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Abstract

Plant extracts and phytochemicals may prevent chronic diseases via activation of adaptive

cellular stress response pathways including induction of antioxidant and phase II detoxifying

enzymes. The regulatory regions of these inducible genes encode the electrophile-response

element (EpRE). This study tested the EpRE induction ability of Maerua subcordata (fruit,

leaf, root, seed) methanol extracts and selected candidate constituents thereof, identified by

liquid chromatography coupled with multistage mass spectroscopy, employing an EpRE

luciferase reporter gene assay using hepa-1c1c7 mouse hepatoma cells. A parallel Cytotox

CALUX assay using human osteosarcoma U2OS cells was used to monitor any non-spe-

cific changes in luciferase activity or cytotoxicity. Results showed that fruit, root, and seed

extracts were non-cytotoxic up to a concentration of 30 gram dry weight per litre but the leaf

extract exhibited some cytotoxicity and that the leaf (despite some cytotoxicity), fruit, and

seed extracts showed strong induction of EpRE mediated gene expression while induction

by the root extract was minimal. Selected candidates included glucosinolates, isothiocya-

nates, and some biogenic amines. Subsequent studies showed that methyl-, ethyl-, isopro-

pyl-, isobutyl- isothiocyanates, and sec-butyl thiocyanate as well as glucobrassicin induced

concentration (1–100 μM) dependent EpRE-mediated gene expression while the biogenic

amines stachydrine and trigonelline acted as inhibitors of EpRE-mediated gene expression

at 100 μM. The identification of glucolepidiin, glucobrassicin, glucocapparin, stachydrine,

and trigonelline in all extracts was confirmed using standards and based on multiple reaction

monitoring; yet, glucobrassicin level in the root extract was negligible. In conclusion, this

study provided a first report on EpRE mediated gene expression effects of M. subcordata;

and despite detection of different glucosinolates in all extracts, those containing gluco-

brassicin particularly displayed high EpRE induction. Because EpRE inducers are cytopro-

tective and potential chemopreventive agents while inhibitors are suggested adjuvants of

chemotherapy, results of this study imply that process manipulation of this plant may result

in herbal preparations that may be used as chemopreventive agents or adjuvants of

chemotherapies.
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Introduction

Compelling scientific evidences revealed an inverse relationship between consumption of

plant foods rich in some phytochemicals and the risk of several chronic diseases [1–5].

Although the basic protective mechanism has not been clearly explained yet, one suggested

mechanism is that phytochemicals activate adaptive cellular stress response pathways. While a

multitude of cellular targets are affected by phytochemicals, upregulation of the nuclear factor

erythroid 2-related factor 2 (Nrf2) pathway could be a key factor in the cytoprotective proper-

ties of phytochemicals by means of which they promote cellular adaptation [1, 6–9].

Under homeostatic conditions, Nrf2 binds to Kelch-like ECH association protein 1

(Keap1), a cytosolic repressor protein that retains it in the cytoplasm and promotes its proteaso-

mal degradation [8,10]. In the presence of Nrf2 activators (oxidative stress, some chemicals

including phytochemicals), the Nrf2 dissociates from Keap1 and translocates in to the nucleus

where it assembles to a cis-acting regulatory sequences called antioxidant response element

(ARE) or electrophile-response element (EpRE), located in the promoter region of genes encod-

ing various antioxidant and phase 2 detoxifying enzymes and resulting in their expression

[8,10]. The main mechanism of Nrf2 activation is Keap1-dependent but Keap1 independent

mechanisms such as Nrf2 phosphorylation are also reported [11]. Several reactive cysteine resi-

dues in Keap1 function as sensors of cellular redox changes and oxidation/covalent modification

of some of these critical cysteine thiols in Keap1 would hamper its role in Nrf2 degradation

thereby stabilizing Nrf2 and facilitating its nuclear accumulation [8, 10–12]. It is also worth men-

tioning that prolonged expression of Nrf2 was shown to protect cancer cells by inducing the

metabolism and efflux of chemotherapeutics, leading to both intrinsic and acquired chemoresis-

tance to anti-cancer drugs, an effect that can be regarded as the "dark side" of Nrf2. Thus, Nrf2

inhibitors have been suggested as adjuvant therapies to sensitize cancers with high expression of

Nrf2 [13] or as treatment options of chemo- and radio-resistant forms of cancer [14].

In vitro assays are becoming more attractive as screening tools because they are rapid, and

they have the potential to reduce the number of animals needed for chemical testing [15,16].

Among cell-based reporter gene assays, luciferase assays are often the method of choice for

high-throughput screening for many reasons, most notably the high signal above background

inherent to bioluminescence [17,18]. Stably transfected cell lines offer several advantages com-

pared to other in vitro systems as they are an excellent aid in defining the mechanisms of action

of unknown compounds [15]. Maerua subcordata (Gilg) DeWolf (Capparidaceae) is a wild

famine food and medicinal plant mainly grown in the dry parts of East Africa where especially

its root tuber and leaf parts have many ethnomedicinal claims including treatment of infec-

tious diseases, malaria, ophthalmic and respiratory problems, allergic disorders, wounds, gas-

trointestinal disorders, pain, diabetes, and blood pressure. It is also used as a tonic agent,

appetizer, as well as to induce sleep (high dose) and abortion [19–25]. Thus, considering the

above viewpoints and that various plants are a very rich source of phytochemicals that activate

the Nrf2 transcription factor [7,10,26], the aim of the present study was to evaluate, using the

EpRE-LUX assay and LC-MSn metabolic profiling, if M. subcordata extracts may activate the

Nrf2 pathway and identify possible phytochemicals responsible for the activation.

Materials and methods

Chemicals and reagents

Arecaidine hydrochloride was purchased from Alfa Aesar (Karlsruhe, Germany); N-acetylag-

matine from Cayman Chemicals-Europe (Sanbio Uden, the Netherlands); sinigrin potassium

salt and glucolepidiin potassium salt were from Extrasynthese (Genay Cedex, France);
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glucobrassicin potassium salt, stachydrine hydrochloride, and trigonelline hydrochloride were

from PhytoLab (Vestenbergsgreuth, Germany); agmatine sulfate, dimethyl sulfoxide (DMSO),

glucosinolate hydrolysis products (methyl-, ethyl-, isobutyl-, isopropyl-isothiocyanates, and

sec-butylthiocyanate), pipecolic acid, tert-butylhydroquinone (tBHQ), Viscozyme L, and resa-

zurin sodium salt were from Sigma–Aldrich (Schnelldorf, Germany/ Zwijndrecht, The Nether-

lands). Minimum Essential Medium alpha (α-MEM), Minimum Essential Medium alpha 1:1

mixture of Dulbecco’s modified Eagle’s medium and Ham’s F12 medium (DMEM/F12), foetal

calf serum (FCS) and Phosphate Buffered Saline (PBS) were from Gibco life technology (Pais-

ley, UK); trypsin, nonessential amino acids (NEAA), and G418 were purchased from Invitro-

gen Corporation (Breda, The Netherlands).

Collection, authentication, and processing of plant material

The fruit, leaf, root tuber, and seed parts of Maerua subcordata were collected from Shiraro

area of Tigray, Northern Ethiopia (S1 Fig). This wild plant, sometimes considered as invasive

weed, does not raise concerns of endangered or protected species. Collection was made from

unreserved and publically open locality where local healers also collect their target medicinal

plants and hence no special permission was required to make the collection. The plant was

authenticated and a specimen (Voucher number MG001/2007) deposited in the National Her-

barium at Addis Ababa University, Addis Ababa, Ethiopia. The plant parts were sorted and

dried in the laboratory of Pharmacognosy, Mekelle University, Mekelle-Ethiopia. The outer

thin coating of the underground part (root tuber) was peeled off and the peeled tuber was

chopped. The chopped pieces were allowed to dry in an oven at a temperature of 40 oC for

four days. The other parts (fruit, leaf, and seed) were dried in the shade at room temperature

and fruits were deseeded (seeds taken out from fruits) after drying. The dried plant materials

were packed in plastic bags, and stored at room temperature on shelf until they were trans-

ported to Wageningen University, the Netherlands; where they were powdered: each dried

plant part was splashed with liquid nitrogen to remove moisture and facilitate powdering, and

ground using an analytical miller. Each powdered plant material was mixed well, packed in

capped plastic tubes, and stored at -80 oC until further use.

Cell lines

Cytotox CALUX and EpRE-LUX cell lines were used in the present study. The cytotox

CALUX cells (BioDetections Systems, Amsterdam, The Netherlands) are human osteosarcoma

U2OS cells stably transfected with a reporter construct carrying a luciferase reporter gene

under transcriptional control of a constitutive promoter. These cells have an invariant lucifer-

ase expression and were originally designed to assess cytotoxicity. However, they can also be

used to investigate whether stabilisation of the luciferase enzyme is occurring during the expo-

sure to compounds or extracts, a phenomenon that would result in increased luciferase activity

without underlying increased expression of the gene. These cells were cultured in DMEM/F12

supplemented with 7.5% (v/v) FCS, and 0.5% (v/v) NEAA [27,28]. EpRE (mGST-Ya)-LUX

cells were previously developed based on EpRE sequences from the mouse glutathione-S-

transferase Ya (mGST-Ya) gene [27]. These cells are hepa-1c1c7 mouse hepatoma cells stably

transfected with a reporter construct carrying a luciferase reporter gene under transcriptional

control of an EpRE-enhancer element in conjunction with a minimal promoter and an initia-

tor [29]. The EpRE-LUX cells were cultured in α-MEM medium supplemented with 10% FCS

and were maintained at 37 oC in a humidified atmosphere with 5% CO2 [27,29]. For both cell

lines, 200 μg/ml G418 was added to the culture medium once per week as selection pressure to

maintain cells with constructs [27].
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Preparation of extracts from Maerua subcordata
Two types of extracts: non-hydrolysed and enzyme (Viscozyme L) hydrolysed extracts were

prepared from powders of M. subcordata fruit, leaf, root tuber, and seed samples following the

procedure described by Gijsbers et al. (2012) [27]. In short, non-hydrolysed extracts were pre-

pared by adding 3.4 ml methanol to 0.6 g powdered plant material followed by 10 min sonica-

tion and 15 min centrifugation at 1000 g. Then the supernatant of each sample was filtered

using 0.2 μm polytetrafluoroethylene (PTFE)-filters (Whatman, Germany) and freeze-dried

after the methanol was evaporated under a stream of nitrogen. Dried extracts were stored at

-80˚C until further use. Prior to analysis in the EpRE-LUX assay, the extracts were re-dissolved

in DMSO:α-MEM (1:2 v/v). Enzyme hydrolysed extracts were prepared by adding 300 μl

sodium acetate (0.1 M, pH 4.8) and 100 μl of Viscozyme L to 0.6 g powdered plant material,

followed by 1 hr incubation in a water bath at 37 oC. Then, samples were put on ice and 3.0 ml

of methanol was added to each sample. Subsequently, the samples were sonicated, centrifuged,

filtered, dried and stored in the same way as described for the non-hydrolysed extracts.

Prior to analysis in the EpRE-LUX assay these extracts were re-dissolved in DMSO:α-MEM

(1:4 v/v).

EpRE-LUX assay

The EpRE-mediated gene expression induction capacity of M. subcordata methanol extracts,

selected individual compounds, tBHQ as positive control, and DMSO as solvent control was

evaluated by measuring luciferase activity in EpRE-LUX reporter cells. The assays were per-

formed essentially as described by Gijsbers et al. (2012) [27]. Briefly, EpRE-LUX cells were

seeded in the 60 inner wells of a white 96-well view plate at a density of 20,000 cells per well in

100 μl culture medium. 200 μl PBS was added to the outer 36 wells to maintain physical homo-

geneity throughout the plate. The seeded cells were incubated for 24 hr to allow them attach

and form a confluent monolayer. Then, the culture medium was carefully removed and,

instantly, the cells were exposed to 200 μl α-MEM (without FCS and antibiotics) containing

test samples for another 24 hr. The extracts were dissolved in DMSO:α-MEM (1:2 v/v) while

tBHQ and the other individual compounds were dissolved in DMSO. The final concentration

of DMSO in the exposure medium was 0.5% for studies with individual compounds whereas

for studies with extracts, up to 1.5% was used after it was checked that 1.5% DMSO had no

effect on cell viability compared to 0.5%. On each plate, 10 μM tBHQ was included as a positive

control. After 24 hr exposure, medium was removed, cells were washed with ½ PBS (PBS half

diluted with Nano pure water), and exposed to 30 μl low salt lysing buffer (1.2114 g Tris, 0.084

g dithiothreitol, 0.7287 g 1,2-cyclohexylenedinitrilotetraacetic acid; in a litre of Nano pure

water, pH 7.8). Then plates were covered by aluminium foil, placed on ice for 15 minutes and

frozen overnight at -80 oC. Then the plates were thawed and luciferase activity per well in the

lysate was measured in relative light units (RLU) using a luminometer (GloMax-Multi Detec-

tion System–Promega) and a flash mix (20 mM Tricine, 1.07 mM (MgCO3)4Mg(OH)2, 2.67

mM MgSO4.7H2O, 0.1 mM EDTA, 2.0 mM dithiothreitol, 470 μM luciferine, 5.0 mM ATP; in

a litre of Nano pure water, pH 7.8). Results were expressed as fold induction compared to the

solvent control. Extracts or compounds giving twofold or greater luciferase activity at a con-

centration that could be tested without cytotoxicity were considered able to induce EpRE-

mediated luciferase expression.

Cytotox CALUX assay

To each EpRE-LUX assay, a parallel test was done using the U2OS cytotox CALUX cells.

These cells were seeded in the 60 inner wells of a white 96-well view plate at a density of 10,000
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cells per well in 100 μl assay medium: DMEM/F12 supplemented with 7.5% (v/v) FCS, and

0.5% (v/v) NEAA. The outer wells were filled with 200 μl PBS. The next day, 100 μl medium

containing the test samples was added to each well resulting in 200 μl assay medium per well.

After 24 hr of exposure, luciferase activity was measured in the same way as in the EpRE-LUX

assay described above.

Alamar blue (resazurin) assay

Cytotox CALUX and EpRE-LUX cells were cultured in 96 well plates in their appropriate

medium, described above, for 24 hrs and then the cells were exposed to test samples for

another 24 hrs. Then alamar blue (resazurin) reagent solution (10% w/v in PBS) was added

directly to the cells (10% v/v i.e. 20 μl reagent to 200 μl cells in medium). Following reagent

addition, plates were covered by aluminium foil and incubated for 1 hrs after which fluores-

cence was measured (λex 580 nm/λem 610 nm) using a plate reader (Molecular Devices, Spec-

tra Max M2) equipped with Softmax Pro software.

LC−MSn based metabolic profiling of M. subcordata
Liquid chromatography (LC) coupled with multistage mass spectroscopy (MSn) was applied to

identify metabolites in methanol extracts from fruit, leaf, root, and seed of M. subcordata. For

initial qualitative analysis, extracts were prepared by adding 400 μl of methanol (with 1% v/v

formic acid) to 15 mg powder of each plant material. The mixture was vortexed, sonicated for

15 minutes, and centrifuged at 1000 g for 10 minutes. The supernatant was filtered using

0.2 μm polytetrafluoroethylene (PTFE)-filter (Whatman, Germany) and stored at -80 oC until

used. The extracts were subjected to LC-MSn analysis based on coupling of ion-trap MS with

Orbitrap Fourier transform MS. To support structural characterization of the many metabo-

lites present in such complex samples, Ridder et al., (2012) [30] offered a novel method (http://

www.emetabolomics.org/magma) to automatically process and annotate LC−MSn data sets on

the basis of candidate molecules from chemical databases. In ’Ms Annotation based on in silico

Generated Metabolites’ (MAGMa), which is an online application software, uploaded spectral

data are automatically annotated with hierarchical trees of in silico generated substructures of

candidate molecules, retrieved from PubChem and from a subset of PubChem compounds

present in Kegg. Alternative structures of candidates are ranked on the basis of calculated

matching score and displayed on the user interface [30,31]. The most likely candidate struc-

tures that could be possible constituents of the extracts were manually selected from the

MAGMa user interface. The identity of selected candidates was further confirmed and quanti-

fied by LC-MS/MS based on multiple reaction monitoring (MRM) and calibration curves

from standards. The identity of some candidates was further confirmed and quantified by

standard calibration curves as described below.

Confirmation of selected candidates by LC-MS/MS

This later analysis targeted mainly glucosinolates and extraction was done using a modified

ISO9167-1 method as described by Ishida et al. (2011) [32] and Doheny-Adams et al. (2017)

[33]. Briefly, into each test tube, 5 ml of 80% v/v methanol: water (buffered with 1% v/v formic

acid) at room temperature (�20 oC) was added to 100 mg (dry weight) of powdered sample.

The mixture was then vortexed and left for 30 min at room temperature. Then, it was ultra

sonicated for 15 minutes and centrifuged at 1000g for 10 minutes. Supernatant was filtered

(0.2 μm PTFE-filter) and stored at -80 oC until used. LC-MS operating conditions were opti-

mized using standard compounds and the extracts and the different concentrations of stan-

dard solutions for calibration curves were analysed under identical conditions. The MS
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analysis was performed in Multiple Reaction Monitoring (MRM) mode on LCMS-8040 (Shi-

madzu, Japan) triple quadrupole with Electrospray Ionization source operated in negative ion

mode for glucosinolate analysis and positive ion mode for analysis of biogenic amines. The

compounds of interest in the extracts were identified by their retention time and LCMS-MRM

characteristics and quantified based on equations from calibration curves. Ares et al (2016)

[34] used sinigrin as an external standard to quantify glucosinolates from broccoli where indi-

vidual standards were not available. Likewise, sinigrin was used as external standard to quan-

tify glucocapparin in M. subcordata extracts since a glucocapparin standard was not available.

Data analysis

For each experiment, at least three independent repetitions were performed. Graphs generated

from an average of repetitions are presented. Data were analysed using Microsoft Excel 2010/

2016, expressed as fold induction over the solvent control, and presented as mean values ±
standard error of the mean (SEM). Each data point was measured, at least, in triplicate. Statisti-

cal significance was assessed using SPSS 22, applying paired samples statistics t-tests and a sig-

nificance cut-off value of p� 0.05.

Results

Effect of M. subcordata methanol extracts on cell viability

The resazurin assay results (Fig 1) show that the screened extracts up to a concentration of 30

gDW/L (gram dry weight per litre) cause no major effect on cell viability of both cell lines,

except for the non-hydrolysed leaf extract that exhibited some cytotoxicity (68% and 82%

remaining resazurin metabolic reduction activity for EpRE and U2OS cells, respectively). Also,

Fig 1. Resazurin assay results showing effects of enzyme hydrolysed (eh) and non-hydrolysed (nh) methanol

extracts of different parts of M. subcordata at 30 gDW/L and tBHQ (10 μM) on cell viability. Data are presented as

mean ± SEM of six replicates. Viability of cells exposed to the solvent control (1% DMSO) was set at 100% and asterisk

indicate a significant difference from the solvent control: �p< 0.01; ��p< 0.0001.

https://doi.org/10.1371/journal.pone.0215155.g001
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testing with varying concentrations showed reproducible induction of EpRE mediated gene

expression by the extracts (Fig 2) and the highest non-toxic concentration (30 gDW/L) of all

extracts, except the leaf extract, was used as a screening concentration for all extracts so as to

make comparison among them.

Induction of EpRE mediated luciferase expression by M. subcordata
methanol extracts

The EpRE assay results show that both enzyme hydrolysed (eh) and non-hydrolysed (nh)

methanol extracts from the fruit, leaf, and seed materials as well as tBHQ (positive control)

exhibited a high increase in luciferase activity, whereas the induction by the root extracts was

minimal as compared to the solvent control (DMSO) (Fig 2A). Unlike to what was expected,

enzyme hydrolysis did not increase luciferase activity although enzyme hydrolysis seems to

decreased the cytotoxicity of the leaf extract as the nh leaf extract was more cytotoxic than the

eh leaf extract. Further assays with different concentrations of the non-hydrolysed extracts

reproduced EpRE induction by the fruit, leaf, and seed extracts while the root extract showed

some induction at lower concentrations that declined with increasing concentrations (Fig

2B&2C). These second round assays, which were performed along with candidate compounds,

revealed that unlike the candidates that showed concentration dependent increase in luciferase

activity (Fig 3), the extracts failed to maintain concentration dependent increase in luciferase

activity. Moreover, although the maximum concentration for the fruit and leaf extracts was

lowered to minimize cytotoxicity, the fruit extract was still non-cytotoxic but the leaf extract

was even more cytotoxic at 22.5 gDW/L than previous assays done at 30 gDW/L implying high

variability of the leaf extract both in cytotoxicity and induction of EpRE-mediated gene expres-

sion. Based on these observations the present report focused on the intrinsic properties of the

extracts that the fruit, leaf, and seed exhibited reproducible high EpRE induction while induc-

tion by the root was minimal.

To monitor non-specific interference of luciferase by the extracts, a parallel test was done

using the U2OS-CALUX assay. In line with minor effects on cell viability in the resazurin

assay for the leaf extracts, the U2OS assay also shows that the leaf extracts exhibited some cyto-

toxicity (remaining luciferase activity of 62% and 44% compared to the solvent control for

enzyme hydrolysed and non-hydrolysed, respectively) while the fruit, root, and seed extracts

showed similar activity as the solvent control indicating the absence of cytotoxicity again in

line with the resazurin assay. Since luciferase activity at non-cytotoxic concentrations in the

U2OS-CALUX assays were similar as in the solvent controls, it was concluded that the extracts

did not interfere with luciferase itself.

For fruit extracts, the non-hydrolysed extract showed greater EpRE induction than the

enzyme hydrolysed while both type of seed extracts showed comparable induction. For the

leaf, the enzyme-hydrolysed extract showed greater EpRE induction than the non-hydrolysed

which could be due to a lower number of viable cells (44%) in the assay with the relatively

higher cytotoxic non-hydrolysed extract. Although the leaf extracts were tested at levels that

may induce some cytotoxicity, using the same concentration of 30 gDW/L allowed better com-

parison to the extracts from other plant parts to characterize their intrinsic properties towards

EpRE-mediated gene expression.

Induction of EpRE mediated luciferase expression by candidate

compounds of M. subcordata
To define the main phytochemicals responsible for the observed induction of EpRE mediated

gene expression, LC-MSn metabolic profiling was done on the methanol extracts. As enzyme
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hydrolysis did not influenced EpRE induction by the extracts to a large extent, only the non-

hydrolysed samples were analysed. The LC-MSn data resulted in a tentative identification of

various constituents including glucosinolates (S2 Fig) and some biogenic amines (S3 Fig) to

which focus was given as possible EpRE inducers. The glucosinolates were detected in negative

ion mode while most biogenic amines in positive ion mode. Except for glucobrassicin, the

respective isothiocyantes of the detected glucosinolates were screened for their EpRE mediated

gene expression induction capacity because of their commercial availability. Thus, glucobrassi-

cin, methyl-, ethyl-, isopropyl-, isobutyl- isothiocyanates, and sec-butyl thiocyanate which are

hydrolysis products of glucocapparin, glucolepidiin, glucoputranjivin, isobutyl glucosinolate,

and glucocochlearin respectively as well as some biogenic amines were tested in different con-

centrations (1–100 μM) for their EpRE mediated gene expression induction capacity. The

results (Fig 3) showed that glucobrassicin, the isothiocyanates and sec-butyl isocyanate exhib-

ited a concentration-dependent increase in luciferase activity compared to the solvent control.

Conversely, the biogenic amines showed either no activity or a slight inhibitory effect on lucif-

erase activity. The biogenic amines agmatine sulfate, N-acetylagmatine, anthranilic acid, pipe-

colic acid, and arecaidine hydrochloride were inactive up to a concentration of 100 μM while

stachydrine and trigonelline showed inhibition (Fig 4) of EpRE mediated gene expression at

the highest concentration tested (100 μM). None of these chemicals affected luciferase signal

in the U2OS-CALUX assay up to the highest concentrations tested, indicating that they do not

interfere with luciferase itself (Figs 3 and 4).

Further definite identification and quantification (Table 1) was made for glucolepidiin, glu-

cobrassicin, stachydrine, and trigonelline by LC-MS/MS-MRM using standard calibration

curves based on commercially available reference compounds. Moreover, glucocapparin was

quantified using sinigrin as external standard34 since commercial reference glucocapparin was

not available.

One can speculate from Table 1 that the glucosinolates, mainly glucocapparin may generate

concentrations of matching ITCs that could explain a large part of the EpRE induction by all

extracts including the root extract, if most would be hydrolysed to these ITCs. However, the

root extract did not induce EpRE mediated gene expression. Another speculative view could

be a possible antagonism by stachydrine as the extrapolated concentration of which is above

100 μM in all extracts. Yet, its level in the root is lower than in the other extracts. Therefore,

despite the identification of components in the extracts at seemingly substantial levels that can

influence EpRE mediated gene expression, it appears to be difficult to indicate the specific phy-

tochemicals responsible for the EpRE induction by the extracts based on the current data. Fur-

ther consideration of the complex interactions among multiple components in the extracts,

the unpredictable kinetics of glucosinolate hydrolysis during the in vitro EpRE induction stud-

ies, and the contribution, on the overall effect, of other chemicals in the extracts that were not

included in the chemical identification of the present study may be required. In this regard, an

activity-directed analysis with fractions and sub-fractions could be of help to identify the phy-

tochemicals with the largest effects. Interestingly, the fruit, leaf, and seed extracts that showed

apparently high levels of glucobrassicin exhibited significant induction of EpRE mediated

gene expression while the root extract which showed negligible glucobrassicin level, showed

Fig 2. Luciferase activity in U2OS-CALUX and EpRE-LUX cells after 24 hr exposure to M. subcordata methanol

extracts. (A) Enzyme hydrolysed (eh) and non-hydrolysed (nh) extracts at 30 gDW/L, different concentrations of (B)

fruit and leaf nh extracts, and (C) root and seed nh extracts. Luciferase activity is expressed as fold induction compared

to solvent control. tBHQ (10 μM) was used as the positive control. Data are presented as mean ± SEM of three

independent experiments, each done in six replicates. Asterisks indicate a significant difference from the solvent

control: ��p< 0.01; ���p< 0.0001.

https://doi.org/10.1371/journal.pone.0215155.g002
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insignificant induction. This may indicate that glucobrassicin and possibly other related gluco-

sinolates could be largely responsible for the induction of EpRE mediated gene expression

exhibited by M. subcordata extracts.

Discussion

The present study evaluated the EpRE mediated gene expression induction potential of M. sub-
cordata methanol extracts and selected candidate compounds thereof, using an in vitro lucifer-

ase reporter gene assay. It was shown that the fruit, leaf, and seed extracts revealed strong

induction of luciferase activity at 30 gDW/L while the induction by the root extract was less

than twofold. To ensure that the induced increase of luciferase activity is not due to luciferase

stabilization caused by non-specific or off-target interactions [17,18,35], a cytotox CALUX

assay based screening was done parallel to each test with the EpRE-LUX assay [27,28]. Results

of this counter screening showed luciferase activity of more or less similar to that of the solvent

control for the fruit, root, and seed extracts at 30 gDW/L suggesting the absence of non-spe-

cific interference with the luciferase reporter protein. Significantly lower luciferase activity was

shown by the leaf extract, which was in line with the reduction of cell viability as measured by

the resazurin assay. The remaining cells exposed to the leaf extract at 30 gDW/L still showed a

strong induction of luciferase activity in the EpRE assay. Enzyme hydrolysis with Viscozyme L

was shown to improve both extraction and biological activity of phenolic compounds [27,36].

Expecting that M. subcordata may contain such constituents, enzyme hydrolysed (eh) extracts

were prepared along with non-hydrolysed (nh) extracts. However, eh extracts did not show

higher EpRE induction compared to nh extracts implying that the components responsible for

EpRE induction by the extracts were not substrates of Viscozyme L. Indeed, results from the

phytochemical analysis of the extracts revealed the presence of glucosinolates, known EpRE

inducers, which are not substrates of Viscozyme L. Yet, enzyme hydrolysis seems to reduce

cytotoxicity of the leaf extract (remaining viable cells luciferase activity of 62% and 44% for eh

and nh, respectively) and hence a greater induction by the eh extract than the nh extract.

Fig 3. Induction of luciferase activity in U2OS and EpRE cell lines after 24 hr exposure to glucobrassicin, ethyl-, isopropyl-,

isobutyl-, and methyl-isothiocyanates (ITCs), and sec-butyl isocyanate (IC). Luciferase activity is expressed as fold induction

compared to the solvent control and data are presented as mean ± SEM of four independent experiments, each performed in

triplicate. Asterisks show a significant difference from the solvent control: �p< 0.05; ��p< 0.01; ���p< 0.0001.

https://doi.org/10.1371/journal.pone.0215155.g003

Fig 4. Luciferase activity induction in U2OS-CALUX and EpRE-LUX cell lines after 24 hr exposure to stachydrine and trigonelline. Luciferase

activity is expressed as fold induction compared to solvent control. Data are presented as mean ± SEM of four independent experiments, each

performed in triplicate. Asterisks show a significant difference from the solvent control: �p< 0.05; ���p< 0.0001.

https://doi.org/10.1371/journal.pone.0215155.g004
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Liquid chromatography coupled with multistage accurate mass spectrometry(LC−MSn) can

generate comprehensive spectral information of metabolites in crude extracts which contain

complex multiple components. In the present study, structural characterization of metabolites

in M. subcordata methanol extracts was done by LC−MSn−MAGMa structural annotation as

described by Ridder et al., [30,31] that resulted in the tentative identification of many com-

pounds including glucosinolates (GLs) and biogenic amines. Moreover, supporting literature

data show that alkyl and indolyl GLs are constituents of many species of the Capparidaceae

family including Maerua species [37]. There is no previous study reporting GLs in M. subcor-
data, but glucobrassicin, glucocapparin, and glucocleomin were reported in other Maerua spe-

cies [38–40]. However, glucocleomin was not detected in any of the analysed extracts in the

present study. Mainly, glucocapparin is widely distributed throughout the Capparidaceae

[38,41] usually as the most abundant compound [40,42–45]. Likewise, glucocapparin was

detected in the present study in all extracts of M. subcordata in apparently high amounts

(Table 1) indicating that it also constitutes a major GL in M. subcordata.

Because GLs and their hydrolysis products are known inducers of Nrf2, they have been

given focus as likely components responsible for the luciferase activity induction by M. subcor-
data extracts. Plants producing GLs possess a β-thioglucosidase, called myrosinase. GLs are

stored in vacuoles of plant cells while myrosinases occur compartmentalized in separate but

adjacent myrosin cells. Upon plant tissue damage, GLs get into contact with myrosinase at the

damage site and hydrolysis is catalysed resulting in various products including isothiocyanates

(ITCs), thiocyanates, and nitriles depending on reaction conditions such as pH and tempera-

ture. Hydrolysis at neutral conditions or pH 5–7 typically results in the formation of ITCs

which are responsible for the biological activities of GLs [46–48]. GLs and their hydrolysis

products, mostly ITCs, have long been known for their allelopathic, bacteriocidal, fungicidal,

and nematocidal properties while recently, they attracted intense research interest because of

their cancer chemoprotective attributes presenting a promising group of natural anti-infective

and anti-cancer agents [37, 46, 48–50]. The interest on these unique phytochemicals with ver-

satile biological properties have been more intensified after the discovery that the ITC, sulfo-

raphane, potently induces mammalian cytoprotective proteins through the Keap1–Nrf2

pathway. Nowadays, it seems established that ITCs are well known to target Keap1 for activat-

ing Nrf2 pathway resulting in induction of gene expression of antioxidant and Phase II detoxi-

fying enzymes [46,51–54] by means of which they provide numerous health benefits including

chemoprevention [55], neuroprotection [56], alleviation of obesity and insulin resistance [57].

Therefore, the GLs and their hydrolysis products that also demonstrated strong concentra-

tion-dependent luciferase activity in the present study, might be responsible for the observed

induction of EpRE mediated gene expression by M. subcordata methanol extracts and may

contribute, at least partly, to justify the various traditional medicinal claims on this plant.

Table 1. Some glucosinolates and biogenic amines from M. subcordata extracts identified and quantified by LC-MS/MS MRM and standard calibration curves. (a)

Amount described in microgram per gram dry weight (μg/gDW) and (b) extrapolated concentration (μM) in 96 well plate as calculated from a concentration of 30 gDW/L

as applied in the in vitro studies with plant extracts. Rt, retention time.

Samples Compounds

Glucocapparin Glucolepidiin Glucobrassicin Stachydrine Trigonelline

Rt (min) 1.00 1.50 6.95 1.10 1.10

a b a b a b a b a b

Fruit 154.69 13.92 1.44 0.12 2.07 0.138 2602.36 545.25 7.59 1.66

Leaf 539.61 48.56 8.86 0.76 28.72 1.921 3290.43 689.42 7.44 1.63

Root 390.60 35.15 13.05 1.13 0.06 0.004 1507.58 315.87 5.41 1.18

Seed 432.80 38.95 3.79 0.33 17.48 1.169 2710.23 567.85 6.53 1.43

https://doi.org/10.1371/journal.pone.0215155.t001
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Stachydrine and trigonelline were among compounds identified in M. subcordata, of which sta-

chydrine was most abundant (Table 1). The identification of stachydrine in M. subcordata supports

an earlier study which reported tetramethylammonium, prolinebetaine ethyl ester, stachydrine,

3-hydroxystachydrine and/or 4-hydroxystachydrine (betonicine), 3-hydroxy-1,1-dimethylpyrrolidi-

nium, and glycine betaine in M. subcordata (Syn: Courbonia subcordata) [58]. Also, it was shown

that stachydrine and 3-hydroxystachydrine along with GLs characterize the family Capparidaceae

[58–60]. Trigonelline is a known inhibitor of Nrf2 mediated gene expression [61,62] and results (Fig

4) of the present study support these reports. Stachydrine also showed a similar trend and hence

both compounds were regarded as inhibitors of EpRE mediated gene expression, although at rela-

tively high concentrations (100 μM). This implies the co-existence of constituents in M. subcordata
methanol extracts with potential competing effects on EpRE induction. i.e. GLs and their hydrolysis

products were shown to be inducers while stachydrine and trigonelline, acted as inhibitors.

In line with previous studies that GLs and ITCs are potent activators of Nrf2 [63], EpRE

induction by GLs and ITCs in the present study was, at least, ten times more potent than the

inhibition by biogenic amines which may imply that in the presence of combined potent

inducers and weak inhibitors, the effect of potent inducers may predominate. This could be

one possible reason for the fruit, leaf, and seed extracts of M. subcordata which showed a

higher net EpRE induction despite the presence of substantial amount of less potent inhibitors

such as stachydrine. In addition, since aromatic ITCs are generally less volatile than aliphatic

ITCs [64] relatively stable induction may be expected from the former. Thus, induction of

EpRE mediated gene expression was evident by the fruit, leaf and seed extracts containing

apparently substantial amounts of glucobrassicin (aromatic glucosinolate) despite the presence

of different aliphatic glucosinolates in all extracts including root extract which showed some

induction that tend to decline with increasing concentration. The unpredictable kinetics of

glucosinolates hydrolysis and variation in volatility of ITCs may also contribute to the fluctua-

tion of EpRE induction with increasing concentration of extracts (Fig 2B&2C). Yet, the multi-

component and complex nature of the extracts is a great challenge to make sufficient

justification because the complexity of plant extracts may be very problematic in maintaining

assay integrity. Cell based assays with plant extracts often fail to fulfil assay requirements like

high reproducibility, accuracy, and robustness as plant extracts may contain interfering com-

pounds that co-exist with bioactive compounds [65]. Such possible interference was highly

reflected by the leaf extract which showed high variability in cytotoxicity and induction of

EpRE-mediated gene expression even at the same concentration assayed in different times.

Despite these challenges the present study revealed the intrinsic potential of M. subcordata
extracts to exert potential beneficial effects via induction of EpRE-mediated gene expression.

To sum up, the present study demonstrated that M. subcordata contains bioactive metabo-

lites typically glucosinolates and biogenic amines which are considered important nutraceuti-

cal agents and hence the plant may be a good sources of a noble food product. The

glucosinolartes are known inducers of antioxidant and detoxifying enzymes while some of the

biogenic amines demonstrated inhibitory effect which may imply that process manipulation of

the plant is required to get enriched inducer or inhibitor product. Under assay conditions of

possible additive and/or antagonistic effects and complex kinetic interactions among multi-

component extracts, the fruit, leaf, and seed extracts revealed a net strong induction of EpRE

mediated gene expression while the root extract showed a net absence or weak induction.

Conclusion

This study is the first to demonstrate the EpRE mediated gene expression induction capacity

of M. subcordata. Especially, the fruit, leaf, and seed extracts exhibited substantial induction
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while the induction by the root extract was less than twofold at 30 gDW/L. LC-MSn metabolic

profiling of the plant revealed the presence of glucosinolates, which are known inducers, and

some biogenic amines such as stachydrine and trigonelline that demonstrated as inhibitors.

EpRE inducers are cytoprotective and potential chemopreventive agents while inhibitors are

suggested adjuvants of chemotherapy implying that processing manipulation of this plant may

result in herbal preparations or functional food products that may be used as chemopreventive

agents or adjuvants of chemotherapies.
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gen with the help of Henriëtte D.L.M. van Eekelen. MGH is also grateful to the Division of

Toxicology, Wageningen University (hosted the study), School of Pharmacy, Mekelle Univer-

sity (employer institute), and the National Herbarium at Addis Ababa University (helped

plant authentication).

Author Contributions

Conceptualization: Mebrahtom Gebrelibanos Hiben, Ivonne M. C. M. Rietjens.

Data curation: Mebrahtom Gebrelibanos Hiben.

Formal analysis: Mebrahtom Gebrelibanos Hiben.

Funding acquisition: Mebrahtom Gebrelibanos Hiben.

Investigation: Mebrahtom Gebrelibanos Hiben.

Methodology: Mebrahtom Gebrelibanos Hiben, Laura de Haan, Bert Spenkelink, Sebas Wes-

seling, Jochem Louisse, Jacques Vervoort, Ivonne M. C. M. Rietjens.

Supervision: Ivonne M. C. M. Rietjens.

Writing – original draft: Mebrahtom Gebrelibanos Hiben.

Writing – review & editing: Laura de Haan, Bert Spenkelink, Sebas Wesseling, Jochem

Louisse, Jacques Vervoort, Ivonne M. C. M. Rietjens.

References
1. Son TG, Camandola S, Mattson MP. Hormetic dietary phytochemicals. Neuromolecular Med. 2008; 10

(4): 236–46. https://doi.org/10.1007/s12017-008-8037-y PMID: 18543123

Effects of Maerua subcordata on EpRE-mediated gene expression in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0215155 April 15, 2019 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215155.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215155.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215155.s003
https://doi.org/10.1007/s12017-008-8037-y
http://www.ncbi.nlm.nih.gov/pubmed/18543123
https://doi.org/10.1371/journal.pone.0215155


2. Joseph JA, Shukitt-Hale B, Willis LM. Grape Juice, Berries, and Walnuts Affect Brain Aging and Behav-

ior. J Nutr. 2009; 139: 1813S–1817S. https://doi.org/10.3945/jn.109.108266 PMID: 19640963

3. Boeing H, Bechthold A, Bub A, Ellinger S, Haller D, Kroke A, et al. Critical review: vegetables and fruit in

the prevention of chronic diseases. Eur J Nutr. 2012; 51(6): 637–663. https://doi.org/10.1007/s00394-

012-0380-y PMID: 22684631

4. Zhang YJ, Gan RY, Li S, Zhou Y, Li AN, Xu DP, et al. Antioxidant Phytochemicals for the Prevention

and Treatment of Chronic Diseases. Molecules. 2015; 20: 21138–21156. https://doi.org/10.3390/

molecules201219753 PMID: 26633317

5. Smith RE, Tran K, Smith CC, McDonald M, Shejwalkar P, Hara K. The Role of the Nrf2/ARE Antioxidant

System in Preventing Cardiovascular Diseases. Diseases. 2016; 4: 34. https://doi.org/10.3390/

diseases4040034 PMID: 28933413

6. Mattson MP, Cheng A. Neurohormetic phytochemicals: Low-dose toxins that induce adaptive neuronal

stress responses. Trends Neurosc. 2006; 29: 632–639.

7. Eggler AL, Savinov SN. Chemical and Biological Mechanisms of Phytochemical Activation of NRF2 and

Importance in Disease Prevention. Recent Adv Phytochem. 2013; 43: 121–155. https://doi.org/10.

1007/978-3-319-00581-2_7 PMID: 26855455

8. Kumar H, Kim IS, More SV, Kim BW, Choi DK. Natural product-derived pharmacological modulators of

Nrf2/ARE pathway for chronic Diseases. Nat Prod Rep. 2014; 31:109. https://doi.org/10.1039/

c3np70065h PMID: 24292194

9. Missler SR, Rajgopal A, Roloff SJ, Scholten JD, Burns CR, Patterson JA et al. Synergistic Activation of

the Nrf2-ARE Oxidative Stress Response Pathway by a Combination of Botanical Extracts. Planta Med

Int Open. 2016; 3: e27–e30.

10. Surh YJ, Kundu JK, Na HK. Nrf2 as a master redox switch in turning on the cellular signaling involved in

the induction of cytoprotective genes by some chemopreventive phytochemicals. Planta Med. 2008; 74

(13):1526–39. https://doi.org/10.1055/s-0028-1088302 PMID: 18937164

11. Bryan HK, Olayanju A, Goldring CE, Park BK. The Nrf2 cell defence pathway: Keap1-dependent and—

independent mechanisms of regulation. Biochem Pharmacol. 2013; 85: 705–717. https://doi.org/10.

1016/j.bcp.2012.11.016 PMID: 23219527

12. Krajka-Kuzniak V, Paluszczak J, Baer-Dubowska W. The Nrf2-ARE signalling pathway: An update on

its regulation and possible role in cancer prevention and treatment. Pharmacol Rep. 2017; 69: 393–

402. https://doi.org/10.1016/j.pharep.2016.12.011 PMID: 28267640

13. Harder B, Tian W, LaClair JJ, Tan AC, Ooi A, Chapman E, et al. Brusatol overcomes chemoresistance

through inhibition of protein translation. Mol Carcinog. 2017; 56(5):1493–1500. https://doi.org/10.1002/

mc.22609 PMID: 28019675

14. Tsuchida K, Tsujita T, Hayashi M, Ojima A, Keleku-Lukwete N, Katsuoka F, et al. Halofuginone

enhances the chemo-sensitivity of cancer cells by suppressing NRF2 accumulation. Free Radic Biol

Med. 2017;; 103: 236–247. https://doi.org/10.1016/j.freeradbiomed.2016.12.041 PMID: 28039084

15. Motahari P, Sadeghizadeh M, Behmanesh M, Sabri S, Zolghadr F. Generation of stable ARE- driven

reporter system for monitoring oxidative stress. DARU J Pharmaceut Sci. 2015; 23:38.

16. Prinsloo G, Papadi G, Hiben MG, de Haan L, Louisse J, Beekmann K, et al. In vitro bioassays to evalu-

ate beneficial and adverse health effects of botanicals: promises and pitfalls. Drug Discov Today. 2017;

22(8):1187–1200. https://doi.org/10.1016/j.drudis.2017.05.002 PMID: 28533190

17. Auld DS, Inglese J. Interferences with Luciferase Reporter Enzymes. In: Sittampalam GS, Coussens

NP, Brimacombe K, et al., editors. Assay Guidance Manual [Internet]. Bethesda (MD): Eli Lilly & Com-

pany and the National Center for Advancing Translational Sciences; 2004–2017. pp 917–932.

18. Auld DS, Thorne N, Nguyen DT, Inglese J. A Specific Mechanism for Non-Specific Activation in

Reporter-Gene Assays. ACS Chem Biol. 2008; 3(8): 463–470. https://doi.org/10.1021/cb8000793

PMID: 18590332

19. Morgan WTW. Ethnobotany of the Turkana: Use of Plants by a Pastoral People and their Livestock in

Kenya’. Econ Bot. 1981; 35(1): 96–130.

20. Loewenthal R, Peer J. Traditional methods used in the treatment of ophthalmic diseases among the

Turkana tribe in north west Kenya. J Ethnopharmacol. 1991; 33: 227–229. PMID: 1921418

21. Samuelsson G, Farah MH, Claeson P, Hagos M, Thulin M, Hedbers O et al. Inventory of plants used in

traditional medicine in Somalia. I. Plants of the families Acanthaceae-Chenopodiaceae. J Ethnophar-

macol. 1991; 35: 25–63. PMID: 1753795

22. Gakuya DW. Pharmacological and clinical evaluation of anthelmintic activity of Albizia anthelmintica

Brogn, Maerua edulis De Wolf and Maerua subcordata DeWolf plant extracts in sheep and mice. PhD.

University of Nairobi, Department of Veterinary Clinical Studies; 2001.

Effects of Maerua subcordata on EpRE-mediated gene expression in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0215155 April 15, 2019 15 / 18

https://doi.org/10.3945/jn.109.108266
http://www.ncbi.nlm.nih.gov/pubmed/19640963
https://doi.org/10.1007/s00394-012-0380-y
https://doi.org/10.1007/s00394-012-0380-y
http://www.ncbi.nlm.nih.gov/pubmed/22684631
https://doi.org/10.3390/molecules201219753
https://doi.org/10.3390/molecules201219753
http://www.ncbi.nlm.nih.gov/pubmed/26633317
https://doi.org/10.3390/diseases4040034
https://doi.org/10.3390/diseases4040034
http://www.ncbi.nlm.nih.gov/pubmed/28933413
https://doi.org/10.1007/978-3-319-00581-2_7
https://doi.org/10.1007/978-3-319-00581-2_7
http://www.ncbi.nlm.nih.gov/pubmed/26855455
https://doi.org/10.1039/c3np70065h
https://doi.org/10.1039/c3np70065h
http://www.ncbi.nlm.nih.gov/pubmed/24292194
https://doi.org/10.1055/s-0028-1088302
http://www.ncbi.nlm.nih.gov/pubmed/18937164
https://doi.org/10.1016/j.bcp.2012.11.016
https://doi.org/10.1016/j.bcp.2012.11.016
http://www.ncbi.nlm.nih.gov/pubmed/23219527
https://doi.org/10.1016/j.pharep.2016.12.011
http://www.ncbi.nlm.nih.gov/pubmed/28267640
https://doi.org/10.1002/mc.22609
https://doi.org/10.1002/mc.22609
http://www.ncbi.nlm.nih.gov/pubmed/28019675
https://doi.org/10.1016/j.freeradbiomed.2016.12.041
http://www.ncbi.nlm.nih.gov/pubmed/28039084
https://doi.org/10.1016/j.drudis.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28533190
https://doi.org/10.1021/cb8000793
http://www.ncbi.nlm.nih.gov/pubmed/18590332
http://www.ncbi.nlm.nih.gov/pubmed/1921418
http://www.ncbi.nlm.nih.gov/pubmed/1753795
https://doi.org/10.1371/journal.pone.0215155


23. Cheruiyot KJ, Elizabrth N, Charles M, Christine B, Richard K, Emilya T. Ethnobotanical survey and

plant monographs of medicinal plants used among the Elgeyo community in Kenya. J Ethnobiol Trad

Med Photon. 2013; 120: 633–649.

24. Freedman, R. Famine Foods, Capparidaceae; 2015. https://www.hort.purdue.edu/newcrop/

FamineFoods/ff_families/CAPPARIDACEAE.html. Accessed 23 April 2016 https://www.hort.purdue.

edu/newcrop/FamineFoods/ff_families/CAPPARIDACEAE.html

25. Kaigongi M, and Musila F. Ethnobotanical study of medicinal plants used by Tharaka people of Kenya.

Int J Ethnobiol Ethnomed. 2015; 1(1): 1–8.

26. Stefanson AL, Bakovic M. Dietary Regulation of Keap1/Nrf2/ARE Pathway: Focus on Plant-Derived

Compounds and Trace Minerals. Nutrients. 2014; 6: 3777–3801. https://doi.org/10.3390/nu6093777

PMID: 25244368

27. Gijsbers L, van Eekelen HDLM, Nguyen TH, de Haan LHJ, van der Burg B, Aarts JMMJG, et al. Induc-

tion of electrophile-responsive element (EpRE)-mediated gene expression by tomato extracts in vitro.

Food Chem. 2012; 135: 1166–1172. https://doi.org/10.1016/j.foodchem.2012.05.073 PMID: 22953839

28. van der Linden SC, von Bergh ARM, van Vught-Lussenburga BMA, Jonkera LRA, Teunis M, Krul CAM,

et al. Development of a panel of high-throughput reporter-gene assays to detect genotoxicity and oxida-

tive stress. Mutation Res. 2014; 760: 23–32.

29. Boerboom A-MJF, Vermeulen M, van der Woude H, Bremer BI, Lee-Hilz YY, Kampman E, et al. Newly

constructed stable reporter cell lines for mechanistic studies on electrophile-responsive element-medi-

ated gene expression reveal a role for flavonoid planarity. Biochem pharmacol. 2006; 72: 217–226.

https://doi.org/10.1016/j.bcp.2006.04.002 PMID: 16756964

30. Ridder L, van der Hooft JJJ, Verhoeven S, de Vos RCH, Bino RJ, Vervoort J. Automatic Chemical Struc-

ture Annotation of an LC−MSn Based Metabolic Profile from Green Tea. Anal. Chem. 2013; 85: 6033–

6040. https://doi.org/10.1021/ac400861a PMID: 23662787

31. Ridder L, van der Hooft JJJ, Verhoeven S, de Vos RCH, van Schaik R, Vervoort J. Substructure-based

annotation of high-resolution multistage MSn spectral trees. Rapid Commun. Mass Spectrom. 2012,

26, 2461–2471. https://doi.org/10.1002/rcm.6364 PMID: 22976213

32. Ishida M, Kakizaki T, Ohara T, Morimitsu Y. Development of a simple and rapid extraction method of

glucosinolates from radish roots. Breeding Sci. 2011; 61: 208–211.

33. Doheny-Adams T, Redeker K, Kittipol V, Bancroft I, Hartley SE. Development of an efficient glucosino-

late extraction method. Plant Methods. 2017; 13:17. https://doi.org/10.1186/s13007-017-0164-8 PMID:

28344636

34. Ares AM, Valverde S, Nozal MJ, Bernal JL, Bernal J. Development and validation of a specific method

to quantify intact glucosinolates in honey by LC-MS/MS. J Food Compos Anal. 2016; 46:114–122.

35. Thorne N, Auld DS, Inglese J. Apparent activity in high-throughput screening: origins of compound-

dependent assay interference. Curr Opin Chem Biol. 2010; 14:315–324. https://doi.org/10.1016/j.cbpa.

2010.03.020 PMID: 20417149

36. Zheng HZ, Hwang IW, Chung SK. Enhancing polyphenol extraction from unripe apples by carbohy-

drate-hydrolyzing enzymes. J Zhejiang Univ Sci B. 2009; 10(12): 912–919. https://doi.org/10.1631/

jzus.B0920186 PMID: 19946955

37. Fahey JW, Zalcmann AT, Talalay P. The chemical diversity and distribution of glucosinolates and iso-

thiocyanates among plants. Phytochem. 2001; 56: 5–51.

38. Kjaer A, Thomsen H. Isothiocyanate-producing glucosides in species of Capparidaceae. Phytochem.

1963; 2: 29–32.

39. Daxenbichler ME, Spencer GF, Carlson DG, Rose GB, Brinker AM, Powell RG. Glucosinolate composi-

tion of seeds from 297 species of wild plants. Phytochem. 1991; 30 (8): 2623–2638.

40. Mithen R, Bennett R, Marquez J. Glucosinolate biochemical diversity and innovation in the Brassicales.

Phytochem. 2010; 71: 2074–2086.

41. Luning B, Kerst LE and Seffers P. Methyl Glycosinolate Confirmed in Puccionia and Dhofaria (Cappari-

daceae). Biochem Systemat Ecol. 1992; 20 (4): 394–1992.

42. Conforti F, Marcotullio MC, Menichini F, Statti GA, Vannutelli L, Burini G, et al. The influence of collec-

tion zone on glucosinolates, polyphenols and flavonoids contents and biological profiles of Capparis

sicula ssp. sicula. Food Sci Technol Int. 2011; 17(2):87–97. https://doi.org/10.1177/

1082013210368583 PMID: 21436235

43. Bianco G, Lelario F, Battista FG, Bufo SA, Cataldi TR. Identification of glucosinolates in capers by LC-

ESI-hybrid linear ion trap with Fourier transform ion cyclotron resonance mass spectrometry (LC-ESI-

LTQ-FTICR MS) and infrared multiphoton dissociation. J Mass Spectrom. 2012; 47(9):1160–9. https://

doi.org/10.1002/jms.2996 PMID: 22972784

Effects of Maerua subcordata on EpRE-mediated gene expression in vitro

PLOS ONE | https://doi.org/10.1371/journal.pone.0215155 April 15, 2019 16 / 18

https://www.hort.purdue.edu/newcrop/FamineFoods/ff_families/CAPPARIDACEAE.html
https://www.hort.purdue.edu/newcrop/FamineFoods/ff_families/CAPPARIDACEAE.html
https://www.hort.purdue.edu/newcrop/FamineFoods/ff_families/CAPPARIDACEAE.html
https://www.hort.purdue.edu/newcrop/FamineFoods/ff_families/CAPPARIDACEAE.html
https://doi.org/10.3390/nu6093777
http://www.ncbi.nlm.nih.gov/pubmed/25244368
https://doi.org/10.1016/j.foodchem.2012.05.073
http://www.ncbi.nlm.nih.gov/pubmed/22953839
https://doi.org/10.1016/j.bcp.2006.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16756964
https://doi.org/10.1021/ac400861a
http://www.ncbi.nlm.nih.gov/pubmed/23662787
https://doi.org/10.1002/rcm.6364
http://www.ncbi.nlm.nih.gov/pubmed/22976213
https://doi.org/10.1186/s13007-017-0164-8
http://www.ncbi.nlm.nih.gov/pubmed/28344636
https://doi.org/10.1016/j.cbpa.2010.03.020
https://doi.org/10.1016/j.cbpa.2010.03.020
http://www.ncbi.nlm.nih.gov/pubmed/20417149
https://doi.org/10.1631/jzus.B0920186
https://doi.org/10.1631/jzus.B0920186
http://www.ncbi.nlm.nih.gov/pubmed/19946955
https://doi.org/10.1177/1082013210368583
https://doi.org/10.1177/1082013210368583
http://www.ncbi.nlm.nih.gov/pubmed/21436235
https://doi.org/10.1002/jms.2996
https://doi.org/10.1002/jms.2996
http://www.ncbi.nlm.nih.gov/pubmed/22972784
https://doi.org/10.1371/journal.pone.0215155
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