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ABSTRACT

The most widely consumed Brassicaceae speciescharacterized and compared in the
present study. The isothiocyanates and phenolitgsavere measured. The vitro
antioxidant and antiradical activities were deteraai using 2,2azino-bis-3-
ethylbenzothiazoline-6-sulfonic acid diammoniunt,shl1-diphenyl-2-picrylhydrazyl
radical, ferric reducing antioxidant potential gitdarotene methods. The results showed
that all Brassicaceae species evaluated had asdiatxproperties, with watercress and
green mustard being the most active antioxidantispeEvery vegetable studied had a
unique sulfur and phenolic profile. Twenty-five pbghemicals were found in Brassicaceae
species and their antioxidant activity measuredgipure compounds. The results showed
that the strongest antioxidant compounds in degrgasder were myricetin, quercetin-3-
galactoside, quercetin-3-glucoside, pterostilbésrelic acid, kaempferol, allyl
isothiocyanate, and (-)-epicatechin. Besides, tlenplic compountransresveratrol was
found in these species. The highest concentraficrans-resveratrol was observed in

rocket leaves at up to 84 pg/g dry weight.

KEYWORDS

Brassicasp., Isothiocyanates, Phenolic compouni@s)s-Resveratrol, Cruciferous.
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1. INTRODUCTION
The Brassicaceae (= Cruciferae) family containsentiban 350 genera and 3,000 species
worldwide (Fahey et al., 2001; Marzouk et al., 20T¥espite the great diversity among the
Brassicaceae family members, few species are aatanly from theBrassicagenus.
Other important species dfeuca sativa(rocket),Nasturtium officinalgwatercress) and
Raphanus sativugadish) (Thomson et al., 2007).
Brassicaceagegetable consumption is recommended due to it#ioaal composition and
phytochemical richness. They are low in fat andhhigvitamins, minerals and fiber (Dias,
J., 2012). They are also good sources of diffgpagtochemicals such as isothiocyanates
and phenolic compounds that have an importantinod@ronic diseases prevention.
Brassicaceae vegetables provide two sources ohosgégphur compounds; those derived
from the glucosinolate-myrosinase system and Syheylsteine sulphoxide (Stoewsand,
1995), which lead to several sulfur-containing titdametabolites. The first system, results
in isothiocyanate (ITC) formation, which is respiahes for the pungent taste associated
with these plant species. Depending on the gluotetia chemical structure, the IT€n
have either indolic, aliphatic or aromatic sideiosaSome authors have reported that ITC
can lower the incidences of different cancers (DugkKostova & Kostov, 2012). The
chemopreventive properties of ITC are shown by tbaiticipation in multiple anticancer
mechanisms such as modifications of the chemicalreagenesis process due to changes
in the activities of drug-metabolizing enzymes,uation of cell cycle arrest and apoptosis,
inhibition of angiogenesis and metastasis, chairgkstone acetylation status, as well as
antioxidant, anti-inflammatory, and immunomodulgtectivities (Camargo & Manucha,
2016; Dinkova-Kostova & Kostov, 2012). The charaetgion of the ITC’s antioxidant

properties is significant because they may prdtechuman body against the oxidative
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damage mediated by reactive oxygen species (RO8Y) dan effectively depurate
hydrogen peroxide and organic hydroperoxides, hag tan induce phase Il enzymes
(Burcul et al., 2018).

Other important bioactive compounds found in Bresseae species are the phenolic
compounds, which have been reported as major atiinots ofBrassicaplants (Soengas et
al., 2011).

The evaluation of the antioxidant capacity of vagéds is a complex issue due to the
diversity of oxidants and the different possiblecirenisms needed to depurate or scavenge
them. There is not a single test which comprehehgreflects the antioxidant capacity of
the samples. Consequently, an evaluation of thexadant capacity must use different
tests that involve multiple factors and mechanisoshibit the oxidative process (Frankel
& Meyer, 2000).

Previous studies only measured the radical scageutvity of differentBrassica sp

using the 1,1-diphenyl-2-28 picrylhydrazyl radi¢@PPH) and the ferric reducing
antioxidant potential (FRAP) of these plant extsg@artea & Velasco, 2008; Kaulmann et
al., 2014). Moreover, there is no data concernigarotective ability of the Brassicaceae
plant extracts against oxidative processes or¢helation between ITC and phenolic
compounds or their antioxidant activities measwsidg different methods.

The main aims of the present study were to andalyg@henolic and sulfur profiles of 9 of
the main edible Brassicaceae species, to measisntioxidant capacity using 4 different
methodologies and to discuss the associations aptoytgchemical contents and the
primary antioxidant mechanisms for each species.prmcipal component analysis (PCA)

was carried out to determine the main mechanisaf(agtion.



94 2. MATERIALS AND METHODS
95 2.1. Chemicals
96 Linoleic acid (99% v/v), potassium persulphate (98%), trichloroacetic acid (99% wi/v),
97 Tween 20 (97% v/v), 2;8zino-bis-(3-ethylbenzothiazoline-6-sulfonic aatimmonium
98 salt (ABTS), sulforaphane (SF) (90% v/v), allyTAITC) (95% v/v), indole-3-carbinol
99  (I3C) (>96% v/v), soybean lipoxidase (LOX) type 46,000 units/mg solidjrans3-
100 carotene (95%), 1,1-diphenyl-2-picrylhydrazyl radi(DPPH), 6-hydroxy-2,5,7,8-
101  tetramethylchroman-2-carboxylic acid (Trolox) (98%g), iron (lll) chloride (99% w/v)
102 gallic acid (99% wi/v), caffeic acid (99% w/v), cafic acid £97% w/v), (-)-gallocatechin
103  gallate £99% wi/v), (+)-catechin99% wi/v), (-)-epicatechinr05% w/v), syringic acid
104  (>95% wl/v), p-coumaric acid (98% wi/v), ferulic ackEP@% wi/v),trans-resveratrol ¥99%
105  wl/v), polydatin £95% w/v), quercetin 3-D-glucoside ¥90% wi/v), quercetin 3-D-
106  galactosideX97% wi/v), myricetin ¥96% w/v) and quercetin hydrate (95% w/v) were
107  obtained from Sigma Aldrich Co. (St. Louis, MO, USAhe standard of 2-(4-
108  hydroxyphenyl) ethanol (tyrosol>99.5% w/v) was obtained from Fluka (Buchs,
109  Switzerland) and kaempferat48% w/v) was purchased from Alfa Aesar (Tewksbury,
110 MA, USA). Formic acid (>88% wi/v) was obtained frahe Cicarelli Co. (San Lorenzo,
111  Santa Fe, Argentina). Methanol (MeOH), acetonifh€N) and chloroform were HPLC
112 grade and were purchased from Sintorgan (Villa 8arBuenos Aires, Argentina).
113 Sodium borate anhydrous and ferrous sulfate wetaradal from Biopack (Buenos Aires,
114  Argentina). Ultrapure water (18 @ cm) was obtained from a Milli-Q water purification
115  system (Millipore, Paris, France). Stock solutiohsompounds were prepared in MeOH at

116 1000 mg/mL. Calibration standards were dissolveld&®H (50% v/v).



117  Erucin was extracted from rock&ir(ica sativa)seeds, according to the method of Vaughn
118 et al. (2005). Briefly, defatted seeds (10 g), waneed with 25 mL of 0.005 M potassium
119  phosphate buffer, pH 7.0 and 50 mL of £LH, the mixture was kept in an incubator

120  shaker set at 25°C and 200 rpm for 8 h. Followipdyblysis, 10 g of sodium chloride and
121 10 g of anhydrous sodium sulfate were added anédanrtixoroughly. The CKl, was

122  decanted and filtered through Whatman No. 1 fiegoer (Sigma Aldrich) and the residual
123  seeds were extracted an additional three timeseXtiacts were combined, analyzed and
124  its purity was determined.

125 2.2. Plant material and sample conditioning

126  Samples of 9 commonly consumed Brassicaceae véggtairluding broccoligrassica
127  oleraceavar. italica), cabbagd(assicaoleraceavar. capitata), Brussels sprouBsgssica
128  oleraceavar. gemmifera), radistlR@phanus sativjisgreen mustarddfassicajuncea,

129  cauliflower Brassicaoleraceavar. botrytis), rocketHruca sativd, and watercress

130  (Nasturtium officinal® were purchased from local grocery stores locatede

131  Cooperative Market of Mendoza, which representrevemgence point of the predominant
132 vegetable producers, exporters and traders of ileastern region of Argentina. One kg
133  of each species was purchased in 5 different seordsmmediately sent to the laboratory,
134  in autumn 2017. A single batch of one kg of eadtis was randomly extracted for the
135 analysis, which was formed mixing all the vegetaldethe same species.

136 A subsample of each batch was measured in tripliddte edible part was washed with tap
137  water. ITC extraction and moisture content deteatidm were done on the day of

138  purchase. For dry matter determinations, samples pr@cessed, weighed (3 g of each
139  vegetable) and dried in a convection oven (Dahamt& Fe, Argentina) at 70 + 10°C until

140  constant weigh. Results were expressed as g dwwgight)/100 g fw (fresh weight).
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2.3.Phytochemical extraction
An ultrasound-assisted extraction was carried surtgian optimized technique (Fusari et
al., 2015). Ten g of fresh vegetable was placedbfender with 50 mL of ultrapure water
and homogenized for 9 min (Blender, 600 W, 60 Hadet HR2030/10, Phillips, Buenos
Aires, Argentina); then, the homogenate was somicat an ultrasound bath for 5 min (40
kHz and 600 W, model TB 04, Testlab, Buenos Aifggentina). ITC formation was
carried out by stirring an aliquot of 5 mL homogenat 37°C for two h (Ares et al., 2014).

2.4.Phytochemical analysis

2.4.1. ITC determination using a HPLC-DAD (diode array etsbr)

ITC analysis was donegsinga miniaturized technique (Fusari et al., 2018)echtlispersive
liquid-liquid microextraction (DLLME). Briefly, oa mL ACN was mixed with 700L
chloroform and rapidly injected into 3 mL of samptdution using a syringe. The mixture
was centrifuged at 2000 x g for 2 min at 25°C (Gel&l42, Buenos Aires, Argentina). The
organic solvent phase was dried under a nitrogeasst and dissolved in 5Q0. MeOH.
Finally, it was filtered using a 0.48m polytetrafluoroethylene (PTFE) membrane (Sigma
Aldrich) before injection into the HPLC (Shimadz@ 20A, Shimadzu Corp., Columbia,
MD, USA), a DAD (Dionex Softron GmbH, Thermo Fisl&zientific Inc., Germering,
Germany) with a wavelength set to 241 nm for anslf@ilson et al., 2012).
The chromatographic analysis was done using an @Bters RP-C18 column (150 x 4.6
mm x 5um) (Phenomenex, Torrance, CA, USA) and a guardreolwith the same
characteristics (10 x 4.6 mm xufn) (Phenomenex). The elution of the analytes wa® do
with a mobile phase using different ratios of Me(@¥%) and water (B) at a flow rate of 0.6
mL/min for 30 min. Both solvents had 0.1% v/v focnaicid. The system was equilibrated

using the starting conditions for 10 min beforeittjection of the next sample. Before use,
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mobile phases were filtered using a Ou4® polytetrafluoroethylene (PTFE) membrane
(Sigma Aldrich). The linear gradient program usesw) min 50% A, 0—20 min 80% A,
20-30 min 80% A. The injection volume was\ilQ and the oven temperature was 25°C.
Peak identification and quantification were carmed by comparing retention times and
response signals with reference standards. Sangialgtes were quantified using external
calibration with pure standards to determine earhpound-specific response signal.
Calibration curves were found to be linear in acamration range of 5-100 mg/mL, with
correlation coefficients R>0.91 for all analytes.

2.4.2. Phenolic compounds determination using HPLC-DAD

For phenolic compounds profiling, an aliquot of theéract obtained in Section 2.3
was centrifuged at 12.000 x g for 10 min at 25°@ $Supernatant was filtered using a 0.2
pum polytetrafluoroethylene (PTFE) membrane (SKC,Btandford Forum, Dorset, UK)
and diluted with 0.1 mL ACN. Mobile phases wereapure water with 0.1% formic acid
(A) and ACN (B). Analytes were separated usingeviously reported method (Fontana et
al., 2016) with the following gradient: 0-2.7 mb%6 B; 2.7—-11 min, 30% B; 11-14 min,
95% B; 14-15.5 min, 95% B; 15.5-17 min, 5% B; 17-8% B. The mobile phase flow
was 0.8 mL/min. The column temperature was 35°@,tha injection volume was 10 pL.
The quantification was made with a multi-wavelergttetector (254, 280, 320, and 370
nm) for different analytes (Fontana et al., 20B3mples were quantified using an external
calibration with authentic standards to determiaehecompound specific response signal.
Linear ranges between 0.1 and 20 mg/L with a ctiefft of determination # > 0.9 were
obtained. The software used to control all parareeibthe HPLC-DAD system and to
process the data was the Chromeleon™ ChromatogataySystem Software v. 7.1

(Thermo Fisher Scientific Inc., Buenos Aires, Artjea)



189 2.5. Antiradical and antioxidant capacityin vitro assays

190 2.5.1. DPPH scavenging assay

191  Free-radical scavenging activity was measured usiedpPPHbleaching method (Brand-
192  William et al., 1995). An aliquot of the aqueousragt was added to 3 mL DPPH

193  methanolic solution and measured at 515 nm usibg-&30 UV-Visible

194  spectrophotometer (Beckman Coulter, Buenos Airegeitina). The decrease in

195 absorbance was determined by monitoring the absoebehanges every 30 s for 10 min.
196  Antiradical activity (ARA) was calculated accorditgBurda & Oleszek (2001) as shown
197 in Equation 1, where & is the absorbance of the solution at the steadg saind A is the
198 absorbance of DPPHolution before the antioxidant additionssAvas estimated by the
199  mathematical fitting of kinetic curves obtainedngsOrigin Pro v. 8.0 software (OriginLab
200 Corp., Northampton, MA, USA).

201 ARAY% = (Ass/Ay)x 100 (1)

202  ARA was expressed as antiradical activity/100 mdwf All determinations were done in
203 triplicate for each extract.

204 2.5.2. ABTS' scavenging assay

205 ABTS was dissolved in distilled water to give a Kraolution, according to Locatelli

206  (2017). The radical solution was prepared by intingghe ABTS solution with the same
207  proportion of 2.45 mM potassium persulphate sotutar 16 h in the dark at room

208 temperature (20 to 25°C), and this was subsequdittiyed with distilled water to a final
209 absorbance of 1.00 at 734 nm. For ARA determinatian aliquot of aqueous extracts was
210 added to 3 mL ABTS. The decrease in absorbance was determined byoriagithe

211 absorbance changes every 30 s for 10 min. All detextions were done in triplicate. The
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percentage inhibition of ABTSby the samples was calculated using Equation 1A WRs
expressed as antiradical activity/100 mg of dw.

2.5.3. Ferric reducing capacity assay (FRAP)
The ability to reduce ferric ions was measuredgiiire procedure described by Marazza
(2012). An aliquot of 1 mL of sample was mixed witimL 0.2 M sodium phosphate
buffer (pH 6.6) and 1 mL 1% (w/v) potassium feraoyde. The mixture was incubated at
50°C for 20 min. Then, 1 mL of 10% (v/v) trichloksic acid was added. The mixture was
centrifuged at 15,900 x g for 10 min at 4 °C. Thpeynatant (1.5 mL) was mixed with 0.3
mL of 0.1% (w/v), ferric chloride and 1.5 mL of tdpure water. After 10 min, the
absorbance at 700 nm was measured. The ferrimaagitucing power was expressed in
Trolox equivalent antioxidant capacity (TEAC) in pifTEAC/g dw. The percentage of
ferric reduction was calculated using Equation ar{@ady-Rochelle et al., 2015), where
Co is the concentration of FeQuM) with absorbance equal to 1.00 and<Che
equivalent concentration of Fep(uM) observed with each vegetable extract.

Reducing capacity (%) = 100 — ((Co — Cs)/Co)x 100) 2

2.5.4. fp-carotene bleaching assay
The antioxidant capacity (AOA) of the extracts d&rattions was determined using the
enzymatically induceg-carotene bleaching method, according to Chaillolildazareno
(2006). An aliquot of 50QL of a saturated stock solution [picarotene in chloroform was
mixed with 500uL of Tween 20. The mixture was evaporated usingragen stream for
15 min to remove chloroform. The final solution vedgtained by adding 0.01 M borate
buffer (pH 9) to an absorbance of 1.3 at 460 nne liffoleic acid solution was prepared by

mixing 50uL with 200 uL of Tween 20 and diluted with 0.01 M borate buffeH 9). LOX
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solution was obtained by dissolving 10 mg of theyeme in 0.01 M borate buffer (pH 9)
brought to 10 mL. Assays were done by mixing 2 frtarotene solution with 306
linoleic acid with 30QuL 0.01 M borate buffer (pH 9), 100 sample solution (or distilled
water in control assay) and 400 of LOX were used to initiate the reaction.
Spectrophotometric measurements were carried al@ahm. All assays were carried out
in triplicate at room temperature. AOA was calcethtollowing Burda and Oleszek
(2001), as the percentage of inhibition of flrearotene bleaching of the samples compared
to that of the control as described below in Equa8.42 andA? are the absorbance values
measured at the initial incubation time for the pke®m and control, respectively. Parameters
Ay andA? | are the absorbance values at the steady-staguneel for the samples and
control, respectively, which were estimated byrtteghematical fitting of kinetic curves
(linear) obtained using the Origin Pro softwarelléa were expressed as AOA/100 mg
dw.
AAO (% =100 x [1- (A°- As%) (A°- A% 3)

2.6. Statistical analysis
Data were expressed as the mean + standard dev{&i¥). Pearson’s correlation analysis
and principal component analysis (PCA) were domeguS.W. InfoStat version 2013
(Grupo Infostat, FCA, Universidad Nacional de CdraoArgentina. URL

http://www.infostat.com.ar).

For supervised PCA only variables with loadingsuealhigher than zero were considered
(InfoStat). Mean value comparisons were calculatgdg the least significantfterence

(Tukey’'s LSD) test, and p<0.05 was considered &gant. For ABTS, DPPH angh
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carotene bleaching assays, Origin Pro software wszd for mathematical fitting of

kinetic curves.

3. RESULTS AND DISCUSSION

3.1.Phytochemical profile of Brassicaceagpecies
Bioactive compound contents in the 9 analyzed sgeaie shown in Tables | and II. Total
ITC contents varied from 30.6 to 427 pg/g dw. Thecges-specific ITC profiles mainly
were: sulforaphane in broccoli, indol-3-carbinol Brussels sprouts, broccoli, and
watercress and allyl-ITC in green mustard and wa¢ss.
The most abundant ITC compound was allyl-ITC and feand in all species. Erucin was
found only in broccoli and sulforaphane was abgeoauliflower, watercress, and green
mustard.
On the other hand, TPC varied from 42.7 (red cabptmg?2.3 x 16 (radish) pg/g dw. The
most prevalent phenolic compound was (-)-epicatechbroccoli, cauliflower and green
mustard, (+)-catechin in Brussel sprout, procyanil in radish, ferulic acid in red
cabbage, kaempferol-3-glucoside in rocket, quetetylucoside in watercress apd
coumaric acid in white cabbage. These results ateitthat flavonoid compounds, mainly
flavonols, and flavan-3-ols, are the most abungaenolic compounds in these species. In
addition, tannins and phenolic acids were foundhite cabbage and radish. The latter
fraction represented the dominant group of phersaiopounds. Recently Li et al. (2018)
measured the phenolic compounds in 12 Brassicapeses including pakchoi, choysum,
Chinese cabbage, kailan, Brussels sprout, cabbagkflower, broccoli, rocket salad, red
cherry radish, daikon radish, and watercress gmorred that the main phenolic

compounds were hydroxycinnamic acids and derivatigad flavonoids and derivatives,



281

282

283

284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

but no (-)-epicatechin, proanthocyanidins and stiss were reported. This could suggest
that the present study found a wider set of pherma@impounds.
Noteworthy,transresveratrol was measured and quantified in bracBolssels sprouts,
green mustard, radish, rocket, watercress, ancevadaibbage. Previouslirans+esveratrol
was reported within the Brassicacdamily only in Brassica napus Land inArabidopsis
thaliana L.(Rezanka et al., 2018). Moreovérans-resveratrol levels in green mustard and
rocket were similar, and in some cases higher, thase previously reported in foods and
beverages thought of as good sources of this conghauch as blueberries and grapes,
peanuts, peanut butters and red wines (King e2@06). Rocket and green mustard leaves
showed from 33 to 84 pg/g dw wans+esveratrol, which was up to 4 times higher than th
levels observed in some cultivars of berries whigahged between 18 to 50 pg/g dw
according to previous studies (Sebastia et al.728hrikanta et al., 2015). Furthermore in
grapes often considered the most abundant sourtansfresveratrol, mean levels ranged
from 65 to 328 ug/g dw (Fontana et al., 2017; $lale 2003; Vicenzi et al., 2013). Other
good sources dfansresveratrol are peanutdr@chis hypogaed..), whose leaves ranged
from 0.02 to 1.79 pg/g dw (Meredith & Alfred, 200Sales & Resurreccion, 2009).
However, the levels of resveratrol in processedlpets derived from peanuts can reach up
to 5 pg/g dw (Sobolev & Cole, 1999). These datayested that Brassicaces@ecies could
be considered good food sourcesrahsresveratrol compared with blueberries and grapes.
Due to the absence of any reportt@nsresveratrol in these species, a confirmation was
done for its presence using gas chromatography-repsstrometry (GC-MS) using a
previously reported method, with some modificaticascording to the detector used
(Montes et al., 2010). It can be observed in Fidguréhe mass spectra obtained after the

analysis of a commercial standard sampldransresveratrol and the sample of rocket
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(given as an example) are similar in terms of theeoved fragments and the distribution of
their intensities.
These results indicated that rocket and green mtliata sources afansresveratrol.
Future studies involvingansresveratrol bioavailability as well as studiesated to
absorption and bioavailability will be needed taarstand the physiological processes
after consumption. These processes depend mairtlyediood matrix and would be
important to elucidate which is the bé&stnsresveratrol dietary source.

3.2.Variation in antioxidant capacity among Brassiaceae species
Antioxidant effects measured as an antioxid@ntgrotene bleaching method), antiradical
(DPPH or ABTS bleaching methods) and reducing (FR&d®ivities were detected in all
aqueous vegetable extracts analyzed (Figure 2)eMfass and green mustard were the
strongest antioxidant vegetables analyzed; cawld@toand Brussels sprouts were the
weakest. These results are consistent with Soextgds(2011), who determined the
antioxidant strength of Brassicavegetables using FRAP and DPPH and the relatideror
for broccoli, cabbage, and cauliflower was the sasmeeported here. These three species
also resulted in the weakest antioxidants amon® Brassicaspecies in that study.
Upadhyay et al. (2016) measured AOABIrassica oleraceapecies and observed an
antioxidant strength in decreasing order as retagd > green cabbage > broccoli >
cauliflower, which is similar to these results désmvorking with other AOA methodology.
Mean antiradical activities, measured by DPPH, ABai& FRAP methods, varied more
than 12-fold and ranged from 7.1 to 89.2 AOA/100awgfor radish and watercress,
respectively. In addition, these results are &tasi with Sikora et al. (2008) who found an
antioxidant ranking headed by Brussel sprouts,dmgcand cauliflower using the DPPH

assay.
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Mean antioxidant activities values, measured uie@-carotene bleaching assay, varied
more than 9-fold and ranged from 8.6 to 78.4 AOA/ifly dw in Brussel sprouts and
rocket, respectively3-carotene bleaching assay results are consistémiG@RFO-Chile
(2015), which measured the AOA using the oxygeice@bsorbance capacity
(ORAC) assay and the total phenolic content in these abtgst. This database includes a
study of 50 vegetables, among them, rocket shohetighest activity.
Several authors have compared the antioxidantiteesivn Brassicaspecies (Li et al.,
2018; Mizgier et al., 2016; Murador et al., 2016gRdek et al., 2006; Sikora et al., 2008;
Zielinski et al., 2007), but to date, the 9 species Imatdeen studied using the 4 tests used
in this study. The assay pfcarotene bleaching in the coupled oxidation witbleic acid
is a good indicator of the protective ability oétactive compounds against the oxidative
process induced by LOX (Chaillou & Nazareno, 2006}his method, the lipid fraction is
emulsified in micelles in an aqueous environmenewgtihe phenolic compounds are
partitioned, while the oxidative enzyme is locaitethe interface. This system could
constitute an acceptable model for most foods ard some biological systems (Prieto et
al., 2012).

3.3.Relationships between antioxidant activities ahtheir bioactive compounds

content

Correlation analysis was done to explore the @hatiips between the content of bioactive
compounds and the antioxidant activities of platitaets (Table 11l and Supplementary
data Table S1). Significant positive strong cotiefes were observed between allyl ITC,
(+)-catechin, ferulic acid, quercetin-3-galactosidgepicatechin and kaempferol with
FRAP, between caffeic acid, ferulic acid, querc@iglucoside and myricetin with tte

carotene method, between allyl ITC, ferulic acigrpstilbene and myricetin with ABTS.
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Medium correlations were observed between FRAPgalit acid, syringic acid and
myricetin, between thg-carotene method with pterostilbene and kaempfégllicoside,
between ABTS and (+)-catechin, ferulic acid andrgein-3-glucoside and between DPPH
and (+)-catechin. Among ITC, only allyl ITC showsignificant correlation with FRAP,
which also suggested that an electron transfer amesim is involved instead of a hydrogen
transfer mechanism. Phenolic compounds apparexdly their antioxidant action in these
species by both mechanisms as was already propgsedrtea et al. (2008) who reported
that antioxidant capacity of phenolic compoundslated to its chemical structure, and
they had an important role in neutralizing reactxggen species, quenching singlet and
triplet oxygen, or decomposing peroxides. Totalqatie compounds were only correlated
significantly with ABTS suggesting that antiradicaéchanisms of quenching of ROS are
more effective than reducing mechanism in theseigpeTotal ITC content was negatively
correlated with DPPH angtcarotene assays.

3.4. PCA
Supervised PCA was applied to the whole data s@tBrassicaceae species. The
dimensionality of the data was reduced to 2 untated principal components (PC), PC1
and PC2, accounting for 69.9% of the observed wranaThe loading, eigenvalues, and
percentage of cumulative variance are shown inéfBhlPC1 was positively correlated
with transresveratrol, quercetin-3-glucoside, caffeic akmkmpferol-3-glucoside, and
caftaric acid and negatively with indol-3-carbinplerostilbene, and allyl ITC. PC2 was
mainly correlated with the 4 methodologies of axiiant and antiradical activities and
with quercetin-3-galactoside, erucin, and sulfoeaph The variation of the data is
explained mainly by phenolic compounds suckraissresveratrol, quercetin-3-glucoside,

caffeic acid, kaempferol-3-glucoside and caftadntent; and by antioxidant activities
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measured using ABTS and FRAP. The graphic reprasentof the scores and loadings in
Figure 3, show a separation of the species. Rasketated in the medium right side of the
plot, which is characterized by high phenolic coanignainly phenolic acids and
flavonoids). White cabbage, broccoli, cauliflowand Brussel sprouts are located in the
bottom left side of the plot characterized by higimtents of some isothiocyanates such as
of indol-3-carbinol and erucin. Red cabbage, greestard, and radish are located in the
upper right side of the plot, characterized by hagil ITC, ferulic acid and quercetin-3-
galactoside content. Finally, watercress is locatdgtie upper right side of the plot, which
is characterized by high antioxidant and antirddacéivity and phenolic compounds
content (mainly quercetin-3-glucoside and caffeica PCA showed the strong
correlations observed between ABTS, DPPH, and FRRiPsome phenolic compounds
and to a lesser extent with ITC. Moreover, therggast antioxidant species are located in
opposite quadrants of the plots (CP1) suggestiaigtbth, phenolic and sulfur compounds,
found in these species contribute to these pragzerti

Based on the PCA and the correlation analysiseiadicid, ferulic acid, (-)-epicatechin,
quercetin-3-glucoside, myricetin, and kaempferelthe main antioxidants found in these
species. Watercress had the strongest antioxidéwity of all the species. Green mustard
was positioned second in this ranking for antiortdg#trength, and its phenolic profile was
headed by (-)-epicatechin. When the phenolic grafilthe species that evidenced lesser
antioxidant activity including cauliflower and bicadi were considered, (-)-epicatechin was
also the main compound found, although in lowercentrations compared with green
mustard. This suggested that the antioxidant palerfteach species was not determined
by only one compound, but rather by the interactiorong different compounds. Allyl ITC

was the most closely related to the antioxidanvigiets studied here. The iron-reducing
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capacity suggested that the ITC antiradical meamaiould be an electron transfer in
neutral pH and aqueous media. The high ITC coritemtd in rocket and watercress could
explain the high activity observed in these spe@esne authors have proposed that the
sulfur atom in the methylation group present ingflte chain of some ITC can act as an
electron donor, switching from a reduced form @hHide group CHS), to an oxidized
form (the sulphinyl group CHS=0); thus, this generates redox couples (e.g.,
erucin/sulforaphane in rocket) (Barillari et alo05; Papi et al., 2008).

PCA and correlation analysis suggested that batbpg of compounds, phenolic and sulfur
ones, are associated with ARA and AOA. It is pdsdibat the Brassicaceae antioxidant
capacity could be explained by synergistic effact®ng different compounds.

All the samples assayed showed a strong antidaoiteavior, mainly using the electron
donor capacity to reduce species, rather than gahamism of hydrogen atom transfer.
This can be explained considering that some ITC ataws electron donors (Barillari et

al., 2005).

4. CONCLUSIONS

Detailed aspects of antioxidant capacity have lsbemwn, and it was possible to find a high
correlation between allyl ITC and ABTS and FRAPtpaobion, as well as between
individual phenolic compound contents and DPPHABT'S for Brassicaceae species.
These results allowed proposing that a hydrogerstea mechanism was the main
antioxidant mechanism involved for cruciferous pdlEncompounds and electrtnansfer

mechanism for cruciferous sulfur compounds.
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Moreover, several phenolic compounds and the nsaithiocyanates for each species were
described, including the presencdrahsresveratrol in all species. The levels observed in
some samples are promising from a nutritional pofrtiew.

Watercress and green mustard were the strongésxidant species, being the most
promising vegetable of this family for their pothfunctional activities.

Correlation analysis suggested that both sulfur@reholic compounds contribute to
Brassicaceae antioxidant effects to different esstefuture studies that address the
behaviour of each compound individually and the bm@tions would be interesting to
elucidate the possible interactions between comg@and the possible effect of the matrix

of each food.
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Table I. Isothiocyanate concentration determined in the #caseae species.

Vegetable Sulforaphang Indol-3-Carbinol | Allyl ITC Erucin Total ITC Dry weight
Broccoli 260+ 10 55+2 98+ 7 12+1 430 +£10 14.0+£0.1
White cabbage | 10.1+0.3 262 89+0.5 ND 45+1 16.0+0.1
Red cabbage 42+05 18+1 77+1 ND 99.0+0.3 8.0+0.1
Brussels sprouts| 2.6 £0.3 70+2 12.0+0.2 ND 85+1 11.0+0.1

Radishes 161 18.5+0.5 70+3 ND 110+ 20 50+0.3

Watercress ND 412 88.0+05 ND 130+ D 8.0+0.1
Rocket 110 £20 ND 59 +1 ND 170+10 8.20 £ 0.02

Cauliflower ND 24+1 6.3+0.4 ND 31.0+05 9.80 £ 0.04

Green mustard ND 11+1 90+2 ND 100+ 10 7.09 +£0.02

587

588 Results are expressed as mean (pg/g dw) = SDtlrdond individual ITC and for dry weight as g d@glg
589 fw. ND: non-detected means the level of the compdarunder the limit of detection of the techniqlamit
590 of quantification of the methodology used: SF=038;=1.6; AITC=2.7; ER=7.4 pug/g dw).

591

592

593

594

595

596

597

598

599

600



601

Table Il. Phenolic compounds content determined in the Braseae species.

Gallic | Procyanidin ) Caffeic | p-Coumaric | Ferulic Trans ) Quercetin-3- | Quercetin-3-
Vegetable ) (+)-Catechin ) ) ] Pteroestilbene ] )
acid B1 acid acid acid resveratrol galactoside glucoside
Broccoli |45+1.1 ND ND 2605 ND 1.72+0.010.88 +0.01 0.7+0.1 ND ND
Brussels
32+22 34+2 35+1 12+1 34+3 21+0/6 3.0+£05 0.7+0.1 ND ND
sprouts
Cauliflower | 16+1 ND 47 +6 ND 33+1 14+2 ND 1.1+0.1 2aa ND
Green
29+04 ND ND 26+3 32+14 203 334 ND 6%2 82+15
mustard
. 22+03
Radish 29+03 ND ND 15+1 ND 9.0+£0.5 ND ND ND
(x 10%)
Red
16+2 ND ND ND ND 21+3 ND ND ND ND
cabbage
Rocket 9.8+0.6 ND 10+ 20 170+ 30 ND ND 84+1 ND 0.7+04 250 £ 50
Watercress | 44+1.3 ND ND 55+ 18 44 £ 27 54 +11 6.5+0.3 DN 73+3 170+ 70
White
72+0.7 ND 338 12+3 110+10 11+2 455%0. ND ND ND
cabbage
o . (-
Syringic -)- Caftaric ) o ) ) Total
Vegetable ) ) ] ] Tyrosol Polydatin | Myricetin | Quercetin Kaempferol | Gallocatechin )
acid Epicatechin acid phenolics

gallate




Broccoli ND 100+ 10 ND ND ND 28+0.1 ND 9.2+0.2 43 +5 170+ 20
Brussels
ND ND ND ND ND ND ND ND ND 120+ 10
sprouts
Cauliflower | 7.7 £ 0.6 310+ 40 ND ND ND ND ND ND 12+1 470 £ 70
Green 1.1+0.2
31+1 87020 4.32+0.04 ND ND ND ND 37+1 ND
mustard (x 10°)
) 2.3+05
Radish ND ND ND ND ND ND ND ND 40+3
(x 10%
Red cabbage ND ND ND ND ND 59104 ND ND ND 405
1.5+0.2
Rocket 85+0.6 ND 13+3 705 14.3+0.1 15+2 16+2 9.8+8.9 ND
(x 10°)
Watercress ND ND ND ND ND 53+3 ND ND ND 550 + 40
White
ND 25+4 ND 15+3 ND 47+0.1 ND ND ND 220+ 30
cabbage

602  Values are expressed as mean |oylg: SD. Limit of quantification of quantified compods: gallic acid=0.1; procyanidin B1=0.5; (+)-adti®=0.25; caffeic
603 acid=0.05; p-coumaric acid=0.05; ferulic acid=0.0&nsresveratrol=0.1; quercetin-3-galactoside=0.1; ge#n-3-glucoside=0.25; syringic acid=0.1; (-)-
604 epicatechin=0.25; caftaric acid=2.5; tyrosol=0.6lydatin=0.1; myricetin=0.5; quercetin=0.5; kaempfe0.25; (-)-gallocatechin gallate=0.5 pg/mL

605 Brassicacea@xtract.



606  Table Ill. Significative (p<0.05) pairwise correlation valy& among antioxidant

607  activities, isothiocyanates, and phenolic compocoaents.

Variable 1 Variable 2 R p valuéos

ABTS DPPH 0.86 0.018°

B-carotene DPPH 0.51 0.08%0

FRAP ABTS 0.41 0.03211

612

Total phenolic compounds ABTS 0.39 O.ng
614
615
616
617
618
619
620
621
622
623
624
625

626



627 Table IV. Loadings, eigenvalues and percentage of cumulativience for the first two
628  principal components of the whole data set (ab&med Brassicaceae species and groups

629 of compounds (below).

Variables CP1 Cp2
trans-Resveratrol 0.33 -0.05
Quercetin-3-glucoside 0.32 0.11
Caffeic acid 0.34 -0.01
Kaempferol-3-glucoside 0.35 -0.08
Caftaric acid 0.33 -0.08
Tyrosol 0.33 -0.14
Polydatin 0.34 -0.12
Quercetin 0.34 -0.12
DPPH 0.02 0.43
ABTS 0.04 0.41
B-Carotene 0.20 0.29
FRAP -0.04 0.26
Pteroestilbene -0.14 -0.28
Ferulic acid -0.03 0.40
Sulforaphane 0.03 -0.22
Indol-3-Carbinol -0.19 -0.31
Allyl ITC -0.08 0.05
Cumulative variance (%) 44.4 69.9
630
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Figure legends:
Figure 1. Chromatograms and mass spectrum correspaimg to trans-resveratrol
standard (left) and a Brassicaceae sample (rocketpntaining quantifiable levels of

trans-resveratrol (right).

Figure 2. Antioxidant capacity of 9 Brassicaceae ggies determined using 4
methodologies Brassicaceae species are located according tooweiall antioxidant

strength, but each analytical method can be vigedlin a different color.

Figure 3. Principal components analysis of Brassicgaae antioxidant properties and
phytochemical contentsPCA was done with the whole data of phytochemiocakent and

antioxidant capacity for all species.
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Figure 3
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Supplementary material:

Table S1 Significative (p<0.05) pairwise correlation vatu(R) among antioxidant activities,
individual isothiocyanates and individual phen@impounds.

Variable 1
ABTS
B-Carotene
FRAP

Dry matter

Dry matter

Dry matter

Dry matter
Sulforaphane
Indol-3-Carbinol
Indol-3-Carbinol
Indol-3-Carbinol
Indol-3-Carbinol
Indol-3-Carbinol
Allyl ITC

Allyl ITC

Allyl ITC

Allyl ITC

Allyl ITC

Allyl ITC

Erucin
Erucin

Erucin
Erucin
Erucin

Gallic acid
Procyanidin B1
(+)-Catechin
(+)-Catechir
(+)-Catechin
(+)-Catechin
Caffeic acic
Caffeic acid
p-Coumaric aci
Ferulic acid
Ferulic acid
Ferulic acic
Ferulic acid

Variable 2
DPPH
DPPH
ABTS
total ITC
DPPH
ABTS
FRAP
total ITC
total ITC
DPPH
ABTS
Dry matter
Sulforaphane
total ITC
DPPH
ABTS
p-Carotene
FRAP
Sulforaphane
total ITC
Dry matter
Sulforaphane

Indol-3-Carbinol

Allyl ITC
FRAP
Dry matter
DPPH
ABTS
FRAP
Allyl ITC
B-Caroten:
(+)-Catechin
Allyl ITC
DPPH
ABTS
B-Caroten:
FRAP

R P value
0.86 0.010
0.51 0.007
041 0.035
0.45 0.018
-0.39 0.045
-0.39 0.047
0.46 0.017
0.97 0.000
0.43 0.034
-0.41 0.047
-0.58 0.003
0.81 0.000
0.45 0.048
0.61 0.001
0.59 0.001
0.7 0.000
0.46 0.016
0.65 0.000
0.55 0.007
0.93 0.000
0.47 0.013
0.92 0.000
0.43 0.035
0.41 0.032
-0.38 0.048
-0.5 0.007
-0.46 0.015
-0.47 0.01:
-0.51 0.007
-0.48 0.010
0.5t 0.03
0.76 0.000
-0.4¢ 0.011
0.61 0.001
0.49 0.010
0.54 0.0¢4

0.61

0.001



Ferulic acid

Ferulic acid
trans-Resveratrc
trans-Resveratrol
trans-Resveratrol
Pteroestilben
Pteroestilbene
Pteroestilbene
Pteroestilben
Pteroestilbene
Pteroestilbene
Quercetil-3-galactosid
Quercetin-3-galactoside
Quercetin-3-galactoside
Quercetil-3-glucosidt
Quercetin-3-glucoside
Quercetin-3-glucoside
Quercetil-3-glucosidt
Kaempferol-3-glucoside
Kaempferol-3-glucoside
Kaempferc-3-glucoside
Kaempferol-3-glucoside
Kaempfera-3-glucosidt
Syringic acic

Syringic acid

Syringic acit

Syringic acit
(-)-epicatechin
(-)-epicatechi
(-)-epicatechi
(-)-epicatechin

Caftaric acit

Caftaric acit

Caftaric acid

Caftaric acit

Caftaric acit

Caftaric acid

Caftaric acit

Tyroso

Tyrosol

Tyroso

Tyroso

Tyrosol

Sulforaphane
(+)-Catechin
Indol-3-Carbino
(+)-Catechin
Caffeic acid
DPPF
ABTS
B-Carotene
Dry matte
Indol-3-Carbinol
Allyl ITC
ABTS
FRAP
Ferulic acid
B-Carotent
(+)-Catechin
Caffeic acid
trans-Resveratrc
B-Carotene
(+)-Catechin
Caffeic acic
transResveratrol
Querceti-3-glucoside
FRAF
Indol-3-Carbinol
trans-Resveratrc
Quercetil-3-galactosid
FRAP
Indol-3-Carbino
Querceti-3-galactosid
Syringic acid
Indol-3-Carbino
(+)-Catechir
Caffeic acid
trans-Resveratrc
Quercetir-3-glucoside
Kaempferol-3-glucoside
Syringic acic
(+)-Catechir
Caffeic acid
trans-Resveratrc
Quercetir-3-glucoside
Kaempferol-3-glucoside

-0.48
-0.38
-0.44
0.72
0.92
-0.67
-0.67
-0.41
0.44
0.47
-0.44
0.4¢€
0.83
0.75
0.77
0.57
0.92
0.7z
0.45
0.82
0.9¢
0.91
0.8
0.4¢
-0.47
0.44
0.61
0.54
-0.44
0.6t
0.94
-0.4z
0.7t
0.91
0.9¢
0.7¢
0.94
0.41
0.87
0.92
0.9
0.7¢
0.94

0.020
0.049
0.03:
0.000
0.000
0.0(1
0.000
0.031
0.022
0.022
0.020
0.01%
0.000
0.000
0.00(¢
0.002
0.000
0.00(¢

0.017
0.000

0.000
0.000
0.000

0.012
0.021
0.022
0.0(1
0.004
0.031
0.00(¢
0.000
0.03¢

0.00(¢
0.000

0.000

0.00(¢
0.000

0.0:4
0.000

0.000
0.000

0.00(¢
0.000
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Tyrosol

Polydatin

Polydatir

Polydatin

Polydatin

Polydatir

Polydatin

Polydatin

Myricetin

Myricetin

Myricetin

Myricetin

Myricetin

Myricetin

Myricetin

Quercetin

Quercetin

Quercetit

Quercetin

Quercetin

Quercetil

Quercetin

Quercetin

Kaempfera

Kaempferol

Kaempferol

Kaempfera

Kaempferol

Kaempferol

Kaempfera
(-)-Gallocatechin gallate
(-)-Gallocatechin gallate
(-)-Gallocatechin galla
(-)-Gallocatechin gallate
(-)-Gallocatechin gallate
Total phenolic compoun

Total phenolic compounds
Total phenolic compounds

Total phenolic compoun

Total phenolic compounds
Total phenolic compounds

Total phenolic compoun

Caftaric acid
(+)-Catechin
Caffeic acic
transResveratrol
Quercetin-3-glucoside
Kaempfera-3-glucosidt
Caftaric acid
Tyrosol
DPPF
p-Carotene
FRAP
Caffeic acic
Ferulic acid
Quercetin-3-galactoside
Quercetil-3-glucoside
(+)-Catechin
Caffeic acid
trans-Resveratrc
Quercetin-3-glucoside
Kaempferol-3-glucoside
Caftaric acit
Tyrosol
Polydatin
FRAF
Allyl ITC
trans-Resveratrol
Quercetil-3-galactosid
Syringic acid
(-)-Epicatechin
Caftaric acit
total ITC
Sulforaphane
Erucir
Procyanidin B1
Ferulic acid
ABTS
Dry matter
Indol-3-Carbinol
Procyanidin B
transResveratrol
Pteroestilbene
Caftaric acit

0.89
0.85
0.94
0.93
0.77
0.9¢
0.93
0.98
0.5¢
0.9
0.46
0.3¢
0.78
0.51
0.6€
0.84
0.93
0.92
0.79
0.99
0.9t
0.95
0.99
0.6
0.44
0.43
0.5¢
0.91
0.86
0.4
0.6
0.56
0.6€
0.59
-0.4
0.3¢
-0.53
-0.46
0.77
0.5
-0.39
0.4z

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.0C3
0.000
0.015
0.042
0.000
0.006

0.00(¢
0.000

0.000
0.000

0.000

0.000
0.000

0.000
0.000

0.001
0.023
0.025

0.0(5
0.000

0.000

0.02¢
0.001
0.005
0.00(¢
0.001
0.037
0.04¢
0.005
0.025
0.00(¢
0.008
0.044
0.026



HIGHLIGHTS

» Bioactive phytochemicasin 9 cruciferous species were investigated.

»  Twenty five phytochemicals were quantified.

»  All species analyzed show antioxidant activity.

» Each cruciferous vegetable had its own phenolic and sulphur compound profile.
»  Watercress and green mustard were the strongest antioxidant cruciferous.

» Cruciferous vegetables are a sources of trans-resveratrol.
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