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Abstract An improvement in oxidative status is associated
with a reduction in the incidence of several chronic diseases.
However, daily intake of antioxidants in Western diets is
decreasing. This study evaluates the effect of daily consump-
tion of an antioxidant-rich juice (ARJ) on oxidative status,
cardiovascular disease risk parameters, and untargeted plasma
and urine metabolomes. Twenty-eight healthy young adults
participated in an 8-week clinical trial by drinking 200 mL of
ARIJ (pomegranate and grape) daily. At the end of the study,
the subjects showed a significant decrease (—29 %) in plasma
lipid oxidation (malondialdehyde concentration), and a signif-
icant increase (+115 %) in plasma antioxidant capacity. Plas-
ma and urine metabolomes were also significantly modified
and some ions modified in urine were identified, including
metabolites of polyphenols, ascorbic acid and biliary acids.
No significant changes were observed in lipid profile, inflam-
mation, blood pressure or glycaemia. These results show that
incorporating antioxidant-rich beverages into common diets
may improve oxidative status in healthy subjects.
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Abbreviations

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid)

AC Antioxidant capacity

ALP Alkaline phosphatase

ALT/GPT  Alanine aminotransferase/glutamic

pyruvic transaminase

ARJ Antioxidant-rich juice

AST/GOT  Aspartate aminotransferase/glutamic
oxaloacetic transaminase

CVD Cardiovascular disease

FRAP Ferric reducing-antioxidant power

LC/MS Liquid chromatography/mass spectrometry

MDA Malondialdehyde

PCA Principal component analysis

Q-TOF Quadrupole time of flight

Introduction

Cumulative scientific evidence associates an improvement
in oxidative status with a reduction in the incidence of
various chronic diseases or in their associated risk factors.
Control subjects exhibit increased plasma antioxidant ca-
pacity (AC) or decreased levels of oxidation biomarkers
compared to subjects with cardiovascular disease (CVD)
[1T or colorectal cancer [2]. Conversely, a reduction in
plasma AC is associated with significant increases in
markers of endothelial dysfunction [3] and with the aging
process [4].

Dietary antioxidants, comprising a wide variety of com-
pounds present in plant foods are major contributors to plasma
antioxidant status and to the associated health effects. Thus, it
has been observed that adherence to a Mediterranean dietary
pattern, rich in antioxidants, increases both dietary antioxidant
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intake and plasma AC [5]. It has also been shown that the AC
of'the diet is independently related to the inflammation marker
high-sensitive C-reactive protein [6].

However, the current trend within Western diets is towards
a reduced intake of antioxidants, resulting in decreased anti-
oxidant intake and therefore leading to poor in vivo oxidative
status. For instance, in Spain, where people used to adhere
closely to the traditional Mediterranean dietary pattern, there
has been a corresponding significant decrease in the AC of the
diet over recent decades, that has been estimated to be around
2000 pmol Trolox equivalents (the most common unit for
antioxidant capacity determination) per day [7]. This situation
has generated interest in increasing daily antioxidant intake,
for instance incorporating specific foods or beverages partic-
ularly rich in antioxidants into diets.

The present work consists of a pilot clinical trial to eluci-
date whether daily consumption of an antioxidant rich juice
(ARJ) has any beneficial effect on the oxidative status of
healthy young subjects, or on parameters related to CVD risk.
Preliminary non-targeted metabolomics analysis was also car-
ried out on plasma and urine.

Materials and Methods

Participants A total of 28 (14 men and 14 women) apparently
healthy young subjects (mean age 29.5+4.1 years) were re-
cruited through posters and personal contacts. Inclusion
criteria for the study were: apparently healthy; age under
45 years; body mass index lower than 29.9 kg/m?; non-
smoker; alcohol consumption lower than 30 g/day. Exclusion
criteria were: being on any weight-reducing regimen; being
pregnant or lactating; being peri-menopausal or postmeno-
pausal; having been diagnosed with a chronic disease (CVD,
inflammatory diseases, diabetes, cancer); taking regularly any
medication or nutritional supplements; parallel participation in
any other dietary intervention study. This study was a con-
trolled clinical trial approved by the Ethics Subcommittee of
the CSIC, Madrid, Spain (2011/08/9). The study was conduct-
ed between February 2012 and June 2012.

Study Design The study was a eight week controlled inter-
vention, where the volunteers drank 200 mL of the ARJ per
day. The ARJ was delivered to the participants at the begin-
ning of the study and they were instructed to store them in the
fridge. They were asked not to modify their diet throughout
the study and filled in two 24-hour recalls per week, starting
two weeks before the intervention. Baseline blood pressure,
body weight and body fat (by bioimpedance) were measured
and repeated at week 8. Blood and urine samples were also
collected at those times.

The primary outcome variable was plasma MDA
(malondialdehyde). Power calculations were based in a
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25 % of reduction in MDA. A sample size of 25 was calcu-
lated to detect this change with 80 % power and an alpha value
of 0.05, using published variances of MDA [8]. This number
was increased to 28 to ensure statistical power, even if some
subjects failed to complete the trial.

Antioxidant-rich Juice In order to select an appropriate anti-
oxidant dietary source, the AC of several commercial fruit
juices was evaluated (data not shown). A commercial pome-
granate (70 %) and grape (30 %) juice was selected (El Corte
Ingles S.A., Madrid, Spain, produced by AMC Grupo
Alimentacion S.A.) that provided an AC of 1997 umol Trolox
equivalents per 200 mL, as determined by ABTS (2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) assay [9]. The fol-
lowing additional determinations were also carried out on the
ARUI: total polyphenols by Folin assay [10], polyphenol pro-
files, according to the HPLC procedure described below for
metabolomics analysis; antioxidant capacity by FRAP (ferric
reducing antioxidant power) assay [11]; dietary fiber, accord-
ing to the procedure for beverages [12]; fat, protein and ash by
official procedures; carbohydrates by difference. The com-
plete composition of the ARJ is shown in Table S1.

Measurements To determine AC intake, data on the consump-
tion of the different food groups (obtained after processing 24-
hours recalls with DIAL System, Universidad Complutense
de Madrid, Spain) were multiplied by published data on the
AC for food groups —obtained from a mixed of the individual
items present in each food group at the proportion in which
they are consumed in Spain- as determined by ABTS assay
[13].

The height, weight and percentage of body fat (by
bioimpedance) of the participants were recorded. Biochemical
determinations (glucose, total cholesterol, LDL-C, HDL-C,
glucose, hemoglobin, triglycerides, ALT/GPT (alanine
aminotransferase/glutamic pyruvic transaminase), AST/GOT
(aspartate aminotransferase/ glutamic oxaloacetic transami-
nase), ALP (alkaline phosphatase) were carried out by routine
methods and with commercial kits [14].

For the evaluation of oxidative status, the following mea-
surements were taken in plasma, according to procedures
previously described: AC by FRAP assay [11, 15], AC by
ABTS assay [9] and lipid oxidation as plasma MDA [16]
concentration. Uric acid content, after determination by an
enzymatic method [17], was subtracted from AC values, since
it may contribute to these values [11] and the aim of this study
was to evaluate changes in AC caused by other components,
e.g., polyphenols and vitamin C.

For untargeted metabolomics analysis, plasma samples
were treated with cold methanol for deproteinization. After
centrifugation, the supernatant was concentrated under nitro-
gen until dry. The residue was then reconstituted into a water/
acetonitrile (50/50) mixture with 0.1 % formic acid. Urine
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samples were centrifuged, and diluted with milliQ water. Both
plasma and urine samples were analyzed with an Agilent 6530
Accurate-Mass Quadrupole Time of Flight (Q-TOF) LC/MS
(liquid chromatography/mass spectrometry) with ESI-Jet
Stream Technology (Agilent Technologies, Waldbroon, Ger-
many) [18]. Briefly, a 2.7 um, 15x3 mm, C18 Ascentis
Express column (Sigma-Aldrich) was used and separation
was achieved with a linear gradient of mobile phases
consisting of water (A) and acetonitrile (B) both containing
0.1 % formic acid, at a flow rate of 400 pL/min. The Q-TOF
acquisition method was 4 GHz, mass range low 1700 m/z,
negative and positive polarity, drying gas 10 L 325 °C, sheath
gas 6 L 250 °C, nebulizer 25 psi, capillary voltage 3500 V,
nozzle voltage 500 V and fragmentor voltage 100 V. The
Molecular Feature Extraction algorithm in the Qualitative
Masshunter software (B.04.00) was applied to find the mo-
lecular features in each total ion chromatogram and generate
data for subsequent statistical analysis.

Statistical Analysis Data are shown as mean value + SD.
Statistical analysis (biochemical and anthropometric data,
specific compounds detected by metabolomics), was per-
formed using SPSS (version 13.0 for Windows, Chicago, IL,
USA), applying Student’s #-test for related samples. The mul-
tivariate metabolomics data matrix was analyzed using
SIMCA-P+12 software (Umetrics, Kinnelon, NJ, USA); un-
supervised segregation before and after the treatment was
checked by principal component analysis (PCA) using
Pareto-scaled data. Differences with P<0.05 were considered
significant.

Results and Discussion

Effects on Oxidative Status This exploratory clinical trial
evaluated the effects of regular consumption of a glass of
ARJ, equivalent to 2000 pumol Trolox units in CVD risk
factors and oxidative status in young healthy volunteers. The
particular antioxidant vehicle for the study (a commercial
pomegranate and grape juice), as well as the dose, were
chosen based on: a) dietary AC in Spain having decreased
approximately 2000 pumol Trolox units per day since the
1960s [7], so this dose would be equivalent to a return to the
traditional Mediterranean dietary pattern in terms of AC; b) a
commercial processed product providing a standardized anti-
oxidant content; and c) antioxidants from a beverage being
more accessible in the small intestine than those from solid
food, where a fraction of the polyphenols is associated with
other components of the food matrix [19]. It is notable that for
the ARJ chosen, this AC corresponds to a glass a day.
Oxidative status was evaluated by different markers, i.e.,
plasma lipid oxidation as determined by MDA and plasma

antioxidant capacity as determined by FRAP and ABTS.
Regarding lipid oxidation, plasma MDA values were signifi-
cantly (P<0.001) decreased (—29 %) over the study period
(Fig. 1A). This tendency was kept when the subjects were
divided by sex (P<0.001). Previous studies also reported a
decrease in MDA values after supplementation with other
ARIJs [8].

Regarding plasma antioxidant capacity, FRAP values sig-
nificantly (P<0.001) increased (+115 %) over the study peri-
od (Fig. 1B). This tendency was kept when the subjects were
divided by sex (P<0.001). It is noteworthy that dietary recalls
showed that no dietary modifications in foods of vegetable
origin, i.e., those providing antioxidants, besides the ARJ
supplementation took place over the study period (Table S2).
Moreover, dietary AC intake, excluding that provided by the
ARJ, did not change (3248+2083 vs 3340+£1105 pmol
Trolox/p/day as determined by ABTS assay). This AC intake
is similar to that previously reported for a typical current
Spanish diet [7].

Therefore, supplementing common diet with a daily glass
of ARJ for 8 weeks causes a sustained improvement in oxi-
dative status, as shown by a significant increase after the
supplementation period in plasma antioxidant capacity and a
significant decrease in lipid oxidation. Regarding the
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Fig. 1 Effect of 8-week supplementation with ARJ in oxidative status
markers: a) plasma lipid oxidation (MDA); b) plasma AC by FRAP assay
after uric acid correction. * indicates significant differences in a group
before and after the treatment (P<0.001). ARJ Antioxidant —rich juice,
MDA Malondialdehyde, FRAP Ferric reducing antioxidant power
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compounds responsible of these modifications, dietary anti-
oxidants are complex mixtures of different kinds of com-
pounds, but since the constituents of the ARJ used here —
pomegranate and grape- are particularly rich in polyphenols
[20, 21], the effects observed in this study may be mostly
attributable to polyphenols and, to a lesser extent, to vitamin
C, also found in these fruits. Indeed, previous studies have
shown an increase in AC and polyphenol metabolite concen-
trations in plasma after acute intake of either pomegranate or
red grape juice [22, 23] or a red grape concentrate rich in both
polyphenols and dietary fibre [24].

In contrast to FRAP values, no significant changes in
plasma AC as determined by ABTS assay were ob-
served over the study period (2741+285 vs 2771+
347 umol Trolox/L plasma). This tendency remained
when subjects were divided by sex. This difference in
results is due to the fact that specific AC determination
methods evaluate different mechanisms of action [25].
Indeed, a recent meta-analysis on modifications in plas-
ma AC after chronic consumption of antioxidant-rich

Table 1
in urine with negative mode

products concluded that it was more common to detect
modification by FRAP than by ABTS assay [26], which
agrees with our results.

Metabolomics Modifications Preliminary untargeted meta-
bolomics analysis of blood and urine samples was car-
ried out. The unsupervised PCA plots (Fig. 2), where
each dot represents the overall metabolome for a subject
either before or after the intervention, show a clear
separation between baseline and week 8; the separation
was greater in urine than in plasma, and slightly better
in negative than in positive mode. This indicates that a
chronic supplementation to healthy subjects with an
ARIJ causes sustained modifications in the circulating
metabolites in the organism. Moreover, the fact that
the modifications were clearer for both plasma and urine
metabolomes in negative MS mode than in positive MS
mode suggests that the intake of the ARIJ particularly
affects the lipid and oxidative response metabolic path-
ways [27].

Tentative identification of compounds modified by supplementation with ARJ, detected by Q-TOF LC/MS untargeted metabolomics analysis

Compound Molecular formula Rt (min) [M-H] exp [M-H] calc Error (ppm)  Modification P value
Urolithin A glucuronide C1oH 6010 13.7 404.0765 404.0743 -53 Up <0.001
Ascorbic acid sulfate CeHgOoS 2.5 255.9913 255.9889 -94 Up <0.001
Pyrogallol sulfate CeHeO6S 7.8 205.9907 205.9885 -10.6 Up <0.01
Glycocholic acid/ 3a,7b,12a- C,H43NOgS 16.2 465.3088 465.3090 0.6 Down 0.07

trihydroxyoxocholanyl-glycine

ARJ Antioxidant-rich juice
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In contrast to the overall modifications in plasma and urine
metabolomes, the incorporation into the diet of the ARJ for
8 weeks did not modify any anthropometrical or biochemical
parameters (glycaemia, lipid profile, inflammation markers) in
this group of healthy subjects (Table S3). In that sense, it
should be remarked that untargeted metabolomics is able to
detect subtle modifications before they become apparent via
common markers [28]. In the healthy subjects participating in
this study it would seem reasonable not to expect to find major
modifications in common clinical markers, but the modifica-
tions observed in metabolomes may indicate that some chang-
es below the level of clinical changes were taking place; such
preclinical modifications are especially interesting in the field
of nutrition.

Although this was a preliminary qualitative analysis of
metabolomics profiles, some ions that significantly increased
during the study were identified in urine in negative mode,
where there was the clearest separation between the groups
(Table 1). Those ions were: urolithin A glucuronide
(P<0.001), derived from the polyphenol punicalagin, an
ellagitannin present in pomegranate [29]; pyrogallol sulfate
(P<0.01), another polyphenol-derived metabolite previously
reported in urine after the intake of green tea [30]; and ascor-
bic acid sulfate (P<0.001), derived from hepatic conjugation
of ascorbic acid. The modifications in the concentrations of
these compounds before and after the supplementation with
ARLJ strengthens the hypothesis described above for polyphe-
nols and vitamin C as main responsible for the observed
modifications in oxidative status. Also, since ellagitannins
are present in a limited number of foods, the increase in
urinary urolithin A glucuronide may be considered as a com-
pliance marker of the study.tgroup

Besides, a tendency (P=0.07) towards a reduced urinary
excretion of a conjugated secondary biliary acid, either
glycocholic acid or 3a,7b,12a-trihydroxyoxocholanyl-
glycine was observed; this would imply a decreased absorp-
tion of biliary acids, eventually leading to beneficial effects on
the plasma lipid profile.

Conclusions

This study shows that daily supplementation of healthy young
adults with a glass of ARJ for 8 weeks significantly improves
oxidative status (increasing plasma AC and decreasing plasma
lipid oxidation), together with significant modifications of the
plasma and urine metabolomes. Therefore, incorporating ARJ
into common diets may be a way to improve antioxidant status
in Western populations. Further studies are needed to identify
the metabolomics modifications precisely, as well as to eval-
uate the effect of this supplementation on aged subjects or
subjects at high risk of CVD.

Acknowledgments We thank M.L. Garcia-Gonzalez for technical

assistance.

Funding This research was supported by the Spanish Ministry of
Science and Innovation (AGL2011-27741). M.E. D-R. and J. P-J. are
recipients of JAE-Doc and Juan de la Cierva postdoctoral contracts from
the CSIC and the Spanish Ministry of Science and Innovation,
respectively.

Conlflict of Interest The authors declare no conflict of interest.

References

1. Zhang ZJ (2013) Systematic review on the association between F2-
isoprostanes and cardiovascular disease. Ann Clin Biochem 50:108—
114

2. Chang D, Wang F, Zhao Y'S, Pan HZ (2008) Evaluation of oxidative
stress in colorectal cancer patients. Biomed Environ Sci 21:286-289

3. Skalska AB, Pietrzycka A, Stepniewski M (2009) Correlation of
endothelin 1 plasma levels with plasma antioxidant capacity in elder-
ly patients treated for hypertension. Clin Biochem 42:358-364

4. Mutlu-Tiirkoglu U, Ilhan E, Oztezcan S, Kuru A, Aykag-Toker G,
Uysal M (2003) Age-related increases in plasma malondialdehyde
and protein carbonyl levels and lymphocyte DNA damage in elderly
subjects. Clin Biochem 36:397-400

5. Kolomvotsou Al, Rallidis LS, Mountzouris KC, Lekakis J,
Koutelidakis A, Efstathiou S et al (2013) Adherence to
Mediterranean diet and close dietetic supervision increase total die-
tary antioxidant intake and plasma antioxidant capacity in subjects
with abdominal obesity. Eur J Nutr 52:37—48

6. Brighenti F, Valtueiia S, Pellegrini N, Ardigo D, Del Rio D, Salvatore
S et al (2005) Total antioxidant capacity of the diet is inversely and
independently related to plasma concentration of high-sensitivity C-
reactive protein in adult Italian subjects. Br J Nutr 93:619-625

7. Saura-Calixto F, Goni I (2009) Definition of the Mediterranean diet
based on bioactive compounds. Crit Rev Food Sci Nutr 49:145-152

8. Yuan L, Meng L, Ma W, Xiao Z, Zhu X, Feng JF et al (2011) Impact
of apple and grape juice consumption on the antioxidant status in
healthy subjects. Int J Food Sci Nutr 62:844-850

9. Re R, Pellegrini N, Proteggente A, Pannala A, Yang M, Rice-Evans
C (1999) Antioxidant activity applying an improved ABTS radical
cation decolorization assay. Free Radic Biol Med 26:1231-1237

10. Singleton VL, Orthofer R, Lamuela-Raventéos RM (1998) Analysis
of total phenols and other oxidation substrates and antioxidants by
means of Folin-Ciocalteu reagent. Methods Enzymol 299:152-178

11. Benzie IFF, Strain JJ (1996) Ferric reducing/antioxidant power assay:
direct measure of total antioxidant activity of biological fluids and
modified version for simultaneous measurement of total antioxidant
power and ascorbic acid concentration. Methods Enzymol 299:15-28

12. Goiii I, Diaz-Rubio ME, Pérez-Jiménez J, Saura-Calixto F (2009)
Towards an updated methodology for measurement of dietary fibre,
including associated polyphenols, in food and beverages. Food Res
Int 42:840-846

13. Serrano J, Goiii I, Saura-Calixto F (2007) Food antioxidant capacity
determined by chemical methods may underestimate the physiolog-
ical antioxidant capacity. Food Res Int 40:15-21

14. Burtis CA, Ashwood CR, Bruns DE (2008) Tietz fundamentals of
clinical chemistry, 6th edn. Saunders, Philadelphia

15. Pulido R, Bravo L, Saura-Calixto F (2000) Antioxidant activity of
dietary polyphenols as determined by a modified ferric reducing/
antioxidant power assay. J Agric Food Chem 48:3396-3402

16. Young JF, Nielsen SE, Haraldsdottir J, Daneshvar B, Lauridsen ST,
Knuthsen P et al (1999) Effect of fruit juice intake on urinary

@ Springer



14

Plant Foods Hum Nutr (2015) 70:9-14

18.

19.

20.

21

22.

23.

24.

quercetin excretion and biomarkers of antioxidative status. Am J Clin
Nutr 69:87-94

. Fossati P, Prencipe L, Berti G (1980) Use of 3,5-dichloro-2-

hydroxybenzenesulfonic acid/4-aminophenazone chromogenic sys-
tem in direct enzymic assay of uric acid in serum and urine. Clin
Chem 26:227-231

Pereira H, Martin JF, Joly C, Sébédio JL, Pujos-Guillot E (2010)
Development and validation of a UPLC/MS method for a nutritional
metabolomic study of human plasma. Metabolomics 6:207-218
Pérez-Jiménez J, Diaz-Rubio ME, Saura-Calixto F (2013) Non-
extractable polyphenols, a major dietary antioxidant: occurrence,
metabolic fate and health effects. Nutr Res Rev 26:118-129

Cantos E, Espin JC, Tomas-Barberan FA (2002) Varietal differences
among the polyphenol profiles of seven table grape cultivars studied
by LC-DAD-MS-MS. J Agric Food Chem 50:5691-5696

. Sentandreu E, Cerdan-Calero M, Sendra JM (2013) Phenolic profile

characterization of pomegranate (Punica granatum) juice by high-
performance liquid chromatography with diode array detection
coupled to an electrospray ion trap mass analyzer. ] Food Compos
Anal 30:32-40

Guo C, Wei J, Yang J, Xu J, Pang W, Jiang Y (2008) Pomegranate
juice is potentially better than apple juice in improving antioxidant
function in elderly subjects. Nutr Res 28:72—77

Seeram NP, Lee R, Heber D (2004) Bioavailability of ellagic acid in
human plasma after consumption of ellagitannins from pomegranate
(Punica granatum L.) juice. Clin Chim Acta 348:63—-68
Pérez-Jiménez J, Serrano J, Tabernero M, Arranz S, Diaz-
Rubio ME, Garcia-Diz et al (2009) Bioavailability of phenolic

@ Springer

25.

26.

27.

28.

29.

30.

antioxidants associated with dietary fiber. Plant Foods Hum
Nutr 64:102-107

Pérez-Jiménez J, Arranz S, Tabernero M, Diaz- Rubio ME,
Serrano J, Goiii I et al (2008) Updated methodology to
determine antioxidant capacity in plant foods, oils and bever-
ages: extraction, measurement and expression of results. Food
Res Int 41:274-285

Lettieri-Barbato D, Tomei F, Sancini A, Morabito G, Serafini M
(2013) Effect of plant foods and beverages on plasma non-
enzymatic antioxidant capacity in human subjects: a meta-analysis.
Br J Nutr 109:1544-1556

Bamba T, Shimonishi N, Matsubara A, Hirata K, Nakazawa Y,
Kobayashi A, Fukusaki E (2008) High throughput and exhaustive
analysis of diverse lipids by using supercritical fluid
chromatography-mass spectrometry for metabolomics. J Biosci
Bioeng 105:460—469

Manach C, Hubert J, Llorach R, Scalbert A (2009) The complex links
between dietary phytochemicals and human health deciphered by
metabolomics. Mol Nutr Food Res 53:1303-1315

Mertens-Talcott SU, Jilma-Stohlawetz P, Rios J, Hingorani L,
Derendorf H (2006) Absorption, metabolism, and antioxidant effects
of pomegranate (Punica granatum L.) polyphenols after ingestion of
a standardized extract in healthy human volunteers. J Agric Food
Chem 54:8956-8961

Van Der Hooft JJ, De Vos RCH, Mihaleva V, Bino RJ, Ridder L, De
Roo N et al (2012) Structural elucidation and quantification of
phenolic conjugates present in human urine after tea intake. Anal
Chem 84:7263-7271



	Regular Consumption of an Antioxidant-rich Juice Improves Oxidative Status and Causes Metabolome Changes in Healthy Adults
	Abstract
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	References


