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Corchorus olitorius L. is an African leafy vegetable of high nutritional interest. To assess

its agricultural suitability to sustainable cultivation conditions and its potential benefits

for human nutrition, its phytochemical content in response to conservation agriculture

practices [i.e., no-tillage (NT) and cover crop maintenance] and low water regime were

evaluated and compared with response under conventional agriculture management.

Hydric stress and NT did not affect the content of antioxidant metabolites, compared

to conventional agricultural practices. In both conditions, leaves were found to be

a great source of phenolic compounds. The effect of these phenolic fractions was

assessed on two colon cell phenotypes to evaluate putative nutraceutical properties.

Polyphenol-enriched extracts (PEEs) displayed selective cytotoxic activities against

tumor Caco-2 cells but not on the healthy CCD841 line. PEEs were able to trigger

oxidative stress and to inhibit the activity of glutathione-independent antioxidant enzymes

on Caco-2 cells.C. olitorius showed to be a promising crop for improving both agricultural

sustainability and health benefits due to the great amount of antioxidant compounds

in leaves, whose occurrence is not altered by stressful farming conditions. Given its

high adaptability, the cultivation of this crop is therefore recommendable also in the

Mediterranean Basin.

Keywords: indigenous vegetables, antioxidants, phenolic compounds, bioactivity, agronomic practices

INTRODUCTION

The UN Sustainable Development Goals (i.e., SDG 2) highlight the need of identifying sustainable
ways to produce food for human mankind as one of the major challenges of the Anthropocene
era. As a matter of fact, hunger is still on the rise and many people consume low-quality food
causing micronutrient deficiencies (1). Also in developed countries, the population is inadequately
nourished and many environmental systems and processes are pushed beyond safe boundaries
by food production. In this context, the scientific targets for healthy diets and sustainable food
systems are integrated into a common framework of “one health”; therefore, the innovation of the
agri-food system in the modern society allows to merge the issue of malnutrition and sustainability.

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2021.667812
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2021.667812&domain=pdf&date_stamp=2021-07-01
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:massimo.labra@unimib.it
https://doi.org/10.3389/fnut.2021.667812
https://www.frontiersin.org/articles/10.3389/fnut.2021.667812/full


Guzzetti et al. Corchorus olitorius Nutritional and Agronomic Sustainability

Moreover, diet is not only aimed at guaranteeing a suitable
source of macronutrients but also at ensuring a balanced
intake of micronutrients (2), including bioactive compounds
that can promote human health and solve global nutritional
issues, such as hidden hunger, stunting and famine. Not only
vitamins and minerals, but also dietary phytochemicals such as
plant antioxidant, anti-inflammatory, and anti-aging compounds
originating from leafy vegetables have been proved to contrast
the outbreak of non-communicable diseases (NCDs), as well
as metabolic disorders (e.g., obesity), so that their uptake
is recommended by institutions such as the World Health
Organization (WHO) (3–5). Leafy vegetables are sources of
nutritional components, including proteins (6), dietary fibers (4),
vitamins (7), and minerals (8), as well as natural antioxidants,
including phytochemicals (9, 10).

In African rural communities, there is a wide range
of indigenous vegetables cultivated by households for self-
consumption that represent a valuable source of micronutrients
and phytochemicals (2). The dietary diversification through
the introduction of these food items in feeding programs is
recommendable to reduce the risk of malnutrition and hidden
hunger-related pathologies (6). However, the importance of
identifying or resuming new species of agricultural interest
does not deal only with nutritional and healthy needs, but also
with environmental and sustainability concerns. This could be
achieved by fostering the adoption of low-impact practices at
the environmental level (11), such as conservation agriculture
which is able to guarantee energetic, hydric and emissions savings
(12, 13). In this work, we evaluated the healthy properties of
Corchorus olitorius L., an indigenous African leafy vegetable
known as jute mallow. This plant is largely diffused in the
Middle East and in African countries (14–16) and is mainly
cultivated in smallholding farms for self-consumption. It is made
into a common mucilaginous soup or sauce in some West
African cooking traditions (17). It has a high content of fiber,
vitamins and antioxidant compounds (18), it is highly resistant
to environmental stressors such as heat and water deficiency
(2), and requires low fertilization to grow (8). We hypothesized
that similarly to other leafy vegetables, stressful cultivation
conditions, such as hydric stress, could trigger variations in the
C. olitorius metabolic profile leading to higher polyphenolic and
antioxidant compounds contents (19, 20). This may also have an
impact on the nutraceutical properties of leaves.

The aims of the study are (i) to unravel the metabolic
composition of jute mallow phenolic fractions obtained from
leaves cultivated under different tillage and watering regimes in
order to identify the most suitable and sustainable agronomic
condition to enhance the leafy antioxidant content of this
species, and (ii) to evaluate the bioactivity of the leafy phenolic
fraction on human colon cell lines to unravel if the consumption
of this leafy vegetable could be related to a reduced risk of
gut malignancies, as already shown for other vegetables (21).
This hypothesis is derived from a previous study (22), which
highlighted a selective cytotoxic activity of jute mallow leaves
against a liver cancer cell line (HepG2), with no effects on
healthy FL83B cells. However, no information has been reported

so far about the effect of such green leafy items on gut
cancer and, more generally, on their potential role in enhancing
human well-being.

MATERIALS AND METHODS

Plant Material and Growing Conditions
Seeds of C. olitorius (accession ID. SUD-2) were obtained
from the seed bank of the Word Vegetation Center (AVRDC,
Tanzania). Plants were cultivated with two different agricultural
approaches (conventional vs. conservation agriculture practices)
following the same experimental design described in (13)
through a randomized complete block design (RCBD) with
two factors (i.e., tillage and irrigation with two levels each).
Briefly, between May and August 2018, the trial took place
in a long-term experimental field in San Bonico, Piacenza,
Italy (45◦00’18.05”N, 9◦42’15.285”E; 68m above sea level).
Environmental temperatures ranged between 15 and 40◦C and
humidity was between 35 and 85%. A total of eight plots (5 ×

3m) were set up. Four of these were managed following the
principles of conservation agriculture [i.e., 8 years of no-tillage
(NT) and cover crops maintenance during the resting season of
the field], while the other four were conventionally managed [i.e.,
conventional tillage (CT) and absence of cover crops]. Before
sowing, all plots were fertilized at the same rate [50 kg nitrogen
(N) ha−1], by applying urea (N-46%). The main physicochemical
properties at the beginning of the experiment were pH 6.8,
soil organic C 12.8 g kg−1, total N 1.2 g kg−1, available P
32mg kg−1, exchangeable K 294mg kg−1 and cation-exchange
capacity 30 cmol kg−1. High phosphorus (P) and potassium (K)
concentrations in the 0–30 cm soil layer [available P (Olsen):
32mg kg−1; exchangeable K: 294mg kg−1] suggested that P and
K fertilization processes would not have been necessary according
to the plant requirements (23). The soil is a fine, mixed, mesic
Udertic Haplustalf (24) with a silty clay loamy texture (sand 122,
silt 462, and clay 416 g kg−1) in the upper layer (0–30 cm), well-
drained and non-saline. Plants were seeded at a distance of∼10–
15 cm from each other with a total density of 40 individuals per
plot. To test the ability of C. olitorius to resist against water stress,
two separated subplots for each growing condition were defined
(20 plants per subplot): one subplot was fully watered (FW), while
the other was half-watered (HW) and protected from rain by
applying greenhouses only during rainfalls (in order to induce
stress without modifying the growth conditions of not-irrigated
plants). Moreover, to avoid water percolation, the HW subplots
were delimited by using steel gilders planted into the soil up to a
depth of 30 cm. Specifically, the HW subplots received only 46%
(113mm) of the total water used for the irrigation of the FW
subplots (245mm). Stressful watering conditions for this species
are joined with ∼160–180mm per growth season according to
Maseko et al. (25). Just before flowering, leaves were manually
collected and stored at−20◦C before analyses.

Phytoextraction
Pooled mixtures of leaves obtained for each subplot were
processed in triplicate independently. In particular, leaves were
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washed and boiled in water at 100◦C for 15min in order to mimic
African traditional culinary habits (17, 18, 26, 27). Leaves were
dried in an oven at 50◦C overnight and then grinded and stored at
−20◦C until analysis. Each pool of leaves was extracted according
to the protocol of (28). Briefly, 1 g of powdered leaves was
suspended in 4.8mL of methanol 67% and 4.8mL of chloroform.
The powder was extracted on an orbital shaker (VDRL 711+,
Asal, Italy) for 15min at a constant rotation (400 rpm). Samples
were extracted for a second time by adding a further 2.4mL of
the abovementioned extraction solution. The alcoholic portion
of the extract was evaporated by using a rotary evaporator (40◦C,
120 rpm, 1,000 bar); then, the remaining aqueous fraction was
freeze-dried. Finally, samples were resuspended in water in order
to obtain a concentration of extract equal to 6.7 mg/mL. All
chemicals were purchased from Sigma-Aldrich Merck, Germany.

Total Phenol Content Evaluation
The total phenol content of each extract was estimated by
the Folin-Ciocalteau assay as described in (29) with minor
modifications. Each sample was diluted to a concentration equal
to 0.2 mg/mL and a calibration curve was made up by using
increasing concentrations of gallic acid (from 0 to 100µg/mL).
The analysis was performed by adding in a quartz cell 400 µL
of ultrapure milli-Q water, 80 µL of sample or standard, 40
µL of Folin-Ciocalteau reagent and 480 µL of 10.75% Na2CO3

solution. After an incubation of 30min at room temperature,
samples were read against the blank at a wavelength of 760 nm.
Results are expressed asmgGAE (gallic acid equivalent) per gram
of leaves. All chemicals were purchased from Sigma-Aldrich
Merck, Germany.

DPPH Radical Scavenging Activity
The radical scavenging activity of jute mallow total extracts was
evaluated through the DPPH (2,2-diphenyl-1-picrylhydrazyl)
assay as described in (29) with minor modifications. In brief, 50
µL of samples at a concentration of 0.2 mg/mL was added to 950
µL of 0.1 mM DPPH.

A calibration curve was made up by using Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid) as a standard
reference in a range of concentrations between 0 and 500µM.
After an incubation of 30min at room temperature, samples
were read against the blank at a wavelength of 515 nm.
Results are expressed as mg TE (Trolox Equivalent) per gram
of leaves. All chemicals were purchased from Sigma-Aldrich
Merck, Germany.

Solid-Phase Extraction and
UHPLC-DAD-MS Analysis
In order to enrich the polyphenolic fraction of jute mallow
extracts, a SPE-based purification procedure was performed.
Samples were loaded, washed (3mL H2O), eluted (4.5mLMeOH
pH 2) and finally evaporated in a speed vacuum centrifuge
(Eppendorf, Germany). Dried samples were resuspended
(0.3 mg/mL) for UHPLC-DAD-MS analysis (ThermoFisher
Scientific, Italy). Chromatographic separation was performed
through a Kinetex Biphenyl column (50 × 2.1mm, 2.6µm,
Phenomenex, USA) at a flow rate of 0.3 mL/min by gradient

elution. Two wavelengths (280 and 330 nm) were employed for
the detection and quantification of target analytes. ESI HRMS
analysis, both in positive and in negative ion modes, was used
for the characterization of the main phenolic compounds in the
polyphenol-enriched extracts (PEEs). The ESI parameters and
product ions scans were optimized to obtain a good response
of polyphenols and their characteristic fragments. Detected
compounds were tentatively identified as described in (30).
A calibration external standard method was used to quantify
the main phenolic compounds in PEEs. A mixture of eight
standards—neochlorogenic acid (NCA, LOD: 1.178µg/g; LOQ:
3.927µg/g); cryptochlorogenic acid (CCA, LOD: 0.508µg/g;
LOQ: 1.738µg/g); chlorogenic acid (CA; LOD: 0.354µg/g;
LOQ: 1.21µg/g); quercetin-3-O-galactoside (Q3Gal, LOD:
2.12µg/g; LOQ: 7.11µg/g), isoquercitrin (Q3Gly, LOD: 1.2µg/g;
LOQ: 3.9µg/g), quercetin-3-O-malonyl-glycoside (Q3MGly,
LOD: 5.33µg/g; LOQ: 17.73µg/g), 3,5-dicaffeoylquinic acid
(3,5-DCQA, LOD: 0.28µg/g; LOQ: 0.964µg/g), and kaempferol-
3-O-glycoside (K3Gly, LOD: 4.87µg/g; LOQ: 16.25µg/g)—was
used to produce a calibration curve (in a range between 1 and
100 µg/mL).

Bioactivity Analysis
The eight most concentrated PEEs of the 16 plots were evaluated
for their bioactive effects on healthy and colorectal cancer cell
lines. The effect of each extract on the colon cells was evaluated by
using CCD841 (ATCC R© CRL-1790TM) human healthy intestinal
mucosa cell line and Caco-2 (ATCC R© HTB-37TM) human
colorectal cancer cell line by MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assays and through oxidative
stress analyses [reactive oxygen species (ROS) and antioxidant
enzymes assessment]. Cells were grown in EMEM supplemented
with heat-inactivated 10% fetal bovine serum (FBS), 2mM L-
glutamine, 1% nonessential amino acids, 100 U/mL penicillin,
and 100µg/mL streptomycin. All cell lines were maintained at
37◦C in a humidified 5% CO2 incubator. ATCC cell lines were
validated by short tandem repeat profiles that are generated
by simultaneous amplification of multiple short tandem repeat
loci and amelogenin (for gender identification). All the reagents
for cell cultures were supplied by Lonza (Lonza Group,
Basel, Switzerland).

Viability Assay
Cell viability assay was investigated using MTT-based in vitro
toxicology assay kit (Sigma, St. Louis, MO, United States),
according to the manufacturer’s protocols.

The cell lines were seeded in 96-well microtiter plates at a
density of 1 ×104 cells/well, cultured in complete medium and
treated after 24 h with 100µg/mL of PEEs. After 48 h at 37◦C,
the medium was replaced with 100 µL of complete medium
without phenol red containing 10 µL of 5 mg/mL MTT. After
4 h of further incubation for CCD841 and 2 h for CRC cell
line, formazan crystals were solubilized with 10% Triton X-100
and 0.1N HCl in isopropanol, and absorbance was measured at
570 nm using a microplate reader. Cell viability was expressed as
a percentage against untreated cell lines used as controls.
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Oxidative Stress Assay
The intracellular ROS and reactive nitrogen species (RNS) were

detected by the oxidation of 2
′
,7

′
-dichlorofluorescin diacetate

(H2DCFDA) (Sigma Chemical Co., St. Louis, MO). Caco-2 cell
line was seeded in 96-well black microtiter plates at a density of
1 x 104 cells/well, cultured in complete medium, and incubated
after 24 h with 5µMH2DCFDA in PBS for 30min in the dark at
37◦C. After two washes in PBS, cells were treated with 100µg/mL
of extract for 2 h or 1mM H2O2 for 1 h for positive control.
The fluorescence (λem= 485 nm/ λex= 535 nm) was measured
at 37◦C using a fluorescence microtiter plate reader (VICTOR
X3, PerkinElmer).

Antioxidant Enzyme Activity Assessment
To evaluate the effect of PEEs on enzymatic activities, Caco-
2 cell line was seeded at 1 × 106 cells/100mm dish and
treated for 48 h with PEE at 100µg/mL. Cells were rinsed
with ice-cold PBS and lysed in 50mM Tris–HCl pH 7.4,
150mM NaCl, 5mM EDTA, 10% glycerol, and 1% NP-
40, containing protease inhibitors (1µM leupeptin, 2µg/mL
aprotinin, 1µg/mL pepstatin and 1mM PMSF). Homogenates
were obtained by passing five times through a blunt 20-gauge
needle fitted to a syringe and then centrifuged at 15,000 ×

g for 30min at 4◦C. Supernatants were used to measure
the enzymatic activities: Glutathione S-transferase (GST) was
assayed as previously described by the method in the study
by (31); glutathione reductase (GR) was assayed according
to the method described in the study by (32); glutathione
peroxidase (GPox) was assayed as reported in the study by
(33); superoxide dismutase (SOD) was assayed as previously
described in the study by (34); catalase (CAT) was assayed
according to the method described in (35). All the experiments
were normalized against an untreated control (CTRL). Enzymatic

activities were expressed in international units and referred to
protein concentration as determined by the Bradford method.
All assays were performed in triplicate at 25◦C in a Jasco V-
550 Spectrophotometer.

Statistical Analyses
All the data were analyzed using R version 3.3.3. Data from Folin-
Ciocalteau and DPPH assays were analyzed by a Generalized
Linear Mixed-Effect Model (GLMM) assuming a beta-binomial
distribution of the response variable. Data from the MTT assay
were analyzed again by a GLMM considering cell viability
as a response variable and the cell line as an independent
variable. The random effect was the plot which plants were
grown in, and the fixed effect was the growth treatment.
MTT data from single plots were analyzed by a Generalized
Linear Model (GLM) with a quasi-binomial distribution of
the response variable (% cell viability). The fixed effect was
the cell line. To test the impact of the agronomic treatments
on the metabolic profile of C. olitorius, data from HRMS
were analyzed by comparing the intensity of the peaks both
in positive and in negative mode through one-way ANOVA.
Packages used were TMB, glmmTMB, and ggplot2. Data from
enzymatic activity assays and ROS produced were analyzed

by one-way ANOVA and Dunnett’s post-hoc test through the
multcomp package.

RESULTS

Antioxidant Composition of C. olitorius
Grown Under Different Agronomic
Conditions
Figures 1A,B show the total phenol content and total antioxidant
composition of leaves harvested from plants grown under the
different agronomic management. Data suggested that the total
phenol content of boiled leaves of C. olitorius is around 0.25% of
the total weight of leaves. No significant differences were detected
among cultivation treatments (χ2 = 0.38, p= 0.944, Figure 1A).
The radical scavenging activity followed the same trend identified
for the total phenol content and, in particular, is comparable
among treatments with values ranging between 2.5 and 3.2mg
TE per gram of leaves. Also in this case, none of the treatments
was found to significantly affect the radical scavenging activity of
the extracts (χ2 = 0.3, p= 0.9599; see Figure 1B).

Qualitative and Quantitative Profiles of Jute
Mallow Extract by UHPLC-DAD-HRMSn

In order to estimate the chemical composition of main
compounds occurring in leafy extracts and to identify the
compounds responsible for the abovementioned antioxidant
activity (see Figure 1B), a HRMS untargeted screening was
performed on the extract from each experimental growth

FIGURE 1 | (A) Total phenol content (expressed as gallic acid equivalents per

gram of dry leaves), (B) total antioxidants content (expressed as Trolox

equivalents per gram of dry leaves) of jute mallow plants grown under the four

different agronomic treatments. Data are expressed as the mean ± SEM. CT,

conventionally tilled; NT, not-tilled; FW, fully watered; HW, half-watered.
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condition. The leafy extracts were analyzed by UHPLC-
DAD-HRMSn to investigate their qualitative phenolic
profile (Supplementary Table 1). Metabolite assignments
were made by comparing retention times, UV/Vis spectra,
and MS data (accurate mass and MSn fragment ions) of the
detected compounds with standards, whenever available,
and jute mallow compounds reported in the literature and
databases. The most abundant phenolic compounds are listed
in Supplementary Table 1 with the main information (name,
retention times, UV and MS data) for each component. The
main compounds were quercetin and isomers of kaempferol-
(malonyl-)-hexosides, chlorogenic acids, dicaffeoylquinic acids,
and feruloyl-quinic acids. Results of HRMS untarget analysis did
not reveal statistically significant differences between agricultural
treatments (see Supplementary Table 1). Quantitative data are
reported in Table 1, whereas Supplementary Figure 1 shows
the phenolic profile of the main compounds both in standard
solution and in PEEs at 280 (a) and 330 nm (b). A total of 11–20
peaks per sample were detected and eight of these peaks were
identified. PEEs showed a total phenolic content calculated as
the sum of individual phenolic compounds ranging between
74 and 99µg/mL (with a range between 1,794.4 and 2,612.5
µg per gram of dry leaves). In particular, Q-3-O-MG was the
most abundant phenolic compound in all the analyzed samples
(32–39µg/mL, with a range between 695.7 and 1,026.9 µg per
gram of dry leaves). Conversely, the content of chlorogenic
acid derivatives in all the treatments was very low, ranging
between 0.18 and 0.65µg/mL (4.32–53.7 µg per gram of dry
leaves) as well as the level of K-3-O-Gly (1.9-3.3µg/mL with a
range between 34.3 and 86.2 µg per gram of dry leaves). In the
case of these latter compounds, values display a high variability
due to the fact that the presented data (Table 1) come from
plants grown in different plots, although subjected to the same
agronomic treatments. However, the results of the quantitative

TABLE 1 | Concentration (µg/g) of the main phenolic species occurring within

PEEs.

Compounds

(µg/g)

NTFW CTFW NTHW CTHW

NCA 7.6 ± 7.6 7.2 ± 7.2 <LOQ 4.9 ± 4.9

CCA 16.5 ± 10.3 11.8 ± 7.7 <LOQ 6.3 ± 6.3

CA 29.6 ± 15.5 13.9 ± 4.5 4.32 ± 4.32 15.0 ± 6.2

3,5-DCQA 77.5 ± 19.9 54.9 ± 32.4 50.4 ± 6.7 56.5 ± 0.7

Q-3-O-Gal 630.4 ± 69.7 525 ± 178.1 488.4 ± 40.3 768.2 ± 123.6

Q-3-O-Gly 574.8 ± 123.5 595.4 ± 43.5 398.1 ± 90.5 648.5 ± 69.4

Q-3-O-MG 819.6 ± 188.8 695.7 ± 188.4 805.5 ± 25.1 1,026.9 ± 205.0

K-3-O-Gly 67.9 ± 16.5 34.3 ± 29.3 47.7 ± 11.1 86.2 ± 6.0

Total 2,223.9 1,938.2 1,794.4 2,612.5

Data represent the concentration of each compound occurring in 1 g dry leaves and

are expressed as the mean ± SEM. For each cultivation condition, the quantification of

the specific analytes was performed considering three biological replicates (i.e., leaves

coming from plants cultivated in different plots). NTFW, not-tilled and fully watered plots;

CTFW, conventionally tilled and fully watered plots; NTHW, not-tilled and half-watered

plots; CTHW, conventionally tilled and half-watered plots. <LOQ: values not quantifiable

since below the limit of quantification.

analysis did not show statistically significant differences among
the investigated agronomic treatments.

MTT Viability Assay
PEEs from the different experimental conditions were evaluated
for their bioactive properties on CCD841, a healthy colon cell line
used as a reference and Caco-2, a colorectal cancer cell line.

MTT assay performed on cells treated with PEEs showed
significant effects (p < 0.001) on Caco-2 cells at a concentration
of 100µg/mL with an average viability reduction equal to
39%, compared with the healthy cell line, which maintained a
percentage of viability higher than 80%; therefore, it was not
negatively affected by the treatment with PEEs of C. olitorius.

The analysis performed on single plots (Figure 2) highlighted
a stronger effect on Caco-2 from plants grown under NT
management. Three of the four plots analyzed showed a higher
viability reduction in Caco-2 cell line than in healthy CCD841
cells. Only one plot from conventional agriculture management
(CT) was found to be significantly more cytotoxic against Caco-
2 cells compared with the healthy control. No significant effects
were found to be driven by the drought treatment.

Oxidative Stress Analysis
An oxidative stress analysis was performed to better clarify
the action mechanism of jute mallow PEEs on cancer cells.
The fluorescence analyses performed on Caco-2 cells revealed a
significant increase in the production of ROS compared to the
control (F = 38.53, p < 0.001) after 2-h treatment. Each tested
sample induced the same effect with quantitative differences
expressed in Figure 3A.

The intracellular detoxification systems were also evaluated to
clarify the cellular response after PEE treatments in the Caco-2
cell line.

SOD activity was found to be significantly affected by PEE
treatments (F = 11.54, p < 0.001; Figure 3B). In particular, SOD
activity was negatively affected by the treatment with PEEs from
tilled plots, both FW (p = 0.01) and HW (p = 0.023) compared
to the control, while no significant effects were elicited by the
treatment with PEEs from not-tilled plots, both FW (p = 0.562)
and HW (p= 0.127).

CATwas found to be themost affected enzyme (F= 13.13, p<

0.001; Figure 3C). Almost all the conditions induced a significant
reduction in its enzymatic activity, more marked from PEEs
coming from the FW condition, both from CT (p < 0.001) and
from NT (p < 0.001) treatment. PEEs from HW plots displayed
a weaker effect, significant for those obtained from NT plots (p
=0.04) and only marginally significant concerning those derived
from CT conditions (p= 0.058).

GST activity was found to be slightly increased by PEE
treatment (Figure 3D). However, the only experimental group
showing a significant difference (t = 2.833, p= 0.037) compared
with the untreated control was CTFW, which was the PEE group
showing the least ability to discriminate with the healthy cell line
(Figure 2). Conversely, the other groups showed a not significant
difference in the GST activation compared to the control.
Furthermore, despite some fluctuations among treatments, GR
activity did not show any significant variation compared to the
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FIGURE 2 | MTT viability assay on two human: cell lines: CCD841 (green, healthy line) and Caco-2 (red, colorectal cancer cell line). All cell lines were treated with

100µg/mL GAE in the medium. Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. CTFW, conventionally tilled and fully watered plots; CTHW,

conventionally tilled and half-watered plots; NTHW, not-tilled and half-watered plots; NTFW, not-tilled and fully watered plots.

control in all treated samples (F = 0.67, p = 0.622; Figure 3E).
Therefore, GR did not appear to be a candidate to explain the
decrease in viability of Caco-2 cells treated with PEEs. Also, GPox
activity was found not to be influenced by extracts obtained from
plants deriving from the different growth treatments (F = 1.331,
p = 0.304; Figure 3F). Overall, enzymes involved in glutathione
metabolism did not display significant variations under PEE
treatment compared to the control.

DISCUSSION

Responses of C. olitorius Antioxidant
Metabolites to Conservation Agriculture
Management
According to FAO (36), conservation agriculture is one of
the most promising management strategies for worldwide
agroecosystems, since it allows to improve and sustain
productivity, to increase profits and food security while
preserving and enhancing environmental resources (37). In
terms of agricultural sustainability in Mediterranean countries,
NT is reported to enhance water soil content in response to

climate change (13) and to preserve soil from erosion and
leaching (38). In our work, we highlighted that C. olitorius is rich
in several polyphenols and that their amount and composition
are not modified by stressful cultivation conditions, such as NT
and the reduction of water irrigation. Generally, environmental
stressors, such as osmotic stress raised from water scarcity, may
be able to elicit the production of secondary metabolites in leaves,
as it happens in the case of vegetable amaranth (19), A. tricolor
(20) and C. olitorius itself, although this species was found to
greatly vary in its response depending on the genotype (14). A
dedicated screening of these cultivars for their suitability to be
grown in the Mediterranean context could also be performed to
select the most promising accession in terms of the production
of secondary metabolites.

The total antioxidant activity is associated with the
concentration of plant endogenous antioxidants, such as
glutathione, provitamin A, ascorbic acid, different types of
pigments, and secondary compounds, including chlorophylls,
carotenoids, xanthophylls, and polyphenols (30, 39). In
accordance with the variation in the phenolic content of C.
olitorius leaves, their total antioxidant activity was found not to
significantly differ based on the cultivation treatments.
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FIGURE 3 | Oxidative stress detection (A) and enzymatic activity assays expressed as fold units compared to a non-treated control (CTRL) of five antioxidant cellular

enzymes (B) superoxide dismutase, (C) catalase, (D) glutathione S-transferase, (E) glutathione reductase, (F) glutathione peroxidase performed on Caco-2 cells

treated with 100µg/mL GAE in the culture medium. CTFW, conventionally tilled and fully watered plots; CTHW, conventionally tilled and half-watered plots; NTHW,

not-tilled and half-watered plots; NTFW, not-tilled and fully watered plots.

Concerning the nutritional properties of C. olitorius leaves,
the main critical element is represented by the consumption
habits that involve boiling the leaves. In the case of C. olitorius,
recent data showed that the total polyphenols content of fresh
leaves ranges from 5.41 to 7.78mg GAE/g DW depending
on the genotype (40). Considering these reference values, our
data suggest that boiling reduced the amount of polyphenols

by at least 55–65%. This is in accordance with a similar
research conducted on other leafy vegetables (41). Currently,
there are no indications of C. olitorius leaves consumption
alternative to boiling. However, innovative technologies could be
applied to identify the methods of preparation and consumption
able to preserve antioxidant metabolites, such as microwave
cooking processes that were found to be the suitable strategies
to preserve (or also to ameliorate) the amount of phenolic
compounds and the antioxidant capacity of several green leafy
vegetables (9).

Healthy Properties of C. olitorius
In this study, the phenolic fractions occurring in the leaves
of C. olitorius were found to induce a significant reduction
in the viability of Caco-2 cancer cells without any detrimental
effect on the healthy cell line. These properties have been

observed despite the preliminary boiling and make C. olitorius a
promising candidate species in the field of nutritional prevention.
A similar effect in terms of selectivity in the reduction of
HepG2 liver cancer cell line viability was shown in a previous
study performed by (22), which found that the mechanism of
action promoted by jute mallow extracts is the mitochondria-
dependent apoptosis pathway. In our study, the selective

cytotoxic activity triggered by C. olitorius PEEs appeared to
be mediated by a sudden increase in the ROS level, still high
after 2-h treatment and through a successive decrease in the
activity of glutathione-independent antioxidant enzymes. This
activity may appear as a paradox because phenolic compounds
are known to be among the best antioxidant phytochemicals.
However, it is important to note that the tumor environment
shows different redox status compared to healthy tissues and this
study confirms previous observations highlighting that—despite
their well-known antioxidant properties on healthy tissues—
these secondary compounds can induce pro-oxidant responses
on tumor cells, triggering programmed cell death mechanisms
such as apoptosis (42, 43).

Actually, many flavonoids were identified within PEEs,
mostly belonging to the family of quercetin derivatives
(Table 1; Supplementary Figure 1). Similarly, other studies
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showed the occurrence of these metabolites in leafy vegetables,
as documented, for instance, in drought-tolerant vegetable
amaranth (22, 23) and also in C. olitorius leaves (20). As an
example, Q-3-O-Gal accounted for 20–30% of the total phenolic
content of PEEs. It is likely that this compound (together
with the other quercetin derivatives) may be responsible for
the selective cytotoxicity against the Caco-2 cell line with no
detrimental effects on the healthy one. The anti-inflammatory
and antioxidant properties of this compound extracted from jute
mallow leaves have been already documented by (44).

Another noteworthy secondary metabolite identified in PEEs
is the flavonoid astragalin (K-3-O-Gly), which was found in
different amounts in approximately all PEEs. This compound
has been reported to modulate inflammatory responses by
regulating the expression of NF-κB, iNOS as well as cytokines and
chemokines (COX-2, TNF-α, IL-10, and IL-6). Astragalin is also
known to be an inhibitor of ERK-1/2 andAkt signaling; therefore,
it is a significant compound against the proliferation of cancer
cells (45).

Finally, CA and its isomers have also been identified in the
majority of the analyzed PEEs and are probably involved in the
selective cytotoxicity exerted by C. olitorius phenolic fractions, as
previously shown by (46).

The last part of this study is focused on evaluating if
cultivation conditions may impact on jute mallow cancer
preventive abilities. Our results suggested that samples obtained
from conservation agriculture plots are endowed with a higher
selectivity (in terms of cytotoxicity) toward the cancer cell line
compared to the healthy one. Considering that no significant
differences in the polyphenolic composition among different
field growing conditions were identified, we hypothesize that
other unidentified compounds could play a synergic role in
reducing the viability of cancer cells by acting on multiple
cellular pathways. It is likely that other antioxidant compounds,
displaying selective cytotoxic properties against cancer cell lines,
have been elicited in response to the growth conditions (47).

The new trends in cancer prevention and therapy are
directed at identifying combinations of different phytochemicals,
acting simultaneously on several pathways to contrast cancer
progression and to overcome drug resistance mechanisms
typical of chemotherapy (48, 49). In this regard, deeper
differential analyses will better clarify which compounds vary
between the tested growth conditions leading to differential
bioactive responses.

CONCLUSION

In this study, we showed that C. olitorius is an African indigenous
vegetable whose phenolic profile is not affected by stressful
cultivation conditions such as conservationmanagement and low
hydric regime. C. olitorius leaves are a source of antioxidant
compounds such as flavonoids and chlorogenic acids that can
trigger a selective cytotoxicity against colorectal cancer cells, but

not on healthy cells. Further investigations may be performed
in order to unravel if other chemicals acting as antioxidants,
such as carotenoids, vitamins and minerals, may be elicited by
conservation management and hydric stress conditions. Overall,
C. olitorius fully meets the interests of modern food sciences
in terms of sustainability and health. Furthermore, this plant
constitutes an important resource not only for developing
countries, but also for the Mediterranean context, where its
cultivation may be recommended in order to improve the
nutritional status of both African and Western diets.
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