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ABSTRACT: Phytoprostanes and phytofurans (PhytoPs and PhytoFs, respectively) are nonenzymatic lipid peroxidation
products derived from α-linolenic acid (C18:3 n-3), considered biomarkers of oxidative degradation in plant foods. The present
work profiled these compounds in white and brown grain flours and rice bran from 14 rice cultivars of the subspecies indica and
japonica by ultrahigh performance liquid chromatography coupled to electrospray ionization and triple quadrupole mass
spectrometry. For PhytoPs, the average concentrations were higher in rice bran (0.01−9.35 ng g−1) than in white and brown
grain flours (0.01−1.17 ng g−1). In addition, the evaluation of rice flours for the occurrence PhytoFs evidenced average values
1.77, 4.22, and 10.30 ng g−1 dw in rice bran, brown grain flour, and white grain flour, respectively. A significant correlation was
observed between total and individual compounds. The concentrations retrieved suggest rice bran as a valuable source of
PhytoPs and PhytoFs that should be considered in further studies on bioavailability and bioactivity of such compounds.
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■ INTRODUCTION

Plants and animals contain polyunsaturated fatty acids
(PUFAs) in their membranes, which are responsible for
modulating membrane fluidity and can be released and
metabolized enzymatically to oxidized fatty acids, some of
which act as defense signals in higher plants, in vivo (e.g.,
jasmonates or antimicrobial lipids).1 In addition to enzymatic
oxidation, plant membranes (especially those rich in linolenate)
are prone to nonenzymatic oxidation that gives rise to
phytoprostanes (PhytoPs). These compounds represent a
broad range of biologically active oxidized lipids that are
generated as a consequence of redox unbalance and oxidative
stress. The discovery of PhytoPs has focused the interest of the
research community because of their structural analogy
regarding well established animal mediators of biological
reactions such as isoprostanes (IsoPs) and prostanoids
(prostaglandins and thromboxanes), also generated by non-
enzymatic free radical attack and cyclooxygenase action on
arachidonic acid, respectively.2

The occurrence of PhytoPs and phytofurans (PhytoFs) in
plant foods has been reported in the last two decades
concerning a variety of matrices including vegetable oils,
seeds, and nonedible plant materials such as melon leaves.3−8

These characterizations have provided important information
on those matrices that seem to be the most relevant dietary
sources of such compounds, their concentration being related
to the level of α-linolenic acid (C18:3 n-3, ALA). Besides the
dietary interest in these foods and foodstuffs as sources of

PhytoPs and PhytoFs, the level of these compounds has been
related to the plant’s response to abiotic stress.5

Mammalian oxylipins, eicosanoids among others, are
accepted to perform a wide range of functions in biological
systems, from pernicious effects (platelet aggregation and
vasoconstriction) to benefits related to the maintenance of the
physiological-defensive balance.9 Mirroring these effects in
human cells, PhytoPs have been related to anti-inflammatory
properties and protection against neuronal lesions induced by
pro-oxidant radicals.10 Apart from PhytoPs, under high oxygen
tension, another cyclic structure of compounds referred to as
PhytoFs is generated upon additional oxidation after the initial
endoperoxide formation.11

Thus, though to date the biological benefits associated with
the consumption of plant foods have been attributed to a wide
variety of compounds described in such matrices, the new
description of PhytoPs and PhytoFs allows us to envisage that,
at least to some extent, these compounds could contribute to
the healthy attributions of plant foods. In this sense, further
research on bioavailability and biological activity of PhytoPs
and PhytoFs in vivo is currently in progress,12 complementing
the current trend on the evaluation of the value of PhytoPs and
PhytoFs as markers of oxidation in foods.3 In this sense, to
establish the actual interest of these compounds, first it should
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be established rationally their occurrence in the wide variety of
foods comprising humans’ diet.
Despite the interest in these molecules as potential bioactive

compounds contributing to the healthy attributions of plant
foods, to date there is not enough evidence on their
bioavailability,13,14 and even less on the scope of their biological
power, which has been mainly addressed to their capacity to
polarize the immune response to a Th2 type.15

However, almost 20 years after the first description,16 the
scientific literature on PhytoPs and PhytoFs has been mainly
focused on the evaluation of their occurrence in edible and
nonedible higher plant species and manufactured prod-
ucts.2,4−8,17 In this frame, rice (Oryza sativa L.) is one of the
most important food crops around the world, being the staple
food for more than half of the world’s population.18 Subspecies
indica and japonica rice are the two main subspecies grown in
tropical/subtropical environments and under mild climatic
conditions, respectively. These subspecies differ clearly in
morphological, agronomic, physiological, and biochemical
features, as well as in yield, quality, and resistance to stress.19

In addition, indica and japonica subspecies also diverge
regarding their content of α-linolenic acid, precursor of
PhytoPs and PhytoFs, which influences the distinct concen-
tration of such compounds in different plant foods and
foodstuffs.4

The rice plant is threshed to produce paddy rice, which is
defatted to obtain brown rice. Then, brown rice is separated by
a machine and polished in bran (external parts of the grain
including pericarp, tegmen, aleurone layer, and embryo), and
polished rice (milled rice or white rice) involves the internal
parts of the grain, corresponding substantially to endosperm. In
these matrices, lipids are mainly concentrated in the series of
rice bran (22.5%), brown rice (2.3%), and white rice (0.8%).20

To date, their value as indicators of the quality of rice based
foods and foodstuffs given their conditions of metabolites of
oxidation of fatty acids has been already demonstrated;
however, to gain further insight on the biological interest of
these compounds as markers in vitro as mediators of metabolic
pathways that could be of interest for health requires accurate
determinations of their occurrence in plant foods. Hence, the
objective of the present work was to assess, for the first time,
different types of rice flours obtained from white and brown
grains and diverse rice brans of different indica and japonica
cultivars on their concentration of PhytoPs and PhytoFs by
UHPLC-ESI-QqQ-MS/MS. The value of these matrices as a
dietary source of these largely unknown oxylipins needs to be
addressed in order to plan rationally nutritional trials devoted
to shed some light on their actual biological activity.

■ MATERIALS AND METHODS
Chemicals and Reagents. The PhytoPs (9-F1t-PhytoP (PP1);

ent-16-F1t-PhytoP + ent-16-epi-16-F1t-PhytoP (PP2); 9-epi-9-F1t-Phy-
toP (PP3); 9-D1t-PhytoP (PP4); 9-epi-9-D1t-PhytoP (PP5); ent-16-

B1−PhytoP + 16-B1−PhytoP (PP6); ent-9-L1-PhytoP + 9-L1-PhytoP
(PP7)) and the PhytoFs (ent-16-(RS)-9-epi-ST-Δ14-10-PhytoF (PF1);
ent-9-(RS)-12-epi-ST-Δ10-13-PhytoF (PF2); ent-16-(RS)-13-epi-ST-
Δ14-9-PhytoF (PF3)) (cited by elution order) (Table 2) were
synthesized according to our previously published procedures11,21−25

and provided by the Institut des Biomolećules Max Mousseron (IBMM)
(Montpellier, France). Hexane was obtained from Panreac (Castellar
del Valleś, Barcelona, Spain), butylated hydroxyanisole (BHA) and
bis−Tris (bis(2-hydroxyethyl) amino-tris (hydroxymethyl) methane)
were purchased from Sigma−Aldrich (St. Louis, MO, USA), and all
LC−MS grade solvents, methanol, and acetonitrile were from J.T.
Baker (Phillipsburg, NJ, USA). Water was treated in a milli-Q water
purification system from Millipore (Bedford, MA, USA). The SPE
cartridges used were Strata cartridge (Strata X-AW, 100 mg/3 mL),
which were acquired from Phenomenex (Torrance, CA, USA).

Sample and Standard Preparation. Samples consisted of grain
from 14 rice (Oryza sativa L.) cultivars, which were grown in Mid-East
Argentina, in the Experimental Station “Julio Hirschhorn”, de La Plata
(34°52′S, 57°57′W, 9.8 m of altitude, Buenos Aires, Argentina).
Climatic data were recorded during the growing season (October-
2015/April-2016) including minimum and maximum temperatures
(°C), relative humidity (%), and monthly rainfall (Table 1). The panel
of rice cultivars included eight (8) of indica subspecies (‘Camba’́, ‘Don
Ignacio FCAyF’, ‘Don Justo FCAyF’, ‘El Paso 144’, ‘Guri INTA’,
‘IRGA 424’, ‘Nutriar FCAyF’, and ‘Puita’́) and six (6) of japonica
subspecies (‘Amaroo’, ‘Arborio’, ‘Itape’́, ‘Quebracho FA’, ‘Yamani’, and
‘Yerua FA’). Seeds were harvested in dry land, manually at a rate of
350 seeds m−2 in lines at 0.20 m, in plots of 5 m2. The trials were
conducted with flood irrigation from 30 days of emergence. Harvesting
and threshing were done manually; the grains were dried in an oven at
41 °C for 72 h. Polishing was performed at room temperature from
100 g of paddy rice. Husk and bran layers were removed using an
experimental mill (Guidetti and Artioli Universal Type, Renazzo,
Italy). Milling of rice materials was done at low speeds, and during this
process temperature was continuously monitored, avoiding increases
higher than 1 °C relatively to the initial conditions of the raw
materials. Ground rice flour was obtained in a 0.4 mm mesh Cyclone
Mill. Rice flour samples were stored at 4 °C, protected from light ,until
analytical assessment.

Stock solutions of PhytoPs and PhytoFs were prepared in
methanol/water (50:50, v/v) to facilitate the ionization in the mass
spectrometer at a concentration of 1000 nM for each compound and
stored in Eppendorf tubes at −80 °C. Five successive 1/4 dilutions
were freshly prepared each day of analysis to obtain standard solutions
at the following concentrations: 250, 63, 16, 4, and 2 nM, which were
used for obtaining the calibration curves.

Extraction of Phytoprostanes and Phytofurans. The PhytoPs
and PhytoFs present in rice flours were extracted following the
methodology described by Leung et al. (2014) and Yonny et al.
(2016) with minor modifications.8,12 Briefly, samples (4 g) were
crushed in a mortar and pestle with 10 mL of methanol (0.1% BHA).
The samples extracts were centrifuged at 2000g during 10 min, and
supernatants were further processed upon solid phase extraction
(SPE) using a Chromabond C18 column according to the procedure
previously described.26 Target compounds were eluted with 1 mL of
methanol and dried using a SpeedVac concentrator (Savant SPD121P,
Thermo Scientific, MA, USA). The dry extracts were reconstituted
with 200 μL of solvent A/solvent B (50:50, v/v), solvent A being Milli-
Q-water/acetic acid (99.99:0.01, v/v) and solvent B being methanol/

Table 1. Climatic Conditions in the Experimental Field (34°52′S, 57°57′W, 9.8 m of Altitude) during the Rice Crop

month/year

Parameter October/2015 November/2015 December/2015 January/2016 February/2016 March/2016 April/2016

Tm (°C)a 8.8 12.3 15.8 17.4 17.9 13.1 12.1
TM (°C)b 18.7 23.4 28.0 28.9 29.8 24.6 19.7
RH (%)c 72.0 72.0 57.0 69.0 72.0 69.0 61.0
RR (mm)d 67.6 130.0 36.6 67.4 72.0 104.6 160.6

aMean daily minimum air temperature. bMean daily maximum air temperature. cRelative humidity. dTotal monthly rainfall.
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acetic acid (99.99:0.01, v/v). Reconstituted samples were filtered
through a 0.45-μm filter (Millipore, MA, USA) and immediately
analyzed by UHPLC-ESI-QqQ-MS/MS (Agilent Technologies,
Waldbronn, Germany).
UHPLC-ESI-QqQ-MS/MS Analysis. Chromatographic separation

of PhytoPs and PhytoFs was performed using a UHPLC coupled with
a 6460 triple quadrupole-MS/MS (Agilent Technologies, Waldbronn,
Germany), using the analytical column BEH C18 (2.1 mm × 50 mm,
1.7 μm) (Waters, Milford, M.A.). The column temperatures were 6 °C
(both left and right). The mobile phases consisted of Milli-Q-water/
acetic acid (99.99:0.01, v/v) (A) and methanol/acetic acid
(99.99:0.01, v/v) (B). The injection volume and flow rate were 20
μL and 0.2 mL min−1 upon the following linear gradient (time (min),
%B): (0.00, 60.0%); (2.00, 62.0%); (4.00, 62.5%); (8.00, 65.0%); and
(8.01, 60.0%). An additional postrun of 1.5 min was considered for
column equilibration. The spectrometric analysis was conducted in
Multiple Reaction Monitoring mode (MRM) operated in negative
mode, assigning preferential MRM transition for the corresponding
analytes. The ionization and fragmentation conditions were as follows:
gas temperature 325 °C, gas flow 8 L min−1, nebulizer 30 psi, sheath
gas temperature 350 °C, jetstream gas flow 12 L min−1, capillary
voltage 3000 V, and nozzle voltage 1750 V, according to the most
abundant product ions. Data acquisition and processing were
performed using Mass Hunter software version B.04.00 (Agilent
Technologies). The quantification of PhytoPs and PhytoFs detected in
rice grain and flour was performed using authentic standards according
to standard curves freshly prepared as mentioned in the previous
section. The selected reaction monitoring and chemical names were
according to the nomenclature system of Taber et al. (1997) and are
provided in Table 2.27

Statistical Analysis. All assays were developed in triplicate (n =
3), and values were reported as means. To determine the effect of the
type of flour on target compounds, one-way analysis of variance
(ANOVA) and multiple range test (Tukey’s test) were carried out
using Statgraphics Centurion XVI (StatPoint Technologies Inc.,
Warranton, VA, USA). Significant differences were set at p < 0.05. A
Pearson’s correlation analysis was developed to corroborate the
relationship between both groups of compounds (PhytoPs and
PhytoFs), concerning both individual and total compounds. The
significance of the correlations found was set at p < 0.05.

■ RESULTS AND DISCUSSION

For the evaluation of rice flours on the concentration of
PhytoPs and PhytoFs, crops were set up in an experimental
field of the Buenos Aires province, in Mid-East Argentina, and
included 8 indica varieties (‘Camba’́, ‘Don Ignacio FCAyF’,
‘Don Justo FCAyF’, ‘El Paso 144’, ‘Guri INTA’, ‘IRGA 424’,
‘Nutriar FCAyF’, and ‘Puita’́) and 6 japonica cultivars
(‘Amaroo’, ‘Arborio’, ‘Itape’́, ‘Quebracho FA’, ‘Yamani’, and
‘Yerua FA’). The crops were developed under the climatic
conditions specified in Table 1, which lead to the normal
development of the rice crops although, given the role of
PhytoPs and PhytoFs in stress response, contributed to define
the final levels of the target compounds in the plant material.

Occurrence of Phytoprostanes and Phytofurans in
Rice Flours. When we analyzed the content of total PhytoPs
and PhytoFs in rice flour obtained from grains of 14 rice
cultivars by monitoring the relationship of the cultivar and the
type of flour, we found that total PhytoP concentration was
significantly higher in white and brown flours obtained from
japonica varieties (12.23 and 16.14 ng g−1 dw, respectively)
than in those of indica (a 36.7% and 6.1% lower, respectively).
This trend was reversed when considering rice bran, in which
content of PhytoPs was 2.4% higher, on average, in plant
material from indica subspecies than in those corresponding to
japonica (Table 3).
The comparison of individual varieties concerning their

content in total PhytoPs, revealed that, regarding white grain
flour, the indica cultivar ‘Guri INTA’ and the japonica varieties
‘Arborio’ and ‘Quebracho FA’ presented the highest concen-
trations at average values around 22.02 ng g−1 dw (Table 3). In
a second group, the cultivars ‘Camba’ (indica), ‘Itape’́
(japonica), and ‘Yamami’ (japonica) were stressed with values
ranging from 9.14 to 9.98 ng g−1 dw (66.0% lower than the
former ones, on average). Finally, the lowest concentration of
total PhytoPs corresponded to the varieties ‘IRGA 424’ (indica)
= ‘Purita’́ (indica) = ‘Yerua FA’ (japonica) (6.76 ng g−1 dw, on
average) > ‘Nutriar FCAyF’ (indica) = ‘El paso 144’ (indica) =
‘Amaroo’ (japonica) (4.78 ng g−1 dw, on average) > ‘Don Justo
FCAyF’ (indica) = ‘Don Ignacio FCAyF’ (indica), (2.80 ng g−1

dw, on average) (Table 3).
With respect to brown grain flours, the relative abundance of

total PhytoPs in indica and japonica varieties evidenced that the
concentration decreases as follows: ‘Itape’́ (japonica) (32.89 ng
g−1 dw) > ‘Quebracho FA’ (japonica) = ‘Don Justo FCAyF’
(indica) = ‘Camba’ (indica) = ‘Yamani’ (japonica) = ‘Nutriar
FCAyF’ (indica) = ‘Don Ignacio FCAyF’ (indica) (22.03 ng g−1

dw, on average) > ‘Puita’́ (indica) = ‘El Paso 144’ (indica) =
‘Guri INTA’ (indica) = ‘Amaroo’ (japonica) = ‘Yerua FA’
(japonica) > ‘IRGA 424’ (indica) = ‘Arborio’ (japonica) (13.39
ng g−1 dw, on average) (Table 3).
Apart from the flour obtained from white and brown rice

grains, rice bran, which is constituted by the hard outer layers of
grain, consisting of the combined aleurone and pericarp,
exhibited a reverse trend for total PhytoPs. In this case, the
highest concentration corresponded to the indica varieties ‘El
Paso 144’ (118.00 ng g−1 dw) and ‘Guri INTA’ (106.67 ng g−1

dw), which surpassed the levels observed in ‘IRGA 424’, ‘Puita’́,
‘Don Ignacio FCAyF’, ‘Nutriar FCAyF’, ‘Itape’́, ‘Arborio’, and
‘Amaroo’ by 34.0%, on average. The lowest concentration
corresponded to the cultivars ‘Quebracho FA’, ‘Arborio’, ‘Don
Justo FCAyF’, ‘Yerua FA’, and ‘Camba’ (22.20-54.91 ng g−1 dw,
on average) (Table 3).

Table 2. Selected Reaction Monitoring of the
Phytoprostanes and Phytofurans Present in Rice (Oryza
sativa L.) Floursa

code compound
Rt

(min)
precursor
ion (m/z)

product
ion

(m/z) F (V) CE (V)

Phytoprostanes

PP1 9-F1t-PhytoP 1.943 327.2 171.2 80 0

PP2 Ent-16-F1t-PhytoP+
Ent-16-epi-16-F1t-
PhytoP

2.088 327.2 251.2 80 0

PP3 9-epi-9-F1t-PhytoP 2.144 327.2 171.2 80 0

PP4 9-epi-9-D1t-PhytoP 2.151 325.2 307.2 80 0

PP5 9-D1t-PhytoP 2.510 325.2 307.2 80 0

PP6 16-B1−PhytoP 3.224 307.2 235.2 70 0

PP7 9-L1-PhytoP 3.481 307.2 185.2 70 0

Phytofurans

PF1 Ent-16-(RS)-9-epi-
ST-Δ14-10-PhytoF

1.722 343.4 209.2 90 20

PF2 Ent-9-(RS)-12-epi-
ST-Δ10-13-PhytoF

1.711 343.3 237.4 115 25

PF3 Ent-16-(RS)-13-epi-
ST-Δ14-9-PhytoF

1.725 342.9 201.2 100 30

aRt, retention time; F, fragmentor; CE, collision energy.

Journal of Agricultural and Food Chemistry Article

DOI: 10.1021/acs.jafc.7b03482
J. Agric. Food Chem. 2017, 65, 8938−8947

8940

http://dx.doi.org/10.1021/acs.jafc.7b03482


To the best of our knowledge, there is no previous
description of the content of PhytoPs in rice flours before
this study; however, some works have characterized other
vegetable matrices, concerning the concentrations of these
compounds, showing 15.00−39.00 ng mL−1 (12.00−31.00 ng
g−1 approx),11 0.01−0.06 ng g−1 dw in algae,28 5.81−9.99 ng
g−1 in raw green table olive fruits,29 and 40.25−238.09 ng g−1 in
almonds.7 To date, the highest concentration of total PhytoPs
was observed in fresh birch pollen with values of up to 1380.00
ng g−1,4 and in dry leaves of melon plants with a maximum
values of 1600 ng g−1 dw.8 Their level in almonds and
sunflower oil is similar possibly because of its high lipid content
with an average of 56.0% of the dry matter.30 Hence, when
comparing the data retrieved from the present work with those
in the literature, it is noticed that there is a higher amount of
PhytoPs in rice flour than in algae, green olives, and olive oil,
but less than that in almonds and melon leaves.
In addition to PhytoPs, recently another series of plant

oxylipins, PhytoFs, has been described. These compounds are
oxylipins sharing chemical structure analogies with PhytoPs
generated favorably over PhytoPs by nonenzymatic oxidative
reactions, but under higher oxygen pressure than PhytoPs.25

The assessment of rice flours for PhytoFs revealed that the
preponderance in indica and japonica subspecies of these
compounds is closely dependent on the type of flour (Table 3).
The japonica cultivars presented the highest concentration of
total PhytoFs concerning white grain flour (2.91 ng g−1 dw),
while indica subspecies were determined as the ones with the
highest contents of PhytoFs in brown grain and rice bran (5.53
and 12.74 ng g−1 dw, respectively). In addition, the
concentration of PhytoFs seems to be lower than the level of
PhytoPs, which has been attributed to the specific phys-

icochemical features of the panel of foods and foodstuffs
evaluated, which include very low water content,31 and lower
oxidation conditions than required for the synthesis of
PhytoFs.25

In addition to differences concerning the content of total
PhytoFs between indica and japonica subspecies of rice, the
evaluation of individual cultivars evidenced that higher
concentrations of PhytoFs in rice grain flours are close
dependent on the type of rice-derived plant material considered
(white or brown grains or rice bran). In this sense, regarding
white grain flour, the highest concentrations corresponded to
the indica cultivar ‘Guri INTA’, as well as the japonica varieties
‘Arborio’ and ‘Itape’́ (1.61 ng g−1 dw, on average), followed by
‘Camba’ and ‘El Paso 144’ (both belonging to the indica
subspecies) (0.83 ng g−1 dw). Contrarily, the remaining
cultivars featured similarly lower values ranging from 0.06 to
0.48 ng g−1 dw (Table 3).
When considering brown grain flour, the highest concen-

tration of total PhytoFs was found in the cultivar ‘Nutriar
FCAyF’, which displayed values of 19.49 ng g−1 dw, surpassing
the samples of flour obtained from the indica cultivars ‘Camba’,
‘Don Ignacio FCAyF’, ‘Don Justo FCAyF’, and ‘El Paso 144’
and the japonica varieties ‘Itape’́, ‘Quebracho FA’, and ‘Yamani’
by 75.7%, on average. The lowest concentration of total
PhytoFs corresponded to the cultivars ‘Guri INTA’, ‘IRGA
424’, ‘Puita’́, ‘Amaroo’, ‘Arborio’, and ‘Yerua FA’ (1.11 ng g−1

dw, on average) (Table 3).
Finally, with respect to the concentration of PhytoFs in rice

bran, the highest values were observed in the indica varieties ‘El
Paso 144’ and ‘Guri INTA’(25.13 ng g−1 dw, on average),
followed by the indica cultivars ‘IRGA 424’ and ‘Puita’́, as well

Table 3. Content of Total Phytoprostanes and Phytofuransa in Three Types of Rice (Oriza sativa L.) Grain Flour Cultivars
Evaluated Belonging to indica and japonica Subspeciesb

total PhytoPs total PhytoFs

cultivar white grain flour brown grain flour rice bran LSD white grain flour brown grain flour rice bran LSD

Oryza sativa L. subspecies indica
‘Camba’ 9.98 b B 22.03 bc A 22.20 e A 1.18 0.89 c B 5.71 bc A 3.05 e B 0.57
‘Don Ignacio FCAyF’ 2.55 f B 20.38 bcd AB 74.75 bc A 1.86 0.27 ef B 5.41 bcd AB 8.97 cde A 0.24
‘Don Justo FCAyF’ 3.04 f B 22.53 b AB 39.58 cde A 7.74 0.36 e B 4.35 bcde A 1.59 e B 0.30
‘El Paso 144’ 4.83 ef B 16.39 de AB 118.00 a A 1.31 0.77 cd C 3.09 def B 27.74 a A 0.45
‘Guri INTA’ 22.47 a B 14.24 ef B 106.67 ab A 1.42 1.60 ab B 1.96 efg B 22.51 ab A 0.60
‘IRGA 424’ 7.35 cd B 10.14 f B 81.27 abc A 0.81 0.40 e B 1.41 fg B 15.39 bc A 0.53
‘Nutriar FCAyF’ 4.94 ef B 20.75 bcd B 68.88 bcd A 0.01 0.41 e C 19.49 a A 7.98 cde B 2.36
‘Puita’́ 6.78 cd B 17.46 cde B 76.16 abc A 0.66 0.31 ef B 2.82 ef B 14.65 bcd A 2.93
Oryza sativa L. subspecies japońica
‘Amaroo’ 4.58 ef B 13.32 ef B 60.22 cde A 5.86 0.41 e A 1.36 fg A 7.47 cde A 2.03
‘Arborio’ 21.86 a B 9.51 f C 65.65 bcd A 0.91 1.79 a B 0.00 g C 8.66 cde A 0.21
‘Itape’́ 9.14 bC 32.89 a B 67.09 bcd A 1.24 1.45 b C 6.72 b B 15.08 bc A 0.48
‘Quebracho FA’ 21.74 a B 24.83 b B 54.91 cde A 5.69 0.06 e B 3.91 cde AB 6.16 cde A 1.24
‘Yamani’ 9.96 b B 21.65 bc AB 54.32 cde A 8.41 0.48 de B 4.00 cde A 6.02 cde A 0.81
‘Yerua FA’ 6.15 de B 12.65 ef AB 31.04 de A 0.52 0.35 ef B 1.49 fg B 3.79 de A 0.34
LSD 2.45 4.81 41.84 0.29 2.41 11.02
Significance
subspecies indica 7.79 B 17.99 B 73.44 A 3.90 0.63 C 5.53 B 12.74 A 1.29
subspecies japonica 12.30 B 19.14 B 55.54 A 2.79 2.91 B 2.91 B 7.86 A 0.70
LSD 1.35 1.31 5.49 0.11 0.93 1.57
p-valuec *** ns *** ns ns ***

aUnits of ng g−1 dw. bMeans (n = 3) within a column followed by distinct lowercase letters (cultivar) or within a row (type of flour) followed by
distinct uppercase letters are significantly different at p < 0.001 according to Tukey’s multiple range test. cIn the bottom of the table means of indica
and japonica subspecies were compared resorting to paired t test; significant differences were stated at p < 0.001 (***) and not significant (ns).
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as the japonica cultivar ‘Itape’́, which presented concentrations a
40.2% lower than the former, on average (Table 3).
To date, there is limited information on the occurrence of

PhytoFs in plant materials and foods, concerning both profile
and quantitative levels,25 which makes it difficult to understand
the actual scope of these compounds regarding their
physiological role in plants, as well as to design experimental
procedures addressed to retrieve mechanistic information on

the biological interest of such bioactive molecules once
ingested. Nonetheless, the comparison of results on the
concentration of total PhytoFs in rice flours (0.06−27.74 ng
g−1 dw) with data available in the literature allows us to notice
concentrations consistent with the levels reported in pine,
walnuts, chia, and flax (0.30, 9.00, 6.00, and 0.70 ng g−1, on
average, respectively),32 remaining in much lower concen-

Figure 1. Comparison between rice subspecies and types of flour regarding individual phytoprostanes, 9-D1t-PhytoP (PP4), 9-epi-9-D1t-PhytoP
(PP5), 16-B1-PhytoP (PP6), and 9-L1-PhytoP (PP7). Different lowercase letters indicate significant differences between varieties for the same flour
type at p < 0.05, according to the analysis of variance (ANOVA) and the multiple range test of Tukey.
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trations than, for instance, that in melon leaves (130−4400 ng
g−1).8

The higher concentration of PhytoPs and PhytoFs in whole
grain and rice bran in comparison with white and brown rice
flours in addition to indicating the most adequate dietary
source of these compounds (concerning rice) has a side
consequence. In addition to being better sources of PhyoPs and
PhytoFs, whole grain and rice bran can exert beneficial effects
upon the gastrointestinal tract given their contribution to the
proportion of dietary fiber. In fact, this specific composition
(dietary fiber) could be related with the proper intestinal
absorption of PhytoPs and PhytoFs.33 Although the fiber
content is low in rice bran, it has high oil content with an
unusually high concentration of unsaponifiable healthy fatty
acids that also are responsible for hypolipidemic effects
(4.2%).34 Hence, soluble fiber acquires gel-like consistency
and helps to control glycemia and excessive plasma cholesterol,
which entails multiple metabolic consequences.

Influence of Rice Flour Type on the Content of Total
Phytoprostanes and Phytofurans. As a general trend, when
comparing the concentration of PhytoPs and PhytoFs in rice
flours of diverse origins at different processing levels, it was
noticed that the highest concentration corresponded to bran
(22.20−106.67 and 1.59−27.74 ng g−1 dw of PhytoPs and
PhytoFs, respectively), followed by brown grain flour (10.14−
22.53 and 9.51−24.83 ng g−1 dw of PhytoPs and PhytoFs,
respectively), while white grain flour presented the lowest levels
(2.55−22.47 and 0.06−1.79 ng g−1 dw of PhytoPs and PhytoFs,
respectively) (Table 3). The decreasing concentration of the
target molecules recorded upon the present work (bran >
brown grain flour > white grain flour) is in agreement with their
content in polyunsaturated fatty acids (PUFAs) in general and
specifically regarding ALA, according to previous descriptions
available in the literature that describe the preponderant
concentration of lipids in rice bran (22.5%), relatively to whole
rice (2.3%) and polished rice (0.8%).20

Figure 2. Comparison between rice subspecies and types of flour regarding individual phytofurans, ent-16-(RS)-9-epi-ST-Δ14−10-PhytoF (PF1),
ent-9-(RS)-12-epi-ST-Δ10−13-PhytoF (PF2), and ent-16-(RS)-13-epi-ST-Δ14−9-PhytoF (PF3). Different lowercase letters indicate significant
differences between varieties for the same flour type at p < 0.05, according to the analysis of variance (ANOVA) and the multiple range test of
Tukey.
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It is important to stress that lipids in the endosperm are
present in different forms relatively to bran and germ. In
addition, based on the association with starch (stabilized with
van der Waals contacts), rice lipids are often classified as starch
and nonstarch lipids.35 Hence, nonstarch lipids are found
mainly in the lipid bodies of rice bran (aleurone layer) and
germ (embryo), while starch lipids are associated with starch
granules in the rice endosperm. This indicates that rice
phospholipids may have significant impacts on traditional
(storage, cooking, and food) and modern (glycemic index)
concepts related to rice quality. Besides, although this fact has
been broadly reported in the literature, much of the
information available on the occurrence and distribution of
phospholipids in rice, their effects on storage and food quality,
and the implications for human health is scattered with little
consensus.36 Hence, given the close relationship between the
occurrence of PUFAs and PhytoPs/PhytoFs, in the next years
research efforts should be focused on retrieving the exact
connection between the phospholipid distribution and the level
of PhytoPs and PhytoFs, as well as their contribution to rice
quality and eventually human health to the extent which new
data on bioavailability and pharmacokinetics become available.
Influence of Rice Flour Type on the Content of

Individual Phytoprostanes and Phytofurans. From a
thoughtful analysis of the results obtained, it is noticed that
the relative occurrence of individual PhytoPs was dependent on
the specific compounds evaluated, although as a general trend
the highest concentration was observed in rice bran, followed
by brown grain flour and white grain flour (Figures 1 and 2).
This fact seems to be due to the higher exposition of bran
(constituted by pericarp, seed coat, micelles, and aleurone
layer) to external aggressions, which enhance reactive oxygen
species (ROS) production in the different compartments and
thus result in an increased formation of an array of lipid
peroxidation products including PhytoPs and PhytoFs.11,37

In addition, significant differences have been found between
cultivars belonging to both indica and japonica subspecies. The
comparison of these two subspecies evidenced that individual
PhytoPs in white grain flour were significantly higher in
materials from japonica relatively to those belonging to indica
subspecies (44.8% lower, on average), while in rice bran the
trend was the opposite (23.3% lower in japonica cultivars than
in the indica ones, on average). With respect to brown grain
flour, no differences were observed between both subspecies
(Figures 1). When evaluating the distinct values of indica and
japonica cultivars concerning their concentration of individual
PhytoFs, concentrations 38.2% higher were observed in bran of
indica subspecies than in that of japonica origin (Figures 2).
Among the individual PhytoPs and PhytoFs identified in the

plant material evaluated in the present work (7 and 3,
respectively), the presence of the PhytoPs 9-epi-9-D1t-PhytoP,
9-D1t-PhytoP, 16-B1−PhytoP, and 9-L1-PhytoP and the
PhytoFs ent-16-(RS)-9-epi-ST-Δ14-10-PhytoF, ent-9-(RS)-12-
epi-ST-Δ10-13-PhytoF, and ent-16-(RS)-13-epi-ST-Δ14-9-Phy-
toF (Table 2, and Figures 1 and 2) were observed. When
evaluating the concentration of such individual compounds,
regarding PhytoPs, we found that 16-B1−PhytoP (52.79 ng/g
dw, on average, in rice bran of the indica subspecies, var. ‘El
Paso 144’ and ‘Guri INTA’), 9-D1t-PhytoP (28.98 ng/g dw, on
average, in rice bran of the indica subspecies, var. ‘Guri INTA’
and ‘IRGA 424’), and 9-L1-PhytoP (27.04 ng/g, on average, in
rice bran of the indica subspecies, var. ‘El Paso 144’ and ‘Guri
INTA’) were most abundant. The comparison of these

concentrations with those in white and brown grain flours
did not inform on significant differences between varieties,
while all of them displayed values much lower than those in rice
bran (Figure 1). Given the lack of previous descriptions of the
concentration of PhytoPs in rice and its derivatives, the
development of a proper rational discussion should be done on
additional food and foodstuff matrices. So, these results are in
agreement (in terms of concentration ranges) with the values
reported previously in extra virgin oil, olive oil, and refined
sunflower oil.23 However, regarding the relative contribution of
each individual compound, the profile of PhytoPs was different
relative to vegetable oils and other plant matrices such almonds,
melon leaves, algae, must, and wines, which featured the
predominance of F1−PhytoPs.

5−8,28 The gap of proper
matching on the PhytoP profile of rice flours with previous
descriptions available in the literature might be due to the
specific physical features of the diverse plant matrices under
comparison (moisture and fatty acid profile) but also by the
differential processing procedures that may condition the
transformation of PUFAs into this and other PhytoPs upon
nonenzymatic oxidation reactions.2 Given these differences, the
rational attribution to these foods and foodstuffs of biological
benefits based on the content of PhytoPs needs to be further
demonstrated by studies devoted to the assessment of the
molecular pathways affected in which these compounds could
be involved.
Besides PhytoPs, upon nonenzymatic reactions, PUFAs can

give rise to PhytoFs as a consequence of additional oxygenation
after the initial endoperoxide formation. These compounds,
assessment of which in plant material is in its infancy,11 were
almost absent in white grain flour, especially concerning ent-9-
(RS)-12-epi-ST-Δ10-13-PhytoF and ent-16-(RS)-13-epi-ST-Δ14-
9-PhytoF, while ent-16-(RS)-9-epi-ST-Δ14-10-PhytoF was
found in values ranging from 0.06 to 1.25 ng g−1 dw. The
highest concentration of ent-16-(RS)-9-epi-ST-Δ14-10-PhytoF
in white rice flour corresponded to the japonica subspecies var.
‘Arborio’ and ‘Itape’́ that exhibited 1.23 ng g−1 dw, on average
(Figure 2). The evaluation of the concentration of PhytoFs in
brown rice flour informed on no large differences with values
within the range 0.00−4.21, 0.00−1.45, and 0.00−16.06 ng g−1

dw for ent-16-(RS)-9-epi-ST-Δ14-10-PhytoF, ent-9-(RS)-12-epi-
ST-Δ10-13-PhytoF, and ent-16-(RS)-13-epi-ST-Δ14-9-PhytoF,
respectively (Figure 2), without a consistent trend on the
preponderance of any of the indica and japonica cultivars under
study. Finally, regarding the occurrence of PhytoFs in rice bran,
as above-mentioned, a preponderance in the indica varieties in
comparison with the japonica ones (38.2% lower on average for
the three PhytoFs identified) was observed. In addition, in this
flour type the highest concentrations of ent-16-(RS)-9-epi-ST-
Δ14-10-PhytoF, ent-9-(RS)-12-epi-ST-Δ10-13-PhytoF, and ent-
16-(RS)-13-epi-ST-Δ14-9-PhytoF corresponded consistently to
the varieties ‘Quabracho FA’, and ‘Yamani’, which featured
average concentrations of 12.88, 4.62, and 7.63 ng g−1 dw,
respectively (Figure 2), surpassing the amounts present in the
remaining varieties by 61.3%, 74.9%, and 73.0%, on average,
respectively. In this case, given that all varieties were processed
by equal procedures, the differences observed seem to be a
consequence of the biochemical composition of such materials.
The comparison of the features of rice brans concerning the

occurrence of PhytoFs is hindered by the gap existing in the
literature on these compounds. Actually, to date, 16-(RS)-9-epi-
ST-Δ14-10-PhytoF has been described in pine nut, walnut, chia
seed, and flax seed nuts, which has shown concentrations of
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0.30, 9.00, 6.00, and 0.70 ng g−1, respectively. Besides, the
concentration of ent-9-(RS)-12-epi-ST-Δ10-13-PhytoF in wal-
nuts and chia seeds was reported in levels up to 20-fold higher
than in flaxseeds and pine.11 Both PhytoFs have been also
detected in melon leaves at much higher concentrations with
values ranging from 130 to 4400 ng g−1,8 although the role of
leaves as vegetative plant material could be responsible for such
differences, requiring further analysis to set the link between
plant physiology and the occurrence of PhytoPs and PhytoFs.
In this sense, it is required to state that PhytoPs are
components of an archaic signaling system that detects lesions
by oxidants and might contribute to protect plants from stress.
In this connection, the different concentrations reported could
be related to an adaptive response that would provide the plant
with a survival advantage through detoxification and stress
responses.17

Correlation between Phytoprostanes and Phytofur-
ans. The analysis of correlation between the concentration of
total and individual PhytoPs and PhytoFs, allowed us to find
that the total concentration of both types of compounds are
positively and significantly correlated (R2 = 0.8381, p < 0.001).
This correlation could be fueled by the fact that PhytoPs and
PhytoFs share, to some extent, biosynthetic pathways, which
give rise to one or the other type of oxidative metabolite upon
nonenzymatic oxidation at different oxygen tension.11,38

In addition, a significant correlation has been observed
between individual PhytoPs. In this sense, PhytoP 9-epi-9-D1t-
PhytoP is correlated with 9-D1t-PhytoP (R2 = 0.750, p < 0.001)
and 16-B1-PhytoP (R2 = 0.395, p < 0.05), 9-D1t-PhytoP with
16-B1-PhytoP (R2 = 0.415, p < 0.01), and 16-B1-PhytoP with 9-
L1-PhytoP (R2 = 0.462, p < 0.01). Likewise, PhytoFs provided a
positive and significant correlation with each other (Table 4).
This can be attributed to their common origin as they result
from the autoxidation of PUFAs, producing a linolenate radical
that readily oxidizes and cyclizes to complex isomeric mixtures
without enzymatic intervention and their ability to transform
into one another and PhytoPs.2,26

In summary, to the best of our knowledge, this is the first
work describing the presence of PhytoPs and PhytoFs in rice
flours obtained from diverse indica and japonica cultivars, a crop
as massive and important for human food ensuring then, a
regular and abundant intake of these compounds in worldwide
diets. The PhytoPs 9-D1t-PhytoP, 16-B1−PhytoP, and 9-L1-
PhytoP and the PhytoF ent-16-(RS)-9-epi-ST-Δ14-10-PhytoF
appear as those contributing mostly to the total content of
PhytoPs and PhytoFs in the studied food matrices, on which
the study of the technological (safety and quality) and
biological interest is in its infancy. The highest mean
concentrations correspond to rice bran and the lowest to
white grain flour. In addition, the occurrence of PhytoFs

exhibits average values of 1.77, 4.22, and 10.30 ng g−1 dw in rice
bran, brown grain flour, and white grain flour, respectively. In
this concern, the information obtained upon the detailed
characterization performed in the present work will allow
evaluation of the toxicological and biological activity of PhytoPs
and PhytoFs and clarification of the extent to which these
compounds could exert valuable biological activities upon in
vitro (mechanistic) and in vivo (pharmacokinetic and
bioavailability features) study, allocating the effort-focus on
the chemical species of these compounds present in cereals. In
this connection, in the near future, the rice flour compounds
now identified and quantified will be candidate to be further
evaluated through proper in vivo trials with experimental
animals and humans that would contribute to elucidating how
PhytoPs and PhytoFs impact health markers and prevent
undesirable pathophysiological situations, cooperating with
additional bioactive compounds already evaluated in food and
foodstuff matrices.

■ AUTHOR INFORMATION
Corresponding Authors
*A. Gil-Izquierdo. E-mail: angelgil@cebas.csic.com. Tel.:
+34968396200, ext. 6363.
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Table 4. Analysis of Correlation between the Individual Phytoprostanes and Phytofurans Present in Rice (Oryza sativa L.)
Floursa

PP5 PP6 PP7 PF1 PF2 PF3

PP4 0.750*** 0.395* −0.027ns. 0.537** 0.547** 0.349*
PP5 0.415** 0.026ns 0.711*** 0.654*** 0.454**
PP6 0.462** 0.526** 0.681*** 0.396*
PP7 0.220* 0.253* 0.181*
PF1 0.783*** 0.510**
PF2 0.591**

aPP4, 9-epi-9-D1t-PhytoP; PP5, 9-D1t-PhytoP; PP6, 16-B1−PhytoP; PP7, 9-L1-PhytoP; PF1, ent-16-(RS)-9-epi-ST-Δ14-10-PhytoF; PF2, ent-9-(RS)-
12-epi-ST-Δ10-13-PhytoF; PF3, ent-16-(RS)-13-epi-ST-Δ14-9-PhytoF; ns, not significant and ***, significant at p < 0.001.
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liquid chromatography coupled to electrospray ionization and
triple quadrupole mass spectrometry
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