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This Special Issue, entitled “Food Bioactives: Chemical Challenges and Bio-Opportunities”,
was born with the aim of attracting contributions on analytical challenges in food bioactives’
chemistry and bioactivity, which form the basis of proper bio-opportunities. To date, it
represents a collection of nine original research papers and one review article that extended
scientific knowledge regarding the chemical constituents of edible plant extracts and their
role as health-promoting agents. Innovation and originality in the research scope, design
of experiments and results were highlighted in all the subtopics covered by the enclosed
articles, which included medicinal and aromatic plant (MAP) ingredients, ancient foods
nowadays re-valued for their functionality, compounds derived from food processing
procedures, analytical methods related to food quality and agro-wastes as innovative and
renewable sources for nutraceuticals.

MAPs are well-known species widely used in several sectors, e.g., pharmaceutical,
cosmetic, liquor and food industries, due to their richness in biologically active ingredients,
which can be classified based on their chemical features and/or therapeutic effects [1]. Aloe
vera is one of the most used plants with a great commercial spread due to the multiple
health-beneficial effects exerted by its pulp or gel constituents. The awareness that the
soluble and fermentable fiber components of Aloe possess prebiotic effects able to modulate
the composition of the microbiota, making them useful in the food industry, led Tornero-
Martínez et al. to obtain new insights into the changes in the fiber and free phenols during
in vitro digestion and colon fermentation of aloe gel and polysaccharide extract [2]. Their
results showed that the behavior of the latter was similar to that of lactulose, suggesting
the possible use as a prebiotic.

A novel perspective in the exploitation of MAPs was represented by the paper of Ielciu
and co-workers, in which fresh young shoots of Rosmarinus officinalis L. were macerated in
90% ethanol to obtain a tincture, which was tested against liver tissue damages [3]. The
phytochemical analysis led to the identification and quantification of polyphenols and
terpenes by HPLC–UV–MS and GC–MS, respectively. The authors highlighted that this
rosemary organ, besides the most studied leaves, could also represent a valuable plant ma-
terial for the formulation of products with hepatoprotective properties through antioxidant
mechanisms, which they investigated in rats with experimentally induced hepatotoxicity.

In addition to MAP-derived extracts, pure thymol and carvacrol, two phenolic ter-
penoids mainly derived from essential oils of thyme and oregano, were investigated for
their antibacterial activity against Staphylococcus aureus [4]. Both proved to be promising
antibacterial agents, which could likely be involved in counteracting bacterial resistance
to antibiotics.

A full awareness of the role played by a healthy diet, as part of a healthy lifestyle,
in countering or slowing down chronic and degenerative diseases has strongly increased
the interest in food bioactives and the return of ancient but nowadays considered func-
tional foods. This is the case of hemp seeds, which represented a significant source of
nutrition for thousands of years and have recently been re-evaluated from a nutraceutical
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perspective [5]. In this context, Nigro et al. deeply investigated the chemical diversity
of hemp seed phenylpropanoid amides and their derivative lignanamides by means of
high-resolution tandem mass spectrometry (HR-MS/MS) techniques. They highlighted
that these molecules were able to inhibit U-87 glioblastoma cell line survival and migration,
inducing apoptosis while suppressing autophagy, whereas they interestingly did not exert
cytotoxicity in nontumorigenic human fibroblasts [6].

The investigation of food metabolic composition is very challenging, as it is a very com-
plex biological matrix. Thus, proper approaches that employ chromatographic separation
coupled with UV and mass spectrometry detection, as described in the above-mentioned
paper, are required. Furthermore, there is an urgent need to make the methods as sustain-
able as possible, e.g., by replacing chlorinated solvents in the extraction protocols of less
polar compounds. In the light of the above, Cortés-Herrera et al. developed a greener
alternative to the recovery and simultaneous analysis of carotenoids and fat-soluble vi-
tamins from Costa Rican avocados, fruits of high economic value and of dietary interest,
especially in Latin American cuisine [7]. Analytical methods, which are becoming increas-
ingly powerful, can also enhance our knowledge about food quality indices; when jointly
used with chemometric tools, they allowed discriminating between different Pistacia vera
oils according to their quality profiles [8]. The proposed methodology had a number of
advantages, including being accurate and not time- or solvent-consuming, and proved to
be promising in fraud detection related to plant-derived oils.

The role that dietary substances, to which nutraceutical attributes are increasingly
entrusted, play in halting or reversing oxidative stress-related diseases has been ever more
deeply investigated, especially in relation to cancer [9]. The review article enclosed in the
present paper collection focused its attention on cytotoxic, antitumor and antimetastatic
properties of Urtica dioica L. extracts; it was based on previous investigations employing
both human cancer cell lines and in vivo models, with particular attention devoted to breast
cancer [10]. The authors concluded that thanks to its richness in bioactive compounds, U.
dioica could be used as a promising source of nutraceuticals useful as chemopreventive
and/or chemoprotective agents in cancer disease onset and development. Breast cancer
is considered the most prevalent cancer among women and one of the main causes of
death worldwide. It was also the focus of another research article in this Special Issue,
which dealt with a promising cytotoxic pistachio hull ethyl acetate extract that could be
considered in the future as part of anticancer drug treatment [11].

It is worth noting that plant sources for nutraceutical compounds are not limited to
the edible organs of the plant itself; interestingly, such compounds can also be recovered
from by-products and wastes, giving them new life in the prevention of human diseases.
Piccolella et al. took into consideration wine production wastes, focusing in particular
on the leaves of a Vitis vinifera cultivar named “Greco di Tufo”, which represents a great
resource of the Campania Region (Italy) territory, as it received the quality classification
“Controlled and Guaranteed Designation of Origin” (DOCG acronym in Italy) [12]. The
authors applied an extraction/fractionation protocol that favored the obtainment of a
mixture of flavonol glycosides and glycuronides variously oxygenated at the B-ring. The
isolation of the most abundant compound led to its full chemical characterization by
spectroscopic and HR-MS/MS tools. Then, the absence of cytotoxicity in preliminary tests
using central nervous system cell lines paved the way for further exploitation of their
neuroprotective potential.

Bioactives’ presence and abundance are strictly related to their food source. However,
food could contain other constituents, beyond naturally occurring compounds, whose
presence is processing-induced. For example, during deep-frying processes, vegetal oils
become a source of lipid peroxidation products due to the exposure to high temperatures.
The study of Zaunschirm et al. aimed at investigating the impact of linoleic acid and its
primary and secondary peroxidation products on genomic and metabolomic pathways
in human gastric cells (HGT-1). They demonstrated that these substances were able
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to influence the pathways related to amino acid metabolism, thus affecting metabolic
health [13].

In conclusion, the contributions in this Special Issue underscore the potential of
exploiting plants, beyond nutrition, as “biofactories” of compounds useful for human
health and well-being.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Rosmarinus officinalis L. is a widely known species for its medicinal uses, that is also used
as raw material for the food and cosmetic industry. The aim of the present study was to offer a novel
perspective on the medicinal product originating from this species and to test its hepatoprotective
activity. The tested sample consisted in a tincture obtained from the fresh young shoots. Compounds
that are evaluated for this activity are polyphenols and terpenoids, that are identified and quantified
by HPLC–UV–MS and GC–MS. Antioxidant activity was assessed in vitro, using the DPPH, FRAP
and SO assays. Hepatoprotective activity was tested in rats with experimentally-induced hepato-
toxicity. In the chemical composition of the tincture, phenolic diterpenes (carnosic acid, carnosol,
rosmanol, rosmadial) and rosmarinic acid were found to be the majority compounds, alongside with
1,8-cineole, camphene, linalool, borneol and terpineol among monoterpenes. In vitro, the tested
tincture proved significant antioxidant capacity. Results of the in vivo experiment showed that
hepatoprotective activity is based on an antioxidant mechanism. In this way, the present study offers
a novel perspective on the medicinal uses of the species, proving significant amounts of polyphenols
and terpenes in the composition of the fresh young shoots tincture, that has proved hepatoprotective
activity through an antioxidant mechanism.

Keywords: Rosmarinus officinalis L.; fresh young shoots tincture; polyphenols; terpenes; antioxi-
dant; hepatoprotective

1. Introduction

Among the most important flowering plant families, the Lamiaceae family is one
of the largest, comprising numerous species that are known for their biological activities
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or for their use in different branches related to economy [1–3]. Species belonging to the
genera Salvia [4], Melissa [5] or Thymus [6] are the most well known, being widely used in
different forms for the treatment of numerous pathologies, but also for their nutritional or
economical values [4–6].

Rosmarinus is an important genus of the Lamiaceae family, comprising 2 species,
Rosmarinus eriocalyx Jordan and Fourr. and Rosmarinus officinalis L., that are largely dis-
tributed in habitats from Southern and Northern Africa, Western Asia, Anatolia and the
Mediterranean basin [7,8]. The most studied species is Rosmarinus officinalis L., rosemary, a
worldwide cultivated plant, known for its culinary use and pharmacological properties
that made it famous in traditional medicine. It has been reported that its leaves present
significant therapeutic applications in managing a wide range of diseases such as diabetes
mellitus, respiratory disorders, stomach problems and inflammatory diseases [9]. It is also
used in the food industry, as a food flavoring and preservative due to its antioxidant and
antimicrobial properties. R. officinalis is also used as raw material in cosmetic products [10].

Hepatic diseases are a main threat to public health, indicating problems to the hepatic
tissue or to the liver functions, which can be caused by different factors, such as viruses
or bacteria, autoimmune diseases, or by the external action of different chemicals (drugs
or toxic compounds) [11,12]. Nowadays, modern medicine offers alternatives for the
treatment of these pathologies, but despite the advances, few effective drugs that offer
protection and regeneration of hepatic cells exist [13]. Moreover, existing treatments
can cause adverse effects which make the therapy of these pathologies even harder [12].
Thereby, the need for identifying novel alternatives for the treatment of hepatic diseases
and for the protection of the liver appears to be important, in order to develop novel agents
with high efficiency and superior safety profile [11–13]. Mechanisms that underlie the
hepatoprotective activity are strongly related to the capacity of antioxidants to scavenge
reactive oxygen species (ROS) that are produced by the metabolic conversion of xenobiotics
and induce oxidative stress and damage to the liver tissue [14].

Hepatoprotective activity is amongst the biological activities that is reported for R.
officinalis extracts in a model of azathioprine-induced toxicity in rats [15], acetaminophen-
induced liver damage [16,17], gentamicin-treated rats [18], hepatic damage induced by
hypotermic-ischemia in rats [19] and alcoholic liver disease [20], being assigned to the
essential oil composition [21] and to its composition in polyphenols [17–19], among which
rosmarinic acid is the most representative [16]. Nevertheless, this biological activity is
less documented and, to the best of our knowledge, there is no clear evidence on the
compounds that are responsible for this activity. Moreover, there is also little evidence
on the underlying mechanism of action, which is supposed to be due to the reduction of
ROS [14,15]. On the other side, in vitro antioxidant activity of R. officinalis is largely studied,
being reported to numerous vegetal products of the species: fresh aerial parts [9], flower
extracts [7] or essential oil [10,22]. Compounds that are responsible for this activity are
polyphenols [7], but also terpenes from the essential oil [10,22].

Rosmarinic acid (RA) is a phenolic compound firstly isolated from Rosmarinus officinalis
L., having remarkable pharmacological activities. It is commonly found in Lamiaceae
species, such as Melissa sp., Salvia sp., Origanum sp. or Thymus sp. Its pharmacological
importance is mainly due to its antioxidant, anti-inflammatory, antimicrobial and anti-
diabetic properties [23]. Its hepatoprotective activity is also reported and is assigned to
an antioxidant mechanism [24]. Other polyphenols that are found in the composition of
the species are caffeic acid, chlorogenic acid, p-coumaric acid, quinic acid, kaempferol,
quercetin, rutin and apigenin [7,25]. Among the phenolic terpenes, those such as carnosol
and carnosic acid are also reported to be found in the composition of the species [26–28].
Essential oil of R. officinalis is rich in a large variety of monoterpenes such as borneol,
camphor, linalool, α-and β-pinene, camphene, 1,8-cineole [22,29–31].

In this context, the main objective of the present study was to evaluate the hepatopro-
tective activity of a fresh young shoots of R. officinalis tincture against carbon tetrachloride
(CCl4)-induced hepatotoxicity in rats. Compounds that are analyzed for this activity are
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the phenolic compounds and terpenoids. Moreover, the present study aims to offer im-
portant details on the mechanism underlying this activity, which appears to be due to
the antioxidant properties of the tested extract. Finally, the present study also aimed to
prove the significant potential of fresh young shoots as an important source of compounds
exhibiting antihepatotoxic activity by an antioxidant mechanism.

2. Results and Discussion

The tincture, obtained from fresh young shoots macerated with 90% v/v ethanol, was
analyzed from the physico-chemical point of view, according to European Pharmacopoeia
(EPh) and German Homeopathic Pharmacopoeia (GHPh). Thus, the tincture presented a
dark brown color, being an aromatic liquid with a relative density of 0.920. The value of
the dry residue was 2.38% and the ethanol content was 55% vol. The identity according to
the GHPh was performed by Thin Layer Chromatography (TLC) highlighting the main
terpenoidic compounds.

2.1. Phytochemical Analysis of Tincture

The tincture was analyzed by HPLC–UV–MS for the identification and quantification
of phenolic compounds. Results were expressed as µg polyphenol/g dry vegetal material
(d.w.) (Table 1).

Table 1. Phenolic compounds identified in R. officinalis extract by HPLC–UV–MS.

Peak.
No. Compound Structural Class

Retention
Time

Rt (min)

UV
λmax
(nm)

[M + H]+

(m/z)
Concentration

(µg/g d.w.)

1.
Syringic acid

(3,5-Dimethoxy-4-
hydroxybenzoic acid)

Hydroxybenzoic
acid 3.30 265 198 355.84 ± 0.25

2. Hesperidin
(Hesperetin-rutinoside) Flavanone 15.97 280 611 72.36 ± 0.15

3. Nepetrin
(Nepetin-glucoside) Flavone 16.85 350, 265 479 259.65± 0.85

4. Luteolin-glucuronide Flavone 17.82 350, 260 463 698.70 ± 0.05

5. Homoplantaginin
(Hispidulin-glucoside) Flavone 18.14 340, 260 463 364.31 ± 0.66

6. Rosmarinic acid Hydroxycinnamic
acid 18.91 330 360 406.29 ± 0.95

7. Luteolin-acetyl-glucuronide Flavone 19.40 350, 260 505 146.82 ± 1.15
8. Carnosol Phenolic terpene 20.13 330 331 368.25 ± 0.33
9. Luteolin Flavone 21.74 350, 260 287 95.71 ± 1.02

10. Nepetin Flavone 21.89 350, 265 317 155.04 ± 0.98
11. Rosmanol Phenolic terpene 22.91 330 347 308.4 ± 1.02
12. Rosmadial Phenolic terpene 23.41 330 345 777.95 ± 0.85
13. Cirsimaritin Flavone 24.00 330, 260 315 713.7 ± 0. 96
14. Carnosic acid Phenolic terpene 25.39 270 332 804.27 ± 0.89

Note: Values represent the mean ± standard deviations of three independent measurements.

High amounts of polyphenols were identified in the composition of the fresh young
shoots tincture. Phenolic terpenes were found to be the majority class of compounds.
Among these, the one that was found in the highest concentration was carnosic acid,
followed by rosmadial, carnosol and rosmanol. Among flavones, luteolin-glucuronide,
cirsimaritin and homoplantaginin were also found in significant amounts. Rosmarinic acid
is the hydroxycinnamic acid that was found in the highest amounts. Another compound
that was found in significant amounts is syringic acid, a hydroxybenzoic acid.

Polyphenolic compounds from R. officinalis were reported in scientific literature, but
the raw material was in general represented by the leaves, not the young shoots, which
emphasize even more the originality of the present study. Carnosic acid and carnosol,
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together with rosmarinic acid are found in the composition of the species, but their presence
is cited in the composition of the leaves [26,28,32], that are mostly dried [26,28]. Luteolin-
glucuronide is also the flavonoidic compound that is mostly cited in the composition of
the same parts of the species [28,32,33]. Presence of cirsimaritin, rosmanol, rosmadial
and homoplantaginin is also reported for the leaves [32]. Differences can be found in the
amounts of these compounds, significantly higher in the composition of fresh young shoots.
Moreover, the novelty of the present study consists nevertheless in the vegetal material that
is studied, which is represented by fresh young shoots, which, to the best of our knowledge,
was not previously studied. Taking into consideration the fact that high amounts of these
polyphenols were found in the composition of the tested tincture, important correlation
could be found with the tested biological activities.

In addition, terpenoids that are found in the essential oil were also found in significant
amounts in the composition of the tested tincture, being solubilized by the extraction
solvent, concentrated ethanol. The terpenoids were evaluated by a GC–MS method and the
main components identified and quantified were 1,8-cineole, camphene, linalool, borneol,
and terpineol (Figure 1-left). These compounds were also previously identified in the
composition of the essential oil belonging to this species [7,14,31,34,35]. The antioxidant
and hepatoprotective activities of the tested tincture can also be attributed to the presence of
high percentage of 1,8-cineole (27.5 mg/100 g tincture), which is found to be the majoritary
compound in the composition of the tested tincture (Figure 1-right). These compounds
previously reported hepatoprotective activity [10,12,14] and the high amount that is found
in the tested tincture, together with the phenolic compounds, may synergistically act in
order to exert these biological activities. The obtained results of the GC–MS analysis are
presented in Table 2.
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Table 2. GC–MS parameters for the main identified and quantified terpenoid compounds of R. officinalis tincture.

Terpenic
Compound

Retention
Time, min Match Factor Calibration Curve/R2

Detection
(DL)/Quantification
(QL) Limits, µg/mL

Content %(mg/g
Tincture)

Camphene 6.73 832 A = 16.353·c + 193,775
R2 = 0.9971

DL = 23.7
QL = 47.4 0.34 ± 0.005

1,8-cineole 8.35 836 A = 13.712·c + 304.523
R2 = 0,9887

DL = 44.4
QL = 88.8 25.7 ± 0.308

Linalool 9.72 868 A = 13,796·c – 136,712
R2 = 0.9987

DL = 39.6
QL = 59.5 11.4 ± 0.148

Borneol 11.64 783 A = 14.380·c – 86.930
R2 = 0,98920

DL = 24.2
QL = 36.3 19.3 ± 0.212

Terpineol 12.19 865 A= 8324.8·c + 4,000,000
R2 = 0.9940

DL = 961
QL = 1922 1.9 ± 0.032

Values represent the mean ± standard deviations of three independent measurements.

2.2. Antioxidant Activity: In Vitro Assays

The antioxidant capacity was evaluated by three in vitro methods: 2,2-diphenyl-
picrylhydrazil (DPPH), ferric-reducing antioxidant power (FRAP) and superoxid (SO)
anion radical scavenging assay, assessing therefore by different mechanisms of the antioxi-
dant capacity of the tested sample [36–38] (Table 3).

Table 3. Polyphenols content and antioxidant activity of the fresh young shoots R. officinalis tincture.

Sample TPC (mg
GAE/g)

Flavonoid
Total (mg RE/g)

Rosmarinic Acids
(mg RAE/g)

DPPH (IC50,
µg/mL)

FRAP (µm
TE/g)

SO Scavenging
(µm TE/g)

R. officinalis
tincture 60.18 ± 0.42 33.01 ± 0. 24 25.40 ± 0. 84 31.85 ± 1.81 257.88 ± 1.74 99.70 ± 0. 65

Values represent the mean ± SD of three independent measurements. TPC = total polyphenols content; SO = superoxide anion radical;
GAE = gallic acid equivalents; RE = rutin equivalents; RAE = rosmarinic acid equivalents; TE = Trolox equivalents.

The total polyphenols, flavonoids and rosmarinic acids content of the R. officinalis
tested tincture could be correlated with the antioxidant effects, as they showed significantly
important amounts, compared to the dried leaves or extracts [39,40].

The significant content of polyphenolic compounds in the tested extract is highly re-
lated to its antioxidant potential. Synergistic, additive or antagonistic interactions between
them can be revealed in this activity of neutralization of free radicals [41]. Most of the
existing studies assign the antioxidant effect of the species to the essential oil content [22,31],
but as high amounts of polyphenols are evaluated in different studies, it seems that they
are very important for the antioxidant activity of the extracts [36].

The DPPH radical scavenging activity of the extract was high (IC50 = 31.85 ± 1.81
µg/mL). Previous studies have reported the antioxidant activity by the same method [7,40],
testing the flowers [7] or the dried leaves [40] extracts. Other studies that were performed
on fresh plants showed significantly higher value of IC50, indicating therefore a poorer
effect of the whole mature plants [25].

The tested tincture has demonstrated a very good ferric ion-reducing antioxidant
capacity with a value of 257.88 ± 1.74 µm TE/g, higher than other data revealed by other
studies performed on leaves [26]. Antioxidant activity by FRAP method of R. officinalis
extract was evaluated by Gîrd et al. as EC50 = 285.25 ± 0.88 µg/mL, but the study was
performed on dried leaves [40].

In the case of superoxide (SO) scavenging assay, the decrease of absorbance at 560 nm
with antioxidant compounds indicated the consumption of superoxide anion in the re-
action mixture. The phenolic and terpenoid compounds of the tested tincture have the
ability to neutralize superoxide radicals, which are extremely aggressive in liver tissue,
causing significant cell damages. At the same time, superoxide radicals can be inhibited
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by the endogenous antioxidant enzyme, superoxide dismutase (SOD), whose level can be
increased by the same compounds. In this way, the tested compounds synergistically act
and help to link the antioxidant activity proven by in vitro experiments with those tested
in vivo. The results of in vitro experiments show a good effect of removing superoxide
radicals of R. officinalis fresh young shoots tincture, which was consistent with the in vivo
results indicating an increase in SOD activity [42].

As it can be observed, the comparison with scientific literature is difficult, since
different extraction methods and experimental protocols have been used and different
plant material represented the starting point. However, taking into consideration all of
the above, it becomes clearer that the fresh young shoots represent an important source of
polyphenols and terpenes with promising antioxidant potential. Moreover, this antioxidant
potential that is hereby proved is directly correlated with the hepatoprotective activity
in vivo.

2.3. Hepatoprotective Activity: Animal Studies

The protective effect of R. officinalis extract was investigated using liver toxicity model
induced by carbon tetrachloride (CCl4) (1 mL/kg).

The CCl4-hepatotoxicity model is extensively used to evaluate the hepatoprotective
effects of drugs and plant extracts. It has been reported that one of the principal causes of
CCl4-induced liver injury is the lipid peroxidation which is induced and accelerated by
free radical derivatives of CCl4 [43]. CCl4 exerts its hepatotoxic effect through covalent
binding of CCl4 metabolites and reaction with oxygen to initiate lipid peroxidation [44].
The extent of liver oxidative damage was investigated by measuring the level of malondi-
aldehyde (MDA) and the activity of antioxidant enzymes as glutathione peroxidase (GPx),
catalase (CAT) and superoxide dismutase (SOD). Liver injury was assessed by measur-
ing of plasma activity of transaminases, as alanine aminotransaminase (ALT), aspartate
aminotransaminase (AST), gamma-glutamyl transferase (GGT), while albumins reflected
the liver function.

All animals survived up to the end of the study; they showed no clinical signs and
maintained a body weight gain, food and water consumption similar to control group.
In mice receiving CCl4 and no therapy, the liver injury was reflected in elevated activity
of plasma transaminases, ALT, AST, and GGT (Figure 2), but albumin levels maintained
close to the values of the control group, suggesting the absence of liver failure. However,
the total proteins were elevated, based on globulin fraction, probably as a result of liver
inflammatory reaction. R. officinalis tincture administration revealed a protective effect,
visible at the doses of 50 and 500 mg/kg b.w. However, the higher dose of 500 mg/kg b.w.
did not provide a better protective effect, thus no dose-dependent effect has been found.
When comparing the two time intervals, ASAT and GGT had a slightly increasing trend,
but only the variation of ASAT was statistically relevant (p < 0.05), while ALAT remained
at the same level. Similarly, the plasma proteins remained at the same levels. In the groups
receiving therapy, the values remained also very similar.

The protective effect of R. officinalis extract seems to be exerted by antioxidant effect.
Expectedly, CCl4 induced inhibition of antioxidant GPx, CAT, SOD and a threefold increase
of MDA levels. The doses of 50 and 500 mg/kg b.w. of R. officinalis partially restored the
activity of antioxidant enzymes and alleviated the lipid peroxidation. The values remained
significantly altered compared to those of the control group. Once again, the higher dose
of 500 mg/kg did not provide a better protection than the dose of 50 mg/kg did (Figure 3).
In accordance to transaminase levels, the oxidative stress markers showed no significant
variations between the two time intervals.
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the CCl4 alone treated group. 

Histological examination revealed necrosis and inflammatory cells infiltrate as the 
predominant features in the groups receiving CCl4, in absence of R. officinalis therapy. 
Hence, around portal spaces, most of the hepatic lobules exhibited multifocal hepatocyte 
necrosis surrounded by inflammatory infiltrate mainly composed of neutrophils and mac-
rophages. Another important feature of hepatic toxicity was the proliferation of fibrous 

Figure 2. Effects of R. officinalis tincture on: alanine aminotransferase (ALAT) (A); aspartate amino-
transferase (ASAT) (B); gamma glutamyl transferase (GGT) (C) activity and plasma total proteins
(D); and albumins (E) concentration (mean ± SD, 5 animals/group). ## p < 0.01, compared to the
Control group; * p < 0.05, ** and p < 0.01 compared to the CCl4 alone treated group.

Molecules 2021, 26, x 7 of 15 
 

 

 

Figure 2. Effects of R. officinalis tincture on: alanine aminotransferase (ALAT) (A); aspar-
tate aminotransferase (ASAT) (B); gamma glutamyl transferase (GGT) (C) activity and 
plasma total proteins (D); and albumins (E) concentration (mean ± SD, 5 animals/group). 
## p < 0.01, compared to the Control group; * p < 0.05, ** and p < 0.01 compared to the 
CCl4 alone treated group. 

The protective effect of R. officinalis extract seems to be exerted by antioxidant effect. 
Expectedly, CCl4 induced inhibition of antioxidant GPx, CAT, SOD and a threefold in-
crease of MDA levels. The doses of 50 and 500 mg/kg b.w. of R. officinalis partially restored 
the activity of antioxidant enzymes and alleviated the lipid peroxidation. The values re-
mained significantly altered compared to those of the control group. Once again, the 
higher dose of 500 mg/kg did not provide a better protection than the dose of 50 mg/kg 
did (Figure 3). In accordance to transaminase levels, the oxidative stress markers showed 
no significant variations between the two time intervals. 

. 

Figure 3. Effects of R. officinalis tincture on: glutathione peroxidase (GPx) (A); catalase (CAT) (B); 
superoxide dismutase (SOD) (C); and malondialdehyde (MDA) (D) (mean ± SD, 5 animals/group). 
### p < 0.001, compared to the Control group; * p < 0.05, ** p < 0.01 and *** p < 0.001 compared to 
the CCl4 alone treated group. 

Histological examination revealed necrosis and inflammatory cells infiltrate as the 
predominant features in the groups receiving CCl4, in absence of R. officinalis therapy. 
Hence, around portal spaces, most of the hepatic lobules exhibited multifocal hepatocyte 
necrosis surrounded by inflammatory infiltrate mainly composed of neutrophils and mac-
rophages. Another important feature of hepatic toxicity was the proliferation of fibrous 

Figure 3. Effects of R. officinalis tincture on: glutathione peroxidase (GPx) (A); catalase (CAT) (B);
superoxide dismutase (SOD) (C); and malondialdehyde (MDA) (D) (mean ± SD, 5 animals/group).
### p < 0.001, compared to the Control group; * p < 0.05, ** p < 0.01 and *** p < 0.001 compared to the
CCl4 alone treated group.

Histological examination revealed necrosis and inflammatory cells infiltrate as the
predominant features in the groups receiving CCl4, in absence of R. officinalis therapy.
Hence, around portal spaces, most of the hepatic lobules exhibited multifocal hepatocyte
necrosis surrounded by inflammatory infiltrate mainly composed of neutrophils and
macrophages. Another important feature of hepatic toxicity was the proliferation of fibrous
tissue between portal spaces. In the groups receiving R. officinalis therapy, we observed
an improvement in the hepatic regeneration, dependent to the dose. The main effect
of the extract was the downregulation of the inflammatory reaction; better manifested
in the group receiving the dose of 50 mg/b.w. for 6 weeks long (Figure 4G). Although
the inflammation was not quantitatively assessed, we noticed a marked decrease in the
number of neutrophils and macrophages. Notably, this improvement was less obvious in
the first (5 mg/b.w.) and the third groups (500 mg/b.w.), suggesting that, in high doses,
the extract may exert a toxic effect on the liver or may interfere with the regeneration
processes. The R. officinalis therapy improved also the regeneration process, manifested by
the presence of mitotic figures, indicating the restitution of the hepatic architecture and
function (Figure 4C). Reduction of the hepatocyte necrosis and fibrosis were also noticed,
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mainly for the dose of 50 mg/b.w. Once again, the benefits were minimal in the case of
animals receiving the doses of 5, and 500 mg/b.w. (Figure 4D,H).
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Figure 4. Effects of R. officinalis tincture on the histologic aspect of the liver: (A,E) the negative control
groups receiving only carbon tetrachloride (1 mL/b.w.) showed inflammatory infiltrate (black arrow)
and hepatocyte necrosis; the groups receiving therapy with the extract in a dose of: 5 mg/b.w.,
(B,F); 50 mg/b.w.; (C,G); and 500 mg/b.w. (D,H). Duration: (A–D) four weeks; (E–H) six weeks.
Hematoxylin & Eosin stain; Bar, 100 µm.

3. Materials and Methods
3.1. Chemicals and Reagents

Acetonitrile for the HPLC-gradient was provided by Merck (Darmstadt, Germany)
and water was purified with a Direct-Q UV system by Millipore (Darmstadt, Germany).
Luteolin was purchased from Sigma (Darmstadt, Germany) and all other chemicals used
were obtained from Alfa-Aesar, Karlsruhe, Germany.

3.2. Plant Material, Preparation and Characterization of Fresh Young Shoots Tincture

The vegetal material was harvested from the ecological culture of PlantExtrakt (Rădaia,
Cluj county, Romania), in September 2020. Voucher specimens are deposited in the herbar-
ium of the Pharmacognosy Department of the Faculty of Pharmacy Cluj-Napoca (Voucher
no. 159). The R. officinalis tincture was prepared according to the German Homeopathic
Pharmacopoeia (GHPh) and European Pharmacopoeia (EPh) specifications for tincture
preparation (method 1.1.5). Fresh, young shoots were extracted by cold maceration with
90% v/v ethanol. One part of the crushed vegetal material was mixed with 1.4 parts of
ethanol for 10 days. Afterwards, the extract was filtered. For the physicochemical char-
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acterization of the obtained tincture, organoleptic properties, relative density, residue at
evaporation and ethanol content were assessed according to the methods of the EPh [45].
Before use in the animal experiment, the tincture was evaporated until the complete
removal of the alcohol and immediately given to animals.

The relative density was performed according to the European Pharmacopoeia (EPh)
using a Mettler Toledo (Greifensee, Switzerland) digital densimeter. The dry residue was
performed according to the European Pharmacopoeia (EPh) using Kern analytical scale
(Berlin, Germany) and a Memmert drying cabinet (Schwabach, Germany). The ethanol
content was assessed according to European Pharmacopoeia (EPh) using a Neo-Clevenger
apparatus and a Mettler Toledo digital densimeter.

3.3. Quantification of Total Polyphenols, Flavonoids and Phenolic Acids Content

The total phenolic content (TPC) was evaluated by a spectrophotometric method using
the Folin–Ciocâlteu reagent, according to the European Pharmacopoeia. TPC values were
calculated using the calibration curve of gallic acid (R2 = 0.9931) and expressed as mg gallic
acid equivalents (GAE)/g fresh vegetal material. Quantitative determination of flavonoids
(TFC) was performed by a spectrophotometric method using aluminum chloride. TFC
values were determined using an equation obtained from a calibration curve of rutoside
(R2 = 0.9992) and expressed as mg of rutoside equivalents (RE)/g fresh vegetal material.
Quantitative determination of phenolic acids (TPA) was analyzed by a spectrophotometrical
method according to the 10th Edition of the Romanian Pharmacopoeia (Cynarae folium
monograph). TPA results were expressed as mg rosmarinic acid equivalents (RAE)/g fresh
vegetal material, calculated using a rosmarinic acid calibration curve graph (R2 = 0.9956).
All experiments were performed in triplicate [46,47].

3.4. HPLC/DAD/ESI+ Analysis

This analysis was performed using a HP-1200 liquid chromatograph equipped with
a quaternary pump, autosampler, DAD detector and MS-6110 single quadrupole API-
electrospray detector (Agilent-Technologies Inc., Santa Clara, CA, USA). Positive ionization
mode was used for the detection of phenolic compounds. Different fragmentors, in the
range 50–100 V, were applied. The separation of compounds was carried out on an Eclipse
XDB-C18 (5 µm; 4.5 × 150 mm i.d.) column (Agilent). Mobile phase consisted in water
acidified with acetic acid 0.1% (A) and acetonitrile acidified with acetic acid 0.1% (B).
Elution was performed in a multistep linear gradient, with the following composition:
5% B for 2 min; from 5% to 90% of B in 20 min, hold for 4 min at 90% B, then 6 min to
arrive at 5% B. Flow rate was 0.5 mL/min and oven temperature 25 ± 0.5 ◦C. Detection
of positively charged ions was performed by mass spectrometry, using the Scan mode
and the following conditions: gas temperature 3500 ◦C, nitrogen flow 7 L/min, nebulizer
pressure 35 psi, capillary voltage 3000 V, fragmentor 100 V and m/z 120–1200. Recording of
chromatograms was performed at λ = 280 and 340 nm. The data acquisition was carried
out with the Agilent ChemStation software [48,49].

3.5. GC–MS Analysis

For this analysis, a Dani Master GC–MS System, equipped with a SH-Rxi-5 ms column
with 30 m × 0.25 mm × 0.25 µm was used. Nitrogen was used as carrier gas, with
10 mL/min flow rate and the temperature gradient in Table 4.

Table 4. Composition of the GC-MS gradient of temperature.

Time Temperature Rate

0 min 80 ◦C 0 ◦C/min
7 min 220 ◦C 20 ◦C/min

11 min 240 ◦C 5 ◦C/min
24 min 240 ◦C 0 ◦C/min
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The EIS-MS detector was used to identify compounds with molecular weight from 50
to 600 daltons and the ion source was operated at 200 ◦C. Five µL tincture diluted 1 to 10
with absolute ethanol and 0.1 µL references having concentrations from 10 to 1280 µg/mL
were injected. The terpenoids were identified based on the match factor (higher than 750),
using the NIST MS 2.2 spectra database. The content of main terpenes was determined
using the calibration curve method [45].

3.6. Antioxidant Activity Assays
3.6.1. DPPH Radical Scavenging Activity

The first assay that was used is the DPPH bleaching assay, a spectrophotometric
method based on the reaction of the DPPH reagent and antioxidants. Two mL of tincture at
different concentrations were added to 2 mL of a DPPH methanolic solution at a concen-
tration of 0.1 g/L and maintained at 40 ◦C in a thermostatic bath for 30 min. Changes in
absorbance were measured at 517 nm and inhibition of the DPPH radical was calculated
using the following formula: DPPH scavenging ability % = (A control − A sample/A
control) × 100, A control is the absorbance of the control, which is composed of the DPPH
radical solution + methanol (a mixture containing all reagents except the tincture) and A
sample is the absorbance of DPPH radical + sample tincture. The percentage of DPPH
decrease was expressed in Trolox equivalents (TE, R2 = 0.998). The DPPH radical scaveng-
ing activity of the tincture was expressed as IC50 (µg/mL). The assays were performed in
triplicate [46,47,50].

3.6.2. Ferric-Reducing Antioxidant Power Assay (FRAP)

The FRAP method is a spectrometric method that is based on the change of color of a
complex of the 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ) radical with the Fe3+ ion, which is
assessed by the reduction of the ferric ion to the ferrous ion (Fe2+) in this complex [51]. The
FRAP reagent is a mixture of 2.5 mL of a 10 mm TPTZ solution in 40 mM HCl, which are
mixed with 2.5 mL 20 mm ferric chloride solution and 25 mL of acetate buffer at a pH of
3.6. Four mL of the tincture were diluted to 1.8 mL with water and mixed with 6 mL of
the FRAP reagent. The blank solution was prepared similarly, using water instead of the
tincture. The antioxidant capacity was assessed in correlation with the color change, by
measuring absorbance at 450 nm. Trolox was used as a reference, using a calibration curve
(R2 = 0.992). Results were expressed as µm Trolox equivalents/100 mL extract. The assays
were performed in triplicate [52].

3.6.3. Superoxide Radical (SO) Scavenging Activity Assay

The SO assay evaluated the ability of the tincture to inhibit the formation of the
formazan by the reduction of the nitro blue tetrazolium (NBT) radical, by scavenging the
superoxide radicals generated in the riboflavin-light-NBT system. The percentage of SO
radical scavenging activity was calculated using the following formula: % Superoxide
radical scavenging activity = (A0 − A1/A0) × 100, where A0 = absorbance of control (blank)
and A1 = absorbance of tincture. The superoxide anion radicals (SO) were generated in a
mixture of 2.0 mL of Tris-HCl buffer (16 mm, pH 8.0) with 2.0 mL of nitroblue tetrazolium
(NBT, 0.3 mm) and 2.0 mL nicotinamide adenine dinucleotide solution (NADH, 0.936 mm).
Then, 0.1 mL tincture was diluted to 100.0 mL with water and 1 mL of this solution was
added to this mixture. Next, 2.0 mL phenazine methosulfate solution (PMS, 0.12 mm) were
then added to all this to initiate the reaction and the mixture was incubated at 250 ◦C for
5 min. Absorbance was measured at 560 nm using a blank prepared from 2.0 mL Tris-HCl
buffer, mixed with 2.0 mL NBT and 2.0 mL NADH solution, 4.0 mL water and 2.0 mL PMS
solution. As a reference, 4.0 mL of 1.152 mg/mL Trolox solution was used and the results
were expressed as µm Trolox equivalents/g. This solution was added to 2.0 mL Tris-HCl
buffer, mixed with 2.0 mL NBT solution, 2.0 mL NADH solution and 2 mL PMS solution
(0.12 mm). All tests were performed in triplicate [53].
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3.6.4. Animal Studies

The in vivo studies were conducted on outbreed Swiss mice, six months old, of
30.34 ± 2.87 g body weight. The animals originated from and were maintained throughout
the study in the Establishment for Laboratory Animals of University of Agricultural Science
and Veterinary Medicine Cluj Napoca. They were housed in conventional standard labora-
tory conditions (temperature 25 ± 1 ◦C, relative humidity 55 ± 5%, and 12 h light/dark
cycle), five animals per cage. The animals benefited from environmental enrichment and
had free access to granular standard food and water.

Housing conditions and the procedures complied with the Directive 2010/63/EU
and national legislation, Law 43/2014. The project was approved by the Committee for
Bioethics and Research Ethics of UASVM (accord No. 68/30.05.2017), and the Veterinary
State Authorities (project authorization No. 73/14.06.2017).

Toxicity studies followed the Organization for Economic Cooperation and Develop-
ment (OECD) Guidelines for the Testing of Chemicals, Test No. 425: Acute Oral Toxicity:
Up-and-Down Procedure [54]. Five male and five female Swiss mice received a dose of
2000 mg/b.w. orally; all animals survived and showed no signs of toxicity. Fourteen days
later, the animals were euthanized, then subjected to gross examination and displayed
no alteration in the internal organs. Furthermore, liver and kidney showed a normal
histological architecture.

The hepatoprotective effect was investigated using forty-five Swiss female mice. First,
the animals were divided into five groups. Five animals were allocated to the control
group, a group receiving placebo oral therapy (vegetable oil); that group was euthanized
in the end of the study; they provided the reference values for plasma biochemistry and
histopathology. The remaining forty animals were all subjected to liver insufficiency
induction protocol; they received carbon tetrachloride (CCl4) in a dose of 1 mL/kg diluted
in vegetable oil. CCl4 was administrated orally, three times a week, on days 1, 3 and 5, up
to the end of the protocol, using a lubricated plastic probe. Those animals were divided
into four equal groups; one group, the CCl4 group, received placebo therapy, and the
remaining three groups were treated with Rosmarinus officinalis extract in doses of 5, 50
and 500 mg/kg b.w. The extract was administered on the same days as CCl4, four hours
later. To prevent any influence of ethylic alcohol, before use, the alcoholic extract was
maintained into a rotary evaporator until the entire amount of alcohol was removed, then
it was reconstituted with distillate water and immediately administered to the animals.
Each group of ten mice was further subdivided into two subgroups, five animals each, one
was euthanized at four weeks, and the other was maintained for another two weeks.

In the end, the blood was collected from retroocular sinus, using deep isoflurane
(3%) narcosis. The animals were considered dead when heart beats and respiratory move-
ments stopped, the irreversibility of the phenomenon was assured by cervical dislocation,
immediately followed by removal of internal organs. The blood was collected in clot
activator vacutainers; after clotting, it was centrifuged (1465 g) for 15 min. The serum was
immediately removed, stored at −20 ◦C and thawed just before use.

3.7. Oxidative Stress Markers and Plasma Biochemistry

In order to assess oxidative stress markers, extraction of total protein from liver
tissue was done by homogenization with a phosphate buffer solution (at 10 mm, pH
7.4). The obtained protein extracts were analyzed for total protein content, catalase (CAT),
superoxide dismutase (SOD) activity, glutathione peroxidase (GPx) activity, and lipid
peroxidation. The activity of CAT, XOD and GPx was determined using the corresponding
assay kits (BioVision, Milpitas, CA, USA), according to the manufacturer’s specifications.
The concentration of malonyl dialdehyde (MDA) was determined using reaction with
thiobarbituric acid (TBA). The results were measured by a METERTECH Spectrophotometer
SP-830 Plus.

Serum chemistry was measured using screen point semi-automatic analyzer STAT-
FAX 1904 Plus Global Medical Instrumentation Inc. (Ramsey, MN, USA) using special kits
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for plasma biochemistry (Diagnosticum Zrt. Hungary, Budapest) according to the producer
specifications.

3.8. Histology

The tissue fragments were fixed in phosphate-buffered formalin 10%, pH 7, for 24 h,
embedded in paraffin wax, cut to a thickness of 2–3 µm and stained with hematoxylin
and eosin (H&E). The examination of the histopathological slides was performed using an
Olympus image processing and retrieval system, the Olympus Cell B image acquisition
and processing program. The histological examination was performed by an experienced
pathologist RM, unaware of the therapy received by each group. Histopathological exam-
ination was focused on classic effects of CCl4 toxicity, such as circulatory, inflammatory,
necrotic and fibrotic lesions.

3.9. Statistical Analysis

All data are reported as the mean ± SD (n = 5). To assume Gaussian distribution,
normality distribution was checked by Shapiro–Wilk normality test two-way ANOVA,
followed by Bonferroni post-test which was done for pairwise comparisons. Statistical
significance was set at p < 0.05 (95% confidence interval). Statistical values and figures
were obtained in GraphPad Prism version 5.0 for Windows, GraphPad Software, San Diego
California USA.

4. Conclusions

The present study was conducted in order to offer a novel perspective on the species R.
officinalis. The analyses that were performed on a fresh young shoots tincture highlighted
the presence of polyphenols and terpenoids in R. officinalis fresh young shoots in significant
amounts, showing, therefore, that the tested vegetal material may represent an important
medicinal product. Moreover, this vegetal medicinal product was tested in order to evaluate
its capacity to exhibit hepatoprotective activity by an antioxidant mechanism. Therefore,
due to its chemical composition, the studied vegetal product belonging to the rosemary
could be an important raw material for pharmaceutical formulations, contributing to the
improvement of human health through its antioxidant and hepatoprotective properties,
with significant effects against free radical damages, that may be useful for the protection
against liver tissue damage.
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A. Rosmarinus officinalis leaves as a natural source of bioactive compounds. Int. J. Mol. Sci. 2014, 15, 20585–20606. [CrossRef]
[PubMed]

33. Okamura, N.; Haraguchi, H.; Hashimoto, K.; Yagi, A. Flavonoids in Rosmarinus officinalis leaves. Phytochemistry 1994, 37,
1463–1466. [CrossRef]

34. Zoral, M.A.; Futami, K.; Endo, M.; Maita, M.; Katagiri, T. Anthelmintic activity of Rosmarinus officinalis against Dactylogyrus
minutus (Monogenea) infections in Cyprinus carpio. Vet. Parasitol. 2017, 247, 1–6. [CrossRef]

35. Ali, A.; Chua, B.L.; Chow, Y.H. An insight into the extraction and fractionation technologies of the essential oils and bioactive
compounds in Rosmarinus officinalis L.: Past, present and future. Trends Anal. Chem. 2019, 118, 338–351. [CrossRef]

36. Csepregi, K.; Neugart, S.; Schreiner, M.; Hideg, É. Comparative evaluation of total antioxidant capacities of plant polyphenols.
Molecules 2016, 21, 208. [CrossRef]

37. Mishra, K.; Ojha, H.; Chaudhury, N.K. Estimation of antiradical properties of antioxidants using DPPH- assay: A critical review
and results. Food Chem. 2012, 130, 1036–1043. [CrossRef]

38. Szollosi, R.; Szollosi Varga, I. Total antioxidant power in some species of Labiatae (Adaptation of FRAP method). Acta Biol. Szeged
2002, 46, 125–127.

39. Olah, N.K.; Osser, G.; Câmpean, R.F.; Furtuna, F.R.; Benedec, D.; Filip, L.; Raita, O.; Hanganu, D. The study of polyphenolic
compounds profile of some Rosmarinus officinalis L. extracts. Pak. J. Pharm Sci. 2016, 29, 2355–2361. [PubMed]
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Abstract: The antibacterial activity and efflux pump reversal of thymol and carvacrol were
investigated against the Staphylococcus aureus IS-58 strain in this study, as well as their toxicity against
Drosophila melanogaster. The minimum inhibitory concentration (MIC) was determined using the broth
microdilution method, while efflux pump inhibition was assessed by reduction of the antibiotic and
ethidium bromide (EtBr) MICs. D. melanogaster toxicity was tested using the fumigation method.
Both thymol and carvacrol presented antibacterial activities with MICs of 72 and 256 µg/mL,
respectively. The association between thymol and tetracycline demonstrated synergism, while the
association between carvacrol and tetracycline presented antagonism. The compound and EtBr
combinations did not differ from controls. Thymol and carvacrol toxicity against D. melanogaster
were evidenced with EC50 values of 17.96 and 16.97 µg/mL, respectively, with 48 h of exposure.
In conclusion, the compounds presented promising antibacterial activity against the tested strain,
although no efficacy was observed in terms of efflux pump inhibition.

Keywords: bacterial resistance; efflux pumps; terpenoids; thymol; carvacrol

1. Introduction

The prevalence of bacterial resistance to antibiotics, this being associated with increased mortality
rates, has become a source of great concern for public health [1]. Staphylococcus aureus is a commensal
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microorganism associated with a wide variety of infections, since it has the capacity to acquire resistance
to many classes of antibacterial agents, such as β-lactams, quinolones and macrolides [2,3].

There are several mechanisms by which S. aureus develops resistance to antimicrobials, including limited
drug absorption, target modification, enzymatic inactivation and active efflux mechanisms [4]. The latter,
also known as efflux pumps, are proteins integrated into the bacterial plasma membrane that reduce the
intracellular concentration of antibiotics by extruding them from the cell [5]. Among these pumps, the TetK
pump, belonging to the major facilitator superfamily (MFS), is present in S. aureus IS-58 strain. TetK powers
its transport activity with energy derived from proton gradients and is responsible for resistance to the
tetracycline class of antibiotics [6].

Given the above, the development of efflux pump inhibitors that act as competitive and non-competitive
adjuvants to reduce antibiotic resistance has attracted the attention of researchers [7]. Natural bacterial
resistance modifiers can facilitate the reintroduction of ineffective therapeutic antibiotics in the clinic,
reducing the toxic risks of these drugs by acting as efflux system regulators or as efflux pump inhibitors
(EPIs) when blocking their activity [8,9].

The compounds thymol and carvacrol are two phenolic terpenoids, geometric isomers, which can be
found in the form of translucent crystals and a yellowish liquid, respectively, at room temperature. Both are
obtained from essential oils, mainly from thyme (Thymus vulgaris L.) and oregano (Origanum vulgare L.) [10],
where a number of pharmacological properties associated with these compounds have been previously
described in the literature, including antifungal [11] and antibacterial activities [12,13]. Although some
compounds are capable of acting as EPIs, their high eukaryotic cell toxicity prevents their development as
EPIs [14]. Thus, studies assessing the toxicity of these substances are necessary. Drosophila melanogaster is a
model organism in toxicological assays which aim to understand the genetic and molecular mechanisms
of toxic substances since these are very sensitive to different concentrations of toxic substances [15].

Thus, the objective of this study was to assess the antibacterial activity and efflux pump reversal
mechanisms of the isomers thymol and carvacrol against the S. aureus IS-58 bacterial strain and to
evaluate their toxicity in a D. melanogaster model.

2. Results

2.1. Minimum Inhibitory Concentration (MIC)

The monoterpenes thymol and carvacrol demonstrated relevant direct antibacterial activity against
the S. aureus IS-58 strain, with MIC values of 72 µg/mL and 256 µg/mL, respectively (Table 1), where the
MIC value for thymol was more effective than that of the standard antibiotic tetracycline, with values
varying between 128 and 114 µg/mL.

Table 1. Minimum inhibitory concentrations (MIC, µg/mL) of thymol, carvacrol and tetracycline against
the S. aureus IS-58 strain.

Strain MIC (µg/mL)

S. aureus IS-58
Thymol Carvacrol Tetracycline

72 256 128

2.2. Modulatory Effect over Antibiotic Activity and Ethidium Bromide

When thymol was combined at a sub-inhibitory concentration (MIC/8) with tetracycline,
an interference of the antibiotic activity was observed, where a MIC reduction from 114 to 101 µg/mL
was seen (Figure 1A). When the antibiotic was tested in association with standard inhibitors, the MIC
values for chlorpromazine did not differ from the control, whereas in association with CCCP, a reduction
in the antibiotic MIC was observed, indicating greater specificity of this inhibitor for the tested pump,
with inhibition of the antibiotic resistance mechanism being observed.

With respect to efflux pump inhibition, the assays with ethidium bromide (EtBr) as a pump substrate
found the association between thymol and EtBr did not differ from the control. Thus, the observed
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action of the compound, when in association with the antibiotic, suggests an activity over a resistance
mechanism other than active efflux (Figure 1B).
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Figure 1. Effect of the association between thymol and tetracycline (A) and thymol and ethidium bromide (B)
over S. aureus IS-58, expressing the TetK efflux protein. CCCP = carbonyl cyanide m-chlorophenylhydrazone;
* p <0.05; **** p < 0.0001.

The data regarding the combined effect of carvacrol and tetracycline reported an antagonism,
with the MIC value increasing from 128 to 203 µg/mL (Figure 2A). However, the results for the
association of carvacrol with chlorpromazine did not differ from the control, while a synergism
resulting from its association with carvacrol was observed for CCCP.
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When the EPI effect was evaluated using the MIC reduction of EtBr by carvacrol, the association
was shown to not differ from the control, while standard inhibitors synergistically modulated this,
demonstrating the presence of an efflux pump mechanism (Figure 2B).

The results observed in the graphs above indicate the presence of an efflux mechanism that is
sensitive to the CCCP inhibitor when tested in association with the antibiotic against the S. aureus IS-58
strain. Furthermore, the association with EtBr demonstrated presence of an efflux pump mechanism
sensitive to both standard inhibitors, which shows that the antibacterial activity exhibited by both
thymol and carvacrol against S. aureus is not due to an EPI effect.

2.3. Drosophila Melanogaster Toxicity Assay and Negative Geotaxis

The monoterpenes thymol and carvacrol presented marked toxicity against D. melanogaster with EC50

values of 17.96 µg/mL and 16.97 µg/mL, respectively, within 48 h of exposure to the products. The mortality
tests using thymol found the highest concentration tested, 31 µg/mL, and caused significant mortality
compared to the control and the other concentrations from the first reading performed, which corresponded
to 3 h of exposure to the compound (Figure 3A).Molecules 2020, 25, x FOR PEER REVIEW 5 of 12 
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Figure 3. Toxic effect of different thymol (A) and carvacrol (B) concentrations on D. melanogaster.

In the 6 to 48-h readings, the concentration-dependent toxicity pattern remained constant,
where the 8 and 15 µg/mL concentrations did not show significant differences compared to the control
with respect to the number of dead flies. For carvacrol, a toxicity for this compound was found at
30 µg/mL, this being the most potent, since it began to differ statistically from the control after the
first 6 h of exposure, becoming more effective throughout the exposure readings, showing a high
mortality rate in the flies. The 7 and 15 µg/mL concentrations were not significant compared to the
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control (Figure 3B). Damage to locomotor capacity following exposure to thymol was determined by
the negative geotaxis test, in which the 31 µg/mL concentration was found to cause damage to the
D. melanogaster locomotor apparatus following 3 h of exposure to the compound, this being statistically
significant compared to the control and the other concentrations (Figure 4A). The mobility of the flies
was scarcely affected by the 8 and 15 µg/mL concentrations, with no statistically significant interferences
in fly locomotion compared to the control group.Molecules 2020, 25, x FOR PEER REVIEW 6 of 12 
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Figure 4. Toxic effect of varying thymol (A) and carvacrol (B) concentrations on the locomotor ability
of D. melanogaster.

In the locomotor system damage assessment, a marked decline in the behavioral response of the
flies was observed when these were exposed to a 30 µg/mL concentration, from the first 3 h of exposure
to the compound. This effect was intensified in the following hours, such that by the 24-h reading the
live flies showed great locomotor difficulties (Figure 4B).

3. Discussion

In this work, our results indicated that thymol and carvacrol exert relevant antibacterial activity,
with MIC values of 72 and 256 µg/mL respectively, against the S. aureus IS-58 strain. These results are
in accordance with that reported by Miladi et al. [16], in which thymol and carvacrol obtained MIC
values of 64 and 256 µg/mL, respectively, against the S. aureus ATCC 25923 strain. Lambert et al. [17] also
reported a greater antibacterial activity for thymol compared to carvacrol against S. aureus ATCC 6538.
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These results may be justified by the hydrophobic nature and low solubility of thymol in the hydrophobic
domain of the cytoplasmic membrane of bacterial cells. [18].

The structural differences in the hydroxyl group (OH) position in both thymol and carvacrol
isomers did not affect the inhibitory effect against the assayed bacterial strain. By the same reason,
the relative position of the hydroxyl group in the phenolic ring also failed to strongly influence
the degree of antibacterial activity for thymol and carvacrol against Bacillus cereus, S. aureus and
Pseudomonas aeruginosa [19]. However, the study by Dorman and Deans [20] reported that carvacrol
and thymol act differently against gram-positive and gram-negative species. Our results evidenced
an interference in the antibiotic activity when thymol and tetracycline were associated, resulting in a
reduction of the MIC value of tetracycline from 114 to 101 µg/mL. However, Davies and Wright [21]
stated in their study that when a compound is in association with an inhibitor, only a minimum
of a 3-fold MIC reduction is acceptable as significant in terms of inhibiting resistance mechanisms,
when carvacrol was associated with tetracycline an antagonism can be observed. These results are
different from that observed by Cirino et al. [22], where thymol and carvacrol, used at sub-inhibitory
concentrations (MIC/4), reduced the MIC value of tetracycline from 64 µg/mL to 32 µg/mL in both cases.

The TetK efflux pump is the main mechanism for bacterial resistance to tetracycline, being coded
by the plasmid gene pt181. The main efflux protein protects the bacterial ribosome by extruding the
antibiotic out of the bacterial cell [23]. Many studies have been conducted to face the bacterial resistance
to antibiotics, mainly through using compounds that act as adjuvants to the antibiotic activity. For this
reason, it is known that natural products and phytochemicals act synergistically with this objective [24–26].
In our assays, thymol and carvacrol had no effect as EPIs. Due to the fact that efflux pumps are the unique
mechanism for EtBr extrusion, the MIC reduction of the EtBr indicates an EPI effect [27]. Thus, our results
indicate that thymol and carvacrol act on other resistance mechanisms, regardless of the active efflux.

Given these results, we also investigated the thymol and carvacrol toxicity against D. melanogaster.
Similar findings were also stated by Zhang et al. [28], who demonstrated that oxygenated monoterpenes,
such as thymol and carvacrol, exhibited high toxicity against D. melanogaster while investigating the
fumigant toxicity of monoterpenes against fruit flies. Negative geotaxis consists of flies’ ability to move
vertically, this being a common locomotion behavior associated with D. melanogaster [29]. The results
found in this study corroborate data from the investigation by Karpouhtsis et al. [30], which reported
an insecticidal and genotoxic activity for thymol against D. melanogaster. Previous studies also report a
repellent activity for thymol against Culex pipiens pallens [31], as well as a toxic effect for its larvae [32].

The insecticidal potential of terpenoids has been associated with their low molecular weights,
which makes them highly volatile, with these being often considered toxic or repellent against insects,
where different functional groups and their locations seem to influence their biological effectiveness [33].
The toxicity mechanisms and locomotor capacity impairments produced by many compounds and/or
essential oil may be associated with a decrease in AChE activity, which, considering its importance
against neurotoxicity, functions as defense in stressful situations [34,35]. Another factor also reported
in the literature is the increase in the biosynthesis of heat shock proteins, such as hsp70, which support
the functional structure of important enzymes and proteins, as an insect’s self-defense mechanism
against stressors [36].

4. Materials and Methods

4.1. Bacterial Strain and Culture Media

The IS-58 S. aureus strain (gently furnished by Dr. Simon Gibbons, from the Imperial College,
London, UK), with the PT181 plasmid carrying the gene for the tetracycline efflux protein TetK, was used.
The culture media used in the tests were heart infusion agar (HIA, laboratories Difco Ltd.a., Campinas, Brazil)
prepared according to the manufacturer and 10% brain heart infusion (BHI, laboratories Difco Ltd.a.) broth.

26



Molecules 2020, 25, 2103

4.2. Substances

The antibiotic tetracycline, as well as thymol and carvacrol, were diluted in dimethyl sulfoxide
(DMSO) and in sterile water to a final concentration of 1024 µg/mL. The DMSO proportion used was
lower than 5%. Chlorpromazine and EtBr were dissolved in sterile distilled water, while carbonyl
cyanide m-chlorophenylhydrazone (CCCP) was dissolved in methanol/water (1:3, v/v). All substances
were diluted until reaching a concentration of 1024 µg/mL. The molecular structures of the compounds
were obtained using the software ACD/ChemSketch (ACD/LABS, Toronto, ON, Canada) (Figure 5).

4.3. Determining the Minimum Inhibitory Concentration (MIC)

The MIC was determined for the isolated compounds thymol and carvacrol as per the broth
microdilution method proposed by Javadpour et al. [37], with some adaptations. The inoculants were
prepared 24 h after sowing the strains. Eppendorfs® were filled with 1440 µL of BHI and 160 µL of the
inoculum. The plates were then filled with 100 µL of the final solution. Microdilution was performed
with 100 µL of the products. Following 24 h of incubation, readings were taken by the addition of
resazurin (7-hydroxy-3H-phenoxazine-3-one 10-oxide) [38]. The tests were performed in triplicates.

4.4. Evaluation of Efflux Pump Inhibition

Efflux pump inhibition was carried out using the methodology adapted from Coutinho et al. [39].
Eppendorfs® were filled with 160 µL of the inoculum, the sub-inhibitory concentration (MIC/8) of the
compounds, and completed with BHI until reaching a volume of 1.6 mL. Microdilution was performed
with 100 µL of the antibiotics, and readings were taken 24 h after incubation by adding resazurin [38].
The modulatory effect of the combination of the antibiotic, as well as EtBr, with the compounds’
thymol and carvacrol was tested using a methodology adapted from Coutinho et al. [39] (Figure 5).
For this, Eppendorfs® were filled with 160 µL of the inoculum with the compounds at sub-inhibitory
concentrations (MIC/8) and completed with BHI until reaching a volume of 1.6 mL. A modulatory
control was prepared with 160 µL of the inoculum and 1440 µL of BHI. Thereafter, the microdilution
plates were filled, with rows G and H corresponding to the microbial growth controls. Sterility controls
were performed on separate plates. Subsequently, microdilutions were performed with the antibiotic
and EtBr (100 µL). After 24 h, readings were taken in the same manner as for the MIC tests. The tests
were performed in triplicates.Molecules 2020, 25, x FOR PEER REVIEW 9 of 12 
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4.5. Drosophila melanogaster Toxicity Assays

The fumigation bioassay method proposed by Cunha et al. [40] was used to assess toxicity.
Adult flies (males and females), in multiples of 20, were placed in 130 mL flasks, previously prepared
with 1 mL of 20% sucrose solution. The compound doses were impregnated in the glass cover on filter
paper. The control received 20 µL of acetone, while the compounds were prepared at the concentrations
of 200 µg/mL for thymol and 195.2 µg/mL for carvacrol, both diluted in acetone. Volumes of 20, 10 and
5 µL were taken from the stock solutions, resulting in the final concentrations of 31, 15 and 8 µg/mL
in bottles with 130 mL of air for thymol and 30, 15 and 7 µg/mL in bottles with 130 mL of air for
carvacrol, respectively.

The bioassays were conducted in a BOD-type greenhouse under controlled conditions. The tests
were performed in triplicates and mortality rate readings were performed at 3, 6, 12, 24, 36 and 48 h [40].

4.6. Negative Geotaxis Assays

Damage to the locomotor system was determined as described by Coulom and Birman [41],
after considering fly mortality. The negative geotaxis assay consists of counting the number of flies that
rise above 3 cm in the experimental glass column during a 5 s time interval. The assays were repeated
twice within a 1 min interval. The results were presented as the mean time (s) ± SE obtained from three
independent experiments.

4.7. Statistical Analysis

A two-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test was employed for
the microbiological assays using GraphPad Prism 7.0 software (GraphPad Software, San Diego, CA, USA).
Meanwhile, a two-way ANOVA followed by Tukey’s multiple comparisons test was performed for the
toxicity data analysis.

5. Conclusions

The monoterpenes thymol and carvacrol presented direct antibacterial activity against the S. aureus
IS-58 strain, where the strain was shown to be more sensitive to thymol, with the isomeric difference being
a possible factor in terms of antibacterial activity. However, despite the demonstrated antibiotic activity
results, the compounds were ineffective at inhibiting the TetK efflux pump mechanism, thus indicating
that the antibacterial activity of the compounds is not associated with this resistance mechanism.
Thymol and carvacrol exerted a marked toxic activity against D. melanogaster.
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Abstract: Pistacia (Pistacia vera) hulls (PV) is a health product that has been determined to contain
bioactive phytochemicals which have fundamental importance for biomedical use. In this study,
PV ethyl acetate extraction (PV-EA) fractions were evaluated with the use of an MTT assay to find
the most cytotoxic fraction, which was found to be F13b1/PV-EA. After that, HPTLC was used for
identify the most active compounds. The antioxidant activity was analyzed with DPPH and ABTS
tests. Apoptosis induction in MCF-7 cells by F13b1/PV-EA was validated via flow cytometry analysis
and a distinctive nuclear staining method. The representation of genes like Caspase 3, Caspase 8, Bax,
Bcl-2, CAT and SOD was assessed via a reverse transcription (RT_PCR) method. Inhabitation of
Tubo breast cancer cell development was examined in the BALB-neuT mouse with histopathology
observations. The most abundant active components available in our extract were gallic acid and the
flavonoid quercetin. The F13b1/PV-EA has antiradical activity evidence by its inhibition of ABTS
and DPPH free radicals. F13b1/PV-EA displayed against MCF-7 a suppressive effect with an IC50

value of 15.2 ± 1.35 µg/mL. Also, the expression of CAT, SOD, Caspase 3, Caspase 8 and Bax increased
and the expression of Bcl-2 decreased. F13b1/PV-EA dose-dependently inhibited tumor development
in cancer-induced mice. Thus, this finding introduces F13b1/PV-EA as an effectual apoptosis and
antitumor active agent against breast cancer.

Keywords: pistacia (Pistacia vera) hulls; breast cancer; anticancer

1. Introduction

The pistachio hull refers to the epicarp which has a reddish/yellow color during development
and when it ripens, it is a rosy and light yellow [1,2]. Usually, collected pistachio nuts are encased
in this shell which is removed by a dehulling process. During the pistachio dehulling process many
types of by-products are generated that are currently considered as an agriculture waste and to a
lesser extent, are used as fodder by local livestock farmers. Hulls may also be used as an herbal
medicine for stomach pains and the prevention of diarrhea and to improve hemorrhoids. Pistachio
hull has caught the attention of researchers in recent years due to its natural phenolic and antioxidant
compounds. Recent literature has proven that pistachio hull extracts have antioxidant, antimicrobial
and antimutagenicity activities. Several reports have validated and established the pharmacological
activities and medicinal properties of pistachio hull [1,3,4]. In a report by Tomaino the antioxidant

31



Molecules 2020, 25, 1776

activity of the polyphenols extracts from natural shelled pistachios (NP) was determined. In the rats
treated with NP a remarkable decrease was observed for CAR-induced histological paw damage,
nitrotyrosine formation and neutrophil infiltration. These results demonstrated that the polyphenols
display antioxidant properties in lower doses [1].

In Goli [4] report pistachio hulls were extracted with three different solvents (water, methanol
and ethyl acetate) and its total phenol content were determined using the Folin–Ciocalteu method.
Additionally, the effect of water and methanolic extracts on the stability of soybean oil that was heated
to 60 ◦C was ascertained. The pistachio hull extract (PHE) slowed down the process of oil deterioration
at 60 ◦C with a concentration-dependent increase between 0.02–0.06%. The 0.06% PHE showed a
similar activity pattern to butylhydroxyanisole (BHA) and butylated hydroxytoluene (BHT) of. Thus,
pistachio hulls, which at the moment are mainly considered as agricultural waste, contain antioxidants
that may be compatible for adding them to food products [4].

It should be noted that the content of antioxidant compounds could vary depending on the
extraction procedures adopted. Indeed, for pistachio it has been demonstrated by Garavand et al. [5],
who studied and measured the phytochemical substances and radical scavenging activity of pistachio
hull extracts, obtained using diverse solvents (water, ethanol, and butanol). Their results showed that
ultrasound-assisted aqueous extraction of the hull using ultrasound power (35 kHz) was more effective
in increasing the phytochemicals content than a sonochemical ultrasonication method (130 kHz).
The amount of vanillic acid, p-coumaric acid, naringenin, and catechin in the ultrasound-assisted
extracts increased as demonstrated by high-performance liquid chromatography-mass spectrometry.
The content of phenolics and antioxidant properties of the aqueous extract decreased remarkably
after post-extraction sonication. Contrariwise, the amount of phenolics and flavonoids improved with
microwave-assisted extraction in a power-dependent trend [5]. Grace et al. [6] described the presence
of anacardic acids, fatty acids, carotenoids, tocopherols and phytosterols as the main components in
pistachio hulls. Quercetin-3-O-glucoside together with smaller concentrations of quercetin, myricetin
and luteolin flavonoids were found in a polar (P) extract. Gallotannins and other phenolic compounds
esterified with a gallic acid moiety were characterized in the P extract. Release of nitric oxide (NO)
and reactive oxygen species (ROS) were inhibited by the P extract in lipopolysaccharide-stimulated
RAW 264.7 macrophage cells. In addition, in the macrophages the non-mitochondrial oxidative burst
associated with inflammatory response were reduced by the P extract [6].

Bulló, et al. [7] also investigated the anti-inflammatory properties of polyphenol extracts from
natural raw shelled pistachios (NP). For the determination of the amount of protection offered by NP
against lipopolysaccharide (LPS)-induced inflammation, the monocyte/macrophage cell line J774 was
utilized. The in vitro study illustrated that pre-treatment with NP decreased the TNF-α and IL-1β
production and degradation of IκB-α, although not significantly. These results show that, at lower
doses, the polyphenols present in pistachios possess anti-inflammatory properties [7].

The hulls of pistachio have been shown to have in vitro antioxidant and in vivo photoprotective
effects [2], and also exhibit antimicrobial and antimutagenicity [8] as well as enzyme inhibitory and
also possess radical scavenging activities [4].

Some phytochemical assessments have revealed the presence of wide ranging levels of phenolic and
flavonoids compounds such as gallic acid, catechin, cyanidin-3-O-galactoside, eriodictyol-7-O-glucoside
and epicatechin in the skin of pistachio, which is even 10 times richer than the seeds [9].

In our previous study, we have demonstrated a promising cytotoxic effect and anti-angiogenesis
potential of the ethyl acetate extract from pistachio (Pistacia vera) hulls (PV-EA) against MCF-7 breast
cancer cells [10]. Therefore, in the current study, we have taken this research a step further and
investigated the anticancer activity of the most cytotoxic fraction of PV-EA through the utilization of
in vitro and in vivo models of breast cancer.
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2. Results

2.1. Separation of the Bioactive Compound

Dried hulls of Pistacia vera were extracted with ethyl acetate. The ethyl acetate extract (16 g)
was fractionated in three steps by column chromatography on silica gel 60, which yielded some
fractions in each step. After doing an MTT assay and choosing the most cytotoxic fraction in every step,
we continued with the next step until the isolation and purification of final fraction (F13b1/PV-EA)
that was about 10 mg with an IC50 15.2 µg/mL (Figure 1). Preparative HPTLC using 100% methanol
as the mobile phase and silica gel as the stationary phase with 10 concentrations or tracks was done.
The image and spectrum of spots were scanned at two wavelengths (254 and 320 nm). All spectra were
the same and in an identical region (Figures 2–4). Chemical profiling of F13b1/PV-EA was investigated
by the use of HPTLC again. After comparing retention times, first with blended standards (gallic
acid, cyanidin and the flavonoid quercetin and a second time only with gallic acid and the purified
compound from pistachio it was found that gallic acid and quercetin were present in the F13b1/PV-EA
fraction (Figure 5).
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Figure 5. HPTLC analysis. (A) Injection of blended standard and, (B) Injection of gallic acid standard,
(C) injection of F13b1/PV-EA to the column.

2.2. Cytotoxic effect of F13b1/PV-EA toward MCF-7 Cells

An evaluation of the cytotoxic properties of F13b1/PV-EA in the MCF-7 cell line was performed
using the prescribed MTT assay.

Different concentrations ranging from 7.8 to 250 µg/mL of the compound were used and the
amount of formazan formed was specified and detected after 24, 48 and 72 h of incubation. Figure 6
display that F13b1/PV-EA resulted in dose-dependent and time-dependent decline in cell viability with
increasing concentration and treatment period. The results suggest that cell growth was prevented
when the cells were incubated in the presence of the compound.

2.3. Apoptotic Morphological Variations

Figure 7 shows the results acquired after performing the AO/PI tests. From the data, it can be seen
that the compound has dose-dependent effects on cell viability and induces apoptotic morphological
variations in treated cells. The results show reduced viability as more apoptotic cells (red in color)
were seen at all three concentrations of treatment. In addition, Hoechst 33342 staining (Figure 8), also
revealed that the F13b1/PV-EA stimulates apoptotic morphological variations. The cells underwent
amazing nuclear changes when treated. However, in the untreated group, the cells were uniformly
stained by the fluorescence Hoechst dye indicating the nuclei of the cells were virgin. However,
with increasing concentration level of the compound, there was an increase of intensity captured on
fluorescence signals and luminous points where the cells expressed apoptotic morphological variations.
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Figure 6. Shows the growth inhibition effects of F13b1/PV-EA on MCF-7 cells noted at different intervals
(24, 48 and 72 h) and concentrations. (*** p value < 0.001). All of the in vitro experiments were done
in triplicate.
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2.4. Flow Cytometer Analysis

By utilizing PI staining, we tried to establish whether MCF-7 cells treated with F13b1/PV-EA
underwent apoptosis accompanied by alteration in the cell cycle, and the distribution index was also
noted. This was in tandem with growth in the Sub-G1 population with increasing concentrations as
shown in Figure 9. As depicted in the mentioned figure, high concentration treatment with the compound
(32 µg/mL) led to a growth in the percentage of Sub-G1 phase up to 62.1% ± 0.41 when compared to the
control cells which were at 2.8% ± 0.86%, thus indicating a change in arrested cells towards a Sub-G1
population which is known as apoptotic cells. The population of cells that possesses sub-diploid DNA
content is a clear indication of DNA fragmentation happening at the time of apoptosis.
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Figure 9. MCF-7 cell cycle analysis of untreated cells (×200) and cells treated with 8, 16 and 32 µg/mL
of F13b1/PV-EA for 48-h interval (×200).

2.5. RT-PCR Evaluation

The link of some genes containing Caspase 3, Caspase 8, Bax, Bcl-2, CAT and SOD with apoptosis
induced by F13b1/PV-EA were observed using RT-PCR.

As explained in Figures 10 and 11, Caspase 3, Caspase 8, CAT, Bax and SOD gene expressions increased,
respectively, when compared to the control (gene expression in cancer cells without any treatment). Further
investigation revealed that the compound treatment lowered the expression level of Bcl-2 over time. These
results show that F13b1/PV-EA could stimulate apoptosis by shifting the regulation of apoptotic genes
exclusively through the up-regulation of Bax and down-regulation of BCL-2.
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Figure 10. The Bax, Bcl-2, Caspase 3 and Caspase 8 genes expression of MCF-7 cells treated with 15
µg/mL of F13b1/PV-EA for 24 h. (* p < 0.05, *** p < 0.001).
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Figure 11. The CAT and SOD genes expression of MCF-7 cells treated with 15 µg/mL of F13b1/PV-EA
for 24 h. (*** p value < 0.001).

2.6. Analysis of Radical Scavenging Effect

Examination to evaluate the antioxidant activity of F13b1/PV-EA, ABTS and DPPH free radical
scavenging activity was performed. Figure 12 shows that F13b1/PV-EA demonstrated antiradical
activity by inhibiting ABTS radical with IC50 values less than 125 µg/mL. F13b1/PV-EA displayed a
dose-dependent activity and the ABTS scavenging effect has measured at 63% at a concentration of
125 µg/mL. In addition, pure compound displayed a dose-dependent activity and the DPPH scavenging
effect was 38.8% at a concentration of 1000 µM. F13b1/PV-EA thus displayed a moderate inhibitory
effect on DPPH free radicals (Figure 13).
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Figure 12. Inhibition activity of F13b1/PV-EA and comparison of a BHA group with treated samples.
Data are expressed as mean ± standard division.

2.7. Animal Study

2.7.1. LD50 Tests (Lethal Dose 50 Test)

LD50 is the amount of a material that results in loss of life of 50% (one half) of animals in an
experiment. The LD50 is one way to measure the short-term poisoning potential (acute toxicity) of a
material. In this study three concentrations of F13b1/PV-EA were tested (12.5, 25 and 50 µg/mL) and
in the concentration of 50 µg/mL, 50% of the mice died. This result indicated that a concentration of
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50 µg/mL or higher was poisonous to mice and it was best for our main animal experiments to use
concentrations of less than 50 µg/mL, which meant only using 12.5 and 25 µg/mL.Molecules 2020, 25, x 9 of 21 
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Figure 13. Shows F13b1/PV-EA radical inhibition activity and comparison of BHA group with treated
samples. Data are expressed as mean ± standard division.

2.7.2. Average Tumor Volume

To investigate the effects of F13b1/PV-EA in the inducement of apoptosis in Tubo breast cancer
cells, mice were treated with two different concentrations of the compound (12.5 and 25 µg/mL),
tamoxifen was used as a standard drug and one group without any treatment. At the end of the
experiment, the mice were euthanized, tumors were excised from the mice and weighted. The tumor
volumes (Table 1) were measured according to the formula below:

tumor volume = A × B2 × 0.5

where A: length, B: width.

Table 1. The tumor volume of Tubo cancer cells in the four treatment groups.

Group Tumor Volumes

Negative control group 10.7 ± 1.2 cm3

Positive control group 0.95 ± 0.7 cm3

Experimental group A(12.5 µg/mL) 2.5 ± 0.8 cm3

Experimental group B (25 µg/mL) 0.8 ± 0.7 cm3

Statistical analysis showed that the total tumor volume in all treatment groups was smaller than
that of the control group.

2.7.3. Histological Analysis

A histopathological examination by H & E staining was done to confirm the effect of treatment
by isolated compounds present in Pistacia vera hull extract F13b1/PV-EA. Five different sections from
each H & E slide were monitored at 100×magnification (Figures 14–17) and mean score was calculated
from these five sections (Table 2). The scoring method is described in Table 4 in the Materials and
Methods section.
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Table 2. Apoptotic index, and mitotic index in animal treated with F13b1/PV-EA.

Experimental Group Apoptotic Index Mitotic Index

Negative control 1 (2 ± 1) 1 (15 ± 3)

Positive control 2 (9 ± 0.5) 1 (4 ± 0.8)

Low-dose 2 (5 ± 0.1) 1 (9 ± 1)

High-dose 3 (11 ± 0.9) 1 (5 ± 0.7)
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3. Discussion

One of the unique characteristics of cancer is the capability of malignant cells to elude
apoptosis [11,12]. Therefore, an all-inclusive perception of the apoptotic signaling pathways that
are involved is of crucial importance for the discovery and development of target selective therapeutics.
Mouse models are useful tool for carcinogenic study. They will greatly enrich the understanding of
pathogenesis and molecular mechanisms for cancer. [13,14]. According to our previous study [10],
the molecular and cellular response exerted by the PV-EA on the MCF-7 is noteworthy, thus it is
vital to ascertain and determine the bioactive constituents that are present. Thus, the Isolation and
identification of the bioactive compounds present were performed accordingly to help identify which
compound(s) play a role in the safe and effective use for therapeutic purposes.

In this study, we managed to purify 14 fractions from the ethyl acetate extract of this plant in three
steps and they were characterized using diverse spectroscopic analyses with subsequent confirmation
using the HPTLC method. Chemical profiling of F13b1/PV-EA showed the presence of gallic acid
and quercetin.

Phytochemical investigations conducted previously on the hulls of ripe pistachio have led
to the identification of structurally varied secondary metabolites [15]. Barreca, et al. [9] in their
research identified 20 derivatives from extracts of hull of pistachio, the most plentiful being gallic
acid, followed by 4-hydroxybenzoic acid, protocatechuic acid, naringin, eriodictyol-7-O-glucoside,
isorhamnetin-7-O-glucoside, quercetin-3-O-rutinoside, isorhamnetin-3-O-glucoside and catechin. The
key difference between the red and green hulls was the presence of anthocyanins in the green hulls.
For the first time, differently galloylated hydrolysable tannins, anthocyanins, and minor anacardic
acids were identified. Thus pistachio hulls have structurally varied and potentially bioactive phenolic
compounds [9].

One of the phenolic compounds is gallic acid (GA), chemically known as 3,4,5-trihydroxybenzoic
acid [16]. Gallic acid is structured in such a way that it has phenolic groups that are a source of activated
hydrogen atoms so that generated radicals can be delocalized over the phenolic moieties [17]. Another
polyphenolic flavonoid compound is quercetin (3,3′,4′,5,7-pentahydroxyflavone) that is ubiquitous
in plants and foods of plant origin. The most notable property of quercetin is its ability to act as an
antioxidant. Quercetin seems to be a strong flavonoid for defending the body against reactive oxygen
species, which is very important in cancer therapy [15].

Young et al. [18] have examined polyphenols as potential inhibitors of UGDP-glucose
dehydrogenase (UGDH) activity. Gallic acid and quercetin decreased the specific activity of UGDH
and inhibited the proliferation of MCF-7 human breast cancer cells. Western blot analysis showed that
gallic acid and quercetin did not affect UGDH protein expression, suggesting that UGDH activity is
inhibited by polyphenols at the post-translational level. Kinetics studies using human UGDH revealed
that gallic acid was a non-competitive inhibitor with respect to UDP-glucose and NAD+. In contrast,
quercetin showed a competitive inhibition and a mixed-type inhibition with respect to UDP-glucoseand
NAD+, respectively. These results indicate that gallic acid and quercetin are effective inhibitors of
UGDH that exert strong antiproliferative activity in breast cancer cells.

By evaluating the cytotoxic properties of F13b1/PV-EA on MCF-7 cell line, it was observed that
there was decreased cell viability in tandem with increasing concentration and time of treatment.
Multiple papers about gallic acid and its pharmacological activities have been published. Gallic acid
has shown some activities that include in the following: angiogenesis, repression of cell viability
and reproduction in human glioma cells, prevention of the propagation of HeLa cervical cancer
cells, inhibition of ribonucleotide reductase, induction of apoptosis in humoral cell lines, prevention
of lymphocyte duplication and cyclooxygenases in human HL-60 promyelocytic leukemia cells,
stimulation inactivating phosphorylation via ATM-Chk2 activation and anti-oxidant activity [11,18,19].

The effects of three different doses of F13b1/PV-EA on MCF-7 was evaluated through acridine
orange/propidium iodide (AO/PI) staining and fluorescence microscopy. The tests confirmed that the
compound has a dose-dependent effect on cell viability and induces apoptotic morphological changes
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in the treated cells. The results show reduced viability with the presence of higher levels of apoptotic
cells for all three treatment concentrations.

To get a better understanding of the efficacy of the bioactive compound on the nucleus, treated
cells were stained with Hoechst stain. The cells was seen to have gone through major nuclear changes
upon treatment. In the control, the cells were uniformly stained via the fluorescent Hoechst stain,
indicating the nuclei of the cells were intact. However, with increasing concentrations of the compound,
there was a growth of severity seen captured on the fluorescence signals and luminous points where
the cells exhibited apoptotic morphological changes.

By utilizing PI staining, it was established whether the MCF-7 cells treated with F13b1/PV-EA
underwent apoptosis and if it was accompanied by notable alterations in the cell cycle, and the
distribution index was also investigated via PI staining. This was accompanied by growth in the
Sub-G1 population with increasing concentrations. This cells population possessed a sub-diploid DNA
content which is indicative of DNA fragmentation occurring during apoptosis. F13b1/PV-EA was thus
shown to be able to bring about apoptosis by changing the regulation of apoptotic genes, particularly
through up-regulation of Bax and down-regulation of BCL-2.

Caspase 3, Caspase 8, CAT, Bax and SOD genes expression increased compared to control (gene
expression in cancer cells without any treatment). Further investigations revealed that compound
treatment eventually decreased the expression level of Bcl2.

The cytotoxicity and anti-cancer effects of hydro-alcoholic extracts of pistachio shell on HepG2
and L929 cells was elucidated by Harandi et al. [20]. Cell viability of HepG2 and L929 was decreased
after 24 and 48 h of treatment with IC50 1500 and 1000 µg/mL for HepG2 and 2000 and 1500 µg/mL
for L929. Bax and P53 genes were shown to be up-regulated and Bcl-2 gene was displayed to be
down-regulated after treatment.

ROS are stabilized by reactions which in turn cause cellular damage and the formation of
carcinogenic DNA adducts. The consumption of antioxidants has been shown to reduce the risks of
getting cancer. Our compound displayed a dose dependent activity on ABTS and a slow inhibitory
effect on DPPH free radicals.

Hashemi, et al. [21] investigated the antioxidant activity of a Pistacia atlantica extract. The
antioxidant activity of the extract was 4.6 ± 0.66 µg/mL, while it was 25.41 ± 1.89 µg/mL for butylated
hydroxytoluene (BHT). The total phenol, flavonoid and flavanol contents were 269 mg GAE/g, 40.7 mg
RUT/g and 88.12 mg RUT/g, respectively. In recent times, identifying and an emphasis on chemical
agents and natural products with the capability of preventing human cancer has been an important
objective in preclinical cell culture and animal efficacy testing models. In clinical chemoprevention
tests, according to the toxicity screening experiments, only the most active factors have potential as
human chemopreventives.

Our animal experiment study results showed that the total tumor volume of all treatment
groups were smaller than that those in the control group. According to several papers, quercetin
has anti-proliferative effects to cancer, enhances the efficacy of chemotherapeutic factors, in vivo
lymphocyte tyrosine kinase prevention and anti-tumor activity. LD50 tests in rats showed that injection
of boldine remarkable decreased breast cancer tumor size and at dose of 100 mg/kg body weight was
well tolerated.

Ferulago angulata leaf hexane extract (FALHE) is capable of inducing apoptosis on MCF-7 cells.
An in vivo study showed that FALHE reduce the tumor size from 2031 ± 281 mm3 to 432 ± 201 mm3

after treatment. Acute toxicity tests revealed an absence of toxic effects of the two compounds on
mice [22].

This study explained the potential use of red Pistacia vera hull as chemopreventive drug, as it can
be exploited as a new lead compound for prodrug therapy. Since MCF7 is an estrogen-receptor negative
human breast cancer, it’s good for potential future examination of our extract and its active compound
in another estrogen receptor-responsive cell line like MDA-231 [23]. Also as extracts of plants may
activate the immune system of the hosts and kill cancer cells, one can consider testing the concentrations
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of various cytokines, tumor necrosis factor, etc. [24], before and after administration of PV. On the other
hand, since 100% pure gallic acid and quercetin are commercially available, a combination of these two
agents at the same concentration ratio as they exist in pistachio can be tested to examine the anti-tumor
effect of PV extract. These results present an opening to new roads for discovery of anticancer drugs
and treatment of cancer by promoting induced apoptosis.

4. Materials and Methods

4.1. General Experimental Procedures

Column chromatography (CC) was run on silica gel 60 column (Merck, Darmstadt, Germany).
Thin layer chromatography (TLC) was performed on an aluminum supported silica gel 60 (Merck).
The compound purity confirmation was confirmed on a HPTLC system (Gilson, Inc., Middleton, WI,
USA) with a mobile phase of methanol (100%). Gas chromatography was performed on a Breeze2 system.

4.2. Collection and Extraction of Plant

The hulls of the Pistacia vera (PV) were procured from Kerman Province, Iran, and identified at
the Herbarium in the Institute of Biological Science, University of Malaya, by Dr. Yong Kien Thai
with voucher number KLU48697. The hull after drying and powdering was soaked in ethyl acetate.
The extract was filtered from the residue by using filter paper and the residue was re-extracted with
ethyl acetate solvent twice more. By using a rotary evaporator (R110 Rotavapor, Buchi Labortechnik
AG, Flawil, Switzerland), the solvent was evaporated at a temperature of 40 ◦C, giving a dark brown
crude extract and stored in 4 ◦C before further testing was done (Figures 18 and 19).
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4.3. Bioassay-Guided Fractionation of Pistacia vera Ethyl Acetate Extract

Pistacia vera ethyl acetate extract was chosen for next analysis and purification according to the
data from our previous study. PV-EA (16 g) was subjected to column chromatography using a glass
column (60 cm L × 6 cm I.D) packed with Merck Kieselgel 60 stationary phase. Briefly, the silica
gel was made into a slurry with solvent before it was packed into the column and it was allowed to
equilibrate for at least one hour before use. The extract was then introduced on top of the silica surface.
The column was generally eluted with combinations of solvents with a stepwise increase in the solvent
polarities. In the first step hexane and ethyl acetate (70:30) was used as solvent. Isolated fractions were
monitored by TLC and those samples displaying similar Rf values on the TLC were pooled to yield 14
fractions (designated F1-F14). The MTT cell viability assay was carried out on these 14 fractions for
choosing the most cytotoxic fraction, which was fraction number 13 (F13).

In the next step (step 2), fraction number 13 (F13) was subjected to glass column (60 cm L × 6 cm
I.D.) chromatography with combinations of ethyl acetate and dichloromethane of increasing polarity.
Isolated fractions were monitored by TLC and finally seven appropriate fractions (F13a-F13g) were
combined and dried. After an MTT assay the most cytotoxic fraction was fraction number 2. In the
last step of fractionation (step 3), fraction number 2 (F13b) was subjected to column chromatography
with combinations of dichloromethane and methanol of increasing polarity. After TLC analysis on the
isolated fractions, four appropriate fractions (F13b1-F13b4) were combined and dried for the next MTT
assay. At the final stage, fraction number 1(F13b1) of about 10 mg was selected as the most effective
fraction or pure compound.

4.4. Cell Lines and Cell Culture

The MCF-7 human breast adenocarcinoma cell line was procured via the American Type Culture
Collection (ATCC, Manassas, VA, USA). Roswell Park Memorial Institute medium (RPMI-1640)
supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin (Sigma-Aldrich,
St. Louis, MO, USA) was used for the cultivation of MCF-7 and this were subsequently cultured in a
humidified incubator using 5% CO2 at 37 ◦C.

4.5. MTT Cell Proliferation Assay

Briefly, 24 h prior to treatment, MCF-7 cells (5 × 104 cells/mL) were seeded in a 96-well plate.
Dissolved compounds in RPMI were used in various concentrations (from 7.8 to 500 µg/mL). After
72 h in each well of plates was added 20 µL of MTT solution and then plates were incubated for further
4 h. In the next step, 150 µL of DMSO was put into each well and incubated for 10 min to solve the
purple formazan crystals. The dose-response curves were mapped to obtain IC50 values and identify
the best active fractions or pure compound.

4.6. High-Performance Thin Layer Chromatography (HPTLC) Analysis

High-performance thin-layer chromatography is an improved form of the normal thin-layer
chromatography. Several augmentations can be made to the basic method of thin-layer chromatography
to automate the different steps, increase the resolution achieved and allow more accurate quantitative
measurements. In this method 10 tracks were applied on the TLC plate with silica gel 60 (for 10 × 10 cm)
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using micro syringe. The plates were saturated for 20 min in a twin trough glass chamber with the mobile
phase of methanol (100%). The plates were placed in the mobile phase and dried. A densitometric
scanning of plates were performed at 254 nm and 320 nm using a Camag TLC scanner III operated in
reflectance–absorbance mode. To examine the chemical profiling of F13b1/PV-EA, analysis was carried
out using a C18 column on a Breeze2 system. First, 20 µL of blended standard (gallic acid, cyaniding
and flavonoid quercetin) was injected to the column with water and acetonitrile solvent. Subsequently,
20 µL of standard of gallic acid and finally 20 µL of compound or F13b1/PV-EA was injected to the
column. For comparing the three injections’ properties and identification of the chemical profile of our
compound, after each injection, the retention time (RT) or the amount of time that a compound spends
on the column from injection to detection, was calculated.

4.7. Flow Cytometry Analysis

In the next step, three different concentrations (8, 16 and 32 µg/mL) of F13b1/PV-EA was added
for 2 days to MCF-7 cells that were seeded (5 × 105 cells/well) in a 35 mm dish for 24 h. Then nuclear
fractions from the cells were obtained according to the kit’s propidium iodide staining protocol.
The intensity of the fluorescence was detected using a FAC Scan flow cytometer (BD Biosciences,
San Jose, CA, USA) and analyzed via Cell Quest software.

4.8. Acridine Orange/Propidium Iodide Staining (AO/PI)

After a 24-h incubation of the 1 × 106 cells/well of MCF-7 cells in a 6-well plate, the cells were
treated with 8, 16 and 32 µg/mL of F13b1/PV-EA for 48 h. Then detached cells were dyed with AO/PI
stain according to manufacturer’s protocol and examined using fluorescence microscope.

4.9. Hoechst 33342 Staining

Using a functional vital dye the classical morphological criteria, the quantification and
determination of cell death notation was carried out. The MCF-7 cells were treated using three
different concentrations (8, 16 and 32 µg/mL) of F13b1/PV-EA for 48 h. Hoechst 33342, which is a
specific stain used for AT-rich regions of double-stranded DNA was utilized. The cells were incubated
for 15 min with Hoechst 33342 dye (5 µg/mL in PBS)) and subsequently visualized using a BHZ, RFCA
microscope (Olympus, Tokyo, Japan) equipped with a fluorescent light source with an excitation
wavelength of 330 nm and a barrier filter of 420 nm.

4.10. Gene Expression Assay

By employing the RT-PCR, the gene expression of Bax, Bcl2, Caspase 3, Caspase 8, CAT and SOD
were analyzed. RNA was extracted from MCF-7 cells (3× 106 cells/well) that were treated with 15µg/mL
of F13b1/PV-EA for 24 h, using the manufacturer’s instructions for RNA extraction. The mRNA was
transcribed in reverse to cDNA by adhering to the manufacturer’s protocol using the Advantage
RT-PCR kit. cDNA was amplified via a real time and sybr green kit. Table 3 shows the specific primers
used for amplifying the cDNA.

4.11. DPPH Radical Scavenging Assay

The free radical scavenging activity of F13b1/PV-EA was assessed based on its effect trapping
2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals. 0.1 mM methanolic DPPH solution was mixed
with the varying concentrations of F13b1/PV-EA (125, 250, 500 and 1000 µg/mL), in an equal volume.
After 30 min of incubation, the absorbance of the samples was read at 517 nm. In the control group
water and BHA was used as a standard compound. The percentage of inhabitation of DPPH free
radical was calculated according to the formula below:

Percentage of inhibition of DPPH free radical = Absorbance of control − Absorbance of
sample/Absorbance of control × 100
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Table 3. Primer sequence for amplifying cDNA.

BCL-2 5 CATGTGTGTGGAGAGCGTCAA 3 F
5 CAGATAGGCACCCAGGGTGA 3 R

BAX 5 TTTGCTTCAGGGTTTCATCCA 3 F
5 CTCCATGTTACTGTCCAGTTCGT 3 R

Caspase 3 5 GTGGAACTGACGATGATATGGC 3 R
5 CGCAAAGTGACTGGATGAACC 3 R

Caspase 8 5 CTGGGAAGGATCGACGACGAT 3 F
5 CATGTCCTGCATTTTGATGG 3 R

CAT 5 CTTCCCGCTTGAATGTGAAG 3 F
5 CCGATTACATAAACCCATCA 3 R

SOD 5 GCTCCTAAGCCGCTTACGGTT 3F
5 CACGCCATCGGCATTGGCAAT 3R

4.12. ABTS Radical Scavenging Assay

In brief 1 mL of various concentrations of F13b1/PV-EA (125, 250, 500 and 1000 µg/mL), were
mixed with 1 mL of ABTS·+ working solution. After incubation period of 1 h in room temperature in
the dark, absorbance was read at 734 nm. To prepare the ABTS·+ stock solution, 7 mM of ABTS and
2.45 mM of potassium persulfate were mixed, incubated at room temperature for 12–16 h and finally
ABTS·+ stock solution was diluted with distilled water to gain 0.70 ± 0.02. Percentage of inhibition of
ABTS free radical was calculated according to formula in previous part.

4.13. Experimental Animals

The experiments on the animal were divided into 2 parts. First, the lethal dose 50% (LD50) test
and after that in vivo anti-tumor assessment was carried out. For LD50 testing and to determine the
acute toxicity of the proposed compounds, 18 healthy male Balb/C mice (25 ± 5 g, five-weeks-old) were
provided by the animal house of the University of Malaya Animal Experimental Unit (AEU), in clean,
sterile and polyvinyl cages. The mice were maintained under standard conditions, temperature of
22–26 ◦C, 45–50% relative humidity with water, food and sterile diet under pathogen-free environment
and maintained on a 12 h light/dark photo period. For the second part or in vivo anti-tumor assessment,
24 healthy female Balb/C mice were purchased from Pasteur Institute of Mashhad (Iran). The mice
were maintained under conditions that were mentioned above. The animal studies were performed
after approval of the protocol by the FOM Institutional Animal Care and Use Committee, University of
Malaya (FOM, IACUC, ethic No.: 2016-190405/IBS/R/MS).

4.13.1. Lethal Dose 50% (LD50) Test

LD50 is the amount of the substance (usually per body weight) required to kill 50% of the test
population within a specific time. In order to observe the overall effect of our compound on a living
subject, 18 male Balb/C mice were divided into three groups of animals in each group. Every group
was treated with one concentration of F13b1/PV-EA, 1 time every week until 2 weeks, for a total of two
times. Three doses (12.5, 25 and 50 µg/mL) of pure compound was dissolved in 10% tween 20 and
given orally by gavage to the mice. For purpose of calculating the consumable dose (dosage compound
for each mouse) we used the formula below:

(Concentration of the compound) × (mouse body weight) × 6 (the rate of metabolism mice to the
human) = consumable dose

Animals were monitored for 30 min, 2, 4, 8, 24 and 48 h for up to two weeks after the dosing. Any
signs to the animals involving toxicity and/or mortality and behavior changes were observed keenly
and recorded throughout the experimental period for 14 days.
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4.13.2. In Vivo Anti-Tumor Assessment

To construct an allograft breast carcinoma model, Tubo cancer cell lines were grown and harvested
under appropriate conditions. Tubo cells are a cloned cell line established in vitro from a BALB-neuT
mouse mammary carcinoma. 1.5 × 106 cells were suspended in 0.2 mL PBS and were injected this
subcutaneously into the right flank of BALB/c mice (n = 6). After the tumor inoculation (approximately
7 days later) the animals were randomly divided into four groups of six mice:

Group 1: Negative control (just received 10% tween 20 orally) once daily for 2 weeks.
Group 2: Standard drug control group as a positive control (Tubo induced + tamoxifen 10 mg/kg

dissolved in 10% tween 20 via oral administration) once daily for 2 weeks.
Group 3: Experimental group A (Tubo induced + low dose of compound dissolved in 10% Tween

20 via oral administration) once daily for 2 weeks.
Group 4: Experimental group B (Tubo induced + high dose of compound dissolved in 10% Tween

20 via oral administration) once daily for 2 weeks.
For calculating the consumable dose of F13b1/PV-EA in the experimental groups, we used two

concentrations (12.5 and 25 µg/mL) based on the LD50 result. The mice were euthanized at the end
of 14 days treatment period and the tumors were then excised and weighted (Figure 20). The tumor
volumes were measured according to the formula below:

tumor volumes = A × B2 × 0.5

where A: length, B: width
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Figure 20. In vivo anti-tumor assessment in mouse. (A) breast cancer injection; (B) oral gavage
treatment; (C,D) tumor isolation and (E) tumor mass.

H & E staining was performed in order to analyze the histopathological samples.

4.13.3. Histological Analysis and Scoring Method

After separating tumor from the body, it was instantly was fixed in 10% formalin overnight,
embedded in paraffin, cut into 4 µm sections and stained with hematoxylin-eosin (H & E). Tissue
scoring was conducted according to Elston and Ellis method [25], with some slight modifications.
Randomly five different sections from each H & E slide view at 100×magnification and mean score
is calculated from these five sections and the scoring is referred to in Table 4. Only structures which
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could not be misinterpreted as anything except mitotic figures were taken into account. For apoptosis
only hyperchromatin or pyknotic nuclei with hollow signs were counted:

Mitotic index = The numbers of mitotic cells/the number of total cells

Apoptotic index = The numbers of apoptotic cells/the number of total cells

Table 4. Scoring method for apoptosis and mitotic indexes.

Apoptotic Index Mitotic Index

Apoptotic Count Score Mitotic Count Score

0–4 1 <25 1

5–10 2 25–50 2

11–15 3 51–100 3

>15 4 >100 4

Adapted from Elston and Ellis [25], with some slight modifications.

4.14. Statistical Analysis

For statistical assessment t-test was applied for non-dose responses. Dose response experiments
were studied using the Omnibus test followed by Rodger’s method. All values are declared as mean ±
S.D. Probability values * p < 0.05 was considered as statistically significant.

5. Conclusions

To conclude, the results from the present study provide an understanding of the cytotoxic effect
of Pistacia vera red hull. Cytotoxicity studies of Pistacia vera red hull ethyl acetate (PV-EA) extract
on different cancer cell lines and subsequent chemical purification of bioactive PV-EA have led to
the isolation of gallic acid and quercetin. Purified compound (F13b1/PV-EA) was shown to possess
cytotoxic effects against MCF-7 cells. This finding may have an impact on the future of cancer treatment
by providing another positive avenue for the discovery of a combined anticancer drug treatment that
may promote induced apoptosis.
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Abstract: The aim of this work was to characterize the pistachio oil of the Greek variety,
“Aegina”, evaluate its various quality indices, and investigate the potential use of FTIR as
a tool to discriminate different oil qualities. For this purpose, the antioxidant capacity, the
tocopherol content and the oxidation and degradation of fatty acids, as described by k, ∆k,
R-values, and free acidity were evaluated using 45 samples from eight different areas of
production and two subsequent years of harvesting. The antioxidant capacity was estimated using
2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid diammonium salt (ABTS) and 2,2-diphenyl-1-
(2,4,6-trinitrophenyl)hydrazine (DPPH) assays, and the tocopherol content was quantified through
HPLC analysis. FTIR spectra were recorded for all samples and multivariate analysis was applied.
The results showed significant differences between the oil samples of different harvesting years,
which were successfully discriminated by a representative FTIR spectral region based on R-value,
total antioxidant capacity, and scavenging capacity, through ABTS. A similar approach could not
be confirmed for the other quality parameters, such as the free acidity and the tocopherol content.
This research highlighted the possibility of developing a simple, rapid, economic, and environment
friendly method for the discrimination of pistachio oils according to their quality profile, through
FTIR spectroscopy and multivariate analysis.

Keywords: Pistacia vera; antioxidant; quality; tocopherol; FTIR; discriminant analysis

1. Introduction

Pistacia, a genus of the Anacardiaceae family, includes at least eleven species, among them Pistacia
vera L. is the only edible commercial species [1]. The pistachio nut is an important agricultural
commodity for a number of countries. Iran, United States, Turkey, Syria, Greece, Italy, and Spain are
the main pistachio producers [2]. Pistachio nut can be considered to be a functional food, and has
recently been ranked among the first 50 food products with the highest antioxidant potential [3]. The
Dietary Guidelines recommend that consuming nuts (almonds, hazelnuts, walnuts, pistachios, pecans,
and peanuts) as a part of a daily diet has a beneficial effect on human health [4].

The increasing consumption and demand for novel edible oils has led to a market expansion for
the plant-derived oils, which receive particular attention due to their attractive sensory characteristics
and their high nutritional properties [5]. The pistachio (Pistacia vera L.) oil content ranges from 50% to

53



Molecules 2020, 25, 1614

60% (dry weight) in kernels, depending mainly on the cultivar, crop year, and geographic location.
Even though no specific standards for pistachio oil have been set by the Codex Alimentarius on Fats
and Oils, it is claimed to be a niche product [6,7]. It has gained attention due to its special organoleptic
characteristics [8] and its richness in some nutrients and health promoting compounds that exhibit
high antioxidant capacity [9,10].

The most abundant components in pistachio oil are the fatty acids profiled as (mono- and
poly-unsaturated, saturated, and as esters of triglycerides) [5]. The structure of fatty acids might
change due to oxidation caused by bad agricultural practices, inappropriate harvesting time, and
storage conditions, which can be detected by ultraviolet-visible (UV–Vis) spectroscopic measurements.
Absorbencies at 232, 268, 270, and 274 nm are correlated with the state of oxidation, through the
detection of secondary oxidation compounds, and possible adulteration with refined oils. Delta (∆)
k and R-value, resulting from the k232, k268, k270, and k274 values, are quick indicators of quality
assessment of pistachio oil discriminating between high and poor quality oil and are correlated with
possible adulteration [11]. Furthermore, the hydrolysis of the oil results in the formation of free fatty
acid (FFA) and glycerol residues, indicating that higher quality oils exhibit very low FFA percentage
and acidity [12]. As a result, free acidity is claimed to be an early indicator of the potential storage
stability of the product. Additionally, it should be mentioned that the formation of oxidized compounds
in pistachio oil is blocked by its own natural preservatives that carry out an important antioxidant
activity. Pistachio oil contains numerous phenolic compounds that increase its shelf life, and prevent
or reduce the damage to cells, caused by free radicals. The evaluation of the total antioxidant capacity
is certainly a very useful property of the pistachio oil, ensuring the preservation of the most important
health benefits and sensory characteristics. Additionally, tocopherols’ content is associated with health
benefits, as confirmed by clinical evidence [13]. Tocopherols are the main antioxidant components that
are equally active to vitamin E, thus, are considered to be important biofunctional compounds of the
human diet. Due to their non-polar nature, their presence in oils is profound [7]. The major tocopherol
isomer in pistachio oil is γ-tocopherol, the most prevalent form of vitamin E [14].

Published works have shown that Fourier transform infrared (FTIR) spectroscopy combined with
statistical methods for the discrimination of wines, according to the variety and vintage year, can
be used as a rapid, accurate, simple, environment friendly, and economical approach [15,16]. The
chemical composition of pistachio oil might be influenced by several factors like variety, climatic and
agronomic conditions (weather, soil), the growing season, and agricultural practices [17,18]. Very
limited data are available in the literature for the quality profile of the pistachio oil that is extracted
from the main Greek pistachio variety, “Aegina”.

The present work focused on the characterization of the pistachio oil of the variety “Aegina”,
evaluated various quality indices, and investigated the potential use of FTIR as a tool to discriminate
different oil qualities.

2. Results and Discussion

All pistachio oil samples were stored in a freezer (−20 ◦C), in order to maintain their initial quality
until analysis. Storage at low temperatures prevents from increasing or reducing the concentrations of
oil components and helps to maintain the oil’s primary quality [19].

2.1. Oil Extraction

The oil yield ranged between 59.7%–68.2% w/w, with an average of 62.5 ± 2.6% w/w for the samples
of 2017 and between 52.5%–64.8% w/w for the samples of 2018, with a mean value of 59.6 ± 2.8% w/w,
respectively. No statistically significant differences were observed in the oil yield between the samples
obtained in the two years.
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2.2. Evaluation of Antioxidant Capacity

Total antioxidant capacity (TAC) and scavenging capacity of the analyzed pistachio oil samples,
as measured by the DPPH and ABTS assays are shown in Table 1.

Table 1. Total antioxidant capacity (mM Trolox equivalents per mL pistachio oil) (TAC) and
scavenging capacity (%) of pistachio oils of different regions, as determined through the 2,2-diphenyl-
1-(2,4,6-trinitrophenyl)hydrazine (DPPH) and 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid
diammonium salt (ABTS) assays.

Samples
No

Origin Year of
Harvest

TAC Scavenging Capacity

DPPH ABTS DPPH ABTS

1 AEGINA 2017 6.05 7.10 37.69 68.14
2 AEGINA 2017 6.45 8.63 41.76 82.85
3 AEGINA 2017 6.35 8.60 44.29 84.95
4 AEGINA 2017 3.11 9.45 32.17 91.79
5 AEGINA 2017 3.17 4.92 32.44 45.28
6 AEGINA 2017 5.62 7.44 41.44 74.74
7 AEGINA 2017 3.82 5.46 34.94 48.50
8 MEGARA 2017 5.95 9.32 39.68 90.03
9 MEGARA 2017 5.36 9.01 37.82 85.15
10 MEGARA 2017 3.21 9.44 28.75 90.84
11 MEGARA 2017 6.70 5.02 39.02 42.53
12 PHTHIOTIS 2017 3.59 10.02 31.51 97.25
13 PHTHIOTIS 2017 6.45 9.02 39.42 88.70
14 PHTHIOTIS 2017 4.96 7.85 37.07 73.33
15 TRIZINA 2017 4.68 8.73 35.33 81.85
16 AEGINA 2018 2.12 9.63 39.30 82.26
17 AEGINA 2018 7.92 8.23 37.97 76.33
18 AEGINA 2018 7.10 8.91 42.70 83.65
19 AEGINA 2018 6.49 8.58 40.40 84.02
20 AEGINA 2018 1.99 7.99 40.52 74.89
21 AEGINA 2018 8.44 8.61 47.87 82.05
22 AEGINA 2018 4.83 8.38 34.05 77.05
23 AEGINA 2018 5.86 9.46 40.19 90.34
24 AEGINA 2018 5.30 7.71 34.84 66.41
25 AEGINA 2018 7.47 8.27 38.43 75.91
26 AEGINA 2018 6.70 8.72 41.40 86.10
27 AEGINA 2018 5.69 7.96 36.21 73.62
28 EVIA 2018 5.51 7.07 36.83 64.38
29 EVIA 2018 3.80 9.49 28.96 91.06
30 EVIA 2018 6.67 9.22 40.32 88.08
31 MEGARA 2018 0.28 9.61 32.01 91.97
32 MEGARA 2018 6.47 8.58 24.12 81.59
33 MEGARA 2018 7.35 8.98 38.53 85.76
34 MEGARA 2018 5.34 8.76 35.45 80.68
35 MEGARA 2018 7.45 9.63 43.20 94.15
36 TRIZINA 2018 7.65 8.47 44.10 77.16
37 PHTHIOTIS 2018 5.84 9.80 38.83 93.99
38 PHTHIOTIS 2018 6.04 6.78 40.30 61.75
39 PHTHIOTIS 2018 0.10 9.22 31.87 87.01
40 PHTHIOTIS 2018 1.35 9.83 36.60 94.10
41 PHTHIOTIS 2018 1.40 8.28 36.50 74.18
42 PHTHIOTIS 2018 5.82 10.00 36.09 96.60
43 VOLOS 2018 10.28 9.95 52.29 96.31
44 THIVA 2018 7.34 9.87 43.04 95.39
45 AVLONAS 2018 8.43 9.16 45.60 88.19
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The Trolox calibration curve equations used for transforming absorbance inhibition values (AI) to
Trolox equivalents (TE, mM) for the DPPH and ABTS assays, were Equations (1) and (2), respectively.

AIDPPH = (−0.388) × TE + 0.797, R2 = 0.971 (1)

AIABTS = (−0.675) × TE + 0.695, R2 = 0.995 (2)

Antioxidant capacity, as determined by the DPPH assay, ranged between 3.11–6.70 mM with a
mean TAC value of 5.03 ± 1.3 mM, and between 0.10–10 with a mean TAC value of 5.57 ± 2.56 mM, for
the samples of 2017 and 2018, respectively. Following this, the scavenging capacity ranged between
28.75%–44.29% and 28.96%–52.29% for the samples of 2017 and 2018, with mean values of 36.89 ±
4.33% and 38.62 ± 5.55%, respectively.

TAC values, as determined by the ABTS assay, ranged between 4.92–10.02 mM and 7.07–10.00 mM
for the samples of 2017 and 2018, respectively, resulting in mean TAC values of 8.00 ± 1.68 mM and 8.84
± 0.84 mM. The scavenging capacity, as measured by the ABTS assay, ranged between 42.53%–97.25%,
with an average of 76.39 ± 17.75% for the 2017 samples and between 61.75%–96.6% for the 2018 samples,
with a mean value of 83.17 ± 9.56%.

Concerning mean TAC and mean scavenging capacity values, results from the ABTS assay were
significantly and consistently higher than those from DPPH in both years of harvest. This was due to
the applicability of DPPH to hydrophobic systems. Specifically, DPPH was discolored in the presence
of compounds that were capable of either transferring an electron or donating hydrogen (lipophilic
components). On the other hand, ABTS was freely soluble in both organic and aqueous solvents, thus,
it could be used to screen both hydrophilic and lipophilic antioxidants, exhibiting a better estimation
of the overall antioxidant capacity of the foods [20,21]. Consequently, the results that were obtained
from the ABTS assay were only considered for further statistical analysis. TAC and scavenging
capacity, as estimated by ABTS were statistically different between 2017 and 2018. The differences were
statistically significant.

2.3. UV-Vis Spectroscopic Assessment

The quality indices associated with the k232, k268, k270, k274, ∆k, and R values were evaluated in
45 pistachio oil samples and the results are displayed in Table 2. The European Quality Standard of
Commission Regulation (EEC) No 2568/91 (Annex IX of the Regulation) has set the standard values for
extra virgin olive oil (EVOO), as described in Table 2. Considering that an official protocol to predict
the quality indicators of the pistachio oil or other nut oils based on the ∆k and R-value has not been
established, the existing limits were used for the evaluation of pistachio oil samples.

The quality of the oil was assessed by the UV–Vis absorption screening, which identifies changes in
the structure of fatty acids due to oxidation. A low absorption in this region is indicative of high-quality
oil, whereas old, refined, and generally poor-quality oils show a greater level of absorption in this
region, implying high degree of oxidation. The absorbance at 232 nm is caused by hydroperoxides
(primary stage of oxidation) and conjugated dienes (intermediate stage of oxidation). The absorbance
at 270 nm was caused by carbonylic compounds (secondary stage of oxidation) and conjugated trienes
(technological treatments). In the oils, due to oxygen fixation in linolenic and linoleic acids’ double
bond position, hydroperoxides arise. The double bond provokes the formation of conjugate diene
systems between the carbon atoms. This kind of conjugate systems presents a maximum absorption at
232 nm. During more advanced oxidation states, the products are generated with conjugate diene
systems of carbon–oxygen. The maximum absorption in this case ranges between 260–280 nm [11].
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Table 2. Ultraviolet–visible (UV–Vis) spectroscopy, acid values (AV), and free fatty acid (FFA) of
pistachio oil samples against the extra virgin olive oil (EVOO) corresponding values.

Samples
No k232 k268 k270 k274 ∆k R AV 1

(as oleic acid) % FFA 1

EVOO ≤2.50 ≤0.22 ≤0.22 ≤0.22 ≤0.01 ≤11.36 ≤4.000 ≤0.350
1 0.126 0.009 0.009 0.010 0.000 14.073 6.615 ± 0.000 3.327 ± 0.000
2 0.129 0.015 0.015 0.015 0.000 8.547 3.186 ± 0.325 1.603 ± 0.163
3 0.146 0.010 0.011 0.011 0.000 13.759 2.249 ± 0.000 1.131 ± 0.000
4 0.148 0.011 0.011 0.011 0.000 13.550 1.676 ± 0.019 0.843 ± 0.010
5 0.145 0.017 0.018 0.018 0.000 8.155 1.676 ± 0.019 0.843 ± 0.010
6 0.172 0.020 0.020 0.021 0.000 8.430 1.676 ± 0.019 0.843 ± 0.010
7 0.164 0.010 0.011 0.011 0.000 15.537 3.373 ± 0.000 1.697 ± 0.000
8 0.156 0.013 0.013 0.014 0.000 11.672 1.687 ± 0.000 0.848 ± 0.000
9 0.166 0.020 0.020 0.021 0.000 8.308 0.532 ± 0.001 0.268 ± 0.000

10 0.132 0.014 0.014 0.015 0.000 9.277 1.102 ± 0.000 0.555 ± 0.000
11 0.173 0.027 0.027 0.027 0.000 12.281 2.509 ± 0.336 1.262 ± 0.169
12 0.159 0.018 0.019 0.019 0.000 8.550 1.687 ± 0.000 0.848 ± 0.000
13 0.142 0.009 0.009 0.009 0.000 15.987 1.124 ± 0.000 0.566 ± 0.000
14 0.157 0.013 0.013 0.013 0.000 11.996 1.102 ± 0.000 0.555 ± 0.000
15 0.173 0.025 0.025 0.025 0.000 6.854 1.676 ± 0.019 0.843 ± 0.010
16 0.070 0.011 0.011 0.012 0.000 6.190 0.821 ± 0.007 0.413 ± 0.003
17 0.075 0.016 0.016 0.016 0.000 4.699 0.805 ± 0.269 0.405 ± 0.135
18 0.069 0.011 0.011 0.011 0.000 6.248 1.171 ± 0.166 0.589 ± 0.083
19 0.071 0.011 0.011 0.012 0.000 6.179 0.994 ± 0.161 0.500 ± 0.081
20 0.052 0.007 0.008 0.008 0.000 6.806 0.982 ± 0.164 0.494 ± 0.082
21 0.068 0.011 0.012 0.012 0.000 5.842 1.087 ± 0.009 0.547 ± 0.004
22 0.056 0.012 0.012 0.013 0.000 4.524 1.362 ± 0.270 0.685 ± 0.136
23 0.073 0.014 0.014 0.014 0.000 5.254 0.989 ± 0.148 0.498 ± 0.074
24 0.059 0.020 0.020 0.020 0.000 2.879 8.116 ± 0.191 4.082 ± 0.096
25 0.071 0.011 0.011 0.012 0.000 6.202 0.807 ± 0.014 0.406 ± 0.007
26 0.053 0.008 0.008 0.008 0.000 6.933 1.279 ± 0.163 0.643 ± 0.082
27 0.074 0.015 0.015 0.016 0.000 4.831 0.995 ± 0.166 0.500 ± 0.083
28 0.068 0.012 0.012 0.012 0.000 5.647 1.079 ± 0.015 0.543 ± 0.008
29 0.070 0.013 0.014 0.014 0.000 5.197 0.800 ± 0.251 0.402 ± 0.126
30 0.075 0.019 0.019 0.018 0.000 4.067 0.709 ± 0.614 0.357 ± 0.309
31 0.073 0.015 0.015 0.016 0.000 4.865 1.004 ± 0.156 0.505 ± 0.078
32 0.070 0.011 0.011 0.011 0.000 6.431 1.078 ± 0.023 0.542 ± 0.011
33 0.054 0.011 0.012 0.012 0.000 4.666 0.978 ± 0.151 0.492 ± 0.076
34 0.069 0.014 0.014 0.014 0.000 4.871 0.819 ± 0.277 0.412 ± 0.139
35 0.072 0.014 0.014 0.015 0.000 5.050 1.007 ± 0.157 0.506 ± 0.079
36 0.072 0.017 0.017 0.018 0.000 4.228 0.982 ± 0.161 0.494 ± 0.081
37 0.070 0.012 0.012 0.013 0.000 5.764 0.898 ± 0.151 0.452 ± 0.076
38 0.054 0.009 0.009 0.009 0.000 6.118 1.004 ± 0.157 0.505 ± 0.079
39 0.053 0.010 0.011 0.011 0.000 5.009 0.808 ± 0.016 0.406 ± 0.008
40 0.072 0.013 0.014 0.014 0.000 5.316 0.632 ± 0.155 0.318 ± 0.078
41 0.053 0.011 0.011 0.011 0.000 4.969 1.009 ± 0.160 0.507 ± 0.080
42 0.068 0.012 0.012 0.012 0.000 5.690 0.913 ± 0.164 0.459 ± 0.083
43 0.070 0.012 0.012 0.013 0.000 5.771 0.821 ± 0.004 0.413 ± 0.002
44 0.070 0.010 0.010 0.011 0.000 6.848 0.821 ± 0.007 0.413 ± 0.003
45 0.053 0.010 0.010 0.010 0.000 5.476 0.911 ± 0.166 0.458 ± 0.083

1 mean ± SD (n = 3).

The mean k values for each harvesting year were 0.15 ± 0.02 (2017), 0.07 ± 0.01 (2018), 0.01 ± 0.01
(2017), 0.01 ± 0.00 (2018), 0.02 ± 0.01 (2017), 0.01 ± 0.00 (2018), 0.02 ± 0.01 (2017), and 0.01 ± 0.00 (2018)
for k232, k268, k270, and k274, respectively. ∆k was 0.00 ± 0.00 for all samples, regardless of the year of
harvest or the origin. The mean R-values were 11.13 ± 3.00 and 5.42 ± 0.91, for the samples of 2017 and
2018, respectively.

There were no significant differences between the years of harvest, based on k and ∆k, as
all measurements ranged into the high-quality limits. As for the R-value, the 2017 samples were
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systematically higher than 2018 samples. Specifically, 82% of the samples, which mostly originated
from 2018 harvest complied with the EVOO standard, except for the R-value of the remaining 18% of
the total samples, which belonged to the 2017 harvest (samples 1, 3, 4, 7, 8, 11, 13, and 14).

2.4. Acid (AV) and FFA Values

AV value is a measure of the number of carboxylic acid groups. It is used as an indicator for
edibility of oil and is expressed in milligrams per gram. However, FFA are expressed as a percentage
of oleic acid. According to the Codex Standard for Edible Fats and Oils, acid value of oil suitable for
edible purposes should not exceed 4 mg/g.

FFA has been reported to play a very important role in the aroma and flavor. FFA also contributes
to the organoleptic quality of foods, when present in adequate concentration. FFA content is an index
of lipase activity and an indicator of freshness, storage time, and stability of many fat-rich foods. It is
well-known that FFAs are more susceptible to lipid oxidation, leading to rancidity and production of
off-odor, compared to intact fatty acids in triglycerides. It is considered to be an early indicator of the
storage stability of the oil [22], with a supreme limit that is less than 0.35% [11].

As presented in Table 2, the AV ranged from 0.53 to 6.61 and from 0.63 to 8.12 mg/g for 2017 and
2018, respectively. The mean AV (1.19 ± 1.32 mg/g oil) of 2018 exhibited lower values than the mean AV
(2.12 ± 1.46 mg/g oil) of 2017. The FFA content ranged from 0.27% to 3.33% and from 0.32% to 4.08%
for 2017 and 2018, respectively. Similarly, the mean FFA (0.60 ± 0.66%) of 2018 was lower than the
mean FFA (1.07 ± 0.73) of 2017, leading to the conclusion that the 2018 harvesting exhibited a superior
antioxidant capacity. Based on the standard for edible oils, only two samples (No. 1 and No. 24) from
the area of Aegina showed values out of the acceptable levels of AV, whereas only two samples (No. 9
and No. 40) exhibited acceptable levels of FFA content.

2.5. Tocopherol Analysis

The limit of detection (LOD) for tocopherol analysis was 0.15 µg/mL. The tocopherol calibration
curves used for the qualitative separation of samples were (Equations (3)–(6)):

Area (mV x s) = 8.0556 × Cα-T (µg/mL) + 0.531, R2 = 0.999 (3)

Area (mV x s) = 10.724 × Cβ-T (µg/mL) + 1.9311, R2 = 0.998 (4)

Area (mV x s) = 13.786 × Cγ-T (µg/mL) + 2.5428, R2 = 0.978 (5)

Area (mV x s) = 14.617 × Cδ-T (µg/mL) + 2.1461, R2 = 0.997 (6)

As for recovery evaluation, the amount of vitamin E isomers added to the samples corresponded
to 98.47%, 77.86%, 47.44%, and 110.37% (Equation (14)) of the expected α-T, β-T, γ-T, and δ-T, and the
intraday analytical precision was 3.08%, 5.99%, 4.89%, and 2.75% (Equation (15)), respectively.

Figure 1 illustrates the separation of the most important vitamin E isomers, as determined with the
HPLC method, using fluorescence detection. The retention times for the α-, β-, γ-, and δ-tocopherols
were 8, 10, 12, and 16 min, approximately. The concentration of each tocopherol for all 45 pistachio oil
samples is presented in Table 3. The results were obtained and corrected on the basis of recovery and
repeatability of the method, as determined by the coefficient of variation (CV). The tocopherol contents
of pistachio oils expressed as 102 µg/mL pistachio oil, ranged from 0.53 (No. 25) to 5.90 (No. 43), 0.33
(No. 13) to 2.25 (No. 29), 97.56 (No. 36) to 235.06 (No. 6), and 0.84 (No. 12) to 2.31 (No. 20) for α-,
β-, γ-, and δ-tocopherol, respectively. The above minimum and maximum values corresponded to
13.25–147.50, 8.25–56.25, 2439.00–5876.50, and 21.00–57.75 mg/kg of pistachio oil for α-, β-, γ-, and
δ-tocopherol, respectively. It is important to mention that γ-tocopherol is coeluted with β-tocotrienol,
as a result, the calculated content of γ-tocopherol includes both isomers. The data indicate that the
main form in all samples was γ-tocopherol (by coelution with β-tocotrienol), whereas the β-tocopherol
content was limited. These results are in agreement with Martinez et al. (2016) [23]. The minimum
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and maximum values of each tocopherol presented in the samples were compared to the standard
for vegetable oils provided by the Codex Alimentarius Commission on Fats and Oils (Table 4). With
regards to pistachio oils, the quantity of α- and δ-tocopherol, as measured in the present work for the
variety “Aegina”, ranges within the limits that have been set by the standard. However, no values
were described for the β-tocopherol and β-tocotrienol, in contrast to the present study.
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Table 3. Tocopherol (T) content (×102 µg/mL pistachio oil) obtained by Soxhlet extraction and
repeatability assessment.

Samples No
Concentration 1 Repeatability (CV %, n = 3)

α-T β-T γ-T 2 δ-T α-T β-T γ-T δ-T

1 1.57 ± 0.16 1.07 ± 0.24 186.77 ± 3.65 1.79 ± 0.04 10.52 22.26 1.95 2.13
2 1.32 ± 0.10 1.14 ± 0.19 202.72 ± 12.77 1.73 ± 0.13 7.45 16.60 6.30 7.35
3 0.99 ± 0.05 0.63 ± 0.09 191.13 ± 4.38 1.57 ± 0.02 4.94 13.88 2.29 1.62
4 1.73 ± 0.15 0.39 ± 0.05 222.09 ± 10.95 1.59 ± 0.05 8.54 12.38 4.93 3.09
5 1.86 ± 0.30 0.45 ± 0.24 187.09 ± 3.09 1.80 ± 0.15 16.21 52.60 1.65 8.10
6 3.12 ± 0.29 1.13 ± 0.46 235.06 ± 7.77 2.11 ± 0.07 9.27 40.99 3.31 3.42
7 2.13 ± 0.12 1.10 ± 0.10 210.49 ± 18.33 1.77 ± 0.14 5.86 8.88 8.71 7.83
8 1.53 ± 0.16 1.06 ± 0.04 174.01 ± 6.78 1.37 ± 0.09 10.31 4.14 3.89 6.62
9 0.59 ± 0.17 0.97 ± 0.17 173.56 ± 11.78 1.41 ± 0.11 29.47 17.01 6.79 8.17

10 1.24 ± 0.07 0.38 ± 0.03 173.29 ± 5.46 1.06 ± 0.09 5.72 7.18 3.15 8.38
11 1.71 ± 0.27 0.98 ± 0.12 170.07 ± 12.59 1.78 15.60 12.51 7.41 0.10
12 1.32 ± 0.18 0.83 ± 0.31 134.59 ± 4.15 0.84 ± 0.22 13.46 37.48 3.08 26.52
13 1.80 ± 0.13 0.33 ± 0.20 199.49 ± 7.96 1.60 ± 0.06 7.49 60.45 3.99 3.48
14 3.37 ± 0.44 0.55 ± 0.15 231.93 ± 9.84 1.17 ± 0.19 12.96 26.87 4.24 16.08
15 1.87 ± 0.17 0.48 ± 0.07 199.88 ± 6.87 1.58 ± 0.12 9.16 14.98 3.44 7.35
16 2.29 ± 0.06 1.25 ± 0.06 193.13 ± 5.12 2.01 ± 0.14 2.75 4.69 2.65 7.11
17 1.59 ± 0.08 0.86 ± 0.11 184.07 ± 9.59 1.81 ± 0.01 5.20 13.06 5.21 0.39
18 4.10 ± 0.08 1.68 ± 0.11 223.82 ± 2.45 2.20 ± 0.09 2.04 6.45 1.09 4.24
19 2.83 ± 0.20 1.26 ± 0.11 201.78 ± 9.48 1.89 ± 0.22 7.16 8.61 4.70 11.67
20 2.78 ± 0.35 0.87 ± 0.15 204.80 ± 2.12 2.31 ± 0.28 12.65 17.70 1.04 12.12
21 3.22 ± 0.67 0.77 ± 0.07 195.44 ± 5.02 1.97 ± 0.04 20.91 8.57 2.57 1.91
22 1.72 ± 0.14 1.33 ± 0.03 152.10 ± 2.14 1.73 ± 0.13 8.33 2.01 1.41 7.36
23 1.73 ± 0.02 0.65 ± 0.12 157.93 ± 4.27 1.79 ± 0.03 1.04 18.85 2.70 1.79
24 2.15 ± 0.20 0.83 ± 0.11 213.88 ± 3.55 2.12 ± 0.04 9.29 13.35 1.66 1.99
25 0.53 ± 0.03 1.01 ± 0.28 114.45 ± 39.60 1.43 ± 0.43 6.62 27.72 34.60 30.02
26 2.56 ± 0.17 1.79 ± 0.34 196.23 ± 2.86 1.99 ± 0.10 6.73 19.18 1.46 5.07
27 1.88 ± 0.25 0.96 ± 0.08 203.79 ± 2.77 2.13 ± 0.08 13.14 8.17 1.36 3.78
28 4.39 ± 0.15 1.79 ± 0.11 216.32 ± 7.47 1.88 ± 0.07 3.35 6.38 3.45 3.52
29 3.07 ± 0.28 2.25 ± 0.14 174.04 ± 4.57 1.79 ± 0.11 9.03 6.40 2.63 6.02
30 3.51 ± 0.22 1.37 ± 0.16 178.60 ± 6.09 1.73 ± 0.13 6.36 11.48 3.41 7.28
31 2.93 ± 0.12 0.66 ± 0.07 160.22 ± 2.28 1.41 ± 0.17 4.15 11.13 1.42 12.27
32 1.98 ± 0.20 1.75 ± 0.21 191.41 ± 7.90 2.17 ± 0.31 10.17 12.13 4.13 14.22
33 0.70 ± 0.11 1.11 ± 0.08 119.08 ± 4.32 1.29 ± 0.03 15.51 7.03 3.62 2.64
34 2.26 ± 0.41 0.45 ± 0.00 156.43 ± 1.80 1.33 ± 0.04 18.36 0.56 1.15 3.26
35 2.23 ± 0.48 1.58 ± 0.16 203.53 ± 5.74 1.96 ± 0.24 21.50 9.91 2.82 12.24
36 1.56 ± 0.22 1.07 ± 0.32 97.56 ± 8.15 1.58 ± 0.03 14.41 30.46 8.36 2.11
37 3.28 ± 0.07 0.62 ± 0.02 157.49 ± 5.24 1.20 ± 0.12 2.22 3.61 3.33 10.15
38 4.15 ± 0.04 0.78 ± 0.07 185.36 ± 11.25 1.50 ± 0.04 1.03 9.21 6.07 2.41
39 2.11 ± 0.19 1.82 ± 0.21 164.57 ± 23.70 1.96 ± 0.74 9.01 11.51 14.40 37.91
40 1.47 ± 0.13 1.96 ± 0.06 169.36 ± 7.54 1.79 ± 0.10 8.67 3.24 4.45 5.86
41 2.47 ± 0.43 0.71 ± 0.09 158.31 ± 14.51 1.46 ± 0.32 17.35 12.85 9.16 21.66
42 4.20 ± 0.07 2.22 ± 0.65 170.70 ± 2.42 1.90 ± 0.02 1.68 29.47 1.42 1.20
43 5.90 ± 0.22 1.56 ± 0.37 225.78 ± 5.51 1.99 ± 0.05 3.69 23.81 2.44 2.76
44 1.98 ± 0.19 0.70 ± 0.02 157.50 ± 4.63 1.59 ± 0.05 9.69 2.29 2.94 2.99
45 2.58 ± 0.11 ND 3 216.02 ± 3.06 1.98 ± 1.12 4.47 - 1.42 56.55

1 expressed as mean ± SD; 2 γ-T is co-eluted with β-tocotrienol; 3 ND = Not Detected.
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Table 4. Limits (min–max) of tocopherol content (mg/kg dried sample) for different vegetable oils.
according to the Codex Alimentarius Commission on Fats and Oils Standard.

Oils α-T β-T γ-T δ-T Total

almond 20–545 ND 1–10 5–104 ND–5 20–600
hazelnut 100–420 6–12 18–194 ND–10 200–600
walnut ND–170 ND–110 120–400 ND–60 309–455

pistachio 10–330 ND 0–100 ND–50 100–600
flax/linseed 2–20 ND 100–712 3–14 150–905

avocado 50–450 ND 10–20 ND–10 50–450
1 ND = Not Detected.

The mean values of each harvesting year were 1.74 ± 0.72 (2017), 2.60 ± 1.15 (2018), 0.77 ± 0.31
(2017), 1.19 ± 0.55 (2018), 192.81 ± 26.41 (2017), 178.12 ± 32.01 (2018), 1.55 ± 0.33 (2017), and 1.80 ±
0.29 (2018), expressed as 102 µg/mL pistachio oil for α-, β-, γ-, and δ-tocopherol, respectively. The
aforementioned values corresponded to a total tocopherol content of 196.87 for the 2017 harvest and
183.71 for 2018 (expressed as 102 µg/mL pistachio oil).

2.6. FTIR Spectroscopy Study

Figure 2 shows two representative FTIR spectra of a pistachio oil sample with its basic peaks
marked. The presented spectra depict samples of common origin but of different harvesting year. It
is interesting to note that both spectra are optically very similar and, thus, the use of discriminant
analysis is necessary. Each peak corresponds to a certain wavenumber that is attributed to specific
vibrations and chemical structures of components from pistachio oil (Table 5).

Molecules 2020, 25, x FOR PEER REVIEW 9 of 19 

 

Oils α-T β-T γ-T δ-T Total 
almond 20–545 ND 1–10 5–104 ND–5 20–600 
hazelnut 100–420 6–12 18–194 ND–10 200–600 
walnut ND–170 ND–110 120–400 ND–60 309–455 

pistachio 10–330 ND 0–100 ND–50 100–600 
flax/linseed 2–20 ND 100–712 3–14 150–905 

avocado 50–450 ND 10–20 ND–10 50–450 
1 ND = Not Detected. 

2.6. FTIR Spectroscopy Study 

Figure 2 shows two representative FTIR spectra of a pistachio oil sample with its basic peaks 
marked. The presented spectra depict samples of common origin but of different harvesting year. It 
is interesting to note that both spectra are optically very similar and, thus, the use of discriminant 
analysis is necessary. Each peak corresponds to a certain wavenumber that is attributed to specific 
vibrations and chemical structures of components from pistachio oil (Table 5). 

 

Figure 2. Representative FTIR spectra of pistachio oil samples from the same origin, but from 
different years of harvest, 2017 (A) and 2018 (B). 

Table 5. Peak correspondence of the pistachio oil FTIR spectra. 

Wavenumber 
(cm−1) 

Function Group Αbbreviations Reference 

3007 C-H symmetric stretching vibration of -CH3 vs(CH3) [24–26] 
2956 C-H asymmetric stretching vibration of -CH3 vas(CH3) [27] 
2922 C-H asymmetric stretching vibration of -CH2- vas(CH2) [24–26,28–30] 
2853 C-H symmetric stretching vibration of -CH2- vs(CH2) [24,26–28,30] 
1744 C=O stretching vibration v(C=O) [24,25,28,29] 
1654 >C=C< cis-olefinic stretching vibration v(C=C) [24] 
1461 C-H in-plane bending vibration of -CH2- (scissoring) δs(CH2) [24,26,30,31] 
1374 C-H symmetric bending vibration of -CH3 δ(CH3) [25,27,28,30] 

1345, 1313 -CH2- out-of-plane bending vibration (wagging) ω(CH2) [27] 
1236, 1160, 1117 C-O asymmetric stretching vibration νas(C-O) [25,27,28,30,31] 

1095, 1029 in-phase-C-C stretching vibration ν(C-C) [27,30] 
965 C-H in-plane bending vibration (scissoring) δs(C=C=C) [27,28] 

911, 857 -CH2- plane vibration γ(CH2) [27,28] 
722 -CH=CH- cis-stretching vibration v(C=C) [24,28,29] 

Figure 2. Representative FTIR spectra of pistachio oil samples from the same origin, but from different
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Table 5. Peak correspondence of the pistachio oil FTIR spectra.

Wavenumber (cm−1) Function Group Abbreviations Reference

3007 C-H symmetric stretching vibration of -CH3 vs(CH3) [24–26]
2956 C-H asymmetric stretching vibration of -CH3 vas(CH3) [27]
2922 C-H asymmetric stretching vibration of -CH2- vas(CH2) [24–26,28–30]
2853 C-H symmetric stretching vibration of -CH2- vs(CH2) [24,26–28,30]
1744 C=O stretching vibration v(C=O) [24,25,28,29]
1654 >C=C< cis-olefinic stretching vibration v(C=C) [24]
1461 C-H in-plane bending vibration of -CH2- (scissoring) δs(CH2) [24,26,30,31]
1374 C-H symmetric bending vibration of -CH3 δ(CH3) [25,27,28,30]

1345, 1313 -CH2- out-of-plane bending vibration (wagging) ω(CH2) [27]
1236, 1160, 1117 C-O asymmetric stretching vibration νas(C-O) [25,27,28,30,31]

1095, 1029 in-phase-C-C stretching vibration ν(C-C) [27,30]
965 C-H in-plane bending vibration (scissoring) δs(C=C=C) [27,28]

911, 857 -CH2- plane vibration γ(CH2) [27,28]
722 -CH=CH- cis-stretching vibration v(C=C) [24,28,29]

Pistachios are rich in lipids (48%–63%), with a balanced content of mono- (56%–77%) and
poly-unsaturated (10%–31%) fatty acids, protein (18%–22%), and dietary fibers (8%–12%). Moreover,
they present a high content of bioactive compounds, such as tocopherols, phytosterols, and phenolic
compounds [32]. Main lipid acids absorb in the same spectral region (3007–772 cm−1) as phenols,
tocopherols, and sterols [24,26,28,33,34].

2.7. Statistical Analysis

In case the number of samples for each test group exceeded 30, Levene’s test (t-test) was applied
without testing whether the data were normally distributed or not. Additionally, a normality test
was applied in order to accept or reject the null hypothesis that each test group was statistically
different from a normal distribution. Kolmogorov–Smirnov’s and Shapiro–Wilk’s normality tests
evaluated if the groups followed normal distribution (p-value > 0.05), with the Shapiro–Wilk’s result
exhibiting higher validity, as it comes from a more conservative test. If the data did not follow a normal
distribution, the appropriate normalization was made to fix the skewness and kurtosis values, at the
accepted levels.

When the normality test was confirmed, Levene’s test was used to assess the equality of variances.
Levene’s test checked the null hypothesis that the test group variances were equal (homogeneity of
variance or homoscedasticity). If the resulting p-value of Levene’s test was less than the required
significance level (typically 0.05), the obtained differences in sample variances were unlikely to have
occurred, based on random sampling from a population with equal variances, so the test group were
significantly different.

MetaboAnalyst checked data integrity and continued on to data filtering. The purpose of the data
filtering was to identify and remove variables that were unlikely to be of use when modeling the data.
This step is strongly recommended for datasets with a large number of variables, many of which are
from baseline noises. Based on the total number of variables, 10% of data were filtered, logarithmically
transformed, and auto-scaled (mean-centered and divided by the SD of each variable).

The total number of samples (45 pistachio oil samples) was differentiated according to their year
of harvest.

2.7.1. Discrimination Based on Antioxidant Capacity

Levene’s test of SPSS was used to assess the equality of ABTS variances for two years of harvest,
2017 and 2018. Levene’s test tested the null hypothesis that the ABTS variances of 2017 and 2018
were equal. P-value less than 0.05 rejected the null hypothesis and proved that the TAC (Wilks’
Lambda = 0.895) and the scavenging capacity (Wilks’ Lambda = 0.939) of ABTS were different in 2017
and 2018. From cross-validated grouped cases, 71.10% were classified correctly according to their
antioxidant capacity and year of harvest.
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2.7.2. Discrimination Based on R-Value Study

Based on R-values, 86.70% of cross-validated grouped cases were correctly classified to their year
of harvest and the P-value (<0.001) proved the accuracy and robustness of the forecasting model, using
SPSS. Therefore, the R-value of the samples was exploited to classify the samples according to the year
of production (Wilks’ Lambda = 0.315).

2.7.3. Discrimination Based on Acid Value and Free Fatty Acid

Levene’s test examined the null hypothesis that the AV of 2017 and 2018 harvest were equal
and the same assumption was made for the FFA content. The results (p-value > 0.05) failed to reject
the null hypothesis and indicated that AV and FFA were not significantly different between the two
years of harvest. Discrimination analysis displayed a percentage of correct classification at 71.10%
(cross-validated grouped cases).

2.7.4. Discrimination Based on the Tocopherol Analysis

SPSS could not discriminate between the years of harvest of the 45 pistachio oil samples, according
to their total tocopherol content. Levene’s test for equality of variances between the 2017 and 2018
harvest exhibited a p-value > 0.05 and a 61.40% cross-validation level.

2.7.5. Discrimination Based on FTIR Spectroscopy Study

The spectral regions 3030–2795 and 1805–650 cm−1 were selected for the discriminant analysis,
i.e., the regions where the peaks were observed (Figure 2). Applying the principal component analysis,
the initial set of variables was reduced to a number of hidden variables of principal components (PC).
The scree plot (Figure 3) revealed that the greatest impact on the variance of the analysed spectra for
the pistachio oil samples was related to the first two principal components. Figures 4 and 5 present the
score and loading plot for the principal components (PC) in the principal components analysis (PCA)
model. The pistachio oil samples were clearly classified into two groups (2017 and 2018 harvest year).
As depicted in Figure 6, MetaboAnalyst could correctly classify 100% of the cross-validated grouped
cases, according to their chemical composition and year of harvest with R2 = 0.992 and Q2 = 0.987,
which indicate a high predictive accuracy. P-values less than 0.05 proved that the FTIR method could be
used as an accurate rapid screening tool for the differentiation of pistachio oils by their year of harvest.
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2.7.6. Statistical Models Comparison

The evaluation of the total antioxidant capacity of pistachio oil samples through an ABTS assay
showed that TAC and their scavenging capacity could be statistically differentiated, among the years
of harvesting, as was also observed with the results based on R-value. It is worth noticing that in the
case of AV, FFA, and HPLC-fluorescence analysis, there were no statistically significant differences
between 2017 and 2018, at a 95% confidence level. However, FTIR spectroscopy combined with the
statistical methods represent an appropriate rapid technique to discriminate pistachio oils of different
quality, based on their antioxidant profile.

3. Materials and Methods

3.1. Samples

A total of 45 pistachio samples of the Greek variety ‘Aegina’ were provided by pistachio farmers
from eight different regions of Greece (Aegina, Megara, Phthiotis, Evia, Volos, Trizina, Thiva, and
Avlona) during the 2017 and 2018 harvest seasons. Due to alternate bearing, the number of samples of
2017 was less than the succeeding year. The pistachios were sound and had the typical characteristics
of the variety. They were dried under the sun or mechanically at moisture level 5%–7%, after dehulling
at farm level. In the laboratory, each sample was shelled and finely ground in an IKA M 20 (IKA,
Königswinter, Germany) laboratory mill, at a maximum rotational speed 20,000 rpm, followed by
particle size separation using sieves (500 µm < size < 800 µm). After preparation, all samples were put
in sealed bags, protected from light, and stored in the freezer (−20 ◦C) until analysis.

3.2. Reagents

Petroleum ether, 2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazine (DPPH), 2,2′-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid diammonium salt (ABTS), potassium persulfate (K2S2O8),
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potassium hydrogen phthalate (KHP), sodium hydroxide pellets (NaOH), 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox), ethyl acetate, tetrahydrofuran (THF), n-heptane,
cyclohexane 99.8%, methanol (MeOH), and ethanol (EtOH) were purchased from Sigma-Aldrich
(Steinhein, Germany). (+)-α-, (+)-β-, (+)-γ-, and (+)-δ-tocopherol standards of 99.99% purity were
obtained from Merck (Darmstadt, Germany). Distilled water and phenolphthalein indicator solution
were also used. All compounds and solvents were of analytical grade.

3.3. Oil Extraction

Pistachio oil was extracted from 4 g of kernel flour with 250 mL of petroleum ether in a Soxhlet
apparatus for 6 h, according to the AOAC Official Method 948.22. After evaporation of the solvent
under reduced pressure, the oil was weighed to measure the lipids’ mass and was kept in a freezer
(–20 ◦C) to maintain its initial quality, until analysis. The extraction was carried out in triplicates and
the mean value with the standard deviation was calculated.

3.4. Evaluation of the Antioxidant Capacity

3.4.1. DPPH Assay

DPPH radical-scavenging capacity was determined according to Minioti and Georgiou (2010) [17],
with some modifications using a JASCO V-550 spectrophotometer (JASCO Corporation, Tokyo, Japan).
Briefly, 100 µL of pistachio oil were mixed with 4 mL of DPPH working solution (8.1 × 10−5 M
working solution of the DPPH radical in ethyl acetate). The reaction mixture was vigorously stirred
for a few seconds and kept in a dark place for 30 min, at room temperature. Absorbencies were
measured at 515 nm against a blank (100 µL of ethyl acetate instead of pistachio oil). Pistachio oil
antioxidants scavenged the DPPH radical, resulting in decolorization of its purple solution. Analyses
were performed in triplicates. The scavenging capacity was calculated using Equation (7):

Scavenging capacity = [(A515 of control − A515 of sample)/A515 of control] × 100 (7)

A calibration curve (0.08−1 mM) was constructed using Trolox as the external standard and the obtained
values were expressed as mmol/L of Trolox equivalents per mL of oil.

3.4.2. ABTS Assay

The ABTS assay was slightly modified, based on the methods of Rajaei et al. (2010) [35] and
Torres-Martinez et al. (2017) [36], using an Agilent 8453 spectrophotometer. In brief, 96 mg of ABTS
with distilled water were diluted in a 25 mL volumetric flask and 440 µL of K2O8S2 solution (0.14 M
in distilled water) were added. The mixture was maintained for 18 h, protected by light, at room
temperature for stabilization of the ABTS oxidation. Prior to further use, the ABTS+ solution was
diluted with EtOH, at an absorbance value of 0.7 ± 0.005 (working solution). Antioxidant capacity was
evaluated by measuring the scavenging effect of 100 µL of pistachio oil, mixed with 2 mL of ABTS+

working solution, followed by shaking and incubation in the dark, for 6 min at room temperature.
The decrease in absorbance was then measured at 734 nm against a control solution (100 µL of EtOH).
All measurements were performed in triplicates. The scavenging capacity was calculated using
Equation (8):

Scavenging capacity = [(A734 of control − A734 of sample)/A734 of control] × 100 (8)

Trolox was used as a reference compound for the calibration curve with a concentration range of
0.05–1 mM and a total antioxidant capacity, expressed as mmol/L of Trolox equivalents per mL of oil,
was calculated and reported as mean ± SD.
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3.5. Quality Assessment of Pistachio Oil

3.5.1. UV–Vis Assessment

The Agilent Cary 60 UV–Vis spectrophotometer (Agilent Technologies, Mississauga, ON, Canada)
and rectangular quartz cuvettes with an optical length of 1 cm were used according to EEC No 2568/91
(Annex IX of the Regulation). Pistachio oil samples (45 in total) were diluted in cyclohexane. A total
of 0.1 g of pistachio oil was weighed accurately into a 10 mL graduated flask, filled up to the mark
with the solvent, and homogenized. The resulting solution (10 g/L) was perfectly clear. If opalescence
or turbidity was present, it was filtered through the paper. All samples were measured in cuvettes,
running a solvent blank as a reference. Absorption measurements for purity determination were made
at 232, 268, 270, and 274 nm in triplicates, and the average was used for the determination of pistachio
oil purity. K values were calculated according to Equation (9):

k = A/(C × s) (9)

where A is the absorbance at the specified nanometer; C is the concentration in grams per liter; and s
is the cuvette thickness in centimeter. Delta (∆) k and R-value were evaluated using Equations (10)
and (11):

Delta (∆) k = k270 − [(k268 + k274)/2] (10)

R-value was calculated = k232/k270 (11)

3.5.2. Determination of AV and FFA

The AV and FFA content were determined in triplicates, according to Otemuyiwa and Adewusi
(2013) [22]. In brief, titration of pistachio oil (1 g) dissolved in 5 mL EtOH was applied, using a
0.1 M NaOH solution as the standard reagent to a phenolphthalein endpoint (when the addition of a
single drop of alkali produces a slight but definite color change that persists for at least 15 s). The AV
value was expressed as oleic acid, according to Equation (12). All determinations were performed in
triplicates. The acid value was calculated according to Equation (13):

AV = (56 × C × V)/m (12)

where V is the titration volume (mL) of the standard volumetric NaOH solution used; C is the
concentration (M) of the standard volumetric NaOH solution used; and m is the mass (g) of the
pistachio oil sample. The percentage of FFAs in the pistachio oil was calculated using Equation (13):

% FFA = 0.503 × AV (13)

Then, the AV and FFA mean values and the corresponding SDs were calculated.

3.6. Tocopherol Analysis

3.6.1. Apparatus and Chromatographic Conditions

The chromatographic analysis was carried out in an analytical HPLC unit equipped with a JASCO
PU 980 pump, with a 100 µL injection loop, a JASCO FP920 fluorescence detector (Co. Ltd., Tokyo,
Japan) supported by Clarity Lite software (DataApex, Prague, Czech Republic) for data processing, and
an ODS Hypersyl column (4.6 × 250 mm, 5 µm particle size, Thermo Fisher Scientific Inc., Waltham,
MA, USA).

The determination of the α-, β-, γ-, and δ-tocopherol (T) content using HPLC, followed the ISO
9936:2006 standard. The mobile phase consisted of the THF/n-heptane (4:96 v/v) at a flow rate of
1.0 mL/min and the injection volume was 10 µL. The effluent was detected in a fluorescence detector,
with an excitation filter at 295 nm and an emission wavelength at 330 nm. The system was operated at
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ambient temperatures. The tocopherol compounds were identified by chromatographic comparisons
of the retention times of the analytes in a standard solution and quantified by the respective calibration
curves. The results were obtained from triple measurements, and the mean values and corresponding
SDs were calculated.

3.6.2. Standard Solutions

Stock standard solutions, α-T (96.53 µg/mL), β-T (85.74 µg/mL), γ-T (87.40 µg/mL), and δ-T (81.14
µg/mL) in n-heptane were prepared and stored in the dark at −20 ◦C. Combined working standard
mixtures, with concentrations in the expected sample ranges, were prepared daily from the stock
standard solutions, by diluting appropriate volumes of stock solutions with n-heptane. Then, a
calibration curve for each tocopherol was constructed.

3.6.3. Validation Method

Calibration and linearity: Calibration curves were prepared using standard solution of vitamin E
isomers at nine concentrations (C), ranging from 0.15–20 µg/mL.

Recovery: Extraction recoveries were evaluated by adding known amounts of isomers (+)-α-T,
(+)-β-T, (+)-γ-T, and (+)-δ-T to the pistachio oil samples. The amounts added were of low, medium
and high tocopherol content (0.2, 10 and 20 µg/mL). Recovery was calculated by Equation (14):

Recovery = (C of spiked sample/(C of sample + C of standard added)) × 100 (14)

Analytical precision: Interday precision was determined by analyzing two concentrations (15 and
20 µg/mL) of standard vitamin E isomers in three replicates on three different days. The following
equation was used:

Precision, % = (SD/Mean C) × 100 (15)

The repeatability of the tocopherols’ measurements in pistachio oil was calculated by Equation (15).

3.7. FTIR Spectra Recording

The FTIR spectra of the pistachio oil samples were recorded in triplicates on a Thermo Nicolet
6700 FTIR spectrophotometer (Thermo Electron Corporation, Madison, WI, USA) equipped with a
deuterated triglycine sulfate (DTGS) detector. The spectra were in an attenuated total reflection (ATR)
mode with a Horizontal ATR accessory from Spectra-Tech Inc. (Stamford, CT, USA). The accessory
was equipped with a ZnSe-ATR crystal of a trapezoid shape (800 × 10 × 4 mm). The crystal provided
an angle of incidence of 45◦ and was enclosed in a stainless-steel cuvette. For spectra recording, an
aliquot of 200 µL of pistachio oil or tocopherol standard mixture was poured on the ATR crystal and
allowed to dry, forming a uniform film. Spectra were recorded with a resolution of 4 cm−1 and 100
scans. The speed of the interferometer moving mirror was 0.6329 mm/s. Background spectrum was
collected using only ATR crystal, prior to spectrum recording of each sample.

FTIR spectra were smoothed using the Savitsky–Golay algorithm (5-point moving second-degree
polynomial) and the baseline was corrected using the ‘automatic baseline correct function’
(second-degree polynomial, twenty iterations). Then, the average spectrum of each sample was
measured and normalized (absorbance maximum value of 1). Each average spectrum was extracted
and saved as a csv file for their use in discriminant analysis. Spectral data collection and processing
was carried out using the OMNIC ver. 8.2.0.387 software (Thermo Fisher Scientific Inc., Waltham,
MA, USA).
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3.8. Statistical Analysis

Discriminant analysis was performed using IBM SPSS Statistics 22 (ver. 8.0.0.245) (SPSS Inc.,
Chicago, IL, USA) and the MetaboAnalyst 4.0 software (McGill University, Montreal, QC, Canada) for
a comprehensive and integrative data analysis.

4. Conclusions

The results of this work showed that the pistachio oil samples of the variety “Aegina” were within
the limits set by the specific standards in terms of high quality. The oil yields of the samples from the
two harvest seasons (2017, 2018) were found to be similar, while statistically significant differences
were evident for the antioxidant capacity and the R-value between pistachio oil samples, from different
years of harvesting. These differences might be attributed to agroclimatic factors, such as different
agricultural practices, average temperature, and rainfall from year to year. The FTIR spectroscopy
succeeded to classify pistachio oil samples according to the differences which are related to quality
parameters, particularly described by the antioxidant capacity, and the R-value. The developed
method is fast, accurate, non-destructive, with no excessive sample preparation, and has the additional
advantage of not requiring the use of large quantities of solvents, being especially suitable for the
screening of large number of samples. Furthermore, the present results provide evidence that the FTIR
method could be a promising discriminating tool against fraud related to plant-derived oils, through
the use of quality parameters as indicators.
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Abstract: The weak but noteworthy presence of (poly)phenols in hemp seeds has been long
overshadowed by the essential polyunsaturated fatty acids and digestible proteins, considered
responsible for their high nutritional benefits. Instead, lignanamides and their biosynthetic precursors,
phenylamides, seem to display interesting and diverse biological activities only partially clarified in the
last decades. Herein, negative mode HR-MS/MS techniques were applied to the chemical investigation
of a (poly)phenol-rich fraction, obtained from hemp seeds after extraction/fractionation steps.
This extract contained phenylpropanoid amides and their random oxidative coupling derivatives,
lignanamides, which were the most abundant compounds and showed a high chemical diversity,
deeply unraveled through high resolution tandem mass spectrometry (HR-MS/MS) tools. The effect
of different doses of the lignanamides-rich extract (LnHS) on U-87 glioblastoma cell line and
non-tumorigenic human fibroblasts was evaluated. Thus, cell proliferation, genomic DNA damage,
colony forming and wound repair capabilities were assessed, as well as LnHS outcome on the
expression levels of pro-inflammatory cytokines. LnHS significantly inhibited U-87 cancer cell
proliferation, but not that of fibroblasts, and was able to reduce U-87 cell migration, inducing further
DNA damage. No modification in cytokines’ expression level was found. Data acquired suggested
that LnHS acted in U-87 cells by inducing the apoptosis machinery and suppressing the autophagic
cell death.

Keywords: Cannabis sativa L.; phenylamides; lignanamides; hemp seeds; high resolution tandem
mass spectrometry; U-87 glioblastoma cells; cytotoxicity

1. Introduction

Plant foods, thanks to the functionality of their bioactive secondary metabolites, are considered
to be both safe and able to promote good health [1], explaining some important targeted effects in
humans, and preventing affluence diseases, such as cardiovascular diseases and cancers [2]. Bioactive
compounds are also in ancient crops, whose actual recovery further renewed the phytochemical research
into the discovery of beneficial substances, which could be present, after food processing, in the daily
meals or be exceptionally lost in produced waste and by-products [3]. This is the case of lignans,
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chemically characterized by a phenylpropanoid core, which are reported to exert numerous biological
effects in mammals, including antitumor and antioxidant activities [4]. They act as phytoestrogens and
are converted by intestinal microflora into mammalian lignans or enterolignan compounds [5].

Lignans are abundant in dietary sources like whole-grain cereals and legumes. The preventive
benefits of some edible seeds, and the increasing intake of no-conventional foods as chia, quinoa, flax,
canola and pumpkin seeds could be ascribed to their richness in these compounds [6]. For instance,
flaxseed (Linum usitatissimum L.) is reported to contain about 75–800 times more lignans than cereal
grains, legumes, fruits and vegetables, together with antioxidant flavonols and hydroxycinnamic
acids [7], and lariciresinol was one of the main constituents of pumpkin seeds (Cucurbita pepo L.) [8].

Hemp seeds (non-drug type of Cannabis sativa L.) also contain, beyond proteins, and polyunsaturated
fatty acids, bioactive lignan derivatives, known as lignanamides [9–12]. These latter could be found in
hemp fruits together with their biosynthetic precursors, namely phenylamides, whose presence
is functional in another seed, such as oat seed, which produces avenanthramides (AVAs) with
important anti-inflammatory and antiproliferative effects [13]. Until a few years ago, phenylamides
and lignanamides seemed to constitute a small group of natural products, whose distribution in
plant kingdom was thought to be limited to plants of the Cannabaceae and Solanaceae family.
Indeed, lignanamides are also reported from Mitrephora thorelii (Annonaceae) and Corydalis saxicola
(Papaveraceae), and, recently, five pairs of enantiomeric lignanamides were obtained from Solanum
nigrum, and melongenamides A–D were isolated from the roots of Solanum melongena L. [14–16].
Furthermore, new lignanamides and neolignanamides were isolated from Lycium chinense [17,18],
highlighting that the diversity of these compounds is so far to be really known. Moreover,
(±)-sativamides A and B, two pairs of nor-lignanamide enantiomers featuring a unique benzo-angular
triquinane skeleton, were isolated from the fruits of Cannabis sativa, and were observed to be able to
reduce endoplasmic reticulum (ER) stress-induced cytotoxicity in neuroblastoma cells [19].

The ability of lignanamides to display interesting and diverse biological activities, including
feeding deterrent activity, insecticidal effects, anti-inflammatory and neuroprotective activity [20,21],
addresses the research in new analytical challenges for their ready exploitation from hempseed meal.
In this context, starting on the great and renewed interest in hemp seeds and their by-products,
as source of essential nutrients, in sufficient amount and ratio to satisfy the dietary human demand,
commercial hempseeds underwent ultrasound assisted extraction first with n-hexane, and after
an oil-like mixture recovery, the obtained by-product was investigated for its polyphenol content.
A fraction rich in lignanamides (LnHS) was achieved and chemically profiled through HR-MS/MS
tools operating in negative ion detection. Furthermore, taking into account recent literature, which
highlights the protective effects of pure lignanamides on central nervous system cell lines [15,21],
LnHS was investigated for its anti-cancer properties versus U-87 malignant glioblastoma (GMB)
neuroepithelial cells. Indeed, U-87 cells are known to move very fast and to aggregate as clusters,
showing rapid migration, and highest invasion ability [22]. As malignant gliomas are the most common
primary brain tumors, among which GBM is the most malignant and highly aggressive [23], the
aim of this study was to understand the effects of low doses of constituted LnHS fraction on U-87
viability cell line as well-established model of malignant glioblastoma cell line in terms of apoptosis
and autophagic cell death. In addition, the effects of LnHS on U-87 colony formation efficacy and
cell migration was analyzed. Finally, the ability of LnHS of inducing oxidative and inflammation
processes was investigated through evaluation of the expression of Sirt1 and Sirt2, as well as of some
pro-inflammatory cytokines. All tests were performed in comparison to non-tumorigenic human
fibroblasts (thereafter indicated as HF).

2. Results and Discussion

The interest in the polyphenols contained in hemp seed was for a long time obscured by its
high content in essential polyunsaturated fatty acids, mainly linoleic and α-linolenic acids, though
different flavonoid glycosides were identified in cold-pressing hemp seed oil [24,25]. Indeed, after oil
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recovery, hemp seed meal yet represents an important food polyphenol source. Several phenylamides
and lignanamides were previously isolated and structurally identified mainly by means of nuclear
magnetic resonance (NMR) spectroscopic tools [20,26]. Herein, in order to get insight into the
chemical composition of commercial hempseeds, ultrasound assisted maceration was applied on
seeds first ground with a knife mill and crushed into liquid N2 to better preserve the integrity of the
fruit’s constituents.

The cryo-crushed matrix, made as a friable powder, preliminarily underwent solid-liquid extraction
process using n-hexane, obtaining an oil-like extract and the defatted-matrix. This latter was then
ultrasound-assisted macerated using ethanol (Figure S1). The alcoholic fraction was further fractionated
(please see Section 3) obtaining, among the others, a fraction, hereafter referred to as LnHS, able to
strongly modify the morphology of SH-SY5Y cells (Figure S2). Thus, in the consciousness that
extraction/fractionation steps are fundamental into defining the chemistry of a phytochemical extract,
in order to get insight into this fraction chemical composition, negative HR-MS and HR-MS/MS spectra,
as well as spectra by ultraviolet diode array detection (UV-DAD), were acquired. Phenylamides and
lignanamides were found to be the main compounds (Tables 1 and 2), whereas flavonol glycosides
were the minor constituents (Table 3). Thus, the fraction underwent an extensive cytotoxic screening
on U-87 cells, exhibiting a promising behavior in fighting migration and invasion features of these
glioblastoma cells.

2.1. HR-MS Analysis: Phenylamides

Compounds 1, 2, 5, 8, 11, 17 and 33 were recognized as phenylamides, conjugates of aliphatic
polyamines or arylmonoamines and hydroxycinnamic acids, suggested as defensive plant-specific
molecules. Compound 1 was tentatively identified as N-caffeoyloctopamine (Figure 1), previously
isolated from hempseed cakes in a screening aimed to identify novel arginase inhibitors [27], and further
identified among hempseed constituents with potential anti-neuroinflammatory activity [25].

Figure 1. (A) and (B) TOF-MS and TOF-MS/MS spectra for compound 1; (C) proposed fragmentation
pathway of the [M − H]− ion; (D) UV-DAD spectrum. In C panel, the theoretical m/z value is reported
below each structure.

The [M − H]− ion at m/z 314.1039 underwent dehydration (likely through octopamine moiety)
providing the TOF-MS2 fragment ion at m/z 296.0910, or rearranged to give, through 45 Da neutral loss,
the fragment ion at m/z 269.0818.
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This could be due to (NH3 + CO) neutral loss eliminated in one step (as HCONH2), or, more
likely, eliminated in rapid sequential steps [28]. The N-CO α-cleavage, a characteristic fragmentation
observed as a common pattern in all natural and synthetic amides [29], could drive the genesis of the
ion at m/z 161.0244, whereas ions at m/z 135.0455 (base peak), 134.0373, and 133.0302, and 132.0217
were attributable to dihydroxycinnamoyl residue (Table 1). UV-DAD spectra of compound 1 showed
absorption bands at 324, 296, and 216 nm, plus a shoulder at 242 nm. This latter, together with the
broad band at 324 nm was attributable to aromatic moieties π→π* transitions, whereas the n→π*
and π→π* electronic transitions referred to the amidic group were responsible for the absorption at
296 and 216 nm. Compound 2 showed the [M −H]− ion at m/z 298.1086 according to the molecular
formula C17H17NO4. TOF-MS2 spectrum suggested the occurrence of N-p-coumaroyloctopamine,
before reported as an inducible phenolic amide in potato tuber tissue [30]. The deprotonated molecular
ion gave rise to the ion [M −H −H2O]− at m/z 280.0981, which in turn provided the ions at m/z 134.0607
and 119.0502. The ion at m/z 145.0293 confirmed coumaroyl moiety, as well as the fragment ion at
m/z 160.0408, which could be from the cleavage at the N-Cα bond and the following 1,4 nucleophilic
addition on the β’-carbon of the phenylpropanoid side chain. The presence of the coumaroyl moiety
was further revealed through the UV-DAD spectrum of the compound, which is was similar to that
previously reported for this hydroxycinnamoyl amide (HAA) [26] and it was consistent with the loss
of catechol group as highlighted by the blue shift of the absorption band detectable at 324 nm in
compound 1 (Figure S3).

A constitutional isomer of the previous compound was N-caffeoyltyramine, which was found to
inhibit macrophage-mediated inflammatory responses through the suppression of the production of
NO and pro-inflammatory cytokines [31]. This compound was tentatively identified under peak 5.
In this case, the [M −H]− ion at m/z 298.1090 dissociated providing the TOF-MS2 fragment ion at m/z
135.0459 as base peak, likely corresponding to 2-hydroxy-4-vinylphenolate. Following the cleavage
at the N-Cα bond, the fragment ion at m/z 178.0520 was formed, whereas the ion at m/z 190.0518
could be from Cα-Cβ bond breakdown [32]. The CH2CO loss likely consisted in the fragment ion
at m/z 256.0974 (Figure 2). In order to corroborate this latter hypothesis, hydrogen–deuterium (H/D)
exchange reaction was carried out on pure N-caffeoyltyramine. The TOF-MS2 spectra of the 3d-derived
underwent rearrangement to give the ion at m/z 180.0619, whereas the loss of an ethen-1-one-2-d
provided the fragment ion at m/z 258.1098. The electronic absorption spectrum of compound 5
(Figure 2C), similarly to that of compound 1, with which shared the common caffeoyl component,
evidenced the bathochromic and hyperchromic effect of -OH functional auxochromic groups of the
double absorption band, which was at 317 and 294 nm, whereas the other band was at 237 nm. The
compound was a constituent of other inestimable food sources such as hot pepper (Capsicum annuum),
a spice used worldwide [33], Goji berry, the fruit of Lycium barbarum [34] and seeds of Annona crassiflora
Mart., a fruitful tree native to the Brazilian Cerrado biome [35].

Compounds 8 and 17, which showed the [M − H]− ion at m/z 312.1243 and 312.1241, respectively,
were tentatively identified as N-feruloyltyramine geometrical isomers (Figure S4). The deprotonated
molecular ion underwent in both TOF-MS2 spectra methyl radical loss to achieve the fragment ion at
m/z 297.1015(4), which gave rise to fragment ions at m/z 190.0510(3) and 178.0513, or more favorably
led to ion at m/z 148.0530(5) (base peak) through CO-Cα’ bond cleavage. The CH3

• loss generated the
radical ion at m/z 134.0373(6), as well as the ion at m/z 135.0452(6).

The [M − H]− ion at m/z 282.1140 for compound 11 was in accordance with the molecular
formula C17H17NO4. UV-DAD and TOF-MS/MS spectra were according to N-p-coumaroyltyramine,
an antioxidant HAA compound with inhibiting effect on acetylcholinesterase, cell proliferation,
platelet aggregation [36]. In particular, in TOF-MS/MS spectrum, beyond the fragment ion at
m/z 162.0558, which was consistent with coumaramide, the abundance of 4-vinylphenolate further
confirmed the acylic moiety identity (Figure S5). Finally, compound 33 was tentatively identified
as tri-p-coumaroylspermidine (Figure S6). This latter, until now never reported among hemp seed
constituents, was firstly reported to reduce the mycelial growth of the oat leaf stripe pathogen
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Pyrenophora avenae and also the infective ability of powdery mildew (Blumeria graminis f. sp. hordei) [37],
and recently described as constituent of Salvia and Lavandula species [38].

Figure 2. TOF-MS/MS spectra of compound 5 (A) and of its 3d-derived (B). UV-DAD spectrum of the
compound (C). Proposed fragmentation pathway of the [M − H]− ion for compound 5 (D) and the
3d-derived (E); theoretical m/z value is reported below each structure.

2.2. HR-MS Analysis: Lignanamides

The great part of the other identified compounds belongs to the lignanamide class (Table 2),
which in Cannabis sativa fruit appears highly variable. In fact, it was reported to be constituted
by aryl(dihydro)naphthalene-type, benzodioxanes-type and β-arylether-type compounds, as well
as nor-lignanamides with a peculiar benzo-angular triquinane skeleton [10]. The arylnaphthalene
lignanamide, cannabisin A, and three phenyldihydronaphthalene lignanamides were among the first
isolated compounds in hemp fruits, and were herein tentatively identified thanks to their abundance,
which made them easily isolable, and common fragmentation pattern features. Furthermore, UV-DAD
spectra were also acquired and compared to those of pure standard compounds. In particular,
cannabisin A, an arylnaphthalene lignanamide isolated so far from fruits of Cannabis sativa [39],
was putatively identified in compound 16 (Figure S7). The [M −H]− ion at m/z 593.1941 (error ppm 2.0),
in accordance with the molecular formula C34H30N2O8, gave the fragment ion at m/z 456.1110, which
in turn, thanks to CO neutral loss, provided the ion at m/z 428.1151. The loss of 163.06 Da, likely
corresponding to isocyanic acid (HNCO) + p-hydroxystyrene, also could directly occur from the
deprotonated molecular ion supplying the fragment ion at m/z 430.1313. As previously reported,
it appeared as HNCO elimination competes with backbone cleavage [40]. To support the hypothesis
of p-hydroxystyrene residue loss, the ion at m/z 336.0520 was observed to be formed, which in turn,
after HNCO loss, gave the ion at m/z 293.0457. This latter could be also obtained from the base peak
due to 163.06 Da loss. UV-DAD spectrum of peak 16 was fully comparable to that previously reported
for the pure reference compound [26]. In fact, UV-DAD spectrum exhibited a characteristic strong
maximum at 256 nm and only small peaks between 280 and 350 nm.

The [M − H]− ion of compounds under peaks 15, 22, 28, 32, 36 and 38 was in line with the
C34H32N2O8 molecular formula and calculated exact mass equal to m/z 595.2086. TOF-MS/MS spectra
of 15 and 22 were almost super-imposable, and their UV-DAD spectra mostly resembled the previously
reported for cannabisin B electronic absorptions [26], with maximums at 218, 254, 282, 310 and 342
nm (Figure 3 and Figure S8). In particular, TOF-MS/MS spectra showed the ions at m/z 269.08 as
base peak, whereas the ions at m/z 485.17 (− catechol), 432.14 (likely due to the loss of HNCO +

p-hydroxystyrene), and 322.10, which could be favorably formed when the moiety weighing 163.06 Da
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was lost together with a catechol unit, were detected with their relative high abundance. Cannabisin B,
among lignanamides from hempseed, was one of the first to be investigated for its biological behavior,
and it was found that it showed a marked antiproliferative action on HepG2 cell [11].

Figure 3. TOF-MS/MS spectra of compounds 15 and 22 (A and C, respectively). UV-DAD spectra of the
compounds (B and D). In grey panel, the structure of cannabisin B is reported, without emphasizing
stereochemical features.

Compound 28 was likely 3,3′-didemethyl-grossamide. The [M − H]− ion dissociated, as observed
in the TOF-MS/MS experiment, providing the ion m/z 458.1262, attributable to a tyramine moiety direct
neutral loss, as well as the more abundant ion at m/z 432.1468. This latter could further loss a tyramine
unit providing the ion at m/z 295.0616 or also, more favorably supplied the base peak at m/z 269.0828,
which was in accordance with a 2-hydroxy-4-(7-hydroxy-5-vinyl-2,3-dihydrobenzofuran-2-yl)phenolate
(Figure S9). The occurrence of a phenylcoumaran lignandiamide with 2,3-dihydrobenzofuran nucleus
was supposed, and it could be derived through the 8-5′ coupling of two caffeoyl alcohols [41].
The comparison of the UV-DAD spectrum with that reported in literature allowed us to putatively
further identify the compound [26]. Finally, the [M − H]− ion of compound under peak 32,
which fragmented into the base peak at m/z 298.1083, and minor fragment ions at m/z 178.0503
and 135.0444, could be attributable to 3,3′-demethyl-heliotropamide, an oxopyrrolidine-3-carboxamide,
previously isolated from hemp fruits [20], whereas the benzodioxanes-type lignandiamides, cannabisin
M and cannabisin Q, were tentatively identified from TOF-MS/MS spectra of compounds 36 and 38
(Figure S10). Charge-driven collision-induced dissociation could favor the formation of a phenoxide
anion, which retro-cleaved leading the fragment ion at m/z 298.1088 (base peak).

Phenyl(dihydro)naphtalene-type lignanamides could be also the compounds under peaks 4, 6
and 13. The most polar compounds 4 and 6 showed the deprotonated molecular ions at m/z 609.1886
and 609.1887, respectively and were distinguishable with the other extract’s compounds for their
content in octopamine, beyond tyramine, as polyamine moiety. In particular, both the [M − H]−
ions underwent water neutral loss (likely from the octopamine residue) providing a fragment ion
at m/z 591.18 and presented the base peak ion at m/z 456.11 (Figure S11). This latter resembled that
observed in compound 16, in accordance with an arylnaphthalene lignandiamide core. Furthermore,
TOF-MS/MS spectrum of compound 4 also displayed the fragment ion at m/z 472.1058, which could
be due to the loss of the tyramine moiety, and further underwent water loss to yield the ion at m/z
454.0944 (Figure S11). The neutral loss of octopamine supplied for compound 6 directly the ion
at m/z 456.1102, whose chemical feature likely resembled that of previously identified compound
cannabisin I [27]. This latter was tentatively identified through TOF-MS and TOF-MS/MS spectra of
compound 21. Instead, compound 13 was likely a hydroxy derivative of N-caffeoyltyramine phenyl-
dihydronaphtalene dimer. Its deprotonated molecular ion at m/z 613.2192 gave rise, through H2O
neutral loss, to the base peak at m/z 595.2080, which in turn could lose 110.03 Da to provide the ion at
m/z 485.1700, or could yield through 163.06 Da loss the ion at m/z 432.1446 (Figure S12). Both the ions at
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m/z 595.2080 and 432.1446 could undergo phenyldihydronaphthalene moiety cleavage providing the
ions at m/z 475.1864 and 312.1227, respectively. All the other detected fragment ions could be from
110, 163 or 120 Da losses. Furthermore, a dimer of N-caffeoyloctopamine and N-caffeoyltyramine was
hypothesized to be compound 26, whose deprotonated molecular ion at m/z 611.2047 gave rise the
abundant ions at m/z 314.1044 and 298.1088, attributable to caffeoyloctopamine, and caffeoyltyramine,
respectively (Figure S13).

H2O and CH2O losses were detectable in TOF-MS/MS spectra of peaks related to compounds
19 and 20, which showed the deprotonated molecular ions at m/z 508.1968 and 508.1990, respectively,
likely corresponding erythro and threo-diastereoisomers of cannabisin H [42]. The fragment ions at
m/z 312.1244 and 312.1248, could be formed following the cleavage of β-aryl ether moiety, whereas
the further methyl radical loss yielded the ions at m/z 297.1015 and 297.1009. Diagnostic ions at m/z
195.0653(69), likely α-hydroxyconiferyl alcohols, and the deformylation products at m/z 165.0557(60),
appeared to support our hypothesis (Figure 4). The erythro diastereomer, together with grossamide K,
was isolated for the first time as a phenolic constituent of the bark of the kenaf (Hibiscus cannabinus var.
Salvador) [42].

Figure 4. TOF-MS/MS spectra of compounds (A) 19 and (B) 20, tentatively identified as cannabisin H
isomers. The proposed fragmentation pathway of their [M − H]− ion was reported (C); the theoretical
m/z value is reported below each structure.

The deprotonated molecular ions of compounds 23–25 and 35 were in accordance with the
molecular formula C35H34N2O8 and the occurrence of lignandiamides in which the hydroxycinnamoyl
moieties were represented by caffeoyl and coniferyl alcohols, whereas tyramine constituted the amine
part. In TOF-MS/MS spectra of compounds 23–25, the base peak ion was at m/z 446.16, allowing us
to confirm that the concurrent loss of isocyanic acid and p-hydroxystyrene could be advantageously
observed as informative of tyramine presence. Moreover, other diagnostic fragment ions could
be observed and differentiate the major bonding types encountered in hemp fruit lignandiamides.
The aryldihydronaphtalene-type core likely characterized both compounds 23 and 24 which were
distinguishable through fragment ions at m/z 499.1891 and 485.1757, respectively, which were in
accordance with their relative catechol or guaiacol loss. This finding was in line monolignol
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cross-coupling with a caffeoyl-end-unit for compound 23 and a guaiacol-end unit for compound 24.
Based on previous observation, TOF-MS/MS spectrum of compound 35, which appeared to fragment via
a pathway similar to that of compound 28, allowed us to hypothesize demethylgrossamide occurrence.
In fact, also in this case, the [M − H]− ion underwent tyramine neutral loss with the genesis of the ion
at m/z 472.1428, whereas the loss of 163.06 Da gave the most abundant ion at m/z 446.1633, which in turn
lost a methyl radical, providing the radical anion at m/z 431.1391. Furthermore, as already observed in
compound 28, the loss of two 163.06 Da units could occur giving the ion at m/z 283.0979. This latter,
which represented the base peak, also furnished the radical ion at m/z 268.0743 through methyl radical
loss (Figure 5). UV-DAD spectra were in accordance with tentatively assigned lignandiamide skeleton,
and represented a useful tool to unravel the lignan nucleus of compound 25, which was supposed to
belong to aryldihydronaphtalene class [26].

Figure 5. TOF-MS/MS spectra of compounds (A) 23, (B) 24, (C) 25, and (D) 35.

Based on previous MS observations, and UV-DAD spectra, compounds 27, and 29,
whose pseudomolecular ions were in accordance with the C36H36N2O8 molecular formula, and showing
the base peak at m/z 460.1799(1803), and its demethylated radical ion at m/z 445.1569(1), were suggested
to be aryldihydronaphtalene-type lignanamide isomers, whereas compound 37 was tentatively
identified as cannabisin F, and compound 39 was putatively assigned as grossamide (Figure S14).
This latter compound, whose MS/MS fragmentation pattern in positive ion mode was previously
reported [43], was found to exert anti-neuroinflammatory action, being able to inhibit the secretion of
pro-inflammatory mediators (e.g., IL-6, and TNF-α), reducing LPS-mediated IL-6 and TNF-α mRNA
levels [44]. Furthermore, neuroprotection by cannabisin F was ascertained against LPS-induced
inflammatory response and oxidative stress in BV2 microglia cells [21].

Grossamide K, a phenylcoumaran-type lignanamide with previously reported antimelanogenic
activity [45], was tentatively identified based on TOF-MS and TOF-MS/MS spectra related to peak
30. The deprotonated molecular ion at m/z 490.1875 provided the fragment ions at m/z 472.1769 and
460.1769, following H2O and formaldehyde neutral losses. Charge-driven CH2O loss could be initiated
when phenoxide ion abstracted the proton from aliphatic OH function. Both the ions underwent methyl
radical loss to achieve ions at m/z 457.1541 and 445.1529, respectively, which, in turn, gave diradical
anions at m/z 442.1300 (base peak) and 430.1300. This latter could provide the fragment ion at m/z
297.1125 through CO-Cα cleavage, or the ion at m/z 338.1027 by dehydrogenation and hydroxystirene
loss. Methyl radical and CO losses were further detected (Figure S15).
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Finally, compounds 31 and 34 were tentatively assigned as cannabisin E isomers based on their
deprotonated molecular ion at m/z 641.2516, which provided the ion at m/z 489.2053(64) through
4-hydroxy-3-methoxy benzaldehyde loss. The detection of the ion at m/z 151.0404(6) as base peak,
attributable to 4-formyl-2-methoxyphenolate, seemed to confirm the hypothesis (Figure S16).

2.3. HRMS Analysis: Flavonol Glycosides

Compounds 3, 7, 9, 10, 12, 14 and 18 were putatively flavonol glycosides (Figures S17–S20, Table 3),
whose presence was previously identified as bioactive components of hemp seeds, and its cold-pressed
oil derived product [24]. In particular, collision-induced dissociation of the [M −H]− ion at m/z 433.0777
for compound 3, gave radical aglycone ion [aglycone − H]− at m/z 300.0273 and its aglycone ion at
m/z 301.0362, which were consistent with quercetin and the loss of a pentose moiety (−132.0415 Da).
The presence of the pentose moiety was further suggested for compounds 9 and 10, whose aglycone
moiety was kaempferol, as suggested by the [aglycone−H]– and aglycone radical ion at m/z 285.0406(08)
and 284.0328(29), as well as the ions at m/z 255.0299(303) and 227.0352(1), which could come from the
[aglycone−H]•− ion. The loss of deoxyhexose moiety was shared by compounds 7, 12 and 14. Quercetin
was identified as aglycone residue in compound 7, whereas compounds 12 and 14 were kaempferol
deoxyhexoside isomers. Finally, the detected loss of acetic acid moiety in the TOF-MS/MS spectrum of
compound 18 as well as the occurrence of [aglycone–H]–, [aglycone − H]•− and [aglycone − 2H]•− at
m/z 301.0361; 300.0278 and 299.0194, were in accordance with quercetin-7-O-acetyldeoxyhexose [46,47].
Quantifying flavonoid content as peak area percentage, it was found that the compounds constituted
only the 2.8%, whereas lignanamides were the most representative compounds with the 79.0%.
Compounds deriving from the coupling of two phenylamides, both preserving the amine moiety (e.g.,
metabolites showing the [M − H]− at m/z 593, 595, 609, 623, 641), were the most abundant and they
were present in comparable amount (Figure S21).

2.4. LnHS Inhibits Cell Survival of Glioblastoma U-87 Cell Line but not of HF

As some of compounds in LnHF were reported to exert neuroprotective and
anti-neuroinflammatory effects [20,21], or also to be able to induce dramatic morphological changes
and autophagic cell death [11], the effects of the treatment of LnHS hempseed mixture on primary
glioblastoma cell lines was investigated. Indeed, a prior analysis of the effects of LnHS was carried out
on undifferentiated SH-SY5Y cells. It was evidenced that LnHS at dose levels higher than 25 µg/mL,
induced clear cell morphological changes as cells shrunk and loss cell adhesion (Figure S2). Thus, in
order to better understand and define a preliminary LnHS-cell death inducing mechanism, the effects
on cytotoxicity was further assessed on U-87 glioblastoma cells, which are characterized by a rapid
migration, and a highest invasion capacity [48]. Human Fibroblast (HF) cells were used in order to
evaluate LnHS effects on non-tumorigenic cells. MTT assay was performed to assess the effects of
LnHS on cell viability, at seven dose levels (0.5, 1.25, 2.5, 5, 10, 25, 50 µg/mL), and at three exposure
times (24 h, 48 h and 72 h). Data acquired showed that LnHS exerted toxic effects on U-87 cells. Indeed,
U-87 cell viability was strongly compromised at the highest LnHS tested dose, at each exposure time
considered (Figure 6). The dose level 25 µg/mL significantly affects the U-87 viability after 48 and 72 h
of incubation, p < 0.05 (Figure 6A). LnHS did not show relevant toxic effects on HF cells, and only
the highest dose (50 µg/mL) appeared to induce, after the longer 72 h exposure time, cell viability
decrease (Figure 6B). In addition, the quantification of lactate dehydrogenase levels, considered an
indicator of cell damage for necrotic cell death [49], evidenced that LnHS 25 µg/mL and 50 µg/mL
dose levels exerted a time-dependent percentage increase of LDH release (Figure 6C,D). Furthermore,
the colony formation assay [50] showed that LnHS-treated U-87 cells did not retain the capacity to
produce colonies (Figure 6E), when LnHS dose exceeded only 5 µg/mL.
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Figure 6. Cell viability of U-87 and human HF cell (A and B, respectively) was assessed by MTT assay
after 24, 48 and 72 h of exposure. Data from LDH release assay at 24, 48 and 72 h exposure times were
in panels C (U-87 cells) and D (HF cells). Values are the mean ± SE of two independent experiments
performed in triplicate. *p < 0.05 vs. untreated cells. (E) Representative images from colony forming
efficiency of U-87 cells grown in presence of LnHS or vehicle control for ten days; the experiment was
performed in duplicate.

2.5. LnHS Induced Genomic DNA Damage in U-87 Cell Line but not in HF

In order to verify if the observed cytotoxicity was the result of LnHS ability to induce a genotoxic
damage, comet assay was performed on U-87 and HF cells, after 24 h of exposure to the hempseed
mixture at 0.5, 2.5, 5, 25 and 50 µg/mL concentration levels (Figure 7). U-87 cells showed DNA damage
when treated with LnHS 25 and 50 µg/mL (Figure 7A), whereas no genotoxic effects was detectable in
human fibroblast cells.

Figure 7. Representative images of U-87 and HF cells treated with different LnHS doses and subjected
to the comet assay (panels A and B respectively). ctrl: untreated cells; green arrows indicate comets
with a tail. Experiments were performed in duplicate.

2.6. LnHS Inhibited Cell Migration of U-87 Cell Line

As invasiveness is one of the pathophysiological features of human malignant gliomas [51],
the effects of LnHS on the U-87 cells migration, in comparison to HF, were tested through wound
healing assay. Both the cell types were subjected to scraped wounds: U-87 cells were treated with five
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doses (0.5, 2.5, 5, 25 and 50 µg/mL), whereas HF cells with three LnHS doses (5, 25 and 50 µg/mL).
Although LnHS significantly inhibited the migration of both cell types at the highest dose, U-87
appeared more sensitive to LnHS (Figure 8). In fact, already at a dose of 5 µg/mL, the hempseed
fraction inhibited the migration of the U-87 cells; the maximum effect was evident at 50 µg/mL, where
the cell toxicity is also evident.

Figure 8. U-87 cells underwent a scraped wound and were then treated with different LnHS doses (0.5,
2.5, 5, 25 and 50 µg/mL). Cells were photographed immediately following the scratch (0 h), after 12, 24,
36, 48, 72 and 96 h. Untreated cells (ctrl), were used as a control. Representative figures are shown from
one of two independent experiments.

2.7. LnHS did not Modify Sirtuins and Cytokines Expression in both U-87 and HF Cells

To verify LnHS ability to display cytotoxicity, interfering oxidative and inflammation processes,
the expression of Sirt1 and Sirt2, as well as of some pro-inflammatory cytokines involved, was evaluated.
In this context, cannabisin F was recently found to act as a modulator of SIRT1, whose activation
is considered beneficial in attenuating neuro-inflammation and damage due to oxidative stress [21].
Thus, both U-87 and HF cells were treated with three LnHS doses (2.5, 25 and 50 µg/mL) for 24 and
48 h, and the expression level of Sirt1, Sirt2, IL-6 and IL-10 was assessed at mRNA level. Indeed, no
effects were found on these markers in both the cell types (Figure S22).

2.8. LnHS Blocks Autophagy While Inducing Apoptosis in U-87 Cells

Autophagic cell death was hypothesized to be the mechanism through which cannabisin B
exerts antiproliferative activity in human hepatocarcinoma HepG2 cells [11]. Autophagy is a cell
catabolic program, and it is triggered following nutrient starvation, and requires for its initiation ULK
kinases [52]. In particular, ULK-1 phosphorylates Beclin-1 is a multi-domain protein, which exerts
a dual role in autophagy and apoptosis cellular processes [53]. LnHS treatment at dose levels equal
to 5, 25 and 50 µg/mL, at 24 and 48 h exposure times, promoted the down-regulation of Beclin 1 and
ULK-1 in U-87 cells, while in fibroblasts, both the enzymes were down-regulated only by 50 µg/mL
dose (Figure 9). Simultaneously, it was found that Bcl-2 was also inhibited at the same incubation times
and LnHS doses (Figure 9). Altogether, these results indicated a strong down-regulation of autophagy
process in U-87 cells. These two processes are accompanied by reduction in AKT phosphorylation.
E-cadherin expression was affected at 50 mL at 24 and 48 h in both cell types. This finding is in line
with a potential double-edge behavior of LnHS, which, according to autophagy occurrence, at low
doses appears to maintain E-cadherin expression, while, on the contrary, at the highest dose, LnHS
may determine a cell-cell adhesion injury by the E-cadherin loss (Figure 9).
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3. Materials and Methods

3.1. Materials

All the solvents used for extraction and fractionation purposes, acetonitrile (LC–MS grade),
formic acid (98%, for mass spectrometry) were purchased from Sigma-Aldrich (Buchs, Switzerland).
Cell culture media and reagents for cytotoxicity testing were purchased from Invitrogen (Paisley,
Scotland, UK), except MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] which
was from Sigma-Aldrich Chemie GmbH (Schnelldorf, Germany).

3.2. Plant Extraction and Fractionation

One hundred g of commercial hemp seeds (Hanf & Natur product, by Bioland, a certified company
for the cultivation of ecological and sustainable hemp located in Lindlar, Germany), after mechanical
reduction, underwent ultrasound assisted maceration (UAM) using sequentially n-hexane and ethanol
as extracting solvents. The drug/solvent ratio used was 1:5. Ultrasound (mechanic waves able
to propagate through an elastic medium) maceration cycles were in total 4 and performed using a
BransonicTM M3800-E device (Branson UltrasonicsTM, Danbury, CT, USA) operating in sweep-frequency
mode at 40 kHz. The duration of each ultrasound cycle was 30 min. The alcoholic fraction (4.4 g) was then
chromatographed through SiO2 column chromatography (h 16 cm, Ø 2.0 cm), eluting with chloroform,
ethyl acetate and methanol providing three subfractions. The methanol extract, named LnHS,
underwent chemical investigation by means of UHPLC-HR-MS/MS and HPLC-UV-DAD analyses and
cytotoxicity assessment towards U-87 human glioblastoma cells. The extraction/fractionation scheme
is depicted in Figure S1.

3.3. UHPLC-ESI-QqTOF-MS/MS and HPLC-UV-DAD Analyses

LnHS was chemically characterized by ultrahigh-performance liquid chromatography coupled
with high-resolution mass spectrometry (UHPLC-HRMS) techniques. A NEXERA UHPLC system
(Shimadzu, Tokyo, Japan) was used with a Luna® Omega Polar C-18 columns (1.6 µm particle size,
50 × 2.1 mm, Phenomenex, Torrance, CA, USA). Separation was achieved with a linear gradient of
water (A) and acetonitrile (B), both with 0.1% formic acid: 0–3 min, 2→12.5% B; 3–12.5 min, 12.5→30%
B; 12.5–17.5 min, 30→45% B; 17.5–20 min, 45→75% B; held at 75% B for other 2 min; 22–23 min, 75→98%
B. The mobile phase composition was maintained at 98% B for another 1 min, then returned to the
starting conditions and allowed to re-equilibrate for 1 min. The total analysis time was 26 min, the
flow rate was 0.5 mL/min, and the injection volume was 2.0 µL.

MS analysis was performed using a hybrid Q-TOF MS instrument, the AB SCIEX Triple TOF®

4600 (AB Sciex, Concord, ON, Canada), equipped with a DuoSprayTM ion source (consisting of both
electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI) probes), which was
operated in the negative ESI mode. The APCI probe was used for automated mass calibration using
the Calibrant Delivery System (CDS). The CDS injects a calibration solution matching the polarity
of ionization and calibrates the mass axis of the TripleTOF® system in all scan functions used (MS
and/or MS/MS). The Q-TOF HRMS method, which combines TOF-MS and MS/MS with Information
Dependent Acquisition (IDA) for identifying non-targeted and unexpected compounds, consisted of a
full scan TOF survey (dwell time 100 ms, 100–1000 Da) and a maximum number of eight IDA MS/MS
scans (dwell time 50 ms, 80–850 Da). The MS parameters were as follows: curtain gas (CUR) 35 psi,
nebulizer gas (GS 1) 60 psi, heated gas (GS 2) 60 psi, ion spray voltage (ISVF) 4.5 kV, interface heater
temperature (TEM) 600 ◦C, declustering potential (DP) −80 V. Collision Energy (CE) applied was −45 V
with a collision energy spread (CES) of 15 V. The instrument was controlled by Analyst® TF 1.7 software,
while data processing was carried out using PeakView® software version 2.2. Hydrogen/deuterium
exchange experiments were carried out on pure N-caffeoyltyramine as previously described [54].
Furthermore, in order to achieve UV-DAD information of each peak, separation was also performed by

90



Molecules 2020, 25, 1049

using a 1260 Infinity II LC System (Agilent, Santa Clara, CA, USA) equipped with an Agilent G711A
quaternary pump and a WR G7115A diode array detector.

3.4. Cell Culture and Cytotoxicity Assessment

The human glioblastoma U-87 cell line and human fibroblasts (HF) were kindly provided by
the Bank of Human and Animal Continuous Cell Lines-CEINGE Biotecnologie Avanzate – Napoli
- Italy. The U-87 cell line was cultured in Dulbecco’s medium (DMEM) supplemented with 10% of
heat-inactivated Fetal Bovine Serum (FBS) and 1% l-glutamine (Sigma-Aldrich, St. Louis. MO, USA); HF
were cultured in cultured in Dulbecco’s medium (DMEM) supplemented with 20% of heat-inactivated
Fetal Bovine Serum (FBS) and 1% l-glutamine (Sigma-Aldrich). Both cells were grown in a 5%
CO2 humidified incubator, at 37 ◦C. For treatments, the cells were incubated with LnHS at different
concentrations in serum-free fresh medium for different incubation times.

3.4.1. MTT Cell Viability Assay

U-87 and HF cells were seeded in 10% FBS-containing medium in a 96-well plate at the density
of 3 × 103 cells/well. The day after, the cells were treated as above described. Cell viability was
evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich)
assay. The next day, cells were treated as above described and, after incubation times, the assay was
performed as previously described [55].

3.4.2. LDH Release Assay

The lactate dehydrogenase (LDH) leakage assay is a colorimetric test useful for quantifying cell
death and lysis through the measurement of LDH released from the cytosol of damaged cells, which
was into supernatant. The test was carried out as previously reported [56].

3.4.3. Colony Forming Assay

For colony forming assays, U-87 cells (1 × 103) were seeded per well of a 6-well plate and
maintained for 10 days with medium changed every other day. Colonies were stained using crystal
violet (Sigma-Aldrich) at room temperature for 20 min and washed repeatedly in water. Colonies were
counted manually using a light microscope as previously described [57].

3.4.4. Comet Assay

DNA breakage was evaluated using a comet assay kit (Trevigen, Gaithersburg, MD, USA).
Three independently reproduced experiments were performed. To determine DNA strand breakage,
U-87 cells and HF were plated at 1 × 105 cells/mL in a 24-well plate and left to attach for 24 h. The next
day, cells were treated with LnHS (0.2, 2.5, 5, 25, 50 µg/mL) for 24 h. Comet slides were stained
with diluted SYBR green and examined under an automated robotic epifluorescence microscope with
an excitation filter (510 to 550 nm). One hundred cells were analyzed per slide. Experiments were
performed in duplicate. Untreated cells served as negative controls.

3.4.5. Wound Healing Assay

U-87 cells and HF were seeded at a density of 3 × 105 cells in a 6-well plate in complete culture
media and grown to confluence. The day after, cells were treated with 4 µg/mL of mitomycin
(Sigma-Aldrich) for 2 h to inhibit cell proliferation and then a wound was inflicted using a tip.
After washing with phosphate-buffered saline (PBS), cells were incubated as above mentioned in
comparison to untreated cells. The scratch wound was observed and photographed at different time
points using an inverted-phase-contrast microscope (TS100 fluorescence microscope and video camera,
Nikon, Tokyo, Japan). Three measurements per scratch were performed (two replicates/condition,
experiments performed in duplicate).
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3.4.6. RNA Extraction and Real Time Quantitative PCR

U-87 and HF cells, after 12 h starvation, were treated in 0% FBS medium as above described.
After incubation, total RNA was isolated from using TRIzol (Invitrogen, Carlsbad, CA, USA) and
Real-time PCR was performed as previously described using GAPDH as housekeeping gene [58].
The primers for Sirt1, Sirt2, IL-6, IL-10 and GAPDH are available on request. The experiments were
performed two times in triplicate.

3.4.7. Preparation of Cell Extracts and Western Blotting Analysis

U-87 cells and HF cells, after 12-h starvation, were treated in 0% FBS medium as above described.
After incubation, total proteins, extracted in RIPA buffer, were quantified by Bradford’s method
(Bio-Rad, Hercules, CA, USA). Total proteins were subjected to electrophoresis and transferred to
PVDF membranes; the membranes were incubated with the following antibodies according to the
manufacturer’s instructions: E-cadherin and GAPDH (Santa Cruz Biotechnology, Dallas, TX, USA),
p-AKT, ULK-1, Bcl-2, Beclin 1 (Cell Signaling Technology, ZA Leiden, Netherlands). The blots were
developed by ECL (Amersham Biosciences, Piscataway, NJ, USA) and analyzed by densitometry as
previously described [58]. Each sample was tested three times in duplicate.

3.5. Statistical Analysis

Experiments were performed three times with replicate samples, except where otherwise indicated.
Data are expressed as mean ± SD (standard deviation). The means were compared using analysis of
variance (ANOVA) plus Bonferroni’s t-test. A p-value of < 0.05 was considered to indicate a statistically
significant result.

4. Conclusions

The recovery of bioactive compounds (pure or in their mixture form) from hempseed meal could
be the driving force for developing new hemp seed-based goods, in which the processing of hemp
fruits waste is valuable for fully exploiting the innumerable advantages of this crop [59,60]. In this
context, high resolution negative tandem mass spectrometric techniques could be a useful tool in the
structure elucidation of hemp seeds compounds such as phenylamides and lignanamides.

The main phenylamides in hemp seeds are hydroxycinnamoyl amides in which the amine
moiety was octopamine or tyramine. They are readily differentiable based on their TOF-MS2 spectra
as the octopamine conjugate promptly lost a water molecule and the base peak corresponds to a
hydrocinnamoyl moiety. Caffeoyl and feruloyl-derived phenyldihydronaphthalene lignanamides are
distinguishable by a characteristic loss of 110 and 124 Da, whereas phenylcoumaran lignandiamide were
characterized by a first direct tyramine moiety. Moreover, isocyanic acid (HNCO) + p-hydroxystyrene
represent a common neutral loss for all the identified lignanamides. The presence of an α,β-unsaturated
function favors a facile CO-Cα cleavage, and low fragment ions give additional structural information
on the investigated lignanamides. Cytotoxicity assessments of LnHS on the U-87 glioblastoma cell line
and on human fibroblasts provided new insight into the molecular effects of this lignanamide extract.
Indeed, even if further studies are necessary, our data strongly suggest that LnSH negatively and
specifically regulates U-87 cell line survival and migration then reinforcing the need to fully analyze
its biochemical behavior, and lignanamides purified therefrom. Indeed, the compounds’ purification
will be addressed in order to deeply investigate their quantitation in hemp seeds products from the
different cultivars available on the market, as well as to achieve a clearer picture of their already
promising anti-cancer activity. In this context, the ability of LnHS (and pure compounds therefrom)
to cross the blood brain barrier (BBB) is aimed to be promptly pursued. This is in line with several
recent evidences which highlight the ability of dietary polyphenols, and their known physiologically
relevant metabolites, to enter the brain endothelium, cross the BBB and to impact brain health and
cognition [61–63]. The BBB-crossing feature in phenylamides and lignanamides could be improved
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by the intrinsic amide function occurrence. In fact, recent studies showed that the introduction of
an amide function was a strategy to enhance BBB transport of antineoplastic drug [64], whereas
the development of N-acetylcysteine amide (NACA) preserved N-acetylcysteine antioxidant ability
improving its permeability through cell membranes [65]. Furthermore, considering the identified
compounds mainly as polyamine derivatives, it was recently shown that tyramine analogue in Gingko
biloba extract were identified among compounds able to cross BBB [66].

Supplementary Materials: The following are available online: Figure S1. Simplified extraction and fractionation
scheme of cryo-crushed hempseeds. Figure S2. Morphological changes in SH-SY5Y cells treated with LnHS
fraction in respect to untreated cells. Representative images were acquired by Inverted Phase Contrast Brightfield
Zeiss Primo Vert Microscope. Figure S3. A) TOF-MS/MS spectrum; B) proposed fragmentation pathway of the [M
−H]− ion; C) UV-DAD spectrum for compound 2. In B panel, the theoretical m/z value is reported below each
structure. Figure S4. A) Extracted ion chromatogram (XIC) of the [M − H]− ion at m/z 312.124 ±0.025; TOF-MS/MS
spectra of B) compound 8, and C) compound 17. In the grey panel the tentatively proposed fragmentation pathway
of the [M −H]− ions. Representative UV-DAD spectrum, acquired under peak 17, is reported in panel D. Figure S5.
A) TOF-MS spectrum for compound 11; B) TOF MS/MS spectrum of the [M − H]− ion; C) UV-DAD spectrum.
Figure S6. A) TOF-MS/MS spectrum and B) proposed fragmentation pathway of the [M − H]− ion for compound
33; theoretical m/z values are reported below each structure. Figure S7. Compound 16 A) UV-DAD spectrum;
B) TOF-MS/MS spectrum (in grey panel TOF-MS spectrum is reported. C) Proposed fragmentation pathway of
the [M −H]− ion (theoretical m/z values are reported below each structure). Figure S8. Proposed fragmentation
pathway of the [M − H]− ion relative to cannabisin B isomers (theoretical m/z values are reported below each
structure). Figure S9. A) Proposed fragmentation pathway of the [M −H]− ion of the compound 28 (theoretical
m/z values are reported below each structure); B) UV-DAD, and C) TOF-MS/MS spectra. Figure S10. TOF-MS/MS
spectra of compounds 32, 36 and 38 (A, B, and C, respectively). Proposed fragmentation pathway of the [M − H]−
ion of the compound 32 is reported in grey panel, whereas that of 36 and 38 is in light green panel (theoretical
m/z values are reported below each structure). Figure S11. TOF-MS/MS spectra of compounds 4 and 6 (A, and
B, respectively). Proposed fragmentation pathway of the [M −H]− ion of both the compounds are reported in
grey panels (theoretical m/z values are reported below each structure). Figure S12. TOF-MS/MS spectrum (A) and
proposed fragmentation pathway of the [M − H]− ion of compound 13 (theoretical m/z values are reported below
each structure). Figure S13. TOF-MS/MS and proposed fragmentation pathway of the [M −H]− ion for compound
26. The theoretical m/z value is reported below each structure. Figure S14. TOF-MS/MS spectra of compounds A)
27, B) 29, C) 37, and D) 39. Figure S15. A) TOF-MS/MS spectrum of compound 30, and B) proposed fragmentation
pathway of its [M − H]− ion (theoretical m/z values are reported below each structure). Figure S16. Proposed
fragmentation pathway of the [M −H]− ion for compounds 31 and 34. Figure S17. Flavanol glycosides in LnHS
hempseed fraction. Figure S18. TOF-MS/MS spectra of quercetin derivatives A) 3, B) 7 and C) 18. Figure S19. A)
Extracted ion chromatogram (XIC) of the [M −H]− ion at m/z 417.083 ±0.025; TOF-MS/MS spectra of B) compound
9, and C) compound 10. Figure S20. TOF-MS/MS spectra of kaempferol derivatives A) 12, and B) 14. Figure S21.
A) Relative content of each class of the tentatively identified compounds: HAAs – hydroxycinnamoyl amides;
LnAs – lignanamides; Fls – Flavonols; B) relative content of lignanamides sharing a common [M − H]− ion in
LnHS fraction. Figure S22. A) mRNA expression of Sirt1 and Sirt2 by real-time; B) mRNA expression of IL6 and
IL10 by real-time in U-87 and HF cells after 24 and 48 h exposure times.
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Abstract: Avocado (a fruit that represents a billion-dollar industry) has become a relevant crop
in global trade. The benefits of eating avocados have also been thoroughly described as they
contain important nutrients needed to ensure biological functions. For example, avocados contain
considerable amounts of vitamins and other phytonutrients, such as carotenoids (e.g., β-carotene),
which are fat-soluble. Hence, there is a need to assess accurately these types of compounds. Herein we
describe a method that chromatographically separates commercial standard solutions containing both
fat-soluble vitamins (vitamin A acetate and palmitate, Vitamin D2 and D3, vitamin K1, α-, δ-, and
γ-vitamin E isomers) and carotenoids (β-cryptoxanthin, zeaxanthin, lutein, β-carotene, and lycopene)
effectively (i.e., analytical recoveries ranging from 80.43% to 117.02%, for vitamins, and from 43.80%
to 108.63%). We optimized saponification conditions and settled at 80 ◦C using 1 mmol KOH L−1

ethanol during 1 h. We used a non-aqueous gradient that included methanol and methyl tert-butyl
ether (starting at an 80:20 ratio) and a C30 chromatographic column to achieve analyte separation
(in less than 40 min) and applied this method to avocado, a fruit that characteristically contains
both types of compounds. We obtained a method with good linearity at the mid to low range of
the mg L−1 (determination coefficients 0.9006–0.9964). To determine both types of compounds in
avocado, we developed and validated for the simultaneous analysis of carotenoids and fat-soluble
vitamins based on liquid chromatography and single quadrupole mass detection (LC/MS). From actual
avocado samples, we found relevant concentrations for cholecalciferol (ranging from 103.5 to 119.5),
δ-tocopherol (ranging from 6.16 to 42.48), and lutein (ranging from 6.41 to 15.13 mg/100 g dry
weight basis). Simmonds cultivar demonstrated the higher values for all analytes (ranging from 0.03
(zeaxanthin) to 119.5 (cholecalciferol) mg/100 g dry weight basis).

Keywords: avocado; LC/MS; fat-soluble vitamins; carotenoids

1. Introduction

Avocado represents a billion-dollar industry, the projection of the apparent per capita consumption
of avocado sets the top six world importers of avocado to be US, Netherlands, France, United Kingdom,
Spain, and Canada with 3.64, 1.62, 2.10, 2.21, 2.30, and 2.55 kg in a given year, respectively [1].
Avocado exports have made some countries like Mexico, Dominican Republic, Peru, Chile, Colombia,
and Costa Rica increase their cultivated area [1].
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The topmost exporter countries have directed their offer to destinations such as the US, Europe,
and Asia, especially China [2], where import growth is in the order of 250%, from 154 tons in 2012, to
25,000 tons in 2016 [3,4]. For example, Costa Rican avocado harvested area was estimated at 1 888 ha
in 2014 and increased to 3092 ha in 2017, which represents 845 tons of Costa Rican avocado (or 448900
USD) [5].

As a complex matrix, performing chemical analysis on the avocado flesh presents an additional
difficulty. The ripe avocado fruit has a firm, oily, and yellow to light green colored mesocarp that
contains both fat-soluble vitamins and carotenoids associated with other lipids [6]. Usually, both types
of analysis have to be performed separately using different chromatographic conditions altogether,
which represents an additional expense, both economic and in terms of labor. Analyzing both types of
fat-soluble compounds is relevant, especially in fruits such as avocado in which there is evidence that
carotenoid absorption might be improved by the addition of avocado and avocado oil [7–9].

Interestingly, the Association of Official Analytical Chemists (AOAC) Official Methods of Analysis
(OMASM) does not have any method established for neither fat-soluble vitamins nor carotenoids in
fruits. Several papers have already annotated the relevance of including avocado in the diet as it
has been related to health benefits [10–19]. Previously, another report analyzed carotenoid content in
avocado using spectrophotometry [20]. A later report has used a similar approach to measure total
carotenoid content [21]. On another hand, a research group has analyzed avocado pigments in oil [22]
and tissue [22,23] using HPLC coupled with a photodiode array detector using a triphasic organic
solvent gradient. Carotenoids in avocado seed have also been described [24,25].

The application of chromatography and mass spectrometry to carotenoid analysis in fruits is not
new [23,26,27]. However, few papers have been dedicated solely to the study of both fat-soluble and
carotenoid content in avocado fruits. For example, research assayed both types of compounds (i.e.,
carotenoids and tocopherol) using two independent chromatographic techniques [28].

Among the papers dedicated to assessing specifically carotenoids or vitamins in avocado, the most
relevant include advantages such as that most researchers use acetone (a versatile and low boiling point
solvent) during primary extraction [22,23,28,29] and ethyl ether or hexane after saponification [22,23,29].
For saponification at room temperature, the use of 2,6-di-tert-butyl-4-methylphenol, and nitrogen
flushing seems to be a norm [28,29], thus protecting the target analytes. Diversity of carotenoids studies
is ample (including epoxides [28], isomers of carotene [20], chlorophylls [22], phytoene [23]). Mobile
phases are usually simple and environmentally friendly [22,23,29], which include methanol, water,
methyl tert-butyl ether, and ethyl acetate. Yano and coworkers were able to apply their method to 75 and
15 different fresh and processed fruits, respectively [23]. Solid-phase extraction has been used to reduce
interferences [22]. Mass spectrometry has been used to recognize unidentified compounds [20,28].

Disadvantages of these methods include the presence of water in the mobile phase (which increases
mobile phase polarity), several approaches exhibit some issues with chromatographic resolution for
some of the signals [28,29] and in some cases saponification time [29], base concentration [29],
and chromatographic run [23] are excessive or the identification of compounds is based on light
absorption [20,22,29]. Finally, vitamin analysis of the fruit is scarce at best [11,28].

Lastly, very little information has been gathered regarding varieties of Costa Rican avocados,
proximate analysis, mineral content, and some vitamins have been explored [30]. Some papers have
also focused on standing out differences between avocado varieties [21,28], including varieties of
Guatemalan race (e.g., Hass [11] and Nabal [20]), as avocadoes originated from New Zealand [22],
California [28], and Mexico [29] and those commercially available from Israel [20] and Japan [23].

Herein, we report a liquid chromatography and single quadrupole mass detection (LC/MS) based
method using a C30 column and methanol and methyl tert-butyl ether to assay and quantitatively
separate both fat-soluble vitamins (vitamin A acetate and palmitate, Vitamin D2 and D3, vitamin K1,
α-, δ-, and γ-vitamin E isomers) and carotenoids (β-cryptoxanthin, zeaxanthin, lutein, β-carotene, and
lycopene) simultaneously in avocado fruit.
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2. Results and Discussion

2.1. Stationary Phase Selection and Green Chemistry

Where other alkyl modified stationary phases failed (Table 1), the C30 allowed an excellent
separation of fat-soluble compounds even between structurally related molecules using a
MeOH/tert-butyl methyl ether (MTBE)-based mobile phase (Table 2). The solvent selection not
only ensured good compound solubility and chromatographic separation, but it also helped improve
column life span as no water was involved and the column could be safely stored under 80% MeOH.

Table 1. Performance of other stationary phases and conditions tested to try to separate calciferol and
tocopherol isomers.

Stationary Phase C8 C18 C30

Solvent System 95:5 MeOH:H2O 95:5 MeOH:H2O 90:7:3
MeOH:CH3CN:2-propanol

Flow, mL min−1 0.75 1.00 0.50

Temperature, ◦C 50 50 35

Compound tR, min Rs tR, min Rs tR, min Rs

Retinyl acetate 3.50 4.75 5.42
Ergocalciferol 4.74 0 8.41 8.96 0.78

Cholecalciferol 4.74 0 8.81 1.12 9.27 0.78
δ-tocopherol 4.67 1.47 8.05 1.20 7.42 2.96
γ-tocopherol 5.17 1.47 9.52 2.07 8.28 1.85
α-tocopherol 7.05 15.14 12.19

Phylloquinone 7.84 19.87 13.17
Retinyl palmitate 13.09 48.33 35.22

Table 2. Optimized Mass Spectrometry (MS) parameters for the assayed compounds, in order of m/z.

Detector Set
Time, min Compound tR, min Selected SIM Ion, m/z Fragmentor, V Dwell Time, ms

From 0 to 5
Retinyl acetate 2.99 269.3 [C20H29]•+/325.2

[C20H29OH + K]+ 100
95Ergocalciferol 3.59 398.3 [M + H]+ 220

Cholecalciferol 4.02 385.3 [M + H]+ 160

From 5 to 8
δ-tocopherol 5.26 402.5 [M+] 220

71γ-tocopherol 5.78 416.4 [M+] 140
α-tocopherol 6.61 430.4 [M+] 80

From 8 to 13

Phylloquinone 8.07 451.4 [M + H]+ 140

56
Astaxanthin 9.07 597.4 [M + H]+ 160

Lutein 9.97 569.4 [M + H]+ 140
Zeaxanthin 11.49 568.4 [M+] 140

After 13

Retinyl
palmitate 11.19 269.3 [C20H29]•+/563.4

[M + K]+ 100

95β-cryptoxanthin 16.58 552.6 [M+] 120
β-carotene 22.51 536.4 [M+] 120
Lycopene 37.39 536.1 [M+] 160

Some methods have selected chlorinated solvents as an effective way to extract [28] or separate
carotenoids [31]. However, we chose MTBE as a greener alternative to chlorinated solvents [32].
Additionally, our chromatographic separation was mostly based on MeOH. The high degree of
shape recognition of the C30 was validated early [33] and was, once again, here, demonstrated. It is
recommended for analysis of retinoid as well as carotenoid molecules [34]. However, herein, we
exploited the versatility of the C30 column further. Furthermore, as avocado lacks the presence of
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lycopene [20,28], this compound when introduced into the separation (especially in its deuterated form),
can be used as an internal standard (IS). Though lycopene is considered a relative liable carotenoid,
it has been used successfully as an IS [35]. Other more stable molecules have been used as well and
could be considered (e.g., canthaxanthin [35], sudan I [36]; 8′-apo-8′-β-carotenal [37], echinenone [38]).

2.2. Singular Ion Monitoring Parameter Selection

As expected, using reverse phase chromatography, fat-soluble vitamins eluted during the first
8 min (except for retinyl palmitate, an esterified compound with an extra C15 alkyl chain) (Table 2).
Both retinoids assessed were prone to retain monovalent cations such as K+ ([M + K]+). Retinyl acetate
and retinyl palmitate share a similar fragmentation pattern, which includes ion 269 m/z as a base
peak (Table 2). The retinoid alkyl chain did not seem to affect ionization voltage, indicating that the
C20H29OH base was governing their behavior. Ion 296 m/z found for retinoids corresponded to the
protonation and elimination of water and acetate during positive ion electrospray [34].

All tocopherol isomers, as well as zeaxanthin, β-cryptoxanthin, β-carotene, and lycopene (the
heavier analogs), exhibited deprotonated species as molecular ions ([M+]). Electrospray ionization
(ESI+) ions are usually preformed in solution by acid/base reactions (i.e., [M + nH]n+), some ions
are probably formed by a field desorption mechanism at the surface. Hence, the production of
abundant cations, with little fragmentation [34]. Meanwhile, phylloquinone, the acidic carotenoid
astaxanthin [34], and lutein all ionized through protonated species ([M + H]+) (Table 2). Interestingly,
the highly related compounds α-, γ-, and β-tocopherols exhibited very different ionization energies
(i.e., 80, 140, and 220 V, respectively) (Table 2).

2.3. Method Performance Data

For the vitamin group, the higher sensitivity was exhibited by α-, γ-, and retinyl palmitate
(Table 2). On the other hand, carotenoids with a lower limit of detection were astaxanthin, lutein, and
zeaxanthin (Table 3). Electrospray analysis of carotenoids, since some years ago, has demonstrated
high sensitivity (i.e., in the pmol range) [39]. These compounds, as expressed in the matrix of
interest, could be detected as low as 1 µg/100 g dry matter (Table 3). The resolution obtained between
the compounds analyzed ranged from 2.18–71.90; the lowest value recommended is 2 (Table 2,
Figure 1A) [40]. Several compounds were very close to the theoretical value of 1 (i.e., a perfect peak
with a Gaussian distribution and completely symmetrical) though ergocalciferol (1.707), and lutein
(1.348) exhibited some tailing. Fronting (leading peak) can also be observed for retinyl acetate (0.709)
(Table 3). Column efficiency was very high for compounds eluted above 8 min, such as phylloquinone,
zeaxanthin, retinyl palmitate, β-cryptoxanthin, and β-carotene (Table 3). A good baseline definition
was observed for all compounds analyzed (i.e., αs ranging from 1.07 to 1.76) (Table 3).

Table 3. Method performance parameters obtained during validation.

Sensitivity

Compound LoD, µg L−1 LoQ, µg L−1 LoD, µg/100 g
fat

LoQ,
µg/100 g fat

LoD, µg/100 g
dry matter

LoQ, µg/100 g
dry matter

Retinyl
acetate 3.00 × 102 9.20 × 102 1.00 × 102 3.07 × 102 1.50 × 101 4.60 × 101

Ergocalciferol 1.00 × 102 2.90 × 102 3.30 × 101 9.70 × 101 0.50 × 101 1.50 × 101

Cholecalciferol 2.70 × 102 8.20 × 102 9.00 × 101 2.73 × 102 1.40 × 101 4.10 × 101

δ-tocopherol 1.70 × 102 5.10 × 102 5.70 × 101 1.70 × 102 0.90 × 101 2.60 × 101

γ-tocopherol 1.30 × 101 3.80 × 101 0.40 × 101 1.30 × 101 0.10 × 101 0.20 × 101

α-tocopherol 0.70 × 101 2.40 × 101 0.20 × 101 0.80 × 101 0.10 × 101 0.10 × 101

Phylloquinone 4.30 × 102 1.29 × 103 1.43 × 102 4.30 × 102 2.20 × 101 6.50 × 101

Astaxanthin 2.20 × 101 1.25 × 102 0.70 × 101 4.20 × 101 0.10 × 101 0.60 × 101

Lutein 1.00 × 101 2.90 × 101 0.30 × 101 1.00 × 101 0.10 × 101 0.10 × 101

Zeaxanthin 0.90 × 101 2.80 × 101 0.30 × 101 0.90 × 101 0.10 × 101 0.10 × 101
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Table 3. Cont.

Retinyl
palmitate 2.40 × 101 7.40 × 102 0.80 × 101 2.47 × 102 0.10 × 101 3.70 × 101

β-cryptoxanthin 3.30 × 102 9.90 × 102 1.10 × 102 3.30 × 102 1.70 × 101 5.00 × 101

β-carotene 8.80 × 102 2.67 × 103 2.93 × 102 8.90 × 102 4.40 × 101 1.34 × 102

Lycopene 1.56 × 102 4.71 × 102 5.20 × 101 1.57 × 102 0.80 × 101 2.40 × 101

Sensitivity

Compound LoD, µg L−1 LoQ, µg L−1 LoD, µg/100 g
fat

LoQ,
µg/100 g fat

LoD, µg/100 g
dry matter

LoQ, µg/100 g
dry matter

Chromatographic Parameters

Compound tR, min [[], mg L−1 Area,
×105

Height,
×104

Peak
Width SymmetryRs k α

N,
×104

Retinyl
acetate 3.00 5.00 8.98 12.96 0.12 0.71 3.67 0.35 1.61 1.08

Ergocalciferol 3.48 0.50 5.34 5.12 0.15 1.71 3.54 0.57 1.39 0.92
Cholecalciferol 3.97 1.00 1.76 1.78 0.13 0.91 7.96 0.79 1.71 1.45
δ-tocopherol 5.21 1.00 0.67 0.63 0.18 0.95 2.85 1.35 1.16 1.34
γ-tocopherol 5.71 1.00 9.07 7.65 0.17 0.77 3.52 1.57 1.22 1.87
α-tocopherol 6.49 1.00 21.99 13.27 0.28 0.99 7.20 1.92 1.33 0.88
Phylloquinone 7.89 1.00 0.29 0.32 0.11 0.80 4.75 2.56 1.18 7.77
Astaxanthin 8.94 0.05 0.78 0.40 0.33 0.88 2.18 3.03 1.11 1.19

Lutein 9.68 0.05 4.19 1.95 0.36 1.35 4.59 3.37 1.19 1.17
Zeaxanthin 11.09 1.00 0.66 0.44 0.25 1.06 2.87 3.40 1.07 3.09

Retinyl
palmitate 11.75 0.20 5.68 4.52 0.21 1.08 26.91 4.30 1.49 5.03

β-cryptoxanthin 16.40 0.20 0.03 0.04 0.14 0.80 27.10 6.40 1.40 23.14
β-carotene 22.14 1.00 0.38 0.22 0.29 0.76 71.90 8.98 1.76 9.54
Lycopene 37.39 1.00 0.28 0.34 0.14 1.04 - - - 118.31
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Figure 1. Selected ion monitoring (SIM) chromatogram for (A). (A) A standard mixture of 14 analytes 
at 1 μg mL−1 for liposoluble vitamins and 0.05 μg mL−1 for carotenoids. 1. Retinyl acetate. 2. 
Ergocalciferol. 3. Cholecalciferol. 4. δ-Tocopherol. 5. γ-Tocopherol. 6. α-Tocopherol. 7. Phylloquinone. 
8. Astaxanthin. 9. Lutein. 10. Zeaxanthin. 11. Retinyl palmitate. 12. β-Cryptoxanthin. 13. β-Carotene. 
14. Lycopene. (B) The saponified avocado sample analyzed using the proposed chromatographic 
method (blue line), and a sample spiked with 5 μmol for each vitamin and 1 μmol for each carotenoid 
(red line). 

The method was successfully applied to avocado fruits (Figure 2B). The lack of available certified 
reference materials for matrices such as fruits obliges the use of spike solutions to demonstrate both 
matrix effects (if any) and extraction efficiency of vitamins and carotenoids in avocado specifically. 

 

Figure 1. Selected ion monitoring (SIM) chromatogram for (A). (A) A standard mixture of 14 analytes at
1µg mL−1 for liposoluble vitamins and 0.05µg mL−1 for carotenoids. 1. Retinyl acetate. 2. Ergocalciferol.
3. Cholecalciferol. 4. δ-Tocopherol. 5. γ-Tocopherol. 6. α-Tocopherol. 7. Phylloquinone. 8. Astaxanthin.
9. Lutein. 10. Zeaxanthin. 11. Retinyl palmitate. 12. β-Cryptoxanthin. 13. β-Carotene. 14. Lycopene.
(B) The saponified avocado sample analyzed using the proposed chromatographic method (blue line),
and a sample spiked with 5 µmol for each vitamin and 1 µmol for each carotenoid (red line).

The method was successfully applied to avocado fruits (Figure 2B). The lack of available certified
reference materials for matrices such as fruits obliges the use of spike solutions to demonstrate both
matrix effects (if any) and extraction efficiency of vitamins and carotenoids in avocado specifically.

103



Molecules 2019, 24, 4517

Molecules 2019, 24, x FOR PEER REVIEW 5 of 16 

 

β-cryptoxanthin 3.30 × 102 9.90 × 102 1.10 × 102 3.30 × 102 1.70 × 101 5.00 × 101 
β-carotene 8.80 × 102 2.67 × 103 2.93 × 102 8.90 × 102 4.40 × 101 1.34 × 102 
Lycopene 1.56 × 102 4.71 × 102 5.20 × 101 1.57 × 102 0.80 × 101 2.40 × 101 

Chromatographic Parameters 

Compound tR, min 
[], mg 

L−1 
Area, 
×105 

Height
, ×104 

Peak 
Widt

h 

Symmetr
y 

Rs k α N, ×104 

Retinyl acetate 3.00 5.00 8.98 12.96 0.12 0.71 3.67 0.35 1.61 1.08 
Ergocalciferol 3.48 0.50 5.34 5.12 0.15 1.71 3.54 0.57 1.39 0.92 

Cholecalciferol 3.97 1.00 1.76 1.78 0.13 0.91 7.96 0.79 1.71 1.45 
δ-tocopherol 5.21 1.00 0.67 0.63 0.18 0.95 2.85 1.35 1.16 1.34 
γ-tocopherol 5.71 1.00 9.07 7.65 0.17 0.77 3.52 1.57 1.22 1.87 
α-tocopherol 6.49 1.00 21.99 13.27 0.28 0.99 7.20 1.92 1.33 0.88 

Phylloquinone 7.89 1.00 0.29 0.32 0.11 0.80 4.75 2.56 1.18 7.77 
Astaxanthin 8.94 0.05 0.78 0.40 0.33 0.88 2.18 3.03 1.11 1.19 

Lutein 9.68 0.05 4.19 1.95 0.36 1.35 4.59 3.37 1.19 1.17 
Zeaxanthin 11.09 1.00 0.66 0.44 0.25 1.06 2.87 3.40 1.07 3.09 

Retinyl 
palmitate 

11.75 0.20 5.68 4.52 0.21 1.08 26.91 4.30 1.49 5.03 

β-cryptoxanthin 16.40 0.20 0.03 0.04 0.14 0.80 27.10 6.40 1.40 23.14 
β-carotene 22.14 1.00 0.38 0.22 0.29 0.76 71.90 8.98 1.76 9.54 
Lycopene 37.39 1.00 0.28 0.34 0.14 1.04 - - - 118.31 

 
Figure 1. Selected ion monitoring (SIM) chromatogram for (A). (A) A standard mixture of 14 analytes 
at 1 μg mL−1 for liposoluble vitamins and 0.05 μg mL−1 for carotenoids. 1. Retinyl acetate. 2. 
Ergocalciferol. 3. Cholecalciferol. 4. δ-Tocopherol. 5. γ-Tocopherol. 6. α-Tocopherol. 7. Phylloquinone. 
8. Astaxanthin. 9. Lutein. 10. Zeaxanthin. 11. Retinyl palmitate. 12. β-Cryptoxanthin. 13. β-Carotene. 
14. Lycopene. (B) The saponified avocado sample analyzed using the proposed chromatographic 
method (blue line), and a sample spiked with 5 μmol for each vitamin and 1 μmol for each carotenoid 
(red line). 

The method was successfully applied to avocado fruits (Figure 2B). The lack of available certified 
reference materials for matrices such as fruits obliges the use of spike solutions to demonstrate both 
matrix effects (if any) and extraction efficiency of vitamins and carotenoids in avocado specifically. 

 
Figure 2. Average calibration curves and error bars depicting variability obtained for two of the target
analytes (A) δ-tocopherol and (B) zeaxanthin. Mean and standard deviations (used as error) calculated
from n = 3 independently constructed calibration curves injected on different days.

2.4. Performance during Saponification

Saponification-wise, using the same starting mass and sample, we proceeded to optimize the
conditions needed (i.e., base concentration and time) to improve analyte recovery. The differential
analysis showed that, overall, samples treated at 80 ◦C for one hour and using 1 mol KOH L−1

exhibited the best results in the case of the analytes of interest, for avocado (Table 4). Variables tested
showed a profound and significant effect over analyte recovery (p < 0.05 for all cases) (Table 4).
Reaction parameters must be optimized to ensure proper hydrolysis within the complex, considerably
oily (ranging from 35.3 to 39.1 g fat/100 g dry weight basis), food matrix that is found in the ripe
avocado fruit [41]. Carotenoids are increasingly sensitive to heat. Hence, hot saponification was carried
out using an organic solvent with a relatively low boiling point [6] (i.e., 78.37 ◦C at Standard Pressure
and Temperature [STP] for ethanol) and pyrogallol was used as a radical sink to protect the compounds
of interest. However, the improvement in recovery was achieved by increasing the temperature to
80 ◦C. A procedure that might be justified as (i) the thermal effect must be sufficient to break the cell
walls from the avocado fruit and provide a rapid molecular diffusion to promote reaction; (ii) higher
temperatures increase solubility of lipophilic compounds and enhance kinetics of saponification (i.e.,
favors localized “hot spots” which deliver sufficient energy for the molecules to react) [42]. We chose
hot saponification to diminish reaction time; a similar approach has been reported elsewhere [43].

Table 4. Optimization of saponification conditions.

Temperature, ◦C 60 80 95

Base Concentration, mol KOH L−1 1 2 1 2 1 2

Compound tR, min mg/100 g a

Ergocalciferol 3.59 18.89 (−0.14) 10.98 (−0.50) 22.06 8.38 (−0.62) 1.74 (−0.92) ND (−1.00)
δ-tocopherol 5.26 9.65 (−0.89) 88.22 (−0.02) 90.06 67.32 (−0.25) 0.24 (−1.00) 88.17 (−0.02)
γ-tocopherol 5.78 0.45 (−0.93) 0.50 (−0.92) 6.14 2.48 (−0.60) 0.11 (−0.98) 9.62 (0.57)

α-tocopherol 6.61 180.96
(−0.32)

102.35
(−0.62) 267.77 90.77 (−0.66) 74.00 (−0.72) 70.63 (−0.74)

Astaxanthin 9.07 18.69 (−0.26) 16.82 (−0.33) 25.14 17.12 (−0.32) 7.64 (−0.70) 14.16 (−0.44)
Lutein 9.97 0.08 (0.00) 0.07 (−0.13) 0.08 0.12 (0.50) 0.02 (−0.75) 0.12 (0.50)

Zeaxanthin 11.49 26.60 (−0.13) 37.70 (0.23) 30.73 47.44 (0.54) 7.85 (−0.74) 20.38 (−0.34)
β-cryptoxanthin 16.58 24.66 (−0.22) 12.13 (−0.61) 31.50 27.02 (−0.14) 5.54 (−0.82) 16.93 (−0.46)
β-carotene 22.51 18.89 (−0.14) 10.98 (−0.50) 22.06 8.38 (−0.62) 1.74 (−0.92) ND (−1.00)

p values 0.044 0.040 - 0.037 0.011 0.028
a Brackets indicate bias, expressed as a fraction, with respect to the saponification treatment of 1 h at 80 ◦C using a
1 mol L−1 base concentration. ND: not detected.
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2.5. Quantification, Linearity, and Calibration Curve Construction

Five-point calibration curves were constructed to quantitate the analytes. Slopes (mx) ranging
from 4.05 × 103 (cholecalciferol) to 5.51 × 104 (ergocalciferol) and 5.45 × 104 (β-cryptoxanthin) to
6.49 × 106 (zeaxanthin) for vitamins and carotenoids, respectively, were obtained. Determination
coefficients spoke toward excellent linearity ranging from 0.9906 to 0.9964 (Figure 2A,B). For vitamins,
standard calibration curves were constructed as follows: from 1.00 to 10.00 mg L−1 for retinyl acetate,
ergocalciferol, γ-, and α-tocopherol and retinyl palmitate; from 2.50 to 30.00 mg L−1 for cholecalciferol,
δ-tocopherol, and phylloquinone. Finally, considering lower concentrations found in the target matrix
and carotenoid sensitivity, standard calibration curves were constructed as follows: 0.05 to 0.80 mg
L−1 for astaxanthin, β-cryptoxanthin, and β-carotene and from 0.1 to 2 mg L−1 for zeaxanthin and
lutein (Figure 2A,B). Concentrated stock solutions were prepared by dissolving the solid standard in
2-propanol for vitamins and chloroform for carotenoids; dilutions performed after that were matched
with the mobile phase (i.e., the gradient at the start of the chromatographic run).

2.6. Analyte Recovery and Method Accuracy

Overall, vitamin recovery, in spiked avocadoes, exhibited better performance than for carotenoids
(except for β-carotene with a recovery of 108.63%). Structurally, the lower recoveries (ranging from
43.80% to 63.68%) were found for those carotenoids that were oxygenated (Table 5). Noteworthy, when
zeaxanthin and β-cryptoxanthin were extracted using a mixture of ethyl ether, and hexane (50:50)
obtained/experimental mass increased between 12.35% and 15.56%. Furthermore, when nitrogen
flushing was performed, in conjunction, an additional increment between 13.35% to 19.66%, was
observed (data not shown). Carotenoids, among several mechanisms of transformation [44,45], are
susceptible to thermal degradation [46,47], β-carotene may suffer from symmetrical oxidative cleavage
(which generates, the apocarotenoid, retinol) [48], and β-cryptoxanthin can undergo light-induced
oxidation and isomerization [49].

Table 5. Spiked avocado samples and recovery for representatives for fat-soluble vitamins
and carotenoids.

Compound tR, min
Concentration, µmol

Recovery, % a
Theoretical/Added Experimental/Obtained

Ergocalciferol 3.59 5.00 × 101 4.00 × 101 81.21 (70–110)
α-tocopherol 6.61 4.60 × 101 3.70 × 101 80.43 (70–110)

Phylloquinone 8.07 3.50 × 101 4.20 × 101 117.02 (70–110)
Astaxanthin 9.07 1.70 × 101 1.00 × 101 62.27 (60–120)

Lutein 9.97 0.35 × 101 0.23 × 101 63.68 (60–120)
Zeaxanthin 11.49 0.23 × 101 0.10 × 101 43.80 (60–120)

β-cryptoxanthin 16.58 1.09 × 102 6.50 × 101 59.51 (70–110)
β-carotene 22.51 1.23 × 101 1.33 × 101 108.63 (60–120)

a Brackets represent recovery values recommended by AOAC [50].

2.7. Mass Spectra Analysis

Retinyl acetate and β-cryptoxanthin showed, under our conditions, a higher degree of
fragmentation compared to tocopherol and an oxygenated carotenoid. Additional to the signals
analyzed above for retinoids, ion 369.3 represented the retinyl acetate molecular ion plus a potassium
ion, [M + K]+ (Figure 3A). On another hand, tocopherols usually are characterized to present few
fragmentation processes [51] (Figure 3B). Major ions are formed by cleavage through the non-aromatic
portion of the chromanol ring, both with and without hydrogen transfer and by a loss of the
isoprenoid side chain [51]. In contrast, we found none of the usual fragments reported elsewhere
for the fragmentation of γ-tocopherol (e.g., C9H11O2

+ m/z 151 amu; [51]) probably because the total
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ion chromatogram was obtained using lower energy than required. Also, there may have been
some instrument limitations as a single quadrupole was used throughout the experiments, and the
fragmentation ions were the result of molecule degradation in the ion source not in the collision
chamber used during tandem mass spectrometry. Hence, the lack of tandem mass detection justified the
absence, in some cases, of multiple fragmentation patterns [52]. However, the molecular ion [M+] for
γ-tocopherol was unmistakable and could be used to differentiate nuances among tocopherols (e.g., the
difference between γ-tocopherol and α-tocopherol is a methyl group in the aromatic ring (∆15 amu)).
As an example of calciferol identification, cholecalciferol total ion chromatogram (TIC)-mass spectra
showed relevant fragments at 365.1 (loss of H2O), 337.1 (subsequent loss of both –CH3 from the
isopropyl moiety), 301.2, and 227.0 (loss of –CH3 and =CH2 or C17H23

3•) m/z (data not shown).Molecules 2019, 24, x FOR PEER REVIEW 8 of 16 
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β-cryptoxanthin. Total ion chromatograms at 100 mg L−1 each. 

On another hand, Atmospheric-pressure chemical ionization (APCI), Fast atom bombardment 
(FAB), electron ionization (EI), and ESI all have mass-based techniques used to assess carotenoids 
[53]. While APCI is a popular approach for the ionization of lipophilic compounds, we selected ESI+. 
In this scenario, some modifications were introduced into the mobile phase to enhance ionization. In 
this specific case, formic acid was selected as it has been described to decrease signal suppression 
[54]. For the case of lutein the signal 551 m/z (i.e., [M + H − 18] which corresponds to the loss of H2O) 
and 463 m/z ([M + H − 106], loss of two water molecules and xylene from the polyene chain) were 
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Figure 3. Experimental mass spectra obtained for (A) retinyl acetate, (B) γ-tocopherol, (C) Lutein, (D)
β-cryptoxanthin. Total ion chromatograms at 100 mg L−1 each.

On another hand, Atmospheric-pressure chemical ionization (APCI), Fast atom bombardment
(FAB), electron ionization (EI), and ESI all have mass-based techniques used to assess carotenoids [53].
While APCI is a popular approach for the ionization of lipophilic compounds, we selected ESI+. In this
scenario, some modifications were introduced into the mobile phase to enhance ionization. In this
specific case, formic acid was selected as it has been described to decrease signal suppression [54].
For the case of lutein the signal 551 m/z (i.e., [M + H − 18] which corresponds to the loss of H2O)
and 463 m/z ([M + H − 106], loss of two water molecules and xylene from the polyene chain) were
observable ([53,55]; Figure 3C). Additionally, as zeaxanthin and lutein differed from each other by a
position of a double bond, in a ε-ring, they rendered similar spectra [53]. Further fragmentation for both
compounds responded to the loss of said rings. Finally, for β-cryptoxanthin, signal 552.5 ([M+]) and
553.2 m/z ([M + H]+) were evident, fragments 425.1 [C32H40]+ and 399 [M + H − 153]+ m/z responded
to the partial breakup of both β-rings and the complete loss of the oxygenated β-ring plus a methyl
group (Figure 3D).

2.8. Chromatographic Separation of Tocopherol Isomers

Under our chromatographic conditions, tocopherol isomers were easily segregated (Figure 4A).
Using the tocopherol mixture containing α-, β-, δ-, and γ-tocopherols, we were able to assess further
that no additional [M+] signal was necessary for the detection of β-tocopherol, as β- and γ-tocopherol

106



Molecules 2019, 24, 4517

share the same molecular mass (Figure 4B,C). The signal for β-tocopherol was observed at a tR of
5.387 min (Figure 4A). Hence, the four tocopherol isomers eluted as follows: δ-, β-, γ-, and α-tocopherol
(Table 1, Figure 4A).Molecules 2019, 24, x FOR PEER REVIEW 9 of 16 
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Figure 4. (A) Chromatogram of a mixture of tocopherols (W530066 70, 13, 523, 105 mg g−1 for α-
(peak 4), β- (peak 2), γ- (peak 3), and δ-tocopherol (peak 1), respectively). Selected [M + H]+ ion for
(B) δ-tocopherol (402.1 m/z), (C) β/γ-tocopherol (416.4 m/z), and (D) α-tocopherol (430.4 m/z). Selected
ion monitoring (SIM) at 700, 130, 5230, 1050 µg mL−1.

2.9. Method Application in Real Samples

Simmonds variety characterizes itself for having an oblong oval to pear-shape large-sized fruit of
light green-colored smooth skin, and a seed of medium size, usually tight. Meanwhile, Guatemala has
a medium to large size and nearly round shape, smooth, thick, granular, and green skin with a small
seed. Finally, Hass fruit possesses an ovoid to pear shape, is of medium size, with tough, leathery,
pebbled, thin, dark purple to black (when ripe) skin, with a small seed [30,56].

We found in avocado both non-provitamin A (lutein and zeaxanthin) and provitamin A (β-carotene
and β-cryptoxanthin) carotenoids [57] (Table 6). All carotenoids encountered have been previously
identified for the fruit (see, for example, [11,20,21,23,28,29]). Our data indicated that, overall, all
three varieties of avocado exhibited concentrations, of carotenoids and vitamins, in line (except for
provitamin A carotenoids which levels were considerably higher for Costa Rican avocadoes) with
those reported elsewhere [28]. Considering the above, Costa Rican avocado would supply to diet
retinol equivalents [58] ranging from 1085.21 to 425.01 µg on a dry weight basis. Though three different
varieties of avocado have been examined, it should be clear that any number of factors can affect the
concentrations of such molecules, including edaphoclimatic conditions, genotypic differences, and
nutritional status of the plants [59]. Hass and Guatemala varietals showed a somewhat similar profile
for both fat-soluble vitamins as carotenoids. Meanwhile, the Simmonds variety showed higher levels
for almost all analytes tested (except for lutein) (Table 6). Interestingly, the δ/α ratio of isomers is close
to 1 for all varieties (i.e., 0.75–1.22).
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Table 6. Fat-soluble vitamins and carotenoids obtained from Costa Rican avocadoes.

Compound
Simmonds Hass Guatemala

Concentration, mg/100 g dry Weight Basis

Ergocalciferol 1.84 ± 0.18 0.31 ± 0.16 0.53 ± 0.33
Cholecalciferol 119.50 ± 1.20 103.50 ± 15.50 108.50 ± 33.40
δ-tocopherol 42.48 ±7.96 8.31 ±1.63 6.16 ± 2.88
γ-tocopherol 4.81 ± 0.48 2.42 ± 0.37 0.92 ± 0.16
α-tocopherol 34.80 ± 14.50 8.16 ± 0.97 8.20 ± 3.67
Astaxanthin 2.23 ± 0.14 0.64 ± 0.23 0.98 ± 0.55

Lutein 6.41 ± 2.03 15.13 ± 8.66 10.79 ± 2.77
Zeaxanthin 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.01

β-cryptoxanthin 6.10 ± 1.39 3.37 ± 0.20 1.66 ± 0.85
β-carotene 3.43 ± 2.09 2.28 ± 1.56 1.71 ± 0.21

2.10. Method Application in Other Samples

As stated before, no standard reference material is available for avocado. However, as a quality
control material, we subjected our method to infant formula to further assess method accuracy.
We obtained values according to the provider, and no appreciable matrix effects were observed for this
food either (Figure 5A). Also, our method showed promise to extrapolate to other matrices, especially
fruits. Unambiguous signals of several vitamins of interest can be seen when a chloroform extract
obtained from green tomatoes was injected (Figure 5B).
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Figure 5. (A) Infant formula with certified values for fat-soluble vitamins. The box shows the
amplification of the region from 1 to 10 min of the said chromatogram. FAPAS®® reference material
TYG009RM. Vitamin A, vitamin D3, and vitamin E at 508 ± 12, 7.16 ± 0.33, and 10,900 ± 400 µg/100 g.
(B) Non-saponified sample of green tomatoes extracted after mechanical shearing and chloroform
extraction and analyzed using the proposed method.

3. Materials and Methods

3.1. Reagents

tert-Butyl methyl ether (99%, catalog 34875, MTBE, chromatographic grade), methanol (≥99.9%,
catalog 646377, MeOH, chromatographic grade) and potassium hydroxide (ACS reagent, catalog
1050210250) were acquired from Merck Millipore (Burlington, MA, USA). Retinyl acetate (catalog
46958), retinyl palmitate (catalog 46959-U), cholecalciferol (catalog C9774), ergocalciferol (catalog
47768), 3-phytylmenadione catalog (95271), α-tocopherol (catalog 47783), δ-tocopherol (catalog 47784),
γ-tocopherol (catalog T1782), tocopherols (mixed, W530066), lutein (catalog 071068),β-carotene (catalog
C4582), β-cryptoxanthin (≥97%, catalog C6368), zeaxanthin (catalog 14681), all-trans-astaxanthin
(catalog 41659), and lycopene (catalog 75051) from Sigma-Aldrich (unless stated otherwise, all
standards were of analytical grade, St. Louis, MO, USA). Chloroform (ACS reagent, catalog 366919),
ethanol (200 proof, ACS reagent, ≥99.5%, 459844), 2-propanol (HPLC Plus, 650447), pyrogallol (ACS
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reagent, ≥99%, catalog 16040), and sodium sulfate (anhydrous, granular, free-flowing, Redi-Dri™, ACS
reagent, ≥99%, catalog 798592) were also acquired from Sigma-Aldrich.

3.2. Sample Treatment and Preparation

Three different varieties of avocado collected from Costa Rica farms, two varietals from low and
one highland, i.e., Simmonds (from 0 to 1000 m amsl), Guatemala (from 600 to 1500 m amsl), and Hass
(from 1000 to 2000 m amsl), respectively [30,56]. Three batches of each variety were analyzed, each
with eight days of maturation. A previously homogenized subsample (2 g) of freeze-dried material
was weighed, and chloroform (20 mL, ACS reagent, Sigma-Aldrich 366919) was added. After that,
the mixture was stirred continuously (30 min) using an Ultraturrax® (T25, at 7500 rpm, IKA Works
Staufen, Germany). The remnant suspension was centrifuged, and the supernatant liquid recollected.
The extraction procedure was repeated twice. The solvent was evaporated using a rotary evaporator
(Multivapor™ P-6, Büchi, Flawil, Switzerland) until the lipid fraction was attained, which was then
processed immediately for saponification.

3.3. Optimization of Saponification Conditions

An additional experiment was performed to enhance the recovery of the analytes of interest
during the saponification reaction. The experimental design consisted of maintaining constant reaction
time (1 h), the concentration of radical protection agent (0.1 g/100 mL), and the extraction solvent
(hexane). Base concentration was contrasted (1 vs. 2 mol KOH L ethanol−1 [43] for each temperature),
and the temperature was progressively increased (60, 80, and 95 ◦C). The conditions that rendered the
most recoveries were selected to process the samples.

3.4. Sample Saponification

A small portion of the fat fraction (0.3 g) was weighed and quantitatively transferred to a conical
centrifuge tube (50 mL, CLS430829, polypropylene, Corning®, New York, USA). Afterward, KOH in
ethanol (1 mmol mL−1) and containing pyrogallol (0.1 g/100 g) was added (10 mL). The mixture was
let to saponify (during 1 h at 80 ◦C) in a heat bath (1229U55, Boekel Scientific, Feasterville, PA, USA).
The resulting mixture was let to cool to room temperature and transferred to a Squibb separatory funnel
(PYREX®, 250 mL, Corning® 6402). The above ethanol/aqueous layer was subjected to a liquid-liquid
extraction using hexane. The extraction procedure was repeated twice. The totality of the organic
solvent layer was then collected and filtered through sodium sulfate (used as a desiccant). The resulting
solution was evaporated to dryness under a nitrogen flow (Ultra-High Pure Nitrogen was purchased
from Praxair Technology Inc., Danbury, Connecticut, USA) and then reconstituted with MTBE (1 mL)
and 2-propanol (1 mL) used at the start of the chromatographic separation and transferred to an HPLC
vial (Agilent technologies, Santa Clara, CA, USA).

3.5. Stationary Phase and Selection of Chromatographic Conditions

The major obstacle in vitamin separation is the segregation of isomers. With this in mind, as a
starter setup, we used a mobile phase based on MeOH and water using an eight carbon-based alkyl
stationary phase (0.75 mL min−1, Eclipse Plus C8, 4.6 mm ID × 150 mm, 3 µm, Agilent Technologies).
As the resolution was insufficient, a C18 column was selected, and only flow was modified (1 mL min−1,
Eclipse Plus C18, 4.6 mm ID × 150 mm, 3 µm, Agilent Technologies). Then we substituted the column
for a C30, removed water, and used a less polar solvent in acetonitrile and 2-propanol, reducing yet
again the solvent flow (0.5 mL min−1) (Table 1). Finally, retaining a similar proportion of MeOH, we
substituted acetonitrile and isopropanol for MTBE. The C30 column was kept as it already had excellent
capabilities reported for highly lipophilic compounds (e.g., carotenoids) [39].
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3.6. Chromatographic Conditions

All assays performed using an Agilent Technologies LC/MS system equipped with 1260 infinity
quaternary pump (61311C), column compartment (G1316A), automatic liquid sampler modules (ALS,
G7129A) and a 6120-single quadrupole mass spectrometer with electrospray ionization ion source
(Agilent Technologies, Santa Clara, CA, USA). Gradient elution was used to separate all the compounds.
The solvent gradient was optimized using MeOH (solvent A) and MTBE (solvent B), both acidified
with formic acid (0.1 mL/100 mL). Solvent proportions were set as follows: at 0 min 80% A, at 5 min 80%
A, at 7 min 73% A, at 15 min 62.5% A, at 20 min 62.5% A, at 30 min 45% A, at 35 min 10% A, at 40 min
10% A, at 45 min 80% A and 50 min 80% A. Flow rate was kept constant at 0.6 mL min−1. Injection
volume was held at 10 µL. The column compartment was held at a temperature of 10.0 ± 0.8 ◦C.
Considering the need for the separation of structurally similar compounds, a 30-carbon alkyl chain
based chromatographic column was used to achieve the analytical separation (YMC Carotenoid,
4.6 mm ID × 150 mm, S-3 µm, YMC Co., Ltd., Kyoto, Japan).

3.7. MS Detection System Conditions

The fragmentor was initially cycled to assess the voltage (from 20 to 300 V) that rendered the
highest sensitivity for the compounds; omitting column interaction (Figure 6A). Afterward, total ion
chromatographs (TIC) allowed us to obtain the MS spectra for each of the compounds (scan mode
using a mass range and detector gain set to 50–750 m/z, and 10.00, respectively) (Figure 6B,C). Each TIC
was used to identify the molecular ion signal. Drying gas, nebulizer pressure, drying gas temperature,
and capillary voltage was set, respectively, to 12.0 L min−1, 50 psi, 350 ◦C, 4000 V for positive ion
mode electrospray ionization (ESI+). Selected ion monitoring was used to corroborate each compound
identity, remove interferences and improve sensitivity (SIM mode with peak width and cycle time set
to 0.05 min, and 0.30 s cycle−1, respectively) (Table 2, Figure 6D).
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Figure 6. Example of the voltage cycling for phylloquinone to obtain the most sensitivity, data obtained
at 100 µg mL−1. (A) A parameter was selected where the signal delivered the most area under the
curve. (B) Mass spectra obtained from a total ion chromatogram for phylloquinone at 100 µg mL−1.
Fragmentation as follows (molar mass 450.7 g mol−1): 473.3 ([M + K]+), 451.4 ([M + H]+), 381.3
([C26H35O2]•), 353.4 ([C24H30O2]2•), 225 ([C15H13O2]• and partial alkyl isoprenoid chain [C16H33]•),
and 186 (quinone ring, [C12H9O2]•) m/z [60]. (C) Chromatogram for phylloquinone was obtained
using the selected [M + H]+ 451 m/z and (D) selected ion monitoring (SIM) for the target analyte at
20 µg mL−1.
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Sensitivity is greatly improved using a SIM targeted scan. For example, the same standard 34.4 mg
phylloquinone L-1 in TIC throws 37870 vs. 457785 area under the curve in SIM. Furthermore, within
curve sensitivity reaches only 24.1 mg L−1 for TIC while the signal for 4.31 mg L−1, in SIM, is still
appreciable (i.e., 80471 area under the curve, 0.54 mg L−1 within curve sensitivity) (Figure 7A,B).
Absolute sensitivity to vitamin K increases almost 50 fold (24.1/0.54). For carotenoids, the change is
more dramatic as 100 mg L−1 standard has to be prepared in TIC for a detectable signal while 0.136 mg
L−1 is still noticeable (Figure 2B), which represents ca. 750-fold in increased sensitivity.
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both signals tested at 137.8, 68.9, 34.4, 17.2, 8.61, and 4.31 mg L−1 and using a fragmenter of 140 V. No
signal is noticeable at 17.2 mg L−1 for TIC (blue line in panel (A)). Meanwhile, a calibration curve is
easily constructed in SIM mode with the lowest point in 4.31 mg L−1 (purple line panel (B)).

Retention times and mass spectra were collected by the centroid of the chromatographic peak.
Quantitation was carried out by comparing the peak areas found in the samples with those of standard
solutions. The identification and quantification of targeted compounds analyzed by LC-ESI+-MS were
performed using OpenLab Chemstation C.01.07 (Agilent Technologies) for the processing of MS data
sets. Confirmation of target analytes was based on the retention time (± 0.2 min as accepted time
deviation), measurement of the molecular ion in a specific timeframe (Table 2).

3.8. Statistical Analysis

Calibration curves parameters (i.e., slopes and intercepts), coefficients of determination, limits
of detection, and standard errors were computed as a linear fit model using SAS JMP 13 (Marlow,
Buckinghamshire, England). An ANOVA with a post-hoc Dunnet test was used to assess differences
among treatments during the optimization of the conditions during saponification. Concentrations
obtained using the conditions 1 h and 1 mmol KOH mL ethanol−1 at 80 ◦C, were used as the control
parameters; the test considered if the data was below the control, with α = 0.05 significance level.
The statistical analysis was performed using IBM SPSS®® Statistics 23 (Armonk, NY, USA).

4. Conclusions

The proposed method was regarded as a greener option by replacing chlorinated solvents and
allowed two nutritionally relevant families of bioactive compounds (i.e., carotenoids and fat-soluble
vitamins) to be analyzed together (which is not usually the case) and offered an adequate resolution in
the case of tocopherol and calciferol isomers to improve their differential quantification. We obtained
an accurate, sensitive, robust, and highly specific multi-analyte method that was successfully applied
to avocadoes, a fruit of high economic value, of dietary interest, and a staple of Latin-American
cuisine. The use of separation based entirely on organic solvents and the C30 column retention
capability rendered a versatile method that can facilitate the incorporation of other pigments that have
been reported present in avocado fruit (e.g., neoxanthin, trollichrome, chrysanthemaxanthin) [14,21]
to further extend its chemical characterization. Saponification was paramount in the recovery of
fat-soluble compounds. Therefore, optimized conditions should be assessed for each matrix to be
tested. The method may be extended to evaluate fat-soluble vitamins and carotenoids in other matrices.
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Mass spectrometry was a crucial tool in enabling the discrimination of structurally related compounds
(e.g., all three tocopherol isomers could be easily accounted for in avocado).
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Abstract: The Western diet is characterized by a high consumption of heat-treated fats and oils.
During deep-frying processes, vegetable oils are subjected to high temperatures which result in the
formation of lipid peroxidation products. Dietary intake of oxidized vegetable oils has been associated
with various biological effects, whereas knowledge about the effects of structurally-characterized lipid
peroxidation products and their possible absorption into the body is scarce. This study investigates
the impact of linoleic acid, one of the most abundant polyunsaturated fatty acids in vegetable oils,
and its primary and secondary peroxidation products, 13-HpODE and hexanal, on genomic and
metabolomic pathways in human gastric cells (HGT-1) in culture. The genomic and metabolomic
approach was preceded by an up-to-six-hour exposure study applying 100 µM of each test compound
to the apical compartment in order to quantitate the compounds’ recovery at the basolateral side.
Exposure of HGT-1 cells to either 100 µM linoleic acid or 100 µM 13-HpODE resulted in the formation
of approximately 1 µM of the corresponding hydroxy fatty acid, 13-HODE, in the basolateral
compartment, whereas a mean concentration of 0.20 ± 0.13 µM hexanal was quantitated after an
equivalent application of 100 µM hexanal. An integrated genomic and metabolomic pathway analysis
revealed an impact of the linoleic acid peroxidation products, 13-HpODE and hexanal, primarily on
pathways related to amino acid biosynthesis (p < 0.05), indicating that peroxidation of linoleic acid
plays an important role in the regulation of intracellular amino acid biosynthesis.

Keywords: linoleic acid peroxidation products; hexane; gastric cells; metabolomics; cDNA microarray

1. Introduction

In industrialized countries, the habitual diet is characterized by a high intake in dietary fats, mainly
originating in heat-treated foods [1]. Among them, the popularity of deep-fried products is based on
convenience, their crispy texture, and pleasant mouth feel compared to non-fried foods [2]. During
the deep-frying process, the frying oils are severely heated, resulting in multiple chemical reactions
of the oils’ constituents [3]. One of the major determinants of the quality of a frying oil are lipid
peroxidation products. Here, primary and secondary lipid peroxidation products are formed through
autoxidation or photo-oxidation reactions of unsaturated fatty acids, resulting in the generation of lipid
hydroperoxides and further decomposition products, such as aldehydes, carboxylic acids, alcohols,
or hydrocarbons [4]. Under thermal treatment, free fatty acids undergo faster oxidation processes than
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under non-heated conditions [5]. The free fatty acid, linoleic acid, is an essential unsaturated fatty
acid and the predominant omega-6 polyunsaturated fatty acid in the Western diet. Linoleic acid can
be found in vegetable oils commonly used for deep-frying, such as rice bran, safflower, sunflower,
soybean, corn, and canola oil [6,7]. Other prominent sources of linoleic acid, and therefore prone to
oxidation, are walnuts, pine nuts, and pecans [8].

In several animal feeding studies, highly oxidized fats with peroxide values >10 meq/kg oil have
been administered [9–12]. On the one hand, oxidized fats and oils have been hypothesized to be
harmful to health and associated with, e.g., the development of atherosclerosis [13]. On the other hand,
animal feeding studies have also shown that dietary oxidized fats lead to a decrease in triacylglycerols
and cholesterol in liver and plasma, and to the regulation of genes involved in lipid metabolism [14].
However, studies on the effects of structurally-characterized primary and secondary peroxidation
products of linoleic acid are lacking. Moreover, it has been shown that the primary peroxidation product
of linoleic acid, 13-hydroperoxy-9Z,11E-octadecadienoic acid (13-HpODE), is mainly decomposed in
the stomach into secondary peroxidation products such as its corresponding alcohols, epoxyketones
and aldehydes, which were demonstrated to be partially incorporated into the intestinal lumen and
further absorbed by enterocytes [10,15].

Since the stomach is a very reactive environment for the chemically rather instable dietary lipid
peroxidation products [16], the presented work addresses whether linoleic acid and its primary and
secondary peroxidation products, 13-HpODE and hexanal, are absorbed by human gastric cells (HGT-1)
and show pre-absorptive cellular effects on genomic and metabolic levels.

2. Results

2.1. Quantitative Recovery of Linoleic Acid and Its Peroxidation Products in the Basolateral Compartment of
HGT-1 Cells after Apical Exposure

After six hours of incubation with 100 µM linoleic acid, 13-HODE but no linoleic acid could
be quantitated in the apical and basolateral compartment of the HGT-1 cells, respectively (Table 1).
Treatment with 100 µM 13-HpODE revealed a 71% higher concentration of 13-HODE in the basolateral
compartment of the cells compared to the apical compartment (p ≤ 0.05), whereas the concentration of
13-HpODE did not reach the limit of detection (LOD: 0.1 µg/mL). Moreover, a substantially higher
amount of 13-HODE (+ 87%) was quantitated in the cells’ basolateral compartment after exposure to
13-HpODE compared to the treatment with linoleic acid (p ≤ 0.05). After a 30 min incubation period
with 100 µM hexanal, hexanal could be quantitated in the apical as well as basolateral compartments.
Neither 13-HODE nor hexanal were detected in the lysates of HGT-1 cells.

Table 1. Quantitation of 13-HODE and hexanal in different compartments (apical, lysate, basolateral)
of HGT-1 cells after six-hours incubation with 100 µM linoleic acid and 100 µM 13-HpODE or 0.5 h
incubation with 100 µM hexanal a.

Incubation Substance Linoleic Acid 13-HpODE Hexanal

Quantitation of 13-HODE [µM] 13-HODE [µM] Hexanal [µM]

apical 1.11 ± 0.05 a 1.22 ± 0.05 a 3.15 ± 0.62 b

lysate n.d. n.d. n.d.
basolateral 1.12 ± 0.05 a 2.09 ± 0.53 b,* 0.20 ± 0.13 c,*

a Data are displayed as mean ± SD (n = 3–4, tr = 1–2). Statistically significant differences were analyzed using
two-way ANOVA (p ≤ 0.01), followed by the Holm–Sidak post hoc test (p ≤ 0.05). a,b,c Different letters in a row
indicate significant differences between the three treatments (p ≤ 0.05). Asterisks (*) indicate significant differences
within one treatment between apical and basolateral compartments (p ≤ 0.05).

2.2. Genomic Analysis of RNA

The impact of linoleic acid, 13-HpODE, and hexanal at the genomic level of HGT-1 cells was
analyzed using a customized cDNA microarray [17]. The scatterplots show log base 2 fluorescence
intensity after a six-hour incubation period with 100 µM linoleic acid, 100 µM 13-HpODE or 100 µM
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hexanal in HGT-1 cells (Figure 1). Treatment with 100 µM linoleic acid resulted in 1303 regulated
probes (2.78% of all probes). Exposure of the cells to 100 µM 13-HpODE revealed 420 regulated probes
(0.90% of all probes), whereas cells treated with 100 µM hexanal showed 193 regulated probes (0.41%
of all probes) compared to medium-only treated cells. The standard threshold for regulation, either
a ≤0.8 or ≥1.2-fold change benchmark for an altered gene expression, was used [18]. The software
DAVID (database for annotation, visualization and integrated discovery) was used for analysis and to
generate individual functional annotation clusters for gene expression changes of genes with similar
biological properties and to show different enrichment scores (ES). Resulting annotation clusters with
an enrichment score ≥1.3 are considered to be of statistical relevance [19]. After six hours of incubation
with 100 µM linoleic acid, 100 µM 13-HpODE or 100 µM hexanal, selected annotation clusters with
enrichment scores ≥1.3 were found (supplementary data, Table S1) to be involved in gene regulation
of “tRNA splicing endonuclease subunit 2 (TSEN2)” (in annotation cluster: “mRNA processing”,
ES: 1.33)), “general transcription factor IIH subunit 1 (GTF2H1)” (in annotation cluster: “transcription
initiation from RNA polymerase II promoter processing”, ES: 1.62)) and “trace amine associated
receptor 1 (TAAR1)” (in annotation cluster: “topological domain: Cytoplasmic”, ES: 3.28)), respectively.
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Figure 1. Scatterplots of log2 fluorescence intensity after six-hours incubation with (A) 100 µM linoleic
acid, (B) 100 µM 13-HpODE or (C) 100 µM hexanal in HGT-1 cells. Diagonal represents equal regulation
in untreated control and treated samples (n = 3).

2.3. Metabolomic Analysis

The impact of linoleic acid, 13-HpODE, and hexanal at the metabolic level of HGT-1 cells was
examined by applying a pathway analysis at the metabolomic level. The scatterplots (Figure 2) show the
metabolomic regulation [µM] after a six-hour incubation with 100 µM linoleic acid, 100 µM 13-HpODE,
or 100 µM hexanal in HGT-1 cells. Treatment with 100 µM linoleic acid resulted in 49 regulated probes
(30.1% of all probes), with 100µM 13-HpODE in 40 regulated probes (24.5% of all probes) and with
100 µM hexanal in 32 regulated probes (19.6% of all probes), which showed either ≤0.8 or ≥1.2-fold
change used as a benchmark for potential changed metabolites [20]. With these probes, a metabolic
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pathway analysis was performed using MetaboAnalyst 3.6, revealing different pathways affected by
changed metabolites, showing different p-values (p-values less than 0.05 show statistical relevance).
Metabolic pathway analysis revealed that treatment with 100 µM linoleic acid altered metabolites
affecting “Glycerophospholipid metabolism” (p = 0.007), “Aminoacyl-tRNA biosynthesis” (p = 0.020)
and “Linoleic acid metabolism” (p = 0.049). Top pathways influenced after incubation with 10 0 µM
13-HpODE were shown to be “Aminoacyl-tRNA biosynthesis” (p < 0.001) and “Glycerophospholipid
metabolism” (p = 0.011). An incubation with 100 µM hexanal resulted in a major impact of the metabolic
pathways “Aminoacyl-tRNA biosynthesis” (p < 0.001), “D-Arginine and D-Ornithine metabolism”
(p < 0.001) and “Valine, Leucine, Isoleucine“ (p = 0.008) (supplementary data, Table S2). These results
indicate an alteration of endogenous metabolites affecting especially the metabolic pathway of the
aminoacyl-tRNA biosynthesis after a six-hour incubation period.
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2.4. Combined Genomic and Metabolomic Effects of Linoleic Acid and Its Lipid Peroxidation Products on
HGT-1 Cells: An Integrated Pathway Analysis

Since a regulation of gene expression does not necessarily result in functional changes of metabolic
pathways, an integrated pathway analysis of the combined genomic and metabolomic results was
performed by means of the freely available MetaboAnalyst 3.6 software, a comprehensive tool for
metabolomics analysis and interpretation [20]. After incubation with linoleic acid, 13-HpODE, or
hexanal, genes and metabolites showing a fold change of either ≤0.8 or ≥1.2 were uploaded and an
integrated pathway analysis was carried out. The data was mapped to KEGG (Kyoto encyclopedia
of genes and genomes) metabolic pathways and enrichment and topology analyses were performed.
Enrichment analysis evaluates the appearance of affected genes or metabolites in specific pathways.
Topology analysis estimates the biological importance of affected genes or metabolites based on their
position within a pathway. Table 2 shows selected enriched genes and metabolites, with a p-value less
than 0.05, being involved in certain pathways after six hours of incubation with 100 µM 13-HpODE
or 100 µM hexanal in HGT-1 cells. The top-ranked pathways being influenced by enriched genes
and metabolites in combination after incubation with 100 µM 13-HpODE were “Aminoacyl-tRNA
biosynthesis” (p < 0.001, 6 hits out of 87), “Linoleic acid metabolism” (p = 0.03, 3 hits out of 34) and
“Arginine and proline metabolism” (p < 0.05, 5 hits out of 102). Incubation with 100 µM 13-HpODE
increased levels of the amino acids glycine, methionine, proline leucine/isoleucine by 1.30, 1.26, 1.21,
1.28-fold, respectively, compared to non-treated controls (= 1). Incubation with 100 µM hexanal led
to an enrichment of the pathways “Valine, leucine and isoleucine biosynthesis” (p < 0.001, 3 hits out
of 13) and “Aminoacyl-tRNA biosynthesis” (p < 0.001, 5 hits out of 87). Moreover, treatment with
100 µM hexanal led to an upregulation of cellular levels of arginine (1.34-fold), glycine (1.20-fold),
methionine (1.36-fold), valine (1.31-fold), leucine/isoleucine (1.33-fold) compared to untreated control
cells (= 1). However, incubation with 100 µM linoleic acid did not result in a significant enrichment of
any amino acid pathway. These outcomes indicate that predominantly pathways of the amino acid and
protein biosynthesis were affected by the primary and secondary linoleic acid peroxidation products,
13-HpODE and hexanal, respectively, but not by the unoxidized linoleic acid (Figure 3).
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Table 2. Significantly enriched pathways (p < 0.05) based on the integrated methods pathway analysis
after six-hours incubation with 100 µM linoleic acid, 100 µM 13-HpODE, or 100 µM hexanal in HGT-1
cells a.

Compound Pathway Hits (Official Gene Symbol,
KEGG Compound Entry) p Value Topology

Linoleic acid
Pyrimidine metabolism UMPS, POLR1A, CANT1,

NTSC3, TXNRD2, TYMP, TYMS 0.036 0.37

Cyanoamino metabolism 5HMT1, C00037 0.040 0.75

13-HpODE
Aminoacyl-tRNA biosynthesis C00123, C00037, RARS2, C00148,

FARSB, C00073 < 0.001 0.12

Arginine and proline
metabolism

GLS2, ASS1, C00148, GOT2,
ALDH3A2 0.004 0.17

Linoleic acid metabolism C00157, PLA2G6, CYP2C8 0.006 0.88

Hexanal

Valine, leucine and isoleucine
biosynthesis PDHA1, C00183, C00123 < 0.001 0.45

Aminoacyl-tRNA biosynthesis C00183, C00123, C00037, C00062,
C00073 < 0.001 0.07

Pantothenate and CoA
biosynthesis VNN2, C00183 0.030 0.13

Arginine and proline
metabolism NOS2, C00062, C00077 0.044 0.27

a p-values less than 0.05 indicate a statistical significance compared to non-treated control cells.

3. Discussion

Consumption of thermally-treated and/or stored vegetable oils is accompanied by an intake of
lipid peroxidation products generated during these processes [3,21]. Dietary intake of food-derived
lipid peroxides is hypothesized to have adverse effects on human health, whereas studies on the effects
of structurally-characterized lipid peroxidation products are lacking. There is evidence that ingested
lipid peroxides undergo further reactions in the stomach during digestion, either forming further
peroxidation products, or being decomposed, or partially incorporated by the gastric tissue [10,15,16].
Since linoleic acid is one of the quantitatively dominating fatty acids of vegetable oils, the exposure of
human gastric cells in culture to linoleic acid and its primary and secondary peroxidation products,
13-HpODE and hexanal, was tested after six (linoleic acid and 13-HpODE) or 0.5 h (hexanal) of
incubation, thereby simulating the range of retention times of fat during the gastric digestion in
humans [22–24]. It has been shown in animal studies that the main degradation processes of linoleic
acid hydroperoxides occur in the gastric environment [10,15]. Moreover, it has been demonstrated that
13-HpODE is not absorbed by intact Caco-2 intestinal cells. Instead they are likely to be metabolized
by gastrointestinal glutathione peroxidase, which has been shown to be present in rats [25]. Therefore,
the exposure study presented here was conducted in HGT-1 cells, based on the hypothesis that this cell
model is more relevant than intestinal cells for investigating absorption mechanisms of linoleic acid and
its peroxidation products. After six hours of incubation with 100 µM linoleic acid or 100 µM 13-HpODE,
neither linoleic acid nor 13-HpODE were detectable in the apical compartment of HGT-1 cells, whereas
13-HODE could be quantitated. Also, HGT-1 cell exposure to 100 µM hexanal resulted in a mean
detectable concentration of 0.20 ± 0.13 µM in the basolateral compartment, indicating the majority of
hexanal might have been decomposed or evaporated after 0.5 h of incubation under the experimental
conditions. It has to be noted that the degree of evaporation and/or decomposition was not investigated
in the current study. It might also be conceivable that a lack of diffusion of hexanal in the system might
be an explanation for the limited amount of hexanal detected on the basolateral side. Since linoleic
acid and its peroxidation products are highly reactive compounds, their degradation during the six
hours of incubation is conceivable, likely resulting in a conversion of linoleic acid and 13-HpODE to
13-HODE and many other decomposition products, which will need to be identified in future studies.
Moreover, we cannot exclude metabolic or chemical modifications of the test compounds during the
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exposure study, e.g., formation of other, yet not identified peroxidation products or non-/covalent
binding to proteins. An earlier study by Schieberle and Grosch [26] could show that, after three hours
incubation at 38 ◦C in the presence of oxygen and di-tert-butyl peroxyoxalate, the incubated methyl
13-hydroperoxy-cis-9-trans-11-octadecadienoate was completely decomposed into a mixture consisting
of oxo-, oxo-/epoxy-, hydroxy-, hydroxy-/epoxy-, oxo-/dihydroxy- compounds in a cell-free system. In
our study, we demonstrated that 13-HODE and hexanal, both degradation products of 13-HpODE,
were quantitated at the basolateral side of HGT-1 cells cultured in a transwell system and exposed to
linoleic acid, 13-HpODE, or hexanal. This experiment revealed an 87% higher amount of 13-HODE at
the basolateral side of the cells after incubation with 13-HpODE than with linoleic acid at the equimolar
concentrations applied. An explanation for this result could be that 13-HpODE is a direct precursor
of 13-HODE [5]. Linoleic acid, in contrast, would need to be first oxidized into 13-HpODE before its
possible cleavage into 13-HODE, making 13-HpODE a better source of 13-HODE [5]. The incorporation
of linoleic acid hydroxide into gastric tissue was also shown after intragastric administration of linoleic
acid hydroperoxides to rats. Moreover, an application of linoleic acid hydroxide as single compound
led to an 80% decrease during four hours in the gastric environment [10]. Ramsden et al. [27] could
show that after a twelve-week intervention study lowering dietary linoleic acid intake, the circulating
levels of 13-HODE significantly decreased in the plasma of the participants. Furthermore, our study
showed a transfer of hexanal from the apical to the basolateral side of HGT-1, which is in accordance
with findings from previous studies showing, first, an incorporation of hexanal by gastric rat tissue after
administration of linoleic acid hydroperoxides during four hours, and, second, even an accumulation
thereof in the rats’ livers after intragastric administration of a radioactive labelled mixture of aldehydes
15 h post load [10,28]. Here we presented results indicating that the oxidation products of linoleic
acid and their decomposition products might be absorbed by human gastric cells, thereby making
13-HODE available for further biological effects, although quantitative studies using stable isotope
labelled lipid peroxidation products subjected to mimicked gastric digestion are needed to quantitate
metabolic conversions and uptake kinetics. Furthermore, 13-HODE could function as a biomarker for
the assessment of the oxidative status caused by dietary intake of oxidized lipids in vivo and in early
detection of diseases, which was demonstrated in one study showing elevated levels of 9-/13-HODE
in patients with nonalcoholic steatohepatitis compared to patients with steatosis [29,30]. Although
hexanal has been shown to be a potential biomarker for some cancer types, such as lung or breast
cancer [31,32], it also could be used as a marker of oxidized dietary fat intake.

In addition to our results indicating absorption of linoleic acid oxidation products by gastric
cells, we could show that linoleic acid peroxidation products, 13-HpODE and hexanal, as opposed to
unoxidized linoleic acid, influenced parameters related to amino acid and protein biosynthesis after a
six-hour incubation in human gastric cells on genomic and metabolic levels. Genomic RNA regulation
showed that a treatment with linoleic acid, 13-HpODE, and hexanal in tested concentrations affected
genes, among others, which have been shown to be involved in transcription and translation [33].
However, a regulation on the genomic level does not necessarily result in an expression on the
metabolic level. Moreover, metabolomic analysis showed that an incubation with linoleic acid had
more pronounced effects on glycerophospholipid metabolism.

The integrated pathway analysis combining genomic and metabolomic results of linoleic acid
and its peroxidation products, 13-HpODE and hexanal, demonstrated a significant impact of the
linoleic acid peroxidation products on pathways related to amino acids in this pre-absorptive cell
model. However, combining the effects of linoleic acid on genomic and metabolic levels eliminates
the impact of linoleic acid on the regulation of amino acid metabolism. Instead, it could be shown
that 13-HpODE and hexanal increased the concentrations of valine, leucine, and isoleucine, which
are branched-chain amino acids. Branched-chain amino acids are associated with a broad spectrum
of physiological effects in vivo, such as protein synthesis [34]. It is suggested that branched-chain
amino acids, e.g., leucine, act as signaling molecules regulating protein synthesis by influencing
mRNA translation, thus enhancing protein synthesis [35]. Zhang et al. [36] could also demonstrate
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that a thermally processed diet significantly affected amino acid profiles of fish. In the current study,
the coincident rise of the branched chain amino acids after incubation of HGT-1 cells with 100 µM
peroxidized lipids for six hours suggests a regulation of the branched-chain amino acid metabolism.
Literature evidence has suggested elevated leucine levels to decrease lipogenic enzymes, fatty acid
synthase and acetyl-coenzyme A carboxylase and corresponding upstream proteins [37]. Thus, leucine
has been suggested to improve lipid metabolism and metabolic disorders [38], known to be associated
with gastric cancer. Therefore, peroxidation of linoleic acid might be crucial in influencing cellular
amino acid metabolism, thereby affecting metabolic health.

4. Materials and Methods

4.1. Chemicals

13-Hydroperoxy-9Z,11E-octadecadienoic acid (13-HpODE, purity: 95.1%) and (13C18)-13-
hydroperoxy-9Z,11E-octadecadienoic acid ([13C18]-13-HpODE, purity: 92.0%) were synthesized as
described in a previous publication of our group [39]. (±)-13-Hydroxy-9Z,11E-octadecadienoic acid
(13-HODE, purity: ≥98%) was bought from Cayman Chemical (Cayman Europe, Tallinn, Estonia).
Hexanal-d12 (98.5 atom% D, purity: 96%) was purchased from C/D/N Isotopes Inc. (Quebec, Canada).
All other chemicals were purchased from Sigma-Aldrich (Vienna, Austria) unless otherwise stated.

4.2. Cell Culture

The human gastric adenocarcinoma (HGT-1) cell line was first characterized in 1982 [40]. Although
HGT-1 cells do not secrete mucus, this parietal cell line does express all functional genes needed for
proton secretion as key mechanism of gastric secretion. The applicability of the HGT-1 cell model to
evaluate proton secretion was confirmed in an in vivo study [41]. Specifically, formation of intracellular
cAMP by histamine is a common feature of HGT-1 cells and parietal cells in healthy gastric mucosa.
We therefore consider the characteristics of HGT-1 cells being comparable with the physiology of
parietal cells in the human stomach. HGT-1 cells were obtained as gift from Dr. C. Laboisse (Laboratory
of Pathological Anatomy, Nantes, France) and cultured in DMEM with 4 g/L glucose supplemented with
10% fetal bovine serum, 2% L-glutamine and 1% penicillin/streptomycin under standardized conditions
(37 ◦C, 5% CO2 and 95% humidity) until reaching confluency. Effects of the tested substances on the
cells’ viability at a concentration of 100 µM revealed maximum exposure times of 30 min for hexanal
and 6 h for linoleic acid and 13-HpODE not showing statistically different effects from medium-only
treated cells by means of an MTT assay (data not shown). The MTT assay determines the reduction of
3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) to the MTT-formazan which is
catalyzed by mitochondrial succinate dehydrogenase.

4.3. Exposure Study

After reaching about 80% confluency, the HGT-1 cells were seeded onto Snapwell inserts with a
polycarbonate membrane (tissue culture treated, 12 mm diameter, 0.4 µm pore size) (Costar, Corning
Inc., New York, NY, USA) using DMEM supplemented with 20% fetal bovine serum (FBS) with a
density of 1 × 105 cells/cm2. On day one post-seeding, 250 µL of DMEM supplemented with 20% FBS
were added to each apical compartment of the Snapwell inserts. On day three post seeding, a complete
medium change (DMEM + 20% FBS) was performed in the apical and basolateral compartment,
whereas the experiment was conducted on Day 5. The integrity of the cells’ monolayer was monitored
every day by measuring the transepithelial electrical resistance (TEER) by means of a volt/ohm meter
(EVOM-24, World Precision Instruments Inc., Florida, FL, USA). The exposure experiment was done
on Day 5 since there was a plateau of the TEER reached after four to eight days post seeding and
additionally a phenol red permeability assay, performed on the experiment day, showed a penetration
of phenol red of about 8% from the apical to the basolateral compartment after one hour without
changing the TEER, confirming the integrity of the cell monolayer [42].
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On the day of the exposure experiment, after measuring TEER and phenol red permeability, the
supernatant of the basolateral and apical compartment was aspirated, and cells were washed twice
with phosphate-buffered saline (PBS). Afterwards, 500 µL of incubation solution (100 µM linoleic acid,
100 µM 13-HpODE or 100 µM hexanal in DMEM, respectively) were added to the apical compartment
of the Snapwell insert, whereas 3 mL of medium (DMEM without FBS) was added to the basolateral
compartment prior to sealing of the Snapwell plate. These concentrations for incubations were chosen
for further assays because they represent oil-characteristic amounts of the test substances [39,43–45].
After an incubation of linoleic acid and 13-HpODE for six hours and an exposure to hexanal for
0.5 h (37 ◦C, 5% CO2, 95% humidity), which mimics relevant gastric retention time of food lipids,
the supernatants from the basolateral and apical compartment were collected. Afterwards, pyrogallol
(2 mM) was added to each sample and covered with argon, to avoid further oxidation, the samples
were stored at −80 ◦C for further experiments.

After collection of the samples, the cells were lyzed. For that, the membrane of the apical
compartment was washed with 500 µL PBS and 200 µM trypsin were added. After five minutes of
trypsination (37 ◦C, 5% CO2, 95% humidity), 200 µL medium were added and mixed well. After
transferring the samples into reaction tubes, the Snapwell membrane was rinsed thrice with 400 µL
H2O (double-distilled), which was collected in the same reaction tube. Cell lysis was performed by
means of three consecutive freeze-thaw cycles (30 s in liquid nitrogen then 3 min in heat block at
90 ◦C). Afterwards, centrifugation was done at 16,100× g at 4 ◦C for 10 min, the supernatants were
collected, mixed with pyrogallol [2 mM] and covered with argon. The samples were stored at −80 ◦C
for further experiments.

4.4. Quantitation of Linoleic Acid Peroxidation Products

The samples, obtained from the exposure assay after linoleic acid and 13-HpODE incubation, were
spiked with 13C18-13-HpODE, filtered through a nylon filter (0.2 µm, Phenomenex, Aschaffenburg,
Germany) and subjected to quantitative analysis of 13-HpODE and 13-HODE according to
Pignitter et al. [39] with slight modifications. Briefly, the samples were analyzed with a quadrupole
liquid chromatography-mass spectrometry system (LCMS-8040, Shimadzu, Vienna, Austria) using a
C18 column (Kinetex EVO, 150 mm × 4.6 mm; 5 µm diameter, Phenomenex, Aschaffenburg, Germany).
The mobile phase was composed of 0.1% formic acid in methanol and double-distilled water. A flow
rate of 1.0 mL/min was used, and the gradient elution program started with 60% methanol/40%
double-distilled water, reaching a plateau of 90% methanol/10% double-distilled water after 10 min
and returned to starting conditions after 30 min. The following MS settings were used for recording
multiple reaction mode (MRM(-)): nebulizing gas flow, 3 L/min; drying gas flow, 10 L/min; desolvation
line temperature, 250 ◦C; heat block temperature, 150 ◦C; CID gas, argon; collision energy, 15 V;
MRM (precursor ion m/z -> product ion m/z), 13-HpODE (311 -> 113), [13C18]-13-HpODE (329 ->
120), 13-HODE (295 -> 277). Quantitation of 13-HpODE was done in MRM(-) mode using stable
isotope dilution assay selecting transition ions m/z 113 for 13-HpODE and m/z 120 for 13C18-13-HpODE,
as internal standard [46]. 13-HODE was quantitated with external calibration using the transition ion
m/z 277 [47]. Limit of detection (LOD = 0.1 µg/mL) was determined by a signal-to-noise ratio of 3,
while the limit of quantitation (LOQ) was calculated based on a signal-to-noise ratio of 9.

4.5. Quantitation of Hexanal

After adding hexanal-d12 as an internal standard, the sample, obtained from the exposure
assay, was extracted with 2 × 500 µL hexane, filtered through a nylon filter (0.2 µm, Phenomenex,
Aschaffenburg, Germany) and subjected to quantitative analysis as reported previously, with minor
modifications [21]. In short, the sample was injected using splitless mode and analysis was performed
using a GC-MS (GCMS -QP 2010 Ultra, Shimadzu, Vienna, Austria) with a capillary column (ZB-WAX
Zebron, 30 m × 0.25 mm i.d., 0.25 µm film thickness) for separation. Measurement parameters
are shown in greater detail by Pignitter et al. [21]. Stable isotope dilution analysis was applied as
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quantitation method selecting fragment ions m/z 72 for hexanal and m/z 80 for hexanal-d12 in SIM
mode. Limit of detection (LOD = 0.02 µg/mL) was determined by a signal-to-noise ratio of 3, while the
limit of quantitation was calculated based on a signal-to-noise ratio of 9.

4.6. Genome Analysis of RNA Regulation

Effects of linoleic acid, 13-HpODE and hexanal on genomic level in HGT-1 cells were examined
using a customized cDNA microarray as described before [48]. Briefly, after cells were seeded in a
density of 10 × 105 cells/cm2, on the next day cells were incubated with 100 µM linoleic acid, 100 µM
13-HpODE or 100 µM hexanal in DMEM (+ 1%FBS) for six hours at standardized conditions (37 ◦C, 5%
CO2, 95% humidity), respectively, and subsequently RNA was isolated using the RNeasy Mini Kit
(Qiagen, Hilden, Germany). cDNA reverse transcription was carried out with Cy3-labeled primers
(Tebu Bio, Offenbach, Germany) according to Ouellet et al. [49] After hybridization at 42 ◦C for 20 h,
the microarrays were scanned with an Axon GenePix 4400 A microarray scanner (Molecular Devices,
Sunnyvale, CA, USA). Fluorescence intensities were analyzed using NimbleScan 2.1 software and
for normalization, the background intensities were corrected using robust multichip analysis (RMA).
Moreover, four non-regulated reference genes (PPIA, GAPDH, TBP, UBC) were used for normalization
of the fluorescence intensities of each microarray chip.

4.7. Metabolomic Analysis

To examine whether linoleic acid, 13-HpODE, and hexanal have an effect on metabolomic level
in HGT-1 cells, targeted metabolomic analysis was performed using the AbsoluteIDQ p150 Kit
(BIOCRATES Life Sciences AG, Innsbruck, Austria). Cells were seeded in a density of 6 × 105 cells/cm2

and cultivated for one day. Afterwards, cells were washed with 500 µL PBS and incubated with 100 µM
linoleic acid, 100 µM 13-HpODE, or 100 µM hexanal in DMEM (+ 1% FBS) for 6 h (37 ◦C, 5% CO2,
95% humidity), respectively. After incubation, cells were washed twice with 500 µL ice-cold PBS and
300 µL H2O (double-distilled) were added. Cell lysis was carried out by means of three consecutive
freeze-thaw cycles (30 s in liquid nitrogen <-> 3 min in heat block at 90 ◦C). After collection of the
cell lysates with a cell scraper and rinsing the well with 200 µL H2O (double-distilled), cells were
centrifuged at 20,000× g for 10 min at 4 ◦C. Finally, the supernatant was removed, covered with argon
and stored at −80 ◦C until analysis.

Quantitative analysis was done according to the manufacturer’s manual, which allows the
determination of 163 endogenous metabolites from 5 compound classes (amino acids, acylcarnitines,
sphingolipids, phospholipids, and the sum of hexoses). Analysis was carried out with a HPLC using
electrospray-flow injection analysis followed by tandem mass spectrometry and isotope-labeled internal
standards were used for quantitation. For validation of the kit and calculation of the metabolites’
concentrations (µM) the MetIDQ Boron 5.4.8. software (BIOCRATES Life Sciences AG, Innsbruck,
Austria) was used [50].

4.8. Statistical Analysis

Analyses were carried out with three to four independent biological replicates and one to
two technical replicates. Statistical analyses were performed using SigmaPlot 11 (Systat Software
Inc., Chicago, IL, USA). Two-way ANOVA followed by the Holm–Sidak post hoc test was used for
determining statistical differences. P-values below 0.05 indicate statistical significance. Data are shown
as mean ± standard deviation (SD) unless stated otherwise.

5. Conclusions

Stored and heat-treated oils are considerable sources for dietary lipid peroxidation products.
There is evidence that dietary primary and secondary peroxidation products of linoleic acid, the most
abundant polyunsaturated fatty acid in vegetable oils, are degraded in the stomach before being
absorbed into the body. The research here presented results confirming this hypothesis, strongly

126



Molecules 2019, 24, 4111

suggesting that linoleic acid and its primary peroxidation product, 13-HpODE, were degraded into
the corresponding hydroxy fatty acid, 13-HODE, which is very likely absorbed by gastric cells.
However, it has to be noted that the degradation pathway(s) of 13-HpODE leading to the formation
of 13-HODE were not investigated but need to be unraveled in future studies by means of, e.g., the
CAMOLA technique [51]. For hexanal, a secondary peroxidation product of linoleic acid, results also
indicated absorption by the gastric cells. Moreover, an integrated pathway analysis revealed that
the pathways related to amino acid biosynthesis were mainly affected by linoleic acid primary and
secondary peroxidation products in gastric cells. Elevated levels of branched-chain amino acids are
supposed to improve lipid metabolism, potentially indicating beneficial effects of peroxidized lipids
on metabolic health. To fully elucidate and verify effects of individual primary and secondary linoleic
acid peroxidation products on cellular pathways related to amino acid metabolism, further in vivo
studies are warranted.
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Abstract: Leaves of Vitis vinifera cv. Greco di Tufo, a precious waste made in the Campania Region
(Italy), after vintage harvest, underwent reduction, lyophilization, and ultrasound-assisted maceration
in ethanol. The alcoholic extract, as evidenced by a preliminary UHPLC-HR-MS analysis, showed a high
metabolic complexity. Thus, the extract was fractionated, obtaining, among others, a fraction enriched in
flavonol glycosides and glycuronides. Myricetin, quercetin, kaempferol, and isorhamnetin derivatives
were tentatively identified based on their relative retention time and TOF-MS2 data. As the localization
of saccharidic moiety in glycuronide compounds proved to be difficult due to the lack of well-established
fragmentation pattern and/or the absence of characteristic key fragments, to obtain useful MS information
and to eliminate matrix effect redundancies, the isolation of the most abundant extract’s compound was
achieved. HR-MS/MS spectra of the compound, quercetin-3-O-glucuronide, allowed us to thoroughly
rationalize its fragmentation pattern, and to unravel the main differences between MS/MS behavior
of flavonol glycosides and glycuronides. Furthermore, cytotoxicity assessment on the (poly)phenol
rich fraction and the pure isolated compound was carried out using central nervous system cell
lines. The chemoprotective effect of both the (poly)phenol fraction and quercetin-3-O-glucuronide
was evaluated.

Keywords: food waste recovery; grape leaves; UHPLC-HR-MS/MS analysis; flavonol glycuronides recovery

1. Introduction

Food by-products and waste exploitation practices are gaining a lot of attention as these materials
are an untapped but rich source for the recovery of bioactive compounds, favorably relevant for
other food and feed scopes [1–4]. In fact, a consistent and recent literature highlights that valorizing
agrofood wastes is not only a considerable alternative to composting, but also, and above all, a highly
sustainable opportunity for obtaining added-value molecules, which could be efficaciously exploited
in the nutraceutical and/or cosmeceutical sector, through an integrated approach involving multiple
actors for an ecofriendly industrial development [5]. Phenols, carotenoids, and some other beneficial
phytochemicals, together with pectin, are just a few examples of bioactives in agrofood wastes [6].
In particular, phenols and polyphenols, commonly found in high amounts in fruit and vegetable waste
products, are broadly hypothesized to be used as natural food and drink preservatives, thanks to their
ability to extend the expiration date of a product, thus delaying its rancidity and/or avoiding alteration
of taste or other organoleptic characteristics [7]. Moreover, the pectin advantageous recovery makes
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the molecule largely exploitable as a gelling agent in pastry or as a fat replacement in meat products,
or a binder in animal feed [8,9].

Considering that grape cultivation is one of the main agro-economic activities worldwide, with
over 60 million tons produced globally every year [10], and that the entire wine production chain
includes not only the production of grapes, their processing, and marketing, but also a large amount
of wastes, it is reasonable to hypothesize fruitful recycle processes that go far beyond those already
involved in the transformation of a grape waste part (such as that destined for distilleries) [11]. In fact,
although during the wine-making process, different by-products are generated and found to be valuable
for alternative use in a new production cycle (e.g., stems, grape-marc, and grapeseed) [12], waste and
effluents, normally rich in sugars, proteins, fibres, and lipids as well as vitamins and other bioactive
compounds, are also generated. Thus, they could represent an ideal source for obtaining chemicals
and pharmaceuticals with high added value, as well as for creating biomaterials and substrates that
can be used in different biological processes [13].

However, at the national and international level, an integrated approach, that allows a complete
recovery of oenological wastes through the development of efficient and sustainable technologies from
an economic and environmental point of view, leading to the final production of different products with
standard features and demonstrating applications in specific sectors, is still lacking. Although marc
and grapeseed already have an acclaimed use, even the leaves of the vine can be considered as the stalk,
a curious waste to be recovered in the vine and wine industry [14]. Leaves, which unlike dregs, marc
(skins and grape seeds), and stalks, are not included in the Italian Ministerial Decree from 27 November
2008 as renewable by-products, are waste material whose disposal during fruit harvesting is massive,
not only in the early stages of winemaking, but mainly in destemming. Pre-bloom leaf removal, which
consists of removing all or part of the leaves from the fruitful area in the period from spring to late
season, is a practice commonly used with the aim of improving the quality of the harvest. On the
other hand, countries such as Florida, Greece, and many Middle Eastern countries use the cultivation
of vines also for the production of leaves used in kitchens for the preparation of typical dishes (e.g.,
the Arabian warak enab dish) in the knowledge that, like fruits, they contain numerous substances
beneficial to humans such as organic acids, vitamins, and stilbenes [15]. The vine leaves are also rich in
anthocyanins and tannins with vasoactive and vasoprotective properties and which have the ability to
stimulate vascularization [16].

In this context and with the aim to exploit the recovery of bioactive molecules from wine
production wastes, leaves of Vitis vinifera cv. Greco di Tufo, collected in the Campania Region (Italy),
were considered. The production of this wine with the denomination of controlled and guaranteed
origin represents a great resource of the territory. This ancient vine, whose name derives from the
characteristic shape of the bunches, with grapes grouped in pairs, was introduced by the Greeks along
the Tyrrhenian coasts. The geographical environment favors the production of this prized wine with
a characteristic flavor.

Leaves were extracted through maceration and the alcoholic extract obtained was further
fractionated. The phytoextract chemical composition was unravelled by UHPLC-HR-MS/MS analysis.
The powerful analytical tool was thoroughly investigated for achieving suitable and valid information
on the spectral behavior of Greco di Tufo leaf metabolites. The extract, and the most abundant
compound isolated therefrom, were further evaluated for their potential cytotoxicity in SH-SY5Y
neuroblastoma and U-251 MG glioblastoma cell lines.

2. Results and Discussion

The valorization of Greco di Tufo vine leaves, an unexplored source of bioactive molecules, took
advantage of the design of a green and sustainable extraction method, pursued using ethanol, the most
common biosolvent. The fraction GrM was broadly analyzed for its bioactives using UHPLC-HR-MS/MS
tools, and for its cytotoxic effects. The lack of toxic effects and its ability to inhibit acetylcholinesterase
enzyme, together with the observation of its richness in glucuronidated flavonols, with dissimilar
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fragmentation pattern in respect to that of the most common glycosides, laid the foundation for
the phytochemical investigation of the extract and the purification of the most abundant compound,
quercetin-O-glucuronide (GrM1). The phytochemical approach represented a useful strategy to define
the flavonol glucuronides’ MS/MS chemical behavior for the rapid identification of these compounds.

2.1. GrM Chemical Composition

The alcoholic extract from the leaves of Vitis vinifera cv. Greco di Tufo, as evidenced by a preliminary
UHPLC-HR-MS analysis, showed a high metabolic complexity. The extract was rich in (poly)phenol,
alkylphenol, glycerolipid and glycerophospholipid components (Figure 1A).
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Figure 1. TIC (Total Ion Chromatogram) of (A) EtOH extract and (B) GrM fraction from Greco di Tufo
vine leaves.

The parental extract was further fractionated by normal-phase column chromatography, using
three solvents with increasing polarity. Among the fractions obtained, the alcoholic one, named GrM,
was peculiarly enriched in flavonol glycosides and glycuronides (Table 1; Figure 1B). Flavonol hexuronides,
not massively produced in the plant environment, are commonly described as bioconversion products
of the phytochemicals taken with the diet or introduced by supplementation with less toxicity [17].
Indeed, their presence is not negligible in plants with common analytical techniques. In fact, these
compounds, whose chemical structure was deeply elucidated by NMR spectroscopy, were also isolated
from Vitis × Labruscanacv. ‘Isabella’ leaf methanol crude extract [18]; recently, their presence was
suggested as part of the minor components in hemp seed oil [19].

Based on the relative retention time and the TOF-MS2 data, five derivatives of myricetin (4–7, 9),
three derivatives of quercetin (12–14), two derivatives of kaempferol (15,16) and two derivatives of
isorhamnetin (17,18) have been tentatively identified (Table 1). The neutral loss of 162.05, 176.03 and
308.11 Da was in accordance with hexosyl, hexuronidyl and disaccharidic derivatives of the four flavonols.
In particular, the neutral loss of 308.11 Da allowed us to hypothesize, for the metabolites 12, 15 and 17,
a deoxyhexose and hexose moiety, which on the basis of the relative intensity of the radical aglycone ion
([aglycone–H]•–) and [aglycone–H]–, was linked to the –OH function in C-3 of the flavonolic nucleus
in 12, and to the phenolic function in C-7 in 15 and 17 (Figure 2). The identity of the flavonol glycoside
12 as rutin (rutinosyl derivative of quercetin) was further estimated by comparing the retention time and
fragmentation pattern with that of the reference pure compound.
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Figure 3. (A) Extracted ion chromatograms (XICs) of hexuronyl flavonols, whose structure is depicted
in the grey box; TOF-MS2 spectra of (B) 16 and (C) 18.
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The lack of well-established fragmentation pattern and/or the absence of characteristic key
fragments make difficult the localization of the hexuronyl moiety. In fact, the main fragment detected,
for example, for the abundant metabolite 13 was that corresponding to the deprotonated aglycone
quercetin, as well as other characteristic ions of the flavonol such as those at m/z 273.0399, due to CO
loss ([aglycone-28]–), and at m/z 255.0293, which showed a relative intensity of only 5.1% and 8.5%,
respectively. Other characteristic fragments of quercetin were identified in the ions at m/z 151.0029
and 178.9979 corresponding, respectively, to the deprotonated A ring, released by a retro-Diels Alder
mechanism, and to the product of retrocyclization on bonds 1 and 2 [20]. A similar behavior was
evident for the other hexuronyl derivatives and in particular, for those of myricetin. In Figure 4,
the TOF-MS2 spectra of myricetin derivatives 5, 6 and 9 are reported; they were tentatively identified
as myricetin hexoside, hexuronide and hexosyl hexuronide, respectively. It is evident that the presence
of an hexuronyl moiety massively influences the fragmentation of the aglycone, impoverishing in
intensity its characteristic ions.Molecules 2019, 24, x   6 of 17 
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Figure 4. TOF-MS2 spectra of metabolites (A) 5; (B) 6; and (C) 9.Figure 4. TOF-MS2 spectra of metabolites (A) 5; (B) 6; and (C) 9.

2.2. GrM1 Purification

To obtain useful MS information and to eliminate matrix effect redundancies, a GrM fraction
aliquot underwent thin-layer chromatography, which yielded, among others, the metabolite GrM1

(the compound 13 of the GrM mixture). The UV–Vis spectrum of the molecule confirmed the presence
of a flavonol skeleton molecule (Figure 5). In fact, flavonols, like flavones, present two major absorption
peaks (λmax) in the region between 240–280 nm (commonly referred to as band II) and between
300–380 nm (band I). This latter band favors the distinction of the two classes of flavonoids since
the flavone λmax is between 304–350 nm, while that of the flavonols is between 352–385 nm. Band I
is associated with the absorption of the cinnamoyl system and band II with that of the benzoyl
system (ring A). Literature evidence suggests that when glucuronidation occurs at the C-3 position,
a hypsochromic shift of band I of about 14–29 nm is observed, whereas the glucuronidation at the
phenolic function in C-7 does not lead to variations if not minimal or void [21]. GrM1 spectrum showed,
compared to the standard quercetin, a blue shift of the band I of 16 nm and a red shift of band II of
2 nm according to the quercetin glucuronidate in C-3.

137



Molecules 2019, 24, 3630

Molecules 2019, 24, x   7 of 17 

Molecules 2019, 24, x; doi: www.mdpi.com/journal/molecules 

2.2. GrM1 Purification 

To obtain useful MS information and to eliminate matrix effect redundancies, a GrM fraction 
aliquot underwent thin-layer chromatography, which yielded, among others, the metabolite GrM1 
(the compound 13 of the GrM mixture). The UV–Vis spectrum of the molecule confirmed the presence 
of a flavonol skeleton molecule (Figure 5). In fact, flavonols, like flavones, present two major 
absorption peaks (λmax) in the region between 240–280 nm (commonly referred to as band II) and 
between 300–380 nm (band I). This latter band favors the distinction of the two classes of flavonoids 
since the flavone λmax is between 304–350 nm, while that of the flavonols is between 352–385 nm. Band 
I is associated with the absorption of the cinnamoyl system and band II with that of the benzoyl 
system (ring A). Literature evidence suggests that when glucuronidation occurs at the C-3 position, 
a hypsochromic shift of band I of about 14–29 nm is observed, whereas the glucuronidation at the 
phenolic function in C-7 does not lead to variations if not minimal or void [21]. GrM1 spectrum 
showed, compared to the standard quercetin, a blue shift of the band I of 16 nm and a red shift of 
band II of 2 nm according to the quercetin glucuronidate in C-3. 

 
Figure 5. Comparison of the UV–Vis spectra of the metabolite GrM1 and of quercetin (QUE) and morin 
(MOR) flavonol isomers. 

The TOF mass spectrum of the molecule is completely superimposable to that recorded for peak 
13 of the mixture (Figure 6) with the deprotonated molecular ion at m/z 477.0685, the ion [2M − H]– at 
m/z 955.1420 and, again, the ion [aglycone − H]– at m/z 301.0355. The TOF-MS2 spectrum of the ion at 
m/z 477.0685 provided the ion [aglycone − H]– as base peak and the ions [aglycone – H2O – H]– (m/z 
283.0244), [aglycone − CO − H]– (m/z 273.0399), [aglycone – CO − H2O − H]– (m/z 255.0293) and [aglycon 
e− 2CO − H]– (m/z 245.0450), all with an intensity lower than 10%. 

Figure 5. Comparison of the UV–Vis spectra of the metabolite GrM1 and of quercetin (QUE) and morin
(MOR) flavonol isomers.

The TOF mass spectrum of the molecule is completely superimposable to that recorded for peak
13 of the mixture (Figure 6) with the deprotonated molecular ion at m/z 477.0685, the ion [2M − H]– at
m/z 955.1420 and, again, the ion [aglycone −H]– at m/z 301.0355. The TOF-MS2 spectrum of the ion
at m/z 477.0685 provided the ion [aglycone − H]– as base peak and the ions [aglycone – H2O – H]–

(m/z 283.0244), [aglycone − CO − H]– (m/z 273.0399), [aglycone – CO − H2O − H]– (m/z 255.0293) and
[aglycon e− 2CO − H]– (m/z 245.0450), all with an intensity lower than 10%.Molecules 2019, 24, x   8 of 17 
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Figure 6. (A) TOF-MS and (B) TOF-MS2 spectra of the quercetin-3-O-glucuronide. (C) Quercetin-3-O-
glucoside TOF-MS2 spectrum.

When [aglycone – H]– ion dissociated (spectrum not shown), it provided, with relative abundance
of 20%, the ion at m/z 151.0039 (calcd. 151.0337). The latter is the result of a loss of CO from the ion at
m/z 178.9988 (calcd. 178.9986), whose presence, together with that of the ion at m/z 121.0300 (calcd.
121.0295), confirmed the presence of the flavonol quercetin. In fact, the two ions were attributable to
the retrocyclization that is realized between the bonds 1 and 2 of the flavonol nucleus with formation of
the fragments 1,2A– and 1,2B– (Figure 7). The loss of a CO2 unit from the ion at m/z 151.0039 provided
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the ion at m/z 107.0134 (calcd. 107.0139). Comparing the spectrum of the standard quercetin with that
obtained by GrM1 deprotonated aglycone dissociation, the two realities were fully superimposable.
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are reported.

The [aglycone−H2O−H]– ion (m/z 283.0244), detected in GrM1 TOF-MS2 spectrum, could also
represent a characteristic fragment defining the localization of the hexuronic acid in C-3 of the aglycone
(Figure 8). The electronic delocalization on oxygen in C-4 could favor the formation of an enolic
function, the proton abstraction with the formation of a good leaving group, whose detachment defines
the formation of an anion in which there is a charge separation.
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2.3. Cytotoxicity of GrM

Glucuronidated flavonoids display important health properties [22,23]. Baicalein 7-O-β-glucuronide
was observed to promote wound healing and to exert antitumor activity [24,25]; quercetin 3-O-β-glucuronide
is anti-inflammatory and neuroprotective, whereas 3-methoxyflavonol-4′-O-glucuronide is anti-allergenic
and epicatechin glucuronide promotes vascular function. Glucuronidation greatly affects flavonoids’
physiological properties, frequently their solubility and thus bioavailability. Bioactivity is differently
influenced by glucuronidation and glucuronate moiety localization as it could be increased or decreased,
whereas intra- and extra-cellular transport, understood as excretion, commonly increases [16]. In particular,
it was reported that the oral administration of a blend of vine supplements is effective in protecting against
neuropathologies and cognitive impairment that occurs with aging. Based on this evidence, the cytotoxicity
of the GrM extract on the SH-SY5Y cell line was preliminarly evaluated. The choice of this cell line is based
on its common use in in-vitro studies related to neurotoxicity and neurodegenerative diseases. Indeed, it is
evident that primary cultures would be the best choice for this kind of investigation, as they are able to
mimic the properties of neuronal cells in vivo. However, the preparation and culture of primary cells is
much more challenging, especially for neuronal cells [26].

The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) test was used for
this purpose. It is able to measure the capacity of the mitochondrial dehydrogenases to reduce the
tetrazolium ring of MTT, yellow colored, generating a chromogenic compound, the purple formazan.
Obviously, this conversion is possible only in metabolically active cells. The results of the MTT assay
suggested that the extract at doses ranging from 15.6 to 62.5 µg/mL did not massively influence the
activity of mitochondrial dehydrogenases and a weak inhibitory effect on mitochondrial redox activity,
equal to 31% and 38%, is recorded at the doses of 93.75 and 125 µg/mL, respectively (Figure 9).Molecules 2019, 24, x   10 of 17 
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inhibition (RAI) for exposure to the highest tested dose. The lack or weak toxicity of the extract, 
especially at low doses, together with the chemical constitution that sees the co-presence of 
notoriously antioxidant molecules, led us to undertake studies evaluating the inhibitory properties 
of acetylcholinesterase. Acetylcholinesterase (AChE) plays an important biological role in the 
termination of the nerve impulse at the level of cholinergic synapses by rapid hydrolysis of its 
substrate, acetylcholine. Our data, although preliminary, show that the phytocomplex at 25 μg/mL 
inhibits the activity of the enzyme (16.8 ± 3.2%) similar to donepezil (DP; 21.7 ± 1.8), one of the drugs 
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Figure 9. Redox mitochondrial inhibition (RAI%) of GrM extract towards SH-SY5Y cell line at 48 h
exposure time. Values are reported as mean ± SD of measurements carried out on 3 samples (n = 3)
analyzed 12 times.

The inhibition resulted was dose and time dependent and reached 62.1% of redox activity inhibition
(RAI) for exposure to the highest tested dose. The lack or weak toxicity of the extract, especially at low
doses, together with the chemical constitution that sees the co-presence of notoriously antioxidant
molecules, led us to undertake studies evaluating the inhibitory properties of acetylcholinesterase.
Acetylcholinesterase (AChE) plays an important biological role in the termination of the nerve impulse
at the level of cholinergic synapses by rapid hydrolysis of its substrate, acetylcholine. Our data,
although preliminary, show that the phytocomplex at 25 µg/mL inhibits the activity of the enzyme
(16.8 ± 3.2%) similar to donepezil (DP; 21.7 ± 1.8), one of the drugs most commonly used to increase
memory function in patients with Alzheimer’s disease. The drug was tested, based on literature data,
at the concentration of 3 µM, and was shown to exert an inhibition of cell proliferation of about 30% in
SH-SY5Y cells [27].
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2.4. Cytotoxicity of GrM1

In order to verify the effects of the pure metabolite GrM1, SH-SY5Y cells were exposed to the
molecule and their cell viability was evaluated by the MTT test (Figure 10A). The molecule, tested at
25, 50 and 100 µM doses, did not exert toxic effects on the activity of mitochondrial dehydrogenases.
These cytoprotective effects were further confirmed in U-251 MG, one of the immortalized glial cell
lines which could be used instead of primary culture systems as a model for neural cells, based on the
assumption that they are more homogenous, thus providing more useful tools. Indeed, glial cells are
known as supportive elements of the nervous system, providing an optimal microenvironment for
neurons [28].Molecules 2019, 24, x   11 of 17 
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Figure 10. GrM1 cytotoxicity on SH-SY5Y cells and U-251 MG after 48 h exposure time. Mitochondrial 
redox activity (RA, %) was from MTT test data (A), whereas cell viability (CV, %) was from 
sulforhodamine B (SRB) test (B). Values are reported as mean ± SD of measurements carried out on 3 
samples (n = 3) analyzed 12 times. 

The SRB (sulforhodamine B) test confirmed the absence of cytotoxicity (Figure 10B) and the weak 
proliferative effect was also verified by microscopic morphological change analysis (Figure 11). 
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Figure 10. GrM1 cytotoxicity on SH-SY5Y cells and U-251 MG after 48 h exposure time. Mitochondrial
redox activity (RA, %) was from MTT test data (A), whereas cell viability (CV, %) was from
sulforhodamine B (SRB) test (B). Values are reported as mean ± SD of measurements carried out on
3 samples (n = 3) analyzed 12 times.

The SRB (sulforhodamine B) test confirmed the absence of cytotoxicity (Figure 10B) and the weak
proliferative effect was also verified by microscopic morphological change analysis (Figure 11).

Furthermore, after treating SH-SY5Y cells with GrM1 at 50 µM concentration, in a preliminary cell
metabolomics scenario, the extraction of the cell pellet with a solution of MeCN:H2O (1:1, v:v), after
appropriate quenching and extraction operation, highlighted a peak at m/z 477.0696, whose TOF-MS2

spectrum was super-imposable to that of GrM1 (Figure 12).
The data obtained were in agreement with the results previously reported in literature, according

to which the bioconversion of quercetin and rutin in the glucuronidate derivatives is accompanied,
in the HL-60 leukemic cells [29], by a complete elimination of the toxic effect commonly ascribed to the
most common flavonols and preservation of their structural entity in the intracellular environment.
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Greco di Tufo leaves. At the end of each cycle, the sample was filtered and the extraction solvent was 
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3. Materials and Methods

3.1. Plant Extraction and Fractionation

Leaves of Vitis vinifera cv. Greco di Tufo were collected in Montefusco (Avellino, Italy) in October
2017; the leaves were freeze-dried for 3 days using the FTS-System Flex-dry™ instrument (SP Scientific,
Stone Ridge, NY, USA). Cryo-dried leaves were pulverized, using a rotary knife homogenizer and
a sample (386.8 g) underwent solid-liquid extraction by maceration using ethanol as extracting solvent.
Three extraction cycles (24 h each) were performed at 4 ◦C in the complete absence of light in order to
obtain complete recovery of the metabolic content from Vitis vinifera cv. Greco di Tufo leaves. At the end
of each cycle, the sample was filtered and the extraction solvent was removed using a rotary evaporator
(Heidolph Hei-VAP Advantage, Schwabach, Germany). Ethanol extract was further fractionated
by flash column chromatography (FCC) on Merck Kieselgel 60 (40–63 µm) silica gel under pure N2

pressure (h = 20 cm, Ø = 4.0 cm), eluting first with CHCl3, then with a CHCl3:EtOAc solution (1:1,
v/v), subsequently with pure EtOAc, and finally with pure MeOH. The alcoholic fraction (20.63 g) was
further chromatographed on Amberlite XAD-4 (h = 70 cm, Ø = 4.0 cm) eluting with water first (GrW)
and then with MeOH (GrM). GrM fraction was analyzed by UHPLC-HR-MS.

An aliquot of GrM fraction (36 mg) was chromatographed by thin-layer chromatography (TLC)
using a precoated silica gel 60 F254 (20 × 20 cm, 1 mm, Merck, Darmstadt, Germany) and eluting with
EtOAc:MeOH:H2O:HCOOH (16:2:1:1) solution. GrM1 (14.6 mg) was thus obtained and analyzed by
UV–Vis and UHPLC-HR-MS. The fractionation scheme is depicted in Figure 13.
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3.2. UHPLC-HR-MS and UV–Vis Analyses

GrM and GrM1 fractions, placed in vials at a concentration of 10 mg/mL in pure methanol
UHPLC grade, were analysed by the Shimadzu NEXERA UHPLC system and the Omega Luna C18
column (50 × 2.1 mm, 1.6 µm). The mobile phase consisted of a binary solution A: 0.1% formic acid in
water and B: 0.1% formic acid in acetonitrile. A linear gradient was used for the analysis: 0–5 min,
5→ 15% B; 5–10 min, 15% B; 10–12 min, 15→ 17.5% B; 12–15 min, 17.5→ 45% B; 15–16.50 min, 45% B;
16.50–16.51 min, 45→ 5% B; 16.51–18.00 min, 5% B. The injection volume was 2.0 µL and the flow was
set at 0.5 mL/min. MS analysis was performed using the AB SCIEX TripleTOF 4600 (AB Sciex, Concord,
ON, Canada) system with a DuoSpray ion source operating in negative electrospray ionization.
The APCI (Atmospheric Pressure Chemical Ionization) probe of the source was used for fully automatic
mass calibration using the calibrant delivery system (CDS). CDS injects a calibration solution matching
polarity of ionization and calibrates the mass axis of the TripleTOF® system in all the scan functions
used (MS or MS/MS). Data were collected by information-dependent acquisition (IDA) using a TOF-MS
survey scan of 100–1500 Da (250 ms accumulation time) and eight dependent TOF-MS/MS scans of
80–1300 Da (100 ms accumulation time), using a collision energy (CE) of 35 V with a collision energy
spread (CES) of 25 V. The following parameter settings were also used: declustering potential (DP),
70 V; ion-spray voltage, –4500 V; ion source heater, 600 ◦C; curtain gas, 35 psi; ion source gas, 60 psi.
Data processing was performed using the PeakView®-Analyst® TF 1.7 Software.

UV–Vis spectrum of GrM1, as well as those of the pure reference compounds quercetin and morin,
were acquired in the range 200–600 nm by a Shimadzu UV-1700 double beam spectrophotometer
(Kyoto, Japan).

3.3. Cell Culture and Cytotoxicity Assessment

Tests assessing cell viability and mitochondrial activity were performed to monitor the cytotoxic
potential of the GrM fraction from Vitis vinifera cv. Greco di Tufo and of the purified GrM1. For this
purpose, a stock solution of the two samples was prepared. Recorded activities were compared to an
untreated blank arranged in parallel to the samples. Results are the mean ± SD values.

Human neuroblastoma cell line SH-SY5Y and glioma cell line U-251 MG were cultured in DMEM
(Dulbecco’s Modified Eagle Medium) medium supplemented with 10% fetal bovine serum, 50.0 U/mL
of penicillin and 100.0 µg/mL of streptomycin at 37 ◦C in a humidified atmosphere containing 5% CO2.
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3.3.1. MTT (3-(4, 5-Dimethylthiazolyl-2)-2,5-Diphenyltetrazolium Bromide) Cell Viability Test

Cells were seeded in 96-multiwell plates at a density of 1.0 × 105 cells/well. After 24 h, cells
were treated with different doses of the GrM extract (15.625, 31.25, 62.5, 93.75, 125.0, 187.5 and
250.0 µg/mL) and pure GrM1 metabolite (25, 50 and 100 µM) in a culture medium for 48 h. At the end
of incubation, MTT (150 µL; 0.50 mg/mL in culture medium) was added. After 1 h at 37 ◦C in a 5%
CO2 humidified atmosphere, MTT solution was removed and formazan was dissolved in dimethyl
sulfoxide (DMSO) (100 µL). The absorbance at 570 nm was determined using a Tecan Spectra Fluor
fluorescence and absorbance reader. Mitochondrial redox activity inhibition (RAI, %) was calculated
using the following formula: [(Absuntreated cells)−(Abstreated cells)/(Absuntreated cells)] × 100, where Abs
stands for absorbance [26].

3.3.2. SRB (Sulforhodamine B) Cell Viability Test

Cells were seeded in 96-multiwell plates at a density of 1.0 × 105 cells/well. After 24 h, cells
were treated with pure GrM1 metabolite (25, 50 and 100 µM) for 48 h. At the end of incubation,
cells were fixed with ice-cold trichloroacetic acid (TCA) (10% w/v, 40 µL) for 1 h at 4 ◦C. The plates
were washed five times in distilled water and allowed to dry. Then, sulforhodamine B (SBR; 50 µL,
0.4% w/v in 1% aqueous acetic acid) was added to each well and incubated at room temperature
for 30 min. In order to remove unbound dye, the plates were quickly washed with 1% aqueous
acetic acid and dried subsequently. The bound SRB was solubilized by adding 100 µL of 10 mM
unbuffered Tris base (pH 10.5) to each well and shaking for 5 min on a shaker platform. Finally,
the absorbance at 570 nm of each well was measured using a Tecan SpectraFluor fluorescence and
absorbance reader. Cell viability inhibition (CVI, %) was determined using the following formula:
[(Absuntreated cells)–(Abstreated cells)/(Absuntreated cells)]×100, where Abs stands for absorbance [26,30].

3.3.3. Anti-Acetylcholinesterase (AChE) Activity Assay

SH-SY5Y cells were treated with GrM at a dose level equal to 25 µg/mL and then a colorimetric test
was carried out using an acetylcholinesterase assay kit (Colorimetric) (Abcam, UK) in accordance with
the manufacturer’s instructions. The reaction was followed spectrophotometrically by the increase in
absorbance at 412 nm. Donepezil (3 µM) was used as a positive standard [31].

3.3.4. Cell Metabolomic Analysis

The SH-SY5Y and U-251 MG cells (2.5 × 106 cells in Petri dish) were treated with the metabolite
GrM1 for 48 h. At the end of the exposure period, the cells were first quenched in NaCl 0.9% in order to
stop the metabolic activities. The cells were scraped and collected in Eppendorf tubes, centrifuged and
extracted using 1.0 mL of a cold MeCN:H2O (1:1, v:v) solution. The extract was dried and reconstituted
for UHPLC-HR-MS analysis [32].

4. Conclusions

In the present work the possibility of recovering bioactive components from the leaves of Vitis
vinifera cv. Greco di Tufo was investigated. The employed extractive and fractionation procedures
favored the preparation of an extract enriched in flavonol hexuronides variously oxygenated at the
B-ring level.

The UHPLC-HR-MS/MS characterization of these molecules showed that the analytical protocol
can be used for their rapid identification. The absence of cytotoxicity of the GrM and GrM1 extracts
opens up new investigations at the cellular level aimed at ascertaining their neuroprotective potential
for the functional recovery of a precious waste made in the Campania Region (Italy).
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Abstract: Soluble or fermentable fibre has prebiotic effects that can be used in the food industry
to modify the composition of microbiota species to benefit human health. Prebiotics mostly target
Bifidobacterium and Lactobacillus strains, among others, which can fight against chronic diseases
since colonic fermentation produces short chain fatty acids (SCFAs). The present work studied the
changes produced in the fibre and polyphenolic compounds during in vitro digestion of gel (AV) and
a polysaccharide extract (AP) from Aloe vera, after which, these fractions were subjected to in vitro
colonic fermentation to evaluate the changes in antioxidant capacity and SCFAs production during the
fermentation. The results showed that the phenolic compounds increased during digestion, but were
reduced in fermentation, as a consequence, the antioxidant activity increased significantly in AV and
AP after the digestion. On the other hand, during in vitro colon fermentation, the unfermented fibre
of AV and AP responded as lactulose and the total volume of gas produced, which indicates the
possible use of Aloe vera and polysaccharide extract as prebiotics.

Keywords: Aloe vera; Aloe vera polysaccharides; in vitro fermentation; SCFAs; antioxidant capacity

1. Introduction

Plants are a source of a wide spectrum of compounds such as polyphenols, carotenoids,
glucosinolates, and lignans, among others. These phytochemicals provide potential beneficial
properties to each plant matrix [1]. Aloe vera has been long used thanks to its curative and therapeutic
properties. It has been reported that only the pulp has more than 75 bioactive compounds [2].
Aloe vera, originally from Africa, belongs to the genus Aloe, and it is a perennial, succulent xerophyte
grown in temperate and sub-tropical regions of the world. Aloe vera or Aloe barbadensis is part of the
Asphodelaceae family, of which there are over 360 known species. There are several species under the
genus Aloe, including Aloe vera, Aloe barbadensis, Aloe ferox, Aloe chinensis, Aloe indica, Aloe peyrii etc.
Amongst these, Aloe vera Linn syn. Alo barbadensis Miller is accepted unanimously as the ideal botanical
source of Aloe [3]. The pulp or gel of Aloe vera is the part of the plant that is of great commercial,
pharmacological, alimentary, industrial, and cosmetic importance [3,4]. Aloe vera gel contains more
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than 98% water. The carbohydrate acemannan accounts for greater than 60% of the solid matter found
in the gel [5]. Polysaccharides such as acetylglucomannans (acemannans) are glucose-bound mannose
units linked by β–(1→4) bonds constituting the backbone of the polysaccharide [6]. Figure 1 shows
a representation of Aloe vera leaves, which have three portions: (1) yellow sap, constituted mainly of
anthraquinones (1,8-dihydroxyanthraquinone derivatives), (2) pulp or parenchymal tissue (mannans,
galactans, arabinans, arabinogalactans, pectic substances, and polysaccharides containing glucuronic
acid), and (3) exocarp (cellulose, hemicelluloses, and lignin) [4]. Additionally, the gel contains phenolic
compounds that can be soluble free or conjugated soluble and insoluble. Conjugated soluble phenolic
compounds bind soluble molecules as carbohydrates, proteins, and lipids by esterification in the
carboxylic moiety or etherification in the hydroxyl group. Insoluble phenolic compounds generally
covalently bind polymers, such as polysaccharides and lignins through an ester bond and are only
released from the matrix through acidic, alkaline or enzymatic hydrolysis [7]. It has been reported
that these phenolic compounds have properties for the treatment of diabetes, tumours or ulcers,
among others [8,9]. Patel et al., using HPTLC, reported the presence of alkaloids, tannins, steroids,
sugars, and triterpenes in an extract of Aloe vera [10].
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Soluble or fermentable fibre components, such as mannans, galactans, arabinans, arabinogalactans,
and pectic substances, could have prebiotic effects. Prebiotics are carbohydrate-like compounds that can
be used in the food industry to modify the composition of microbiota species to benefit human health [11].
Prebiotics mostly target bifidobacteria and lactobacilli, which are two kinds of probiotics [12]. Recent
research has suggested that combining both prebiotics and probiotics, namely, symbiotic, can fight
chronic diseases since colonic fermentation produces short chain fatty acids (SCFAs). SCFAs are
generated as a final product of intestinal microbiota metabolism, mostly out of non-digestible dietary
fibre. Acetate (C2), propionate (C3), and butyrate (C4) have different carbon chain lengths. There is
research on the beneficial effects of several components of Aloe vera on health; however, there are few
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studies on the changes in fibre and there are no reports available on the estimation of free phenolic
during the digestive and fermentative process, where components such as phenolic compounds
and the production of SCFAs could have beneficial effects on human health. Therefore, the present
work studied the changes in fibre and phenolic compounds produced during in vitro digestion of
gel and a polysaccharide extract from Aloe vera (AV and AP, respectively), after which these fractions
were subjected to in vitro colonic fermentation to evaluate the changes in antioxidant capacity and
production of SCFAs during fermentation.

2. Results and Discussion

2.1. Physicochemical Characterization of Aloe Vera Gel (AV)

The pH of AV was 5.4, similar to the value reported by Calderón-Oliver et al., [13]. The total
acidity was 0.007 ± 0.02 g/100 g moist sample. The content of total soluble solids (TSS) of AV gel was
0.42 ºBrix. The components present in the TSS can be minerals, vitamins, enzymes, polysaccharides,
phenolic compounds, and organic acids, among others [13]. Table 1 shows that the moisture content of
the fresh gel extracted from the leaf was the highest value, which agrees with the water activity of
the gel and results reported by Hamman [6]. The proteins in the gel could be lectins and lectin-like
substances [13].

The dietary fibre content was over 55%, mostly soluble fibre (39.53%), which can be fermented
in the colon because it contains soluble oligosaccharides and non-digestible oligosaccharides that
could be beneficial to individuals who consume soluble fibre [6]. The percentage of non-fermentable
or insoluble AV gel fibre (cellulose, lignin, and hemicellulose) was 15.58 ± 2.04%. When comparing
the results against the amount of total dietary fibre (TDF), we observed that AV gel possesses
a considerable amount of soluble fibre, which has been reported to provide benefits to diabetes,
obesity, gastritis, and neurodegenerative diseases patients who consume it regularly [14]. Interestingly,
the polysaccharide content of AV was approximately 71% on a dry basis, which is relevant because
polysaccharides have been considered the main component responsible for most of the beneficial
properties attributed to the Aloe vera plant [15]. The chemical composition may vary with respect
to what is reported by other authors, stressing that the ground where the plant grows, the weather,
and age of the plant play key roles in the chemical composition of Aloe vera [15].

Table 1. Chemical composition of Aloe vera 1.

COMPONENT AMOUNT (g/100g db)

Moisture 97.50 ± 0.04
Proteins 2.15 ± 0.08
Lipids 3.27 ± 0.85
Ashes 12.62 ± 1.1

Total Dietary Fibre (TDF) 55.11 ± 0.55
Neutral Detergent Fibre (NDF) 15.58 ± 2.04

Nitrogen-free extract 26.85 ± 1.1
1 Determinations were made in triplicate and the results are expressed in dry basis as the mean ± SD.

2.2. Identification of Phenolic Compounds in AV by UPLC-MS

Six compounds were identified by UPLC-MS in AV (Table 2). Two signals were presented between
4 and 5 min, both with masses of m/z 417.18 [M–H]-; these signals were identified as the diastereomers
aloin A and aloin B [16,17]. In addition, a peak of m/z 555.25 [M – H]- was observed at 4.5 min that
could be related to aloenin-2′-p-coumaroyl ester. At a retention time of 3.15 min, there was a peak of
m/z 561.36 [M–H]- that could be the aloinoside isomers [17]. At a retention time of 3 min, a mass of
m/z 433.19 [M–H]- was observed, which suggests the compound 10-hydroxyaloin, and at 1.54 min,
a peak of m/z 393.18 [M–H]- was observed and corresponded to aloesin, according to the mass. Table 2
shows the polyphenols identified, aloin A and B, aloesin, 10-hydroxyaloin A or B, and aloenin-2′-p-
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coumaroyl ester, which are anthraquinones reported as powerful stabilizers in oxidative stress [17].
Aloesin is a natural polyphenol originated from Aloe plants. Aloesin and/or Aloe polysaccharides
can reduce systemic oxidative stress by acting directly as potent anti-oxidants and also indirectly by
regulating the production of adiponectin and gene expression pathways related to insulin sensitivity,
glucose transportation, and fatty acid biosynthesis [18].

Aloin A and B are some of the main components of Aloe vera gel, which are not only laxatives but
are also known to have antioxidant properties at low concentrations [17]. Aloinoside compounds are
also anthraquinones, along with aloesin, which exhibits great antioxidant activity and is used to lower
oxidative stress indices in diseases such as diabetes [17].

Table 2. Phenolic compounds identified in the aqueous extract of Aloe vera by UPLC-MS.

PEAK Rt a (min) m/z [M-H]− m [M] Tentative Identification

1 1.52 393.18 394.18 Aloesin
2 3.15 433.19 434.19 10-Hydroxyaloin
3 3.15 561.36 562.36 Aloinoside
4 4.45 417.19 418.19 Aloin A
5 4.50 555.25 556.25 Aloenin-2′-p-coumaroyl ester
6 4.68 417.19 418.19 Aloin B

a Retention time.

2.3. Total Fibre Content of Non-Digestible Fibre Fractions AV-TNDF and AP-TNDF and of Their Soluble
(AV-SNDF and AP-SNDF) and Insoluble (AV-INDF and AP-INDF) Fractions

After the digestion process insoluble non-digestible fraction of AV (AV-INDF), insoluble
non-digestible fraction of AP (AP-INDF), soluble fraction of the non-digestible fibre of AV (AV-SNDF),
soluble fraction of non-digestible fibre of AP (AP-SNDF), were obtained.

The fibre contents of the total non-digestible fibre fraction (TNDF) and its soluble (SNDF) and
insoluble (INDF) fractions are shown in Table 3. The INDF content was approximately 25% higher in
AP than in AV. The content obtained for AP was comparable to these of nopal cactus (57.7 g/100 g) [19].
The SNDF proportion was 52% higher in AP than in AV, indicating that AP may have a higher amount
of partially acetylated mannans as the primary polysaccharide of the gel, although it also contains
pectins, some hemicelluloses, mucilages, and gums [4]. Acetylated mannan molecules are mainly
responsible for the thick, mucilage-like properties of raw Aloe vera gel [4,6]. These results are interesting
because Aloe vera polysaccharides have been considered the main component responsible for most of
the beneficial properties attributed to the Aloe vera plant [15]. They are dietary carbohydrates resistant
to digestion in the upper GI tract. Due to the human physiological effect of these polysaccharides,
they could be labelled as prebiotics, selectively fermented ingredients that allow for specific changes
in the composition and/or activity in the gastrointestinal microflora that confer benefits to the hosts
wellbeing and health [20].

Table 3. Non-digestible fraction of Aloe vera gel (AV) and its polysaccharide extract (AP).

Sample SNDF (g/100g) INDF (g/100g) TNDF (g/100g)

AV 20.57 a ± 0.83 26.57 a ± 0.02 47.14
AP 39.34 b ± 0.55 53.05 b ± 0.40 92.39

SNDF = Soluble non digestible fraction; INDF = Insoluble non digestible fraction; TNDF = Total non-digestible
fraction. The results are the average of three repetitions ± SD. Means between rows with different letters (a and b)
are significantly different for a significance level of (p ≤ 0.05) by t-student test.

The high fermentability of SNDF produces SCFAs (acetic, propionic, and butyric acids) that
contribute to the proper functioning of the large intestine and the prevention of pathologies through
their actions in the lumen, colonic and vascular musculature as well as in the colonocyte metabolism [21].
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Furthermore, SCFAs reduce intestinal pH and increase water and salt absorption in the large
intestine [22]. On the other hand, the fibre contents in AV-INDF and AP-INDF were 26.57 g/100 g and
57.7 g/100 g, respectively. The high proportion of INDF, could increase the stool water content provides
bulky/soft/easy-to-pass stools [23].

2.4. In Vitro Fermentation

2.4.1. Changes in pH

Fermentation of TNDF in the large intestine is associated with reduced levels of pH and the
consequent proliferation of beneficial microbes such as bifidobacteria [22]. Therefore, changes in pH
are often used as indicators of the fermentability of non-digestible matter. Figure 2A shows that the
pH decreased with reaction time in both samples: from 7.09 (h0) to 6.76 (h24) in AV and from 7.13 (h0)
to 6.79 (h24) in AP. However, the change was gradual when compared to that of the lactulose used as
a control. Lactulose has high fermentability and promotes a greater reduction in pH. A significant
difference (p < 0.05) was observed in the pH of AV and AP with respect to the pH of the lactulose
control during the reaction time and up to 24 h of incubation. This behaviour occurs because the control
is a disaccharide of fast fermentation [23]. In contrast, AV and AP are matrices mainly composed of
non-digestible oligosaccharides or polysaccharides of slow fermentation that produce lower pH [24] or
buffer or antacid effects, as Al-Madboly et al. have reported [25].

2.4.2. Volume of gas produced

Gases are produced by microbiota as by-products of their metabolic activities.
These microorganisms of the gastrointestinal tract satisfy their energy requirements largely through
non-digested carbohydrate fermentation and the subsequent production of SCFAs and certain gas
species that include carbon dioxide (CO2), methane (CH4), and hydrogen (H2). The latter is the main
by-product of hydrogen fermentation and is generated by hydrogen producers of the phyla Firmicutes
and Proteobacteria [26]. Hydrogen gas can be generated from pyruvate cleavage or reoxidation of the
reduced pyridine and flavin nucleotides.

Figure 2B shows the volume of gas produced by the microbiota feeding on different components
during in vitro fermentation. In AV, the increase in the volume of gas was slow, reaching over 12 mL at
24 h. The volumes indicate that, in the first four hours, fermentation is very slow since, in addition to
fermentable fibres of AV, other compounds hamper the beginning of the process, such as insoluble fibres
and polyphenols. On the other hand, the AP fraction immediately begins with active fermentation
and progressively increases the volume of gas until reaching 15.8 mL (24 h). In this case, the available
compounds are mostly soluble polysaccharides, which are rapidly fermentable when compared against
the control. The AP extract clearly produced more gases from the beginning, and at 24 h, there was no
significant difference with that produced by lactulose (17.7 mL). These results were in agreement with
the fibre proportion since the total non-digestible fibre proportion (TNDF) in AP was approximately
50% more than in AV. These results indicate that glucooligosaccharides from AP could be the best
carbon source for different microorganisms since they show specific preferences for defined substrates,
as reported by Gullon et al. [21]. Gas production was constant throughout the fermentation period,
showing a significant difference (p < 0.05) against the control at 24 h of fermentation.

2.4.3. Unfermented fibre (UF)

The TNDF that passes to the large intestine is composed of soluble fibre that is mostly fermented
and insoluble fibre, which is mostly not fermented by microorganisms. The latter are residual
compounds or UF in the expelled faeces. Figure 2C shows that the UF residues in AV and AP were
scarcely fermented, as evidenced by 29.8% and 39.2% of the TNDF for AV and AP, respectively, results
which match what was reported by Mudgil and Barak [27].
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Figure 2. Fermentation kinetics of Aloe vera gel (AV) and its polysaccharide extract (AP) during
24 h. (A) pH changes during fermentation, (B) Volume of gas produced during fermentation, and (C)
Unfermented residue of samples AV and AP.

2.4.4. Quantification of SCFAs

Table 4 shows the changes in the proportion of SCFAs in AV and AP during fermentation until 24 h,
using faeces from healthy volunteers. The SCFAs were quantified as acetate, propionate, and butyrate
and were compared with the SCFAs produced by lactulose fermentation, which works as a control
given its high fermentability and its consideration as a fermentation standard [21]. Acetate was the
main SCFA quantified in both samples, and no significant difference (p < 0.05) was found with that
produced by lactulose fermentation. This compound is the most common compound in the large
intestine [26] and enters the peripheral circulation through peripheral tissues to be metabolized. It has
been reported that acetic acid is the main product of bifidobacterial fermentation in a human faecal
environment [28]. Acetate is produced by most anaerobes, including acetogens that are able to perform
reductive acetogenesis from formate or hydrogen combined with CO2 [29]. Acetate plays an important
role in controlling inflammation and in combating pathogen invasion [30,31].

152



M
ol

ec
ul

es
20

19
,2

4,
36

05

Ta
bl

e
4.

C
on

ce
nt

ra
ti

on
of

SC
FA

(µ
m

ol
/m

g)
pr

od
uc

e
du

ri
ng

th
e

fe
rm

en
ta

ti
on

of
A

lo
e

ve
ra

ge
l(

A
V

),
it

s
po

ly
sa

cc
ha

ri
de

ex
tr

ac
t(

A
P)

an
d

la
ct

ul
os

e
as

a
ca

rb
on

so
ur

ce

Fe
rm

en
ta

ti
on

Ti
m

e
A

ce
ti

c
A

ci
d

Pr
op

io
ni

c
A

ci
d

B
ut

yr
ic

A
ci

d
To

ta
lS

C
FA

A
V

A
P

La
ct

ul
os

e
A

V
A

P
La

ct
ul

os
e

A
V

A
P

La
ct

ul
os

e
A

V
A

P
La

ct
ul

os
e

0
2.

16
±

1.
07

b
0.

93
±

0.
36

a
2.

16
±

0.
08

b
0.

09
±

0.
05

a
0.

14
±

0.
03

b
0.

09
±

0.
03

a
0.

09
±

0.
04

b
0.

14
±

0.
01

c
0.

05
±

0.
01

a
2.

33
±

1.
08

ab
1.

21
±

0.
39

a
2.

34
±

0.
11

b

4
3.

15
±

0.
55

a
3.

20
±

0.
64

a
4.

50
±

0.
73

a
1.

32
±

0.
26

a
1.

30
±

0.
14

a
1.

07
±

0.
06

a
0.

31
±

0.
05

a
0.

63
±

0.
04

c
0.

47
±

0.
02

b
4.

77
±

0.
84

a
5.

13
±

0.
80

a
5.

15
±

0.
93

a

8
6.

12
±

0.
66

a
7.

00
±

0.
26

a
9.

75
±

1.
92

b
2.

50
±

0.
27

ab
2.

16
±

0.
32

a
3.

42
±

0.
90

b
0.

79
±

0.
04

a
1.

02
±

0.
13

b
2.

09
±

0.
03

c
9.

41
±0

.9
6

a
10

.1
8
±

0.
70

a
12

.5
1
±

2.
79

a

24
10

.6
7
±

0.
3

a
10

.9
3
±

1.
33

a
11

.4
3
±

1.
57

a
3.

68
±

0.
24

b
3.

12
±

0.
14

a
4.

44
±

0.
69

b
1.

92
±

0.
10

a
1.

79
±

0.
14

a
4.

25
±

1.
12

b
16

.2
7
±

0.
60

a
15

.8
3
±

1.
47

a
17

.0
3
±

1.
51

a

St
an

da
rd

de
vi

at
io

n
fo

r
n

=
3.

D
iff

er
en

tl
et

te
rs

(a
an

d
b)

in
di

ca
te

si
gn

ifi
ca

nt
di

ff
er

en
ce

s
(p

<
0.

05
)b

et
w

ee
n

co
lu

m
ns

fo
r

th
e

sa
m

e
ac

id
.

153



Molecules 2019, 24, 3605

Propionate is another key SCFA in large intestine fermentation. At 8 h of fermentation, it was
produced in similar amounts in the three substrates. However, at 24 h, AV and the control were
the substrates that produced the most amount of propionate (3.68 and 4.44 µmol/mg, respectively),
which was significantly higher (p < 0.05) than that produced by AP (3.12 µmol/mg) at 24 h of
fermentation. Propionate, a gluconeogenerator, has been shown to inhibit cholesterol synthesis.
On the other hand, after absorption, acetate has been shown to increase cholesterol synthesis [26];
therefore, the higher propionate proportion obtained from AV fermentation could decrease the acetate:
propionate ratio and reduce serum lipids and possibly cardiovascular disease risk. The proportion of
acetate:propionate in the three samples at 24 h was AV = 2.90, AP = 3.50, and lactulose = 2.57. This
indicates that AV and lactulose fermentation produce the highest concentration of propionate. In AV,
the proportion was lower than that reported by Gullón et al. [32]. This difference could be due to
seasonal changes and geographic locations that lead to significant variations in gel polysaccharides [13].
Producers of propionate largely belong to the phylum Bacteroidetes but also include some Firmicutes.

Finally, AV (1.92 µmol/mg) and AP (1.79 µmol/mg) butyrate yields at 24 h were lower than that of
lactulose (4.25 µmol/mg). Butyrate formation occurs in certain Firmicutes bacteria, either via butyrate
kinase (in many Clostridium and Coprococcus species) or via butyric acetate CoA transferase [23].
Butyrate has been studied for its role in nourishing the colonic mucosa and in the prevention of
cancer of the colon by promoting cell differentiation, cell-cycle arrest and apoptosis of transformed
colonocytes, inhibiting the enzyme histone deacetylase and decreasing the transformation of primary
bile acids to secondary bile acids as a result of colonic acidification [26]. Butyric acid exerts a positive
influence on the colonic mucosa and affects cell differentiation. It has anti-inflammatory properties
and reduces the incidence of colon cancer [29]. Butyrate irrigation (enema) has also been suggested in
the treatment of colitis.

Therefore, SCFA production and their potential delivery to the distal colon due to AV and AP
fermentation may result in a protective effect. First, the human large intestine is colonized by dense
microbial communities that utilize both diet-derived and host-derived energy sources for growth,
predominantly through fermentative metabolism. This highly diverse community has the capacity to
perform an extraordinary range of biochemical transformations that go well beyond those encoded
by the host genome, and these activities exert an important influence upon many aspects of human
health [25].

2.5. Quantification of Phenolic Compounds in AV and AP and Identification of AV, AV-TNDF, AP, AP-TNDF
by HPTLC

2.5.1. Quantification of Phenolic Compounds in AV and AP

Figure 3A shows the amount of phenolic compounds from AV and AP before and after undergoing
an in vitro enzymatic process of digestion simulating the passing of these samples throughout the
digestive tract. AV had a higher proportion of phenolic compounds than the extract (AP). In the same
figure, a significant increase (p < 0.05) of 66% in the amount of phenolic compounds of AV-TNDF
with respect to AV was observed, and a significant increase in the amount of phenolic compounds
in AP-TNDF compared to AP was also observed, with an increase greater than 100%. However, it is
important to note that even when the number of phenolic compounds of AP was lower compared to AV,
the sample AP-TNDF had a proportion of phenolic compounds similar to that of AV-TNDF. This may
be due to a major release of insoluble phenolic compounds with the acid, alkaline, and enzymatic
digestion process, as Anokwuru, et al., have reported [7]. This increase in phenolic compounds, also,
could be the result of the opening and breakdown of polysaccharide chains and lattices, liberating
most of the phenols when the AV and AP samples undergo the fermentation process [29].

Figure 3B shows the change in the total phenolic compounds before and during fermentation.
Fermented products of AV had a stable amount of phenolic compounds during the first 4 h (243.65 to
239.18 meq aloin/100 g), which was reduced at 24 h until 25.72 meq aloin/100 g. For AP-TNDF the fall
was higher, starting with a concentration of 207.48 meq aloin/100 g at 0 h fermentation time to 4.58
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meq aloin/100 g at 24 h. In humans, insoluble phenolic compounds are released from the matrix in
the colon during the fermentation of the ingested material. The release of these phenolic compounds
has been identified as beneficial against colon cancer [33]. Free and conjugated phenolic compounds
are known as extractable phenolic compounds while bound or insoluble phenolic compounds are
known as non-extractable [34]. It is observed that they disappear with fermentation and part of
them are degraded, although they remain a constant and significant amount due to the release of
insoluble phenolic compounds. There are studies of phenolic compounds that show how the microbiota
populations and the phenolic compounds metabolized by this microbiota evolve and change. Cueva et
al. (2012) [35] observed a great degradation of phenolic compounds in grape seed extract during
in vitro fermentation. Similar results to those obtained in this work.
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vera gel (AV) and its polysaccharide extract (AP). Where AV and AP correspond to samples before
digestion; AV-TNDF and AP-TNDF correspond to samples after digestion. (B) Changes in the total
content of phenolic compounds during AV-TNDF and AP-TNDF fermentation.

2.5.2. Identification of phenolic compounds by HPTLC

Taking into account the results obtained for total phenolic compounds before and after digestion of
AV and AP, it was assessed the identification of phenolic compounds in AV, AV-TNDF, AP, and AP-TNDF
by HPTLC (Table 5). The standards used were vanillic acid, p-hydroxybenzaldehyde, p-hydroxybenzoic
acid, p-cresol and ferulic acid.
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In the samples AV, AP, AV-TNDF and AP-TNDF, the presence of ferulic acid and an unidentified
compound with Rf’s of 0.05 and 0.04, respectively, was detected. However, with the fermentation
process for AV, in the samples FAV4, FAV8 and FAV24, ferulic acid disappeared, and other components
appeared with Rf´s of 0.64, 0.57, 0.12 and 0.04. For FPA4, FPA8, and FPA24, only two unidentified
compounds with Rf´s of 0.12 and 0.04 appear in small quantities.

Unidentified components can appear when fibre and phenolic compounds are fermented in the
intestine. Lee, et al., [36] reported that some bacterial phenolic metabolites were modified in colonic
fermentation since specific intestinal bacteria metabolize phenolic compounds to different extents and
produce different aromatic metabolites. Changes in intestinal phenolic levels may influence microflora
composition. Phenolic compounds are likely to benefit the host by inhibiting pathogen growth and
regulating commensal bacteria, including probiotics, and could therefore be considered as prebiotics.

2.6. Antioxidant Activity of AV-TNDF and AP-TNDF

2.6.1. Reducing Power

To establish the appropriate concentration to determine the antioxidant activity of the AV-TNDF
and AP-TNDF samples, several concentrations from 0.78 mg/mL to 12.5 mg/mL were evaluated. It was
found that the samples had a concentration-dependent behaviour, with 12.5 mg/mL being the one
with the highest activity (p < 0.05) (data not shown); therefore, the tests of reducing power and
radical ·OH sequestration correspond only to this concentration. Figure 4A shows the changes in the
reducing power during 24 h of the fermentation kinetics at 12.5 mg/mL of the fraction of non-digestible
Aloe vera (AV-TNDF) and the non-digestible fraction of Aloe vera polysaccharide extract (AP-TNDF).
The highest activity of reducing power of AV-TNDF was observed at 4 h (AVF4). This indicated that,
in general, fractions derived from AV show a greater reducing power than fractions from AP. A possible
explanation is that AV-TNDF had higher concentrations of inactive polyphenols in their matrices that
can interact with the medium after gastrointestinal digestion. Acids and enzymes can open the fibres
containing the polyphenols, which in turn are more bioavailable at the end of digestion. These results
agree with the identification of the phenolic compounds shown in Table 5. The appearance of the
unidentified compounds with Rf´s of 0.64, 0.57 and 0.12 may have greater reducing power than those
identified in AP-TNDF.

The fermentation samples of AP-TNDF (AP0-24) had antioxidant capacities and reducing powers
that experience limited change over time. As shown in Table 5, during fermentation, AP-TNDF lost
unidentified phenolic compounds, which leads to a decrease in reducing power, and a correlation
between the antioxidant capacity and the reducing power was seen, as Alugoju et al. have reported for
certain bioactive compounds [37]. The reducing power of 0.2 of inhibition was reported with methanolic
extracts from non-digested fresh samples [28]. Cueva et al. [35] demonstrated the appearance of new
phenolic compounds that were not present or were present in small amounts before fermentation
such as hydroxyphenylacetic acid, phenylpropionic acid or phenylacetic acid with colonic in vitro
fermentation of grape seed extract.

2.6.2. OH Radical Sequestration

The statistical analysis of ·OH radical sequestration revealed that all extracts, except AP, were dose
dependent. The elimination of hydroxyl radicals from fractionated polysaccharides and AV gel extracts
has been reported by Chun-Hui et al. [38]. Figure 4B shows the efficacy of 12.5 mg/mL solutions of
AV (35.47%), AV-TNDF (93.54%), AP (3.07%) and AP-TNDF (94.78%) to sequester hydroxyl radicals.
The results of AV are even lower than assays reported by authors such as Ray et al. [39], who report
values of up to 48.01% using methanolic extracts of fresh Aloe vera gel without a digestion process.
This difference may be due to the age of the plant and edaphoclimatic conditions as Sánchez-Machado
et al., have reported [40]. The higher efficacy of AV-TNDF and AP-TNDF could be due to the increase
in phenolic compounds, because fresh samples have large concentrations of inactive polyphenols in
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their matrices that can interact with the medium after a digestion process such as gastro intestinal
digestion. Additionally, it could be the result of the opening and breakdown of polysaccharide chains
and lattices, liberating most of the phenols when the AV and AP samples undergo the fermentation
process [29].

Figure 4B shows the ·OH sequestration percentage of the synthesized or released compounds
in solutions of fermented AV (AVF) and the fermented polysaccharide extract (APF) at 12.5 mg/mL.
At this concentration, the ferments exhibited a decrease in antioxidant activity during the first 4 h of
fermentation in the two samples up to 1.85% (AVF4) and 11.52% (APF4). The AVF antioxidant activity
experienced a slight increase until 24 h of fermentation with 7.76% effectiveness observed for AVF24,
and the APF antioxidant activity remained low and constant, reaching 5.74% effectiveness at 24 h.
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Figure 4. Changes in antioxidant activity during colonic fermentation of Aloe vera gel (AV) and its
polysaccharide extract (AP). (A) Changes in reducing power (Abs 700 nm), due to colonic fermentation.
(B) Changes in % of sequestration of hydroxyl radical ·OH due to colonic fermentation. (B) The results
are expressed as the ME ± DS, n = 3.

In contrast to the reducing power, in this case, the percent of ·OH sequestration drops dramatically
over time within the first few hours of fermentation. In this case, the phenolic or other compounds
that have effective ·OH sequestration in the undigested fractions AV-TNDF and AP-TNDF are rapidly
degraded by the enzymes, bacteria or fermentation conditions, drastically lowering the antioxidant
activity. Lee et al., have reported a decrease in concentration after incubation with a faecal bacteria
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homogenate in compounds present in the tea extract, including epicatechin, catechin, 3-O-methyl
gallic acid, gallic acid, and caffeic acid [36]. The difference in the behavior of reducing power and
·OH radicals are because they have different ways of sequestering Reactive Oxygen Species (ROS).
·OH radicals react with biomolecules such as lipid, protein and DNA [41].

3. Materials and Methods

3.1. Raw Material

Leaves of Aloe vera plants (aged 3–4 years) were obtained from a market in Mexico City. The leaves
were washed with soap and water, followed by disinfection with ethanol. The gel was extracted by
removing the cortex and was frozen and lyophilized until use.

3.2. Physicochemical Characterization of Aloe Vera (AV)

In the raw gel of Aloe vera, the acidity was determined using AOAC method 939.05 (2015) [42],
while the pH was determined using a potentiometer (pH-120; Conductronic, Puebla, Pue, Mexico).
Soluble solids (ºBrix) were assessed using a digital refractometer (HSR-500; Atago, Kobe, Hyogo-ken,
Japan) at a 0–32 ºBrix scale considering that 1 ºBrix = 1 g soluble solid in 100 g of solution [43]. Moisture
was determined according to method 2005.02, raw protein by the Kjeldahl method (2005.06), raw fat by
a Soxhlet method (920.39c), and ash by method 923.03 (AOAC, 2015) [42]. Neutral detergent fibre was
assessed in the lyophilized sample of the gel, according to the 2002:04/ISO technique (16472:2005) from
AOAC [42]. Total dietary fibre was determined through the enzymatic-gravimetric method (32–05)
outlined by AOAC (2015) [42].

3.3. Identification of phenolic Compounds by Ultra-Performance Liquid Chromatography-Tandem Mass
Spectrometry (UPLC-MS) in Aloe Vera (AV)

The identification of phenolic compounds in the gel of Aloe vera (AV) was performed with
ultra-performance liquid chromatography (UPLC) by utilizing an Acquity UPLC H-Class (Waters Corp,
Milford, MA, USA) coupled with a Waters Xevo G2-X2 Tof system with an electrospray ionization
(ESI) interface. The conditions for the chromatographic analysis were as follows: the mobile phase
consisted of 0.1% formic acid in water/acetonitrile at a flow rate of 0.3 mL/min and 35 ◦C. A BEH C18
Column (2.1 mm X 100 mm) was used and the chromatograms were registered through detection of
the Total Ion Current. The MS conditions of analysis in negative-ion mode were as follows: drying
gas (nitrogen) flow rate, 8 L/min; gas temperature, 180 ◦C; scan range, m/z 50–3000; capillary voltage,
4500 V; and nebulizer pressure, 2.5 bar [44]. A solution of 8 mg/mL of lyophilized AV was prepared,
homogenized, and passed through a 0.22 µm cellulose filter prior to analysis.

3.4. Extraction of Polysaccharides (AP) from Aloe Vera Gel

The extraction of Aloe vera gel polysaccharides (AP) followed a modification of the technique
reported by Ni et al. [4]. One gram of lyophilized Aloe vera gel was suspended in 80 mL of a 95%
water/methanol solution, homogenized with a Polytron, and centrifuged at 936× g (Allegra 64R;
Beckman, Pasadena, CA, USA) for 10 min. The first precipitate was stored, and the supernatant
was centrifuged one more time at 10,285× g for 15 min. The first and second precipitates were
combined, re-suspended in deionized water and lyophilized. The sum of these two fractions was the
polysaccharide extract (AP). The first precipitate corresponds to the cell wall fibre, and the second
precipitate corresponds to micro-particles from cell organelles of Aloe vera [4].
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3.5. Indigestible Fraction and in Vitro Fermentation

3.5.1. Indigestible Fermentation of Aloe Vera Gel (AV) and Polysaccharides (AP)

Figure 5 shows the flowchart of the isolation of the indigestible fibre fractions of AV and AP The
indigestible fraction (IF) of (AV) and (AP) (Figure 5) was determined following the method proposed
by Saura-Calixto et al. [45] with some modifications. Briefly, 300 mg of both fractions were suspended
in HCl-KCl buffer (pH 1.5). Then, 0.2 mL of a pepsin solution at a concentration of 300 mg/mL in
HCl-KCl buffer (>250 units/mg, P7000; Sigma Aldrich, Toluca, Edo. Mex. Mexico) was added and
incubated at 40 ◦C for 1 h with constant stirring to simulate the digestive process.
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Soluble fraction of non-digestible fibre of AP.

To simulate small intestine digestion, pH was adjusted to 6.9, and 9 mL of tris-maleate buffer
(0.1 M) was added, followed by 1 mL of α-amylase solution (3480 units/mL, A3176; Sigma Aldrich),
at a concentration of 120 mg/mL in tris-maleate buffer. The mix was incubated at 37 ◦C for 16 h at
constant stirring. Lipid digestion enzymes such as lipase or biliary juices were omitted given that
the amount of fat (lower than 4%) was not significant. After the reaction time, the samples were
centrifuged at 4000× g for 15 min, and the supernatants were saved. The precipitate was washed
twice with 10 mL of distilled water and centrifuged; supernatants were collected in 80 mL beakers.
The tubes containing the solid residue were placed in an oven at 60 ◦C for 48 h, and the residue was
then weighed as the amount of insoluble non-digestible fibre in AV (AV-INDF) and AP (AP-INDF).
Both insoluble non-digestible fibre fractions were stored at 4◦C until the fermentation experiments.

The supernatant was placed on dialysis membranes previously treated with boiling water for
20 min. The supernatant was dialyzed (cellulose membrane 12000–14000 Dalton MWCO-18) at
a constant water flow of 7 L/h (30 mL/15 sec) at 25 ◦C for 48 h. Finally, the content of the membranes was
lyophilized and weighed to obtain the soluble fraction of the non-digestible fibre of AV (AV-SNDF) and
non-digestible fibre of AP (AP-SNDF); these fractions were stored at 5 ◦C until use in the fermentation
process [46].

3.5.2. In Vitro Fermentation of AV-TNDF and AP-TNDF

The samples obtained in the digestion, which were the soluble fraction (SNDF) and the insoluble
fraction (INDF), were combined as the total non-digestible fraction (TNDF) of AV and AP to be
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fermented. In vitro fermentation was assessed in the AV-TNDF and AP-TNDF fractions. Fermentation
was prepared according to a modified version of Martín-Carrón and Goñi [46]. The samples were
placed in a culture system under strict anaerobic conditions for 24 h. Human faeces were used as
inocula, and anaerobic conditions were maintained using oxygen-free carbon dioxide.

Inoculum

To obtain the 10% w/v inoculum, the faeces of four volunteers were weighed and placed in beakers
containing a sterile and anaerobic fermentation medium. The inocula were mixed in a Stomacher 80
Lab blender (Seward Medical, London, UK for 10 min and then filtered (1-mm mesh) before use.

Medium

A micromineral solution was prepared using CaCl2-2H2O, MnCl2-4H2O, CoCl2-6H2O,
and FeCl3-6H2O mixed in a buffer solution ((NH4)HCO3 and NaHCO3) in distilled water.
A macromineral solution containing Na2HPO4, KH2PO4, and MgSO4-7H2O was made in distilled
water, as was a reducing solution containing cysteine hydrochloride (C-1276, Sigma-Aldrich, Toluca,
Edo. Mex., Mexico).

Procedure

Substrate (100 mg) of the total non-digestible fraction (AV-TNDF or AP-TNDF) was weighed in
a 60 mL serum vial (Supelco; Bellefonte, PA, USA), and 8 mL of fresh medium and 2 mL of inoculum
were added. Vials were sealed with rubber stoppers and placed in a water bath with constant stirring at
37 ◦C. The fermentation kinetics was monitored at 0, 4, 8 and 24 h to obtain fermented samples at each
time point (AVF4, AVF8 and AVF24 or APF4, APF8 and APF24). A control for each time containing
lactulose (L-7877, Sigma-Aldrich, Toluca, Edo. Mex., Mexico) and a target without substrate were
included as controls.

Gas volume production and pH were measured at 0, 4, 8 and 24 h. Fermentation was stopped by
adding 2.5 mL of1 M NaOH. Samples were centrifuged at 2500× g for 10 min, and 3 mL of supernatant
was taken in duplicate for SCFA determination by gas chromatography.

Unfermented Fibre

The precipitate of each tube from the fermentation kinetics experiment was homogenized in
50 mL of 0.9% NaCl for 3 min. All precipitates were filtered using Dacron filters (pore size 50 µm),
which were dried to a constant weight before use. Unfiltered residues were washed twice with 50 mL
of 0.9% NaCl and washed twice with 5 mL of acetone to eliminate mineral and inorganic residues in
addition to lipids and other hydrophobic compounds. Filter papers were dried at 60 ◦C to constant
weight, assessing the unfermented fibre (UF) [47] that was calculated by the following formula:

UF = weight (filter + washed residue) − initial filter weight. (1)

Then, UF(AV-TNDF) and UF(AP-TNDF) were obtained.

3.5.3. Quantification of SCFAs in AV-TNDF and AP-TNDF

SCFA quantification was carried out in AV-TNDF, AP-TNDF and lactulose fermented according
the methodology reported by Saura-Calixto et al., [45] and adapted from Zhao et al., [48]. Briefly,
500 µL of supernatant of each fermentation time sample was mixed with 400 mL of 2-methylvaleric acid
as an internal standard (10987-8; Sigma, Toluca, Edo. Mex., Mexico) and 100 mL of HClO4 to maintain
a constant pH in the samples. The mixture was centrifuged at 10,000 at 4 ◦C for 15 min, and the
supernatant was placed in gas chromatography vials. A Clarus 500/580 GC gas chromatographer
(Perkin-Elmer, Inc. Shelton, CO., USA) was used with a TG-WAXMS-A GC column (Thermo Fisher
Scientific, CDMX, Mexico) and a flame ionization detector with an injector temperature of 270 ◦C and
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a detector temperature of 300 ◦C. Glacial acetic acid, propionic acid, butyric acid, and 4-methylvaleric
acid (Sigma, 320099, 94425, 19215 and 10987-8) were used as standards to obtain calibration curves and
assess retention times. The oven was heated to 95 ◦C at 2 min and increased at 120 ◦C/min to 240 ◦C;
the carrier flow was 1 mL/min, and the carrier gas flow was 20 mL/min.

3.5.4. Quantification of Phenolic Compounds

Total phenolic compounds were quantified using the Folin–Ciocalteu method [49] in the AV,
AP, AV-TNDF, AP-TNDF, AVF4, AVF8, AVF24, APF4, APF8 and APF24 samples. The samples
were homogenized in 0.5 mL methanol, added Folin-Ciocalteu reagent, and saturated sodium
carbonate solution and water. After 60 min, the absorbance was measured at 760 nm. A calibration
curve was performed with aloin, because it is the most representative phenolic compound in Aloe
vera [50]. The concentration of total phenolic compounds was expressed as milligram equivalents of
aloin/100 g sample.

3.5.5. Identification of Phenolic Compounds by HPTLC

HPTLC was accomplished according to a modified version of the methodology published by Paillat,
et al., [51]. At the beginning volumes of standard solutions of ferulic acid, p-hydroxybenzaldehyde
(PHB), p-hydroxybenzoic acid (APHB), p-cresol, p-creosol, and vanillic acid (722820, 54590, 54630,
61030, 41340, and 68654, Sigma-Aldrich, Química S.A. de C.V.) were applied at a concentration of
3 mg/mL. After that, were applied 15 µL of AV, AV-TNDF, AP, AP-TNDF and the kinetic fermentation
samples (AVF4, AVF8, AVF24 and APF4, APF8, APF24) at a concentration of 12.5 mg/mL. Samples
were placed on TLC silica gel 60 F254 plates (E. Merck, Darmstadt, Germany) using an ATS 4 TLC
sampler (CAMAG, Muttenz, Switzerland) at a constant application rate of 120 nL s−1 and developed
in a CAMAG automated developing chamber ADC2 (47% moisture) saturated and preconditioned
for 5 min to a 50-mm distance with an n-hexane: chloroform:methanol:acetic acid solvent system
(5:36:4:0.5 v/v/v/v). Plates were scanned at 254 nm and 366 nm in a CAMAG TLC III scanner (slit size
4 mm × 0.3 mm) at a scanning speed of 10 mm s−1 and a data step resolution of 50 µm.

3.6. Antioxidant Activity

3.6.1. Reducing Power and Hydroxyl Radical Scavenging Activity

The reducing power of AV, AV-TNDF, AP, and AP-TNDF was assessed by the Oyaizu method [52].
Various concentrations of methanolic extracts (12.5, 6.25, 3.12, 1.56, and 0.78 mg/mL) were mixed
with 2.5 mL 200 mmol/L sodium phosphate buffer (pH 6.6) and 2.5 mL 1% potassium ferricyanide.
The mixture was incubated at 50 ◦C for 20 min. After 2.5 mL of 10% trichloroacetic acid (w/v) were
added, the mixture was centrifuged at 650 rpm for 10 min. The upper layer (5 mL) was mixed with
5 mL deionised water and 1 mL 0.1% of ferric chloride; the absorbance was measured at 700 nm,
a higher absorbance indicating a higher reducing power. The assays were carried out in triplicate
and the results were expressed as mean values ± standard deviations. Finally, the reducing power in
the kinetic fermentation samples (AVF4, AVF8, AVF24, APF4, APF8 and APF24) was determined but
only with a concentration of 12.5 mg/mL. This was the concentration that gave the best results in the
previous samples and was chosen for this second part of the work.

3.6.2. ·OH Radical Sequestration

To determine the scavenging activity of the hydroxyl radical (·OH), the method described by Li
et al. [53] was applied. The antioxidant activity of AV, AV-TNDF, AP and AP-TNDF was assessed
at 12.5, 6.25, 3.12, 1.56 and 0.78 mg/mL. Both 1,10-phenanthroline (0.75 mM) and FeSO4 (0.75 mM)
were dissolved in phosphate buffer (pH 7.4) and mixed thoroughly. To start the reaction, H2O2 (0.01%)
and samples were added. The mixture was incubated at 37 ◦C for 60 min and the absorbance was
measured at 536 nm. Finally, the scavenging activity of the hydroxyl radical in the kinetic fermentation
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samples (AVF4, AVF8, AVF24, APF4, APF8 and APF24) was determined but only with a concentration
of 12.5 mg/mL his was the concentration that gave the best result in the previous samples and was
chosen for this second part of the work.

3.7. Statistical Analysis

Differences between experimental groups were analysed by one-way ANOVA and Tukey’post
hoc test for repeated samples. To compare the maximum and minimum values of the total SCFA
concentration, the data were analysed by a paired one-tailed Student’s t-test. Data were processed
using GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA). Values of p ≤ 0.05 were
considered statistically significant.

4. Conclusions

Aloe vera gel (AV) and polysaccharide extract of Aloe vera (AP) are a matrix mainly composed
of non-digestible oligosaccharides or polysaccharides of slow fermentation, since that produces
a lower pH. The behavior of AV and AP during in vitro colon fermentation was similar to that of
lactulose, what indicates the possibility of using Aloe vera and polysaccharide extracts as prebiotics.
The SCFA production and their potentially delivery to the distal colon due to AV and AP digestion and
fermentation process, may result in a protective effect, firstly of human large intestine, since this could
be colonised by dense microbial communities that utilized both diet-derived and host-derived energy
sources for growth predominantly through fermentative metabolism. In the same way, the antioxidant
activity also increases significantly in both the reducing power test and the ·OH radical sequestration
when going from AV and AP to its indigestible fraction AV-TNDF and AP-TNDF. Finally, we can
conclude that there were no significant differences during the digestion and fermentation of Aloe vera
and its extract despite the fact that the content of dietary fibre in AP was significantly higher than that
of Aloe vera gel. During in vitro colon fermentation, the unfermented fibre of AV and AP had a similar
response to that of lactulose, as well as the total volume of gas produced, which indicates that Aloe vera
and polysaccharide extract can possibly be used as prebiotics.
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Abstract: A large range of chronic and degenerative diseases can be prevented through the use of
food products and food bioactives. This study reports the health benefits and biological activities of
the Urtica dioica (U. dioica) edible plant, with particular focus on its cancer chemopreventive potential.
Numerous studies have attempted to investigate the most efficient anti-cancer therapy with few side
effects and high toxicity on cancer cells to overcome the chemoresistance of cancer cells and the adverse
effects of current therapies. In this regard, natural products from edible plants have been assessed as
sources of anti-cancer agents. In this article, we review current knowledge from studies that have
examined the cytotoxic, anti-tumor and anti-metastatic effects of U. dioica plant on several human
cancers. Special attention has been dedicated to the treatment of breast cancer, the most prevalent
cancer among women and one of the main causes of death worldwide. The anti-proliferative and
apoptotic effects of U. dioica have been demonstrated on different human cancers, investigating the
properties of U. dioica at cellular and molecular levels. The potent cytotoxicity and anti-cancer activity
of the U. dioica extracts are due to its bioactive natural products content, including polyphenols which
reportedly possess anti-oxidant, anti-mutagenic and anti-proliferative properties. The efficacy of this
edible plant to prevent or mitigate human cancers has been demonstrated in laboratory conditions as
well as in experimental animal models, paving the way to the development of nutraceuticals for new
anti-cancer therapies.

Keywords: Urtica dioica; natural products bioactivity; food bioactives; nutraceuticals; cancer therapy;
breast cancer

1. Introduction

A wide range of chronic and degenerative diseases can be prevented using food product
nutraceuticals or functional foods and food bioactive molecules [1,2].

In this context, researchers have studied the Urtica dioica [3,4], an evergreen edible plant commonly
used since ancient times in traditional medicine to treat several diseases.

U. dioica is the most common species of the Urticaceae family commonly known as Stinging nettle
and one of the most studied medicinal plants worldwide. It is an herbaceous perennial plant and has
a long history of usage for various kinds of health problems [3,4]. The plant grows in tropical and
temperate wasteland areas around the world, and well tolerates all environments. The name Urtica
comes from the Latin verb urere, namely ‘to burn,’ attributed to its stinging hairs. The most common
species dioica is so defined because the plant generally contains either female or male flowers [5].
The leaves are oval, long petiolate, elongated with toothed margins, the flowers are dioecious, the fruit
is a small oval and greenish-yellow achene. The plant has stinging hairs with a tuft of hair at the apex.
The leaves and stems contain abundant non-stinging hairs, with touch sensitive tips, needles that will
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inject chemicals including serotonin, histamine, acetylcholine, moroidin, leukotrienes and possibly
formic acid into the skin. The irritant compounds provoke pain, wheals or a stinging sensation [6].
However, this edible plant will lose its irritant powers during cooking, the burning property of the
juice is, indeed, dissipated by heat and the young shoots may be used for culinary purposes.

The medicinal properties of U. dioica are linked to its anti-inflammatory, anti-asthmatic, astringent,
depurative, galactogogue, diuretic, nutritive and stimulating effects. The powered leaf’s extract has
been used as an anti-haemorrhagic agent to reduce excessive menstrual flow and nose bleedings.
The roots and herbs are used in different ways: the roots for benign prostate hyperplasia, the herbs
for urinary tract disorders and rheumatic conditions, while fresh freeze-dried leaves are used to treat
allergies [3,4]. Several studies have also reported its analgesic potential and its role as anti-aggregating
factor, as well as describing its favorable effects on cardiovascular and smooth-muscle activity as
a hypotensive agent [4]. Indeed, the uses of the plant are extended to different fields including the dye
industry, veterinary medicine, the textile industry, cosmeceutics for hair loss lotions and anti-dandruff

products and also for culinary usage in the preparation of common dishes [7]. In the popular tradition
U. dioica leaves are eaten, both raw and blanched, gently fried or steamed in many foodstuffs such
as pesto, quiches, soups, purées, sauces, cookies, gelatines and jams. Dried herb is processed for
capsules, tablets and teas, and other preparations. Freeze-dried herbs are commonly prepared in
capsules. Formulations from fresh plant material include homeopathic products, juice and liquid
extracts. Targeted studies favored the reuse of U. dioica to produce curd for fresh cheese [8]. The proteins
(3.7%), dietary fibers (6.4%) and low total calories contents (45.7 kcal/100 g) offer U. dioica shoots as
a nutritional valuable source and a valid contribution in vitamins (A and C), calcium, iron, sodium and
fatty acids [9]. Essential fatty acids, such as linoleic and α-linolenic acid, account for 20.2% and 12.4%
of total fatty acids, respectively [10]. Although, the polyunsaturated fatty acids (PUFAs)/saturated fatty
acids ratio was reported to be comparably contained, among PUFAs, fatty acids of n-3 and n-6 series
were more abundant than monounsaturated fatty acids. This finding was in contrast with a recent
investigation regarding fatty acids in U. dioica leaves which analyzed a rapid solid–liquid extraction
(Soxtherm) using petroleum ether as the solvent, revealing a favorable outcome for saturated acids
compared to unsaturated acids [11]. Among monounsaturated fatty acids, a small amount of C17:1
fatty acid was detected (0.13%). Recently, oxylipins, which are bioactive lipid metabolites derived from
PUFAs via cycloxygenase (COX), lipoxygenase and cytochrome P450 pathways, were isolated from
a U. dioica hydroalcoholic extract [12].

Furthermore, U. dioica powder was found to be rich in proteins, three-fold higher than traditional
cereals, such as rice, wheat and barley [9,13]. U. dioica is also rich in minerals, as is characterized by
high levels of calcium (169 mg/100 g) and iron (277 mg/100 g) followed by potassium, phosphorus,
magnesium, sodium and zinc. According to reported data, U. dioica powder is most likely one of the
richest source of minerals among the plant foods. The content of carbohydrate is low (37.4%) compared
to cereals, such as wheat and barley, showing that U. dioica powder has a low glycemic index in relation
to the conventional sources of plant foods such as cereals and the potato [13].

The benefits of U. dioica may be linked to its diversity in secondary metabolites and its content
appears to be strongly influenced by the geographic conditions and taxonomical, morphological and
genetics factors [14]. In particular, a number of studies have explored and confirmed U. dioica as
a favorable source of flavonoids and phenylpropanoids [4].

U. dioica may be considered as an infesting plant albeit possessing a longstanding history of
medicinal usage. Some medicinal capacities of U. dioica have been confirmed by modern research and
scientific evidences.

The purpose of this review is to focus, among the many biological activities, on the anti-cancer
effects of U. dioica by examining the cellular and molecular results of U. dioica extract treatments on
various human cancer cell lines and in-vivo animal models with special attention to breast cancer,
the most prevalent cancer among women.
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The study of the mechanisms of action of U. dioica may be of importance in the development of
food bioactives with natural products for anti-cancer therapies.

PubMed, Scopus and Science Direct were used to consult literature.

2. Phytochemical Investigations and Biological Activities of Urtica dioica

The phytochemical composition investigation on U. dioica [13–28] revealed that it contains phenolic
compounds (including flavonoids, tannins, coumarins and lignans), sterols, fatty acids, polysaccharides
and isolectins.

The growing interest in plant phenolic compounds is illustrated by the extensive body of literature
devoted to this field of study. Nowadays, it is generally accepted that the therapeutic effects of many
plant species are due to the presence of antioxidative phenolics in their tissues. These compounds
represent a plant defense mechanism against UV radiation, insects and microorganism, but may also
act as plant pigments [29–31].

Phenols and polyphenols in dietary plants have gained considerable attention as therapeutic and
prophylactic agents in the treatment of chronic and degenerative diseases [32,33]. In particular, it was
observed that all the parts (roots, stalk and leaves) of U. dioica are a rich source of these substances
and that their content is higher in wild plants than in domesticated plants [18,34]. Root samples
from Mediterranean cultivar were reported to contain phenol compounds, such ferulic acid and
polyphenols as naringin, ellagic acid, myricetin and rutin (Figure 1). The roots also contained lignans
(secoisolariciresinol, 9,90-bisacetyl-neo-olivil and their glucosides), phytosterols (e.g., β-sitosterol),
polysaccharides, isolectins (mainly U. dioica agglutinine), coumarins (e.g., scopoletin), simple phenols
(e.g., p-hydroxy-benzaldehyde), triterpenoic acids and monoterpendiols.
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U. dioica leaves are also constituted by flavonoid glycosides, mainly rutinosyl flavonols, as well as
by different depsides of hydroxycinnamic acids with quinic or malic acid (Figure 2). Chlorogenic acid
and caffeoyl malic acid represented approximately 76.5% of total phenolic compounds, whereas rutin
was the most abundant flavonol derivative [18,19]. Isorhamnetin-3-O-rutinoside was found, together
with rutin, quercetin-3-O-glucoside and kaempferol-3-O-glucoside in methanolic extracts of U. dioica
leaves and stalks [35]. The polyphenol profile seems to be strongly dependent on the parts of
the plant investigated, but also on the harvest site and season. The quantification of U. dioica
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phenolics in different extracts, by high-performance liquid chromatography coupled with tandem
mass spectrometric detection, evidenced that inflorescence extracts were the richest extracts [17]. Thus,
the consumption of U. dioica was in line with an amelioration of phenolic compounds food intake and
thus, the exploitation of these anti-oxidant and anti-inflammatory compounds defined the plant as
a valuable tool towards mutagenesis and carcinogenesis [36].
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Among lipid secondary metabolites, carotenoids were detected in the leaves and their total content
was estimated equal to 29.6 mg/100 g dry weight [4,23].

Several studies have established that extracts of U. dioica possess various pharmacological
effects [37–39], including anti-inflammatory [40–42], anti-oxidant [43–47], anti-microbial [46–49],
anti-diabetic [39,50,51], cardiovascular [39], anti-ulcer, analgesic [36], immuno-modulatory [35,52],
anti-mutagenic [44] and anti-cancer properties. Moreover, this edible plant has considerable
chemopreventive capacities and disease-preventing effects on animals and humans. These health
benefits of U. dioica may be related to the wide range of bioactive natural products present in the
various parts of the plant.

The preventive activity of both polyphenols and carotenoids is associated to the health promoting
effects of U. dioica against chronic and degenerative diseases such as cancer.

3. Anticancer Activities of Urtica dioica

Among the biological activities of U. dioica, we report in detail the studies on the anti-cancer
effects, due to the induction or inhibition of the key processes in cellular metabolism and the ability
to activate the apoptotic pathways. Various studies have recently demonstrated the cytotoxic and
anti-cancer properties of U. dioica, in particular against colon, gastric, lung, prostate and breast cancers.
In this section, we will review the main anti-tumour activities of U. dioica demonstrated against several
human cancer cell lines and in animal models.

Cancer is a group of diseases in which normal cells grow uncontrollably and abnormally,
invade and spread to other parts of the body. Unfortunately, it is a main cause of death worldwide and
the incidence and mortality rates are still unacceptably high [53–56]. Notable progresses have been
obtained in conventional therapies (as chemotherapy, radiotherapy and surgical excision), but these
treatments cause many serious side effects and often may prolong life for only a few years.

Cancer chemoprevention [57,58] has become an important therapeutic option through which the
battle against cancer could be possible, using natural, synthetic or biological agents able to reverse,
suppress or prevent either carcinogenesis or the progression of premalignant cells towards invasive
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tumors. For this purpose, plants and herbs may be a promising source for adjuvant, complementary
or alternative anti-cancer therapy [59–68], since some of them contain bioactive natural products
and anti-cancer compounds, including polyphenols [32,33,69,70] as flavonoids, tannin etc. Today,
many phytochemical compounds, normally biosynthesized and accumulated in the plants, have shown
chemopreventive actions and several anti-cancer drugs, including podophilotoxins, camptotoxins,
taxans, arise from herbal compounds and are successfully used for anti-cancer therapy [63,71].
Chemoprevention due to the natural plant-based bioactivity can be achieved through different
biochemical and molecular mechanisms involved in cancer control and development. The plants,
indeed, contain a number of bioactive molecules that are able to induce cellular protection and
responses to stresses, such as anti-oxidant enzymes, apoptosis and/or cell cycle arrest [72,73].

The anti-mutagenic activity of a protein fraction from the aerial parts of U. dioica was demonstrated,
via the Ames test in various bacteria strains, against the mutagen 2-aminoanthracene; the anti-mutagenic
activity can be due to the inhibition of CYP450-isoenzymes, involved in the 2-aminoanthracene mutagen
bioactivation [44].

The anti-oxidant and radical scavenging activities of U. dioica were reported by ABTS and
superoxide-radical scavenger assays and on analysis of the changes in antioxidant enzymes [43–47].
In mice, the treatment with U. dioica methanolic extract from the aerial parts demonstrated
hepatoprotective and nephroprotective activities against cisplatin-induced [74,75] toxicity, most
likely due to increasing antioxidant defense mechanisms, in fact, this extract has been shown to
increase the activities of catalase (CAT) and superoxide dismutase (SOD) enzymes and the content of
glutathione (GSH) [76]. These activities may be attributed to the flavonoid content of U. dioica, in fact,
the flavonoids were associated to anti-oxidant and radical scavenging activities [77–79].

The reactive oxygen metabolites have a well-known role in cancer pathogenesis [80,81].
The oxidative stress, with the loss of cellular redox homeostasis and elevated levels of oxygen
free radicals, causes the production of mutagenic agents and can be tumorigenic, with a key role in
initiation and progression of cancer [82]. Due to the presence of large quantities of compounds with
anti-oxidant and free radical scavenger properties, U. dioica, and specifically the leaves, are able to
reduce the high level of oxidative stress present in cancerous cells and exert a chemopreventive function.

Most drugs in use for cancer treatment are cytotoxic and/or cytostatic [83]. Since the rate of
apoptosis was reduced during cancer in several studies, an efficient cancer treatment requires the
induction of apoptosis in cancer cells, with the programmed cell death of cancerous and damaged
cells, without destructive adverse effects in normal dividing cells [84]. Furthermore one of the more
significant properties analyzed in putative cytotoxic anti-tumor agents is the ability to induce apoptosis
and/or cell cycle arrest. The cytotoxic activity of U. dioica was widely tested by in vitro MTT assay
and trypan blue viability exclusion dye assay (to evaluate the number of live cells). The cellular
and molecular mechanisms of toxicity were analyzed using different assays. The most commonly
used were DNA fragmentation assay and TUNEL test (to detect the type of cell death, apoptosis or
necrosis), quantitative Real-Time PCR (qRT-PCR, to quantify the apoptosis- and metastasis- related
mRNA expression levels), Western Blotting (to quantify apoptosis-related protein levels) and flow
cytometry (to analyze cell cycle distribution and apoptosis). The Tables 1, 2 and 4 (Table 4 is included
in the next paragraph) summarize the main findings regarding the anti-cancer properties of U. dioica
with the plant extracts and parts used (specifying collection sites and the biologically active molecules
identified), the cancer cell lines/tissues or animal models tested, the IC50 (concentration required for
50% inhibition) and the effects. The studies (first author and date) are chronologically listed for various
tumoral groups. The studies on benign prostatic hyperplasia are also reported.
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In the study by Ghasemi et al. (2016) [86] the cytotoxic effects of an ethanolic extract of U. dioica
roots (0–2000 µg/mL) were demonstrated on human colon (HT29) and gastric (MKN45) cancer cells.
Cells were treated with increasing concentrations of U. dioica for 24–72 h. U. dioica decreased cell
viability in a dose- and time- dependent manner, with IC50 values of 24.7 and 249.9 µg/mL, respectively,
after 72 h exposure. In addition, U. dioica treatment induced apoptotic cell death, as shown by flow
cytometry analysis. The different studied cell lines showed a diverse sensitivity to the U. dioica
treatment, with more sensitive human colon cancer HT29 cells compared to human gastric cancer
MKN45 cells, a cell line poorly differentiated and usually resistant to chemotherapy. Interestingly,
the anti-proliferative effects of U. dioica treatments are comparable to those obtained with oxaliplatin,
a current anti-neoplastic drug. In line with these findings, Mohammadi et al. (2016) [87], demonstrated
the cytotoxic effects of a dichloromethane extract of U. dioica aerial parts plant on human colon cancer
cell line HCT-116, with IC50 of 23.61 µg/mL (48 h treatment) and by eliciting apoptotic cell death and
arresting the cell cycle at the G2/M phase.

The dichloromethane extract of U. dioica leaves inhibited the growth and proliferation of human
prostate cancer cells (PC3), showing a IC50 concentration of 15.54 µg/mL in 48 h exposure and a cell
cycle arrest in G2/M phase (Mohammadi et al. 2016) [92]. In this study, the observed increased
expression levels of pro-apoptotic genes caspase 3 and 9 and reduced anti-apoptotic Bcl-2 suggested
that cytotoxicity was due to apoptosis induction from intrinsic (mitochondrial) pathway. Moreover,
a methanolic extract of U. dioica roots previously produced a significant dose- and time- dependent
reduction in proliferation of human prostate carcinoma cells (LNCaP), with a 30% maximum growth
inhibition after 5 day exposure with 1 µg/mL extract concentration (Konrad et al. 2000) [89].

More recently, D’Abrosca et al. (2019) [12] reported the effects of U. dioica leaves methanolic
extract against the human non-small cell lung cancer cell lines (NSCLC). Exposure of H1299 and
A549 NSCLC cells to this extract inhibited cell proliferation, with an IC50 of 52.3 and 47.5 µg/mL,
respectively. NSCLC cells have a low sensitivity to cisplatin [74,75,93], a cytotoxic agent largely
utilized for chemotherapy cancer cure. The co-treatment with the U. dioica extract and cisplatin
ameliorated the cisplatin cytotoxicity, thus showing a synergistic effect. U. dioica extract induced arrest
at G2/M cell cycle phase and apoptosis from extrinsic pathway, as demonstrated by the observed
decreased levels of pro-caspase 3 and pro-caspase 8 proteins (indicating the activation and increasing
of the apoptotic proteolytic enzymes caspase 3 and caspase 8) and increased levels of cPARP and
tBid (substrates of caspase 3 and caspase 8, respectively). GADD153 (a marker of endoplasmic
reticulum stress) [94–96] and DR5 (death receptor [97] a cell surface receptor of the TNF-receptor
superfamily, which directly promotes the extrinsic apoptotic pathway) were also upregulated after
U. dioica treatment, confirming that the extracts promoted the extrinsic apoptotic pathway. Interestingly,
rutin and oxylipins (polyunsaturated oxidised fatty acids) [98–100] were identified in the U. dioica
extract on investigation of the exact mechanism involved in cell death, via spectroscopic techniques
NMR [101,102] and mass spectrometry analyses. In particular, oxylipins, including the most abundant
13-S-hydroxy-9Z, 11E, 15Z-octadecantrienoic acid, were proved to be the bioactive natural products
responsible for anti-cancer activity (Figure 3 and Table 3). Oxylipins are a large and diverse family of
secondary metabolites derived from the oxidation of PUFAs [103]. The oxylipin 13-S-hydroxy-9Z, 11E,
15Z-octadecantrienoic acid also possess anti-inflammatory properties in human chondrocytes [41]. It is
noteworthy that a plant oxylipin, 12-oxo-phytodienoic acid, potently suppressed the proliferation of
human breast cancer cell lines T47-D and MDA-MB-231, reducing the expression of the cyclin D1 and
inducing arrest at G1 phase of the cell cycle [104,105]. In addition, another biologically active molecule
of U. dioica is a rare lectin (carbohydrate-binding protein), U. dioica agglutinine (UDA, accession
number P11218 in Protein Data Bank) [106], isolated from the U. dioica aqueous roots extract (Wagner
et al. 1994) [85]. This molecule demonstrated in vitro anti-proliferative properties on human cervical
cancer HeLa cells and human epidermoid carcinoma A431 cancer cells. On HeLa and A431 cells UDA
inhibited the binding of EGF to its receptor with an IC50 of 5 and 21 µg/mL, respectively, after 24 h
exposure [107].
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Moreover, in-vitro studies and investigations regarding testosterone-induced rat models of
prostatic hyperplasia, examined the effects of petroleum ether and ethanolic extracts of the U. dioica
roots (28 day, 50 mg/Kg, oral treatment), Nahata et al. (2012) [91]. The results demonstrated
that U. dioica significantly reduced the activity of 5α-reductase enzyme and the dimension of the
prostatic hyperplasia. 5α-reductase [108] is a key enzyme involved in testosterone metabolism, thus in
hormone-dependent prostate hyperplasia and prostate cancer. The IC50 values for 5α-reductase were
of 0.19 and 0.12 mg/mL, respectively, on the 28th day of treatment. In both the extracts, via spectroscopic
techniques, the β-sitosterol was isolated; in ethanolic extract scopoletin was also found (Figure 3 and
Table 3). β-sitosterol is a sterol originated by a complex and multistage biosynthetic process [109];
it was jet reported to treat patients with prostate diseases [110,111]. Scopoletin is a courmarin derived
by a known biosynthesis pathway [112]; it possesses anti-inflammatory properties [113] and has been
reported to induce anti-proliferative and pro-apoptotic effects on the prostate cancer cell line PC3 [114].
In a previous animal study (Lichius et al. 1999) [88], the experimentally induced benign prostatic
hyperplasia in Balb/c mouse was reduced, by a methanolic extract of U. dioica roots, orally administered
for 28 days (5 mg), with an observed 51.4% growth inhibition.

Table 3. Biological activities of specific molecules isolated from U. dioica.

Molecules Biological Activities Cells References

13-S-hydroxy-9Z, 11E,
15Z-octadecantrienoic acid

(oxylipin)

Anti-proliferation
ro-apoptotis Stop cell

cycle Anti-inflammation

lung cancer
chondrocytes [12,41]

U. dioica agglutinine (UDA) Anti-proliferation
Anti-EGF binding

cervical cancer
epidermoid carcinoma [85,107]

β-sitosterol Anti-proliferation
Inhibition 5α-reductase prostate [91,110,111]

scopoletin

Anti-proliferation
Inhibition 5α-reductase

Anti-inflammation
Pro-apoptotis

prostate
prostate cancer [91,113,114]

Figure 3 present the molecular structures of specific biologically active compounds identified
from U dioica. Table 3 summarizes the biological activities of specific bioactive molecules isolated from
the U dioica extracts in each anti-cancer study.
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Urtica dioica and Breast Cancer

Breast cancer is the most prevalent cancer among women and one of the main causes of death
worldwide. Breast cancer statistics indicate that in the US one woman in eight will suffer from breast
cancer and that more than 200,000 new patients with breast cancer will be diagnosed every year [115,116].
Tumor invasion and metastasis remain the main causes of patients’ mortality and still present
an important therapeutic challenge. For the treatment of breast cancer, a multidisciplinary approach is
currently used, involving surgery, radiotherapy, chemotherapy, hormone therapy, immunotherapy
and other novel treatment strategies such as gene silencing, but they are associated with serious side
effects [56,117,118]. Various new therapeutic targets for adjuvant, complementary and alternative
medicines, including natural products bioactivity from plants, have been proposed by several new
studies to treat breast cancer patients [60,62,119].

In this paragraph, we report investigations, via in-vitro studies and animal models, on U. dioica as
a potential natural source of food bioactives and chemotherapeutic agent for breast cancer (Table 4).

In a study by Fattahi et al. (2013) [45], the activity of U. dioica leaves aqueous extract was
analyzed on the human breast cancer cell line MCF-7. The U. dioica extract demonstrated anti-oxidant
and anti-proliferative activity. After 24, 48 and 72 h of exposure to different concentrations of the
U. dioica extract, significant cell death was observed in a dose-dependent manner, with an IC50
value of 2 mg/mL concentration after 72 h of treatment. In accordance with previous observations
regarding anticancer drugs [118], the decrease of cell viability caused by U. dioica was due to the
induction of apoptosis but not to necrosis. The treatment-induced apoptosis was demonstrated at
the cellular level by morphological observation, DNA ladder formation, flow cytometry analysis
and at the molecular level by measuring the increased amount of the different apoptotic-related
proteins caspase 3, caspase 9, Bax (a pro-apoptotic protein), Bcl-2, calpain 1 (a calcium-dependent
cytosolic cysteine protease) and calpastatin (a specific inhibitor of calpain 1). Noteworthy was the
increase in the anti-apoptotic Bcl-2 protein; indeed, Bcl-2 can interact with Nur 77/TR3 and convert
to Bax-like death effector, subsequently inducing apoptosis [120]. These findings were in agreement
with a recent study by Fattahi et al. (2018) [121]. In this study, two human breast cancer cell lines,
MCF-7 (estrogen and progesterone receptors positive; wild-type P53) and MDA-MB-231 (estrogen and
progesterone receptors negative; mutated P53), were treated with U. dioica aqueous extract of leaves.
The cytotoxicity of the treatment was confirmed, with IC50 values for both breast cancer cell lines of
approximately 2 mg/mL, after 72 h exposure. U. dioica extract induced the apoptosis and increased the
expression levels of Bax, especially in MCF-7 cells. Interestingly, U. dioica extract has been shown to
influence the gene expression of two other proteins, adenosine deaminase (ADA) [122] and ornithine
decarboxylase (ODC1) [123]. The expression level of ADA gene in MCF-7 cell line was increased in
a dose-dependent manner, but did not modify in the MDA-MB-231 cell line. Alternatively, the ODC1
gene was upregulated in both cell lines. These enzymes show a regulatory role in cellular processes
such as proliferation, cell growth and apoptosis [123,124]. In particular, ADA is a key enzyme in
adenosine metabolism and nucleotide DNA turnover; ODC1 is the key enzyme in biosynthesis of
polyamines [125,126]. Considering that U. dioica extracts contain phytoestrogens [127], the differences
observed in these two cell lines could be due to a diverse status of hormone receptors. Moreover, it is
possible that U. dioica in MDA-MB-231 cells may induce apoptosis via a P53-independent pathway.
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Furthermore, it is interesting to report that the U. dioica leaves aqueous extract in the prostate tissue
of patients with prostate cancer, while, inhibited the activity of ADA, with IC50 of about 50 µg/mL
(calculated, 30 min treatment) (Durak et al. 2004) [90].

Different modes of actions and effects of the U. dioica extracts are then possible in the various cell
lines and tissues. Differences in in-vitro conditions related to patient’s tissue and cell lines also to
be considered.

Mohammadi et al. (2016) [129] in a previous study also demonstrated the cytotoxic and apoptotic
effects of a dichloromethane extract of U. dioica leaves, in MDA-MB-468 cells, a human breast
adenocarcinoma cell line. The dichloromethane extract of U. dioica induced a dose- and time-dependent
anti-proliferative effect. The IC50 concentrations were of 29.46 and 15.54 µg/mL for 24 and 48 h
exposure, respectively. These experimental values for IC50 demonstrate that the dichloromethane
extract of U. dioica leaves have a more potent cytotoxic effect, on MDA-MB-468 cells. In this cell line,
U. dioica dichloromethane extract caused cell death through apoptosis as revealed by morphological
changes, TUNEL test, DNA fragmentation ladders and mRNA expression levels of apoptotic-related
genes. In particular, U. dioica activated apoptosis through the intrinsic pathway, as revealed by
the increase in the caspase 3 and caspase 9, the decrease in the Bcl2 and any significant changes in
caspase 8 expression levels. Interestingly, Mohammadi et al. (2016) [130] demonstrated a synergic
effect on cell death and invasion of human breast cancer MDA-MB-468 cell line, by treatment of
U. dioica leaves dichloromethane extract in combination with the paclitaxel drug. Paclitaxel is one
of the most commonly used natural drugs (derived from the bark of pacific yew tree) approved
for chemotherapy in different types of cancers, such as ovary cancer, breast cancer and non-small
cell lung cancer, acting as an anti-microtubule chemotherapy drug [134]. The antitumor potency of
combinational therapy with paclitaxel and U. dioica extract was investigated on the human breast
cancer cell line MDA-MB-468, demonstrating that U. dioica significantly increased the sensitivity of
breast cancer cells to paclitaxel therapy, ameliorating its cytotoxicity. In fact, the MTT test demonstrated,
in a time- and dose-dependent manner, a strong reduction of cell viability and of IC50 values for
paclitaxel in the co-treatment with U. dioica extract: from 6.73 µM for paclitaxel alone, to 0.59 µM for
co-treatment, after 24 h. The synergic effect of U. dioica extract and paclitaxel was also demonstrated on
cell migration; in fact, by scratch test [135], a decreased invasion rate and a reduced number of migrated
cells were observed. The molecular mechanism involved was elucidated studying the synergic effect of
U. dioica and paclitaxel on the expression of snail-1 and related genes ZEB1, ZEB2 and twist. Snail-1 is
a protein involved in invasion and migration of cancer cells [136–138] and is required for metastatic
ability in breast cancer [139]; in fact, the silencing of snail-1 gene using specific siRNA prevented
the metastasis of breast cancer cells. The observed reduction of the expression of snail-1 and related
genes after the co-treatment was in agreement with its anti-metastatic potential. Moreover, a synergic
effect of U. dioica and paclitaxel on the cell cycle arrest also revealed cell cycle arrest occurring at
the G2/M phase, with a decreased Cdc2 expression. In agreement with these studies, Mansoori et al.
(2017) [131], demonstrated that the dichloromethane extract of U. dioica leaves significantly decreased
the cell proliferation of three different breast cancer cell lines, the human MCF-7 and MDA-MB-231
and mouse 4T1. The observed IC50 concentration of U. dioica extract was 31.37 mg/mL in MCF-7,
38.14 mg/mL in MDA-MB-231 and 35.21 mg/mL in 4T1 cells, at 48 h of treatment. Moreover, the scratch
assay demonstrated an inhibitory effect of U. dioica on the migration of the breast cancer cell lines.
Moreover, the authors investigated the signalling pathway by which U. dioica could inhibit the cell
migration. In detail, demonstrated that U. dioica extract could inhibit tumor metastasis by regulating
miR-21 (a crucial oncomir that is overexpressed in advanced tumors and metastasis) [140–146],
the matrix metalloproteinases [147] MMP1, MMP9, MMP13, the vimentin [148], CXCR4 [149,150]
and E-cadherin [151], important metastasis-related genes involved in cellular invasion by modifying
adhesion junctions and the migratory capacity of cells [152]. In particular, miR-21, MMP1, MMP9,
MMP13, CXCR4 and vimentin were found overexpressed in the invasive margins of breast cancer
tissues of clinical samples and in the cancer cell lines; E-Cadherin, on the other hand, was decreased.
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U. dioica extract treatment decreased miR-21 expression, which substantially reduced the overexpressed
MMP1, MMP9, MMP13, vimentin and CXCR4, and increased E-cadherin in the treated tumor cell lines.
In a previous study (Abu-Dahab and Afifi, 2007) [128] the cytotoxic effects of U. dioica ethanol extracts
from leaves and stems were tested on human breast cancer cell lines MCF-7 and the percentage of
MCF-7 cell survival after 72 hrs exposure to 50 µg/mL extract was 93.12%.

Finally, the U. dioica root methanolic extract inhibited, via an in-vitro test, aromatase enzyme
activity in a concentration dependent manner [153]. Aromatase is a key enzyme involved in steroid
hormone metabolism (mediating the conversion of androgens into estrogens) and is targeted in
hormonal therapy of hormone-sensible breast cancers, thus acting on the cancer promotion.

Taken together, the various studies on cell lines demonstrated a diverse sensitivity to the U. dioica
treatments and the extract tested showed differences in anti-cancer potency. It is important to consider
that the cell survival and IC50 discrepancies observed in the various studies could be caused by
differences in the habitat and parts of the plant used, in cell line types investigated and in the U. dioica
extraction process.

The effectiveness of U. dioica to treat breast cancer has been proved not only in laboratory conditions
but also in in-vivo experimental models.

Mohammadi et al. (2017) [132] prepared an in vivo-induced model of breast cancer, mice Balb/c
with allograft tumors caused by injecting subcutaneously 4T1 murine breast tumor cells, and then
administered U. dioica leaves dichloromethane extract (10 or 20 mg/kg body weight) by intraperitoneal
injection for 28 days. Interestingly, U. dioica extract significantly reduced the tumor masses in the
treated mice and significantly diminished the size and weight of the tumors removed from the treated
mice. By TUNEL assay, it was shown that the U. dioica extract induced apoptosis in Balb/c allograft
tumor models. Furthermore, the Ki-67 test demonstrated that the U. dioica treatment reduced tumor
growth, decreasing the percentage of cell proliferation in the breast cancer tissue. Then, real-time PCR
studies revealed that the intraperitoneal injection of U. dioica extract into the model mice was able
to elicit the intrinsic pathway of apoptosis with increased expression of pro-apoptotic caspase 3 and
caspase 9 and a downregulation of anti-apoptotic Bcl2. In the treated mice (4T1-induced Balb/c mouse
model of breast cancer), according to the results previously reported on the breast cancer cell lines
MCF-7, MDA-MB-231 and 4T1, U. dioica treatment induced the anti-metastatic pathway, with decreased
expression of miR-21, MMP1, MMP9, MMP13, vimentin and CXCR4 and increased expression of
E-cadherin (Mansoori et al. 2017) [131].

Finally, in an animal study by Telo et al. (2017) [133], the effects of U. dioica in
N-methyl-N-nitrosourea-induced rat model of breast cancer were investigated. Aqueous extract
of U. dioica, 50 g/kg powdered, was added into the food of rats for 5.5 months. The lipid peroxidation,
the antioxidant enzyme activities and the formation of mammary gland cancer was then evaluated.
U. dioica administration decreased the levels of lipid peroxidation and increased catalase antioxidant
enzyme activity in rats generated mammary tumors. The results demonstrated, besides, a reduced rate
in formation of breast cancer, with a decreased number of cancer masses.

Each U. dioica extract and its effects are identified using different color codes. The dashed arrows
denote the results obtained with whole extracts; the solid arrows indicate the specific molecules isolated
from the extracts and their effects. A generic picture of apoptosis signalling, indicating where and how
molecules or extracts of U. dioica act on the different cellular targets, is included. By different images
are specified if these results were observed in-vitro or in-vivo, on specific cancer types.

In Figure 4 we summarize the main anti-cancer studies and results reported for the various
U. dioica extracts and cancer types.
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4. Conclusions and Future Perspectives

Cancer has become the second most frequent cause of death after cardiac diseases and recent
analyses provide an increase of its prevalence in the near future. Breast cancer is the second cause of
cancer death among women. Currently, a variety of treatments such as chemotherapy, radiotherapy,
hormone therapy and surgery, as well as newer nanotechnology and gene silencing therapy, are used
in the treatment of cancer, but induce side effects. Hence, the need to develop the most effective
anti-cancer therapy with few side effects and high cytotoxicity that will effectively arrest the initiation
and progression of the cancer.

In recent years, many researchers have analyzed natural products and low cost drugs for cancer
cure and prevent cancer development. Plants are a precious source of anti-cancer agents; the use of
plants for cancer treatment is popular in many Asian cultures and today, beneficial compounds from
these plants are used in the production of different modern anti-cancer drugs. Recent studies have
illustrated that adjuvant therapy with natural products could help to prevent the development of
cancer, as well as cure and improve the survival rate of patients.

Several studies have shown the anti-cancer properties of U. dioica, however, to the best of our
knowledge, no previous report has reviewed the effects of U. dioica extracts on different cancer cell
lines and animal cancer models.

Taken together, the main studies on the anti-cancer ability of U. dioica extracts provide a promising
chance for the use of U. dioica as a nutraceutical food for the prevention and treatment of several
cancers, including breast cancer. The various extracts of U. dioica tested, in fact, prevent cancerogenesis,
kill human cancer cells and inhibit their migration. The extracts were not toxic and differences in the
growth of the cancer cells was observed compared to the controls (untreated cancer cells) and normal
cells, indicating their safety and a promising strategy to reduce adverse effects and ameliorate the
efficacy of cancer chemotherapies.

U. dioica may exert biological anti-cancer activities through various mechanisms of actions,
including antioxidant and anti-mutagenic properties, induction or inhibition of key processes in
cellular metabolism and ability to activate the apoptotic pathways. Most anti-cancer drugs induce
apoptosis, as a primary mechanism for inhibition of cell proliferation. The apoptotic effect of U. dioica
in cancer cell lines and animal models was studied at the cellular and molecular levels. The type of cell
death (apoptosis or necrosis) was investigated and the pathways involved in apoptosis induction were
demonstrated, by studying the genes and proteins involved in the apoptosis process.

The U. dioica extracts contain varied bioactive molecules and the ability of these extracts to treat
cancer, is due to those components that inhibit tumor growth and induce the apoptosis pathway.

The principal bioactivity of U. dioica was found in lipophilic fractions (e.g., dichloromethane
extracts), suggesting that lipophilic compounds are mostly responsible for the anti-cancer actions.
From the lipophilic fractions phytosterols, pentacyclic triterpenoids, coumarins, ceramides and hydroxyl
fatty acids were isolated. In the hydrophobic extracts of the roots the sterols stigmast-4-en-3-one,
stigmasterol and campesterol are present, which inhibited the enzyme activity of Na+, K+-ATPase
in patients’ tissues with benign prostatic hyperplasia and may subsequently repress prostate-cell
metabolism and proliferation. The hydrophilic fractions (e.g., water, methanol, ethanol extracts) of
U. dioica also demonstrate a high bioactivity, indicating that even polar active principles are responsible
for the anti-cancer activity. The hydrophilic fractions contain isolectins and some polysaccharides.
In the polar extracts of the roots the lignans as (+)-neoolivil, (-)-secoisolariciresinol, dehydrodiconiferyl
alcohol, isolariciresinol, pinoresinol and 3,4-divanillyltetrahydrofuran are also present.

The most likely explanation for the considerable anti-cancer effect of U. dioica is the content of
flavonoids and other known molecules and/or still unknown substances. Among the food bioactive
molecules of U. dioica, the flavonoids are polyphenolic compounds that are able to induce anti-cancer
effects through different mechanisms such as anti-oxidant activity, induction of apoptosis, inhibition of
cell growth and cell migration. In fact, several plants rich in flavonoids possess disease preventive and
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therapeutic properties and, in particular, the consumption of vegetable and fruit rich in flavonoids is
associated with reduced cancer risk.

Therefore, U. dioica may be used as a nutraceutical food bioactive in cancer treatment to prevent
or reduce cancer without presenting the side effects of current anti-cancer treatments.

However, the effects observed could be caused by several molecules and, probably, molecules that
have not yet been identified. Further studies are required to isolate and characterize the pure bioactive
molecules in this plant to better understand its multiple anti-cancer actions and to explore these
potentials in the fight against human cancers.
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Quantitative determination of plant phenolics in Urtica dioica extracts by high-performance liquid
chromatography coupled with tandem mass spectrometric detection. Food Chem. 2014, 143, 48–53. [CrossRef]
[PubMed]

18. Otles, S.; Yalcin, B. Phenolic compounds analysis of root, stalk, and leaves of nettle. Sci. World J. 2012, 2012,
564367. [CrossRef] [PubMed]

19. Pinelli, P.; Ieri, F.; Vignolini, P.; Bacci, L.; Baronti, S.; Romani, A. Extraction and HPLC analysis of phenolic
compounds in leaves, stalks, and textile fibers of Urtica dioica L. J. Agric. Food Chem. 2008, 56, 9127–9132.
[CrossRef] [PubMed]

20. Krauss, R.; Spitteler, G. Phenolic compounds from roots of Urtica dioica. Phytochemistry 1990, 29, 1653–1659.
[CrossRef]

21. Grevsen, K.; Frette, X.C.; Christensen, L.P. Concentration and composition of flavonol glycosides and phenolic
acids in aerial parts of stinging nettle (Urtica dioica L.) are affected by nitrogen fertilization and by harvest
time. Eur. J. Hortic. Sci. 2008, 73, 20–27.

22. Chaurasia, N.; Wichtl, M. Flavonol Glycosides from Urtica dioica. Planta Med. 1987, 53, 432–434. [CrossRef]
23. Guil-Guerrero, J.L.; Rebolloso-Fuentes, M.M.; Isasa, M.E.T. Fatty acids and carotenoids from Stinging Nettle

(Urtica dioica L.). J. Food Compos. Anal. 2003, 16, 111–119. [CrossRef]
24. Hirano, T.; Homma, M.; Oka, K. Effects of stinging nettle root extracts and their steroidal components on the

Na+, K+-ATPase of the benign prostatic hyperplasia. Planta Med. 1994, 60, 30–33. [CrossRef]
25. Chaurasia, N.; Wichtl, M. Sterols and Steryl Glycosides from Urtica dioica. J. Nat. Prod. 1987, 50, 881–885.

[CrossRef]
26. Sajfrtová, M.; Sovova, H.; Opletal, L.; Bártlová, M. Near-critical extraction of b-sitosterol and scopoletin from

stinging nettle roots. J. Supercrit. Fluid 2005, 35, 111–118. [CrossRef]
27. Carvalho, A.R.; Costab, G.; Figueirinha, A.; Liberal, J.; Prior, J.A.V.; Lopes, M.C.; Cruz, M.T.; Batista, M.T.

Urtica spp.: Phenolic composition, safety, antioxidant and anti-inflammatory activities. Food Res. Int. 2017,
99, 485–494. [CrossRef] [PubMed]

28. Lapinskaya, E.S.; Kopytko, Y. Composition of the lipophilic fraction of stinging nettle (Urtica dioica L. and
U. urens L.) homeopathic matrix tinctures. Pharm. Chem. J. 2008, 42, 699–702. [CrossRef]

29. Di Maro, A.; Pacifico, S.; Fiorentino, A.; Galasso, S.; Gallicchio, M.; Guida, V.; Severino, V.; Monaco, P.;
Parente, A. Raviscanina wild asparagus (Asparagus acutifolius L.): A nutritionally valuable crop with
antioxidant and antiproliferative properties. Food Res. Int. 2013, 53, 180–188. [CrossRef]

30. Pacifico, S.; Galasso, S.; Piccolella, S.; Kretschmer, N.; Pan, S.; Marciano, S.; Bauer, R.; Monaco, P.
Seasonal variation in phenolic composition and antioxidant and anti-inflammatory activities of
Calamintha nepeta (L.) Savi. Food Res. Int. 2015, 69, 121–132. [CrossRef]

31. Pacifico, S.; Piccolella, S.; Nocera, P.; Tranquillo, E.; Dal Poggetto, F.; Catauro, M. New insights into phenol
and polyphenol composition of Stevia rebaudiana leaves. J. Pharm. Biomed. Anal. 2019, 163, 45–57. [CrossRef]
[PubMed]

32. Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J.P.; Tognolini, M.; Borges, G.; Crozier, A. Dietary (poly)phenolics
in human health: Structures, bioavailability, and evidence of protective effects against chronic diseases.
Antioxid. Redox Signal. 2013, 18, 1818–1892. [CrossRef] [PubMed]

33. Pacifico, S.; Piccolella, S. Plant-Derived Polyphenols: A Chemopreventive and Chemoprotectant
Worth-Exploring Resource in Toxicology. In Advances in Molecular Toxicology; Fishbein, J.C., Heilman, J.M.,
Eds.; Elsevier: Amsterdam, The Netherlands, 2015; pp. 161–214.

34. Spina, M.; Cuccioloni, M.; Sparapani, L.; Acciarri, S.; Eleuteri, A.M.; Fioretti, E.; Angeletti, M.
Comparative evaluation of flavonoid content in assessing quality of wild and cultivated vegetables for
human consumption. J. Sci. Food Agric. 2008, 88, 294–304. [CrossRef]

35. Akbay, P.; Basaran, A.A.; Undeger, U.; Basaran, N. In vitro immunomodulatory activity of flavonoid glycosides
from Urtica dioica L. Phytother. Res. 2003, 17, 34–37. [CrossRef] [PubMed]

36. Gülçin, I.; Küfrevioglu, O.I.; Oktay, M.; Büyükokuroglu, M.E. Antioxidant, antimicrobial, antiulcer and
analgesic activities of nettle (Urtica dioica L.). J. Ethnopharmacol. 2004, 90, 205–215. [CrossRef] [PubMed]

183



Molecules 2019, 24, 2753

37. Chrubasik, J.E.; Roufogalis, B.D.; Wagner, H.; Chrubasik, S.A. A comprehensive review on nettle effect and
efficacy profiles, Part I: Herba urticae. Phytomedicine 2007, 14, 423–435. [CrossRef] [PubMed]

38. Chrubasik, J.E.; Roufogalis, B.D.; Wagner, H.; Chrubasik, S. A comprehensive review on the stinging nettle
effect and efficacy profiles. Part II: Urticae radix. Phytomedicine 2007, 14, 568–579. [CrossRef] [PubMed]

39. El Haouari, M.; Rosado, J.A. Phytochemical, Anti-diabetic and Cardiovascular Properties of Urtica dioica L.
(Urticaceae): A Review. Mini Rev. Med. Chem. 2019, 19, 63–71. [CrossRef] [PubMed]

40. Zemmouri, H.; Sekiou, O.; Ammar, S.; El Feki, A.; Bouaziz, M.; Messarah, M.; Boumendjel, A. Urtica dioica
attenuates ovalbumin-induced inflammation and lipid peroxidation of lung tissues in rat asthma model.
Pharm. Biol. 2017, 55, 1561–1568. [CrossRef]

41. Schulze-Tanzil, G. Effects of the antirheumatic remedy hox alpha-a new stinging nettle leaf extract–on
matrix metalloproteinases in human chondrocytes in vitro. Histol. Histopathol. 2002, 17, 477–485. [CrossRef]
[PubMed]

42. Riehemann, K.; Behnke, B.; Schulze-Osthoff, K. Plant extracts from stinging nettle (Urtica dioica),
an antirheumatic remedy, inhibit the proinflammatory transcription factor NF-kappaB. FEBS Lett. 1999, 442,
89–94. [CrossRef]

43. Bisht, R.; Joshi, B.C.; Kalia, A.N.; Prakash, A. Antioxidant-Rich Fraction of Urtica dioica Mediated Rescue of
Striatal Mito-Oxidative Damage in MPTP-Induced Behavioral, Cellular, and Neurochemical Alterations in
Rats. Mol. Neurobiol. 2017, 54, 5632–5645. [CrossRef]

44. Di Sotto, A.; Mazzanti, G.; Savickiene, N.; Staršelskytė, R.; Baksenskaite, V.; Di Giacomo, S.; Vitalone, A.
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