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A B S T R A C T

Portulaca oleracea L. (purslane) is a spontaneous herb whose shoots are appreciated in the Mediterranean and 
Asian diets for their fresh flavor and crunchy texture. In addition to PUFA (PolyUnsaturated Fatty Acids), it 
contains unusual polyphenolic alkaloids called oleraceins. This work aimed at investigating the oleracein profile 
of different ‘green’ extracts of the leaves of Portulaca oleracea and evaluating their antioxidant capacity. An LC- 
MS screening of different extracts revealed the infusion as the extract richest in oleraceins. Qualitative and 
quantitative analysis of oleraceins in this extract resulted in the identification of three polyphenolic alkaloids 
never reported before and in the definition of oleracein A as the most abundant alkaloid. An oleracein-enriched 
fraction from the infusion and its hydrolysed derivative exhibited radical scavenging activity in vitro and led to 
activation of the Nrf2 pathway in cells without apparent cytotoxicity. Thus, its oleracein content may make 
purslane a potential nutraceutical for alleviating redox distress.

1. Introduction

Portulaca oleracea L. (purslane), a spontaneous herb with edible 
reddish stems and alternate leaves, is widespread in temperate and 
tropical areas of the world (Melilli et al., 2020), and is particularly 
appreciated as a salad in the Mediterranean and Asian diets for the fresh 
taste and crisp texture of its shoots (Cannavacciuolo et al., 2022).

Due to its ready availability, this plant has also been used as a folk 
medicine in different parts of the world to alleviate a wide range of 
ailments, including diabetes, gastrointestinal, cardiovascular diseases, 
and hepatitis (Kumar et al., 2022; Iranshahy et al., 2017; Yang et al., 
2024; Ma et al., 2024). Its medicinal properties have been known since 
ancient times, e.g., they have been reported in the manuscript “le Pan-
dette”, a collection of medicinal plants used as the basis of the ancient 
“Schola Medica Salernitana”, mentioned in numerous landmark medical 
textbooks, and listed in various pharmacopeias (Kumar et al., 2022; 
Iranshahy et al., 2017). Consistent with its ethnomedicinal properties, 
several scientific studies based on in vitro and in vivo tests have 
confirmed the efficacy of purslane as a medicinal plant and have 

provided interesting results on its bioactivity (Kumar et al., 2022; 
Rahimi et al., 2019). Our previous study highlighted P. oleracea as a 
source of polar lipids ranging from linear and cyclic oxylipins to high 
molecular weight lipids including glycolipids, phospholipids and 
sphingolipids. The evaluation of their anti-inflammatory potential by in 
vitro reporter gene assays showed that purslane lipid-enriched fractions, 
at a concentration of 20 μg/ml, inhibit the TNF-α-stimulated NF-kB 
pathway and induce the activation of PPAR-ɣ and Nrf2 transcription 
factors (Cannavacciuolo et al., 2022).

Particular attention has been paid to the neuroprotective capacity of 
P. oleracea. Several preclinical studies have shown that polar extracts of 
purslane exert neuroprotective activity, probably due to their antioxi-
dant capacity, in some cases attributing the bioactivity to betacyanins, i. 
e. red-violet water-soluble nitrogen-containing pigments belonging to 
the betalain class (Iranshahy et al., 2017; Truong et al., 2019; Moneim, 
2013; Moneim et al., 2013; Zhang et al., 2007; Wang and Yang, 2010; 
Wang et al., 2007; Farag and Shakour, 2019). Using in vitro and in vivo 
models, Sun et al. described the neuroprotective potential of oleracein E 
which protected dopaminergic neurons against rotenone toxicity by 
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reducing oxidative stress (Sun et al., 2017). Oleracein E is a represen-
tative of the oleraceins, which may have higher or similar antioxidant 
capacity than some natural antioxidants such as vitamin C and vitamin E 
(Kumar et al., 2022; Fernández-Poyatos et al., 2021; Jiao et al., 2015). 
Structurally, oleraceins are cyclo-DOPA phenolic alkaloids mainly 
characterised by a 5,6-dihydroxyindoline-2-carboxylic acid nucleus 
N-acylated with cinnamic acid derivatives and glycosylated with one or 
more glucose units, showing the same scaffold as the yellow 
water-soluble pigments betaxanthins, the other member of the betalains 
class (Farag and Shakour, 2019; Fernández-Poyatos et al., 2021; Jiao 
et al., 2014; Tanaka et al., 2008).

Therefore, based on these considerations and on the widespread use 
of purslane leaves in various culinary recipes of the Mediterranean area, 
different green extracts of the leaves of P. oleracea, endemic to southern 
Italy, were analysed with the aim to define the most selective extraction 
procedure towards oleraceins and to evaluate the quality and quantity of 
these unusual polyphenolic alkaloids. Furthermore, their antioxidant 
capacity, i.e. their potential to scavenge radicals and to support the 
cellular antioxidant stress response, was evaluated. For the latter, we 
focused on the activation of the transcription factor Nrf2 (nuclear factor 
E2 -related factor 2), which is a key regulator of genes involved in 
detoxification, repair and elimination of oxidative damage and is 
emerging as a viable target in the prevention of chronic degenerative 
diseases (Cuadrado et al., 2019).

2. Materials and methods

2.1. Chemicals and instrumental equipments

For chemicals and instrumental equipment used for NMR experi-
ments and data processing, HPLC-UV separations, and antioxidant as-
says, see section S1 of the Supplementary materials.

2.2. Plant sample

Approximately 1 kg of P. oleracea aerial parts were randomly har-
vested in June 2019 (month average temperature and humidity: 22.8 ◦C 
and 77.1 %, respectively) from a natural spontaneous population in 
Gragnano (Naples, Italy; GPS coordinates 40◦42′15″N 14◦30′55″E, 74 a.s. 
l.). Prof. V. De Feo, botanist of the Department of Pharmacy, University 
of Salerno, identified the plant; a voucher specimen is preserved at the 
same institution.

2.3. Sample preparation procedures

The leaves of at least 20 plants per replicate (3) of P. oleracea were 
separated by hand from the stems, cleaned, and dried in a forced-air 
oven at 40 ◦C to constant weight. Different ‘green’ extracts were then 
prepared from 5.0 g of dried leaves each. Specifically, ethanol, ethanol- 
water mixtures (70% and 50%, v/v), and water were used to extract the 
leaves by maceration at room temperature (50 mL x 3 days × 3 times). 
At the same time, infusion and decoction were prepared according to the 
procedures of the Official European Pharmacopoeia. The extracts were 
then filtrated and dried under vacuum by Rotavapor. 1.25 g, 1.10 g, and 
0.90 g of extracts were obtained from infusion, water maceration, and 
decoction, respectively, while ethanol, 70% ethanol, and 50% ethanol 
extracts yielded 0.90 g, 1.10 g, and 1.15 g of extracts, respectively.

To obtain an oleracein-enriched fraction, 1 g of infusion was dis-
solved in 1 mL of MeOH/H2O (20:80, v/v), centrifuged and the super-
natant was fractionated on a Sep-Pak C-18 cartridge (Strata C18, 10 g, 
55 μm, 70 Å, from Phenomenex) by using CH3CN/H2O (v/v) in different 
ratios (10%, 30%, 50% and 100% ACN, respectively) as solvent. Four 
fractions of 723 mg, 100 mg, 17 mg, and 3 mg, respectively, were ob-
tained by solid phase extraction (SPE). To enable the cleavage of sugar 
moieties, 20 mg of the fraction obtained by using 30% ACN was sub-
jected to acid hydrolysis using 5 ml of the Kiliani reagent (HCl:HCOOH: 

H2O = 10:35:55 v/v), at 100 ◦C (Mair et al., 2018). After 2h, the solution 
was cooled down, partitioned between ethyl acetate/water, and the 
ethyl acetate fraction was dried under vacuum, yielding 14.2 mg.

2.4. ESI/HRMSn and LC-ESI/HRMSn qualitative analysis

Liquid chromatography coupled to electrospray ionisation and high 
resolution multi-stage mass spectrometry (LC-ESI/HRMSn) analyses 
were performed in negative ion mode using the instrument, parameters, 
and conditions reported in the Supplementary materials S2 
(Cannavacciuolo et al., 2022).

2.5. Determination of antioxidant activity by TEAC and DPPH assays

The antioxidant activity was determined by the spectrophotometric 
Trolox Equivalent Antioxidant Capacity (TEAC) assay as previously re-
ported (D’Urso et al., 2020) (see section S3 in the Supplementary ma-
terials). The free radical scavenging activities of the tested samples and 
ascorbic acid (positive control) were measured using the stable 1, 
1-diphenyl-2-picrylhydrazyl radical (DPPH•) as previously described 
(D’Urso et al., 2020; Cerulli et al., 2021) (see section S3 in the Supple-
mentary materials).

2.6. Assessment of Nrf2 activation in a reporter gene assay

Activation of the Nrf2 pathway by extracts/fractions of interest was 
assessed by a ARE-LUC- reporter gene assay as detailed by Canna-
vacciuolo et al. (2022) and briefly described in section S4 of the Sup-
plementary materials.

2.7. Isolation of oleraceins

The HPLC-UV separation of the oleracein-enriched fraction (80 mg) 
was performed by the method reported in section S5 of the Supple-
mentary materials, including column, mobile phases, and gradient 
conditions, and yields of isolated compounds.

2.8. LC-ESI/QTrap/MS/MS quantitative analysis

The analyses were performed using the instrument and ion spray 
experimental conditions described by Cerulli et al., 2023. The analytical 
parameters were optimised using the direct injection mode as described 
in section S6 of the Supplementary materials. Detailed information on 
the LC-MS/MS conditions, including the chromatographic method and 
the Multiple Reaction Monitoring (MRM) experiment settings, is pro-
vided in the same section. Calibration curves of standard solutions 
prepared from the isolated oleraceins were constructed as described in 
section S7 of the Supplementary materials (R2 ≥ 0.997), which also 
supports information on the determination of limits of detection (LODs) 
and quantification (LOQs). The results are shown in Table 3.

2.9. Statistical analysis

Each LC-HRMS and LC-MRM-MS experiment was performed in 
triplicate. Analysis of variance (ANOVA) and t-test were used to estimate 
differences (considered to be significant at p ≤ 0.05). Microsoft Excel 
2016 was used for statistical analyses. For biological assays, three in-
dependent in vitro assays were performed, each in four technical repli-
cates. The transactivation activity was expressed as mean ± SD of three 
independent experiments, n = 3, ****p < 0.0001 (One-way ANOVA with 
Dunnett’s post hoc test vs vehicle control). Statistics were evaluated 
using GraphPad Prism 9.2.0.
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3. Results and discussion

3.1. ‘Green extracts’ and oleracein-enriched fraction: preparation and 
qualitative mass spectrometric analyses

To investigate different solvents for selective extraction of the 
polyphenolic alkaloid class, ‘green’ solvents such as ethanol, ethanol/ 
water (70% and 30%, v/v) mixtures, and water were used. The extracts 
were obtained by maceration, infusion, and decoction and analysed by 
ESI/HRMSn (Fig. 1). In accordance with literature data, the mass range 
from 500 to 1000 Da was carefully examined in search of [M-H]- ions, 
yielding tandem mass spectra characterised by the appearance of diag-
nostic oleracein product ions corresponding to the cyclo-DOPA anion or 
to ions formed by neutral loss of typical oleracein moieties, such as 
coumaroyl, caffeoyl, and feruloyl moieties, together with hexose units 
(Fig. 1) (Jiao et al., 2014; Voynikov et al., 2021). This analytical 
approach allowed us to quickly define the infusion as the ‘green’ extract, 
characterised by the best selectivity for polyphenolic alkaloids (marked 
with a green dot in Fig. 1). The hydro-alcoholic extracts showed poor, 
and in some cases no selectivity for oleraceins and other metabolite 
classes, such as complex polar lipids (marked with a yellow dot in Fig. 1) 
(Cannavacciuolo et al., 2022).

The LC-ESI/HRMSn analysis of the infusion revealed a metabolite 
distribution in three well-separated time ranges, which account for the 
elution of several known P. oleracea metabolites (Cannavacciuolo et al., 

2022; Fernández-Poyatos et al., 2021; Zhang et al., 2022; Nemzer et al., 
2020): 1) organic acids (such as gluconic, glucaric, and citric acids), 
derivatives of hydroxybenzoic acids (such as e.g. dihydroxybenzoic acid 
hexoside and dihydroxybenzoic acid pentoside), and coumaroyl conju-
gates of organic acids (such as e.g. coumaroylglucaric acid), all eluted in 
the first 9 min of the chromatogram, 2) oleraceins, mainly appearing 
from 9 to 20 min, and 3) oxylipins and fatty acids, eluted from 20 min 
onwards (Fig. 2, A panel).

Based on this result, the infusion was subjected to SPE using a C18 
cartridge and different mixtures of CH3CN/H2O (v/v) as solvents to 
obtain a fraction rich in oleraceins for further in-depth structural anal-
ysis, including also minor oleraceins. Compared with the LC-ESI/HRMS 
profile of the infusion, the fraction eluted with 30% ACN showed an 
increase in the number of peaks eluted in the oleracein region (i.e. from 
9 to 20 min) together with a decrease, and in some cases disappearance, 
of peaks at low and high retention times (Fig. 2, panel B). This fraction 
was defined as the richest in oleraceins (hereafter referred to as ‘oler-
acein-enriched fraction’), confirming the preliminary results obtained 
by its ESI/HRMSn.

Analysis of the molecular formulae and fragmentation patterns of the 
detected peaks, in comparison with literature data, allowed us to 
tentatively identify eleven oleraceins (1, 3–6, 9–14) previously reported 
in P. oleracea leaves (Farag and Shakour, 2019; Fernández-Poyatos et al., 
2021; Jiao et al., 2015; Voynikov et al., 2021; Xiang et al., 2005), and 
three oleraceins (2, 7–8) that, to our knowledge, have never been 

Fig. 1. ESI/HRMS spectra of ‘green’ extracts of Portulaca oleracea leaves obtained via a) infusion, b) decoction, and c-f) maceration.
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described before (Table 1; Fig. 3). In particular, several metabolites, 
although having the same m/z value and molecular formula, eluted at 
different times and showed a different fragmentation pattern, allowing 
us to define them as isomers. This was the case, e.g., for compounds 1 
and 7, which eluted at Rt 10.07 and 12.87 min (Table 1), respectively. 
Accurate analysis of the tandem mass spectra of compound 1 (m/z 
826.2399, C36H45O21N) revealed a major product ion at m/z 664.1874, 
corresponding to the molecular formula C30H34O16N, formed by neutral 
loss of one hexose unit, together with minor product ions at m/z 
502.1343 (C24H24O11N), formed by neutral loss of two hexose units, at 
m/z 340.0817 (C18H14O6N), formed by neutral loss of three hexose 
units, and at m/z 518.1500 (C21H28O14N), formed by neutral loss of one 
hexose and one coumaroyl unit (Table 1). The detection of the fragment 
ions at m/z 518.1502 (C21H28O14N) and m/z 340.0817 (C18H14O6N) in 
the HRMS3 spectrum obtained for the product ion at m/z 664.1890, and 
the absence of the product ion formed by the neutral loss of a single 
hexose, allowed us to estimate that in 1, one of the three hexoses had to 
be located on the p-OH of the coumaroyl unit, in turn, N-acylated to the 
cyclo-DOPA scaffold, while the other two had to be linked to each other, 
being lost as a whole group of 324 Da, and thus located at the 6-OH 

position of the 5,6-dihydroxyindoline-2-carboxylic acid core. Overall, 
this fragmentation pattern allowed us to identify 1 as the already known 
oleracein P (Table 1) (Voynikov et al., 2021). On the contrary, the 
tandem mass spectrum of compound 7 showed a unique product ion at 
m/z 680.2035, formed by the neutral loss of a coumaroyl moiety and 
corresponding to the molecular formula C27H38O19N (Table 1), the 
presence of which allowed us to estimate that the coumaric moiety was 
not glycosylated. Moreover, the analysis of the HRMS3 spectrum 
allowed the detection of the product ions at m/z 662.1915 
(C27H36O18N), formed by the neutral loss of a water molecule, at m/z 
636.2147 (C26H38O17N), formed by the neutral loss of a CO2 molecule, 
at m/z 518.1520 (C21H28O14N), formed by neutral loss of a single hexose 
unit, and at m/z 194.0451 (C9H8O4N), corresponding to the 5,6-dihy-
droxyindoline-2-carboxylate anion and produced by neutral loss of 
three joint hexose units. This mass spectrometric behavior of 7 indicated 
the presence of three hexose units linked by different interglycosidic 
bonds, two of which were lost, in agreement with data reported in the 
literature for other oleraceins, as a whole neutral group of 324 Da being 
linked via a 1‴→6″-interglycosidic linkage, and the other one was lost as 
a single unit, being involved in a 1′′′′→4‴-interglycosidic linkage, as in 

Fig. 2. LC-ESI/HRMS base peak chromatograms of the infusion (A), Normalised Level (NL) 1.63E6, and of the oleraceins-enriched fraction (B), NL 5.43E6, obtained 
from purslane leaves.

Table 1 
Oleraceins tentatively identified in the oleraceins-enriched fraction of Portulaca oleracea leaves.

n Compound Rt 

(min)
[M-H]- Molecular 

formula
Error 
(ppm)

HRMSn

1 Oleracein Pa 10.08 826.2399 C36H45O21N − 0.20 664.1874 (C30H34O16N); 518.1500 (C21H28O14N); 502.1343 (C24H24O11N); 340.0817 
(C18H14O6N). MS3 (664.1895): 518.1502 (C21H28O14N); 340.0817 (C18H14O6N)

2 Oleracein α 10.39 664.1880 C30H35O16N 1.26 340.0832 (C18H14O6N)
3 Oleracein Qa 11.08 856.2509 C37H47O22N 1.65 694.1981 (C31H36O17N); 532.1447 (C25H26O12N); 518.1506 (C21H28O14N); 370.0925 

(C19H16O7N)
4 Oleracein I 

isomer
11.54 694.1981 C31H37O17N 0.41 518.1515 (C21H28O14N); 370.0939 (C19H16O7N)

5 Oleracein Ca 11.61 664.1880 C30H35O16N 1.17 502.1349 (C24H24O11N); 340.0831 (C18H14O6N)
6 Oleracein β 12.32 680.1830 C30H35O17N 1.26 518.1296 (C24H24O12N); 356.0768 (C18H14O7N). MS3 (518.1296): 356.0769 (C15H18O9N)
7 Oleracein γ 12.85 826.2410 C36H45O21N 1.21 680.2035 (C27H38O19N). MS3 (680.2035): 662.1915 (C27H36O18N); 636.2147 (C26H38O17N); 

518.1520 (C21H28O14N); 194.0451 (C9H8O4N)
8 Oleracein δ 13.12 856.2513 C37H47O22N 0.80 680.2013 (C27H38O19N); 370.0915 (C19H16O7N)
9 Oleracein Ha 13.57 664.1885 C30H35O16N 1.08 518.1500 (C21H28O14N); 340.0820 (C18H14O6N)
10 Oleracein Ia 13.87 694.1987 C31H37O17N 1.38 518.1503 (C21H28O14N); 370.0927 (C19H16O7N)
11 Oleracein Aa 15.12 502.1349 C24H25O11N 0.94 356.0984 (C15H18O9N); 340.0822 (C18H14O6N); 296.0922 (C17H14O4N); 194.0454 (C9H8O4N)
12 Oleracein Ba 15.38 532.1454 C27H27O12N 0.94 370.0927 (C19H16O7N); 356.0986 (C15H18O9N); 326.1029 (C18H16O5N)
13 Oleracein N/S 17.49 840.2340 C40H43O19N − 0.65 694.1930 (C31H36O17N)
14 Oleracein O 

isomer
17.60 870.2459 C41H45O20N − 1.41 694.1999 (C31H36O17N)

a Oleraceins isolated and characterised by 1D and 2D-NMR experiments.
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oleraceins Y, Z, ZA and ZB (Voynikov et al., 2021). Therefore, compound 
7 was tentatively identified as a new oleracein, named oleracein γ 
(Table 1; Fig. 3).

Analogously, compounds 3 and 8 showed the same molecular for-
mula but different tandem mass spectra (Table 1). In the HRMS/MS 
analysis of 3, the occurrence of the major product ion at m/z 694.1981 
(C31H36O17N), formed by neutral loss of a hexose moiety, together with 
that of a minor product ion at m/z 518.1506 (C21H28O14N), formed by 
neutral loss of a hexose and a feruloyl moiety, suggested that the latter 
moiety must be glycosylated at the p-OH position. Moreover, the 
detection of a minor product ion at m/z 532.1447 (C25H26O12N), ob-
tained by neutral loss of two hexose units, together with that at m/z 
370.0925 (C19H16O7N), obtained by neutral loss of three hexoses, 
allowed us to identify compound 3 as the known oleracein Q (Table 1) 
(Voynikov et al., 2021). In contrast, compound 8 yielded a tandem mass 
spectrum characterised by the main product ion at m/z 680.2013 
(C27H38O19N), generated by neutral loss of a feruloyl moiety, which 
must therefore be unglycosylated (Table 1). Moreover, the detection of a 
single minor product ion at m/z 370.0915 (C19H16O7N), formed by the 
neutral loss of three hexose units, and the absence of product ions 
formed by the neutral loss of one or two hexoses, suggested that, anal-
ogously to compound 7, the three sugars had to be linked together, 
leading to the conclusion that compound 8 was a new oleracein, named 
oleracein δ (Table 1; Fig. 3).

Once again, the analysis of the relative HRMSn spectra allowed us to 
distinguish three compounds, 2, 5 and 9, which have the same molecular 
formula (Table 1). In the case of 5, the appearance of a major product ion 
at m/z 502.1349 (C24H24O11N), together with a minor one at m/z 
340.0831(C18H14O6N), allowed us to identify 5 as the known oleracein 
C, structurally characterised by the presence of a 5,6-dihydroxyindoline- 

2-carboxylic acid N-acylated with a mono-glycosylated coumaroyl 
moiety and a second hexose moiety at the 6-OH position of the indoline 
amide backbone (Voynikov et al., 2021). On the contrary, the analysis of 
the HRMS/MS spectrum of compound 9 (Table 1) allowed us to 
conclude that, in this case, the coumaroyl unit was not glycosylated, 
with the main product ion at m/z 518.1500 (C21H28O14N) formed by the 
cleavage of this cinnamoyl moiety, and that the two hexose units were 
linked to each other, as evidenced by the product ion formed by their 
cleavage as a whole group (neutral loss of 324 Da). Overall, this frag-
mentation pattern allowed us to tentatively assign 9 as the known 
oleracein H (Voynikov et al., 2021). Compound 2 gave a distinct tandem 
mass spectrum, characterised by only one main product ion at m/z 
340.0832 (C18H14O6N), without any product ion formed by neutral loss 
of single hexose or coumaroyl unit, allowing us to assume that the latter 
must be glycosylated and that the two hexoses must be linked (Table 1). 
In this way, compound 2 could be tentatively identified as a new oler-
acein, named oleracein α (Fig. 3).

It is noteworthy that, unlike the compounds previously studied, both 
4 and 10 had the same molecular formula and the same tandem mass 
spectrum, characterised by a major product ion at m/z 518.1503 
(C21H28O14N), formed by the neutral loss of a ferulic moiety, and by a 
minor one at m/z 370.0927 (C19H16O7N), formed by the neutral loss of 
two linked hexose units. This fragmentation pattern confirmed the 
presence of an unglycosylated ferulic unit and of an indoline amide 
backbone diglycosylated at the 6-OH position (Table 1; Fig. 3), as 
already observed in oleracein I and its isomer (Voynikov et al., 2021).

Fig. 3. Proposed structures of Portulaca oleraceins α, γ, and δ.
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3.2. Evaluation of antioxidant activity of purslane infusion and derived 
fractions

3.2.1. Radical scavenging activity
Both the infusion and the oleracein-enriched fraction were tested for 

their antioxidant potential in the TEAC and DPPH assays. To obtain 
aglycons of oleraceins, the oleraceins-enriched fraction was treated with 
the Kiliani reagent (HCl:HCOOH:H2O) to allow the cleavage of sugar 
moieties (Mair et al., 2018), resulting in the “hydrolysed fraction” that 
was also included in the bioactivity assays. In both the TEAC and the 
DPPH assays, the oleracein-enriched fraction showed better antioxidant 
activity than the other samples tested, consistent with literature reports 
on the potent radical scavenging activities of individual oleraceins 
(Kumar et al., 2022; Jiao et al., 2015). In particular, the fraction showed 
a TEAC value (2.05 ± 0.05 mg/ml) comparable to that of quercetin 
3-O-glucoside (TEAC value 1.81 ± 0.009 mM), which was used as a 
reference compound (Table 2).

3.2.2. Activation of the Nrf2-dependent antioxidant defense
In addition to radical scavenging, the fractions were assessed for 

their potential to support the enzymatic cellular antioxidant response by 
activating Nrf2-dependent gene transcription, which is known to 
maintain the cellular redox balance and to confer protection against 
oxidative insults in many diseases (Sies et al., 2017). Fig. 4 shows the 
data obtained for the tested samples regarding the Nrf2 (ARE)-depend-
ent reporter gene (luciferase) expression in stably transfected HepG2 
cells. The infusion and oleracein-enriched fraction at 30 μg/mL showed 
no remarkable activity (activation of 1- and 2-fold of the negative con-
trol, respectively), probably due to limited membrane permeation of the 
highly polar glycosylated components. Accordingly, the hydrolysed 
fraction at a concentration of 30 μg/ml induced a four-fold activation of 
the Nrf2 signaling pathway. Looking at the structure of the contained 
aglycones, the α,β-unsaturated carbonyl group may be responsible for 
Nrf2 activation due to covalent binding to sensor cysteins of the Nrf2 
inhibitor Keap1 (Dinkova-Kostova et al., 2002). Iberin was used as the 
positive control (3 μM; 5-fold activation). Cell numbers after treatment 
with the samples tested remained within a range of 85–98% of control 
cells, excluding major cytotoxic effects.

3.3. Quantitative analysis by LC-ESI/QTrap/MS/MS

To estimate the content of oleraceins, the oleracein-enriched fraction 
was subjected to semi-preparative RP-HPLC-UV separation, which 
resulted in the isolation of seven compounds, which were identified by 
1D and 2D-NMR and ESI/HRMSn experiments as the compounds 1, 3, 5, 
and 9–12 by LC-HRMSn (Table 1), also in agreement with the NMR data 
reported by Jiao et al. (2015). To determine their amount in the infusion 
by a specific and sensitive MRM technique, the isolated oleraceins were 
subjected to tandem mass spectrometric analysis by direct injection in 
order to define, for each target compound, the transitions to the corre-
sponding product ions to be used in the development of the LC-MS/MS 
method (Table 3) (Cerulli et al., 2021). In particular, for oleraceins A 

(11), B (12), C (5), and P (1), the transitions generated from the [M-H]- 

ion by neutral loss of 162 Da (glucose moiety) (Cerulli et al., 2017) were 
selected, whereas for oleraceins H (9) and I (10) neutral losses of 146 Da 
(coumaroyl moiety) and 176 Da (feruloyl moiety), respectively, were 
chosen. The 856 → 518 transition was selected for oleracein Q (3), 
whose tandem mass spectrum was characterised by the [(M-338)-H]−

product ion formed by neutral loss of a glucose and a feruloyl moiety 
linked to each other (Table 3). The results of the quantitative analysis 
showed that oleracein A was the main compound, followed by oleraceins 
B and Q, and by oleraceins P, H, I and C, the latter being the least 
abundant of all (Table 3). Our data were in agreement with the analysis 
carried out by Fernández-Poyatos et al. (2021) on methanol extracts of 
raw and steamed aerial parts of P. oleracea collected in south-eastern 
Spain. In this case, the authors made a relative quantitative estimation 
of each identified compound by calculating the values of the areas (%) of 
each compound, by using Extracted Ion Chromatograms at the corre-
sponding deprotonated molecule, with respect to the total area. The 
heatmap obtained scored oleracein A as the main oleracein in both 
methanolic extracts, followed by oleraceins U, X and Y, then oleracein B, 
and finally by oleraceins C, J, and N (Fernández-Poyatos et al., 2021). In 
another work, Petropoulos et al. measured the amount of oleracein A 
and C in a hydroethanolic extract (ethanol/water 80:20 v/v) obtained 
from P. oleracea leaves collected in Greece at different growth stages, 
using calibration curves constructed from the UV–VIS signals of a 
p-coumaric acid standard (Petropoulos et al., 2019). In this case, oler-
aceins A and C were the main oleracein representatives in the leaves, 
regardless of the stage of harvest (values were in the range of 8.2–103.0 
mg and 21.2–143 mg/100 g dry weight, respectively). Finally, in the 
only other paper reporting an estimation of oleracein content in 
P. oleracea, Jiao et al. used HPLC-UV for quantification and reported an 
amount of oleracein A and B, ranging from 35.00 to 151.93 mg/kg, and 
from 40.00 to 150.44 mg/kg, respectively, in the 60% EtOH extract of 
the aerial parts of P. oleracea collected from different regions in China 
obtained by treatment with ultrasound at room temperature (Jiao et al., 
2014). Differences in the content of oleraceins could be attributed to 
different growing regions and environmental conditions, harvest time 
and extraction protocols; however, oleracein A always appears as the 
main oleracein in P. oleracea.

4. Conclusions

In this study, the infusion from the leaves of P. oleracea was defined 
as the ‘green’ extract with a high preferential extraction of oleraceins. 
LC-ESI/HRMSn spectra analysis of the oleracein-enriched fraction 
allowed the structural identification of 14 oleraceins, 3 of which not 
described previously. Moreover, quantitative analysis by LC-MRM-MS 
defined oleracein A as the most abundant compound among seven iso-
lated and NMR-confirmed oleraceins. At the same time, two fractions 
obtained from the infusion, i.e. the oleracein-enriched fraction and the 
hydrolysed fraction, exhibited significant radical scavenging activity in 
vitro and led to activation of the Nrf2 pathway in cells, respectively.

Overall, the results obtained support the use of purslane in the daily 
diet to benefit from its antioxidant potential, due to its high oleracein 
content. These results support further detailed study and exploitation of 
P. oleracea or oleraceins for their potential health benefits.
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Table 2 
Antioxidant activity of Portulaca infusion and relative fractions.

Tested Samples DPPH (IC50 ± SDa, μg/ 
ml)

ABTS•+ (TEAC ± SDa, mg/ 
ml)

Infusion 237.75 ± 0.11 0.59 ± 0.11
Oleraceins-enriched 

fraction
149.32 ± 0.19 2.05 ± 0.25

Hydrolysed fraction 171.21 ± 0.14 0.87 ± 0.11
Ascorbic acidb 5.43 ± 0.11 μM –
Quercetin 3-O-glucosidec – 1.81 ± 0.21 μM

a SD: Standard deviation of three independent experiments.
b Positive control for DPPH assay.
c Positive control for TEAC assay.
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