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Abstract

Agricultural and food industries generate substantial whateremainng
underexploitedentailsenvironmental, economic, and social issué®e shells of
Pistac,iPrunesaCoulydiuss , awamldd laamrmass peegeas
represent the-pmosuchdwencdhwhe pygtenti al
processed-added mat uaceuti cal i ngredi
material s.

I n this thesis, dry fruit shells h
bi oactive Spempdurcas | vy, t he Response S
coupl ed -BvehrmkeBhoxdesi gn (&8dBd)t envo deed tsi nv
entireslust acoabl-a&s smisctreodwaeret racti on (M
optimized shell extracts exhibited th
antioxidant/ afkuirt daer acnanl e a&hd tsi vtihteys.i s, \
appffioedt he first ti me ttacrhd oovvaerd amtzied
Al t hMAg&gh was previ oexltybaemmElto wed ctoonp o u

al mond and whéenbher ehMAB ¢ o mMmd iztehdogise rl e

phenol i cs rMeocroevoevreyr ,r avtAeEs .pr ot ocolt® wer
suppodretippl i @ataonindustri al l evel, w h ¢
products using microwave irradiation i

The phytochemical composition of theptimized shell extractsvas
determined by yphenated techniquesnamely Igh-performance liquid
chromatography/electrospray ionization -map tandem mass spectrometric
(HPLC/ESEMS/MS) analysesA thoroughqualitative and quantitative analysis of
mass spectrometric data allowed the identification of phenolic compounds and
lipids as the predominant organic constituents in all the extracts. Remarkably, the
phytochemical composition #fistacia verashellshas never been reported before

Furthermore, the abundant presence of alkyl phenols, namely anacardic acids
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(AAS), in bothP. veraandJ. regiashellswas hereiruncovered for the first time,
highlighting such biomasses as novel sources of bioactive AAs.

Unique insights into the potential biological properties of the optimized
shell extracts were provided in this thedtarticularly their reactive oxygen
species (ROS) scavenging capacity, their-glyitation properties, and their
inhibitory behavi our -gtlowmcaorsdiadysgseegn rik at
tyrosinase,molecular target®f notabletherapeuticimportance,were in vitro
investigaed.

Considering the remarkable aigfiycation and hypoglycemic properties
observed for the AAsich extracts fromP. veraandJ. regiashells, AAs were
screerd, for the first time, as novel natudgrived drug candidates for the
treatment otype 2 diabetes mellitu§2DM). Not ew,orAAsy ex hi bi t e
angliycati on pr olpypoglycenmecsactiatyntidan the agdiateetic
drug acarbose, used as a positive controlsilico molecular modellingwas
consistent with theesults fronthein vitro bioassays. Moreovein vitro kinetics
of inhibition and fluorescence quenching experiments provided unique findings
on AAs interaction withthetargeedenzymes.

MTT assays wereperformed to assessthe biocompatibility of the
optimized shell extracts on human intestinal (Ga@nd HT29MTX) and buccal
(TR146 and HSE3) cell lines.This represented the first studgportingthe effects
of compounds from dry fruit shelts the viability of intestinal and buccal cells.

The metabolic fates offff.anmfe rapul@mdsz e d
aveldhhelal s was eisnii sniadn e ldeasttérdooigngthe st i nal
foll owend ablgGEISE T@r bi-M3 ame t acb od noanityhsee s ¢
resul ting or al , gasthe c c lmanrdgheésn teixit tr iarc
phyt ochemical composition, ant o xaindda n:
ABT$, and hypogl ygk mt os pWaanpyel raashed si n(hi &

occurrddheadttreadi nt esgii mall atdiiogne swe roen  wi
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provindiviegs i g lctompiombtma a@ c ¢ s hiemialeirtiybut i n
expanwalohedry fimaiot thkeelfli £ |Lda soirfl w,iotordo
cebbased per meavieirlei tayd ompd ek st pe ramesaebsisl i
gastrointestinal epithelium and. buccal

Furtheeen apwpéneat noupsvail grantida st e hi
shelMhies opti mi zedwadmturtacgd h effalssm| (0@QWS)d
bi odegradabl e polyl acticdee( PhA) hploatye]
pol ymeri.c Tbhleendedulltm nfgorbniud atmpado v & h c
perfor mances Flni gher msasbsobalhvdanandcap:
mechapropélrhdsees gswepudrtts t he@L AL BBMWS suc
bl esas cfor i e n dpl ayc kfaogobdinm! aastdi c s .

Anotehpepr oavebl ved wutilizing exhaust e
from the MAE treatment, as carbonaceol
activated Noawhdays(mEBESL pbavpose applic
el ectrode and battery production, wat
pol |l uti oHe nccden,t poplopbsatrtgyvawer exhaus
pi stachass ecuwedlllsy pr omi diewveg | bipowead s ald
cl daanbel materials with broad environm

All the findings shown in this thesecourage the employment of dry fruit
shells for the sustainable recovery wéluable bioactive compounds and
antioxidantghat, within the framework of a circular economy, cannotudedin

nutraceuticaformulationsand otheinnovativematerials.
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Thesis objectives

The present doctoral project aimed to promote the concepts of circular
economy and sustainable development through valorizing lignocellulosic waste
biomasses, namely pistachio, almond, hazelnut, and walnut shells, to obtain
innovative products with high ddd value. These biomasses were explored as
potential sources of valuable bioactive compounds that can be extracted and turned
into new nutraceutical ingredients and innovative materials.

More specifically, the objectives of the present thesis include:

1. Optimizing, by the employment of Response Surface Methodology (RSM)
with Box-Behnken designs, different microwasssisted extraction (MAE)
protocols for the obtainment of shell extrafiism typical cultivars of the
Mediterranean area, namd®stacia vera Prunus dulcisCorylus avellana
and Juglans regialL., with the highest total phenolic content (TPC) and
antioxidant activity (evaluated by FRAP, DPPHnd ABTS *assays)
carefully investigating the effects of key extraction variables affecting the
MAE process, namely solvent concentration, irradiation time, microwave
power, and solverb-solid ratio;

2. Investigating the phytochemical composition of the resulting optimized
extracts byHigh-Performance Liquid Chromatography (HPLC) coupled
with Electrospray lonization Tandem Mass Spectrom@tifLC-MS/MS)
analysis;

3. Validating the application of the resulting antioxidanth shell extracts as
valuable nutraceutical ingredients with multiple {althy properties.

Mai nilny , vaistsraoys were performed to tes
effects against i ntracel | uylsaurc hr eaasc
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( AGEs) f or maitnloinhi taonrdy iaicit)i vi ti es t
enzymersc | udgilnugc o $)i-asnglase , panctkatic lipase and
tyrosinase;

4. Assessing then vitro biocompatibility of the optimized shell extracts on
intestinal (Cace2 and HT29MTX) and buccal (TR146 and HSE8) cell lines;

5. Elucidating the <contribution of ana
const i tRuiesnttasc,i mBlnvwdg Fraengsi.a s hel | extrac
hypogl ycgmiycat anhi of nt i mthedt t aohs a
docking studies, kinetic analyses, a

6. Investigating the effects af vitro simulated gastrointestinal digestion on the
bioaccessibility and bioactivity of bioactive compounds from dry fruit shells
by spectrophotometric assays and liquid chromatography coupbeuitrap-
mass spectrometry.C-ESFLTQ-OrbitrapMS) analysis;

7. Testing the ability of the optimized shell extracts to permeate the intestinal
epithelium and buccal mucosa by 3D cellular permeability models;

8. Demonstrating a feasible employment of the optimized walnut shell extract
by including it as an antioxidant and UV stabilizer additivd®ltA/PBAT
bio-plastic blends;

9. Laying the foundations to further expldite exhaustedpistachio shells
l eftover fr om,topraucd/estiated cadbans with excellent

absorption properties
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Thesis structure

Thisthesis presents the work developed during the three years Ph.D. course
under the scope of the approved grant (D.M. n 1061, PON R&l 2014/203@le
37) financed by the Italian Ministry for Education, University and Research
MIUR. The project includes aixmonth research period at the company
Teamnetwork S.r.l. (Augusta, Italy), under the supervision of Dr. Pietro Nicotra.

The thesis is organized into 11 Chapters, including the results presented in
three published scientific papers and in two manuscripts in preparation. The
figures and tables were sequentially numbered throughout the thesis, while the
references were group@do a single list available at the end of the document.






Chapter 1 | |l ntroducti on

1. 11l mport anefeo oadf waagrtie s

Food waste is a global issue directly linked to environmental (e.g., energy,
climate change, water), economic (e.g., resource efficiency, price volatility,
consumption, waste management), and social (e.g., health, equality) aspects. Agri
food wastes refer to fractions of food and inedible parts of food removed from the

food supply chain tbe recovered or disposed &igure 1) [8].
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Figure 1. Food supply chain and food wastes. Adapted ffog] .

The main disposal strategies currently consist of composting, not
harvesting crops, anaerobic digestion, bioenergy productorgeneration
(organic waste captured through anaerobic digestion and burned to produce
electricity and heat), incineration, and disposal to sewers, land {8]4&a&g. 1).
Various reports showed that about 1/3 of global food production is w&stefl



with dramatic effects on greenhouse gas emissions and economic losses
throughout the food supply chailm Europe alone, food waste costs are projected
reached 132 billion euros in 2023, contributing approximately 16 % to overall
greenhouse gas emissiofi0]. Considering such data, it became clear that
preventing and reducing food waste is increasingly necessary for establishing a
future-oriented bioeconomy.

Researchers from various interdisciplinary fields recently focused on
managing food, agricultural, and forestry waste in ways other than incineration or
landfilling [11]. The challenge consists of counteracting the worldwide
predominant linear economy model, giving a second life to such wastes, and
understanding the high value their constituents still own.

Some weHestablished applications of agoiod by-products include their
use as soil fertilizers or animal feed and for producing energy or fL2]s
However, waste biomasses have recently been discovered to be a rich source of
natural bioactive compound43], mainly vitamins, mineralspolysaccharides,
dietary fibers, phytosterols, polyphenolic compounds, and other antioxjdahts
The recovery of phytochemicals contained in agsidues can arise as a great
opportunity within the framework of thércular economy.

Valuable ingredients can be recovered by extraction, a chemical process
facilitating the transfer of biomass constituents from the cellular matrix to an
appropriate solvent systei¥], thus producing natural extracts highly demanded
for their functional and heakppromoting properties and their higher safety profile
compared to synthetic dru@5]. Many antioxidantgich extracts deriving from
agrifood wastes have been efficiently incorporated into sustainable cosfhétics
17], functional foods[18, 19] and nutraceutical productf20, 21] or used as
natural additive$§22, 23]

Among food byproducts, dry fruishells can represent promising sources

of bioactive compound§f24]. Their extraction using lowmpact technologies



represents a fascinating strategy for obtaining new vadigeed products and oral
nutraceutical formulations. In this thesis, particular emphasis has been dedicated
to the potential applications of the outer shell@tacia vera Prunus dulcis
Corylus avellana and Juglans regia Mediterranean cultivars, introducing

novelties in the food and nutraceutical research fields.

1.2Dry fruatogsmedlilad: source of bioacti

Pistachios, almonds, hazelnuts, and walnuts are drys ftyptical of
temperate climates including the Mediterranean @%Ja Such fruits have always
been an integral part of the human diet since they are incredibly energetic, easy to
transport, and storad24]. Many studies have demonstrated that nut consumption
promotes antioxidant, antidiabetic, and hypocholesterolemic ef&tt26]and
improves body weight maintenance, preventisgyveral diseases, including
cardiovascular disease and metabolic syndif@ne28] These benefits have been
attributed to their high lipid content, even if other phytoconstituents (e.g.
tocopherols and phenolic compounds) may have protective roles against the onset
of t hese | i f est[30] &otawerthya tried fruidsidés oc e misc
composition is affected by high variability, mainly caused by genotypic and
environmental factors, including growing areas, farming methods, harvesting
periods, and climatic conditiofi29].

Pistachios are fruits frorthe Pistacia veralL. (Anacardiacag plant tree,
widely cultivated in Iran, United States of America (USA), and Tufld®}. A
peculiarPistacia veral. cultivar, with a Protected Designation of Origin (PDO)
[31], is typical of Bronte, an Italian town located in Sicily on the Etna volcano,
where the lava soil and the Mediterranean climate allow the production of a nut
highly appreciated in international markg4, 32] Pistachio global production

accounted for over 900 kilotona R021[33], unavoidably generating massive



guantities of organic waste, namely skins (seed coat), hulls (green shell cover),
and hard shells (lignified hardened endoc§sp). Pistacia verashells represent
almost 70 % of the bproducts generated and accumulated during the pistachio
industrial dehulling[30]. Up to date, the exploitation alternatives of pistachio
shells (PS) include biofue]34], bioethanol[35], and composite film[36]
production, enzymatic production of xylooligosaccharifi@g] and activated
carbon synthesi$38], as lignin (13.5%) and cellulose (42%) are the main
constituents of such biomajg9].

Sweet almonds consist of the edible seeds harvestedHronus dulcis
Mill D.A. Webb. (Rosaceagplant[29], attractive for their sensory, nutritional,
and functional propertief39], with expanding commercial importance in the
USA, Australia, Spain, and Italy, where the total production accounted for
approximately 1.520 M MT, 123.4 MT, 115.3 MT, and 42 MT, respectively, in
2023[39, 40] In Italy, the production is mainly concentrated in the southern areas,
namely Sicily (60%) and Apulia (30%), wheretheat i ve varieties
A Roman a o [41p Meevalmond processing industry continuously grows,
contributing to the accumulation of almond-pyoducts, primarily shell§42],
which constitute about 50% of the weight of the fresh nut. Almond shells (AS)
have recently been used in animal husban@y] and renewable energy
production[44] with encouraging results. A profitable alternative for growers and
producers may derive from exploiting AS in the pharma industry, given their
richness in lignircarbohydrate complexdg2] and, likely, in other undiscovered
antioxidant compounds.

Hazelnuts Corylus avellanalL.) belong to theBetulaceaefamily and,
because of their appealing organoleptic and nutritional characteristics, are among
the most consumed dry fruits in the wdi2®, 45] Turkey is responsible for about
70% of the global hazelnut production, followed by countries such as lItaly, the

USA, and Azerbaijafd0]. Hazelnut shells (HS), making up over half of the nut's



weight, represent the major 4pyoduct[46]. Their chemical analysis revealed a
lignocellulosic composition (24i80% hemicelluloses, 227.3% cellulose,

40.7 43% lignin, and 7.4% other components) that makes them suitable to be
employed as boiler fuel or for biofuel productidi@]. Nevertheless, recent studies
underscored key bioactive molecules in HS, notably polyphenols and
diarylheptanoid$48, 49] valuable ingredients that could potentially be recovered
and turned into new oral nutraceutical products

Similarly, Juglans regial. shells, an abundant and underexploited by
product generated during the walnut peeling process, are currently treated as waste
of low economic importancgs0]. Exploitation attempts proposed walnut shells
(WS) as abrasives for cleaning and polishing plastics, soft metals, stone, wood,
and fiberglas$51] or as filtration media for separating raw oils and heavy metals
from water[52]. Further, WS were extracted with both lipophilic and hydrophilic
solvents leading to the recovery of valdded compoundscluding terpenes,
fatty acids, and polypheno[§3]. Notably, hydroalcoholic extract from walnut
shells exhibited even higher phenolic content and antioxidant activity than walnut
kernel and fruit$53].

Although different authors have already proposed innovative applications
for dry fruits shells, research in the food and nutraceutical fields may offer new
perspectivesThis thesis seeks to promote new alternatives for valorizing dry fruits
largely cultivated worldwideNovel attracting applicationsuch as the design of
bioplastics for the food storage packaging of ewercounter drugs and
nutraceuticals, might extend the economic importance of these biomasses,

contributing to the development of morestainable approaches.



1. 3Extr atce ¢ lomfi qmu estschoev err y of bioacti ve

Extraction is a crucial process for achieving natural extracts rich in a
variety of bioactive compounds, such as vitamins, minerals, essential oils, and
active ingredients, primarily sourced from plaffg], algae[55], fruits [56],
vegetable$57], seedg458], nuts[28], and, more recently, even from agricultural
and food byproducts and wastg20, 59] Valued for their functional properties,
powdered or liquid phytonutriemich extracts are sought after in several
formulations and, above all, nutradeats.

Before extraction, raw starting material must be promptly processed since
factors such as high temperature, UV radiation, or enzymatic activity can cause
oxidation and subsequent degradation of bioactive constitlijtsSpecifically,
lowering moisture content by drying is necessary to counteract microbial growth
and enzymatic degradation. Lastly, grinding and sieving the dried material to an
appropriate particle size facilitate extraction efficiency by increasing susiaa
[13].

Numerous extraction techniques are available to obtain extracts
concentrated in bioactive phytochemicals, each playing a pivotal role in
determining the yield and quality of the final prod{&3]. Since every natural
source has its physical characteristics and peculiar chemical composition,
selecting the most appropriate extraction technique must be based on the type of
starting biomass and the target bioactive molecules of interest. Moreover, eco
friendly extraction processes, strongly aligned with thegples of green
analytical chemistry, are expected to replace conventional sdiased
extraction techniques, even at the industrial lef®l]. Supercritical fluid
extraction (SFE), subcritical water extraction (SWE), microwasgsted (MAE)
and ultrasoundssisted extraction (UAE), pressurized liquid extraction (PLE),
enzymeassisted extraction (EAE), and pulsed electric field (PEF) have etherg

as new technological trends. Nevertheless, the poor availability of appropriate

(



pilot equipment, the costly initial investment, and the necessity of careful process
optimization that guarantees a balance between energy expenditure and economic
profit are some of the challenges that must be faced for translating academic
knowledge devepment into industrial business. Among rmnventional
extraction methods, UAE and MAE have proven to be the most mature
technologies to be applied at an industrial level, offering superior yields in much
less time than traditional method80, 61] GMC (http://www.gmariani.it/),
GIOTTI (http://www.giotti.it/), and PELLAS (http://pellasnature.com/) are some
of the companies specialized in the extraction of food and pharmaceutical
ingredients that invested in MAE and UAE industrial equipment for the ptioduc

of polyphenolrich nutraceutical§0].

In this thesis, MAE was the technique of choice for recovering bioactive
compounds from PS, AS, HS, and WS. This technique effectively satisfies
essential requirements, namely the employment of low quantities of Generally
Recognized as Safe (GRAS) solvelike ethanol for a reduced extraction time,
thus limiting energy consumption without laying down the recovery index of
target compounds. Furthermore, the MAE process performed excellently in

extracting polyphenols at laboratory and industrial sdélEs



1.3Mllcrowawass@® seetracti aonné¢ MAE®¢ ; pdvant

dr awbacks

In recent years, the MAE technique has emerged as a sustainable
alternative to conventional extraction methods, such as maceration or Soxhlet
extraction [62]. It utilizes microwave energy to facilitate the extraction of
compounds from solid, sersblid, or liquid sample$63]. Figure 2 shows a
schematic representation of the MAE system and phenomena occurring under

microwave irradiation.

OSamplece\l “Dipole °°|ons ¢ Extracts ‘:__ZEE}Micmwaves

“~. + Dipole rotation

> lonic conduction

\ / Without microwaves With microwaves

Fi g u Sahematic representation of the MAE system.

Generally, the sample is put in contact with a suitable solvent or solvent
mixture within a microwave vessel, and frequencies ranging from 0.3 GHz to 300
GHz are applied to the mixture and absorbed by polar solvent mol¢gdjest
a molecular level, heating is caused by ionic conduction and dipole rotation that,
in most cases, eoccur [65]. lonic conduction refers to the electrophoretic
migration of ions under the influence of the changing electric field. The resistance
offered by the solution to the griation of ions generates friction, which heats the
solution[65]. Dipole rotation, instead, refers to the rapid and periodic reorientation
of polar molecules caused by thigh frequencylternating electromagnetic field.
When the electric field at microwave frequencies is applied, molecules try

continuously to realign themselves with the new field orientation, causing the



generation of frictional forces that rapidly heat the solution, promoting the
migration of target compounds from the sample into the so[@én66]

There are multiple parameters affecting MAE, for instance, the solvent
concentration, the microwave power, the solwersample ratio, and the
irradiation time[66]. Remarkably, the solvent needs to be carefully chosen since,
in this extraction process, it needs not only to show great affinity towards targeted
compounds, but even to absorb microwave radigfiéh Ethanol is one of MAE's
most commonly used solvents due to its good dissipation factor and the
appreciable solubility of many organic compoumdthin it [66]. Further, it can
be easily recovered by distillation, contributing to the low environmental impact
of the MAE process. In most cases, mixtures of solvents can be employed to
increase the extraction yield. For instance, a small amount of water can easily
penetrate the cell matrix, providing better sample heating and increasing the mass
transfer of the natural constituents into the extracting so[@éiht

Microwave power is another crucial parameter in MAE: if high, it can lead
to faster heating and higher extraction efficiency; if too high, it can lead to the
degradation of heatensitive compound$4, 67] Similarly, an idoneous time of
extraction can ensure maximum yield while minimizing energy consumption. In
contrast, the appropriate solventsample ratio helps to improve the extraction
efficiency by ensuring sufficient contact between the solventthadsample
matrix [67].

MAE offers several advantages over conventional extraction techniques.
For instance, this technique enables fast and efficient extraction, leading to
reduced extraction times and higher yields. Compared to traditional methods,
smaller volumes of solvent arrequired, contributing to lower solvent
consumption and waste generatifs¥, 68] Moreover, MAE equipment is
relatively lowcost and simple to clean and opelf&@.
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Among the drawbacks of this technique, it is noteworthy to mention the
difficulty of obtaining a certain degree of selectivity for targeted compojéajs
Moreover, MAE was found to be more effective for polar or spaotar
compounds, while nepolar, heatsensitive, or volatile ingredients may not be
efficiently extracted or may be altered by intense electromagnetic rad@fipn
Despite this, MAE has been successfully employed in extracting several organic
compounds, namely phenols, carbohydrates, lgnds, from multiple waste
biomasses, includingastanea sativahells[69], Myrtus communik. leaved70],
andCitrus limonpeelg[71].

To find the best MAE operating conditions and, consequently, maximize
the recovery of bioactive compounds, the Design of Experiments (DoE),
exploiting mathematical tools such as the response surface methodology (RSM),

can be effectively employdd?2].

1. 3D2sifgnexperi ments (DoE)

Design of Experiments (DoE) is a rigorous methodology that enables the
study of the relationship between multiple input variables, or factors, on key output
variables or responsd33]. This efficient statistical approach can be widely
exploited in almost any field or discipline and has been used to optimize extraction
processefr4, 75] constituting a valid alternative to the classic One Variable at A
Time (OVAT) approach. OVAT is a simple, ea®ycontrol and interpret
approach, but its main limitatiom®ncern the missing information related to the
interactions among variables and the high number of necessary expefifBgnts
Conversely, DoE can be considered as a form of active learning. Changes in the
parameters studied are deliberately made in a highly controlled environment to
understand cause and effect. Thus, estimating the consequences of changing

experimental factor®n a specific response in a wdksigned, planned, and
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executed set of experimefi®, 77]is possibleFigure 3summarizes all the steps
that must be carefully followed when applying the DoE approach.

°Dtimizati°n

Validation

FiguFea®&mework for Experimental

The DoE approach starts with plannexperimentatlesign. Experiments
must be organized to ensure the right type and quantity of data to answer the
guestions of interest as clearly and efficiently as pos§dle Prior knowledge
about the system of interest is indispensable before carrying out experiments. The
screening phase usually requires a few experimental executions where the focus is
not on interactions but on identifying those factors that primarily énite the
process under study3, 77} Once selected, key factors are used to define the
experimental space withiwhich it is possible to achieve the desired objective
through the optimization phad&3], which is devoted to obtaining the best
responses. Finally, testingpbustnessand validating the developed model is
crucial to verify the strengths and limitations of the experimental design and
determine the designdés ability to dete
in the responses. Diagnostic tools include analysisvasfance (ANOVA),
prediction variance profiler, and 3D surfadetgp.

The response surface methodology (RSM) represents the tool by which the
DoE approach can be applied/hen the goal of a study is optimization, the

objective is to find the operating conditions for the factors that give the best value
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for the response. The best value might be a target, a minimum, or a maximum,
depending on the situation.

This thesis aimed to find the optimal MAE setting for obtaining shell
extracts with the highest TPC and antioxidant/antiradical activity. Hence, RSM
was selected as a suitable mathematical tool to achieve such a goal.

A response surface model needs at least three distinct values for each factor
under study to fit a secoratder predictive equation for the response optimization.

If a maximum or minimum exists inside the design region, the point where that
value occurs aa be estimated, thus reducing the number of assays needed to
establish the existing interdependencies among factors. Two different

experimental designs can be selected within RSM:

1 Central Composite design (CCD), a design with center points augmented
with a group of axial points call ec

1 Box-Behnken design (BBD), a design that requires at least three
continuous factors with three leveld (0, +1) at the midpoints of the edges

of the experimental space.

Figure 4Ai B shows the differences between CCD and BBD in terms of the
number of required data points and the arrangement of the experimental space.
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BoBehnken design (BBD) in terms of
experiment al space.
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Noteworthy, BBDis more efficient than CCD as it does not contain
extreme points at the corner of the cub&y(4Ai B), providing more data in a
smaller number of experimental runs. Therefore, BBD was herein selected for the

optimization of MAE protocols.

1. 4Pol yphenols and their key role as

In the last decades, polyphenols have attracted much int&rest.
strategic role and significance have been demonstrated from medical, clinical, and
nutritional points of view[78]. This has contributed to the expansion of heated
topics related to them, including toxicological considerat{@®$, effects on gut
microbiota and intestinal permeabili§0], and implications in the management
of oxidative stresselated disorders, such as cardiovascular dis¢dsgobesity
[71], type 2 diabetes (T2DM32], skin disorder§d3], cancef84], and metabolic
syndromg85], among others.

Polyphenols are natural compounds ubiquitous in the plant kingdom,
characterized bpne or more aromatic rings and multiple hydroxyl groji&s.
Depending on their basic chemical structure, polyphenols can be classified as
phenolic acids, flavonoids, tannins (hydrolyzable or condensed), stilbenes, and
lignans[86].

Phenolic acids are the most common dietary polyphenols presenting
hydroxycinnamic or hydroxybenzoic structuressiglire 5). They are
biosynthesized from the amino acidgphenylalanine or ityrosine through the
shikimate pathway, essentially by deamination, hydroxylation, and methylation
reactions[87]. Initially, deamination of phenylalanine and/or tyrosine results in
the formation of cinnamic acid andgoumaric acid, respectively. These aromatic
compounds are subsequently hydroxylated and methylated, yielding derivatives

such as ferulic and caffeicids. Additionally, the benzoic acid formation may
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occur through the degradation of the cinnamic acid side chain. Then, similarly to
cinnamic andp-coumaric acids, benzoic acid undergoes hydroxylation and
methylation on its aromatic ring, producing derivatives such as protocatechuic and

p-hydroxybenzoic acidg87].

R, 0 R, 0

R, R,

\ OH OH
Rj R;
Ry Ry
Cinnamic acid derivativesBenzoic acid de

R,=OH oCoumaric acid R;=OH pHydroxyben:
R;=OH pCoumaric acid Ry;=R,=OH
R;=R,=OH R,=OCHhR;¥f@H c aci d Var
R,=OCHKR;=OH Ferul iRR=Ra<R,"OH
R,=R,=OCHKR;=OH Si napgii d R,=R;=OCHKR;=OH Sy r i aqgii &
FiguCléemlmical structures of cinnamic

Both cinnamic and benzoic acid derivatives have received much attention
due to their health benefits and nutraceutical potential. For instance, ferulic acid,
well-known as a free radical scavenger, has been recently associated with
neuroprotective effects n cogni ti ve decl i n[@8 &8hd Al
Among benzoic acid derivatives, gallic acid has been reported to have not only
antioxidant, antinflammatory, and antineoplastic properties but even therapeutic
efficacy in gastrointestinal, neurolegi, metabolic, and cardiovascular disorders
[90, 91]

Including more than 6000 compounds, flavonoids are the most
heterogeneous class of phenolic compouj®®. Flavonoids derive from the
phenylpropanoid metabolic pathway and have a basic structure that comprises a
C6-C3-C6 carbon skeleton and twec@rbon benzene rings (rings A and B) linked
by a 3carbon heterocyclic ring (ring @93]. Howeverhaimopidmvon

are represented by chalcones, flavonoids in which the carbon chain between the A
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and B rings is linearHgure 6) [94]. Depending on the degree of oxidation of the
heterocycle and the number of hydroxyl or methyl groups on the benzene rings,
flavonoids are furtherly distinguished into flavones, flavonols, flavanones,

flavanols, anthocyanidins, isoflavonoj@sdchalconesKig. 6) [95].
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Many are the healtpromoting properties associated with dietary
flavonoid intake[96]. In the last years, flavonoids have been discovered as
metabolic enzyme inhibitorf®7, 98] Notably, studies have demonstrated that
flavonoids i-ghubbsecdalyeagtd porcine p
amy | aAWY) ifalosedependent manner and that the structures of the A, B,
and C rings were closely related to such inhibitory actis[88]. For instance, it
was found that the inhibitory activity increased siderably with an increase in
the number of the hydroxyl groups on the B ring (e.g.
myricetin>quercetin>kaempfero]®7]. Converselylacking the 2,3double bond
and 4CO, flavanols showed the lowest inhibitory activities compared to the other
classes of flavonoid97].

Lastly, stilbenoids and lignans identified in various plant sources constitute
comparatively small but significant groups of polyphenols belonging to the
phenylpropanoids family. Stilbenoids are hydroxylated derivatives of stilbene and

have a C6C2i C6 stricture[99], while lignans are dimeric compounds consisting
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of two coupled phenylpropanoid units linked by the central carbons of their side
chains Figure 7) [100].

A) B)

Sti |l bpa®id structurlei gpbaansi ¢ s

FiguBasv7c chemi cAIl sdtird b@inuwliiegn aarfnsd.

As plant secondary metabolites, polyphenols offer protection against
ultraviolet radiations and pathogdi@8]. Moreover, polyphenols' importance can
also be extended to humans, where they can act asmzgmatic antioxidants by
interrupting free radical chains amldeir damaging reactions, thus supporting
endogenous antioxidant defend@91]. Phenolic antioxidants can hinder free
radical formation and their propagation with different mechanisms. For instance,
the reaction of phenolic compoundsi B} with a peroxyl radical (RO&
generates more stable hydroperoxides (ROOH) and a comparatively inert
phenoxyl radical (&:

ROO™PH Y ROOH + P

Further, Pcan act as a chaloreaking antioxidant, reacting again with R&@d

giving nonradical products:
ROO"+ P'Y N o -radical products

It can be noticed that, during such oxidation processes, polyphenols themselves

become radicals by giving theiftd the radical species. However, the new radical
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intermediates are more stable due to the resonance delocalization of the electron
within the polyphenol aromatic ring and the formation of quinone strudtLe®2s

Thanks to their ability to react in this way, phenolic compounds can be
exploited in many fields. This thesis has investigated the potential application of
polyphenolrich extracts from PS, AS, HS, and WS in nutraceutical and
biomaterial fields.
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1. 5Reactive oxygenoxpaeaaiteve( ROEesand

Free radicals are molecular species with an unpaired electron. Those
containing oxygen are known as ROS and are the most common in living
organisms [103]. Although ROS can physiologically derive from several
biochemical pathways, exposure to stressful environmental factors such as
pollution, xenobiotics, an unbalanced diet, radiation, and diseases can excessively
increase their concentration, altering baggox homeostasis and, due to their
high reactivity, causing detrimental effects on cellular macrooudtds (lipids,
proteins, and nucleic acids) and tiss{e34]. Overexpresse®OS include both
charged and neutral species such as singlet molecular oxy@gnsuperoxide
radical anion (@&), hydrogen peroxide (D), hydroxyl radical fOH), and

ROO Figure 8illustrates the main reaction schemesifiovivo ROS formation.
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With two electrons with opposite spif€:is the strongest oxidant species
for molecules with double bon{is01, 104] O instead is a charged ionic species
owing a single unpaired electron and a negative charge. Evehii @ot a strong
oxidant, it can dismutate to formp€> that, in turn, decompose via Fenton reaction
to OH and “OH, another harmful oxidantl03], responsible for damage to
proteins and nucleic acidBig. 8). Lastly, ROOderives from HO decomposition
and, although moderately oxidizing, can be relevant to mechanismgiaf li
peroxidation initiatiorin vivo[105].

Another reactive species comes from the reaction between
myeloperoxidase (MPO), an enzyme included in neutrophil cytoplasmic granules,

and HO:z in the presence of the chloride ion, which is ubiquitous:

CI'+ H,0, + H" =22 HCIO + H,0

The reaction leads to the formation of hypochlorous acid (HCIO), a potent oxidant
and antimicrobial agef106].

The overproduction of al/l these re
oxidative stress status that can dege
including metabolic syndrome [107], i
Antioendached ematyr de usef ul to count e

chain propagation, thus preventing di ¢
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1. 6Upon more natural approaches agai ns

Metabolic syndrome is a worldwide prevalent condition characterized
by a constellation of interrelated clinical manifestations, encompassing
visceral adiposity, hypertension, insulin resistance, oxidative stress, and
chronic inflammation107]. Its clinical diagnosis depends on the concurrent
presence of at least three of the five abawentioned critical conditions in an
individual [85]. The incidence of this endocrine disorder changes across
countries, ranging from 1.44% to 55.§%.0, 111] Moreover,thes y nd r o me 0 S
impact is compounded by its correlation to an elevated risk of developing
cardiovascular diseases and T2D07]. Obesity, oxidative stress, and
insulin resistance, whose main symptom is represented by postprandial
hyperglycemi a, have been recognized a
factors[107]. Among the available therapeutic resources, metabolic enzymes
inhibitors are currently at the forefront.

UAmylase (LAMY) ( E. C. 3.2.1.1)-GLAnEC. inte
3.2.1.20) are key hydrolytic enzymes involved in the breakdown of
carbohydrates during digestidinl2]. As shown inFigure 9, salivary and
pancr eAVYistrs tbe digestion of complex carbohydrates, including
starch and glycogen. Af tgucosidasedGLU) n t h
compl etes the digestion by breaki-ng dc
AMY into individual glucose molecules that, once released, are absorbed into the
bloodstreamKigure 9) [112].
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In pathological conditions, such as T2DM or metabolic syndrome, slowing
down this procesAMYya G diherapeutically uséfd t h
to prevent high glycemic spikes after a m§hl2]. Acarbose is a pseudo
tetrasaccharide that acts in this manf&it3]. It is characterized by an
unsaturated cyclitol attached to the nitrogen e&mMino4,6-dideoxy-D-
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Ami noguaniFdigne) e(wv\&, found to be abl
reactidviecattbanyl S p edcei oexsy,g | 8 0 0 B 0 naes, 3 |
met hyl gl yoxal, thus effe[lctldlely inhibi

o

N R
NH, (o) N R = H; alkyl; aryl
i
N NH, H,N N R
Aminoguanidine 2-Amino-1,3,4-triazine

FigurGhelni.cal structure of-caminrmguan
compound, and its r ol ediacsarab osncyalv esnpgee
However, phase I trials were st

commi ttee discovered seriopdl8] de eff e

I f, on t heanmyn ea s legumdigdseltan be inhibited to
influence carbohydrate metabolism, on the other, lipid metabolism can be
therapeutically affected by inhibiting pancreatic lipase.

Pancreatic lipase (E.C. 3.1.1.3) enzyme plays a crucial role in the
digestion of dietary fat$119]. It is released by the pancreas in the small
intestine, where it is responsible for hydrolyzing triglycerides in individual
fatty acids and a glycerol molecul&igure 13) [120]. For this reason, its

inhibition is exploited as an antibesity therapeutic strategy.

Y
BV W e N H,0 H HO~ A
SLipase
T NN Ty H,0 —_— H HOW\
TN H,0 H  HO A A AU
Triglyceride Glycerol Fatty acid

Fi gurSchleBmati c representation of pancr
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Orlistat (XenicaE ), a carboxylic esteresulting from the formal
condensation of the carboxy group offdfmyl-L-leucine with the hydroxy
group of (3S, 4SB-hexyl4-[(2S)-2-hydroxytridecyl]loxetar2-one igure
14), is the only pancreatic lipase inhibitor approved by the Food and Drug
Administration (FDA) as antobesity drug120, 121]

FigurGheldi.cal structure of orlistat,
formpbucine (in blue) condendgd83H with
hexdI( 29)y dr oxyt r i-doencey | (Jionx egtraene n ) .

Noteworthy, orlistat is intended only for shdaegrm or intermittent use
to help individuals start weight loss in combination with diet and lifestyle
modifications since its intake is associated with constipation, polyuria,
polydipsia, and edemd22].

Al t hough strongly effective I n C
(hyperglycemia or | ipid accumulation),
on the oxidative stress status direct
T2DM [ 1 2 3rpultitargetenl therapeutic approaches are necessary.

Bioactive compounds extracted from agricultural waste biomasses,
such as PS, AS, HS, and WS, could simultaneously act as exogenous
antioxidants, counteracting the excessive production of ROS, as metabolic
enzyme inhibitors, and as afgliycation agents, awstituting valid therapeutic
alternatives potentially able to offer both efficacy and reduced risk of adverse

reactions compared to commercial drugs.
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1. 7Tyrosinase enzyme and its key rol e

Tyrosinase (E. C. 1.14.18.-ddntiasi nan
oxidase involved in the enzymatic brc
mel anogenesi s process. It waest .ddlsadv e
that musRu ®ounls aaafRde tzompauusbacgmecanrd an
brown or black afftk24]an oxidative proc

Tyrosinase-l imi ai kgyemayme that owns
phenolic compounds: the monophenol ase
means that tyrosinase catalyzes the hy
t he oxi dati en (@&t eftihphpernooduci ng t he
dopaquinones, with the concomitant r ec

I n the mel anoRieqwwersdg st®rosesas<, ca
hydroxyl-tayn o3i( 8¢ dhg dr oxlyap @ rRDyOP)AQL by it
monophenol ase activityDOP®AuUbisnetqouedo p & q

(diphenol ase activity), the main prec:
solubl e pigment, presanteuime | tamd htpaikr b
insolubl e pigment, expressed in hair

damage induced 1b2y5]UV radiati on
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stress. However, when tyrosinase i s ex
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tyrosinase irregular activity, it can
al so accountable for the enzymatic br

are exposed to

these foods, reduci
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der mat ol ogi cal severe disorders relat:
solar |l entiglo,26]nd mel anoma
Hydrogquinone and kojic acid repre
whitening agents. However, they have b
i mmunotoxicity, mut agleh2@€Consegondntlay,
Cosmetic Regulation banned hydroquinor
acid up to 1% in[d@eémetiisc efmprhmawli a&teido nt
finding novel depigmenting agents tha

practices.

Tyrosinases have been isolated fro
ani mal s, and microorgani sms. ANoaeit bes$
bi s piog utshe most used model system for

its high similarity t[ol2t7h.e 1h2u8nfjan enzyr
It has been stated that pol yphenol
mel anogenesi s by inhi bjilR2a@pBemusiesoom
pol yphieanlm| extr & otosdp rfhoybunc taggrhave been r
tyrosinase inhibitors and appli &d in
instance, Srisuksomwon@t al reported promising anhyperpigmentation
properties for an ethanolic extract from cash@wacardium occidentajdeaves,
which they incorporated into face cream formulatigk80]. Similarly, Zarudinet
al. described the antyrosinase properties of an extract fr&yzygium aqueum
leaves prepared by SRE31].
In this thesis, PS and AS extracted at optimal MAE conditions have been
screened for the first time &gosinase inhibitors to be potentially included into

topical formulations as effective natural skitnitening agents.
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1. 8Mechanistic understanding of the g:¢
rich extracts

As described above, outstanding biological properties have been attributed
to polyphenols. Their diverse chemical structures make them incredibly effective
in modulating various biochemical pathways. Moreover, polyphandiextracts
from agrifood by-products have been discovered to be effective in counteracting
metabolic syndrome both vitro [85] and in vivo [132]. Nevertheless, to be
effective wh e n orally admi miisctherext r apcalsy pin
bi oaccessible in [tlh3e3 [glaes tlhiod axd eesd 9 inkail |
the degree of absorption of bioactive
complex physiological events that occ!
enzymes, pH and temperaturiev,e maymp® mm:
absorption and, t o s[oIn®3 ,eSpécitichlly,ithashei r
been observed that polyphenols are sensitivegastrointestinal digestive
conditions [133, 135] resulting poorly bioavailable and, consequently, less
bioactive[136]. It is known that specific enzymes, such as pepsin and pancreatin,
are responsible for metabolization in the gastrointestinal tract, promoting the
conversion of phenolic compounds into more hydrophilic structures that are easier
to expel[137]. Considering this, to ensure the appropriateivo effectiveness of
extractsbased nutraceuticals intended for oral administration, studieshen t
effects of digestion are fundamental.

Recentlyrobustin vitro digestion systems able to closely mimic the human
gastrointestinal tract have been developed to explore the fates of foods, extracts,
and pure compounds during digestjtf, 136, 138] Compared to human clinical
trials, in vitro approaches are simpler, c@dtective, and, more importantly, do
not have ethical restrictiori$36]. However, designing an ideal vitro digestion
system that can completely simulate the real human digestive process is

challenging due to the intrinsic complexity of the gastestinal apparatus,
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characterized by motility, enzymes, microbiota, and horm@8%. Moreover, a

major concern raised for the great variations eftro static protocols that hinders

the comparison of results across resegrciups and the achievement of general
findings on pol yphenol so met abol i c f
INFOGEST network [{ttps://www.cost.eu/actions/FA100)5/Minekus et al.

proposed a standardized staiit vitro digestion protocol that gained an
internationalconsensusgs it considers the current state of knowledgénovivo
digestive process and promote harmonization of digestion simulations, including
validation with data from different human populations such as infants, elderly, and
sport professionald 38].

In this thesis, the method proposed by Mine&ual. has been applied to
investigate the changes in the phytochemical profile and bioactivity of the
optimized shell extracts after gastrointestinal digestion, supporting their potential
applicability as oral nutraceutical ingredients.

1. 9Ce-bhsied wiotdred s f or predicting extre

The mechani sms and factors affecti
i mportance in develophngisobnsrwaiettridli aa
model s can be used to assess the extra
of fering benefits in termsl3®df] costs ar

I ntestinal and buccal are among the
i n -Laediéend motde d s, designed considering

of absorption phenomena.

Thanks to its unique structure co0mj
area, the gastrointestinal apparatus ¢
its small [[NM3®Fhiwal atesactis divided

mucos a, the submucosa, the | amina pro


https://www.cost.eu/actions/FA1005/

30

ot her by connective tissyd39nléwer aln,near

and also the most complex | ayer is the
A single |l ayer of epithelial cell s di
cells are divided into two populetion
t han 80% of al | i ntestinal cell s, i
enteroendocring,l3®&gEntRametylt ecselalrse col
pol arized cell sresbacacotkeraneapbyalk hler
for the absorption of compounds acr oss
and secrete mucins, constituting the
epi t h[ell4iOum

To more accurately replicate such an environmemoadwé& s r ecent
created using a-2combiesati nah el Cacoo
muc-psoduciMFXHT29estinal cel[l 338BHa smi m
model offers an advaantoangd aoyveears ,u saisng tc
influence of mucus on compound per me
experi men[tla39]Tesaxplsore compound per m
epithel i2unman dCMcF2 Rircau l ¢cared | Fsysaeir a
Thi s system conshstk mémbar ah@ m&ade ¢

polycarbonate and is available with d
seeded on this me mbr ane, which separ
compart mentnggcsoprerecetsipvoenldyi, t o the intest:
|l ayer, thus wmomdckiaoags more realistice

Tran%sw;e$ﬂem can be used even for se
keratinized cells TR146, obtaining 3D
the potenti al transbuccal a[bls4olr]pt i on ¢

These physiologically relevant models allow for controlied vitro

experiments, which reduce the need for animal testing and provide valuable
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insights into bioactive compounds' interaction with the oral and intestinal
environments before progressingrovivo studieg69].
Since the pri mar ynodierm sofi sc eélol wlsarabl

physiological barrier to study the di

model functionality and integrity must
basiend motded s can be carefully monitore
transepitheli al el ectrical resistance

resistance per unit of area.

I n this thesis, 3D cellul ar per mea
ability of the optimized shell extrac
buccal mucos a, providing fundament al

nutraceutieaf umsetcit@mm ail nTtheietorfau lad no e e

attested by monitorChnmagptTeEERB, as descri
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ChapterOp2i nmi zati on -aosfsi st e d o weaxvte
conditions

2. 1Gener al workfl ow for t hseh eMAIEs o f ant

I n this thesis, four di fferent MA E
wi t h BBD, all owing the obtainment of
antioxidant/ antiradical activity from

for each optiumdedattiloen fsdluldywiimglst ages

Singlefactor experiments
Model fitting
Analysis of the 3D response surfaces

o N PR

.Model val i dati on

The appropriate choice of the exp.:
critical step to ensure the devel opme
[ 73] SHmMglteor experi ments were carried
of the most relevant independent wvari s
dry sfhreulilts, namely sol)yervitW dMorweam  aat ia
ti me, (andt sampletrati o (mL/ g).

As 1is known, polar organic solvent
recommended for extracting many bioac
their heating effici[edm@yMoarnedo vdeire | eectthrai
the most used GRAS solvent in industr.i
appli ¢adB83dmd i ke met hanol, classified
within the final nutraceuti cal produc
heal t h, ethanol 3i sothvesnsi fwied a® & oxl ¢
[ 143,. 1AMd4A]i tionally, it has been repo

consisting of water and ethanol coul d
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the recovery [ 082 .,polRfeppjseomalbd vy, water
efficiency of t he extraction process
consequentl vy, facilitating a greater

pol yphenol s t hr ou[ghO,t hleB @9 a nphlees emarterai sx

et hanol was the solvent mixture chosen
shell s.

I n these pilot experi ment s, extrac
varying one factor at a time whil e mali
Tablsehows all the primary factor | evel
The |l evels investigadt)edandrt hhehes celxve mi

Xs3) were selected based on recent stud
from-fagdprboydueé® s ™Hlelnc e, based on the
resul tingeexemnmiamnagest,mdishegpaf i ned by sel e

factor as a preliminary range to be u:c

Tabll.eonditions apptaedori nexpeer i anemdglse
pistachio, al mond and hazelnut shell s.

Vari aFactor s Levels

X1 Et hanol concenvfh20, 50, 70,
X2 Extractwgon Ti me 50, 90, 12¢C
X3 Mi crowavW) power 150, 430, €
X4 Sol vtepgnotwder rati c20, 25, 30,

Singaetor experi méorsW&reasot hdgt ave
prior to my ainnwalgweimerct il rbjegi med nngyt t
Ph.D. The experimental desi gn 11fXs)r. WS
However, -tdbheqgsesiadplk avtaiso n¢axXreppor ated i nt
model s developed for PS, AS, and HS,

influencing the recovery of phenolic ¢
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I n the model fitting stage, MAE ex
di fferent factor combinations suggest e
and antioxidant/antiradical capaciti e:c
t hrough ANQ@VAe,v aclauraetfiunlgh t he adequacy of
were fittordddgro pelcyomami al equations th
conditions for responsesoOoO maximizati or

Analysis of 3D response s umefnatcieo npel do
predictive equations, was conducted t
paired MAE parameters on a single res
i ndependent hear i acbelnetsr adt | evel, whi |l e
simultaneously adjusted, providing a ¢

Based on the predictive wequations
estimated the best balance point | ead
the predictions, exhrwarckerontsheves g peg:

conditions.
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2. Dptimization of the Paxttraas hae losiesrao nd

2.2SLlnfyhet or experi ments

The preliminary factor ranges for optimizing the recovery of phenolic
compounds and antioxidants from PS were determined through -factgbe
experimentsEach independent variablXy(i X4) was investigated at different
levels, as reported ihable 1 The central valuesept constant while varyingne
factor at a timewere 50% EtOH, 43W, 120s, and 25 mL/g. Theasultsof these
pilot experimentsare shown inTable 2 According to the TPCvalues the
preliminary ranges choséor the ethanol concentratiovere 20%, 50%, and 80%
(v/V). 120s, 210s, and 27G were the ranges selectied the irradiation time; 670,
850, and 100W for MW power; and 20, 25, and 30 mL/g for the solvent
sample ratioAs can be observed irable 2, TPC increased from 11.21 mg GAE/g
DW to 13.82 mg GAE/g DW by raising the ethanol concentration up to 80% and

then substantially decreased at a higher concentration (90%).

T a b 2. Results of the singléactor experiments fdPistacia verashells.

EtOH conc. (X1) Time (X2) MW power (Xa3) Ratio (X4)
(% VIV) TPC © TPC (W) TPC (mL/g) TPC
20 11.21+0.89 50 10.56+0.45 150 11.52+0.88 20 11.59+0.18
50 13.50+0.87 90 10.78+0.66 430 15.52+0.3% 25 12.74 £ 0.22
80 13.82+1.09 120 13.68+0.23 670 16.66* 0.6 30 10.92 + 0.49
90 10.21+0.69 210 14.77+0.98 850 18.26+0.49 35 10.86 + 0.35
270 15.79 £ 0.41% 1000 16.54 +0.88

Data are expressed as mg of gallic acid equivalents (GAE) per g of PS dry weight (mg GAE/g
DW) and reported as means + SD4). Different letters in the same column indicate significant
di f fer enc e sp<Q.05) KRCyTotal phermlg tontent.

A similar trend was observed by Dahmouet al for the MAE of

polyphenols from Myrtus communisL. leaves [70]. Consequently, the
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optimization design explored the ethanol concentration between 20 and 80%. A
solvent mixture with 50% ethanol in water was used to determine the preliminary
range of the other extraction variables investigated in this study.

Irradiation time is another factor that undoubtedly influences the MAE
process. This latest was initially modified from 50 to Z/0Oincreasing the
irradiation time significantly increased the recovery of polypherfi@s(10.56 to
15.79 mg GAE/g DW)Although a shorter time is desirable to reduce the energy
costs and prevent the thermolabile compounds from degradation, 50 swe@0
insufficient to provide good sample heat{ig5]. Therefore, 120 270swas the
selected preliminary range for the iriaitbn time.

Another set of extractions was carried out by changing the MW power from
150 to 1000V, keeping the ethanol concentration at 50% forg 2dth a solvent
to-solid ratio of 25 mL/g. It was observed that the TPC yield increased at higher
MW powers. SancheReinoscet al.reported a similar behaviour for the MAE of
Sacha inchishells[75]. Hence, 670, 850, and 1000 were the MW powers
selected for the experimental design.

Lastly, considering a potential industrial seafeof the MAE process, it is
fundamental to establish the quantity of solvent necessary to obtain the maximum
yield of bioactive compounds. In this singbetor trial, it was observed that the
TPC decrease(from 12.74 to 10.86 mg GAEMW) with the increase of the
solvent to-solid ratio from 25 to 35 mL/g, perhaps due to a reduced stirring of the
sample at higher ratig®4]. According to these results, 2030 mL/g was the
range selected for the optimizatidrable S1(Section 1of Supporting material)
summarizes all the preliminary ranges selected in this study to design the

following MAE experiments.
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2.2Madel fitting
Table 3shows the experimental design followed to optimize the MAE of

compounds from PS and the corresponding results in terms of TPC and
antioxidant/antiradical capacities evaluated by FRAP, Dp#id ABTS ‘assays.

As can be observed ifable 3, the TPC ranged from 9.60 (run 17) to 20.57 mg
GAE/g DW (run 20); the FRAP values varied from 2.91 (run 2680 mg TE/g

DW (run 15);the DPPft esul ts ranged bet ween 76. 1F
DW (run 20); and the ABTSvalues varied from 9.81 (run 2) to 17.50 mg TE/g

DW (run 20).
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Tab3Experi ment al design and results of the TPC and
Independent variables Dependent variables

RuUN MAE conditions Experimental values

X1 Xa X3 Xa Y1, TPC Y2, FRAP Ys, DPPH? Ya, ABTSA*

(EtOH, % Vviv) (Time,s) (MW, W) (Ratio, mL/g) (mg GAE/g DW) (mg TE/g DW) (eg TE/  (mgTE/gDW)
1 50 210 850 25 15.18+1.14 3.96 + 0.66 94.92 +1.86 12.25+0.34
2 50 210 670 20 11.61 £0.18 4.33+£1.20 76.15 £ 1.97 9.81 £0.10
3 20 270 850 25 17.46 £0.47 4.71 £0.45 100.42 +1.15 16.54 +0.41
4 80 120 850 25 13.82+1.23 3.90+0.64 85.99+ 251 12.73+0.71
5 50 270 850 30 10.81 £0.46 4.20 £ 0.56 93.46 £1.24 1449 £1.15
6 50 210 670 30 16.27 £ 0.43 4.34+0.64 95.78 £ 1.39 14.69 + 0.55
7 50 270 670 25 15.66 + 0.06 4.14 +0.49 92.63 +1.64 13.79 £ 0.49
8 20 210 850 20 14.98 £+ 0.18 455+0.24 89.68 + 1.45 13.08 £ 0.32
9 50 210 850 25 15.17+0.74 3.98 +0.43 93.01+1.83 12.75 + 0.66
10 80 210 1000 25 14.39+0.71 3.28+0.19 90.15+1.16 13.10+0.82
11 80 210 850 20 12.20+£0.70 3.01+0.28 79.58 + 1.68 13.20+0.32
12 50 270 850 20 13.63+0.21 4.40 + 0.60 80.71 +£0.89 12.80+0.78
13 80 210 670 25 12.23 £0.54 4.02 £ 0.62 81.72 £1.27 12.55 £ 0.64
14 50 270 1000 25 13.13+0.07 4.32+0.23 98.94 +1.48 14.61+0.71
15 20 210 850 30 17.21£1.39 5.80£0.51 99.67 £1.71 17.36 £ 0.55
16 50 120 850 30 16.60 £1.19 5.23+£0.42 96.41 £1.78 15.05+£0.14
17 50 120 670 25 9.60 £ 0.36 4.03 £0.57 78.20 £ 1.60 12.33 £ 0.47
18 50 120 1000 25 16.40 £ 0.55 5.17 £ 0.46 99.31+1.24 14.42 + 0.36
19 50 210 1000 30 14.53 £ 0.70 4.59 +0.39 98.03 +1.93 14.66 + 0.56
20 20 210 1000 25 20.57 £0.92 5.14 £ 0.62 107.16 £ 1.72 1750+ 0.41
21 20 120 850 25 18.57 £ 0.55 4.90 £ 0.52 106.03 +1.81 15.78 £ 0.46
22 20 210 670 25 16.57 £0.02 4.96 £ 0.45 100.69 + 1.45 14.42 £0.70
23 50 210 850 25 15.43 £0.59 3.95+0.66 95.64 £ 2.27 12.21 £0.49
24 80 270 850 25 11.75 £ 0.47 3.59 £0.23 79.33+£1.40 1294 +0.91
25 50 210 1000 20 1452 +0.22 3.73+£0.15 98.54 £ 0.52 14.14 + 0.58
26 80 210 850 30 11.74 £0.88 2.91+£0.18 77.11 £1.69 10.22 £ 0.22
27 50 120 850 20 10.85 + 0.62 3.39+£0.12 91.21 £0.81 11.50 £ 0.29

ant
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Once the experiments were performed, the model provided the regression
analysis using the least square techn{d@¢; as detailed ifable 4.

Accor dlianbg, etadd | t he |werearhicglelfy i <ii g
p< 0. 05. tMoer eotvlreanol X)c omrcese ataia @ nof( 5
for TPC, 95.30 fori FaRAdP, 1 G644 1011c 6fcosrt ADEAD
the factor that affected the TPC and
mo delhiwgahsl y sp<g moi.f0i0c0alnt f(or al | réspons
and ;&*B,‘I’SW—Vahues of 10. 41, 13.30R 7.80
values close to 1 highlighted a high
predicted values. Additionally, the |
model 6s suitability in determining the

The coefficiGWwtfofthkariaonbnr fhed t h
UsuadWwy 10 is desirable to ensure the r
of the collectd¢dOexTheBbiyraéd mtea lo f d aotua m (
2.62%, meaning that all the measur emen
design werTaeeconeaimastenedi ct iave palmmao mi
i BEqgq.T41

O YOO pPTI&FWOC TP MWW TW PTop THIT @Y TH UL @T T8I TT TG
TP YBT PMTOW TEBIMTWWw TEBITgw 18T ww (1)

W "OYO 0 T80 UL MBI X O T8I @ Yoo TV p Y T w YbC
e pTw TEIM@WO TEUL PTT O TBTT QO
TSWPMOW TE T W T8 T W (2)

O O00D0 CTHWOPP oL T X WP TE L GU P B Y WY
TP LD WC PTMT OO TBIC W T8I T W
T8 TT @ (3)

O OOYY p@ X YU ¢ @O TSI T ¢ T8 T Ww P& @ Yo T8I T @0
PHT PMW OPT PMW TABINMTWI P& Y pMTOW
TP @B CB U PTOW  TBT B (4)
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2. 2ABalysis of the 3D response surf ace

FigureilbAsgrdtes the effects of ¢t
TPCFi(g.) ,16FARAG.)(,16BFRH .) ,16n & (FART S 16D
assays. The 3D response surface plots
t er Xe X, anXbXy) ar e rkRippurte dS1 n
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interaction effects of ethanol concentration\(f, irradiation time (s), MW
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ABTS* (D) of PS extracts.
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2. 2Mddel val i dati on

According to the final predictive equations and the regression analysis
reported abovghe optimal calculated MAE conditions for the highest TPC were
20% EtOH, 120s, 1000W, and 30 mL/g. The predicted optimal conditions for
FRAP were 20% EtOH, 13§ 1000W, and 27.9 mL/q; for DPPMvere 20%

EtOH, 135s,1000W, and 25.09 mL/g; and for ABTSwere 20% EtOH, 135,

1000W, and 27.7 mL/g. Consequently, 20% EtOH, $38000 W, and 27.7 mL/g

were the optimal MAE conditions selected for this study. Under this factor
combination, the expected value for the TPC was 23.15 mg GAE/g DW, with
FRAP value of 7.35 mg TE/g DW, DPPHL3.29%g TE/g DW and ABT$ 20.12

mg TE/g DW. The optimal predicted factor combination was experimentally
validated by performing a MAE extract
predictions.Table 5 compares the predicted and the obtained values of TPC and

in vitro antioxidant/antiradical activis of the optimized extract from PS (GPS

E). The experimental and the predicted results agreed each other, and no

significant variancep(< 0.05) was observed between the valUeble 5).

Tab3 @ompari son between experimental ar
vitama i oxi dant acti Wiitsy acli .at fleelalxs ralbt
opti mal MAE conditions.
TPC, Y1 FRAP, Y2 DPPHA Y3 ABTS”+Ys
Responses
(mg GAE/g DW) (mg TE/g DW) (eg TE/ g (mgTE/gDW)
Measured 23.83+0.78 6.37 £0.38 122.2 +1.63 20.55+1.25
. 22.03 6.58 + 0.62 111.89 19.03
Predicted N N N N
[19.451 24.61] [5.947 7.22]  [101.67i 122.11] [17.751 20.31]
Different |l etters in the same col pah05)i ndi cat e

An extraction yield of 13.6%w(w; g of dry extract over 100 ¢f PS) was
achieved under optimal conditions. This extraction yield was comparable to the

one reported for the alcoholic extract froGastanea sativashells (13.02%)
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obtained by MAE[69]. A lower extraction yield (3%w/w) was reported by
Cardulloet al for a pistachio shell extract obtained using ethanol and a MW power
of 1000W for 270 s [32], highlighting the importance of RSM to achieve the
optimal extraction parameters to recover bioactive compounds from agro

industrial byproducts.
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2. Dptimization of the Peaxtnruascttiad it scsond

2. 3SLnbhaetor experiments

Singlefactor trials guided the selection of the proper preliminary ranges
for agueous ethanol concentratiof)( irradiation time X2), MW power s), and
solventto-sample ratio Xs), key variables influencing the MAE of antioxidants
from AS. An overview of all factor levels investigated during these pilot
experiments is reported ifiable 1 In the case of AShe central values kept
constant while one factor at a time was changed were: 50% EtONYA4BR0s,
and 25 mL/gThe results of the singiactor experiments fdPrunus dulcishells

are reported ifable 6.

T a b@. Results of the singleactor experiments fdPrunus dulcishells.

EtOH conc. (X1) Time (X2) MW power (X3) Ratio (Xa)

(% VvIV) TPC (9 TPC (W) TPC (mL/g) TPC
20 10.75+0.0Y 50 10.49+0.05 150 11.05+0.88 20 10.27 +0.09
50 13.46+0.183 90 1051+0.08 430 11.13+0.1% 25 11.39+0.26
70  14.42+0.05 120 11.77+0.15 670 11.71+0.4% 30 11.74+0.1%
80 11.63+0.17 210 12.62+0.183 850 12.65+0.0% 35 10.35+0.14

90 9.87+0.1t 270 12.01+0.17? 1000 13.88+0.12 40 9.83+0.16

Data are expressed as mg of gallic acid equivalents (GAE) per g of AS dry weight (mg GAE/g
DW) and reported as means + SD=(4). Different letters in the same column indicate significant
di ffer ence sp<Q.05) KRCyTotal phermlg tontent.

As can be observed rable 6, TPC increased from 10.75 mg GAE/g DW
to 14.42 mg GAE/g DW by raising the ethacohcentration up to 70% and then
substantially dereased (9.87 mg GAE/g DW) at a higher concentration (90%). A
similar trend was observed ftire singlefactor experiments conducted forvera
shells.Consequently, the optimization design explored the ethanol concentration
between 20 and 70%. A solvent mixture with 50% ethanol in water was used to

determine the preliminary range of the other extraction variables investigated in
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this study. Irradiation time was initially modified from 50 to Z/®@y increasing
the irradiation time, a significant increase in the recovery of polyphefmota (
10.49 to 12.62 mg GAE/g DWyas observedConsequently]l 207 270swas the
selected preliminary range for the irradiation tie previously observed for PS
50 and 9Gs did not provide enough sample heating.

By raising the MW power from 150 to 1000/, keeping the ethanol
concentration at 50% for 1Z)and using a solveitb-solid ratio of 25 mL/g, the
TPC changed from 11.05 to 13.88 mg GAE/g DW. Hence, 670, 850, andAL000
were the MW powers selected for the MAE optimization for AS.

Lastly, even the solveito-sample ratio has been reported to influence the
MAE of bioactive compound§74]. Similarly to the singlefactor experiments
performed for PSthe TPCof AS decreased (from 11.74 to 9.83 mg GABAY)
with the increase of the solvéidi sample ratio from 30 to 40 mL/g, likely due to
improper sample heating in the presence of higher solvent vol@aisience,
2571 35 mL/g was the range selected for the next MAE experimeansS All
the selected preliminary ranges and the comedimg coded valuefor AS are

summarized iMable S2(Section 2o0f Supporting material).

2.3Madel fitting

The optimization of MAE of antioxidants from AS was achieved by
performing extractions under the different factor combinations suggested by the
BBD model and themrmeasuring the TPC and antioxidant/antiradical capacity (by
FRAP, DPPH and ABTS" assays) of each resulting extract. Results are reported
in Table 7. As can be observed, the TPC ranged from 14.67 (run 3) to 32.71 mg
GAE/g DW (run 6); the FRAP values varied from 2.69 (run 3) to 5.05 mg TE/g
DW (run 23); DPPHresults ranged between 2296 rum3 d 40. 93 g T
(run 22); and ABTS values varied from 11.98 (run 3) to 24.01 mg TE/g DW (run
22).
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T a b 7. Experimental design andsults of TPC and antioxidant/antiradical activities of AS extracts.

Independent variables
MAE conditions

Dependent variables

Experimental values

Run- 5 X2 X3 Xa Y1, TPC Y2, FRAP Ys, DPPH* Ys, ABTSA

(EtOH, % viv) (Time,s) (MW, W) (Ratio,mL/g) (mg GAE/gDW) (mgTE/gDW) (e¢g TE/ (mgTE/gDW)
1 50 210 670 35 17.14 £ 0.16 3.48 £ 0.06 32.40 £ 0.22 17.04 £0.12
2 50 210 1000 25 20.54 £ 0.28 4.05 £ 0.08 34.61 £ 0.54 18.84 £ 0.23
3 50 120 670 30 14.67 £ 0.24 2.69£0.01 22.96 £0.19 11.98 £ 0.16
4 50 210 670 25 14.73 £ 0.27 3.17 £ 0.07 27.02+£0.14 15.73+0.29
5 70 210 1000 30 25.05£0.91 4.40x0.11 35.06 £ 0.53 18.96 £ 0.13
6 70 270 850 30 32.71 £ 0.56 4.87 £0.15 37.58 £0.15 20.60 £ 1.05
7 50 210 1000 35 21.47 £0.44 4.01 £0.03 34.21 £0.46 18.71 + 1.02
8 50 270 670 30 26.10£1.15 4.38 £ 0.08 34.43 £0.15 20.75 £ 0.83
9 20 210 850 25 17.12 £1.06 351+£0.12 28.21£0.70 16.34 £ 1.02
10 20 120 850 30 19.33 £ 0.57 3.02 £ 0.06 26.89 £ 0.15 1458 + 0.21
11 50 120 1000 30 18.98 £ 1.11 3.45+£0.10 29.82 £0.31 15.60 £ 0.53
12 50 270 850 35 28.31+1.13 4.63 £ 0.06 39.15+£0.38 22.38 £0.11
13 50 210 850 30 18.77 £ 0.29 3.94 £ 0.09 28.61£0.77 15.84 £ 0.26
14 20 270 850 30 23.38 £0.32 4.15 £ 0.06 35.41+£0.71 19.72 £ 0.32
15 50 270 1000 30 25.07 £ 0.67 4.45 £ 0.09 34.82 £0.39 20.84 £ 0.61
16 20 210 670 30 14.97 £ 0.24 3.18 £ 0.05 25.63+£0.72 13.20 £ 0.15
17 20 210 850 35 23.16 £ 0.59 3.72+£0.01 35.92+£1.04 20.00 £0.24
18 50 120 850 25 17.84 £ 0.38 3.08 £0.03 27.53+£0.43 14.09 £ 0.11
19 70 120 850 30 17.59 £ 0.19 3.10+£0.02 39.21+£0.76 15.97 £ 0.72
20 20 210 1000 30 20.40 £ 0.38 4.13£0.09 31.50 £ 0.62 19.31+0.44
21 50 210 850 30 18.97 £ 0.55 3.88 £ 0.07 28.22 £0.13 16.16 + 0.05
22 70 210 850 25 24.11 £ 0.61 426 £0.11 40.93 +1.50 24.01 £0.38
23 50 270 850 25 20.44 £ 0.37 5.05+£0.13 36.84 £ 0.94 23.39+0.14
24 50 210 850 30 19.57 £ 0.45 3.85+0.02 28.02 £1.00 16.12 +0.07
25 70 210 850 35 19.27 £0.16 3.41+£0.06 39.40 £ 0.08 17.43+£0.13
26 70 210 670 30 16.49 £ 0.20 3.42 £0.02 30.42 £0.18 17.76 £ 0.22
27 50 120 850 35 19.08 £ 0.62 3.06 £ 0.01 34.19£0.34 16.77 £ 0.05
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Tab8Results of ANOVA fr omYyt haen BB BaDn tmoaxeil d & rotr/ arnPtCi r(adi c al
), DEPH anb(YABTSays for AS.

Variable Sum of squares F-values p-values

Y1 Y2 Y3 Ya Y1 Y2 Y3 Ya Y1 Y2 Y3 Ys
Model 19.80 3.58 26.44 15.04 17.78 65.07 25.68 32.81 <0.000f <0.000f <0.0001 <0.0001
X1 19.50 0.21 143.84 12.08 9.00 482 56.68 10.24 0.0102 0.0417 <0.000f  0.0076
X2 207.86 6.34 139.95 120.51 9599 130.51 55.16 102.16 <0.000f <0.000f <0.0001 <0.0001
X3 52.81 1.45 68.84 2777 24.39 29.86 28.05 23.54 0.0003 0.0001 0.000f  0.0004
Xa 5.64 0.01 53.43 20.95 2.60 0.05 21.07 17.76 0.1306 0.8181 0.0006  0.0012
X1Xo 26.66 0.08 20.52 13.73 1231 2.76 8.05 11.64 0.0039 0.0021 0.0157  0.0052
X1Xs3 0.05 0.09 92.16 7.00 7.53 289 26.75 5.94 0.0167 0.0029 <0.0001 0.0313
X2X3 4.31 0.07 10.18 2.75 1.99 1.49 8.19 2.33 0.1816 0.2451 0.0727 0.1525
X1X4 40.83 0.24 20.76 23.02 18.85 4.89 2.33 19.51 0.0008 0.0472 0.0151  0.0008
XoX4 6.54 0.04 5.92 4.22 3.02 0.76 3.21 3.58 0.1058 0.4000 0.1592 0.0828
XaXa 0.67 0.04 8.15 0.66 0.31 0.90 43.62 0.56 0.5869 0.3608 0.1033  0.4689
X1X1 16.31 0.01 0.40 9.17 0.02 0.24 3.99 7.77 0.8772 0.6307 0.7132 0.0164
XoXo 60.64 0.15 55.42 0.02 28.01 3.11 41.73 0.02 0.0001 0.1034 0.0005 0.8934
X3X3 1.83 0.04 0.99 0.06 0.85 0.84 0.35 0.05 0.3740 0.3782 0.5513 0.8237
XaX4 0.03 0.01 87.75 2.39 0.01 0.20 30.87 2.02 0.9050 0.6642 0.0001 0.1804
Lack of
fit 26.35 0.62 0.47 0.03 4.39 18.81 8.27 2.48 0.1249 0.0616 0.073 0.1920
R? 0.94 0.94 0.94 0.95
R?(Adj.) 0.88 0.90 0.88 0.89
S/Nratio 21.4 17.9 14.3 14.6

Xisol vent convche¥a:t r atdoa(d KBOOAW tpionws Kes(ol ¥ smtmpl e ratio (mL/ g) .
"Val ues statistpkc@Ql Dp,sTghefydbsanesnt
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2. 3ABalgkishe 3D response surfaces

Theffects of the signihfei dermpte nidretnd r a
(TPC, FRAP, &ABd8hHre shBiwgurienn 1XAl ybDhe
response surf adespel otbs,erivredl ddbirng he n
ter X X{Xs, XX, ar e IiHilgusrter a82 d i n

Fi g a7A &33D response surfaces plots for the significarnt 0.05)
interaction effects of ethanol concentration\(8, irradiation time (s), MW
power and solvent/powder ratio on TPE),(FRAP @), DPPH\(C), and ABTZ
(D) of AS extracts
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2. 3Mddel val i dati on

Based on the BBD predictive models developed to optimize the recovery
of TPC and antioxidant activity froi. dulcisL. shells, the ideal MAE conditions
were estimated to be: 70% ethanol, 27/014.67W, and 25.06 mL/g for TPC;
66.97 % ethanol, 27§ 1000W and 25.7 mL/g for FRAP; 65.94% ethanol, 255
1000W and 25 mL/g for DPP£170% ethanol, 243.4 s, 972.8 W and 25 mL/g for
ABTS¥. According to these estimates, 68.23% ethanol,s28000W, and 25.2
mL/g were selected as potentially optimal MAE conditidbsr d er t hit s MA
up, the model estimated a maxi mum TPC
highest. FRARg (5E/ g*(BW) 97DPBHTE/ ¢ DW)
(24. 97 mg TE Nglidatbkvéxperingestsi(antestraction in triplicate
followed by spectrophotometric assessments) were performed to verify the
model 6s predictions. Measur eTablanAs pr ec
expected, the experimental results were in remarkable agreement with the
predictedvalues demonstrating the validity of

for the MAE of bioactive compounds fr

Tab9@ompari son between experimental ar
vitamnnd i oxi dant acti vVRrtwn uosfs dtahl et & esxotbrt aaci t
opti mal MAE conditions.
TPC, Y1 FRAP, Y2 DPPHA Y3 ABTSA Y4
Responses
(mg GAE/g DW) (mg TE/g DW) (eg TE/ (mgTE/gDW)
Measured 28.46 +1.24° 5.18 +0.22 40.97 + 1.53 24.64 +1.10
Predicted 32.94 5.36 45.84 24.97
[28.62i 37.25] [4.707 6.02] [40.917 51.03]  [24.01i 30.53]
Different |l etters in the same col pah05)i ndi cat e

The resul ting opPrmhmedsthek t sB)c(tOATfS
exhi bekedramen8 adle TnRgC GAE/2g sOW, d wtdplihye th
than the one reetpboRIBed my GQGAEI g - ®DW) f o
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prepared by UAE wusing an extraction
water/ et hanol mi xture mh[dl 5S&}secoptimal / | i q
conditions, an extraction yield of 3.9 Ww was achieved, consistgntvith that

(3.4 %wi/w) reported byQ u e iert - [$83].
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2. 4.0ptimization of the Ceoxtyrl aicstsidoes Ildscam

2. 4SLlnhhet or experi ments
Ethanol concentrationXg), irradiation time X2), MW power {K3), and

solventto-powder ratioXs) wer e t he key factors inves
study perfoamesad mMsompH&.I | the factor | e
sinfgdet or experif omeMti®epé nbvwalmealsnt ai ne
fi xed7Owerket OW,, BZ®and 30 mL/ g. aP€Ceval
these pil oatr ee xspheav rimeinrt @

T a b1 GResults of the singiactor experiments faCorylus avellanashells.

EtOH conc. (X1) Time (X2) MW power (X3) Ratio (Xa)

(% VvIV) TPC (9 TPC (W) TPC (mL/g) TPC
20 10.32+0.58 50 596+0.33 150 4.20+0.88 20 5.08 + 0.69
50 9.84 £0.2% 90 6.04 £0.4% 430 452 +0.1% 25 5.56 £ 0.26
70 7.00+0.2%7 120 7.08+0.18° 670 6.84 + 0.45¢ 30 6.94+0.2%
80 6.88+0.17 210 10.48+0.17 850 10.65+*0.31 35 9.43+0.14

90 3.11+0.68 270 8.07+0.47 1000 7.52+0.1% 40 10.24+0.18

Data are expressed as mg of gallic acid equivalents (GAE) per g of HS dry weight (mg GAE/g
DW) and reported as means + SD4). Different letters in the same column indicate significant
di ffer encesp<Q.05) KRCyTotal phermlg tontent.

Accor dliarbd ,et tllDe et hanol concentratic
TPC of HS during MAE, with 20% aqueou:
(10.32 mg GAE/ g DW) than 80% (6.88 mg
DW) . Consequentl vy, t he opti Ime z aettihoann
concentration between 20 and 70 %.

By increasing the irradiation ti me
5.96 to 10.48Tany.) GIAGEhgs DWeliavi our cou
i nadequate diel ecg[rbi2zcjCbhaaeiqunegnatl y5012aC¢

swere the |l ower, middle, and upper | ev
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Concerning MW power, results showec
increased, reachin&GA&/ ga DWva of o8l6l0clvde b <
decreas&v(a8Bt. 0OY¥oOMmly GASE/mr eDWNV)ous !l y P&bser
(Secti onf 2t.RRe 1pr es Brats e@h amt ¢GDOsOBOW & € S U |
the preliminary range adopted in the I

The solvent/ powder ratio represent s
MAE aonft i oxroaantHsS. TPC increased from 5

by increasing the solvent/ powd®r mLatgi c

was the preliminary range explored i
overview of al |l prelifmomdHd®i hgfcasotnogrir @
experiments Tcaabnl .ebeS3f ound i n

2. 4Madel fitting

The experimental desigievelopedor HS and the corresponding data on
the measuredesponsesYii Ya) are shown ifTable 11 The preliminary factor
ranges were defined according to the abdigeussed singl&actor experiments
(Tab. 10). According toTab. 11, TPC changed from 7.41 (run 5) to 13.40 mg
GAE/g DW (run 19); FRAP rangedetween 0.73 (run 5) to 1.55 mg TE/g DW
(run 13); DPPHvaried from 8.62 (run 22) to 16.8¢ TE/g DW (run 19); whereas
ABTSH changed from 0.92 (run 7) to 2.27 mg TE/g DW (run 13).
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T a b1 XM=xperimental design and results of TPC and antioxidant/antiradical activities of HS extracts.

Independent variables Dependent variables

MAE conditions Experimental values

Run- 5 X2 X3 Xa Y1, TPC Y2, FRAP Ys, DPPH* Ys, ABTSA
(EtOH, % viv) (Time,s) (MW, W) (Ratio,mL/g) (mgGAE/gDW) (mgTE/gDW) (&g TE/ (mgTE/gDW)
1 70 210 850 30 8.72+ 0.50 1.09 £ 0.02 12.86 £ 0.21 1.54 +0.07
2 50 210 850 35 11.75+£0.71 1.38 £ 0.05 15.88 £ 0.14 1.77 £0.08
3 50 120 850 40 8.24+ 098 0.87 £0.01 1216 £ 1.01 1.36 £ 0.02
4 70 210 670 35 10.49+ 0.47 1.23+£0.04 14.48 £ 0.83 1.37 £0.03
5 20 120 850 35 7.41+ 092 0.73£0.02 11.75+£0.15 1.12 £0.27
6 20 210 670 35 13.02+ 0.25 1.27 £ 0.03 16.32 £ 0.17 1.63 £ 0.06
7 50 120 670 35 9.87+ 084 1.09 £ 0.02 12.61 £0.12 0.92+0.14
8 50 210 1000 40 12.09+ 045 1.18 £ 0.02 15.31 £ 0.13 1.72 £ 0.02
9 50 270 1000 35 12.55+ 051 1.43+£0.05 16.71 £ 0.13 1.78 £ 0.05
10 50 210 1000 30 12.35+ 0.32 1.31 +£0.03 16.22 £0.46 1.95+0.14
11 70 270 850 35 11.69+ 050 1.43+0.01 15.18 £ 0.88 1.71 £ 0.06
12 20 270 850 35 11.66+ 054 1.35+0.03 15.78 £ 0.21 1.80 £ 0.02
13 50 270 850 40 11.56+ 0.85 1.55+0.05 14.82 + 1.37 2.27 £0.08
14 50 210 850 35 11.75£ 043 1.37 £ 0.02 15.65 + 0.07 1.79+0.04
15 50 120 1000 35 10.22+ 0.29 1.11+0.01 13.56 £ 0.39 1.34 £ 0.05
16 50 210 670 40 12.35£ 055 1.36 £ 0.04 16.25 £ 0.89 2.23+£0.04
17 50 210 850 35 11.74+ 093 1.37 £ 0.04 15.77 £0.13 1.77 £0.03
18 70 210 850 40 10.28+ 0.30 1.09 £ 0.02 12.73+0.51 1.93+0.01
19 50 270 670 35 13.40+ 058 1.45 + 0.02 16.86 + 0.37 1.84 +£0.10
20 20 210 850 40 10.46+0.89 1.32 £ 0.06 16.32 £ 0.15 2.14+£0.12
21 20 210 1000 35 10.87+ 085 1.31+£0.04 16.16 + 1.33 1.93+0.06
22 50 120 850 30 7.74+0.37 0.76 £ 0.05 8.62 £ 0.08 1.13+0.10
23 50 270 850 30 11.08+ 0.82 1.18+0.01 15.25 + 0.86 1.95+0.16
24 50 210 670 30 11.04+£ 023 0.98 £ 0.03 12.68 £ 0.21 1.28 +0.19
25 20 210 850 30 10.56+ 0.76 0.78£0.11 13.49 £ 0.25 1.99+0.01
26 70 210 1000 35 12.70£ 041 1.29 £ 0.02 15.27 £ 1.09 1.34 £ 0.04
27 70 120 850 35 8.22+ 064 0.96 £ 0.03 10.84 £ 1.71 1.03 £ 0.09
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The model adegqhacyi gmds fOwelhbh)c @osf( b ot |

and interactive effects of eacht femct o
ANOVA shoaml e nTRReal ues were higher tha
responses. Ne Realtohred edsegs anaoiti geainsur e

regression moE¢RFAd|THhe adjobustd BBD sh
RRRanB (Adjv.a)l ues closelbyhemart ckFedt Bacmo
signi fppc@®n®O®&d)( of Tabé)e!l @d@¥Mo fa f2 .f817t% (supp
the model 6s validity as(SidsljverAed elgiugh €
than 4, corroborating the [nmobdle !l '55 r el i

Accor dliarmhd ,et dal2l the | inear coefficie
response variabl es. X)Hoevelviebi t o nthlde ahi
of 20Y9D.,050 42 ., 7259 .,2&ndVYsl64b@2ndg the ir
variable that mostly affected TPC and
Among the interacti v X XEgarksitenm mgoe
signifp<cat0y) (affected all dependent
terXanXiXqwer e siganiG.icmntfdqr al l respo

Excluding thep>ndt 0Hi))greTodehf f dlcd et 6
predicti vieq.égPpaweoasolpt ai ned as foll ov

M YOO pRUCT® i TBIYD@ TBILW CH TP PR Y p TR
TBIOW PH PMOEw P& PpPMTOO TENMTGW (9)

® OYOD p@MEMBILm TE PO TBIUG TEI QO P P TT O
T C® PMO® PY PMTOO TBIMTEW (10)

@ 0000 ppPpRCPTR VAP T MAY THITT UL P C& P K
I LV PMTOO 8 PMOW TEIMGW (11)

W O0OYY (gmym8ipg TEICHO® TBICH TR TAW pd p T O
o8 PTMW TAIMW T\ MH® TB TIIoW
PR T PMTOW® (12)
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Tabl2Results of ANOVA fron¥v)ahd BBDi maddbhntodoaniTPCadi cal
), D&PH anb(YABBSsays for HS.

Variable Sum of squares F-values p-values
Y1 Y2 Y3 Ys Y1 Y2 Y3 Ya Y1 Y2 Y3 Ys

Model 67.66 1.24 107.74 3.40 29.01 28.77 39.57 24.45 <0.000I <0.0001 <0.0001 <0.0001
X1 444 0.09 588 0.2 26.68 16.32 30.22 20.41 0.0002 0.0016 <0.0001 0.0007
X2 34.16 0.68 49.84 1.63 205.05 142.77 256.28 164.22 <0.0001 <0.0001 <0.0001 <0.0001
X3 502 0.06 118 0.09 30.17 12.09 6.07 9.22 0.000I 0.0046 0.0298 0.0103
X4 3.74 0.17 10.84 0.27 2249 3490 5572 26.71 0.0005 <0.000I <0.000f 0.0002
XXz 462 006 501 035 27.71 12.04 2574 3532 0.0002 0.0029 0.0003 <0.0001
X1X3 0.06 2E04 0.27 0.02 0.29 0.05 1.38 2.38 0.0631 0.8152 0.2637 0.1487
XoXs 091 002 159 011 424 17.01 1097 1442 0.0477 0.0022 0.0046 0.0026
XiXq 1E-04 6E-05 0.18 2E-03 1E-03 2.64 0.98 0.23 09739 0.1300 0.3623 0.6428
XoXq 3.62 008 221 006 2069 1652 1138 582 0.0005 0.0016 0.0055 0.0328
XsXa 0.36 0.01 4E04 8E04 216 211 25E03 0.08 0.1671 0.1724 0.9611 0.7786
XXy 0.38 0.01 013 007 229 256 2123 6.87 0.1562 0.1357 0.3971 0.0223
XoX2 379 003 763 016 2279 6.03 39.22 15.70 0.0004 0.0303 <0.0001 0.0019
X3X3 0.04 1E03 253 004 024 035 13.03 391 0.0634 0.5648 0.0036 0.0617
XaXq 0.84 0.17 9.06 014 455 3530 46.59 1359 0.0465 <0.0001 <0.0001f 0.0031

Lack of fit 0.89 0.08 2.50 0.22 3.52 4.84 154 19.27 0.0883 0.6193 0.0613 0.0842

R? 097 094 0.98 0.97

R?(Ad].) 094 091 0.95 0.93

S/Nratio 24.71 15.1 23.9 16.5

Xtusol vent convcheyqr:i ratido (g XKW tpi ome® iKa:s(o | ¥ sratmpl e rati o (mL/ g) .
'Val seatisticalpkyOsDgnificant at
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2. 4ABalysis of the 3D response surf ace

3D response surface prhentsi odneerd vperde
e quatairenssihreiwg €8I D.As can bebootbhseTRE@dar
antioxidant/antiradical activities of
bet ween 6WOoandrv@adi ati ons. tCoepgeeseley.
power arwWurdcrk@al@@d adhsirespoblsebwet hat
from prifoarct ®ir n gelXBadrl igmelnt swe(r MW ener
promote a more gradual and uniform he:
thermol abile compounds. Thedse alwdhu latl s
observed a TPC decline Wt7.MMW power s hi
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Accor dlianbg ,et ¢1iRe i nt er acti on bet ween
i rradi aXobtoer mj mei g iF.ickcHB)ntadfyf cted al |l
Fiug 8i®Mshows that all responsetshteavenee n

from 129 woth7@n et hanol Cc 0 nic3e0n%.r aTthii osr
sol vent concentration resultednduwuceidde
swelling of the solid phase, combined
which promote thepmiagr-p@ainan notimm@ddynds
LasEFlguridsh®dAedyt hatreasing the sol ver
to 40 mL/ g and prolongin@ltiheespiomaets
|l i kelty dusteeper concentration gradi el
[ 155]

2. 4Mddel val i dati on

Based on-meme i amevde predictive equat
(Tab.),12he best bal amaxi mMuwumnTPC evmald ngs
be 26v.)NW% f( et hanol in wat@fO aowhcd86t iat
The expected opti mal MAE condi s1i 06n7sO f ¢
W, and 36.6 #Mle/rge; 23018 DG EBVDBGan @58 §55
while ffomereBT3R2. 7 %s, EtBMIW,an2d7040 mL/ g. A

28% N(vof ethanol i n watédr0 aamdh cEmMtmla/tg o
opti mal parameters for the MAE of bi os¢
Under these conditions, the model e

GAE/ g DW, a FRAP value c§vfa|1ue67ofmgl7l’.E86g
DW, and *rnesABTtS of 2. 50 mg TE/ g DW, re
out wunder the predicted opt iOwelr addndit
experi mental pvsabuesS) cmasehgd Tabkke,ptdd
suggesting the wvalidity of the regres

bioactive compounds from HS.
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T a b1 3omparison between experimental and predicted values of TP@ and
vitro antioxidant activity of the extract fro@orylus avellanda.. shells obtained
at optimal MAE conditions.

ReSDONSES TPC, Y1 FRAP, Y2 DPPH? Y3 ABTSA Y,
b (mg GAE/g DW) (mg TE/g DW) (eg TE/ (mgTE/gDW)
Measured 15.12 £ 1.17 1.58 £ 0.04 18.43 £ 0.08 2.64 £ 0.03
Predicted 14.28 1.67 17.86 2.5¢
[13.407 15.15] [1.471 1.86] [16.827 18.90]  [2.257 2.74]
Different |l etters in the same col paho5)i ndi cat e

The respltiimnged ext OH&E) e xfhriobm t 61 &
experi mental TPC of 15.12 mg GAE/ g DW,
et.(dll. 23 mg GAE/ g DW) for a hazel nut
an extraction time of 4 h, 61% of acet
10 ¢gAMBI9]Concerning antioxidabhtéahibr be
FRAP, DP®@MHd*WBITISE s58fmg TE/Og OW/ gl OW 3
2. ¢ TE/ g DW, respedtrisadpedryt.e d il oMvecrh el F
ranging from 0.21 to 0.68 mg TE/g, f
maceration, -pUWAE,r &JAE [hdrgllet hanol
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2.50ptimization of t he Jaqgtlramncssthiederlg$co n ¢

2. 5Mbdel fitting

The effects of MW powerX1), ethanol concentratiorxf), and irradiation
time (X3) were evaluated with the RSM with BBD for the optimization of MAE of
antioxidants from\WS. Table 14reports the experimental design and the results
for TPC and antioxidant activity (ORAC, DPPHand ABTS assays) of WS
extracts.As can be noticedTPC ranged from 4.98 to 8.36 mg GAE/g DW,
whereas for the antioxidant capacity, the ORAC values ranged from 365.75 to
615.90emol TE/g, the DPPRvalues from 0.53 to 2 mg TE/g DW, and the ABTS
values from 0.71 to 2.64 mg TE/g DW.
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and

Tabl4&xperi mental design and results of the TPC
Independent variables Dependent variables

RuUn MAE conditions Experimental values

X1 X2 X3 Y1, TPC Y2, ORAC Ys, DPPH! Ya, ABTSA *

(MW power, W) (EtOH, % viv) (Time, s)  (mg GAE/gaw) (umol TE/gaw) (mg TE/gaw) (mg TE/gaw)
1 670 30 90 7.87+1.68 605.94 +41.7 1.60+ 0.65 216 £0.75
2 1000 30 90 5.94 £1.55 438.03 £ 19.0 1.34+1.82 1.78+ 0.39
3 670 90 90 5.33+£1.38 393.14 £ 30.1 0.63+ 0.39 0.81+1.23
4 1000 90 90 516 £1.21 380.82 £10.7 0.77x0.11 0.96x 0.66
5 670 60 60 7.36 +1.54 542.55 + 32.6 1.43+0.73 1.92+0.18
6 1000 60 60 5.83+1.39 430.10 +£11.3 1.10+ 1. 29 1.33+0.45
7 670 60 120 7.99+0.71 589.01 £51.2 1.44+1.91 2.51+1.03
8 1000 60 120 7.43 £1.08 547.11 £ 30.7 1.37£1.26 1.87£0.24
9 850 30 60 5.65+1.26 408.15+32.4 1.26% 1.95 1.64+0.43
10 850 90 60 6.51+£0.78 482.02 +42.1 0.61+1.74 0.81+ 0.52
11 850 30 120 8.36+1.76 615.91 + 36.8 2.00+£0.82 2.64+£0.77
12 850 90 120 4,98 +1.02 365.76 + 20.2 0.55+0.78 0.71+£ 0.67
13 850 60 90 6.43+1.23 477.23 £34.8 1.32+ 1.56 1.71+1.33
14 1000 90 120 551 +1.67 406.80 £+ 61.1 0.53+0.34 0.83+ 0.92
15 850 60 90 6.67 £ 0.94 444,42 + 12.7 1.33+ 0.57 1.83+ 0.97

an
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The model adequacyy<am®Wd 0O6heosi it hi
interactive effects of each factor wund
as s hadwh | .&melgGality of the fitted models was evidenced byRhe
values, which were 0.98 for TPC and ORAC and 0.97 and 0.96 for féteH
ABTS¥, respectively. Beside& Adj. values were 0.96, 0.94, 0.93, and 0.90 for
TPC, ORAC, DPPH and ABTZ, respectively. The coefficients being near 1
suggested a strong correlation between the observed and predicted values.
Additionally, the lowCV (1.43 %) indicated high precision and reliability in the
experimental valued=urther, the 8\ ratio was higher than 4 for all the models
(Tab. 15, indicaing their appropriateness to navigate the experimental space

[150. The@val ue of the model was | ess than
t hat t he model adequately explained
antioxidant activity of WS. Morxover,
X3) not abl y<i Mpadt)edoo(t h TPC and the a
extract. Additionall vy, t he model hi gl

variable for TPCandRWEI StthPePHet hanol ¢
exhibitingvaheedi ghed00Px (07@a060) ( 1
(pb< 0.0001) p<afid0oO@1¥l1 Based on these

t hat the increment of phenolic conten
on et hanol concentration. Mor eover,

concentration anxdXsy)t hwea si rfroaudnida ttioo m et ihne
< 0.05) for the ORACH*NahRBDPPEN the o
interaction between MWuXy)owears drod nax ttro:
significant effectsLaxnt Ityh,e nmondeaelo xa dleq
evaluated by the | ack of fit, whi ch

antioxidant activity (0.438%, aad28BIS

respectively).
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fronyy)t heendBiBdDx imbalretl / & motri @i ¢ al

), DePH anb(YABBSsays for WS.
. Sum of squares F-values p-values

Variable Y2 Ys Ys Y1 Y2 Ys Ys Y1 Y2 Ys Ys
Model 16.87 98640.88 2.45 5.42 4229 29.83 23.24 16.97 <0.000f 0.0003 0.0005 0.0013
X1 2.21 14556.81  0.15 029 49.84 39.62 16.92 8.08 0.0004 0.0007 0.0049 0.0295
X2 455 2737569 1.71 3.24 102,70 7450 146.38 91.41 <0.000f <0.0001 <0.000f <0.0001
X3 152 8217.84 0.07 0.54 3432 22.36 6.31 15.13 0.001f 0.0032 0.0458 0.0081
XXz 0.98 725565 0.03 0.07 2224 19.75 2.25 1.99 0.0033 0.0044 0.1843  0.2072
XiX3 0.28 1338.51 0.01 9.1E4 6.43 3.64 0.97 0.03 0.0443 0.1049 0.3617 0.8778
XoXs3 479 28915.62 0.16 0.35 108.22 78.69 13.51 9.72 <0.0001 0.000f 0.0104 0.0206
XiX1 0.05 1897.39 6.9E4 0.02 1.06 5.16 0.06 0.60 0.3425 0.0635 0.8156 0.4677
XoXz 1.47  4208.21 0.22 0.51 33.14 1145 18.06 14.46 0.0012 0.0148 0.0054 0.0089*
X3X3 0.79 5966.66 9.2E4 0.05 18.03 16.24 0.08 1.36 0.0054 0.0069 0.7885  0.2882
Lack of

fit 0.24  1652.09 0.06 0.18 3.86 1.49 2.79 2.74 0.2160 0.4384 0.2811  0.2848
R? 0.98 0.98 0.97 0.96

R? (Ad].) 0.96 0.94 0.93 0.90
Xt MW p oW Ko:a(q u eeotuhsa n o | cowcheya it rawidomd i.on ti me (

*Val ues

statistpkc@l D%.significant

at

act
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Based on these findings, the model
TPC, ORAE&, amRIPHABET St 0o Rtvhael uheisg h psviad ruiefsi ¢
and ntostegnilfacckandaf f i t .-orTdheer fp onlayl n osneicaolr
(Eg. 748, illustrating the empiri%al rel
Y4 and the extoadtXibdbX)ne pgretpmgvi ded b
OYOO P& X WYBIC WO T Y Qop THIL W TH p P T O

CRWwpPMT® LVIIYPTW WP PTAOEO LRP PTAOW
T8 T @Og po

DUYOO poBuT @98 owp oK oXoP T8 C@u B UL PTT M
IO W TAIT w T8 T Yo T8 T G
TI8T | @@ pT

MO0D0CE QU WBITT@P TBIC QP THBITT T TRW P T ®
CHpPMmTW POV PTTO PROPTOO TE T AW
CBlwpmww pu

DOOYYTHOT pBIIT)WX TWIC W0 THIMTWY C P pTT ®

oYX PMTOW UYDYPTOW 0PUL PTTOW AT PTITOW
a8ty PIMTOW® p @

2.5ARalysis of the 3D response surface

3D response surface plafsigure 19A1 D), based on the model equations
mentioned aboveallowed tomore easly visualize the mutual effectsf two
factors on eachresponsevariable Figure 19A shows thatslightly raising the
extraction timeup to 120 s with an ethanol in water concentratiamf 30%, the
extractionof phenolic compoundenhancedMoreover, the interaction between
MW power and ethanol concentratiokX2), as well as between MW power and
extraction time X1X3), showed that the highest TPC yield could be obtained by
using low MW powers (60D 700W). This trendwas in line with thapreviously
observed for the MAE of antioxidants frogh avellanashells(Section 2.4.3of
the present Chapter)



67

In Fig. 19B71 D, the mutual effect between the microwave power and the
irradiation time over the antioxidant activity evaluated by ORAC, DPahkd
ABTS* can be observed. Overall, the values of all dependent variables increased
as the MW power and the extraction tinxeXz) decreased around600W and
120 s, respectively. Concerning the mutual interaction betweerMthe power
and the ethanol concentration, it can be observed that at lower MW power values

(6001 700W) and an ethanol concentration around 30%, high antioxidant capacity

values can be achieved

Time (s) EtOH conc. (% w/w) MW power (W) Time (s) MW power (W) E1OH conc. (% wiw)
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F i g a9Ai. 3-D response surfaces plots for the significat 0.05)
interaction effects of ethanol concentration\(#d, irradiation time (s), and MW
power (W) on TPCA), ORAC @), DPPH\(C), and ABTS' (D) of WS extracts.
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2.5M8del wvalidation
According to the aboveentioned predictive equations and ANOVA

results Tab. 15, the ideal MAE conditions for maximum phenolic recovery from

WS were estimated to be: 3@%ethanolin water 120sand 670N. The estimated
optimal conditions for the highest ORAC were 34% of aqueous ethand, 4id

670W. For DPPH the besestimatectonditions were30% agueous ethanol, 120

s, 670W; while for ABTS" ‘were:37.8% aqueous ethanol, 14881 W. Hence,

it was concluded that the optimal experimental conditions to hAV& axtract

with the highestcontent of phenolic and antioxidantcompoundswere: 30%
ethanoln water, 120 s and 670 W. Under these optimized conditions, the expected
values were: 8.92 mg GAEQW f or TPC, ORAC DB\Nof@. 46 ¢
ORAC, 1.93 mg TE/PW for DPPH and 3.02 mg TE/®W for ABTS**
Extraction was performethrice under theestimated MAEoptimal conditions to
validate the model's adequadyable 16 showsthe predicted and experimental
results for the optimized extract from WS (OVE) The experimental results

were in great agreement with the predicted values, suggesting that the proposed
MAE protocol can be effectively used to extraeiuablephenolic compounds

from WS.

T a b1 &Comparison between experimental and predicted values of TPiG and
vitro antiradical activity of the extract frouglans regial. shells obtained at
optimal MAE conditions.

TPC, Y1 ORAC, Y2 DPPHA Y3 ABTSA Y4
Responses
(mg GAE/gDW) (emol TE/gDW) (e€g TE/ (mgTE/gDW)
Measured 8.49 £ 0.94 668.3 + 30.5 1.67+0.18 2.88+0.21
Predicted 8.92 692.3 1.93 3.02
[8.421 9.42] [644.91 740.1] [1.617 2.25] [2.681 3.36]

Different |l etters in the same col pah05)i ndi cat e
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2. 6Summary

Rel i analt dh e mBB Dmamdseelnabl ¢ednde MNMAE'L

condiftoromispgesctovery of phenolidoy dmdii:

sheTPG and antioxidant/ antiradical eff
opti mal MAE condi tTallse ax® summari zed
Tabl@PC iamdaint i oxi dant/ antiradical act
fruit shells obtained at opti mal MAE ¢
TPC FRAP DPPM AB TS ORAC
Sampl (mg GA (mg TE (g TE/ (mg TE (Emol T
D W) D W) D W) D W) D W)
OPE& 23.832 6.37 aN 122.12% 20. 552
OASE 28. 46 RN 5.18 aN 40. 9721 24. 642
OHSE 15.12b% 1.58 PN 18.43¢c 2.64 PN

O WSE 8.49 °K 1.67 %N 2.88 "N 668. 3
TPC, Tot al phenolFieao ricontreendtu;ci FRAR,Nt i exipdh@mty!| pow
picryl hydr a,ABINT S ra2eRide@dh gy & ben zéstuhlifaoznoilci naeci d) di ami
ra
5

ORAC, OoOxygen
differencesff< 0. O

d i c.ifferan Ietters inathe samecalynadicate gignificant
, Tukeybds test).

Concerning t hset ud@t i md @ Biutd B et han
concenéxlatbioni nkgv 4 Inteeeldn (b, gtve at ttbBhealte mai n |
affeceptMAE e o cTehses .r eesmad rnt st hr aatd ptdh ena | MA I
condiweirded ®qgueous, elth0a0d@8bd 27 .Unh dmelr/ ¢.hi
MAE s e & ORBSR showeda TPC value of 23.83 @é\E/g DW, which was
higher than that observed ftne OHSE and OWSE but comparableto that
measured for the OAE (Table 17). Concerning the antioxidafaintiradical
activity, the OPS&E exhibitedthe highesFRAP (6.37mg TE/g DW)and DPPH
(122.2ug TE/g DW)values with an ABTS antiradical capacity similar to that of
the OASE (Table 17).

The MAE c ompdiitmi eredf ory th®M hi ghest
antioxi dawe $6&43%a mpu Adhansl, 2605, 1000W, and 25.2

mL/g. Amongf ohhe i ndependent variabl es i n
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ex hi bheée e dR-vgahl eusetd),r e s utl meameg v ar i abtlhee i nf
MAE of DbioactivAda.compounds from

The OHS-E wasobtainedusing28%a q u e o u s, 2704, 6v@w, and
37mL/g.Si mi | aroluyt ctoanetsbh g tra@ami i tome st udy , per f
the irradestihmeaidn i nwaefr fi @adtlieng t he extra

Lastly,30%ethanol in waterl20 s, and 670 W were attested as the optimal
MAE conditions for the highest recovery of phenolics and antioxidants from WS.
As observed foPS,t he et hanolwacso ntcheen terxattriaocnt i o n
showed the most tsheg ntM# H ccoammpto uenf.df se cftrso no r

Noteworthy, # the experimental resultshowedno significant p < 0.05)
differences with the predicted valuegdlemonstratingthat the proposed MAE
protocok can be effectively used to extrachluablephenolicand antioxidant
compounds frondry fruit shells Furthermore, it is worth considering théiet
herdcgonr MAEende t hcoadns be readil y ex ptabhadreal f
is commonly used to prepare food suppl
the extraction of natur al products usi
in indust]6.h] practices

The phytochemi dggtei pihzdxtiresacst scar ef u
studied bMSHRMBSCA&®H ypiiistslee t fead H aopmienrg 3
The potential bfotogmpoahdprdowemtedtgstnr
by n einzymat i BAMYUGpHsand tyrosnoggsajlia
(ROS scavenging <capacity sanddesgmo theaiedn
foll €wiampd. erBed i aetsr,lmiddhsadmpat i bi |l ity wa:
vitcred | ul ar studi s aond-MHAnR2e9sa nidn ald u ¢(cCaalc
and -BBpCcel l | i neCsh,apa.serdibS5scussed in
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Chap3lerPhyt ochemical profiles of

3. 1HPLC/-MSI MS prohel eptomi zed shell e

HPLC/ESFMS/MS analysis was performed as describecChapter
11, Section 11.13to study the complex phytochemical composition of the
optimized extracts from PS, AS, HS and WS.

The putative identifications of phenolic compounds were obtained by
considering their MS/MS elution times:)(r, [ M mizvaldds, and by a
thorough analysis of their characteristic fragmentation patterns, consisting, for
i nstance, of typical | osses o0lBDay,mal l
C O -44 Da), and sugars (e.g. glucosk62 Da). Compound identifications
werethen corroborated by comparison with the relevant literature or retrieving
information from wellestablished mass databaskstaive identification of
fatty acids, in particular, was supported by the information retrieved from
LIPID MAPS® Structure Datadise (LMSD) [tips://www.lipidmaps.orp
accessed February 2024p6].Fi nal | vy, t e earl eagpp i nfg mo

t he mas s chromatogram wer e consi dei
informati on.

The total ion current (TIC) chromatograms obtained in negative
ionization mode are shown igures 207 23. All putatively identified and
guantified compounds are listed Trables 18 i 21. The detailed mass data
interpretation is reported iBupporting material Sections 4i 7.


https://www.lipidmaps.org/
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3.2Phytoc
shel | &£

hem
) ( O

i calheproopftiilne zefdPi sxtarca at
PS

chemical structures are shown kigure S4 Specifically, four classes of

A total of 52 compounds weptativdy identified in the OPSE. Their

v 1

compounds were distinguished, namely gallic acid derivatives, including
hydrolyzable tanning3 1 5, 7, 8, 10, 15, 20, 22, 24, 25), flavonoids 6, 9, 11
i 14,167 19, 21, 26, 27, 31), fatty acids 23, 281 30, 321 40, 44, 45) and
anacardic acidsA(Li 43,4671 52) (AAs).

Relative Abundance

Fi g a0 HPLC/ESFEMS/MS profile (negative ion mode) of the optimized
extract fromP. verashells (OPSE ) .
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Table 18.

Peakso

dent i fi

cat |

The constituents of the OFES eluting as not overlapping peaks were

guantified byHPLC-ESI-MS/MS employing as reference standards gallic acid

for compoundsl0 and 22; quercetin3-O-glucoside for6, 14, and 31; and
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(17:1)yanacardic acid for23, 28, 30, 32, 33, 37, 42, 47, 48. Coeluting
compoundsi8+ 19, 26 + 27, 44+ 45, 49 + 50) were quantified together.

Gallic acid derivatives, hydrolyzabtannins, and flavonoids eluted at
the beginning of the TIC chromatogram=t10.90i 27.70 min;Fig. 20) with
compounds8, 10, 14, 18, 19, and24 constituting the most abundant phenolic
components of the extractgble 18).

Several saturated and unsaturated fatty acids appeanrs@msepeaks
between t= 38.45i 65.80 min Fig. 20), except for compound3 putativdy
identified as the glycoside @& and eluting at 23.8 min.

AAs (49, 50, and 52) were identified among the most abundant
constituents of the extract. The presence of this group of natural products has
been previously documented in cashew nut sH2Bg], as well as in red and
green pistachio hull§158]. However, this was the first study reporting the
occurrence of anacardic acids in PS.

AAs have been studied for their potential health benefits, including
antioxidant, antinflammatory and antbacterial properties[159, 160]
Moreover, Toyomizuet al. reported a strong inhibitory activity of AAs
t o wa QLY ant aldose reductase, key hydrolytic enzymes involved in
carbohydrate absorptidi61]. Such activity was more recently confirmed by
Hu et al. and Skrjabinget al.[157, 162]
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T a b 1 @Putative identification and quantification by HPLC/E®IS/MS of the main organic constituents of the
optimized extract fronk. verashells (OPE).

I Fragments,m/z . e mg/gDW of
Peak tr [M 1 H] (Relative intensity) Proposedidentification oxtract

1 250 133 115(100); 87(5) Malic acid
2 3.70 191 111(100); 173 (40); 147 (5) Quinic acid
3 109 183 168(100); 124(40) Methyl gallate
4 12.0 321 169 (100); 125(10) Digallic acid
5 12.0 481 463(100);437(40) 301(40) 169(2) HHDP-hexose isomer

) ) ) 3-HydroxyphloretinO-glucoside 0.251 + 0.009
6 12.6 451 433(100); 292(20); 173(10); 337(5) (Aspalathin)
7 14.0 373 169(100); 313(80); 151(25) Acetyl-O-galloyl hexose
8 149 635 423(100); 465(80); 483(70); 313(20) Tri-O-galloyl-glucose isomer 2.176 £ 0.023
9 150 631 479(100); 317(15); 299(5); 271(5) Myricetin galloyl hexoside
10 155 197 169(100); 125(5) Ethyl gallate 2.328 £ 0.023
11  16.1 479 317(100); 359(5)461(5); 271 (5); 179(5) Myricetin hexoside
12 16.1 625 316(100); 317(90); 607(20); 271(15); 463(10); Myricetin rhamnehexoside

287(10)

13 16.3 493 317(100); 331(5); 211(5) Myricetin hexuronide
14 16.8 615 463(100); 301(80); 313(20); 453(5) Quercetin galloyl hexoside isomer 1.009 + 0.037
15 174 787 617(100); 635(85); 465(10) Tetragalloyl glucose isomer
16 174 303 285(100); 125(10) Taxifolin
17 17.8 609 301(100); 300(50); 271(10); 463(5); 255(5) QuercetinO-hexosedeoxyhexoside
18 18.0 463 301(100); 179(5); 271(5); 255(5); Quercetin hexoside 1.267 +0.03%
19 184 477 301(100); 179(5); 151(5) Quercetin monoglucuronide 1.267 +0.03%8"
20 189 319 239 (100); 139(5), 275(5) Luteic acid
21 194 433 301(100); 179(5); 343(10); 272(5) Quercetin pentoside
22 194 939 769(100); 787(15); 617(15); 635(5); 465(5) Pentagalloyl glucose isomer 0.578 + 0.021



23
24

25

26
27

28

29

30

31
32
33
34
35

36

37
38
39
40
41
42
43
44
45
46

23.8
25.2

25.2

27.3
27.7

38.5

41.0

42.1

43.6
447
45.8
48.5
49.0

50.8

51.6
55.3
55.5
57.9
59.3
60.6
60.9
61.5
61.5
61.9

427
347

483

301
285

327

331

329

287
475
279
393
293

395

307
297
265
309
333
361
331
337
289
315

265(100); 247 (5); 221(5)
267(100); 169(10)
321(100); 277(30); 271(10); 465(5); 331(5);

313(5); 169(5)

179(100); 151(90); 257(50); 273(30); 229(20)
241(100); 199(40); 151(25); 175(20)

229(100); 291(50); 211(50), 171(40), 227(20)
313(100);311(20); 295(20); 231(5)

229(100); 311(30) 171(10); 125(5)

269(100); 155(10); 251(10)
395(100); 431(20)

235(100); 217(60); 261(5); 252(5)

313(100); 349(20); 375(10); 329(5)

249(100); 193(90); 181(5)

351(100); 349(40); 315(60); 377(10); 283(10);

219(10)

263(100); 245(60); 246(10289(5)
183(100); 197(40); 171(5); 253(5)
97(100); 238(40); 223(20)
97(100);266(15); 292(10); 255(10); 141(5)

289(100);

317(100); 299(20)
287(100); 313(15)
97(100); 293(60); 183(40); 319(5)

245(100)

271(100); 255(5);

Fatty acyl glycoside
Gallic acid derivative

Digalloyl hexose

Quercetin

Kaempferol

(18:2) Trihydroxyoctadecadienoic acid
isomer

(18:0) Trihydroxyoctadecanoic acid
isomer

(18:1) Trihydroxyoctadecenoic acid
isomer

Dihydrokaempferol

(32:2) Octadecanoid acid isomer
(18:2) Linoleic acid

(26:1) Hexacosenoic acid

(19:2) Octadecadienoic acid isomer

(26:0) Hexacosanoic acid isomer

(20:2) Eicosadienoic acid isomer

(18:1; O) Epoxyoctadecanoic acid isom
(17:2) Heptadecynoic acid isomer
(20:1) Eicosenoic acid isomer

(14:0) Anacardic acid

(16:0) Anacardic acid

(14:1) Anacardic acid

(22:1) Erucic acid

(19:4) Nonadecadiynoic acid isomer
(13:3) Anacardic acid

75

2.724 + 0.002
0.673+ 0.007
0.176 £ 0.013

0.661 + 0.035¢

0.661 + 0.03%¢
0.359 +0.012

1.143 + 0.027
1.203 £ 0.016

0.351 £ 0.008
3.192 £ 0.022

1.626 + 0.030

1.124 + 0.031

1.351 + 0.0488
1.351 +0.0188
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47
48
49
50
51
52

63.1
63.7
64.2
64.4
65.6
65.8

317
369
319
345
347
373

273(100); 107(5);
325(100);
275(100);
301(100);
303(100)
329(100)

(13:1) Anacardic acid
(17:3) Anacardic acid
(13:0) Anacardic acid
(15:1) Anacardic acid
(15:0) Anacardic acid
(17:1) Anacardic acid

1.501 +0.015
0.388 + 0.007
5.874 £ 0.27%%
5.874 +0.27%*

dguantified as gallic acidguantified as quercetig-O-glucosidefquantified ag17:1)anacardic acid® ¢ 8 #*quantified together
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3.3Phytochemicdalhepropftiilme zefPr axusadtul £
shell £)( OAS

Figure 21shows the TIC chromatogram resulting from HLC-ESI-
MS/MS analysis of the OAS, performed as reported @hapter 11, Section
11.13 All the putativdy identified organic constituents of the extract, along
with their MS/MS retention times {, [ M 1" mk\alues, the main MS/MS
fragments, and the relative abundances, are tabulafieabile 19. The detailed

HPLC-ESI-MS/MS data interpretation is reported Bupporting material
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Fi g @l HPLC/ESIMS/MS profile (negative ion mode) of the optimized
extract fromP. dulcisshells (OASE ) . Peaksd6 identificat
Table 19.

A total of 41 compounds werputativdy identified in the OASE,
namelyflavonoids 6, 8, 9, 11, 14, 177 19, 231 26), lignans 4, 13, 21, 27,
29), and fatty acids48, 30 1 41). This last group encompasses the most

abundant components of the TIC chromatogram, with (18:1hy@)oxy oleic
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acid B2) and (20:1) eicosenoic adasibmers 85) eluting in the peaks with the
highest intensity Kigure 21). Consistently with this work, previous studies
reported the occurrence of high amounts of fatty acids in [R&3-165])
Nevertheless, except for linoleic acid2), all the other phenolic lipids were
identified and quantified for the first time.

Noteworthy, favonoids constituted the extract's most abundant class of
phenolic compounds. A total of 12 flavonoids, including catecBintéxifolin
(8), quercetin derivativesl{, 18, 26), and ellagic acid 22) eluted at the
beginning of the TIC chromatogram & 11.6071 31.00 min;Fig. 21). To the
best of our knowledge, other extlracto
1 3), a hydroxycinnamic acidbf, a xanthoneq), a hydroxycoumarinl(0), two
gallic acid derivatives131 15) and a deoxyceraide 20), were for the first
time annotated in AS.

Among flavonoids, delphinidin 3;8iglucoside (compoun@5; 2.72
mg/g DW) and quercetin galloyl hexoside isomer (compolrdl.01 mg/g
DW) were the most abundant in the extracal. 19).

Secoisolariciresinol 4), conidendric acid X3), conidendrin 20), an
oligolignol (27) and medioresinolQ) were the lignanputativdy identified in the
OAS-E (Tab. 18). Among them, conidendrin, studied for its anticancer activity
[166], was the most abundant (1.27 mg/g DW).

The hydroxy coumarin isofraxidin (compoub# 2.33 mg/g DW) and the
xanthone mangiferin isomer (compoul@ 2.18 mg/g DW) were also among the
most abundant phenolic compounds in the ex({feab. 19). Isofraxidin has been
recognized as a potent radical scavenger and antidiabetic ingridiéntL68]
Several healttendorsing properties, such as antioxidant, antidiabetic, and

neuroprotective, have been reported for mangif@®d, 170]
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T a b1 9Putativeidentification by HPLC/ESMS/MS of the main organic constituentstioé optimized extract frorR.

dulcisshells (OASE).

Fragments, m/z

Peak tr [M-H] (Relative intensity) Proposed identification mg/gDW of extract
1 2.6 133 115(100); 89(5) Malic acid

2 31 191 111(100); 173 (40) Quinic acid

3 10.6 179 161 (100); 135 (20) Caffeic acid

4 111 361 313 (100); 346 (10); 299 (10) Secoisolariciresinol

5 11.6 335 291(100); 317(20); 179(5) Caffeoylshikimic acid

6 11.6 289 245(100); 203(10); 179(10); 151(5); 125(5); 109 Catechin/Epicatechin

7 15.6 195 151(100) Hydroxycaffeic acid

8 17.5 303 285(100); 177(20); 125(10) Taxifolin 0.25 +0.0%
9 18.1 595 287(100); 433(5) Eriodictyol7-O-rutinoside (eriocitrin)

10 18.4 421 301(100); 225(40); 403(10); 331(5) Mangiferin isomer 2.18+0.02
11 18.4 593 285(100); 286(10); 267(5) Kaempferol7-O-rutinoside

12 19.3 221 177(100); 206(40); 191(5); 163(5) Isofraxidin 2.33+0.02
13 20.5 419 375(100); 373(40); 401(20); 177(20) Conidendric acid

14 20.8 477 314(100); 315(40); 300(5); 299(5); 285(5); 271(% IsorhamnetirO-pentoside

15 21.3 187 125(100); 169(10)143(5); 97(5) Benzoic acid derivative

16 221 373 313(100); 343(80); 151(10); 169(5) Acetyl-O-galloyl hexose

17 21.3 615 463(100); 301(80); 313(20); 453(5) Quercetin galloyl hexoside isomer 1.01 +0.04
18 22.1 609 301(100); 447(40) Quercetin hexosythamnoside

19 24.0 449 405(100); 431(20); 419(20); 287(20) Eriodictyol hexoside

20 29.0 630 434(100); 582(80); 612(50); 251(50) (24:1) XDeoxyceramide 1.31+0.08
21 29.7 355 340(100); 325(40); 219(40); 337(20) Conidendrin 1.27 +0.08
22 31.0 301 286(100) Ellagic acid

23 32.3 643 625(100); 505 (5) Dihydromyricetin dihexoside 0.05 +0.0%
24 33.0 597 435(100); 289(10) Catechin 30-rutinoside 0.07+0.0P
25 33.5 626 465(100); 609(40); 503(10); 303(5) Delphinidin 3,5diglucoside 2.72 +0.08
26 36.1 629 613(100); 433(80); 301(40); 585(30); 467(20)  QuercetinO-hexoside derivative 0.58 + 0.02
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27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

37.2
39.0
50.3
52.1
54.6
55.4
56.7
57.5
58.3
59.0
60.3
61.2
61.5
62.1
63.2

809
327
387
265
265
297
315
279
309
311
293
367
339
337
381

791(100); 761(80); 471(20)

229(100); 291(50)211(50); 171(40); 227(20)
341(100); 343(60); 369(10); 207(40); 163(10)
97(100); 238(40); 223(20)

97(100);238(40); 223(20)

279(100)

279(100)

97(100); 261(5)

97(100); 291(40)

183(100); 293(20); 267(5); 212(5)

97(100); 185(30); 249(30); 275(20)
123(100); 349(20)

183(100); 239(10); 198(100); 321(5)
191(100); 293(40); 97(20); 263(10)
337(100); 363(60)

Oligolignol

(18:2) Trihydroxyoctadecadienoic ac
Medioresinol

(17:2) Heptadecynoic acid isomer
(17:2) Heptadecynoic acid isomer
(18:1; O) Hydroxyoleic acid isomer
(18:0; O2) Dihydroxystearic acid
(18:2)Linoleic acid isomer

(20:1) Eicosenoic acid isomer
(20:0) Arachidic acid isomer

(19:2) Octadecadienoic acid isomer
(24:0) Lignoceric acid isomer
(22:0) Docosanoic acid isomer
(22:1) Erucic acidsomer

(25:0) Pentacosanoic acid

0.67+ 0.0
0.18 £ 0.0%

0.66 £ 0.03
0.36 + 0.0%
3.19+0.02
1.14+0.08
1.20+£0.02
2.16+£0.0Z
0.35+0.0%

1.63+0.08

#IM-H+HCOOH] . squantified as gallic acidpuantified as querceti#-O-glucosidequantified ag17:1)anacardic acid
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3.4Phytochemi ctalhe popfi miezodorewltusacavdlr
shell sE)( OHS

The phytochemic&l wp@arso fsiulcecesfsf OHBYy
HPLC/IESI MS anal ysi s i n neBagurme 2adsni
descr i @heaptie®ecltli on AlllL 18he putativel
guanti fied c¢complawd Ghe detailedHPLC-ES-EIMSI n

data interpretation is reported Supporting material Section 6
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T a b2 OPutativeidentification by HPLC/ESMS/MS of the main organic constituents of the optimized extract @om
avellanashells (OHSE).

I Fragments,m/z . . mg/g of
Peak tr IMT H] (Relative intensity) Proposed identification extract DW
1 240 133 115(100); 89(5) Malic acid
2 240 209 191(100); 85(20); 173(5); 129(5)  D-Glucaric acid
3 270 191 111(100); 173 (40) Quinic acid
4 350 169 125(100) Gallic acid
5 350 179 161(100); 164(10) Coniferyl alcohol
6 13.4 361 241(100); 271(30); 301(20); 343(1(C Giffonin P
7 16.1 359 341(100); 329(60) Giffonin U
8 16.7 173 111(100); 155(5) Shikimic acid 4.84 +0.24
9 17.5 301 257(100); 229(50); 284(30); 185(2C Ellagic acid
10 175 225 210(100) Pinosylvin monomethyl ether
11 19.6 221 162(100);206(40); 150(5) Isofraxidin
419 . .
12 20.0 [M+HCOOH]- 195(100); 373(60); 325(20); 177(2C Etrggr'rog“a'acy'g'yce“"b'con'fery' aldehyde
H]'
13 204 343 270(100); 285(40); 298(20); 257(2( Dihydroxy-trimethoxy flavone
14 204 447 301(100);300(20); 302(5) QuercetinO-rhamnoside
15 21.2 187 125(100); 169(10); 143(5) Gallic acid derivative 27.30£0.09
16 23.1 375 345(100); 357(10) 7-Hydroxylariciresinol
17 234 431 285 (100); 255 (10) Kaempferoi3-O-rhamnoside
18 234 476 433(100); 462(80); 315(60); 337(2( 1-Linoleoyl-glycerc3-P-ethanolamine
19 245 555 525(100); 507(40); 329(15); 315(5) Lariciresinol guaiacylglyceryl ether
20 251 343 325(100); 299(20); 269(20); 283(5) Carpinontriol B
21 259 601 583(100);301(20); 273(5); 271(5) Gallagic acid dilactone 10.76 + 0.02
22 269 327 253(100); 283(80); 271(30); 312(2C Giffonin V
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23 339 583 369(100); 357(49); 373(20); 195(2( G (TBi4 Nj)i5S NjfLi@nin oligomer
24 358 215 197(100); 153(40); 171(10)69(5) (12:0) Hydroxydodecanoic acid isomer
25 385 327 309(100); 291(80); 183(20); 239(1t Trihydroxy-octadecadienoic acid isomer 0.53+0.0%
26 39.7 327 291(100); 30960); 211(60); 239(20) Trihydroxy-octadecadienoic acid isomer
27 421 329 229(100); 211 (60); 311(40); Trihydroxy-octadecenoic acid isomer

285(20)
28 426 329 229 (100); 211 (60); 311(40); Trihydroxy-octadecenoic acid isomer

285(20)
29 43.0 287 269(100); 243(10) Dihydroxy-hexadecanoic acid isomer
30 43.6 577 285(100); 431(10) Kaempferol3-O-p-coumaroyirhamnopyranoside 0.87 + 0.0%
31 473 313 295(100); 245(10); 171(10); 213(5) Trihydroxy-heptadecadienoic acid 1.75+£0.0%
32 52.0 377 359(100); 333(10); 362(5) Methyl-tetracosadienoic acid isomer 6.54 +0.02¢
33 524 313 295(100); 245(20); 213(10); 171(1C Trihydroxy-heptadecadienoic acid isomer 6.54 + 0.02¢
34 53.0 359 315(100); 341(40); 323(20) (22:6) Dihydroxydocosahexaenoic acid isomer 3.36 + 0.0%
35 535 387 315(100); 343(20); 369(10) (26:4) Hexacosatetraenoic acid
36 547 315 297(100); 295(20); 279(20); 271(1C (18:0) Dihydroxystearic acid isomer 1.87 £ 0.04
37 552 265 97 (100); 221(1Q)247(5) (17:2) Heptadecynoic acid isomer
38 557 315 297(100); 295(60); 279(20271(10) (18:0) Dihydroxystearic acid isomer 26.31+0.08
39 572 279 97(100); 261(10); 235(10) (18:2) Linoleic acid 1.29+0.0%
40 57.8 309 97(100); 265(20); 291(10) (20:1) Eicosenoic acid isomer 3.96+ 0.0%
41 58.3 311 183(100); 293(10)253(10); 267(5) Dihydroxy-octadecadienoic acid isomer 0.41+0.0r
42 58.7 353 291(100); 309(40); 335(40) (23:0) Tricosanoic acid isomer 2.09+ 0.0Z
43 59.2 397 379(100); 353(80) (25:0) Hydroxypentacosanoic acid
44 595 325 183(100); 307(20)281(20);225(5) (21:0)Heneicosanoic acid isomer
45 59.8 293 251(100); 221(40); 249(20); 207(5) Hydroxy-octadecatrienoic acid
46 614 337 293(100); 319(40); 97(20) (22:1) Erucic acid 0.68+ 0.0T
47 62.2 381 337(100); 363(80) (25:0) Pentacosanoic acid 0.37+0.0r

quantifiedbPqausangalfliiecd3-Gegdi wgwet aet; i(flisé dnas frquart df i ed toget her



85

3.5Phytochemicalhepropftiilmd zed ugkxtanactr ef
hel | se)( OWS

HPLC/ESIMS/MS was performed on the O\MESin negative ionization
to identify its primary organic componentBhe resultingTIC chromatogram
obtained is reported ifrigure 23 The putativdy identified and quantified
compounds are listed ifable 21. The detailedHPLC-ESFMS/MS data

interpretation is described Bupporting material Section 7
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Time (min)
Fi g @3 HPLC/ESIMS/MS profile (negative ion mode) of the optimized
extract fromJ. regiashells (OWSE ) . Peaksd identificat.
Table 21.

A total of 46 compounds wepitativdy identified in the OWSE (Table
21) and mainly grouped ihydrolyzable tanninslé, 15,and20), flavonoids {,
107 13 16, 18), xanthones1(9, 21), fatty acids 9, 231 26, 287 31, 331 35, 37,
38, 401 44) and phenolic lipids such as AA3L( 35, 38, 441 46). These two last

groups encompass the mabuundant components of the TIC chromatogram, with
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trinydroxy-octadecenoic acid isomerg5and 26) eluting in the peak with the
highest intensity. In addition, other constituents, including organic &cidS)( a

lignin oligomer @2), and a lignanZ7), wereputativdy identified as well. Despite

the efforts made, three unknown compounds (U1, U2, and U3), for which it was
impossible to elucidate a structure due to a lack of sufficient evidence, are included
in Table 20 Some constituents of the O\WAEShave been quantified ByPLC-
ESFMS/MS employing as standards quercedi®-glucoside for compoundi2,
16,and18; and(17:1)anacardic acidor 23, 25, 26, 28, 29, 31, 32, 39,i437.
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T a b2 ldentification and quantification by HPLC/E®S/MS of the main organic constituents of the optimized extract
from Juglans regiashells (OWSE).

Peak tr [M-H]-  Fragments,m/z(Relative intensity) Proposedidentifications ;nxgg: gd(:“f[Of
1 2.50 133 115(100); 87(5) Malic acid
2 2.50 195 129(100), 177(40); 99(10), 75(5) Gluconic acid
3 3.60 209 igégg)o) 85(30); 165(30); 133(30); 173(5) Glucaric acid
4  3.60 191 111(100); 173 (50)127(5); 155(5) Quinic acid
5 4.60 353 191(100); 179(40); 309(20); 135(5) Neochlorogenic acid
) ) ) Benzyl alcohol hexospentose derivative
6 14.5 343 401(100); 269(10); 161(10); 327(5) (formate adduct)
7 14.5 433 301(100); 151(5); 271(5) Quercetin3-O-pentoside
8 14.5 377 331(100); 179(5); 119(5) Saccharide derivative
167(100); 285(40); 165(30); 135(20); ) : . I
9 14.5 333 152(10); 315(5); 271(5) (20:5) Hydroperoxyeicosapentaenoic acid ison
10 15.2 465 447(100); 299(10); 239(10303(5); 285(5)  Taxifolin-3-O-hexoside isomer
11  16.7 447 281(100); 285(40) Kaempferoi3-O-hexoside
12 175 463 301(100); 271(10) Quercetin 30-hexoside 0.22 £ 0.0%
13 178 303 285(100); 125(10) Taxifolin
14 18.6 787 617(100); 623(20)465(10) Tetragalloyl hexose isomer
15 20.3 939 769(100); 787(15); 617(10); 447(5) Pentagalloyl hexose isomer
16 213 447 301(100); 300 (30); 302(20) QuercetinO-rhamnoside 0.04 £0.0%
17 222 187 125(100); 169(20); 160(20); 97(5) Hydroxygallic acid
18 225 615 ggiggg) 597(80); 453(50); 463(20); Quercetin galloylhexoside isomer 0.06+0.0
19 231 583 463(100); 301(40); 565(5); 271(5) Tetrahydroxyxanthondi-O,C-hexoside
20 231 1091 - Hexagalloyl hexose isomer
21 234 273 255(100); 258(5) Methoxy-trihydroxyxanthone
Uil 343 597 505(100); 553(80); 383(80); 549(30) -
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22

23
u2
24

25

26
27
28
29
30
31
32
33
U3
34
35
36
37
38
39
40
41
42
43
44
45
46

38.1

39.8
40.6
43.3

43.3

441
46.3
48.3
51.3
53.5
54.3
55.3
55.8
56.4
56.9
56.9
57.8
58.9
58.9
59.4
59.9
60.7
61.2
63.4
64.5
66.3
68.1

809

327
449
329

329

375
327
329
311
313
359
265
279
430
315
361
309
295
341
293
530
339
337
271
317
345
373

791(100); 743(80); 761(70); 773(60);
713(40); 565(30); 417(15)

229(100); 291(80); 171(80); 211(60);
209(20)

403(100); 311(20); 329(15) -
229 (100); 211 (60); 311(40); 293(20);
171(20); 183(10)

229 (100); 211 (60); 311(40); 293(20);
171(20); 183(10)

357(100); 297(20) 7-Hydroxylariciresinol isomer

309(100); 291(40); 209(20); 171(20); 163(= (18:2) Trihydroxyoctadecadienoic acid isomer
171(100); 201(80); 229(10); 211(10); 185(E (18:1) Trihydroxyoctadecenoic acid isomer
293(100); 275(20); 211(10); 183(10); 171(t (20:0) Dimethytoctadecanoic acid isomer
295(100); 277(10); 171(10); 213(5) (18:1) Octadecanoic acid isomer

341(100); 315(40); 297(30) (16:1) Anacardic acid

97 (100); 238(10) (17:2) Heptadecynoic acid isomer

97(100); 261(10); 235(10) (18:2) Linoleic acid

386(100); 412(60); 144(40); 368(20); -

297(100); 295(20); 279(20); 199(20) (18:0) Dihydroxystearic acid isomer
317(100); 293(50) (16:0) Anacardic acid

291(100) (20:1) Eicosenoic acid isomer

277(100); 171(60) (18:2) Octadecadienoic acid isomer
323(100); 297(60) (15:3) Anacardic acid

249(100); 97(80); 185(60); 197(20) (19:2) Octadecadienoic acid isomer
279(100); 249(40); 511(25); 267 (15) (36:3) Linolenyl oleate

183(100); 239(10); 198(100); 321(5); 99(5) (22:0) Docosanoic acid

294(100); 319(49) (22:1) Docosenoic acid

225(100); 187(10); 125(10) (16:0) Hydroxypalmitic acid isomer

273(100); 107(5) (13:1) Anacardic acid

301(100) (15:1) Anacardic acid

329(100) (17:1) Anacardic acid

Oligolignol

(18:2) Trihydroxy-octadecadienoic acidomer

(18:1) Trihydroxyoctadecenoic acid isomer

(18:1) Trihydroxyoctadecenoic acid isomer

0.52+0.08

4.96 + 0.028

4.96 + 0.028

0.46 + 0.08
0.13 £ 0.02
0.25+0.0%
0.86 + 0.08
0.44 +0.08

0.07 £ 0.0%

0.20 + 0.02
0.86 + 0.08
0.04 £ 0.0%
0.10+0.0%
0.08 +£ 0.0%

jguantified as querceti®-O-glucosidefquantified agf17:1)}anacardic acicfquantified together



89

3. 6Summary
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Fi g @ #ealitative and quantitative phytochemical composition of the extract
from pistachio A), aimond B), hazelnut C) and walnutD) shells prepared at
optimal MAE conditions.
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Chap4|erBi ol ogi cal properties of s

4. 1Radical scavenging capacity against

I n this thesis, the scavenging cap:
AS, HS, and WS prepared by MAE towar c
tested through three 2AOBchafvaerne;1ritngasa$$)asg/,
scavenging assay, and the Oxygen Radi
anh i rmeheei cad s ag/fsf
performed &&agdeprSeicliddn nfihied8r &sults ar
TablZ2e ansays
consideri ng stohaaltuesh,e tlhoewehri ghCer t he an

us ed to evaluat e t he

For Aehd BClI O scavengieneg

T a b2 2Superoxide radical anion éﬁ)), hypochlorous acid (HCIO), and peroxyl
radical (RO@ scavenging capacities of the optimized extract from pistachio
(OPSE), almond (OASE), hazelnut (OHEE) and walnut (OW<E) shells.

Reactive oxygen scavengingapacity

oM 1 HCIO ROO
Sample
ICso, £g/mML ICs0, £g/mL emol TE/mg DW
OPSE 54.92 £ 2.36 4,70 £0.29 0.72 +0.07
OASE 37.97 +2.38 14.05 + 0.64 2.42 £0.20
OHSE 43.08 +1.11 11.04 +0.98 2.16 £0.28
OWSE 32.66 £ 2.57 24.36 £ 1.47 0.67 +0.4¢
Gallic acid 10.39 + 1.60 551+0.34 7.51+0.40
Catechin 26.24 £ 0.15 0.32 +£0.02 237.11+£28.3

TE, Trolox equivalents. Results are reported as mean + SD (n = 4). Different letters in the same

columni ndi cate signifi canpkO0.@b). positwe centra.e s

(Tukeybs
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4. 1ROS scavenging capacity Bf twhedobdpgt
( OPE)
OPSE scavenging capacity agairg#', HCIO, andROOis reported in
Table 2. Among the ROS studied, tl@PSE exhibitedthe highest antiradical
power against HCIO, with an i¢val ue of 4. 70 €9/ mL,
significantly ¢ > 0.05) different from gallicacid (6= 5. 51 € g/ mL) ,
positive control. When compared to the other optimized shell extracts prepared by
MAE, OPSE resulted in the most effective HCIO scavenger. Moreover, its HCIO
scavenger capacity was higher than the one reported by &irab for the
ethanolic extract obtained fro@astanea sativMill. shells extracted by MAE
(ICso= 23. 08[69% g/ mL)
Concerning @, an Csoof 54.92eg/mL was observed for the OFES This
result was lower than the ones achieved for the controls used, respectively,
catechin (IGo= 26. 24 eg/ mL) sp&and 0g 8191 ieq@ / and i) d
ol gcavenging efficacy of ORPE was lower compared to that of the other shell
extracts obtained by MAE. Nevertheless, the @PShowed a higher O 1
guenching capacity than the one reported by Feretiah for the extract fronC.
sativa Mill. shells prepared by SWE at 180 °C {C= 73.18 ug/mL)[171].
Analogously, a resinous kyroduct from Brazilian propolis exhibited a lowef'On
scavenging ability (lee= 166 . 6 0 € g/ mE[)72]t han t he OPS
The ORAC assay wassed to study the scavenging capacity of the-BPS
against ROG According toTable 22, OPSE showed a poor quenching capacity
towards ROé(O.?ZemoI TE/mg DW), comparable to that observed for OWS
(0.67 emol TE/mg DW). Nonetheless, a much lowee sul t (0. 05 &m
DW) was reported for th€. sativaMill. shell extractprepared by SFEL50].
The scavenging efficacy of the OHStowards RO$s probably related to

its phytochemical compositionChapter 3, Section 3.2. Many studies have
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demonstrated the antiradical importance of flavonoids and fatty fi8s 174]
abundantly identified in the extradtgb. 18, Chapter 3, Section 3.2.

4. 1R®S scavenging capacity PRdultshhes!dpst i
( @SE)
Table 22 shows the ROS scavenging capacities of the ®&AShe
extract showed its highest antiradical power against ‘P(Q@Za mo | TE/ mg
DW), which was nosignificantly @ > 0.05) different from that of the OHEB
(2.16 emol TE/ mg DW).
Concerning the scavenging capacity againﬁt,(ihe OASE reachedn
ICso0 f 3 7 . 9iAdicatigg/ahower antiradical capacity comparedatechin
(ICso= 26.24 eg/ mL) samndl@®.ald9icgl/amli)d yde&
controls. Nevertheless, the O&Swas a better £ stavengethan the OP$E and
OHSE (Tab. 22).
The scavenging capacity of the OA&Stowards HCIO (16 = 14.05
eg/mL) was statisticallyg < 0.05) lower than the ones exhibited by gallic acid
(ICs0 = 5.51eg/mL) and catechin (l§g = 0.32eg/mL) and comparable to that of
the OHSE (ICso = 11.04eg/mL). Moreover, theDAS-E resulted a better HCIO
scavenger than the OWES (ICso = 24.36eg/mL), but a worse HCIO scavenger
than the OP$ (ICso = 4.70€g/mL). Bertoet al. reported an I6yvalue of 25.3
e g / folLthe extract fronCouepia bracteos#&uit shells, which was far lower
than the result observed in this study for the AR 75].
The remarkablescavenging efficacy of OA& towards ROS is likely
related to its main phytoconstituents, mainly flavonoids and fatty ataddd 19,
Chapter 3, Section 3.3, whose antiradical significance has been previously
reported173, 174]
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4. 1R®S scavenging capacity od. tahveeld mtr
shel HSsE)( O
Table 22 shows the results of the ROS scavenging assays performed for
the OHSE as detailed itChapter 11, Section 11.8.11n all the assays, the ROS
scavenging capacity of the OHBSwas comparablg( 0.05) to that of OASE.
According toTab. 22, the OHSE exhibited a high ability to quench the
ROO'r adical (2.16 emol TE/mg DW). This
gallic acid (7.51 ¢€mol TE/ mg DW), whi
Additionally, ROG scavenging efficacy of the OHS was higher than those
observed forthe ORE ( 0. 72 ¢ mol TEEmMmg ODWY amal O
DW).
As shown inTab. 22, HCIO was effectively scavenged by the GBS Cso
= 11.04eg/mL), dthoughgallic acid (IGo = 5.51eg/mL) and catechin (1§ =
0. 32 eCoyrisideting the other shell extracts, only the CB&V®as a less
potent HCIO scaveng€iCso= 2 4. 36 e€g/ mE) than the OF
Concerning @&scavenging effect, the OHES showed anQso of 43.08
eg/ mL, suggest ioomgpared ta tlee wantrols ased, iespectivgly
catechin(IGo= 26 . 24 &g/ mL) san@dO0Ogadabl eg/ mt)d I
OHSE activity against @ was not significantly f < 0.05) different from that
observed for the other shell extracisf. 22).
Overall, OHSE's scavenging capacities towards ROS may be attributed
to its phytoconstituents, including isofraxidin and fatty acicib(e 20, Chapter
3, Section 3.4, whose ROS antiradical activity has been previously repfit
173].
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4. 1ROS scavenging capacity &f tsteeild st i

( WSE)

The results of the scavenging capacities of the EBA§ainsD,*, HCIO,
andROJ are shown inrable 22.

The OWSE exhibited its highest antiradical power agai@st ,'with an
ICsoval ue of 32.66 eg/ mL, whigp>00than not
the one observed for cateclfl®so = 26.24 pg/mL).

In the HCIOscavenging assay, the OVEsachieved an 163 value of 24.36
eg/mL (Tab. 22). This result was significantly differenp & 0.05) than the ones
observed for gallic acid (&g = 5.51eg/mL) and catechin (I&s= 0. 32 € g/ m
Compared to the other optimized shell extracts, the BM&s the worst HCIO
scavenger.

Concerning the ORAC assay, the OMZShowed a moderate quenching
capacity towards RO@O.G?S mol TE/mg DW), which was comparablex 0.05)
only with that of the OP%& (Table 22).

Compared to the otheE sheWwtdekhea
antiradical ef fROOIndonirash thelBNEvES tHe mash d
active scavenger of © {Tab. 22). The scavenging efficacy cDWS-E towards
ROS is probably related to its richness in flavonoids and fatty atals. @1,

Chapter 3, Section 3.5.
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This thesisin vitro assessedhe potential inhibitory behaviour of the
om -BSY,-ANM8 andH S,

pancreatic lipasesnzymes that, as previously presenteiapter 1, Section

optimized

extract s fr

1.6, are involved in metabolic syndrome manifestations. The inhibitory properties

of the extracts were tested according to the procedures descriGadpter 11,
Sections 11.8.2 11.8.4

Table 23 reports the extract concentratiomg{mL) required to inhibit

50% of the enzymatic activity (Kg). The results were analysed considering

that the lower the 1€ values, the higher the inhibitory activity. Acarbose and
us e d-ARIYYGLpP arsl lipese ink@bitionp nt r o

orlistat

respectively.

wer e

T a b2 3nhibitory activity of the optimized extracts from. vera(OPSE),
P. dulcis(OAS-E), C. avellana(OHS-E), andJ. regia(OWS-E) shells towards
Ua my | aBghicosiddse and pancreatic lipase. Resultso(l€g/mL) are

reported as mean = SD (n = 3).

Hypoglycaemic activity

Anti -obesity activity

UAMY UGLU Pancreatic lipase
ICs0, £g/mL ICs0, €g/ML ICs0, €g/mL

OPSE 2.05+0.84 41.07 +2.38 75.13+ 2.3
OAS-E 7.51+1.84 35.56 +2.12 93.55+ 2.00°
OHSE 7.73+£0.20 49.44 + 1.58 132.55+ 3.52
OWSE 20.68+ 1.12 47.93 +1.7% 84.66 +2.14
Acarbosé 8.93 + 1.37 98.34 +1.78 d

Orlistat ) ) 52.67 +0.17

Different |l etters in the same col umr005ndi cat

"positive control.

optimized shell extr
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4. 2ELfect s of the opPi mivseleedl | esk X (r @RS
met abolic enzymes

According to Table 23, t h e -EDde®onstrated an ot a BGLWE U
inhibitory activity (IGo=41.07eg / m wbich was higher than the one observed
for acarbose (165=98.34eg/ mMpr eover , the inhibitor
E towsLd)s was not psi gnDB)cdntfgreént fr

optimized shell e&xtracts except for O/
Re g a r WA Mg the extractofr e2glbLed t hms a b e
stronger inhibitwor 8tstPBmL )a.c aF bwAsNe¥e r( nhaCr
i nhi bitory acEiwagsys.iodprcitf@iecOatnptd tyi glher
observed for th€&ab3 h2r shell extracts

Noteworthy, a commerci 8¢thtaopsnseko

wood exhi blGleW s(WeGtk8grfomL )UAavhYd {08 C1 29 . 3
eg/ mL) inhibitory dflf7ebct.s Tthheasne trhees UOR S
opportunities for harnespni aductxs,r alcit Is:
valuabl e hypoglycaemic ingredients.

Concerning pancr-Esabhadwe dsdoghmm §e5G7 Bh e (
indicatingpa G.t®3) swaakadrl yi fhi bit-ory a
obesity drsgg 5azglbimit) at ucSled as a positi v
such a result is of a certain importar
relatively |l ow concentration (1.5 mg/
as orlistat, mgl/sad .s Croampraed nagt tlh.e5 | i pa:
the -OPWi t h the other-Esbdehtlibée kKleidplcd st, it
capatabdy .2 MoreovAr acahai peampheg@ea@a xtr ac
a much | ower | ipase 1B/l @L)X otrtyamctth avti t
E [177].

The promising hypbgsytcgpemiopandi asat
OP& may be related to its phytoconsti
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phenolic compounds present, sucThabas f
18, ChapSeecrt iJon Br&vious studi ed&GdEscr i
inhi Pl6drasnlde 2d]i fferent autU@lbU sl e r e
inhibitory activity of f]J]a8pndR&¢ematnld
flavonoids from | emon squeezing waste
inhi pirtlidr s

4. 2ERfects of t he opR.dmi gkdl AESEL ¢ @cnt f
met aboli c enzymes
The hypoglycaemic effect of the OABS was spectrophotometrically
screened as described@mapter 11, Sections 11.8.3 11.8.4 and compared
to that of acarbose, which was used as a positive control. As sholWabla
23, the extract dendinhgition @Gsoe=d 3b . pdt et/ n
which was significantly highemp(< 0.05) than that of acarbose 4G 98.34
eg/ mL). Simi-Eaad¢tyedt aAMYDHISOr(I6sn=g7.50
eg/ mL), with no sp>go0b)iwithcaearbose i=8.63e r e nc
eg/ mL) .
The antiobesity properties of the OAE towards pancreatic lipase
were spectrophotometrically screened as describe@hiapter 11, Section
11.8.2, According toTable 23, the OASE showed an 1€ value of 93.55
e g/ mL, s ugg e sobasity gffe@ compatedto @listat g 52.67
eg/ mL) . However, even for t his extr a
satisfactory, considering that the extract and the pure drug was tested at the
same low concentration (1.5 mg/mL). Moreover, a lower lipase inhpito
capacity  was observed for a peanut shell extract prepared in 95% ethanol by
agitation[177].
The OASE resulted in a significantlyp(< 0. 05) meGLEd pot
i nhibitor than the ot her <sAM¥ihHibitoeyx t r ac
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capacity was closely comparabile X 0.05) to that of th© H S 1Qs0=7 . 7 3
eg/ mL)

The OASE's antidiabetic and antobesity effects may be attributed to
its primary constituentsT@b. 19, Chapter 3, Section 3.3, particularly
flavonoids, whose inhibitory effects oni p a-6& U, U aAMY wdde
previously reported71, 98, 178] These findings encourage the application of
extracts from AS as potential therapeutic complements for preventing and

managing metabolic disorders.

4. 2EBfects of the opCti miwveehde hHSE y(ab b f

met aboli c enzymes

As shown inTab. 23, the OHSEe x hi bi t e d -GLW intgbitokya b | e
activity (ICso = 49.44¢g / mlwhich was higher than the one observed for
acarbose (165=98.34eg / mThis.result was in line witthose obtained for the
OPSE (ICso= 41.07eg / man)l OWSS (Cs0=47.93teg/ mL) but st at
di ffperemtO0q) t hanEtChaldsbsbeeg/ mh)e OAS

The potential i nhi biliAMYwas screepesifor t y
the first time. Specifically, the OHE ac hi e vi@dgdof 7a.n€@/ mL no't
significamt|l Y. d51) f dacaabwste (6-8.83cp/f ML and
OA & (ICs0=7.51eg / mTab. 23).

Lastly, according torab. 23, the OHSE was the weakest pancreatic
lipaseinhibitor (ICso=132.55¢g / mL )

Fatty acids, such as (C18®)oleic acid (compoun@9, Tab. 20), as well
as cyclic diarylheptanoids, namely giffonin P (compoundab. 20), giffonin U
(compoundB, Tab. 20), carpinontriol B (compoungdl, Tab. 20) and giffonin V
(compound23, Tab. 20) detected in the OHE (Chapter 3, Section 3.3 are
likely responsible for its notable inhibitory activity towdtdA MY  a +GtU. U

Masullo et al. previously reportedjiffonins included inC. avellanab Tonda di
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Gi f f o-praodécts bsypotet#GLU inhibitors [49]. Other studies have shown
the hypoglycaemic effect of fatty acifiis/9-181].

4. 2Effects of t he opX.i mishgallalSE)(r Gont 1
met abolic enzymes

According toTable 23, the OWSE s h o we d i@LUsnhibitoryn g U
effect IGo= 47 .93 e€g/ mL), whp<cOD5) Wwighser theru b s t
that of acarbose (6sg= 95. 88 e€g/ mL) and comp-ar abl
E(Cso= 41. 07 eg9g/-BMllGo=ad@. @AS g/ mL) .

Oppositely, the OWSE exhibited a significantlygf< 0. 05) T we a k «
AMY inhibitory effect (ICso = 20.68) than acarbose @€ 8.93) and the other
optimized shell extractsT@b. 23).

Nonetheless, it has been demonstrated that a selective inhibition
towari@sU Uwi t h mi noiAM¥ fsfpeferide too avoidU
unpleasant side effects caused by the undigested carbohydrate accumulation
in the gastrointestinal tra¢85].

Concerning the ambbesity properties, the OWE exhibited a
satisfactory inhibitory capacity against pancreatic lipase, with anoi(34.66
¢ g / nihe.selective inhibitory activity of the OWE t owar ds -l i pa s
GLU may beattributed to its phytoconstituent$gb. 21, Chapter 3, Section
3.9), such as hydrolyzable tannins and flavonoids, whose hypoglycaemic and
anti-obesity effects have been previously repoif@gi 178, 182]
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4. 3Potentgadlycanion properties of the

I n the present thesi sfr thatmasne s(el Riun
met hyl gl yoxal ( MGE&VGO arneda ca ri goinn isnyes t (eAmrs:
to mimic the different st@lgapt dac thiroon e

1.,&8&nd investigate, for the first ti me
OP&, @&EAS an#& ©OdWards AGE formation.
Specifically, three reaction syst
procedure€f€hdet &rilcédd oinn THe 8HrSAd d-FtRiUon mo
all owed the evaluation of al | -MGQCe stz¢

model replicated the middle staigpe®O of |
mod el simulated the glycation process
AGE[s116]

Figuriegsr-8&Hhow the fluorescent AGEs i
and tsbveallu@s of the tested optimized
model s. Al | the results were compared
efficiency towards AGE for mdtlilén. H&8S8
Ami noguanidine (AG) was also tested a
angliycation activity in all/l the react.
inhi bited the forBmatiimaa pdodeé nbireeasckhrt

i127-8). The results observed for the in



4. 3Ab{gil ycati on

Figur éGi I2I50As t r aEt'asn-¢ lihyec aOtPiSo n

wi t h

t hose of

101

Propardl ss of

proper:t
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remrcdg i on

Syst eamse, r e
i npld cOa.t0e5 ,a Tsui kge
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I n t h-BERUSAOdegl.) (25mMi mi cking all t he
glycat tkon,nhOPmS ted 58. 73% and 75.34% o
(0.15 mg/ mL) and highest (2 mg/ mL) te
resul ¢oohg TFLCABL . Being a pureso=ornidbawBnd
eg/ mL) showed a higher AGESE. nMormet loely
t he -OPfas a much mplryecaetfifectayentanthan
j abutPRlIciamiaa ()c apdelf | goxx@aRe8EZ ML | CnFRWe H:
mo dlel 8 4]

Regardi ngMG@Mher eldbScAt | &ng s)yZb8mni{i bit
percentl83gwa0folbs @rhee-®OP{SHEL 1.3g/ mL)whi ch
reseudl tweaker met hyl gl yoxalso=s c3a®d@d.ngd.-er t
75. 4% naf pHoOwevwearme |l | i as hoellelisf eslrao we d a
AGEs capsaTi@4gf88C) t haEn itnh et-MGEOSHSYSs t em
[ 185]

In t h-&MMGOr gy &t gm) ,@ 5tChEei nhBE &S h4e4 . 37 % of
met hyl ghyoxaadpyr i miodimaeat bme hi ghest
concentrati,sngdestmgngnLg aondpearadad etadht n
(ls& 4&%H/. @®L54. 17% pPf inhibition

Al together, imhlézageapdcngy -Bf i hhe
counteracting AGE formation in al/l t h
effect could depend on the extractéos
AAs. However, further studiesofar®i mglc
compounds t o such a bi ol ogi-géal c gtriogn
properties of AAs were for t@baptest 61
Sectioih H6he@ present thesis.
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4. 3A@wil ycation Propeireliles of

Figur éGi I2I6LAst r- gt gcaheoanprofEerties
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Fig@B€AGEs inhibitAGEyu®Ah gautmaomf s@r ur

al bufnrinmct oFKRUPBHSKRBAt hyl gl yvyMGE&Q@) , CHIBSA (

ar gi-meatnhey | gl Wd&0O3 | reAarcdi on syst eanmse, 1 e

measd SO fferent | etters i np< cOatOe5,a Tsuikge
test) .



104

Specifically, the exglryaacat ischro weap a d
HSMGO reactiFarg.p YHeBemi o € i 8 §g8/andl2,] Cwhi c
was comparable to that osf= t3heg/ pBlLne cor

Conversel-yF,redqhel OA&gli wcat poorageaeni
FRU moFdiegl.) (26Ahowiimghi AGES on percent ag:¢
39.34% at 0.15 and 2 mgtFEmId&./rdels)p eecxthiivbel
a much higher inhibitory capacity (82.
2 mg/ mL) t-Ean the OAS

Similarl y]yGQ mr etahcet FAorgg. m@ 6t€l e (i nhi bit
of thEw®#S| ower than that of catechir
showed only 23.6% of i-nhdbcedoAGES f be

Overall, t hese findE ngesl esatgigwelty tihr
mi ddl e stage of the glycation cascade
glycation process.
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4. 3ABwil ycation @ropeehéeélrisa of

Figuriegcdompares fluorescent AGEs i nt

t hesowlaQ@ ues
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i nhi bi HSE yu A h gnafmaof s@r ut
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ar gi-metnrey | gl W&03 1 rAarcd i o
meaN SO fferent | etters i

n systemse r e
np<k cla.t0e5 ,a Tsui kge
test) .
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Notabl y, -AFRU tnhded eH.9 A2 7tAhle sOcHasSv enged 6
of AGEs at the | owest tested concentr a
80.2% at 2 mgdomb, &L Bb. aAl tihCough AGE:-
efficiency of <cat ek,hitnh ewaesx tsrugpcetr i was tna
the hazel nutse=sliOi9g 7w t)r aoddtt a((h@BE] by UAE

Concerni nfiGOhsy #HiSm) ,@ 7tBhEe  rOHsSu | t e d
mil d methyl gl yoox a4 Z8&/calv)e nnglreen (dCmpar ed
(ls& 3 &g/l BL) .

Conversel WMGO isyBliig MRFWhe bi t ory eff
OHE &C46p/ mwL) was pkgOiDbrasthrypyn@ger

(€= 4 &/ L) , suggesting i ts greater
met hylghgyoxald for mati onArngyt hefi lfiliGojer e

Al together, these resul tEs tion dciocuantt eec
AGEs formation in all/l steps of protei

depend on the phenolicCaapd&8ectBrelani Bi
including shikimic amdyebhtaghc efti da:
reported i n [pLr8e/v.i dBsSB]st udi es
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4. 4Evaluating the potential of shell €

As previousl|l @harpape@8etkdon many st ud
highlighted the potenti al of phenol i c
mushroom ty2® Heh&EBle, tyrosinase i-nhibi
E andEOW&re ewvnalviamedcompared to koji
according to theCprapteshkurntd odhe HNdrt Bbdy , i
anmonophenol ase act ilvtiytryo swanse sacsr eae nseud
t he-da pthienol ase acti DOPA wasatesbstrat
of our knowledge, this is the first s
of tyrosinase inhibiTlTabK¥Me. 2 Results are

Tab24Tyrosinase inhibitory efficacy of
and al mond shells prepared by MAE.

Substrate

Sampl es L-Tyrosin L-DOPA

Il € Og/ mL | € Og/ mL
OPE& 116.83 N 106. 39 N
OAE 56. 28"N 71.79"N
Koji ¢ acid 2.87 °N 1.89 N
Ascorbic acid 3.36 °N | 4.89 °N |

| ewvwal ues (Og/ mLn= adr)e. nbeiafnf eNf eSI (| et ters in the
di ffepente®5,( Tukepdberteamste) standard

4. 4The -antosi nas®. astiedhiltsy of
Al t hough kojic acid and ascorbic at

power towar ds tEy rcoosnisniadseer,a btlhye iQPhS bi t e
(s 116.83 Og/ mL) san dl 0déi.p3hde nldd /arsle) (d
e n z y Tabk. 24]. Notabl vy, an eCdameloll ii & fteeur utiafc
shell s showenido nao pshiemioll aars ea ndtdii. i tOyg / MIL §
much | otdviepheamoli asse= a3c0t7i vOgt/ymL()| G oEnp ar e
[ 189]Si mi |l ar | ydi pah emmd raesre arcttii vi ty was
ethanolic extracsct REEMmiI@ridddenLpeel (| (
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Suchi mmi bitory eEfeotul oaf beé heelO#tSed
const iCthument®g ci)o,n i3nc2l udi ng fl avonoi ds
tyrosinase efficacies haJjyd2eer 9rlgport

4. 4TRBe -anptosi nas®. adahelilby of

A promi stiynrgpsamtis e activity ®as ol
Not atbhley ,extract remarkably inhiboted
56.28 Og/mL) asned W1phenOdgAamtehdqadhi vhey
EG6s i nhi bi t weaakerthamr kojic acid and aseoasbsc adidlf. 24), it
resulted a significantlyp(< 0.05) stronger inhibitor than the OIEST he BA S

resulted a superior tyrosinase inhibi°-
dandelion | eases48ddOgtmmp (¢ Coaaread a
agentl9®2]The extractos i nhi bitory behe

phyt oconGhaptuwarctt3a o(hm8&8iL 8)y fl avonoi ds

antyrosinase effects hlalv2e9d ,belen3]pr evi ou
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Chapb6eglrn vbhitocoompati bility studi
buccal cel l s
5.1Safety of the optimized shell extr

MTT (3-(4,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium  bromide)
assays were performed as detaile€apter 11, Section 11.9.20 evaluate the
safety of the optimized shell extracts on two human intestinal (€acml HT29
MTX) and buccal (TR146 and HSE) cell lines. Noteworthy, the effects of PS,
AS, HS and WS on the viability of intestinal and buccal cells have never been
investigated before.

The reduction of the yellow tetrazolium salt into a purple formazan product
by metabolically active cells provides a quantitative measure of cell viability and,
hence, allows us to indirectly estimate the cytotoxic or cytostatic effects of an
extract on secific cell lines[194]. As previously detailed i€hapter 1, Section
1.9, Cace2 and HT29MTX have characteristics similar to the enterocytes and
goblet cells, respectively, and are commonly used for performing MTT assays to
estimate the effects of extta®n the intestinal environmdif2, 195] Moreover,
TR146 and HSE can simulate the normal human buccal epitheliL@6] and
were selected to evaluate the potential effects of the extracts on the oral cavity.
Specifically, HSG3 are norkeratinized cells firstly isolated from the human
tongue, whereas TR146 are keratinized cells resulting from human buccal mucosa
[171].

(

-

C
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5. 2Safety of PhetapshealviresxE) act ( OPS

5. 2Efifects on intestinal cell s

During MTT assay, Caec@ and HT29MTX cell lines were exposed to
increasing concentrations (62.51000 mg/L) of the OP& that, according to
Figure 28, led to an intestinal cell viability higher than 75%.

@ Caco-2 ®mHT29-MTX
140 1
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T
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=
—
f="]
=
F—
2
)

100 1

—
2
c*
—_—]
—»

80 1

Cell viability (%)

20 4

R

Y
= i —-

=]
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N e
w VA
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(=]

5

Concentration (pg/mlL)

Fi g @8.HEfects of OPSE on the viability of Cac& and HT29MTX cell
lines. The results (n = 4) are reported as mean + SD of two independent
experiment s. Different | etters (a, b)
test,p < 0.05) compared with control.

Specifically, the extract did not significantlyg ¥ 0.05) affect the viability
of the HT29MTX cells, achieving results around 100%. On the other hand, the
exposureofCac8& cel |l s to the highest tested
a significantly lower§ < 0.05) cell viability (75.93%), likely due to an increased

sensitivity of Cace? cells compared to HT28ITX, which was highlighted even
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by other authorgl72, 197] NeverthelessCastanea sativaMill. shell extract

obtained by SWE exhibited cell viabilities of 9.06% and 6.29%, respectively, for
Cace2 and HT29MT X at t he hi ghest cond®8.tr ati
Similarly, the resinous bproduct from Brazilian propolis showed a significantly
lowerCace2 vi ability (< 50%-EH172lNOQ @ wo gt mly
this was the first study about the eff

5. 2ERfects on buccal cell s

OPSE safety on HSC3 and TR146 buccal cells was screened by MTT
assayFigure 29summarizes the results obtained for both cell lines at different

extract concentrations (62151 000 & g/ mL) .

140

- -
=] ]
S =)
&
=
—
e
o
™
—i

@
(=]

5 TR146
HSC-3

Cell viability (%)
2

20

™

i — =
B

i ——

W/W/;WW

W
g i —=~

]

-
I

S 0

h
(=
=]

Control 1000

(DMEM)
Concentration (pg/mL)

Fi g @9 Efects of OPSE on the viability of TR14& and HSEG3 cell
lines. The results (n = 4) are reported as mean = SD of two independent
experi ments. Different |l etters (a, b)
test,p < 0.05) compared with control.
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Notably, the extract did not significantlp & 0.05) affect the viability
of buccal cells, which was around 100%igure 29). The lowest viability
percentages were 82% and 93% for H$@nd TR146, respectively, and were
obtained at the highest tested concer
more promising than those reported by Ferretral. According to the authors,
all C. sativa shell extracts obtained by SWE significantly decreased the
viability of both HSG3 and TR146 in a concentratiatependent manner,
|l eading to val ues [Q¥1l]Amalogouslfoto this stuByD 0 ¢
another agricultural waste, nameéigtinidia argutaleaves, did not cause any
cytotoxic effect on HSE and TR146, with cell viability values around 100%
[199].

These promising results indicate that the compounds extracted from PS
by MAE did not cause toxicity and probably they could protect buccal mucosa
from damage. Noteworthy, this represents the first study on the effects of PS

on buccal cells.



113

5. 3Safety of Phenapsidmi tee”ASEnact (O

5. 3Efifects on intestinal cell s

The effects of AS on intestinal cell lines have never been investigated
before. Therefore, Caed and HT29MTX cells were exposed to increasing
concentrations (62.61000e ¢gnL) of the OASE,a s s h Bigure 30 n

E Caco-2 =mHT29-MTX
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Fi g 80Q.HEfects of OASE on the viability of Cac& and HT29MTX cell
lines. The results (n = 4) are reported as mean = SD of two independent
experiment s. Di fferent | etters (a, b)
test,p < 0.05) compared with control.

As can be noticed, the cell viability decreased in a concentrdéipandent
manner. The highest viability was achieved at 62.5 mg/mL (79% and 77% for
HT29-MTX and Cace2, respectively). Regarding HT28TX, no significant
differences f§ > 0.05) were observed in the concentration range betweein 125
1000 eg/ mL, with cell viability higher
ofCace2 cell s to the highest tested conc

cell viability (25.05%). Otheauthors reportedn increased sensitivity of Ca2o
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cells compared to HT2RITX [69]. According to the abovmentioned results, it
is noteworthy to conclude th#fte optimal norcytotoxic concentration for the
OASE was 62.5 g/ mL.

5. 3ERfects on buccal cell s

According toFigure 31, the OASE did not cause a reduction in the
viability of TR146, which was higher than 80% for all the tested
concentrations@2.5 and1 0 0 0 & ¢oreole)y, TR146 viability was not
significantly (o > 0.05) different from the control at 62.5and 2% / mL , wi t

values around 90.9 and 90.8%, respectively.

ab ab
T b
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f . =TRu6
< i 1 HSC-3
I 62.5 I 125 I 250 I 500 I

1000

140 1

120 A

aﬂ
100 [
W ]
20
0_

Control
(DMEM)

-]
=]

Cell viability (%)
2

Concentration (pg/mL)

F i g 8l HEfects of OASE on the viability of TR14& and HSGC3 cell
lines. The results (n = 4) are reported as mean £ SD of two independent
experiment s. Di fferent | etters (a, b)
test,p < 0.05) compared with control.

A slight decrease (80%) in the TR146 viability was observed at 1000
e g/ mL of Thesa tesuldsdndicate that no concentration promoted a

cytotoxic effect on TR146 cells.
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Conversely, HSE3 cells were sensitive to the OAS A decrease in
their viability was observed in a concentratidependent manner. The
exposure of HSE to the highestOA&E6s t est ed concentr at
led to a viability value o#45%. HSG3 viability was not significantly g >
0.05) affected after exposure to a concentration of 62905/ (B8L1.7%)

These findings provide unique insights into the effects of AS on buccal
cells, which have never been explored before.
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5. 4Safety of Cbeybpsisdiertd d ®@axdnact (OH

5. 4Eflfects on intestinal cells
Considering the potential use @dHSE as a new oral formulation

ingredient, cell viability studies were performed on intestinal cell lines.
Specifically, the resultsHigure 32) showed the absence of a significant

cytotoxicity at all the tested concentratiai®.571 1000 mg/mL).

mCaco-2 = HT29-MTX
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2
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Fi g 82. Efects of OHSE on the viability of Cac& and HT29MTX cell
lines. The results (n = 4) are reported as mean = SD of two independent
experiment s. Di fferent | etters (a, b)
test,p < 0.05) compared with control.

This was the first study exploring the effects of bioactive compounds
from HS on Cace and HT29MTX cells. Notably, the extract dichot
significantly @ > 0.05) affect the HT28TX viability, which was higher than
80%.Regarding Cac@, at 62.5, 125, and 250 pg/mL concentrations, cell viability
was 86.6%, 89.11%, and 83.3%, respectively. However, at a concentration of 1000

pa/mL, cell viability was significantlyg < 0.05) different (73%).
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Considering these results, it is noteworthy to conclude that the exposure of
both cell lines to increasing concentrations of the €EH8d to an intestinal cell
viability higher than 73% and that the extract can be considered safe. Similar
results were shwed previously for the ORE (Section 5.2.10of the present
Chapter).

5. 4EPfects on buccal cell s

HSC3 and TR146 cell lines were selected to screen the potential
cytotoxicity or safety of the OH& in the oral cavity. The effects of HS on
buccal cells have never been investigated before. AccordiRggtoe 33, the
extract did not significantlyg> 0.05) affect the TR146 viability at any of the
tested concentrations (62151000 mg/mL), presenting viabilities between
97.33% and 88.52%.
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F i g 83.HEfects of OHSE on the viability of TR14& and HSGC3 cell
lines. The results (n = 4) are reported as mean £ SD of two independent
experiments. Different |l etters (a,
test,p < 0.05) compared with control.
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Concerning the HS@ cells, the values ranged between 93.88% and
54.37% after exposure to 62.5 and 1000 pg/mL of extract, respectively. These
results indicated, for the first time, that H8Gells were more sensitive to the
OHSE than TR146.Based on theresults, the optimal neaoytotoxic

concentration for the BS-E was500¢ g / mL .
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5. 5Safety of thglapshekebedxtEr)act ( OWS

5. 56Effifects on intestinal cell s

Although MAE was already employed to recover polyphenols from WS
[200], the effects of the resulting extracts on the intestinal cells' viability were
not previously studied. According tigure 34, the HT29MTX viability was
close to 100% after exposure to 62.53.000¢ ¢gnL of the OWS. A slight
decrease in HT28MTX viability (79%) was observed in the presence of 1000
eg/ mL of extract. Nevert lpe0.@}pisHT29n 0 s i
MTX viability were observed for any tested concentrations. These results
indicate that no concentration promoted a cytotoxic effect on HWZX

cells.

mCaco-2 = HT29-MTX
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F i g 84.Hfects of OWSE on the viability of Cac&® and HT29MTX cell
lines. The results (n = 4) are reported as mean £ SD of two independent
experiment s. Di fferent | etters (a, b)
test,p < 0.05) compared with control.

Regarding Cac@, the viability decreased in a concentrataependent
manner. Thislastwas| ose to 100% only at 62.5
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to the highest tested concentragion
0.05) decrease (63.2%). According to these findings, the optimal not cytotoxic

OWSO6E concentration was 62.5 g/ mL.

5. 5Epfects on buccal cell s

Considering the potential application dhe OWSE in an oral
formulation, it is essential to assess its safety even on-Bl&@Gd TR146
buccal cell lines. According tbigure 35, the extract did not significantlyp(
> 0.05) affect the TR146 viability at any of the tested concentrations (62.5
1000 mg/mL), presenting viabilities around 100%. However, for the 3SC
cells, the viability ranged between 87.82% and 47.88% after exposure to 62.5
and 1000 pg/mL of extractespectively. These results were comparable with
that observed for the OAE (Section 5.3.2f the present Chapter). Moreover,

this represents the first study on the effects of WS on buccal cells.
140 1

1. .
'|' a
1 a ab a g
T 12|_C
bed cd
] T T d = TR146
1 HSC-3
20 A
0+ T T T T T
5 125 250 500 1000

Control 62.
(DMEM)

s & & B
=~ ]

Cell viability (%)

S

Concentration (ng/mlL)

Fi g 85 Efects of OWSE on the viability of TR14& and HSG3 cell
lines. The results (n = 4) are reported as mean = SD of two independent
experi ments. Different |l etters (a, b)
test,p < 0.05) compared with control.
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Chap6gelrtherapeutic potenti al of a
di abetes

6. 1lAnacardic acids: new therapeutical
and protein glycation

AAs, also known as ginkgolic acids, are a class ofcimgn alkyl phenols
that occur naturally in mostixnacardiaceadamily and, in particular, in cashew
(Anacardium occidentajenut shell liquid (CNSL) and in root bark @zoroa
insignis[159, 201] Recently, AAs have been reportedSyrygium samarangense
leaves[162], and Ginkgo bilobaleaves[202]. In this thesis, AAs have been
detected, for the first time, among the main constituentisihcia vera and
Juglans regid.. shell extractsChapter 3, Sections 3.2and3.5).

These compounds possess distinctive structures characterized by a
salicylic acid moiety substituted with a hydrophobic side chain, which varies in
length and degree of unsaturation. Emerging findings suggested that AAs could
constitute potential drug camfdites for the treatment of multiple pathological
disorders, including acute respiratory distress syndrf#08], oxidative stress
[204], bacterial and fungal infectiof$59, 160] cancef[160], inflammation, and
pain[205]. Additionally, AAs have been shown to strongly inhibit target proteins
such as histone acetyltransferf$@0], lipoxygenase 1206], xanthine oxidase
[207], and tyrosinasg208].

AAs-rich extracts from Pistacia vera L. hulls [209], Syzygium
samarangensdeaves[162], as well as from the ORE and OWSE, have
d e mo n s t-GLH tnbitorylctivity Chapter 4, Sections 4.2.1and 4.2.4),
suggesting that the therapeutic potential of AAs could be extended to metabolic
disorders such as T2DM. Furthermore, AAs could be responsible even for the
s t r o-AMY inbibitory efficacy and antglycation properties of the OFES
(Chapter 4, Section 4.3.1
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Despite the available records on AAs bioactivities are promising, studies
regarding their inhibitory effect ca-AMY are needed, with only preliminary data
available on the-GLU inhibitory potential of some AAs and derivatives$1,

162]. Additionally, no studies are available anGLU/AMY kinetic of inhibition
and their potential anrglycation properties.

The present Chapter seeks to fully elucidate the inhibitory behaviour of
(15:0)AA (1) and (17:1)AA (2) (Figure 36) ona-AMY and a-GLU, as well as
on AGEs formation, addressing the lack of a direct correlation between the
hypoglycaemic and antlycation effects displayed by AAsntaining extracts
and the activity of individual AAs. By employing experimental multi
spectroscopic tecloues andin silico experiments, crucial insights into AAs
mechanism of action at the molecufaptein level were providedsetting the
stage for the potential application of such a class of alkyl phenols in managing

T2DM and its complications caused by altered glycated proteins.

OH (0] OH o
@é)i/\/\/\/\/\/\ éjé)i/\/\/\/\/\/\/\
Z

1 2
F i g @& Ghemical structures of (15:0) anacardic adidajnd (17:1) anacardic
acid @).
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6. 2An4igil ycati onofpr@mpacdneisc acids
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Al the results were compared with
efficacy towards AGE formpatilén B&Sijbse
tested as a positive control as well
glycation activity, hence attesting t

syst[elms6 Acco FdigngiecCthb8o/tAh 1&aMdst rongly i nh
fluorescent AGEs fodmapendentinmanoaencer

Consideri AFgRUt hree ald $ AFoing . $ y3s7itAeehme (i n hi
capacity banzdwashnAAs si gni@g> cOan0thl)y fdriofn
of the pure cogpouddmd3Idagt,ecsi mi(glhd i ght
val uesegdfmL7 =a.e@/ ml7,. 2r especti vely. Furth
and catedhbndmorAdsgradually inhibited
i nhi bition percentages ranlgiagdf fomm2 72
% to 82.2%Z YoefsprecAAvely, at O0.15 mg/ ml

As s hofving .i,n30®Bt h AAs acted as =exce
scavengers with inhibition percentage
tested concentration. Moreb@¢e&, 1R2I6e 3i
eg/ mL)2(d®d 144/ @2L) towards AGEs f or mat. i
> 0.05) higher tdrman3 a&g/aldl )o fa ncda tael cnhoisnt (
to thatssof78g00&U)C in this reaction mod

Similarl yMGO eatheoRirgysl ®Asg¢ 243. 6
eg/ mL)2( &s®€d 2 &%/ mL) acted @s 0s.i0gni fmoc aen te
i nhi bitopysrionfi dAng for mati on so6 0 mM@Babr. Od
eg/ mL) .

Al toget her, these results hi ghligh
bi ol ogi cal role of-iAAsced gdgamagesi m@g
T2DM complications, promisingly sugge:

tool s.
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6. 31l n viinthriobi t ory behaviour of anacar
enzymes

AAs 1 and2 were tested as new potential natural inhibitors of be@LU
anda-AMY, following the methods described ®hapter 11, Section 11.8 The
possible administration of AAs to diabetic patients was first considered by
Toyomizuet al, who reported preliminary data on theGLU inhibitory activity
of some 6alkylsalicylic acids isolated fronCNLS (Anarcardium occidenta)e
[161]. No studies have been performed on the potential inhibitory behaviour of
such alkyl phenols towarda-AMY . Hence, spectrophotometric assays were
conducted according to waedktablished procedure®10, 211] detailed in
Chapter 11, employing the amtdiabetic drug acarbose as a positive control.
Results ora-GLU anda-AMY inhibitory activity of AAs1 and2 are shown in
Table 25. The inhibitory efficacy was expressed as the concentration (uM)
inhibiting 50% of the enzyme activity (¥¢); therefore,results were analysed

considering that the lower thed&alues, the higher the inhibitory activity.

Tabdb nhi bitory dapacoiwagradosy | (@hAEY and
a-gl uco@iGdhds e ompaca&mdb o e (p.ositive cont

Hypoglycemic properties

a-AMY a-GLU
ICso( € M) ICso(e M)
1 7.46% 0.49 13.21 + 0.68
2 6.36 £ 1.14 9.42+0.88
Acarbose 27.68 +0.78 225.10 + 7.81

Results are means + SD (n = 3).54@ the concentration required to
inhibit 50% of enzymatic activity. Different letters in the same column
indicate significantp<@dsfferences (Tukeybd

According toTable 25, both tested compounds strongly inhibise¢6LU,
in line with previous findings on-élkylsalicylic acids and derivativg$61, 162]

Specifically, AA2, with an IGoof 9.42, was found to be significantly € 0.05)
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more active than AA (ICsp of 13.21 uM). Moreover, both tested AAs showed a
significantly < 0.05) highea-GLU inhibitory activity than the one of acarbose
(ICs0 = 225.10 pM). However, | found a slightly higherstGralue for AA 1
compared to the one reported by Toyonetal. for the same compound @6=

1.1 uM)[161]. Concerninga-AMY , AAs 1 and2 exhibited similar 1Go values of
7.46 UM and 6.36 uM, respectively, indicating a powerful inhibitory eff€ab(
25). Besides, results showed both AAs as significatly 0.05) more effective
a-AMY inhibitors than acarbose (6= 27.68).

Overall, these findings propose AAs as new candidates form diabetes
management through the inhibition of metabolic enzymes. Henogutational
studies, kinetics, and fluorescence measurements were carried out to estimate their
affinity and the inhibition mechanism towardsAMY and a-GLU. Results are

discussed in the following.

6. 4Mol ecul ar model |l ing

In this investigation, molecular docking was employed to reveal the
affinity, also in relation to the bioassays, of the tested AAs 15:8)(and 17:1
(2; Y) againsia-GLU anda-AMY catalytic sites. The output poses were carefully
analysed in collaboration with the Biomolecular Chemistry Institute (ICB) of
National Research Council (CNR) Catania,

The binding energies measured and the interactions between ligands and
enzymes are reported Trable 26 and27. Acarbose was employed apositive
control to validate the models; the same compounds were also usieglifioritro
assays. The computatioredperimentsvere acquired bgmployingGlide Ligand
Docking and the 3D protein models were downloaded from PDB (Protein Data
Bank) and AlphaFold data ban&lfapter 11, Section 11.1}L
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T a b2 6Binding energiest{Gning) and list of moleculanteractions and residues
interacting with (15:0)AA (1) and (17:1JAA (2) within the a-glucosidased-
GLU) catalytic site.

Ligands Gl i de cuwal Interacting residues Interaction Distance (A)
1 -4.40 Kcal/mol
C=0 ¢
COOH) Lys155 H-bond 1.95
OH (-COOH) Lys155 salt bridge 3.34
aromatic ring Hie239 » 5.19
stacking
C=0 ¢ . aromatic H
COOH) Hie239 bond 3.15
OH (-COOH) Phe311 aromatic H 3.62
bond
2 -4.35 Kcal/mol
OH (-COOH) Hip279 Salt bridge 2.81
OH (-COOH) Hip279 H-bond 2.09
C=0 ¢ . aromatic H
COOH) Hip279 bond 3.25
Acarbose -7.09 Kcal/mol

T a b2 Minding energiestfGning) and list of molecular interactions and residues
interacting with (15:0AA (1) and(17:1)}AA (2) within thea-amylase 4-AMY)
catalytic site.

Ligands Gl i de cuwal Interacting residues Interaction Distance (A)
1 -4.66 Kcal/mol
OH (-COOH) Thr52 H-bond 2.32
OH (-COOH) Asn53 H-bond 1.95
OH (G-2) Val50 H-bond 2.33
2 -5.04 Kcal/mol
OH (-COOH) Thr52 H-bond 2.35
OH (-COOH) Asn53 H-bond 1.96
OH (G-2) Val50 H-bond 2.33

Acarbose -6.70 Kcal/mol
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The composition ofa-GLU and a-AMY binding sites in terms of
interacting residues was previously reported by214]. Figure 38 shows the
molecular surface models @-GLU (cherry wood) anda-AMY (faded red
orange) with the natural ligands overlapping within the binding sites and suggests
good compatibility in shape and size for the hydrophobic pocket. A good
perspective on the affinity for the catalytic sites was also provided by the binding
energy outcomes, which included values ranging fré82 and-4.35 Kcal/mol
for a-GLU, and-5.04 and-4.66 Kcal/mol fora-AMY. A meticulous visual
inspection of the poses obtained from docking was carried out to define how the
ligands (X, Y) coordinate wh the binding site of each protein evaluated in this

study, thus exerting an enzymatic inhibition action.

F i g 8& Binding site surface of ligands (X, Y) into the binding pocket:
glucosidase: cherry wood;amylase: faded redrange(15:0}AA (1): faded
orange, (17:EAA (2): teal.

In general, ligands can interact by forming romvalent interactions
through the aromatic portion of their molecular structure, which includes a
phenolic OH substituent at-Z and an acidic group atT Further, the aliphatic
chain seems to stabilize due the hydrophobic effect. In detail, as shown in
Figure 39, (15:0)}AA (1, X) fits inside the catalytic pocket a-GLU with which

it coordinates through five necovalent interactions involving the amino acids
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Lys155, Hie239 and Phe311, hence allowing the formation of a lgeotdin
complex with an affinity energy o#.62 Kcal/mol (IGo of 13.21 uM,Tab. 25).
With the positively charged Lys155, compouhdstablishes a salt bridgeond
length: 3.39 A) and a hydrogen bonbddnd length:1.96 A) involving, in both
cases, the acid group in positiorlCA ~ i ° stacking interaction between the
aromatic ring and Hie23%6nd length5.19 A) was observed as wellgb. 26).
Finally, two aromatic hydrogen bonds were detected between the acidic COOH
group and the residues Hie23soad length:3.09 A) and Phe311b6nd length:
3.48 A); these unconventionakbbnds are attributed to a strengtt8dfcal/mol

(1 cal = 4.184 J)hat is estimated to be approximately half that of conventional
ones[211].

(teald)GLUnbonding site an
and b}AA2(7: 1)

d (21ID5AIA))f(er ac't

Compound, probably due to the greater length of #ffiphatic chain, has
an orientation that allows it to interact with the opposite part of the cavity,
establishing a salt bridgédnd length2.81 A), a hydrogen bond¢nd length:
2.09 A) and an aromatic hydrogen bohor{d length3.25 A) with Hip279 and
forming a liganda-GLU complex with an energy affinity ef.35 Kcal/mol(Tab.
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26). Based on molecular modelling, the two natural ligands seem to promise good
enzymatic inhibition, also confirmed by bioassays from whiclo Zalues
between 9.42 and 13.21 uM were obtained, which are much higher than those of
acarbose used as a positive conffald. 25).

Results are also promising in the casae&#& MY, f or whi ch &G
-4.66 and5.04 Kcal/mol were obtained for compouhdnd2, respectively Tab.
27). Visual inspection allowed us to see that the ligands are well accommodated
in the hydrophobic cavity ai-AMY, simulating a lock key fitting in which the
olefin chain penetrates a deeper portion of the protein due to the hydrophobic
effect and the aromatic head accommodates a hollow portion further on the
surface, taking on an overall shape similamt@pen hairpinKigure 40). Besides,
Figure 40 shows that (15:00\A (1) can establish three hydrogen bonds with the

amino acid residues of the cavity Thr52, Asn53 and Val50.

F i g dQ.(#5:0)ranacardic acidl] (faded orange) and (17:anacardic acid?)
(teal) intoa-amylase binding site and 2D interaction diagram ¢iL8)0)AA (1)
and b) (17:1)AA (2).





























































































































































































































































































































































































































































































