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ABSTRACT: Given the growing interest in phytoprostanes (PhytoPs) and phytofurans (PhytoFs) in the fields of plant physiology,
biotechnology, and biological function, the present study aims to optimize a method of enzymatic hydrolysis that utilizes bacterial
and yeast esterases that allow the appropriate quantification of PhytoPs and PhytoFs. To obtain the highest concentration of
PhytoPs and PhytoFs, a response surface methodology/Box−Behnken design was used to optimize the hydrolysis conditions. Based
on the information available in the literature on the most critical parameters that influence the activity of esterases, the three
variables selected for the study were temperature (°C), time (min), and enzyme concentration (%). The optimal hydrolysis
conditions retrieved differed between PhytoPs (21.5 °C, 5.7 min, and 0.61 μg of enzyme per reaction) and PhytoFs (20.0 °C, 5.0
min, and 2.17 μg of enzyme per reaction) and provided up to 25.1- and 1.7-fold higher contents relative to nonhydrolyzed extracts.
The models were validated by comparing theoretical and experimental values for PhytoP and PhytoF yields (1.01 and 1.06
theoretical/experimental rates, respectively). The optimal conditions were evaluated for their relative influence on the yield of
individual nonesterified PhytoPs and PhytoFs to define the limitations of the models for obtaining the highest concentration of most
considered compounds. In conclusion, the models developed provided valuable alternatives to the currently applied methods using
unspecific alkaline hydrolysis to obtain free nonesterified PhytoPs and PhytoFs, which give rise to more specific hydrolysis of PhytoP
and PhytoF esters, reducing the degradation of free compounds by classical chemical procedures.

KEYWORDS: plant oxylipins, response surface methodology, Box−Behnken, esterase, enzymatic hydrolysis, free plant oxylipins

■ INTRODUCTION

In recent decades, national and international organizations that
are focused on the promotion of human health have
extensively discussed the benefits associated with the
consumption of plant-based foods, concluding that diverse
bioactive nutrients and non-nutrients endow them with
powerful biological capacities.1−3 In this respect, to date, a
number of scientific publications have characterized the
phytochemical profile of plant-based foods in regard to diverse
molecular families. However, when a new family of compounds
emerges, the limited availability of standard compounds
constitutes a serious drawback for the correct and accurate
development of targeted metabolomic studies.4 Thus, through
the initial stages of characterizing newly identified molecules,
the focus of the research efforts should be on the development
of appropriate and specific methods, including hydrolysis
procedures for obtaining free compounds and the identi-
fication of derivatives in plant foods and biological samples.5−8

In reference to the challenge of identifying new bioactive
compounds, recently, the presence of oxygenated metabolites
of α-linolenic acid (ALA, 18:3, ω3) has been described in
plant-based foods, formed by nonenzymatic oxidative reactions
that under diverse oxygen pressures give rise to dinor
isoprostanes or phytoprostanes (PhytoPs) and phytofurans
(PhytoFs).8 These compounds have been characterized on
their role in plant nutrition and physiology, while their

structural similarity to human oxylipins (prostanoids and
isoprostanoids), synthesized in humans from arachidonic acid
(AA), has suggested a biological activity in humans, as
reviewed by Medina et al.7 In this regard, the functional
properties of these compounds could be a consequence of the
interactions of the reactive units in the structure of PhytoPs
and PhytoFs (cyclopentenone ring and/or carboxyl groups,
among others) with cysteine residues of proteins that are
essential for the normal development of cell metabolism.9−12

In regard to the current knowledge on the biological relevance
of PhytoPs and PhytoFs, an array of studies have characterized
their immunomodulatory potential.7,13 In agreement with the
recent review by Medina et al.,7 plant oxylipins have been
demonstrated to be competent in modulating cellular
mechanisms involved in adaptive immunological responses.
In this aspect, these PhytoPs and PhytoFs polarize T-cells
toward a type 2 helper (TH2, proallergenic) response by
inhibiting the production of IL-12 by dendritic cells and thus
activating mechanisms dependent on the peroxisome pro-
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liferator-activated receptor γ (PPAR-γ) and the inhibition of
NF-kB. Thus, the recent description of these compounds in
plant foods has aroused great interest based on the body of
evidence on their biological interest already gathered and their
structural similarity to bioactive oxylipins in mammals,
although these aspects should be characterized in detail in
future.7,13

However, a constraint to the current interest in the
biological functions of these compounds is found in the
information gap on the chemical species of PhytoPs and
PhytoFs present in plant-based foods and consequently on the
availability of true standards for such compounds, which does
not allow establishing their absolute concentration in plant
tissues. In this respect, the availability of nonesterified standard
compounds relies only on the hydrolyzation of PhytoP and
PhytoF extracts to avoid underestimations of their concen-
trations. At present, the hydrolysis of PhytoPs and PhytoFs for
free compounds is performed by alkaline hydrolysis using a
saturated solution of KOH.14,15 Nonetheless, the harsh
reaction conditions associated to this technique could
compromise the stability of PhytoPs and PhytoFs through
the modification of the functional groups in the target
molecules, which constitutes a constraint for the functional
characterization of such extracts/compounds.16 This limitation
could be partially overcome by developing an enzymatic
hydrolysis method, although this approach still needs further
optimization, which is in line with the current demand for the
improvement of methods for the extraction of oxylipins,
especially given their low concentrations in samples.17

Due to these reasons, the aim of the present research is to
establish reliable conditions for the efficient enzymatic
hydrolysis of PhytoP and PhytoF esters, enhancing the
efficiency for obtaining free acids. Hence, the capacity of
diverse esterases (from Bacillus stearothermophilus, Saccharo-
myces cerevisiae, Bacillus subtilis, and Pseudomonas fluorescens)
was tested for their ability to hydrolyze PhytoP and PhytoF
esters. Once the most efficient enzyme was identified, a pilot-
scale response surface methodology (RSM) model was applied
to optimize variables influencing the enzymatic reaction
(concentration, temperature, and reaction time). This model
had been previously successfully applied for the optimization
of the extraction conditions for obtaining bioactive phyto-
chemicals from diverse foods and foodstuffs.18−20 This method
integrates a collection of mathematical and statistical
algorithms, reducing the time and resources required for the
optimization of processes, where the variables of interest are
influenced by independent factors,18 thereby also providing
valuable information on the interactions between them.

■ MATERIALS AND METHODS
Chemicals and Reagents. The reagents hexane, hydrochloric

acid, and ethanol were acquired from Panreac (Castellar del Valles,
Barcelona, Spain). 2-[Bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)-
propane-1,3-diol (Bis-Tris), butylhydroxyanisole (BHA), and the
bacterial (B. stearothermophilus, B. subtilis, and P. fluorescens) and yeast
(S. cerevisiae) esterases were purchased from Sigma-Aldrich (St. Louis,
MO). Methanol and acetonitrile were from J.T. Baker (Phillipsburg,
NJ). The solid-phase extraction (SPE) cartridges Strata X-AW (100
mg/mL) and Sep-Pack C18 (360 mg) were acquired from
Phenomenex (Torrance, CA) and Waters (MA), respectively. All
solvents were of analytical grade. Ultrapure water was from a Milli-Q-
A10 water purification system (Millipore, Bedford, MA).
The standards of PhytoPs and PhytoFs (9-F1t-PhytoP, 9-epi-9-F1t-

PhytoP, ent-16-F1t-PhytoP, ent-16-epi-16-F1t-PhytoP, ent-9-D1t-Phy-

toP, ent-9-epi-9-D1t-PhytoP, 16-B1-PhytoP, 9-L1-PhytoP, 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) were synthesized by the Institut
des Biomolećules Max Mousseron (IBMM) (Montpellier, France)
according to previous reports.21−24

Plant Material and Sample Preparation. Fresh pea (Pisum
sativum L.) seeds used as a source of PhytoPs and PhytoFs were
acquired from local markets (Murcia, Spain), thus providing
homogeneous samples according to commercial standards in terms
of maturity. In addition, to avoid deviations due to a lack of
uniformity of the plant material, for analytical purposes, peas were
mixed thoroughly, to be pooled again into three well-mixed replicates
(n = 3) per extraction condition. The samples were then flash-frozen
using liquid nitrogen and kept at −80 °C until freeze-dried (Christ α
1-4D, Christ, Osterode am Harz, Germany). The lyophilized material
was crushed in a mill (Janke & Kunkel, mod. A10, IKA-191
Labortechnik) for approximately 20 s, passed through a 0.5 mm sieve,
packed in polypropylene containers, and stored at −80 °C until the
extraction of PhytoPs and PhytoFs.

Extraction of Phytoprostanes and Phytofurans. The PhytoPs
and PhytoFs from peas were extracted following the methodology
described previously by Collado-Gonzaĺez et al.25 and Pinciroli et
al.,26 with minor modifications. Briefly, samples (400 mg) were
dissolved in 1 mL of methanol/BHA (99.9:0.1, v/w), sonicated for 10
min at room temperature (Branson 3510MT sonicator, ultrasonic
frequency 40 kHz, Sigma-Aldrich, St. Louis, MO), stirred in a vortex,
and centrifuged at 2000g for 10 min at room temperature. After
centrifugation, supernatants were filtered through a Sep-Pack C18
classic cartridge (360 mg) (Waters, Milford, MA), preconditioned
with 10 mL of methanol and 10 mL of Milli-Q water, and dried with
10 mL of air using a 10 mL syringe for each fluid. One milliliter of the
filtered extracts was removed from each sample and hydrolyzed
through the application of a range of hydrolysis conditions in regard
to temperature, extraction time, and enzyme concentration described
in the next section.

Hydrolysis. The starting conditions for the design of the RSM
model addressed to optimize the hydrolysis of PhytoPs and PhytoFs
esters by esterases from B. stearotermophilus, S. cerevisiae, B. subtilis,
and P. fluorescens were chosen upon a preliminary characterization of
the hydrolysis capacity of the enzymes selected. This was done
according to the information available in the literature regarding the
most relevant factors (enzyme concentration, duration of the reaction,
and reaction temperature).27,28 Thus, these preliminary analyses were
conducted by adding 50 μL of enzyme (20 μg/mL) and 200 μL of
0.02 M Bis-Tris (pH 7.0) to 200 μL of PhytoP/PhytoF pea extracts.
The hydrolysis reactions were carried out at 25 °C for 10 and 20 min,
in agreement with the previous descriptions available on the enzyme
requirements.27,28 Afterward, the esterase activity was stopped by
adding 200 μL of methanolic HCl (200 mM). The hydrolyzed
samples were centrifuged at 15 000 rpm for 5 min at 4 °C, and the
supernatants were collected. The results shown are representative of
three independent experiments.

Alkaline hydrolysis developed in reference to the results obtained
on enzymatic hydrolysis was performed according to the methodology
described by Leung et al.14

To remove molecules that could potentially interfere with the
ionization of PhytoPs and PhytoFs during the ultrahigh-performance
liquid chromatography coupled to electrospray ionization and triple
quadrupole mass spectrometry (UHPLC-ESI-QqQ-MS)/MS analysis,
the hydrolyzed extracts were cleaned up with SPE, using strata X-AW
cartridges (Phenomenex, Torrance, CA), according to the previously
described methodology.25 The PhytoPs and PhytoFs eluted were
dried using a speed vacuum concentrator (Savant SPD121P, Thermo
Scientific, MA), and the dried extracts were reconstituted with 200 μL
of Milli-Q water/methanol (50:50, v/v), sonicated for 10 min, and
filtered through a 0.45 μm pore size filter (Millipore, MA).

UHPLC-ESI-QqQ-MS/MS Analysis of Phytoprostanes and
Phytofurans. The hydrolyzed PhytoPs and PhytoFs were analyzed
by ultrahigh-performance liquid chromatography (UHPLC), coupled
to an electrospray ionization triple quadrupole mass spectrometer
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(ESI-QqQ-MS/MS, Agilent Technologies, Waldbronn, Germany),
using the method developed and validated by Collado-Gonzaĺez et al.
for PhytoPs and complemented by Dominguez-Perles et al.25,29

relatively to PhytoFs. The quantification of free PhytoPs and PhytoFs
was performed with previously reported molecular transitions29 by
utilizing authentic standard curves, which were freshly prepared each
day of analysis.
Experimental Design and Statistical Analysis. For the

optimization of the enzymatic hydrolysis of PhytoP and PhytoF
esters relative to the variables temperature (°C, X1), extraction time
(min, X2), and the enzyme concentration (μg of enzyme, X3), a Box−
Behnken design (Table 1) was developed, which included 15

independent experiments. The model was developed by applying
random combinations of the variables. The hydrolyzed extracts were
assessed for the concentration of total free PhytoPs and PhytoFs
(Table 2). All of the experiments were carried out in triplicate (n = 3).
Three conditions of the Box−Behnken design, randomly distributed
in the design, corresponded to the center of the own design (X1(0) 35
°C, X2(0) 20 min, and X3(0) 2 μg of enzyme). This, together with the
randomized design of the model, minimized the unexplained
variability in the observed response due to extraneous factors
(Table 2).
The development of the RSM/Box−Behnken model proposed

provided two second-order polynomial models that constitute
independent variable functions to predict the theoretical contents of
total free PhytoPs and PhytoFs. The coefficients corresponding to the
model equation were obtained using Statgraphics Centurion XV.I
software (StatPoint Technologies, Inc., Warrenton, VA).
When a comparison between more than two groups of variables

was required, analysis of variance (ANOVA) and Tukey’s multiple
range test were employed, using the concentration of total PhytoPs
and PhytoFs as sources of variation. The analyses were carried out

using IBM SPSS statistics 24.0 software (SPSS Inc., Chicago, IL). The
level of significance was set at p < 0.05.

■ RESULTS AND DISCUSSION

At present, and in regard to PhytoPs and PhytoFs, diverse
scientific publications have characterized procedures of organic
synthesis to obtain nonesterified PhytoPs4,30 and Phy-
toFs,21,22,31 while the synthesis of esterified forms has not
been reported thus far. In connection with the limited range of
PhytoP and PhytoF standards available, the concentration of
these compounds in plant foods and biological samples may be
underestimated due to the occurrence of esterified derivatives
(mainly with phospholipids and triglycerides32), which are not
properly detected and quantified.7 This problem has been
initially addressed by the development of unspecific alkaline
hydrolysis.14,15 Nonetheless, the detrimental effects on the
stability of PhytoPs and PhytoFs treated with this type of
hydrolysis could result in serious constraints when processing
samples to obtain free (nonesterified) PhytoPs and PhytoFs.16

This situation has forced the search for alternative solutions.
With the objective of achieving more efficient and specific

hydrolysis of esterified PhytoPs and PhytoFs, the use of
bacterial and yeast esterases with the capacity to hydrolyze the
esters bonds on the PhytoPs and PhytoFs was hypothesized to
be a viable solution. Hence, in the present work, the candidate
esterases were selected according to the information available
in the existing literature, the commercial availability, and the
working conditions in terms of temperature, reaction time, and
enzyme concentration. In this respect, although pH is an
important factor that influences the efficiency of the enzymatic
reaction, the optimal activity of the enzymes used in this work
is at pH 7.0.27,28 Thus, to simplify the experimental design, the
pH value for all reactions was fixed to pH 7.0. To complete the
optimization of the enzymatic hydrolysis conditions, this was
conducted on PhtyoP and PhytoF extracts from peas. This
food matrix was selected based on previous works, which
characterized the presence of PhytoPs and PhytoFs in plant
foods, stressing the value of legumes as a dietary source of
these compounds.33 However, given that the enzymatic
hydrolysis is done on PhytoP and PhytoF extracts and not

Table 1. Symbols and Coded Factor Levels for the
Considered Independent Variables

levels

independent variables code −1 0 1

temperature (°C) X1 20 35 50
time (min) X2 5 20 35
enzyme per reaction (μg) X3 0.5 2.0 3.5

Table 2. Effect of Processing Variables on the Concentration (μg/kg dw) of Total Phytoprostanes and Phytofurans in
Commercial Pisum sativum L.b

coded level total phytoprostanes total phytofurans

assay temperature (°C) time (min) enzyme (μg) observed theoretic observed theoretic

1 0 (35) −1 (5) 1 (3.5) 7874.63 ± 847.31 8547.33 1450.70 ± 371.66 1268.74
2 −1 (20) 0 (20) −1 (0.5) 7789.40 ± 940.94 7634.11 3707.03 ± 976.35 3707.03
3 1 (50) 0 (20) −1 (0.5) 3039.69 ± 253.69 2895.15 1784.16 ± 71.27 1829.18
4a 0 (35) 0 (20) 0 (2.0) 7433.20 ± 346.14 7588.00 2068.36 ± 72.30 1983.23
5 1 (50) 1 (35) 0 (2.0) 7014.63 ± 403.57 7330.48 1949.60 ± 108.82 1904.58
6 −1 (20) −1 (5) 0 (2.0) 11457.13 ± 126.47 11572.09 1863.44 ± 63.42 1908.46
7 −1 (20) 1 (35) 0 (2.0) 9855.10 ± 250.64 10324.65 1091.86 ± 90.07 1091.86
8 0 (35) 1 (35) 1 (3.5) 4885.20 ± 520.36 4384.57 2720.93 ± 328.90 2765.95
9 −1 (20) 0 (20) 1 (3.5) 5750.80 ± 57.82 5750.10 1383.31 ± 7.21 1338.29
10 1 (50) −1 (5) 0 (2.0) 7853.00 ± 199.53 8014.26 1227.05 ± 57.92 958.61
11 1 (50) 0 (20) 1 (3.5) 3382.30 ± 372.95 3537.06 3079.00 ± 27.82 3079.00
12 0 (35) −1 (5) −1 (0.5) 6332.60 ± 737.33 6171.24 3305.76 ± 291.34 3260.74
13a 0 (35) 0 (20) 0 (2.0) 7442.50 ± 874.25 7588.00 1959.60 ± 326.41 1983.23
14 0 (35) 1 (35) −1 (0.5) 8318.70 ± 517.16 8002.76 1892.88 ± 102.74 1892.88
15a 0 (35) 0 (20) 0 (2.0) 7889.10 ± 183.51 7588.00 1921.73 ± 72.50 1983.23

aCentral point. bThe best results obtained within the Box−Behnken design are highlighted in bold.
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Figure 1. Percentage (mean ± standard deviation, SD) of the increase of free individual phytoprostanes (9-F1t-PhytoP, 9-epi-9-F1t-PhytoP, ent-16-
F1t-PhytoP, ent-16-epi-16-F1t-PhytoP, ent-9-D1t-PhytoP, ent-9-epi-9-D1t-PhytoP, 16-B1-PhytoP, and 9-L1-PhytoP) in response to enzymatic
hydrolysis developed by esterases of B. stearothermophilus, S. cerevisiae, B. subtilis, and P. fluorescens by applying 1 μg of enzyme, at 25 °C, during 10
and 20 min. Results were representative of three independent experiments. Statistical differences were identified according to the ANOVA and
Tukey’s multiple range test and set at p < 0.001. Different lowercase letters indicate significantly different percentages.
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on the food matrix, the optimized hydrolysis conditions
achieved would be applicable to additional dietary sources of
these compounds.
Preliminary Selection of Esterases. According to the

selection criteria mentioned above, the relative efficiencies of
the hydrolysis activity of the esterases produced by B.
stearothermophilus, B. subtilis, and P. fluorescens, as well as by
S. cerevisiae were assessed by applying the reaction conditions
described in the Materials and Methods section (1 μg of
enzyme per reaction, 25 °C, and 10 and 20 min reaction). The
free PhytoPs and PhytoFs obtained as a result of the enzymatic
hydrolysis were identified and quantified by UHPLC-ESI-
QqQ-MS/MS according to their molecular mass, specific
fragmentation pattern, and elution order, in comparison with
authentic standards.
When assessing hydrolyzed extracts for the concentration of

free PhytoPs, it was found that the concentration of these
compounds varied depending on the enzyme used to hydrolyze
esterified compounds, the duration of the reaction, and the
PhytoPs considered. In this respect, the results obtained

revealed a significant augmentation of the concentration of
PhytoPs belonging to the F-series (Figure 1). Presently, the
hydrolysis by esterases from B. stearothermophilus, S. cerevisiae,
and B. subtilis, as referred to a 20 min hydrolysis, which in
general provided the most efficient reaction, gave rise to 3.8-,
1.1-, and 1.1-fold higher values of free ent-16-F1t-PhytoP,
respectively, and 3.3-, 1.0-, and 1.0-fold higher values of free
ent-16-epi-16-F1t-PhytoP, respectively. On the other hand, the
extracts hydrolyzed using esterases from P. fluorescens showed
0.7- and 0.3-fold lower contents of free ent-16-F1t-PhytoP and
ent-16-epi-F1t-PhytoP, on average, respectively. With respect to
9-F1t-PhytoP and 9-epi-9-F1t-PhytoP, the 20 min enzymatic
hydrolysis developed using esterases from B. stearothermophi-
lus, S. cerevisiae, B. subtilis, and P. fluorescens provided 26.1-,
9.8-, 10.1-, and 10.0-fold and 5.1-, 1.8-, 1.9-, and 1.9-fold
increases, on average, respectively.
The enzymatic hydrolysis of PhytoPs belonging to the D-

series by esterases from B. stearothermophilus, S. cerevisiae, B.
subtilis, and P. fluorescens resulted in 33.3-, 4.4-, 3.6-, and 4.3-
fold and 55.5-, 11.0-, 12.5-, and 13.7-fold higher concen-

Figure 2. Percentage of increase of free individual phytofurans (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) in response to enzymatic hydrolysis developed by esterases of B. stearothermophilus, S. cerevisiae, B. subtilis, and P.
fluorescens by applying 1 μg of enzyme, at 25 °C, during 10 and 20 min. Results are representative of three independent experiments. Statistical
differences were identified according to the ANOVA and Tukey’s multiple range test and set at p < 0.001. Different lowercase letters indicate
significantly different percentages.
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trations, on average, for 9-D1t-PhytoP and 9-epi-9-D1t-PhytoP,
respectively (Figure 1).
At last, 16-B1- and 9-L1-PhytoP experienced an average of

10.3-, 1.9-, 2.4-, and 2.5-fold and 7.3-, 1.3-, 1.9-, and 2.4-fold
increases, respectively, for the above-referred esterases (Figure
1).
Beyond the PhytoPs, the quantification of PhytoFs in the

hydrolyzed extracts also revealed increased concentrations of
the free compounds, while the size of the augmentation was
closely dependent on the enzyme, the duration of the
hydrolysis reaction, and the PhytoF considered (Figure 2).
Thus, after a 20 min reaction, the concentrations of free
PhytoFs provided by the esterases of B. stearothermophilus, S.
cerevisiae, B. subtilis, and P. fluorescens, regarding ent-16-(RS)-9-
epi-ST-Δ14-10-PhytoF, were 2.1-, 0.6-, 0.4-, and 0.3-fold higher,
on average, respectively, relative to nonhydrolyzed extracts,
while for ent-9-(RS)-12-epi-ST-Δ10-13-PhytoF, the increase
observed was 3.0-, 0.9-, 0.8-, and 0.6-fold, respectively. At last,
the hydrolysis reactions provided concentrations of ent-16-
(RS)-13-epi-ST-Δ14-9-PhytoF increased by 3.6-, 1.3-, 0.9-, and
0.6-folds, respectively (Figure 2).
The results obtained on the advantage of the application of

enzymatic hydrolysis for determining the concentration of total
PhytoPs and PhytoFs are difficult to compare with previous
data from the bibliography because of the lack of previous
reports on the efficiency of esterases regarding the hydrolysis
of oxylipins. In addition, when applying alkaline hydrolysis to
PhytoP and PhytoF extracts to obtain free compounds, no
comparison with nonhydrolyzed extracts was provided.15

Within this frame, there has been a recent and growing
interest in applying enzymatic methods.17 Thus, although there
is no information on the benefits of these procedures on the
quantification of free PhytoPs and PhytoFs to date, previous
reports on the analysis of mammal oxylipins (isoprostanes and
prostaglandins) have resulted in successfully enzymatic
hydrolysis methods for the evaluation of the whole compounds
(free and esterified with glucuronic acid).34 An increase of the
concentration of free compounds in a study on neuroprostanes
and dihomo-isoprostanes in 15 volunteers ranged between 2-
and 31-folds depending on the individual compound
considered.35 These reports support the interest in developing
such hydrolysis methods for the assessment of PhytoPs and
PhytoFs in plant-based foods, which is further reinforced by
the results presented in the present work, which evidence the
interest in applying esterases capable of cleaving ester bonds,
without the requirement of cofactors,36 which turns them into
attractive biocatalysts, while the low production cost makes the
use of esterases a feasible alternative for industrial applica-
tions.37

When analyzing the influence of the diverse hydrolysis
incubation times on the final efficiency of the reactions in
terms of obtaining free compounds, it was noticed that the
most efficient hydrolysis was obtained after a 10 or 20 min
reaction depending on the enzyme and family of compounds
considered. Thus, for PhytoPs, no significant differences were
found between the reaction times for enzymes from B.
stearothermophilus and B. subtilis and esterases from S. cerevisiae
and P. fluorescens were more efficient at 10 and 20 min,
respectively. On the other hand, with respect to PhytoFs, it was
observed that esterases of B. stearothermophilus and S. cerevisiae
provided a lower concentration of free compounds after a 20
min reaction and the results upon hydrolysis catalyzed by B.
subtilis were not significantly different between 10 and 20 min.

This was also observed for P. fluorescens esterases, except for
ent-16-(RS)-13-epi-ST-Δ14-9-PhytoF, whose concentrations
were significantly higher in reactions lasting 20 min (Figures
1 and 2). In the case of lower yield as a result of longer
hydrolysis reactions, this could be due to a further degradation
of free PhytoPs and PhytoFs, although this situation should be
confirmed by analyzing the formation of secondary com-
pounds. In this regard, previous reports have described that
incubation times longer than 30 min could be related to
nonspecific granulation that would compromise the precision
of the hydrolysis reactions.38 In this respect, the possibility
should be explored that PhytoPs and PhytoFs could react and/
or aggregate and, thus, precipitate together with enzymes
responsible for the hydrolysis reactions that could, to some
extent, explain the decrease of free molecules when increasing
the hydrolysis reaction time. These incubation times were
further fine-tuned by applying the RSM model.
In light of these findings, the esterase from B. stearothermo-

philus was selected as the most efficient, and the subject of the
further optimization of the factors such as reaction time,
temperature, and enzyme concentration, which are directly
involved in the enzymatic activity.22,23

For the optimization of these factors, a Box−Behnken/
response surface methodology (RSM) design was developed,
which was chosen based on its efficiency, according to recent
publications.39 Upon the research reported by Ferreira et al.,39

a Box−Behnken design was compared with other response
surface designs (central composite, Doehlert matrix, and three-
level full factorial design), demonstrating that the Box−
Behnken and Doehlert matrix designs are more efficient than
the central composite design and the three-level full factorial
designs. Thus, the three-level full factorial design is consistent
with a number of factors higher than 2.

Optimization of Enzymatic Hydrolysis of Phytopros-
tanes and Phytofurans. The levels considered for the factors
influencing the hydrolysis of PhytoP and PhytoF esters were
established according to the information available in the
literature,28,40−42 together with preliminary results achieved
during the selection of the most efficient esterase. Thus, ranges
of values considered for the variables optimized (X1 (temper-
ature), X2 (time), and X3 (enzyme concentration)) were 20−
50 °C, 5−35 min, and 0.5−3.5 μg, respectively (Table 2).
These ranges were considered symmetrical according to the
characteristics of the “central point” Box−Behnken design.43

The results obtained from the array of hydrolysis conditions
tested indicated that the optimal conditions differed when
considering the optimal yield of total PhytoPs or PhytoFs.
Hence, while the most efficient hydrolysis of PhytoP esters,
expressed as the concentration of total free PhytoPs, was
achieved when developing the enzymatic hydrolysis at 20 °C
for 5 min using 2.0 μg of enzyme per reaction (11457.13 μg/kg
dw, on average), the best hydrolysis of PhytoF esters,
expressed as the concentration of total free PhytoFs, was
achieved at 20 °C for 20 min using 0.5 μg of enzyme per
reaction conditions (3707.03 μg/kg dw, on average) (Table 2).

Experimental Design Optimization and Model Build-
ing. The sets of results obtained through the implementation
of the experimental design provided in Table 2 were modeled
to obtain the experimental values for the three variables
considered, providing the maximum concentrations of total
nonesterified PhytoPs and PhytoFs. In this respect, the
implementation of the design and the processing of the results
allowed obtaining the reduced model equations that permitted
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the calculation of the theoretical values of total free PhytoPs
(total PhytoPs = 7588.27 − 1713.44X1 − 557.808X2 −
335.525X3 − 303.176X1

2 + 215.915X1X2 + 606.483X1X3 +
1784.87X2

2 − 1784.87X2X3 − 2305.72X3
2) and PhytoFs (total

PhytoFs = 1983.23 − 34.2833*X1 + 32.34*X2 − 279.732*X3 −
163.027*X1

2 + 440.642*X1*X2 + 904.64*X1*X3 −
354.325*X2

2 + 716.268*X2*X3 + 668.172*X3
2) upon diverse

combinations of temperature, time, and enzyme concentration
(Table 3).
According to these equations, the extraction of total

nonesterified PhytoPs by enzymatic hydrolysis catalyzed by
esterases from B. stearothermophilus is closely dependent on the
simple and quadratic effect of the enzyme concentration (both
at a p < 0.01 significant level), as well as on the quadratic effect
of the temperature (p < 0.05) and extraction time (p < 0.01)
utilized. The efficiency of the extraction of nonesterified
PhytoPs was also significantly influenced by the interactions
between temperature and enzyme concentration (p < 0.05)

and between reaction time and enzyme concentration (p <
0.01) (Table 3). When analyzing the model by means of the “f”
statistical test with analysis of variance (ANOVA) to evaluate
the goodness of fit, a value of 16.527, with a very low
probability value (p < 0.001), was obtained, providing
information on a high degree of significance.44 Also, the
model obtained was verified in regard to its efficiency for
obtaining the highest concentration of total nonesterified
PhytoPs, in agreement with the coefficient of determination
(R2 = 0.994) (Table 3), which indicated that 99.4% of all
variations were explained by the model.44

The analysis of the model indicators regarding PhytoFs
revealed that the enzymatic hydrolysis of esterified PhytoFs
catalyzed by esterases from B. stearothermophilus depended on
the simple and quadratic effect of the temperature (both at p <
0.01 significant level) and incubation time of the hydrolysis
reaction (p < 0.05 and p < 0.01, respectively), as well as on the
quadratic effect of the enzyme concentration (p < 0.01), while

Table 3. Corresponding f-Values and p-Values for Each Obtained Coefficient and Second-Order Polynomial Models Used To
Express the Content (μg/kg dw) of Individual and Total Phytoprostanes and Phytofurans in Pisum sativum L.a

variable statistics X1 X2 X3 X1,2 X1,3 X2,3 X1
2 X2

2 X3
2

total PhytoPs p-value N.S. N.S. ** N.S. ** *** * ** **
f-value 0.71 0.35 47.44 9.48 42.04 413.49 30.5 111.09 159.23

total PhytoFs p-value ** * N.S. N.S. N.S. N.S. ** ** **
f-value 151.44 161.05 3.23 1.90 2.00 6.78 65.73 40.00 161.31

polynomial modelsc R2 MAEb

total phytoprostanes = 7588.27 − 1713.44X1 − 557.808X2 − 335.525X3 − 303.176X1
2 + 215.915X1X2 + 606.483X1X3 +

1784.87X2
2 − 1784.87X2X3 − 2305.72X3

2
0.994 117.628

total phytofurans = 1983.23 − 34.2833*X1 + 32.34*X2 − 279.732*X3 − 163.027*X1
2 + 440.642*X1*X2 + 904.64*X1*X3 −

354.325*X2
2 + 716.268*X2*X3 + 668.172*X3

2
0.996 33.877

aN.S., not significant; significant at *p < 0.05, **p < 0.01, and ***p < 0.001. bMAE, mean absolute error. cX1, temperature (°C); X2, time (min);
and X3, enzyme (μg).

Figure 3. Response surface plots showing the effect of time, temperature, and enzyme concentration on the hydrolysis of esters from
phytoprostanes and phytofurans toward total free compounds. Units of axes x and z are according to the information provided in Table 2.
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no interaction between factors was found (Table 3). Regarding
PhytoFs, the evaluation of the f statistical indicator provided a
value of 25.938, with a probability value set at p < 0.01, again
informed on the high degree of significance.44 Also, the
verification of the model achieved with respect to its efficiency
for the calculation of the yield of total nonesterified PhytoFs
through the calculation of the coefficient of determination (R2)
revealed a value of 0.996, indicating that 99.6% of all variations
were explained by the model.44

Relevance of the Processing Variables Considered
and Their First-Order Interaction. In agreement with the
results obtained in the present work, it was observed that
temperature, time, and concentration of esterases were critical
factors for achieving the optimal hydrolysis of PhytoP and
PhytoF esters for obtaining free compounds. Indeed, based on
the reduced model equations, it was confirmed that the
efficiency of the hydrolysis of PhytoP and PhytoF esters by the
esterase from B. stearothermophilus was closely dependent on
the range of values considered for these factors. However,
contrary to previous reports that indicated that the enzyme
concentration was the most relevant factor for enzymatic
hydrolysis,45 the present results obtained evidenced a highly
significant interaction of the enzyme concentration with the
temperature and the duration of the reaction for PhytoPs. As
for PhytoFs, the contribution of temperature and time of
reaction was significantly related to the efficiency of the
hydrolysis, while no significant influence was detected for the
enzyme concentration, which was considered to be linear.
These results could be influenced by the fact that after an
initial rapid phase the rate of hydrolysis decreased
independently of the enzyme concentration, perhaps due to
the esterified substrate available for hydrolysis being lower,
thus becoming a limiting factor.46 Alternatively, it has been
suggested that the formation of hydrolysis products could limit
the enzymatic activity.47

Apart from the enzyme concentration, with respect to
temperature, previously reported results suggest that enzymatic
hydrolysis increases together with the increase in temper-
ature.48 However, this was not observed when monitoring the
optimal temperature for the hydrolysis of esters from PhytoPs
and PhytoFs. The evolution of the concentration of free
PhytoPs and PhytoFs may suggest, to some extent, an eventual
denaturalization of enzymes in parallel to the increase in
temperature, indicating a lower hydrolysis efficiency at high
temperatures.46

The response surface plots in Figure 3 represent a practical
manner of visualizing the first-order interactions between the
diverse combinations of two factors, when the additional
variable in the system is in its middle level. Hence, the
representation of such interactions confirms the significance of
the interactions between enzyme concentration with incuba-
tion time and temperature, in regard to the concentration of
free PhytoPs in the extracts (Figure 3).
Validation of the Optimal Conditions Retrieved. The

validation of the models developed in the present work was
done by applying the optimal hydrolysis conditions provided
by the model for the esterase from B. stearothermophilus.
Interestingly, in this respect, the analysis of the results obtained
provided the optimal conditions for nonesterified PhytoPs
(21.5 °C, 5.7 min, and 0.61 μg of enzyme per reaction) and
nonesterified PhytoFs (20.0 °C, 5.0 min, and 2.17 μg of
enzyme per reaction) (Figure 4).

According to the optimal hydrolysis conditions, the
predicted yield of nonesterified PhytoPs was 11774.10 μg/kg
dw. This was validated through three hydrolysis reactions
developed by applying the optimal conditions that yielded, on
average, 11657.13 μg/kg, which was not significantly different
from the theoretical value (Figure 4). In addition, a
comparison of the optimal hydrolysis conditions on esters
from PhytoFs gave rise to an experimental yield of 3707.58 μg
of nonesterified PhytoFs per kg of P. sativum, which was not
significantly different from the theoretical value predicted by
the model (3477.36 μg/kg dw). Thus, according to these
matches, enzyme-assisted hydrolysis of esters from PhytoPs
and PhytoFs was demonstrated to be highly efficient and
specific. In addition, the enzymatic hydrolysis also provided
significantly higher concentrations of total PhytoPs and
PhytoFs than the alkaline hydrolysis applied previously for
the evaluation of these plant oxylipins15 (59.00 and 280.00 μg/
kg dw, respectively). As stated before, the lower effectiveness
of the alkaline hydrolysis, which even caused a significant
decrease in the concentration of the compounds of interest,
relative to the results of the hydrolytic activity of the B.
stearothermophilus esterases could be due to the impact of the
alkaline reaction conditions on the stability of esterified and
nonesterified PhytoPs and PhytoFs.16

Therefore, to understand the impact of the optimal
hydrolysis conditions retrieved for PhytoPs on PhytoFs and
vice versa, the concentrations of individual free PhytoPs and
PhytoFs were monitored when applying both hydrolysis
conditions (Figure 5). Upon this measurement, it was
observed that both hydrolysis conditions provided similar
concentrations of most individual PhytoPs and PhytoFs, except
for ent-16-(RS)-9-epi-ST-Δ14-10-PhytoF, ent-9-(RS)-12-epi-ST-
Δ10-13-PhytoF, and 16-B1-PhytoP, as these had significantly
higher concentrations as a result of hydrolysis reactions
developed when applying the specific conditions provided by
the model for their specific class of oxylipins (Figure 5). In

Figure 4. Concentration of total nonesterified phytoprostanes and
phytofurans in pea (P. sativum L.), concentration after alkaline
hydrolysis, and theoretical and observed values under optimum
hydrolysis conditions based on individual response corresponding to
total phytofurans and phytoprostanes (μg/kg dw). Statistical
differences were identified according to the ANOVA and Tukey’s
multiple range test and set at p < 0.001 (***). N.S. = no significant
differences.
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addition, the concentration obtained by enzymatic hydrolysis
was significantly higher in comparison with the concentration
found when utilizing alkaline hydrolysis (Figure 5), regarding
both individual PhytoPs and PhytoFs, confirming the findings
reported on total free compounds.
In conclusion, the hydrolysis of the esterified forms of

PhytoPs and PhytoFs by the use of bacterial and yeast
esterases, which was optimized in the present work through the
use of an RSM model using a Box−Behnken design,
constitutes a valuable alternative for obtaining free, non-
esterified, compounds, well-fitting with the currently available
array of standards. According to this, the quantitative
determination of these compounds in plant extracts, hydro-
lyzed as per the model developed and described in the present
work, will be more accurate, thus avoiding unspecific reactions
that could be tentatively occurring when applying chemical
hydrolysis and that could be related with underestimations of
the actual concentrations of these compounds in the analyzed
extracts. In addition, the implementation of this hydrolysis
method will provide a valuable tool for the successful
assessment of the specific esterified forms of PhytoPs and

PhytoFs when applying jointly with untargeted metabolomic
approaches to both intact and hydrolyzed extracts of the plant
material. In this regard, the application of this environmentally
friendly hydrolysis alternative will allow obtaining significantly
higher concentrations of nonesterified compounds in the
extracts, which is essential for the practical application of this
metabolomic approach.
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UMR 5247, University of Montpellier, CNRS, ENSCM, 34090
Montpellier, France

J. M. Galano − Institut des Biomolećules Max Mousseron,
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