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Abstract

Background: Polyphenol-enriched tea is an interesting product for food industries under

the current consumer demands. This study aimed at evaluating the Nothofagus antarctica

(NA) species as a valuable source of bioactive compounds as well as obtaining an opti-

mized organic green tea (OGT)-NA blend. NA leaves of different developmental stages

and several mixture proportions were analyzed. HPLC–DAD–ESI/MSn was used to iden-

tify and quantify the polyphenol compounds. Antioxidant capacity and the type of inter-

action occurring between constituents were assessed.

Results: NA infusions exhibited high polyphenol diversity and some differences in the

individual concentration were found between NA leaves. NA polyphenol profile showed

great complementarity to the one present in green tea. Besides, NA impacted positively

the antioxidant strength in the mixtures. Finally, the 67% OGT-33% NA blend exhibited

an optimized performance in relative and total polyphenol contents and antioxidant

properties, and thus, it could be recommended as a novel beverage.

Conclusions: N. antarctica is a valuable source of polyphenol compounds and its combi-

nation with green tea, in a blend, could represent an interesting food product. In addi-

tion, this new non-wood product constitutes a novel productive strategy for adding

value to the silvopastoral systems with positive socio-economic impact.

K E YWORD S
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INTRODUCTION

Temperate forests of South America constitute are valuable resources

of biodiversity with potential as natural reservoirs of bioactive phyto-

chemicals for human wellbeing and health. Nothofagus antarctica,

known as ñire, is a relevant resource with one of the greatest distribu-

tion areas of all native trees in the Patagonian region, covering

751,640 ha from 36� S to 55� S in Argentina. This species has a similar

distributional range to the west of the Andes mountain range in Chile.

ñire is a pioneer species that shows the greatest ecological range of

the South American Nothofagus genus.1 It grows from valley bottoms,

steep slopes with shallow soils, floodplain environments, and post-fire

scrub towards the most xeric limit of the Patagonian forests.2 In addi-

tion, this species develops different morphological variants probably

related to the environmental conditions where the population is

established1 that could be the result of locally adapted ecotypes,3 an

expression of plasticity or a combination of both factors.4 Further-

more, N. antarctica forests are central for developing of livestock
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production in the region5 and approximately 70% of these forests

have been used under silvopastoral systems.6 In the last years, “Forest
Management with Integrated Livestock (Manejo de Bosque con Gana-

dería Integrada, MBGI)” has been implemented based on the provision

of ecosystem services by N. antarctica forests, and on an adaptive

management scheme to define the interventions.5 The strategy of

producing added value of wood, non-wood, and animal products are

key factors for silvopastoral system development.

In the last decade, the phytomedicinal properties of N. antarctica

gained interest among scientists and farmers, increasing the ecological

and economical potential of this tree species in the region. Barbosa

et al.7 reported the traditional use of ñire as febrifuge by the Patago-

nian native inhabitants as well as its cytotoxic activity. In addition, the

antioxidant capacity of infusions elaborated from N. antarctica leaves

and the essential oil profile of its hydrodestilated has been reported

for the first time by Gastaldi et al.8 In these studies, a sesquiterpene

alfa-agarofurane was identified as the main component of the

species-essential oil, yielding from 61% up to 84% of the total volatile

compounds. Differences in essential oil content and the identity of

minor volatile compounds have been reported among populations

with contrasting growing conditions.9–10 Regarding its biological activ-

ity, a preliminary report suggested antiproliferative effects of N. ant-

arctica aqueous extract over the HT-29 and Caco-2 cells derived from

colon cancer.11 Currently, N. antarctica leaves have been recently reg-

istered in the Argentinean Food Codex and used as a part of culinary

recipes, including infusions, and spirit beverages.12–13 Recent studies

supported that diets rich in natural antioxidants play an important role

in preventing human diseases.14–15 In this regard, alternatives to

increase antioxidant content in the daily diet include the use of

polyphenols-rich plant substrates as complement on primary food

matrices.16–19 Nevertheless, it is important to take into account that

the resulting antioxidant activity is influenced by several factors, such

as substrate ratio, proportion of the phenolic compounds added, and

the interaction among them.20–21 For this reason, the optimal sub-

strate proportion in the mixture should be determined in order to

maximize food or beverage beneficial health properties.

The aims of the present work were to determine the polyphenol

profile of N. antarctica infusions and to obtain an optimized green tea-

N. antarctica blend that could represent an interesting food product.

For this, the total phenolic content (TPC) and antioxidant capacity of

the individual infusions and sequential mixture ratios between N. ant-

arctica and green tea were assessed. In addition, comparisons with

others popularly known beverages, such as infusions elaborated with

organic green tea (OGT) and yerba-mate (Ilex paraguariensis),

were done.

MATERIALS AND METHODS

Plant material

Leaves of 15 trees of N. antarctica were collected randomly in a popu-

lation located at 41�80 S and 71�290 W during 2020. In each tree,

leaves from different stratum (from 1 to 3 m in height) were

harvested. In addition, two foliar development stages were included in

the analysis: (1) fully expanded leaves with an intense green color

(NA1); and (2) leaves near senescence with orange-red color but still

conserved turgor (NA2). The harvested leaves were then freeze-dried

by Christ Alpha 1–2 LD equipment (Christ, Osterode and Harz,

Germany), grounded to a fine powder, and stored at �20�C until prep-

aration of the aqueous extract. The commercial OGT “Naturesana

Artemis Bio” (Herbes del Moli S.L., Spain) and the popular known

Argentinean yerba-mate “Playadito” (Cooperativa Agrícola de la

Colonia Liebig Ltda., Argentina) were included in the analysis.

Preparation of infusions

The infusions were elaborated following the methodology described

by Domínguez-Perles et al.22 One hundred milliliters of simmering

water (90 � 2�C) were added to 2 g of total dried material, left for

5 min with occasional stirring, and then filtered. Individual infusions of

N. antarctica (NA) considering the two foliar development stages (NA1

and NA2), OGT, and yerba-mate (Ym) were prepared. In addition,

OGT-NA blends with different mixture proportions were included in

the analysis 67% OGT � 33% NA (2:1), 50% OGT � 50% NA (1:1),

and 33% OGT � 67% NA (1:2). Three replicates of each infusion were

included in the analyses.

Identification of phenolic compounds

The identification of phenolic compounds in the individual infusions

of N. antarctica, OGT, and Ym was carried out by HPLC–DAD–ESI/

MSn analyses. An Agilent HPLC 1100 series model equipped with a

photodiode array detector and a mass detector in series (Agilent Tech-

nologies, Waldbronn, Germany) was used. The equipment consisted

of a binary pump (model G1312A), an autosampler (model G1313A), a

degasser (model G1322A), and a photodiode array detector (model

G1315B). The HPLC system was controlled by Chem-Station software

(Agilent, version 08.03). The mass detector was an ion trap spectrom-

eter (model G2445A) equipped with an electrospray ionization inter-

face. The ionization conditions were set as described by Migues

et al.23 The mass spectrometry data were acquired in the negative

ionization mode, except for anthocyanin derivatives. The MSn was

carried out in the automatic mode on the more abundant fragment

ion in MS (n � 1).

Quantification of phenolic compounds

Twenty microliters of the filtered samples were injected in a reversed-

phase HPLC-DAD Agilent 1100 system. Compounds were separated

in a Luna C18 column (25 cm � 0.46 cm, 5 μm particle size; Phenom-

enex, Macclesfield; UK). The mobile phase was a mixture of water/

formic acid (99:1 vol/vol) (A) and acetonitrile (B). The flow rate was

0.8 ml/min in a linear gradient. Individual compounds were tentatively

identified following their characteristic UV–Visible spectra and peak
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elution order (retention time—Rt), and compared with the peaks previ-

ously identified in the HPLC-DAD–ESI/MSn method. The following

analytical standards were included in the analysis: catechin, chloro-

genic acid, gallic acid, quercetin-rutinoside, and cyanidin 3-hexoside. A

calibration curve for each standard was built considering a concentra-

tion range between 2–0.031 mM for each one. These calibration

curves and the chromatograms obtained by HPLC-DAD were used for

the polyphenol quantification. Flavanols were quantified as catechins

at 280 nm, ellagic, caffeic, gallic acid derivatives as gallic acid at

280 nm, caffeoyl- quinic acid derivatives as chlorogenic acid at

320 nm, and flavonoids as quercetin-rutinoside at 360 nm. The sum

of caffeoyl and quinic acid derivatives were mentioned as total of

chlorogenic acid; whereas the sum of esters and glycosides of flavo-

noids were mentioned as total flavonoids. Three replicates of each

infusion were quantified and the results were expressed as mg per

100 ml infusion and mg per g dried weight (DW).

Total phenolic content

TPC was determined using a rapid colorimetric method described by

Medina-Ram�on et al.24 and based on the oxidation of the hydroxyl

groups of phenols in basic media by the Folin–Ciocalteu reagent. This

method is adapted to microscale in 96-well microplate (Nunc, Ros-

kilde, Denmark). Briefly, 15 μl of each diluted infusion (1:5 vol/vol in

water), a blank or a dilution of gallic acid (used as standard) were

placed in an individual microplate-well, then 12 μl of Folin–Ciocalteu

reagent and 30 μl of 20% sodium carbonate solution were subse-

quently added and the mixture was allowed to react in darkness for

1 min at room temperature. The absorbance was registered at 765 nm

by an Infinitive® M200 microplate reader (Tecan, Grödig, Austria). All

measurements were carried out by triplicate. The results are

expressed as mg of gallic acid equivalents (GAE) per 100 ml of infu-

sion, using a calibration curve over the range of 1–100 mg of gallic

acid in 100 ml. Although this method is not specific to polyphenols

because other reducing compounds could also be included in the

quantification, it is highly useful for comparison among beverages.

In vitro analysis of antioxidant capacity

To assess the antioxidant capacity of the infusions, including individ-

ual tisanes and OGT-NA blends, the 2, 2-diphenyl-picyl-hydrazyl assay

(DPPH•) and ferric reducing antioxidant power (FRAP) were carried

out following the methodologies described by Migues et al.23 and

LLorach et al.,25 respectively. Briefly, the antioxidant activity was eval-

uated by measuring the variation in absorbance at 515 nm after

35 min for DPPH• assay and at 593 nm after 40 min for FRAP. The

reactions were scaled to a 96-well microplate. All samples were cen-

trifuged at 10,000 � rpm for 10 min, at 4�C, and the reactions were

started by adding 2 μl of the diluted sample (1:5 vol/vol in water) to

the well containing 250 μl of DPPH• dissolved in methanol (absor-

bance ≈ 1) or FRAP solution. Absorbance measurements and the

reaction kinetic was registered by an Infinitive® M200 microplate

reader (Tecan, Grödig, Austria). Assays were performed in triplicate

and the results are expressed in millimolar of equivalent Trolox® per

100 ml of infusion (mM TE/100 ml), using a calibration curve over the

range of 0.25–5 mM Trolox.

The antioxidant strength was determined by calculating the percent-

age of inhibition of the DPPH• radical (%I) and the amount of antioxidant

needed to reduce the concentration of DPPH• to 50% (IC50), as

described Acosta-Otálvaro et al.26 In addition, a combination index

(CI) based on the DPPH• radical scavenging activity for binary mixture

(OGT-NA) was calculated according to Enko and Gliszczynska-Swigło20 in

order to describe the type of interaction between substrates. An additive

interaction occurs when the index is equal to 1; whereas an antagonist or

synergist effects occur when the interaction index is higher or lower than

1, respectively.20 In this study, a more precise range for CI values and

interaction type was used following the suggestions of Chou27: 0.3–0.7

(synergetic), 0.7–0.85 (moderate synergetic), 0.85–0.90 (slight synergetic),

0.90–1.10 (nearly additive), 1.10–1.20 (slight antagonistic), 1.20–1.45

(moderate antagonistic), and 1.45–3.3 (antagonistic).

Data analysis

Statistical analyses for the concentration of polyphenol compounds, TPC,

and antioxidant activity were carried out on R environment (R Core Team,

2015). Firstly, normality and homogeneity of variance for each variable

were tested by running Shapiro–Wilk and Levene tests, respectively.

Since both assumptions were corroborated, an analysis of variances

(ANOVA) followed by the multiple comparison LSD test (p-value <0.05)

was carried out. In addition, correlation tests were performed in order to

determine the relationships between compound-type and total polyphe-

nol concentration as well as between the polyphenol content and OGT

proportion in the mixture and the antioxidant capacity (by both DPPH•

assay and FRAP). When significant correlation was detected (p < 0.01),

correlation coefficients were indicated.

RESULTS

A total of 23 compounds were detected at 320 nm by HPLC–DAD in

infusions elaborated with both fully-expanded and near senescence

leaves of N. antarctica (NA1 and NA2). A characteristic chromatogram

for these samples is shown in Figure 1. The identity of the detected

peaks was determined by HPLC–DAD–ESI/MSn considering the char-

acteristic UV–Vis spectra, order of elution (Rt), parent ions (MS�),

along with the MS/MS daughter spectra. Fifteen different phenolic

compounds were identified in these infusions, including seven deriva-

tives of phenolic acids and eight flavonoid derivatives (Table 1). It was

detected a high diversity in the phenolic acid constituents, mainly

represented by gallic, ellagic, quinic, caffeic, and coumaric acids. In the

case of flavonoids, the variability was mainly restricted to myricetin

and quercetin compounds. In addition, an extra compound corre-

sponding to an anthocyanin was found in those infusions elaborated
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with N. antarctica leaves close to senescence that ranged from bright

orange to dark red colors.

In summary, seven compounds exhibited a maximum absorbance

close to 280 nm corresponding to ellagic, caffeic, and gallic acid deriv-

atives (peaks 1, 2, 3, 5, 7, 9, and 10), other three close to 320 nm cor-

responding to quinic acid derivatives (peaks 4, 6, and 8) and

13 compounds close to 360 nm involving quercetin and myricetin

derivatives (peaks from 11 to 23). The identified phenolic compounds

were grouped based on their constituent nature as follows:

Ellagic acid derivatives

Ellagic acid derivatives are esters of hexahydroxydiphenic acid

(HHDP) and a polyol, usually glucose, or gallic acid.28 In the NA infu-

sions, four compounds (peaks 1, 2, 3, 5) exhibited a mass spectra of

[M]� ions at m/z 783 in the ESI� mode, and generated fragment ions

at m/z 481 corresponding to an HHDP-glucose, 301 corresponding to

the HHDP residue, and 275 by decarboxylation of the HHDP moiety.

Therefore, these compounds were identified as bis-HHDP-hexoside29

(Table 1). In addition, an extra compound (peak 9) was found and iden-

tified as an ellagitanin derivative since it exhibited [M]� ions at m/z

785 and characteristic fragment ion spectra at m/z 633 by loosing of

galloyl (m/z 152) moiety, 483 corresponding to digalloyl-glucose resi-

due, and 301 corresponding to the HHDP residue. This compound

was named as digalloyl-HHDP-glucose.

Gallic acid derivatives

In NA infusions, three galloylated-type compounds were identified

including one ester of gallic acid with glucose polyols and two esters

F I GU R E 1 Chromatographic profile of N. antarctica infusions by HPLC–DAD at 320 nm. Numbers correspond to each identified polyphenol
compound and the identity of each one are detailed in Table 1.

T AB L E 1 Polyphenol profile and concentration (mg/100 ml of infusion) of the aqueous extract from N. antarctica leaves

ID Rt Tentative compound names MS� MSn λ nm NA1 NA2

1, 2, 3, 5 6.3, 7.3, 8.2, 10.2 Di-HHDP-glucose 783 481, 301, 275 280 9.54 � 2.60 a 6.04 � 0.20 A

4 9.3 3-CQA 353 191, 179 320 7.35 � 2.41 a 0.48 � 0.01 B

6 11.9 3-p-Coumaroyl-QA 337 163 280 2.79 � 0.47 b 6.42 � 1.21 A

7 13.3 Caffeoyl-hexoside 341 179, 135 280 0.92 � 0.32 a n.d. A

8 14.3 5-CQA 353 191 320 0.59 � 0.34 a 0.59 � 0.09 A

9 18.3 Digalloyl-HHDP-glucose 785 633, 483, 301 280 3.37 � 0.49 b 6.29 � 0.12 A

10 19.7 Tetragalloyl-glucose 787 635, 313, 169 280 3.66 � 1.16 a 3.51 � 1.30 A

11, 12 22.3, 22.5 Myricetin-hexoside 479 317, 271, 151 360 5.47 � 0.40 a 4.55 � 0.09 A

13, 15 23.5, 24.6 Myricetin-pentoside 449 317, 271, 151 360 7.11 � 0.88 b 11.17 � 0.98 A

14 23.8 Quercetin-Galloyl-hexoside 615 463, 301, 151 360 2.61 � 0.20 a 3.35 � 0.35 A

16 24.9 Myricetin-rhamnoside 463 317, 271, 179 360 Traces Traces

17, 18 25.5, 25.8 Quercetin-hexoside 927/463 463, 301, 151 360 19.24 � 0.45 a 15.52 � 2.24 A

19, 20, 21 26.4, 26.8, 27.3 Quercetin-pentoside 433 301, 151 360 9.44 � 0.30 a 8.70 � 0.14 A

22 28.2 Quercetin-rhamnoside 447 301, 179 360 4.43 � 0.83 a 3.63 � 0.26 A

23 29.2 Quercetin-Galloyl-pentoside 585 417, 301 360 2.49 � 0.23 a 3.34 � 0.73 A

Total 79.00 � 3.99 a 73.60 � 5.92 A

Note: ID: identification number; Rt: retention time in minutes; MS�: parent ions in the ESI� mode; MSn: daughter spectra; λ nm: maximum absorbance in

nanometers. HHDP: hexahydroxydiphenic acid; CQA: caffeoyl quinic acid. NA1: infusions elaborated with N. antarctica green leaves, NA2: infusions

elaborated with N. antarctica colorful leaves. Lowercase letters correspond to a posteriori test of ANOVA. In the same row, different letters mean that

exist signifcant differences.
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of gallic acid with flavonoids (peaks 10, 14, 23) (Table 1). The peak 10

was named tetragalloyl-glucose because exhibited a mass spectra of

[M]� ions at m/z 787 in the ESI� mode. Its fragment ion spectra at

m/z 635 corresponding to the trigalloyl-glucose residue,28–30 313

corresponding to the loosing of H2O molecule to the monogalloyl-

glucose residue (m/z 331)31 and 169 corresponding to the deproto-

nated ion of gallic acid moieties. Peaks 14 and 23 corresponded to

esters of gallic acid with glycosides of flavonoids, which showed a

mass spectra of [M]� ions at m/z 615 and 585, respectively. In the

first case, the compound was identified as quercetin-galloyl-hexoside

based on its MS/MS daughter ions at m/z 463 and 301 corresponding

to a loss of a galloyl moiety and hexose moiety, respectively, as well

as the typical daughter ions at m/z 301 and 151 that indicated the

existence of a quercetin moiety.32–33 In the second case, it was

detected fragmentation ions spectra at m/z 417 and 301, correspond-

ing to the loss of gallic acid and the presence of quercetin-pentoside

residue, and thus it was named as quercetin-galloyl-pentoside.34

Caffeoyl and quinic acid derivatives

Four caffeoyl and quinic acid derivatives were found in the novel bev-

erage base on N. antarctica leaves, including two esters of caffeic and

quinic acids (peak 4, 8), also known as chlorogenic acids, one ester of

3-p-coumaroyl and quinic acid (peak 6), and one ester of caffeic acid

and hexose polyol (peak 7) (Table 1). The identified caffeoyl quinic

acid (CQA) compounds showed [M]� ions at m/z 353 in the ESI�
mode and MS/MS daughter ions at m/z 191 (base peak) and 179,

corresponding to deprotonated CQA and caffeic acid fragments,

respectively. Based on the relative intensity of the secondary ion at

m/z 179, the peak 4 was identified as 3-CQA (m/z 179 > 5%); whereas

the peak 8 was named as 5-CQA since the intensity of the secondary

ion was less than 5%.35 Respected to the 3-p-coumaroyl quinic acid

(3-p-CoQA) ester (peak 6), it exhibited [M]� ions at m/z 337 in the

ESI� mode and MS/MS daughter ions at m/z 163 related to 3-p-

coumaric acid residue. Finally, an extra caffeoyl derivative was identi-

fied and named as caffeoyl-hexose (peak 7) since it exhibited a mass

spectra of [M]� ions at 341 and a characteristic fragment ion at m/z

179 and 135 related to caffeic acid residue and the loss of CO2 from

the phenolic acid moiety.

Flavonoids

In the novel N. antarctica beverage, 11 glycosides of flavonoids were

identified (peak 11, 12, 13, 15, 16, 17, 18, 19, 20, 21, 22) without

including the two esters with gallic acid reported as gallic acid deriva-

tives. From the total, half compounds corresponded to myricetin-

glycosides and the remaining to quercetin-glycosides. With respect to

the first group, peak 11 and 12 were identified as myricetin-hexose,

peak 13 and 15 as isomers of myricetin-pentose, and peak 16 as myri-

cetin-rhamnoside since they showed [M]� ions at m/z 479, 449 and

469 in the ESI� mode, respectively. In all cases, they yielded

fragmentation ion spectra at m/z 317, 271, and 151 or 179 corre-

sponding to deprotonated myricetin aglycone residue, the loss of

CH2O unit, and the typical retro Dies-Alder (RDA) reactions of flavon-

3-ols, respectively.33–36 In the second group, peak 15, 16, 17, 18, 19,

20, and 21 exhibited [M]� ions at m/z 927/463, 443 and 447 in the

ESI� mode, and they were identified as quercetin-hexoside, quercetin-

pentoside, and quercetin-rhamnoside, respectively. All of them showed

MS/MS daughter ions at m/z 301 and 151 or 179 related to the quer-

cetin moiety.

Anthocyanin derivatives

In the infusions elaborated with the N. antarctica leaves from the final

growing season (bright orange to dark red with conserving turgor), it

was found and extra phenolic-type compound, specifically an antho-

cyanin. This compound was identified as Cyanidin-3-hexoside (Cy3-glc)

since it exhibited a maximum absorbance at 520 nm, a typical [M +-

H] + ions at m/z 449 in the ESI+ mode, and MS/MS daughter spec-

tra at m/z 287 of the cyaniding aglycone. Furthermore, these

infusions had a characteristic red color that allows distinguishing them

from those elaborated with green leaves, and this particular color is

attributed to the presence of the Cy3-glc.

The qualitative analysis showed an almost complete complemen-

tary between OGT and NA aqueous extracts since the majority of

compounds are specific to each beverage (see Supplementary material

S1). Compared with yerba mate infusions, it was observed greater

similarity based on the presence of derivatives of caffeoyl-quinic acid

and quercetins (see Supplementary material S1). In the quantitative

analysis, significant differences were found in some of the identified

compounds between NA infusions (Table 1). In particular, chlorogenic

acid (3CQA) was significantly higher in the infusion elaborated with

NA green leaves than those using colorful leaves (close to senes-

cence); whereas coumaroyl quinic acid (3pCoQA) and myricetin-pento-

side (Myr-pent) compounds exhibited an opposite performance. These

differences were not found when total polyphenol content was con-

sidered (Table 1). Ym and OGT infusions showed superior polyphenol

contents than NA infusions (Table 2). However, the phenolic profile of

NA infusions exhibited higher constituent diversity and flavonoid-type

compounds than other infusions. A cup of NA infusion (100 ml) elabo-

rated with green leaves is providing 10.72 (�2.33) mg of quinic acid

derivatives, 17.49 (�2.34) mg of gallic, caffeic, and ellagic acid deriva-

tives, and 50.79 (�0.92) mg of flavonoids. These yields were similar to

those obtained by NA infusions elaborated with colorful leaves

(Table 2). Flavonols were the main constituents in NA infusions

(64.29 � 1.16% of total); whereas catechins derivatives stood out as

the most abundant in OGT (62.27 � 1.05% of total). Furthermore, NA

infusions exhibited up to 13.57 (�2.95) % of chlorogenic acids, which

were not present in OGT (Supplementary material S1). OGT-NA

blends reached a similar polyphenol content to those obtained in

OGT, independently of the proportion mixture (Table 2). Neverthe-

less, significant differences in the concentration of each polyphenol-

type were found among the mixtures. As it increased the OGT
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proportion in the mixture, the amount of catechins derivatives was

significantly higher; meanwhile, the amount of chlorogenic acid and

flavonoids in the mixture was significantly higher when NA proportion

increased. The total polyphenol concentration positively correlated to

the catechin- and chlorogenic-derivative contents. In addition, it was

observed that the chlorogenic acid and flavonoids concentrations

from NA part (mg/g NA DW) were highly superior to those yielded in

the individual NA infusions (Figure 2). Moreover, these concentrations

highly exceeded the theoretical amount of each compound when it is

considered the NA proportion in the mixture.

Individual NA infusions achieved an average TPC (by Folin–Ciocalteu

methodology) of 111.31 � 1.68 mg of GAE/100 ml, considering both

foliar developmental stages. These values were not significantly different

from the obtained in OGT 109.56 (�0.44) mg GAE/100 ml. Non-

significant differences in TPC were found between the OGT-NA blends

and the individual infusions (i.e., OGT and NA separately): 112.68 (�0.56)

mg/100 ml in the 2:1 OGT-NA, 110.74 (�1.04) mg/100 ml in the 1:1

OGT-NA, and 108.49 � 0.47 mg/100 ml 1:2 OGT-NA.

With regard to the antioxidant capacity, significant differences

were found among individual infusions (Figure 3a) where OGT exhib-

ited the highest DPPH• radical scavenging capacity and FRAP value.

Besides, the NA infusions elaborated with colorful leaves reached sim-

ilar performance (by DPPH•) than those observed in OGT (Figure 3b).

In the same way, 2:1 OGT-NA1 achieved a radical scavenging capacity

close to those of OGT and significantly greater than Ym. Correlation

analyses showed that only catechin derivatives significantly correlated

to the assessed antioxidant capacity (cor = 0.96 for DPPH and

cor = 0.92 for FRAP) among all polyphenol compounds. In addition,

OGT proportion in the mixtures also positively correlated to DPPH

(cor = 0.70) and FRAP (cor = 0.94) values. In addition, significant dif-

ferences were found for DPPH• inhibition percentage (%I) and IC50

among infusions (Table 3). NA infusions elaborated with green leaves

reached higher radical inhibition than OGT as well as the lowest

amount of IC50. However, infusions with NA colorful leaves obtained

a %I similar to OGT and Ym and an IC50 lower than OGT. The antioxi-

dant strength in the mixtures increased as long as increased the NA

proportion. In particular, %I in the 2:1 OGT-NA was similar to NA1 and

NA2 infusions and IC50 value was lower than OGT. The CI values

showed that a synergistic interaction between OGT and NA is occur-

ring in almost all mixtures (Table 3).

DISCUSSION

Teas are the most consumed beverages in the world after water, and

thus a polyphenol-enriched tea (e.g., with N. antarctica leaves) could

be an interesting product for food industries under the current con-

sumer demands. The present work characterized a valuable source of

bioactive compounds (i.e., polyphenols) from N. antarctica leaves that

exhibit a high constituent diversity. Moreover, its polyphenol profile

has a great complementarity with the compound naturally present in

OGT. These findings support the strategy of combining them in an

optimized blend in order to integrate the medicinal properties of eachT
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kind of polyphenols, and therefore enhance the health benefits to

humans. The addition of N. antarctica leaves in herbal blends contrib-

utes with a valuable source of Myricetin and Quercetin glycosides, but

also caffeic, quinic and gallic acid derivatives and ellagitanins. Further-

more, it is important to consider the phenological stage of N. antarc-

tica raw material (i.e., leaves) due to the existence of differences in

the relative concentration of some compounds and antioxidant capac-

ity. In particular, chlorogenic acid concentration was 15-fold higher in

early stages; whereas Cyanidin-3-hexoside was only present in near

senescent leaves and it conferred a characteristic red color to the

infusions. Besides, NA infusion elaborated with green leaves evi-

denced the highest antioxidant strength (measured by IC50) while the

one elaborated with near senescent leaves showed similar DPPH•

scavenging capacity than OGT. This was directly related to the molec-

ular structure of phenolic compounds present in the food matrix that

implies diverse antioxidant performances.37 On the other hand, the

provenances of N. antarctica materials are also important to obtain a

high-quality product. In this regard, the TPC (mg GAE/100 ml) of the

studied NA infusions was significantly higher than those reported by

Gastaldi et al.,11 who analyzed raw materials from populations located

800 km south from the present collection site. This highlights the

importance of evaluating the chemotype existences among N. antarc-

tica populations linked to the effect of environmental growing condi-

tions (e.g., different latitude, climate, water stress conditions) on the

concentration and composition of polyphenols.38

OG-N. antarctica mixtures analyzed in this study (67%–33%,

50%–50%, 33%–67%) resulted to be interesting binary combinations

because they achieved similar total polyphenol concentrations

(mg/100 ml) to OGT, but with higher compound diversity. Further-

more, all these mixtures showed enhancement in extraction yields of

some N. antarctica-polyphenols (e.g., cholorogenic acid derivatives

and flavonoids), which highly exceeded the expected amount (mg/g

DW) in a proportion-dependent manner. A similar trend was observed

in chlorogenic and sinapic acid derivatives measured in mixtures elab-

orated with OGT and broccoli by-products.22 This suggests a relevant

role of green tea in the relative extraction of some phenolic com-

pounds. In agreement with this, the type of interaction between mix-

ture constituents should be taken into account when determining the

F I GU R E 2 Chlorogenic and flavonoid concentrations (mg/g DW) among infusions. (a) Infusions elaborated with N. antarctica green leaves;
(b) infusions elaborated with N. antarctica leaves close to senescence. Only the chlorogenic derivatives and flavonoids concentrations related to
N. antarctica proportion were plotted out in the OGT-NA blends. Letters correspond to LSD test; different letters means significant differences
(p-value <0.01).

F I GU R E 3 Antioxidant capacity in mM TE/100 ml (DPPH• and FRAP assays). (a) Infusions elaborated with N. antarctica green leaves;
(b) Infusions elaborated with N. antarctica leaves close to senescence. Letters correspond to LSD test; different letters means significant
differences (p-value <0.01).
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optimized combination in the OGT-NA blends. The antioxidant capac-

ity of binary mixtures could not be predicted from their individual per-

formance of each constituent18–39 since it depends on the interaction

among the phenolic compounds19–21 and the substrate ratio in the

mixture.20 In OGT-NA blends analyzed here, the 2:1 ratio exhibits a

good performance related to a radical scavenging capacity similar to

OGT and greater than yerba-mate. It is important to note that cate-

chins derivatives were the only polyphenol compounds that signifi-

cantly correlated to the measured antioxidant capacity. Besides,

antioxidant determinations carried out in this study were based on

the same kind of redox reaction, specifically the electron transfer-

ence.40 For these reasons, despite DPPH and FRAP assays are the

most widely used methods to evaluate the antioxidant interaction

among phenolic compounds,20,21 other methodologies should be con-

sidered in order to detect diverse antioxidant mechanisms in future

studies. Lastly, 2:1 OGT-NA ratio stood out by its good antioxidant

strength (high %I and low IC50) and the synergistic interaction that is

having place between constituents. Considering all, the 67%

OGT � 33% N. antarctica mixture could be recommended as an opti-

mized blend exhibiting a good balanced among relative and total poly-

phenol contents and antioxidant properties. Therefore, this blend can

be rendered as a new beverage enriched in bioactive phytochemicals

for further investigations on functionality including bioavailability and

bioactivity as health promoter. The use of N. antarctica as a food

product implies a novel productive strategy of adding value to the

Patagonian silvopastoral systems and with positive socio-economic

impacts.

The presented study reports a valuable source of polyphenol

compounds from a native species (N. antarctica) of Patagonian forests,

suggesting a new non-wood product with high economic value. It is

also supported the strategy of combining this species and green tea in

an optimized blend that integrates the health benefits of each one. In

addition, the positive effect of N. antarctica on the beverage antioxi-

dant strength was suggested. Effects of phenological stage and

provenance of raw material on the polyphenol concentration and anti-

oxidant capacity were also discussed.

ACKNOWLEDGMENTS

The authors thank Veronica Arana, Carolina Soliani, and Fabian Jaque

for their assistance in material collection. In addition, the authors

would like to acknowledge Encarnaci�on G�omez Plaza for reviewing

the manuscript and providing very helpful comments and suggestions.

FUNDING INFORMATION

This work was financially supported by Agencia Nacional de

Promoci�on Científica y Tecnol�ogica [grant numbers PICT-2018-2668]

and Instituto Nacional de Tecnología Agropecuaria [project numbers

PE-2019-I140 and PE-2019-I114], Argentina. The first author had a

postdoctoral fellowship from Consejo Nacional de Investigaciones

Científicas y Técnicas (CONICET) and received a research stay fellow

from Fundaci�on Carolina.

CONFLICT OF INTEREST

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influ-

ence the work reported in this paper.

ORCID

Maria Gabriela Mattera https://orcid.org/0000-0002-7062-050X

Mariana E. Langenheim https://orcid.org/0000-0002-7482-7786

Gabriela Reiner https://orcid.org/0000-0002-4892-913X

Pablo L. Peri https://orcid.org/0000-0002-5398-4408

Diego A. Moreno https://orcid.org/0000-0002-6547-8764

REFERENCES

1. Donoso C, Steinke L, Premoli A. Nothofagus antarctica (G. Forster)

Oerst. ñire, ñire, ñiré, Anís (Tierra del Fuego) ñire: de Ngërü (mapu-

dungun): zorro. In: Zegers CD, editor. Las especies arb�oreas de los

T AB L E 3 Antioxidant propierties by DPPH• assay

Mixture proportion DPPH• %I IC50 CI Type of interaction

OGT 100% 0.61 � 0.02 a 38.97 � 0.14 c 9.40 � 0.68 a

Ym 100% 0.49 � 0.02 cd 45.53 � 2.26 ab 5.42 � 0.44 bcd

Na1 100% 0.45 � 0.01 d 48.10 � 1.39 a 4.98 � 0.15 d

Na2 100% 0.59 � 0.08 ab 41.21 � 4.18 abc 6.79 � 1.72 b

OGT-Na1 2:1 0.54 � 0.02 bc 44.16 � 0.68 ab 5.96 � 0.16 bc 0.83 � 0.02 Synergism

OGT-Na1 1:1 0.55 � 0.02 abc 40.38 � 0.79 bc 6.79 � 0.49 b 0.95 � 0.08 Almost additive

OGT-Na1 1:2 0.51 � 0.02 cd 47.63 � 1.66 ab 5.25 � 0.30 cd 0.73 � 0.05 Synergism

OGT-Na2 2:1 0.53 � 0.01 bcd 44.16 � 0.68 ab 5.96 � 0.07 bc 0.76 � 0.04 Synergism

OGT-Na2 1:1 0.54 � 0.03 abc 40.38 � 0.79 bc 6.65 � 0.42 b 0.81 � 0.12 Synergism

OGT-Na2 1:2 0.51 � 0.04 cd 47.63 � 1.66 ab 5.75 � 1.08 bc 0.73 � 0.16 Synergism

Note: DPPH•: mM TE/100 ml infusion; %I: percentage of inhibition of the DPPH• radical. IC50: half maximal inhibitory concentration (mM TE); CI:

combination index; NA1: infusions elaborated with N. antarctica green leaves, NA2: infusions elaborated with N. antarctica colorful leaves; OGT: organic

green tea; Wt: white tea; Ym: infusion elaborated with yerba-mate (Ilex paraguariensis). Letters correspond to LSD test (p-value <0.05). In the same column,

different letters mean that exist significant differences.

NOVEL BEVERAGES ENRICHED IN BIOACTIVE PHYTOCHEMICALS AS HEALTH PROMOTERS 449

https://orcid.org/0000-0002-7062-050X
https://orcid.org/0000-0002-7062-050X
https://orcid.org/0000-0002-7482-7786
https://orcid.org/0000-0002-7482-7786
https://orcid.org/0000-0002-4892-913X
https://orcid.org/0000-0002-4892-913X
https://orcid.org/0000-0002-5398-4408
https://orcid.org/0000-0002-5398-4408
https://orcid.org/0000-0002-6547-8764
https://orcid.org/0000-0002-6547-8764


bosques templados de Chile y Argentina, Autoecología. Chile: Marisa

Cuneo Ediciones; 2006. p. 401–22.
2. Veblen TT, Donoso C, Kitzberger T, Rebertus AJ. Ecology of South-

ern Chilean and Argentinean Nothofagus forest. In: Veblen TT,

Hall RS, Read J, editors. The ecology and biogeography of Nothofa-

gus forest. New Haven, CT: Yale University Press; 1996. p. 293–353.
3. Vidal Rusell R, Premoli AC. Variaci�on en Nothofagus antarctica. In:

Donoso C, Gallo L, Premoli A, Ipinza R, editors. Variaci�on intraespecí-

fica en especies arb�oreas de los bosques templados de Chile y

Argentina. Chile: Editorial Universitaria SA; 2004. p. 173–88.
4. Steinke L, Premoli A, Souto C, Hedrén M. Adaptive and neutral varia-

tion of the resprouter Nothofagus antarctica growing in distinct habi-

tats in North-Western Patagonia. Silva Fennica. 2008;42(2):177–88.
5. Peri PL, Hansen NE, Bahamonde HA, Lencinas MV, von Müller AR,

Ormaechea S, et al. Silvopastoral systems under native forest in Pat-

agonia Argentina. In: Peri PL, Dube F, Varella A, editors. Silvopastoral

systems in southern South America. Switzerland: Springer Interna-

tional Publishing; 2016. p. 117–68.
6. Peri PL. Implementaci�on, manejo y producci�on en SSP: enfoque de

escalas en la aplicaci�on del conocimiento aplicado. Proceedings of

the II Congreso Nacional de Sistemas Silvopastoriles. INTA Ediciones,

Argentina; 2012. p. 8–21.
7. Barboza G, Cantero J, Núñez C, Espinar A, Pacciaroni L, del Valle A.

Medicinal plants: a general review and a phytochemical and ethno-

pharmacological screening of the native argentine Flora. Kurtziana.

2009;34(1–2):7–365.
8. Gastaldi B, Gonzalez S, Mattenet F, Monelos HL, Peri PL.

Determinaci�on de la actividad antioxidante en infusiones de Notoho-

fagus antárctica (ñire) bajo uso silvopastoril. Proceedings of III Con-

greso Nacional de Sistemas Silvopastoriles and VIII Congreso

Internacional de Sistemas Agroforestales, Iguazú. Ediciones INTA,

Argentina; 2015. p. 716.

9. González SB, Gastaldi B, Mattenet F, Peri P, Van Varen C, Di Leo LP,

et al. Aceites esenciales en partes aéreas de Nothofagus antarctica

(g. forst.) oerst. de diferentes sitios de la patagonia. Dominguezia.

2016;32(2):90–1.
10. González SB, Gastaldi B, Silva Sofrás F, Guajardo J, Argel C,

Mattenet F, et al. ¿Quimiotipos en Nothofagus Antarctica (ñire)?

Dominguezia. 2017;3(1):50.

11. Gastaldi B, Marino G, Matenett F, Peri P, González S. Infusi�on de

Notofhagus antartica: compuestos fen�olicos y actividad antiprolifera-

tiva en células derivadas de cáncer de colon (ht-29 y caco-2). Poster

session presentation at the VI Jornadas nacionales de plantas aromá-

ticas nativas y sus aceites esenciales and II Jornadas nacionales de

plantas medicinales nativas, Buenos Aires; 2018.

12. Mattenet F. Sabores del ñire. Ficha de promoci�on y difusi�on, EEA

INTA Santa Cruz. Compiladores Franscico Javier Mattenet; 2017.

Available from: https://inta.gob.ar/documentos/los-sabores-de-nire.

13. Mattenet F, González S, Gastaldi B, M�onaco M, Peri PL. El ñire

(Nothofagus Antarctica) encuentra un lugar entre los Productos Fore-

stales No madereros (PFNM) Patag�onicos. Proceedings of IV Jorna-

das Forestales de Patagonia Sur and IV Congreso Internacional

Agroforestal Patag�onico. Ediciones INTA, Argentina; 2019. p.68.

14. Pandey KB, Rizvi SI. Plant polyphenols as dietary antioxidants in

human health and disease. Oxid Med Cell Longev. 2009;2(5):270–8.
15. Del Rio D, Rodriguez-Mateos A, Spencer JPE, Tognolini M, Borges G,

Crozier A. Dietary (poly)phenolics in human health: structures, bio-

availability, and evidence of protective effects against chronic dis-

eases. Antioxid Redox Signal. 2013;18:1818–92.
16. Albak F, Tekin AR. Effect of cinnamon powder addition during con-

ching on the flavor of dark chocolate mass. J Food Sci Technol.

2015;52(4):1960–70.
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21. Skroza D, Mekinic IG, Svilovic S, Šimat V, Katalinic V. Investigation of

the potential synergistic effect of resveratrol with other phenolic

compounds: a case of binary phenolic mixtures. J Food Compos Anal.

2015;38:13–8.
22. Domínguez-Perles R, Moreno D, Carvajal D, Garcia-Viguera C. Com-

position and antioxidant capacity of a novel beverage produced with

green tea and minimally-processed by products of broccoli. Innov

Food Sci Emerg Technol. 2011;12:361–8.
23. Migues I, Baenas N, Gironés-Vilaplana A, Cesio MV, Heinzen H,

Moreno DA. Phenolic profiling and antioxidant capacity of Eugenia

uniflora L. (Pitanga) samples collected in different Uruguayan loca-

tions. Foods. 2018;7(5):67.

24. Medina-Rem�on A, Barrionuevo-González A, Zamora-Ros R, Andres-

Lacueva C, Estruch R, Martínez-González MA, et al. Rapid Folin-

Ciocalteu method using microtiter 96-well plate cartridges for solid

phase extraction to assess urinary total phenolic compounds, as a

biomarker of total polyphenols intake. Anal Chim Acta. 2009;634(1):

54–60.
25. Llorach R, Tomás-Barberán FA, Ferreres F. Lettuce and chicory

byproducts as a source of antioxidant phenolic extracts. J Agric Food

Chem. 2004;52(16):5109–16.
26. Acosta-Otálvaro E, Domínguez-Perles R, Mazo-Rivas JC,

García-Viguera C. Bioavailability and radical scavenging power

of phenolic compounds of cocoa and coffee mixtures. Food

Sci Technol Int. 2021;108201322110232. https://doi.org/10.

1177/10820132211023258

27. Chou TC. Theoretical basis, experimental design, and computerized

simulation of synergism and antagonism in drug combination studies.

Pharmacol Rev. 2006;58(3):621–81.
28. Singh A, Bajpai V, Kumar S, Sharma KR, Kumara B. Profiling of gallic and

ellagic acid derivatives in different plant parts of Terminalia arjuna by

HPLC-ESI-QTOF-MS/MS. Nat Prod Commun. 2016;11(2):239–44.
29. Fischer UA, Carle R, Kammerer DR. Identification and quantification

of phenolic compounds from pomegranate (Punica granatum L.) peel,

mesocarp, aril and differently produced juices by HPLC-DAD-

ESI/MSn. Food Chem. 2011;127:807–21.
30. Mena P, Calani L, Dall’Asta C, Galaverna G, Garcia-Viguera C,

Bruni R, et al. Rapid and comprehensive evaluation of (poly) phenolic

compounds in pomegranate (Punica granatum L.) juice by UHPLC-

MSn. Molecules. 2012;17:14821–40.
31. Fathoni A, Saefudin E, Cahyana AH, Rahayu DUC, Haib J. Identifica-

tion of nonvolatile compounds in clove (Syzygium aromaticum) from

Manado. AIP Conf Proc. 2016;1862:1–10. https://doi.org/10.1063/
1.4991183

32. Li ZH, Guo H, Xu WB, Ge J, Li X, Alimu M, et al. Rapid identification

of flavonoid constituents directly from PTP1B inhibitive extract of

raspberry (Rubus idaeus L.) leaves by HPLC-ESI-QTOF-MS-MS.

J Chromatogr Sci. 2016;54(5):805–10.
33. Li C, Seeram NP. Ultra-fast liquid chromatography coupled with elec-

trospray ionization time-of-flight mass spectrometry for the rapid

phenolic profiling of red maple (Acer rubrum) leaves. J Sep Sci. 2018;

41(11):2331–46.
34. Saldanha LL, Vilegas W, Dokkedal A. Characterization of flavonoids

and phenolic acids in Myrcia bella Cambess. Using FIA-ESI-IT-MS

450 MATTERA ET AL.

https://inta.gob.ar/documentos/los-sabores-de-nire
https://doi.org/10.1177/10820132211023258
https://doi.org/10.1177/10820132211023258
https://doi.org/10.1063/1.4991183
https://doi.org/10.1063/1.4991183


(n) and HPLC-PAD-ESI-IT-MS combined with NMR. Molecules.

2013;18:8402–16.
35. Clifford MN, Johnston KL, Knight S, Kuhnert N. Hierarchical scheme

for LCMSn identification of chlorogenic acids. J Agric Food Chem.

2003;51:2900–11.
36. Ma YL, Li QM, Van den Heuvel H, Claeys M. Characterization of fla-

vone and flavonol aglycones by collision-induced dissociation tan-

dem mass spectrometry. Rapid Commun Mass Spectrom. 1997;11:

1357–64.
37. Muhammad DRA, Praseptiangga D, Van de Walle D, Dewettinck K.

Interaction between natural antioxidants derived from cinnamon and

cocoa in binary and complex mixtures. Food Chem. 2017;231:356–64.
38. Yang B, Zheng J, Laaksonen O, Tahvonen R, Kallio H. Effects of lati-

tude and weather conditions on phenolic compounds in currant

(Ribes spp.) cultivars. J Agric Food Chem. 2013;61(14):3517–32.
39. Hidalgo M, Sánchez-Moreno C, de Pascual-Teresa S. Flavonoid–

flavonoid interaction and its effect on their antioxidant activity. Food

Chem. 2010;121(3):691–6.

40. Huang D, Ou B, Prior RL. The chemistry behind antioxidant capacity

assays. J Agric Food Chem. 2005;53(6):1841–56.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Mattera MG, Langenheim ME,

Reiner G, Peri PL, Moreno DA. Patagonian ñire (Nothofagus

antarctica) combined with green tea - Novel beverage

enriched in bioactive phytochemicals as health promoters.

JSFA Reports. 2022;2(9):442–51. https://doi.org/10.1002/

jsf2.78

NOVEL BEVERAGES ENRICHED IN BIOACTIVE PHYTOCHEMICALS AS HEALTH PROMOTERS 451

https://doi.org/10.1002/jsf2.78
https://doi.org/10.1002/jsf2.78

	Patagonian ñire (Nothofagus antarctica) combined with green tea - Novel beverage enriched in bioactive phytochemicals as he...
	INTRODUCTION
	MATERIALS AND METHODS
	Plant material
	Preparation of infusions
	Identification of phenolic compounds
	Quantification of phenolic compounds
	Total phenolic content
	In vitro analysis of antioxidant capacity
	Data analysis

	RESULTS
	Ellagic acid derivatives
	Gallic acid derivatives
	Caffeoyl and quinic acid derivatives
	Flavonoids
	Anthocyanin derivatives

	DISCUSSION
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	REFERENCES


