TGF
(red plot) and TGR (black plot) extracts on Atlantis T3 column in ESI negative ion mode
(Normalized level TGR and TGF: 1.5 x 105). B) Extracted ion chromatograms of MAG ions from
the LC-MS analysis of TGF (red plot) and TGR (black plot) extracts on Atlantis T3 column in ESI
positive ion mode (Normalized level TGR and TGF: 2.0 x 10 6). C) Extracted ion chromatograms
of SQDG ions from the LC-MS analysis of TGF (red plot) and TGR (black plot) extracts on
Symmetry C4 column in ESI negative ion mode (Normalized level TGR and TGF: 3.0 x 10 5).
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The MS2 spectra of [M-H]- ions from DGMGs showed as principal product ion
the [(M-RCOOH)-H]- ion due to the cleavage of the fatty acid attached to the sn-1
or sn-2 positions of the glycerol backbone, along with minor product ions
corresponding to the RCOO- ion. The [(M-RCOOH-162)-H]- product ion
originated by the loss of RCOOH and one anhydrous hexose moiety (belonging to
the disaccharide unit linked to the sn-3 position of the glycerol), and the molecular
ion without both the fatty acid and the glycerol moiety, also in the anhydrous
form, were detectable (table 3.6)6. Thus DGMG species differing in degree of
unsaturation and/or regiospecificity of the fatty acyl group were identified. They
are here described for the first time in hazelnut and have been detected both in
TGF and in TGR kernel, so indicating no influence of roasting.
The presence of MAG species was instead confirmed by the analysis of the
positive MS2 mass spectra produced by the [M+H]+ pseudomolecular ions of 116120 (fig. 13B). In all cases, a predominant [(M-18)+H]+ product ion was present,
originated by neutral loss of a water molecule, along with minor product ions as
the [RCOOH+H]+ cation, accounting for the MAG fatty acid, and the [(RCOOH92)+H]+ and [(RCOOH-74)+H]+ product ions formed by neutral loss of glycerol
moieties35. MAGs species in which oleic acid or palmitic acid was in sn-1 or sn-2
positions of glycerol backbone were already reported in hazelnut oil 36.
Sulfoquinovosyldiacylglycerols (SQDGs) are relatively abundant sulfolipids
specifically associated with photosynthetic membranes of higher plants, mosses,
ferns, algae and most photosynthetic bacteria30. Their chemical structure is
characterized by two fatty acyl moieies, with various degrees of unsaturation,
linked to the glycerol backbone at sn-1 and sn-2 positions, and a polar head group
represented by a sulfoquinovose molecule. In contrast to most naturally occurring
sulfolipids, in which sulfur is involved in an ester linkage, SQDGs bear a sulfonic
acid residue. Some SQDGs have been reported to exhibit a remarkable antiviral
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activity, mainly against the human immunodeficiency virus (HIV-1), and are
clinically promising as antitumor and immunosuppressive agents30.
The careful study of the full LC-ESI/LTQOrbitrap/MS/MSn spectra pointed to
suggest the presence of three SQDGs species (113-115) in both TGF and TGR
hazelnut extract, accordingly with their molecular formula containing a sulfur
atom (table 3.6.; fig. 3-13C). The analysis of the corresponding MS2 and MS3
allowed to define the nature of the corresponding acyl chains. Tandem mass
spectrum of SQDG precursor ions clearly demonstrated a remarkable loss of
neutral fatty acids from the relative pseudomolecular anion, clearly prevailing
over ketene loss and carboxylate anion generation. In particular, in agreement
with literature data, the regiochemical characterization of SQDG species could be
based on the intensities of the [(M-RxCOOH)-H]- product ions (with [(MR1COOH)-H]- > [(M-R2COOH)-H]-)30. Additionally, the SQDG identity could be
confirmed by the analysis of the MS3 spectrum generated by the [(M-R1COOH)H]-/[(M-R2COOH)-H]- ions, characterized by the presence of the well-known
fragment ion at m/z 225, for which a structure bearing an epoxydic bridge between
carbon 1 and 2 of the quinovosylic ring has been recently proposed30. Noteworthy,
the three SQDGs found in both TGF and TGR kernels have never been described
before in hazelnut; there are only few reports about them in a limited number of
plant species30.
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3.2. Conclusion

In conclusion, the results of this study contribute to obtain a detailed and
comprehensive profile of the polar lipids occurring in fresh and roasted hazelnut
(cv. Tonda di Giffoni), highlighting the presence of many classes of lipids,
ranging from the small oxylipins and long chain bases (LCBs and LCB-Ps) to the
intact high molecular weight phospholipids (l-PC/PC, l-PE/PE, l-PI/PI, l-PA/PA,
l-PG/PG, PS, and NA-GPEs), sphingolipids (GlcCers), and glycolipids (DGMG,
MAG, SQDG). To the best of our knowledge, most of the polar lipids reported in
this study are here described for the first time in hazelnut.
Noteworthy, our data suggest the presence of metabolite differences between fresh
and roasted TG hazelnut kernels, in particular highlighting the higher levels in
TGF of some lipid classes, such as LCB, LCB-P, and oxylipins, along with a good
number of oxidized phospholipids in TGR. This remark points to suggest the high
temperature of roasting treatment as a stress factor able to influence and modify
the polar lipid profile of hazelnut kernels, mainly increasing oxidative processes
in complex lipid species such as PC, PE, and PI. Apparently, no changes in the
remaining phospholipid classes, in glycolipids, and in cerebrosides were
detectable.
On the basis of the biological activities above cited for each class of lipids found
in TG hazelnut kernels and their interesting effects on human health, our data
support and encourage the use of PGI “Tonda di Giffoni” hazelnut kernels in
human nutrition promoting it as a food rich of different classes of bioactive and
healthy lipids with beneficial effects.
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3.3. Experimental section
Samples
C. avellana L. hazelnuts, cv. Tonda di Giffoni, were collected at Giffoni, Salerno
(Campania region, Italy), in August 2015, and identified by V. De Feo
(Department of Pharmacy, University of Salerno, Italy). A voucher specimen has
been deposited in this Department.

Preparation of Samples
C. avellana kernels were crushed by a knife and stored at room temperature for
three days.
480.0 g of hazelnut kernels without skin were defatted with n-hexane and
cloroform at room temperature (6.4 L × 3 days × 2 times), and after were
extracted with MeOH at room temperature (6.4 L for 3 days, three times). After
filtration, the metanolic extract was dried under vacuum and partitioned between
n-hexane and MeOH to remove the non polar oily components (mainly
triglycerides). The obtained MeOH extract was subjected to n-butanol–water
partition to remove free sugars.
1.00 Kg of hazelnut kernels without skin were hot air roasted by using a
laboratory electric oven at 170°C for 30 min; the roasted hazelnuts were extracted
with the same procedure used for the fresh hazelnuts.

LC-ESI/LTQOrbitrap/MS/MSn analysis of n-butanol extracts of fresh and roasted
C. avellana kernels
The n-butanol extracts of both fresh and roasted kernels of C. avellana cv. Tonda
di Giffoni cultivar were analyzed by a system of liquid chromatography coupled
to electrospray ionization and high resolution mass spectrometry (LC-ESI/HRMS)
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consisting of a quaternary Accela 600 pump and an Accela autosampler coupled
to a LTQOrbitrap XL mass spectrometer (ThermoScientific, San Jose, CA),
operating in both positive and negative electrospray ionization mode. Data were
collected and analyzed by using the software provided by the manufacturer. The
separation was carried out by using two different columns, an Atlantis T3 (RP-18,
2.1 x 150 mm, 5 µm; Waters, Milford, MA) and a Symmetry 300 C-4 (RP-4,
3.5µm, 2.1mm×150mm; Waters, Milford, MA) column, in both cases by using a
flow rate of 0.2 mL/min and a mobile phase consisting of a combination of A
(0.1% formic acid in water, v/v) and B (0.1% formic acid in acetonitrile, v/v). On
the Atlantis T3 column, a linear gradient from 15 to 60% B in 9 min, hold at 60%
B for 5 min, from 60 to 65 % B in 10 min, hold at 65% B for 5 min, from 65 to
70% B in 10 min, from 70 to 100% B in 15 min, hold at 100% B for 6 min was
used. On the the Symmetry C4 column, a linear gradient from 25 to 51% B in 10
min, from 51 to 60% B in 9 min, hold at 60% B for 5 min, from 60 to 64 % B in 8
min, hold at 64% B for 5 min, from 64 to 68% B in 8 min, hold at 68% B for 5
min, from 68 to 87% B in 19 min, from 87 to 100% B in 6 min, hold at 100% B
for 5 min was used. The autosampler was set to inject 2 l of extract (0.5 mg/mL).
In the negative ion mode, the following experimental conditions for the ESI
source were adopted: sheath gas at 15 (arbitrary units), auxiliary gas at 5 (arbitrary
units), source voltage at 3.5 kV, capillary temperature at 280 °C, capillary voltage
at -48 V and tube lens at -176.47 V.
In the positive ion mode, the following experimental conditions for the ESI source
were adopted: sheath gas at 15 (arbitrary units), auxiliary gas at 10 (arbitrary
units), source voltage at 4.5 kV, capillary temperature at 280 °C, capillary voltage
at 27 V and tube lens at 105 V. The mass range was from 200 to 1200 m/z with a
resolution of 30000.
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Introduction
Castanea sativa Mill. (Fagaceae) is a deciduous tree
growing

in

Southern

Europe,

especially

in

Mediterranean region1. The fruit is a nut, commonly
named chestnut or marron, which is collected in
autumn. It represents a traditional basic food and can
be processed into different elaborated and diversified food products2.
From a nutritional point of view, chestnut can be used as an
important source of dietary energy, due to its starch,
carbohydrates and low fat content3. Cooked chestnuts are
important in human health due to their applications as a
component of gluten-free diets and as a source of essential fatty acids and
phenolics, with a signiﬁcant amount of polyphenols, gallic and ellagic acid,
hydrolysable and condensed tannins4-8. Reports on chestnut by-products, such as
leaf, shell and bur, revealed they can be considered a good source of phenolic
compounds with marked biological activity, mainly antioxidant properties6, 9.
In Italy, one of the most famous chestnut is “Marrone di Roccadaspide”, a labeled
PGI (Protected Geographical Indication) product of the Campania region,
representing an important economic resource.
Generally, chestnuts are consumed raw or after cooking. They can be processed in
various ways, at home or in agricultural industry, to improve the organoleptic
properties (aroma, flavour, texture), digestibility of the fruits, and to make
nutrients more bioavailable.
During industrial process a big amount of byproducts such as leaves, shells and
burs is produced. As a part of an ongoing effort aimed at studying waste products
of food plants, the phytochemical investigation of the MeOH extract of the
byproducts of C. sativa cv. Marrone di Roccadaspide has been carried out with
the aim to achieve deeper insight into the chemical composition of the by247
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products of this important PGI product and to highlight the occurrence of
biologically active phytochemicals.
.
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4.1. Phenolics from Castanea sativa leaves and their effects on UVB-induced
damage

C. sativa leaves
C. sativa leaves, used in traditional medicine for the treatment of cough, diarrhea
and rheumatic conditions, showed the presence of phenolic compounds able to
prevent oxidative stress-mediated diseases such as
photoageing6,10. In particular, the leaf extract from C.
sativa was previously shown to exhibit in vitro
scavenging activity against several reactive species
detected in the skin after UV exposure, including
O211, as well as to determine a concentration-dependent protective effect against
UV-mediated DNA damage in HaCaT cells. This effect was found to be related to
a direct antioxidant effect (involving O2) rather than activation of the endogenous
antioxidant response coordinated by NRF212.
These datas prompted us to carry out a phytochemical investigation of the MeOH
extract of C. sativa cv. Marrone di Roccadaspide leaves.

4.1.1. Results and discussion

Qualitative investigation of MeOH extract of C. sativa cv. Marrone di
Roccadaspide leaves
The MeOH extract was fractionated by different chromatographic steps to afford
seven main compounds (1-7). Their structures were established by the extensive
use of 1D- and 2D-NMR experiments as crenatin13 (1) , chestanin13 (2) , gallic
acid16 (3) , cretanin14 (4), 5-O-p-coumaroylquinic acid15 (5), p-methoxygallic
acid16 (6) and quercetin 3-O-β-D-glucopyranoside17 (7) (fig. 4.1).
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Figure 4.1. Compounds 1-7 isolated from C. sativa leaves.
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Quantitative analysis of compounds 1-7
Compounds 1-7 were quantified by LC-ESI/QqQ/MS/MS. For quantitative
purposes MRM (Multiple Reaction Monitoring) experiment was chosen, since
among liquid chromatography tandem mass spectrometry analyses it can be
considered a very accurate and sensitive technique18.
As reported in table 4.1, crenatin (1) showed a pseudomolecular ion [M-H]− at m/z
317; the loss of the glucose moiety, leading to the fragment ion [(M-162)-H]− at
m/z 155, was the predominant fragmentation, thus this fragment ion was chosen
for MRM analysis. Chestanin (2) showed a pseudomolecular ion [M-H]− at m/z
937 which gave a main fragment ion [(M-470)-H]− at m/z 467, due to the
simultaneous loss of the glucose unit, the 3,4,5-trihydroxybenzyl alcohol unit and
the galloyl unit (fig. 4.2).

Figure 4.2. Negative ion LC-ESI/QqQ/MS/MS spectrum and proposed fragmentation pattern of
chestanin (2) occurring in the MeOH extract of C. avellana leaves.
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Similarly, cretanin (4) showed a pseudomolecular ion [M-H]− at m/z 469 and the
MRM transition was characterized by the loss of both glucose and the 3,4,5trihydroxybenzyl alcohol unit originating a very intense fragment ion [(M-300)H]− at m/z 169 attributable to the galloyl moiety. Gallic acid (3) showed a
pseudomolecular ion [M-H]− at m/z 169 and in the LC-MS/MS experiment a very
intense fragment ion [(M-44)-H]− at m/z 125 due to the loss of a carbon dioxide
unit; in the same way 4-methylgallic acid (6) showed a pseudomolecular ion [MH]− at m/z 183 originating in the LC-MS/MS experiment a fragment ion at m/z
123 due to a neutral loss of 60 amu corresponding to carbon dioxide and methane
molecules. 5-p-coumaroylquinic acid (5) showed a pseudomolecular ion [M-H]−
at

m/z

337,

and

quercetin

3-O-β-D-glucopyranoside

(7)

showed

a

pseudomolecular ion [M-H]− at m/z 463; both were characterized by very simple
fragmentation patterns where the base peaks were produced by the neutral losses
of 146 amu corresponding to a p-coumaroyl unit and of 162 amu corresponding to
a glucose unit, respectively. On the basis of the above cited transitions selected for
MRM experiments, the amount (mg/100 g dry weight) of each compound in the
MeOH extract of C. sativa leaves was determined (table 4.1).
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Table 4.1. Quantitative data of C. sativa leaves extract (MRM, negative ion mode). Sevencalibration points with six standards. MRM transitions, limits of detection (LODs), limits of
quantification (LOQs).

Compound name

MRM
transition

R2

Regression line

crenatin (1)

317→155

0.9931

chestanin (2)

937→467

gallic acid (3)

Y =0.0385x +0.0131

LOQ
(ng
mL-1)
25.0

LOD
(ng
mL-1)
8.0

mg/100g
leaves
±SD*
17.52±1.90

0.9913

Y =0.0457x-0.02030

10.0

2.5

33.28±1.87

169→125

0.9953

Y = 0.0082x+0.0010

15.0

3.5

36.10±3.88

cretanin (4)

469→169

0.9927

Y =0.1310x-0.02430

10.0

2.5

47.83±1.26

5-p-coumaroylquinic
acid (5)
4-methoxygallic acid
(6)
quercetin 3-O- β-Dglucopyranoside (7)

337→191

0.9929

Y =0.0406x+ 0.0153

15.0

3.5

10.40±1.00

183→123

0.9906

Y = 0.0167x0.00057

50.0

10.0

59.90±0.86

463→301

0.9957

Y = 0.0232x+0.0035

15.0

3.5

127.20±3.3
7

The quantitative results highlight that compounds 1-7 occurred in the extract in
concentration ranging from 10.40 to 127.20 (mg/100 g), with quercetin 3-O-β-Dglucopyranoside (7) exhibiting the highest and 5-p-coumaroylquinic acid (5) the
lowest concentrations, respectively. Among crenatin (1), chestanin (2) and
cretanin (4), this latter showed the highest amount (47.83 mg/100 g) comparable
to that of 4-methylgallic acid (6) (59.90 mg/100 g).

Evaluation of antioxidant activities of compounds 1-7 by TEAC assay
The antioxidant activity of the MeOH extract and of compounds 1-7 were tested
by the TEAC assay and expressed as TEAC value. The TEAC values of 1-7 and
of C. sativa MeOH extract were compared to that of quercetin, used as reference
compound (table 4.2). The results showed that the MeOH extract exhibited high
free-radical-scavenging activity and among the tested compounds, gallic acid (3),
cretanin (4), and quercetin 3-O-β-D-glucopyranoside (7) possessed a free-radicalscavenging activity (TEAC values = 1.46, 1.78 mM, and 1.53, respectively)
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comparable to that shown by quercetin (TEAC value of 1.89 mM). Chestanin (2)
showed the highest TEAC value (2.13 mM) suggesting that the presence of more
galloyl moieties improves the radical-scavenging capacity.

Table 4.2. Free radical scavenging activities of compounds 1-7 and the MeOH
extract of C. sativa leaves in the TEAC assay.

Compounds

TEAC value (mM± SD)

1

0.68 ± 0.002

2

2.13 ± 0.008

3

1.46 ± 0.005

4

1.78 ± 0.003

5

0.50 ± 0.003

6

1.03 ± 0.003

7
quercetin

1.53 ± 0.002
1.89 ± 0.002
TEAC value (mg/mL ± SD)

MeOH extract

1.44 ± 0.012

4.1.2. Biological activity

Biological evaluation of compounds 1-7 on human keratinocytes
Previous reports have demonstrated that exposure of skin to UVB causes a wide
variety of cellular damage to epidermal keratinocytes including DNA damage,
oxidative stress, and immunotoxicity18. Thus the ability of compounds 1-7
isolated from the MeOH extract of C. sativa leaves to modulate the effects of
UVB irradiation in immortalized keratinocytes has been investigated.
In collaboration with Dr. Anna Balato (University of Naples Federico II), a
preliminary test to evaluate the effects of compounds 1-7 on cell viability was
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carried out. Results revealed that compounds 1-7 didn’t significantly affect
viability respect to untreated control in HaCaT cell line. Moreover compounds 1-7
didn’t alter viability after UVB treatment too (data not shown).
UVB can induce intracellular reactive oxygen species (ROS) generation, which
activates cell signaling and stimulates transcription factor expression such as
redox-sensitive transcription factor p53; it is also well documented an elevated
nuclear p53 protein level after UVB treatment in HaCaT cell19. To assess if
compounds 1-7 could intefere with the ratio of p53, protein band intensity relative
to GAPDH was determined in the total cell extracts 24h after UVB treatment.
As shown, the obtained data demonstrated that treatment with compounds 1, 3, 4
and 5, in different extent, diminished UVB-induced p53 expression in
immortalized human keratinocytes (fig. 4.3).
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Figure 4.3. Effects of compounds 1-7 on UVB-induced p53 expression in immortalized human
keratinocytes.
Notes: p53 protein analysis was assessed in cell lysates at 24h through western blot analysis.
Incubation with 1-7 compounds for 2h was performed before UVB irradiation at 60 mJ/cm 2. The
white and black bars represent, respectively, HaCat cells with just medium and HaCaT cells
irradiated with UVB (60 mJ/cm2) without any compounds. Data were expressed as mean ± SD of
three independent experiments, each performed in triplicate.

Compounds 1, 3 and 4 determined inhibition of p53/GAPDH ratio by more than
75% respect to control (HaCaT cells without any compounds, after UVB
treatment). Compound 5 determined inhibition of p53/GAPDH ratio by more than
60% respect to control. Probably these compounds can scavenge or trap reactive
oxygen species (ROS) formation that occur in response to UVB-induced DNA
photodamage in surviving cells (fig. 4.3). It is interesting to note that simple
methylation of gallic acid caused appreciable decrement in the activity (6 vs 3)
while crenatin (1) demonstrated a very interesting photoprotection property.
The obtained data are in agreement with Almeida et al.18 who reported that
incubation of HaCaT with the extract of C. sativa caused no significant changes in
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basal DNA damage, but significantly reduced the number of lesions generated by
the singlet oxygen generating system20, and extend the notion that this extract is
able to the reduce the effects of UVB irradiation, mainly due to crenatin (1), gallic
acid (3), and cretanin (4).
The reasonable amount of gallic acid (3), and cretanin (4) found by LC-MS/MS
analysis is interesting if we consider that they are the most active compounds in
the extract. In conclusion, the above data reinforce the hypothesis that the extract
of C. sativa, and the isolated compounds, might be an interesting option to prevent
UV-induced/cell damage.
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4.2. Evaluation of the biological activity of the MeOH extract of the different
parts (leaves, burs, green burs, shells, chestnuts) of C. sativa, cv. Marrone di
Roccadaspide.

During the PhD stage at the University of Veterinary and Pharmaceutical Sciences
(Brno, Czech Republic), preliminary tests on the MeOH extract of C. sativa cv.
Marrone di Roccadaspide byproducts and chestnuts have been carried out.

Cytotoxicity by WST-1 assay.
Preliminarily, the cytotoxicity of the extracts and their ability to inhibit
proliferation were investigated by WST-1 assay using the cell lines THP-1 with
the aim of ﬁnding a non-toxic concentration for subsequent in vitro experiments.
The amount of formazan formed by reduction of the tetrazolium salt WST-1
corresponds directly to the number of viable cells with active mitochondrial
reductases. Clearly non-toxic concentrations of the tested extracts were chosen for
subsequent studies on cell cultures (5 µg/mL).
Evaluation of the inhibition of NF-κB activation
One of the most prominent among various known inflammatory pathways belongs
to the transcription factor NF-κB (nuclear factor kappa-light-chain-enhancer of
activated B cells).
NF-kB exists in the cytoplasm in an inactive complex bound to IκBα. Numerous
stimuli activate NF-κB, mostly through the enzyme IκB kinase which
phosphorylates the IκBα protein causing the dissociation of IκBα from NF-κB.
The activated NF-κB is then translocated into the nucleus, where it binds DNA
and activates gene transcription. NF-Kb regulates a wide variety of important
target genes. Among the numerous target genes of NF-Kb are those encoding
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inflammatory and chemotactic cytokines such as interleukin-1 (IL-1), IL-2, IL-6,
IL-8, and TNF (fig. 4.4).

Figure 4.4. Mechanism of NF-κB action.

All the extraxcts showed the capacity to inhibit NF-κB activation. In particular,
the best activity was displayed by MeOH extract of leaves which was more active
than prednisone used as reference compound, while the MeOH extracts of burs
and shells exhibited an activity comparable to reference (fig. 4.5).
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Figure 4.5. Effect of selected extracts on the nuclear translocation of NF-κB.
Note: The results are expressed as mean ± SE for three independent experiments. Significant difference in comparison to
vehicle only treated cells (p < 0.001). + CTRL: cells+ LPS; -CTRL: only cells; prednisone: reference compound (1 µM).

Evaluation of the inﬂuence of the extracts tested on the formation of ROS
connected to pyocyanin.
The extracts were tested to evaluate the formation of ROS after stimulation of the
THP-1 cells with pyocyanin. The extracts showed a strong antioxidant activity, in
particular most of them showed an activity higher than quercetin, used as
reference compound (fig. 4.6). In particular, the MeOH extract of “Marrone di
Roccadaspide” shells (5 μg/mL) reduced cellular ROS levels in a percentage of
83.91 ± 2.76 % of the control value (p < 0.0001), showing an antioxidant activity
higher than quercetin (70.12 ± 3.14); therefore the in vitro antioxidant activity
confirmed the strong antioxidant activity of the extract tested by DPPH (EC50 =
23.80 µg/mL), and TEAC assay (3.00 mg/ml) assays (table 4.3).
.
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Figure 4.6. antioxidant activity of tested extracts by in vitro assay.
Note: The results are expressed as mean ± SE for three independent experiments. Significant difference in comparison to
vehicle only treated cells (p < 0.001). + CTRL: cells + pyocyanin; -CTRL: only cells; quercetin: reference compound (5
µM).

Table 4.3. Antioxidant activity of extracts evaluated by ROS- Pyocyanin assay in vitro.

C.sativa MeOH extracts (5µg/mL)

inhibition of ROS induced by pyocyanin (%)

leaves

57.44 ± 2.89**

burs

75.53 ± 399**

green burs

78.27 ± 3.99**

shells

83.91 ± 3.99**

chestnuts

27.43 ± 3.14**

Quercetin*

70.12 ± 3.14**

*

reference compound (5 µM)

**

p < 0.0001
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4.3. Phytochemical investigation of MeOH extract of C. sativa cv. Marrone di
Roccadaspide shells.
C. sativa shells
Chestnut is an achene, having a smooth and dark
brown leathery pericarp. The peeling process
generates a waste product, the shell, which
represents 10 % of the weight of whole chestnut,
which is often used as fuel.

4.3.1 Results and discussion

Phenolic content and antioxidant activity of MeOH extract of C. sativa shells
The MeOH extract of Marrone di Roccadaspide shells showed a high total
phenolic content determined by the Folin-Ciocalteau method and expressed as
gallic acid equivalent (871.80 mg GAE/g extract); moreover a significant
concentration-dependent free-radical scavenging activity evaluated by DPPH
(EC50 = 23.80 µg/mL), and by TEAC assay (3.00 mg/ml) correlated to the high
phenolic content, as already suggested by Rodrigues21 . and by antioxidant assay
in vitro as previously reported.

LC-MS qualitative profile of the MeOH extract of C. avellana shells
To correlate the high phenolic content and the strong antioxidant activity to the
chemical composition, the MeOH extract of C. sativa shells was investigated by
an analytical approach based on high-performance liquid chromatography coupled
to multiple-stage linear ion-trap and orbitrap high-resolution mass spectrometry
(LC-ESI/LTQOrbitrap/MS), operating in negative ionization mode. The LCESI/LTQOrbitrap/MS profile showed more than eighty peaks (fig. 4.7), for each
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of them both accurate molecular mass and molecular formula coud be measured.
The analysis of LC-MS/MS spectra of most ion peaks allowed to ascertain the
occurrence in MeOH extract of C. sativa shells of metabolites mainly belonging
to the tannin class, with a minor occurrence of flavonoids and phenolic
derivatives, of which identity could be tentatively assigned according to literature
data, homemade molecular database and chromatographic behaviour22.
In particular both classes of tannins, i.e. hydrolysable and condensed tannins,
were detectable.
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Figure 4.7. LC-ESI/LTQOrbitrap/MS profile (negative ion mode) of the MeOH extract of C.
sativa shells.
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Hydrolysable tannin class is composed of galloyl glucose derivatives, consisting
of metabolites in which up to five gallic acid units can be esterified directly to Dglucose, and ellagitannins (ETs) such as hexahydroxydiphenoyl (HHDP) glucose
derivatives, originated from pentagalloyl glucose by oxidative coupling (C-C
coupling) of two (or more) neighboring galloyl groups, nonahydroxytriphenoyl
(NHTP) derivatives, in which the HHDP group may be coupled with another
galloyl group via a further C-C bond to form the NHTP group typical of Cglycosidic ET with an open glucose core, and flavanoellagitannins, complex
combinations of C-glycosidic ETs and flavan-3-ol unit(s) (fig. 4.8).
Negative ion LC-ESI/LTQOrbitrap/MS spectra of hydrolysable tannins showed in
most cases negative ions corresponding to the deprotonated molecule [M-H]- and
to the doubly charged molecular ion [M–2H]2- according to the typical behaviour
of ETs (table 4.4).
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Figure 4.8. Pentagalloyl glucose (a) and gallotannins with the digalloyl group and different
ellagitannin sub-structures by oxidative transformations (b).
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Table 4.4. Retention times (Rt), molecular formula, [M-H]-, [M-2H]2-, Δ ppm, negative MS/MS
values of compounds occurring in the MeOH extract of C. sativa shells identified by LCESI/LTQOrbitrap/MS/MSn.
n°

Compound

[M-H]-

[M-2H]2-

Δ
ppm

Rt
(min)

Molecular
Formula

8.51
15.25

C13H18O9
C15H14O7

317.0870
305,0659

34
2

crenatin*
gallocatechin or
epigallocatechin23
catechin*22
chestanin*

19.18
19.74

C15H14O6
C40H42O26

289,0711
937.1875

4
61

cretanin*
(G)-cretanin24

19.85
23.60

C20H22O13
C27H26O17

469,0977
621.1085

-0,01
-0.27

23.18

C21H20O12

463.0870

-0.13

317, 316, 301

24.53

C23H24O13

507.1132

0.13

24.94

C22H22O12

477.1028

0.18

25.51

C21H20O11

447.09190

-0.67

387, 345, 344,
179
357, 315, 314,
285
301, 179, 151

27.62

C22H22O11

461.1077

-0.30

27.88

C16H12O7

315.0504

1.65

41.89 C39H32O15
84 kaempferol-di-pcoumaroyl- hexoside 29
ELLAGIC ACID AND DERIVATIVES
24.89
C14H6O8
67 ellagic acid30

739.16548

-0,.37

300.9986

0.71

78 methylellagic acid31
80 dimethylellagic acid32

31.36
38.42

C15H8O8
C16H10O8

315.0139
329.0298

0.41
0.59

82 dimethylellagic acid32

39.96

C16H10O8

329,0297

0.56

1
18

FLAVONOIDS
7 quercetin 3-O-β-Dglucopyranoside*25
66 syringetin 3-O-β-Dglucopyranoside* 25
68 isorhamnetin 3-O-β-Dglucopyranoside* 26
71 quercetin 3-O-α-Lrhamnopyranoside*
75 isorhamnetin-hexoside

1.04
1,02

468.0897

1,54
0.56

27

76 isorhamnetin28
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Characteristic
product ions
(m/z)
299, 155
261, 221, 179,
165
245, 205, 179
635, 634, 633,
467, 301
317, 307, 169
577, 469, 451,
317, 313

446, 357, 315,
314, 300, 285,
MS3 (315):
300, 287, 256,
243
MS3 (314):
299, 285, 271,
300, 297, 271,
229, 205, 165,
151, 137
593, 575, 453,
285
284, 257, 229,
201, 185, 145
300
314, 299, 285;
MS3(314):
299, 285
314, 299, 285;
MS3(314):
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85 trimethylellagic acid33

46.67

HYDROLYSABLE TANNINS
Ellagitannins
6.96
8 NHTP-glucose
(vescalin)34

C17H12O8

343.0453

0.51

C27H20O18

631.0561

-0.49

-0.50
-0.60

9 HHDP-glucose isomer34
10 NHTP-glucose
(castalin)34

7.73
8.09

C20H18O14
C27H20O18

481.0610
631.0562

11 HHDP-glucose isomer34
12 NHTP-HHDP-1-(C1pentose)-deoxyglucose

8.47
8.50

C20H18O14
C46H34O30

481.0612
1065.1042

532.0485

-0.19
-0.81

15 NHTP-HHDP-glucose
(castalagin)34

14.22

C41H26O26

933.0632

466.0274

0.34

19 NHTP-Valoneoylglucose (castavaloninic
acid)23

15.61

C48H30O31

1101.0680

550.0300

-0.67

22 NHTP-HHDP-glucose
(vescalagin)34
28 bis-HHDP-glucose
isomer 23
29 HHDP-Valoneoyl(acyclic)glucose isomer

16.54

C41H26O26

933,0622

466,0271

-0,71

17.37

C34H24O22

783.0673

391.0299

-0.37

18.04

C41H28O27

951.0711

475.0324

-2.43

18.25

C27H22O18

633.0722

316.0328

-0.06

34

299
328, 299, 297,
284, 275;
MS3(328):
313, 299, 298,
297

613, 587, 569,
551, 467, 441,
425
421, 301, 275
613, 587, 569,
551, 467, 441,
425
421, 301, 275
MS2
(532):
523[M-2HH2O]2-,
514
[M-2H2H2O]2-, 493
[M-2H-78]2-,
487 [M-2H90]2-, 465 [M2H-134]2-,
301, 249
MS2
(466):
631, 457 [M2H-H2O]2-,
301
1057,
933,
931, 631, 587,
569, 449, 441,
425
MS2
(550):
933, 528 [M2H-44]2-,
465[M-2H170]2915, 631, 613,
587, 425, 301
765, 481, 301,
275
907, 783, 465,
453

35

31 galloyl-HHDP-glucose
isomer35 36
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481, 463, 301,
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32 bis-HHDP-glucose
isomer 23
35 digalloyl-HHDPglucose isomer23 35

18.45

C34H24O22

783.0671

391.0298

-0.52

19.48

C34H26O22

785.0832

392.0377

-0.01

36 galloyl-bis-HHDP(acyclic)glucose
isomer23(stachyurin)
37 NHTP/modifiedFlavan/condensedglucose (isomer)37 24
39 galloyl-bis-HHDPflavan(acyclic)glucose38 39

19.59

C41H28O26

935.0770

467.0346

-1.48

19.64

C41H30O22

873.1137

20.63

C56H42O32

1225.1553

41 digalloyl-HHDPglucose isomer40

20.78

C34H26O22

45 HHDPNHTP/modified-flavanglucose (isomer) 41

21.25

46 HHDPNHTP/modifiedflavan/condensedglucose (isomer)42

48 bis-HHDP-flavan(acyclic)glucose35
49 HHDPNHTP/modifiedflavan/condensedglucose (isomer)42

51 galloyl-bis-HHDP-

765, 721, 481,
301, 275
633, 615, 483,
463, 331, 313,
301, 275
917, 783, 633,
481, 301

-0.90

829, 785, 767,
683, 583, 539

612.0740

-1.86

785.0833

392.0378

0.07

C55H38O31

1193.1318

596.0611

0.43

21.30

C56H36O33

1235.1052

617,0483

-0.23

21.72

C49H36O27

1055.1341

21.88

C56H36O33

1235.1008

617.0484

-3.79

22.45

C56H42O32

1225.1548

612.0744

-2.25

MS2 (612):
935, 869, 633,
603, 467, 458,
433, 301, 289
MS2 (596):
1023, 903,
891, 601, 451,
301, 289
633, 615, 483,
463, 331, 313,
301, 275
1175, 1041,
1023, 903,
891, 849, 601,
587, 451, 421,
301, 289
1191, 1147,
1039, 901,
737, 639, 599,
415
MS2(617):
595
MS3(595):
573, 559, 478,
450, 301
1037, 753,
463, 421, 301
MS2(617):
595, 573
MS3(595):
573, 551, 450,
301
MS3(573):
551, 497, 451,
323, 301, 287
MS2 (612):
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flavan(acyclic)glucose38

1055, 935,
783, 633, 603,
467, 458, 331,
301, 289
1133, 875,
831, 559, 301
MS2 (588):
875, 831, 559,
512 [M-2H152]2-, 301,
275
915, 631, 481,
451, 301

53 galloyl-bis-HHDPflavan/condensed(acyclic)glucose
isomer43

22.71

C55H38O30

1177.1351

588.0639

-1.09

54 HHDP-depsidoneforming
valoneoyl
group-(acyclic)glucose

22.82

C41H26O26

933.0623

466.0278

-0.64

23.44

C55H36O30

1175.1213

587.0561

0.39

23.44

C41H26O26

933.0621

466.0274

-0.84

60 galloyl-bis-HHDP(acyclic)glucose isomer
62 trigalloyl-HHDP
glucose44

23.44

C41H28O26

935.0781

467.0351

-0.40

23.70

C41H30O26

937.0939

468.0430

-0.18

63 HHDPNHTP/modifiedFlavan/condensed(acyclic)glucose
isomer37
65 HHDP-acyclic glucose
derivative45
70 galloyl-bis-HHDPglucose isomer 36
72 galloyl-bis-HHDPglucose isomer 36
Galloyl glucose derivatives
glucose
13 digalloyl
isomer23, 40
glucose
17 digalloyl
isomer40
23 dehydrated tergallic-cglucoside37

23.76

C55H36O30

1175.1207

587.0562

-0.03

23.91

C36H24O22

807.0674

403.0298

-0.13

25.25

C41H28O26

935.0778

-0.80

25.97

C41H28O26

935.0783

-0.21

13.30

C20H20O14

483.0768

-0.13

331, 313, 169

15.09

C20H20O14

483.0767

-0.26

16.80

C27H18O17

613.0459

-0.20

331, 313, 271,
169
595, 523, 493,
299, 300

35

58 HHDPNHTP/modifiedFlavan/condensedglucose isomer37
59 HHDP-depsidoneforming
valoneoyl
group-(acyclic)glucose

1157, 1023,
873, 855, 829,
785, 767, 721,
677, 301
915, 631, 481,
451, 301

35
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917, 783, 633,
481, 301
785, 767, 741,
635, 633, 617,
465, 421 331,
313, 301
1023, 873,
855, 829, 721,
677, 511, 301

789, 505, 355,
311, 301, 275
783, 633, 451,
301
783, 633, 451,
301
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27 chesnatin46
glucose
38 trigalloyl
isomer40
glucose
42 trigalloyl
isomer40
glucose
56 tetragalloyl
isomer40
64 tetragalloylglucose
isomer40

17.37
20.11

C27H26O18
C27H24O18

637.1031
635.0875

-0.61
-0.58

20.99

C27H24O18

635.0878

-0.09

23.18

C34H28O22

787.0987

393.0453

-0.20

23.81

C34H28O22

787.0980

393.0452

-1,13

69 pentagalloylglucose40

24.99

C41H32O26

939.1093

469.0506

-0.49

14.17

C30H26O14

609.1235

-0.56

591, 483, 441,
423, 305

14.69

C45H38O21

913.1812

-0.62

20 GC-GC-GC
proanthocyanidin
trimer47
21 GC-GC-C
proanthocyanidin
trimer29
24 GC-GC
proanthocyanidin
dimer47
25 GC-GC-GC
proanthocyanidin
trimer47
26 C-C Proanthocyanidin
dimer47

15.81

C45H38O21

913.1813

-1.00

16.18

C45H38O20

897.1865

-0.90

16.85

C30H26O14

609.1237

-0.36

787, 727, 609,
577, 559, 541,
483, 441, 317,
305
727, 609, 577,
559, 483, 441,
423, 305
771, 729, 711,
607, 593, 425,
407, 303, 289
591, 483, 441,
423, 305

17.01

C45H38O21

913.1819

-0.33

17.27

C30H26O12

577.1341

0.06

30 GC-GC-C
proanthocyanidin
trimer48
33 C-C Proanthocyanidin
dimer47

18.14

C45H38O20

897.1863

-1.10

18.97

C30H26O12

577.1342

0.29

40 C-C-C
Proanthocyanidin
trimer48
43 C-C-C(G)
Proanthocyanidin trimer

20.16

C45H38O18

865.1971

-0.42

21.04

C52H42O22

1017.2075

-0.92

CONDENSED TANNINS
Proanthocyanidins
14 GC-GC
proanthocyanidin
dimer47
16 GC-GC-GC
proanthocyanidin
trimer47

271

593, 467, 305
483, 465, 331,
313, 271, 211
483, 465, 331,
313, 271, 211
635, 617, 483,
465, 447, 295
635, 617, 483,
465, 447, 331,
295
787, 769, 617,
599, 447, 277

727, 609, 559,
483, 441, 423,
305, 303
559, 451, 425,
407, 299, 289,
287
771, 729, 711,
607, 593, 425,
407, 303, 289
559, 451, 425,
407, 299, 289,
287
695, 577, 287

999, 891, 865,
847, 771, 729,
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gallate49
44 C-C-C-C
proanthocyanidin
tetramer32

677, 577, 407
1027, 1001,
983, 865, 739,
695, 577, 575,
449, 439, 407
577, 559, 451,
425, 407, 289,
287
573, 465, 453,
447, 439, 407,
301, 289, 245
847, 739, 713,
695, 577, 575,
543, 451, 425,
407, 289, 287
559, 451, 425,
407, 299, 289,
287
1125, 1027,
1001, 983,
865, 739, 577,
575, 425, 407
577, 559, 451,
425, 407, 289,
287
539, 449, 437,
423, 407, 394,
393, 327, 289,
287, 285, 229
833, 817, 735,
723, 709, 699,
680, 573, 529,
283

21.04

C60H50O24

1153.2595

-1.13

47 C-C(G)
proanthocyanidin
dimer50, 51
50 GC-C proanthocyanidin
dimer 54

21.46

C37H30O16

729.1448

-0.32

22.24

C30H24O13

591.1135

0.24

52 C-C-C
proanthocyanidin
trimer52

22.51

C45H38O18

865.1967

-0.83

55 C-C proanthocyanidin
dimer47

22.87

C30H26O12

577.1344

0.60

57 C-C-C-C
proanthocyanidin
tetramer53

23.23

C60H50O24

1153.2615

0.45

73 C-C(G)
proanthocyanidin dimer
gallate50
77 C-C proanthocyanidin
dimer54

26.39

C37H30O16

729.1441

-0.32

28.54

C30H24O12

575.1182

-0.30

79 C-C-C
proanthocyanidin
trimer55

34.42

C45H34O18

861.1657

-0.50

TRITERPENOIDS
74 bartogenic acid 28-Oglucopyranoside*

27.26

C36H56O12

-0.95

559, 517, 455

81 2-epi-bartogenic acid*
83 bartogenic acid*

39.34
40.62

C30H46O7
C30H46O7

-0.35
0.71

487, 425
499, 455, 437

86 Castanogenin or
Ilexgenin A isomer56

47.70

C30H46O6

679.3682
1359.7
[2M-H]517.3158
517.3163
1035.6
[2M-H]501.3208
1003.6
[2M-H]-

-0.47

87 2α,19α-dihydroxy-3-

48.47

C29H44O5

471.3104

-0.17

483, 455, 439,
421
MS3(439):
421, 395, 393,
379, 337
453, 425, 409

272

Chapter 4
oxo-24-norolean-12-en28-oic acid*

943
H]-

[2M-

*Confirmed by comparison with isolated compound; GC = gallocatechin; ; C(G) = catechin gallate
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The careful study of fragmentation pattern produced from hydrolysable tannins in
MS/MSn experiments allowed to tentatively assign their chemical structure
considering that their fragmentation pathway is characterized by the presence of
highly diagnostic product ions. Typical losses during fragmentation of
ellagitannins are galloyl (152 Da), ellagic acid (302 Da), galloyl-glucose (332
Da), HHDP-glucose (482 Da), and galloyl-HHDP-glucose (634 Da).
So, for example the peak at 7.73 min corresponding to the [M-H]pseudomolecular ion at m/z 481.0610 could be assigned as HHDP-glucose based
on its molecular weight and the presence of an intense product ion at m/z 301,
corresponding to ellagic acid34. Noteworthy, the same fragmentation pattern was
exhibited by another peak, eluted at 8.47 min, that could be defined as a HHDPglucose isomer (table 4.4). In fact, most of identified ETs in C. sativa shells
extract occurred in several isomeric forms along the chromatogram (table 4.4).
Analogously, two [M-H]- signals at m/z 785.0832 and 785.0833 were found
(peaks 35 and 41, respectively), with product ions at m/z 633 (M-H-152, loss of a
galloyl unit), m/z 483 (M-H-302, loss of HHDP) and m/z 301. This fragmentation
pattern corresponded to a digalloyl-HHDP-glucose structure23, 35, 40 (table 4.4).
Moreover, the structural features of HHDP- and NHTP-glucose derivatives
determine that the molecular weights of HHDP and NHTP esters with the same
number of galloyl units, such as galloyl-HHDP-glucose (molecular weight 634
Da) and NHTP-glucose (molecular weight 632 Da), differ by 2 Da. On this basis,
the assignment of the peak at 16.54 min (22) as NHTP-HHDP-glucose34 (m/z
933.0622) and of the peak at 19.59 min (36) as galloyl-bis-HHDP(acyclic)glucose isomer23 (m/z 935.0770) could be promptly hypothesized and
successively confirmed by the analysis of the fragmentation pattern. In particular
the tandem mass spectrum of 36 was characterized by a product ion at m/z 783,
due to the neutral loss of a galloyl unit, a product ion at m/z 633, due to the neutral
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loss of an ellagic acid unit, and a product ion at m/z 481, formed by the neutral
loss of an ellagic acid from the degalloylated molecule (table 4.4 and fig. 4.9).

Figure 4.9. Negative LC-ESI/LTQOrbitrap/MS/MSn spectrum and proposed fragmentation pattern
of compound 36.

On the contrary, the MS2 spectrum of 22 showed a main product ion at m/z 631,
due to neutral loss of an ellagic acid unit, and a minor product ion at m/z 301,
likely formed by the neutral loss of 330 Da (corresponding to the sugar core Clinked to a galloyl unit) as reported in figure 4.10.
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Figure 4.10. Negative LC-ESI/LTQOrbitrap/MS/MSn spectrum and proposed fragmentation
pattern of compound 22.

However, both tandem mass patterns showed the presence of a product ion,
respectively at m/z 917 for 36 and m/z 915 for 22, due to the neutral loss of a
water molecule, typical for ETs characterized by an acyclic sugar core. It is to be
noted that NHTP-glucose derivatives have an acyclic glucose, while HHDPglucose derivatives may have an acyclic glucose, but more commonly show cyclic
glucose.
The loss of water can also be used to separate C-glycosidic ET isomer pairs, such
as vescalagin and castalagin. They have the same molecular weight, but the
former has β configuration and the latter α configuration at C-1 of the glucose
unit. In LC-ESI/LTQOrbitrap/MS/MSn spectrum, the loss of water is evidenced
for the vescalagin-type ETs, but not for the castalagin-types; a phenomenon that
can be explained by steric and intramolecular stabilization effects that have been
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observed for these two epimers34. Therefore, compound 22 could be tentatively
assigned as vescalagin, while compound 15 as castalagin (table 4.4).
Other types of monomeric ETs, with more complex structures, show for example
a valoneoyl group, consisting of an HHDP group supporting a galloyl group
attached via C–O–C bond. This type of galloylation increases the molecular
weight of an ET by 168 Da (170–2 Da), unlike the ester type galloylation that
increases the molecular weight by 152 Da (170–18 Da). Thus, these two types of
galloylation patterns may be differentiated on the basis of the molecular weight of
the ET. This was the case of compound 29 showing in tandem mass spectrum a
product ion at m/z 783, formed by the neutral loss of 168 Da, along with a product
ion at m/z 907, originated by the neutral loss of a CO2 molecule ([M-COOH]-),
typical of the non-ester type galloylation that leaves the carboxylic acid group
free35 (table 4.4).
Finally, vescalagin-type ETs may also react with catechin/epicatechin units to
form flavanoellagitannins, increasing the molecular weight of an ET derivative by
272 Da (290–18 Da); the catechin/epicatechin unit can be detected by a fragment
ion at m/z 289 Da as well38, 39 (table 4.4).
Condensed tannins, also known as proanthocyanidins (PAs), are oligomers and
polymers of flavan-3-ol units such as afzelechin, epiafzelechin, catechin,
epicatechin, gallocatechin, and epigallocatechin. In PAs, three stereogenic carbons
are present at C2, C3, and C4 of each benzopyran heterocyclic moiety. In the case
of the couple catechin/epicatechin, if the 2,3 stereochemistry is trans, the
monomer is designated as catechin, whereas if the 2,3 stereochemistry is cis, the
monomer is designated as epicatechin. PAs are frequently galloylated, with the 3OH being the most common site of galloylation.
In the B-type proanthocyanidins the flavan-3-ol units are linked through C4→C8
or C4→C6, respectively. A-Type proanthocyanidins have a second linkage
through an ether bond at C2→O7. For all the PA compounds occurring in the
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analyzed MeOH extract of C. sativa shells, the high-resolution mass data were in
good agreement with the calculated molecular formulae, displaying a mass error
minor than 5 ppm, thus confirming their elemental composition (table 4.4). B-type
PAs and A-type PAs could be detected (e.g. the [M-H]- pseudomolecular ions at
m/z 577 and 729, and at m/z 575 and 591, respectively) and promptly assigned on
the basis of the fragmentation pathway corresponding to the well-known
heterocyclic ring fission (HRF) and retro-Diels–Alder (RDA) fragmentation
mechanisms, that give mainly information about the hydroxylation of the B-rings
and the linkage-type between the two monomeric units, and by the
quinonemethide (QM) fragmentation mechanism, defining the two monomeric
units, especially the base unit15 (table 4.4)
Following these considerations, most of the peaks displayed in the LCESI/LTQOrbitrap/MS profile could be tentatively assigned (table 4.4); for
compounds 74, 81, 83, 86, 87 a triterpenoid nature could be supposed by
molecular formula but to unambiguously identify them, a more thorough
phytochemistry investigation had to be performed.

Isolation and structural elucidation
In order to unambiguously ascertain the chemical structure of triterpenoids
occurring in the LC-ESI/LTQOrbitrap/MS profile, the MeOH extract of C. sativa
shells was subjected to size exclusion chromatography on Sephadex LH-20 and to
further chromatographic separations by RP-IR/HPLC. Following this analytical
approach, 12 compounds could be isolated and unambiguously identified by 1Dand 2D-NMR along with LC-ESI/LTQOrbitrap/MS/MSn experiments Compounds
1, 2, 4, 7, 34, 66, 68, 71, 74, 81, 83 and 87 were characterized by comparing the
obtained NMR data with those reported in literature. In particular, compounds 7,
34, 66, 68 and 71 were determined as flavonoids: quercetin 3-O-β-Dglucopyranoside (7), catechin22 (34), syringetin 3-O-β-D-glucopyranoside57 (66),
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isorhamnetin

3-O-β-D-glucopyranoside58

(68),

and

quercetin

3-O-α-L-

rhamnopyranoside22 (71) while compounds 74, 81, 83 and 87 were determined as
triterpenoids: bartogenic acid 28-O-β-D-glucopyranosyl ester59 (74), 2-epibartogenic acid60 (81), bartogenic acid56 (83) and 2α,19α-dihydroxy-3-oxo-24norolean-12-en-28-oic acid56 (87). Interestingly, this is the first report describing
the occurrence of triterpenoids compounds in MeOH extract of C. sativa shells
(fig. 4.11).
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Figure 4.11. Compounds isolated from MeOH extract of C. sativa cv. Marrone di Roccadaspide
shells.
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Quantitative analysis by LC-ESI/QTrap/MS/MS
The amount of isolated compounds 34, 66, 68, 71, 74, and 83, occurring in the
MeOH extract of C. sativa shells, ellagic acid (67), along with compounds 1, 2, 4,
and 7, available in our laboratory as previously isolated from the MeOH extract of
C.sativa leaves, were quantified by on liquid chromatography coupled to tandem
mass spectrometry with ESI source and hybrid triple Quadrupole-linear ion Trap
mass analyzer (LC-ESI/QTrap/MS/MS) instrument employed in MRM mode, a
very sensitive and selective tandem mass spectrometry experiment. The MRM
transitions reported in table 4.5 were chosen on the basis of the fragmentation
pattern shown from each metabolite in own ESI/MSMS spectrum.
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Table 4.5. Analytical parameters of the LC-ESI/QTrap/MS/MS method of C. sativa shells MeOH
extract (MRM, negative ion mode).

Compound

crenatin (1)
chestanin (2)
cretanin (4)
quercetin 3-O-β-Dglucopyranoside (7)
catechin (34)
syringetin 3-O-β-Dglucopyranoside
(66)
ellagic acid (67)
isorhamnetin 3-O-βD-glucopyranoside
(68)
quercetin-3-O-α-Lrhamnopyranoside
(71)
bartogenic acid 28O-β-D
glucopyranosyl
ester (74)
bartogenic acid (83)

MRM
transition

R2

317→155
937→467
469→169
463→301

0.9955
0.9971
0.9966
0.9930

Y=0.121x+0.0343
Y=0.001x+0.00056
Y=0.0353x+0.0009
Y=3.52x+0.7220

289→205
507→345

0.9924
0.9913

301→284
477→315

Regression line

LOD

mg/100g
shells ±SD*

0.010
0.086
0.013
0.006

LOQ
(ng
µL-1)
0.032
0.288
0.043
0.021

Y=0.166x+0.0004
Y=0.0355x+0.0157

0.002
0.050

0.006
0.168

4.68±0.27
20.47±0.37

0.9937
0.9977

Y=0.071x+0.00285
Y=0.0168x+0.0016

0.016
0.066

0.055
0.221

55.92±0.51
36.02±2.63

447→301

0.9983

Y=1.74x +0.0193

0.006

0.020

0.57±0.01

679→517

0.9988

Y=0.010x+0.0010

0.036

0.120

58.06±2.03

517→455

0.9920

Y=0.105x+0.0992

0.012

0.039

103.08±4.44

(ng
µL-1)
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30.38±1.42
40.45±2.63
1.63±0.02
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Therefore, for the [M-H]- pseudomolecular ion at m/z 317 (crenatin; 1) the
transition 317→155 was chosen for MRM analysis being the [(M-162)-H]product ion at m/z 155, originated by the neutral loss of a glucose moiety, a main
product ion. In turn, the [M-H]- pseudomolecular ion at m/z 937, corresponding to
chestanin (2), showed a main [(M-470)-H]- product ion at m/z 467, due to the
simultaneous loss of the glucose unit, the 3,4,5-trihydroxybenzyl alcohol unit and
the galloyl unit. The mass tandem spectrum of the [M-H]- pseudomolecular ion at
m/z 469 (cretanin; 4) showed a very intense [(M-300)-H]- product ion at m/z 169,
ascribable to the galloyl moiety and originated from the neutral loss of both the
glucose unit and the 3,4,5-trihydroxybenzyl alcohol moiety. The flavonoids
quercetin 3-O-β-D-glucopyranoside (7), syringetin 3-O-β-D-glucopyranoside
(66), isorhamnetin 3-O-β-D-glucopyranoside (68), and quercetin 3-O-α-Lrhamnopyranoside

(71),

respectively

corresponding

to

the

[M-H]-

pseudomolecular ions at m/z 463, 507, 477, and 447, yielded very simple
fragmentation patterns in which the base peak was produced by the neutral loss of
the sugar unit, respectively the glucose unit (neutral loss of 162 Da) for 7, 66, and
68, and the rhamnose unit (neutral loss of 146 Da) for 71. As MRM transition for
ellagic acid (67) was chosen the 301→284 due to the neutral loss of the radical
OH∙ from the [M-H]- pseudomolecular ion at m/z 301. Catechin 28 ([M-H]− at m/z
289) showed a characteristic MS2 product ion at m/z 205 due to the cleavage of
the A-ring of flavan-3-ol. The [M-H]- pseudomolecular ion at m/z 679 of the
triterpenoid bartogenic acid 28-O-β-D-glucopyranosyl ester (74), yielded a main
product ion at m/z 517 formed by the neutral loss of the glucose moiety. The
bartogenic acid (83) produced a main product ion at m/z 455 originated by neutral
loss of both a carbon dioxide molecule (44 Da) and a water molecule (18 Da).
Finally, on the basis of the above cited transitions selected for MRM experiments,
the amount (mg/100 g dry weight) of each compound in the MeOH extract of C.
sativa shells (table 1) was determined.
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The quantitative results showed that compounds occurred in concentration ranges
of 0.57-103.08 (mg/100 g). In particular, the triterpenoid bartogenic acid (83)
exhibited the highest concentration, while the lowest concentration corresponded
to quercetin 3-O-α-L-rhamnopyranoside (71).

4.4 Conclusions

With the aim to give a value to C. sativa cv. Marrone di Roccadaspide
byproducts, a chemical and biological investigation of the MeOH extracts of
leaves and shells has been carried out.
The phytochemical investigation of the MeOH extract of leaves highlighted the
presence of phenolic and flavonoids compounds able to reduce UVB-induced p53
expression in HaCaT cell line. The obtained data are in agreement with Almeida
et al.61 who reported that incubation of HaCaT with the extract of C. sativa caused
no significant changes in basal DNA damage, but significantly reduced the
number of lesions generated by the singlet oxygen generating system

62

, and

extend the notion that this extract is able to the reduce the effects of UVB
irradiation, mainly due to crenatin (1), gallic acid (3), and cretanin (4). Therefore,
the above data reinforce the hypothesis that the extract of C. sativa leaves, and the
isolated compounds, might be an interesting option to prevent UV-induced/cell
damage. Moreover, the antioxidant assay in vitro of the MeOH extracts of C.
sativa byproducts has been evaluated.
Guided by the strong antioxidant activity exhibited by the MeOH extract of the
shells, with the aim to achieve deeper insight into its chemical composition, the
metabolite profile was obtained by an analytical approach based on highperformance liquid chromatography coupled to multiple-stage linear ion-trap and
orbitrap high-resolution mass spectrometry (LC-ESI/LTQOrbitrap/MS/MSn).
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By this way the identification of several tannin derivatives, belonging to different
chemical classes, such as hydrolysable tannins, comprising galloyl glucose
derivatives and ellagitannins as hexahydroxydiphenoyl (HHDP) glucose
derivatives, nonahydroxytriphenoyl (NHTP) derivatives with an acyclic glucose
core, and flavanoellagitannins, along with condensed tannin proanthocyanidins,
was obtained. Moreover, in order to unambiguously assign the chemical structure
of the unknown compounds highlighted by the LC-ESI/LTQOrbitrap/MS/MSn
analysis, a phytochemical investigation was carried out. In this way 12
compounds, belonging to flavonoids, phenolic derivatives and triterpenoid classes
have been isolated and unambiguously identified by 1D- and 2D-NMR
experiments. Finally, by a LC-ESI/QTrap/MS/MS approach based on MRM
experiments, 11 representative compounds have been quantified, showing C.
sativa shells a rich source of antioxidative phenolics along with triterpenes, these
latter never reported in C. sativa shells.

4.5 Experimental section

Plant material
The leaves of Castanea sativa Mill. cv. Marrone di Roccadaspide were collected
at Roccadaspide, Salerno, in October 2014, while the shells were collected at
Roccadaspide, Salerno, in October 2015, and identified by V. De Feo
(Department of Pharmacy, University of Salerno, Italy). A voucher specimen has
been deposited in this Department.

Extraction and isolation procedures

Extraction and isolation of the MeOH extract of C. sativa cv. Marrone di
Roccadaspide leaves
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The leaves of C. sativa (400 g) were dried and extracted at room temperature
using solvents of increasing polarity such as petroleum ether (6 L for 3 days, three
times), chloroform (6 L for 3 days, three times) and MeOH (6 L for 3 days, three
times). After filtration and evaporation of the solvent to dryness in vacuo, 43.39 g
of crude MeOH extract were obtained. The dried MeOH extract (3.0 g) was
fractionated on a Sephadex LH-20 (Pharmacia) column (100 x 5 cm), using
MeOH as mobile phase, affording 83 fractions (8 mL), monitored by TLC.
Fractions 29–31 (25.1 mg) were chromatographed by semipreparative HPLC
using MeOH−H2O (1:3) as mobile phase (flow rate 2.5 mL/min) to yield
compounds 3 (5.9 mg, tR= 8.2 min) and 6 (1.4 mg, tR= 26.0 min). Fractions 38-40
(28.5 mg) were chromatographed by semipreparative HPLC using MeOH−H2O
(3:7) as mobile phase (flow rate 2.5 mL/min) to yield compound 1 (1.1 mg, tR= 5.2
min). Fractions 41-46 (43.0 mg) were chromatographed by semipreparative HPLC
using MeOH-H2O (5:5) as mobile phase (flow rate 2.5 mL/min) to yield
compound 5 (2.2 mg, tR= 5.8 min). Fractions 55-57 (36.1 mg) were
chromatographed by semipreparative HPLC using MeOH-H2O (3:7) as mobile
phase (flow rate 2.5 mL/min) to yield compound 4 (11.8 mg, tR= 24.3 min).
Fractions 62-64 (12.0 mg) were chromatographed by semipreparative HPLC using
MeOH-H2O (3:7) as mobile phase (flow rate 2.5 mL/min) to yield compound 7
(1.3 mg, tR= 12.2 min). Fractions 65-73 corresponded to compound 2 (52.2 mg).
Extraction and isolation of the MeOH extract of C. sativa cv. Marrone di
Roccadaspide shells
C. sativa, cv. Marrone di Roccadaspide (404 g), shells were dried and extracted
with petroleum ether and chloroform at room temperature (for 3 days, 2 times),
and after with MeOH at room temperature (for 3 days, three times) to give 7.2 g
of MeOH extract. The dried MeOH extract of C.sativa shells (3 g) was
fractionated on a Sephadex LH-20 (Pharmacia) column (100 × 5 cm), using
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MeOH as mobile phase, to aﬀord 75 fractions (8 mL), monitored by TLC. Some
of these fractions were further chromatographed by semipreparative HPLC using
MeOH-H2O as mobile phase (ﬂow rate 2.5 mL/ min). The phenolic and
triterpenoid compounds were isolated by MeOH extracts shells in particular,
fractions 14 and 15 (165.3 mg) were puriﬁed by HPLC using MeOH-H2O (8-2) to
obtain bartogenic acid 28-O-β-D-glucopyranosyl ester (74) (1.2 mg, tR = 3.0 min).
Fractions 19 and 20 (49.2 mg) were puriﬁed by HPLC using MeOH-H2O (7-2) to
obtain 2-epi-bartogenic acid (81) (2.1 mg, tR = 6.2 min), bartogenic acid (83) (3.0
mg, tR = 16.0 min), 2α,19α-dihydroxy-3-oxo-24-norolean-12-en-28-oic acid (87)
(1.8 mg, tR = 28.0 min). Fractions 29-32 (126.9 mg) were puriﬁed by HPLC using
MeOH-H2O (13:7) to obtain syringetin 3-O-β-D-glucopyranoside (66) (1.6 mg,
tR= 8.6 min) Fractions 33 and 34 (13.1 mg) were puriﬁed by HPLC using MeOH
−H2O (13:7) to obtain isorhamnetin 3-O-β-D-glucopyranoside (68) (1.6 mg, tR=
8.6 min). Fractions 37-38 (13.1 mg) were chromatographed by semipreparative
HPLC using MeOH−H2O (3:7) as mobile phase (flow rate 2.5 mL/min) to yield
crenatin (1) (1.1 mg, tR= 5.2 min). Fractions 44-46 (14.7 mg) were
chromatographed by semipreparative HPLC using MeOH-H2O (3:7) as mobile
phase (flow rate 2.5 mL/min) to yield cretanin (4) (11.8 mg, tR= 24.3 min).
Fractions 52-56 (45.8 mg) corresponded to catechin (34). Fractions 57-62 (12.0
mg) were chromatographed by semipreparative HPLC using MeOH-H2O (3:7) as
mobile phase (flow rate 2.5 mL/min) to yield quercetin 3-O-β-D-glucopyranoside
(7) (1.5 mg, tR= 12.2 min) and quercetin 3-O-α-L-rhamnpyranoside (71) (1.3 mg,
tR= 15.0 min). Finally, fractions 65−73 corresponded to chestanin (2) (52.2 mg).
The configuration of the sugar units were established after hydrolysis with 1 N
HCl, trimethylsilation, and determination of the retention times by GC, as
previously reported. The structures of these compunds were unambiguously
elucidated by NMR spectroscopic.
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Qualititative analysis
Qualitative LC-HRMS/MSn analysis of MeOH extract of C. sativa shells was
performed using a LC-ESI/LTQOrbitrap/MS/MSn system consisting of a
quaternary Accela 600 pump, an Accela autosampler, and LTQ Orbitrap XL mass
spectrometer (ThermoScientific, San Jose, CA), operating in negative ionization
mode. The separation was carried out by using a Synergi Polar column (RP-80A,
250 x 3.00 mm, 4µm; Phenomenex, Milano, Italy) at a flow rate of 0.2 mL/min
and a mobile phase consisting of a combination of A (0.1% formic acid in water,
v/v) and B (0.1% formic acid in acetonitrile, v/v). A linear gradient from 10 to
35% B in 20 min, held at 35% B for 5 min, from 35 to 55 % B in 12 min and from
55 to 100% B in 20 min, held to 100% B for 8 min was used. The autosampler
was set to inject 6 l of extract (0.5 mg/mL).
In the negative ion mode, the following experimental conditions for the ESI
source were adopted: sheath gas at 15 (arbitrary units), auxiliary gas at 5 (arbitrary
units), source voltage at 3.5 kV, capillary temperature at 280 °C, capillary voltage
at -48 V and tube lens at -176.47 V.
The mass range was from 200 to 1500 m/z with a resolution of 30000. In order to
get structural information, data-dependent experiments were performed by
acquiring MS2 spectra of the first and the second most intense ions from the
HRMS scan event; moreover multiple-stage tandem mass (MSn with n = 3, 4…)
experiments on selected product ions were carried out. In both cases a
normalization collision energy at 30%, a minimum signal threshold at 250, and an
isolation width at 2.0 were used.

Quantitative analysis
For the quantitative analysis, mass spectrometer was used in Multiple Reaction
Monitoring (MRM) mode, a very sensitive and selective tandem mass
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spectrometry experiment that allows the selective isolation of the precursor ion in
the first quadrupole Q1, its subsequent fragmentation in the collision cell, and the
final monitoring of a selected product ion in the third quadrupole Q2, that in
QTrap System can be operated in dual function, both as a quadrupole and Linear
Ion Trap (LIT). In our MRM experiments it was always operated as a quadrupole.

LC-ESI/QqQ/MS/MS analyses of the MeOH extract of C. sativa leaves
Quantitative analysis (10 μg/mL of extract) were performed on an Agilent (Palo
Alto, CA, USA) 1100 HPLC system equipped with an Atlantis T3 5 µm RP C18
column (150 mm×2.1 mm i.d.) and coupled to an Applied Biosystems API 2000
triple quadrupole instrument. Linear gradient elution was carried out by using
0.1% formic acid as eluent A and acetonitrile 0.1 % formic acid as B. The HPLC
gradient started at 20% (B) for 5 min and returned 100% B in 45 min. Concerning
with the ESI source conditions the instrument operated in the negative ion mode
with declustering potential of -66 eV, focusing potential of -200 eV, entrance
potential of -6 eV, collision energy of 35%, collision cell exit potential of -15 eV.
The MeOH extract of C. sativa leaves was dissolved in MeOH and 10 µL injected
in triplicate. For vitexin, used as internal standard, fragmentation reaction
involving the loss of a neutral unit of 120 amu from the [M-H]- ion at m/z 431.

LC-ESI/QTrap/MS/MS analysis of the MeOH extract of C. sativa shells
Quantitative analysis was performed on a Shimadzu HPLC system coupled to a
hybrid triple quadrupole-linear ion trap (QTrap) 6500 LC-MS/MS System
(SCIEX, Concord, Ontario (Canada) by using a Kinetex EVO 1.7 µm RP C18
column (Phenomenex, 100 × 2.1 mm), a flow rate of 0.23 mL/min, and a mobile
phase consisting of a combination of A (0.1% formic acid in water, v/v) and B
(0.1% formic acid in acetonitrile, v/v). A linear gradient from 10 to 35% B in 3.4
min, held at 35% B for 45 sec, from 35 to 55 % B in 2.4 min and from 55 to 100%
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B in 3.4 min, held at 100% B for 2.36 min was used. The autosampler was set to
inject 2 l of extract (500 ng/µL).

Calibration and quantification
Stock solutions (1 mg/mL) of the external standards (ES)
-

Compounds 1-7 isolated from MeOH extract of C. sativa leaves were
prepared by dissolving each compound in MeOH. Stock solutions were
diluted with appropriate amounts of MeOH to give 7 solutions containing
0.25, 0.5, 1, 2, 4, 5 and 6 μg/mL of ES.

-

Compounds 1, 2, 4, 7, 34, 66-68, 71, 74 and 83 isolated by MeOH extract
of C. sativa shells were prepared by dissolving each compound in
acetonitrile/water (70:30 V/V) was used. Stock solutions were diluted with
appropriate amounts of acetonitrile to give 9 solutions containing 0.01,
0.05, 0.5, 1.0, 2.5, 5, 10 , 25, 35 ng/µL of each standard for shells. To each
standard solution, as well as to the MeOH extract of C. sativa leaves and
shells, an appropriate amount of internal standard, vitexin and resveratrol,
respectively, was added to yield a final concentration of 1 µg/mL.
Calibration curves were constructed by injecting each standard solution at
each concentration level in triplicate. The ratios of the peak areas of the ES
to those of the IS were calculated and plotted against the corresponding
concentrations of the standard compounds using linear regression (least
squares) to generate standard curves.

Determination of total penolic content, determination of DPPH and TEAC radical
scavenging activity.
Reported in the section: general experimental procedures.
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Biological assay: materials and methods

Cell Culture
Immortalized human keratinocytes, HaCaT cells, were grown in Dulbecco’s
modified Eagle’s medium (DMEM, GIBCO, Grand Island, NY) containing 10%
fetal bovine serum (FBS, GIBCO, Grand Island, NY), 2 mM L-glutamine
(GIBCO, Grand Island, NY) and antibiotics (100 IU/mL penicillin G, 100 μg/mL
streptomycin, GIBCO, Grand Island, NY). Cells were cultured in a humidified
incubator at 37°C with 5% CO2. All derivatives (compounds 1-7) were dissolved
in dimethylsulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) and diluted in
DMEM to obtain treating concentrations of 5 µg/mL. The final concentration of
DMSO in the medium was 0.5%.
HaCaT cells were plated onto 60 mm culture plates in 3 mL of fresh culture
medium until they reached a confluence of about 70%, when the stimulation was
performed. All samples (5 µg/mL in 0.5% DMSO ) were added to the culture
medium and cells were incubated for 2 h at 37 °C with 5% CO2 prior to UVB
irradiation.

UVB irradiation
HaCaT cells were washed and covered with 3 mL of phosphate-buffered saline
(PBS 1X, GIBCO, Grand Island, NY) and irradiated with UVB 60 mJ/cm2. The
PBS was then replaced with the culture medium containing chemicals, and the
cells were allowed to recover for 24h. As a source of UVB, six Philips TL12/60W
fluorescent lamps (Philips, Eindhoven, The Netherlands) emitting UV light
between 290 and 320 nm, with a peak at 300 nm, was used. The intensity of UVB
irradiation, measured with a UV meter (Spectrolyne mod., Spectronics Corp.,
Westbury, NY, USA) was 0.8 mW/cm2 at 15 cm distance. The optimal dose of
UVB 60 mJ/cm2 was determined by irradiating HaCaT as previously described .
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Analysis of cell viability
Cell vitality was determined with the Trypan blue method. Twenty-four hours
after treatment, cells were washed twice with PBS, incubated with trypsin/EDTA
for 5 min. and centrifuged at 4000 rpm for 15 min. The cell pellet was
resuspended in an appropriate volume of PBS, and 10 µL of the cell suspension
was combined with 20 µL of Trypan blue solution. The mix was incubated for 5
min at room temperature and the number of unstained cells (vital cells) and the
total number of cells (vital and not) were determined on the hemacytometer under
a microscope (dead cells will take up the Trypan blue stain). The percentage of
viable cells was determined dividing the number of unstained cells by the total
number of cells.

Western blot analysis
Total cell extracts were prepared 24h after UV irradiation. Briefly, harvested cells
were washed twice with ice-cold PBS 1X and lysed by radioimmunoprecipitation
assay buffer with protease and phosphatase inhibitor cocktails (Sigma Chemical
Co., St. Louis, MO, USA). Equal quantities of total proteins (20 µg) were loaded
on 10 % Bis–Tris NuPage denaturing gel (Invitrogen Life Technologies, Carlsbad,
CA, USA) for electrophoresis. Gels were transferred to nitrocellulose membranes
and were probed with anti-mouse p53 (DO-1): sc-126 monoclonal antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA). The immunodetection of proteins
was performed with the use of the WesternDot™ 625 Western Blot Kit
(Invitrogen Life Technologies, Grand Island, NY, USA). The detection step relies
on a biotinylated secondary antibody and an interaction with a QdotR 625
streptavidin conjugate. Given that the QdotR 625 nanocrystal has a high
extinction in the UV and blue wavelengths, proteins were detected using a GelDoc Imaging System. The intensity of the bands was expressed in volume292
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adjusted intensity (intensity mm2). Normalization of total loaded proteins was
obtained by immunodetection of GAPDH on the same blotted membrane with
specific antibodies (Sigma-Aldrich, Oakville, ON, Canada). Ratios of p53 protein
band intensity relative to GAPDH band intensity were calculated for each sample
using the Quantity-One software (Bio-Rad, Hercules, CA, USA) provided with
the UV detection system.
Cell Culture and Diﬀerentiation to Macrophages
The THP-1 human monocytic leukemia cell line was purchased from the
European Collection of Cell Cultures (Salisbury, UK). Cells were cultured in
RPMI 1640 medium (PAA) supplemented with antibiotics (100 U/ mL penicillin,
100 mg/mL streptomycin) (Sigma-Aldrich), 10% FBS (Sigma-Aldrich), and 2
mM L-glutamine (Sigma-Aldrich). Cultures were kept in an incubator at 37 °C in
a water-saturated atmosphere of air containing 5% CO2. Cells were passaged at
approximately three-day intervals. Stabilized cells (3rd−15th passage) were split
into microtitration plates to obtain a concentration of 500000 cells/mL,
diﬀerentiation to macrophages was induced by phorbol myristate acetate (PMA)
dissolved in dimethyl sulfoxide (DMSO) at a ﬁnal concentration of 50 ng/mL, and
the cells were incubated for 24 h. In comparison with monocytes, diﬀerentiated
macrophages tend to adhere to the bottom of the cultivation plates. Unattached
cells were washed out with PBS (PAA) and incubated with fresh complete RPMI
medium, i.e., containing antibiotics and FBS but without PMA, for the next 24 h.
The medium was then aspirated, and the cells were washed with PBS and
cultivated for another 24 h in serum-free RPMI 1640 medium. These prepared
macrophages were used for the detection of the inﬂammatory-like response.

Cytotoxicity Testing
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THP-1 cells (ﬂoating monocytes, 500000 cells/mL) were incubated in 100 μL of a
serum-free RPMI 1640 medium and seeded into 96-well plates in triplicate at 37
°C. Measurements were taken 24 h after treatment with increasing concentrations
of the test compounds dissolved in DMSO. Viability was measured by the cell
proliferation reagent WST-1 (Roche, Basel, Switzerland) according to the
manufacturer’s manual. The amount of formazan created (which correlates to the
number of metabolically active cells in the culture) was calculated as a percentage
of the control cells, which were treated only with DMSO and were assigned as
100%.

Detection of Activation of the NF-κB.
THP1-XBlue™-MD2-CD14 cells were seeded in a serum-free medium (50 000
cells/100 μL/well) into 96-well plate and were incubated for 2 hours. In the
following step, the solutions of tested extracts were added at the final
concentration of 5μg/mL and the standard antioxidant prednisone was added at the
final concentration of 1μM.

After 1 h of the incubation, the inflammatory

response was induced by LPS [except of the control cells (- CTRL)].
Finally, The NF-κB activation, through QUANTI-Blue™, was measured 24 h
after the LPS addition by Fluostar Omega Microplate Reader (BMG Labtech).

Detection of intracellular oxidative stress by ROS assay
THP1-XBlue™-MD2-CD14 cells were seeded in a serum-free medium (50 000
cells/100 μL/well) into a black 96-well plate and were incubated for 2 hours. In
the following step, the solutions of tested compounds were added at the final
concentration of 5μg/mL and the standard antioxidant quercetin was added at the
final concentration of 5μM. After 30 minutes of the treatment of the cells with the
compounds, pyocyanin was added in final concentration 100μM in each well
(except in the group of negative control) and the cells were incubated for 30
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minutes. After this incubation (DCFH-DA) 2'-7'-Dichlorodihydrofluorescein
diacetate (5 µg/mL) was introduced into the cell medium of all the wells and the
cells were incubated for the next 30 minutes. Finally, the intracellular
fluorescence of the dichlorofluorescein product was measured by Fluostar Omega
Microplate Reader (BMG Labtech) using the λ(ex./em.) = 480/530 nm.

Statistics
All statistical analyses were performed using GraphPad Prism 7.0 (San Diego,
CA, USA). Data were analysed with two-tailed, t-test. Comparisons between
groups were made using a one-way analysis of variance test, followed by the
Bonferroni’s multiple comparisons test.Values of p<0.05 were considered
significant.
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Chromatographic method
Analytical Thin-layer chromatography (TLC) in direct phase was performed with
sheets of silica gel laminated on glass 60 F254 of 0.25 mm (Merck). The
revelation was carried out both with UV light at 254 and 366 nm and with the
following detector electrospray: saturated solution of cerium sulphate in 65%
sulfuric acid, followed by heating at 120 degrees for 15 minutes.
For Molecular Exclusion Chromatography, was used a resin of Sephadex LH-20
(25-100 mm Pharmacia), eluting with MeOH a constant flow of 1.2 mL / min.
The size of the column used is 100x5 cm.
HPLC separations were carried out on a Waters 590 system equipped with a
Waters R401 refractive index detector, a Waters XTerra Prep MSC18 column
(300 x 7.8 mm i.d.), and a Rheodyne injector.

Chemical fisics method

Optical rotations. Optical rotations were obtained on an Autopol IV (Rudolph
Research Analytical) polarimeter.

Infrared spectroscopy. IR measurements were obtained on a Bruker IFS-48
spectrometer.

Electronic circular dichroism (ECD). Electronic circular dichroism spectra were
obtained using a JASCO J-810 spectrometer.

Nuclear magnetic resonance spectroscopy (NMR). NMR experiments were
performed on a Bruker DRX-600 spectrometer (Bruker BioSpin GmBH,
Rheinstetten, Germany) equipped with a Bruker 5 mm TCI CryoProbe at 300 K.
All 2D-NMR spectra were acquired in MeOH-d4 (99.95%,) and standard pulse
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sequences and phase cycling were used for Double Quantum Filter Homonuclear
Correlation

Spectroscopy

(DQF-COSY),

Heteronuclear

Single-Quantum

Correlation Spectroscopy (HSQC), and the Heteronuclear Multiple Bond
Correlation (HMBC) spectra. The NMR data were processed using TOPSPIN 3.2
software. The Rotating-frame Overhauser Spectroscopy (ROESY) spectra were
acquired with tmix = 400 ms.
High Resolution Electrospray Ionisation Mass Spectrometry (HRESIMS).
HRESIMS spectra were carried out using a Thermo Scientific Accela HPLC
system (Thermo Scientific, Germany) equipped coupled to a LTQ-Orbitrap XL
mass spectrometer. operating in negative and positive ion mode. The Orbitrap
mass analyzer was calibrated according to the manufacturer's directions using a
mixture of caffeine, methionine-arginine-phenylalanine-alanine-acetate (MRFA),
sodium dodecyl sulfate, sodium taurocholate and Ultramark 1621. Data were
collected and analyzed using the software provided by the manufacturer. In full
LC-ESI/LTQOrbitrap/MS experiments Total Ion Current (TIC) profile was
produced by monitoring the intensity of all the ions produced and acquired in
every scan during the chromatographic run. In order to get structural information,
Data Dependent experiments were performed. For the data-dependent scan, the
first and the second most intense ions from the HRMS scan event were selected,
in order to offer their tandem mass (MS2) product ions with a normalization
collision energy at 30%, a minimum signal threshold at 250, and an isolation
width at 2.0; multiple-stage tandem mass (MSn with n = 3, 4…) experiments on
selected product ions were carried out by the same collision energy.

Quantitative analysis
For quantitative analysis was used:
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-

an Agilent (Palo Alto, CA, USA) 1100 HPLC system coupled to an AB
Sciex (AB Sciex, Foster City, CA, USA) API2000 triple quadruple
instrument.

-

a Shimadzu HPLC system coupled to a hybrid triple quadrupole-linear ion
trap (QTrap) 6500 LC-MS/MS System (SCIEX, Concord, Ontario
(Canada)

Method validation for quantitative analysis
LC-ESI/QqQ/MS/MS method was validated according to the European Medicines
Agency (EMA) guidelines relating to the validation of analytical methods, in
particular precision, specificity, linearity, limit of quantification (LOQ) and limit
of detection (LOD) were determined. Precision was evaluated at five
concentrations for each compound through triplicate intra-day assays and interday assays over 3 days. Specificity was defined as the non-interference by other
analytes detected in the region of interest. Linearity was evaluated by correlation
values of calibration curves. The limit of quantification (LOQ; equivalent to
sensitivity), defined as the lowest concentration of analyte that could be quantified
with acceptable accuracy and precision, was estimated by injecting a series of
increasingly diluted standard solutions until the signal-to-noise ratio was reduced
to 10. The limit of detection (LOD) is defined as the concentration of analyte
required to give a signal equal to the background (blank) plus three times the
standard deviation of the blank.

Determination of total phenolic content
MeOH extracts have been analyzed according to the Folin-Ciocalteu (FC)
colorimetric method. The extracts have been dissolved in MeOH to obtain a
concentration of 0.5 mg/mL. Folin-Ciocalteu phenol reagent (0.5 mL) has been
added to centrifuge tubes containing 0.5 mL of the extract. The content has been
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mixed, and 1 mL of a saturated sodium carbonate solution has been added to each
tube, followed by adjusting the volume to 10 mL with distilled water. The content
in the tubes has been thoroughly mixed by vortex and kept at room temperature
for 45 min (until the characteristic blue color developed) and then centrifuged at
3000 rpm for 5 min. Absorbance of the clear supernatant has been measured at
517 nm on a UV-visible spectrophotometer (Evolution 201, Thermo Fisher
Scientific, Milan, Italy). A control without FC reagent and a blank with MeOH
instead of sample have been included in the assay. The total polyphenol content
has been expressed as gallic acid equivalents (GAE μmol/mg extract, means ± SD
of three determinations) calculated by calibration curves (y=0.0027x+0.0982 R² =
0.9929).

Determination of DPPH Radical Scavenging Activity
The antiradical activity of extracts and vitamin C (positive control) has been
determined using the stable 1,1-diphenyl-2-picrylhydrazyl radical (DPPH•). An
aliquot (37.5μL) of the MeOH solution containing different amounts of the extract
or vitamin C has been added to 1.5 mL of daily prepared DPPH• solution (0.025
g/L in MeOH); the highest concentration employed was 75 μg/mL. An equal
volume (37.5 μL) of the vehicle alone has been added to the control tubes.
Absorbance at 517 nm has been measured on a UV-visible spectrophotometer
(Evolution 201, Thermo Fisher Scientific, Milan, Italy) 10 min after starting the
reaction. The DPPH• concentration in the reaction medium has been calculated
from a calibration curve (range = 5−36 μg/mL) analyzed by linear regression (y =
0.2129x + 40.776, R2= 0.95). All experiments were carried out in triplicate.
Antioxidant activity (TEAC assay)
The antioxidant activity of the extracts and of the isolated compounds was
determined by the Trolox Equivalent Antioxidant Capacity (TEAC) assay as
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previously reported. The TEAC value is based on the ability of the antioxidant to
scavenge the radical cation 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonate)
ABTS•+ by spectrophotometric analysis.
The extracts have been diluted with MeOH to produce solutions of 250, 500, 750,
1.00 µg/mL; the isolated compounds were diluted with MeOH to produce
solutions of 0.3, 0.5, 1, and 1.5 mM. The reaction has been initiated by the
addition of 1.5 mL of diluted ABTS to 15 μL of each sample solution.
Determinations have been repeated three times for each extract. The inhibition
percentage of absorbance at 734 nm has been calculated for each concentration
relative to a blank absorbance (MeOH) and has been plotted as a function of
concentration of compound or standard 6-hydroxy-2,5,7,8-tetramethylchroman-2carboxylic acid (Trolox). The TEAC value is defined as the concentration of a
standard Trolox solution with the same antioxidant capacity as a 1 mg/mL of the
tested extract.

TBARS assay: materials and methods
Dimethylsulfoxide (DMSO) and thiobarbituric acid (TBA), H2O2 were purchased
from Sigma (St. Loouis, MO., USA). All the other reagents were of analytical
grade and were provided by commercial suppliers. Stock solution of tested
compounds and tested plant extract were obtained in 50% DMSO. The final
concentration of DMSO in samples was lower than 0.05% and in all the
experiments its effects were determined.
Fresh human plasma was obtained from medication – free, regular donors at the
blood bank (Lodz, Poland). Samples of human plasma were incubated with 1) the
MeOH extract at the final concentrations of 0.1-100 g/mL (30 min, at 37C); 2)
the MeOH extract at the final concentrations of 0.1-100 g/mL plus 2 mM H2O2
(30 min, at 37C); 3) the MeOH extract at the final concentration of 10 g/mL
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plus 4.7 mM H2O2/3.8 mM Fe2SO4/2.5 mM EDTA (30 min, at 37C); 4) tested
compounds and curcumin at the final concentrations of 0.1-100 M (30 min, at
37C); 5) tested compounds and curcumin at the final concentration of 0.1-100
M plus 2 mM H2O2 (30 min, at 37C); 6) tested compounds and curcumin at the
final concentrations of 10 M plus 4.7 mM H2O2/3.8 mM Fe2SO4/2.5 mM EDTA
(30 min, at 37C).

Lipid peroxidation measurement
Lipid peroxidation was quantified by measuring the concentration of TBARS.
Incubation of plasma (control, tested compounds or extract - treated plasma) was
stopped by cooling the samples in an ice-bath. Samples of plasma were
transferred to an equal volume of 20% (v/v) cold trichloroacetic acid in 0.6 M
HCl and centrifuged at 1200 x g for 15 min. One volume of clear supernatant was
mixed with 0.2 volume of 0.12 M thiobarbituric acid in 0.26 M Tris at pH 7.0 and
immersed in a boiling water bath for 15 min, then absorbance at 532 nm was
measured 50. The TBARS concentration was calculated using the molar extinction
coefficient (=156,000 M-1cm-1).
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This project has been addressed to the definition of the chemical profile of
selected PGI products of Campania region (C.avellana cv. Tonda di Giffoni and
C. sativa cv. Marrone di Roccadaspide) and related byproducts with the aim to
highlight the presence of phytochemicals with health benefits.
The phytochemical investigation of C.avellana cv. Tonda di Giffoni byproducts
allowed us to isolate and characterize, by 1D and 2D NMR experiments, 22 new
cyclized diarylheptanoids and diaryletherheptanoids, some of which highly
hydroxylated, named giffonins A-V. Cyclized diarylheptanoids were characterized
by a C-C bond between C-1 and C-2 positions of the two aromatic rings, while
cyclized diaryletherheptanoids were characterized by an ether linkage between C1 and C-17 of the two aromatic moieties. The MeOH extracts and some of
isolated giffonins displayed the ability to prevent oxidative damages of human
plasma lipids, induced by H2O2 and H2O2/Fe2+. Moreover, in order to highlight the
compounds responsible of property attributed to hazelnut as “heart-healthy” food,
a detailed characterization of the lipids occurring in fresh and roasted Tonda di
Giffoni hazelnut was performed by LC-ESI/LTQOrbitrap/MS/MSn. LC-MS
analysis showed a wide range of compounds from oxylipins and long chain bases
to phospholipids, sphingolipids, and glycolipids. Thereby, to the best of our
knowledge, this work allowed to obtain the first accurate rationalization of the
polar lipids of hazelnut kernels, some of these with known health benefits.
With the aim to achieve deeper insight into the chemical composition of Castanea
sativa Mill. cv. Marrone di Roccadaspide, the phytochemical investigation of the
leaves has been carried out; the phenolic compounds isolated were quantified by
LC-ESI/QqQ/MS. Moreover, the ability of isolated compounds to protect HaCaT
human keratinocytes from UVB-induced damage has been investigated.
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During the PhD stage at the University of Veterinary and Pharmaceutical
Sciences, preliminary tests to evaluate the ability of C.sativa extracts to inhibit in
vitro reactive oxygen species formation and NF-κB activation have been carried
out. To explain the strong antioxidant activity of the MeOH extract of C.sativa
shells, its metabolite profile by LC-ESI/LTQOrbitrap/MS/MSn was carried out.
LC-MS led to the identification of a wide range of compounds belonging to
different chemical classes such as tannins, in particular hydrolysable tannins,
ellagitannins derivatives and condensed tannins; moreover phenolic compounds
and triterpenic derivatives were isolated and characterized by NMR and their
quantitative determination was carried out by LC-ESI/QTrap/MS/MS.
The obtained results can be useful to enhance the use of byproducts which result
waste products and represent a large amount of the total biomass, to protect the
reputation of the regional foods and to promote rural and agricultural activity.
Moreover, this work highlights that often only MS information is not sufficient to
determine the complete profile of plant constituents and reinforces the notion that
the combination of LC-MS and NMR analysis is a powerful tool to achieve the
truly chemical structure of naturally occurring molecules in food plants.
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