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Cristina Martı́nez-Villaluenga

Selection of Enzymatic Treatments for Upcycling Lentil Hulls into Ingredients Rich in
Oligosaccharides and Free Phenolics
Reprinted from: Molecules 2022, 27, 8458, doi:10.3390/molecules27238458 . . . . . . . . . . . . . 241

Hend Okasha, Tarek Aboushousha, Manuel A. Coimbra, Susana M. Cardoso and

Mosad A. Ghareeb

Metabolite Profiling of Alocasia gigantea Leaf Extract and Its Potential Anticancer Effect through
Autophagy in Hepatocellular Carcinoma
Reprinted from: Molecules 2022, 27, 8504, doi:10.3390/molecules27238504 . . . . . . . . . . . . . 259

Andrea Ianni, Pierdomenico Ruggeri, Pierangelo Bellio, Francesco Martino,

Giuseppe Celenza, Giuseppe Martino and Nicola Franceschini

Salvianolic Acid B Strikes Back: New Evidence in the Modulation of Expression and Activity of
Matrix Metalloproteinase 9 in MDA-MB-231 Human Breast Cancer Cells
Reprinted from: Molecules 2022, 27, 8514, doi:10.3390/molecules27238514 . . . . . . . . . . . . . 273

Irene Dini and Lucia Grumetto

Recent Advances in Natural Polyphenol Research
Reprinted from: Molecules 2022, 27, 8777, doi:10.3390/molecules27248777 . . . . . . . . . . . . . 287

Yong-Kang Wang, Si-Yi Hu, Feng-Yi Xiao, Zhan-Bo Dong, Jian-Hui Ye, Xin-Qiang Zheng,

et al.

Dihydrochalcones in Sweet Tea: Biosynthesis, Distribution and Neuroprotection Function
Reprinted from: Molecules 2022, 27, 8794, doi:10.3390/molecules27248794 . . . . . . . . . . . . . 309

Juciane Prois Fortes, Fernanda Wouters Franco, Julia Baranzelli, Gustavo Andrade Ugalde,

Cristiano Augusto Ballus, Eliseu Rodrigues, et al.

Enhancement of the Functional Properties of Mead Aged with Oak (Quercus) Chips at Different
Toasting Levels
Reprinted from: Molecules 2023, 28, 56, doi:10.3390/molecules28010056 . . . . . . . . . . . . . . . 323
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Abstract: The aim of the present study is to investigate the phytochemical composition of tiger
nut (TN) (Cyperus esculentus L.) and its neuroprotective potential in scopolamine (Scop)-induced
cognitive impairment in rats. The UHPLC-ESI-QTOF-MS analysis enabled the putative annotation of
88 metabolites, such as saccharides, amino acids, organic acids, fatty acids, phenolic compounds and
flavonoids. Treatment with TN extract restored Scop-induced learning and memory impairments. In
parallel, TN extract succeeded in lowering amyloid beta, β-secretase protein expression and acetyl-
choline esterase (AChE) activity in the hippocampus of rats. TN extract decreased malondialdehyde
levels, restored antioxidant levels and reduced proinflammatory cytokines as well as the Bax/Bcl2
ratio. Histopathological analysis demonstrated marked neuroprotection in TN-treated groups. In
conclusion, the present study reveals that TN extract attenuates Scop-induced memory impairments
by diminishing amyloid beta aggregates, as well as its anti-inflammatory, antioxidant, anti-apoptotic
and anti-AChE activities.

Keywords: Cyperus esculentus; tiger nut; metabolomics; UHPLC-ESI-QTOF-MS/MS; foodomics;
scopolamine; memory impairments

1. Introduction

Alzheimer’s disease (AD) is a progressive neurologic disorder characterized by the
presence of senile amyloid-beta (Aβ) plaques and neurofibrillary tangles leading to neurode-
generation. It is the most prevalent cause of dementia, accounting for about 60% of cases [1].
It is anticipated that the global burden of AD will rise to reach 106.8 million cases by 2050 [2].
AD patients suffer from a progressive loss of cognitive abilities resulting in memory and
learning dysfunctions that are mainly correlated with declines in the cholinergic neuro-
transmission system [3]. Several factors have been implicated in the pathophysiology of
AD including genetic mutations, Aβ accumulation, hyper-phosphorylation of tau protein,
oxidative stress, mitochondrial dysfunction, inflammation and apoptosis. These factors
likely act synergistically through complex interactions to promote neurodegeneration [4,5].

Molecules 2022, 27, 7118. https://doi.org/10.3390/molecules27207118 https://www.mdpi.com/journal/molecules
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Scopolamine (Scop), a muscarinic cholinergic receptor antagonist, has been generally
approved to induce memory deficits in experimental animals and to search for and evaluate
anti-dementia drugs. Following Scop administration, the cholinergic neurotransmission
is blocked and animals exhibit diminished cognitive performance [6]. Additionally, it has
been reported that a Scop injection resulted in cognitive impairment together with changes
in oxidative stress in the rat brain [7]. Recently, Tang et al., (2019) concluded that Scop is
a useful pharmacological model simulating the pathological cellular alterations seen in
AD patients and other AD models such as impaired antioxidative defense system, raised
oxidative stress, mitochondrial dysfunction, apoptosis and neuroinflammation [3].

Until now, there has been no effective treatment for AD and currently available drugs
exhibit minimal effect and poor control on the disease, targeting its late aspects with
numerous side effects and fatal complications. These drugs slow down the progression
of the disease and relieve the symptoms but at the same time fail to reach a definite
cure [8]. Nowadays, there is a worldwide focus on the prospective of using natural herbs
as neuroprotective agents.

Tiger nut (TN) (Cyperus esculentus L.) is a perennial plant belonging to the family
Cyperaceae. The edible part of the plant is the spherical rhizome from the base of the
tuber [9]. TN is known by other names such as Zulu nut, chufa (in Spanish), earth chestnut,
yellow nutsedge, rush nut as well as ground almond [10]. It is consumed widely in western
and eastern Africa and southern Europe, particularly Spain [11]. Cyperus esculentus L. is
known in Egypt as “habb el ‘aziz” and it is one of the most ancient Egyptian crops [12]. It
has been found in jars in pharaonic tombs [13]. TN can be eaten raw, roasted, soaked in
water, baked or even as a refreshing drink known in Spain as tiger nut milk or horchata
de chufas [9]. Several studies were performed to evaluate the nutritional value of TN
and TN-derived products, revealing the benefits of consuming TN for general health and
development for all ages. The tubers contain high amounts of carbohydrates and crude
fibers. Studies have shown that the tubers are rich in sodium, phosphorus and calcium and
show low levels of manganese, zinc, magnesium, copper and iron mineral contents [14].
They also contain vitamins A, C and E, together with several essential amino acids [15].
Further, TN oil is rich in oleic acid, palmitic and linoleic acids [16], which possibly mediate
for its biological potential.

Plant phytochemicals vary across different matrices and exhibit a myriad of biological
activities [17,18]. The phytochemical investigation of Cyperus esculentus L. revealed the
presence of flavonoids, sterols, alkaloids, tannins and saponins [19]. These phytochemicals
may be responsible for the various biological activities reported on tiger nuts, whether in
folk uses or in different studies. The tubers are known to be used as diuretics, tonics, stimu-
lants, emmenagogues and aphrodisiacs [15]. They are used to treat indigestion, flatulence,
dysentery and diarrhea [20]. TN is used in the management of several pathophysiological
conditions such as: coronary heart disease, hypercholesterolemia, colon cancer, obesity,
diabetes, anemia and as an antimicrobial agent. Several reports showed that TN exhibits
strong antioxidant activity [21]. This antioxidant activity may contribute to the managing
of many oxidative stress-related diseases.

Several studies highlighted the implication of tiger nuts in biological health promotion
and novel technological forms of foods in the Mediterranean region, together with the tradi-
tional uses of tiger nuts to improve memory and cognitive properties [22]. Nevertheless, the
detailed phytochemical composition, or the neuroprotective mechanisms, of Cyperus escu-
lentus L. have not been extensively explored. Therefore, our study aimed to investigate the
phytochemical composition of Cyperus esculentus L., using UPLC-ESI-QTOF-MS analysis.
Additionally, the potential neuroprotective effect of different doses of TN in Scop-induced
memory deficit was assessed in rats in order to verify the putative mechanisms underlying
this effect.
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2. Results

2.1. Metabolite Profiling Using LC/MS

The ethanolic extract of TN was analyzed by UHPLC-ESI-QTOF-MS with the aim to
characterize the phytochemical composition that could be responsible for the neuroprotec-
tive potential. The base peak chromatogram (BPC) of that analysis is shown in Figure 1.
After data processing, 97 potential molecular features were obtained and proposed for an-
notation. Information on these molecular features (retention time, m/z, formula molecular,
ms/ms fragments, relative abundance, etc.) is shown in Table 1. According to the identifi-
cation guidelines proposed by Sumner et al., [23], 58 compounds were annotated at level 2
by comparing their MS/MS spectra with those present in the databases, 30 solely based on
their molecular formula and MS1 spectra (level 3) and 9 molecular features remained as
unknowns (level 4).

 

Figure 1. Base peak chromatogram (BPC) of the ethanolic extract of TN analyzed by UHPLC-ESI-
QTOF-MS. The numbers refer to the dominant compounds in the BPC (see Table 1 for the tentative
identity of these compounds).

Among the annotated compounds, phytochemicals belonging to the families of sac-
charides, amino acids, organic acids, fatty acids, phenolic compounds and flavonoids have
been detected. In general, there is a high presence of fatty acids in the phytochemical
composition of these matrices according to their relative abundances. This high presence of
fatty acids, monounsaturated (e.g., oleic acid, eicosenoic acid, ricinoleic acid), polyunsatu-
rated (e.g., linoleic acid, linolenic acid, docosahexaenoic acid) and saturated (e.g., stearic
acid), agrees with previous studies that describe the relevance of fatty acids in Cyperus
Esculentus Lativum [24]. Several of these fatty acids have been described as having an
important role in regulating several processes within the brain and having neuroprotective
properties [25]. Oleic acid (OA) has been detected with the highest relative abundance
among the 97 compounds. The high concentration of this compound could be of great
relevance, given that neuroprotective potential has been demonstrated for this compound.
For instance, Song et al., (2019) carried out a study with OA in a rodent model of cerebral
ischemia, showing the potential neuroprotective effects of this metabolite [26].

In addition, the presence of monosaccharides and oligosaccharides has also been
detected in a high relative abundance. Different families of phenolic compounds have also
been characterized, such as phenolic acids (ferulic acid, caffeoylquinic acid, etc.), flavonoids
(e.g., apigenin, kaempferol, luteolin, etc.) and glycosylated flavonoids, etc. Although these
compounds are found in lower relative concentrations, the neuroprotective potential of
many of these compounds has been described in the literature [27–29].

Other families of compounds have also been detected, such as amino acids (tryptophan,
arginine, phenylalanine, etc.), vitamins (pantothenic acid), nucleosides (guanosine, uridine,

3
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etc.) or organic acids (quinic acid and citric acid, etc.). Some of these have also been shown
to play a role in neurodegenerative processes, such as tryptophan-related metabolites [30].
However, the relative abundance of these metabolites seems minor compared with the fatty
acids detected. In any case, according to the literature, many of the annotated metabolites
may contribute to the potential neuroprotective effect of this plant matrix, also considering
possible synergistic effects between the different phytochemical compounds [31].

2.2. Effect of Different Doses of TN on Scop-Induced Behavioral Changes in Rats

In the MWM probe test, Scop-treated rats failed to recall the exact location of the
platform, as evidenced by spending significantly less time in the target quadrant than the
control rats by approximately 60.75%. On the other hand, the reduced time spent within
the target quadrant by Scop-treated rats was significantly reversed by donepezil and TN
50, 100 or 200 mg by approximately 2-fold, 1.3-fold, 1.7-fold and 1.8-fold, respectively,
demonstrating that TN ameliorated the Scop-induced deficiency in the memory of the
animals (F (14, 79) = 57, p < 0.0001) (Figure 2b).

 

(a) (b) 

 
 

(c) (d) 

Figure 2. Experimental timeline (a). Effect of different doses of TN on the time spent in the target
quadrant during the probe trial session in the MWM (b). Percentage of spontaneous alternation
(c). Number of arm entries (d) in the Y maze test. Values are expressed as the mean ± SD (n = 15).
Values are statistically significant at p < 0.05 versus the control group, p < 0.05 versus the Scop-treated
group and p < 0.05 versus the donepezil-treated group.
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The administration of Scop revealed that short-term memory deficit manifested
through a marked drop in the percentage of spontaneous alternation by approximately
42.53%, as well as a significant increment in the locomotor activity (the number of arm
entries) by approximately 2-fold in the Y-maze test compared with the control rats. In
contrast, compared with Scop, treatment with donepezil and TN 50, 100 or 200 mg signifi-
cantly mitigated the decline of the spontaneous alternation percentage by approximately
1.6-fold, 1.2-fold, 1.6-fold and 1.7-fold, respectively (F (14, 84) = 61.98, p < 0.0001) (Figure 2c).
Donepezil and TN 100 or 200 mg also decreased the locomotor activity by approximately
50.61%, 33.37% and 44.29%, respectively (F (14, 70) = 99.02, p < 0.0001) (Figure 2d).

2.3. Effect of Different Doses of TN on Scop-Induced Alterations in AChE Activity

Rats injected with Scop exhibited a significant rise in hippocampal AChE activity
by approximately 0.9-fold compared with the control group. Nevertheless, the admin-
istration of donepezil and TN 100 or 200 mg significantly suppressed the AChE activity
(F (5, 30) = 22.51, p < 0.0001) by approximately 39.01%, 20.85% and 26.74%, respectively,
compared with the Scop group values (Figure 3).

Figure 3. Effect of different doses of tiger nut on Scop-induced alterations in AChE activity. Values
are expressed as the mean ± SD (n = 6). Values are statistically significant at p < 0.05 versus the
control group, p < 0.05 versus the Scop-treated group and p < 0.05 versus the donepezil-treated group.

2.4. Effect of Different Doses of TN on Scop-Induced Oxidative Stress

Scop produced a state of oxidative stress, revealed by the dramatic elevation in the hip-
pocampal MDA level (by ≈ 2.5-fold) along with a significant decline in hippocampal GSH
content (by 37.03%) and SOD and CAT activity (by 66.65% and 62.61%, respectively) com-
pared with the control animals. However, donepezil and TN 200 mg treatment ameliorated
the Scop-induced increase in MDA levels (F (5, 30) = 16.71, p < 0.0001) by approximately
39.04% and 32.79% respectively. Interestingly, compared with the Scop group rats, only
donepezil increased the GSH content (F (5, 30) = 6.481, p < 0.0003) by approximately 1.4-
fold, while donepezil and TN 100 or 200 mg elevated the SOD activity (F (5, 30) = 28.82,
p < 0.0001) by approximately 2.3-fold, 2.2-fold and 2.5-fold, respectively, as well as the
CAT activity (F (5, 30) = 12.61, p < 0.0001) by approximately 2.5-fold, 2.7-fold and 2.7-fold,
respectively (Figure 4a–d).
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(a) (b) 

  
(c) (d) 

Figure 4. Effect of different doses of tiger nut on Scop-induced oxidative stress. (a) MDA, (b) GSH,
(c) SOD and (d) CAT. Values are expressed as the mean ± SD (n = 6). Values are statistically significant
at p < 0.05 versus the control group, p < 0.05 versus the Scop-treated group and p < 0.05 versus
donepezil-treated group.

2.5. Effect of Different Doses of TN on Scop-Induced Neuroinflammation

As shown in Figure 5a and b, Scop triggered inflammation via elevating the TNF-α
and IL-1β levels by 4.7-fold and 3.5-fold, respectively, in comparison with the control rats.
On the other hand, treatment with donepezil and TN 50 or 100 or 200 mg induced a marked
improvement in Scop-induced neuroinflammation, as evidenced by the decrease in TNF-α
levels (F (5, 30) = 252.3, p < 0.0001) by approximately 33.57%, 90.41%, 64.74% and 50.09%,
respectively, and IL-1β levels (F (5, 30) = 165.6, p < 0.0001) by approximately 34.87%, 86.38%,
72.52% and 52.29%, respectively, of the Scop group values.
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(a) (b) 

Figure 5. Effect of different doses of tiger nut on Scop-induced neuroinflammation. (a) TNF-α and
(b) IL-1β. Values are expressed as the mean ± SD (n = 6). Values are statistically significant at
p < 0.05 versus the control group, p < 0.05 versus the Scop-treated group and p < 0.05 versus the
donepezil-treated group.

2.6. Effect of Different Doses of TN on Scop-Induced Apoptosis

Scop administration resulted in a dramatic up-regulation of the hippocampal pro-
apoptotic Bax mRNA expression and the Bax/Bcl2 ratio by approximately 11.9-fold and
35.8-fold, respectively, along with a significant down-regulation of the hippocampal anti-
apoptotic Bcl2 mRNA expression by approximately 34.72% compared with the control
group. Donepezil and TN 100 or 200 mg significantly reversed the increase in the Bax
mRNA expression (F (5, 30) = 77.24, p < 0.0001) by approximately 26.39%, 65.20% and
39.49%, respectively, in comparison with the Scop-treated rats. Additionally, treatment with
donepezil and TN 50 or 100 or 200 mg attenuated Scop-induced apoptosis, as demonstrated
by the increase in the Bcl2 mRNA expression (F (5, 30) = 68.25, p < 0.0001) by approximately
2.2-fold, 1.4-fold, 1.7-fold and 2.2-fold, respectively, as well as the reduction in the Bax/Bcl2
ratio (F (5, 30) = 65.76, p < 0.0001) by approximately 11.65%, 62.18%, 36.36% and 17.73%,
respectively, of the Scop group values (Figure 6a–c).

 

 

(a) (b) 

Figure 6. Cont.
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(c) 

Figure 6. Effect of different doses of tiger nut on Scop-induced apoptosis. (a) Bax, (b) Bcl2 and
(c) Bax/Bcl2 ratio. Values are expressed as the mean ± SD (n = 6). Values are statistically significant
at p < 0.05 versus the control group, p < 0.05 versus the Scop-treated group and p < 0.05 versus
donepezil-treated group.

2.7. Effect of Different Doses of TN on Scop-Induced Alterations in Aβ and β-Secretase
Protein Expression

Scop markedly up-regulated the hippocampal Aβ and β-secretase protein expression
by approximately 6-fold compared with the control animals. However, donepezil and TN
50 or 100 or 200 mg significantly ameliorated the increase in both the Aβ protein expression
(F (5, 30) = 157.1, p < 0.0001) reaching approximately 47.79%, 46.88%, 40.74% and 34.54%,
respectively, and the β-secretase protein expression (F (5, 30) = 313.5, p < 0.0001) reaching
approximately 37.94%, 36.73%, 40.25% and 28.50%, respectively, in comparison with the
Scop-treated rats. (Figure 7a,b).

 

 
(a) (b) 

Figure 7. Effect of different doses of TN on Scop-induced alterations in (a) Aβ and (b) β-secretase
protein expression. Values are expressed as the mean ± SD (n = 6). Values are statistically significant
at p < 0.05 versus the control group, p < 0.05 versus the Scop-treated group and p < 0.05 versus
donepezil-treated group. Representative western blots are depicted.
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2.8. Effect of Different Doses of TN on Scop-Induced Histopathological Alterations and Neuronal Loss

Photomicrographs from the control rats revealed no histopathological alterations,
with normal histological features of the hippocampus showing intact pyramidal neurons
and intracellular brain matrices (Figure 8a). Additionally, Nissl staining of the control
group demonstrated normal intact neurons (Figure 8g,m). On the other hand, Scop-treated
rats exhibited severe neuronal necrosis and degeneration, together with mild intracellular
edema and extensive gliosis, compared with the control group (Figure 8b). Furthermore,
marked neuronal loss was observed by Nissl staining (Figure 8h,m). The administration
of donepezil produced significant neuroprotective effects, showing intact neurons with
minimal neurodegenerative changes. However, persistent gliosis was observed (Figure 8c).
Furthermore, donepezil ameliorated the neuronal loss, as evidenced by the Nissl staining
(Figure 8i,m). Interestingly, TN 100 or 200 mg demonstrated marked neuroprotection,
resembling donepezil showing intact neurons with minimal neurodegenerative changes,
with TN 200 mg presenting diminished gliosis (Figure 8e,f). Furthermore, TN 100 or 200 mg
amended the neuronal loss, verified by the Nissl staining (Figure 8k–m). However, TN
50 mg revealed negligible neuroprotective effects, exhibiting almost the same histological
alterations seen in the Scop group (Figure 8d), with significant neuronal loss detected by
Nissl staining (Figure 8j,m).

Figure 8. Effect of different doses of TN on Scop-induced histopathological alterations and neuronal
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loss. (a–f): specimens stained with H&E (400× magnification). (a) The control group showed a
normal hippocampal structure; (b) the Scop group showed severe neuronal necrosis and exten-
sive gliosis; (c) the donepezil group showed minimal neurodegenerative changes and persistent
gliosis; (d) the TN 50 mg group showed severe neuronal necrosis and extensive gliosis; (e) the
TN 100 mg group showed minimal neurodegenerative changes; (f) the TN 200 mg group showed
minimal neurodegenerative changes and diminished gliosis. (g–l) Specimens stained with Nissl
(400× magnification). (m) Number of Nissl-stained cells (intact neurons). Statistical analysis was
carried out using one-way ANOVA followed by the Tukey–Kramer multiple comparison test. Values
are expressed as the mean ± SD. Values are statistically significant at p < 0.05 versus the control
group, p < 0.05 versus the Scop-treated group and p < 0.05 versus donepezil-treated group.

3. Discussion

TN extract offers antioxidant [44,45], anti-inflammatory, neuroprotective [46] and
beneficial effects in memory-related disorders [47]. Therefore, the aim of the present study
was to investigate the protective effect of TN extract on Scop-induced memory impairment
in rats. Scop is a muscarinic cholinergic receptor antagonist, causing cognitive decline by
increasing AChE activity, oxidative stress and neuroinflammation in the rat brain, thus
developing AD-like symptoms [48,49]

The MWM is the most widely-employed behavioral test for studying hippocampal-
spatial learning and reference memory in rodents. Moreover, it is used to recognize drugs
capable of reducing or preventing memory loss, i.e., drugs with anti-amnesic properties [50].
Learning is defined as a decline over trials in the latency to locate the sunken platform. [51].
During the acquisition phase, the mean escape latency, which is the time each mouse
spent to find the platform, was significantly increased in the Scop group, while treatment
with donepezil significantly reversed this alteration. However, treatment with TN (100
and 200 mg/kg) significantly decreased the mean escape latency compared with the Scop
group values. In the probe test, the time spent in the target quadrant was measured to
indicate the animals’ ability to recall the precise location where the platform was previously
retained [51]. The Scop-treated rats showed the least time spent in the target quadrant,
indicating an impairment in spatial learning and memory. On the other hand, the admin-
istration of donepezil restored the time spent in the target quadrant to the control levels.
TN extract (100 and 200 mg/Kg) presented the highest time spent in the target quadrant,
indicating reestablished memory. The Y-maze is a spontaneous alteration behavioral test,
based on the willingness of rodents to explore a completely new environment in order to
understand their spatial learning and memory [52]. Alteration behavior is a measure of
immediate spatial working memory, a form of short-term memory [53], and the number
of arm entries serves as an indicator of locomotor activity [54]. In the present study, the
Scop group demonstrated an increase in locomotor activity, as evidenced by a significant
increase in the number of arm entries compared with the control group, in addition to a
significant decrease in short-term memory performance, as demonstrated by the decreased
spontaneous alteration percentage in relation to the control group. The administration of
donepezil reversed the high locomotor activity and the low spontaneous alteration per-
centage. Treatment with TN (100 and 200 mg) showed a greater exploratory drive and that
learning and short memory have been restored through the lowering of the locomotor ac-
tivity and increasing the spontaneous alteration, thus ameliorating the decreased alteration
behavior induced by Scop. Improvement in MWM and Y-maze measured parameters by
treatment with TN (100 and 200 mg/kg) supported its beneficial effect in reestablishing the
rats’ spatial learning, memory and exploratory behavior, which may indicate TN’s positive
effects on postponing neurodegeneration. The fatty acid-enriched profile of TN extract
could be associated with ameliorated spatial learning impairment, as tested by MWM. HE
et al., [55] reported that maintaining high docosahexaenoic acid (DHA) levels in the brain,
either endogenously or supplemented, significantly improved hippocampal neurogenesis,
as represented by the higher number of proliferating neurons in addition to neuritogenesis.
Additionally, the flavonoids also contribute to the neuroprotective effects of tiger nuts.
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For instance, luteolin, a major metabolite of TN, has been well-reported for its positive
impact on the cognitive functions and spatial learning in an AD-induced-rat model [56].
Luteolin (at 10, 20 mg/kg) reduced the escape latency and the distance traveled in the
Morris water maze, while the time spent in the target quadrant notably increased. Several
studies have revealed that flavonoids such as luteolin exert this effect via the modulation
of brain neurotransmitters acting on the cholinergic and glutamatergic systems [57].

It is well known that AD pathophysiology includes the formation of extracellular senile
plaques, which consist of Aβ peptide aggregates [58], that are responsible for cognitive
decline, memory loss and significant inflammatory response [59]. Excessive production of
the neurotoxic Aβ peptide from the amyloid precursor protein (APP) cleavage is done by
β-secretase, which is the rate-limiting enzyme in this process [60]. Therefore, the down-
regulation of the β-secretase expression inhibits Aβ generation [61]. In our study, the Scop
up-regulated the hippocampal Aβ and β-secretase expression compared with the control
group. The administration of donepezil significantly lowered the Aβ1-42 and β-secretase
expression, which correlates with the study of Patel and his colleagues [62]. Interestingly,
the Aβ1-42- and β-secretase-lowering effects of TN at the doses of 50–200 mg were nearly
comparable with those of the donepezil-treated group, which may suggest a beneficial
effect of TN in decreasing the disease burden.

Furthermore, the accumulation of Aβ plaques can overstimulate microglia, which
produce extensive amounts of pro-inflammatory cytokines (TNF-α and IL-1β), eliciting a
cascade of neuroinflammation that mediate neurotoxicity and eventually AD [59]. In the
present study, Scop induced a strong inflammatory response through the up-regulation of
TNF-α and IL-1β levels in the hippocampus of rats. Treatment with donepezil alleviated
the Scop-induced neuroinflammation by diminishing the TNF-α and IL-1β levels, signify-
ing anti-inflammatory properties. These results correlate with previously demonstrated
data [63,64]. TN (50, 100 and 200 mg/kg) treatment managed to mitigate Scop-induced
neuroinflammation, suggesting the significant anti-inflammatory activity of TN, which
was also reported for other Cyperus species [46] in a dose-dependent manner. The de-
crease in the pro-inflammatory cytokines may also prevent the over-activation of the
hippocampal cells, thus can diminish Aβ accumulation [59]. This promising neuropro-
tective effect could be offered by the fatty acids as represented by linolenic acid, with a
reported ameliorative effect on Aβ-induced glial-cell-mediated neuroinflammation and
cognitive dysfunction in mice [65]. On the other hand, several mechanisms were pos-
tulated regarding the potential of flavonoids for decreasing Aβ accumulation [66]. This
includes exerting an anti-amyloidogenic activity, interfering with the hyperphosphory-
lation of tau proteins and β-secretase inhibition [66]. Further, certain flavonoids, such
as myricetin, quercetin, catechin and luteolin, are capable of modulating the signaling
pathways implicated in neurodegeneration as represented by glycogen synthase kinase-3β
(GSK-3β), phosphatidylinositol-3-kinase/ protein kinase B (PI3K/Akt), tyrosine kinase and
the mitogen-activated protein kinase (MAPK) pathways [67–69].

Aβ peptide is documented to be associated with reactive oxygen species’ generation,
leading to the aggregation of Aβ and plaque formation [70]. Oxidative stress elicits lipid
peroxidation, together with decreased GSH and antioxidant enzymes, which leads to
cholinergic neuronal damage and cognitive dysfunctions [71]. Oxidative stress is among
the fundamental mechanisms of cell damage following the administration of Scop [72]. In
our study, Scop produced a state of oxidative stress, revealed by the dramatic elevation in
the hippocampal MDA level, a reliable oxidative stress marker, and the significant decline in
hippocampal anti-oxidative defenses, which are GSH, SOD and CAT activities. Donepezil
succeeded in decreasing hippocampal MDA and in increasing hippocampal GSH, SOD and
CAT activity, indicating an increase in antioxidant defenses in the brain. These outcomes
were apparently relevant with previous studies [73,74]. However, TN did not enhance
antioxidant activity in all its measured parameters, where only TN (200 mg/kg) decreased
the elevated hippocampal MDA, while TN (100 and 200 mg/kg) elevated the SOD and
CAT activity only. This antioxidant effect is in part due to the flavonoid content. Several
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mechanisms of action were assigned for plant flavonoids, to include radical scavenging
activity, enhancing the antioxidant enzymes while suppressing the oxidases in addition to
metal chelation [75]. In the same context, Moghaddam et al., [76] reported the potential of
hesperitin for increasing the antioxidant enzymes, as represented by SOD, CAT, glutathione
peroxidase and glutathione reductase, thus resulting in the alleviation of the oxidative
stress in the hippocampus.

In the present study, Scop-treated rats showed an increase in hippocampal AChE
activity, leading to cognitive impairment and memory loss, as in tune with previously
documented data [77], causing amplified acetylcholine degradation and impairment in
learning and memory. Donepezil and its metabolites are reversible AChE inhibitors [78].
The administration of donepezil and TN (100 and 200 mg/kg) managed to increase cholin-
ergic activity and to reverse the impairment of cognitive function through the inhibition of
hippocampal AChE activity. These results suggest that TN could inhibit cholinergic neu-
ronal loss and cognitive impairment. Long chain polyunsaturated fatty acids (LC-PUFA)
constitute an integral part of the brain neuronal composition [79]. Alpha-linolenic acid
(ALA, n-3) is converted in vivo to eicosapentaenoic acid (EPA) and DHA. Interestingly,
the supplementation of DHA has been reported to improve cholinergic transmission in
animal models [80]. Additionally, ALA has been recognized as a potential dietary AChE
inhibitor [81]. On the other hand, several flavonoids, such as luteolin and naringenin, are
able to provoke AChE inhibitory activity as reported both in animal models or in vitro
studies [82,83]. This is quite relevant due to the presence of several flavonoids in the
extract used, such as luteolin, cirsimaritin, apigenin, kaempferide, naringenin, kaempferol,
isokaempferide and various derivatives of these. Flavonoids have the ability to inhibit
the activity of cholinesterases, including AChE, butyrylcholinesterase and β-secretase,
that are implicated in neuroprotective and cognitive functions. This family of phenolic
compounds has shown that they can interact with several signaling protein pathways, such
as PI3-kinase/Akt and ERK, and can modulate their actions, leading to biological benefits
related to neuroprotection [27,28,83].

Previous persuasive data has proved that apoptotic mechanisms are a part of AD
progression that are elicited by oxidative stress and inflammation. Thus, hindering both
oxidative stress and inflammation and subsequently preventing apoptosis can account for
diminishing neuronal damage and consequent cognitive impairment [84]. In the present
study, Scop significantly up-regulated the hippocampal pro-apoptotic protein Bax mRNA
level, which causes cell death [85], down-regulated the hippocampal anti-apoptotic Bcl2
mRNA level, which acts as an anti-apoptotic factor [86] and significantly up-regulated the
Bax/Bcl2 ratio. Treatment with donepezil significantly reversed Scop-induced effects and
managed to diminish the pro-apoptotic Bax mRNA level and the Bax/Bcl2 ratio and to
increase the anti-apoptotic Bcl2 mRNA level. These results are consistent with the previous
results [87,88]. The administration of TN extract (100 and 200 mg/kg) decreased the Bax
mRNA overexpression, while all doses of TN extract (50, 100 and 200 mg/kg) promoted the
Bcl2 mRNA expression, thus reducing the Bax/Bcl2 ratio, which indicates an anti-apoptotic
effect.

Therefore, these results indicate that TN could ameliorate cognitive and memory
dysfunction by diminishing Aβ aggregates, some oxidative stress and inflammation and
subsequently modifying neural apoptosis. Similarly, previous reports have demonstrated
the inhibitory effect of the total flavonoids of Scutellaria baicalensis on neuronal apoptosis,
as elicited by amyloid beta-peptide. This effect was evoked by the decreased expression of
the pro-apoptotic protein Bax, cytochrome c and caspase-3, concurrent with the increased
expression level of Bcl2, in a dose-dependent matter [89]. Regarding the lipid profile, n-3
fatty acids are well documented to maintain a healthy nervous system [90]. In a previous
study by Ajami et al., [91], long-term administration (21 days) of a mixture of DHA and
EPA supplements before inducing ischemia in the hippocampus of rats, increased the Bcl-2
expression level and decreased the Bax expression 48 h after ischemia, together with a
reduced count of neuronal cell loss in the hippocampus.
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The histopathological examination of sections from the Scop group revealed neu-
rodegeneration, with extensive gliosis and neuronal loss, while treatment with donepezil
showed minimal neurodegeneration and neuronal loss, with less gliosis. Sections from the
TN (100 and 200 mg/kg) groups demonstrated marked neuroprotection, as evidenced by
intact neurons with minimal neurodegeneration. However, diminished gliosis was obvious
with the TN (200 mg/kg) extract.

4. Materials and Methods

4.1. Plant Material and Extraction

Cyperus esculentus L. rhizomes were purchased from a local market “Harraz”, Cairo,
Egypt. The identity of the plant was confirmed by staff members at the Egyptian Agri-
cultural Museum. A voucher specimen (20.5.2020.1) was deposited at the herbarium of
Pharmacognosy Department, Faculty of Pharmacy, Cairo University, Cairo, Egypt. One
Kg of tiger nut rhizomes were extracted by maceration, using ethanol (analytical grade,
El-Gomhuria Chemical Company, Cairo, Egypt), being an inexpensive and simple con-
ventional method for the extraction of plant material [92]. The filtered extract was then
evaporated using a rotary evaporator and the resultant oily extract was kept in a refrigerator
at −8 ◦C for further analysis.

4.2. UHPLC-ESI-QTOF-MS Profiling

A solution at a concentration of 10 mg/mL was prepared from the dry extracts for
analysis by mass-spectrometry coupled with liquid-chromatography. Specifically, samples
were analysed using an ACQUITY UPLC H-Class System (Waters, Milford, MA, USA)
coupled with a QTOF-MS (Synapt G2, Waters Corp., Milford, MA, USA). The chemical
compounds were separated using a reversed-phase C18 analytical column (Agilent Zorbax
Eclipse Plus, 1.8 μm, 4.6 × 150 mm) at 22 ◦C. The mobile phases were H2O containing 0.5%
of acetic acid and methanol as solvent A and B, respectively. The following mobile phase
gradient was used in order to achieve an efficient separation: 0.0 min (A:B 100/0), 15.0 min
(A:B 40/60), 33.0 min (A:B 0/100), 46.0 min (A:B 0/100) and 55.0 min (A:B 100/0). The flow
rate and the injection volume were 400 μL/min and 10 μL, respectively. Detection was
performed in an electrospray negative-ion mode (ESI-) over a range from 50 to 1200 m/z.
The MS acquisition was performed using two parallel scan functions by rapid switching, in
which one scan was operated at a low collision energy in the gas cell (4 eV) and the other at
an elevated collision energy (MSE energy linear ramp: from 20 to 60 eV). Leucine enkephalin
was injected continuously during the analysis for mass calibration at a concentration of
300 ng/mL. Other MS parameters were as follows: capillary voltage 2.2 kV, cone voltage
30 V; desolvation temperature 500 ◦C; desolvation gas flow 700 L/h; cone gas flow 50 L/H;
source temperature 100 ◦C; scan duration 0.1 s, resolution 20000 FWHM.

4.3. UHPLC-ESI-QTOF-MS Data Processing

Firstly, the raw data files were transformed to an mzML format using MSConverGUI
software [93]. The MS data were processed through the open-source software MZmine
2.53 [94,95]. A noise level of 1.0 × 103 was selected. An ADAP chromatogram builder
method was used under the following parameters: MS level: 1; min number of scans:
9; group intensity threshold: 1.0 × 103; min highest intensity: 1.0 × 104; m/z tolerance:
10 ppm. After that, the chromatogram was deconvoluted and was performed using the
wavelets (ADAP) algorithm and the following parameters: S/N threshold: 50; min feature
height: 5 × 104; coefficient/area threshold: 110; peak duration range: 0.05–0.3 min; RT
wavelet range: 0–0.30. An isotopic peak grouper algorithm was also applied (m/z tolerance:
10 ppm; RT tolerance: 0.02 min, maximum charge: 2). The obtained features were aligned
between samples using the “Join Aligner” algorithm, an m/z tolerance of 10 ppm and a RT
tolerance of 0.1 min. The molecular features, which were also detected in blank samples,
were removed from the final dataset. Finally, the molecular formulas of the final features
were predicted using Sirius 4.4.29 [96], and the biological identities were annotated by
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comparing the MS/MS spectra of different databases (e.g., MoNA, Massbank, HMDB,
FoodDB, etc.) with the fragments detected in the MSE scans.

4.4. Biological Study
4.4.1. Animals

Adult male Wistar rats (4 months old) weighing 150–200 g were provided by the
animal facility of the Faculty of Pharmacy Cairo University, Egypt and were housed under
controlled environmental conditions of constant temperature (22 ± 2 ◦C), relative humidity
of 60 ± 10%, and a light/dark cycle (12/12-h). The rats were fed with standard chow
diet and water was provided ad libitum. The experimental protocol was approved by
the Ethics Committee for Animal Experimentation (PT: 3081) and adheres strictly to the
recommendations of the National Institutes of Health Guide for Care and Use of Laboratory
Animals (2011).

4.4.2. Drugs and Chemicals

Scop hydrobromide trihydrate and tween 80 were purchased from Sigma-Aldrich
Co. (St Louis, MO, USA). Donepezil was purchased from Pfizer Pharmaceuticals Com-
pany (Cairo, Egypt). Scop was dissolved in a saline solution (0.9% NaCl) and injected
intraperitoneally (i.p.) at a volume of 1 mL/kg. Donepezil was dissolved in saline and
administrated orally (p.o.) at a volume of 5 mL/kg. All other chemicals were of the highest
analytical grade.

4.4.3. Experimental Design

As depicted in Figure 2a, the rats were acclimatized for 1 week and randomly divided
into six groups, each containing 15 animals. The whole experimental schedule was followed
for 14 consecutive days. Group I: rats received saline i.p. and 1% tween 80 p.o. for 14 days
and served as the control group. Group II: rats received 1% tween 80 p.o. for 14 days and
Scop (1 mg/kg, i.p.) 30 min before the behavioral experiments on all days of behavioral
testing [97]. Group III: rats received donepezil (5 mg/kg, p.o.) dissolved in saline for
14 days [98] and Scop as group II and served as the standard drug group. Group IV: rats
received TN extract (50 mg/kg, p.o.) suspended in 1% tween 80 for 14 days and Scop as
group II. Group V: rats received TN extract (100 mg/kg, p.o.) for 14 days and Scop as
group II. Group VI: rats received TN extract (200 mg/kg, p.o.) for 14 days and Scop as
group II. Scop was administrated 1 h after vehicle or treatment administration and 30 min
before the behavioral experiments on all days of behavioral testing. On the last day of
injection (day 14), neurobehavioral tests were carried out, including the Morris water maze
(MWM) and the Y-maze tests.

4.4.4. Behavioral Assessments
Morris Water Maze Test

The MWM test is used to evaluate spatial learning and memory in animal models [99,100].
The maze consisted of a stainless-steel circular pool (210 cm in diameter, 51 cm high) di-
vided into four equal quadrants and filled with water (26 ± 2 ◦C) to a depth of 35 cm. A
black hidden escape platform was placed inside the target quadrant, 2 cm below the water
surface. The platform was kept at a fixed position during the time of training. A non-toxic
dye was added to make the water opaque so that the platform was made invisible. Memory
acquisition trials (120 s/trial) were performed two times a day for four consecutive days,
with an interval of at least 15 min between the trials. During each acquisition trial, animals
were left free to explore the pool and to search for the hidden platform. Once the rat located
the platform, it was left there for an additional 20 s to rest, while if an animal failed to reach
the platform within 120 s it was gently guided to it and kept there for 20 s. The mean escape
latency was calculated as the time taken by each rat to locate the hidden platform and
was used as an index of acquisition or learning. On the fifth day, the rats were subjected
to a probe-trial session where the platform was removed from the pool and each rat was
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allowed to explore the pool for 60 s. The time spent by each rat in the target quadrant
in which the hidden platform was previously placed was taken as an index of retrieval
or memory.

Y-Maze Test

The Y-maze test is used to measure the spatial working memory in rodents [101].
The maze was composed of 3 identical arms, 40 cm long, 35 cm high and 12 cm wide,
positioned at equal angles (labeled A, B and C). The rats were placed in the center of the
Y-maze, facing the south arm B, and were allowed to move freely through the maze for a
period of 5 min. Spontaneous alternation was examined by visually recording the pattern
of entrance into each arm in the maze for each rat. Arm entry was scored when the hind
paws of the rat were completely placed in the arm. Consecutive entry into the three arms
on an overlapping triplet set was defined as spontaneous alternation, i.e., BCA, ABC or
CAB. Accordingly, the alternation percentage was calculated as the number of spontaneous
alterations × 100/total number of entries.

4.4.5. Brain Processing

Twenty-four hours after the end of the behavioral testing, rats were euthanized by
cervical dislocation under light anesthesia and brains were rapidly dissected, washed with
ice-cold saline and divided into three sets. In the first set (n = 3), the brains were fixed in
10% (v/v) formalin for 24 h to perform histopathological staining. In the other sets, the
hippocampi were rapidly dissected and stored at −80 ◦C. The hippocampi from the rats in
the second set (n = 6) were homogenized in ice-cold physiological saline to prepare a 10%
homogenate and used for ELISA and colorimetric assay. The hippocampi from the rats in
the third set (n = 6) were used for real-time PCR and Western blot analyses.

4.4.6. Biochemical Measurements
Acetylcholinesterase Activity

According to the manufacturer’s instructions, the hippocampal level of AChE activity
was determined using an AChE assay kit (Abcam, Cambridge, UK). The AChE activity
assay protocol uses 5,5-dithiobis 2-nitrobenzoic acid (DTNB) to quantify the thiocholine
produced from the degradation of acetylthiocholine iodide by AChE. The absorption
intensity of the DTNB adduct (412 nm) is proportional to the AChE activity. The results are
expressed as U/mg protein.

Determination of Oxidative Stress Biomarkers

Malondialdehyde (MDA) was measured in the hippocampal homogenate by determin-
ing the thiobarbituric acid reactive substances, according to the method described by [102].
Moreover, the hippocampal glutathione (GSH) content was determined using Ellman’s
reagent, according to the method described by [103]. The results are expressed as nmol/mg
protein and μmol/mg protein, respectively.

The activity of superoxide dismutase (SOD) and catalase (CAT) were measured col-
orimetrically in the hippocampal homogenate using commercially available kits (Bio-
diagnostic kit, Giza, Egypt) as instructed by the manufacturer. The results are expressed as
U/mg protein.

Enzyme-Linked Immunosorbent Assay

Hippocampal TNF-α and IL-1β levels were estimated using rat ELISA kits purchased
from R&D Systems Inc. (Minneapolis, MN, USA). The procedures were performed accord-
ing to the manufacturer’s instructions. The results are expressed as pg/mg protein.

Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from hippocampal tissues using an RNeasy Kit (Qiagen, Va-
lencia, CA, USA) and the purity of the obtained RNA was verified spectrophotometrically
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by recording the optical density at 260/280 nm. Equal amounts of RNA were then reverse
transcribed into cDNAs using an RT-PCR kit (Fermentas, Waltham, MA, USA) according to
the manufacturer’s guidelines. Quantitative RT-PCR was performed to assess the expres-
sion of the Bax and Bcl2 mRNAs using a SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA) according to the manufacturer’s instructions. Briefly, 1 μg of total RNA
was mixed with 50 μM oligo (dT) 20, 50 ng/μL random primers and 10 mM dNTP mix in a
total volume of 10 μL. The primer sequences used in the present study are: Bax forward
5′CTGCAGAGGATGATTGCTGA3′, Bax reverse: 5′CATCAGCTCGGGCACCTTTAG3′, Bcl-
2 forward 5′GCTACGAGTGGGATACTGG3′, Bcl-2 reverse 5′GTGTGCAGATGCCGTTCA3′
and β-actin forward 5′CGTTGACATCCGTAAAGACCTC3′ and β-actin 5′reverse TAGG
AGCCAGGGCAGTAATCT3′. The thermal cycler protocol consisted of an initial enzyme
activation step at 95 ◦C for 5 min, followed by 40 cycles of 5 s of denaturation at 95 ◦C and
10 s of annealing/extension at 60 ◦C. The relative expression of the target gene was obtained
using the 2−ΔΔCT formula. All values were normalized to β-actin levels and presented as
fold changes.

Western Blot Analysis

Hippocampal tissues were homogenized in a lysis buffer and the protein content was
measured using a Bradford assay kit (Bio-Rad, USA). Briefly, equal amounts of protein
(20 μg) were separated by SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes (Pierce, Rockford, IL) using a Bio-Rad Trans-Blot system. The membranes were
blocked with a blocking solution composed of 20 mM Tris-Cl (pH 7.5), 150 mM NaCl, 0.1%
Tween 20 and 3% bovine serum albumin and incubated overnight at 4 ◦C with one of the
following primary antibodies (1:1000): Aβ (1–42), β-secretase 1 or β-actin obtained from
Thermo Fisher Scientific Inc. (Rockford, IL). The filters were washed and subsequently
probed with peroxidase-labeled secondary antibodies. Finally, the band intensity was ana-
lyzed using a ChemiDoc imaging system with Image LabTM software version 5.1 (Bio-Rad
Laboratories Inc., Hercules, CA, USA). The results were presented as arbitrary units after
normalization to levels of the β-actin protein expression.

4.4.7. Histopathological Examination

The brains were carefully removed, rinsed with ice-cold saline and immediately fixed
with 10% neutral buffered formalin for 72 h. Samples were processed and dehydrated in se-
rial grades of ethanol, cleared in xylene, then infiltrated and embedded into Paraplast plus
tissue embedding media. Coronal brain sections were processed for paraffin embedding
and 4 μm sections were cut by a rotatory microtome and mounted on glass slides. Sections
were then stained with hematoxylin and eosin (H&E) and examined under a light micro-
scope. Nissl staining was also performed to demonstrate degenerated and intact neurons
in the hippocampus. Sections were stained with Cresyl violet dye (1% w/v in water) for
5 min, air dried at room temperature for 1 h and then briefly immersed in alcohol. The
average number of intact neurons was quantified from six random non-overlapping fields
in the hippocampus in Nissl-stained tissue sections for each sample. All morphological
examinations, photographs as well as quantitative analysis were recorded using a Full HD
microscopic camera operated by Leica Microsystems (GmbH, Wetzlar, Germany).

4.4.8. Statistical Analysis

The data are presented as the mean ± S.D. Data were analyzed using one-way ANOVA fol-
lowed by the Tukey–Kramer multiple comparison test. GraphPad Prism software (version 7.04;
GraphPad Software, Inc., San Diego, CA, USA) was used to perform the statistical analysis and
to present the data. The level of significance was fixed at p < 0.05 for all statistical tests.

5. Conclusions

The current study discusses the detailed metabolic profiling of Cyperus esculentus,
which resulted in the putative annotation of 88 metabolites including saccharides, amino
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acids, organic acids, fatty acids, phenolic compounds and flavonoids. In conclusion, it
reveals that the TN extract can significantly attenuate Scop-induced memory impairments
by diminishing Aβ aggregates, as well as its anti-inflammatory, antioxidant, anti-apoptotic
and anti-AChE activities. Therefore, TN may have immense therapeutic and prophylactic
potential for the treatment of neurodegenerative cognitive impairment. The presence of
polyphenols, especially flavonoids, as well as fatty acids in the TN extract could be corre-
lated with the observed bioactive effects. Nevertheless, future studies are needed to isolate
the active ingredient(s) and to reveal the corresponding potential mechanism of action.
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Aβ. amyloid-beta
AD Alzheimer’s disease
AChE acetylcholinestrase
ALA alpha-linolenic acid
Bax Bcl2-associated X protein
Bcl-2 B-cell lymphoma 2
CAT catalase
DHA docosahexaenoic acid
DTNB 5,5-dithiobis 2-nitrobenzoic acid
EPA eicosapentaenoic acid
GSH glutathione
GSK-3β glycogen synthase kinase-3β
IL-1β interleukin 1 beta
LC-PUFA long chain polyunsaturated fatty acids
MAPK mitogen-activated protein kinase
MDA malodialdehyde
MWM Morris water maze
PI3K/AKT phosphatidylinositol-3-kinase/protein kinase B
Scop scopolamine
SOD superoxide dismutase
TN tiger nut
TNF-α tumor necrosis factor alpha

UHPLC-ESI-QTOF-MS
ultra performance liquid chromatography with electrospray ionization and
quadrupole time-of-flight mass spectrometry

21



Molecules 2022, 27, 7118

References

1. Fawzi, S.F.; Menze, E.T.; Tadros, M.G. Deferiprone ameliorates memory impairment in Scopolamine-treated rats: The impact of
its iron-chelating effect on beta-amyloid disposition. Behav. Brain. Res. 2020, 378, 112314. [CrossRef] [PubMed]

2. Thakur, A.K.; Kamboj, P.; Goswami, K.; Ahuja, K.J.J.A.P.R. Pathophysiology and management of Alzheimer’s disease: An
overview. J. Anal. Pharm. Res 2018, 9, 226–235.

3. Tang, K.S. The cellular and molecular processes associated with scopolamine-induced memory deficit: A model of Alzheimer’s
biomarkers. Life Sci. 2019, 233, 116695. [CrossRef]

4. Aisen, P.S.; Cummings, J.; Jack, C.R.; Morris, J.C.; Sperling, R.; Frölich, L.; Jones, R.W.; Dowsett, S.A.; Matthews, B.R.; Raskin,
J.J.A.s.r.; et al. On the path to 2025: Understanding the Alzheimer’s disease continuum. Alzheimer’s Res. Ther. 2017, 9, 60.

5. Tiwari, S.; Soni, R.J.J.A.D.P. Alzheimer’s disease pathology and oxidative stress: Possible therapeutic options. J. Alzheimers. Dis
Park. 2014, 4, 162. [CrossRef]

6. Shabani, S.; Mirshekar, M.A. Diosmin is neuroprotective in a rat model of scopolamine-induced cognitive impairment. Biomed.
Pharmacother. 2018, 108, 1376–1383. [CrossRef] [PubMed]

7. Fan, Y.; Hu, J.; Li, J.; Yang, Z.; Xin, X.; Wang, J.; Ding, J.; Geng, M. Effect of acidic oligosaccharide sugar chain on scopolamine-
induced memory impairment in rats and its related mechanisms. Neurosci. Lett. 2005, 374, 222–226. [CrossRef] [PubMed]

8. Kumar, A.; Singh, A.; Ekavali. A review on Alzheimer’s disease pathophysiology and its management: An update. Pharmacol.
Rep. 2015, 67, 195–203. [CrossRef] [PubMed]

9. Gambo, A.; Da’u, A. Tiger nut (Cyperus esculentus): Composition, products, uses and health benefits-a review. Bayero. J. Pure.
Appl. Sci. 2014, 7, 56–61. [CrossRef]

10. Oderinde, R.; Tairu, O. Evaluation of the properties of yellow nutsedge (Cyperus esculentus) tuber oil. Food Chem. 1988, 28, 233–237.
[CrossRef]

11. Ejoh, R.A.; Djomdi; Ndjouenkeu, R. Characteristics of tigernut (Cyperus esculentus) tubers and their performance in the production
of a milky drink. J. Food Process. Preserv. 2006, 30, 145–163. [CrossRef]

12. Tackholm, V. Students’ flora of Egypt, 2nd ed.; Cairo University Press: Cairo, Egypt, 1974.
13. Obadina, A.; Oyawole, O.; Ayoola, A. Quality assessment of gari produced using rotary drier. In Food Processing: Methods,

Techniques and Trends; VC, B., Ed.; Nova Science Publishers: New York, NY, USA, 2008.
14. Arafat, S.M.; Gaafar, A.M.; Basuny, A.M.; Nassef, S.L. Chufa tubers (Cyperus esculentus L.): As a new source of food. World Appl.

Sci. J. 2009, 7, 151–156.
15. Yu, Y.; Lu, X.; Zhang, T.; Zhao, C.; Guan, S.; Pu, Y.; Gao, F. Tiger Nut (Cyperus esculentus L.): Nutrition, Processing, Function and

Applications. Foods 2022, 11, 601. [CrossRef] [PubMed]
16. Yeboah, S.O.; Mitei, Y.C.; Ngila, J.C.; Wessjohann, L.; Schmidt, J. Compositional and structural studies of the oils from two edible

seeds: Tiger nut, Cyperus esculentum, and asiato, Pachira insignis, from Ghana. Food Res. Int. 2012, 47, 259–266. [CrossRef]
17. Nofouzi, K.; Mahmudi, R.; Tahapour, K.; Amini, E.; Yousefi, K. Verbascum speciosum methanolic extract: Phytochemical components

and antibacterial properties. J. Essent. Oil Bear Plants 2016, 19, 499–505. [CrossRef]
18. Allahyari, S.; Pakbin, B.; Amani, Z.; Mahmoudi, R.; Hamidiyan, G.; Peymani, A.; Qajarbeygi, P.; Mousavi, S. Antiviral activity of

Phoenix dactylifera extracts against herpes simplex virus type 1: An animal study. Comp. Clin. Pathol. 2021, 30, 945–951. [CrossRef]
19. Nwosu, L.C.; Edo, G.I.; Ozgor, E. The phytochemical, proximate, pharmacological, GC-MS analysis of Cyperus esculentus (Tiger

nut): A fully validated approach in health, food and nutrition. Food Biosci. 2022, 46, 101551. [CrossRef]
20. Sánchez-Zapata, E.; Fernández-López, J.; Angel Pérez-Alvarez, J. Tiger nut (Cyperus esculentus) commercialization: Health aspects,

composition, properties, and food applications. Compr. Rev. Food Sci. Food Saf. 2012, 11, 366–377. [CrossRef]
21. Abimbade, S.F.; Oloyede, G.K.; Nwabueze, C.C. Antioxidant and toxicity screenings of extracts obtained from Cyperus esculentus.

Acad. Arena 2014, 6, 77–83.
22. Saber, F.R.; Mahrous, E.A. Novel Functional Foods From Plants of the Mediterranean Area: Biological, Chemical, Metabolomic

Approaches. In Reference Module in Food Science; Ferranti, P., Ed.; Elsevier: Amsterdam, The Netherlands, In Press. [CrossRef]
23. Sumner, L.W.; Amberg, A.; Barrett, D.; Beale, M.H.; Beger, R.; Daykin, C.A.; Fan, T.W.-M.; Fiehn, O.; Goodacre, R.; Griffin, J.L.

Proposed minimum reporting standards for chemical analysis. Metabolomics 2007, 3, 211–221. [CrossRef]
24. Ijarotimi, O.S.; Yinusa, M.A.; Adegbembo, P.A.; Adeniyi, M.D. Chemical compositions, functional properties, antioxidative

activities, and glycaemic indices of raw and fermented tigernut tubers (Cyperus esculentus Lativum) flour. J. Food Biochem. 2018,
42, e12591. [CrossRef]

25. Bazinet, R.P.; Layé, S. Polyunsaturated fatty acids and their metabolites in brain function and disease. Nat. Rev. Neurosci. 2014, 15,
771–785. [CrossRef]

26. Song, J.; Kim, Y.-S.; Lee, D.H.; Lee, S.H.; Park, H.J.; Lee, D.; Kim, H. Neuroprotective effects of oleic acid in rodent models of
cerebral ischaemia. Sci. Rep. 2019, 9, 1–13. [CrossRef] [PubMed]

27. Ayaz, M.; Sadiq, A.; Junaid, M.; Ullah, F.; Ovais, M.; Ullah, I.; Ahmed, J.; Shahid, M. Flavonoids as prospective neuroprotectants
and their therapeutic propensity in aging associated neurological disorders. Front. Aging. Neurosci. 2019, 11, 155. [CrossRef]
[PubMed]

28. Kempuraj, D.; Thangavel, R.; Kempuraj, D.D.; Ahmed, M.E.; Selvakumar, G.P.; Raikwar, S.P.; Zaheer, S.A.; Iyer, S.S.; Govindarajan,
R.; Chandrasekaran, P.N. Neuroprotective effects of flavone luteolin in neuroinflammation and neurotrauma. Biofactors 2021, 47,
190–197. [CrossRef] [PubMed]

22



Molecules 2022, 27, 7118

29. Szwajgier, D.; Borowiec, K.; Pustelniak, K. The neuroprotective effects of phenolic acids: Molecular mechanism of action. Nutrients
2017, 9, 477. [CrossRef]

30. Marim, F.M.; Teixeira, D.C.; Queiroz-Junior, C.M.; Valiate, B.V.S.; Alves-Filho, J.C.; Cunha, T.M.; Dantzer, R.; Teixeira, M.M.;
Teixeira, A.L.; Costa, V.V. Inhibition of Tryptophan Catabolism Is Associated With Neuroprotection During Zika Virus Infection.
Front. Immunol. 2021, 12, 702048. [CrossRef]

31. Wang, J.; Song, Y.; Gao, M.; Bai, X.; Chen, Z. Neuroprotective effect of several phytochemicals and its potential application in the
prevention of neurodegenerative diseases. Geriatrics 2016, 1, 29. [CrossRef]
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Abstract: Polydatin or 3-O-β-D-resveratrol-glucopyranoside (PD), a stilbenoid component of Poly-
gonum cuspicadum (Polygonaceae), has a variety of biological roles. In traditional Chinese medicine,
P. cuspicadum extracts are used for the treatment of infections, inflammation, and cardiovascular
disorders. Polydatin possesses a broad range of biological activities including antioxidant, anti-
inflammatory, anticancer, and hepatoprotective, neuroprotective, and immunostimulatory effects.
Currently, a major proportion of the population is victimized with cervical lung cancer, ovarian
cancer and breast cancer. PD has been recognized as a potent anticancer agent. PD could effectively
inhibit the migration and proliferation of ovarian cancer cells, as well as the expression of the PI3K
protein. The malignancy of lung cancer cells was reduced after PD treatments via targeting caspase 3,
arresting cancer cells at the S phase and inhibiting NLRP3 inflammasome by downregulation of the
NF-κB pathway. This ceases cell cycle, inhibits VEGF, and counteracts ROS in breast cancer. It also
prevents cervical cancer by regulating epithelial-to-mesenchymal transition (EMT), apoptosis, and
the C-Myc gene. The objective of this review is thus to unveil the polydatin anticancer potential for
the treatment of various tumors, as well as to examine the mechanisms of action of this compound.

Keywords: phenol compounds; polydatin; 3-O-β-D-resveratrol-glucopyranoside; breast cancer;
cervical cancer; lung cancer; ovarian cancer

1. Introduction

Cancer, a multifactorial disease, is a rapidly growing condition in which cells grow
abnormally and invade many parts of the body, showing a metastasis behavior. There are
many types of cancer known so far [1]. Cancer of the breast, cervix, lungs, and ovaries are
the most prevalent types of the disease. About 2.2 million new instances of lung cancer,
2.3 million new cases of breast cancer, and 0.6 million new cases of cervical cancer were
detected globally in 2020. The number of new cases of ovarian cancer in 2018 was close
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to 0.3 million [2–5]. Totally, 10 million deaths have been estimated in 2020 by cancer
and it has become the most prominent cause of mortality. Breast cancer and lung cancer
are the leading types of cancer, with increased cases worldwide. Treatment strategies
include anticancer drugs, chemotherapy, immunotherapy, and hormonal treatments [6].
Various types of cancers respond to conventional drug therapies such as alkylating drugs,
intercalating agents, topoisomerase inhibitors, antimitotic drugs, and antimetabolites as
well as kinase inhibitors, but mutations assist the cell to develop resistance. Targeted
chemotherapy is effective in some malignancies, but the side effects on normal cells and
its high cost have limited its use. Immunotherapy and targeted monoclonal antibodies
have also been recognized as successful approaches against specific cancers, but a restricted
number of cancers can be totally treated using these curative methods. Unluckily, resistance
to cancer therapies, side effects, and high cost continue to be challenging and increase the
rate of increased mortality [7].

On the other hand, plants have been employed since ancient times for the extraction
of their valuable bioactive compounds to promote the health and well-being of people [8].
Despite the popup of synthetic therapeutic molecules, natural products are still in use
for the mitigation and prevention of diseases [9]. Research is developing a means to find
out phytochemicals from natural sources by utilizing different approaches [10]. Polydatin
(PD), a compound belonging to the stilbene family [11–13], is extracted from the roots
of Polygonum cuspidatum (Polygonaceae). PD is very famous in China because of its
usage as a painkiller and febrifuge. The trans form of PD is well known for its high
therapeutic potential [10]. The anticancer activity of PD is mediated by several mechanisms
such as control of reactive oxygen species (ROS) [14] and suppression of the PI3K/AKT
pathway [15]. In several investigations, PI3K/AKT inhibitors were found to improve
the treatment effectiveness of 2-deoxy-D-glucose (2-DG) and PD [16,17]. Furthermore,
PD has attracted a lot of attention because of its positive impact on glucose and lipid
management [18]. PD has therefore enhanced 2-DG’s anticancer effects via regulating
glucose metabolism, blocking the PI3K/AKT, or through other pathways. PD has been
investigated to reduce the growth of HeLa cells by causing these cells to enter the S phase,
promote cell death, and lower AKT, mTOR PI3K, mRNA expression levels. It was also
discovered that PD may limit cervical cancer HeLa cell proliferation and induce apoptosis,
and the process could be linked to blockage of the PI3K/AKT/mTOR signaling pathway
and gene downstream expression [15]. The anticancer potential of PD has been observed
by many researchers by using different cell lines like liver, cervical, and nasopharyngeal
cancer cell lines [10]. The objective of this review is thus to unveil PD anticancer potential
for the treatment of various tumors, as well as to examine the mechanisms of action of
this molecule.

2. Polydatin Chemistry and Biosynthesis

PD, also known as piceid (3-O-β-D-resveratrol glucopyranoside), (E)-polydatin, trans-
polydatin, (E)-piceid, is a monocrystalline substance that was first isolated from the roots
and rhizome of P. cuspidatum Sieb. It is a stilbene derivative of the phytoalexin resveratrol
(3,4′,5-trihydroxystilbene), in which the glucoside group linked to position C-3 replaces the
hydroxyl group (Figure 1). The transisomers of stilbenes generally display a higher bioac-
tivity than their cisisomer counterparts (Figure 1) [19]. Previously, scientists scrutinized
this compound for its ability to help with heart- and liver-associated disorders [20,21].

The polyketide and phenylpropanoid routes are used to form PD. The first step in
the production of PD is the deamination of phenylalanine by phenylalanine ammonia
lyase (PAL), which affords cinnamic acid. Cinnamate-4-hydroxylase (C4H) subsequently
hydroxylates cinnamic acid to produce p-coumaric acid. Coenzyme A (CoA) ligation
then takes place through p-coumaroyl-CoA ligase activity. Finally, p-coumaroyl-CoA and
three molecules of malonyl-CoA are combined together by stilbene synthase (STS) to pro-
duce resveratrol [22]. Transresveratrol can then be further metabolized to form additional
stilbenoids, like polydatin, by the action of glucosyltransferases on resveratrol [23]. In-

28



Molecules 2022, 27, 7175

terestingly, PD has also been produced on a small scale through microbial resveratrol
transformation by the Bacillus cereus strain UI 1477 [24]. American pokeweed (Phytolacca
americana L., Phytolaccaceae) cell suspension cultures have the ability to glucosylate tran-
sresveratrol and produce PD, as well [25]. An engineered Escherichia coli strain harboring
tyrosine ammonia lyase, cinnamoyl/p-coumaroyl-coenzyme A ligase and stilbene synthase
genes was used to produce PD [26].

Figure 1. Resveratrol and polydatin isomers, trans and cis.

The most common dietary sources of PD are peanuts, dairy products, chocolate, and
grapes [27,28]. The greatest PD concentrations were found in cocoa powder (7.14 μg/g),
followed by semisweet chocolate baking chips (2.01 μg/g), dark chocolates (1.8 μg/g),
milk chocolates (0.44 μg/g), and chocolate syrups (0.35 μg/g). Nevertheless, red wine may
contain as much as 29.2 mg/L of PD [19]. The highest concentration of PD in mulberry roots
was 3.15 μg/g. fresh weight [29]. Since the glucoside content of PD typically exceeds that
of the aglycone in red wine and other grape products, it has attracted a lot of interest, much
more than resveratrol. The precise wine proportions of glycosylated to aglycone forms are
affected by a variety of variables, including fermentation techniques and environmental
conditions in the vineyards. Transresveratrol is found in red wine at concentrations of
up to 14.3 mg/L and PD in concentrations of up to 29.2 mg/L, or about equal molar
levels (60–70 μM) of the aglycone and the glucosylated form; white wine has 100 times
less PD than red wine does [30]. In elaborating white wine, just the juice is fermented,
whereas in making red wine, both the skins and the seeds are left on the juices until after
fermentation is completed, leading to greater concentrations in the final product. Red
grape skins typically have a higher PD content than white grape skins, but this can vary
widely (from 50 to 200 mg/kg dry weight) across different varieties and vintages of the
same variety of grape [31]. Spectrum analysis of eluting peaks from a HPLC system was
used to determine the amounts of transpiceid, cispiceid, transresveratrol, and cisresveratrol
in 36 different sorts of grape juices. Grape juices mostly included polydatin. The average
levels of transpiceid, cispiceid, transresveratrol, and cisresveratrol in red grape juices were
3.38 mg/L, 0.79 mg/L, 0.50 mg/L, and 0.06 mg/L, respectively [32].

The Chinese resident meals guide recommends that adults consume 500 g of vegetables
and 200 to 400 g of fruits daily; if we assume according to this recommendation by eating
200 g of celery, 100 g of chili pepper, 200 g of edible amaranth or leaf lettuce, 10 g of black
soya beans, and one apple (200 g), then our daily PD intake would range from 100 to
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1700 mg. The mulberry may increase our daily PD consumption to 3700 mg. The effective
dose of PD intake can be around 2500–5000 mg/day for a 50 kg adult [33].

The presence of PD was first reported in the grape skin. Red, white, and grape
juices are the main sources of PD, while rosé and effervescent wines mostly contain cisPD.
Transresveratrol is more prevalent in grapes, berries, peanuts, and pistachios [34]. PD can
also be found in a variety of fruit and vegetable foods, beer, cocoa-containing goods, and
chocolate products (Figure 2) [35,36]

The primary source of PD is the roots and rhizomes of Fallopia japonica, which have
a long history of use in traditional Chinese and Japanese medicines such as analgesics,
antipyretics, diuretics, anticancers and expectorants, as well as in the treatment of atheroscle-
rosis [37]. However, this compound is found in a number of other taxa, including Rosa,
Rumex, Picea, Malus, and species of Quercus [38]. Peng et al. [35] used chromatographic
techniques to quantify polydatin in fruits and vegetables. The polydatin contents of some
vegetables and fruits are summarized in Table 1.

Table 1. Polydatin contents in vegetable and fruits samples.

Plant Plant Organ
Solvent for
Extraction

Polydatin
Quantity
(μg/100 g)

References

Banana Fruit Methanol 1.70 μg/100g [35]

Lychee Fruit Methanol 1.00 μg/100g [35]

Pomegranate Fruit Methanol 7.56 μg/100g [35]

Waterchestnut Fruit Methanol 0.50 μg/100g [35]

Waxapple Fruit Methanol 1.58 μg/100g [35]

Tomato Fruit Methanol 4.22 μg/100g [35]

Chili pepper Fruit Methanol 14.47 μg/100g [35]

Bell pepper Fruit Methanol 36.22 μg/100g [35]

Grape Fruit Methanol 71.54 μg/100g [35]

Gauva Fruit Methanol 0.72 μg/100g [35]

Lemon Fruit Methanol 17.00 μg/100g [35]

Strawberry Fruit Methanol 100 μg/100g [35]

Orange Fruit Methanol 5.31 μg/100g [35]

Mushroom Fruit Methanol 2.16 μg/100g [35]

Pear Fruit Methanol 13.10 μg/100g [35]

Soya bean Fruit Methanol 42.58 μg/100g [35]

Gallic bulb Fruit Methanol 2.00 μg/100g [35]

Chrysanthemum Fruit Methanol 5.20 μg/100g [35]

Coca Fruit Methanol 7.56 μg/100g [35]

White dammar Leaves Diethly ether 0.22 mg/g [38]

Peanut Seeds Ethanol 0..128 μg/100g [39]

Cocoa Seeds Hexane 7.14 μg/g [40]

Norway spruce Phloem Methanol 16 mg/g [23]

Norway spruce Bark Methanol 1.3 mg/g [23]
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Figure 2. Potential dietary sources of polydatin derivative (transisomer). The quantities of PD in each
fruit and vegetable have been derived from Peng et al. [35].

3. Role of Polydatin in Cancer

PD partly exerts its anticancer activity by enhancing antioxidant activity. PD, like
other polyphenols, carries out strong antioxidant activity by neutralizing ROS and boosting
the body’s natural antioxidant defences. Its chemical structure of a long-conjugated system
confers the compound its substantial antioxidant effects. The resistance of PD to enzymatic
oxidation was found to be higher than that of resveratrol. It appears that many of the
polydatin biological actions are mediated by antioxidant pathways. In vitro, PD displayed
IC50 values of 87, 20, and 125 μg/mL for scavenging of the free radicals ABTS (2,2′-Azino-bis
(3-ethylbenzthiazoline-6-sulfonic acid), and DPPH (2,2-Diphenyl-1-(2,4,6-trinitrophenyl)-
hydrazyl), and •O2, respectively [41]. The scavenging effect of PD increases in a dose-
dependent manner (0.05–2 μM) in the phenanthroline-Fe2+ system, and PD was shown to
exhibit a scavenging activity of hydroxyl radicals more effective than those of resveratrol
or vitamin C [42].

The earlier investigations from Yousef et al. [43] have reported that PD reduces ROS
generation to protect the cell from oxidative stress. Therefore, oxidative stress was induced
with H2O2 in RINm5F cells, and these latter were treated either with or without PD (20 and
40 μg/mL, 24 h), intracellular ROS being evaluated by the dichloro-fluorescein (DCF)
assay. The mean fluorescence intensity (MFI) of cells treated with H2O2 was significantly
higher compared to cells treated with a negative control dye, suggesting a buildup of
ROS. Treatment with PD (40 g/mL) effectively mitigated the formation of ROS due to PD
antioxidant properties. [43]. Yousef et al. [43] also depicted pancreatic lipid peroxidation
as being significantly reduced in PD-treated diabetic rats as a consequence of an increase
in the antioxidant enzymatic activity of catalase (CAT), superoxide dismutase (SOD), and
GPx, following oral therapy with PD.

Otherwise, the anticancer activity of PD on tumor growth has been extensively studied
in several cell culture and animal tumor models. Oncology has now been recognized as
the most important area of concern in the field of cancer research [44]. Various approaches
being used currently include chemotherapy, immune therapy, radiotherapy, surgery, drug
combination, antibodies, and some others, all of them having their own side effects. Several
researchers tried to combine different targeted cancer therapies to increase their effective-
ness and more significantly hinder resistance to therapy; unfortunately, clinical trials have
not shown satisfactory results [44]. PD has been recognized as a potent anticancer agent,
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with the ability to regulate various signaling pathways involved in the progression of
several kinds of cancers [45]. The mechanisms by which PD acts in cancer include cell
cycle regulation, apoptosis, autophagy, signaling pathways, epithelial-to-mesenchymal
transition (EMT), inhibition of inflammation and metastasis, and regulation of enzymes
related to oxidative stress [46–48].

4. Anticancer Activity of Polydatin on Liver, Colon, Bone, Breast, Lung, Cervical, and
Ovarian Cancer Proliferation

4.1. Liver Cancer

Cancers are the top cause of death for people worldwide, especially those who are 55
and older. Chemotherapy is still the best option for many types of cancer when surgery has
been exhausted. Hepatocellular carcinoma (HCC), lung cancer, and breast cancer are just a
few examples of the many tumors for which promising results have been obtained from
the use of natural substances such as potential medications in recent years [49,50]. Primary
HCC is a prevalent secondary malignancy in patients with cirrhosis and other chronic liver
disorders. Among cancer-related fatalities, HCC ranks third [51]. Unfortunately, advanced
HCC cannot be effectively treated with currently available chemotherapeutic drugs [50,52].
To this end, it is important to have more potent chemicals that might lead to new therapies
for treating HCC, especially in its later stages. PD exhibited considerable cytotoxicity in a
concentration- and time-dependent manner against HCC (hepatocellular carcinoma) cells at
100 μM and 150 μM concentrations, inducing apoptosis and limited G2/M cell cycle arrest
while phosphorylated p-signal transducer and activator of transcription 3 (STAT3), p-Janus
kinase 1 and (p)-protein kinase B (AKT) were downregulated [53]. PD may also induce
apoptosis by increasing the Bax/Bcl-2 ratio and lowering the Wnt/-catenin signaling in
SMMC-7721 and HepG2 cells, both of which are used for the modelling of hepatocellular
cancer. Cancer metastasis is thought to be facilitated in large part by the invasion and
migration of cancer cells. Treatment with PD inhibited the invasion and migration of HCC
cells in two different assays: one measuring invasion and the other measuring wound
healing [54]. This suggests that PD may be a useful natural small molecule medication for
the treatment of liver cancer at an early stage.

4.2. Colon Cancer

PD inhibited cell differentiation of CaCo-2 human colon cancer cells through inhibi-
tion of Hsp27 and vimentin expression (IC50 values of 72 and 192 μM for exponentially
developing and postconfluent cells, respectively). After treatment with PD (240 μM), the
cell cycle arrested at the G1 phase, coinciding with an increase in the cleaved poly-(ADP-
ribose) polymerase. Both the total and phosphorylated versions of Akt were decreased
though ERK1/2 phosphorylation and p21 expression, which were both enhanced in the
CaCo-2 cell line [55]. The growth inhibition of Caco-2 intestinal epithelial cells exerted
by PD was concentration-dependent (1–50 μM) and occurred via cell cycle arrest in the
G0/G1 (10–25 μM) and apoptosis induction. Caco-2 cells treated with 50 μM PD displayed
DNA fragmentation, whereas those treated with 100 μM resveratrol underwent apopto-
sis [56]. Use of flow cytometry and immunoblotting in the investigation by Bae et al. [57]
showed that apoptosis was triggered by the disruption of calcium regulation and the
expression levels of associated proteins in HT-29 and HCT116 cell lines. Both the MAPK
and PI3K/AKT signaling pathways were shown to be downregulated by polydatin. It
was also demonstrated that the combination of polydatin and 5-fluorouracil (5-FU) was
effective in inhibiting drug resistance in 5-FU-resistant cells. Therefore, the results of this
study support further research on PD in order to see whether or not it can be developed
as a novel therapeutic agent for the treatment of colon cancer [57]. Polydatin significantly
reduced cell growth and increased apoptosis in CRC cell lines [58]. It was shown that
miR-382 specifically targets PD-L1. PD ability to upregulate miR-382 enables it to inhibit
PD-L1 expression. Furthermore, PD regulates miR-382 to reduce CRC tumor development
in vivo, where it suppresses tumor formation and induces death of CRC cells [58]. PD
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suppressed cell growth in RPMI 8226 multiple myeloma cells through the mTOR/p70s6k
signaling pathway [58]. The IC50 values for PD were 131 μM and 93 μM at 24 and 48 h,
respectively in RPMI 8226 cells. At a concentration of 50 μM, PD triggered apoptosis by
upregulating caspase-3, caspase-9 and Bax levels and decreasing Bcl-2. The same concentra-
tions also stimulated autophagy by increasing the expression of Beclin 1, Atg5, and LC3II.
Phosphorylation of mTOR and p70s6 k was reduced [58].

4.3. Bone Cancer

The child population has a higher incidence of osteosarcoma (OS) than any other
primary bone tumor [59]. There are around 3.4 new instances per 1,000,000 persons each
year [60,61], with men being more affected than women (5.4 per 100,000 vs. 4.0 per 100,000).
Although osteosarcoma can affect any part of the skeleton, it most commonly occurs in the
long bones (90%) and the knee (50%). Researches have shown that genetic and epigenetic
alterations disrupt the normal differentiation process that begins with mesenchymal stem
cells, leading to the development of OS [62]. PD-induced apoptosis was triggered by the
downregulation of β-catenin signaling and the upregulated expressions of Bax/Bcl-2 and
caspase-3 in MG63 and 143B OS cells at dose-dependent concentrations, and a significantly
reduced cell growth was observed [63]. The effect of PD on osteosarcoma cells, both before
and after radiation therapy, was described [64]. In these experiments, PD was found to
reduce bone cancer progression. Polydatin significantly upregulated cell cycle arrest in
S-phase and elevated bone alkaline phosphatase activity in vitro. Pretreatment with PD
activated the Wnt/β-catenin pathway and enhanced osteogenic marker expression as well
as decreasing tumor cell survival, demonstrating a radiosensitizing effect when combined
with radiation therapy for OS [64].

4.4. Breast Cancer

The class of cancer responsible for the highest mortality in women is breast cancer,
(BC)which alone causes 25% of death in women as compared to other types of cancers [65].
The most common treatment used for breast cancer is chemotherapy, besides surgical and
hormonal treatment [66]. Many factors including dysregulated autophagy, imbalanced
apoptosis, changes in gene levels, and certain molecular signaling pathways are the leading
causes of BC. These will be discussed one by one.

Uncontrolled cell division is also seen due to a disturbed cell cycle. The cell cycle con-
sists of four major phases which are controlled by certain cyclin-dependent kinases (CDKs)
and their partners, cyclins [67]. Sometimes, these CDKs and cyclins are upregulated or
overexpressed leading to BC pathogenesis [68]. Upregulation of CDK2 and overexpression
of cyclins E and B1 are observed in BC [69,70]. So, cell cycle arrest can be targeted for
preventing BC progression. A transcription factor called Creb, which regulates many genes,
plays a role in cell survival and multiplication [71]. Current research has also hypothesized
that Creb is involved in the metastasis of cancerous cells, which means that its level is
significantly increased in people suffering from BC [72]. Cyclin D1 plays a crucial role in
the continuation of the cell cycle (Figure 3). To synthesize DNA, Cyclin D1 is required in a
significant amount during the gap phase [73]. It is also necessary in the G2 phase for the
continuation of the cell cycle [74]. It has been found that the phosphorylation process of
Creb is compromised when treating BC cells with PD. So, the tumor-suppressing effect of
PD appears to be due to its interference with Creb phosphorylation, which puts a lid on
Cyclin D1 and thus terminates the cell cycle [75] (Figure 3).
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Figure 3. Polydatin (PD) potential to inhibit the G1 phase of the cell cycle along with other oncogenic
pathways. PD appears to interfere with Creb phosphorylation, which downregulates Cyclin D1
and thus terminates the cell cycle at G1 phase and in turn inhibits breast cancer growth. PIN1:
peptidyl-prolyl cis/trans isomerase, CEP55: Centrosomal protein 55, CK2: casein kinase 2, Rb: the
retinoblastoma protein.

Another major factor responsible for breast cancer is the matrix metalloproteinase
(MMP) as it disrupts ECM. MMP is responsible for blood supply to cancerous cells, and
its activity is modulated via NF-kB [76]. MMP-2 and MMP-9 are known to disturb the
extracellular matrix and also play a significant role in metastasis [77]. Moreover, a direct
relationship has been found between the levels of vascular endothelial growth factor (VEGF)
and the development of cancer. PD is known to counteract all these factors contributing
to BC [78,79], as shown in Table 2. Zhang et al. [80] investigated the anticancer activity
of PD on the breast cancer cell lines 4T1 and MCF-7 and observed that, compared to the
control group, PD at 100 μmol/L substantially suppressed cell growth and migration.
Rising levels of the autocrine vascular VEGF are seen as a characteristic of cancer invasion
in vitro. The results of Zhang et al. [80] showed that, as compared to the control, PD along
with 2-Deoxy-D-glucose significantly suppressed MMP9, MMP2, and VEGF expression.
Another major regulator of tumor progression is programmed cell death and apoptosis,
which is utilized as a target for BC. Certain caspases like caspase-3,9 and apoptosis-related
proteins such as Bcl-2 and Bax should be targeted [80,81]. Research has confirmed that
by regulating proapoptotic and antiapoptotic proteins, PD causes cancer cell death [80].
Mitochondrial dysfunction and ROS production are also responsible for malignancy. ROS
production is most commonly seen in triple-negative breast cancer (TNBC), thus it can
be used as a target in the treatment of TNBC [82]. Certain signaling pathways which are
oncogenic are upregulated by the overproduction of ROS like NF-kB, Wnt, MMPs, and
EGFR [83–85]. ROS are involved in the upregulation of the PI3K/Akt pathway, which
ultimately leads to prosurvival signaling. PD also acts as a free radical scavenger [86].
PD treatment thus balances the levels of free radicals within the body and also blocks the
prosurvival signaling pathway [87,88] (Figure 4). The energy-making process of cancerous
cells is aerobic glycolysis, which is required for their proliferation and migration [89]. To
fulfill their energy demands, cancer cells require high levels of glucose, so glycolysis is one
of the novel emerging targets of PD [90,91]. Hexokinase 2 (HK2) is an enzyme markedly
expressed in cancerous cell glycolysis and which is targeted by PD [92]; PD decreases the
levels of this enzyme. Uncontrolled expression of the hypoxia-inducible factor 1α (HIF1α)
is also a hallmark of cancer which prevents apoptosis. HIF1α was also found to be impaired
by PD [93–95]. In one study, the anticancer activity of PD was observed by giving it with
D-glucose, using MCF-7, 4T1 cell lines. It was found that proliferation and metastasis was
reduced. It was also demonstrated that its antioxidant activity was a major contributor in
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the treatment of BC because of its ability to reduce ROS, and also by targeting PI3K/AKt
pathway that is linked with ROS production [80] (Figure 3).

Figure 4. Mechanistic illustration of polydatin activity in the treatment of breast cancer through p53
activation. Activation of p53 leads to activation of p21 and Bax, which in turn leads to cell cycle arrest
and apoptosis. ↑ Upregulation, ↓ Downregulation.

4.5. Cervical Cancer

The fourth major reason for death among women is cervical cancer, which is more
prevalent in developed countries [96]. Research has revealed that cervical cancer has a
link to human papillomavirus (HPV). Smoking, HPV, early sexual activity, and genetic
modifications lead to cervical cancer [97,98]. Undoubtedly, treatment options are avail-
able, but their outcomes are still uncertain, and there is a need to find other therapeutic
alternatives [99–101]. PD is known to have anticancer potential and it can target some
major factors involved in cervical cancer development [102–104]. The cell cycle is un-
der the control of CDKs and cyclins, whose dysregulation leads to uncontrolled cellular
multiplication [76]. Research has confirmed that PD causes cell cycle termination at the
G0/G1 phase, upregulation of p21 and p27, and also induces repression of CDK4 and
cyclin D1 [105]. One major factor affecting cell movement and invasion is EMT, which
is controlled by several signaling pathways like NF-kB, MAPK, and other transcription
factors [76]. During EMT, structural changes are seen in epithelial cells whose polarity is
lost. Some proteins are linked with EMT, from which some are overexpressed and some
are downregulated, leading to metastasis. The expression of these proteins is actually
targeted by PD to prevent cell invasion, as shown in Table 2. PD causes upregulation of
E-cadherin expression and downregulation of Snail and Slug expressions, thus impairing
cell metastasis in cervical cancer as the switch from E-cadherin to N-cadherin, which plays
a major role in the invasiveness of cancer [105–107]. Snail and Slug expressions also play a
major role in cancer metastasis [108]. It is well-known that proto-oncogenes are involved
in all the major types of cancers. The c-Myc gene is one of these specific genes which
has been identified in cervical cancer. Along with cyclins and CDKs, the cell cycle is also
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affected by the expression of the c-Myc gene [109] so that its expression can be targeted
in treating cervical cancer. C-Myc overexpression is seen as a sign of cervical cancer [110].
C-Myc gene underexpression has been reported in CaSki and C33A cells after PD expo-
sure, suggesting its possible use for ameliorating cervical cancer treatment [111,112]. A
lot of proteins regulate the cell cycle whose expression is controlled by c-Myc by altering
signaling pathways [113,114]. Downregulation of the c-Myc gene by PD will impair the
overexpression of these proteins. Actually, the mechanism behind the regulation of the
cell cycle by c-Myc is responsible for the downregulation of the expression of both p21 and
p27 [115,116]. Both are tumor-suppressant genes that arrest the cell cycle during the gap
and the synthesis phases. It is known that a particular CDK interacts with a particular
cyclin, allowing the continuation of the cell cycle [117]. The CDK4-Cyclin D1 interaction
causes cell proliferation but p21 has the ability to stop the cell cycle by preventing this
association [118] (Figure 5). The same effect is seen with p21 and p27 and CDK2-Cyclin E1
combinations, CDK2-Cyclin E1 also being a major contributor to cell cycle progress. PD
was found to downregulate both p21 and p27 in cervical cancerous cells, thus stopping
cell cycle progression [119]. The c-Myc gene also increases Snail and Slug expression, thus
inhibiting N-cadherin, promoting E-cadherin, and leading to the prevention of the survival
of cancer cells [120] (Figure 5). The anticancer potential of PD was observed on HeLa cell
lines, and it was found that this stilbene decreases mRNA and protein expression levels
of PI3K, AKT, mTOR, leading to apoptosis. It also causes cell death in cervical cancer by
targeting the ROS/PI3K/AKT/mTOR pathway [121]. Another study was conducted by
using female nude mice. PD (100 mg/kg) was given by injection and the results showed
that the tumor size was small and its progression was also reduced [105] (Figure 5).

Figure 5. The mechanistic approach of polydatin (PD) activity in terminating cell cycle in cervical
cancer cells. PD causes the downregulation of the c-Myc gene, which alters two mechanisms involved
in cervical cancer. PD causes upregulation of p21 and p27, and also induces repression of CDK4 and
cyclin D1 as well as CDK2 and cyclin E1; their dysregulation ultimately terminates the G0/G1 phase of
the cell cycle. In the second pathway, PD causes Snail and Slug expressions, leading to upregulation
of E-cadherin expression and downregulation of N-cadherin, and thus impairing cell metastasis in
cervical cancer.
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Table 2. Anticancer activity of polydatin on different types of cancer.

Cancer Type Cell Line
Type of
Study

Concentrations
of PD

Molecular Targets
Mechanism of
Action

References

Breast cancer

MDA-MB-231
MCF-7 In vitro 2, 4, 6 μM

↑ p38
↑ JUN
↑ ERK
↑ AKT

Promotes apoptosis
by MAPK/ERK
& P13K/AKT
pathways

[122]

4T1
MCF-7 In vitro 5.53 mmol/L

8.67 mmol/L
↓ p-PI3K/PI3K
↓ p-AKT/AKT

Inhibits P13K/AKT
pathways [80]

Cervical cancer

CaSki
C33A In vitro 0.1, 10,100,

500 μM

↑ p21
↑ p27
↓ Cdk4
↓ Cdk2 Cyclin D1
↓ Cyclin E1

Inhibits growth
promoter proteins
and cell cycle arrest

[105]

HeLa In vitro 50, 100,
150 μmol/L

↓ PI3K
↓ AKT
↓ mTOR P70S6K
↓ c-Myc

Induced apoptosis by
suppression of
PI3K/AKT/mTOR
signaling

[15]

Lung cancer

A549
NCI-H1975 In vitro 6 μ mol/L

↓ Bcl 2
↑ Bax
↑ Cyclin D1

Cell cycle arrest and
apoptotic pathway [123]

A549 and
H1299 cells In vitro

↓ NLRP3
↓ ASC
↑ pro-caspase-1
↑ NF-kB
↑ p56

Promotes apoptosis
and NLRP3
inflammasome
inhibition by NF-kB

[20]

Ovarian cancer

OVCAR-3,
A2780, and
HO-8910

In vitro 50 μM ↑ P13K
↑ AKT AKT signaling [124]

SKOV-3 and
OVCAR-8 In vitro 5, 10, 50,

100 μM

↓ Her-2
↓ EGFR
↓ VEGF
↑ ERK
↑ PARP-1

Down/upregulation
of various cell
signaling molecules

[125]

Liver cancer

HCC cells In vitro
100 μM
150 μM

↓G2/M Phase
↓ STAT3
↓ AKT
↓ JAK1

Cell cycle arrest
JAK1/STAT3 and
P13K/AKT signaling

[53]

HepG2
SMMC-7721 In vitro 1, 3, 10, 30, and

100 μM

↓ β-catenin
↓ Bcl 2
↑ Bax
↑ Caspase-3
↑ Caspase-9

Apoptotic pathway [80]

HepG2 In Vitro (10, 30, and
100 μM)

↓ Bcl 2
↑ Bax
↓ Wnt

Wnt signaling
Apoptotic pathway [54]

Colon
carcinoma

CaCo-2 In vitro 1–50 μM ↓ DNA synthesis
↓G0/G1 Cell cycle arrest [56]

Caco-2 In vitro 100
240 μM

↓ AKT
↑ PARP
↓ Erk-1
↓ Erk-2

Regulation of
Akt/PKB signaling [55]
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Table 2. Cont.

Cancer Type Cell Line
Type of
Study

Concentrations
of PD

Molecular Targets
Mechanism of
Action

References

Human
myeloma cells RPMI 8226 In vitro 50, 100,

200 μmol/L

↑ Caspase-3
↑ Caspase-9
↑ Bax
↓ mTOR/p70s6k

Apoptotic pathway [58]

Osteosarcoma
cells

143B
MG63 In vitro 10, 30, 100 μM

↑ Caspase -3
↓ Bcl 2
↑ Bax
↓ β-catenin

Regulation of
Apoptotic pathway [63]

Lukemia cells MOLT-4 In vitro 1, 4 or 20 μM
↓ Cyclin D1
↓ CYCLIN B1
↓ Bcl2

Cell cycle arrest and
apoptotic pathway [126]

Nasal
carcinoma CNE In vitro 5, 10, 20 μM

↓ AKT
↑ Endoplasmic
↑ Reticulum stress
↑ Caspase 3
↑ Caspase 4
↑ Caspase 9

Regulation of
apoptotic pathway
molecules

[127]

Laryngeal
cancer

AMC-HN-8
cells In vitro 2, 4, 6 μM

↓ PDGF-B
↓ Ki67
↓ Bcl 2
↑ Bax
↓ Akt

Regulation of
apoptotic pathway
and Akt signaling
molecules

[128]

NF-KB: Nuclear Factor kappa-light-chain-enhancer of activated B cells, Wnt: Wingless/Integrated, EGFR: Epi-
dermal growth factor receptor, MMP: Matrix metalloproteinase, VEGF: Vascular endothelial growth factor, ROS:
Reactive oxygen species, EMT: Epithelial-to-mesenchymal transition, Bcl-2: B-cell lymphoma 2, Bax: BCL2
associated X apoptosis regulator, NLRP3: NLR family pyrin domain containing 3, PI3K: Phosphatidylinosi-
tol 3-kinase, PD: Polydatin, Akt: Serine/threonine kinase 1, mTOR: Mammalian target of rapamycin, ERK:
Extracellular signal-regulated kinase, PARP: poly adenosine diphosphate-ribose polymerase. ↑ Upregulation,
↓ Downregulation.

4.6. Lung Cancer

Lung cancer, a growing health problem worldwide was found to be the most common
type of cancer compared to other cancers [129]. Its prevalence and increase in mortality
are strongly related to the history of smoking [130]. Many treatments such as targeted
chemotherapies, radiotherapies, and surgery are used to cure lung cancer but despite
advancements in these therapies, lung cancer still remains antagonistic in nature with poor
survival rate. Chemotherapy is used recurrently against lung cancer in progressive stages
but with deleterious consequences for patients [131]. Lung cancer cells treated with doses
till 6 μM PD, showed a dose-dependent reduction in Bcl-2 and cyclin D1 levels as well
as an increase in Bax, leading to cell cycle arrest at the S phase. Interestingly, the human
non-cancerous nasopharyngeal cell line exhibited lower cytotoxicity when exposed to PD.
This was also corroborated by several researchers [132]. A recent study found that PD is
advantageous for lung cancer inhibition [132]. The initiation of apoptosis in lung cancer
cells is considered a good anticancer target [133,134]. In cancer cells, the antiapoptotic
protein Bcl-2 is not capable of forming heterodimeric complexes with the proapoptotic
protein Bax, resulting in high Bax levels. Increased Bax/Bcl-2 ratios upregulate the release
of cytochrome C from mitochondria into the cytosol, leading to caspase-3 stimulation
and apoptosis activation [135,136]. Research has revealed that 6 μmol/L of PD activates
apoptosis in A549 lung cancer cell lines by impairing Bcl-2 levels and upregulating Bax
levels [132] (Table 2). On the other hand, cell cycle arrest of the cancer cells is considered to
be a potential target against cancer progression [137,138] (Figure 6). Cyclin D1 expression
should be high for the normal initiation of DNA synthesis, while cyclin D1 levels should be
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low during the S phase [139]. Overincrease in cyclin D1 expression has been reported in
many cancers including lung cancer [140,141]. In recent in vitro studies, PD has been found
to hamper lung cancer cell (A549 and NCI-H1975 cells) progression by decreasing cyclin D1
levels and arresting cells at the S phase [132] (Table 2). PD also exerts some antioxidant and
anti-inflammatory activities by inhibiting secretion of inflammatory oxidative factors or
by increasing the scavenging of free oxygen radicals [142]. In recent studies, NLRP3 (NLR
family pyrin domain containing protein 3) inflammasome has been observed to take part
in inflammation related to cancer and tumor progression. Thus, suppression of the NLRP3
inflammasome might also be an effective strategy in the treatment of lung cancer [143].
NF-κB pathway has been revealed to be the significant marker in NLRP3 inflammasome
activation. Increased levels of TNF-α activates the NF-κB pathway which then upregulates
the IL-1β and IL-18 levels, causing the activation of NLRP3 inflammasome. PD (50μM)
has been shown to attenuate the multiplication and metastasis of human A549 and H1299
cell lines through suppression of the NLRP3 inflammasome by suppression of the NF-κB
pathway [20] (Figure 6).

Figure 6. Anticancer effects of polydatin on lung cancer via the apoptotic pathway by increasing
BAX levels, decreasing Bcl-2 levels and increasing caspase-3 levels, induction of cell cycle arrest at S
phase by decreasing the cyclin D1 levels, and inhibition of the NLRP3 inflammasome by suppressing
the NF-kB pathway in tumor cells. Upregulation ↑ Downregulation ↓.

4.7. Ovarian Cancer

Ovarian cancer is the most frequent cause of death among women within gynecolog-
ical cancers worldwide [144]. Researchers have discovered in recent years that Chinese
medicine displays a significant anticancer activity with fewer side effects as compared
to synthetic drugs. PD ought to enhance ovarian cancer cell susceptibility to radiations,
limit cell growth, and promote apoptosis. It has been found that PD has the potential to
facilitate cancer cell apoptosis [145] (Table 2). PI3K signaling controls cell growth, death,
and survival [146]. PD triggered apoptosis in cancer cells, namely ovarian cancer cells, and
protected against inflammatory damage through the phosphoinositide, 3-kinase/protein
kinase B/mammalian target of rapamycin (mTOR) pathway [75,147]. PD was able to suc-
cessfully limit the growth of the ovarian cancer cell lines OVCAR-3, A2780 and HO-8910.
There was a decrease in proliferation, migration and invasion after treatment with PD in
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the cancer cell lines OVCAR-3, A2780, and HO-8910 [124]. In addition, PD inhibited PI3K,
which in turn increased extracellular signaling and regulated ERK phosphorylation, thus
inhibiting cancer cell growth [124] (Figure 7). The anticancer effect of PD was demonstrated
by the downregulation of tumor suppressor genes via inhibition of the PI3K/Akt signaling
and upregulation of bone morphogenetic protein 7 (BMP7) [127]. Inhibiting the prolifera-
tion, migration, and invasion of ovarian cancer cells is one of the main PD’s effects [148].
PD prevents ovarian cancer cell proliferation, migration and invasion by inhibiting the
expression of the PI3K protein, which is the cornerstone of ovarian cancer treatment. By
decreasing EGFR phosphorylation and production of ERK and VEGF, PD inhibited the
cellular aggregation of ovarian cancer cell lines in three dimensions. At concentrations
of 5–100 μM, PD was shown to suppress growth of the ovarian cancer cell lines SKOV-3
and OVCAR-8 by decreasing EGFR phosphorylation levels, which in turn increases the
likelihood of the cells committing suicide. [149]. Earlier investigations utilising polydatin
have suggested that this compound suppresses PI3K protein expression and blocks growth,
migration and invasion of OVCAR-3, A2780 and HO-8910 cells. It appears that PI3K is
the target of PD, since increasing PI3K protein expression greatly attenuates the inhibitory
impact of PD on proliferation, migration and invasiveness of OVCAR-3, A2780 and HO-
8910 cell lines. Experimental evidence supports the possible use of PD in the treatment of
ovarian cancers because of its ability to suppress the growth, migration, and invasion of
these cell lines by downregulating PI3K protein expression [124].

 

Figure 7. Schematic overview of polydatin activity on the PI3K/AKT/mTOR signaling pathway with
different strategies for inhibition. PD induces apoptosis in cancer cells through the PI3K/Akt/mTOR
signaling pathway and protects against inflammatory damage, as well as inhibiting cell proliferation,
survival and protein synthesis through protein phosphorylation.

PD inhibited OVCAR-8 and SKOV-3 cell growth in a dose-dependent manner. A
growth rate decrease was achieved by triggering apoptosis through the cleavage of poly
(ADP-ribose) polymerase (PARP-1) at PD concentrations of 50 and 100 μM. In the SKOV-3
line, PD inhibited Her-2 and EGFR phosphorylation and Erk expression, as well as the
VEGF, when used at greater dosages, and stimulated Erk activation in the OVCAR-8 cell
line. Results of this investigation showed that PD has the potential to block the formation
of 3D cell aggregates in ovarian cancer cell lines by influencing a variety of signaling
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molecules. However, more experiments for the in vivo testing of resveratrol and PD are
needed to determine their potential therapeutic values [125]. Several other cancer cell lines
were shown to be significantly inhibited by PD (Table 2).

5. Underlying Polydatin Anticancer Mechanisms of Action

PD has been studied extensively for its potential as a chemopreventive agent and
chemotherapeutic treatment for halting or reversing carcinogenesis at multiple stages. PD,
like other phytochemicals, can act as a suppressive agent on multiple impaired signaling
pathways; as such, it has been classified as a functionally pleiotropic agent, capable of ex-
pressing its activity on multiple targets in cancer cells while causing only mild side effects in
healthy cells. Important cellular changes include increased oxidative stress, overproduction
of growth-regulatory hormones, accelerated transition of cells through cell cycle check-
points, abnormal cell proliferation, genome instability, abnormal response to signals or
other stimulators of programmed cell death, uncontrolled neoangiogenesis, and altered host
immune responses. In addition, oxidative stress-related damage (including DNA damage,
protein oxidation, and lipid peroxidation) is mitigated by antioxidant, anti-inflammatory,
and immunomodulatory activities, which also boost immune oncosurveillance [150]. PD
inhibits the monooxygenase cytochrome P450 isoenzyme CYP1 A1, the enzyme deputed
to the liver metabolism of xenobiotics, and hence it can also function as a cancer-blocking
agent by preventing the transformation of procarcinogens into carcinogens [151].

One of the primary functions of phytochemicals is to inhibit growth-signaling activity.
A transmembrane tyrosine kinase is activated by ligands; the epidermal growth factor
(EGF), and its related receptor (EGF-R) represent two of the resveratrol’s primary targets.
Overexpression of EGF-R is a hallmark of malignant tumors with aggressive characteristics
because it stimulates cell growth and proliferation [152]. Resveratrol, acetyl-resveratrol
and polydatin showed dose-dependent antigrowth activities against 3D cell aggregates of
EGF-R/Her-2-positive and -negative ovarian cancer cell lines [125]. The phosphorylation of
Her-2 and EGF-R, as well as the expression of extracellular-signal-regulated kinases (ERK)
and VEGF, were all significantly reduced when resveratrol, PD and acetyl-resveratrol were
tested at high concentrations on the positive ovarian cell line [125].

PD and its analogues displayed an interactive effect with TRAIL (tumor necrosis
factor-related apoptosis-inducing ligand) and triggered apoptosis (programmed cell death).
Particularly resistant to TRAIL are androgen-dependent LNCaP cells in prostate cancer;
however, PD downregulated the PI3K/AKT pathway to make these cells more responsive
to TRAIL-mediated apoptosis. Treatment of LNCaP cells with PD induced ROS production,
mitochondrial membrane potential decreases, and translocation of the Bcl2-like protein 4,
also known as Bcl-2-associated X protein (Bax), and p53 tumor suppressor protein. Proteins
such as cytochrome c CASP-3 and CASP-9, apoptosis-inducing factor (AIF), the second
mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding protein
with low pI (Smac/DIABLO), and protein high-temperature requirement serine protease A2
(HtrA2), also known as Omi, are among the proapoptotic proteins released by mitochondria
in relation to PD analogues [153] (Figure 8).
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Figure 8. Polydatin anticancer mechanisms: upregulation or downregulation of various pathways.

6. Concluding Remarks

Currently, phytomedicine is gaining the attention of researchers and nutritionists due
to its diversified pharmacological activities. The data collected showed the anticancer
activities of PD. So, it would be valuable to investigate the in-depth mechanisms of PD
activities. In recent years, PD has gained attention as a promising anticancer drug due to
its potential to modulate many signaling pathways associated with cancer development.
PD’s anticancer effects arise from the fact that it boosts antioxidant activity. Due to its
long-conjugated chemical structure, this molecule displays powerful antioxidant properties.
PD may trigger apoptosis by raising the Bax/Bcl-2 ratio and decreasing Wnt/catenin
signaling to kill cancer cells. It also targets cell cycle arrest to inhibit the development of BC.
Among the several oncogenic pathways involved in BC the cell cycle arrest is linked to PD’s
apparent interference with Creb phosphorylation, which in turn downregulates Cyclin D1.
PD therapy also restores the body’s natural equilibrium of free radicals. Tumor size and rate
of cancer progression were both significantly decreased after intravenous administration of
PD. Furthermore, it was shown that PI3K levels are decreased in PD-treated patients. PD
also protects against inflammatory damage and inhibits cell proliferation, survival, and
protein synthesis by targeting the PI3K/Akt/mTOR signaling pathway, which is activated
in cancer cells. Liver xenobiotic metabolism is mostly carried out by the monooxygenase
cytochrome P450 isoenzyme CYP1 A1, which is inhibited by PD. As a blocking agent, it can
stop procarcinogens from becoming carcinogenic. In this review, we have thus emphasized
the anticancer activity of PD and its underlying pharmacological modes of action. The
anticancer effect of PD should also be investigated through thorough preclinical trials. There
is thus a need for carefully monitored human studies to determine its therapeutic efficacy.
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Abstract: Quercetin (Qu) is a dietary antioxidant and a member of flavonoids in the plant polyphenol
family. Qu has a high ability to scavenge reactive oxygen species (ROS) and reactive nitrogen
species (RNS) molecules; hence, exhibiting beneficial effects in preventing obesity, diabetes, cancer,
cardiovascular diseases, and inflammation. However, quercetin has low bioavailability due to
poor water solubility, low absorption, and rapid excretion from the body. To address these issues,
the usage of Qu nanosuspensions can improve physical stability, solubility, and pharmacokinetics.
Therefore, we developed a Qu and polyethylene glycol nanosuspension (Qu-PEG NS) and confirmed
its interaction by Fourier transform infrared analysis. Qu-PEG NS did not show cytotoxicity to
HaCaT and RAW 264.7 cells. Furthermore, Qu-PEG NS effectively reduced the nitrogen oxide
(NO) production in lipopolysaccharide (LPS)-induced inflammatory RAW 264.7 cells. Additionally,
Qu-PEG NS effectively lowered the levels of COX-2, NF-κB p65, and IL-1β in the LPS-induced
inflammatory RAW 264.7 cells. Specifically, Qu-PEG NS exhibited anti-inflammatory properties
by scavenging the ROS and RNS and mediated the inhibition of NF-κB signaling pathways. In
addition, Qu-PEG NS had a high antioxidant effect and antibacterial activity against Escherichia coli
and Bacillus cereus. Therefore, the developed novel nanosuspension showed comparable antioxidant,
anti-inflammatory, and antibacterial functions and may also improve solubility and physical stability
compared to raw quercetin.

Keywords: quercetin; nanosuspension; antioxidant properties; flavonoids; LPS-induced inflammation;
NO-scavenging activity

1. Introduction

Inflammation is a complex biological response of body tissues against infection by
pathogens, injury, or irritants, such as toxins and UV, and a repair system for damaged
tissues [1]. During the inflammatory phase, macrophages secrete cytokines and chemokines,
process antigens in acute immune responses and phagocytosis, and play an essential role
in wound healing [2]. Macrophages in the inflammation phase regulate inflammation
through the production of various inflammatory mediators, including prostaglandins,
such as cyclooxygenase 2 (COX 2), nitric oxide (NO), tumor necrosis factor-α (TNF-α),
interleukin-6 (IL-6), and interleukin-1β (IL-1β) [3]. Thus, COX-2, TNF-α, IL-6, and IL-1β of
cytokines are biomarkers for inflammation responses [4].

Hence, inflammation is the cause of many diseases, and a variety of drugs (steroids
and nonsteroidal anti-inflammatory drugs) are utilized to treat it. Hence, phytochemicals,
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such as polyphenols (e.g., salicylic acid and derivatives, acetylsalicylic acid (aspirin)), are
commonly utilized to treat inflammation. In addition, plant polyphenols extracted from
medicinal plants and their synthetic derivatives have been historically used for treating
inflammatory diseases [5]. Recently, many medicinal plants enriched with polyphenols
have been established for anti-inflammatory disease treatments, including Eucalyptus
globules, Thymus vulgaris [6], Mentha longifolia [7], Pycnocycla spinosa [8], Echium amoenum
(borage), and Mitrephora sirikitiae [9,10].

Moreover, reactive oxygen (ROS) and reactive nitrogen species (RNS) are products
of metabolism that use oxygen in living cells and are highly reactive to cellular and mito-
chondrial membranes and lead to cell damage. ROS are the derivatives of oxygen, such as
superoxide radicals (O2

•−), hydroxyl radicals (OH•), singlet oxygen (1O2), and hydrogen
peroxide (H2O2). RNS are nitric oxide (•NO), peroxynitrite (ONOO−), and other harmful
chemical agents [11]. Excess ROS can oxidize biomolecules and modify proteins and genes,
which can lead to the progression of inflammatory diseases [12]. Therefore, rapid clearance
of ROS and RNS by antioxidants is essential to prevent the occurrence of inflammation.
For rapid clearance of oxidative stresses, plant polyphenols are excellent scavengers for
free radicals, such as ROS and RNS. Thus, the antioxidant-rich flavonoids of polyphenols
found in vegetables and fruits lower inflammation and reduce the risk of cardiovascular
and brain disease. In addition, flavonoids have the advantage of being less toxic and can
be prescribed for an extended duration. Therefore, various plant-derived flavonoids use
as drugs have been reported as a modulator for chronic inflammation caused by virus
infection and other diseases, such as human papillomavirus [13,14], hepatitis virus [15],
SARS-CoV-2 [16,17], autoimmune disease [18,19], type 2 diabetes [20,21], cardiovascular
diseases [22], Alzheimer’s disease [23], Parkinson’s disease [24], and cancer [25]. The thera-
peutic effect of these flavonoids and polyphenols is to inhibit the function of the enzymes
as ligands that attach to the specific sites of the enzymes. For example, the catechins of
flavonoids have been demonstrated to inhibit tyrosinase by binding to the enzyme’s active
site in molecular docking and inhibition assays [26]. Therefore, flavonoids and polyphenols
are of great value in the development of disease treatments.

Quercetin (Qu) (3,3′,4′,5,7-pentahydroxy-2-phenylchromen-4-one), a plant flavonol
of polyphenols, is found in grains, fruits, and vegetables and in higher levels in capers,
buckwheat seeds, radish, onions, apples, red leaf lettuce, and asparagus [27–29]. Qu has
been used as an immuno-protective and anti-inflammatory activity [30], antioxidant, an-
tidiabetic, anticarcinogenic agent [31–33], antimicrobial activity [34], and ability to prevent
various chronic disorders [35]. Hence, it can be taken as a supplement with the daily con-
sumption of a nutraceutical with doses ranging from 10 to 125 mg/serving [36]. However,
because quercetin possesses poor water solubility, low absorption, and fast excretion, it
has shown relatively short bioavailability compared to the other nutraceutical polypheno-
lics [37,38]. Indeed, low bioavailability of Qu in human plasma has been observed after oral
administration of Qu [38]. In addition, the low solubility and fast excretion of Qu results in
minimal absorption in the gastrointestinal tract. In addition, quercetin is metabolized and
lost by the gut microbiome before absorption in the gastrointestinal tract [17]. To overcome
these factors, nanosuspension technology can improve the efficacy of drugs by changing
the solubility, bioavailability, and pharmacokinetics [38].

Therefore, we proposed a novel Qu nanosuspension to improve solubility, physical sta-
bility, biosafety, and bioavailability. Furthermore, the Qu nanosuspensions were examined
for their physicochemical characteristics, particle size, differential scanning calorimetry, cy-
totoxicity, anti-inflammatory, antibacterial, and antioxidant effects. The chemical structures
of quercetin and polyethylene glycol are shown in the Figure 1.
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Figure 1. Chemical structures of quercetin and polyethylene glycol.

2. Results and Discussion

2.1. Preparation of Nanosuspension and Physical Observation

The solubility of Qu in water is relatively low (about 60 mg/L). However, Qu is
soluble in organic solvents, such as ethanol, dimethyl formamide (DMF), methanol, or
acetone [39]. For the preparation of Qu nanosuspension, PEG 8000 was selected as a suitable
material because of its high-water solubility, excellent stability at room temperature, and
non-hygroscopic properties. In addition, Qu precipitates in aqueous acidic solutions
while being soluble in aqueous alkaline solutions. By taking advantage of Qu’s poor
solubility in acidic aqueous solutions, the same nanoprecipitation process was employed
to produce the Qu-PEG nanosuspension. When 1 M HCl was added to the alkaline
solution, Qu precipitated with the PEG 8000. The principle of nanosuspension predicted
that the precipitated quercetin molecules interact with and are entrapped within the PEG
8000 molecules, resulting in the formation of quercetin nanosuspension (Qu-PEG NS).
To prevent Qu from degrading, the nanoprecipitation was performed right after Qu was
solubilized [40]. Hence, the final pH of nanosuspension was kept at 6–7 to prevent the Qu
degradation. The final product was sonicated, lyophilized, and stored in a light-resistant
air-tight container for further use.

Three different Qu-PEG NS samples were prepared (Table 1). The samples showed
the different characteristics in their lyophilized form. The Qu-PEG NS1 was a completely
dry and free-flowing powder. However, Qu-PEG NS2 had some lumps and was not dry.
Qu-PEG NS3 had more lumps than Qu-PEG NS2 and was not completely dry under set
conditions. This may be due the high quantity of PEG. In comparison to pure quercetin,
Qu-PEG NS1 had better powder characteristics. Furthermore, the agglomeration was not
observed in Qu-PEG NS1 as compared to Qu, as shown in Figure 2. The color of lyophilized
formulations was found to be different than pure quercetin and Qu-PEG NS1 showed a
red-orange color with respect to pure quercetin (yellow) (Figure 2).

Table 1. The composition ratio of nanosuspension formulation.

Formulation Ratio (Quercetin: PEG8000)

Qu-PEG NS1 2:1
Qu-PEG NS2 1:1
Qu-PEG NS3 1:2
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Figure 2. Stereomicroscopy photographs of quercetin (Qu) and quercetin with PEG nanosuspension
1 (Qu-PEG NS).

Previously, several formulation technologies for nanosuspension have been devel-
oped, i.e., nanocrystals using high-pressure homogenization [41], nanosuspensions by
high-pressure homogenization [42], and nanosuspension by a solvent displacement method
followed by solvent evaporation [43]. In this study, quercetin nanosuspension was success-
fully developed to improve the solubility and stability of natural quercetin molecules using
an acid-base nanoprecipitation method (Figure 2 and Table 1).

2.2. Determination of Content Uniformity

Approximately 94.6 ± 1.78% of the quercetin was found to be present in the freeze-
dried formulation (Qu-PEG NS). The loss that may have occurred during preparation and
lyophilization could be responsible for the loss of quercetin content [44].

2.3. ATR-FTIR Analysis

In conjunction with conventional infrared spectroscopy, attenuated total reflection
(ATR) sampling allows materials to be directly viewed in solid or liquid conditions without
needing further preparation. Hence, attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) assessment was performed to examine the interaction between the components
used in the formation of nanosuspensions. The ATR-FTIR spectra of the components and
their nanosuspensions (Qu-PEG NS) are shown in Figure 3.

Figure 3. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) calculation of Qu, PEG
8000, Qu-PEG NS, and Qu + PEG 8000.
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Pure Qu has three distinct peaks at 1671, 1609, and 1511 cm−1, which correspond to
the compound’s benzene ring and -C=O group. The FTIR spectrum of pure Qu showed
evidence of stretching OH groups at 3407 and 3275 cm−1 and bending OH groups of the
phenol at 1350 cm−1. At 1671 cm−1, the C-O aryl ketonic stretch absorption was visi-
ble. Stretch bands for the C-C aromatic ring were observed at 1609, 1558, and 1511 cm−1.
Furthermore, peaks at 931, 816, and 600 cm−1 indicate the out-of-plane bending bands.
Moreover, bands at 1243, 1199, and 1161 cm−1 reveal the C-O stretching in the aryl ether
ring, the C-O stretching in phenol, the C-CO-C stretching and bending in ketone, respec-
tively. The FTIR spectrum for pure Qu is shown in Figure 3, where its characteristic groups
were detected as previously reported [45].

The spectra of PEG 8000 exhibited peaks at 1467, 1359, 1341, 1280, and 1240 cm−1,
indicating alkyl CH deforming, as well as 1113 cm−1 for C-O-C stretching, 1060 cm−1 for
C-OH stretching, and 2884 cm−1 for alkyl CH stretching (Figure 3), which were found
similar to previously reported findings [46]. In the spectrum of PEG 8000, both trans-planar
and helical structures are characteristic bands. The peaks at 1341 cm−1 (CH2 wagging),
1240 cm−1 (CH2 twisting), and 960 cm−1 (CH2 rocking) were found due to the trans-planar
structure. Meanwhile, the bands of the helical structure were found at 1359 cm−1 (CH2
wagging), 1279 and 1240 cm−1 (CH2 twisting), 960 and 841 cm−1 (CH2 rocking), and
1059 cm−1 (coupled C-O and C-C stretching), as previously reported [47]. Other bands
in PEG 8000 at 1146, 1097, and 1059 cm−1 can be assigned to ether groups. The physical
mixture (Qu + PEG8000) showed peaks similar to Qu (Figure 3), indicating no interaction
between Qu and PEG 8000. Additionally, it was observed that Qu-PEG NS indicated the
broadening of peaks and showed peaks at 3310 cm−1 and 1635 cm−1; hence, this indicates
that the interaction between Qu and PEG 8000 occurred, as shown in Figure 3. A previous
study also demonstrated that quercetin–PEG interaction in a solid dispersion system is
indicated by the broadening and shifting of the hydroxyl vibration band of PEG from 3800
to 3000 cm−1 [48].

2.4. DSC Analysis

DSC is a thermal analysis apparatus that computes the heat flow and temperature
association with material conversions as a function of temperature and time. Figure 4A,B
show the thermal behavior of pure Qu against the thermogram of Qu-PEG NS. It is visible
that the thermogram of pure Qu revealed an endothermic peak corresponding to a swift
and sharp disintegration at 324.97 ◦C. As seen from the DSC thermogram of the Qu-PEG
NS, the peak of Qu at 324.97 ◦C was reduced and shifted to 211.58 ◦C (Figure 4A,B). An
endothermic peak for Qu at 324.97 ◦C reveals that it exists in crystalline form. According to
a previous study, quercetin’s melting point was found to be 326 ◦C [49] and our finding
also indicates an almost similar melting point. The endothermic peak disappearance in
the prepared Qu-PEG NS suggests that Qu may be molecularly diffused or be interacting
with the PEG matrix. Furthermore, this endothermic peak drop suggests that Qu-PEG NS
could be amorphous [50,51]. Non-crystalline substances are known as amorphous forms
since they have no long-range arrangement. Furthermore, amorphous materials display
an apparent second-order phase transition so-called “glass transition temperature,” or
Tg, when examined using conventional thermal analytical techniques, such as differential
scanning calorimetry (DSC). In this method, the temperature range is significantly below
the melting point of the crystalline material. Hence, ‘Tg’ is one of a few distinguishing
characteristics of an amorphous material that can be utilized to predict its suitability and
stability to determine if it is appropriate for use in dosage forms [52].
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Figure 4. Differential scanning calorimeter (DSC) thermograms of (A) Qu and (B) Qu-PEG NS.

2.5. Particle Size Measurements

The particle sizes of nanosuspensions without and with lyophilization were measured
(Figure 5). All lyophilized nanosuspensions increased as compared to non-lyophilized sam-
ples. Liquid nanosuspensions showed particle sizes of 261.2 to 415.5 nm while lyophilized
samples showed particle sizes in the 271.1 to 422.6 nm range. The Qu-PEG NS3 showed a
smaller particle size than Qu-PEG NS1 and Qu-PEG NS2. This may be due to the increased
solubility of quercetin due to the addition of higher amounts of PEG 8000. The quercetin
PEG nanosuspension Sample 1 (Qu-PEG NS1) (Figure 5) was selected and named Qu-PEG
NS for further study due to its free-flowing properties and particle size, which can be con-
siderable for activity. The solid particles in nanosuspensions typically have a particle-size
distribution of less than one micron, with an average particle size of 200–600 nm [53]. In this
experiment, we also agreed that the nanosuspension modifies the drug’s pharmacokinetics
with efficacy and safety by improving low solubility and bioavailability.

2.6. Antioxidant Activity

The hydrogen-donating ability of antioxidants is essential for predicting the physiolog-
ical function of substances. The antioxidant function of the Qu-PEG NS was investigated
to predict its physiological function (Figure 6). At a concentration of 250 μg per ml, the
Qu-PEG NS displayed 74.80% of DPPH radical-scavenging activity, whereas ascorbic acid
and Qu showed 82.20% and 76.40%, respectively (Figure 6A). The Qu-PEG NS showed an
apparent ability to function as a free radical scavenger for DPPH inhibition, comparable to
ascorbic acid, which is recognized as a free radical scavenger. The free-radical-scavenging
activity of Qu-PEG NS may be attributed to the free-radical-scavenging activity of its
central substance, quercetin. The antioxidant effect of quercetin is due to the phenolic
hydroxyl group of quercetin. Phenolic hydroxyl groups in plant phenolic compounds can
provide hydrogen to reduce free radicals and prevent the oxidation of proteins, lipids,
and DNA [41]. Thus, Qu-PEG NS exhibited the same antioxidant capacity as Qu, because
the amount of free hydroxyl groups contained in Qu-PEG NS is directly related to the
scavenging ability of flavonoids, such as quercetin. It has been found that quercetin shows
concentration-dependent antioxidant activity and, at higher concentrations (10 μg/mL),
exhibits a plateau phase [54]. Our results also showed the plateau phase at a higher
concentration, as shown in Figure 6A. Similarly, amylose–quercetin complexes [55] and
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electrospun zein nanofibrous encapsulating quercetin–cyclodextrin inclusion complex [56]
showed the antioxidant activity against a DPPH radical agent.

Figure 5. Particle-size distribution of nanosuspensions before and after lyophilization.

Figure 6. Effect of Qu and Qu-PEG NS on (A) DPPH and (B) ABTS free radical scavenging, * p < 0.05
indicates significant difference as compared to control.
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Moreover, we also employed the ABTS assay to establish the synthetic complex’s anti-
radical capability. After reacting with ABTS for 12–14 h in the dark, potassium persulphate
produced the blue chromophore known as ABTS. Qu-PEG NS effectively scavenged ABTS
radicals, such as a powerful antioxidant ascorbic acid (Figure 6B). Moreover, the ABTS
radical-scavenging abilities of Qu-PEG NS and Qu were almost the same. Thus, although
the physical composition of Qu-PEG NS differs from that of pure Qu, and Qu-PEG NS has
almost the same physiological properties as Qu, that may be because it retains the powerful
antioxidant function of Qu substances. Previous studies also confirmed that Qu and its
formulations had favorable DPPH and ABTS antioxidant activity [57–60]. Likewise, bovine
serum albumin nanoparticle promoted the stability of quercetin and decreased (p < 0.05)
the ABTS radical-scavenging activity of Qu [61].

Additionally, Qu is widely known for its potent anti-free-radical properties and for
acting as a chelating agent to inactivate the metal iron that is responsible for the production
of reactive oxygen species [62]. Therefore, Qu shows antioxidant or pro-oxidant effects
depending on the concentration, which is known as hormetic characteristic of Qu (biphasic
dose response), where a low dose of Qu exhibits an antioxidant effect and a high dose shows
a pro-oxidant effect [63,64]. Because of the hormetic properties, it is a strong candidate
for investigations on cancer prevention [65]. Furthermore, it has been found that Qu is
a significant and effective antioxidant and can be thought of as a powerful anticancer
agent [63].

Additionally, ROS’ oxidative damage to intracellular organelles and macromolecules
causes inflammation, leading to various diseases, such as heart disease, diabetes, Alzheimer’s
disease, Parkinson’s disease, and cancer [12,66,67]. Therefore, we predicted that Qu-PEG
NS and Qu scavenge free radicals from the cells, thus inhibiting inflammation, which helps
to prevent the occurrence of chronic diseases occurrence.

2.7. Cell Viability of Qu and Qu-PEG NS on RAW 264.7 Cells

The commonly used MTS assay is an essential parameter to determine the degree
of toxicity and to measure cell viability for new substances. HaCaT and RAW 264.7 cells
were treated with Qu and prepared nanosuspension to measure cell viability by MTS assay
(Figure 7A,B). The cell viability on HaCaT cells was performed with Qu and Qu-PEG
NS at 5, 10, 50, and 100 μg/mL concentrations (Figure 7A). HaCaT cells treated with Qu
and Qu-PEG NS at a concentration of 10 μg/mL showed cell viability of 85.2% and 89.4%
compared to control cells that were not treated with anything. When the concentration
of the test sample was increased by 10 folds (100 μg/mL), the survival rate was slightly
lower in Qu-PEG NS (76.9%), while pure quercetin showed a significant difference in cell
cytotoxicity (63.8%) at a high concentration. Therefore, Qu-PEG NS had a safer function for
cells than the original native Qu molecules.

In addition, we measured the cell viability of Qu and Qu-PEG NS in RAW 264.7 cells
with LPS treatment and DMSO to investigate their function on inflammation. Qu showed
cell viability of 79.1% and 54.7% at concentrations of 10 and 100 μg/mL, respectively
(Figure 6B), while the Qu-PEG NS showed cell viability of 80.8% and 74.8% at concentra-
tions of 10 and 100 μg/mL, respectively. For the results of the MTS assay, the Qu and
Qu-PEG NS did not show serious cytotoxicity to HaCaT and RAW 264.7 cells. Therefore,
two molecules may not have caused toxicity to mouse and human normal cells. In ad-
dition, Qu-PEG NS showed less cytotoxicity than Qu at the 100 μg/mL concentration
(Figure 7), suggesting that prepared nanosuspension is more biocompatible than the pure
Qu molecules. When a material exhibits the anticipated favorable tissue response, clinically
significant performance is called to be a biocompatible material. The other factors are
cytotoxicity, mutagenicity, genotoxicity, carcinogenicity, and immunogenicity, which check
the biocompatibility of the prepared material. In this study, the cytotoxicity study was
performed and nanosuspension showed less cytotoxicity than the pure Qu. Hence, the
prepared nanosuspension can be more biocompatible than the pure Qu.
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Figure 7. MTS analysis of (A) HaCaT and (B) RAW 264.7 cell viability treated with Quercetin and
Qu-PEG NS. The cells were pre-treated with different concentrations of quercetin. Qu-PEG NS was
then treated with LPS (1μg/mL) for 48 h. Results are the mean ± S.D. of samples. * p < 0.05 indicates
a significant difference from the Qu-PEG NS.

2.8. The Effect of Qu and Qu-PEG NS on NO Production by RAW 264.7 Cells

Nitric oxide (NO) is a highly reactive free radical and an important secondary mes-
senger that mediates the inflammatory response [68]. Furthermore, LPS increases the NO
production in macrophages and triggers an inflammatory response [69]. Hence, we investi-
gated the effects of Qu-PEG NS and Qu on lowering the NO production in LPS-induced
macrophages. The RAW 264.5 cells were pre-treated with 10 or 100 μg/mL of Qu, Qu-PEG
NS, and catechin for 48 h. Then, the RAW 264.7 cells stimulated inflammation by treatment
of LPS (1 μg/mL) for 24 h and were assayed for NO levels (Figure 8). Macrophages are one
of the main cell types that demonstrate the NF-κB activation in inflammatory disorders
and one of the leading NO generators in vivo [70,71].

Figure 8. Effects of Qu and Qu-PEG NS on NO production by RAW 264.7 cells in the presence of
LPS. Results are the mean ± SD of test samples, * p < 0.05 indicates a significant difference from the
control at a concentration of 100 μg/mL.

Findings were confirmed that NO synthesis in RAW 264.7 cells induced the inflamma-
tory response by LPS treatment (Figure 8). As compared to LPS treatment alone, RAW 264.7
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cells treated with Qu, Qu-PEG NS, and catechins along with LPS showed a reduction in the
NO production. Therefore, Qu and Qu-PEG NS dramatically reduced the NO production
of macrophage cells in inflammatory conditions (Figure 8). LPS enhances the NO synthe-
sis during the inflammatory response by activating NF-κB and up-regulating inducible
nitric oxide synthase (iNOX) [72]. Hence, we prove the anti-inflammatory properties by
considering this reduction in NO generation in inflammatory macrophage cells by Qu
and nanosuspension.

2.9. Differentiation of RAW 264.7 Cells with Qu and Qu-PEG NS in the Presence of LPS

Macrophages represent monocytes, which are highly differentiated cellular pheno-
types that coordinate host inflammatory responses and wound healing. Monocyte cells
exist in a gradient along this maturation pathway, depending on the external environment,
from immature to mature phenotype [73]. The degree of change from the immature to ma-
ture phenotype of monocytes treated with nanosuspension was measured (Figure 9). The
RAW 264.7 cells are monocytic progenitors and have a smaller, rounded phenotype with
less cytoplasmic expansion before LPS treatment, as shown in Figure 9. After treatment
with LPS, cells were matured to macrophages after 48 h. As a result of the morphological
transformation experiment, LPS promotes adhesion, growth, and proliferation of monocytic
cells to maturate and spread the culture surface. This indicates that LPS was modified to
induce an inflammatory response in the immature RAW 264.7 cells. The RAW 264.7 cells
were incubated with relative amounts of Qu or Qu-PEG NS with 1 μg/mL of LPS and
recorded by phase contrast microscopy (Figure 8). After 24 h of Qu and Qu-PEG NS treat-
ment, RAW 264.7 cells had many untransformed monocytes. On the other hand, 24 h after
treatment with Qu and Qu-PEG NS with LPS, RAW 264.7 cells became mature macrophages.
This indicates that LPS matures macrophages due to an inflammatory response. There-
fore, macrophages treated with Qu or Qu-PEG NS remained immature monocytes until
LPS treatment (24 h) because the quercetin and its nanosuspension did not induce an
inflammatory response. LPS is a gram-negative bacterial cell wall component and causes
inflammatory bone loss by converting macrophages into osteoclasts [74]. Furthermore,
LPS induces the production of various cytokines and mediators, such as tumor necrosis
factor (TNF)-α, interleukin (IL)-1, and prostaglandin E2 (PGE2), in macrophages and plays
a vital role in the maturation of macrophages [36]. Here, we confirmed that LPS-induced
RAW 264.7 cells were transformed into macrophages which involves in the inflammatory
response. Since Qu and Qu-PEG NS were decreased the NO production (Figure 8). Hence,
they lowered the inflammatory response in LPS-induced inflammatory RAW 264.7 cells.

 

Figure 9. The morphological changes in LPS-induced RAW 264.7 cells treated with Qu and Qu-PEG
NS. The RAW 264.7 cells were incubated with Qu or Qu-PEG NS for 24 h (24 h) and then LPS was
added and grown (48 h and 72 h). Phase contrast microscopy was used to capture the images of RAW
264.7 (150× magnification).
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2.10. Effect of Qu and Qu-PEG NS on Inflammatory Proteins in LPS-Induced RAW 264.7 Cells

Cytokines, including TNF-α, IL-6, and IL-1β, are pro-inflammatory [75]. Furthermore,
IFN-γ and/or LPS-stimulated macrophages that have produced TNF-α are synergistically
induced to produce NO [76]. Numerous physiological reactions are induced by TNF-α,
including septic shock, cachexia, inflammation, and cytotoxicity [77]. In addition to control-
ling the expression of pro-inflammatory cytokines and enzymes, including iNOS, COX-2,
TNF-α, and IL-6, NF-kB is a recognized biomarker of cellular inflammation responses [78].

Therefore, we analyzed the inflammation-related effects of Qu and Qu-PEG NS by
increasing or decreasing inflammatory biomarkers, such as IL-1β, COX-2, and TNF-α-
activated NF-κB (p65), by Western blot analysis (Figure 10).

Figure 10. Effects of Qu and Qu-PEG NS on RAW 264.7 cells (A) in the absence of LPS and (B) in the
presence of LPS on the expression of COX-2, IL-1β, and TNF-α-activated NF-κB (p65) as biomarkers
of inflammation. The β-actin was employed as base level of protein expression. * p < 0.05 indicates a
significant difference.

In the absence of LPS, the COX-2 protein was not expressed, while IL-β1 and NF-κB
were constitutively expressed (Figure 10A). However, when Qu and Qu-PEG NS were
used, the IL-β1 and NF-κB were significantly down-regulated compared to β-actin (Fig-
ure 10A). While in the presence of LPS, the RAW 264.7 cells induced the COX-2 protein,
indicating inflammation (Figure 10B). Furthermore, expression of COX-2, IL-β1, and NF-κB
were markedly up-regulated by LPS. However, pretreatment with Qu and Qu-PEG NS of
100 μg/mL significantly reduced the levels of COX-2, IL-β1, and NF-κB as compared to
β-actin level (Figure 10B).

When LPS stimulates the cells, NF-κB is transferred to the nucleus to regulate gene
expression [79]. Here, the reduction in NF-κB may result in down-regulation of COX-2,

59



Molecules 2022, 27, 7432

IL-1β, and NO production levels, indicating an anti-inflammatory effect (Figures 8 and 10).
Additionally, it has been previously observed that quercetin successfully inhibited Nod-like
receptor family pyrin domain-containing 3 (NLRP3) of the inflammasome family [29].
Inflammasomes are cytoplasmic multiprotein oligomers that generate active forms of cy-
tokines IL-1β and IL-18 to activate the inflammatory response [80]. Therefore, by weakening
the inflammasome function, quercetin is a potential treatment for severe inflammation,
such as SARS-CoV-2-induced cytokine storm and Alzheimer’s disease, and life-threatening
diseases, such as atherosclerosis and cardiac arrhythmias. Generally, ROS-induced tran-
scription factors, including NFκB, and pro-inflammatory factors, such as COX-2, TNF-α,
IL-6, and IL-1β, lead to the onset of inflammation [8]. As with our experimental re-
sults, a high antioxidant effect of quercetin and epigallocatechin gallate (EGCG) reduces
ROS production to inhibit thioredoxin-interacting protein (TXNIP)-NLRP3 inflammasome
and decrease IL-1β production [81]. The possible mechanisms of inflammation by LPS
and anti-inflammatory action by Qu and Qu-PEG NS are summarized in Figure 11. A
possible mechanism of anti-inflammation of Qu and Qu-PEG NS may be due to high
antioxidant ability, which could be responsible for reducing the activation of NLRP3 in-
flammasome, thereby reducing cytokines. In addition, Qu and Qu-PEG NS have a high
ROS-/RNS-scavenging ability that inhibits the NF-κB pathway to reduce iNOS, COX-2,
and lipoxygenase expression levels, leading to anti-inflammatory action.

Figure 11. Schematic representation of the mechanism of Qu and Qu-PEG NS anti-inflammation
effects in LPS-induced inflammatory RAW 264.7 cells. In this study, the Qu and Qu-PEG NS quench
ROS and RNS, which may be responsible for inhibiting the active NF-κB transcription factor and
suppression iNOS, Cox-2, and pro-inflammatory mediator protein levels, including TNFα, IL-1β, IL-6,
and IL-8. Furthermore, the attenuation of NF-κB activity accompanies the inhibition effects of Qu
and Qu-PEG NS by preventing NF-κB translocation from the cytoplasm to the nucleus. Red arrows
indicate for inflammation pathway by LPS. Blue arrows indicate the anti-inflammation pathway
by Qu or Qu-PEG NS molecules. Abbreviations: Activator protein 1 (AP-1), Cytochrome c oxidase
subunit 2 (COX-2), inducible nitric oxide synthases (iNOS), Interleukin 1 beta (IL-1β), Interleukin
6 (IL-6), Interleukin 8 (IL-8) Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
κB), Nuclear factor NF-kappa-B p65 subunit (NF-κB p65), reactive nitrogen species (RNS), reactive
oxygen species (ROS), toll-like receptor 4 (TLR4), lipopolysaccharide (LPS), tumor necrosis factor
alpha (TNF-α).

60



Molecules 2022, 27, 7432

2.11. Antibacterial Activity

Pathogenic bacteria can infect humans and cause fatal diseases. The current significant
issue of modern medicine is the development of drugs for drug-resistant bacteria. Though
antibiotics are the first line of protection against bacterial illness, the evolution of pathogenic
drug resistance has encouraged the design of highly efficient and new antimicrobial med-
ications [82]. Antimicrobial resistance is a global problem because it induces antibiotic
resistance and a rise in healthcare expenses [83]. Hence, effective antibacterial materials
are considerably required. Even though many species from the Bacillus and Escherichia
genera are beneficial for food fermentations, probiotics, and industrial purposes [84,85],
many of these species are also referred to as pathogens. B. cereus is a facultative, anaerobic,
gram-positive, and spore-forming soil, plant, and food bacterium, which has been associ-
ated with the development of foodborne diseases, including severe nausea, vomiting, and
diarrhea [86]. Additionally, E. coli is a facultative, anaerobic, gram-negative, rod-shaped,
coliform bacteria typically detected in mammals’ gastrointestinal tract [87]. While most E.
coli strains are not harmful to humans, others, such as E. coli O157:H7 has been linked to
severe food poisoning [88]. Therefore, the anti-microbial activity of Qu-PEG NS against
these bacteria has emphasized the potential non-antibiotic treatments. Hence, in this inves-
tigation, we used colony-forming unit (CFU) methods to assess the antibacterial activity
of and Qu-PEG NS at different concentrations against B. cereus and E. coli. As shown in
Figure 12, the CFU of B. cereus was reduced to 171 × 106 when treated with Qu-PEG NS
(0.1 mg/mL) while 0.5 mg/mL and 1 mg/mL did not show any growth in the number
of bacteria as compared to 342 × 106 CFU/mL for the untreated control. However, Qu
showed 139 × 106 CFU/mL, 109 × 106 CFU/mL, and 42 × 106 CFU/mL at concentrations
of 0.1, 0.5, and 1.0 mg/mL, respectively. The Qu-PEG NS treatments (0.5, 1.0 mg/mL) also
significantly inhibited B. cereus growth compared to Qu and control (Figure 12).

Figure 12. Antibacterial activity of Qu and Qu-PEG NS against B. cereus (A) Colony forming on
growth medium and (B) Number of colonies forming units, * p < 0.05 significant difference compared
to control.
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E. coli treated with 0.1 and 0.5 mg/mL of Qu-PEG NS showed a CFU of
126 × 107 CFU/mL and 40 × 107 CFU/mL, respectively (Figure 13). The 1.0 mg/mL treat-
ment of Qu and Qu-PEG NS did not produce any colonies compared to 129 × 107 CFU/mL
for the untreated control. The antimicrobial activity of Qu and Qu-PEG NS may be due to
microbial cell lysis by precipitation of membrane proteins of bacteria [89]. At a dosage of
0.5 mg/mL, the Qu-PEG NS was found to be more efficient against gram-positive bacteria,
such as B. cereus, compared to gram-negative bacteria. This result may be related to the
possibility that the nanosuspension can easily adhere to the bacterial membrane and induce
cell lysis through protein precipitation. Thus, Qu-PEG NS can be used as a non-antibiotic
antimicrobial agent against gram-positive bacterial infections.

Figure 13. Antibacterial activity of Qu and Qu-PEG NS against E. coli (A) Colony forming on growth
medium and (B) Number of colonies forming units, * p < 0.05 significant difference compared
to control.

3. Materials and Methods

3.1. Chemicals and Cell Culture

HaCaT and RAW 264.7 (KTCC No. 40071) cells were taken from the Korea Cellular
Bank (KTCC, Seoul, Korea). Penicillin (100 units/mL)/streptomycin (100 g/mL) and
fetal bovine serum (FBS), 0.25% trypsin-EDTA, Cell Titer 96 Aqueous one solution cell
proliferation assay kit (Prommega, Madison, WI, USA), lipopolysaccharide (Sigma Aldrich,
St. Louis, MO, USA), Halt Protease Inhibitor Cocktail, EDTA-Free (Thermo Scientific,
Waltham, MA, USA), Goat Anti-Rabbit IgG antibody (HRP) (GeneTex, Irvine, CA, USA), m-
IgGκ BP-HRP (Santa Cruz Biotechnology, Dallas, TX, USA), M-PER® Mammalian Protein
Extraction Reagent (Thermo Scientific Waltham, MA, USA), Western Enhanced Buffer
(NEOSCIENCE, Seoul, Korea), Super Signal® West Pico Chemical Substrate (Thermo
Scientific Waltham, MA, USA), PVDF membrane (Sigma Aldrich, St. Louis, MO, USA),
phosphate buffer saline (PBS) (Welgene, Gyeongsan, Republic of Korea; Sigma, St. Louis,
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MO, USA), sodium hydroxide, hydrochloric acid, polyethylene glycol 8000, quercetin, and
other reagents (Sigma Aldrich) were used.

3.2. Preparation of Nanosuspension

Nanosuspension was prepared by the acid-base nanoprecipitation method. First, a
mixture of quercetin and polyethylene glycol 8000 (0.6 g) was weighed in different ratios
such as 2:1, 1:1, and 1:2. The weighed quantity of combinations was dissolved separately
in 20 mL of 0.2 N NaOH solution at room temperature using a magnetic stirrer (Dathan
scientific, MSH-20D) at 500 rpm to form a clear solution. Then, 3.5 mL of 1M HCl was
added under continuous magnetic stirring at 1500 rpm for 15 min to obtain the precipitated
quercetin suspension. Furthermore, the prepared suspension pH was adjusted to 6–7 with
0.1 N NaOH or 0.1M HCl. Then, the formulation was sonicated with a probe sonicator
(Vibra cell sonicator, 750-watt model) for 20 min at 35% amplitude at room temperature to
formulate nanosuspensions. Then, the prepared nanosuspensions were frozen at −70 ◦C
for 24 h and lyophilized at −60 ◦C for 48 h. The lyophilized samples were stored in an
air-tight container for further evaluation.

3.2.1. Physical Observation and Determination of Content Uniformity

The Qu and lyophilized nanosuspensions (Qu-PEG NS1, Qu-PEG NS2, and Qu-PEG
NS3) were examined for agglomeration and color using stereomicroscopy. The samples
were scattered on a glass slide and focused and the photomicrographs were taken.

The amount of quercetin in the freeze-dried product was determined by dissolving
10 mg of lyophilized nanosuspension in 10 mL of methanol. After 15 min of probe sonica-
tion and filtering with a 0.22 μm membrane filter, the absorbance of quercetin was measured
spectrophotometrically at 370 nm. The concentration of quercetin was calculated using the
regression equation (y = 0.0673x + 0.0375, r2 = 1), which was obtained by preparing the
standard curve of quercetin in methanol (where ‘y’ is the absorbance of the test sample and
‘x’ is the concentration to be determined). Among the three types of nanosuspension in
Table 1, Qu-PEG NS1 was selected and named Qu-PEG NS to investigate the physiological
activity properties.

3.2.2. Analytical Characterization

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was
recorded on a Perkin Elmer (Waltham, MA, USA) in the infrared region (4000 and 600 cm−1)
and analyzed by transmittance technique at a spectral resolution of 1 cm−1.

The DSC curves of the different samples were recorded on a differential scanning
calorimeter (Perkin Elmer Inc., Waltham, MA, USA) calibrated with indium. The thermal be-
havior was studied by heating samples in aluminum crimped pans under nitrogen gas flow.
The samples were heated from −10 ◦C to 340 ◦C at 10 ◦C/min to obtain the thermogram.

3.2.3. Particle Size Measurements

Quercetin nanosuspensions were analyzed for particle size by photon correlation
spectroscopy (PCS) using a Zetasizer Nano ZS (Zen 3600, Malvern Instruments, Worcester-
shire, United Kingdom). The instrument scientifically and instinctively adjusts to the test
sample by altering the intensity of the laser and the attenuator of the photomultiplier, thus
confirming the reproducibility of the experimental measurement conditions.

3.3. Determination of Antioxidant Capacity

The DPPH˙ free-radical-scavenging activity with Qu and Qu-PEG NS was evaluated
in contrast to ascorbic acid [87]. In brief, 200 μL of the 10, 50, 100, 250, 500, and 1000 μg/mL
NQS1 solution and 100 μL of the 0.2 mM DPPH solution in ethanol were combined. The
mixture was then left to react for 30 min at room temperature before the absorbance at
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517 nm was recorded using an ELISA reader. Equations (1) and (2) were used to determine
the DPPH˙ free-radical-scavenging activity.

DPPH scavenging activity % = [1 − Absorbance sample/Absorbance control] × 100 (1)

As previously reported, the ABTS+ radical-cation-scavenging method was performed [40].
To generate ABTS+ radicals, 7 mM ABTS and 2.5 mM potassium persulfate were combined
in an equal volume and left at room temperature in the dark for 24 h. Then, using an
ELISA reader (InfiniteTM F200, Männedorf, Switzerland), the absorbance of this solution was
measured at 734 nm after being diluted twice with ethanol. An ELISA reader was used to
measure the absorbance at 734 nm to check the scavenging activity of Qu and Qu-PEG NS in
an equal volume (150 μL) of ABTS solution and with different concentrations of test samples,
i.e., 10, 50, 100, 250, 500, and 1000 μg/mL of Qu and Qu-PEG NS. The reaction was allowed
to proceed for 6 min at room temperature. ABTS scavenging activity was calculated by the
following equation.

ABTS scavenging activity % = [1 − Absorbance sample/Absorbance control] × 100 (2)

3.4. Nitric Oxide (NO) Production Measurement

After treatment with LPS, NO production assay was performed to measure the effect
of Qu and Qu-PEG NS on NO production from RAW 264.7 cells. The RAW 264.7 cells
were uniformly dispensed in 24 wells at a density of 2 × 105 cells/well and then each
test solution was applied at a concentration of 10 or 100 μg/mL and incubated for 48 h.
Furthermore, cells were treated with LPS (1 μg/mL) and incubated for 96 h (LPS treatment
for 48 h). After that, 50 μL of the cell supernatant was collected and reacted with 50 μL
of the sulfanilamide solution (1% sulfanilamide in 5% phosphoric acid) for 10 min. Then,
50 μL of the NED solution (0.1% N-1-naphthylenediamine) was used to react for 10 min,
and the absorbance was measured at 548 nm by utilizing an ELISA reader. A standard
curve of sodium nitrite was utilized to calculate the NO concentration.

3.5. Measurement of Cell Viability of Qu and Qu-PEG NS

Cytotoxicity and proliferation rates of Qu and Qu-PEG NS on HaCaT and RAW
264.7 cells were measured after the treatment with lipopolysaccharide (LPS, 1μg/mL).
Testing procedures were performed as previously reported, with some modifications to
detect cell cytotoxicity [90]. The HaCaT and RAW 264. 7 cells were evenly distributed in a
96-well plate at a density of 1 × 104 cells/well to measure cytotoxicity and proliferation.
After 24 h, each sample was treated with a solution containing 10 or 100 μg/mL and
incubated for 96 h. The impact of concentration-specific therapy on cell proliferation was
examined using the Cell Titer 96 Aqueous one solution cell proliferation assay kit. All
the media were taken out after incubation and then 20 μL of DMEM medium and 100 μL
of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazol
inner salt (MTS) solution were added. The sample optical density was measured with
an ELISA reader using a 96-well plate (InfiniteTM F200, Switzerland). The absorbance
at 390 nm, 37 ◦C, and 3 ◦C was measured. As a control, a culture solution without any
treatment was employed.

3.6. Anti-Inflammatory Activity of LPS-Induced RAW 264.7 Cells with Qu and Qu-PEG NS

In a 100 mm petri plate, macrophages (RAW 264.7 cells) were cultured at a density
of 4.5 × 107 cells/plate for 24 h. Afterward, cells were rinsed with PBS and treated with
various concentrations (10 and 100 μg/mL) of quercetin and nano-quercetin and incubated
for 48 h, followed by cells being exposed to LPS (1 μg/mL) and further incubated for
96 h to induce the inflammation. Then, the protein was extracted from the sample-treated
RAW 264.7 cells using M-PER® Mammalian Protein Extraction Reagent and Halt Protease
Inhibitor Cocktail, EDTA-Free, and the protein content was assessed.
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Proteins extracted from treated RAW 264.7 cells were used for Western blot analysis.
Briefly, 30 μg of protein was separated by electrophoresis using 7.5% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE) and afterward transferred to PVDF membrane
(polyvinylidene fluoride) and blocked with Western Enhanced Buffer (NEOSCIENCE,
Seoul, Korea). The primary antibodies were employed in a ratio of 1:2000 and 1:1000.
The secondary antibodies were Goat Anti-Rabbit IgG antibody (HRP) (GeneTex, Alton
Pkwy Irvine, CA, USA) and m-IgGκ BP-HRP (Santa Cruz Biotechnology, Dallas, TX,
USA). The primary antibodies COX-2, IL-1β NFkB p65, and β-actin were purchased from
GeneTex or Santa Cruz Biotechnology. The secondary antibodies were labelled in the ratio
of 1:10,000. After completing the second antibody reaction, a Super Signal® West Pico
Chemical Substrate (Thermo Scientific, Waltham, MA, USA) solution was applied to a
PVDF membrane (Sigma Aldrich, St. Louis, MI, USA), made photosensitive to film in a
darkroom, and developed. The relative strength of a specific protein band was determined
utilizing an Image J® analyzer (National Institutes of Health, Bethesda, MD, USA).

3.7. Antimicrobial Activity

Bacillus cereus (ATCC 14579) and Escherichia coli (ATCC 15597) were purchased from
the ATCC (American Type Culture Collection, Manassas, VI, USA) and assessed for the
antibacterial activity with Qu and Qu-PEG NS (0.1 and 1.0 mg/mL). Bacterial culture
was performed in LB (Luria–Bertani) media for 12 h at 37 ◦C with shaking at 120 rpm.
Tetracycline was used as a positive control. Bacteria (104 cells/mL) were then collected
and washed with PBS (pH 6.8). These cells were then added to fresh LB media with varied
sample concentrations and cultured at 37 ◦C for another 12 h with shaking. The sample-
treated bacterial cultures were serially diluted from 10−5 to 10−7 and then plated on LB
agar plates and incubated at 32 ◦C for 12 h. The antibacterial activity of the Qu and Qu-PEG
NS was determined by colony counting on the culture plates.

3.8. Statistical Analysis

All experiments were repeated three times and an average ± standard deviation
represented statistical analysis. The student’s t-test method was used (GraphPad 8 trial
version) and p < 0.05 indicated a statistically significant difference.

4. Conclusions

According to physicochemical characterization and the acid-base condition of the
synthesis, we addressed the development of nanosuspensions. In addition, this study
observed that prepared nanosuspension showed favorable biosafety against cell line studies.
Furthermore, the nanosuspension significantly protected RAW 264.7 cells by regulating
NO overproduction and ROS levels. Moreover, nanosuspension showed suitable anti-
inflammatory activity by reducing the COX-2, IL-1β and NF-κB levels along with anti-
bacterial activity. Hence, it can be concluded that the prepared nanosuspension possesses
considerable antioxidant, anti-inflammatory, and antibacterial activity, which may help to
prevent the occurrence of chronic diseases.
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Abstract: Sideritis clandestina (Bory & Chaub.) Hayek subsp. peloponnesiaca (Boiss. & Heldr.) Baden
(SCP) is endemic to the mountains of the Northern Peloponnese (Greece). This and other Sideritis
taxa, collectively known as mountain tea, are widely ingested as beverages for refreshment or medici-
nal purposes. We describe a methodology for the characterization of SCP. Four iridoid glycosides
(monomelittoside, melittoside, ajugoside, and 7-O-acetyl-8-epiloganic acid), two phenolic acid gly-
cosides (vanillic and salicylic acid glycosides), and three caffeoyl ester glycosides (chlorogenic acid,
verbascoside, and isoverbascoside) were isolated from SCP for the first time. We used ultrasound-
assisted extraction of 3 g of plant material to produce petroleum ether and aqueous extracts, which
we then analyzed using GC/MS and LC/MS. This was applied to eight samples from four different
taxa. In total, 70 volatile and 27 polar metabolites were determined. The S. clandestina samples had a
lower phenolic content and weaker antioxidant properties than S. raeseri and S. scardica. However,
S. clandestina ssp. clandestina seemed to be the most aromatic taxon, with almost double the number
of volatiles as the others. This study could contribute to authentication and chemotaxonomic studies
of Sideritis taxa.

Keywords: mountain tea; Lamiaceae; iridoids; phenylethanoids; metabolomics; ultrasound-assisted
extraction; flavonoids; melittoside; ajugoside; verbascoside

1. Introduction

The genus Sideritis (Lamiaceae family) comprises more than 150 species worldwide [1].
They are annual or perennial xerophytic and thermophytic shrubs growing in mountain
areas. Most of the Sideritis species are consumed as infusions of exquisite aroma and
taste and are widely known as mountain tea. In traditional medicine, infusions and de-
coctions of its aerial parts are used as a remedy for cough, common cold, pain, asthma,
gastrointestinal disorders, and mild anxiety. Meanwhile, the increasing number of stud-
ies on their bioactivity is confirming those actions and is revealing numerous bioactive
phytoconstituents [2,3]. The commercial demand for large quantities of mountain tea as a
raw material for the production of beverages, cosmetics, herbal drugs, and food supple-
ments, and the research findings on its beneficial health properties, intensify the efforts of
cultivation, plant breeding, and authentication of the plant material.

Their taxonomical classification is difficult due to their tendency to hybridize, and
many chemotaxonomic approaches have been adopted [1,4–7]. Apart from the chemovari-
ability that derives not only from the genotype but also from the location, the time of
collection, the environmental conditions, and cultivation practices, there is an intrinsic diffi-
culty in those phytochemical studies since the genus Sideritis is a rich source of secondary
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metabolites [1]. For most of the Sideritis taxa, their phytochemistry is largely unknown and
new natural products are discovered annually.

Most studies have focused on essential oil chemistry, but Sideritis taxa have a relatively
low content of essential oil; the monoterpenes α-pinene and β-pinene are usually present
in high concentrations in the majority of Sideritis taxa [1]. Regarding the non-volatiles,
quinic acid derivatives, flavonoids and their glucosides, phenylpropanoid glucosides such
as verbascoside and isoverbascoside, and some iridoids, with melittoside being the most
usual one, were present in all studied Sideritis plants [4,6,8].

Sideritis clandestina (Bory & Chaub.) Hayek is a variable hemicryptophytic species
endemic on the mountains of the Peloponnese, prospering at altitudes of 1600–2300 m.
Taxonomically, two subspecies can be recognized: S. clandestina (Bory & Chaub.) Hayek
subsp. peloponnesiaca (Boiss. & Heldr.) Baden (SCP), endemic to the mountains of Central
and Northern Peloponnese, and S. clandestina (Bory & Chaub.) Hayek subsp. clandestina
(SCC), which prospers in the southern mountains, on Taygetos and Parnon [9] (pp. 84–91).
The variability of the species is expressed by synonyms that have been given in previous
times to several populations of the species.

Synonyms of SCP are Sideritis peloponnesiaca Boiss. & Heldr., Sideritis theezans subsp.
peloponnesiaca (Boiss. & Heldr.) Bornm., and Sideritis clandestina subsp. cyllenea (Boiss.)
Papan. & Kokkini, whereas synonyms of SCC are Phlomis clandestina Bory & Chaub.,
Sideritis cretica Sm., Sideritis syriaca Bory & Chaub., and Sideritis theezans Boiss. & Heldr. [9]
(pp. 84–91). There are studies on their essential-oil composition [10–13]. We have previously
demonstrated that SCP and SCC tea consumption enhances the antioxidant defense of
the adult rodent brain in a region-specific manner [14,15] and that SCC confers anxiolysis
to rodents [15]. The LC/MS characterization of SCC infusion showed the presence of
17 compounds, including quinic acid and melittoside derivatives, martynoside and β-
hydroxyverbascoside, and apigenin and isoscutellarein glycosides [15]. However, several
peaks in the SCC extract could not be characterized, and there has not been any analysis
of SCP. In 2017, we evaluated several distillation and extraction methods and reached the
conclusion that petroleum ether ultrasound-assisted extraction of a small amount of plant
material after acidic pretreatment could facilitate a thorough determination of volatiles in
SCP and other Sideritis taxa [16].

With the aim of characterizing the phytochemical profile of SCP for the first time,
we proceeded to the fractionation and isolation of pure polar glycosides from SCP and
developed a methodology of metabolomic fingerprinting to compare with similar taxa
and contribute to the authentication and chemotaxonomic efforts. In particular, in order
to record both volatiles and polar metabolites from a small amount of plant material, we
revisited the extraction method developed earlier [16] and analyzed both aqueous and
petroleum ether extracts. We applied this methodology to SCP, SCC, and two other Sideritis
taxa, i.e., Sideritis raeseri Boiss. & Heldr. and Sideritis scardica Griseb. S. raeseri is a variable
species occurring in the southern and western part of the Balkan Peninsula. In Greece, two
subspecies can be recognized: subsp. raeseri (SR) in Northern Greece up to Sterea Hellas
(recently collected from the mountain Gaidourorahi in the Northern Peloponnese) and
subsp. attica (Heldr.) Papanic. & Kokkini in a few mountains of Sterea Hellas (Pateras,
Kitheron, Parnis), whereas S. scardica (SS) prospers in the Southern Balkan Peninsula,
including Northern Greece, and is cultivated in Southern Greece. In order to compare
those taxa, we also applied colorimetric assays to evaluate the antioxidant properties of the
aqueous extracts.

2. Results and Discussion

2.1. Isolation of Polar Glycosides from SCP

To facilitate the characterization of SCP metabolites and the qualitative analysis of
the aqueous extracts, we proceeded with the isolation of polar compounds from SCP
methanolic extract, and the isolated compounds were used as reference compounds. To the
best of our knowledge, it is the first time the isolation of nine polar metabolites from SCP
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species is reported (Figure 1). The molecular structures of the isolated compounds were
determined mainly with 1H-NMR spectra in comparison with literature data, as well as
UV and MS spectra. The small quantities and the poor solubility of the compounds did not
give us the proper results from 13C -NMR and 2D experiments in all cases.

Figure 1. Structures of isolated iridoid, phenylpropanoid, and phenolic acid glycosides.

Monomelittoside (1) with the molecular structure C15H22O10 and a molecular weight
(M.W.) of 362 was isolated as a pale white solid. The 1H-NMR, MS, and UV-vis spectra are
presented in Table S1 and Figures S1–S3, and are in accordance with previous studies [17].
It is the first time this iridoid glycoside was isolated from SCP; it has previously been
isolated from S. perfoliata subsp. perfoliata and S. sipylea [18,19].

Melittoside (2) was isolated as a white amorphous powder and its molecular structure
C21H32O15 was determined by 1H- & 13C-NMR, MS, and UV-vis spectra (Table S2 and
Figures S4–S7), which agreed with a previous reference [17]. This is an iridoid glycoside
that bears two glucose units at C-1 and C-5 linked via O-glycosidic bonds and its presence
in several Sideritis taxa has been reported earlier [1,15,20–22]; this is the first report of its
occurrence in SCP.

Vanillic acid glucoside (3), C14H18O9 and M.W. of 330, was isolated as light grey
powder and the structure was determined with 1H-NMR, MS, and UV spectra (Table S3
and Figures S8–S10) in accordance with Yu et al. [23]. Vanillic acid presence in Sideritis taxa
has been reported earlier [24,25] but not of its glucoside.

Ajugoside (4), C17H26O10 and M.W. of 390, was isolated as a pale white powder, and
the 1H-NMR, MS, and UV spectra (Table S4, Figures S11–S13) were in accordance with
published data [26]. This iridoid has been isolated from several Sideritis taxa like S. perfoliata
subsp. perfoliata [1,27].

Compound (5) was isolated as pale viscous solid and it was ascribed to salicylic acid glu-
coside (5), C13H16O8, according to 1H-NMR, MS, UV spectra (Table S5 and Figures S14–S16),
and literature data [28,29].

A 7-O-acetyl-8-epi-loganic acid (6) C18H25O11 (M.W. 418) was isolated as a brown sticky
solid, and the structure was determined by 1H-NMR, MS, and UV-vis spectra (Table S6 and
Figures S17–S19), which was in accordance with Hanoglu et al. [30].

Chlorogenic acid (7) C16H18O9 (M.W. 354) was isolated as a white amorphous powder
and the structure was elucidated from spectroscopic data (1H-NMR, MS, and UV-vis spectra
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in Table S7 and Figures S20–S22) that agreed with the literature [31]. It has been previously
isolated from several Mediterranean Sideritis taxa [1].

The phenylethanoid glycoside isomers verbascoside (8) and isoverbascoside (9) C29H36O15
were isolated as an amorphous powder and elucidated using 1D NMR (1H, 13C, and
APT), 2D NMR (HSQC, HMBC, COSY, and ROSEY), and MS spectra in accordance with
previous studies [32,33]. The spectroscopic data for verbascoside (8) are presented in
Table S8 and Figures S23–S30 and those for isoverbascoside (9) are presented in Table S9
and Figures S31–S38. References to their occurrence in other Sideritis taxa are provided in
the comprehensive review by Fraga in 2012 [1].

2.2. Qualitative and Quantitative Analysis of Polar Compounds in the Aqueous Extracts by
LC/MS Analysis

The acidic pretreatment combined with ultrasound-assisted extraction was previously
developed by us and applied to the analysis of volatiles in the petroleum ether extracts [16],
but at that time we did not use the aqueous extracts. In this work, we extend the appli-
cations of the UAE extraction of a small quantity of plant material (3 g) and describe the
characterization of the aqueous extracts, as well. Two biological samples of SCP, SCC, SR,
and SS were extracted, and the final yields of the acidic extraction were 30.11%, 35.00%,
39.14%, and 30.29%, respectively. The LC-ESI-MS analysis of the extracts (see Figure S39)
combined with the use of the isolated compounds 1–9 and rutin as standards, allowed the
identification and quantification of most of the components, 27 in total, classifying them
into several phytochemical groups: iridoid, quinic acid, phenylpropanoid, and glycosylated
flavonoid derivatives (Table 1). Among these groups, flavonoids were the most prevalent
one. The results are congruent with many previous studies [6,8,22,34–37]. The quantitation
was performed with a common glycosylated flavonoid, rutin, as an external standard and
not with the identified/isolated compounds; the non-commercially available compounds
were not isolated in satisfactory amounts, and we did not isolate any flavonoids. The results
are expressed as mg rutin equivalents/100 g dry plant material. Despite the anticipated
lack of accuracy stemming from the use of a standard that is not present in Sideritis, this
methodological approach offers the advantage of broad applicability in all laboratories,
since rutin is cheap and commercially available.

The highest concentration of polar metabolites was found in the SR extract, fol-
lowed by SS, whereas SCP had the lowest. Flavonoids were abundant in all four taxa
(53.49–170.82 mg/100 g dry plant material in the order SS > SR > SCC and SCP), followed
by phenylpropanoids (50.98–164.70 mg/100 g in the order SR > SS > SCC > SCP). Hypo-
laetin glycosylated derivatives (compounds C14, C19, C20, C21, C23, C24, and C25) had
the strongest presence, especially in SR and SS samples (108.02 and 96.73 mg/100 g of dry
plant material, respectively). Herein, the distinction between isoscutellarein and luteolin
glycosylated derivatives was not feasible in all cases.
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Among the four taxa, the most abundant constituent was chlorogenic acid and was
followed by the phenylpropanoid verbascoside, which was detected in all samples but
quantified in three of them (SCC, SR, and SS samples). Chlorogenic acid, verbascoside, and
isoverbascoside presence in SR and SS was reported earlier [8,34,38].

It is noteworthy to comment on the presence of the iridoids melittoside, acetyl-8-epi-
loganic acid, and ajugoside. To the best of our knowledge, it is the first time that melittoside,
acetyl-8-epi-loganic acid and ajugoside have been determined in SCP and SR taxa; acetyl-
8-epi-loganic acid has been identified and isolated only from Sideritis cypria [21,30] and
ajugoside from Sideritis perfoliata, Sideritis romana, and Sideritis cypria [21,27,39]. Melittoside
was previously reported by Vasilopoulou et al. [15] in an SCC aqueous extract but it was not
isolated, and was isolated from SS by Koleva et al. [20]. Finally, four unknown compounds
were quantified in relatively high concentrations, mainly in SCC extract. Altogether, the
highest concentration of iridoids was determined in SR followed by SCP and SCC (43.11,
26.47, and 15.52 mg/100 g of dry plant material, respectively), whereas they were not
detected in SS.

2.3. Determination of Total Phenolics, Flavonoid Content, and Antioxidant Capacity (DPPH and
FRAP) in Aqueous Extracts

The total phenolic content (TPC), total flavonoid content (TFC), and antioxidant
capacity (FRAP and DPPH) of the aqueous extracts of the four Sideritis taxa from the
Peloponnese were determined by colorimetric assays and the results are given in Table 2.
The SR samples had the highest phenolic content, followed by SS, whereas the polyphenolic
composition of SCC and SCP was 63% and 74% lower, respectively, in comparison to SR. The
same pattern was observed for the total flavonoid content, where flavonoid composition
was significantly higher in the SR samples, followed by SS, whereas SCC and SCP had the
lowest flavonoid content (not significantly different between SCC and SCP). These results
are in accordance with the LC/MS characterization in Section 2.2.

Table 2. Total phenolics (TPC), total flavonoids (TFC), and antioxidant properties (DPPH radical
scavenging activity and ferric ion reducing power (FRAP)) of the Sideritis aqueous extracts. The results
are expressed as average values ± standard deviation (SD) of triplicate analysis (n = 2 biological
samples per taxon). Significant differences among group means were determined by ANOVA and
post-hock Tukey’s test (a = 0.05) and are indicated with different letters in superscript. The same
letter indicates no statistically significant differences across rows at the confidence level of 95%.

TPC
(mg GAE/g) 1

TFC
(mg QE/g) 2

FRAP Assay
(mmol FeII/g) 3

DPPH Assay
IC50 (mg/mL) 4

SCP 3.19 ± 0.44 d 2.40 ± 0.41 c 19.48 ± 0.88 d 5.44 ± 0.63 a

SCC 4.62 ± 0.67 c 2.94 ± 0.43 c 39.94 ± 5.82 c 3.11 ± 0.59 b

SR 12.38 ± 1.23 a 10.67 ± 1.20 a 94.89 ± 7.41 a 1.79 ± 0.19 c

SS 9.53 ± 1.69 b 9.18 ± 1.43 b 78.41 ± 11.09 b 1.73 ± 0.31 c

1 Expressed as mg of gallic acid (GAE) per g of dry plant material. 2 Expressed as mg of quercetin (QE) per g of
dry plant material. 3 Expressed as mmol FeII per g of dry plant material. 4 Expressed as IC50 values corresponding
to the aqueous extract concentration (mg of dry plant material/mL) causing 50% inhibition of DPPH radical.

A very high and significant correlation was observed between total phenolic content
and total flavonoid content (Table 3). These findings are consistent with the results of the
LC/MS analysis, since the majority of the detected phenolics were flavonoids, especially in
the SR extracts, which were the richest taxa in flavonoids.
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Table 3. Pearson’s correlation matrix of all values of total phenolic content (TPC), total flavonoid
content (TFC), FRAP values, and the IC50 DPPH.

TPC TFC FRAP DPPH IC50

TPC 1
TFC 0.982 ** 1

FRAP 0.987 ** 0.981 ** 1
DPPH IC50 −0.853 ** −0.849 ** −0.919 ** 1

** p < 0.01.

Previous comparisons among Sideritis species also found that S. scardica samples had higher
TPC than S. raeseri [5]. Overall, the values of total phenolics and total flavonoids herein were
comparatively equal [40] or lower in comparison with previous studies [4,5,14,34,40] and the
differences could be attributed to the extraction method, as well. The high content of total
phenols and flavonoids of SR was depicted in its high antioxidant activity in both FRAP
and DPPH assays. SS extract also exhibited high antioxidant properties but lower than SR
in the case of FRAP. The IC50 values of SR and SS were much lower than those described
in the study of Karapandzova et al. [41]. SCC displayed stronger antioxidant activities
in comparison to SCP, but both were lower than SR and SS extracts. Finally, according
to Pearson’s correlation matrix, FRAP was very highly and significantly correlated to
phenolics and flavonoids, and DPPH was highly and significantly correlated to phenolics,
flavonoids, and FRAP.

2.4. GC/MS Determination of Volatile Compounds in Petroleum Ether Extracts

The acidic pretreatment along with the ultrasound-assisted extraction with petroleum
ether afforded significantly high yields for all studied samples; 1.92%, 0.70%, 2.58%, and
0.75% for SCP, SCC, SR, and SS, respectively. These high values can be justified by the
fact that organic solvents also extract compounds such as fatty acids, esters, and hydro-
carbons along with the essential oil (EO), in contrast to distillation, in which only volatile
compounds are obtained. These results agree with earlier observations [16,42].

Seventy (70) compounds in total were identified in all extracts (Table 4). Specifically,
31, 50, 24, and 39 compounds were identified in SCP, SCC, SR, and SS, respectively. Among
the identified compounds, only 13 were in common among all taxa: monoterpenes α-
pinene, sabinene, β-pinene, o-cymene, sylvestrene, linalool and 1,8-cineole; sesquiterpenes
α-copaene, β-bourbonene, β-elemene, β-caryophyllene, and caryophyllene oxide; and the
alkane nonane. α-Pinene was found in relatively high percentages (18.26% to 20.40%) in
almost all samples except for SR (2.64%). The percentage of the identified compounds var-
ied among extracts, and it was more than 78% in all samples (82.88%, 78.75%, 79.97%, and
89.20% of the total extract content in SCP, SCC, SR, and SS, respectively). Not only the num-
ber but also the concentration of volatiles was the highest in SCC extract (41.31 mg/100 g
plant material); it was approximately two-fold higher than the other samples.

All samples were characterized by the presence of hydrocarbons that ranged from
53.85% in SR to 73.00% in SS, whereas oxygenated compounds were detected in lower
percentages (9.94−41.09%). Monoterpene hydrocarbons were the dominant group in all
samples (12.68−44.71%) (Figure 2). Oxygenated monoterpenes were in a high percentage
in SCC (24.26%). SCC also contained the highest content of oxygenated sesquiterpenes.
Diterpenes were detected only in SCC, SCP, and SS extracts and in very low amounts
(<2.04%). The SR extract was characterized by the highest content in alkanes (34.84%) and
non-terpenic oxygenated compounds (12.65%), outweighing monoterpenes (18.24%) and
sesquiterpenes (14.24%).
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Table 4. Percentages and concentrations of volatile components identified in petroleum ether extracts
of Sideritis clandestina subsp. peloponnesiaca (SCP), Sideritis clandestina subsp. clandestina (SCC), Sideritis
raeseri subsp. raeseri (SR), and Sideritis scardica (SS) (2 biological samples, n = 2 for each sample). The
percentages are expressed as normalized peak areas (peak area of component/peak area of internal
standard). Concentrations are expressed as mg α-pinene equivalents/100 g dry plant material
(average ± standard deviation).

SCP SCC SR SS

No RI cal
1 RI lit

2 Components % mg/100 g % mg/100 g % mg/100 g % mg/100 g

1 901 900 Nonane 4.26 1.11 ± 0.35 1.17 0.52 ± 0.03 * 11.25 2.13 ± 0.03 7.48 1.31 ± 0.17
2 923 924 α-Thujene 0.74 0.32 ± 0.02 0.29 0.17 ± 0.03 n.d. n.d. n.q. n.q.
3 929 932 α-Pinene 20.01 4.70 ± 0.29 20.40 8.31 ± 0.57 2.64 0.54 ± 0.15 18.26 3.18 ± 0.42 *
4 969 969 Sabinene 1.61 0.51 ± 0.06 0.73 0.35 ± 0.07 n.q. n.q. 6.44 1.13 ± 0.06
5 971 974 β-Pinene 7.73 1.91 ± 0.21 6.47 2.68 ± 0.02 3.89 0.78 ± 0.26 6.04 1.06 ± 0.01
6 979 974 1-Octen-3-ol n.d. n.d. 0.43 0.23 ± 0.01 n.d. n.d. n.d. n.d.
7 991 988 β-Myrcene 5.86 1.48 ± 0.25 n.d. n.d. n.d. n.d. 2.28 0.41 ± 0.08
8 1000 1000 n-Decane 0.69 0.30 ± 0.07 n.d. n.d. 23.59 4.42 ± 0.32 n.d. n.d.
9 1002 1002 α-Phellandrene 0.74 0.31 ± 0.02 1.02 0.47 ± 0.17 n.d. n.d. n.d. n.d.
10 1007 1008 3-Carene 0.87 0.34 ± 0.05 1.44 0.64 ± 0.18 0.56 0.15 ± 0.01 * n.d. n.d.
11 1014 1014 α-Terpinene 0.57 0.28 ± 0.05 n.d. n.d. n.d. n.d. 1.69 0.30 ± 0.07
12 1022 1022 o-Cymene 0.94 0.36 ± 0.09 0.37 0.20 ± 0.05 2.83 0.58 ± 0.38 1.75 0.31 ± 0.16
13 1025 1025 Sylvestrene 5.52 1.41 ± 0.24 3.10 1.31 ± 0.41 1.39 0.31 ± 0.06 4.76 0.85 ± 0.29
14 1027 1026 1,8-Cineole 1.30 0.46 ± 0.33 0.58 0.28 ± 0.17 n.q. n.q. n.q. n.q.
15 1046 1053 trans-Decahydro-naphthalene 0.31 0.22 ± 0.03 n.d. n.d. 1.65 0.35 ± 0.03 1.50 0.27 ± 0.01
16 1056 1054 γ-Terpinene n.d. n.d. n.d. n.d. n.q. n.q. 0.72 0.14 ± 0.01
17 1085 1086 Terpinolene n.d. n.d. 0.17 0.12 ± 0.01 * n.d. n.d. n.d. n.d.
18 1101 1095 Linalool 3.73 1.02 ± 0.24 13.90 5.57 ± 0.11 * n.q. n.q. 3.59 0.63 ± 0.14
19 1138 1141 Camphor n.d. n.d. 2.68 1.12 ± 0.05 * n.d. n.d. n.d. n.d.
20 1151 1155 Isoborneol n.d. n.d. 0.41 0.22 ± 0.01 * n.d. n.d. n.d. n.d.
21 1160 1165 Borneol n.d. n.d. 1.48 0.64 ± 0.02 * n.d. n.d. n.d. n.d.
22 1174 1174 Terpinen-4-ol n.d. n.d. 0.72 0.34 ± 0.01 * n.d. n.d. n.d. n.d.
23 1187 1186 α-Terpineol n.d. n.d. 0.72 0.34 ± 0.06 n.d. n.d. 0.69 0.13 ± 0.01
24 1200 1200 n-Dodecane n.d. n.d. 0.45 0.24 ± 0.09 n.d. n.d. n.d. n.d.
25 1260 1254 Linalool acetate n.d. n.d. 3.76 1.55 ± 0.15 * n.d. n.d. n.d. n.d.
26 1332 # 1324 Bicycloelemene 3.49 0.95 ± 0.22 0.71 0.34 ± 0.16 n.d. n.d. n.d. n.d.
27 1355 1356 Eugenol n.d. n.d. n.d. n.d. 3.43 0.69 ± 0.15 0.47 0.10 ± 0.03
28 1360 1369 Cyclosativene n.d. n.d. n.d. n.d. n.d. n.d. 0.75 0.15 ± 0.02
29 1370 1370 α-Copaene n.q. n.q. 0.93 0.44 ± 0.08 * n.q. n.q. 4.05 0.72 ± 0.14
30 1378 1387 β-Bourbonene 0.62 0.29 ± 0.06 0.33 0.19 ± 0.01 * 0.91 0.22 ± 0.01 * 1.60 0.30 ± 0.12
31 1388 1389 β-Elemene n.q. n.q. 0.22 0.14 ± 0.01 * n.q. n.q. 0.32 0.07 ± 0.01 *
32 1413 1417 β-Caryophyllene 3.82 1.03 ± 0.22 4.86 2.04 ± 1.12 4.28 0.84 ± 0.08 4.33 0.77 ± 0.24
33 1423 1430 β-Copaene n.d. n.d. n.d. n.d. n.d. n.d. 0.39 0.08 ± 0.02
34 1444 1451 trans-Muurola,3,5-diene n.d. n.d. 0.25 0.15 ± 0.01 * n.d. n.d. n.d. n.d.
35 1446 1452 α-Humulene n.d. n.d. 0.28 0.17 ± 0.02 * n.d. n.d. n.d. n.d.
36 1456 1456 β-Farnesene n.d. n.d. 0.92 0.43 ± 0.03 §, * n.d. n.d. 1.10 0.21 ± 0.15
37 1457 1464 α-Acoradiene 0.54 0.27 ± 0.04 n.d. §, * n.d. n.d. n.d. n.d.
38 1461 # 1464 9-epi-(E)-β-Caryophyllene n.d. n.d. 3.12 1.33 ± 0.57 n.d. n.d. n.d. n.d.
39 1474 1478 γ-Muurolene n.d. n.d. 1.89 0.83 ± 0.97 n.d. n.d. n.d. n.d.
40 1474 1480 Germacrene D 5.28 1.37 ± 0.28 n.d. n.d. 1.35 0.30 ± 0.06 2.60 0.47 ± 0.15
41 1477 1481 γ-Curcumene 0.71 0.30 ± 0.02 0.38 0.21 ± 0.01 * n.d. n.d. n.d. n.d.
42 1480 1480 a-Curcumene 0.87 0.35 ± 0.06 0.44 0.23 ± 0.03 * n.d. n.d. 0.64 0.12 ± 0.07
43 1490 1493 epi-Cubebol n.d. n.d. n.d. n.d. n.d. n.d. 0.90 0.17 ± 0.01
44 1490 1500 Bicyclogermacrene 6.01 1.54 ± 0.54 1.35 0.61 ± 0.33 n.d. n.d. n.q. n.q.
45 1493 1493 α-Zingiberene 1.03 0.38 ± 0.06 0.70 0.34 ± 0.02 * n.d. n.d. n.d. n.d.
46 1506 1505 β-Bisabolene n.d. n.d. 1.55 0.68 ± 0.16 0.48 0.14 ± 0.01 * n.d. n.d.
47 1509 1514 β-Curcumene n.d. n.d. 0.60 0.30 ± 0.03 * n.d. n.d. n.d. n.d.
48 1510 1514 Cubebol n.d. n.d. 0.62 0.31 ± 0.04 * n.d. n.d. 1.23 0.23 ± 0.03
49 1518 1528 cis-Calamenene n.d. n.d. 0.93 0.43 ± 0.03 * n.d. n.d. 1.39 0.26 ± 0.10
50 1518 1522 δ-Cadinene n.d. n.d. 0.38 0.21 ± 0.01 * n.d. n.d. 4.75 0.84 ± 0.08
51 1519 # 1522 Dihydroactinidiolide n.d. n.d. n.d. n.d. 2.13 0.44 ± 0.03 n.d. n.d.
52 1526 1534 trans-Cadina-1(2)4-diene n.d. n.d. 1.58 0.70 ± 0.01 * n.d. n.d. 0.34 0.08 ± 0.01 *
53 1543 1549 Elemol n.d. n.d. n.d. n.d. n.d. n.d. 0.95 0.18 ± 0.11
54 1568 1578 Spathulenol 2.06 0.62 ± 0.12 0.31 0.18 ± 0.08 n.d. n.d. n.d. n.d.
55 1572 1583 Caryophyllene oxide n.q. n.q. 1.29 0.58 ± 0.07 4.17 0.82 ± 0.13 2.63 0.48 ± 0.12
56 1583 1590 Globulol n.d. n.d. 0.17 0.12 ± 0.02 * n.d. n.d. 1.74 0.31 ± 0.10
57 1621 1628 1-epi-Cubenol n.d. n.d. n.d. n.d. n.d. n.d. 0.72 0.14 ± 0.03
58 1621 1631 Muurola-4,10(14)-dien-1β-ol n.d. n.d. n.d. n.d. n.d. n.d. 0.57 0.11 ± 0.02
59 1634 1642 α-epi-Muurolol n.d. n.d. n.d. n.d. n.d. n.d. 0.37 0.08 ± 0.01 *

60 1654 1666/1668 14-Hydroxy-(Z)-caryophyllene/14-
Hydroxy-9-epi-(E)-caryophyllene n.d. n.d. 0.17 0.12 ± 0.01 * n.d. n.d. n.d. n.d.

61 1660 1668 trans-Calamenen-10-ol n.d. n.d. n.d. n.d. n.d. n.d. 0.81 0.16 ± 0.04
62 1660 1675 Valeranone n.d. n.d. 0.78 0.36 ± 0.02 * n.d. n.d. n.d. n.d.
63 1677 1683 α-epi-Bisabolol n.d. n.d. 3.42 1.45 ± 0.19 n.d. n.d. n.d. n.d.
64 1677 1685 Germacra-4(15),5,10(14)-trien-1-a-ol n.d. n.d. n.d. n.d. n.d. n.d. 0.67 0.13 ± 0.04
65 1678 1685 α-Bisabolol 1.75 0.56 ± 0.19 5.42 2.26 ± 0.66 3.75 0.74 ± 0.02 n.d. n.d.
66 1754 1759 Benzyl benzoate n.d. n.d. n.d. n.d. 1.56 0.34 ± 0.01 n.d. n.d.
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Table 4. Cont.

SCP SCC SR SS

No RI cal
1 RI lit

2 Components % mg/100 g % mg/100 g % mg/100 g % mg/100 g

67 1975 1997 Kaur-15-ene 1.26 0.42 ± 0.08 0.74 0.35 ± 0.01 n.d. n.d. n.d. n.d.
68 1979 1960 Hexadecanoic acid n.d. n.d. n.d. n.d. 11.09 2.09 ± 0.58 n.d. n.d.

69 1995 1987/2009 Manool oxide/
13-epi-Manool oxide 1.10 0.40 ± 0.07 n.d. n.d. n.d. n.d. 0.86 0.16 ± 0.01

70 2066 # 2060 Oleyl alcohol n.d. n.d. 1.10 0.51 ± 0.40 n.d. n.d. n.d. n.d.

Total 82.88 23.05 ± 2.78 78.75 41.31 ± 0.79 79.97 15.64 ± 0.41 89.20 16.01 ± 0.67

Number of compounds 31 50 24 38

Note: n.q.: not quantified, n.d.: not detected. 1 Retention index on HP-5MS (non-polar column). 2 Literature
retention index on the non-polar column as reported in [43] except those with #, which are reported in König
et al. [44]. * These compounds were detected only in one biological sample. § These compounds did not separate,
and the values refer to both compounds.

Figure 2. The content of each volatile category in the petroleum ether extracts of the four Sideritis taxa
(2 biological samples per taxon, n = 2). The values of the percentage of peak areas (average ± standard
deviation) are presented.

In detail, in SCP the main components were the monoterpenes α-pinene (20.01%),
β-pinene (7.73%), β-myrcene (5.86%), and sylvestrene (5.52%), as well as the sesquiter-
penes bicyclogermacrene (6.01%) and germacrene D (5.28%) (Table 4). These results are
quite consistent with previous studies concerning the high amounts of α-pinene and
β-pinene [12,16].

In SCC extract, α-pinene (20.40%), linalool (13.90%), and β-pinene (6.47%) had the
highest percentages. Other quantitatively important compounds were α-bisabolol (5.42%)
and β-caryophyllene (4.86%). These results are consistent with previous studies [10–12].
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In the study of Ntalli et al. [13], the major compounds in the essential oil of S. clandestina
were β-pinene (8.3%), α-pinene (4.3%), and β-bisabolol (5.7%), as well as spathulenol
(5.0%) (found in very low concentrations in our study). Comparing our results of S.
clandestina to the literature [10–13], it is noteworthy to mention the absence of monoterpene
sylvestrene, which was found in a significant amount (3.10%) in the present study, and also
the consistency in the presence of α-pinene and β-pinene that characterizes the EO of most
Sideritis species. It is interesting to note that the comparison of our SCC and SCP extracts
revealed some qualitative and quantitative dissimilarities (Table 4); more compounds were
detected in SCC, the total concentration of the volatiles was 77% higher, and the oxygenated
monoterpenes were six-fold higher in comparison to SCP (10.07 over 1.48 mg/100 g plant
material, respectively). Linalool and α−bisabolol were three-fold higher, whereas linalool
acetate and epi-α-bisabolol were detected only in SCC in considerable concentrations.

As far as SR extract is concerned, the hydrocarbons n-decane (23.59%), nonane (11.25%),
and hexadecanoic acid (11.09%) were the prevalent compounds (Table 4). Other quanti-
tatively important volatiles were β-caryophyllene (4.28%), caryophyllene oxide (4.17%),
α-bisabolol (3.75%), and eugenol (3.43%). According to Qazimi et al. [42], the n-hexane ex-
tracts of different populations of SR collected from Albania and North Macedonia showed
up with a similar chemical load. The extracts consisted mainly of hydrocarbons, and the
components n-decane, nonane, and hexadecanoic acid were present in different amounts.
Comparing our results with previous studies using mainly hydrodistillation, significant
dissimilarities in the chemical composition were observed. The analysis of SR Eos origi-
nating from Greece, North Macedonia, and Albania [45] indicated that they were rich in
monoterpenes, whereas no alkanes were detected; α-pinene and β-pinene were found in
very high amounts. The strong presence of monoterpenes is also supported in previous
studies, and different compounds are reported as the main constituents [10,11,16,46,47]. On
the contrary, Romanucci et al. [48] supported that most SR Eos consisted of sesquiterpenes,
representing 60−70% of the total EO content, with bicyclogermacrene being the main
sesquiterpene, along with spathulenol and β-caryophyllene, whereas monoterpenes were
found in very low amounts. Kostadinova et al. [49] also supported that sesquiterpenes
were in high concentrations, indicating germacrone, elemol acetate, and a-cadinol as the
prevalent compounds. B-Caryophyllene was also found in high concentrations in two
Greek populations of cultivated SR [5]), whereas α-bisabolol and bicyclogermacrene were
found in the population originating from Florina. Observations of great variety in essential-
oil composition of close Greek SR populations (both from Kozani) have been made by
Kloukina et al. [50]. This nonuniformity of the chemical composition among our results and
those previously investigated could be attributed to the differences in the plant material
used (we used leaves and flowers in a specific ratio and not stems), in addition to the
extraction method of the volatiles (ultrasound-assisted extraction); in most other studies
EOs were obtained with distillation. Furthermore, the genotypes, the site of collection, and
the climatic conditions, which differ from year to year, could also be the reason for the
qualitative and quantitative disparity [51].

The analysis of the SS extract revealed that the prevalent compounds were α-pinene
(18.95%), nonane (7.48%), sabinene (6.44%), and β-pinene (6.04%) (Table 4). The high
values of α-pinene and β-pinene agree with many previous studies [50–54]. However,
some chemical variations were observed between our results and those of previous studies.
According to Kouklina et al. [50], the analysis of the EO of SS cultivation from Chromio
Kozani indicated m-camphorene (10.3%) as one of the main constituents, whereas the EO
of an SS cultivation from Metamorfosis Kozani was rich in sesquiterpenes (45.9%) and not
in monoterpenes (31.2%). Different chemical profiles have also been found among four
different Greek cultivated populations of SS despite the same cultivation conditions [5].
Todorova et al. [55] reported that β-caryophyllene (18.8%) and nerolidol (12.1%) were the
major compounds of an SS wild population originating from North Macedonia, along with
β-farnesene (6.6%) and germacrene D (6.6%), whereas Kostadinova et al. [49] found that
octadecenol and α-cadinol had a very strong presence in SS from North Macedonia. These
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discrepancies could be attributed to the different cultivation and environmental conditions
such as altitude [50,54].

3. Materials and Methods

3.1. Plant Material

Sideritis raeseri Boiss. & Heldr. Subsp. raeseri, Sideritis clandestina subsp. pelopon-
nesiaca (Boiss. & Heldr.) Baden, and Sideritis clandestina Bory & Chaub. Hayek subsp.
clandestina were collected from the mountains Gaidourorahi (38◦02′10.9′′ N–22◦13′08.9′′ E),
Dourdouvana (37◦54′95.6′′ N–22◦15′03.7′′ E), and Parnonas (37◦12′55.5′′ N–22◦38′14.5′′ E),
whereas Sideritis scardica Griseb. Was collected from commercial cultivation. All plants
were harvested during the summer (July) of 2016. Their aerial parts were air dried and
voucher specimens were authenticated by Prof. Gregoris Iatrou (UPA 15685 for S. raeseri
Gaidourorahi; UPA 15690 for S. clandestina subsp. peloponnesiaca Dourdouvana; UPA 31153
for S. clandestina subsp. clandestina).

3.2. Isolation of Polar Compounds from SCP Extracts

The dried and macerated aerial parts of SCP (943 g) were successively extracted with
a total volume of 10 L petroleum ether, 7.5 L of ethyl acetate, and 7 L of methanol. In detail,
the plant was extracted five times with each solvent at room temperature; the solvent
was replaced every day with a fresh one and the extraction procedure lasted 15 days.
The dried methanol extract was redissolved in methanol and processed with activated
charcoal to remove chlorophylls. After two hours, the extract was decolorized and filtered
through celite under vacuum. The filtrate was dried in a rotary evaporator, lyophilized,
and weighed (11.44 g).

The aqueous fraction was further processed, and 0.451 g were submitted to solid-phase
extraction (SPE). The cartridges used were octadecyl C18 (500 mg/3 mL) Strata™-X 33 μm
from Phenomenex (Torrance, CA, USA). They were conditioned with 3 mL of methanol and
equilibrated with 3 mL of water. The sample was diluted in 3 mL 1% acetic acid aqueous
solution and the elution was performed with 1% acetic acid aqueous solution (A) and
methanol (B). Gradient elution was performed as follows: 85% A, 65% A, 60% A, 50% A,
and 0% A. The SPE procedure afforded Fraction 1 (210 mg), Fraction 2 (28.8 mg), Fraction 3
(16.4 mg), Fraction 4 (15.5 mg), and Fraction 5 (19.4 mg). Fractions 1–3 were subjected to
RP-HPLC (HPLC-DAD 1260 Infinity II) from Agilent Technologies Inc. (Santa Clara, CA,
USA) using a semi-preparative column C-18 (250 × 10 mm, 5 μm, 100 Å, Phenomenex), the
flow rate was 1.5 mL/min, and the detection wavelengths were set at 210/254/280/330 nm.
The HPLC isolation afforded compounds 1–7.

Compounds 1 (2.4 mg, tR = 15.18 min) and 2 (11.5 mg, tR = 15.4 min) were isolated
from Fraction 1. The mobile phase consisted of 0.2% formic acid aqueous solution (A) and
acetonitrile (B). The gradient conditions were 95–65% A (0–30 min), 65–95% A (30–31 min),
and 95% A (31–38 min). The concentration of the sample was 4 mg/mL and the injection
volume was 70 μL.

Compounds 3 (0.6 mg, tR = 15.85 min), 4 (1.2 mg, tR = 19.65 min), and 5 (2.1 mg,
tR = 26.03 min) were isolated from Fraction 2. The mobile phase consisted of 0.2% formic
acid aqueous solution (A) and methanol (B). The gradient conditions were as follows:
76% A (0–7 min), 76–60% A (7–22 min), 60% A (22–24 min), 60–76% A (24–26 min), and
76% A (26–31 min). The concentration of the sample was 4 mg/mL and the injection
volume was 50 μL.

Compounds 6 (4.9 mg, tR = 17.79) and 7 (1.2 mg, tR = 28.13) were isolated from Fraction
3. The mobile phase consisted of 0.2% formic acid aqueous solution (A) and methanol
(B). The gradient was as follows: 65% A (0–12 min), 65–45% A (12–29 min), 45–65% A
(29–30 min), and 65% A (30–33 min). The concentration of the sample was 3.6 mg/mL and
the injection volume was 50 μL.

Compounds 8 (5.5 mg, tR = 7.42 min)–9 (4.2 mg, tR = 10.07 min) were isolated from ethyl
acetate fraction. Specifically, 21.5 mg of the ethyl acetate fraction were loaded on a preparative
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TLC plate coated with silica gel GF254 (1 mm) from Macherey-Nagel GmbH & Co. KG (Dueren,
Germany). The chromatogram was developed with EtOAc:CH2Cl2:HCOOH:AcOH:H2O
(100:25:10:10:11, v/v/v/v/v) and examined under a UV lamp (254 and 365 nm). The fluorescent
band was scraped out and extracted with methanol. The diluted mixture was centrifuged at
7000 rpm for 10 min and the supernatant was submitted to RP-HPLC on a semi-preparative
column C-18. The detection wavelengths were set at 235, 268, and 330 nm. The mobile phase
consisted of 0.2% formic acid aqueous solution (A) and methanol (B) and the gradient was
as follows: 50–45% A (0–4 min), 45% A (4–9 min), 45–10% A (9–20 min), 10% A (20–23 min),
10–50% A (23–28 min), and 50% A (28–35 min) at a flow rate of 1.3 mg/mL.

NMR spectra (1H, 13C and 2D) were recorded on a Brucker 600 MHz (600 MHz for 1H,
150.9 MHz for 13C) Avance III HD Ascend TM spectrometer at the Center of Instrumental
Analysis, University of Patras, Greece. The chemical shifts (δ) are reported in parts per
million (ppm) and the residual solvent signal was used as an internal standard. HPLC-
DAD 1260 Infinity II (Agilent Technologies Inc., Santa Clara, CA, USA) equipped with
the software OpenLab 3.2 was used for the isolation of glycosides. Analysis of extracts
and glycosides was performed in a single quadrupole LC/MS system of LC/MSD1260
Infinity II (Agilent Technologies, Inc.) equipped with OpenLab 3.2. software from Agilent
Technologies Inc.

3.3. Determination of Polar and Volatile Metabolites in Different Sideritis Samples
3.3.1. Extraction

The extraction protocol was described in our previous work [16], namely, ultrasound-
assisted extraction with pretreatment in citrate buffer (UAE-A). In detail, three (3) grams of
plant material (flowers and leaves in a ratio of 2:5, in small pieces) were incubated in 90 mL
of 0.05 M citrate buffer pH 4.8 for 75 min in a water bath at 37 ◦C. The aqueous buffer was
removed, and the plant material was further extracted with 80 mL of petroleum ether in an
ultrasonic bath for 30 min. Each extraction step was performed twice. The aqueous buffer
was collected, extracted with petroleum ether, dried (lyophilized), weighed, and stored at
−20 ◦C until use. The organic layers were merged, washed with saturated sodium chloride
solution, dried over anhydrous sodium sulphate, filtered, and concentrated under vacuum.
The petroleum ether extracts were submitted to a nitrogen flow for about 10 min (until the
petroleum ether was evaporated). After measuring their volume, they were stored in clear
glass vials at −20 ◦C until use. The experiments were performed twice for each sample.

3.3.2. Gas Chromatography–Mass Spectrometry (GC/MS)

Analysis was carried out in an Agilent 6890N GC apparatus coupled to an Agilent
5975 B mass spectrometer with a non-polar column HP-5MS (30 m × 0.25 mm × 0.25 μm
film thickness) using electron impact (70 eV) ionization mode. Helium was used as a carrier
gas and the flow rate for the HP-5MS column was 1 mL/min; the injected volume was 1 μL
in splitless mode. The injector temperature was set to 280 ◦C and the source temp to 230 ◦C.
Specifically, the initial oven temperature was 50 ◦C for 4 min, which was then ramped up
2 ◦C/min−1 to 92 ◦C, 4 ◦C/min−1 to 108 ◦C, 2 ◦C/min−1 to 130 ◦C, 1 ◦C/min −1 to 150 ◦C,
5 ◦C/ min −1 to 180 ◦C, and finally 15 ◦C/min−1 to 270 ◦C. Qualitative analysis was based
on a comparison of the obtained MS spectra to literature data and of the retention indices
(RI) on apolar columns [43,56]. RI values were calculated based on a series of linear alkanes,
C8−C20 and C21−C40, using the Van den Dool and Kratz equation.

Quantification was performed as described in our previous published work [16]. Data
were expressed in two forms: (a) as a percentage of peak area divided by that of the internal
standard and (b) as milligrams of α-pinene equivalents per 100 g of dry plant material. The
procedure yields were expressed in milliliters per 100 g of dry material since the extracts
were all liquid at ambient temperature. Only the compounds for which the peak area
exceeded 0.1% of total peak area are presented.
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3.3.3. Liquid Chromatography–Mass Spectrometry (LC/MS)

The single quadrupole LC/MS system of LC/MSD1260 Infinity II (Agilent Technolo-
gies, Inc., Santa Clara, CA, USA) was used in this study. The system was equipped with an
ESI ion source and the mass range was m/z 100–1600 in full scan mode. Nitrogen was used
as the gas for ionization. Working conditions were in ESI negative mode and separation
was performed on a Poroshell 120 EC 18 column (4.6 × 100 mm, 2.7 μm) (Agilent Tech-
nologies, Inc.). The mobile phase consisted of 0.1% acetic acid in water (A) and methanol
(B). Separation was carried out in 65 min under the following conditions: 0–8 min 15% B;
8–13 min 15–35% B; 13–18 min 35% B; 18–19 min 35–40% B; 19–27 min 40% B; 27–28 min
40–45% B; 28–35 min 45% B; 35–45 min 45–75% B; 45–55 min 75% B; 55–59 min 75–15% B;
59–65 min 15% B. The flow rate was 0.3 mL/min and the injection volume was 10 μL. The
samples were prepared by diluting the dry aqueous extracts in methanol, and their final
concentration was 10 mg/mL.

The identification of the compounds was based on comparison of their retention time
and their obtained mass spectra to the literature. Furthermore, six reference compounds
were used (melittoside, ajugoside, 7-O-acetyl-8-epi- loganic acid, chlorogenic acid, verbas-
coside, isoverbascoside) that were isolated in our laboratory. Rutin (HPLC > 99%) from
Extrasynthese (Genay, France) was used for the quantification. The calibration curve was es-
tablished for eight concentrations (2–16 μg/mL) through the equation y = 126832x + 81400
(R2 = 0.9951). The lower limit of quantitation (LLOQ) was 0.772 μg/mL and the lower limit
of detection (LLOD) was 0.232 μg/mL.

The experiments were performed in duplicate for each sample and the results are
expressed in mg rutin equivalents per 100 g of dry plant material. The procedure yields are
expressed as g of lyophilized extract per 100 g of dry plant material.

3.4. Determination of Total Phenolics, Flavonoids Content, and Antioxidant Capacity (DPPH and
FRAP) in Aqueous Buffer Extracts

Total phenolics, total flavonoids, and antioxidant capacity were measured in the aque-
ous extracts (in triplicate, twice) with methods adapted for 96-well plates, and the absorbance
was measured in a UV/vis microplate reader (Sunrise, Tecan Austria) against blanks.

Total phenolic content was determined with the Folin–Ciocalteau reagent method [57,58]
at 620 nm and is expressed as mg of gallic acid equivalents (GAE) per g of dry weight (D.W.)
of plant material.

Total flavonoid content was determined with the aluminum chloride (AlCl3) method [59]
at 405 nm and the results are expressed as mg of quercetin equivalents (QE) per g of D.W.
of plant material. In detail, 75 μL of ddH2O were mixed with 5 μL of CH3COOH 1M, 16 μL
extract or standard (quercetin) in ethanol 60% (v/v), 40 μL ethanol 95% (v/v), and 5 μL of
AlCl3 10% w/v incubated at RT for 45 min.

The antioxidant activity was evaluated with two different assays—ferric reducing
antioxidant power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scaveng-
ing activity. The FRAP method [60] measures the ability of antioxidants to reduce the
[FeIII(TPTZ)2]3+ to [FeII(TPTZ)2]2+. In detail, 80 μL of FRAP solution (15 mL of a solution
of 10 mM 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ) in 40 mM HCl, 15 mL of 20 mM FeCl3.6H2O,
and 75 mL of 300 mM acetate buffer solution, pH 3.6), were mixed with 55 μL of acetate
buffer and 60 μL extract or standard (FeSO4.7H2O) and incubated at room temperature for
5 min. Absorbance was measured at 592 nm and the results are expressed as mmol Fe2+

per g of D.W.
In addition, the antioxidant activity was determined with the 2,2-diphenyl-1-picrylhydrazyl

(DPPH) method [61,62], which measures the ability of antioxidants to scavenge the stable
organic nitrogen radical DPPH•. Absorbance was measured at 540 nm and the results
are expressed as IC50 g of D.W. of plant material. In detail, 195 μL of 0.1 mM DPPH (in
methanol) were mixed with 5 μL of extract or BHT (butylated hydroxytoluene) used as
standard (both diluted in methanol 50% v/v) and incubated at RT for 30 min.
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3.5. Statistical Analysis

Averages and standard deviation were calculated using replicates from all samples.
The data were tested for normality with the Shapiro–Wilk test (a > 0.01) and for homogeneity
of variance with the Levene test. ANOVA and the post-hock Tukey test (a = 0.05) were
performed at a significance level. Pearson’s correlation was performed for all variable pairs
at a significance level of 95% (a = 0.05) and r > 0.90, r > 0.70, r > 0.50, and r > 0.30 were
interpreted as very high, high, moderate, and low coefficients, respectively. SPSS version
25.0 (IBM Corp., Armonk, NY, USA) was used for data analysis.

4. Conclusions

This study contributes to the phytochemical characterization of Sideritis clandestina and
suggests a methodology for the comparison of its volatile and polar metabolite composition
to other Sideritis taxa. Sideritis plants have been used daily in Balkan countries as aromatic
infusions/decoctions that not only provide sensory pleasure but also various health benefits,
e.g., sedation and alleviation of common-cold symptoms. In the last decade, the pursuit
of producing novel and unique herbal products of high added value amid the economic
crisis has highlighted the potential of mountain tea, especially in the light of studies of its
health benefits and of the European Medicines Agency’s approval for its use in traditional
herbal medicinal products for the relief of cough associated with a cold and for the relief
of mild stomach and gut discomfort. Beverages, cosmetics, and food supplements using
Sideritis plant material were introduced to the market. In official documents and in the
market, the term “mountain tea” or “ironwort” describes many species of Sideritis and, in
many cases, there are no special references to the particular taxa used, as there is still a
lack of studies describing the phytochemical characterization of each taxon. The amount of
material collected from nature is controlled by agronomical decisions (no more than 2 kg
per person are allowed), and uprooting is prohibited. Most of the mountain-tea material on
the market comes from the cultivations of SR and SS in open and covered fields that have
increased in recent years. S. clandestina taxa are endemic in the Peloponnese, not cultivated,
and were recently assigned as critically endangered and threatened [63].

We herein describe the phytochemical characterization of S. clandestina subsp. pelo-
ponnesiaca (SCP) for the first time. Four iridoid glycosides, two phenolic glycosides, and
three caffeoyl ester derivatives (chlorogenic acid, verbascoside, and isoverbascoside) were
isolated from SCP for the first time; vanillic acid and salicylic glycosides are not com-
mon in Sideritis taxa. We herein optimized a methodology previously developed by us
(ultrasound-assisted extraction of samples with petroleum ether after acidic pretreatment)
to determine both volatile and polar metabolites using plant samples as small as 3 g. The
isolation of those nine compounds from SCP greatly helped the LC/MS identification
of polar metabolites in the aqueous extracts. Regarding aqueous extracts, S. raeseri and
S. scardica had higher phenolic and flavonoid content and therefore antioxidant properties
than the S. clandestina samples. SCC seemed to be the most aromatic taxon with almost
twice the amount of volatiles as the others. In total, 27 polar and 70 volatile metabolites
were determined. This methodology could be applied to chemotaxonomic studies after
testing larger numbers of samples, the selection of genotypes during breeding efforts for
the development of varieties, and certainly the authentication of new final herbal products.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27217613/s1, Figure S1. 1H-NMR spectrum of monomelit-
toside (1) (1H-NMR:600 MHz; D2O). Figure S2. MS spectrum of monomelittoside (1) in negative
mode. The major ions were 407 [M+FA-H]−, 361 [M-H]−, and 723 [2M-H]−. Figure S3. UV-vis
spectrum of monomelittoside (1) showing a λmax of 210 nm. Figure S4. 1H-NMR spectrum of
melittoside (2) (1H-NMR:600 MHz; D2O). Figure S5. 13C-NMR spectrum of melittoside (2) (13C-
NMR:150 MHz; D2O). Figure S6. MS spectrum of melittoside (2) in negative mode. The major ions
were 523 [M-H]−, 583 [M+Hac-H]−, and 1047 [2M-H]−. Figure S7. UV-vis spectrum of melittoside (2)
showing a maximum absorbance at 210 nm. Figure S8. 1H-NMR spectrum of vanillic acid glucoside
(3) (1H-NMR:600 MHz; D2O). Figure S9. MS spectrum of vanillic acid glucoside (3) in negative mode.
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The major ions were 659 [2M-H]− and 329 [M-H]−. Figure S10. UV spectrum of vanillic acid glucoside
(3). Maximum absorbance at 210, 254, and 290 nm. Figure S11. 1H-NMR spectrum of ajugoside (4)
(1H-NMR:600 MHz; D2O). Figure S12. MS spectrum of ajugoside (4) in negative mode. The major ions
were 449 [M+Hac-H]− and 779 [2M-H]−. Figure S13. UV-vis spectrum of ajugoside (4). Maximum ab-
sorbance at 200 nm. Figure S14. 1H-NMR spectrum of salicylic acid glucoside (5) (1H-NMR:600 MHz;
D2O). Figure S15. MS spectrum of salicylic acid glucoside (5) in negative mode. The major ions
of 299 and 599 correspond to [M-H]− and [2M-H]−, respectively. Figure S16. UV-vis spectrum of
salicylic acid glucoside (5) having maximum absorbance at 230 and 286 nm. Figure S17 1H-NMR
spectrum of 7-O-acetyl-8-epi-loganic acid (6) (1H-NMR:600 MHz; D2O). Figure S18. MS spectrum of
7-O-acetyl-8-epi-loganic acid (6) in negative mode. The major ions were 417 [M-H]− and 835 [2M-H]−.
Figure S19. UV spectrum of 7-O-acetyl-8-epi-loganic acid (6) with maximum absorbance at 236 nm.
Figure S20. 1H-NMR spectrum of chlorogenic acid (7) (1H-NMR:600 MHz; CD3OD). Figure S21. MS
spectrum of chlorogenic acid (7) in negative mode. The major ions of 707 and 353 correspond to
[2M-H]− and [M-H]−, respectively, whereas the ion of m/z = 191 is a fragment corresponding to
quinic acid. Figure S22. UV-vis spectrum of chlorogenic acid (7) showing maximum absorbance
at 330 nm. Figure S23. 1H-NMR spectrum of verbascoside (8) (1H-NMR:600 MHz; D2O). Figure
S24. 13C-NMR spectrum of verbascoside (8) (13C-NMR:150 MHz; D2O). Figure S25. HSQC-NMR
spectrum of verbascoside (8) (D2O). Figure S26. HMBC-NMR spectrum of verbascoside (8) (D2O).
Figure S27. COSY-NMR spectrum of verbascoside (8) (D2O). Figure S28. ROESY- NMR spectrum of
verbascoside (8) (D2O). Figure S29. MS spectrum of verbascoside (8) in negative mode with the sole
ion of 623 [M-H]−. Figure S30. UV spectrum of verbascoside (8) showing maximum absorbance at
210 and 330 nm. Figure S31. 1H-NMR spectrum of isoverbascoside (9) (1H-NMR:600 MHz; D2O).
Figure S32. 13C-NMR spectrum of isoverbascoside (9) (13C-NMR:150 MHz; D2O). Figure S33. HSQC-
NMR spectrum of isoverbascoside (9) (D2O). Figure S34. HMBC-NMR spectrum of isoverbascoside
(9) (D2O). Figure S35. COSY-NMR spectrum of isoverbascoside (9) (D2O). Figure S36. ROESY- NMR
spectrum of isoverbascoside (9) (D2O). Figure S37. MS spectrum of isoverbascoside (9) in negative
mode with the main ion of 623 [M-H]−. Figure S38. UV-vis spectrum of isoverbascoside (9) showing
absorbance maxima at 210 and 330 nm. Figure S39. Total ion chromatogram (TIC) in negative mode of
Sideritis clandestina subsp. peloponnesiaca (SCP) aqueous extract. Table S1. 1H-NMR (600 MHz) data of
monomelittoside (1) in D2O. Table S2. 1H-NMR (600 MHz) and 13C-NMR (150 MHz) data of melit-
toside (2) in D2O. Table S3. 1H-NMR (600 MHz) data of vanillic acid glucoside (3) in D2O. Table S4.
1H-NMR (600 MHz) data of ajugoside (4) in D2O. Table S5. 1H-NMR data of salicylic acid glucoside (5)
(D2O). Table S6. 1H-NMR data of 7-O-acetyl-8-epi-loganic acid (6) (D2O). Table S7. 1H-NMR data of
chlorogenic acid (7) (CD3OD). Table S8. 1H-NMR, 13C-NMR and APT-NMR data of verbascoside (8)
(D2O). Table S9. 1H-NMR, 13C-NMR and APT-NMR data of isoverbascoside (9) (D2O).
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Abstract: Despite the immense therapeutic advances in the field of health sciences, cancer is still to
be found among the global leading causes of morbidity and mortality. Ethnomedicinally, natural
bioactive compounds isolated from various plant sources have been used for the treatment of
several cancer types and have gained notable attention. Ferulic acid, a natural compound derived
from various seeds, nuts, leaves, and fruits, exhibits a variety of pharmacological effects in cancer,
including its proapoptotic, cell-cycle-arresting, anti-metastatic, and anti-inflammatory activities. This
review study presents a thorough overview of the molecular targets and cellular signaling pathways
modulated by ferulic acid in diverse malignancies, showing high potential for this phenolic acid to be
developed as a candidate agent for novel anticancer therapeutics. In addition, current investigations
to develop promising synergistic formulations are also discussed.

Keywords: ferulic acid; apoptosis and cell cycle arrest; anti-angiogenesis; anti-metastasis; synergism

1. Introduction

Over the past few decades, it has become more and more popular to study the role of
natural plant-derived compounds in a wide range of models for chronic diseases, especially
against different types of human cancers [1]. One reason for this is the continuously raising
incidence of these aging-related disorders all over the world [2]. On the other hand, as
there are no curative treatment options frequently available, findings regarding new safe
and efficient therapeutics are increasingly genuine. It is indeed well known that plants are
able to synthesize a large spectrum of structurally unrelated molecules, many of which
have been demonstrated to reveal diverse bioactivities in human experimental systems [3].
As a result, some specific compounds, such as alkaloids vincristine and vinblastine and
terpenoid paclitaxel, have been developed in chemotherapeutics, commonly used in the
clinical settings today, whereas several others are currently under clinical trials as adjunctive
therapies against different cancer types [3].

The most widespread class of compounds among the huge diversity of phytochemicals
constitutes phenolic agents, further divided into polyphenols with flavonoids and tannins,
and simple phenols, including phenolic acids [4]. Ferulic acid is a hydroxycinnamic acid
ubiquitously occurring in the plant kingdom and is derived from various vegetable sources,
such as leaves, fruits, seeds, and nuts [5]. A number of studies have described the diverse
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bioactivities of this phenolic acid, and especially its anticancer potential. This natural
compound can exert anti-inflammatory, antiproliferative, proapoptotic, antiangiogenic,
and/or antimetastatic effects in various experimental models of malignancies, including
lung cancer [6], colorectal cancer [7], liver cancer [8], breast cancer [9], cervical cancer [10],
osteosarcoma [11] and glioblastoma [12]. In doing so, ferulic acid is able to attack multiple
molecular targets and alter several cellular signaling pathways, which ultimately results in
the inhibition of malignant development and tumor growth [13].

In this review article, the current knowledge regarding the anticancer potential of fer-
ulic acid is compiled and systematically presented, and it is then analyzed in addition to the
role of this phytochemical on the resistance mechanisms of conventional chemotherapeutic
drugs. Moreover, the co-effects of ferulic acid, along with other therapeutic modalities, are
discussed, presenting synergistic combinations that are most valuable for further studies.
Considering the generally low bioavailability characteristic for natural phenolics, nanotech-
nological possibilities to improve the targeted delivery of ferulic acid to the tumoral sites are
discussed. In this way, relying on the complex picture, further steps can be readily planned
for applications of the anticancer properties of ferulic acid in the fight against cancer.

2. Sources, Chemistry, and Structural Activity Relationship of Ferulic Acid

Chemically, ferulic acid is 4-hydroxy-3-methoxycinnamic acid or (E)-3-(4-hydroxy-3-
methoxyphenyl) acrylic acid, occurring in two isomeric forms, i.e., cis and trans. It is found
naturally in various plants such as citrus fruits, wheat, spinach, sugar beets, cereals, sugar-
cane bagasse, neem, and pineapples [14]. It has also been reported in Chinese medicine
herbs, including Angelica sinensis, Cimicifuga heracleifolia, and Lignsticum chuangxiong. Fer-
ulic acid can be synthesized in a laboratory through the condensation of vanillin with
malonic acid in the presence of piperidine. However, this reaction takes three weeks to
complete, but the yield is found to be high with a mixture of trans- and cis-isomers. Never-
theless, Da and Xu successfully reduced this reaction time to 2 h by utilizing benzylamine
as a catalyst and methylbenzene as the solvent at 85–95 ◦C [15].

It has been reported that the biological activity of ferulic acid can be altered by creating
its derivatives. A series of such derivatives of ferulic acid with β-amino alcohol has been
previously reported (Figure 1) [16]. The chemical structure of ferulic acid has the presence
of benzene rings with a carboxylic group. Hydroxyl groups present at C1 and C9 are
considered to be the main sources of antioxidant character. The double bond presented
between C2-C3 is known to be responsible for effective bio-activity [17]. Furthermore, the
carboxylic group of ferulic acid provides an easily made ester, which is in turn responsible
for cholesterol-lowering activity [15].
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Figure 1. Chemical structure of ferulic acid and synthetic routes of its derivatives.

3. In Vivo Pharmacokinetics of Ferulic Acid

In rodents and humans, the absorption and metabolism of ferulic acid has been widely
studied and reported. Polyphenolic compounds are mostly consumed as simple phenolic
acids. It has been reported that, in the stomach, the rate of absorption of ferulic acid is
relatively faster than other phenolic compounds, and that it can be absorbed along the
entire gastrointestinal tract [18]. The metabolism of ferulic acid mainly occurs in the liver,
and forms conjugated products with glucuronides, sulfate, and sulfoglucuronide [19]. In
humans, ferulic acid is excreted in urine as 3-hydroxyphenyl and 3-methoxy-4-hydroxy
phenyl derivatives of phenyl propionic acid, hydracrylic acid, and glycine conjugates after
metabolism. In rats, ferulic acid itself is partly excreted as glucuronide, as revealed in
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feeding studies. However, 3-hydroxy phenylpropionic acid is excreted by rats as a major
urinary metabolite after the intraperitoneal administration of ferulic acid [20]. After a single
administration, the distribution of ferulic acid in the body is substantial. For example,
distribution of ferulic acid is ~4% in the gastric mucosa after oral administration; it is 10%
in the blood pool, kidney, and liver, and distribution in other tissues is 53% [18]. Due to
the low toxicity of ferulic acid, it has been reported to be a relatively safer molecule. The
LD50 value is lower for female rats (2113 mg kg−1 body weight) in comparison to male rats
(2445 mg kg−1 body weight) [21].

4. Cellular Mechanism of Ferulic Acid in Cancer

4.1. Induction of Apoptosis and Cell Cycle Arrest

Programed cell death, apoptosis, is one of the most preferred target pathways for inhi-
bition of proliferation and growth of the tumor by anticancer therapies. Chemo-preventive
phytochemicals are known to mediate apoptosis either via intrinsic (mitochondrial) or
extrinsic mechanisms (death receptor). It has been discovered that these compounds upreg-
ulate apoptotic protein and downregulate anti-apoptotic protein (Figure 2). For instance,
by upregulating the tumor suppressor and apoptotic genes Bcl-2-associated X protein
(BAX), BCL-2 interacting killer (BIK), tumor suppressor p53 (p53), and cytochrome complex
(CYCS) and downregulating the expression of the antiapoptotic protein B-cell lymphoma 2
(Bcl-2), ferulic acid causes apoptosis in prostate cancer cells [22]. Furthermore, Luo et al.
observed that reduced levels of Myeloid cell leukemia 1 (Mcl-1) and Bcl-2, and increased
Bax levels after ferulic acid treatment resulted in apoptosis in human cervical cancer cell
lines (HeLa and Caski) [23]. Caspase (CASP)-8, Fas-ligand (FASL), and Poly (ADP-ribose)
polymerase (PARP) are three extrinsic mechanisms of apoptotic cell death that are associ-
ated with the expression of molecular proteins. According to Kampa et al., FAS/FASLG
caused the human breast cancer cell line (T47D) to undergo apoptosis [24]. Ferulic acid
treatment leads to the induction of apoptosis via elevated expressions of the apoptotic pro-
teins CASP1, CASP2, CASP8, FASLG, FAS, and TNFR-associated death domain (TRADD)
in the prostate cancer cell line (LNCaP) [25]. Through regulation of p53, Bax, caspase-3, and
growth arrest and DNA-damage (GADD45), treatment with ferulic acid has been shown to
begin apoptosis in non-small cell lung cancer cells (NCI-H460) [26]. According to Grasso
et al., free ferulic acid significantly reduced the levels of Bcl-2 and Master Regulator of Cell
Cycle proteins (c-Myc) expression along with caspase-3 and PARP-1 cleavage, which acti-
vated the apoptotic pathway [27]. DNA fragmentation, which is the hallmark of apoptosis,
was determined in Caski cells after ferulic acid treatment [28]. Ferulic acid reduced the
phosphorylation of protein kinase B (Akt) and Phosphoinositide 3-kinase (PI3K) in Caski
cells. In osteosarcoma cells, ferulic acid augmented the Bax expression, decreased the Bcl-2
expression, and then increased the activity of caspase-3, and induced death by blocking the
PI3K/Akt pathway [28].

Cyclins (CCN), cyclin-dependent kinase (CDKI) inhibitors, and cyclin-dependent
kinases (CDK) are known to arrest cell cycle progression. By upregulating CDKN1A
(P21) protein expression and downregulating CCND1 and phosphorylated retinoblastoma
protein (RB) levels in the endothelial cells (ECV304), ferulic acid produced cell cycle
arrest in the G0/G1 phase [29]. Ferulic acid treatment inhibited PI3K/Akt pathway and
induced G0/G1 phase arrest via downregulation of expression of cell cycle-related proteins
CDK2, CDK4, and CDK6 in osteosarcoma cells [30]. In HeLa and Caski cells, Gao et al.
demonstrated that ferulic acid caused cell death and G0/G1 phase arrest by increasing the
cell cycle-related proteins, such as p53 and p21 expression, and by lowering CCND1 and
CCNE levels [31]. According to Janick et al., ferulic acid led to an arrest of the cell cycle in
the S phase and had an antiproliferative effect on colon cancer cells (Caco-2) [32]. Due to
the decreased expression of genes that were crucial for cell cycle arrest in the G1/S phase
in prostate cancer cells, ferulic acid may prevent cell cycle progression. The Transcription
Factor 4 (E2F4) gene expression that was much higher in the ferulic acid-treated cells
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caused arrest of the cell cycle at the G0/G1 stages in prostate cancer cells (PC-3) due to
downregulation of transcription by creating a complex with RB1 [25].

Figure 2. Molecular targets of ferulic acid in signaling processes leading to cell cycle arrest and
apoptosis. Bcl-2-associated X protein (BAX), BCL-2 antagonist/killer (BAK), tumor suppressor p53
(p53) and cytochrome complex (CYCS), B-cell lymphoma 2 (Bcl-2), Poly (ADP-ribose) polymerase
(PARP), Fas-ligand (FASL), and TNFR-associated death domain (TRADD).

In addition, ferulic acid is also known to induce autophagy in cancer cells. It is a
natural breakdown of the cell to eliminate malfunctioning components through a lysosome-
dependent controlled mechanism. For instance, using hepatocellular carcinoma (HepG2)
cells, Wang et al. in 2022 determined that proliferative ability was decreased by ferulic
acid by elevating the levels of the apoptosis and autophagy biomarkers, including beclin-1,
Light chain (LC3-I/LC3-II), PTEN-induced putative kinase 1 (PINK-1), and Parkin [33].
Similar to this, utilizing the ferulic acid derivative tributyltin(IV) ferulate (TBT-F) on colon
cancer cells (HCT116, HT-29 and Caco-2) led to an increase in autophagy-related proteins,
such as LC3-II, and receptors of autophagy (p62) [34]. Therefore, genes or proteins involved
in apoptosis and cell cycle regulation are significant in the development of anticancer drugs,
and research on these genes for cancer therapies has been constantly growing.

4.2. Antiangiogenic Action of Ferulic Acid

There are two main hallmarks of cancer progression: uninhibited angiogenesis and
development of vascular architecture [35]. Angiogenesis is the process of creating new
blood vessels from previous ones and is essential for transporting oxygen, nutrients, and
growth hormones to distant organs for the development of cells, playing an important role
in cancer progression [36]. Through the release of chemical signals that promote angiogene-
sis, tumors maintain blood supply by regulating both positive (angiogenic) and negative
(anti-angiogenic) endogenous factors, such as adult endothelial cells (ECs). Angiogenesis
is crucial for the development of numerous illnesses, as well as for regular physiological
processes like the formation of an embryo, the healing of wounds, and the menstrual cycle.
It is generally recognized that angiogenesis is dysregulated in a number of diseases, includ-
ing psoriasis, diabetic retinopathy, malignant tumors, rheumatoid arthritis, and age-related
macular degeneration (AMD). An unbalance between numerous pro-angiogenic and anti-
angiogenic factors is important for angiogenesis [37]. Angiogenesis process is initiated by
pro-angiogenic signals, inflammation, ischemia, hypoxia, and other variables that act on
cytokines, as well as angiogenic factors like vascular endothelial growth factor (VEGF) or
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fibroblast growth factor (FGF) in tumor cells, urokinase-type plasminogen activator (uPA),
and adrenomedullin (ADM) [38]. As a result, stopping angiogenesis is an effective therapeu-
tic strategy for the management of a number of illnesses, including cancer. Despite being
widely available, anti-angiogenic medications like bevacizumab, pegaptanib, ranibizumab,
sunitinib, sorafenib, regorafenib, and axitinib also have serious side effects, such as cardio-
vascular toxicity, bleeding risk, intraocular inflammation, ocular hemorrhage, and retinal
detachment [39]. In order to complement and integrate with current therapies, innovative
and efficient treatments that precisely target angiogenesis and have fewer side effects need
to be researched, developed, and tested [40]. Among the broad spectrum of botanicals,
ferulic acid is one of the potent constituents found in many vegetables and has numer-
ous pharmacological activities, such as anti-cancer, anti-inflammation, neuroprotective,
anti-coagulation, and anti-angiogenesis [41]. In a normal cellular microenvironment using
human umbilical vein endothelial cells (HUVECs), Lin et al. [42] determined that ferulic
acid significantly augmented angiogenesis by increasing VEGF, platelet-derived growth
factor (PDGF), and hypoxic-induced factor (HIF) 1α expression via mitogen-activated
protein kinase and PI3K pathways. Whereas, Yang et al., 2015 [43], reported that ferulic
acid reduced the growth of melanoma cells (A375, CHL-1 and SK-MEL-2) via suppressing
FGF1, leading to the activation of FGFR1 and PI3K-Akt signaling. In addition, ferulic
acid showed anticancer potential by suppressing angiogenesis and causing inhibition of
melanoma growth in a xenograft model [44]. Researchers have reported that ferulic acid
significantly revealed antiangiogenic properties in a chorioallantoic membrane (CAM)
model of chicken eggs through downregulation of VEGF-2 and cyclooxygenase (COX-2)
expression. Therefore, anti-angiogenic mechanisms can be considered promising for the
future design of novel therapeutics.

4.3. Inhibition of Metastasis and Invasion

Another main hallmark of malignant tumors is believed to be invasion and metastasis
that lead to clinical death [45]. Tumor invasion and metastasis mechanisms involve the de-
tachment of cancer cells from the main tumor, migration, angiogenesis, and proliferation to
distant tissues [46]. Beyond the boundaries of the healthy tissue from which they originate,
cancer cells can enter the bloodstream, travel to distant organs, and ultimately cause the de-
velopment of secondary tumors, known as metastases. Matrix metalloproteinases (MMPs)
play a significant role in the growth of malignancies by disrupting natural invasion barri-
ers [47]. The zinc-dependent endopeptidases MMP-2 and MMP-9 are associated with tumor
invasion and metastasis due to their capacity to remodel tissue by degrading the basement
membrane and extracellular matrix, thereby triggering angiogenesis (Figure 3) [48]. There-
fore, the largest problem in cancer chemotherapy has been preventing the phenomenon
of invasion and metastasis. Many natural constituents such as polyphenols, terpenoids,
flavonoids, alkaloids, steroids, and saponins have the potential to be anti-invasive and anti-
metastatic. Zhang et, 2016 [49], reported that ferulic acid showed antimetastatic potential
against breast cancer cells (MDA-MB-231) by upregulating caspase-3 and downregulating
epithelial-mesenchymal transition (EMT). Ferulic acid oral dose significantly reduced the
tumor volume in MDA-MB-231 xenografts in female BALB/c nude mice, and showed
no toxicity at a dose of 100 mg/kg body weight of animals. El-Gogary et al., 2022 [50],
investigated that nanoencapsulated ferulic acid exhibited anticancer potential in colorectal
cancer cell lines (HCT-116 and Caco2), and ferulic acid lipid encapsulated nanoparticles
showed significant antioxidant, apoptotic, anti-angiogenic, and anti-inflammatory prop-
erties in vivo through downregulation of cyclin D1, Insulin-like growth factor (IGF II),
and VEGF and modulation of BAX/Bcl-2. Therefore, inhibition of cancer migration from
one site to another can significantly increase patients’ survival rates, and researchers are
currently exploring anti-metastatic drugs from plant origins.
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Figure 3. Major signaling pathways targeted by ferulic acid in angiogenesis and metastasis processes.
Vascular endothelial growth factor (VEGF), Angiopoietin-1 (Ang1), Tyrosine-protein kinase (Tie-2),
Hypoxic-inducible factor (HIF) 1α, Protein kinase B (Akt), Phosphoinositide 3-kinase (PI3K), protein
kinase (PKC), Nuclear factor kappa light chain enhancer of activated B cells (NF-κB), Extracellular
signal-regulated kinase (ERK), Matrix metalloproteinases (MMPs).

4.4. Anti-Inflammatory Mechanisms

For the emergence and spread of chronic illnesses, inflammatory and immune re-
sponses act as key regulators. Activated inflammatory cells mediate chronic and acute
inflammation through a multi-step process [41]. In several in vitro and in vivo models, it
has been reported that ferulic acid possesses anti-inflammatory action. In vitro inflamma-
tion is widely studied in LPS-treated murine macrophages (Raw 264.7) [19] The overpro-
duction of inflammatory mediators (reactive oxygen species (ROS), nitric oxide (NO), pro-
inflammatory cytokines, and prostaglandin E2 (PGE2)) generated by activated inducible
nitric oxide synthase (iNOS) and COX is centrally managed by the macrophages generated
by the immune system [51]. Ferulic acid acts as an antioxidant and decreases macrophage
inflammatory protein-2 (MIP-2) production [52]. Ferulic acid and its derivatives also inhibit
the expression of inflammatory mediators, such as iNOS, NO production, prostaglandin
E2, and tumor necrosis factor-alpha (TNFα) in cells stimulated by the bacterial endotoxin
lipopolysaccharide [53–55]. A recent study showed that ferulic acid isolated from corn also
inhibited the iNOS expression and NO production in lipopolysaccharide (LPS)-stimulated
Raw 264.7 cells [56]. In addition to this, it has been reported that ferulic acid derivative
feruloyl-myo-inositol leads to the suppression of cyclooxygenase-2 promoter activity in
human colon cancer (DLD-1) cells via β-galactosidase reporter gene assay system [57]. In a
concentration-dependent manner, ferulic acid leads to the inhibition of chemokine super-
family member (murine MIP-2) as studied in LPS-stimulated macrophages (RAW 264.7)
cells. The anti-inflammatory response of ferulic acid (20 mg/kg) was studied in vivo also
in rats, showing reduction of the expression of cyclooxygenase-2 and nuclear factor kappa
light chain enhancer of activated B cells (NF-κB) in lung and liver, which was increased
by nicotine treatment [58]. These findings suggest that ferulic acid has anti-inflammatory
mechanisms against inflammatory diseases (Figure 4).
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Figure 4. Anti-inflammatory targets of ferulic acid.

5. Synergistic Interactions of Ferulic Acid in Cancer

The use of diverse synergistic chemo-preventive techniques with improved sensi-
tivity in combination with known chemotherapeutic medications has received a lot of
attention. Evidence has suggested that synergisms provide maximum therapeutic efficacy,
minimal side effects, and overcome drug resistance [59]. When given in combination with
δ-tocotrienol, ferulic acid was reported to synergistically inhibit telomerase activity in
human colorectal adenocarcinoma cells (DLD-1) by synergistically down-regulating the
expression of human telomerase reverse transcriptase (hTERT), the catalytic subunit of the
enzyme, suggesting that ferulic acid might augment the anti-cancer activity of δ-T3 [60].
Additionally, the combination of δ-tocotrienol and ferulic acid has also been investigated,
showing synergistic inhibitory effects and preventing the spread of different forms of cancer
cells, including prostate cancer (DU-145), breast cancer (MCF-7), and pancreatic cancer
(PANC-1) cells. Synergistic therapy has been found to be more effective and remarkably
reduced cell proliferation, as compared to δ-tocotrienol and ferulic acid alone [61]. More-
over, the compound has also been demonstrated to exert anti-proliferative/pro-apoptotic
effects and to decrease the metastatic or angiogenic properties of different cancer cells
when given in combination with unsaturated tocotrienols (TTs) [62]. Furthermore, recent
studies have shown the concerted pro-apoptotic effects of ferulic acid and nanostructured
lipid carrier in glioblastoma cells, thus increasing its bioavailability in the glioblastoma
cells by escalating the effects on protein expression levels and on the activation of the
apoptotic pathway more conspicuously when the cells were exposed to ferulic acid loaded
in nanostructured lipid carriers (NLCs), as compared to free ferulic acid [63]. In addition,
the combinatorial therapy of ferulic acid and cisplatin has also been reported to synergisti-
cally inhibit cellular proliferation in human leukemia cancer cell lines, and the synergized
growth inhibitory effect with cisplatin was shown to be probably associated with the G2/M
arrest in the cell cycle progression, thus indicating ferulic acid to be a better modulating
agent on human malignant cell lines [64]. Furthermore, the combined effect of ferulic acid
and gemcitabine on apoptosis and metastasis was also investigated, and the expression of
various genes involved in apoptosis and metastasis was found to be increased with a higher
fold change compared to the single treatment of gemcitabine in human prostate cancer cell
(PC-3) lines [65]. Additionally, ferulic acid in combination with PARP inhibitors has been
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reported to sensitize breast cancer cells, thus serving as an effective combination chemother-
apeutic agent as a natural bioactive compound [66]. Furthermore, the potential role of a
combination formula of ferulic acid and aspirin was also explored for pancreatic cancer
chemoprevention, utilizing a new chitosan-coated solid lipid nanoparticles (c-SLN) drug
delivery system encapsulating the natural compound and the drug; the results were found
to be promising [67]. Moreover, a study including two different polyphenols, curcumin,
and ferulic acid as adjuvant chemotherapeutics was carried out, evaluating chemoresis-
tance and cisplatin-induced ototoxicity against chemotherapeutic regimes, such as cisplatin,
for different types of cancers. The use of adjuvants was found to be an effective tool for
cancer therapy targeting ROS-modulated pathways [68]. Furthermore, a combination of
caffeic and ferulic acid lipophilic derivatives also showed increased cytotoxicity toward
human breast cancer cell lines, and thus could be applicable for chemopreventive and/or
chemotherapeutic purposes [69]. From the above discussion, it can be determined that
this bioactive natural substance has the potential to have synergistic effects on growth
inhibition, apoptosis induction, and anticarcinogenic properties, and it may prove to be a
promising alternative approach for boosting therapeutic potency and lowering systemic
toxicity of chemotherapeutic drugs [70].

6. Safety Studies

As a natural plant-derived compound, ferulic acid is considered to be generally safe.
Although several investigations have confirmed this assumption, systematic studies on its
safety are still required before the development of ferulic acid as a therapeutic tool [71].
Actually, trans-ferulic acid-4-β-glucoside revealed no apparent toxicity in mice models,
inducing no significant alterations in the body weight and blood biochemical parameters
of animals [72]. Additionally, topical applications of ferulic acid did not cause any skin
irritation in nude mice, representing an efficient and safe route for using ferulic acid against
photodamage [73]. However, a long-term treatment with ferulic acid was still demonstrated
to cause some nephrodamaging effects in the model of doxorubicin-induced chronic kidney
disease in rats [74], suggesting that further studies on the safety of this phenolic acid are
needed to determine the values of no-observed-adverse-effect-level (NOAEL) in health risk
assessments. Tables 1 and 2 represent an overview of ferulic acid anticancer effects.
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7. Conclusions and Future Perspectives

The evidence presented in this review study clearly suggests that ferulic acid can be
considered a possible option for the development of novel anticancer agents due to its
capacity to disrupt cancer cell signaling. Several studies have reported the anti-neoplastic
role of ferulic acid in various cancer cells, including brain cancer, breast cancer, gastric
cancer, prostate cancer, cervical cancer, and colorectal cancer. Together, it can be established
that this bioactive natural substance may have effects on tumor growth inhibition, apoptosis
induction, suppression of angiogenesis, and metastasis, and may prove to be one of the
most promising alternatives to current chemotherapeutic treatment methods for increasing
therapeutic potency and lowering systemic toxicity. However, ferulic acid stability and
limited solubility in aqueous media continue to be key obstacles to its bioavailability,
preclinical efficacy, and clinical use. In this context, ferulic acid-loaded nano-therapeutic
strategies, such as ionic gelation methods, can play an important role in overcoming these
problems. For instance, chitosan-based nano-formulations can improve the stability of
ferulic acid by modulating the hydrophobic interactions. Furthermore, investigations on
synergistic combinations between ferulic acid and conventional anticancer drugs must
be continued to find a more efficient dosage regimen for the treatment of diverse types
of malignancies, inducing lower adverse side effects. Overall, ferulic acid presents a
promising natural agent for supplementing the current anticancer arsenal with improved
life expectancy and quality of life for patients.
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Abstract: Background: The use of plants for therapeutic purposes has been supported by growing
scientific evidence. Methods: This work consisted of (i) characterizing the phenolic compounds
present in both aqueous and hydroethanol (1:1, v/v) extracts of camel grass, by hyphenated liquid
chromatographic techniques, (ii) evaluating their anti-inflammatory, antioxidant, and neuromodula-
tion potential, through in vitro cell and cell-free models, and (iii) establishing a relationship between
the chemical profiles of the extracts and their biological activities. Results: Several caffeic acid and
flavonoid derivatives were determined in both extracts. The extracts displayed scavenging capac-
ity against the physiologically relevant nitric oxide (•NO) and superoxide anion (O2

•−) radicals,
significantly reduced NO production in lipopolysaccharide (LPS)-stimulated macrophages (RAW
264.7), and inhibited the activity of hyaluronidase (HAase), acetylcholinesterase (AChE) and butyryl-
cholinesterase (BChE). Some of these bioactivities were found to be related with the chemical profile
of the extracts, namely with 3-caffeoylquinic, 4-caffeoylquinic, chlorogenic, and p-coumaric acids, as
well as with luteolin and apigenin derivatives. Conclusions: This study reports, for the first time,
the potential medicinal properties of aqueous and hydroethanol extracts of camel grass in the RAW
264.7 cell model of inflammation, and in neurologically related conditions.

Keywords: Cymbopogon schoenanthus; hyaluronidase; acetylcholinesterase; neurodegeneration;
oxidative stress; phenolic compounds

1. Introduction

Since the dawn of humanity, plants have been used in the prophylaxis, relief, and
treatment of diseases with several etiological origins. Despite being intrinsically linked
to popular wisdom, the medicinal use of plants is abandoning its empiric framework and
becoming increasingly supported by scientific evidence [1]. As important sources of new
bioactive compounds with promising pharmacological effects, several plant species have
been recognized by the World Health Organization for their medicinal properties [2].

Inflammation is one of the main healthcare concerns for which medicinal plants are
well-documented [3]. As part of the organism response to cell and tissues injury, inflam-
mation is characterized by the release of several systemic mediators that act together for
damage repair. When the cause of inflammation persists, or when the defence mecha-
nisms are deregulated, inflammation can become chronic [4]. Nitric oxide (NO) plays an
important role in many physiologic processes, not only as a signalling molecule, but also
as neurotransmitter and participant in platelet aggregation inhibition. Under physiologic
conditions, NO acts as an anti-inflammatory mediator; however, at higher concentrations,
it induces and exacerbates inflammation, leading to tissue damage [5]. This mediator is
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produced from L-arginine, by the action of a family of nitric oxide synthase (NOS) en-
zymes. Of them, the inducible nitric oxide synthase (iNOS) isoform, originally expressed
in macrophages in response to inflammatory stimuli, is crucial in the inflammatory pro-
cess due to its capacity to increase NO production [5]. Thus, compounds able to inhibit
NO overproduction, or to scavenge the reactive species formed during the inflammatory
process, are interesting for the resolution of inflammatory frames [4,6].

The appropriate regulation of reactive species is essential for organism homeostasis.
Thus, antioxidants play an essential role in the prevention of various pathologies. Reactive
nitrogen species (RNS) and reactive oxygen species (ROS) can accumulate, resulting in the
oxidation of cellular components and cellular destruction [7]. Apart from its role in inflam-
mation, oxidative stress underlies other pathologies. The progression of neurodegeneration
is a classic example; brain structures supporting memory are particularly sensitive to the
oxidative status, due to their high demand for oxygen [8]. Most cognitive and behavioural
changes are postulated to be caused by deficient brain cholinergic pathways. This can help
explain why the enhancement of cholinergic transmission, by extending the availability
of acetylcholine (ACh) in the synaptic cleft, can improve the symptoms associated with
neurodegeneration. Moreover, the inhibition of acetylcholinesterase (AChE) and butyryl-
cholinesterase (BChE), enzymes responsible for the hydrolysis of ACh following synaptic
release, has thus been suggested as a promising strategy to avoid the progression of de-
mentia [9]. In this regard, diverse medicinal species traditionally used to treat neurological
diseases have been evaluated for their cholinesterase inhibitory activity to support their
ethnopharmacological applications [9,10].

Cymbopogon species have been used in traditional medicine worldwide, lemon grass
(Cymbopogon citratus (DC.) Stapf) being the most widely distributed and well-studied
one [11–13]. Camel grass (Cymbopogon schoenanthus (L.) Spreng.), on the other hand, has
been scarcely explored regarding its chemical profile and pharmacological activities [14–16].
Besides the over-studied volatile extracts of Cymbopogon spp., identified as essential oils,
non-volatile extracts are gaining researchers’ attention for their promising pharmacological
applications and lower toxicity [17]. Among the specialized metabolites present in non-
volatile extracts of Cymbopogon spp., phenolic compounds are likely the most notable ones.
In particular, hydroxycinnamic acids and flavonoids can be highlighted for their marked
antioxidant and anti-inflammatory properties and capacity to inhibit key enzymes involved
in several pathologic processes [18–22].

The aims of this work were to establish the phenolic profiles of aqueous and hy-
droethanol extracts of camel grass and to evaluate their toxicity, anti-inflammatory and
antioxidant potential, together with their effect on enzymes engaged in the neurodegenera-
tive process. In addition to contributing to the enrichment of scientific knowledge on the
chemistry of phenols of this still understudied species of the genus Cymbopogon, the present
work highlights the potential medicinal properties of aqueous and hydroethanol extracts of
C. schoenanthus in the RAW 264.7 cell model of inflammation, and in neurologically related
conditions, for the first time.

2. Results and Discussion

The genus Cymbopogon is widely known for its high content in essential oils. Though
the pharmacological applications of its volatile extracts are well-exploited, other extracts
and species from this same genus remain underexplored [12]. Likewise, preliminary
in vitro data on the potential toxicity of extracts are scarce to non-existent. Therefore,
this work focused on the antioxidant, anti-inflammatory and neuromodulating capacity
of aqueous and hydroethanol extracts of camel grass, which are among the biological
properties most reported in traditional medicine for this genus. Moreover, the toxicity of
the extracts was screened in different cell lines, and the effect of the extraction method and
solvent composition on their chemical profile and biological activity was also considered.
Additionally, a relationship between the biological activities and the phenolic profile was
established.
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2.1. Phenolic Profile

HPLC-DAD analysis of camel grass extracts revealed similar qualitative compositions,
regardless of the extraction solvent and procedure. Figure 1 displays the HPLC-DAD
chromatogram obtained with the aqueous extract.

Figure 1. HPLC-DAD chromatogram of camel grass aqueous extract, recorded at 320 nm. 1: 3-O-
caffeoylquinic acid; 2: 4-O-caffeoylquinic acid; 4: chlorogenic acid; 7: p-coumaric acid; 9: ferulic
acid; 12: isoorientin; 13: luteolin glycoside; 14: luteolin-3′,7-di-O-glucoside; 3, 5, 6 and 8: caffeic acid
derivatives; 10, 11, 15–20: apigenin glycosides.

On the other hand, the concentrations of the identified compounds varied according
to the nature of the extracting solvent (Table 1). The aqueous extract was significantly richer
in phenolic compounds (1.85 mg/g dry plant) than the hydroethanol extract (0.95 mg/g
dry plant) (p < 0.05). This demonstrates that the infusion process was much more effective
in extracting phenolic compounds than the ultrasound-assisted extraction procedure used
to obtain the hydroethanol extract (p < 0.05). Ultrasound is known for enhancing the rate of
mass transfer of analytes to the solvent. Nevertheless, the hydroethanol extracts, obtained
with sonication, presented a lower amount of phenols than the extracts obtained by infusion,
confirming that the effect of the solvent is more decisive than the extraction method.

Regarding the major subclasses of phenolic compounds determined in camel grass
extracts, flavonoid derivatives clearly dominated, when compared to hydroxycinnamic
acids, in both aqueous (1.02 vs. 0.83 mg/g of dry plant) and hydroethanol extract (0.62
vs. 0.33 mg/g of dry plant) (Table 1). Among hydroxycinnamic acids, chlorogenic acid
(4) was the major compound in the aqueous extract, while p-coumaric acid (7) was the
most representative compound in the hydroethanol extract. Among flavonoid derivatives,
luteolin-3′,7-di-O-glucoside (14) was the phenolic found at the highest concentration in
both extracts (Table 1).

Studies reporting the chemical profile of camel grass are almost exclusively dedicated
to its essential oils. To our knowledge, few studies have reported the phenolic composition
of non-volatile extracts of this species. The works by the groups of Khadri [15], Musa [23]
and Abu-Serie [24] explored different biological activities of aqueous and methanol (80%)
extracts. However, the phenolic profile of the extract was not established, and the total phe-
nolic content was quantified through the non-specific Folin-Ciocalteau colorimetric method.
Ben Othman and colleagues [16] determined the phenolic composition of an ethanol extract
(70%) of camel grass. In the HPLC-DAD analysis, the authors identified seven phenolic
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compounds, namely quercetin-3-O-rhamnoside, resorcinol, and trans-cinnamic, caffeic,
2,5-dihydroxybenzoic, ferulic and gallic acids, the flavonoid being the most representative
compound. Najja and co-workers [25] also characterized an ethanol extract (70%) of camel
grass by HPLC-DAD, reporting the presence of the same compounds, quercetine-3-O-
rhamnoside being also the most abundant. Rocchetti and co-workers [26] analysed the
phenolic profile of an aqueous extract by triple-TOF mass spectrometry, having found sev-
eral flavonoids and phenolic acids: kaempferol, quercetin, luteolin and apigenin glycosides
were the most representative among the flavonoids, while caffeic, ferulic and coumaric
acids predominated among the phenolic acids. These results are in line with those obtained
in the study herein. In this work, ferulic acid (9) was the only compound that had been
previously reported. As far as we are aware, 3-caffeoylquinic (1), 4-caffeoylquinic (2) and
chlorogenic (4) acids are being reported here for the first time in camel grass.

Table 1. Quantification of the phenolic compounds identified in camel grass extracts 1.

Compounds Rt (min)
Aqueous

Extract
Hydroethanol

Extract

Hydroxycinnamic acids
1 3-Caffeoylquinic acid 8.66 0.03 ± < 0.01 0.08 ± < 0.01
2 4-Caffeoylquinic acid 12.57 0.04 ± < 0.01 0.01 ± < 0.01
3 Caffeic acid derivative 13.09 0.02 ± < 0.01 0.01 ± < 0.01
4 Chlorogenic acid 14.66 0.49 ± 0.04 0.02 ± 0.01
5 Caffeic acid derivative 18.22 0.04 ± > 0.01 nq
6 Caffeic acid derivative 19.33 0.02 ± > 0.01 nq
7 p-Coumaric acid 20.21 0.18 ± 0.01 0.16 ± < 0.01
8 Caffeic acid derivative 24.45 0.00 ± < 0.01 nq
9 Ferulic acid 25.51 0.01 ± < 0.01 0.05 ± 0.01

Σ 0.83 a ± 0.05 0.33 b ± 0.02

Flavonoids
10 Apigenin glycoside 28.50 0.06 ± < 0.01 0.03 ± < 0.01
11 Apigenin glycoside 30.60 0.01 ± < 0.01 nq
12 Isoorientin 31.81 0.13 ± 0.01 0.08 ± 0.01
13 Luteolin glycoside 32.89 0.07 ± 0.01 nq
14 Luteolin-3′,7-di-O-glucoside 33.46 0.31 ± 0.03 0.22 ± 0.01
15 Apigenin glycoside 37.10 0.09 ± 0.01 0.03 ± 0.02
16 Apigenin glycoside 37.91 0.03 ± < 0.01 0.06 ± 0.01
17 Apigenin glycoside 38.27 0.07 ± 0.01 0.06 ± 0.01
18 Apigenin glycoside 38.96 0.09 ± 0.01 0.04 ± 0.01
19 Apigenin glycoside 39.90 0.05 ± 0.01 0.03 ± 0.01
20 Apigenin glycoside 40.73 0.11 ± 0.01 0.07 ± 0.01

Σ 1.02 a ± 0.1 0.62 b ± 0.09

Total 1.85 a ± 0.15 0.95 b ± 0.11
1 Values are expressed in mg/g of dry plant, as mean ± SD of four determinations; nq—not quantified. Different
superscript letters in each row indicate statistical differences at p < 0.05 (two-tailed unpaired t-test).

Unlike camel grass, lemon grass is, by far, the most well-documented species within
the genus. Figueirinha and collaborators [19] determined the composition of lemon grass
aqueous extracts, having reported the presence of two classes of phenolic compounds:
hydroxycinnamic acids, namely caffeic acid, its derivatives, and p-coumaric acid, and
flavonoids, mainly 6-C and 8-C glycosyl flavones, derivatives of luteolin and apigenin,
which is in accordance with our results (Figure 1, Table 1). As herein, other surveys per-
formed with different extracts from the aerial parts of lemon grass [27] reported chlorogenic
acid as the major compound in aqueous extracts, together with two luteolin glycosides, and
luteolin derivatives as the most representative of a methanol:water extract. Similar results
were later obtained by Campos et al. [28]. More recently, Roriz and colleagues focused
on the antioxidant compounds of different plants, having found luteolin derivatives as
the major compounds in lemon grass [29,30]. This is in accordance with our findings, in
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which luteolin glycoside corresponded to ca. 28 and 32% of the total phenolic compounds
identified in the aqueous and hydroethanol extracts, respectively.

2.2. Antioxidant Activity

Camel grass extracts were screened for their antioxidant capacity against •NO and
O2

•−. The two extracts were able to scavenge both reactive species in a dose-dependent
manner (Figure 2, Table 2). When comparing the IC50 values obtained, the aqueous extract
was significantly more efficient than the hydroethanol one against •NO (p < 0.05), while
no significant differences were observed regarding the O2

•− scavenging ability of both
extracts (Table 2). The results obtained for •NO scavenging were less promising than those
obtained with the reference standard quercetin (IC50 = 58.1 μg/mL); however, regarding
O2

•−, the results were quite remarkable, being of the same order of magnitude of the
reference standard (IC50 = 24.6 μg/mL).

Figure 2. Scavenging effect of camel grass extracts against nitric oxide (•NO) (a) and superoxide
anion (O2

•−) (b) radicals generated in a cell-free system. Results are expressed as percentage of the
respective control (mean ± SD of at least three determinations, each performed in triplicate).

Table 2. IC50 values (mg lyophilized extract/mL) obtained for the antioxidant, anti-inflammatory
and enzyme inhibitory capacity of camel grass extracts 1.

Aqueous Extract Hydroethanol Extract

•NO scavenging 0.93 ± 0.19 a 1.27 ± 0.20 b

O2
•− scavenging 0.05 ± < 0.01 0.06 ± 0.01

NO reduction in RAW 264.7 cells 1.32 ± 0.17 1.38 ± 0.04
HAase 1.40 ± 0.07 a 2.57 ± 0.17 b

AChE 2 1.49 ± 0.17 1.69 ± 0.21
BChE 2 0.68 ± 0.02 a 0.82 ± 0.12 b

1 Values are expressed as mean ± SD of at least three independent determinations, each performed in tripli-
cate. Different superscript letters in each row indicate statistical differences at p < 0.05 (two-tailed unpaired
t-test). 2 Values correspond to 25% inhibition. AChE, acetylcholinesterase; BChE, butyrylcholinesterase; HAase,
hyaluronidase; •NO, nitric oxide radical; NO, nitric oxide, O2

•−, superoxide anion radical.

Antioxidants have been implicated in the prevention of various diseases by protecting
the organism against cell damage caused by oxidative stress [31]. Although the total
amount of phenolic compounds was significantly different between the two extracts tested
(p < 0.05) (Table 1), their •NO scavenging capacity seemed to rely on the presence of certain
compounds. For instance, a negative correlation was observed between the IC50 values
and 4-caffeoylquinic acid (2) (−0.816, p < 0.05) and the apigenin glycoside (15) (−0.828,
p < 0.05), while a positive correlation was found for the apigenin glycoside (16) (0.889,
p < 0.05) (Table 3. With regard to O2

•−, data analysis demonstrated that the total amount
of phenolic compounds was negatively correlated with the radical scavenging capacity of
the extracts (−0.814, p < 0.05), mainly due to flavonoids (Table 3).
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Table 3. Correlation between the biological activities and the chemical profile of camel grass extracts 1,2.

Compounds
Antioxidant Activity Enzyme Inhibition
•NO

Scavenging
O2

•−
Scavenging

HAase AChE

Hydroxycinnamic acids
1 3-Caffeoylquinic acid 0.981 **
2 4-Caffeoylquinic acid −0.816 * −0.944 **

3 Caffeic acid derivative −0.872 * −0.827 *

4 Chlorogenic acid −0.978 **
5 Caffeic acid derivative −0.974 **
6 Caffeic acid derivative −0.952 **

8 Caffeic acid derivative −0.998 *
9 Ferulic acid 0.904 * 0.961 **

Σ −0.989 **

Flavonoids
10 Apigenin glycoside −0.888 * 0.965 **
12 Isoorientin −0.932 **
13 Luteolin glycoside −0.998 *

14
Luteolin-3′,7-di-O-

glucoside −0.864 *

15 Apigenin glycoside −0.828 * −0.898 **
16 Apigenin glycoside 0.889 * 0.896 **
17 Apigenin glycoside −0.928 **
18 Apigenin glycoside −0.871 ** −0.930 **
19 Apigenin glycoside −0.940 ** −0.896 **
20 Apigenin glycoside −0.941 * −0.868 *

Σ −0.965 **

Total −0.814 * −0.974 **
1 Significance levels set at * p < 0.05 and ** p < 0.01. 2 •NO, nitric oxide radical; O2

•−, superoxide anion radical;
HAase, hyaluronidase; AChE, acetylcholinesterase.

As far as we know, the evaluation of the antioxidant capacity of camel grass non-
volatile extracts was limited to the studies conducted by the groups of Khadri [15] and Roc-
chetti [26]. The first assessed the effect of an aqueous extract against the non-physiological
1,1-diphenyl-2-picryl-hydrazyl radical (DPPH•) and concluded that the antioxidant activity
was positively correlated with the phenolic content [15]. The correlation between phenolics
and the antioxidant potential of the extracts was corroborated by Rocchetti et al., through
the Trolox equivalent antioxidant capacity (TEAC), who also found that flavonoids were
strongly correlated with TEAC values [26]. To our knowledge, this is the first work report-
ing the antioxidant potential of camel grass extracts against free radicals with biological
importance (•NO and O2

•−) and the first one to establish a relationship between their
radical scavenging capacity and their phenolic profile.

Contrary to camel grass, several studies reported the antioxidant potential of non-
volatile extracts from species of the same genus, namely lemon grass [19,27]. Cheel and
collaborators [27] evaluated the antioxidant potential of several lemon grass extracts,
including methanol, methanol:water (7:3 and 1:1, v/v), infusion and decoction, against
DPPH• and O2

•− and reported a positive correlation between the antioxidant activity
and the phenolics content. Our results are in accordance with these, as a higher phenolic
content led to lower IC50 value (Tables 1–3). In another work [19], caffeic and p-coumaric
acids and apigenin and luteolin derivatives were determined and correlated with the free
radical scavenging capacity of the extracts. In accordance with the present study, those
authors also suggested that flavonoids, the major subclass of identified compounds, were
responsible for the antioxidant potential of the extracts [19].
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2.3. Anti-Inflammatory Potential

The anti-inflammatory potential of camel grass extracts was assessed by a model of
macrophages challenged with lipopolysaccharide (LPS). Both extracts were able to reduce
cellular NO production in a dose-dependent manner, and no cytotoxicity was observed
under the range of concentrations tested (0.19–1.5 mg lyophilized extract/mL) (Figure 3).
Despite being less effective than the reference drug dexamethasone (IC50 = 34.6 μg/mL), at
the highest concentration tested (1.5 mg lyophilized extract/mL), the co-incubation with
camel grass extracts reduced NO released by stimulated macrophages by more than 50%,
in comparison to the untreated control (Figure 3). However, no correlation was found
between the total phenolic content and the reduction of NO released by RAW 264.7 cells.

Figure 3. Effect of camel grass aqueous (a) and hydroethanol (b) extracts on thiazolyl blue tetrazolium
bromide (MTT) reduction and nitric oxide (NO) production in lipopolysaccharide (LPS)-stimulated
RAW 264.7 cells. Results are expressed as percentage of the respective control (CTRL) (mean ± SD of
four determinations, each performed in triplicate). * p < 0.05; ** p < 0.01; **** p < 0.0001 (ANOVA,
Tukey HSD multiple comparison test).

Inflammation is one of the conditions for which traditional medicine recommends
the use of species of Cymbopogon genus [12]. To our knowledge, there are no previous
reports concerning the anti-inflammatory potential of camel grass in macrophages upon
LPS stimulation.

Although no significant differences were found between the IC50 values, the extract
with higher content of both flavonoids and hydroxycinnamic acids displayed a tendency to
be more active (Tables 1 and 2). This is in accordance with previous studies conducted with
macrophages that attributed the anti-inflammatory activity of Cymbopogon spp. extracts
to their flavonoid content [6,32]. Additionally, even with little expression when compared
to essential oils, some authors have explored the anti-inflammatory potential of non-
volatile extracts of Cymbopogon spp., namely those of lemon grass [18,20,21]. A study
conducted with LPS-stimulated RAW 264.7 cells treated with a lemon grass aqueous
extract suggested phenolic compounds as the main contributors to the reduction in iNOS
expression and NO production [21]. The anti-inflammatory activity of some compounds
isolated from lemon grass was further assessed in the same cell model, revealing that
luteolin glucosides were partly responsible for the anti-inflammatory properties of the
extracts [20]. These observations are in accordance with our results: treatment with the
aqueous extract, richer in luteolin glycosides, seemed to have a stronger effect regarding NO
reduction in the cell system (Tables 1 and 2). Another cell model was used to evaluate the
anti-inflammatory potential of an infusion of lemon grass, as well as its polyphenol fractions,
on the NO produced by LPS-stimulated dendritic cells [18]. The authors demonstrated
that the infusion significantly inhibited NO production and iNOS expression; the strongest
anti-inflammatory effects were observed for the flavonoid-rich fraction, again indicating
luteolin glycosides as the main contributors to the effects. A recent work evaluated the anti-
inflammatory capacity of camel grass aqueous and ethanol (50% v/v) extracts by assessing
the inhibition of the active NF-κB pathway in an HT-29 cell line. The authors found that only
the aqueous extract was able to significantly inhibit the pro-inflammatory gene expression
but did not report a correlation with the phenolic compounds identified [26]. Regarding
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phenolic acids, Francisco and co-workers reported the contribution of chlorogenic acid to
the anti-inflammatory activity displayed by a lemon grass infusion [33]. The authors tested
the main phenolic acid in the extract, chlorogenic acid, and found that it maintained the
phosphorylation levels of IκBα, as the extract did. The inhibition of p65 translocation to the
nucleus by lemon grass extract was also observed, which was consistent with the NF-κB
inhibition, suggesting the anti-inflammatory potential of the extract by inhibition of NF-κB
activation. Chlorogenic acid is the most representative hydroxycinnamic of the extracts
evaluated herein. Consequently, it may also contribute to the anti-inflammatory activity
observed in our study.

The mechanisms behind inflammation are complex, accounting for a huge number of
mediators and enzymes that may be directly or indirectly involved in the process. High
and low molecular weight forms of hyaluronic acid (HA) exhibit opposite effects on cell
behaviour. High molecular weight HA inhibits endothelial cell growth, is increased at sites
of inflammation, and often correlates with leukocyte adhesion and migration. Studies on
activated macrophages have shown that HA fragments induce the expression of chemokine
genes, such as macrophage inflammatory proteins (MIP) with a crucial role in initiating
and maintaining the inflammatory response [34]. Hyaluronidase (HAase) is an enzyme
responsible for the degradation of HA; thus, its inhibition can result in a favourable
environment to overcome inflammation.

Both extracts demonstrated capacity to inhibit the HAase-mediated degradation of
HA in a dose-dependent manner (Figure 4a). At the highest tested concentrations (3.0 and
2.5 mg lyophilized extract/mL for hydroethanol and aqueous extract, respectively), the
extracts almost completely inhibited the enzymatic activity (Figure 4a). The aqueous extract
was more effective (p < 0.05), presenting an IC50 value of about half of that obtained for the
hydroethanol extract (Table 2), and in the same order of magnitude of the reference drug
disodium cromoglicate (1.10 mg/mL).

Figure 4. Effect of camel grass extracts on hyaluronidase (HAase) (a), acetylcholinesterase (AChE)
(b), and butyrilcholinesterase (BChE) (c) activity. Results are expressed as percentage of control
(mean ± SD of, at least, three determinations).
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Regarding HAase inhibition, a clear correlation was observed, not only concerning in-
dividual compounds, but also considering the total amount within each subclass (Table S1).
Strong negative correlations were found for hydroxycinnamic acids (−0.989, p < 0.01)
and flavonoids (−0.965, p < 0.01), which easily explains the significantly lower IC50 value
obtained with the aqueous extract (Tables 2 and 3). To the best of our knowledge, this is the
first report devoted to the evaluation of the effect of Cymbopogon spp. on HAase.

2.4. Effect on AChE and BChE Activity

Camel grass extracts showed a dose-dependent behaviour concerning their capacity
to inhibit AChE and BChE (Figure 4b,c). Both extracts displayed a stronger capacity to
inhibit BChE than AChE (Table 2): the aqueous extract was the most effective to impair
butyrylcholine hydrolysis, being the only one to inhibit half of the enzyme activity (IC50
value of 1.76 mg lyophilized extract/mL against BChE).

The neuromodulator properties of Cymbopogon spp. have been mostly attributed to
their essential oils [35,36]. Adaramoye and Azeez [37] evaluated the capacity of a methanol
extract of lemon grass to inhibit AChE, but found no differences compared to the untreated
control. Khadri and colleagues [15] evaluated the effect of different camel grass extracts on
AChE inhibition and verified that the inhibitory activity increased with the solvent polarity.
These previous results are in accordance with our work; even with no statistical differences
found, the IC25 obtained with the aqueous extract was lower than that of the hydroethanol
extract (Table 2). However, both extracts still presented higher IC25 values than that of the
control drug galantamine (0.86 mg/mL). Regarding BChE, the strongest inhibition was
also obtained with the aqueous extract (Table 2), with a promising IC25 value about 3 times
lower than that of the reference standard galantamine (IC25 = 1.81 mg/mL). However, no
correlation with the chemical profile was observed, suggesting that this biological activity
may result from a synergism between all the compounds. To our knowledge, this is the
first work reporting the BChE inhibitory activity of camel grass.

The disabled concentration of neurotransmitters in the synaptic cleft is associated
with the impairment of cognitive functions and the progressive loss of memory. In this
way, the consumption of non-volatile extracts of Cymbopogon species can be seen as a
promising non-pharmacological approach to increase neurotransmitter concentrations,
contributing to reduce the adverse symptoms of neurodegenerative diseases. Moreover, the
severe side effects associated with the currently commercialized cholinesterase inhibitors,
namely related to hepatotoxicity and gastrointestinal disorders [10], may be overcome
with inhibitors from natural sources, such as camel grass extracts. In fact, cell viability
assays conducted with the human gastric adenocarcinoma (AGS) and liver hepatocellular
carcinoma (HepG2) cell lines exposed for 24 h to the different extracts revealed no toxicity
under the tested concentrations, relative to the respective control (p > 0.05) (Figure 5).
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Figure 5. Effect of camel grass extracts on MTT reduction in AGS and HepG2 cells. Results are ex-
pressed as percentage of untreated control (mean ± SD of four determinations performed in triplicate).
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This preliminary in vitro toxicological screening encourage the consumption of camel
grass extracts under the effective concentrations found in the present work.

3. Materials and Methods

3.1. Standards and Reagents

Thiazolyl blue tetrazolium bromide (MTT),β-nicotinamide adenine dinucleotide reduced
form (NADH), sodium nitroprusside dehydrate (SNP), sulphanilamide, naphtylethylene-
diamine, ethanol, LPS from Salmonella enterica, formic acid, nitrotetrazolium blue chloride
(NBT), phenazinemethosulfate (PMS), dimethyl sulfoxide (DMSO), sodium chloride (NaCl),
sodium formate, HAase from bovine testes (type IV-S), hyaluronic acid (HA) sodium salt
from Streptococcus equi, bovine serum albumin (BSA), AChE, acetylthiocholine iodine, BChE,
S-butyrylthiocholine chloride, dexamethasone (≥97%), galantamine hydrobromide from
Lycoris sp. (≥94%) and disodium cromoglycate (DSCG) (≥95%) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Acetic acid (glacial), HPLC-grade methanol, acetonitrile, di-
sodium tetraborate and 4-dimethylaminobenzaldehyde (DMAB) were from Merck (Darmstadt,
Germany). Dulbecco’s Modified Eagle Medium (DMEM), Dulbecco’s phosphate buffered
saline (DPBS), heat-inactivated foetal bovine serum (FBS) and Pen Strep solution (Penicillin
5000 units/mL and Streptomycin 5000 mg/mL) were from Gibco (Invitrogen, Paisley, UK).
Murine macrophage-like cell line RAW 264.7, human hepatoma cell line and human gastric
adenocarcinoma cell line AGS were from the American Type Culture Collection (LGC Stan-
dards S.L.U., Barcelona, Spain). 3-Caffeoylquinic acid (HPLC) ≥ 98%, 4-caffeoylquinic acid
(HPLC) ≥ 98%, caffeic acid (HPLC) ≥ 98%, chlorogenic acid (HPLC) ≥ 98%, p-coumaric acid
(HPLC) ≥ 98%, ferulic acid (HPLC) ≥ 98%, isoorientin (HPLC) ≥ 98%, luteolin-3′,7-di-O-
glucoside (HPLC) ≥ 98% and vitexin (HPLC) ≥ 98% were purchased from Extrasynthèse
(Genay, France). Water was purified using a Milli-Q water purification system (Millipore,
Bedford, MA, USA).

3.2. Plant Material and Extract Preparation

Camel grass (aerial parts) was obtained from the herbalist “Dermapelle” (São Paulo,
Brazil) (www.dermapelle.com.br, accessed on 5 November 2022). Plant identification
was attested according to eFloras (2008), and a voucher specimen was deposited at the
herbarium of the Laboratory of Pharmacognosy, Faculty of Pharmacy, Porto University.
After powdering (particle size < 910 μm), two different extracts were prepared.

Aqueous extract: 300 mL of boiling water were added to 3 g of powdered plant material.
The mixture was left at room temperature for 15 min, after which the resulting extract
was filtered by cotton and subsequently by Buchner funnel. The filtrate was left to cool to
room temperature, frozen and kept at −20 ◦C prior to lyophilization in a Virtis SP Scientific
Sentry 2.0 apparatus (Gardiner, NY, USA).

Hydroethanol extract: 300 mL of a water:ethanol (1:1 v/v) mixture were added to 3 g
of powdered plant material, and the mixture was subjected to sonication for 30 min. The
resulting extract was filtered, following the same procedure used for the aqueous extract.
The organic phase was evaporated to dryness under reduced pressure, at 35 ◦C. The
remaining aqueous solution was treated as described above.

The extraction yields were ca. 10.4 and 14.1% for aqueous and hydroethanol extract,
respectively. The dried extracts were kept in a desiccator until analyses.

3.3. HPLC-DAD Analysis

The analysis was performed on an analytical HPLC unit (Gilson, Lewis Center, OH,
USA). Lyophilized extracts were dissolved in ultrapure water (30 mg/mL for the infusion
and 20 mg/mL for the hydroethanol extract) and filtered through a 0.45 μm pore membrane.
Twenty microliters of the resulting solution were analysed using a Spherisorb ODS2 column
(4.6 × 250 mm, 5 μm particle size; Waters, Ireland). A column heater (Column-Thermostat
model Jetstream 2 Plus, Hockenheim, Germany) was used to keep temperature at 25 ◦C
during the analyses. The solvent system consisted in methanol (A) and water:formic acid
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(95:5 v/v) (B), starting with 5% A and installing a gradient to obtain 15% A at 3 min,
25% A at 22 min, 30% A at 30 min, 45% A at 33 min, 55% A at 38 min, 75% A at 46 min,
and 100% A from 48 to 50 min. The solvent flow rate was 0.9 mL/min. Spectral data
from peaks were accumulated in the range of 190–600 nm. Data were processed with
Clarity chromatography software (DataApex, Prague, Czech Republic). Compounds were
identified by comparing their retention times and UV-Vis spectra with those of authentic
standards. Phenolic compound quantification was achieved by measuring the absorbance
recorded in the chromatograms relative to external standards: hydroxycinnamic acids (1–9)
were determined at 320 nm, and flavonoids (10–20) at 350 nm.

Caffeic acid derivatives (3, 5, 6, and 8) were tentatively identified by comparing their
UV spectra with that of caffeic acid, and quantified as caffeic acid; apigenin glycosides
(10, 11, 15–20) were tentatively identified by comparing their UV spectra with that of
vitexin (apigenin 8-C-glucoside), and quantified as vitexin; the luteolin glycoside (13) was
tentatively identified by comparing its UV spectrum with that of isoorientin (luteolin 6-
C-glucoside, 12), and quantified as isoorientin. The other compounds were quantified as
themselves. Calibration curves, limit of detection (LOD) and limit of quantification (LOQ)
are shown in Table S1.

3.4. Superoxide Anion Radical (O2
•−) Scavenging Assay

The anti-radical capacity of lemon grass extracts was evaluated as before [38]. Three
independent assays were performed in triplicate. Quercetin was used as positive control.

3.5. Nitric Oxide Radical (•NO) Scavenging Assay
•NO was generated from SNP dehydrate and determined as previously described [39].

Four independent assays were performed in duplicate. Quercetin was used as positive
control.

3.6. HAase Inhibition Assay

The assay was performed following the protocol proposed by our group [40]. DSCG
was used as positive control. Three independent assays were performed in duplicate.

3.7. AChE and BChE Inhibition Assays

The capacity to inhibit cholinesterase was determined based on Ellman’s method and
following a previously proposed procedure [41]. Galantamine was used as positive control.
At least three independent assays were performed in triplicate.

3.8. Cell Culture and Treatments

The murine macrophage cell line RAW 264.7, the human hepatoma cell line HepG2
and the human gastric adenocarcinoma cell line AGS were grown at 37 ◦C, in DMEM
supplemented with GlutaMAX™-I, 10% FBS, 100 U/L penicillin and 100 μg/mL strepto-
mycin, in a humidified atmosphere of 5% CO2. Cells were inoculated in 96-well plates and
cultured until confluence. Camel grass lyophilized extracts were dissolved in DMEM, ster-
ilized by filtration through a 0.22 μm pore membrane and stored at −20 ◦C until use. Five
dilutions of the extracts were prepared in supplemented DMEM immediately before cell
exposure. To determine the effect of the extracts on NO production by RAW 264.7 cells, a
2 h pre-treatment with different extract concentrations or vehicle was undertaken, followed
by the addition of 1 μg/mL LPS (or vehicle) and a further incubation for 22 h at 37 ◦C in
a humidified atmosphere of 5% CO2. The effect on NO production was also evaluated in
the absence of LPS, in order to observe possible changes in NO basal levels. No LPS was
added to the negative controls. Four independent assays were performed in duplicate.
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3.9. Toxicity to RAW 264.7 Cells

Cytotoxicity of camel grass extracts was assessed by the MTT assay, as previously
described by Barbosa et al. [39]. DMSO (20%) was used as positive control.

3.10. NO Release by RAW 264.7 Cells

After the incubation period, the nitrite accumulated in the culture medium was
determined using the Griess reaction, as previously reported [39]. Dexamethasone was
used as positive control. Four independent experiments were performed in duplicate.

3.11. Toxicity to AGS and HepG2 Cells

The human gastric cell line AGS was used as model to assess the camel grass extracts’
gastric toxicity. Cells were seeded at a density of 15,000 cells/well in 96-well plates and,
after confluence, incubated with the extracts for 24 h (37 ◦C). The human hepatoma cell line
HepG2 was used to predict the toxicity of the extracts to human liver. Cells were seeded at
a density of 10,000 cells/well into 96-well plates and, after confluence, incubated with the
extracts for 24 h at 37 ◦C. The MTT assay was conducted for both cell lines, following the
conditions described before. DMSO (20%) was used as positive control.

3.12. Statistical Analysis

Statistical analysis was performed using IBM SPSS STATISTICS software, version
24.0, IBM Corporation, New York, NY, USA (2011). Data were analysed for normality and
homogeneity of variance by Kolmogorov–Smirnov and Leven’s tests and then submitted
to one-way ANOVA, using a Tukey’s HSD (honest significant difference) as post hoc test
for cell assays, or to a two-tailed unpaired t-test to compare the total content of phenolic
compounds and the IC50 values of the bioactivity assays. IC50 values (expressed in mg
of lyophilized extract/mL), concerning both cell-free and cell assays were presented as
mean ± SD of at least three independent experiments. A Pearson correlation test was used
to compare normalized expression data between the chemical profile and the biological
activities of camel grass extracts.

4. Conclusions

The biological activities of camel grass extracts explored herein provided evidence
that supports the use of this species in traditional medicine, encouraging its consump-
tion as a non-pharmacological measure for the treatment and relief of inflammation and
neurodegeneration-associated conditions. Some of these bioactivities are intimately related
with the chemical profile. In fact, the consumption of aqueous extract seems to be advanta-
geous compared to the hydroethanol one, as it is effective in lower doses and can be directly
consumed without the need for technological manipulation. As demonstrated herein,
camel grass constitutes a natural source of compounds with promising antioxidant and
anti-inflammatory potential that can act in several mediators and enzymes related to the
inflammatory process. Due to their capacity to inhibit key enzymes involved in the process
of neurodegeneration, bioactive extracts can also be promising as a natural alternative to
synthetic neuromodulators that influence mood and memory, and their incorporation in
new functional foods may create new added-value products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27227707/s1, Table S1: Calibration curves of authentic
standards used for quantification of different phenolic compounds.
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Abstract: The skin is the largest organ of the body and plays multiple essential roles, ranging from
regulating temperature, preventing infections, to ultimately affecting human health. A hair follicle is
a complex cutaneous appendage. Skin diseases and hair loss have a significant effect on the quality of
life and psychosocial adjustment of individuals. However, the available traditional drugs for treating
skin and hair diseases may have some insufficiencies; therefore, a growing number of researchers
are interested in natural materials that could achieve satisfactory results and minimize adverse
effects. Natural polyphenols, named for the multiple phenolic hydroxyl groups in their structures, are
promising candidates and continue to be of scientific interest due to their multifunctional biological
properties and safety. Polyphenols have a wide range of pharmacological effects. In addition to the
most common effect, antioxidation, polyphenols have anti-inflammatory, bacteriostatic, antitumor,
and other biological effects associated with reduced risk of a number of chronic diseases. Various
polyphenols have also shown efficacy against different types of skin and hair diseases, both in vitro
and in vivo, via different mechanisms. Thus, this paper reviews the research progress in natural
polyphenols for the protection of skin and hair health, especially focusing on their potential thera-
peutic mechanisms against skin and hair disorders. A deep understanding of natural polyphenols
provides a new perspective for the safe treatment of skin diseases and hair loss.

Keywords: polyphenols; skin; hair; human health

1. Introduction

The skin is the largest organ, with a complicated structure and multiple physical
functions, thus providing a barrier against outside hazards. In addition, the skin is also
involved in regulating the hydroelectrolytic balance and immune response of individual
organisms. Due to the extensive distribution and functional diversity of the skin, skin
diseases are among the most common disorders. A hair follicle is a complex cutaneous
appendage. Studies have shown that hair loss has a significant effect on the quality of life
and psychosocial adjustment of people. Hair loss can lead to social anxiety, symptoms
of depression and anxiety, low self-confidence, and dissatisfaction with life [1]. Many
factors are related to skin and hair diseases, including genetics, local infections, endocrine
disorders, and mental stress. People have used various drugs and remedies to treat skin
and hair diseases according to their different pathogeneses. However, the available drugs
for treating skin and hair diseases still have many drawbacks. Considering the occurrence
and complexity of skin and hair diseases, as well as the adverse effects of available drugs,
research investigating novel remedies and less dangerous natural materials has increased
in recent years.

Polyphenols, which are widely found in plants, play an increasingly important role in
protecting human health. Polyphenolic compounds are chemical substances commonly
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found in fruits, vegetables, and cereals. They are named for the multiple phenolic hydroxyl
groups in their structures. In recent years, along with developments in science and technol-
ogy that have enabled structure identification, over 1000 kinds of polyphenols have been
identified, and their pharmacological activities have been extensively studied. According
to their different chemical constitutions, polyphenols are mainly classified into four groups,
including phenolic acids, flavonoids, stilbenes, and lignans (Figure 1). Phenolic acids can
be further identified as hydroxybenzoic and hydroxycinnamic acids. Some well-known
polyphenols include resveratrol, quercetin, curcumin, epigallocatechin gallate, catechin,
hesperetin, cyanidin, procyanidin, caffeic acid, and genistein [2]. Polyphenols have a wide
range of pharmacological effects. In addition to the most common effect, antioxidation,
polyphenols have anti-inflammatory, bacteriostatic, antitumor, and other biological effects
associated with reduced risk of a number of chronic diseases, including cardiovascular
disease and cancer [3–6]. Various polyphenols have also shown efficacy against different
types of skin and hair diseases, both in vitro and in vivo, via different mechanisms [7–9].
Herein, we primarily focused on the effects and mechanisms of polyphenols related to skin
and hair health.

Figure 1. Main classification and basic chemical structures of polyphenols.

2. Roles of Polyphenols in Skin Health

2.1. Anti-Inflammatory Effects of Natural Polyphenols

Inflammatory skin diseases encompass a wide spectrum of skin disorders and affect
people of all ages and skin types. The majority of chronic inflammatory skin diseases
manifest a relapsing and remitting course throughout life, including atopic dermatitis,
psoriasis vulgaris, lichen planus, and so on. These diseases are associated with complex
multifactorial etiologies in which genetic and environmental factors interact both in the
genesis and development of the disease. Specifically, signaling molecules released from the
injured stratum corneum initiate a cytokine cascade, triggering an inflammatory response,
which then contributes to the pathogenesis of a variety of dermatoses [10]. Glucocorticoids
and biological agents are now commonly used to manage inflammatory skin diseases via
different mechanisms, but systemic corticosteroids and immunosuppressives can only be
used for short-term treatment because of their serious adverse effects, including growth
inhibition, hematopoietic suppression, glaucoma, hypertension, hyperglycemia, osteoporo-
sis, myopathy, cataracts, infection, and thin or easily bruised skin [11]. Biological therapies
have revolutionized moderate-to-severe inflammatory dermatosis treatment, focusing on
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inhibiting selective key pathways of inflammation, including interleukin-4 (IL-4), IL-13,
IL-31, IL-12/23, IL-17, thymic stromal lymphopoietin (TSLP), and tumor necrosis factor
(TNF-α) [12]. Side effects of biological agents remain unavoidable, for instance, associated
serious bacterial, viral, and fungal infections, including active hepatitis B virus, reactiva-
tion of latent tuberculosis infection, and increased risk of Candida infections, as well as
worsening of pre-existing inflammatory bowel disease and, rarely, new-onset ulcerative
colitis [13–16].

Many polyphenols, especially flavonoids, possess potent anti-inflammatory properties
and can regulate immunity [17–21]. Several natural polyphenols have been well stud-
ied for their beneficial effects in autoimmune inflammatory diseases. Some polyphenols,
such as resveratrol, chlorogenic acid, caffeic acid, pelargonin, and ferulic acid, modulate
pro-inflammatory gene expression and cytokine production, thus impacting immune cell
populations [22,23]. The non-flavonoid curcumin was shown to downregulate the expres-
sion of TNF, IL-1, adhesion molecule-like vascular cell adhesion molecule-1 (VCAM-1),
and intercellular adhesion molecule-1 (ICAM-1) in human umbilical vein endothelial cells
and inflammatory mediators such as prostaglandins and leukotrienes. Topical applica-
tion of green tea polyphenols (GTPs) and epigallocatechin-3-gallate (EGCG) resulted in
inhibited production of prostaglandin metabolites, including prostaglandin D2 (PGD2),
prostaglandin E2 (PGE2), and prostaglandin F2α (PGF2α) [24]. Resveratrol can induce
endothelial nitric oxide synthase (eNOS), inhibit cyclooxygenase (COX), and inactivate
peroxisome proliferator-activated receptor gamma (PPARγ) in vitro and in vivo [25,26].
What’s more, curcumin downregulated signal transducer and activator of transcription 3
(STAT3) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and
reduced the expression of toll-like receptor-2 (TLR-2) and -4 while upregulating PPARγ
in an in vivo study [27,28]. Caffeic acid phenethylester suppresses LPS-mediated TLR-4
and NF-κB activation in macrophages. Quercetin was also confirmed to inhibit leukotriene
biosynthesis in human polymorphonuclear leukocytes [29].

Based on their anti-inflammatory and immunomodulatory effects, natural polyphenols
are used to treat a variety of skin diseases. Vitiligo is a common skin disorder characterized
by hypopigmentation. Ginkgo biloba is known to be a rich source of polyphenolics. G. biloba
extract was associated with the progression of vitiligo by reducing depigmentation and
promoting repigmentation [30,31]. Carnosic acid is a natural benzenediol abietane diter-
pene found in rosemary. Carnosol was able to reduce levels of neutrophils, inflammatory
cytokines (IL-1β and TNF-α), COX-2, and iNOS in mice blood [32,33]. Animals with atopic
dermatitis topically treated with carnosol showed obvious skin lesion reductions [34]. Arti-
choke polyphenols, as potential anti-inflammatory agents, can improve the vasodilatation
and microcirculation of endothelial cells by inhibiting nitric oxide (NO) production in both
macrophages and endothelial cells. Moreover, artichoke polyphenols can improve skin
elasticity and roughness by inhibiting vascular aging, thus acting as a protective ingredient
for both lymphatic and endothelial cells. These effects could be the direct result of their
antioxidant or anti-inflammatory properties and indirect result via modulation of molecular
pathways that improve the expression of genes involved in anti-aging mechanisms [35].

2.2. Antioxidant Properties of Natural Polyphenols

Human life is dependent upon oxygen. Occasionally, oxygen becomes mutagenic
and toxic. Oxidative stress plays a very important role in human dermal diseases and
skin aging [36,37]. Overproduction of reactive oxygen species (ROS) can damage the
membranes, lipids, proteins, RNA, and DNA of cells. The traditional view is that the
antioxidant activity of a polyphenol is positively correlated with its number of phenolic
hydroxyl groups. As excellent antioxidants, the phenolic hydroxyl groups of polyphenols
can decrease levels of free radicals by providing electrons and can also be used as free
radical scavengers or metal-chelating agents (chelating metals with redox activity, such as
copper and iron) to inhibit or eliminate the formation of free radicals, thereby destroying
the progress of free radical chain peroxidation [38].
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The skin is directly and frequently exposed to ultraviolet (UV) rays from the sun (UVA:
320–400 nm and UVB: 280–320 nm) [39,40]. UV radiation is involved in the pathogenesis
of severe skin conditions, including photoaging of the skin, immune disorders, and skin
cancer [41,42]. Many plants are rich in antioxidants because they must survive continual UV
radiation exposure. For example, a marine algal polyphenol isolated from the brown alga
Ecklonia cava was confirmed to have an inhibitory effect on melanogenesis and a protective
property against photo-oxidative stress induced by UVB. Intracellular ROS induced by UVB
radiation was reduced by the addition of the marine algal polyphenol and cell viability was
dose-dependently increased. Moreover, the marine algal polyphenol demonstrated strong
protective properties against UVB radiation-induced DNA damage, including damaged
tail intensity and morphological changes in fibroblasts [43]. Clove is another kind of plant
that is widely used in Chinese medicine and also used in the cosmetics industry. Cloves are
rich in natural polyphenols such as ferric acid. Our previous study proved that cloves can
decrease UVB damage through their influence on Na+-K+-ATPase, which led to a reduction
in oxidation and inflammation in mice, thereby inhibiting skin injury and protecting the
skin [44]. The above studies demonstrate that many natural polyphenols contribute to
the prevention of UVB skin damage and inhibit photodamage to the skin. They are very
promising for future research and applications.

Estrogen deficiency is associated with deteriorating skin health as it affects internal
structural balance, dermal cellular mechanisms, and other biological functions. The effects
of estrogen deficiency include loss of elastin, collagen, fibroblast dysfunction, increased
vascular and matrix metalloproteinase activity, and extracellular and cellular degradation,
leading to wrinkles, atrophy, dryness, impaired wound healing/barrier function, and
reduced antioxidant capacity. Several studies have examined polyphenolic phytochemicals,
also known as phytoestrogens, which act as estrogen receptor modulators (SERMs) and
possess ERβ-agonist properties [45]. The resveratrol compound extracted from grapes has
been known for its anti-aging effects for over a decade [22,46]. Recently, an increasing num-
ber of studies have reported the benefits of resveratrol on the skin, including its antioxidant
properties, which are achieved through activation of nuclear factor erythroid 2-related
factor 2 (Nrf2) by reducing the expression of nuclear factor kappa-B (NF-кB) and activating
protein 1 (AP-1), fibroblast proliferation by increasing type I, II, and III collagen expression
through activation of sirtuin 1 (SIRT 1, anti-aging factor), and inhibition of melanogene-
sis [45–47]. In preliminary studies, human skin benefited from several types of resveratrol
analogs, the most potent of which was 4’-acetoxyresveratrol (4AR) [45,48], which increased
human genetic expression of the antioxidant superoxide dismutase (SOD) [45]. Equol is a
relatively new phytochemical found in food sources and plants [45,49,50]. It is classified as
a phytoestrogen with selective SERM properties and binds to ERβ in keratinocytes [49–51].
Equol exhibits skin-protecting antioxidant properties. In a clinical investigation involving
a 12-week single-center study with 59 female subjects, equol significantly improved skin
characteristics, including hydration and firmness, which suggested that equol may be
effective in treating estrogen-deficient skin [52].

Along with their antioxidant properties, some natural polyphenols have potential
whitening effects and prominent protective effects against cell damage and skin aging,
which may be used in the cosmeceutical and pharmaceutical industries (Table 1) [44,53–56].

Table 1. Several marketed formulations based on polyphenols as anti-aging cosmeceuticals.

Plant Compounds Bioactivity

Blackberry Anthocyanins ↓IL-6, ↓TNF-a, ↓ERK1/2, ↓P38, ↓JNK1/2, ↓MKK4, ↓PGE2, ↓iNOS,
↓NF-кB, ↓Iк-ßa

Cacao bean Flavonoids ↓Wrinkle formation, ↑Collagen level, ↓MMP-1, ↓AP-1 expression

Strawberry Phenolic ↓ROS, ↓NF-кß, ↓Iк-ßa phosphorylation, ↓TNF-a, ↓IL-6, ↓IL-1b, ↑Nrf2,
↑CAT, ↑HO-1
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Table 1. Cont.

Plant Compounds Bioactivity

Black rice Flavonoids ↓ROS, ↓MMP-1, ↓MMP-3, ↓Procollagen type 1, ↓p-cfos, ↓p-cjun,
↓p-p38, ↓p-JNK

Grape

Flavonoids
Phenolics

Anthocyanins
Resveratrol

↑Nrf2, ↑HO-1, ↓MMP-1, ↓MMP-9

Tea EGCG ↑Erk, ↑Akt, ↑Bcl-2/Bax

Clove Eugenol
Gallic acid

↓Skin wrinkle, ↓Skin Thickness, ↓ROS, ↓MMP-1, ↓MMP-3, ↓IL-6,
↓p-c-fos, ↓p-c-jun, ↑NF-кB, ↑Ik-ßa, ↑Nrf2, ↑HO-1, ↑NQO-1, ↑Skin

hydration, ↑p-Smad2/3, ↑TGF-ß1

2.3. Anti-Allergic Effects of Natural Polyphenols

It is said that allergic diseases are prevalent in approximately 40% of the general
population and will rapidly increase to 50% [57,58]. The skin is very often the target
organ involved in allergic reactions, including urticaria, angioedema, atopic dermatitis,
contact dermatitis, and vasculitis. This may be associated with many immunologically
competent cells, such as mast cells, lymphocytes, eosinophils, neutrophils, and Langerhans
cells, especially antigen-presenting Langerhans cells [59]. As an alternative to conventional
treatments with corticosteroids and antihistamines, polyphenols also exhibit anti-allergic
effects, including inhibiting the production of proinflammatory cytokines and leukocytes,
as well as histamine release [60]. Polyphenols have also been shown to regulate the
balance of Th1/Th2 and inhibit the formation of antigen-specific IgE antibodies. Two
main mechanisms may be involved in this process. Firstly, polyphenols may affect the
allergen-IgE complex formation [61]. Secondly, polyphenols may affect the binding of this
complex to its receptors (FceRI) on basophils and mast cells [62]. For instance, the ingestion
of tannins extracted from apples has been proven to prevent food allergies, which may
be associated with the increased proportion of γδ TCR T cells in intestinal intraepithelial
lymphocytes [63]. EGCG has a strong suppressive effect on the migratory and adhesive
abilities of peripheral blood B cells. This suppressive effect is mediated by the binding of
EGCG to CD11b on B cells, and the consequent suppression of B-cell extravasation to the
extravascular space. Because of the important role played by B cells in humoral immunity,
EGCG is a promising drug for the prevention and/or treatment of skin allergic diseases [64].
Overall, polyphenols hold promise as anti-allergy agents capable of influencing multiple
biological pathways and immune cell functions involved in the allergic immune response,
and thus deserve further investigation.

2.4. Antimicrobial Activity of Polyphenols

Antibiotic therapy has been a fundamental treatment for skin diseases for many years;
however, the adverse reactions caused by medications end up making the treatment un-
pleasant, in addition to cases of decreased sensitivity to antibiotics. Natural products are
becoming increasingly common in dermatology due to the increased resistance of bacteria
to synthetic antibiotics and the active principle of medicinal plants becoming new options
as antiseptics and antimicrobials. It is believed that flavonoids, such as caffeic acid (CA),
benzoic acid, and cinnamic acid, appear to act on the membrane or cell wall of the microor-
ganism, causing functional and structural destruction [65]. Natural polyphenols can play
dynamic roles as antimicrobials against bacteria, fungi, and viruses. Pomegranate, a kind
of fruit from the Persian region, is rich in polyphenols of varying content during different
stages of maturation. Due to its characteristics, pomegranate has medicinal purposes and
is used to treat strep throat, hoarseness, and fever, and also has antiviral and antiseptic
uses. Pomegranate polyphenols revealed antimicrobial activity when assayed against
Pseudomonas aeruginosa, Escherichia coli, Candida albicans, methicillin-resistant Staphylococ-
cus aureus (MRSA), Cryptococcus neoformans, Mycobacterium intracellulare, and Aspergillus
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fumigatus [66]. Micrococcus luteus is a kind of non-pathogenic skin commensal bacterium,
although it can act as an opportunistic pathogen and cause serious infections, especially for
patients with catheters and comorbidities. Pomegranate polyphenols showed antimicrobial
activity against M. luteus via inhibition of biofilm formation. Grape seed polyphenols have
shown effective antimicrobial properties and were efficiently used against Gram-positive
bacteria (Bacillus cereus, Staphylococcus aureus, Bacillus coagulans, and Bacillus subtilis), but
they were more effective against Gram-negative bacteria, such as P. aeruginosa or E. coli [67].
Schinus terebinthifolius Raddi was found to enhance microbial inhibition against the tested
strains, especially against Gram-negative bacteria [68]. Its potential use as an alternative
to overcome bacterial resistance can be expected. Phlorotannins, polyphenols extracted
from brown seaweeds, are recognized for their antimicrobial biological capacity. Phlorotan-
nins were more effective against Gram-positive bacteria, with Staphylococcus epidermidis
being the most susceptible species [69]. Resveratrol has been shown to inhibit 80% of the
growth of dermatophytes of Trichophyton mentagrophytes, in particular, and was demon-
strated to be an apoptosis inducer in the human pathogenic fungus C. albicans by activating
metacaspase and promoting cytochrome c release [70]. Pro-anthocyanidins are common
natural polyphenols, which were shown to reduce the adherence properties of C. albicans
by attenuating the inflammatory response and interfering with NF-κB and p65 activation
and the phosphorylation of specific signal intracellular kinases [71]. Although the underly-
ing molecular mechanisms of the antimicrobial properties of polyphenols remain poorly
understood, existing research results may turn many polyphenols into potent and novel
pharmacological alternatives for the treatment of a wide range of microbial infections.

2.5. Polyphenols as Anticancer Agents for Skin

Chemotherapy, immunotherapy, radiotherapy, and targeted therapy are included
in the current management of metastatic and/or non-metastatic skin cancer. The above
methods are highly toxic, expensive, and, in some cases, ineffective due to the development
of resistance, especially in metastatic cancer [72]. Thus, it is important to propose new
effective therapeutic strategies or drugs which are more affordable and safer. Accumulating
evidence from the last decade indicates that promising anticancer natural compounds, such
as EGCG, resveratrol, and curcumin, among others, may be extracted from plants [73–76].
Polyphenols may exert these anticancer effects via a variety of mechanisms, including
removal of carcinogenic agents, modulation of cancer cell signaling and cell cycle progres-
sion, promotion of apoptosis, and modulation of enzymatic activities. Tea polyphenols are
abundant in green tea leaves, accounting for ca. 30% of dry leaf weight, and are also collec-
tively referred to as catechins. The biological bioactivities of tea polyphenols, with EGCG
as the primary contributor, have been well documented and include anticancer effects and
reduced risk of degenerative diseases. Tea polyphenols can reduce UV-induced mouse skin
carcinogenesis in terms of tumor incidence and multiplicity [77]. Tea polyphenols provided
protection against 7,12-dimethyl benz(a)anthracene-induced mouse skin tumorigenesis. A
population-based case-control study indicated that strong (hot) black tea had independent
potentially protective effects against skin squamous cell carcinoma [78]. Pre-clinical trials
have examined the anticancer properties of resveratrol in skin [79]. The underlying anti-
cancer mechanisms of resveratrol have been shown to be due to the induction of apoptosis,
antioxidant systems, amelioration of inflammation, and cell cycle suppression in mouse
skin carcinogenesis models [80–82]. Curcumin extracted from Curcuma longa L. was also
indicated to have anticancer biological activities [83].

Several signaling pathways are involved in the mechanism of polyphenols against skin
cancer metastasis, including NF-κB, epidermal growth factor receptor/mitogen activated
protein kinase (EGFR/MAPK), and phosphatidylinositide 3- kinases/protein kinase B
(PI3K/Akt) [83,84]. Carnosic acid has been shown to play an important protective role
against melanoma. This secondary metabolite inhibited the adhesion and proliferation of
B16F10 melanoma cells in a dose-dependent manner via inhibition of the expression of cell
migration markers (uPA, MMP-9, VCAM-1, and TIMP-1) and phosphorylation of signaling
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molecules (FAK, Sr, and Akt) [85]. A series of studies have demonstrated that various
polyphenol-rich fruits and vegetables are particularly effective in protecting against colon
cancer development. In general, the anticancer effects of polyphenols are a comprehensive
reflection of their anti-inflammatory and antioxidant properties, as well as other effects
(Figure 2).

 

Figure 2. Overview of different mechanisms of several natural polyphenols on skin health.

3. Roles of Polyphenols in Hair Health

3.1. Effects of Polyphenols on Hair Growth

Alopecia is characterized by the loss of some or all hair. Millions of individuals have
suffered due to hair loss resulting from a variety of reasons, including the primary genetic
cause, social, psychological, and mental stress, local infection, and endocrine disorders.
Hair disorders may considerably impact the social and psychological well-being of an
individual. Androgenetic alopecia (AGA) and alopecia areata (AA) are the most common
types of hair disorder. AGA affects approximately 50% of men and women. AA occurs in
2% of the population. In general, hair loss may affect up to 70% of men and 50% of women
at some point in their lifetime [86]. AGA is associated with high 5-α-reductase activity,
elevated 5-α-dihydrotestosterone (DHT), and dysregulated transforming growth factor-β
(TGF-β) signaling [87]. Identification of lymphocytic infiltrates in AA lesions gave rise to
the hypothesis that there is an autoimmune attack on hair follicles (HFs), which is likely a
consequence of loss of immune privilege mediated by immune T cells [88].

It was reported that EGCG might be useful in the prevention or treatment of AGA
by selectively inhibiting 5-α-reductase activity [89]. EGCG promoted hair growth in hair
follicles in ex vivo culture and the proliferation of cultured dermal papilla cells (DPCs). The
growth stimulation of DPCs by EGCG in vitro may be mediated through the upregulation
of phosphorylated Erk and Akt and by an increase in the ratio of Bcl-2/Bax [90]. Resveratrol
and fisetin regulated the genetic expression of cytokines, such as insulin-like growth factor-
1 (IGF-1) and keratinocyte growth factor-2 (KGF), which activate the β-catenin pathway,
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and TGF-β1, which plays an important role in maintaining the niche of hair follicle stem
cells, and were thus thought to play roles in promoting hair growth. Resveratrol and fisetin
induced a shift from telogen to anagen in the hair follicle by inducing proliferation of hair
follicle bulge stem cells, thus promoting hair growth [91]. Procyanidin has been found
to decrease the expression of protein kinase C (PKC) in hair epithelial cells and stimulate
anagen induction [92]. Additionally, it is also posited that procyanidin and flavonoids
may counteract TGF-β-induced cell death by inhibiting 5-α-reductase, antioxidant-related
mechanisms, and upregulating the expression of anti-apoptotic factors, such as Bcl-xL [92].
Oligomeric procyanidins have also shown remarkable hair growth stimulant effects in vitro
and in vivo, being able to promote hair epithelial cell growth and anagen induction of the
hair cycle [93]. In particular, procyanidins B2 and B3 show evidence of protective action
against apoptosis in hair epithelial cell cultures, thereby restricting catagen induction in
the hair cycle [94]. All of the above phenolics are expected to play important roles in the
treatment of human AGA and AA (Figure 3).

Figure 3. Mechanisms of natural polyphenols in the treatment of human AGA and AA.

3.2. Effects of Polyphenols on Hair Pigmentation

Hair pigmentation is determined by the degree and distribution of melanin in the
cortex. Photodamage to hair (photobleaching) may be caused by UVA, UVB, and visible
radiation, and the effects of different wavelength ranges vary. UVB and UVA radiation
interact negatively with hair proteins, while visible light promotes melanin granule degra-
dation. Punica granatum L. hydroalcoholic extract reduced photodamage of hair exposed
to UVA radiation [95]. In addition, natural polyphenols, including tannins, present high
antioxidant activity and could be used to reduce fading of natural hair color.

Hair dyeing is a common method used to recolor hair. Traditional commercial per-
manent hair dyeing products usually contain p-phenylenediamine (PPD) or PPD-derived
compounds and hydrogen peroxide as key ingredients. These components are reportedly
toxic, allergenic, mutagenic, and potentially carcinogenic to people. Recently, a method
using metal—phenolic networks (MPNs), such as tannic acid (TA)-based MPNs and gallic
acid (GA)-composed MPNs, reportedly dyed natural gray hair without potentially toxic
chemicals and protected the dyed hair against repeated shampoo washing [96].
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4. Summary and Remaining Problems

Polyphenols are ubiquitously found in plants and therefore consumed in relatively
high quantities in the human diet. Polyphenolic extracts are attractive ingredients for phar-
maceuticals and cosmetics due to their beneficial and multifunctional biological properties
and abundant availability in various dietary sources. However, similar to conventional
drugs, natural polyphenols can be toxic if they accumulate beyond acceptable levels in the
human body. Moreover, some studies reported polyphenols consumed in whole foods;
thus, we do not know whether the results are due to interactions between polyphenols and
other ingredients, and further research is needed to focus on the isolated forms of natural
polyphenols. Indeed, studies investigating the beneficial effects of polyphenols, and the
magnitude of the effects, must consider interfering matrix effects, enzymatic interactions,
reactions with other foods, and genetic or gender characteristics [97]. In addition, most
of the clinical studies exploring isolated forms of polyphenols were short-term studies;
long-term health and adverse effects should be elucidated in future studies [98–100]. The
effects of polyphenols on skin and hair are primarily determined by their physicochemical
properties. Therefore, it is important to assess the effectiveness of polyphenolic compounds
against skin and hair diseases applied systemically and/or topically. Despite the fact that
polyphenols are multi-potent compounds that can be used in the treatment of a wide
spectrum of diseases, including skin and hair diseases, some properties may limit their
efficient use in therapy, such as low water solubility and poor stability. Improving the
percutaneous absorption of plant polyphenols is a direction of future research.
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Abstract: Salvia miltiorrhiza Bge is a medicinal plant (Chinese name “Danshen”) widely used for
the treatment of hyperglycemia in traditional Chinese medicine. Protein tyrosine phosphatase 1B
(PTP1B) has been recognized as a potential target for insulin sensitizing for the treatment of diabetes.
In this work, PTP1B was displayed at the surface of E. coli cells (EC-PTP1B) to be used as a bait for
fishing of the enzyme’s inhibitors present in the aqueous extract of S. miltiorrhiza. Salvianolic acid B, a
polyphenolic compound, was fished out by EC-PTP1B, which was found to inhibit PTP1B with an IC50

value of 23.35 μM. The inhibitory mechanism of salvianolic acid B was further investigated by enzyme
kinetic experiments and molecular docking, indicating salvianolic acid B was a non-competitive
inhibitor for PTP1B (with Ki and Kis values of 31.71 μM and 20.08 μM, respectively) and its binding
energy was −7.89 kcal/mol. It is interesting that in the comparative work using a traditional ligand
fishing bait of PTP1B-immobilized magnetic nanoparticles (MNPs-PTP1B), no ligands were extracted
at all. This study not only discovered a new PTP1B inhibitor from S. miltiorrhiza which is significant
to understand the chemical basis for the hypoglycemic activity of this plant, but also indicated the
effectiveness of cell display-based ligand fishing in screening of active compounds from complex
herbal extracts.

Keywords: immobilized PTP1B; drug screening; cell surface display; salvianolic acid B; traditional
Chinese medicine

1. Introduction

Protein tyrosine phosphatase 1B (PTP1B) is a member of the protein tyrosine phos-
phatase family, which is mainly localized on the surface of the endoplasmic reticulum [1].
The functional balance of PTP1B and protein tyrosine kinases (PTKs) is crucial to regulate
the phosphorylation of tyrosine [2]. Excessive accumulation of PTP1B causes various dis-
eases including type 2 diabetes, obesity, and breast cancer [3–5]. It is a negative modulator
of insulin signaling and has been recognized as a potential target for insulin sensitizing for
the treatment of diabetes. Up till now, several PTP1B inhibitors have been reported as lead-
ing compounds for the above-mentioned diseases, but most of them failed in clinical trials
because of poor clinical efficacy, severe side effects, and drastic weight loss [6]. Therefore, it
is of great significance to discover novel PTP1B inhibitors for development of new drugs.

Traditional Chinese medicine (TCM) has been used to fight diseases for thousands of
years, and is a precious pool for discovery and development of new drugs. Salvia miltiorrhiza
Bge is a famous medicinal plant used in TCM for the treatment of a wide variety of
diseases such as diabetes, cardiovascular disease, Alzheimer’s disease, and liver disease [7].
Specifically, it is one of the major ingredients in anti-diabetes Chinese herbal formulas [8].
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Both S. miltiorrhiza and some major compounds in this plant such as cryptotanshinone,
tanshinol, and dehydrodanshenol A have been reported to possess a strong inhibitory effect
on PTP1B [9,10].

Ligand fishing has been quickly developed over the past decade for screening bio-
active natural products. By using the target protein immobilized on certain solid phases
as solid-phase extraction adsorbents, active compounds present in complex plant extracts
can be specifically extracted via the high affinity interaction between the protein and its
ligands [11]. Various solid phases for this purpose have been reported including mag-
netic nanoparticles (MNPs), halloysite nanotubes (HNTx) [12], hollow fibers [13], cellular
membrane [14], and capillary electrophoresis (CE) [15]. While a variety of instrumen-
tation techniques such as high performance liquid chromatography/mass spectrometry
(HPLC-MS) [11], matrix-assisted laser desorption ionization time-of-flight mass spectrom-
etry (MALDI-TOF-MS) [16], ultrafiltration liquid chromatography/mass spectrometry
(UF-LC-MS) [17], and lab-on-chip were used to identify the fished out active compounds [18].
However, those methods have a common drawback in that the natural conformation of
target proteins cannot be maintained during the immobilization process, which usually
causes fake results. Very recently, we displayed PTP1B on the surface of Escherichia coli cells
to obtain a recombinant bacteria (EC-PTP1B) and used it as a new bait for ligand fishing,
which exhibited promising potential to overcome such shortcomings [19].

In this work, the EC-PTP1B was applied to screen PTP1B inhibitors present in S. miltior-
rhiza Bge in comparison with the conventional ligand fishing bait of magnetic nanoparticle
immobilized PTP1B (MNPs-PTP1B). The stability and enzymatic activity of PTP1B in the
forms of free PTP1B, MNPs-PTP1B, and EC-PTP1B were first compared, and the enzyme’s
ligand fished out was investigated for its inhibitory mechanism by enzyme kinetics and
molecular docking experiments. The schematic illustration of this experimental procedure
was shown in Figure 1.

Figure 1. Flow chart of screening PTP1B inhibitors from S. miltiorrhiza extract.

2. Results and Discussion

2.1. Characterization of the Immobilized-PTP1Bs

The PTP1B was immobilized on carboxyl terminated magnetic beads for the first time
in this study. FT-IR was used to confirm chemical composition of MNPs-SiO2, MNPs-
COOH, and MNPs-PTP1B. As shown in Figure 2, the stretching vibration of Fe-O and
asymmetric vibration of Si-O-Si of MNPs-SiO2 (black line) were observed around 591 cm−1

and 1021 cm−1, respectively. For MNPs-COOH (red line), the absorption peaks at 1553 cm−1

and 1636 cm−1 were ascribable to stretching vibration of C = O and bending vibration
of N-H, indicating that NH2 and COOH groups had been successfully coated on MNPs.
In addition, it is obvious that the peaks at 1553 cm−1 and 1636 cm−1 for MNPs-PTP1B
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(blue line) were stronger than those for MNPs-COOH, demonstrating that PTP1B was
successfully immobilized on the surface of MNPs. The ratio of PTP1B immobilized versus
MNPs was about 89 μg/mg measured by Bradford assay.

Figure 2. FT−IR spectra of MNPs−SiO2, MNPs−COOH, and MNPs−PTP1B.

2.2. Effects of pH and Temperature on the Activity of Free PTP1B, MNPs-PTP1B, and EC-PTP1B

The influence of pH on free PTP1B, MNPs-PTP1B, and EC-PTP1B was compared at
a temperature of 37 ◦C in Figure 3a. It was found that the optimum pH values for them
were all 7.0. In the pH range of 6.0–7.0, the enzymatic activity of MNPs-PTP1B was weaker
than those of free PTP1B and EC-PTP1B, which might be due to the reduction of PTP1B
active centers resulting from the covalent immobilization [20]. On the other hand, the
MNPs-PTP1B and EC-PTP1B exhibited higher activity than the free one when the pH value
was higher than 8.5, indicating that immobilized enzymes are more resistant to extreme pH
conditions via restricting changes in enzyme conformation [21].

 

(a) (b) 

Figure 3. Effect of pH (a) and temperature (b) on the activity of free PTP1B, MNPs-PTP1B, and
displayed PTP1B cells.

The effect of temperature (30–65 ◦C) on the activity of the three types of enzymes
is illustrated in Figure 3b. All of them exhibited the highest enzymatic activity at 35 ◦C,
whereas EC-PTP1B was more stable than the other two. It is well known that free enzymes
are unstable once added into an in vitro reaction solution. In our case, E. coli can provide
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a natural and intact cell membrane which is similar to the biological environment for the
enzyme immobilized onto it [22], leading to the significant higher stability of EC-PTP1B at
a high temperature.

2.3. Storage Stability of Free PTP1B, MNPs-PTP1B, and EC-PTP1B

Storage stability is an important parameter for the practical application of the im-
mobilized enzyme. We compared the storage stability of free PTP1B, MNPs-PTP1B, and
EC-PTP1B at 4 ◦C for 15 days. As shown in Figure 4, the activity of EC-PTP1B was main-
tained during the first six days compared to the sharp drop of the other two. The decrease
of activity of all three types of enzymes started from day 7, while EC-PTP1B was still much
more stable than the other two by maintaining around 50% of the initial activity until day
10 in comparison to 30% and 5% of MNPs-PTP1B and the free enzyme, respectively. It was
reported that the interaction between two proteins which were co-expressed by E. coli was
much stronger and stable than that between protein and non-biological materials [23–25],
which might lead to the excellent storage stability of EC-PTP1B. Further, MNPs-PTP1B
exhibited higher storage stability than the free PTP1B, which might result from the covalent
bonding between the MNPs and the enzyme that not only maintained the conformational
stability of enzyme, but also avoided the undesirable aggregation of the free enzyme [26].

Figure 4. Stability of free PTP1B, MNPs-PTP1B, and EC-PTP1B.

2.4. Ligand Fishing from the Standard Mixture by MNPs-PTP1B and EC-PTP1B

The selectivity of ligand fishing by EC-PTP1B and MNPs-PTP1B was compared using
the standard mixture containing one ligand (rutin) and two non-ligands (4-hydroxycinnamic
and coumarin) of the enzyme. As shown in Figure 5, only EC-PTP1B extracted the positive
compound rutin, indicating that EC-PTP1B was efficient for fishing the enzyme ligand.
MNPs-PTP1B as a traditional ligand fishing bait was supposed to fish out rutin, however, it
failed this time. It might be explained by the destruction of the natural conformation and
active centers of PTP1B resulting from the covalent binding of the enzyme to MNPs.

2.5. Ligand Fish and Analysis of Aqueous Extract of S. miltiorrhiza

Several PTP1B inhibitors have been reported from methanol extract of S. miltiorrhiza,
such as grandifolia F, ferruginol, tanshinone IIA, tanshinol B, and isocryptotanshinone
[9,27]. However, there is no report on the aqueous extract of this plant. Since traditional
herbs are basically consumed in the form of decoction with water; the aqueous extract is
supposed to be more important as far as pharmacological significance is concerned. As
shown in Figure 6, there was one compound fished out by EC-PTP1B, but none was fished
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out by MNPs-PTP1B. It is the same interesting result as in Section 2.4. As mentioned above,
this may be explained by the natural conformation as well as active centers of protein
displayed at the surface of E. coli being well preserved, making it capable of interacting
with its ligands in the aqueous extract. In contrast, the covalent binding of PTP1B to the
MNPs probably destroyed the two factors, resulting in the unsuccessful fishing of the
enzyme ligand.

Figure 5. HPLC chromatogram from a model mixture before and after ligand fishing (a) the model
mixture: two non-binders (0.05 mg/mL 4-hydroxycinnamic (I) and 0.05 mg/mL coumarin (III)) and
one binder (0.05 mg/mL rutin (II)). (b) the compounds obtained by ligand fishing using MNPs-
PTP1B. (c) the compounds obtained by ligand fishing using MNPs. (d) the compounds obtained by
ligand fishing using EC-PTP1B. (e) the compounds obtained by ligand fishing using control cells
(E. coli cells expressing only ice nuclein protein).

Figure 6. HPLC chromatograms of extract and ligand fishing of (a) S. miltiorrhiza aqueous extract,
(b) ligand fishing by EC- PTP1B, (c) ligand fishing by the control cells (E. coli cells expressing only ice
nuclein protein), and (d) ligand fishing by MNPs-PTP1B.

The compound fished out by EC-PTP1B was identified as salvianolic acid B using
HPLC-MS/MS and NMR in Supplementary Materials (Table S1 [28] and Figures S1–S3).
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The molecular formula of C36H30O16 was deduced by HRMS (m/z 718.1534 [M + Na]+,
calcd. for 741.1432), and its retention time was identical to the standard compound.

2.6. Inhibitory Mechanism of Salvianolic Acid B against PTP1B

Salvianolic acid B is one of the major polyphenolic ingredients in S. miltiorrhiza possess-
ing various biological activities such as neuroprotection, anti-inflammatory, antithrombotic,
and anticancer activity [7,29–31]. We found for the first time the PTP1B inhibitory activity
of salvianolic acid B with IC50 of 23.35 ± 4.48 μM in Supplementary Materials (Figure S4)
compared to 9.93 ± 2.74 μM of the positive control sodium orthovanadate [32]. The in-
hibitory mechanism of salvianolic acid B was investigated by the Lineweaver-Burk plot
method. As shown in Figure 7, when the concentration of salvianolic acid B increased, the
value of Vmax decreased while Km remained unchanged, suggesting the inhibitor did not
interfere with the binding of pNPP to the enzyme and it was a non-competitive inhibitor for
PTP1B. As a result, Ki and Kis values were 31.71 μM and 20.08 μM for salvianolic acid B,
respectively. Recently, various natural compounds were found to possess PTP1B-inhibitory
activity, such as shikonin, garcinone E, and kuraridin [33–35]. The IC50 of them including
salvianolic acid B found in this work are between 0 and 50 μM. Their inhibitory mechanism
is worth investigating in the future.

Figure 7. Lineweaver-Burk plots for the inhibition of PTP1B by salvianolic acid B. (Insets) Replots of
the slopes and Y-intercept of the Lineweaver−Burk plots.

2.7. Molecular Docking Study

Molecular docking is a widely accepted tool for exploring the interaction between
drug candidates and proteins in computer-aided drug discovery and design [36]. Pymol
2.1 software was used for this purpose in this work. The results displayed that the binding
energy of salvianolic acid B was −7.89 kcal/mol. The 2D and 3D computational binding
results between salvianolic acid B and PTP1B are illustrated in Figure 8a,b,c. The rich
benzene rings of salvianolic acid B were found to form hydrogen bonds with the amino
acid residues of Asp-48, Lys-36, Met-258, Asp-29, Arg-254, His-25, and Arg-24. Based on the
above observation, salvianolic acid B exhibited good performance in binding with active
centers of the enzyme with a high docking score, suggesting its potential inhibitory effect
on the enzyme.
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Figure 8. Binding mode of salvianolic acid B to PTP1B. (a) The 3D structure of the complex. (b) The
surface of active site. (c) The detail binding mode of the complex. The backbone of protein was
rendered in tube and colored in bright blue. Salvianolic acid B compound was rendered in yellow.
The yellow dash represents hydrogen bond distance.

3. Materials and Methods

3.1. Chemicals and Materials

PTP1B (human, recombinant) was purchased from Sangon Company (Shanghai,
China). The rhizomes of Salvia miltiorrhiza Bge were generously presented by the Wan-
sheng Agricultural Company of Zhongjiang County (Sichuan, China). A voucher speci-
men (2019-07) was deposited in the herbarium of Chengdu Institute of Biology, Chinese
Academy of Science. Salvianolic acid B was obtained from Lemeitian Medicine (Chengdu,
China). Sodium Orthovanadate (Na3VO4), and para-nitrophenyl phosphate (pNPP) were
purchased from Macklin Company (Shanghai, China). Tetraethyl orthosilicate (TEOS)
and 3-aminopropyltrimethoxysilane (APTMS) were obtained from TCI (Tokyo, Japan).
Ferric chloride hexahydrate (FeCl3·6H2O), Iron(II) chloride tetrahydrate (FeCl2·4H2O),
4-Morpholineethanesulfonic acid (MES), Hydrochloric acid (HCl), and sodium hydroxide
(NaOH) were purchased from Tianjing Kermel Chemical Reagent (Tianjing, China). Ace-
tonitrile and Methanol (HPLC-grade) were obtained from J&K Technology (Beijing, China).
Deionized water (18.5 MΩ) was prepared from the Chengdu Youpu Equipment Company
(Chengdu, China). The 96-well microtiter plates were purchased from Bioland Technology
company (Hangzhou, China).

3.2. Apparatus

The High-performance liquid chromatography (HPLC) system includes two LC-20AD
pumps (Shimadzu, Japan), an SPD-20A UV-Vis detector, a thermostat column, and an
Agilent ZORBAX SB-C18 column (5 μm, 4.6 × 250 mm). The eluation system consists of
water with 0.1% formic acid (mobile phase A) and methanol (mobile phase B), and the flow
rate was 0.8 mL/min during the following gradient: 0.00–35.00 min, 30–100% mobile phase
B; 35.00–40.00 min 100 mobile phase B. The 1D NMR spectra were recorded in CD3OD using
a Bruker DRX-600 spectrometer (Bruker, Rheinstetten, Germany) with tetramethylsilane
(TMS) as the internal standard. Cells were cultured in a constant temperature incubator
shaker (Zhicheng Analytical Instrument, Shanghai, China). The ligand fishing process was
completed by a high-speed centrifuge (DLABsci Instrument, Beijing, China) and a vortex
oscillator (Crystal Instrument, HYQ-3110, USA). HPLC-MS/MS analysis was performed
on a Waters ACQUITY system coupled with a XEVO TQ MS triple-quadrupole mass
spectrometer (Waters, Milford, PA, USA). A microplate reader (ThermoFisher, Multiskan
GO, USA) was used for enzymatic activity assay. A Shimadzu 8030 LC-MS (Shimadzu,
Japan) was used for compound identification.

145



Molecules 2022, 27, 7896

3.3. Preparation of PTP1B Immobilized Magnetic Nanoparticles (MNPs-PTP1B)

Firstly, carboxyl terminated magnetic nanoparticles (MNPs) were synthesized accord-
ing to the same protocol as in our previous work [37,38]. Briefly, 0.7455 g FeCl2·4H2O and
2.0271 g FeCl3·6H2O were added in 250 mL ddH2O under pH = 9–10 to react for 30 min.
The obtained MNPs were coated with a layer of silica using 400 μL TEOS in 150 mL of
ethanol for 5 h at 35 ◦C (pH = 9), which were then modified with amino groups by adding
2 mL APTES in 100 mL 95% ethanol for 24 h at 35 ◦C. Finally, 0.5 g MNPs-SiO2-NH2
beads were terminated with carboxyl group by adding 3 g butanedioic anhydride in 30 mL
dimethyl formamide for 3 h at room temperature. The above products, i.e., MNPs-SiO2,
MNPs-SiO2-NH2, and MNPs-SiO2-NH2-COOH were characterized by FT-IR. Secondly,
PTP1B was covalently immobilized on the carboxyl terminated MNPs as follows. Briefly,
5 mg EDC and 7 mg NHS were used to activate 20 mg of MNPs-COOH beads for 30 min at
room temperature, and 0.5 mg/mL PTP1B was incubated with the activated beads in a 5 mL
Eppendorf tube (13.7 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4·12H2O, 1.76 mM KH2PO4,
pH = 7.4) at room temperature over 24 h. The prepared MNPs-PTP1B was suspended in
PBS buffer and stored at 4 ◦C before use. In our study, protein content was measured using
bovine serum albumin (BSA) as a standard by the Coomassie brilliant blue G-250 method
which was commonly used to quantify the content of protein [39]. The bond PTP1B of MNP
was determined by the difference between the initial and residual protein concentrations.

3.4. Preparation of PTP1B Displayed Cells (EC-PTP1B)

The E. coli cells, which harbored vector pETInaK-N/PTPN1 (as EC-PTP1B) and
pMDInaK-N (as control cells), were obtained from our previous study and stored in a
storage buffer with 50% glycerol at −20 ◦C [19]. Both cells were resuscitated and grown in
an LB-Kan+ medium (5 g yeast extract, 10 g tryptone, 10 g NaCl, and 50 mg kanamycin
dissolved in 1 L ddH2O, pH = 7.4) by shaking (200 rpm) at 37 ◦C until OD600 = 0.6. The
expression of the PTP1B enzyme on the E. coli surface was induced with 0.5 mM isopropyl-
β-thiogalactopyranoside (IPTG) at 25 ◦C for 24 h. After that, displayed cells were washed
with PBS buffer and stored in a 50-mL centrifuge tube with 20 mL PBS buffer at 4 ◦C.

3.5. Comparison of the Activity and Stability of the Free and Immobilized PTP1B

The enzymatic activity of PTP1B was assayed using 4-nitrophenyl phosphate (pNPP)
as a substrate according to a previously reported method with a slight modification [19].
Briefly, the pNPP (10 mM, 100 uL) in reaction buffer (25 mM Tris/HCL, 150 mM NaCl,
5 mM MgCl2 and 4 mM DTT, pH = 8.5) was mixed with the enzyme solution (100 μL) in an
Eppendorf tube incubated at 37 ◦C for 30 min. The reaction was then terminated by the
addition of NaOH (0.1 M, 100 μL), and the product pNP was transferred to a 96-well plate
to be measured using a microplate reader at 405 nm. All experiments were carried out in
triplicate and data shown as mean ± SD.

To compare the enzymatic activity of the three forms of PTP1B, the following five
groups of enzyme or control were assayed: (1) free PTP1B enzyme; (2) EC-PTP1B;
(3) control cells; (4) MNPs-PTP1B; (5) control MNPs. For MNPs-PTP1B and the control
MNPs, 20 mg of each was firstly suspended in 3 mL reaction buffer, from which 100 μL
was added to the substrate to start the reaction. After completion of the reaction, the
supernatant was collected after magnetic separation and its absorbance was read at 405 nm
using a microplate reader. For the other three groups, the free PTP1B was diluted to a
concentration of 10 μg/mL, and the EC-PTP1B and control cells were dissolved in reaction
buffer to OD600 = 0.5 before starting the enzymatic reaction, while the remaining process
was the same as described with MNPs-PTP1B.

To compare the stability of the three forms of PTP1B, the effect of various temperatures
on the activity of the three forms of PTP1B at pH = 7.5 was first investigated. In the
meantime, the influence of pH (ranging from 6.0 to 9.0) on the enzymes’ activity was also
evaluated. Secondly, the enzymatic activity of the three forms of PTP1B was tested on
16 consecutive days to evaluate their storage stability.
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3.6. Validation of Ligand Fishing by MNPs-PTP1B and EC-PTP1B
3.6.1. Preparation of the Standard Mixture

Coumarin and 4-hydroxycinnamic (both are non-PTP1B inhibitors), and rutin (PTP1B
inhibitor) were mixed to prepare a standard mixture for validating the selectivity of MNPs-
PTP1B and EC-PTP1B for ligand fishing. All the compounds were dissolved in PBS buffer
at a concentration of 0.05 mg/mL.

3.6.2. Ligand Fishing from the Standard Mixture by MNPs-PTP1B and EC-PTP1B

MNPs-PTP1B (20 mg) was incubated with 1 mL of the standard mixture at 37 ◦C for
30 min. After the magnetic separation, the MNPs-PTP1B were washed with 3 mL PBS buffer
thrice before 1 mL 50% acetonitrile was added to desorb the ligand. The supernatant after
magnetic separation was collected and filtered with a 0.22 μm membrane for HPLC analysis.
In the meantime, MNPs were used for ligand fishing following the same procedure as a
control for this experiment.

A total of 1 mL EC-PTP1B (OD600 = 0.5) was incubated with 1 mL standard mixture
at 37 ◦C for 4 h. Then, the mixture was centrifuged for 15 min (4500 rpm) to remove the
supernatant. The EC-PTP1B was washed with PBS buffer thrice before 1 mL of 50% ace-
tonitrile was added to desorb the ligand. After centrifugation, the supernatant containing
the ligand was collected and filtered with a 0.22 μm membrane for the following analysis.
In parallel, the control cells (OD600 = 0.5) were used as bait for ligand fishing following the
same procedure.

3.7. Ligand Fishing of PTP1B Inhibitor from S. miltiorrhiza
3.7.1. Extraction of S. miltiorrhiza

Firstly, 50 g of powdered rhizome of the plant was refluxed twice in 500 mL water in a
round bottom flask for 2 h. The aqueous solutions were combined to be concentrated in a
rotary evaporator. Because herbs are generally boiled to prepare the decoction and PTP1B
of EC-PTP1B or MNP-PTP1B is stable in PBS buffer, the extract was dissolved in PBS buffer
to a concentration of 1.0 mg/mL and stored at 4 ◦C before use.

3.7.2. Ligand Fishing by MNPs-PTP1B and EC-PTP1B

MNPs-PTP1B (20 mg) and EC-PTP1B (OD600 = 0.5) were incubated with 1 mL extract
of S. miltiorrhiza at 37 ◦C for 30 min and 4 h, respectively. The following steps were the
same as described in Section 3.6.2 for the corresponding fishing bait. Similarly, MNPs and
EC-PTP1B were used as the control in this experiment.

3.8. Inhibitory Assay and Kinetic Study of the Enzyme’s Ligand Salvianolic Acid B

The PTP1B inhibitory activity of salvianolic acid B was tested as described in 2.5
with sodium orthovanadate as a positive control. A series of concentrations of salvianolic
acid B (50 μL) was incubated with 50 μL 10 mM pNPP at 37 ◦C for 30 min before 100 μL
NaOH was added to end the reaction. The inhibition effect on PTP1B was calculated by the
formula: inhibition % = (Ablank control − Asample)/Ablank control × 100%, where Ablank control
and Asample stands for the absorbance of the blank control and sample.

For the enzyme kinetic study of salvianolic acid B, the inhibition mode and kinetic
constants were calculated by the Lineweaver-Burk plot, and six lines were represented
by different concentrations of salvianolic acid B (0, 1/4 × IC50, 1/2 × IC50, 3/4 × IC50,
1 × IC50, and 5/4 × IC50) with a series of increasing concentrations of pNPP (1, 2, 4, 6,
8, and 10 mM). The reaction rate was recorded in the first 20 min after the reaction was
triggered by pNPP.

3.9. Molecular Docking Study

Molecular docking was conducted to verify the mode of interaction between the
ligand and enzyme. The X-ray crystal structure of PTP1B (PDB ID: 1QXK) was obtained
from the RCSB PDB protein data bank, and the resultant structure was processed with the
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help of Maestro 11.9 software after removing the crystal water, adding a hydrogen atom,
repairing incomplete peptide bonds, and minimizing the protein energy. The 3D structure
of salvianolic acid B was downloaded from PubChem database. Glide functionalities
provided in Schrödinger Maestro software (Schrödinger, Cambridge, MA, USA) were used
for the molecular docking [40,41].

4. Conclusions

In this study, ligand fishing methods were employed for screening PTP1B inhibitors
based on two functional adsorbents, i.e., MNPs-PTP1B and EC-PTP1B. MNPs-PTP1B was
synthesized via covalent binding of PTP1B and carboxyl terminated MNPs for the first
time. The storage stability as well as the pH and thermo durability of the two adsorbents
were investigated. Both were more stable than the free enzyme, while EC-PTP1B exhibited
significant improvement over the MNPs-PTP1B. When applied in the ligand fishing of
aqueous extract of S. miltiorrhiza, it was interesting to find that only EC-PTP1B fished out
an active polyphenolic compound of salvianolic acid B, which was found to be a non-
competitive inhibitor of PTP1B with IC50 of 23.35 μM. This result indicated that enzymes
displayed on the surface of E. coli is superior to covalently immobilized ones in terms
of ligand fishing due to the maintenance of the natural conformation of the enzyme,
thus providing a powerful tool for screening active compounds from complex medicinal
plant extracts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27227896/s1, Table S1: NMR spectroscopic data (CD3OD)
for salvianolic acid B; Figure S1: 13C NMR (150 MHz, CD3OD) spectrum of salvianolic acid B;
Figure S2: 1H NMR (600 MHz, CD3OD) spectrum of salvianolic acid B; Figure S3: MS spectrum of
salvianolic acid B (positive ion mode); Figure S4: IC50 plot of salvianolic acid B and its chemical
structure.
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Abstract: Nowadays, there has been considerable attention paid toward the recovery of waste plant
matrices as possible sources of functional compounds with healthy properties. In this regard, we focus
our attention on Salicornia, a halophyte plant that grows abundantly on the coasts of the Mediter-
ranean area. Salicornia is used not only as a seasoned vegetable but also in traditional medicine for
its beneficial effects in protecting against diseases such as obesity, diabetes, and cancer. In numerous
research studies, Salicornia consumption has been highly suggested due to its high level of bioactive
molecules, among which, polyphenols are prevalent. The antioxidant and antiradical activity of
polyphenols makes Salicornia a functional food candidate with potential beneficial activities for
human health. Therefore, this review provides specific and compiled information for optimizing
and developing new extraction processes for the recovery of bioactive compounds from Salicornia;
focusing particular attention on polyphenols and their health benefits.

Keywords: Salicornia; extraction technologies; phenolic acids; flavonoids; lignans

1. Introduction

Recently, the use of natural substances as a health resource has become increasingly
popular, especially the recovery of antioxidants, minerals, pigments, polymer, and oils
from fresh vegetable matrices and agro-industrial by-products. Furthermore, nutraceuti-
cal extracts from food plants are finding success due to their nutritional and functional
properties [1,2].

Salicornia is a halophyte plant that grows in saltwater around much of the Mediter-
ranean coast as well as in the coastal regions of East Asia. The most-studied species of
Salicornia, illustrated in Table 1, are the following:

• S. europea, the common glasswort, appears as a relatively small plant, having bright
green stems characterized by small leaves and fleshy fruits that contain a single seed.
It is present in Britain, France, and Ireland [3];

• S. bigelovii, the dwarf saltwort Salicornia, is located in USA and Mexico and can be
distinguished from other species by its acute and sharply mucronate leaf and bract
tips [4];

• S. ramosissima, also known as purple glasswort, is situated in France and Iberia and
has stems up to 30 cm high, highly branched, green or purple depending on their
youth [5];

• S. herbacea, the dwarf glasswort, is diffused in Korea and Italy and has fleshy, erect
stems and opposite leaves, similar in appearance to flattened scales on the stems [6];

• S. brachiata, also named umari keerai, is located in India [7].

Molecules 2022, 27, 7954. https://doi.org/10.3390/molecules27227954 https://www.mdpi.com/journal/molecules
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Table 1. Characteristics of the main Salicornia plants.

Botanical name S. bigelovii S. brachiata S. europea S. ramosissima S. herbacea
Common names Dwarf saltwort Umari Keerai Common glasswort Purple glasswort Dwarf glasswort

Geographical range USA, Mexico India Britain, France, Ireland France, Iberia South Korea
References [4] [7] [3] [5] [6]

Salicornia has long been used in traditional Eastern medicine to treat intestinal dis-
orders (diarrhea and constipation) and inflammatory disorders, including nephropathies,
hepatitis, diabetes, and cancer (Figure 1). Furthermore, the effects of Salicornia extract on
pain were recently evaluated by performing a placebo-controlled study to investigate its
analgesic and antipruritic effects, e.g., the effects on neurogenic inflammation at 24 and
48 h after the topical application of S. ramossisma in healthy subjects [8]. The collected
results represent a starting point both for the evaluation of the antinociceptive potential
of the bioactive compounds of Salicornia and for overcoming the limits derived from its
pharmaceutical synthesis in this sector [9].

Figure 1. Health biological effects of Salicornia.

It is acknowledged that saline stress leads to the production of reactive oxygen species
(ROS) that damage cell membranes and enzymatic activity in plants [10]. Salicornia is one
of the most salt-tolerant species and is, therefore, equipped with a powerful antioxidant
system (including enzymes and antioxidant compounds) capable of extinguishing and
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resisting ROS, and is also responsible for its therapeutic effect against the aforementioned
chronic diseases. Therefore, the medicinal qualities of this plant have aroused the interest
of the scientific community, spurring investigation of its phytochemical composition. Phy-
tochemicals found in Salicornia, such as tungtunmadic acid, quercetin, chlorogenic acid,
and their glycosides, contain many hydroxyl groups that make them highly electrophilic;
this feature is fundamental because it induces the stimulation of antioxidant enzymes and
exerts a radical scavenging activity, thus protecting cells from the damage provoked by
ROS [11].

Nowadays, there is a growing interest in the valorization of such food plants and their
eventual by-products for the recovery and/or biotransformation in various industrial ap-
plications, such as food supplements, cosmetics, and the pharmaceutical industry [12]. For
this reason, more cost-effective and sustainable extraction methods to obtain nutraceutical
extracts have been developed in the last few years [13,14]. Different extraction techniques
have been used to isolate phytochemicals in Salicornia extracts, ranging from the more
traditional (such as solid–liquid extraction by maceration) to non-conventional emerging
technologies (such as microwave and ultrasound-assisted extraction and supercritical fluid
extraction) in order to favor mass transfer, shorten extraction times, and/or reduce solvent
requirements. Moreover, the technological parameters (i.e., particle size, solvent type
and composition, solid-to-solvent ratio, extraction temperature and pressure, extraction
time, and pH) affecting the extractability of bioactive compounds have been carefully
optimized [15].

This review deals with an overview of the principal phytochemicals (especially
polyphenols) identified in Salicornia that have shown health benefits, as well as the most
widespread extraction methods (including green processes) employed for their recovery.

2. Principal Phytochemicals (Especially Polyphenols) Identified in Salicornia

Several studies on the characterization of Salicornia extracts by analytical techniques
(i.e., HPLC-UV, HPLC-MS, GC-MS, etc.) have reported the presence of vitamins, amino
acids, minerals, sterols, fatty acids, saponins, oxalates, phenolic acids, flavonoids, and
lignans [16,17].

Salicornia has shown high levels of vitamin C; the content of ascorbic and de-
hydroascorbic acids is more than 100 mg/100 g. S. bigelovii shows a high amount of
β-carotene (15.9 mg/100 g of fresh weight (fw)), which is a good source of vitamin
A [10,18]. Lima et al., 2020 have reported a high content of the soluble fat vitamin E, α-
Tocopherol (241 μg/100 g fw), and vitamin B2 and B5 (with a relative content of 4.14% in
0.5 g) in S. ramosissima and S. bigelovi, respectively [19,20].

Significant contents of important amino acids, such as aspartic acid (140.1 and
165.5 mg/100 g fw), glutamic acid (160.5 and 182.3 mg/100 g fw), and isoleucine (107.5 and
94.7 mg/100 g fw) were quantified in stems and roots of S. herbacea. While, six amino acids,
including glutamic and aspartic acids, which were present at the highest concentration,
were found in S. bigelovii [16,18].

Na+ and K+ were the most abundant minerals in the Salicornia species; indeed,
especially S. bigelovi and S. europea could be used as a salt substitute due to their protective
effect on vascular dysfunction and hypertension. Recent studies proved that a high intake
of salt increased blood pressure in rats, while intake of Salicornia, with the same quantity
of sodium, had a low effect on blood pressure [21,22]. Up to 1421.2 and 173.3 mg/100 g of
Na+ and K+, respectively, were found in S. europea leaves. In addition, important amounts
of other minerals were also identified mainly in stems and roots of S. herbacea and S. europea,
such as Ca2+ (158.8 mg/100 g), K+ (740.1 mg/100 g), Mg2+ (52.2 mg/100 g), and Fe2+

(3.25 mg/100 g) [23,24]. Moreover, the presence of selenium, an essential micronutrient
with a significant antioxidant effect, was found in S. brachiate [25].

Sterols have been identified in S. herbacea and S. europea extracts. The main sterols
contained are stigmasterol and ergosterol. Stigmasterol (0.47 mg/kg) shows hypoglycemic,
antioxidant, antitumor, antimutagenic, and anti-inflammatory properties while ergosterol
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(0.31 mg/kg) is an important source of vitamin D and possesses potent NF-kB inhibitory
activities [11,26]. Another sterol identified is the ß-sitosterol, the predominant phytosterol
in the human diet, with neuroprotective and anti-diabetic effects [27,28].

Salicornia shows also a relevant amount of saturated and polyunsaturated fatty acids,
including stearic acid, linolenic acid, linoleic acid, and palmitic acid, especially found in
S. herbacea, S. europea, and S. brachiata species [29,30]. Linolenic acid is the most repre-
sentative polyunsaturated fatty acid mainly found in Salicornia leaves at concentrations
around 4 mg/g [31]. This compound is used in the prevention and treatment of many
common diseases such as arthritis, eczema, and premenstrual syndrome [31,32]. Linoleic
acid, mostly contained in leaves (2.18 mg/g), is an essential fatty acid whose consumption
is fundamental to good health. It exhibited high antioxidant and antiproliferative activities
toward HepG2 and A549 cells, as shown by Wang et al., 2013 [11].

Saponins were identified in S. herbacea and bigelovii extracts with antioxidant and
antifungal effects. Among these, new noroleanane and nortriterpene saponins were isolated.
Nevertheless, saponins could exhibit toxicity due to tissue necrotic and gut permeability
alteration, which can compromise the immune system [30]. Similarly, oxalates, which were
revealed in high content, are anti-nutrients that should be removed to justify usage of
Salicornia as a ‘sea vegetable’ [30].

Other identified aliphatic compounds are octacosanol and tetracosanol, two aliphatic
alcohols isolated from S. europea and ramosissima. Tetracosanol has a significant role in
diabetes therapy for its α-amylase ability, while Octacosanol has been known for its ability
to lower total cholesterol levels [30,33].

However, despite the significant amount of the aforementioned nutrients present in
Salicornia tissues, major attention has been devoted to their phenolics content, which ranges
from 1.2 to 2 mg GAE/g fw [34], due to the related health benefits and bioactivity [35].
Phenolic compounds, characterized by aromatic rings with one or more hydroxyl groups,
include several structurally different classes; those found in Salicornia extracts at different
concentration levels are mainly phenolic acids, flavonoids, and lignans [28] (Figure 2).

2.1. Phenolic Acids

Phenolic acids are a class of polyphenols very abundant in the human diet, as they
are contained in vegetables, fruits, and whole grains. The daily intake of phenolic acids
should be around 200 mg/day [36]. Phenolic acids are types of aromatic acid compounds
derivatives of benzoic and cinnamic acids. They exhibit high antioxidant activity and thus
possess health protective effects, such as antimicrobial, anticancer, anti-inflammatory, and
anti-mutagenic. [37]

Salicornia has been shown to possess a high content of phenolic acids, including chloro-
genic, tungtungmadic, ferulic, protocatechuic, caffeic, salicylic, syringic, and coumaric
acids [23,38].

Chlorogenic acid, an ester of caffeic acid, is found in many plants, including Sal-
icornia, with a content of 0.84 mg/g of dry weight (dw) from ethanolic extract of S. eu-
ropea [39]. Furthermore, various chlorogenic acid derivatives, such as dicaffeoylquinic
acids, have been also identified in Salicornia. For instance, four new dicaffeoylquinic acid
derivatives, specifically 3-caffeoyl-5-dihydrocaffeoylquinic acid (75.6 ± 2.3 mg/100 g fw), 3-
caffeoyl-5-dihydrocaffeoylquinic acid methyl ester (69.3 ± 1.4 μg/100 g fw), 3-caffeoyl-4-
dihydrocaffeoylquinic acid methyl ester (71.9 ± 1.9 μg/100 g fw), and 3,5-dihydrocaffeoylquinic
acid methyl ester (171.9 ± 1.5 μg/100 g fw), as well as 3-caffeoylquinic acid and 3-
caffeoylquinic acid methyl ester, were isolated from the aerial parts of S. herbacea. The
antioxidant activity of these compounds was examined by measuring the cholesteryl es-
ter hydroperoxide (CE-OOH) content, produced by oxidation in healthy human plasma,
during rat blood plasma oxidation induced by copper ions. CE-OOH accumulates in
atherosclerotic plaques, and for this reason, it has been used as an index of lipid peroxi-
dation to evaluate the inhibitory effect of antioxidants on lipids oxidized in blood plasma.
The caffeoylquinic acid derivatives considerably inhibited CE-OOH. In particular, the
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dicaffeoylquinic acid derivatives showed a relatively higher ability to inhibit CE-OOH
formation rather than monocaffeoylquinic acid derivatives and caffeic acid. Moreover,
this important activity is demonstrated by their significant scavenging effects, as shown
by the DPPH assay performed. DPPH radical-scavenging activities and metal-chelating
effects of caffeoylquinic acid derivatives were proportionally correlated with the number of
catechol groups. Therefore, the dicaffeoylquinic acid derivatives, isolated from S. herbacea,
containing a catechol group may act as excellent radical scavengers and metal-chelating
agents [40].

Figure 2. Classes of polyphenols revealed in Salicornia.

3-caffeoyl-4-dicaffeoylquinic acid (CDCQ), known as tungtungmadic acid, has been
isolated from S. herbacea. It is a natural chlorogenic acid derivative with high antioxidative
activity in free radical scavenging assay and in the iron-induced liver microsomal lipid
peroxidation test. In addition, it shows a significant effect in protecting the plasmid DNA
against strand breakage induced by Fe3+-nitrilotriacetic acid-hydrogen peroxide [38].

CDCQ antioxidant, anti-inflammatory, and anticancer effects were demonstrated on
nitric oxide (NO) production and eNOS phosphorylation in endothelial cells. CDCQ
induced eNOS phosphorylation and NO production by the phosphorylation of PKA,
CaMKII, CaMKKβ, and AMPK in endothelial cells. Furthermore, CDCQ exhibited activities
on the L-type Ca2+ channel (LTCC), present in the membrane of endothelial cells, and
mediated signaling by increasing intracellular Ca2+ influx (Figure 3) [41]. Overall, CDCQ
exercises a significant protective effect on endothelial cell function, which is important for
modulating hemostasis, blood flow, and vascular health [42,43].
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Figure 3. 3-caffeoyl-4-dicaffeoylquinic acid (CDCQ) mechanism on eNos and NO in endothelial cells.

Ferulic acid is abundant in plants and it is mainly conjugated with mono- and oligosac-
charides and lipids. trans-ferulic acid (TFA) was the most abundant component identified
in desalted S. europea powder (DSP), exhibiting significant biological effects. When admin-
istrated to rats with HFD-induced obesity, DSP reduced body weight gain, abdominal fat
mass, and serum lipid profiles. Furthermore, it inhibited adipogenesis and adipocyte dif-
ferentiation by down-regulating the adipocyte-specific transcriptional regulators SREBP1,
FAS, C/EBPa, and PPARc. Therefore, these results show that DSP and, in particular, TFA
could protect against HFD-induced obesity [44].

Another research examined the biological effects of trans-ferulic (2.60 ± 0.33 mg/g)
and p-coumaric (3.19 ±0.47 mg/g) acids isolated from S. europea. Notably, the two acids
contained in the Salicornia extracts were investigated for their effect on vascular dysfunction
and hypertension. p-coumaric acid and trans-ferulic acid-induced vasorelaxation in a dose-
dependent manner in the coronary artery on vascular dysfunction induced by high salt
content [21].

Wang et al., 2013, isolated (from S. herbacea) for the first time the pentadecylferulate, an
alkyl ester of ferulic acid. This compound showed higher antioxidant activity than ascorbic
acid and other ferulic acid derivatives in the DPPH assay, probably due to its structure
characterized by a long-chain alkane (15-carbon) moiety. In addition, it showed anticancer
activity in cells of hepatocarcinoma HepG2 and pulmonary adenocarcinoma A549 [11].

Various extracts of S. europaea collected from two different regions of Tunisia were
evaluated for their antimicrobial activity, using the agar well diffusion method. The two
different ethanolic extracts exhibited a high total phenolic content (TPC, 43.1 ± 0.2 and
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32.1 ± 0.3 mg GAE/g dw) with a rich composition in phenolic acids, including gallic acid
(0.8 mg/g dw), chlorogenic acid (0.22 mg/g dw), vanillic acid (0.69 mg/g dw), caffeic
acid (0.28 mg/g dw), and coumaric acid (0.32 mg/g dw), but also in catechin hydrate
(1.17 mg/g dw) and rutin hydrate (10.05 mg/g dw). Because of the structural difference
in their lipid layer, Gram-positive bacteria were significantly more sensitive to the two
extracts and showed more inhibition zones compared to Gram-negative bacteria [24]. Thus,
a synergistic or additive effect of the phenolic acids with the other compounds could be
hypothesized for the antimicrobial activity of S. europaea extracts [24,45]. Another study [46]
confirmed the antimicrobial activity of other halophyte plants, such as S. brachiate, whose
extracts were also very efficient against Gram-positive bacteria.

The effect of S. ramosissima ethanolic extract was evaluated on carbon tetrachloride
(CCl4)-induced testicular damage in a mouse model. The phytochemical composition of
the extract showed the presence of known phenolic and aliphatic compounds, such as ethyl
linolenoate (0.44 mg/g dw), sitostanol (0.09 mg/g dw), octadecyl (0.12 mg/g dw) and
eicosanyl (0.09 mg/g dw) (E)-ferulates, ethyl (E)-2-hydroxycinnamate (0.06 mg/g dw), and
scopoletin (0.09 mg/g dw). The results of the histopathological analysis showed that the
treatment with the ethanolic extract prior to CCl4 administration significantly prevented
the architectural disorder of seminiferous epithelium and germ cell exfoliation. Therefore,
the nature of the extracted compounds suggests a significant therapeutic value on the male
reproductive system, especially due to the antioxidant action of its constituents, besides
other therapeutic and nutritional effects of certain compounds isolated [47].

2.2. Flavonoids

Flavonoids are the most important phytochemical compounds present in many plants,
fruits, and vegetables, which confer many health benefits, including anticancer, antioxidant,
anti-inflammatory, antiviral, neuroprotective, and cardioprotective effects [48]. Their chem-
ical structure, in particular the presence of hydroxy groups, influences their bioavailability
and biological activity [49,50]. Flavonoids possess a basic 15-carbon flavone skeleton with
two benzene (A-B) rings connected by a three-carbon pyran ring. The position of the
catechol B-ring and the number of hydroxy groups on the B-ring influence their antioxidant
capacity [51,52].

Rutin, isorhamnetin, quercetin, quercetin 3-O-β-D-glucopyranoside, isorhamnetin 3-
O-β-D-glucopyranoside, noreugenin, and isoquecitrin are the most prevalent compounds
in Salicornia. These compounds, especially quercetin, rutin, and isorhamnetin 3-O-β-D-
glucopyranoside, have relevant anti-diabetic, cardiovascular protection, and anticancer
activity due to their antioxidant potential [53,54]. Isorhamnetin 3-O-β-D-glucopyranoside,
isolated from S. herbacea, exhibited scavenging intracellular radical activity in the cellular
system, as well as in the cell-free system. Moreover, it participated in the modulation of
cellular redox status due to the induction of cellular GSH levels and other antioxidant
enzymes. Therefore, this compound showed a relevant effect in the prevention of radical-
mediated cellular damage and could be developed as a candidate for potential use as a
natural antioxidant related to oxidative stress [55]. Significant content (up to 57.52% of
total compounds) of flavonoids and flavonoid glycosides have been revealed in S. bigelovii
and S. europaea extracts. Other studies reported in the literature have isolated rutin hydrate
(10.05 mg/g dw) and catechin hydrate (1.17 mg/g dw) from S. europea [24,39,56].

Kim et al., 2011 isolated a novel flavonoid glycoside, isoquercitrin 6”-O-methyloxalate
from S. herbacea; this compound, along with quercetin 3-O-β-D-glucopyranoside, exhibited
a relevant antioxidant activity compared to other flavonoids compounds that presented
substitutions on catechol group of B ring [57]. Therefore, the catechol group of the B ring
has an important effect on the pharmaceutical property of the molecule. In particular, it
influences the antioxidant activity of flavonoids as reported by previous studies [58].

The flavonol glycosides, isoquercitrin 6”-O-methyloxalate, isorhamnetin 3-O-β-D-
glucopyranoside, and quercetin 3-O-β-D-glucopyranoside from S. herbacea extract have
been examined in macrophages and trophoblasts to test their inflammatory properties. Pre-
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treatment and delayed treatment of these compounds in bone marrow-derived macrophages
(BMDMs) reduced the activity of NLRP3 inflammasome induced by lipopolysaccharide
(LPS) and adenosine triphosphate stimulation and downregulated interleukin (IL)-1β pro-
duction. In addition, the extract decreased the mRNA expression of NLRP3, IL-1β, and
IL-6 in the LPS-stimulated human trophoblast cell line inhibiting the production of IL-6
and IL-1β and decreasing the expression of cyclooxygenase-2 [59].

Other interesting flavonoids have been isolated from S. Europea such as luteolin
(0.019 mg/g dw), kaempferol (108.1–247.6 mg/100 g dw) [60], and its glucoside deriva-
tive [29]. Like previous molecules, these compounds also have antioxidant, anti-inflammatory,
antiapoptotic, and cardioprotective activities [61].

Another study explored the effects of the ethyl acetate fraction of desalted S. europea
extract on atherosclerotic events in vascular smooth muscle cells (VSMCs) and vascu-
lar neointima formation. The major abundant components were five phenolic acids and
four flavonols, including protocatechuic acid (8.4 mg/g), chlorogenic (14.1 mg/g), caffeic
acid (9.5 mg/g), p-coumaric acid (6.8 mg/g), ferulic acid (8.2 mg/g), quercetin-3O-b-D-
glucopyranoside (3.4 mg/g), isorhamnetin-3O-b-D-glucopyranoside (16.2 mg/g), quercetin
(2.5 mg/g), and isorhamnetin (18.4 mg/g). The study demonstrated that the extract
suppressed the platelet-derived growth factor (PDGF)-BB-induced migration and prolifera-
tion of VSMCs and increase mitogen-activated protein kinases (MAPK) and extracellular
signal-regulated kinase (ERK)1/2 phosphorylation in VSMCs, consequently leading to the
reduction of neointimal hyperplasia (Figure 4) [62].

Figure 4. Neointima formation inhibition of Salicornia extract (SE) in VSMCs.

Essaidi et al., 2013 highlighted how S. herbacea methanol extract was a potent inhibitor
of cytochrome P450 CYP1A2, CYP3A4, and CYP2D6, related to the activation of carcinogens,
due to its phenolic composition characterized by the presence of many phenolic acids and
flavonoids, such as chlorogenic acid, caffeic acid, syringic acid, p-coumaric acid, sinapic acid,
ferulic acid, salicylic acid, myricetin, quercetin, and kampferol [63,64]. It is demonstrated
that flavonols and flavonoids, in general, such as quercetin and kaempferol have a 3-OH
and phenolic hydroxyl (eOH) group with inhibitory activity on CYP2D6, CYP1A2, and
CYP3A4 [65].
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2.3. Lignans

Lignans are a class of natural compounds widely produced by various plant species.
Recent studies have demonstrated that lignans provide very important biological and phar-
macological properties, including immunosuppressive, anti-inflammatory, cardiovascular,
antioxidant, antitumor, and antiviral effects. In fact, they are found in many plants used in
Eastern medicine [66,67]. Lignans contain a core scaffold that is formed by two or more
phenylpropanoid units and monomers such as cinnamic acid, cinnamyl alcohol, propenyl
benzene, and allyl benzene [68].

Syringaresinol 4-O-β-D-glucopyranoside, erythro-1-(4-O-β-D-glucopyranosyl-3,5-
dimethoxyphenyl)-2-syringaresinoxyl-propane-1,3-diol, and longifloroside B have been
the main lignans isolated from S. europea. Notably, syringaresinol 4-O-β-D-glucopyranoside
has shown interesting biological activities including DPPH radical scavenging activity,
antiestrogenic activity against MCF-7 cells, and antitumor activity against the A549 cancer
cell line [69]. This compound has been found to modulate lipid and glucose metabolism in
HepG2 cells and C2C12 myotubes [70]. In addition, other lignans such as (-)-syringaresinol
and episyringaresinol-4”O-β-D-glucopyranoside were isolated from S. europaea. In particu-
lar, (-)-syringaresinol (4.25 mg/Kg dw) has been found to possess antiplatelet aggregation,
DPPH radical scavenging, nitric oxide (NO) inhibition, and P-glycoprotein inhibition
activities [28].

Acanthoside B is another important lignan, extracted from S. europaea, which has
exhibited negligible toxicity and showed a dose-dependent nitric oxide inhibitory potential
in Lipopolysaccharide (LPS)-stimulated BV-2 microglial cells. Furthermore, it has atten-
uated scopolamine-inflicted AD-like amnesic traits by restoring the cholinergic activity,
suppressing neuroinflammation, and activating the TrkB/CREB/BDNF pathway in mice.
For these effects, acanthoside B could be a potential drug candidate for the treatment of
neurodegenerative diseases (Figure 5) [71].

Figure 5. Ameliorative effect of Salicornia extract (SE) on Scopolamine induced amnesic.
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3. Comparison of Extraction Methods of Polyphenols from Salicornia

Extraction from plants is generally the crucial step for both the isolation and exploita-
tion of their bioactive compounds [72]. The bioactive compounds can be extracted from
fresh or dried plant samples firstly pre-treated by milling, grinding, and homogenization.
Furthermore, the fundamental parameters affecting the extraction yield, such as extrac-
tion time and temperature, solvent-to-solid ratio, number of repetitions, as well as the
choice of extraction solvents, can be opportunely optimized [13,73]. Ideally, an extraction
method should be quantitative, non-destructive, and time-saving; moreover, it should be
chosen based on the chemical composition and purity degree of the extract one wishes to
obtain [74].

Conventional solid-liquid extraction by maceration in organic solvents has been tra-
ditionally used to extract phenolic compounds from vegetable matrices. The main dis-
advantages of this process include the length of time needed in solid–solvent contact to
reach equilibrium and the overall use of high temperatures which, although can favor
the solid-liquid mass transfer of the compounds, frequently provokes a decrease in the
extraction efficiency due to thermosensitivity of polyphenols [75]. As a consequence, in
order to solve these limitations, new techniques have been developed in recent years for
the extraction of bioactive compounds from plant materials, including ultrasound-assisted
extraction, microwave-assisted extraction, enzyme-assisted extraction, and supercritical
fluid extraction [76].

3.1. Maceration

Maceration is a traditional method, based on the soaking of plant materials in a
solvent for the recovery of bioactive compounds. It uses organic solvents, such as methanol,
acetone, and ethyl acetate, which are toxic to human health and the environment because
some residues may remain in the final extract. Moreover, this method is associated with
high solvents volumes and extraction times that generate a large amount of waste and low
extraction yields. Another disadvantage is the high temperature that sometimes leads to
the loss of polyphenols caused by hydrolysis and/or oxidation during the process [77,78].

There are many reports on the investigation of the parameters affecting the profile
and yield of polyphenols from Salicornia by maceration. Extraction with the sample added
to boiling distilled water for 5 min has shown a phenolic composition of S. ramosissima
extracts that are mainly characterized by the presence of myricetin, gallic acid, catechin,
rutin, kaempferol-3-O-glucoside, and quercetin-3-O-galactoside [79].

Other studies have performed maceration at room temperature with a longer ex-
traction time (16–24 h) [58,80]. This technique ensured the recovery of many phenolic
compounds that could be degraded at high temperatures. Extraction with methanol from
aerial parts of S. herbacea has identified four new dicaffeoylquinic acid derivatives and
some flavonoid glucosides [40].

Modulating the polarity of the extraction solvents allows for the obtainment of a
different type/range of polyphenols. High amounts of phenolic compounds are mainly
found in extractions with a polar solvent. Ethanol extracts of S. europea have shown the
presence of nine polyphenols including phenolic acids (i.e., chlorogenic acid or gallic acid)
and flavonoids (i.e., rutin hydrate and catechin hydrate) [24]. While S. herbacea extraction
with 80% acetone at room temperature for 24 h has allowed recovering pentadecyl ferulate
in high yield [11].

Five phenolic acids, including protocatechuic acid, chlorogenic acid, caffeic acid, p-coumaric
acid, and ferulic acid, together with quercetin-3-O-β-D-glucopyranoside, isorhamnetin-3-O-
β-D-glucopyranoside, quercetin, and isorhamnetin, were identified in S. europea extracts
obtained by a vacuum extractor at 100 ◦C for 5 h and subjected to ethanol precipitation for
removing the high molecular polysaccharides and proteins [63].

Ferreira et al., (2018) executed extraction with fresh aerial parts (1.2 kg) of S. ramo-
sissima, chopped into small pieces, and extracted with ethanol (5 L) three times at room
temperature for 24 h using an overhead stirrer [47].
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Another study performed an extraction on S. ramosissima biowaste using a thermostatic
water bath. The powdered samples (2.5 g) were mixed with distilled water (25 mL) and
extracted at different times and temperatures with a constant agitation of 200 rpm. The best
extraction conditions were fixed at 80 ◦C in 10 min. Hydroxycinnamic acids, flavonols, and
isoflavones, known for their excellent scavenging ability against ROS, have been extracted
and isolated from S. ramosissima by-product which could be considered a useful source
of antioxidant and neuroprotective compounds with interesting applications in the food,
nutraceutical, and cosmetic industries [81].

3.2. Microwave-Assisted Extraction

Microwave-assisted extraction (MAE) is one of the most advanced methods currently
used in plant extraction and is based on the effect of microwaves with a frequency between
0.3 to 300 GHz. Depending on the polarity of the solvent and the presence of ions in the
solvent (methanol, ethanol, water, or their mixtures, having high or medium absorbance
capacity of microwaves, are generally used), dielectric heating and ionic conduction can
occur simultaneously in causing the swelling and rupturing the plant cell, thus facilitating
the extraction of polyphenols [82].

The advantages of this method are mainly quick heating and extraction efficiency,
lower solvent requirements, short extraction time, and a clean process. On the other hand,
MAE is usually performed at higher temperatures (>80 ◦C), thus its application in the
isolation of antioxidants has to be carefully assessed [83].

The only report dealing with the application of this technology to the extraction of
polyphenols from Salicornia was that of Silva et al. (2021) who performed a MAE achieving
better antioxidant and antiradical activities (65.56 mol FSE/g dw and 17.74 g AAE/g dw
for FRAP and ABTS assays, respectively) rather than conventional extraction [79].

3.3. Ultrasound-Assisted Extraction

Ultrasound-assisted extraction (UAE) uses ultrasounds that enhance the extraction
rate by increasing the mass transfer and possible rupture of cell walls due to the well-
known “cavitation effect”, leading to higher product yields without modifying the extract
composition [82].

Moreover, UAE allows for a reduction of processing time, thermal degradation losses,
solvent, and energy consumption, and is compatible with any solvent including water and
other generally recognized as safe (GRAS) solvents [84].

The influence of extraction time, temperature, solvent concentration, solid-to-liquid
ratio, particle size, ultrasound power, and frequency on the polyphenols recovery from
Salicornia were investigated in many studies.

Several researchers have performed extractions at 50 ◦C for different time periods in
order to select the most suitable extraction time to recover the highest level of phenolic
substances [46]. Even though an extraction time of 20 min has been shown as the best
condition to recover quantities of antioxidant compounds from Salicornia matrix [85].
Regarding solvent type and concentration, different preferences appear in the literature,
from 40% to 80% ethanol, for the best recovery of phenolic acids, phenolic alcohols, and
flavonoids. The presence of water reduces solution viscosity and increases the plant
swelling promoting a higher yield [86,87]. The effect of extraction time (1, 9, 30, 51, and
60 min) and power of ultrasonic waves (100, 150, 275, 400, and 450 W) parameters on the
extraction of polyphenols from Salicornia were also investigated by recent reports. The
highest content of phenolic compounds, ranging between 16.3 and 20.0 mg GAE/g dw,
and overall antioxidant activity were obtained by extracting S. ambigua or S. neei samples
(250 mg) with 15 mL of ethanol 80% in an ultrasound bath setting the ultrasound power
and extraction time at 275 W and 30 min, respectively. Conversely, a longer extraction time
led to lower contents of polyphenols, indeed lower extraction yield of gallic acid was found
with an extraction time of 50 min [88,89].
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Fifteen hydroxycinnamic acids (i.e., neochlorogenic, chlorogenic, p-coumaric, ferulic,
and caffeic glycosides acids) together with caffeoylquinic dimers, such as 3,5-dicaffeoylquinic
and 4,5-dicaffeoylquinic acids, and nine flavonoids (quercetin glycosides and apigenin
glycoside) were extracted from S. ramosissima by adding 100 mL of ethanol:water (80:20,
v/v) solution to 10 g of the fresh plant in an ultrasonic water bath at 40 kHz and 220 W for
60 min at 25 ± 3 ◦C [90].

Kim et al. 2009 performed the extraction from S. herbacea powder (5 g) by sonication
but by changing the solvent composition and the extraction temperature with a constant
working frequency of 40 kHz. A linear gain of total phenolic content with increasing ethanol
concentration and decreasing extraction temperature was observed; indeed, the maximum
phenolic content (50.36 mg GAE/g) was recovered at an ethanol concentration of 76.82%
and extraction temperature of 50 ◦C, while the lowest phenolic content (33.09 mg GAE/g)
was revealed at an ethanol concentration of 50% and extraction temperature of 40 ◦C [91].

Finally, Wang et al. recently applied an efficient association/combination of extractive
methods. S. bigelovii samples were extracted by maceration using 16 mL of 60% ethanol
for 3 h at 60 ◦C, followed by a 200 W ultrasonic extraction for 40 min. This technique has
provided a high recovery of flavonoids, including rutin (20.23%), noreugenin (15.26%), iso-
quercitrin (7.13%), quercetin (2.54%), camellianin A (5.91%), and 7-O-β-D-glucopyranosyl-
methoxychromone (1.04%) [20].

3.4. Supercritical Fluid Extraction

Supercritical Fluid Extraction (SFE) is another fast and efficient green method usually
adopted for the extraction of natural compounds from plants. SFE employs supercritical
fluids having low viscosity and high diffusivity, which, at the critical point (a specific tem-
perature and pressure), diffuse into the solid matrix like gas and dissolve active materials
like a liquid. These characteristics enhance diffusion and mass transfer while reducing
extraction time [92]. The most widespread supercritical fluid in plant extractions is CO2,
which has a very low critical temperature (31 ◦C) and can be easily removed, allowing
rapid and selective extraction [93]. However, due to the apolarity of CO2, a co-solvent, such
as water, ethanol, and methanol, is frequently used to allow the extraction of more polar
compounds [94].

In this context, some researchers, carrying out the extraction of S. europea at constant
extraction temperature (50 ◦C) and pressure (300 bar) with CO2 flow of 2 L min−1 and
different ethanol concentrations (10, 20 or 40% v/v, respectively), have observed that both
total phenolic compound (TPC), total extract yield (TEY), and antioxidant indices (ABTS
and FRAP) were directly influenced by the ethanol percentage used in the SFE technique.
Indeed, the values of TPC (0.29 vs. 0.15 mg GAEs g−1 dw), TEY (16.30 vs. 11.01 mg g−1 dw),
ABTS (1.16 vs. 0.71 mg Tes g−1 dw), and FRAP (10.22 vs. 5.22 μmol FeSO4 g−1 dw) at 20%
of ethanol were almost double than those at 10% [82,95]. The number of cycles (one cycle
included 10 min of static condition and 10 min of dynamic phase) operated at the previous
condition was crucial for yield: eight cycles were the optimal extraction condition to obtain
a rich chemical profile [87].

Other studies use SFE for oil extraction from the matrix. This method allows for the
extraction and analysis of the fatty acid profile of Salicornia oil. As shown by Adewale
Folayan et al. (2019), high amounts of saturated and unsaturated fatty acids were obtained,
such as myristic acid, palmitic acid, linoleic, and linolenic acid [96].

3.5. Enzyme-Assisted Extraction

Enzyme-assisted extraction (EAE) is a green extraction technology determined by
numerous factors, including pH, temperature, treatment time, and enzyme selection. In
particular, pH and temperature monitoring are essential to ensure optimal enzyme activity.
The choice of the right enzyme allows the extraction of specific compounds from the
matrix. For example, pectinase improved the extraction of polyphenols and phenols that
are difficult to extract due to their high/low molecular weight [97]. Pectinase hydrolyses
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pectin macromolecules that constitute the cell membrane, exposing entrapped polyphenols
to the solvent. Other types of enzymes generally used in the extraction are cellulase and
hemicellulase, which participate in breaking down the cell wall [98]. EAE of Salicornia is
often combined with other extraction techniques, as described in various studies. Indeed,
extracts with high phenolics content (particularly, procathecuic, caffeic, and ferulic acids,
and quercetin and isorhamnetin) and significant radical scavenging activity was obtained by
coupling EAE and UAE through two steps: firstly, Salicornia was suspended in ionic water
and treated with vyscozime (i.e., cellulotyc enzyme mixture) for 12 h at 40 ◦C; subsequently,
it was extracted by ultrasound with ethanol for 3 h [99]. Isorhamnetin and acanthoside B
were extracted from S. europea by treating the matrix with pectinase and cellulase at 50 ◦C
for 15 h and subsequently by refluxing twice with 50% ethanol for 3 h [100].

Definitely, the main polyphenols present in the different types of Salicornia, together
with their quantities, their extraction technologies, and the health benefits aforementioned,
are summarized in Table 2.

Table 2. Extraction methods, quantities, and health-promoting effects of Salicornia polyphenols.

Polyphenolic
Compounds

Salicornia
Species

Extraction
Method

Experimental
Condition

Amount
Biological
Activity

Ref.

Chlorogenic acid
S. europea,

S. ramosissima
S. herbacea

CE
CE

UAE
CE

MAE

EtOH
H2O, 100 ◦C, 5 h

80% EtOH, 25 ◦C, 1 h
H2O, 100 ◦C, 5 min

72–94 ◦C, 300 W, 5–10 min

0.22 mg/g
14.1 mg/g dw
53.19 ug/g fw

0.0758 mg/g dw
0.0342 mg/g dw

Antihypertensive
Antimicrobic
Reduction of
neointimal
hyperplasia

[24]
[62]
[90]
[79]

Caffeoyl-5-
dihydrocaffeoylquinic

acid
S. herbacea CE MeOH, rt, 24 h 75.6 ± 2.3 mg/100 g fw Inhibiting CE-OOH

formation [40]

3-caffeoyl-5-
dihydrocaffeoylquinic

acid methyl ester
S. herbacea CE MeOH, rt, 24 h 69 ± 1.4 μg/100 g fw Inhibiting CE-OOH

formation [40]

3-caffeoyl-4-
dihydrocaffeoylquinic

acid methyl ester
S. herbacea CE MeOH, rt, 24 h 71.9 ± 1.9 μg/100 g fw Inhibiting CE-OOH

formation [40]

3,5-
dihydrocaffeoylquinic

acid methyl ester
S. herbacea CE MeOH, rt, 24 h 171.9 ± 1.5 μg/100 g fw Inhibiting CE-OOH

formation [40]

3-caffeoylquinic acid S. herbacea CE MeOH, rt, 24 h Inhibiting CE-OOH
formation [40]

3-caffeoylquinic acid
methyl ester S. herbacea CE MeOH, rt, 24 h Inhibiting CE-OOH

formation [40]

3-caffeoyl-4-
dicaffeoylquinic acid
(tungtungmadic acid)

S. herbacea CE 80% MeOH, rt 8 mg/kg dw
Protective effect on

endothelial cell
function

[43,63]

3,5-dicaffeoylquinic acid S. ramosissima
UAE
CE

MAE

80% EtOH, 1 h, 25 ◦C
H2O, 5 min,100 ◦C

300 W, 5–10 min, 72–9 ◦C,

25.83 mg/g fw
0.0259 mg/g dw
0.0280 mg/g dw

Antiproliferative
Antihypertensive

[90]
[79]

4,5-dicaffeoylquinic acid S. ramosissima UAE 80% EtOH, 1 h, 25 ◦C 11.75 mg/g fw Antiproliferative
Antihypertensive [90]

trans-Ferulic acid
S. europea,

S. ramosissima,
S. herbacea

EAE
CE

UAE
EAE + UAE

CE
CE

MAE

H2O, 37 ◦C, 6 h
H2O, 100 ◦C, 5 h

80% EtOH, 1 h, 25 ◦C
12 h, 40 ◦C and EtOH, 3 h

MeOH, rt, 72 h
H2O, 100 ◦C, 5 min

300 W, 72–94 ◦C, 5–10 min

2.60 ± 0.33 ug/g
8.2 mg/g dw
4.21 mg/g fw
8.45 mg% dw

0.1346 mg/g dw
0.0578 mg/g dw

Antidiabetic
Antihypertensive

Inhibitor of CYP450

[21]
[62]
[99]
[63]
[79]

p-Coumaric acid
S. europea,

S. ramosissima
S. herbacea

CE
UAE
CE
CE

MAE

H2O, 100 ◦C, 5 h
80% EtOH, 25 ◦C, 1 h

MeOH, rt, 72 h
H2O, 100 ◦C, 5 min

300 W, 72–94 ◦C, 5–10 min

3.19 mg/g dw
0.32 mg/g dw
2.75 mg/g fw

0.0483 mg/g dw
0.0349 mg/g dw

Antihypertensive
Inhibitor of CYP450

[21]
[62]
[63]
[79]

Pentadecylferulate S. herbacea CE 80% acetone, rt, 24 h. Anticancer [11]

Caffeic acid
S. europea,

S. ramosissima
S. herbacea

CE
CE

EAE + UAE
CE

MAE

EtOH
H2O, 100 ◦C, 5 h

12 h, 40 ◦C + EtOH, 3 h
H2O, 100 ◦C, 5 min

300 W, 72–94 ◦C, 5–10 min

0.28 mg/g dw
9.5 mg/g dw
6.87 mg% dw

0.0144 mg/g dw
0.0032 mg/g dw

Antibacterial
Inhibitor of CYP450

[24]
[62]
[99]
[79]
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Table 2. Cont.

Polyphenolic
Compounds

Salicornia
Species

Extraction
Method

Experimental
Condition

Amount
Biological
Activity

Ref.

Gallic acid S. europea
CE
CE

MAE

EtOH
H2O, 100 ◦C, 5 min

300 W, 72–94 ◦C, 5–10 min

0.8 mg/g dw
0.21 mg/g dw
0.15 mg/g dw

Antibacterial
Inhibitor of CYP450

[24]
[79]

Protocathecuic acid
S. europea,

S. ramosissima
S. herbacea

CE
EAE + UAE

CE
MAE

H2O, 100 ◦C, 5 h
12 h, 40 ◦C + EtOH, 3 h

H2O, 100 ◦C, 5 min
300 W, 72–94 ◦C, 5–10 min

8.4 mg/g dw
1.54 mg% dw

0.1275 mg/g dw
0.0929 mg/g dw

Amelioration and
prevention of

vascular diseases.

[62]
[99]
[79]

Rutin hydrate S. europea,
S. ramosissima

CE
CE

MAE

EtOH
H2O, 100 ◦C, 5 min

300 W, 72–94 ◦C, 5–10 min

10.05 mg/g dw
0.0999 mg/g dw
0.0781 mg/g dw

Antibacterial [24]
[79]

Catechin hydrate S. europea,
S. ramosissima

CE
CE

MAE

EtOH
H2O, 100 ◦C, 5 min

300 W, 72–94 ◦C, 5–10 min

1.17 mg/g dw
0.1116 mg/g dw
0.0046 mg/g dw

Antibacterial [24]
[79]

Isoquercitrin
6”-O-methyloxalate S. herbacea CE MeOH, rt, 24 h 0.47 mg/kg fw Anti-inflammatory [57]

Isorhamnetin 3-O-β-D-
glucopyranoside S. herbacea CE

CE
H2O, 100 ◦C, 5 h
MeOH, rt, 24 h

16.2 mg/g dw
1.25 mg/kg fw

Anti-inflammatory
Amelioration and

prevention of
vascular diseases.

[62]
[57]

Quercetin 3-O-β-D-
glucopyranoside S. herbacea CE

CE
H2O, 100 ◦C, 5 h
MeOH, rt, 24 h

3.4 mg/g dw
2.15 mg/kg fw

Amelioration and
prevention of

vascular diseases.

[62]
[57]

Kaempferol
S. europea,

S.ramosissima
S. herbacea

UAE
CE

MAE
CE

80% EtOH, 25 ◦C, 1 h,
H2O, 100 ◦C, 5 min

300 W, 72–94 ◦C, 5–10 min
MeOH, rt, 24 h

108.1–24.6 mg/10 g dw
10.90 mg/g

0.0052 mg/g dw
0.0047 mg/g dw

Inhibitor of CYP450
[90]
[79]
[63]

Quercetin
S. europea,

S.ramosissima
S. herbacea

CE
EAE + UAE

CE
MAE

H2O, 100 ◦C, 5 h
12 h, 40 ◦C + EtOH, 3 h

H2O, 100 ◦C, 5 min
300 W, 72–94 ◦C, 5–10 min

2.5 mg/g dw
12.63 mg%dw

0.0340 mg/g dw
0.0284 mg/g dw

Inhibitor of CYP450
Amelioration and

prevention of
vascular diseases.

[62]
[99]
[79]

Isorhamnetin S. europea
S. herbacea

CE
EAE + UAE

H2O, 100 ◦C, 5 h
12 h, 40 ◦C + EtOH, 3 h

18.4 mg/g dw
6.65 mg% dw

Amelioration and
prevention of

vascular diseases.

[62]
[99]

Acanthoside B S. europea EAE + CE 50 ◦C, 15 h + 50% EtOH, 3 h 2.40 mg/g Neuroproective [100]

CE: conventional extraction; UAE: Ultrasound assisetd extraction; MAE: Microwave assisted extraction; EAE:
Enzyme assisted extraction; dw: dry weight; fw: fresh weight; rt: room temperature; CYP450: Cytochrome
P450 System.

4. Conclusions

Nowadays, evidence supporting the health effects of natural resources has led the
scientific community to better understand the phytochemical composition of innovative
health food diet products with the aim of obtaining bioactive compounds capable of re-
ducing oxidative stress and related inflammatory disorders [101]. To this end, scientific
evidence supports the beneficial effects of Salicornia, a halophytic plant of the Mediter-
ranean basin and the coastal regions of East Asia, on gastrointestinal disorders, diabetes,
hypertension, inflammation, vascular diseases, and oxidative stress. Focusing our atten-
tion on S. herbacea, S. ramosissima, and S. europea, the scientific studies collected in this
review highlight the interesting content of phenolic compounds from 1.2 to 2 mg/GAE in
Salicornia. Most of the research reviewed here supports the contribution of Salicornia in
protecting cells from ROS-induced damage. Beneficial effects have been described, such
as antitumor, antihypertensive, antibacterial, neuroprotective, and antidiabetic activities.
In addition, a significant improvement in vascular disease was observed. Furthermore, in
this review, a knowledge base for the selection of extraction procedures adopted for the
recovery of polyphenols from Salicornia has been collected. The knowledge that emerged
on the extraction methods adopted to extract polyphenols from Salicornia suggests the
development and implementation of eco-friendly procedures to enhance the extraction of
polyphenols through the adoption of sustainable extraction methods with higher yields.

Overall, the present work provides strong evidence that Salicornia polyphenols are
involved in several pathways that contribute to both antioxidant and antiradical activities
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by candidating Salicornia for the development of nutraceuticals and food supplements
with a wide variety of health-beneficial effects.
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Abstract: Polyphenols of plant origin are a broad family of secondary metabolites that range from
basic phenolic acids to more complex compounds such as stilbenes, flavonoids, and tannins, all of
which have several phenol units in their structure. Considerable health benefits, such as having
prebiotic potential and cardio-protective and weight control effects, have been linked to diets based
on polyphenol-enriched foods and plant-based products, indicating the potential role of these sub-
stances in the prevention or treatment of numerous pathologies. The most representative phenolic
compounds in apple pomace are phloridzin, chlorogenic acid, and epicatechin, with major health
implications in diabetes, cancer, and cardiovascular and neurocognitive diseases. The cereal byprod-
ucts are rich in flavonoids (cyanidin 3-glucoside) and phenolic acids (ferulic acid), all with significant
results in reducing the incidence of noncommunicable diseases. Quercetin, naringenin, and rutin
are the predominant phenolic molecules in tomato by-products, having important antioxidant and
antimicrobial activities. The present understanding of the functionality of polyphenols in health
outcomes, specifically, noncommunicable illnesses, is summarized in this review, focusing on the
applicability of this evidence in three extensive agrifood industries (apple, cereal, and tomato process-
ing). Moreover, the reintegration of by-products into the food chain via functional food products and
personalized nutrition (e.g., 3D food printing) is detailed, supporting a novel direction to be explored
within the circular economy concept.

Keywords: agro-industrial by-products; biological activity; circular economy; health effects; re-
integration; waste management; phenolic compounds

1. Introduction

By-products of agro-industrial provenance and food waste are severe global concerns,
particularly in many developed countries [1]. Food consumption has increased as a con-
sequence of urbanization, population expansion, and economic growth, and it remains
a consistent issue worldwide in the long run [2,3]. The most bothersome sectors are the
wheat flour production, apple juice production, and tomato-processing industries, which
generate massive amounts of residues, as a result of the extensive yearly processed tonnage
(Figure 1). On the other hand, the low cost and straightforward availability of this residual
biomass shelter the economic prospects of its potentially valuable components [4].

In general, cereal grains are the world’s main food source, contributing up to
300 million tons (Mt) of food products yearly according to FAOSTAT (http://www.fao.org/
accessed on 10 October 2022) [5]. The primary cereals produced are maize, wheat, rice,
barley, and oat crops, from which maize is mainly submerged as flour, animal feed, and
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substrate in ethanol production [6], while wheat is consumed worldwide mostly in the
form of flour [7].

(A) (B)

(C) (D)

Figure 1. Production of cereal, apples, and tomatoes (tons) in Europe. (A) Evolution of world cereal,
apple, and tomato production over the last two decades; (B) production of wheat (tons) in Europe
for every country in 2020; (C) production of apples (tons) in Europe for every country in 2020;
(D) production of tomatoes (tons) in Europe for every country in 2020 (http://www.fao.org/faostat,
accessed on 22 April 2022).

Maize (Zea mays L.), cultivated globally, is the prime cereal grown in the world [8].
As presented in Figure 1A, its production increased by more than 50% in the last 20 years
and is the most significant starch supply, and subsequently, it is one of the main organic
by-product generators in the world [6]. In Europe, cereal production increased more than
four times from 2000 to 2020, with the highest production in Western and Eastern Europe
(Figure 1B). According to a recent study, in Europe, these cereal by-products, via integration
with foodstuffs, could replace as many as 8.8 Mt of edible grains [9].

Wheat (Triticum aestivum L.) is one of the world’s most prominent cereals. According to
FAOSTAT, the global output in 2020 was over 760 million tons (Mt), up from 580 Mt in 2000,
showing a 30.97% increase in wheat production over the last two decades, and the global
output is expected to increase gradually in the future [10]. In agreement with the European
Flour Millers’ Report (2016), more than 45 Mt of wheat and oats is processed annually in
Europe, creating over 6.5 Mt of by-products, which are predominantly used for animal
nutrition [11]. By-products such as bran are a rich source of beneficial phytochemicals
such as dietary fibers, minerals, vitamins, polyphenols, and phytosterols, known for their
health-promoting properties [7,11–13]. Phenolic acids are among these components since
they are categorized as bioactive phytochemicals and have a significant impact on human
health [14].

Apple (Malus domestica sp.) is one of the most widespread fruits on the global scale.
In 2020, the global output was over 86 Mt, up from just over 59 Mt in 2000, indicating
an incremental tendency of apple production, with 46.19% in the last two decades [5].
China is the leading contributor to overall production with 46.85%, followed by the USA
with 5.38%, and Turkey with 4.97%, and from Europe, the main contributor is Poland with
4.11%, as shown in Figure 1C. Furthermore, the worldwide output is predicted to rise
steadily in the future [15,16].
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The resulting by-product of apple pressing/processing, which derives from juice,
cider, wine, distilled spirits, and vinegar production, as well as the formulation of jellies, is
known as apple pomace (AP). Solid pomace makes up to 20–35% of the apple fruit’s fresh
weight and is composed of a mixture of pulp, peel, core, seed, and calyx. Approximately
95.5% of the solid waste is produced by epi-mesocarp [17]. Dietary fiber, which makes
up around 65% of the dry weight of AP, is the main component from a nutritional point
of view, and the majority of dietary fiber in all pomace is insoluble. Apple seeds include
significant amounts of proteins and lipids, up to 49.5 and 24%, respectively. Additionally,
hemicellulose is the second-most significant fiber in AP (19.9–32.2%), and cellulose accounts
for a crucial part, comprising 43% of the pomace [18]. The by-products of the seed and peel
are rich in phenolic chemicals, primarily chlorogenic acid and phloridzin [19].

Tomatoes (Solanum lycopersicum L.) are considered one of the world’s most popular
vegetables but are classified as a fruit. In Europe, it was first domesticated in Spain [20], and
the main producers are represented in Figure 1D. The global output of tomatoes increased
to 186 Mt in 2020, up from just over 109 Mt in 2000 [5]. According to FAOSTAT, a substantial
increase in tomato production can be observed in the last two decades, precisely above
70%. The major producers are China with 34.67%, followed by India with 11.01%, Turkey
with 7.07%, and the USA with 6.54% of global tomato crop production. Additionally, the
global output is expected to increase gradually in the future [2]. More than one-third
of the tomatoes are processed due to their perishable nature, and considerable amounts
of by-products are generated via juice, sauces, ketchup, or puree production, among
other meals. The removal of tomato peels, seeds, and tiny amounts of pulp can add
between 5 and 30% to the cost of the primary products, and the by-products are a source
of environmental discomfort due to their high moisture content, which favors bacterial
growth and carbon dioxide emission [21]. The scientific literature confirms the presence
of health-promoting compounds such as carotenoids, polyphenols, tocopherols, terpenes,
and sterols in industrial tomatoes and their by-products, and endorses their extraction and
revalorization in functional food products, as the bioactive substances resist to industrial
processes [22,23].

Polyphenols are secondary metabolites that contain one or more hydroxyl groups,
being one of the largest classes of valuable bioactive compounds for supporting human
health [24,25]. Phenols are essentially made up of a hydroxyl group (-OH) linked directly
to an aromatic hydrocarbon group, whereas polyphenols are larger polymers of 12 phenolic
hydroxyl groups linked to five-to-seven aromatic rings [26,27]. Based on recent trends
regarding healthier lifestyles and an increase in the consumption of foodstuffs derived from
natural resources without any environmental drawbacks, the reintegration of by-products
generated by the food industry is an important topic [28,29].

Green alternatives to lessen environmental pollution and waste generation include
renewable biomaterials, and wheat-, apple-, and tomato-processing by-products can be
framed into this category. In recent years, innovative and inventive applications of these
by-products have contributed to the steady advancement of bioeconomy and biotechnology
through the extraction and/or revalorization of natural phenolic compounds [30].

The use of agro-industrial derivatives might provide an additional source of income,
and it could reduce by-product disposal and improve the nutritional profile of functional
food items at the same time. Utilizing grain, tomato, and apple by-products from industrial
production may provide a generous supply of nutrients, and their repurposing might
represent a substantial source of revenue. Therefore, the objective of the current literature
review is to highlight the primary phenolic components linked to human health, which
can be found in the by-products of these three major agrifood industries (apple, cereal, and
tomato processing), and to encourage their recovery and, accordingly, reintegration into
the food chain using circular economy principles. Nonetheless, based on the findings of
this study, it is projected that the food-processing industries could better manage their by-
products and waste (e.g., through the incorporation of by-products into food formulations
to boost the nutritional value), therefore avoiding a major environmental concern.
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2. Polyphenols in Apple-Processing By-Products

Apples are one of the most consumed fruits worldwide, both in industry and at
the individual population level [31]. Approximately 11 million metric tons of apples is
produced and used annually in the apple-processing industry and alcoholic beverage
production in Europe [32]. Apple pomace is one of the most widely produced agrifood
wastes, with an annual production rate of about 4 million tons worldwide [33]. The recovery
rate for this by-product, however, is modest. Pomace is frequently discarded and dumped
in landfills as waste, which causes environmental issues and presents a potential risk to
public health [3,34].

The amount of pomace resulting after apple processing can be reused in biotechno-
logical routs as a substrate for the production of different compounds, such as flavoring
compounds, pigments, fuel, and citric acid, or as raw materials for the extraction of fibers
and phenolic compounds [35–38].

From a nutritional point of view, apple pomace is a by-product rich in fibers, vita-
mins, minerals, phenolic compounds, and pigments [19]. All these macronutrients have
a significant role in the human organism through their effects on metabolism. Therefore,
apple pomace has attracted researchers’ consideration, as well as stakeholders’ attention,
by virtue of its valuable composition and by presenting suitable properties for further
sustainable use [39].

The nutritional profile of apple pomace is mainly represented by phenolic compounds,
carbohydrates, and fibers, as presented in table Table 1. These constituents can help treat
gastrointestinal disorders, decrease serum triglycerides and LDL-cholesterol, and regulate
glycemia [40,41]. All these effects in the human organism can be explained through their
high concentration of the beneficial compounds mentioned above, primarily exerting
anti-inflammatory and antioxidant roles [42].

Table 1. The nutritional and polyphenolic profile of apple pomace 1 [43].

Composition Amount (% DW)

Total sugar 45.1 ± 5.3
Total dietary fiber 26.5 ± 0.8

Insoluble fiber 18.4 ± 0.4
Soluble fiber 8.2 ± 0.5

Total phenolic content (mg EGA/100 g AP) 289.1 ± 24.2
Fat 3.8 ± 0.2

Protein 2 3.8 ± 0.0

Polyphenolic profile (mg/100 g dry matter)

Quercetin-3-O-galactoside 22.55 ± 0.34
Quercetin-3-O-xyloside 13.91 ± 0.03

Quercetin-3-O-rhamnoside 19.21 ± 0.00
Chlorogenic acid 20.55 ± 0.12

p-coumaroylquinic acid 0.16 ± 0.03
Catechin 1.44 ± 0.02

Procyanidin B2 2.61 ± 0.00
Phloretin-2-O-xylosyl-glucoside 1.48 ± 0.14

Phlorizin 15.52 ± 0.00
1 Values represent mean ± standard deviation, based on [43]; 2 nitrogen to protein conversion factor was 5.7.

In addition to the benefits, the consumption of apple pomace may raise questions
associated with toxicity when it comes to its applicability in the food industry [44], with
seeds representing 4–5% of the apple pomace [45]. Apple seeds contain a plant toxin called
cyanogenic glycoside amygdalin, which can interact with digestive enzymes, resulting
in the release of hydrogen cyanide. This toxin can cause different symptoms, from mild
symptoms such as dizziness to severe symptoms such as paralysis and coma [46]. However,
to reach poisoning levels, the ingested quantity must be significantly high; more exactly,
between 83–500 apple seeds are needed to reach the poisoning level, or the person must
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consume more than 800 g of apple pomace [33,47]. Studies on apple seed oil have confirmed
the safety of its use, as the limit was found to be below the toxicity level [48].

Phenolic compounds are concentrated mainly in the core, seeds, peel, calyx, and
stem, as well as in smaller amounts in the pulp, highlighting how apple pomace can be
valorized through its high amount of antioxidant compounds. As shown in Figure 2, the
total phenolic content of seeds has a higher value compared with the pulp, followed by the
peel, both being part of apple pomace.

Figure 2. Distribution of phenolic compounds in apple fruit, according to Feng et al. [49]. TPC—total
phenolic content; DW—dry weight.

The predominant phenolic compound families in apple pomace are dihydrochalcones,
procyanidins, flavan-3-ol monomers, flavonols, anthocyanidins, and hydroxycinnamic
acids. The most representative compounds are phlorizin from the dihydrochalcones family,
chlorogenic acid from the hydroxycinnamic acids family, and epicatechin from the flavan-3-
ol monomer family [50].

One of the representative phenolic compounds in apples and, remarkably, apple
pomace, is phlorizin (Figure 3A). As the main compound from the dihydrochalcone family,
the amount of phlorizin in apple pomace is approximately 1.6 mg/g dry weight, highlighted
in a study by Lavelli et al. on the stability of phenolic compounds in apple pomace [51].
Phlorizin is used as a marker of apple varieties and is mainly concentrated in apple seeds.
This polyphenol is also used as a reliable marker for spotting the presence of apples, a less
expensive alternative compared with the reported fruits [52].

(A) (B) (C)

Figure 3. The chemical structure of the predominant phenolic compounds identified in apple pomace:
chlorogenic acid (A); epicatechin (B); phlorizin (C). Source: ChemDraw Software.

Nevertheless, it also acts as a strong antioxidant, anti-inflammatory, and antimicro-
bial compound [53,54]. Regarding its benefits, phlorizin exerts several health benefits,
mainly in diabetes, due to its ability to alter the glucose absorbed and excreted. A recent

175



Molecules 2022, 27, 7977

study illustrated that the intestine and kidney’s sodium/glucose cotransporters are specifi-
cally and competitively inhibited by phlorizin. In addition, postprandial hyperglycemia
therapy in diabetes and other associated illnesses, such as obesity, may benefit from this
characteristic [55]. A study conducted on streptozotocin-induced diabetic mice showed
that a diet containing 0.5% phlorizin significantly improves the exacerbated elevations in
blood glucose levels [56,57]. Another health benefit can be seen in colitis, where it acts as
a protective compound for the intestinal brush border [58].

Chlorogenic acid (Figure 3B) is representative in the peel and flesh of apples compared
with their seeds. Chlorogenic acid is a powerful antioxidant known for counteracting
pathologies caused by oxidative processes [59,60]. A study conducted on the improvement
of mood and cognition in the elderly showed enhanced results after the administration
of enriched decaffeinated coffee with chlorogenic acid, displaying that the consumption
of products containing chlorogenic acid can help in the treatment of neuro-cognitive
diseases [61]. Besides the benefits mentioned previously, chlorogenic acid can also confer
positive effects by lowering blood pressure, confirmed in a randomized trial involving
healthy volunteers after the administration of 400 mg chlorogenic acid in 400 mL low-
nitrate water. This effect can be explained by the ability of phenolic compounds to increase
nitric oxide, which improves cardiovascular health [62].

The third phenolic compound found in apple pomace in smaller amounts is epicat-
echin (Figure 3C). Besides all its fulfilled roles (e.g., antioxidation, anti-inflammation),
epicatechin can exert its role in diabetes, cancer, and cardiovascular disease, acting as
a neuroprotective compound, and it improves muscle performance [63]. Cilleros et al.
showed, in an in vitro study, the effect of epicatechin in regulating glucose uptake and
bolstering the insulin signaling pathway [64]. A study conducted on human monocytic
cells (THP1 cells) showed similar results regarding the beneficial effects of epicatechin in
diabetes through the attenuation of high-glucose-induced inflammation [65].

3. Polyphenols in Cereal-Processing By-Products

Rice, wheat, barley, and corn are the most prevalent cereals globally, accounting for
more than 90% of total cereal consumption [8]. By-products from the grain processing
food industry include bran, straw, germ, and spent brewery grain [8,14]. Recent scientific
studies confirm that the by-products of grain milling contain a wide range of beneficial
components that support human health. These components, illustrated in Figure 4, include
dietary fiber, vitamins, minerals, phytosterols, and polyphenols [66].

Figure 4. The most common cereals and their primary bioactive compounds.

The most common polyphenols in cereal by-products are flavonoids and phenolic
acids, categorized into two large classes: hydroxybenzoic acids and hydroxycinnamic
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acids [67]. Gallic, vanillic, p-hydroxybenzoic, protocatechuic, syringic, and salicylic acids
are all hydroxybenzoic acids with a C6-C1 structure. Hydroxycinnamic acids, on the other
hand, have a C6-C3 structure comprising caffeic, ferulic, p-coumaric, chlorogenic, and
synaptic acids [68].

Most of the phytochemicals found in cereal grains are identified in the bran fraction
and are primarily bound to dietary fiber components, such as cellulose, hemicellulose, and
lignin. In cereal by-products, a smaller amount of phenolic acid is present in a free form,
and a larger amount is present in a bound form. In corn, for example, the free phenolic
fraction ranges between 1 and 5 mg/100 g DW, while the bound fraction ranges between
150 and 300 mg/100 g DW [69]. The common phytochemical composition of cereal bran is
presented in Table 2.

Table 2. Chemical composition of cereal bran.

Compound
Amount (% DW)

References
Wheat Bran Rice Bran Oat Bran Corn Bran

Water 12.1 8.72- 29.4–31.2 4 [70–73]

Protein 13.2–18.4 10–16 5.9–6.7 9.5–10.1 [71,74,75]

Fat 3.5–3.9 15–22 6.47 1.92–6.41 [74,76–78]

Total carbohydrates 56.8 34.1–52.3 66.22 78.05–79.7 [74,76–78]

Starch 13.8–24.9 18.19–32.45 2.5–16.3 27.7–28.2 [70,72]

Cellulose 10.5–14.8 15.8 3.4 23–23.1 [72,79]

Hemicellulose 35.5–39.2 31.3 35% 26.1–27 [72,79,80]

Lignin 8.3–12.5 11.6 11.22 2.2–6.5 [72,79]

Total arabinoxylans 10.9–26.0 4.8–5.1 3 17.5–17.7 [70,79,81]

Total β-glucan 2.1–2.5 0.04–0.21 5.4–8.5 - [79,81]

Phenolic acids 1.1 1.57 0.7–1 2.2-2.7 [71,74,82]

Ferulic acid 0.02–1.5 0.004 1.76 1.5–1.9 [70,82,83]

Phytic acid 4.2–5.4 50.68 * - - [74]

Ash 3.4–8.1 10.65 10.3–10.9 4 [71,73]

* Phytic acid content of rice bran is expressed as mg/g DW.

Ferulic acid is primarily found in cereal by-products with values over 1000 μg/g
DW [69]. Wheat bran contains 90% ferulic acid, while oat bran contains 75% ferulic acid [84].
The metabolism of phenylalanine and tyrosine is responsible for their widespread presence
in plant-based sources. Ferulic acid may be found in cereals in several forms, including
free ferulic acid, γ-oryzanol, ferulic acid monoesters, and certain triterpene alcohols [84].
Ferulic acid is covalently linked to cell wall molecules, such as lignin, polysaccharides,
long-chain fatty acids, and flavonoids via ester, ether, and amide bonds [85,86]. Because of
the position of the hydrogen atom in the hydroxyl group of ferulic acid, it reacts with a free
radical to produce an antioxidant effect [69,87].

Cereal bran is also rich in vanillic, syringic, salicylic, caffeic, and p-coumaric acids [68].
Vanillic acid (4-hydroxy-3-methoxybenzoic acid) is a hydroxybenzoic acid, a major compo-
nent of vanilla flavor, which is used in the food industry for flavoring and preserving appli-
cations, along with the beverage, pharmaceutical, cosmetic, and tobacco industries [88].

Another predominant phenolic acid found in cereal bran is p-coumaric acid, which
is the most available form of cinnamic acid and the most common cinnamic acid isomer
in nature [89]. Coumaric acid, like the vast majority of phenolic acids, is found in lower
concentrations in the endosperm of grains, with significantly increased concentrations in
the peripheral tissues. Barley (230 μg/g), wheat (166 μg/g), oats (165 μg/g), and corn
(2555 μg/g) have the highest levels of p-coumaric acid in their pericarp fractions [89].
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Generally, phenolic acids have powerful biological effects such as antioxidant activ-
ity, antibacterial activity, anticancer properties, and anti-inflammatory effects, along with
flavonoids. Flavonoids derived from grain-processing by-products contain antioxidant and
anti-inflammatory functional groups. Flavonoid glycosides, such as cyanidin 3-glucoside,
have been found to provide antioxidant and anti-inflammatory effects, and their gastroin-
testinal absorption rate is high. These chemicals’ bioavailability is poor, ranging from
1–100 nmol/L of the total plasma concentration [87]. However, bounded polyphenols can
be released in the colon by intestinal bacteria and certain enzymes, resulting in bioavailable
phenolic metabolites with possible health advantages.

A study conducted on the effects of phenolic compounds on the large intestine’s
modulation showed that chlorogenic acid was converted into caffeic acid during the
first stage of microbial biotransformation (dehydroxylation, dehydrogenation, or ester
hydrolysis), and the primary metabolites found included di- and mono-hydroxylated
phenylpropionic acids, m-coumaric, and hippuric acid [90].

An in vivo study conducted by Nuria Mateo Anson and colleagues [91] investigated
how processed bran from whole wheat bread modifies the bioavailability of phenolic acids
and exerts antioxidant and anti-inflammatory effects by examining postprandial plasma.
The results showed a two- to three-fold increase in the bioavailability of ferulic acid, vanillic
acid, sinapic acid, and 3,4-dimethoxybenzoic acid after eating bioprocessed bread. Further-
more, the ratio of pro-anti-inflammatory cytokines was significantly lower [92]. Another
study examined the impact of regulated ferulic acid intake on lipid profiles, oxidative
stress, and inflammatory activity in hyperlipidemic individuals. The improvement of the
lipid profile, oxidation of LDL-cholesterol, decrease in oxidative stress, and reduction in
inflammation were noticed after the consumption of 1000 mg of ferulic acid daily [93].
Thus, a diet rich in phenolic compounds can help prevent illnesses caused by oxidative
stress and inflammation, as well as relieve symptoms associated with chronic diseases,
including cardiovascular disease, obesity, and metabolic syndrome.

4. Polyphenols in Tomato-Processing By-Products

Tomatoes are highly appreciated and consumed for their appetizing taste and various
shapes and colors, as well as for their antioxidant properties and chemoprotective and
cardioprotective effects. Tomato-based food products such as juices, ketchup, sauces, paste,
and puree generate large quantities of wet solid by-products with harmful environmental
consequences; however, paradoxically, these solid wastes are a promising source of health-
promoting compounds, such as carotenoids and polyphenols [2,22,94,95]. The main tomato-
processing by-products are peels and seeds, together with small amounts of pulp. For
instance, the seeds account for 10% of the fruit and 60% of the total waste [96].

Tomatoes contain various phytochemicals and bioactive compounds that are able
to endure industrial treatments and still remain in the tomato waste [97]. Therefore, the
valorization of tomato by-products could be a valuable source of natural bioactive molecules
for human health. Their reintegration into the food chain may be achieved by using them
as natural additives in food production and/or nutraceuticals [2]. Bioactive compounds
found in tomato by-products are carotenoids, polyphenols, vitamins, proteins, and high-
quality fatty acids [95,98,99]. Among these active molecules, polyphenols have antioxidant
and anti-inflammatory properties that play an essential role in human health [25]. The
primary phenolic compounds found in tomato by-products are flavonols and phenolic
acids, illustrated in Figure 5, with quercetin, naringenin, and rutin being the predominant
molecules [100].

Tomato peels contain a significantly higher level of phenolic compounds in com-
parison with the seeds and pulp; 83% of the flavonols in tomatoes are present in the
peels [101]. As an example, a higher level of polyphenol content in tomato peel by-products
(33.5 mg TAE/100 g dried peel) was reported by Sarkar and Kaul (2014) compared with
tomato seed by-products (20.11 TAE/100 g meal) [94]. However, the profile of polyphenol
contents found in tomato by-products is dependent on several factors, such as the fruit
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varieties [99], the geographical origin of the fruits [101], and the extraction methods used on
the target compound [102]. Some examples regarding the total phenolic content in tomato
by-products considering location and extraction method, as well as their antimicrobial
and antioxidant activity, are provided in Table 3. Given the fact that tomato-processing
by-products are most abundant in carotenoids as primary bioactive molecules, the antioxi-
dant activity and antimicrobial effects might be attributed to the synergistic antioxidative
effects of lycopene with other bioactive compounds to enhance their overall antioxidant
activity [103].

(A) (B) (C)

Figure 5. The chemical structure of the predominant phenolic compounds identified in tomato-
processing by-products: rutin (A); quercetin (B); naringenin (C). Source: ChemDraw Software.

Table 3. Total phenolic content and antimicrobial and antioxidant activity considering the localization
and extraction methods.

Geographical
Origin

Tomato By-Products Extraction Method Total Phenolic Content Antioxidant Activity
Antimicrobial

Activity
Reference

India Peels

Solvent extraction

33.5 mg TAE/100 g 21.0% inhibition/g - [94]Seeds 20.11 mg TAE/100 g meal 34.0% inhibition/g -

Romania

Seeds and peels of
10 varieties
of tomato

111.9 to 407.7 mg/100 g DW Mean value of 489.9 ± 41.5 μmol TE/100 g Gram-positive and
Gram-negative

bacteria

[99]

Peels of 10 varieties
of tomato 35 to 157 mg/ 100 g DW Mean value of 201 ± 44 μmol TE/100 g [95]

Portugal Whole tomato

408.89 ± 12.11 and
277.24 ± 11.29 mg

GAE/100 g DM (fresh and
after 6 months of frozen

storage); 310.33 ± 10.38 and
283.64 ± 11.84 mg

GAE/100 g DW (before and
after 6 months of
powder storage)

ABTS (694.07 ± 45.00 and 558.73 ± 29.06 mg
TE/100 g in fresh and after 6 months of

frozen storage; 350.15 ± 14.37 and
407.56 ± 25.93 mg TE/100 g before and after

6 months of powder storage)

Enterobacteriaceae,
Bacillus cereus spp.,
yeasts, and molds

[104]

ORAC (3165.18 ± 77.48 mg TE/100 g,
3285.77 ± 271.25 mg TE/100 g

1771.66 ± 31.25 mg TE/100 g in fresh and
after 1 to 6 months of frozen storage;

1581.76 ± 124.90 TE/100 g,
1610.74 ± 46.51 mg TE/100 g and

1229.74 ± 38.52 mg TE/100 g before and after
2 to 6 months of powder storage)

DPPH (418.79 ± 30.92, 648.06 ± 55.38,
388.53 ± 27.18 mg TE/100 g in fresh and after
3 to 6 months of frozen storage; 117.78 ± 4.99

to 130.44 ± 3.51 mg TE/ 100 g before and
after 6 months of powder storage)

Spain Peels fiber

Enzyme hydrolysis 291.14 ± 11.1 to
353.15 ± 19.6 mg GAE/kg

3.90 μmol TEAC/g - [105]Maceration 749.84 ± 15.55 mg GAE/kg
Ultrasonic assistance (5

to 15 min)
985.78 ± 112.93 to

1056.18 ±67.9 mg GAE/kg

DW—dry weight; GAE—gallic acid equivalents.

The antioxidant and antimicrobial capacity of polyphenols has attracted increasing
interest. These compounds have the ability to scavenge free radicals and reactive oxygen
species, which are known to be involved in the development of cardiovascular diseases
and several cancers [106]. For a more thorough study regarding the mechanism of action of
polyphenols, Zhang and Tsao (2016) critically reviewed their biological activities, including
antioxidative stress activity, anti-inflammatory effects, etc. [107].

The antioxidant capacity of tomato by-products can be divided between the hy-
drophilic and the lipophilic fractions. The antioxidant activity generated by polyphenols
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is attributed to the hydrophilic fraction since these molecules are soluble in water. The
entrapment of polyphenols in the major insoluble fraction of tomato peels, formed mainly
by hemicelluloses, leads to low antioxidant activity. The antioxidant activity of tomato peel
fiber was found to be 3.90 μmol TE/g for the hydrophilic extract, lower than expected [105].
The mean value of the antioxidant activity of ten varieties of tomato by-products was found
to be about 4.90 μmol TE/g, with the highest value being 5.74 μmol TE/g. Furthermore,
little to any correlation has been found between the total phenolic content and antioxidant
activity [99]. However, antioxidant activity might not always correlate with the num-
ber of phenols; it could be connected to the mutual interactions between all hydrophilic
antioxidants and other constituents of the tomato by-products [95].

Even though tomato peels and seeds have relatively modest antioxidant activities,
it is necessary to consider other remarkable attributes of these by-products, such as the
antimicrobial capacity of polyphenols. Due to their hydrophobicity, phenolic compounds
such as flavonols are capable of penetrating the cell phospholipid membranes of bacte-
ria, able to exert their antibacterial activity inside the cell [108]. Gram-negative bacteria
have cell walls surrounded by external membranes, which have high lipopolysaccha-
ride contents. This makes Gram-negative bacteria less sensitive to the action of bioactive
compounds such as polyphenols. This phenomenon was proved when the phenolic ex-
tracts of ten varieties of tomato by-products were tested against seven bacterial strains.
The Gram-positive bacteria showed a higher sensitivity to the extract compared with the
Gram-negative bacteria. All extracts were effective against Staphylococcus aureus, especially
the Tiny Tim tomato variety, with a higher amount of flavonol glycosides and isochloro-
genic acid. The Mirsini extract presented moderate antibacterial activity against Gram-
negative bacteria (Pseudomonas aeruginosa, Salmonella typhimurium, Klebsiella pneumoniae,
and Escherichia coli) [99].

The microbial contamination of soil can also influence the antimicrobial activity of
fresh tomato by-products. When the Portuguese national microbiological guidelines for
ready-to-eat foods were considered, unwashed and impure tomato by-products showed
unsatisfactory Enterobacteriaceae, yeast, and Bacillus cereus spp. microbial counts for these
food products. Washed and disinfected tomato by-products maintained these bacteria
within satisfactory limits. Thus, tomato by-products have antimicrobial potential and can
be used in food formulations or for cooking also considering their carotenoid content as
natural food colorants. Furthermore, 6 months of frozen storage causes no substantial
variation in microbial counts. Storing dry tomato by-products at room temperature slightly
decreases the microbial counts of tested microorganisms [109]. Therefore, tomato by-
products may control microbiological growth and may play an important role in the
prevention of foodborne diseases.

5. Health-Promoting Properties of Polyphenol-Rich Diets

Since ancient times, the consumption of fresh vegetables, various green leaves, seeds,
and fruits has promoted an optimal health state in the human organism without people
knowing the exact mechanism of action. Polyphenols have contributed significantly to
the enhancement of health status in humans over time, mainly due to their antioxidant
properties, prebiotic potential, and, in some cases, their antimicrobial effects [25,110]. Based
on their antioxidant effects, the polyphenolic structures are involved in the stimulation of
the immune response against the progression of degenerative disorders such as metabolic
syndrome, neurological affections, and different types of cancer. In addition, diets rich in
polyphenols have been proven to sustain the optimal functioning of the immune system, as
they enhance the activation of the NF-κB signaling pathway in macrophages that intervene
in the management of inflammation processes [111]. Furthermore, multiple associations
have been made between polyphenols and protective effects against chronic diseases
based on chronic inflammation, and substantial evidence highlights the precautionary
consequences of a polyphenol-rich dietary pattern [112–114].
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The generous number of scientific reports available in recent years point out the
strong antioxidant potential of vegetable-based polyphenols manifested through their
antidiabetic, anti-obesity, anti-inflammatory, anticancer, hepatoprotective, cardioprotective,
nephroprotective, neuroprotective, and osteoprotective effects, confirmed through various
in vitro and in vivo studies [112]. In the same line, Condezo-Hoyos et al. highlighted,
through a systematic review, the role of polyphenol-rich diets in clinical trials. The main
results of the investigation showed substantial differences considering the consumption of
2564 mg of polyphenols (including hydroxycinnamic acids) per day [115].

Apples are among the most polyphenol-abundant fruits that are broadly consumed
worldwide. Both the peels and pulp of apple fruits are rich in polyphenols, such as catechins,
quercetin, rutin, phloridzin, phloretin, and chlorogenic acid, which are confirmed to exert
positive effects, especially in reducing the evolution of neurodegenerative disorders [31].
At the same time, in vitro studies conducted on mice have proved that polyphenols ex-
tracted from apples have a protective effect on damaged gastrointestinal mucosa induced
by drugs [31]. In addition, plenty of in vitro studies and clinical trials demonstrate the
positive biological effects of polyphenol-rich foods such as apples on human and animal
health, especially by stimulating the immune system. Diets consisting of moderate apple
consumption maintain the general health state and accelerate the immune system’s re-
sponse to pathogenic threats [116]. Due to the lower water percentage in apple by-products,
the phenolic content increases compared with fresh fruit. Additionally, the exterior layer of
the apple contains enzymatic and nonenzymatic antioxidants as a consequence of outer
environment exposure, which is valuable for homeostasis maintenance [117].

In addition, cereal bran represents a valuable source of polyphenolic compounds. Bran
derived from wheat, corn, rice, barley, sorghum, rye, oat, and millet has been proven to
contain high concentrations of phenolics, flavonoids, and anthocyanins, which can inhibit
the oxidation of human low-density lipoprotein (LDL) cholesterol. Moreover, the bioactive
compounds found in cereal bran have great biological potential in the prevention of chronic
disease development, such as cardiovascular disease, diabetes, and cancer [118].

In the same line, tomato-processing by-products contain different concentrations of
polyphenolic compounds, mainly phenolic acids and flavonoids, which have been validated
to be involved in decreasing triglyceride levels and regulating lipid metabolism. Nonethe-
less, tomato peel-derived polyphenols have shown anticarcinogenic, anti-inflammatory,
anti-aggregation, and vasodilating effects in vitro and in clinical studies [119,120].

5.1. The Prebiotic Potential of Phenolic Compounds

Phenolic compounds may play an important role in the gut microbiota’s health state,
acting as a prebiotic substrate for a diversity of probiotic strains [25,121]. In addition,
polyphenols are considered prebiotics in the consensus document of the International
Scientific Association for Probiotics and Prebiotics (ISAPP) [122]. Polyphenols such as
catechin, gallic, vanillic, ferulic, and protocatechuic acids selectively stimulate probiotic
strains and inhibit pathogenic ones. A study conducted by Pacheco-Ordaz et al. [123]
investigated the effect of the five abovementioned polyphenols on the development of two
probiotic strains, Lactobacillus rhamnosus GG ATCC 53103 and Lactobacillus acidophilus NR-
RLB 4495, and two pathogens, Escherichia coli 0157:H7 ATCC 43890 and Salmonella enterica
serovar Typhimurium ATCC 14028. The authors observed that the combination of phenols
allows for the selective growth of probiotics and inhibits the development of pathogenic
bacteria [123].

Apple pomace, composed especially of seeds and peel, contains the more signif-
icant part of phenolic compounds, primarily phloridzin, chlorogenic acid, and solu-
ble/insoluble fibers. These contribute to the diminished glycemic index and amended
mineral bioavailability [124]. Besides improving the nutritional quality of food products,
their applicability in food fortification promotes the viability and fermentation period of
lactic acid bacteria, which can further upgrade sourdough quality [3].
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5.2. Cardioprotective Effects of Polyphenols

The imbalance between free radical accumulation and antioxidant activity is one of
the critical indicators contributing to the high prevalence of cardiovascular disease. This
noncommunicable illness is the primary cause of mortality worldwide [125]. The current
pandemic also highlighted the importance of nutrition and a healthy lifestyle regarding the
immune system and the prevention of certain chronic diseases, particularly cardiovascular
disease [126].

Diets comprising polyphenols extracted from apples, cereals’ bran, tomato peels
showed positive activity close-connected to the well-functioning of the cardiovascular
system [31]. For instance, in vivo studies on mice with cardiovascular disorders, treated
with polyphenolic extracts from apple peels, showed improved results considering blood
pressure, endothelial function, lipid homeostasis, and insulin resistance compared with the
control group [127].

A double-blind, placebo-controlled investigation on 24 hyperlipidemic adults found
that taking 1000 mg of ferulic acid daily for six weeks resulted in a significant reduction in
total cholesterol (8.1%), LDL-cholesterol (9.3%), triglyceride (12.1%), and significantly in-
creased HDL-cholesterol (4.3%) compared with placebo subjects [73]. Additionally, studies
have demonstrated that regular whole grain consumption lowers the chance of developing
particular illnesses, including type 2 diabetes, cardiovascular diseases, metabolic syndrome,
and obesity [72,103,104]. Particular attention has been paid to the use of polyphenols in
the prevention of cardiovascular-associated diseases, as these represent one of the main
causes of increased mortality worldwide [105]. Moreover, ferulic acid, which abounds in
wheat and oat brans, has good cardioprotective potential, as it maintains blood pressure,
cholesterol, and glycemia at their optimal levels [128]. Furthermore, phenolic compounds
found in tomato peels and seeds influence the cardiovascular system, mainly through their
antithrombotic activity, imprinting ischemic injury prevention at the same time [129].

5.3. Polyphenols in Weight-Control Diets

Gut homeostasis is perturbed by obesity and overweightness, and it consequently
enhances the ratio of Firmicutes/Bacteriodetes, which accelerate adiposity [130]. Studies con-
ducted on polyphenols extracted from apples showed the positive impact of these compounds
on weight loss and on the microbial communities of the guts of obese individuals [131]. More-
over, studies conducted on the effect of phenolic acids extracted from grain bran showed
their output in reducing obesity risk and attenuating insulin resistance, thus contributing
to maintaining a balanced body weight [132]. Polysaccharides, such as arabinoxylans
and xylooligosaccharides extracted from cereal by-products, have a prebiotic effect, which
also contributes to various metabolic dysfunctions and decreases blood cholesterol and
glucose [133,134].

Polyphenols have shown a positive impact on the control of blood glucose levels, thus
resulting in their positive attributes in the management of metabolic-related afflictions, such
as diabetes [135]. In a systematic review performed by Coe and Ryan, several randomized
clinical trials studying the effect of polyphenols in connection with carbohydrates on
acute postprandial glycemic and insulin responses were analyzed. The results of the
study pointed out that polyphenol-rich sources diminished the peak and early-phase
glycemic response and also maintained the glycemic response in the later digestion phases.
In addition, the polyphenol intake exhibited the mitigation of the insulin response, in
particular, when they were consumed with bread, thus sustaining the beneficial properties
in diminishing type 2 diabetes incidence [135].

6. Applicability of Recovered Polyphenols from Apple-, Cereal-, and
Tomato-Processing By-Products in Functional Food Products in the Food Chain

The present concept of functional foods is the result of the gradual recognition that
healthy diets derive from eating nutritious foods and from the identification of the mecha-
nisms by which foods modulate metabolism and health. Some groups of foods, in addition
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to their nutritional properties, have supplementary properties for health. These types
of foods are called functional foods and may be defined as any food that has a positive
impact on an individual’s health, physical performance, or state of mind, in addition to its
nutritious value.

6.1. Apple-Processing-Derived By-Products

The by-products of apple processing can be efficiently integrated into various food-
stuffs, as specified in Table 4. Due to high fiber content, such as pectin and starch, which
increases the viscosity of the products, these by-products can be integrated efficiently into
functional food products, such as jellies, jams, or other foodstuffs [30]. In addition, due to
several favorable health-related effects, the integration of AP is becoming more and more
popular in various forms and applications [3,136].

One of the most efficient methods of preserving and integrating AP is drying and
grinding it to obtain a powder, namely, AP flour. As indicated by Martau et al., 2021, the
fortification of sourdough with 5 or 10% AP flour improved the microorganism’s viability
due to high sugar content and enhanced the flavor of the sourdough [137]. Another study
indicated an increased dietary fiber content after the inclusion of AP flour in wheat and rye
crispbreads, from 9.39 to 15.89 g/100g and 15.8 to 19.89 g/100, respectively [138]. Besides,
no browning reaction could be observed in the final products even if the AP flour contained
increased reducing sugar content. The same results could be observed in other studies, as
shown in Table 4.

AP can also be applied to snacks or yogurts through extrusion and freeze-drying or
even to pork meat to prepare salami products [139–141]. The main phenolic compound,
phlorizin, has also been efficiently integrated into chewing gums, which can be dissolved
after 5 min of chewing, thus contributing to administering bioactive compounds [142].

On another note, from apple by-products, several other important compounds can
be obtained, such as pectin, via extraction and various organic chemicals (e.g., butanol,
propionic acid, bio-succinic acid) using fermentation processes [143]. In addition, from the
extracted pectin, efficient biofilm solutions can be produced, which can be further applied
in the production of active packaging that can be additionally enriched with AP-derived
antioxidants [144]. Introducing these bioactive compounds results in biodegradable, water-
soluble packages that improve the quality and shelf-life of wrapped foodstuffs.

6.2. Cereal-Processing-Derived By-Products

By-products belonging to the cereal industry mainly include rice, corn, wheat, barley,
and other cereals used in the production of bakery products and alcoholic beverages. Cereal
grains comprise one of the primary assets of human food, and recently, their manufacturing
has expanded; the by-products originating from these resources have also increased [28,145].
The direct derivatives of these cereals are bran, germ, husk, hulls, and brewery wastes
(brewer’s spect disposal) [133]. These comprise diverse, major compounds with significant
health effects [14,134].

The need for gluten-free diets, especially in humans with Celiac disease, has grown
steadily, and finding products with enhanced nutritional properties is of foremost
importance [146]. The integration of by-products can contribute to the improvement of
gluten-free products. A recent study improved the nutritional content of rice muffins
through the integration of sweet corncob flour. This increased the fiber and ferulic content
of the final product [147]. Another efficient method is the integration of oat proteins, which
are usually removed through processing and can be efficiently integrated into various
functional food products [148,149].

Several other kinds of cereal, native to their respective countries, contain important
functional and nutritional properties. One of these is quinoa, a pseudo-cereal that originates
from the Andean region. This cereal can also be efficiently used in the production of gluten-
free products, especially after sourdough fermentation [150]. Through fermentation, the
overall characteristics of the final foodstuff obtained from cereal by-products are improved,
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through prolonged shelf life, improved texture, flavor, diminished antinutrients, and
growth in phytochemicals [151,152].

6.3. Tomato-Processing-Derived By-Products

Tomatoes are consumed in high quantities worldwide; thus, the by-products origi-
nating from this vegetable are consistent. Various studies have handled the reutilization
of this by-product, as it contains essential amounts of organic acids, sugars, antioxidants,
fibers, vitamins, proteins, and oils that are crucial to the effective functioning of the human
body [22,153].

The main compounds recovered from tomato-industry-derived by-products are
carotenoids, which can be efficiently integrated into various functional food products. They
contribute to the sensory properties and shelf life and increase the bioactive
ingredients [97,154,155]. Several studies tackle the troubles that are encountered through
their inclusion in food products, such as their hydrophobic nature. A recent study by
Szabo et al., 2022, efficiently incorporated these carotenoids in microcapsules that improved
bioaccessibility through in vitro digestion model [2]. In a recent study, tomato by-products
were integrated with various vegetable oils [154]. These extracts decreased the viscosity in
the cases of hempseed and grapeseed oils and increased the viscosity in the case of flaxseed
oil. This variation in viscosity can be attributed to the fact that the enrichment increased
the thermal motion of the oil molecules and decreased the intermolecular resilience. These
oils can be easily integrated with functional foods and are an efficient delivery system for
these carotenoid extracts.

A high portion of tomato by-products is composed of seeds (5–10%), from which
tomato seed oil can be extracted. These seeds consist of proteins (34%), lipids (30%),
and fibers [129], as well as unsaturated fatty acids (palmitic, oleic, and linoleic acid).
Generally, the proportion of oil extraction from tomato seeds ranges between 10 and 35%
DW, depending on the extraction method [156].

Table 4. Examples of the reintegration of apple-, cereal-, and tomato-processing by-products in
functional food products.

Food Product Effect On Food Product Ref.

A
p

p
le

AP flour (5, 10%) Bakery product—sourdough + cell viability; ↑ organic acid content (malic, oxalic, and citric acid) [3]

AP flour (5, 10, 15%) Cereal crispbread ↑ total dietary fiber; ↑ hardness and crispiness [139]

Apple peel powder Muffin ↑ dietary fiber; ↑ bioactive compounds; + color and texture; + organoleptic
characteristics (12%) [157]

AP flour (2.5, 5, 7, 10%) Pasta
↓ carbohydrate content; ↑ fiber, protein, fat, and ash content; ↑ swelling index, cooking water

absorption, and cooking loss; ↓ optimum cooking time; ↓ texture and structure of
pasta (10%)

[32]

AP (2, 3, 6, 9%) Freeze-dried snacks ↑ AP; ↓ lightness coefficient; ↑ cutting force; ↑ organoleptic properties (2%); ↓ water activity [158]

AP 20% GF corn snacks
↑x36 chlorogenic acid; ↑x4 cryptochlorogenic acid; ↑x6 catechin; ↑x3 procyanidin; ↑x8

epicatechin; ↑x25 phlorizin; ↑x3 total soluble and insoluble dietary fiber; ↑
organoleptic scores

[159]

AP powder Yogurt ↓ sensory profile; ↑ protein and fat content; ↑ rheological attributes [141]

Freeze-dried AP powder (0.5, 1%) Set-type yogurt ↑ gelation pH; ↓ fermentation time (1%); firmer and consistent yogurt (cold storage); stable
structure (0.5%); stabilizer and texturizer [43]

Dried AP (7, 14%) Italian salami ↓ fat and calories; ↑ fiber and phenol content [140]

Defatted apple seed flour Chewing gum ↑ phlorizin content (52–67% and 75–83% of the total phenolics) [143]

C
e
re

a
l

WB & BF Bread

↑ dietary fibers content

[160]↑ alveograph profile

↑ volume of bread

SCC (10, 20, and 30%) GF rice muffin ↑ dietary fibers and ferulic acid content; ↑ nutritional value; + height, color, and texture
(20% SCC) [147]

BRF Buns and muffins
↑ dietary fibers, iron, zinc, and calcium; ↑ antioxidant capacity and phytonutrient content;
↓ carbohydrates and sensory acceptability; moderate glycemic index and glycemic load;

↑ shelf life
[161]

OPC & OPI Yogurt ↑ nutritional benefits (OPI); ↑ product quality and sustainability (OPC); ↑ nutritional (OPC) [149]

BMG + PBD (1:1) Cereal composite bar + essential minerals and fiber; ↑ sensorial evaluation; antifungal properties [162]

BSG Yogurt ↑ viscosity and shear stress; ↓ fermentation time; maintained flow behavior and stability [163]

BRG+PFPF+WP GF breakfast cereals Average acceptance; + total, soluble, and insoluble dietary fiber; ↑ darkness, protein, and
carbohydrate content; ↓ expansion and consumer acceptance [164]
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Table 4. Cont.

Food Product Effect On Food Product Ref.

PH Gel-based foods ↑ textural and sensory characteristics; syneresis and fat loss during cooking avoidance;
↑ gelling properties [165]

T
o

m
a
to

CT Hemp, flaxseed, grapeseed oil ↑ oil quality; ↑ viscosity (flaxseed oil); ↓ viscosity (hemp and grapeseed oil); intense color [154]

TBPP biofilms ↑ aesthetic impact and coloring; ↓ transparency [166]

TBPP biofilms ↑ physical properties (diameter, thickness, density, weight); ↑ antimicrobial effect; ↑ total
phenolic content [155]

TPP GF ready to cook snack ↑ fiber, mineral, and lycopene content; ↑ antioxidant activity; ↓ oil uptake [167]

TPF Spreadable cheese ↑ spreadability; ↑ antioxidant activity and phenolic content; ↑ fibers [168]

TBP Passata ↑ total dietary fiber; ↑ lycopene and polyphenols [169]

TPP (5, 10, 15, 20, 25%) cookies ↓ lightness values; ↑ redness and yellowness; acceptable by consumers (5%) [170]

TPF (15%) pasta ↑ carotenoids and dietary fiber; ↓ sensory scores for elasticity, odor, and firmness [171]

Food manufacturing through 3D-printing technology is an innovative method of
delivering personalized food, meeting our nutritional needs and expectations regarding
taste, texture, color, and other aspects [172]. In addition, personalized, 3D-printed food
products are promising in the prevention of different noncommunicable diseases due to
the possibility of enhancing them with bioactive compounds (e.g., polyphenols, dietary
fibers, proteins, etc.) [173].

As for future perspectives, bioactive compounds, such as polyphenols, vitamins,
and/or proteins found in food processing by-products, could be easily integrated into func-
tional foods by associating 3D-printed food with molecular gastronomy [174]. Alongside
a facile integration of recovered polyphenols, the inner biological activities and nutritional
profile can be enhanced, obtaining fortified nourishment [175]. In addition, delivering forti-
fied foods via 3D printing is a sustainable approach to food-waste management, according
to circular economy principles [174].

7. Conclusions

All things considered, apple-, cereal-, and tomato-processing by-products are a valuable
source of phenolic compounds that can be safely reintegrated with the food chain within
recommended parameters. Apple pomace possesses a significant number of beneficial
effects for the human body, most of them offered by their antioxidant and anti-inflammatory
properties. The three main compounds identified in apple pomace—phlorizin, chlorogenic
acid, and epicatechin—can act upon metabolic diseases, being important pillars in the
prevention and treatment of the ailment.

Studies demonstrate that regular whole grain consumption lowers the chance of
developing noncommunicable diseases, the cause for these health effects being the synergy
between the polyphenols and dietary fibers found in the outer layers of the grains, which
are unfortunately discarded as by-products.

It is necessary to consider the remarkable antimicrobial capacity of polyphenols de-
rived from tomato by-products, with a focus on flavonol glycosides and isochlorogenic
acid against Staphylococcus aureus.

In addition to altering the composition of the gut microbiota, which is closely linked
with health benefits, gut bacteria also metabolize polyphenols to create bioactive chemicals
that have therapeutic effects. Polyphenols such as catechin, gallic, vanillic, ferulic, and
protocatechuic acids selectively stimulate probiotic strains and inhibit pathogenic ones.

In light of this, polyphenols seem to be promising candidates for use in both functional
food products and personalized nutrition (e.g., 3D-printed food). To fully take advantage of
their outstanding qualities, various pharmacokinetic concerns, such as decreased intestinal
absorption and bioavailability and quick metabolic alterations, should be considered.
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Abstract: The intensification of total phenolic compound (TPC) extraction from blood orange peels
was optimized using a novel green infrared-assisted extraction technique (IRAE, Ired-Irrad®) and
compared to the conventional extraction using a water bath (WB). Response surface methodology
(RSM) allowed for the optimization of ethanol concentration (E), time (t), and temperature (T) in terms
of extracted TPC and their antiradical activity, for both WB extraction and IRAE. Using WB extraction,
the multiple response optimums as obtained after 4 h at 73 ◦C and using 79% ethanol/water were
1.67 g GAE/100 g for TPC and 59% as DPPH inhibition percentage. IRAE increased the extraction
of TPC by 18% using 52% ethanol/water after less than 1 h at 79 ◦C. This novel technology has the
advantage of being easily scalable for industrial usage. HPLC analysis showed that IRAE enhanced
the recovery of gallic acid, resveratrol, quercetin, caffeic acid, and hesperidin. IR extracts exhibited
high bioactivity by inhibiting the production of Aflatoxin B1 by 98.9%.

Keywords: blood orange peels; phenolic compounds; infrared-assisted extraction; optimization;
Aflatoxin B1

1. Introduction

Phenolic compounds are plant secondary metabolites, known for their antioxidant,
antimicrobial, anticarcinogenic and anti-inflammatory activities [1,2]. In food industries,
they prevent the rancidity of oils and fats [3], and can inhibit fungal growth and subsequent
mycotoxin production in stored grains [4].

Aflatoxins are toxic secondary metabolites especially produced by two filamentous
fungi Aspergillus flavus and Aspergillus parasiticus [5,6]. Under favorable conditions of
humidity and temperature, these fungi grow on foods and feeds like corn, peanuts, cot-
tonseed and cereals, resulting in aflatoxins production [7]. Aflatoxin B1 (AFB1), the most
potent and toxic one, is a mutagenic, carcinogenic, teratogenic and immunodepressive
agent. Humans and animals are exposed to AFB1 through ingestion, skin contact and
inhalation [8]. Pesticides are usually used to protect crops from the development of fungi.
However synthetic fungicide residues also have toxic effects, and pathogens can develop

Molecules 2022, 27, 8061. https://doi.org/10.3390/molecules27228061 https://www.mdpi.com/journal/molecules
193



Molecules 2022, 27, 8061

resistance to it. For these reasons, interest in the use of natural antimicrobials such as
essential oils and phenolic compounds is growing [9].

Citrus (Rutaceae family) is an important world fruit crop [10]. Its health benefits are
mainly related to the presence of bioactive compounds, such as polyphenols, vitamin C
and carotenoids [11,12]. After consuming citrus fruits as fresh produce or juice, a large
number of peels are generated and generally discarded as waste [13], used as animal
feed or for fuel production [14]. The extraction of total phenolic compounds (TPC) from
citrus peels is attracting more and more attention due to their biological virtues as natural
antioxidants and antimicrobials [15]. Conventional methods such as water bath (WB)
extraction, were used for the valorization of citrus peels by the extraction of bioactive
compounds [16]. Nonetheless, researchers have been focusing on developing innovative
extraction techniques for industries that can be more efficient and energy-saving [17,18].
Extraction techniques such as ultrasound [19], microwave [20,21], instantaneous controlled
pressure drop [22,23], supercritical CO2 [24], pulsed electric field [25,26] and Intensification
of Vaporization by Decompression to the Vacuum (IVDV) [27] were previously used to
intensify the extraction of bioactive compounds from agro-industrial residues and by-
products. These extraction processes can improve mass transfer, decrease the extraction
time and temperature and reduce solvent use. They can also improve the recovery of
bioactive compounds from by-products with lower energy consumption.

The green extraction process is based on the discovery and the design of techniques
to reduce energy and solvent consumption [28]. In this sense, infrared-assisted extraction
(IRAE) technology is a novel, simple and low-cost extraction method that can be scalable to
industrial level. IR radiation is characterized by its high penetration ability and has found
many applications in health care and industrial treatment [29].

To the best of our knowledge, IR was not previously tested for the extraction of
polyphenols from blood orange peels. The objective of this work is to test the efficiency of
this novel green technology for the recovery of high TPC yields from blood orange peels and
to investigate the potential use of the obtained extracts as antifungal and anti-mycotoxigenic
agents. The optimization of TPC extraction was conducted by a conventional WB extraction
and a novel method of IRAE. The optimal ethanol concentration, time, and temperature
were determined by response surface methodology (RSM) for the two techniques. Chemical
characterization of the extracted TPC was also explored.

2. Results and Discussion

Time (t), temperature (T) and ethanol percentage (E) were optimized for WB and IR
extraction of TPC from blood orange peels using RSM. The latter is an effective statistical
optimization method. It allows the evaluation of multiple parameters and their interactions
with a reduced number of experiments. Tables 1 and 2 show the experimental design,
where factors are presented in their real and coded values, with their responses TPC and
inhibition % of DPPH, for the conventional WB extraction and IRAE. For WB extraction,
TPC ranged from 1.20 to 1.67 g GAE/100 g DM, and inhibition percentage from 37.6%
to 58.7%. While for IRAE, TPC ranged from 0.95 to 1.90 g GAE/100 g DM (14% increase
compared to WB) and inhibition percentage from 34.7% to 56.4%. The obtained results
are comparable to those obtained in a previous study where the yields of polyphenols
extracted from orange peels ranged between 0.30 and 1.70 g GAE/100 g DM with DPPH
inhibition percentages values between 30% and 50% [30].
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Table 1. RSM central composite design for three parameters (real and coded values) of five levels
and the experimental responses (TPC and inhibition % of DPPH) of WB extraction from blood
orange peels.

Run
Ethanol (%)

Real [Coded] Value
Time (h)

Real [Coded] Value
Temperature (◦C)

Real [Coded] Value
TPC (g

GAE/100 g DM)
Inhibition %

of DPPH

1 50 [−1] 2 [−1] 40 [−1] 1.36 46.04
2 80 [+1] 2 [−1] 40 [−1] 1.20 42.45
3 50 [−1] 4 [+1] 40 [−1] 1.37 44.24
4 80 [+1] 4 [+1] 40 [−1] 1.33 43.50
5 50 [−1] 2 [−1] 70 [+1] 1.48 50.52
6 80 [+1] 2 [−1] 70 [+1] 1.55 55.01
7 5 0 [−1] 4 [+1] 70 [+1] 1.54 52.17F

a
ct

o
ri

a
l

D
e

si
g

n

8 80 [+1] 4 [+1] 70 [+1] 1.67 55.75
9 65 [0] 3 [0] 55 [0] 1.40 45.59
10 65 [0] 3 [0] 55 [0] 1.38 44.69
11 65 [0] 3 [0] 55 [0] 1.50 46.49
12 65 [0] 3 [0] 55 [0] 1.46 46.93
13 65 [0] 3 [0] 55 [0] 1.44 45.29

C
e

n
te

r
P

o
in

ts

14 65 [0] 3 [0] 55 [0] 1.47 49.77
15 39.8 [−α] 3 [0] 55 [0] 1.33 48.88
16 90.2 [+α] 3 [0] 55 [0] 1.24 48.06
17 65 [0] 1.3 [−α] 55 [0] 1.48 51.27
18 65 [0] 4.7 [+α] 55 [0] 1.50 53.29
19 65 [0] 3 [0] 29.8 [−α] 1.28 37.64S

ta
r

P
o

in
ts

20 65 [0] 3 [0] 80.2 [+α] 1.58 58.74

Table 2. RSM central composite design of three parameters (real and coded values) of five levels and
the experimental responses (TPC and inhibition % of DPPH) of IRAE from blood orange peels.

Run
Ethanol (%)

Real [Coded] Value
Time (h)

Real [Coded] Value
Temperature (◦C)

Real [Coded] Value
TPC (g

GAE/100 g DM)
Inhibition %

of DPPH
1 15 [−1] 0.5 [−1] 40 [−1] 0.95 34.75
2 55 [+1] 0.5 [−1] 40 [−1] 1.22 36.06
3 15 [−1] 1.5 [+1] 40 [−1] 1.12 47.54
4 55 [+1] 1.5 [+1] 40 [−1] 1.30 42.95
5 15 [−1] 0.5 [−1] 70 [+1] 1.18 42.79
6 55 [+1] 0.5 [−1] 70 [+1] 1.79 54.10
7 15 [−1] 1.5 [+1] 70 [+1] 1.19 44.26F

a
ct

o
ri

a
l

D
e

si
g

n

8 55 [+1] 1.5 [+1] 70 [+1] 1.60 56.39
9 35 [0] 1 [0] 55 [0] 1.39 54.10
10 35 [0] 1 [0] 55 [0] 1.47 55.90
11 35 [0] 1 [0] 55 [0] 1.34 48.85
12 35 [0] 1 [0] 55 [0] 1.50 52.95
13 35 [0] 1 [0] 55 [0] 1.48 47.38

C
e

n
te

r
P

o
in

ts

14 35 [0] 1 [0] 55 [0] 1.48 52.62
15 1.36 [−α] 1 [0] 55 [0] 1.17 39.34
16 68.6 [+α] 1 [0] 55 [0] 1.52 45.74
17 35 [0] 0.16 [−α] 55 [0] 1.27 46.39
18 35 [0] 1.84 [+α] 55 [0] 1.34 51.64
19 35 [0] 1 [0] 29.8 [−α] 1.21 36.39S

ta
r

P
o

in
ts

20 35 [0] 1 [0] 80.2 [+α] 1.90 55.57

In both extraction techniques, the multivariate second-degree regression analysis
indicates high values for R2 coefficients (>90%) (Table 3). This means that all of the models
have low residual errors when trying to predict the values of either TPC or inhibition % of
DPPH, using the independent variables.
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Table 3. The second order regression equation for TPC and inhibition % of DPPH of each extraction
technique and the R-squared of each equation.

Extraction Technique R2 (Percent) Equation

WB

90.45
TPC = 1.55 + 0.01E − 0.24t −0.01T − 0.0002E2 +

0.002Et + 0.0002ET + 0.02t2 + 0.0002tT +
0.00002T2

93.26
Inhibition % of DPPH = 87.46 − 0.69E − 13.03t −

0.35T + 0.002E2 + 0.02Et + 0.007ET + 1.81t2 +
0.03tT + 0.002T2

IRAE

91.08
TPC = 0.22 + 0.01E + 1.12t + 0.002T − 0.0001E2 −

0.004Et + 0.0002ET − 0.28t2 − 0.007tT +
0.00007T2

92.24
Inhibition % of DPPH = −15.95 + 0.17E + 30.92t +

1.31T − 0.009E2 − 0.06Et + 0.01ET − 4.69t2 −
0.27tT − 0.01T2

2.1. Water Bath Extraction

Pareto charts (Figure 1a) show the positive or negative effects of temperature, time,
and ethanol concentration on the extraction of TPC from blood orange peels using WB.
The parameters that have the most significant effects (with a confidence level above 95%)
correspond to the histograms that cross the vertical line. According to Figure 1a, the temper-
ature had a significant linear positive effect on TPC extraction within the studied domain.
The estimated response surface plot, in its three-dimensional illustration, and considering
its shape, gives valuable data about the significance of each parameter (Figure 1c). The
increase in temperature permitted a higher diffusivity of TPC and improved their transfer
into the solvent [31]. Additionally, high temperatures weaken the membrane structure
of the cells, which improves the extraction of biomolecules from the peels [14]. TPC are
positively affected by the interaction between ethanol and temperature (ET). The increase
in ethanol percentage combined with the increase in temperature improved the diffusiv-
ity and solubility of TPC in their solvent. Thus, a synergetic effect between ethanol and
temperature enhanced the extraction of TPC. However, the TPC content was negatively
affected by the quadratic effect of ethanol (E2). The increase in ethanol percentage up to a
certain value, reduces the dielectric constant of the solvent, which enhances the solubility
of TPC and improves their extraction [32]. This is similar to a previous result concerning
the effect of ethanol on the extraction of phenolic compounds from flaxseed extracts where
the yield of TPC decreased for an ethanol percentage higher than 60% [33]. Higher ethanol
concentration may modify the polarity of the solvent and could dehydrate and collapse
the plant cells, making difficult the diffusion of biomolecules from the plant matrix to the
solvent [34]. In addition, some TPC are soluble in the aqueous phase, whereas others are
soluble in organic solvents, which explains the need to use a mixture of ethanol and water
to extract higher yields of TPC. The insert in Figure 1a presents the evolution of TPC as a
function of ethanol-water percentage and demonstrates that the optimum value of TPC is
reached with an intermediate ethanol-water percentage.

Figure 1b,d presents the Pareto chart and the estimated response surface plot for the
antiradical activity. The same as for TPC, the DPPH inhibition % was positively affected
by the temperature and by the interaction between ethanol percentage and temperature.
Studies have shown a correlation between the presence of TPC in extracts and the scaveng-
ing activity against the DPPH radical [35,36]. The insert in Figure 1b shows the effect of
ethanol percentage on the inhibition % of DPPH at 40 ◦C (dashed line) and 70 ◦C (solid
line). The observed difference is due to the interaction effect between temperature and
ethanol percentage. At 70 ◦C, a higher amount of TPC is extracted compared to 40 ◦C,
which explains the greater inhibition % of DPPH obtained at this temperature.
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Figure 1. Standardized Pareto charts for TPC (a) and the inhibition % of DPPH (b). Estimated
response surface for TPC (c) and the inhibition % of DPPH (d). The TPC extracts were obtained after
WB extraction.

2.2. Infrared-Assisted Extraction

Figure 2a shows the Pareto chart obtained by IRAE. As in WB extraction, TPC solubility
increased with temperature, thus facilitating TPC diffusion out of the cells. For the same
temperature of 80 ◦C, the extraction of TPC increased by 20% with IRAE (35% ethanol
for 1 h), compared to the conventional WB extraction (65% ethanol for 3 h). This could
be associated with cell bursting occurring during IR heating. Ethanol also had positive
linear effect on TPC extraction. It acts on the polarity of the medium, which permits to
solubilize lipophilic TPC. IR waves are efficiently absorbed by the solvent, which leads to
efficient heating and improves the cells rupture for a better extraction of TPC [29,37]. The
extraction of TPC with IR is negatively affected by the quadratic effect of time (t2). A short
period of time was not sufficient for the extraction of TPC. However, longer extraction
times could lead to the degradation and oxidation of the extracted TPC, which explains the
negative quadratic effect of this parameter [38]. The insert in Figure 2a shows the evolution
of TPC as a function of ethanol-water percentage. A maximum value of TPC was obtained
when 50% ethanol-water was used as a solvent. Therefore, the use of IR could lead to a
reduction in ethanol percentage. Figure 2c presents the evolution of TPC as a function of
ethanol percentage and time at a fixed temperature (80 ◦C). The optimum value of TPC
(2.1 g GAE/100 g DM) was obtained after 0.6 h of extraction with 55% ethanol-water. This
value was higher than that obtained after 4.7 h of WB extraction (1.78 g GAE/100 g DM)
using 78% ethanol-water at the same temperature.

Figure 2b,d shows that temperature, time, and ethanol had linear positive effects
on the inhibition percentage of DPPH. The inhibition percentage increased from 34% to
56% when the ethanol percentage, the treatment duration, and the temperature increased
from 15%, 0.5 h, and 40 ◦C to 55%, 1.5 h, and 70 ◦C, respectively. However, the quadratic
effects of ethanol (E2) and temperature (T2) had negative effects on the inhibition % of
DPPH. At high temperatures, the stability of TPC may be negatively affected. Moreover,
a possible thermal degradation of TPC already released at low temperatures may have
occurred [39]. The insert in Figure 2b presents the evolution of the inhibition % of DPPH
as function of ethanol percentage at two different temperatures. The maximum value of
58% inhibition of DPPH was obtained with 50% ethanol-water at 70 ◦C. A conjugated effect
between the increase in ethanol percentage and temperature was observed. The increase
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in ethanol percentage up to 50% at 70 ◦C significantly improved the inhibition % of the
free radical DPPH. Therefore, the interaction between ethanol and temperature positively
affects the antiradical activity of the extracted TPC. A similar behavior was observed with
WB (Figure 1b). However, a higher percentage of ethanol-water (80%) is required during
WB extraction to obtain only 53% of DPPH inhibition at the same temperature (70 ◦C).

Figure 2. Standardized Pareto charts for TPC (a) and the inhibition % of DPPH (b). Estimated
response surface for TPC (c) and the inhibition % of DPPH (d). The TPC extracts were obtained
after IRAE.

2.3. Multiple Response Optimization: Comparison between the Optimums Obtained with Water
Bath Extraction and Infrared-Assisted Extraction

The optimization of the TPC and the inhibition % of DPPH were conducted separately
and the parameters giving the highest quantity of TPC, and the highest inhibition levels
of the free radical DPPH were determined. It is important to keep a balance between
the concentrations of the TPC and their bioactivity. This is why it is necessary to show
the two responses (TPC and inhibition % of DPPH) simultaneously as affected by the
combination of the experimental parameters (E, t, T). The simultaneous optimums obtained
with the conventional WB extraction (Figure 3a), for both TPC and inhibition % were 1.78 g
GAE/100 g DM and 63.5%, respectively. These optimums were found with 83% of ethanol,
during 4.7 h at 80 ◦C. However, IRAE allowed the extraction of 18% more polyphenols
(2.1 g GAE/100 g DM) with an inhibition percentage of DPPH of 60%, with 57% of ethanol
at 80 ◦C and for a treatment duration (0.6 h) 7.8 times lower than the WB extraction
(Figure 3b).

It is noteworthy to mention that the optimums for TPC and DPPH inhibition converge
at the same point and are obtained at close conditions with IRAE, which was not the case
with WB. The exactitude of the model was confirmed by repeating the optimal conditions
for the optimization of TPC and inhibition percentage for both WB extraction and IRAE
(Table 4).

IRAE intensifies the extraction of TPC with shorter time and lower solvent consump-
tion. This result was already shown on the extraction of TPC from grape seeds [37], and
pomegranate peels [40]. The efficiency of IRAE compared to conventional extraction tech-
nique was also observed in olive leaves where the yield of TPC was improved by more than
30% using IRAE as compared to water bath extraction [41]. In IRAE, the solvent mixture is
heated directly, while in conventional WB extraction, a certain period of time is required

198



Molecules 2022, 27, 8061

to heat the container before the heat is transferred to the solution [42]. The efficiency of
IRAE can be due to the IR radiation that could stimulate the vibrations in molecules in
diverse modes like extending, bending, rocking, and rotating [43]. These vibrations lead to
the release of TPC molecules and to an increase in the interactions between the solvent and
the active compounds [44], allowing an efficient extraction of TPC from orange peels.

Figure 3. Overlapping for TPC and inhibition percentage of DPPH contour plots in case of WB extrac-
tion (a) and IRAE (b) as obtained at the optimal temperatures for the two responses simultaneously.
The blue circle, red hourglass and the four-pointed star represent the optimum of TPC, the optimum
of DPPH, and the multiple optimum, respectively.

Table 4. Predicted and experimental results for TPC and inhibition %, at the multiple optimum
conditions for WB extraction and IRAE.

Extraction Technique
(Optimal Conditions)

Multiple
Optimum

Predicted
Values

Experimental
Values

TPC g GAE/100 g DM 1.78 1.77 ± 0.040WB
(T = 80 ◦C t = 4.7 h E = 83%) Inhibition % 63.5 61.7 ± 0.32

TPC g GAE/100 g DM 2.1 2.2 ± 0.043IRAE
(T = 80 ◦C t = 0.6 h E = 57%) Inhibition % 60 61.5 ± 0.24

2.4. Concentrations and Diversity of Phenolic Compounds Extracted from Orange Peels

HPLC analysis were conducted on the multiple response optimums obtained with
WB and IRAE. Table 5 shows the concentration and diversity of the TPC at the optimal
points. IRAE selectively extracted caffeic acid and improved the extraction of gallic acid,
resveratrol, quercetin and hesperidin by 4.7, 22.6, 17.6, and 24%, respectively, compared
to WB extraction. The most remarkable improvement was observed in hesperidin, the
principal flavonoid found in orange peels [26], and has an inhibitory effect on food fungal
contaminants such as Aspergillus species and mycotoxin production [45]. However, the
bioactivity of the extracts could be attributed to the synergetic effects of the extracted
TPC. Phenolic quantity depends on the method of extraction and higher TPC yields were
obtained with IRAE, which seems to be a promising new technique that intensifies the
extraction of bioactive compounds with less time and solvent consumption.
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Table 5. TPC (mg/100 g DM) obtained in the simultaneous optimums after WB extraction and IRAE.

Phenolic Compound
(mg/100 g DM)

WB IRAE

Gallic acid 2.33 ± 0.20 2.44 ± 0.042
Resveratrol 28.46 ± 2.16 34.89 ± 0.54
Quercetin 5.50 ± 0.79 6.47 ± 0.58

Caffeic acid nd 0.16 ± 0.050
Hesperidin 286.67 ± 0.60 355.60 ± 0.89

2.5. Antifungal Activity

The activities of the extracts obtained at the multiple optimums by WB extraction and
IRAE against the growth of A. flavus and the production of AFB1 were studied. Figure 4
shows that TPC extracts obtained from WB extraction and IRAE slightly inhibited the
growth of A. flavus by 11.8% and 15.8%, respectively. However, the inhibition of aflatoxin
production was greater than the inhibition of the growth of the fungus. Both TPC extracts
obtained from WB extraction and IRAE inhibited AFB1 production by 99.4% and 98.9%,
respectively.

Figure 4. Effect of the simultaneous optimum level of extracts obtained after WB extraction and IRAE
on the production of Aflatoxin B1 yield (letters a, b and c indicate significant statistical difference
between means). The insert shows the inhibition growth of A. flavus by simultaneous optimums
extracts obtained after WB extraction and IRAE.

AFB1 is synthetized by enzymes encoded within a large cluster of 27 genes. My-
cotoxin production is governed by complex environmental signals and different cellular
pathways [46]. TPC may inhibit the production of AFB1 by acting at one of the three
levels: altering the environmental and physiological signals perceived by the fungi, down
regulating the gene expression of the cluster or blocking the activity of certain enzymes
involved in the biosynthesis of AFB1 [47].

Extracts from plants or spices, including TPC and essential oils have demonstrated
fungicidal and/or anti-toxicogenic properties. In some cases, extracts inhibit the fungal
growth and the production of mycotoxin. In other cases, the growth of the fungi is not af-
fected but the production of mycotoxin is partially or totally halted. A variety of flavonoids
in tea leaves inhibited the production of AFB1 without affecting the mycelial growth of
A. flavus. They decreased the production of AFB1 by 99.6%. The inhibition of aflatoxin
was attributed to the down-regulations of transcription of genes involved in aflatoxin
biosynthesis [48]. Extracts of the plant Garcinia indica inhibited the growth of A. flavus and
the subsequent production of AFB1 [4]. Eugenol (0.5 mM), the active compound of many
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essential oils, slightly affected the fungal growth but totally inhibited the production of
AFB1. It has been demonstrated that all cluster genes were strongly down regulated in the
presence of eugenol. Nineteen out of 27 genes were completely inhibited and the others
had 10- to 20-fold reductions in their expression levels [46]. In our case, TPC from blood
orange peels are specific inhibitors of AFB1 biosynthesis rather than inhibitors of the fungal
growth. This is specifically interesting since the presence of A. flavus that cannot produce
AFB1 will avoid the contamination of foods with other microbial agents’ producers of other
toxins, and will not imbalance the fungal ecology in the field. TPC extracts from orange
peels have therefore shown their high potential in the development of anti-aflatoxin agents
for food preservation.

3. Materials and Methods

3.1. Raw Material

Blood orange (Citrus sinensis) peels were provided by Balkis Company (Ansariyeh,
South Lebanon) and stored at −20 ◦C until use. Orange peels were manually cut into equal
squares of 1 × 1 cm2. The moisture content, measured by drying fresh peels at 105 ◦C to
constant weight, was about 76% wet basis.

3.2. Extraction Techniques

Intervals of variation in the parameters, notably the percentage of ethanol and the
treatment time, were chosen differently for the WB and the IRAE, based on previous
studies [30,40,41]. These studies, along with preliminary trials, have proven that the
optimal intervals, in terms of TPC yield, for these two techniques are completely distinct.
In order to reach the optimal ranges for the WB technique, a higher percentage of ethanol
and a longer treatment time than IRAE are required. Within this perspective, the ranges of
variation in these two parameters have been established in the following paragraphs.

3.2.1. Water Bath Extraction

Water bath extraction of TPC from blood orange peels was performed with a liquid to
solid ratio of 8. Ethanol concentration varied between 40% and 90%, extraction time varied
between 1.3 h and 4.7 h, and temperature varied between 30 ◦C and 80 ◦C. These values
were selected based on preliminary studies, and were optimized by RSM.

3.2.2. Infrared-Assisted Extraction

The infrared-assisted-extraction apparatus, Ired-Irrad® (Patent 2017/11-11296L) was
used in this purpose. Orange peels were introduced in a round bottom flask with ethanol-
water (liquid to solid ratio 8). The flask was placed 1 cm from a ceramic infrared transmitter
with a power varying between 70 and 170 W for the irradiation/heating process, linked to
a PID control for temperature adjustment. Both the temperature and the voltage can be
monitored.

Ethanol concentration varied between 1% and 68%, treatment duration between 0.2 h
and 1.8 h and temperature between 29 ◦C and 80 ◦C for the IRAE. The optimal conditions for
extracting a maximal yield of TPC with the maximum antiradical activity were determined.
Extracts were obtained by centrifugation at 6000 rpm for 15 min using a Heraeus Primo R
Centrifuge (Thermo Scientific™ Heraeus™, Hanau, Germany). Supernatants were collected
and stored at −20 ◦C until use.

3.3. Experimental Designs

Response Surface Methodology (RSM) was used for the optimization of TPC extraction
from orange peels by two different techniques. Independent variables were ethanol-water
concentration (%), time (t) and temperature (T). The three variables were coded at 5 levels
{−α, −1, 0, +1, +α}. The central composite design (23 + star) resulted of twenty experimental
points including six repetitions at the central level. Considering three parameters and two
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responses, experimental data were fitted to obtain a second-degree regression Equation (1)
as follows:

Y = β1 + β2E + β3t + β4+T + β5E2 + β6t2 + β7+T2 + β8Et + β9ET + β10tT (1)

where Y is the predicted response parameter (TPC or DPPH); β1 is the mean value of re-
sponses at the central point of the experiment; β2, β3, and β4 are the linear coefficients; β5,
β6, and β7 are the quadratic coefficients; β8, β9, and β10 are the interaction coefficients; E is
the solvent mixture; t is the treatment time; and T is the treatment temperature. Experimen-
tal design and statistical analysis of the results were carried out using STATGRAPHICS®

Centurion XV for windows.
The experimental protocol is depicted in Figure 5.

 

Figure 5. Optimization of TPC extraction from blood orange peels using WB and IRAE. The antifungal
activity of the extracts obtained was assessed at optimal conditions.

3.4. Analysis
3.4.1. Total Phenolic Compounds (TPC)

The amount of total TPC extracted from blood orange peels was determined by the
Folin-Ciocalteu colorimetrical method [49]. In this method, 1 mL of ten-fold diluted Folin–
Ciocalteu reagent (Scharlau, Spain) was added to 0.2 mL of extract. Then, 0.8 mL of sodium
carbonate (Na2CO3) (75 g/L) (BDH, England) were added. The mixture was incubated at
60 ◦C for 10 min, and then cooled to room temperature. The absorbance was measured
at 750 nm by the UV-Vis spectrophotometer (UV-9200, UK). Gallic acid (Sigma-Aldrich,
St-Quentin Fallavier, France) was used for the calibration curve. The results were expressed
as g of gallic acid equivalent (GAE) per 100 g of dry matter (g GAE/100 g DM).

3.4.2. Antiradical Activity

The free radical scavenging activity was determined by the capacity of the extracted
TPC to reduce the free radical, 2,2-diphenyl-1-picrylhydrazyl: DPPH [50]. This method
is based on the reduction of the free radical DPPH by phenolic extracts. First, 1.45 mL of
DPPH (0.06 mM) (Sigma-Aldrich, St-Quentin Fallavier, France) free radical were added
to 50 μL of orange peels extracts or Trolox (control) (Sigma-Aldrich, St-Quentin Fallavier,
France). After 30 min of incubation at room temperature, the absorbance was measured at
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515 nm. The inhibition percentage of the DPPH free radical was calculated according to
Equation (2):

Inhibition Percentage = [(absorbance of control − absorbance of sample)/absorbance of control] × 100 (2)

3.4.3. High Performance Liquid Chromatography Analyses

Gallic acid, resveratrol, quercetin, caffeic acid and hesperidin (Sigma-Aldrich, St-
Quentin Fallavier, France) were used as standards in high performance liquid chromatogra-
phy (HPLC) analyses, to identify the TPC in the simultaneous optimums obtained after
WB extraction and IRAE. Ultimate 3000 (Dionex, Idtsein, Germany) liquid chromatography
apparatus coupled to a diode array detector was used. Before analyses, the samples and
standards were filtered through 0.2 μm syringe filters (VWR, Rosny-sous-Bois, France).
The chromatography column C18 capillary column 100 × 4.6 mm (Hypersil Gold, Thermo
Scientific, MA, USA), was used for all experiments. The temperature of the column was
maintained at 40 ◦C. Water-formic acid solution (95:5) (solvent A) and acetonitrile (solvent
B) (HPLC grade, Sigma-Aldrich, St-Quentin Fallavier, France) were used as solvents. A
flow rate of 1 mL/min was applied. The HPLC applied method was as follows: 2%–6% of
solvent B in 25 min, 6%–15% of solvent B in 15 min, 15%–20% of solvent B in 12 min and
20%–40% of solvent B in 18 min. The injection volume of the sample was 20 μL.

3.4.4. Antifungal Activity

Simultaneous optimums of TPC extracts from orange peels obtained after WB extrac-
tion and IRAE were tested against the growth of a toxinogenic fungi A. flavus and the toxin
secretion of AFB1 from this fungus. A. flavus strain NRRL 62477 was used for this purpose.

After the growth of A. flavus strain on Czapek yeast extract agar medium (CYA) at
30 ◦C for 7 days, a spore suspension was prepared. The surface of the prepared culture
was scrapped with a sterile Pasteur pipette (Chase Scientific Glass, Inc., Rockwood, TN,
USA) and 8 mL of Tween 80 solution (0.005%) were added. A Neubauer hemocytometer
(Superior, Marienfeld, Lauda-Konigshofen, Germany) was used to count the spores. The
concentration of spores was adjusted to 106 spore/mL and spore suspension was then kept
at 4 ◦C for further use.

A rotavapor was used to evaporate ethanol and concentrate the TPC tested samples.
TPC (250 μg) obtained from each WB and IR extract were added to CYA medium. A final
volume of 20 mL was poured in petri dishes. For the control culture, 20 mL of CYA were
poured in the dish without TPC extracts. Then, 10 μL of the previously prepared spore
solution (106 spores/mL) were added in the center of each petri dish. The assays were
made in triplicate and all the dishes were left 4 days in the incubator at 28 ◦C. After this
incubation period, the growth inhibition of A. flavus was determined. The diameters of
the cultures were measured and compared to the negative control. The A. flavus inhibition
percentage was calculated according to Equation (3):

Inhibition Percentage = [(initial diameter − diameter after incubation)/initial diameter] × 100 (3)

3.4.5. AFB1 Extraction and HPLC Analysis

After 7 days of incubation at 28 ◦C on (CYA) medium, 3 agar plugs (0.5 cm diameter)
were removed from different points of the colony for each culture, weighted and placed
into 3 mL microtubes. One milliliter of HPLC grade methanol was added to each tube,
then the mixture was incubated and shaken for 60 min at room temperature. The mixture
was centrifugated for 15 min at 13,000 r.p.m (round per minute). Then, the supernatant
phase was recuperated and diluted with 11 mL phosphate buffer. The diluted extract was
injected into Aflaprep immunoaffinity columns (R-Biopharm, Glasgow, Scotland) using a
syringe for purification. An elution was done by adding 1.5 mL of methanol/acetic acid
(98:2, v/v) followed by 1.5 mL of HPLC grade water and the total volume was filtered
through 0.45 μm filters (Sartorius Stedim BiotechTM, PA, USA) then stored at 4 ◦C before
quantification. Aflatoxin B1 quantification was done with a Water Alliance HPLC system
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using an Utisphere ODB column, C18 (150 × 4.6 mm, 5 μm, 120 Å) (Interchim, Montluçon,
France) at 30 ◦C.

3.4.6. Statistical Analysis

All experiments and measurements were conducted in triplicates. Mean values were
calculated and standard deviations were expressed. Significance of the obtained results
was evaluated by p-value (p < 0.05; 95% of confidence level) using analysis of variance
(ANOVA) and LSD tests (Least Significant Difference). These statistical analysis and tests
were achieved using the software STATGRAPHICS® Centurion XV.

4. Conclusions

Our study aimed at valorizing blood orange peels using a simple and low-cost extrac-
tion method, Ired-Irrad®, that has the potential to improve the extraction of TPC. A central
composite design optimized the process. Based on the response surface methodology, the
optimal TPC extraction parameters were 79 ◦C for 37 min with an ethanol percentage of
64%. Under these optimized conditions, the experimental yield of TPC and their inhibition
percentage matched closely with the predicted results, and TPC yields were 18% higher
than those obtained with the conventional solid-liquid extraction. The bioactivity of the
extracted TPC was tested on the inhibition of the growth of A. flavus and the production of
Aflatoxin B1 by the same fungus. Extracted TPC have the potential to be used as natural
inhibitors of the carcinogenic Aflatoxin B1 production by A. flavus. IR blood orange peels
extracts represent an alternative strategy to the use of pesticides to control crop contamina-
tion. They can be commercially exploited and applied to food systems. It will be interesting
to study the molecular mechanism responsible for the inhibition of Aflatoxin B1 by TPC
extracted from blood orange peels.

5. Patent

The Ired-Irrad®, an infrared irradiation apparatus, was designed and patented in
collaboration between Faculty of Sciences at USJ and Faculty of Arts and Sciences at
University of Balamand. Lebanese patent 2017/11-11296L, granted on 29 November 2017.
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Abstract: In this study, a combined in vitro digestion/Caco-2 model was performed with the aim to
determine the phenolic compounds bioavailability of two yarrow extracts. HPLC-PAD characteri-
sation indicated that the main components in both extracts were 3,5-dicaffeoylquinic acid (DCQA)
and luteolin-7-O-glucoside. Analyses after the simulated digestion process revealed that phenolic
composition was not affected during the oral phase, whereas gastric and intestinal phases represented
critical steps for some individual phenolics, especially intestinal step. The transition from gastric
medium to intestinal environment caused an important degradation of 3,5-DCQA (63–67% loss),
whereas 3,4-DCQA and 4,5-DCQA increased significantly, suggesting an isomeric transformation
within these caffeic acid derivatives. However, an approx. 90% of luteolin-7-O-glucoside was re-
covered after intestinal step. At the end of Caco-2 absorption experiments, casticin, diosmetin and
centaureidin represented the most abundant compounds in the basolateral fraction. Moreover, this
fraction presented anti-inflammatory activity since was able to inhibit the secretion of IL-1β and IL-6
pro-inflammatory cytokines. Thus, the presence in the basolateral fraction of flavonoid-aglycones
from yarrow, could be related with the observed anti-inflammatory activity from yarrow extract.

Keywords: Achillea millefolium; bioaccessibility; Caco-2 absorption; in vitro digestion; phenolic
compounds

1. Introduction

Achillea millefolium L. (yarrow) is a flowering plant traditionally used in the treat-
ment of digestive and hepatobiliary disorders, inflammation, and diabetes [1]. Recent
reports indicated that Achillea genus presented important biological activities, such as
antioxidant, anti-inflammatory and antitumor activities [2]. Most health benefits of aque-
ous and alcoholic yarrow extracts have been associated with its composition in phenolic
compounds, mainly phenolic acids (caffeic acid derivatives), and flavonoids (luteolin, api-
genin and quercetin derivatives) [1,3]. Thus, Trumbeckaite et al. [4] related the antioxidant
properties of an Achillea millefolium hydroalcoholic extract with the presence of luteolin
and chlorogenic acid in the extract, and in a lesser extent with rutin and luteolin-7-O-
glucoside. Pereira et al. [5] also reported that an A. millefolium hydroethanolic extract,
containing 3,5-O-dicaffeoylquinic acid, 5-O-caffeoylquinic acid, luteolin-O-acetylhexoside
and apigenin-O-acetylhexoside as main phenolic compounds, inhibited the growth of
human tumour cell lines. Furthermore, both essential oils and hydroethanolic yarrow
extracts have demonstrated anti-inflammatory properties, causing the inhibition of nitric
oxide (NO) production and IL-8 secretion in vitro [6,7].

Nevertheless, after oral consumption, phenolic compounds must be bioavailable in
order to perform their potential health benefits. The bioavailability is dependent upon the
stability of the compound during gastrointestinal digestion, its release from the food-matrix
and the efficiency of its intestinal absorption. In yarrow, the assessment of mineral and
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vitamins bioaccessibility has been performed [8], but studies for phenolic compounds are
still scarce. The stability of phenolic compounds during the gastrointestinal digestion is
strongly influenced by their chemical structure, since phenolics present a different sensi-
tivity to pH variations and digestive enzymes activity [9,10]. Moreover, the stability of
phenolic compounds under gastrointestinal conditions highly depends on the nature of the
matrix in which these compounds are included [11]. Thereby, Lingua et al. [12] reported
that phenolic acids and quercetin were the most resistant polyphenols in white grape after
a simulated digestion. However, Ortega-Vidal et al. [13] indicated that caffeoylquinic acids
in herbal infusions were highly reduced by gastrointestinal digestion (approx. 10% remain).
Moreover, Spínola et al. [14] carried out extracts of Rumex maderensis and reported that the
degradation of different phenolic classes after digestion varied within morphological parts
employed (leaves, flowers, and stems). Thus, flavanols were the most stable compounds,
although in flowers presented a reduction of 29.7% against 40.4% in stems. Hydroxycin-
namic acids from leaves and flowers, presented a similar degradation rate (approx. 56.5%),
meanwhile in stems extracts hydroxycinnamic acids were very unstable (71.8% reduction).

After gastrointestinal digestion, the intestinal absorption of phenolic compounds
has also been reported to be highly influenced by the phenolic compounds chemical
structure. Bowles et al. [15] studied the intestinal transport across Caco-2 cell monolayer
of nine phenolic acids found in an aqueous extract of Athrixia phylicoides, concluding that
p-coumaric acid presented the highest transport. Besides, Wu et al. [16] reported that the
absorption of caffeic acid was higher than chlorogenic acid in the Caco-2 model as well as
in rat jejunum. Therefore, the use of an in vitro digestion/Caco-2 cell culture model has
been proposed by several authors as an economical and useful alternative to the in vivo
analysis, in order to investigate the bioavailability of phenolic compounds [12,17].

Concerning phenolic compounds extraction, several studies proposed the ultrasound-
assisted extraction (UAE) as an adequate technique to obtain phenolic compounds from
vegetal matrices [18,19]. In this regard, UAE has been reported to reduce extraction time and
solvent consumption, as well as to maximizing the recoveries of bioactive compounds [20].
However, sometimes it is difficult to obtain highly concentrated extracts using only UAE,
due to complexity of vegetable raw materials. Therefore, the use of adsorption resins
(e.g., XAD-2, XAD-7, XAD-16 and Oasis HLB) has been successfully employed as a tool for
selective enrichment of phenolic compounds from plant material [21,22]. The aim of this
work was to study the bioavailability of yarrow phenolic compounds, by using a combined
in vitro digestion/Caco-2 cell model. In addition, the influence of phenolics compounds
concentration in the matrix on their bioavailability was also determined. Besides, the
biological activity of Caco-2 basolateral fraction, in terms of anti-inflammatory activity was
measured.

2. Results and Discussions

2.1. Influence of In Vitro Gastrointestinal Steps on Phenolic Composition and Antioxidant Activity
of the Extracts

Phenolic compounds identification of yarrow extract (YE) and yarrow phenolic enriched-
extract (EE) was performed by HPLC-PAD-ESI-QTOF-MS allowing the identification of
49 phenolic compounds (Table S1). These results were in accordance with similar reported
YE composition [23]. The quantitative analysis in both extracts (YE and EE) before and after
the three-steps digestion process (oral, gastric, and intestinal) were shown in Tables 1 and 2,
respectively. As can be observed, both extracts presented a similar behaviour during the
gastrointestinal process. In general, the phenolic composition of both yarrow extracts
was not affected during the oral phase, whereas gastric and intestinal phases, especially
intestinal one, resulted as critical steps for some individual phenolic compounds. Figure S1
shows the base peak chromatogram of the EE before and after intestinal digestion, where
the major differences can be observed.
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Table 1. Phenolic composition (mg/g extract) of yarrow extract (YE) before and after oral, gastric and
intestinal digestion steps.

Compound Undigested YE Oral Gastric Intestinal

Neochlorogenic acid 0.24 ± 0.11 b 0.21 ± 0.06 b 0.29 ± 0.09 b 0.56 ± 0.07 a

Protocatechuic acid 0.13 ± 0.10 b 0.12 ± 0.07 b 0.13 ± 0.08 b 0.47 ± 0.12 a

Caftaric acid isomer 0.08 ± 0.03 a 0.08 ± 0.04 a 0.06 ± 0.03 ab 0.04 ± 0.03 b

Caftaric acid 0.07 ± 0.03 a 0.07 ± 0.04 a 0.18 ± 0.09 a 0.13 ± 0.07
Caffeoylquinic acid isomer I 0.39 ± 0.09 a 0.39 ± 0.08 a 0.24 ± 0.08 ab 0.22 ± 0.06 b

Chlorogenic acid 5.67 ± 0.25 a 5.02 ± 0.21 ab 5.90 ± 0.30 a 4.75 ± 0.20 b

Cryptochlorogenic acid 0.13 ± 0.05 b 0.10 ± 0.03 b 0.17 ± 0.04 b 0.75 ± 0.12 a

Vicenin 2 2.11 ± 0.10 bc 2.02 ± 0.10 c 2.45 ± 0.15 a 2.24 ± 0.10 ab

Caffeoylquinic acid isomer II 0.10 ± 0.03 a 0.12 ± 0.04 a 0.10 ± 0.02 a 0.10 ± 0.03 a

Apigenin hexoside-pentoside I 0.46 ± 0.06 a 0.48 ± 0.05 a 0.49 ± 0.06 a 0.43 ± 0.06 a

Caffeic acid 0.34 ± 0.04 a 0.36 ± 0.06 a 0.40 ± 0.05 a 0.42 ± 0.06 a

Schaftoside isomer 1.34 ± 0.10 a 1.32 ± 0.09 a 1.43 ± 0.10 a 1.43 ± 0.12 a

Schaftoside 1.77 ± 0.18 ab 1.61 ± 0.15 b 2.14 ± 0.19 a 2.01 ± 0.16 a

Homoorientin 2.10 ± 0.19 a 1.94 ± 0.12 a 2.20 ± 0.15 a 1.89 ± 0.12 a

Apigenin hexoside-pentoside II 1.04 ± 0.11 a 0.97 ± 0.09 a 1.04 ± 0.10 a 0.98 ± 0.08 a

Luteolin dihexoside I 2.60 ± 0.18 ab 2.32 ± 0.12 b 2.77 ± 0.11 a 2.52 ± 0.11 b

6-hydroxyluteolin-7-O-glucoside 2.03 ± 0.12 b 1.97 ± 0.08 b 2.34 ± 0.12 a 1.74 ± 0.09 c

Apigenin dihexoside 0.15 ± 0.09 a 0.16 ± 0.06 a 0.21 ± 0.07 a 0.16 ± 0.04 a

Quercetin hexoside 1.33 ± 0.13 a 1.31 ± 0.08 a 1.10 ± 0.10 a 0.25 ± 0.07 b

Luteolin dihexoside II 0.23 ± 0.04 a 0.23 ± 0.06 a 0.27 ± 0.07 a 0.24 ± 0.04 a

Rutin 1.06 ± 0.07 a 1.08 ± 0.09 a 1.16 ± 0.07 a 1.02 ± 0.09 a

Apigenin hexoside 0.50 ± 0.04 a 0.47 ± 0.07 a 0.57 ± 0.06 a 0.52 ± 0.06 a

Vitexin 0.67 ± 0.07 a 0.61 ± 0.09 a 0.72 ± 0.08 a 0.64 ± 0.07 a

Apigenin hexoside-deoxyhexoside 0.40 ± 0.05 a 0.42 ± 0.04 a 0.25 ± 0.04 b 0.22 ± 0.03 b

Apigenin derivative 2.52 ± 0.12 b 2.49 ± 0.09 b 2.54 ± 0.10 b 2.72 ± 0.11 a

Luteolin-7-O-glucoside 8.29 ± 0.28 a 8.12 ± 0.32 a 6.70 ± 0.25 c 7.24 ± 0.33 b

Luteolin-7-O-glucuronide 0.72 ± 0.09 a 0.69 ± 0.08 ab 0.57 ± 0.05 b 0.69 ± 0.07 ab

Quercetin hexuronide 0.15 ± 0.03 b 0.12 ± 0.05 b 0.25 ± 0.03 a 0.20 ± 0.04 ab

3,4-Dicaffeoylquinic acid 1.49 ± 0.10 b 1.37 ± 0.08 b 1.42 ± 0.08 b 6.26 ± 0.27 a

Isorhamnetin hexoside I 1.59 ± 0.12 a 1.49 ± 0.09 a 1.00 ± 0.07 b 1.00 ± 0.06 b

1,5-Dicaffeoylquinic acid 1.65 ± 0.11 a 1.66 ± 0.10 a 1.49 ± 0.07 ab 1.37 ± 0.08 b

3,5-Dicaffeoylquinic acid 23.8 ± 1.81 a 22.9 ± 1.13 a 18.8 ± 0.90 b 8.77 ± 0.11 c

Apigenin-7-O-glucoside 2.27 ± 0.10 a 2.15 ± 0.07 ab 2.01 ± 0.08 b 1.81 ± 0.09 c

Luteolin-O-malonylglucoside 0.53 ± 0.04 a 0.52 ± 0.03 a 0.50 ± 0.04 ab 0.44 ± 0.03 b

4,5-Dicaffeoylquinic acid 4.25 ± 0.20 b 4.05 ± 0.18 b 3.61 ± 0.12 c 11.5 ± 0.51 a

Isorhamnetin hexoside II 0.62 ± 0.06 b 0.60 ± 0.04 b 0.50 ± 0.04 c 1.35 ± 0.10 a

Dicaffeoylquinic acid isomer 0.06 ± 0.01 b 0.05 ± 0.02 b 0.06 ± 0.02 b 0.10 ± 0.01 a

Feruloylcaffeoylquinic acid 0.14 ± 0.03 a 0.12 ± 0.02 a 0.07 ± 0.02 b 0.11 ± 0.03 ab

Tricaffeoylquinic acid 0.36 ± 0.06 a 0.31 ± 0.04 ab 0.09 ± 0.01 c 0.25 ± 0.04 b

Luteolin 1.90 ± 0.10 a 1.94 ± 0.11 a 0.95 ± 0.08 c 1.32 ± 0.10 b

Quercetin 0.63 ± 0.05 a 0.60 ± 0.07 a 0.29 ± 0.06 b 0.16 ± 0.04 c

Methoxyquercetin 0.36 ± 0.03 a 0.34 ± 0.04 ab 0.26 ± 0.04 b 0.32 ± 0.04 ab

Apigenin 0.56 ± 0.05 a 0.58 ± 0.04 a 0.18 ± 0.02 c 0.38 ± 0.05 b

Diosmetin 0.40 ± 0.05 a 0.38 ± 0.04 a 0.22 ± 0.03 c 0.29 ± 0.04 b

Trihydroxy dimethoxyflavone 0.27 ± 0.02 a 0.29 ± 0.02 a 0.13 ± 0.01 c 0.20 ± 0.02 b

Centaureidin 2.02 ± 0.12 a 2.07 ± 0.09 a 1.22 ± 0.05 c 1.76 ± 0.08 b

Methoxyacacetin 0.25 ± 0.03 a 0.26 ± 0.02 a 0.09 ± 0.02 c 0.16 ± 0.02 b

Dihydroxy trimethoxyflavone 0.44 ± 0.05 a 0.46 ± 0.06 a 0.17 ± 0.03 c 0.31 ± 0.05 b

Casticin 2.93 ± 0.10 a 2.92 ± 0.11 a 1.45 ± 0.09 c 2.31 ± 0.10 b

a, b, c Different letters denote statistical differences within a line according to Fisher’s least significant difference
(LSD) procedure (p < 0.05).
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Table 2. Phenolic compounds (mg/g extract) of yarrow enriched-extract (EE) before and after oral,
gastric and intestinal digestion steps.

Compound Undigested-EE Oral Gastric Intestinal

Neochlorogenic acid 0.15 ± 0.03 c 0.15 ± 0.02 c 0.22 ± 0.04 b 0.86 ± 0.06 a

Protocatechuic acid 0.13 ± 0.02 b 0.13 ± 0.03 b 0.14 ± 0.03 b 0.74 ± 0.07 a

Caftaric acid isomer 0.15 ± 0.02 a 0.13 ± 0.02 a 0.05 ± 0.01 b 0.05 ± 0.02 b

Caftaric acid 0.19 ± 0.06 b 0.18 ± 0.05 b 0.30 ± 0.08 a 0.30 ± 0.06 a

Caffeoylquinic acid isomer I 0.46 ± 0.07 a 0.42 ± 0.06 a 0.48 ± 0.07 a 0.39 ± 0.06 a

Chlorogenic acid 7.60 ± 0.35 a 7.46 ± 0.21 a 7.49 ± 0.01 a 6.28 ± 0.25 b

Cryptochlorogenic acid 0.12 ± 0.01 b 0.14 ± 0.02 b 0.15 ± 0.02 b 1.11 ± 0.07 a

Vicenin 2 3.20 ± 0.12 b 3.22 ± 0.10 b 3.37 ± 0.10 a 3.49 ± 0.11 a

Caffeoylquinic acid isomer II 0.22 ± 0.02 a 0.24 ± 0.02 a 0.27 ± 0.03 a 0.28 ± 0.02 a

Apigenin hexoside-pentoside I 0.76 ± 0.04 b 0.77 ± 0.05 b 0.96 ± 0.08 a 0.80 ± 0.07 ab

Caffeic acid 0.90 ± 0.06 a 0.91 ± 0.06 a 0.90 ± 0.04 a 0.94 ± 0.05 a

Schaftoside isomer 2.33 ± 0.14 b 2.29 ± 0.11 b 2.62 ± 0.12 a 2.77 ± 0.10 a

Schaftoside 3.64 ± 0.10 b 3.57 ± 0.11 b 4.02 ± 0.15 a 3.92 ± 0.12 a

Homoorientin 6.31 ± 0.21 a 6.03 ± 0.16 a 6.36 ± 0.18 a 5.50 ± 0.13 b

Apigenin hexoside-pentoside II 1.90 ± 0.10 a 1.76 ± 0.09 a 1.88 ± 0.08 a 1.87 ± 0.09 a

Luteolin dihexoside I 7.68 ± 0.19 a 7.35 ± 0.12 b 7.20 ± 0.10 b 7.56 ± 0.11 ab

6-hydroxyluteolin-7-O-glucoside 6.46 ± 0.20 a 6.25 ± 0.16 a 6.58 ± 0.21 a 5.26 ± 0.18 b

Apigenin dihexoside 0.44 ± 0.08 0.41 ± 0.06 0.52 ± 0.06 0.42 ± 0.04
Quercetin hexoside 4.10 ± 0.20 a 4.00 ± 0.14 a 3.37 ± 0.15 b 0.96 ± 0.10 c

Luteolin dihexoside II 0.63 ± 0.05 b 0.66 ± 0.04 b 0.78 ± 0.06 a 0.69 ± 0.04 ab

Rutin 2.86 ± 0.11 b 3.19 ± 0.12 a 3.30 ± 0.10 a 3.00 ± 0.13 ab

Apigenin hexoside 1.75 ± 0.08 b 2.06 ± 0.10 a 2.25 ± 0.11 a 2.24 ± 0.10 a

Vitexin 2.51 ± 0.10 a 2.44 ± 0.09 a 2.52 ± 0.10 a 2.42 ± 0.08 a

Apigenin hexoside- deoxyhexoside 0.85 ± 0.04 a 0.89 ± 0.05 a 0.72 ± 0.04 b 0.56 ± 0.03 c

Apigenin derivative 6.44 ± 0.21 c 6.80 ± 0.22 c 7.60 ± 0.21 b 8.23 ± 0.30 a

Luteolin-7-O-glucoside 24.2 ± 1.30 a 23.6 ± 1.12 a 19.5 ± 1.06 c 21.8 ± 1.02 b

Luteolin-7-O-glucuronide 1.57 ± 0.08 a 1.45 ± 0.07 a 1.06 ± 0.06 c 1.17 ± 0.09 b

Quercetin hexuronide 0.95 ± 0.06 a 0.88 ± 0.05 a 0.87 ± 0.04 a 0.97 ± 0.02 a

3,4-Dicaffeoylquinic acid 3.78 ± 0.18 b 3.73 ± 0.12 b 3.80 ± 0.10 b 20.9 ± 1.22 a

Isorhamnetin hexoside I 3.36 ± 0.10 a 3.39 ± 0.09 a 3.57 ± 0.11 a 3.50 ± 0.12 a

1,5-Dicaffeoylquinic acid 4.29 ± 0.27 ab 4.75 ± 0.21 a 4.10 ± 0.12 b 3.62 ± 0.14 c

3,5-Dicaffeoylquinic acid 72.4 ± 2.92 a 72.5 ± 1.91 a 60.4 ± 2.10 b 24.2 ± 1.33 c

Apigenin-7-O-glucoside 7.30 ± 0.33 a 7.11 ± 0.21 a 7.00 ± 0.18 a 6.28 ± 0.15 b

Luteolin-O-malonylglucoside 1.08 ± 0.08 a 1.05 ± 0.05 a 1.08 ± 0.07 a 1.09 ± 0.08 a

4,5-Dicaffeoylquinic acid 13.3 ± 0.87 b 12.6 ± 0.63 b 10.5 ± 0.51 c 36.9 ± 1.21 a

Isorhamnetin hexoside II 1.57 ± 0.10 b 1.61 ± 0.09 b 1.27 ± 0.07 c 1.73 ± 0.09 a

Dicaffeoylquinic acid isomer 0.26 ± 0.04 a 0.28 ± 0.05 a 0.23 ± 0.03 a 0.23 ± 0.05 a

Feruloylcaffeoylquinic acid 0.29 ± 0.05 a 0.30 ± 0.06 a 0.15 ± 0.03 b 0.25 ± 0.04 a

Tricaffeoylquinic acid 0.86 ± 0.08 a 0.79 ± 0.06 a 0.15 ± 0.02 c 0.60 ± 0.06 b

Luteolin 3.33 ± 0.15 a 3.17 ± 0.11 a 1.78 ± 0.09 c 2.57 ± 0.10 b

Quercetin 0.89 ± 0.06 a 0.86 ± 0.06 a 0.50 ± 0.09 b 0.35 ± 0.05 c

Methoxyquercetin 0.83 ± 0.08 a 0.80 ± 0.07 a 0.61 ± 0.06 b 0.75 ± 0.07 a

Apigenin 0.39 ± 0.04 a 0.39 ± 0.05 ab 0.12 ± 0.01 c 0.31 ± 0.03 b

Diosmetin 0.24 ± 0.02 a 0.24 ± 0.03 a 0.16 ± 0.03 b 0.23 ± 0.03 a

Trihydroxy dimethoxyflavone 0.35 ± 0.03 a 0.35 ± 0.04 a 0.18 ± 0.02 b 0.31 ± 0.03 a

Centaureidin 3.34 ± 0.14 a 3.30 ± 0.15 a 2.09 ± 0.13 c 2.93 ± 0.17 b

Methoxyacacetin 0.23 ± 0.03 a 0.23 ± 0.02 a 0.06 ± 0.01 c 0.20 ± 0.02 a

Dihydroxy trimethoxyflavone 0.34 ± 0.04 a 0.32 ± 0.05 a 0.16 ± 0.02 c 0.20 ± 0.03 b

Casticin 4.18 ± 0.17 a 4.02 ± 0.14 a 2.27 ± 0.11 c 3.62 ± 0.12 b

a, b, c Different letters denote statistical differences within a line according to Fisher’s least significant difference
(LSD) procedure (p < 0.05).
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Chlorogenic acid (CGA), the most abundant mono-caffeoylquinic acid in both extracts,
was stable under oral and gastric conditions, but showed a loss of about 17% at the end
of the intestinal step. However, it should be highlighted the higher quantity of neochloro-
genic and cryptochlorogenic acids measured after intestinal step, whose increase could be
attributed to CGA isomerization. This behaviour was also found by Bouayed et al. [24],
who reported that CGA was stable to gastric conditions but degraded (between 23–41%)
during intestinal digestion, with partial isomerisation to neochlorogenic and cryptochloro-
genic acids. Yu et al. [25] also reported an important bioaccessibility (68.39–91.34%) after
digestion process for chlorogenic acid obtained from mulberry leaves.

With respect to dicaffeoylquinic acids (DCQAs), these compounds seem to be sta-
ble under oral conditions in both extracts. Gastric conditions mainly affected 3,5- and
4,5-DCQAs with a significant loss of approx. 20%. The transition from gastric medium
to intestinal environment caused an important degradation of 3,5-DCQA (63–67% loss),
whereas 3,4-DCQA and 4,5-DCQA significantly increased their quantity after intestinal
step. This increment could be related with isomerization processes among different
DCQAs at intestinal pH. Moreover, at the end of the intestinal step, the sum of all DC-
QAs represented the 90% of these compounds in the undigested extract. D’Antuono
et al. [26] previously described that 3,5-DCQA (pure individual compound) gastroin-
testinal digestion produced a higher isomerization effect with the presence of 3,4-DCQA
and 4,5-DCQA.

Both extracts, YE and EE, also presented an important quantity of flavonoids, either in
glycosylated or in aglycone form. Among the glycosylated forms, luteolin-7-O-glucoside,
the most abundant compound within flavonoids group, was stable to oral digestion but
gastric conditions produced a decrease of approx. 20%. However, this compound increased
up to 87–90% at the end of intestinal step. Gutiérrez-Grijalva et al. [27] also found that
in digestion process, the quantity of luteolin-7-O-glucoside decreased after gastric step
but increased at the end of intestinal step. They indicated that the loss of luteolin-7-O-
glucoside after gastric phase could be related, in addition to pH changes, to a possible
interaction between the compound and gastric enzymes that render it undetectable in
chromatographic analysis. Regarding aglycones, luteolin was also stable to oral step but
hardly affected by gastric conditions (approx. 50% loss). Moreover, luteolin registered an
increased when intestinal phase ended. This behaviour was observed in other aglycones
such as casticin and centaureidin. According with previous results, this effect could be
also related with possible interactions between digestive enzymes and phenolics, as was
detected for luteolin-7-O-glucoside.

Digestion effect on total phenolic content (TPC) and antioxidant activity for both
extracts is shown in Table 3. During digestion process, the amount of TPC only decreased
slightly for both extracts (between 7–13%). Regarding antioxidant activity, this was not
significantly affected during oral phase, however, stomach and intestinal phases resulted
in critical steps for this activity (26–40% decrease). This loss of antioxidant activity could
be related with the losses registered in some phenolic compounds, such as luteolin and
its glucosylated derivatives, since these compounds have been reported to present an
important antioxidant activity [28]. However, the isomerization effect occurred in some
compounds (i.e., CGA and DCQAs) could also be related. Shang et al. [29] indicated that
among DCQA isomers from a L. fischeri leaves ethanolic extract, 3,5-DCQA presented the
highest radical scavenging activity.

211



Molecules 2022, 27, 8254

Table 3. Total phenolic content (TPC) and antioxidant activity (TEAC value) of yarrow ultrasound-
assisted extract (YE) and yarrow enriched-extract (EE) after oral, gastric, and intestinal digestion.

Undigested Oral Gastric Intestinal

TPC 1 YE 105 ± 3 a 96 ± 3 b 87 ± 2 c 91 ± 2 b

EE 224 ± 3 a 214 ± 2 b 201 ± 3 d 208 ± 3 c

TEAC value 2 YE 0.36 ± 0.01 a 0.35 ± 0.01 a 0.20 ± 0.01 b 0.22 ± 0.04 b

EE 1.12 ± 0.06 a 1.06 ± 0.03 a 0.75 ± 0.06 b 0.83 ± 0.04 b

1 TPC = mg GAE/g extract. 2 TEAC value = mmol Trolox/g extract. a,b,c,d Different letters denote statistical
differences within a same line, according to Fisher’s least significant difference (LSD) procedure (p < 0.05).

2.2. Caco-2 Cells Transport Experiments

In order to investigate the potential bioavailability of digested yarrow phenolic com-
pounds, their intestinal uptake was evaluated using Caco-2 cells monolayers at 2, 4 and 6 h.
Due to EE digested extract presented a 2–3 fold superior concentration of phenolic com-
pounds, this extract was selected to carry out the transport experiments. The cytotoxicity
assays, performed by the MTT method, indicated that 40 μL/mL of digested EE was the
maximum concentration that did not affect the cell viability during 6 h (data not shown).
Thus, the concentration of EE phenolic compounds detected in the apical compartment,
cellular monolayer, and basolateral compartment after 2, 4 and 6 h of transport experiments
are shown in Table 4. After 2 h of incubation, 11 phenolic compounds were identified in
the cell monolayer, mainly flavonoid aglycones (casticin, diosmetin and centaureidin) and
DCQAs isomers (3,4-DCQA and 3,5-DCQA). The concentration of those compounds in cell
monolayer decreased after 4 and 6 h of experiment. Regarding the basolateral compartment,
after 2 h of incubation, casticin was the main compound, followed by 3,4 and 3,5-DCQAs.
Data obtained after 4 h showed an increase in casticin, diosmetin and centaureidin con-
centration in the basolateral compartment, meanwhile the amount of 3,5-DCQA remains
constant and 3,4-DCQA slightly decreased. Successively, an increment in the quantity of
casticin, diosmetin and centaureidin continued until 6 h of experiment, while neither 3,4
nor 3,5-DCQAs were detected at that time.

Casticin (a methoxylated flavonol) was the most abundant compound in the basolateral
fraction (after 6 h, a 41.7% from digested extract). The apparent permeability coefficients
(Papp) for casticin presented a maximum value at 2 h (Papp = 16.7 ± 0.1 × 10−6 cm s−1)
in comparison with 4 h and 6 h (Papp = 10.9 ± 0.1 × 10−6 and 10.2 ± 0.3 × 10−6 cm s−1,
respectively). These results suggested that casticin permeability was time-dependent and
transported across the Caco-2 monolayers with a faster rate at a shorter incubation time. In
spite of in vitro studies of casticin’s permeability are still scare; Piazzini et al. [30] reported
a casticin’s Papp value of 8.1 ± 0.9 × 10−6 cm s−1 across Caco-2 cells, after 4 h incubation
with a Vitex agnus-castus extract.

Diosmetin’s uptake also increased with incubation time. Surprisingly, the sum
of diosmetin amount in cell monolayer and basolateral fraction (at 2, 4 or 6 h), was
higher than the concentration of this compound initially placed in the apical side
(0.84 ± 0.1 mg/L of digested extract). Thus, considering that diosmetin is the 4′-methyl
derivative of luteolin, the detected increment could be originated from the metabolism
of luteolin (aglycone) and/or luteolin glycosylated-derivatives presented in the digested
extract. The occurrence of diosmetin as a principal methylated metabolite from luteolin
was reported in rats [31].

Centaureidin represented the third most abundant compound in the basolateral frac-
tion after 6 h. This methylated flavonol, also showed a time-dependent absorption through
Caco-2 cell monolayer, being more rapidly transported at earlier incubation time (Papp at
2 h = 7.0 ± 0.4 × 10−6 cm s−1). To the best of our knowledge, no previous studies had been
reported for centaureidin’s in vitro absorption. In general, a passive transcellular diffusion
through Caco-2 monolayer could be related with casticin, diosmetin and centaureidin
absorption. Nevertheless, interactions of diosmetin with selected transporters such as mul-

212



Molecules 2022, 27, 8254

tidrug resistance-associated protein isoform 1 (MRP1) and monocarboxylate transporter
isoform 1 (MCT1), also expressed in Caco-2 cells, have been previously described [32].

Table 4. Phenolic compounds (mg/L of digested extract) detected in the apical compartment, Caco-2
cell monolayer and basolateral compartment at 2, 4 and 6 h incubation with digested yarrow enriched-
extract (EE).

Apical Compartment Cell Monolayer Basolateral Compartment

Compounds 2 h 4 h 6 h 2 h 4 h 6 h 2 h 4 h 6 h

Apigenin derivative 18.50 ± 0.04 a 18.30 ± 0.07 b 17.70 ± 0.10 c 0.37 ± 0.0 a 0.37 ± 0.01 a 0.36 ± 0.01 a 0.45 ± 0.01 a 0.46 ± 0.01 a 0.42 ± 0.01 b

Luteolin-7-O-glucoside 41.64 ± 0.10 a 40.98 ± 0.30 a 39.77 ± 0.04 b 0.39 ± 0.02 a 0.36 ± 0.01 a 0.28 ± 0.01 b 0.25 ± 0.01 a 0.24 ± 0.01 a 0.21 ± 0.01 b

3,4-Dicaffeoyl-
quinic acid 14.85 ± 0.10 a 12.09 ± 0.10 b 9.18 ± 0.05 c 0.68 ± 0.01 a 0.66 ± 0.02 a n.d. 0.76 ± 0.01 a 0.71 ± 0.01 b n.d.

3,5-Dicaffeoyl-
quinic acid 4.95 ± 0.12 a 4.26 ± 0.05 b 2.99 ± 0.07 c 0.75 ± 0.01 n.d. n.d. 0.71 ± 0.01 a 0.70 ± 0.01 a n.d.

Apigenin
7-O-glucoside 13.34 ± 0.06 a 12.06 ± 0.08 b 11.58 ± 0.15 c 0.24 ± 0.01 a 0.2 ± 0.01 ab 0.20 ± 0.01 b 0.14 ± 0.01 n.d. n.d.

4,5-Dicaffeoyl-
quinic acid 22.24 ± 0.14 a 20.74 ± 0.11 b 16.28 ± 0.11 c 0.08 ± 0.01 n.d. n.d. 0.26 ± 0.01 a 0.13 ± 0.01 b 0.09 ± 0.02 c

Apigenin 0.16 ± 0.01 a 0.09 ± 0.02 b n.d. 0.04 ± 0.01 n.d. n.d. 0.13 ± 0.01 c 0.18 ± 0.01 b 0.27 ± 0.01 a

Diosmetin 0.95 ± 0.02 a 0.94 ± 0.03 a 0.94 ± 0.01 a 0.89 ± 0.01 a 0.66 ± 0.01 b 0.41 ± 0.01 c 0.40 ± 0.01 c 0.79 ± 0.02 b 1.53 ± 0.11 a

Centaureidin 3.27 ± 0.02 a 2.18 ± 0.07 b 0.75 ± 0.01 c 0.58 ± 0.01 a 0.41 ± 0.01 b n.d. 0.48 ± 0.01 c 0.84 ± 0.07 b 1.01 ± 0.02 a

Methoxyacacetin 0.05 ± 0.01 a n.d. n.d. 0.13 ± 0.01 a 0.10 ± 0.0 b 0.10 ± 0.01 b 0.12 ± 0.01 c 0.17 ± 0.01 b 0.20 ± 0.02 a

Casticin 5.17 ± 0.11 a 4.44 ± 0.09 b 3.73 ± 0.07 c 1.87 ± 0.01 a 1.53 ± 0.01 b 1.08 ± 0.01 c 1.77 ± 0.02 c 2.3 ± 0.02 b 3.43 ± 0.06 a

a, b, c Different letters denote statistical differences within a line according to Fisher’s least significant difference
(LSD) procedure (p < 0.05). n.d.: not detected.

The amounts of 3,4-DCQA and 3,5-DCQA detected in the basolateral compartment
after 2 and 4 h of incubation were quite smaller with respect to their amounts in the apical
side, showing a Papp calculated values (at 4 h) of 1.0 ± 0.1 × 10−6 cm s−1 for 3,4-DCQA and
2.2 ± 0.1 × 10−6 cm s−1 for 3,5-DCQA. Similarly, Zhou et al. [33] indicated that DCQAs
showed, after 4 h, Papp values of approx. 2.5 × 10−6 cm s−1. However, at 6 h, unexpectedly
no DCQAs isomers were detected in basolateral fraction (Table 4). In consistence with
this result, D’Antuono et al. [26], did not also detect any DCQAs isomer in the basolateral
side, but coumaric and caffeic acids were found in this fraction, suggesting a cellular
metabolism activity. However, in our results neither caffeic nor coumaric acids were found
in the basolateral fraction at detectable amounts with the analytical technique employed.
Regarding Caco-2 transport, Zhou et al. [33] described DCQAs absorption mainly by
passive diffusion via paracellular pathways, although some interactions of DCQAs with
certain transporters were also reported in vitro [34]. In that context, when evaluating the
absorption of a complex plant-extract, we would have to consider that certain phenolics
may act like substrates or inhibitors of some transporters expressed in Caco-2 cells, thus,
they could act as permeability modifiers for other compounds [35].

2.3. Anti-Inflammatory Activity of Caco-2 Cells Basolateral Fraction

Basolateral fraction recovered at 6 h was used to carry out the anti-inflammatory
assays, using THP-1 macrophages (stimulated via LPS) to quantify the pro-inflammatory
cytokines secretion in the medium. In addition, the basolateral fraction from control diges-
tion (digestion fluids without extract) was also tested. These results are shown in Figure 1.
As can be observed, after 24 h the stimulated macrophages (positive control) revealed a sig-
nificant release of the three pro-inflammatory cytokines, TNF-α, IL-1β and IL-6, compared
to non-stimulated cells (negative control). Previous experiments to assess the cytotoxicity
of the basolateral fraction indicated that 20 μL/mL did not compromise the macrophages
viability (data not shown). Thus, when THP-1 macrophages were incubated with LPS in
presence of 10 and 20 μL/mL of the basolateral media, TNF-α secretion was not modified,
compared with the levels obtained in absence of the extracts (Figure 1A). In contrast, a
significant reduction of IL-1β secreted was observed in presence of both concentrations
of basolateral fraction, approx. 30% and 40% for 10 and 20 μL/mL (Figure 1B). The IL-6
release was also supressed approx. 25% when applied 20 μL/mL of basolateral fraction
(Figure 1C).
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Figure 1. Levels of TNF-α (A), IL-1β (B) and IL-6 (C) secreted by THP-1 macrophages activated with
LPS, in presence of 10 μL/mL (EE-10) and 20 μL/mL (EE-20) of basolateral fraction from yarrow
enriched-extract (EE). Positive control (THP-1 C+), cells stimulated with LPS without basolateral
sample. Negative control (THP-1 C−), cells stimulated with LPS in contact just with RPMI medium.
Control digestion (Ctrl) represents the basolateral supernatant from digested fluids without extract
at 10 μL/mL (Ctrl-10) and 20 μL/mL (Ctrl-20). Each bar is the mean of three determinations ± S.D.
a, b, c, d, e Different letters indicate statistical differences among samples (p < 0.05) according to Fisher’s
least significant difference (LSD) procedure.

Thus, the basolateral fraction from EE exhibited a moderate inhibition of IL-1β and
IL-6 cytokines. Considering that this fraction was mainly composed by casticin, dios-
metin and centaureidin, these flavonoids could be related, at least partially, with the anti-
inflammatory activity. Casticin was shown to decrease the production of pro-inflammatory
cytokines, such as IL-1β, IL-6, and TNF-α in RAW 264.7 cells treated with LPS [36]. More-
over, diosmetin also reduced the generation of pro-inflammatory mediators like NO, TNF-α
in adipocytes and macrophages, and IL-1β e IL-6 in rheumatoid arthritis fibroblast [37].
Finally, centaureidin has been also effectively inhibited expression of COX-1 and COX-2
enzymes related with the inflammatory response [38]. Nevertheless, the influence of other
compounds, including those found in minor concentrations or even those non-detected
metabolites of phenolic compounds, cannot be ruled out.

3. Materials and Methods

3.1. Yarrow Extract and Yarrow Phenolic Compounds-Enriched Extract Obtention

Upper-dried inflorescences of yarrow were obtained from a local supplier (Plantafarm
S.A., León, Spain). The sample was ground (Premill 250, Leal S.A., Granollers, Spain) and
sieved to diminish its particle size (<500 μm). YE was obtained by ultrasound assisted
extraction accordingly to Villalva et al. [23]. Briefly, the ground yarrow was soaked with
pure ethanol (plant/solvent 1:10, w/v) and conducted to extraction (30 min, ≤40 ◦C) in
a Branson 450 ultrasonic device (Branson Ultrasonics, Danbury, CT, USA). The solvent
was removed in a vacuum rotary evaporator (35 ◦C) (IKA RV 10, VWR, Madrid, Spain) to
obtain a dry extract.
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In order to obtain the EE, a fractionation process was conducted using XAD-7HP
macroporous resins (Sigma-Aldrich, St. Louis, MO, USA) packed in a glass column (bed
volume, BV, 225 mL) and a mixture of ethanol:water (80:20, v/v) as elution solvent. A
volume (70 mL) of YE (15 mg/mL final concentration) was placed in the column. After
1 h to allowing the absorption equilibrium, a water-washing step was required (2 BV) to
later recover the phenolic compounds using 80% ethanol (3 BV at 2 BV/h). At the end, the
ethanol was evaporated in a rotary evaporator and freeze-dried to remove the water. The
extracts were kept at −20 ◦C until analysis. All experiments were done by triplicate.

A graphical flowchart summarizing the main steps of the experimental procedure
applied is provided in Figure 2.

 

Figure 2. Flowchart summarizing the main experimental procedures for the bioavailability assess-
ment of yarrow phenolic compounds.

3.2. HPLC-PAD Phenolic Compounds Analysis

Phenolic compounds analysis was performed using an HPLC 1260 Infinity series
system with a photodiode-array detector (PAD) (Agilent Technologies Inc., Santa Clara,
CA, USA). Both YE and EE dried extracts were dissolved in ethanol or ethanol:water (50:50,
v/v), filtered (PVDF, 0.45 μm) and analysed by HPLC-PAD. Chromatographic separation
was carried out with a reverse phase ACE Excel SuperC18 column (ACT, Aberdeen, Scot-
land), equipped with a guard-column of the same material, according to the methodologic
conditions described by Villalva et al. (2018) [22]. Identification of phenolic compounds was
based on HPLC-PAD-ESI-QTOF-MS/MS analysis by following the Villalva et al. (2021) [23]
procedure. Quantification was performed by HPLC-DAD according to the calibration curve
established of each authentic phenolic standard (HPLC purity ≥ 95%). Calibration curves
were also used for the quantification of phenolic compounds with unavailable commercial
standard, following their chemical similarity, e.g., apigenin 7-O-glucoside was used for
apigenin derivative, and chlorogenic acid curve for caffeoylquinic acid isomers.
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3.3. Determination of Total Phenolic Content (TPC) and Antioxidant Activity

Total phenolic content was determined by Folin-Ciocalteau reagent as described
by Singleton et al. [39]. The results were expressed as mg of gallic acid equivalents
(GAE)/g extract. DPPH (2,2-diphenyl-1-picrylhydrazyl, Sigma-Aldrich, Madrid, Spain)
free radical methodology was used to evaluate the antioxidant activity according to
Brand-Williams et al. [40]. The results were expressed as TEAC value (mmol Trolox/g
of extract or mmol Trolox/L of digested extract). All analyses were done in triplicate.

3.4. In Vitro Gastrointestinal Digestion

YE and EE were subjected to a three steps digestion process [22]. Briefly, 5 mL of
extract solution (20 mg/mL) with 0.1 mL α-amylase from human saliva (9.3 mg in Cl2Ca
1 mM) (Type XIII-A, Sigma-Aldrich, St. Louis, MO, USA) were stirred for 2 min in a titrator
Titrino Plus 877 at 37 ◦C (Methrom AG, Herisau, Switzerland) (oral phase). Then, 25 mL of
a gastric solution (pH 2.0 ± 0.5) containing 127 mg of pepsin from porcine gastric mucosa
(536 U/mg, Sigma-Aldrich, St. Louis, MO, USA) was added and incubated for 1 h (gastric
phase). After gastric digestion, pH was adjusted to 7.5 ± 0.5 by addition of 10 mL intestinal
solution composed by 5.3% (v/v) of NaOH 0.1 M, 1.4% (v/v) of NaCl 3.25 M, 0.5% of CaCl2
325 mM and 2.8% (v/v) of a pancreatic-bile extract solution (9.3 mg pancreatin (4 × USP)
and 115.7 mg bile salts in 10 mM trizma-maleate buffer), allowing stirring for 2 h to simulate
intestinal phase. When digestion finished, the solutions were immediately cooled and
filtered (0.45 μm, PVDF) to conduct the HPLC-PAD analysis, TPC and antioxidant activity
assays. Additionally, digestion steps, without yarrow sample addition, were also carried
out as control digestion.

3.5. Caco-2 Cells Culture and Transport Experiments

Maintenance conditions for Caco-2 cell line (ATCC, Manassas, VA, USA), as well as
the cell viability experiments, were followed as previously described by Villalva et al. [22].
To assess the transport assays, Caco-2 cells (density 3 × 105 cells/insert) were seeded in
polyester Transwell® inserts (24 mm diameter, 0.4 μm pore size, Corning Life Science) and
cultured for 21 days at 37 ◦C (5% CO2). The day of the transport experiments, the inserts
were carefully washed with Phosphate Buffer Solution (PBS) (Gibco, Paisley, UK) and filled
with 1.5 mL (apical) and 2.6 mL (basolateral) of pre-warmed Dulbecco’s Modified Eagle’s
Medium (DMEM) (Lonza, Basel, Switzerland) without phenol red, and a specific volume
of digested yarrow extract was added in the apical compartment (extract final dilution
1:25, v/v). At the end of 2, 4 and 6 h of incubation apical and basolateral supernatants
were collected, freeze-dried and stored (−20 ◦C) until analysis. Cell monolayer integrity
was measured before and after the transport assays using an EVOM2 epithelial volt-ohm
meter (World Precision Instruments, Hitchin, UK) and only inserts with transepithelial
electric resistance (TEER) values > 700 Ωcm2 were used. In addition, lucifer yellow (Sigma-
Aldrich, Madrid, Spain) permeation was determined to validate the integrity of cell barrier,
according to Uchida et al. [41]. To performed the HPLC-PAD analysis, lyophilized samples
from apical and basolateral sides, were conducted to extraction with 60:40 ethanol:water
(v/v) (150 μL and 175 μL, respectively) followed by centrifugation (15,000 RPM, 5 min).
The supernatants were filtered (0.45 μm, PVDF filters) before HPLC analysis.

Cell monolayers were washed with cold PBS, followed by 500 μL pure ethanol addition.
After incubation (4 ◦C, 30 min), cells were scraped off the membrane, sonicated (5 min)
and centrifuged (4500 RPM, 15 min) to recover the supernatant. This process was repeated
three times, and finally all supernatants were evaporated until dryness with pure NO2.
The final residue was re-dissolved in 60:40 ethanol:water (v/v) (100 μL) and filtered prior
HPLC injection.
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The apparent permeability coefficient (Papp, cm s−1) of each compound detected in
the basolateral supernatant was determined according to D’Antuono et al. [26] with the
following equation:

Papp=
(dC/dt) V

Co A
(1)

where dC/dt is the apparent rate of polyphenols transported to the basolateral compartment
over the time (μg L−1 s−1), V is the volume of the basolateral compartment (cm3); Co is the
initial concentration in the apical compartment (μg L−1) and A is the surface area of the
membrane (cm2).

3.6. Anti-Inflammatory Assays of Basolateral Fraction from Caco-2 Experiments

Differentiated macrophages from the human monocyte THP-1 cell line (ATCC, Manas-
sas, VA, USA) was used to conduct anti-inflammatory assays according to Villalva et al. [22]
with minor modifications. Briefly, THP-1 cells were seeded in 24 well-plate (5 × 105 cells/mL)
and differentiated with 100 ng/mL of phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich, Madrid, Spain) maintained for 48 h (37 ◦C, 5% CO2). The cytotoxic effect of
the basolateral supernatants from Caco-2 over THP-1 macrophages, was determined by
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay (MTT) (Sigma-
Aldrich, Madrid, Spain). Afterwards, the macrophages were washed and filled with
serum-free RPMI medium (Gibco, Paisley, UK) along with a non-toxic concentration of
basolateral supernatants and 0.05 μg/mL of bacterial lipopolysaccharide (LPS) (E. coli
O55:B5, Sigma-Aldrich, Madrid, Spain). After 24 h incubation, the medium was collected
and the release of pro-inflammatory cytokines, TNF-α, IL-1β, and IL-6, was measured
by an enzyme-linked immunosorbent assay (ELISA) (BD Biosciences, Aalst, Belgium)
according to the manufacturer protocol. Cells with LPS but without basolateral sample,
represented the positive control of the immunomodulatory assay; negative control was the
non-stimulated cells in absence of basolateral sample. Results were expressed as mean of
three determinations ± standard deviation.

3.7. Statistical Analysis

Experimental results are expressed as means ± standard deviation (SD). Variance
one-way analysis (ANOVA) followed by Fisher’s least significance differences (LSD) test
were used to distinguish differences between means at p < 0.05. Statgraphics Centurion
XVI software (Version 16, Statpoint Technologies Inc., Warrenton, VA, USA) was used for
that purpose.

4. Conclusions

Phenolic compounds from yarrow showed a great stability at oral step during the
simulated digestion, however gastric and intestinal phases caused important modifications.
Mostly CGA and DCQAs suffered an isomerization effect after intestinal step. Besides
flavonoids, either in their glycosylated or aglycone form, were also reduced after intestinal
phase. Casticin, diosmetin and centaureidin were the most abundant compounds found
in the basolateral fraction after Caco-2 experiments at 6 h. This fraction also exhibited a
certain inhibition of the pro-inflammatory cytokines IL-1β and IL-6. Thus, the phenolic
composition found in this fraction, mainly methoxylated flavonoids, could be related with
the observed bioactivity. Although in vitro results cannot be directly extrapolated to human
in vivo conditions, our findings exhibit a potential bioavailability of phenolic compounds
present in yarrow extracts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27238254/s1, Table S1: Phenolic compounds identified
in yarrow samples by using HPLC-PAD-ESI-QTOF-MS/MS in negative ionization mode. Figure S1:
HPLC-PAD base peak chromatogram (λ = 320 nm) of yarrow enriched-extract before (red line) and
after (blue line) simulated in vitro digestion process. n.i.: non-identified compound.
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Abstract: Resveratrol is a polyphenolic antioxidant found in grapes, red wine, and peanuts and has
been reported to have anti-neoplastic effects on various cancer types. However, the exact mechanism
of its anti-cancer effects in oral cancer is not fully understood and remains controversial. Resveratrol
exhibits strong hypolipidemic effects; therefore, we examined its effect on lipid metabolism in oral
cancer. Resveratrol significantly reduced cell viability and induced autophagic cell death in oral
cancer cells but not in normal cells. This selective effect was accompanied by significantly reduced
lipogenesis, which is caused by downregulation of the transcription factor sterol regulatory element-
binding protein 1 (SREBP1) gene, followed by downregulation of the epidermal fatty acid-binding
protein (E-FABP). It was strongly suggested that resveratrol-induced autophagy resulted from the
inhibition of SREBP1-mediated cell survival signaling. Luciferase reporter assay further indicated
that resveratrol has a potent and specific inhibitory effect on SREBP1-dependent transactivation.
Importantly, resveratrol markedly suppressed the growth of oral cancer cells in an animal xenograft
model, without exhibiting apparent cytotoxicity. In conclusion, resveratrol induces autophagy in oral
cancer cells by suppressing lipid metabolism through the regulation of SREBP1 expression, which
highlights a novel mechanism of the anti-cancer effect of resveratrol.

Keywords: sterol regulatory element-binding protein 1; human oral squamous cell carcinoma;
resveratrol; autophagy; epidermal fatty acid-binding protein

1. Introduction

Human oral squamous cell carcinoma (HOSCC) is the most common oral mucosa
cancer. According to the GLOBOCAN 2018, the number of incident cases for lip and oral
cancer in the world was estimated at 354,864, with an age-standardized incidence rate of
5.8 for men and 2.3 for women per 100,000. GLOBOCAN also estimated 177,384 deaths,
with an age-standardized mortality rate of 2.8 for men and 1.2 for women per 100,000 [1].
Lip and oral cancer are rated the fourth most common malignancy occurring worldwide
in men (8.7 per 100,000) [1]. It is an aggressive malignant neoplasm that is difficult to
cure using conventional approaches including radio-, chemo-, and surgical therapies.
Since surgical treatment often profoundly affects the quality of life and daily activities of
patients with HOSCC, the use of novel therapeutic strategies is desirable along with other
conventional treatments.

One other thing to note here is that it is an energy metabolism on oral cancer. Energy
metabolism, a phenomenon in which cancer cells meet the fuel requirements for prolifera-
tion and invasion in a severe tumor microenvironment, is a pivotal feature of cancers [2].
In addition to alterations in glucose metabolism, commonly termed the Warburg effect,
cancer cells undergo a wide range of changes in other metabolic pathways, including
mitochondrial biogenesis, macromolecule biosynthesis, pentose phosphate pathway, and
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lipid metabolism [3–6]. Owing to their critical roles in tumor initiation, development, and
metastasis, alterations in lipid metabolism, specifically fatty acid synthase (FAS), have
been extensively studied in recent years [7,8]. FAS is a key enzyme involved in the synthe-
sis of fatty acids (FAs) from acetyl-CoA, which is abundantly expressed in the liver and
adipose tissue [9]. FAS has been reported to be overexpressed in several human cancers,
including those of the lung, melanoma, prostate, breast, and oral cavity, and is associated
with poor prognosis [10,11]. Furthermore, FAs are required for cancer cell proliferation to
provide new phospholipids for cytomembranes [12]. FAs are intracellularly translocated
through FA transporters, such as caveolin-1, fatty acid translocase (FAT/CD36), fatty acid
transport proteins (FATP), and fatty acid-binding proteins (FABPs) [12]. FABPs can bind
long-chain FAs and comprise a family of cytosolic proteins with over 10 isoforms [13].
Specifically, epidermal FABP (E-FABP) was first isolated from the epidermis, and is ex-
pressed in tissues throughout the body [14,15]. Additionally, E-FABP is associated with
malignant neoplasms [16]. Studies suggest that cancer cells exhibit a unique behavior
in lipid metabolism; for example, while most normal mature cells acquire FAs from the
bloodstream, neoplasm cells exhibit increased de novo FA biosynthesis, most of which is
modulated by sterol regulatory element-binding protein 1 (SREBP1) [17,18]. SREBP is a
transcription factor and a master regulator of genes involved in regulating FA synthesis
and uptake [19].

Over the last two decades, preclinical, epidemiological, and early phase clinical trials
have shown a promising role of selected dietary constituents in decreasing the incidence of
multiple cancers [20–22]. Considering the potential of such phytochemicals, it is essential
to identify and develop new broad-spectrum chemopreventive agents that can be used
either alone or in combination against cancer. Phytochemicals from natural sources, such
as resveratrol, have recently gained interest as anticancer drugs with fewer side effects in
patients with oral cancer [23].

Resveratrol (3,4′,5-trihydroxy-trans-stilbene) is a polyphenolic compound found abun-
dantly in food and plants [23–25]. It has a wide spectrum of pharmacological bioactivities,
including suppression of lipid metabolism as well as anti-inflammatory, anti-atherosclerotic,
antioxidant, and antitumor properties [23,26]. Many preclinical studies have shown that
resveratrol induces cancer cell death through apoptosis and autophagy [27–29], thereby
exerting both preventive and therapeutic effects on cancers. Although resveratrol mod-
ulates various steps of carcinogenesis and development, the underlying mechanisms of
its anti-cancer effects leading to apoptosis and autophagy are unclear in human oral can-
cer cells. Therefore, the present study aimed to elucidate the fundamental mechanism
of the anti-cancer effects of resveratrol on oral cancer cells through modulation of lipid
metabolism and, consequently, clarify a potential target for chemoprevention of oral cancer,
in vitro and in vivo.

2. Results

2.1. Gene Expression Levels of E-FABP and SREBP1 in HOSCC Cell Lines

E-FABP acts as a transporter of FAs which are required for cancer cell proliferation
to provide new phospholipids for cytomembranes and that SREBP is a master regulator
of genes involved in regulating FA synthesis and uptake. Then, differences in E-FABP
and SREBP1 gene expression levels in HOSCC cell lines (HSC-2, HSC-3, HSC-4, Ca9-22,
and SAS) were firstly analyzed by qRT-PCR. The results showed that Ca9-22 cells had
the highest levels of E-FABP and SREBP1 mRNA expression among the HOSCC cell lines
(Figure 1).

2.2. Expression of E-FABP and SREBP1 Protein in HOSCC Cell Lines

SDS-solubilized extracts of HOSCC cell lines were subjected to immunoblot analysis
to determine E-FABP and SREBP1 protein expression and quantity. Results revealed that
all the HOSCC cell lines expressed E-FABP and SREBP1, with the highest levels in Ca9-22
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cells (Figure 2). Based on these results, Ca9-22 cells derived from gingival cancer were used
to further study the cellular mechanisms.

Figure 1. Differences in the levels of SREBP1 and E-FABP mRNA expression in HOSCC cell lines.
Ca9-22 cells had the highest levels of SREBP1 and E-FABP mRNA expression. Each column and
error bar represent the mean values ± SD of three independent experiments. All p-values: * p < 0.05
compared to relative internal control.

 

Figure 2. Expression profiles of E-FABP and SREBP1 proteins in HOSCC cell lines. SREBP1 and
E-FABP are expressed in all HOSCC cells as 65 and 15 kDa peptides, respectively, with the highest
expression levels in Ca9-22 cells. Blots are representative of n = 3 biological replicates. p-values:
* p < 0.05 compared to β-actin control.
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2.3. Impact of Resveratrol on Tumor Cell Growth

We performed a cell viability assay to examine whether resveratrol induced cell death
in the Ca9-22 cells. As shown in Figure 3A, cell viability showed a significant time- and
dose-dependent reduction in Ca9-22 cells upon treatment with resveratrol. Additionally,
we compared the effects of resveratrol on Ca9-22 and NGE cells after 24 h of treatment
with 0 and 50 μM resveratrol (Figure 3B). The results showed that Ca9-22 cells underwent
morphological changes unlike NGE cells. Moreover, resveratrol treatment had a cytocidal
effect on the Ca9-22 cells. To confirm whether Ca9-22 cell death resulted from apoptosis, the
levels of procaspase cleavage to active caspase-8, -9, and -3/7 (markers of apoptotic activity)
were analyzed. The results demonstrated decreased levels of all markers in response to
resveratrol for 24 h in a dose-dependent manner, indicating that resveratrol did not cause
apoptosis in Ca9-22 cells (Figure 3C). We suspected that cell death was caused by other
mechanisms, such as autophagy.

Figure 3. Effect of resveratrol on cell viability, morphological characteristics, and apoptotic cell death
in Ca9-22 cell line. (A) Cell viability showed a significant time- and dose-dependent reduction in Ca9-
22 cells upon treatment with 50 μM of resveratrol for various hours and with various concentrations
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of resveratrol for 24 h. Each column and error bar represent the mean values ± SD of three inde-
pendent experiments. * p < 0.05 compared to untreated control. (B) Ca9-22 cells treated with 50 μM
of resveratrol for 24 h and observed for the morphological changes. (C) Levels of all markers were
decreased in response to resveratrol for 24 h in a dose-dependent manner, indicating that resveratrol
did not cause apoptosis in Ca9-22 cells. Each column and error bar represent the mean values ± SD
of three independent experiments. All p-values: * p < 0.05, ** p < 0.01 compared to untreated control.
NGE cells: normal gingival epithelial cells.

2.4. Resveratrol-Mediated Induction of Autophagic Death in Ca9-22 Cells

To investigate the effect of resveratrol on the expression of autophagy-related markers
(p62, Beclin1, and LC3) in oral cancer cells, proteins extracted from Ca9-22 cell cultures
were treated with various non-cytotoxic concentrations (2–100 μM) of resveratrol and for
various time periods (0, 4, 8, 12, 24, 48, and 72 h) that were quantified using immunoblot
analysis. The relative levels of p62, Beclin1, and LC3-II gradually increased after treatment
with resveratrol for 24 h in a dose-dependent manner (Figure 4A). A time-course analysis
of these markers in Ca9-22 cells treated with 50 μM resveratrol (Figure 4B) revealed that
p62, Beclin1, and LC3-II proteins were constitutively induced in Ca9-22 cells with a gradual
increase in their relative quantities in a time-dependent manner, showing the highest levels
at 24 h, followed by a gradual decrease up to 72 h. These findings strongly suggested that
resveratrol induces autophagy in Ca9-22 cells in a dose-dependent manner.

 

Figure 4. Cont.
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Figure 4. Resveratrol-induced autophagic cell death in Ca9-22 cells. (A) Relative levels of p62, Beclin1,
and LC3-II gradually increased in a dose-dependent manner after treatment with various concentrations
(0, 2 nM, 50 nM, 100 nM, 1 μM, 50 μM, and 100 μM) of resveratrol for 24 h. (B) Relative levels of p62,
Beclin1, and LC3-II proteins were gradually increased after treatment with 50 μM of resveratrol for
various time periods (0, 4, 8, 12, 24, 48, and 72 h) in Ca9-22 cells in a time-dependent manner, showing
the highest levels at 24 h, followed by a gradual decrease up to 72 h. (C) Cells were treated with 50 μM
of resveratrol, 2 mM of 3-MA or C75 for 24 h. Cell viability was reduced in response to resveratrol;
however, pre-treatment with 3-MA inhibited resveratrol-induced cell death. Each column and error bar
represent the mean values ± SD of three independent experiments. * p < 0.05 compared to untreated
control. (D) Although autophagy-related proteins were markedly increased by resveratrol treatment,
3-MA pretreatment almost completely blocked their expression in Ca9-22 cells. (E) The band intensities
of (A) are graphically represented as the relative expressions of p62, Beclin1, and LC3-I,II/β-actin.
(F) The band intensities of (B) are graphically represented as the relative expressions of p62, Beclin1, and
LC3-I,II/β-actin. (G) The band intensities of (D) are graphically represented as the relative expressions
of p62, Beclin1, and LC3-I,II/β-actin. Immunoblots are representative of n = 3 biological replicates. All
p-values: * p < 0.05 compared to β-actin control. 3-MA: 3-Methyladenine; Rsv: resveratrol; C75: fatty
acid synthase (FAS) inhibitor; NGE cells: normal gingival epithelial cells.

To confirm whether resveratrol induced specifically autophagic cell death in Ca9-22
cells, an inhibition assay was performed. Ca9-22 cells were pretreated with 2 mM 3-MA [30],
an autophagy inhibitor, for 1 h before exposure to 50 μM resveratrol, for 24 h. The results
showed that cell viability was reduced in response to resveratrol; however, pretreatment
with 3-MA inhibited resveratrol-induced cell death (Figure 4C). Moreover, treatment with
C75, an FAS inhibitor, caused strong cell death in Ca9-22 cells. Additionally, p62, Beclin1,
and LC3 expression levels were evaluated by immunoblot analysis. Although autophagy-
related proteins were markedly increased by resveratrol treatment, 3-MA pretreatment
almost completely blocked their expression in Ca9-22 cells (Figure 4D). Interestingly, in-
creased levels of autophagy-related markers were not observed in resveratrol-treated
NGE cells. Therefore, resveratrol may exert tumor-specific cytotoxic effects. These results
indicated that autophagic cell death in Ca9-22 cells was indeed a result of resveratrol treat-
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ment. It should be noted that, although C75 treatment reduced FAS expression, resveratrol
had no effect on FAS expression, despite inducing autophagic cell death in Ca9-22 cells.
Accordingly, we focused on E-FABP as a potential therapeutic target.

2.5. SREBP1 Regulated E-FABP Expression in Ca9-22 Cells

To investigate the regulatory mechanism of proliferative activity in Ca9-22 cells, we
analyzed SREBP1 and E-FABP expression levels in cells treated with TNF-α or resveratrol
by immunoblot analysis. The results revealed that the levels of SREBP1 and E-FABP
proteins were up- and down- regulated, respectively, in response to TNF-α and resveratrol,
compared to those in the control cells (Figure 5A). Hence, we speculated that SREBP1,
a nuclear transcription factor related to lipid metabolism, regulates E-FABP expression
in Ca9-22 cells. We examined this hypothesis via inhibition of SREBP1 expression of
using siRNA. SREBP1 knockdown was confirmed by immunoblot analysis (Figure 5B).
Subsequently, we assessed the effect of SREBP1 knockdown on E-FABP expression and
found that its protein levels were greatly reduced in SREBP1-knockdown Ca9-22 cells
compared to those in control-siRNA transfected or control cells (Figure 5B). Simultaneously,
the results of E-FABP knockdown demonstrated that it did not lead to downregulation
of SREBP1 expression (Figure 5C) or Ca9-22 cell death (Figure 5D). Collectively, these
data indicate that the downregulation of E-FABP is induced via suppression of SREBP1
activity by resveratrol. In other words, resveratrol downregulated SREBP1, which, in turn,
regulated E-FABP expression and induced autophagic cell death in Ca9-22 cells.

2.6. Resveratrol Inhibits TNF-α-Mediated SREBP1 Activation in Ca9-22 Cells

To examine the TNF-Figure 5-mediated regulation of SREBP1 expression in Ca9-22 cells,
we performed immunoblotting followed by densitometric analyses. The results revealed
that SREBP1 protein initially localized in the cytoplasm of control (untreated) Ca9-22 cells
(Figure 6A), then it was transported to the nucleus upon stimulation with TNF-α for 30 min
(Figure 6B). However, the time-course analysis of SREBP1 protein expression up to 24 h
demonstrated a gradual decrease in nuclear translocation. The regulation of SREBP1 expres-
sion in Ca9-22 cells after resveratrol treatment was also analyzed. SREBP1 was primarily
localized in the cytoplasm, with small quantities detected in the cell membrane and nucleus
upon stimulation with resveratrol for 30 min (Figure 6C). We examined the effect of resver-
atrol on TNF-α-induced nuclear translocation of SREBP1 by immunoblot analysis. SREBP1
translocation to the nucleus was detected in Ca9-22 cells stimulated with TNF-α (10 ng/mL)
and resveratrol (50 μM) for 30 min (Figure 6D); however, it was markedly inhibited, compared
to that in cells treated with TNF-α alone. Collectively, these results showed inhibition of the
nuclear translocation of SREBP1 in resveratrol-treated Ca9-22 cells.

To investigate the effects of TNF-α and resveratrol on SREBP1-dependent transcrip-
tional activity in Ca9-22 cells, a luciferase reporter assay was performed. The results
revealed strong luciferase activity induced by TNF-α (Figure 6E). Additionally, the maxi-
mum SRE-dependent transcription was observed after treatment with 10 ng/mL of TNF-α,
at 4 h (without further increase thereafter), which induced a five-fold increase in luciferase
activity compared to that in cells without TNF-α. Meanwhile, the LDLR-Luc reporter con-
struct with a single nucleotide mutation within SRE did not respond to TNF-α (Figure 6F),
suggesting that the increase in luciferase activity was completely dependent on the pres-
ence of SRE sites. Moreover, luciferase activity in Ca9-22 cells decreased with time after
1 h of resveratrol (50 μM) treatment (Figure 6E), with the maximum inhibition (10-fold)
at 24 h. In addition, resveratrol inhibited luciferase activity induced by TNF-α in a time-
dependent manner (Figure 6E). Similarly, the level of luciferase activity was dependent on
the presence of SRE sites, as mentioned above, as the LDLR-Luc reporter construct with
a single nucleotide mutation within the SRE did not respond to resveratrol (Figure 6F).
Collectively, these data indicated that resveratrol has a specific and potent inhibitory effect
on SREBP1-dependent transactivation.
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Figure 5. SREBP1 regulates E-FABP expression in Ca9-22 cells. (A) The levels of SREBP1 and E-FABP
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proteins were upregulated in response to 10 ng/mL TNF-α, and they were downregulated in response
to 50 μM resveratrol for 24 h, respectively, compared to those in the control cells. (B) SREBP1 and
E-FABP protein levels were markedly reduced by siRNA in Ca9-22 cells compared to those in control
siRNA-transfected or control cells. (C) E-FABP knockdown did not lead to downregulation of SREBP1
expression. (D) E-FABP knockdown did not induce Ca9-22 cell death either. (E) The band intensities
of (A) are graphically represented as the relative expressions of SREBP1, and E-FABP/β-actin. (F) The
band intensities of (B) are graphically represented as the relative expressions of SREBP1, and E-
FABP/β-actin. (G) The band intensities of (C) are graphically represented as the relative expressions
of E-FABP, and SREBP1/β-actin. Each column and error bar represent the mean values ± SD of three
independent experiments. Immunoblots are representative of n = 3 biological replicates. All p-values:
* p < 0.05 compared to β-actin control.

2.7. Suppression of Tumor Growth, Inhibition of SREBP1 and E-FABP mRNA Expression, and
Induction of Autophagy in the Tumor Mass of Resveratrol-Treated Nude Mice

We examined the effects of resveratrol on tumor development in vivo, using a nude
mouse model. Mice were injected subcutaneously with Ca9-22 (1 × 106 cells; Figure 7A–C),
and the effects of resveratrol on the extent of Ca9-22 tumor mass were evaluated after
8 weeks. The mice were euthanized, and the tumor mass was histopathologically examined.
As demonstrated in Table 1, resveratrol not only prevented tumor growth, but also reduced
tumor volume in a dose-dependent manner. One mouse from the control group (1/10)
died unexpectedly. As shown in Figure 7D, histopathological findings revealed that the
tumor mass was composed of various stratified squamous tumor cells arranged as islands
with different shapes and sizes, with keratinous pearls inside. Additionally, some of the
cells were acidophilic with pyknotic nuclei and karyolysis, while the rest had nuclei of
different shapes and sizes, larger than the nuclei of the normal epithelium. Infiltration
of inflammatory small round cells was also observed in the peritumoral stroma. After
treatment with 50 μM resveratrol, the Ca9-22 tumor mass in 6 out of 10 mice was resolved.
Although a tumor mass was observed in the remaining 4 mice, a clear regression of the
Ca9-22 tumor mass with marked morphological changes, including autophagic vacuoles
of cancer tissue (Figure 7E,F), was evident (Table 1). At the highest dose of resveratrol
(100 μM per day), the Ca9-22 tumor mass was completely resolved when 1 × 106 Ca9-22
cells were injected subcutaneously (none of the 10 mice showed a detectable tumor mass;
Table 1 and Figure 7G). Moreover, injecting a higher number of Ca9-22 cells (1 × 107)
resulted in similar effects as resveratrol on the prevention of tumor growth. Next, the
mRNA expression of SREBP1, E-FABP, and p62/SQSTM1 was evaluated by RNAscope
ISH in the Ca9-22 tumor mass. While SREBP1 and E-FABP mRNAs were widely expressed
with similar distribution patterns (Figure 8A,B), p62/SQSTM1 mRNA showed modest
expression (Figure 8C) in the tumor mass without resveratrol treatment. In contrast, Ca9-
22 tumor masses treated with 50 μM resveratrol showed markedly reduced expression
of SREBP1 and E-FABP mRNAs (Figure 8E,F), whereas p62 mRNA was expressed only
slightly (Figure 8G). To further confirm whether this reduction in cancer tissue was caused
by autophagic cell death, the protein expression level of p62/SQSTM1, an autophagy-
specific substrate, was examined using immunohistochemistry. We observed high levels
of p62 immunoreactivity in the control mice without resveratrol treatment (Figure 8D),
whereas it was almost completely absent in Ca9-22 tumor masses treated with 50 μM
resveratrol (Figure 8H). These findings indicate that resveratrol effectively reduced SREBP1
and E-FABP expression and induced autophagic cell death in Ca9-22 tumor masses in
nude mice.
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Figure 6. Effect of resveratrol on TNF-α-mediated SREBP1 activation in Ca9-22 cells. SREBP1 protein
expression in the different cellular fractions was tested with immunoblotting in control (untreated)
Ca9-22 cells (A), cells treated with 10 ng/mL TNF-α for 30 min (B), Ca9-22 cells stimulated with
50 μM resveratrol for 30 min (C), and Ca9-22 cells stimulated with TNF-α (10 ng/mL) and resveratrol
(50 μM) for 30 min (D). Immunoblots are representative of n = 3 biological replicates. Each column
and error bar represent the mean values ± SD of three independent experiments. * p < 0.05 compared
to untreated control. (E) Maximum SRE-dependent transcription was observed with 10 ng/mL
of TNF-α at 4 h, which induced a five-fold increase in luciferase activity compared with that in
cells without TNF-α. Moreover, luciferase activity in Ca9-22 cells decreased with time after one
hour of resveratrol (50 μM) treatment, with maximum inhibition (10-fold) at 24 h. Additionally,
resveratrol inhibited luciferase activity induced by TNF-α in a time-dependent manner. (F) the
LDLR-Luc reporter construct with a single nucleotide mutation within SRE did not respond to TNF-α
and/or resveratrol. Each column and error bar represent the mean values ± SD of three independent
experiments. All p-values: * p < 0.05 compared to untreated control.
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Figure 7. Suppression of growth in the Ca9-22 tumor mass of resveratrol-treated nude mice. Tumor
appearance in mice after eight weeks of Ca9-22 cell inoculation, and five weeks of saline (control)
administration (A), 50 μM of resveratrol (B) or 100 μM of resveratrol (C) administration. Scale
bar = 10 mm. (D) Histopathological findings revealed that the tumor mass was composed of var-
ious stratified squamous tumor cells, arranged as islands with different shapes and sizes, with
keratinous pearls inside (Hematoxylin and eosin (H-E) stain; scale bar = 200 μm, original magnifi-
cation ×40). (E) Treatment with 50 μM of resveratrol resulted in marked morphological changes in
which Ca9-22 tumor masses had formed (H-E stain; scale bar = 200 μm, original magnification ×40).
(F) Marked morphological changes were observed, including formation of autophagic vacuoles in
Ca9-22 tumor mass indicated by arrows (H-E stain; scale bar, 200 μm, original magnification ×100).
(G) At the highest dose of resveratrol (100 μM/day), the Ca9-22 tumor mass is completely resolved
when 1 × 106 Ca9-22 cells were injected subcutaneously (H-E stain; scale bar = 200 μm, original
magnification ×40).

Table 1. Effect of resveratrol at 8 weeks after subcutaneous inoculation of Ca9-22 cells (1 × 106 cells)
in nude mice.

Control (Saline)
Resveratrol (μM/Day)

50 100

Animals with tumor formation, n (%) 9/10 (90%) 4/10 (40%) * 0/10 (0%) **

Tumor volume #, mm3 608.9 ± 11.82 (100%) 55.28 ± 2.87 (9.08%) * 0 (0%) **

A mouse in the control group (1/10) died unexpectedly. # Tumor volume was calculated as width2 × length × 0.5
and values represent mean ± SD (% relative to control). * p < 0.05, ** p < 0.001 (compared to the control).
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Figure 8. Cont.
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Figure 8. Inhibition of SREBP1 and E-FABP mRNA expression and induction of autophagy in the
Ca9-22 tumor mass of resveratrol-treated nude mice. Expressions of both SREBP1 (A) and E-FABP
(B) mRNAs were extensively detected with higher levels in Ca9-22 tumor mass by RNAscope ISH
(Scale bar = 200 μm, original magnification ×40) in control (not exposed to resveratrol). In Ca9-22
tumor treated with 50 μM of resveratrol, expressions of both SREBP1 (E) and E-FABP (F) mRNAs were
extremely restricted (Scale bar = 200 μm, original magnification ×40). ISH revealed slight expression
of p62 mRNA in resveratrol-treated tumor (G), compared to that in the control (C) (Scale bar = 200 μm,
original magnification ×40). Immunohistochemistry revealed high levels of p62 immunoreactivity in
untreated control (D), compared with that in Ca9-22 tumor mass treated with 50 μM of resveratrol
(H) (Scale bar = 200 μm, original magnification ×40). Image analyses of SREBP1, E-FABP and p62
expression in resveratrol-treated Ca9-22 tumor mass was determined using ImageJ program. All
p-values: * p < 0.05 compared to untreated control.

3. Discussion

Resveratrol is a multifunctional polyphenol with various biological activities [28,29].
It is well documented that resveratrol can suppress the expression of genes related to lipid
metabolism [31,32] and induce both autophagy and apoptosis in human cancer cells [27–29].
Although SREBPs are well known as master regulators of lipid metabolism [24], it is unclear
whether resveratrol inhibits the action of SREBP in human oral cancer cells.
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In the present study, we highlighted the SREBP1-associated effect of resveratrol on
tumor growth and invasion in oral cancer using an in vitro cell culture and an in vivo nude
mouse cancer model. First, our results indicate that resveratrol induced autophagic cell
death, but not apoptosis, in Ca9-22 cells. Therefore, the results of our study are inconsistent
with previous findings. Moreover, our results showed that the expression of FAS was not
downregulated in resveratrol-treated Ca9-22 cells; therefore, we changed the target from
FAS to E-FABP. In addition, resveratrol was highly selective for cancer cells. The cause
of this selective cytotoxic effect of resveratrol on cancer cells, but not against NGE cells,
remains elusive. Despite an extensive review of the available literature, we found no precise
explanation for the mechanism underlying this selective effect exerted by resveratrol on non-
cancer cells. We hypothesized that NGE cells do not undergo rigorous lipid metabolism,
unlike cancer cells, and have low expression levels of SREBP1, E-FABP, and FAS; therefore,
they do not serve as appropriate targets for resveratrol-mediated antioxidative activity.

According to previous studies, SREBPs serve as a key link between lipid metabolism
and inflammation, energy stress, cell growth, nutrition, and other pathological and phys-
iological processes [33]. Moreover, TNF-α stimulates SREBP1 activation via a caspase-
dependent pathway in HepG2 cells derived from hepatocellular carcinoma [34]. In the
present study, we used TNF-α to activate SREBP1 in Ca9-22 cells, to mimic the local in-
flammatory response in the invasive front of cancer, as some tumor cells were reported to
produce TNF-α [35]. The results demonstrated that TNF-α-mediated activation of SREBP1
regulates E-FABP expression, as evidenced by the increased E-FABP expression in TNF-
α-stimulated Ca9-22 cells and decreased E-FABP expression after SREBP1 knockdown.
Additionally, it is known that nuclear translocation of the E-FABP protein mediated by
lipid ligands can activate transcription factors, including SREBPs and PPARs, to initiate
proliferative signaling in several cancer models [36]. Therefore, we examined SREBP1
expression in response to E-FABP knockdown in the Ca9-22 cells. These results indicated
that SREBP1 expression remained unaffected, and cell death was not induced. Collectively,
these findings are consistent with those of previous reports and validate our data. There are
several reports available on SREBP1-mediated regulation of FAS expression [8,19]; however,
we did not find sufficient reports highlighting the regulation of E-FABP expression by
SREBP1. This is the first report of SREBP1-mediated regulation of E-FABP expression.
We further found that TNF-α-mediated SREBP1 activation was blocked by resveratrol,
suggesting that resveratrol interferes with the TNF-α signal transduction cascade at the
initial step. Resveratrol treatment also inhibits the translocation of SREBP1 to the nu-
cleus. Thus, two separate lines of evidence allowed us to conclude that resveratrol is a
specific and potent inhibitor of SREBP1 activation in Ca9-22 cells: (a) resveratrol inhib-
ited TNF-α-induced nuclear transactivation of SREBP1, and (b) resveratrol suppressed
SREBP1-dependent transcription. Indeed, it has been described that SREBP1 regulates
the expression of genes associated with lipid metabolism, including FASN, acetyl-CoA
carboxylase 1 (ACC1), SCD1, and LDLR [37]. However, we believe that E-FABP may be
an additional SREBP target. Therefore, downregulation of SREBP1 could result in the
suppression of crucial effects on lipid metabolism. This study suggests that in oral cancers,
resveratrol has suppressive effects of lipid metabolism and anti-cancer activities but that
these results need to be confirmed using more cell lines as well as other animal models.

4. Materials and Methods

4.1. Reagents

Immunoblot analysis of E-FABP was performed using a mouse anti-human E-FABP
monoclonal antibody (Mab E-FABP, #sc-365236; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) as the primary antibody. Rabbit anti-human p62 polyclonal antibody (Pab p62,
#PM045Y), rabbit anti-human Beclin1 polyclonal antibody (Pab Beclin1, #PD017Y), and
mouse anti-human LC3 monoclonal antibody (Mab LC3, #M186-3Y) were procured from
Medical and Biological Laboratories (Nagoya, Japan). Rabbit anti-human sterol regulatory
element-binding protein 1 monoclonal antibody (Mab SREBP1, #NB600-582) was procured
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from Novus Biologicals (Centennial, CO, USA). Mouse anti-human fatty acid synthase
(FAS) monoclonal antibody (Mab FAS, #10038) was procured from Immuno-Biological
Laboratories Co., Ltd. (Fujioka, Japan). The rabbit anti-human β-actin monoclonal anti-
body (Mab β-actin, #4970) was obtained from Cell Signaling Technology (Tokyo, Japan).
Resveratrol (3, 4′, 5-trihydroxy-trans-stilbene) and 3-methyladenine (3-MA; PI3K class III
inhibitor) were procured from Sigma-Aldrich (St. Louis, MO, USA). Recombinant human
TNF-α (R&D Systems, Inc., Minneapolis, MN, USA) was used to stimulate the Ca9-22
cells. For in situ hybridization, probes against human SREBP1 (ACD# 469871), human
p62/SQSTM1 (ACD# 415881), and human E-FABP (ACD# 566111-C3) were procured from
Advanced Cell Diagnostics Inc. (ACD; Newark, CA, USA).

4.2. Cell Culture

HOSCC cell lines (HSC-2, HSC-3, HSC-4, Ca9-22, and SAS; Japanese Cancer Research
Resources Bank, Osaka, Japan) mycoplasma testing has been carried out, and cell lines
were cultured independently in 25 cm2 culture flasks with RPMI-1640 medium containing
10% heat-inactivated fetal bovine serum and 1% antibiotic-antimycotic (Life Technologies,
Tokyo, Japan). Cells were grown to confluency, at 37 ◦C, in an atmosphere of 5% CO2.
Normal human gingival progenitor (NHGP) cells (CELLnTEC advanced cell systems, Bern,
Switzerland) were maintained in gingival progenitor cell maintenance medium (CELLnTEC
advanced cell systems) without antibiotics on 10 cm2 polyethyleneimine-coated glass plates
until differentiation into normal gingival epithelial (NGE) cells.

4.3. RNA Extraction and Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from monolayered HOSCC cells (1 × 106 cells/mL) using
the AGPC method, as described previously [38]. The expression patterns of E-FABP and
SREBP1 were confirmed by qRT-PCR analyses using a Bio-Rad iCycler system (Bio-Rad,
Tokyo, Japan) and the iScript One-Step RT-PCR kit with SYBR Green I (Bio-Rad), according
to the manufacturer’s instructions and a previously described method [38]. The PCR
primers were designed and synthesized by Sigma-Aldrich, Inc. (Ishikari, Japan) with the
following primer sequences:

E-FABP: forward, 5′-GCC GCC GTT ATA AAG CAG CC-3′; E-FABP reverse, 5′-GCA
AAG CTA TTC CCA CTC CTA GC-3′; SREBP1 forward, 5′-AAT CTG GGT TTT GTG TCT
TC-3′; SREBP1 reverse, 5′-AAA AGT TGT GTA CCT TGT GG-3′; GAPDH forward, 5′-CAG
CCT CAA GAT CAT CAG CA-3′; and GAPDH reverse, 5′-ACA GTC TTC TGG GTG GCA
GT-3′. GAPDH mRNA with previously described primer sequences was used (set at 1) as
an internal control [38].

4.4. Immunoblot Analysis

Proteins were extracted from monolayered HOSCC cells (1 × 106 cells/mL) and
quantified as previously described [38]. Immunoblot analysis was performed as previously
described [38]. MAb E-FABP (1:1000), PAb SREBP1 (1:1000), PAb p62 (1:1000), PAb Beclin1
(1:1000), MAb LC3 (1:1000), and MAb FAS (1:1000) were used as primary antibodies.
Horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG (H + L) or anti-mouse IgG
(H + L) antibody (1:25,000) (GE Healthcare, Piscataway, NJ, USA) was used as the secondary
antibody. MAb β-actin (1:5000) was used as the internal control. Ca9-22 cells were grown
as monolayer culture, and treated with 10 ng/mL TNF-α and/or 50 μM resveratrol for 24 h
followed by immunoblot analysis for the detection of SREBP1 and E-FABP.

4.5. Cell Viability Assay

The assay was performed as previously described method [38]. Briefly, Ca9-22 cells
(2 × 104 cells/100 μL/well) were plated in a 96-microwell plate. Subsequently, the cells
were treated with or without 2 nM, 50 nM, 100 nM, 1 μM, 50 μM, and 100 μM resveratrol
for 24 h. WST-8/ECS solution (10 μL; Dojindo Laboratories, Tokyo, Japan) was then added
to each well and incubated, at 37 ◦C, in a 5% CO2 incubator for 4 h. The cells were oscillated
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for 1 min, and absorbance was measured at 450 nm using a microplate reader (Bio-Rad).
Next, inhibition assay against autophagy was performed. Ca9-22 cells were individually
pretreated with 2 mM 3-MA (an autophagy inhibitor) for 1 h, followed by treatment with
or without 50 μM resveratrol for 24 h. Thereafter, cell viability assay and immunoblot
analysis were performed as described above. Cellular autophagic vacuole morphology was
examined and photographed using a phase-contrast microscope (Olympus, Tokyo, Japan).

4.6. Apoptosis Detection Assay

The assay was performed as previously described method [38]. Briefly, Ca9-22 cells
(5 × 103 cells/100 μL/well) were plated in white-walled 96-well tissue culture plates and
incubated for 24 h. The cells were treated with or without 2 nM, 50 nM, 100 nM, 1 μM,
50 μM, and 100 μM resveratrol for 24 h. Thereafter, the activities of caspase-3/7, -8, and -9
were determined using Caspase-Glo® 3/7, 8, and 9 assays (Promega, Madison, WI, USA) ac-
cording to the manufacturer’s instructions. Subsequently, 50 μL of Caspase-Glo reagent was
added to each well and incubated for 30 min, followed by the measurement of luminescence
as relative light units (RLUs) using a Veritas Microplate Luminometer (Promega).

4.7. RNA-Mediated Interference

Small interfering RNAs (siRNAs) specific for human E-FABP, SREBP1, and scrambled
(control) siRNAs were synthesized by Sigma-Aldrich (St. Louis, MO, USA). The sense
and antisense strand sequences of the oligonucleotides were as follows: E-FABP siRNA
sense, UGU ACC CUG GGA GAG AAG U; antisense, ACU UCU CUC CCA GGG UAC
A; control siRNA sense, GAU CAU GAG CGG UGC GUA A; antisense, UUA CGC ACC
GCU CAU GAU C; SREBP1 siRNA sense, GAG GCA AGA CCG AAG UAA A; antisense,
UUU ACU UCG GUC UUG CCU C; and control siRNA, MISSION® siRNA universal
negative control. Before transfection, FuGENE HD transfection reagent (Promega) was
mixed with 100 nM E-FABP and 100 nM SREBP1 or 100 nM control siRNA (3:3.4 μL) in
serum-free medium to a total volume of 500 μL followed by incubation for 30 min, at
room temperature (RT). For SREBP1 or E-FABP knockdown, Ca9-22 cells (derived from
gingival cancer; 1 × 105 cells/mL) were seeded on 24-well plates and rinsed with serum-
free medium, and transfected with either an SREBP1, an E-FABP siRNA duplex, or a control
siRNA using FuGENE HD transfection reagents for 48 h, at 37 ◦C. The cells were then
subjected to cell viability assay, apoptosis detection assay, and immunoblot analysis.

4.8. Analysis of SREBP1 Translocation

To examine SREBP1 translocation to the nucleus, we used a subcellular proteome
extraction kit (S-PEK; Calbiochem, Darmstadt, Germany) according to the manufacturer’s
instructions to extract cytoplasm, cell membrane and nucleus fractions of Ca9-22 cells.
Ca9-22 cells were treated with 10 ng/mL of TNF-α and/or 50 μM resveratrol. Then, the
assay was subsequently performed as previously described method [39]. Thereafter, each
sample was subjected to immunoblot analysis followed by densitometric analyses. Filters
were scanned and computer-generated images were analyzed with the ImageJ program
to obtain densitometric values. For each series of samples (cytoplasm, cell membrane and
nucleus), the relative density of each image was calculated and expressed as a percentage
of the value (arbitrarily set at 100) indicated by a sharp sign.

4.9. Plasmids

The pGL4 firefly luc2 plasmid and hRluc-TK-renilla were procured from Promega. The
low-density lipoprotein receptor plasmid (pLDLR)-Luc construct (also known as pES7, Ad-
dgene plasmid #14940), harboring the SREBP-responsive Sterol Responsive Element (SRE)
sequence (ATCACCCCAC), and the pLDLR-Luc mutSRE construct (LDLR-Luc MUT, Ad-
dgene plasmid #14945), harboring an SREBP-unresponsive mutant SRE (ATAACCCCAC)
were obtained from Addgene (Watertown, MA, USA). A PCR fragment containing nu-
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cleotides 335–3 of the human LDL receptor gene was cloned into the SmaI site of pGL2-basic
to generate pLDLR-Luc.

4.10. Transfection of Ca9-22 Cells with Plasmids and Luciferase Reporter Assay

Ca9-22 cells (1 × 105 cells/mL) were cultured for 12 h in 24-well culture plates con-
taining RPMI1640 medium supplemented with 10% FBS. Cells were transiently transfected
with pLDLR-Luc, pLDLR-Luc mutSRE, and pGL4-basic plasmids (firefly) as control and
hRluc-TK reference Renilla luciferase plasmids (Promega) using FuGENE HD transfection
reagents (Roche, Nutley, NJ, USA), according to the manufacturer’s instructions. After
24 h of transfection, cells were treated with 10 ng/mL TNF-α and/or 50 μM resveratrol
for 24 h. Subsequently, cells were lysed, and firefly and Renilla luciferase activities were
analyzed using the Dual-Luciferase System (Promega) according to the manufacturer’s
instructions. To standardize transfection efficiencies, luciferase activity from pLDLR-Luc
and pLDLR-Luc mutSRE was normalized to Renilla luciferase activity.

4.11. Nude Mouse Model of Ca9-22 Tumor Mass

All experimental procedures were performed with approval from the Animal Exper-
imentation Committee of our university. Specific pathogen-free athymic four-week-old
BALB/c female mice were kept under sterile conditions in a laminar flow room in cages
with filter bonnets and fed a sterilized mouse diet and water. Mice were anesthetized with
Isoflurane. Mice were subcutaneously injected with Ca9-22 cells (1 × 106 cells in 100 μL of
PBS) into the back using a 27-gauge needle. Tumor size was measured using calipers daily
in all mice, and movable and elastic-hard Ca9-22 tumor masses grew to approximately
10 mm in diameter after three weeks of Ca9-22 cell inoculation. To examine the effects
of polyphenols, the mice were treated with 50 and 100 μM/day of resveratrol and PBS
(control), respectively, by intratumoral injection for seven consecutive days after the Ca9-22
tumor mass had reached approximately 10 mm in diameter. Subsequently, resveratrol or
PBS (control) was administered once a week for an additional five weeks (a total of eight
weeks after Ca9-22 cell implantation).

4.12. Quantification of Tumor Mass in Nude Mice

After eight weeks of Ca9-22 cell implantation, the mice were euthanized, and the
tumor mass status was evaluated quantitatively (Table 1). Animals were transcardially
perfused with 200 mL of 0.9% saline containing heparin (10,000 U/l), followed by 200 mL
of phosphate-buffered 4% paraformaldehyde. The tumor volume (V, mm3) was calculated
as 0.5 × L × W2, where L and W refer to the length and width (in mm), respectively. The
percentage of tumor growth inhibition is expressed as the mean value (±SD) of tumor
volumes (calculated for all groups with 10 mice each) relative to the volume of tumors
injected with control PBS. The back skin was excised and the tumor tissue was post-fixed in
4% paraformaldehyde for 18–24 h. Post-fixation, the tumor was equilibrated to 15% and 30%
sucrose and then cut into 10–15 μm-thick sections on a freezing, sliding stage microtome.
Sections were stored at −80 ◦C until processed for RNAscope in situ hybridization (ISH)
and immunohistochemistry (IHC).

4.13. RNAscope ISH

Detection of SREBP1, p62/SQSTM1, and E-FABP mRNAs by RNA ISH was performed
on frozen slices using the RNAscope 2.5 HD Reagent Kit-Brown (ACD) according to the
manufacturer’s instructions. The positive and negative control probes were used in this
study. Briefly, frozen slides were dried in an oven, at 60 ◦C, for 30 min prior to incubation
in cold 4% PFA for 15 min. The slides were then dehydrated using 50%, 70%, and 100%
ethanol for 5 min each at RT, followed by H2O2 addition and incubation for 10 min at RT. For
antigen retrieval, the sections were boiled (98–102 ◦C) in a target retrieval solution (ACD)
for 5 min. After washing the slides with pure H2O twice for 30 s each, at RT, they were
dehydrated using 100% ethanol for 3 min and air-dried for 5 min, at RT. The slides were
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then baked, at 60 ◦C, for 30 min, and a hydrophobic barrier was formed around the tissue
using ImmEdge Hydrophobic Barrier Pen (ACD), followed by protein digestion using
protease III treatment for 30 min, at 40 ◦C. Frozen sections were washed twice with pure
H2O for 1 min each. Next, the target probes were added and allowed to hybridize at, 40 ◦C,
for 2 h. The detection kit was used as follows: amplification steps 1–4 were performed,
at 40 ◦C (AMP1 30 min, AMP2 15 min, AMP3 30 min, and AMP4 15 min), followed by
steps 5–6, at RT (AMP5 30 min and AMP6 15 min). Sections were then incubated with
diaminobenzidine (DAB) for 10 min, counterstained with Gill’s hematoxylin for 30 s, and
incubated for 2 min, at RT. Washing steps between the addition of reagents were performed
on an automated platform, at RT. Finally, the slides were removed, immersed in deionized
water, dehydrated, cleared, and mounted. Brown punctate signals colocalized with nuclei
and/or the cytoplasm of tumor cells were designated as positive.

4.14. Immunohistochemistry

p62 immunostaining was performed as described previously [38]. Diluted MAb p62
(1:1000) and goat anti-rabbit IgG (H + L) antibodies for p62 (1:200) were used as the primary
and secondary antibodies, respectively.

4.15. Statistical Analysis

Results were compared between different groups using two-tailed Student’s t-test.
Differences were considered statistically significant at p-values < 0.05. All analyses were
performed using StatView statistical software (version 5.0; SAS Institute Inc., Cary, NC,
USA). Each column and error bar represent the mean values ± SD of three independent
experiments (n = 3 experiments; mean values ± SD).

5. Conclusions

Resveratrol inhibits the transactivation of SREBP1 with subsequent downregulation
of E-FABP expression. Resveratrol blocked Ca9-22 cell proliferation, ultimately inducing
autophagic cell death and preventing the growth of Ca9-22 tumor masses in nude mice.
This molecular cascade may provide the mechanism by which resveratrol suppresses the
development of oral squamous cell carcinomas. Our data also suggest that the anti-cancer
activity of resveratrol may rely on the inhibition of SREBP1. However, the mechanism by
which resveratrol interferes with SREBP1 activation remains unclear. Further investigation
into the role of SREBP1 will help unfold lipid metabolism-mediated cancer proliferation
and establish a resveratrol-based therapeutic strategy for oral cancer.
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Abstract: In this study, the comprehensive chemical characterization of red lentil hulls obtained
from the industrial production of football and split lentils was described. The lentil hulls were
rich in dietary fiber (78.43 g/100 g dry weight with an insoluble to soluble fiber ratio of 4:1) and
polyphenols (49.3 mg GAE/g dry weight, of which 55% was bound phenolics), which revealed the
suitability of this lentil by-product as a source of bioactive compounds with recognized antioxidant
and prebiotic properties. The release of oligosaccharides and phenolic compounds was accomplished
by enzymatic hydrolysis, microwave treatment and a combination of both technologies. The key
role played by the selection of a suitable enzymatic preparation was highlighted to maximize the
yield of bioactive compounds and the functional properties of the lentil hull hydrolysates. Out of
seven commercial preparations, the one with the most potential for use in a commercial context was
Pectinex® Ultra Tropical, which produced the highest yields of oligosaccharides (14 g/100 g lentil
hull weight) and free phenolics (45.5 mg GAE/100 g lentil hull weight) and delivered a four-fold
increase in terms of the original antioxidant activity. Finally, this enzyme was selected to analyze the
effect of a microwave-assisted extraction pretreatment on the yield of enzymatic hydrolysis and the
content of free phenolic compounds and oligosaccharides. The integrated microwave and enzymatic
hydrolysis method, although it increased the solubilization yield of the lentil hulls (from 25% to
34%), it slightly decreased the content of oligosaccharides and proanthocyanidins and reduced the
antioxidant activity. Therefore, the enzymatic hydrolysis treatment alone was more suitable for
producing a lentil hull hydrolysate enriched in potential prebiotics and antioxidant compounds.

Keywords: lentil hull; enzymatic hydrolysis; microwave-assisted extraction; phenolic compounds;
oligosaccharides; antioxidant activity

1. Introduction

Lentil, a pulse crop ranking fourth in terms of global grain legume production, is a
dietary source of protein, starch, fiber and micronutrients that are important to human
nutrition [1]. The growing demand for plant-based proteins, combined with the existing
knowledge of the potential health effects of increased pulse dietary intake, have raised the
production of lentil products [1]. Dehulling is a primary process for producing dehulled
lentil seeds or split lentils, lentil flour and fractionated protein and fiber ingredients [2]. By-
products generated from dehulling are mainly hulls (8–16% of dry seed weight), embryonic
axes (1–3% of dry seed weight) and broken cotyledons [2]. As a consequence, the dehulling
industry generates a large amount of lower-value by-product, representing 20–28% of
the total lentil amount processed [2]. The primary markets for lentil hulls are of low
value and have very limited use in human nutrition. Therefore, this by-product not only
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represents a low-value disposal problem for millers but also wastes a potential source of
novel, nutritious and health-promoting food ingredients.

Lentil hulls are a promising source of nutrients that generally contain 60–90% dietary
fiber, 2–8% protein, 3% ash and 1–3% lipids [2]. Lentil dietary fiber consist of cellulose,
pectin, xylans and mannans, which can be considered as sources of prebiotics [3]. Moreover,
lentil hulls have large amounts of extractable phenolics (procyanidins being the major
group followed by phenolic acids and flavonols) and considerable levels of conjugated
and bound phenolic acid derivatives linked to cell wall components (proteins, cellulose,
hemicellulose and pectin) [4]. Besides the well-documented physiological benefits of dietary
fiber [5], the phenolic compounds of lentil hulls provide potential for various physiological
benefits such as those related to antioxidant and anti-inflammatory activities [6–8]. These
findings represent a good foundation for further investigation into the value-added use
of these by-products, particularly in functional foods and nutraceutical products that
improve health. Some challenges in the development of functional ingredients from lentil
hulls include the compact inner insoluble food matrix, which may be a physical barrier to
the release and absorption of phytochemicals and may contribute to a loss of efficacy in
maintaining health and reducing the risk of disease [9]. It often seems to be the case that
although polysaccharides are fermented by the colonic microbiota, the selectivity for health-
promoting bacterial groups is increased by partial hydrolysis [10]. As the bioavailability of
bioactive compounds plays an important role in the health benefits of lentil hulls, the health-
outcome-oriented hydrolysis of the food matrix using physical, chemical or enzymatic
methods are promising strategies for the better exploitation of this byproduct as a functional
food ingredient.

Earlier research has demonstrated that the use of commercial enzymes increases the
amounts of free phenolics in bran/hull byproducts obtained from certain cereals as well
as causing a concurrent increase in their radical scavenging and anti-inflammatory ac-
tivities [11,12]. The synergy between different feruloyl esterases, pectinases, cellulases,
hemicellulases and proteases present in commercial enzymatic preparations is crucial in
breaking the bonds among cell-wall polysaccharides, proteins and polyphenols [13]. Differ-
ences in the enzymatic profile of commercial enzymatic preparations make the screening
and selection of enzymes a key step in the development of functional ingredients from agro-
industrial by-products. The integration of physical processing methods has resulted an
adequate approach towards a higher solubilization efficiency of bioactive compounds [14].
In recent years, microwave-assisted extraction (MAE) has received considerable attention
because it is a green (low energy consumption, non-thermal technology) and appealing
technological alternative to conventional chemical extraction processes. The high temper-
ature and pressure involved in the process facilitate the destruction of material surfaces,
which in turn results in an increased area and increased amounts of compounds that are
released into the solvent [15]. Microwave treatment has been widely studied to enhance the
extractability of various components such as protein, oil and bioactive components from
agro-industrial byproducts, but there have been no studies that have dealt with the use of
MAE for the extraction of phenolics and oligosaccharides from legume seed coats.

In this study, we hypothesized that lentil hulls could be valorized through the ex-
traction of oligosaccharides and phenolic compounds with a high added value due to
their potential biological properties. We conducted a comprehensive chemical characteri-
zation of red lentil hulls resulting from the industrial processing of red football and split
lentils. Likewise, the successful extraction of oligosaccharides and phenolic compounds
from the lentil hull by-products through microwave treatment, enzymatic treatment and
a combination of the two was accomplished, and their potential as functional food in-
gredients was accordingly discussed. Seven different commercially available food-grade
enzyme preparations, designed to break down plant cell walls (Novozymes A/S), were
screened for their ability to increase the extraction yield of bioactive compounds and
antioxidant activity.
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2. Materials and Methods

2.1. Materials

Hulls from an industrial de-hulling process that produces red football and split lentils
were kindly provided by Prairie Pulse Inc. (Vanscoy, Saskatchewan, SK, Canada) in May
2019. Hulls were ground into a fine powder with a mixer mill (MM 400, Retsch, Haan, Ger-
many) for approximately 3 min at maximum speed and stored in sealed plastic bags at 4 ◦C.
Ultraflo XL, Ultraflo Max, Ultimase BWL 40, Viscozyme L, Celluclast 1.5 L, Pectinex® Ultra
Tropical and Shearzyme Plus 2X were obtained from Novozymes (Bagsvaerd, Denmark).
Fast Blue BB (FBBB) [4-benzoylamino-2,5-dimethoxybenzenediazonium] chloride hemi-
(zinc chloride), 2,2′-azinobis 3-ethylbenzothiazoline-6-sulfonic acid (ABTS), 2,2′-diazobis-
(2-aminodinopropane)-di-hydrochloride (AAPH) and fluorescein were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). Standards such as (+)-catechin, trans-p-coumaric
acid, quercetin 3-O-rutinoside, quercetin 3-O-glucoside and kaempferol 3-O-rutinoside
were provided by Extrasynthese (Lyon, Genay Cedex, France). Standards of 6-hydroxy-
2,5,7,8-tetramethyl-2-carboxylic acid (Trolox), D-glucose, glycerol and gallic acid were
acquired from Sigma-Aldrich Co. (St. Louis, MO, USA).

2.2. Enzymatic Treatments

Enzymatic extractions were performed using seven commercial glucanases: Ultraflo
XL, Ultraflo Max, Ultimase BWL 40, Viscozyme L, Celluclast 1.5L, Pectinex Ultra Tropi-
cal and Shearzyme Plus 2X (Novozymes, Bagsvaerd, Denmark). Enzymatic treatments
(100 mL) were performed in water at a solid-to-solvent ratio of 1:20 (w:v) in accordance
with previous studies [11]. Reaction mixtures consisted of a 1% enzyme-to-lentil hull ratio
(w:w) according to the manufacturer’s recommendations and were processed at 40 ◦C for
3 h in a Thermomixer C shaker (Eppendorf Ibérica, Madrid, Spain) at 2000 rpm. The
reaction with Pectinex® Ultra Tropical was monitored at selected times (0, 0.5, 1, 1.5, 2, 2.5,
3, 3.5 and 4 h) by taking 2 mL aliquots. Enzymes were deactivated at 95 ◦C in a water bath
for 5 min.

2.3. Comparison of Microwave, Enzymatic and Sequential Microwave–Enzymatic Treatments of
Lentil Hull

Microwave extraction was performed using a lentil-hull-to-solvent ratio of 1:20 (w:v)
in a Pyrex bottle, to which 20 mL of bi-distilled water was added. Microwaves were applied
at 700 W and 85 ◦C for 1 min using a JMO011138 microwave (Jocel, Argemil, Portugal)
equipped with a rotating plate. The tested power settings were selected according to previ-
ous research designed to extract bioactive compounds from fruit peels and pomaces [16,17].
The extracted samples were cooled in an ice water bath for 10 min. For the sequential
microwave–enzymatic extractions, the microwave-treated lentil hulls were mixed (step 1)
with Pectinex® Ultra Tropical (1% enzyme-to-lentil-hull weight ratio) (step 2). The reaction
mixtures with a lentil-hull-to-solvent ratio of 1:20 (w/v) were incubated for 3 h at 40 ◦C in a
thermomixer C (Eppendorf Ibérica, Madrid, Spain). Enzymes were deactivated by boiling
in a water bath for 5 min.

For the three lentil hull treatments, samples were centrifuged for 10 min at 10,000× g in
a microcentrifuge (Eppendorf AG, Hamburg, Germany), and the weight of the supernatant
was recorded and subsequently freeze-dried to gravimetrically determine the dried water-
soluble fraction weight.

2.4. Determination of Total Dietary Fiber (TDF), Insoluble Dietary Fiber (IDF) and Soluble Dietary
Fiber (SDF) Fractions

The total (TDF), insoluble (IDF) and high-molecular-weight soluble dietary fiber
(HMW-SDF) content in the lentil hulls was determined by enzymatic and gravimetric
methods using a Rapid Integrated Total Dietary Fiber Assay Kit (K-RINTDF, Megazyme,
Wicklow, Ireland). TDF, IDF and HMW-SDF were expressed as g/100 g dry lentil hull
weight (DW).
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Low-molecular-weight soluble dietary fiber (LMW-SDF), which represents non-digestible
oligosaccharides of a degree of polymerization ≥ 3, was determined by size exclusion chro-
matography following the K-RINTDF protocol (https://www.megazyme.com/documents/
Assay_Protocol/K-RINTDF_DATA.pdf, accessed on 10 January 2022). Dried lentil hulls
and hydrolysates were dissolved in 600 μL of double-distilled water, and glycerol was
added as an internal standard at a final concentration of 10 mg/mL. A high-resolution liq-
uid chromatograph (HPLC) Alliance Separation Module 2695 (Waters, Milford, MA, USA)
equipped with a 2414 refractive index detector (Waters, Milford, MA, USA) maintained
at 50 ◦C was used. The sample injection volume was 50 μL. Separation was performed in
the isocratic mode using microfiltered distilled water as the solvent, two TSKgel® G2500
PWXL columns (7.8 mm id × 30; Tosoh Co., Tokyo, Japan) connected in series at a flow rate
of 0.5 mL/min and at a temperature of 80 ◦C were used, and a run time of 60 min was used
to ensure the column was cleaned out. The LMW-SDF content was expressed as g/100 g
DW using the equation (1):

Oligosaccharides (g/100g) = [(Rf × WtIS × PALMW-SDF/PAIS) × (100/M)]/1000 (1)

where Rf is the D-glucose response factor (ratio of peak area of D-glucose/peak area of
glycerol to the ratio of the mass of D-glucose/mass of glycerol); WtIS is the amount of
internal standard contained in 1 mL of glycerol internal standard solution pipetted into the
sample before filtration in mg; PALMW-SDF is the peak area of the LMW-SDF fraction; PAIS
is the peak area of the glycerol internal standard; and M is the test portion mass in grams
of the sample analyzed by HPLC.

2.5. Determination of Total Protein and Starch

The total protein content of lentil hulls (0.5 g) was determined by the Dumas combus-
tion method using a Trumac nitrogen analyzer (Leco Corporation, St Joseph, MI, USA). A
conversion factor of 6.25 was used to convert the nitrogen values to protein content. The
results were expressed as g/100 g DW.

Total starch was determined by an enzymatic–colorimetric method using a K-TSTA-
100A Total Starch Assay Kit (Megazyme, Wicklow, Ireland). A Synergy HT microplate
reader (BioTek Instruments, Winooski, VT, USA) was used to read the absorbance at
510 nm. The results were expressed as g/100 g DW.

2.6. Determination of Anti-Nutrients

Trypsin inhibitory activity (TIA) was determined as previously reported [18]. Briefly,
samples (100 mg) were extracted in 5 mL of 0.01 M NaOH (pH 8.4–10.0) and shaken for 3 h
at 20 ◦C in a Thermomixer C (Eppendorf, Thermo Fisher Scientific, Waltham, MA, USA) at
2000 rpm. Extract volumes were adjusted to 10 mL with distilled water, shaken for 1 min at
2000 rpm and left standing for 15 min. Aliquots of 1 mL were withdrawn and diluted to
produce a 40–60% inhibition of the trypsin activity. TIA was expressed as trypsin inhibitory
units (TIU)/mg DW.

Phytic acid content was determined by an enzymatic–colorimetric method using a
K-PHYT Phytic Acid (Phytate)/Total Phosphorus Assay kit (Megazyme, Wicklow, Ireland).
Absorbance was read at 655 nm using a Synergy HT microplate reader (BioTek Instruments,
Winooski, VT, USA). Phytic acid content was expressed as g/100 g DW.

Condensed tannins were determined as described previously [18]. Briefly, 200 mg
of the sample was hydrolyzed with 10 mL of hydrochloric acid (HCl)/n-butanol (5:95,
v:v) containing 0.7 g/L of ferric (III) chloride (FeCl3) at 100 ◦C for 1 h. Samples were
centrifuged (14,000× g for 10 min), and the supernatants were washed two times with
10 mL of n-butanol:HCl:FeCl3. After adjusting the final volume to 25 mL, absorbance was
measured at 550 nm in a Synergy HT microplate reader (BioTek Instruments, Winooski, VT,
USA). The condensed tannin content was expressed as mg catechin equivalents (CAE)/g
DW using a catechin calibration curve.

244



Molecules 2022, 27, 8458

2.7. Extraction of Free and Insoluble Phenolic Compounds

Extraction of the free phenolic compounds of the lentil hulls was performed according
to a previously described method [19] with some modifications. Lentil hull dry pow-
der (1 g) was extracted with 20 mL of 80% ethanol, vortexed for 30 s by an IKA Vortex
3 (IKA®-Werke GmbH & Co, Staufen, Germany) and shaken for 10 min at 4 ◦C and
1500 rpm in a Thermomixer C (Eppendorf, Hamburg, Germany). The extract was cen-
trifuged (Centrifuge 5424 R; Eppendorf AG, Hamburg, Germany) at 2500× g and 4 ◦C for
10 min, and the supernatant was transferred into a new labeled tube. The residue was
submitted to a second cycle of extraction in the same conditions. The combined supernatant
containing free phenolic compounds was evaporated by a rotary vacuum evaporator at
40 ◦C (Rotavapor® R-300, Büchi Labortechnik AG, Flawil, Switzerland) and re-suspended
in 2 mL of absolute methanol.

The dry residue remaining (1 g) after the removal of free phenolics was subjected
to alkaline and acid hydrolysis. The residue was re-suspended in 12 mL of 2 M NaOH,
vortexed for 30 s and stirred overnight at room temperature. The hydrolysate was acidified
with 6 N HCl to pH 2, and the released phenolics were extracted with 7 mL of ethyl acetate
three times and centrifuged at 10,000 × g and 4 ◦C for 10 min. The remaining aqueous layer
was subsequently hydrolysed with 2.5 mL of 6 N HCl and incubated at 85 ◦C for 30 min.
After cooling down on ice for 5 min, hydrolysates were repartitioned with ethyl acetate
three times. The organic layers of alkaline and acid hydrolysates were evaporated by a
rotary vacuum evaporator at 40 ◦C (Rotavapor® R-300, Büchi Labortechnik AG, Flawil,
Switzerland), reconstituted in 5 mL of 70% methanol and filtered using 0.22 μm syringe
filters prior to analysis.

2.8. Determination of Total Free and Insoluble Phenolic Content

The free and insoluble phenolic content was determined by the FBBB reaction accord-
ing to [20]. Briefly, 1mL of lentil extract or standard was mixed with 100 μL of freshly
prepared FBBB reagent (0.1% in distilled water) and vortexed for 1 min. Immediately, the
extract or standard solutions were shaken after adding 100 μL of 5% NaOH and allowed to
react for 120 min at room temperature. Finally, 200 μL of the reaction mixture was placed in
a 96-well plate, and the absorbance was measured at 420 nm using a Synergy HT (BioTek
Instruments, Winooski, VT, USA) microplate reader. Quantification of the polyphenol
content was performed using a gallic acid calibration curve (0–225 μg/mL, R2 > 0.99).
All analyses were performed in duplicate. The data were expressed as mg of gallic acid
equivalents (GAE)/g DW.

2.9. Analysis of Phenolic Profile by HPLC-DAD-ESI-MS2

The identification and quantification of free phenolic compounds was performed
according to a previously described method [21]. First, purification of the phenolic extracts
was carried out by solid-phase extraction using C18 Sep-Pak cartridges (Waters, Milford,
MA, USA), which were previously activated with methanol (2 mL), followed by distilled
water (3 mL). Purified sample extracts were injected onto a Hewlett–Packard 1100-diode
array detector (DAD) liquid chromatograph (Agilent Technologies, Palo Alto, CA, USA)
including a quaternary pump. The mobile phases utilized were 0.1% formic acid in water
(solvent A) and 100% acetonitrile (solvent B). The elution gradient employed was 15%
B for 5 min, 15–20% B for 5 min, 20–25% B for 10 min, 25–35% B for 10 min, 35–50% B
for 10 min and column re-equilibration. The chromatographic separation of the phenolic
compounds was conducted at a flow rate of 0.5 mL/min at 35 ◦C in a Spherisorb S3 ODS-2
C8 column (Waters, Milford, MA, USA) (3 μm, 150 mm × 4.6 mm i.d.). Based on the
different maximum absorbance wavelengths among the phytochemicals, the preferred
wavelengths for DAD detection were 280 nm (hydroxybenzoic and hydroxycinnamic
acids) and 370 nm (flavonols). The mass spectrometer (MS) was coupled to the HPLC
system through the DAD cell output, and the detection was conducted in an API-3200
Qtrap (Applied Biosystems, Darmstadt, Germany) equipped with an ESI source, a triple
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quadrupole-ion trap mass analyzer and the Analyst 5.1 software. The phenolic compounds
were identified using their retention times, UV and mass spectra, fragmentation patterns
and comparison to authentic standards when available. For quantitative analysis, gallic
acid and trans-p-coumaric derivatives were measured using the calibration curves of the
respective free acid. Quercetin derivative was quantified using the respective quercetin-3-O-
glucoside curve, kaempferol derivatives were quantified using kaempferol 3-O-rutinoside
and (+)-catechin and proanthocyanidins were quantified using the (+)-catechin curve and
(−)-epicatechin was quantified using the (−)-epicatechin curve. The concentrations of each
phenolic compound were expressed as μg/g DW.

2.10. Oxygen Radical Absorption Capacity (ORAC) Assay

An ORAC assay of the lentil hull extracts and hydrolysates was determined following
an earlier reported procedure [18]. Briefly, 180 μL of 70 nM fluorescein was mixed with
90 μL of 12 mM AAPH and 30 μL of extract or standard. The reaction mixtures were placed
in a black 96-well plate (Fisher Scientific, Waltham, MA, USA), and the fluorescence was
measured in a Synergy HT microplate reader (BioTek Instruments, Winooski, VT, USA)
every minute at excitation and emission wavelengths of 485 and 520 nm, respectively. An
external calibration curve using Trolox as the standard in a linear concentration range from
0 to 160 μM was prepared from a freshly made 1 mM stock solution. The results were
expressed as μmol Trolox equivalents (TE)/g DW.

2.11. ABTS (2,2′-Azinobis 3-ethylbenzothiazoline-6-sulfonic acid) Radical Scavenging Assay

The ABTS radical scavenging activity of the lentil hull extracts and hydrolysates was
measured following a previously reported method [22]. Briefly, an ABTS radical (ABTS•+)
solution was prepared by mixing 7 mM ABTS with 2.45 mM K2O8S2 at a 1:1 (v/v) ratio. The
mixture was reacted for 16 h (room temperature, dark conditions). Then, the absorbance
at 734 nm of the ABTS+ working solution was adjusted to 0.70 ± 0.02 by diluting with
phosphate buffer (75 mM, pH 7.4). A volume of 20 μL of the extract or standard was mixed
with 200 μL of the ABTS+ working solution in a 96-well microplate. The mixtures were
reacted for 30 min in darkness at room temperature. The absorbance was read at 734 nm in
a Synergy HT microplate reader (BioTek Instruments, Winooski, VT, USA), and a Trolox
calibration curve was used in the concentration range from 0 to 800 μM. The results were
expressed as μmol TE/g DW.

2.12. Statistical Analysis

All the replicated chemical composition analyses and the oligosaccharide, phenolic
compounds and water-soluble fraction yield assays were repeated twice. The experimen-
tal data were expressed as the mean and standard deviation of six values accordingly.
Pearson’s correlation was performed to elucidate the relationships among the variables.
The differences between the experimental groups were compared by one-way analysis of
variance (ANOVA) and Bonferroni’s post hoc test. Differences with p ≤ 0.05 were consid-
ered statistically significant. All statistical analyses were conducted using Statgraphics
Centurion XVIII (Statgraphics Technologies, The Plains, VA, USA).

3. Results

3.1. Red Lentil Hulls Are a Source of Dietary Fiber and Polyphenols, Containing Considerable
Amounts of Protein and Trypsin Inhibitors and Minor Amounts of Starch and Phytic Acid

The assessment of the nutritional composition of lentil hulls is essential for the deter-
mination of any potential use in the development of value-added products. The chemical
composition of the red lentil hulls obtained from an industrial lentil-processing plant is
shown in Table 1. Almost 90% of the red lentil hulls were composed of carbohydrates
and proteins. Among the carbohydrates, TDF was the main compound, representing
78.4 g/100 g DW, which was a slightly higher value compared to those of earlier studies
(73.34 and 71.32 g/100 g DW for red and green lentil hulls, respectively) [23]. Dietary fiber
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is an important food ingredient with prebiotic properties. Properly increasing dietary fiber
intake can increase gastrointestinal motility, improve the abundance of the beneficial gut
microbiota and promote the production of short-chain fatty acids so as to prevent gastroin-
testinal or related diseases [5]. The results of previous studies revealed that only 3.05%,
3.09%, 4.37% and 2.82% of the TDF in the seed coats of mung bean, fava bean, lentil and
pea, respectively, was soluble [24]. This was in agreement with our results, which showed
insoluble non-starch polysaccharides as the most abundant dietary fiber components in
the red lentil hulls (IDF, 69.3 g/100 g DW) with minor amounts of soluble non-starch
polysaccharides (HMW-SDF, 9.11 g/100 g DW, Table 1). The HMW-SDF content in the red
lentil hulls reported herein was notably higher than that previously reported for red and
green lentil hulls (1.5 and 2.90 g/100 g DW, respectively) [23]. Non-digestible oligosac-
charides (LMW-SDF) were not detected in the red lentil hulls (Table 1) in accordance with
Zhong et al. [2].

Table 1. Nutritional composition and total phenolic content of red lentil hulls from lentil processing
industry (Prairie Pulse Inc., Vanscoy, SK, Canada).

Nutritional Parameters Units Mean ± SD 1

TDF g/100 g 78.43 ± 2.13
IDF g/100 g 69.32 ± 2.67

HMW-SDF g/100 g 9.11 ± 0.55
Oligosaccharides g/100 g ND

Protein g/100 g 9.12 ± 0.01
Starch g/100 g 0.13 ± 0.01

Phytic acid g/100 g 0.06 ± 0.00
Trypsin inhibitory activity TIU/mg 18.26 ± 1.50
Total phenolic compounds mg GAE/g 49.76 ± 4.74
Free phenolic compounds mg GAE/g 21.44 ± 0.82

Bound phenolic compound mg GAE/g 27.45 ± 2.62
Total Condensed tannins mg CAE/g 15.83 ± 1.32

1 (n = 6). Abbreviations: CAE, catechin equivalents; GAE, gallic acid equivalents; HMW-SDF, high-molecular-
weight soluble dietary fiber; IDF, insoluble dietary fiber; SD, standard deviation; TDF, total dietary fiber; ND:
non-detected; TIU: trypsin inhibitory units.

The ratio of insoluble and soluble fiber may play an important role in influencing
the potential health benefits of products. The IDF:HMW-SDF ratio of the red lentil hulls
was 7.6, indicating that only about 14% of the intrinsic dietary fiber in the lentil seed coat
was accessible for fermentation by the gut microbiota. This was a relatively low content
of microbiota-accessible carbohydrates, compared with the 75–90% value for the intrinsic
dietary fiber of fruits and vegetables [5]. Thus, the food processing of lentil seed coats
through changing the physical structure of dietary fiber may have great potential for
improving the quantity and quality of microbiota-accessible carbohydrates.

Regarding the protein content, the mean value reached 9.12 g/100 g DW, which
was very close to the reported values for red (8.64 g/100 g) and green (8.58 g/100 g)
lentil hulls [23]. Legume seed coats contain structural proteins such as proteoglycans and
glycoproteins in the cell wall, which are used for the aggregation and expansion of cells
during growth [5]. Minor amounts of starch were present in the lentil hulls (0.13 g/100 g,
Table 1), which was in accordance with the literature that points out that the starch content
in lentil hulls is below 10% [24].

The phytic acid content of the red lentil hulls (0.06 g/100 g DW) (Table 1) was similar
to the reported values for chickpea hulls (0.08 g/100 g DW) but was markedly lower
compared to the previous reports for green lentil, red lentil, fava bean and pea hulls
(0.15–0.17 g/100 g) [23]. The variation in the phytic acid content of lentil hulls reported in
the literature is attributed to genetic and environmental factors [25]. As compared with
dehulled red lentil seeds (1.12 g/100 g DW) [18], the lentil hulls in the current study had a
lower phytic acid content. In legume seeds, the majority of the phytic acid (more than 95%)
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is stored as globoids, which are compartmentalized in the protein storage vacuoles of the
cotyledons [25], which explains the low values observed.

Trypsin inhibitory activity was detected in the red lentil hulls, although the mean
values (18.3 TIU/mg DW) were remarkably high when compared to the reported values
for dehulled red lentil and the whole seeds of grey zero-tannin lentils, black lentil and
fava bean (10–16 TIU/mg) [18]. Typical inhibitors of gastrointestinal proteases are protein
molecules such as the Bowman–Birk and Kunitz trypsin inhibitors, which are mainly
located in cotyledons; however, it is known that polyphenols also have the ability to inhibit
digestive enzymes such as trypsin [26]. The higher abundance of free polyphenols in lentil
seed coats and their partial extraction in aqueous solutions [27] could explain the high
trypsin inhibitory activity observed for the red lentil hulls obtained in the present study
(Table 1).

The total phenolic content obtained as the sum of the free and insoluble phenolic
fractions of the red lentil hulls was 49.8 mg GAE/g (Table 1). This high amount of phe-
nolic compounds suggested that this lentil milling by-product was a valuable source
of phenolic compounds compared to other agri-food by-products (cranberry pomace:
~13.55–15.17 mg GAE/g DW; grape pomace: 38.7 ± 0.36 mg GAE/g DW; and blueberry
pomace: ~17.76–20.82 mg GAE/g DW) [28]. The TPC of the red lentil hulls observed in the
present study was in the range reported in the literature (40.8–85.37 mg GAE/g DW) for
typical hulls of the red, green and black lentil varieties [4,29]. The free and bound phenolic
fractions were evenly distributed in the red lentil seed coats studied, with a slightly higher
proportion of the bound (55% of the total phenolic content) as compared to the free phenolic
fraction (45% of total phenolic fraction). Similarly, black and green lentil hulls showed a
ratio of the free-to-insoluble phenolic fraction of 1:1 and 1:1.7, respectively [29]. Condensed
tannins accounted for 15.83 mg CAE/g, suggesting that 75.4% of the free phenolic content
in the red lentil hulls were catechins or tannins (Table 1). This finding was in agreement
with earlier studies showing that procyanidins were the main phenolic subgroup (73–79%)
of the free phenolic fraction of lentil hulls [4]. Regarding the distribution of the free and
insoluble fractions in the total phenolic content, a variation depending on the lentil variety
was found in the literature.

3.2. Free Phenolic Compounds in Lentil Hulls Are Major Contributors to the Antioxidant Activity
of Lentil Hulls

The antioxidant activity of the free, bound and total phenolic fractions was measured
by in vitro chemical assays such as ORAC and ABTS assays (Figure 1).

The antioxidant activity, as determined by the ORAC and ABTS assays, was signif-
icantly higher in the free phenolic fraction as compared to the bound fraction of the red
lentil hulls (p ≤ 0.05), which was in agreement with earlier investigations. For instance,
Sun et al. [4] demonstrated a higher antioxidant capacity, as determined by ORAC, DPPH
and FRAP assays, in the free phenolic fraction than in the conjugated and bound phenolic
fractions of ADM red, Laird, CDC Greenland and Eston lentil hulls. Similar results were
reported by Yeo and Shahidi [6] for CDC Greenland, CDC Invincible (green), 3493–6 (green)
and CDC Maxim (red) lentil hulls. The untargeted metabolomics approach performed
by [8] for correlating seed coat polyphenol profiles with antioxidant activity concluded that,
regardless of the pulse crop, the antioxidant activity was largely attributed to proantho-
cyanidins (the main phenolic subgroup found in the soluble fraction of lentil hulls, Table 1),
although flavan-3-ols were also important. These phenolic compounds form hydrogen
bonds with the polar head groups of the liposome phospholipids of liposome membranes,
which protect against induced oxidative damage [30].

248



Molecules 2022, 27, 8458

0

20

40

60

80

100

120

140

160

180

ORAC ABTS

μm
ol

 T
E/

g 
D

W

Free phenolic
fraction
Bound phenolic
fraction
Total phenolic
fraction

b 

a 

b 

a 

c 
c 

Figure 1. Antioxidant activity of free, bound and total phenolic fraction of red lentil hulls. Data are
expressed as μmol Trolox equivalents (TE)/g dry weight. Error bars represent standard deviation
(n = 6). Different letters denote statistical differences among free, bound and total phenolic fractions
(p ≤ 0.05). Abbreviations: ABTS, 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid; ORAC, oxygen
radical absorbance capacity; TE: Trolox equivalents; DW: dry weight.

3.3. Pectinex® Ultra Tropical Released High Amounts of Oligosaccharides and Phenolics from
Lentil Hull Food Matrix

To maximize the health benefits of the lentil hulls, enzymatic hydrolysis was explored
in the present study as a processing strategy for improving the quantity and quality
of microbiota-accessible carbohydrates and phenolics. Increased amounts of accessible
oligosaccharides and phenolics in lentil hull hydrolysates can positively influence the
regulation of intestinal immunity by directly binding to the toll-like receptors on monocytes,
macrophages and intestinal cells in order to modulate cytokine production and immune
cell maturation in a microbiota-independent manner [5]. Bioprocessing using enzymes
has been used to modify the physical structure of cereal brans and improve the release
of bound phenolic acids and soluble carbohydrates [11,20,31]. However, to the best of
our knowledge, there have been no studies reporting the release of oligosaccharides and
phenolics from lentil hulls by means of enzymatic hydrolysis. In the present study, seven
commercial enzyme preparations were used and screened for the release of oligosaccharides
and phenolic compounds and their effects on increasing the antioxidant activity of the lentil
hulls (Table 2).

Regardless of the enzyme type used, the enzymatic hydrolysis allowed the lentil
hulls to be enriched in oligosaccharides compared to the control sample, where these
carbohydrates were not detected (Table 2). The enzymatic treatment of the lentil hulls with
carbohydrate-hydrolyzing enzymes broke down the cellulose, hemicellulose and pectin in
the lentil hulls into smaller poly-, oligo-, di- and monosaccharides, thereby making them
water-soluble and subsequently allowing their release from the lentil hull matrix.

The highest oligosaccharide concentration was observed in the hydrolysates obtained
using Pectinex® Ultra Tropical (14.17 g/100 g DW). Shearzyme® Plus 2X (9.79 g/100 g
DW) and Viscozyme® L (7.54 g/100 g DW) also produced oligosaccharides but to lesser
extent than Pectinex® Ultra Tropical (Table 2). The rest of the enzymes tested also produced
oligosaccharides, although to a lesser extent (1.55–3.57 g/100 g). The enzymatic activities
of the tested commercial enzyme preparations were highly variable, and the side activities
had a strong impact on the oligosaccharide yields of the hydrolysates. Nevertheless, our
results suggested that the greatest increase in the oligosaccharide content of the red lentil
hull hydrolysates was determined using the enzyme preparations, which were mainly
pectinases. Pectinase® Ultra Tropical had pectinase as its main declared activity, and it also
had, to lesser extent, cellulase, xylanase and endo-1,4-β-glucanase (Table S1). In addition,
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compared with the other commercial pectinase preparations, Pectinase® Ultra Tropical
exhibited the highest pectin-depolymerizing activity [31]. The activity of pectinase is due to
a mixture of the following exo- and endo-enzymes: (1) pectinesterases, which catalyze the
release of the pectin methyl-ester groups producing polygalacturonic acid and methanol;
(2) polymethylgalacturonase and polygalacturonase, which break down pectin α-1,4-
glycosidic linkages; and (3) polymethylgalacturonate lyases and polygalacturonate lyases,
which hydrolyze pectin α-1,4-glycosidic linkages by a trans-elimination mechanism [32].
The highest oligosaccharide yield obtained by the Pectinase® Ultra Tropical treatment
(Table 2) suggested that this enzyme treatment mainly catalyzed the hydrolysis of pectin
in the red lentil hulls to release pectin oligosaccharides. Like in other legume seed coats,
pectin is a major component of the soluble dietary fiber in lentil, which is characterized as a
multi-branched structure composed of linear 1,3- and 1,5-arabinan and linear 1,4-glucan
containing arabinose, glucose and galacturonic acid as constituent sugars [33]. The partial
hydrolysis of pectin and incomplete monomerization has also been reported during the
Pectinex® Ultra SPL enzyme-aided cell wall disintegration of carbohydrate-rich byproducts
obtained from the production of concentrate soy protein [34].

Table 2. Oligosaccharides and soluble phenolic compound release and antioxidant activity in hy-
drolyzed lentil seed coats treated by seven commercial food-grade enzymes.

Enzymes
OS

(g/100 g DW)
SPC

(mg GAE/g DW)
SPC Ratio

(%)
ORAC

(μmol TE/g DW)
ABTS

(μmol TE/g DW)

Control ND 21.45 ± 2.62 - 105.11 ± 7.72 117.12 ± 11.17
Ultraflo® XL 3.12 ± 0.15 a,*** 41.04 ± 1.25 ab,* 71.39 ± 4.57 ab 451.40 ± 10.85 b,* 402.01 ± 37.07 b,*
Ultraflo® Max 1.89 ± 0.01 a 38.29 ± 1.44 ab,* 61.35 ± 5.24 ab 399.93 ± 19.40 a,* 390.82 ± 18.95 a,*
Ultimase® BWL 40 1.55 ± 0.17 a 40.70 ± 0.37 ab,* 70.14 ± 1.34 ab 445.01 ± 9.79 b,* 417.31 ± 43.18 b,*
Viscozyme® L 7.54 ± 0.03 b,* 41.44 ± 0.62 bc,* 72.83 ± 2.27 bc 421.06 ± 14.56 b,* 421.55 ± 34.28 b,*
Celluclast® 1.5L 3.57 ± 0.04 a,** 39.81 ± 0.97 ab,* 66.92 ± 3.55 ab 408.08 ± 11.60 a,* 384.80 ± 32.34 a,*
Pectinex® Ultra Tropical 14.17 ± 1.41 c,* 45.51 ± 4.44 c,* 98.59 ± 0.96 c 442.04 ± 15.44 b,* 424.06 ± 29.11 b,*
Shearzyme® Plus 2X 9.79 ± 0.66 b,* 36.18 ± 0.21 a,* 53.67 ± 0.75 a 342.17 ± 34.09 a,* 359.95 ± 17.17 a,*

Data are the mean ± standard deviation (n = 6). Different letters within a column indicate statistical differences
among the enzymes (p ≤ 0.05 Bonferroni’s post hoc test). An asterisk indicates significant differences between
control and enzyme treatments (* p ≤ 0.000009; ** p ≤ 0.000707; *** p ≤ 0.002215 Dunnett’s post hoc test).
Abbreviations: ABTS, 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid radical scavenging activity; GAE,
gallic acid equivalents; ORAC, oxygen radical absorbance capacity; ND, not detected; OS, oligosaccharides; SPC,
soluble phenolic compounds; TE, Trolox equivalents; DW: dry weight.

Similarly, the phenolic extraction yield showed a significant variation among the
enzymatic treatments that ranged between 54% and 99% of the total bound phenolic content
(Table 2). Pectinex® Ultra Tropical and Viscozyme® L produced the highest concentration
of soluble phenolics (45.5 and 41.4 mg GAE/g, respectively), whereas Shearzyme® Plus 2X
was the least efficient enzymatic treatment in terms of the solubilization of bound phenolics
from the red lentil hull food matrix (p ≤ 0.05). The higher phenolic extraction yield observed
when the lentil hulls were treated with Pectinex® Ultra Tropical and Viscozyme® L might be
explained by the enhanced cell-wall structure breakdown as a result of cell-wall component
hydrolysis, particularly the glycosidic bonds/linkages between phenolic compounds and
cell-wall polysaccharides [16]. Similar results were reported recently by other researchers
who treated cranberry pomace (59.93 g/100 g DW of IDF and 12.74 g/100 g of SDF) with
different commercial enzymes to modify the dietary fiber composition and technological
properties of this by-product [28]. In this previous study, Viscozyme® L and Pectinex® Ultra
Tropical enhanced to a greater extent the yields of oligosaccharides (7.1 and 5.9 g/100 g,
respectively, vs. 1.9 g/100 g for the control) and phenolic compounds (7.8 and 7.4 mg
GAE/g, respectively, vs. 7.0 mg GAE/g for the control). Moreover, it was demonstrated that
water-soluble fractions showed prebiotic activity and enhanced the growth of Lactobacillus
acidophilus DSM 20,079 and Bifidobacterium animalis DSM 20,105 after 24 h of fermentation.
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Regardless of the enzyme used, all the lentil hull hydrolysates showed between a
three- to four-fold increase in antioxidant activity as compared to the control (105.11 and
117.12 μmol TE/g for the ORAC and ABTS assays, respectively). Pearson’s correlation
analysis showed a significant positive association between the soluble phenolic content
and antioxidant activity of the lentil hull hydrolysates (R2 = 0.64 and 0.74 for the ORAC
and ABTS assays, respectively, p ≤ 0.05). Therefore, the increased antioxidant activity in
hydrolysates could be attributed to the enzymatic release of phenolic compounds from
the lentil hull food matrix. Moreover, the antioxidant increase could be attributed to
the release of oligosaccharides, as previously reported for pectin oligosaccharides [35].
Comparisons among the enzymatic treatments indicated that Ultraflo® XL, Ultimase® BWL
40, Viscozyme® L and Pectinex® Ultra Tropical produced lentil hull hydrolysates with a
higher antioxidant activity as compared to Ultraflo® Max, Celluclast® and Shearzyme®

Plus 2X (p ≤ 0.05). These results were strongly supported by De Camargo et al. [36] and
Gómez-García et al. [37] who studied how enzymatic hydrolysis affected the antioxidant
potential of winemaking by-products, in which they found a significant increase in total
phenolic compounds and antioxidant activity overall when enzymes such as Viscozyme®

L, and Pectinex® Ultra Tropical were used.
Taking into account all the results from the screening of the seven commercial enzymes,

Pectinex® Ultra Tropical was selected because it exhibited the highest oligosaccharide and
soluble phenolics yield, which was associated to a higher antioxidant activity. To provide
insight into the rate at which the release of oligosaccharides and phenolics and the increase
in antioxidant activity occured, the time course of lentil hull hydrolysis by the Pectinex®

Ultra Tropical treatment is shown in Figure 2.
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Figure 2. Time course of the extraction of oligosaccharides (A) and phenolic compounds and
the increase in antioxidant activity as determined by ORAC and ABTS assays (B). Data are the
mean ± standard deviation (n = 6). Different lowercase letters indicate statistical differences among
each time (p ≤ 0.05 Bonferroni’s post hoc test). Green line in panel (B) represents the total phenolic con-
tent in untreated lentil hulls. Abbreviations: ABTS, 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic
acid radical scavenging activity; ORAC, oxygen radical absorbance capacity; SPC, soluble phenolic
compounds; GAE, gallic acid equivalents; TE, Trolox equivalents; DW, dry weight.

The oligosaccharide yield gradually increased in the lentil hull hydrolysates and
peaked at 3 h, where the maximum yield was 14 g/100 g lentil hull hydrolysate (Figure 2A).
The kinetics of phenolic extraction was much faster (Figure 2B) compared to the behavior
of the oligosaccharide extraction yields (Figure 2A). The yield of phenolic compounds
increased rapidly up to two-fold in 0.5 h and reached an equilibrium from 0.5 to 2 h, after
which it increased again from 2 to 3 h, where the maximum yield was observed. The
antioxidant activity, as determined by the ORAC and ABTS assays, showed a similar trend
to the phenolic extraction yield. As a result, in this investigation, an enzymatic hydrolysis
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endpoint of 3 h was selected as appropriate since a reasonable amount of phenolics was
extracted, and maximum oligosaccharide yields and antioxidant activity were achieved.

3.4. Pectinex Treatment of Lentil Hull Increased the Bioactive Compounds and Antioxidant
Activity to a Greater Extent than Microwaves or Their Combined Treatment

A recent study proved that microwaves (MW) might be considered as an efficient
environmentally friendly method for the extraction of phenolic compounds and for the
enhancement of the antioxidant activity of pulse extracts [15]. MW technology is advan-
tageous not only due to its quick heating ability for extraction, reduced thermal gradi-
ents, higher yield, low usage of solvent, small size of equipment and lower energy but
also because of the applicability of water as a green and polar solvent [38]. Moreover,
MW technology has already been tested in a semi-industrial scale for the valorization of
agro-industrial by-products [39], reducing the environmental and economic impacts and
promoting the beneficial effects for human health. In this work, the potential of MW to
release oligosaccharides and polyphenols from lentil hulls was tested and compared with
the Pectinex® Ultra Tropical (EH-P) treatment and the sequential microwave–enzymatic
(MW + EH-P) treatments (Table 3).

Table 3. Effect of MW, EH-P and MW + EH-P on oligosaccharides, soluble phenolics, soluble water
fraction yields and antioxidant activity of lentil hulls.

Treatment
Oligosaccharides

(g/100 g DW)
SPC

(mg GAE/g DW)

Water-Soluble
Fraction Yield
(g/100 g DW)

ORAC
(μmol TE/g DW)

ABTS
(μmol TE/g DW)

Control ND 21.45 ± 2.62 a 9.58 ± 0.47 a 105.11 ± 7.72 a 117.12 ± 11.17 a

MW 4.65 ± 0.23 a 36.28 ± 0.60 b 12.59 ± 0.93 b 245.60 ± 5.65 b 236.97 ± 19.27 b

EH-P 14.17 ± 1.41 c 45.51 ± 4.44 d 24.92 ± 0.25 c 442.04 ± 15.44 d 424.06 ± 29.11 d

MW + EH-P 12.12 ± 0.81 b 41.45 ± 0.96 c 34.27 ± 0.67 d 403.98 ± 20.33 c 376.98 ± 15.63 c

Data are the mean ± standard deviation (n = 6). Different letters within a column indicate statistical differences
(p ≤ 0.05 Bonferroni’s post hoc test). Abbreviations: GAE, gallic acid equivalents; ND, not detected; MW,
microwave; EH-P, enzymatic hydrolysis by Pectinex® Ultra Tropical; MW + EH-P, sequential microwave and
enzymatic hydrolysis by Pectinex® Ultra Tropical; ABTS, 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid
scavenging activity; ORAC, oxygen radical absorbance capacity; SPC, soluble phenolic compounds; TE, Trolox
equivalents; GAE, gallic acid equivalents; DW: dry weight.

As compared to the control, the MW treatment significantly increased the amounts
of oligosaccharides (4.65 g/100 g DW) and phenolic compounds (36.28 g/100 g DW)
and, consequently, the water-soluble yield (12.59 g/100 g DW) in the lentil hulls (Table 3,
p ≤ 0.05). Similarly, Andreani and Karboune [40] reported the microwave-assisted enrich-
ment of extracts from American cranberry pomace with oligosaccharides, with a degree
of polymerization yield from 7 to 10. The increased oligosaccharide levels upon the MW
treatment of the lentil hull may be explained by the changes in dietary fiber composition as
reported previously for whole legume seeds [41]. In black grams, chickpeas, lentils and
red and white kidney beans, MW treatment resulted in a reduction in hemicellulose and
cellulose content due to their breakdown into low-molecular-weight carbohydrates (oligo-,
di- and monosaccharides). Likewise, microwave cooking has been shown to increase the
total soluble phenolic content of whole fava bean, lentil and pea seeds [42]. Electromag-
netic waves produce dipoles and ion conduction that heat solvent molecules. Microwave
heating might cause severe cell rupture due to the thermal expansion of cellular liquid,
the denaturation of the cell membrane and through its impact on cell wall components, to
which some bioactive compounds (i.e., phenolics) might have been bound to [43].

The higher amounts of bioactive compounds (14.17 g oligosaccharides/100 g DW,
45.51 g GAE/g DW) and the higher water-soluble fraction (24.92 g/100 g DW) and antioxi-
dant activity (424–442 μmol TE/g DW) found in the lentil hull hydrolysates indicated that,
in our study, the EH-P treatment was more effective than the MW treatment (Table 3). Our
results were supported by the study of Andreani and Karboune [40] who compared enzy-
matic and microwave extraction approaches for the generation of oligosaccharides from
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American cranberry (Vaccinium macrocapon) pomace. In this investigation, higher carbohy-
drate yields were obtained when the cranberry pomace was treated by multi-enzymatic
biocatalysts compared to the microwave-assisted extraction. Moreover, the enrichment
of the lentil hulls in terms of soluble phenolic compounds by Pectinex® Ultra Tropical
could be explained by the breakdown of pectin into smaller polysaccharides and, to lower
extent, cellulose and hemicellulose polymers, thereby allowing the phenolic compounds
to be released from the cell wall matrix and increasing the radical scavenging activity. In
previous studies, pectinase treatments (Pectinex Yield Mash and Pectinex AFP L-4, to a
greater extent) of apple pomace clearly yielded a higher content of soluble phenolics and
increased the radical scavenging activity of puree-enriched cloudy apple juices as compared
to the untreated control sample [44], which supported our results.

The MW + EH-P treatment led to lower oligosaccharide and phenolic yields in the
lentil hulls and decreased the antioxidant activity as compared to the enzyme treatment
EH-P (Table 3, p ≤ 0.05). In contrast, the highest water-soluble fraction yield was observed
with the sequential application of MW and EH-P (Table 3). Hence, as the oligosaccharide
and phenolic yields could not explain the increasing difference in the solubilization yield
as compared to the other treatments, we hypothesized that this increase was due to a
higher solubilization of fiber components by the MW pretreatment and the subsequent
hydrolysis by Pectinex Ultra Tropical to oligo-, di- and monosaccharides. Some studies
have demonstrated that after microwave treatment, the surface area between enzyme
and dietary fiber may increase, thus promoting penetration and the release of soluble
substances [36]. The decreased yield of total phenolic compounds and antioxidant activity
by the microwave pretreatments combined with enzymes (Viscozyme®) might be attributed
to the high temperature and microwave radiation affecting the rate of phenolic extraction
from the lentil hulls, the enzymatic oxidation and the polymerization processes. Heat
from the microwaves causes the structural degradation of phenolic compounds. This
results in steric obstruction of the enzyme binding sites to the substrate, which inhibits the
degradation of cell-wall components [16].

3.5. Pectinex Treatment of Lentil Hull Increased the Content of Extractable Flavan-3-ols to a
Greater Extent than Microwaves or Their Combined Treatment

The changes in the level of free phenolic compounds in the lentil hulls before and
after the MW, EH-P and MW + EH-P treatments were also measured by HPLC-ESI-MS2.
The phenolics were identified based on the MS2 data, UV spectra and retention times (Rt)
compared with those of authentic standards, in a database and/or in the literature. A total
of 18 compounds were identified or tentatively characterized in the different lentil hull
samples. Detailed information of the identified compounds is summarized in Table S2.
The main phenolic compounds of the red lentil hulls were (+)-catechin O-hexoside
(763 μg/g), galloylated dimer I (532 μg/g), procyanidin dimer II (482 μg/g), procyanidin
trimer (453 μg/g), prodelphinidin dimer I (446 μg/g), prodelphinidin trimer (390 μg/g)
and gallic acid (374 μg/g) (Table 4). (−)-epicatechin, quercetin and kaempferol glucosides
and trans-p-coumaric acid derivatives were also detected in much lower amounts. The
phenolic composition of the red lentil hulls was in accordance with previous studies that
characterized the free phenolic profile of hulls from different lentil varieties (CDC Green-
land, CDC 3494-6, CDC Invincible, CDC Maxim, Laird and Eston) [4,6]. In these subsets of
commercial lentil varieties, the most abundant free phenolics were procyanidins, including
monomeric, dimeric and trimeric flavan-3-ols.
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Table 4. Effect of MW, EH-P and MW + EH-P on individual phenolic compounds (μg/g DW) of
lentil hulls.

Compound Control MW EH-P MW + EH-P

Phenolic acid
Gallic acid 373.93 ± 30.88 a 464.02 ± 10.39 a 403.44 ± 37.10 a 507.18 ± 49.37 a

trans-p-coumaric acid derivative I 7.45 ± 0.96 b 7.17 ± 0.80 b 20.98 ± 2.03 c t a

trans-p-coumaric acid derivative II 17.53 ± 0.96 c 15.06 ± 1.86 c 7.84 ± 0.92 b t a

Prodelphinidin
Dimer prodelphinidin I 446.10 ± 14.92 a 517.98 ± 40.45 a 536.34 ± 15.70 a 550.42 ± 26.96 a

Dimer prodelphinidin II 85.48 ± 1.69 a 156.01 ± 68.59 ab 391.85 ± 9.99 c 243.11 ± 6.65 b

Dimer prodelphinidin III 51.04 ± 1.13 a 99.98 ± 14.93 b 115.01 ± 8.83 b 116.78 ± 5.46 b

Trimer prodelphinidin 389.8 ± 34.42 a 525.96 ± 54.47 b 660.25 ± 15.02 c 550.87 ± 5.96 bc

Procyanidin
Galloylated dimer I 532.8 ± 49.12 a 546.38 ± 10.02 a 955.32 ± 32.57 c 764.40 ± 43.70 b

Galloylated dimer II 100.17 ± 20.93 a 111.31 ± 30.51 a 205.57 ± 11.87 b 159.77 ± 7.20 ab

Dimer procyanidin I 111.70 ± 21.67 a 146.26 ± 15.28 a 263.10 ± 2.12 c 202.29 ± 16.23 b

Dimer procyanidin II 481.45 ± 1.24 a 648.39 ± 51.75 b 760.26 ± 11.67 b 872.67 ± 4.31 c

Trimer procyanidin 452.84 ± 53.58 a 594.95 ± 53.99 b 974.60 ± 3.86 c 912.56 ± 1.74 c

Flavonoid
(+)-catechin O-hexoside 762.7 ± 0.12 a 799.62 ± 74.90 a 965.40 ± 1.00 b 957.21 ± 16.46 b

(+)-catechin 164.78 ± 16.53 a 553.83 ± 12.19 c 426.83 ± 22.79 b 416.01 ± 11.33 b

(-)-epicatechin 158.28 ± 11.44 a 179.61 ± 7.32 a 211.64 ± 21.23 a 165.27 ± 23.58 a

Quercetin rutinoside hexoside 9.54 ± 0.35 c 9.02 ± 0.41 c 4.89 ± 0.05 a 7.14 ± 0.63 b

Kaempferol dirutinoside 59.62 ± 2.73 b 59.16 ± 3.57 b 20.74 ± 0.11 a 25.88 ± 1.55 a

Kaempferol rutinoside hexoside 58.54 ± 2.36 b 54.55 ± 0.20 b 29.41 ± 0.48 a 32.27 ± 1.16 a

Data are the mean ± standard deviation (n = 6). Different letters across columns in the same row indicate statistical
difference (p ≤ 0.05 Bonferroni’s post hoc test). Abbreviation: MW, microwaves; EH-P, enzymatic hydrolysis
by Pectinex® Ultra Tropical; MW + EH-P, sequential microwaves and enzymatic hydrolysis by Pectinex® Ultra
Tropical; t, traces.

Overall, the MW treatment sharply increased the levels of individual free phenolics
such as (+)-catechin (236% vs. control sample) and, to a lesser extent, proanthocynidins:
prodelphinidin dimer III, procyanidin dimer II and trimers of prodelphinidin and procyani-
din (95%, 35%, 34% and 31% vs. control, respectively) (Table 4). Proanthocyanidins are
an important group of bioactive molecules known for their promising benefits to human
health [45]. Previous work has been reported on the microwave-assisted extraction of
proanthocyanidin yields from seeds, peels, pomaces, leaves and barks of agro-industrial
wastes [45,46], although there have been no studies performed for legume seed coats.
Generally, in recent studies, higher recovery rates were reported for microwave-assisted
extraction as compared with traditional extractions, although the extraction yields may
vary depending on the processing conditions.

Compared to the control, EH-P enhanced the release of free phenolic compounds,
mainly trans-p-coumaric acid derivative I, prodelphinidins, procyanidins and (+)-catechin
(>79% vs. control) and (+)-catechin O-hexoside (26.6% vs. control), as shown in Table 4.
As discussed in Section 3.3, the enhancement of polyphenols may result from structural
changes in the food matrix due to the enzymatic hydrolysis of fibrous polymers in the lentil
hull cell walls. Proanthocyanidins are also the main polyphenolic compounds that are
retained in apple pomace because they readily bind to cell-wall polysaccharides through
hydrogen bonding and/or hydrophobic interactions [47]. Similar to our results, Oszmi-
anski et al. [48] demonstrated that enzymatic preparations containing pectinase (Pectinex
Yield Mash, Pectinex Smash XXL and Pectinex XXL) increased the polymeric procyanidin
contents in puree-enriched cloudy juices. This was likely due to the enzymatic degradation
of both the cell wall and vacuolar membrane that enabled the optimal recovery of these
compounds. In another study, the use of a commercial pectinase (Endozym® Pectofruit PR)
during the maceration of the winemaking process resulted in an increase in the extraction
yield and the procyanidin B1 and B2 concentrations of grape juices [49].
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The comparison of EH-P and MW indicated that Pectinex® Ultra Tropical increased,
to a higher extent, the solubilization of most of the phenolic compounds present in the
lentil hulls including prodelphinidin dimer II, prodelphinidin trimer, galloylated dimer I,
procyanidin dimer I, procyanidin trimer and (+)-catechin O-hexoside. Although an overall
positive effect was observed in the free phenolic content of the lentil hulls upon enzy-
matic treatment, some phenolic acids (trans-p-coumaric acid derivative II) and flavonoids
(quercetin rutinoside hexoside, kaempferol dirutinoside and kaempferol rutinoside hex-
oside) were significantly lower after the EH-P and EHP+MW treatments than the MW
treatment (p ≤ 0.05). This observation could be due to new interactions between the
phenolics (trans-p-coumaric acid derivative II, quercetin rutinoside hexoside, kaempferol
dirutinoside and kaempferol rutinoside hexoside) and other enzymatic hydrolysis products,
particularly oligosaccharides [50]. These results suggested that the hydrolysate matrices
of the lentil hulls were enriched mainly in the free proanthocyanidins that prevailed as
compared to phenolic acids and flavonoids.

Finally, the MW + EH-P treatment of the lentil hulls showed similar effects in the
solubilization of phenolic compounds as compared to the EH-P treatment, although small
differences were found between both treatments. MW + EH-P caused a lower extraction
of prodelphinidin dimer II, galloylated dimer I and procyanidin dimer I (38, 20 and 23%
decrease vs. EH-P, respectively), but slightly higher yields for procyanidin dimer II (15%
increase vs. EH-P). Such differences could be explained by thermally induced polyphenol
oxidation that may be responsible for the lower antioxidant activity obtained in the lentil
hulls after the MW + EH-P treatment (Table 3). Studies have often indicated that some
polyphenols are non-stable and sensitive to thermal treatment. Although microwave
heating causes a high level of cell disintegration of plant tissues, flavan-3-ols are sensitive
to thermal treatments. Fernandes et al. [51] demonstrated that 50% of flavan-3-ols in apple
pomace were reduced with hot water extraction.

4. Conclusions

The comprehensive chemical characterization of industrial lentil hulls obtained from
the production of football and split lentils reinforced the potential valorization of this
underutilized by-product that is typically discarded as waste. Thus, the high content of
fibers and total phenolic compounds described in this work warrants further functional
studies dealing with the utility of lentil hulls as a human food ingredient. This study also
highlighted the key role played by the selection of the commercial enzymatic preparation
to streamline the potential food applications of lentil hulls. Thus, the screening of seven
commercial enzymatic preparations revealed the suitability of Pectinex® Ultra Tropical
for releasing oligosaccharides and phenolic compounds from the lentil hull matrix and,
consequently, increasing the antioxidant activity in the hydrolysates. The follow-up of the
time course of the enzymatic reactions by the Pectinex® Ultra Tropical indicated that, after
3 h, the maximum oligosaccharide and phenolic compounds yields as well as the highest
antioxidant activity were achieved. The sequential microwave and enzymatic hydrolysis
treatment, although it increased the solubilization yield of the lentil hulls, it decreased the
content of oligosaccharides and proanthocyanidins and the antioxidant activity. Therefore,
the enzymatic hydrolysis treatment alone was more suitable for producing a lentil hull
hydrolysate enriched in potential prebiotics and antioxidant compounds. Future research
should be focused on the optimization of the process by using different enzymatic hydroly-
sis parameters (enzyme concentration, enzyme–substrate ratio, pH, temperature, time and
stirring speed) in order to establish the full biological potential of lentil hulls.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27238458/s1, Table S1: Origin, working pH and tem-
perature range and declared enzymatic activities of seven commercial glycosidases (Novozymes,
Bagsværd, Denmark); Table S2: Retention time (Rt), wavelengths of maximum absorption in the
visible region (λmax), mass spectral data and tentative identification of phenolic compounds in raw
and processed lentil hulls [21,52,53].
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Abstract: Hepatocellular carcinoma (HCC) is a poor-prognosis type of cancer with high resistance to
chemotherapy, making the search for safe drugs a mandatory issue. Plant-derived products have
potential to reduce negative side effects of cancer treatments. In this work, ability of a defatted
methanolic extract of Alocasia gigantea leaves to fight HCC was evaluated in an animal model. Overall,
treatment of HCC-induced mice with the methanolic extract at 150 mg/kg body weight for four
consecutive weeks caused induction of autophagy through silencing of the relative expression of
autophagy suppressor (mTOR) and inducement of autophagy markers (AMPK, Beclin-1, and LC-3).
Moreover, it improved preservation of the hepatic histological architecture of the animals, with minor
hepatocytic changes but scattered foci of hepatocytic apoptosis. Chemical profiling of the methanolic
extract via ultra-high-performance liquid chromatography coupled to a diode array detector and an
electrospray mass spectrometer (UHPLC–DAD–ESI–MS/MS) allowed identification of di-C-glycosyl
flavones, mostly represented by 6-C-hexosyl-8-C-pentosyl apigenin isomers, which may possibly be
associated with inducement of the autophagy pathway in HCC. Overall, these outcomes gave an
initial visualization of the operative effect of some compounds in A. gigantea leaves that are potential
treatment for HCC.

Keywords: Alocasia gigantea; hepatocellular carcinoma; autophagy; histopathology; UHPLC–DAD–
ESI–MS/MS; phenolic compounds

1. Introduction

Hepatocellular carcinoma (HCC) is the world’s sixth most common cancer, with
increasing incidence. Over the years, there has been significant variation in prevalence
of risk factors for HCC around the world, such as control of viral hepatitis in developing
countries and fatty liver disease in the developed world. Trends in these risk factors are
related to changing epidemiology of HCC [1]. HCC accounts for more than 500 to 600
thousand deaths per year worldwide [2].

In recent decades, significant progress has been made in understanding the complex
role of autophagy (i.e., the cellular process that eliminates molecules and subcellular
elements via lysosome-mediated degradation) in cancer regulation, including in HCC.
Despite controversy, it is generally accepted that this cellular process can be overactivated,
dysregulated, or suppressed in cancer cells, and its roles in regulating cancer are dependent
on different stages of tumorigenesis [3]. In particular, autophagy is recognized to prevent
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chronic cellular damage and delay cancer-initiation cells in early stages through elimination
of toxic unfolded proteins, oncogenic protein substrates, and damaged organelles, and to
contribute to immunosurveillance maintenance [4,5]. Conversely, after malignant cells are
established in advanced stages, enhancement of autophagy promotes tumor-cell survival
and growth [6,7].

Herbal medicine uses natural ingredients that can serve a variety of treatment pur-
poses, including for cancer [8]. The genus Alocasia (family: Araceae) consists of more than
100 species, including herbaceous, perennial, and large plants, that grow in subtropical
and tropical regions around the world, such as Asia, the Western Pacific, and Eastern Aus-
tralia [9]. Distinct parts of plants in the Alocasia species are commonly used in traditional
medicine to treat coughs, toothache, malaria, and abscesses, and as nyctalopic agents for
people who are unable to see clearly in low light [10]. Moreover, several studies have
demonstrated potential of Alocasia plants to serve as anticancer agents. In particular, it was
reported that the butanol extract of A. cucullata demonstrates a potent antitumor effect both
in vitro and in vivo via antiproliferation of G0/G1 arrest and cell pro-apoptosis, including
the PI-3 K/Akt pathway, ERK activity, stimulated cytochrome C release, and caspase 3/7
activity, along with an increase in Bax/Bcl-2 ratio [11]. Additionally, the aqueous extract
of A. macrorrhiza exhibits anticancer action against hepatic cancer through suppression
of proliferation and influences apoptosis in human hepatocellular carcinoma cells, both
in vitro and in vivo [12]. Moreover, it has been shown that a 50% ethanolic extract of A.
cucullata displays in both in vitro and in vivo anti-malignant melanoma activity through
alteration of the phosphatase and tensin homolog/phosphoinositide 3-kinase/AKT path-
ways [13]. Additionally, the water extract of A. cucullata roots shows an antitumor effect
via activation of antitumor immunity. In terms of its mode of action, the extract strongly
stimulated THP-1 differentiation into macrophage-like cells.

A. gigantea is one important species of the Alocasia genus, commonly known as “Giant
Elephant Ear” or “Giant Taro”, and it is widespread in tropical zones, such as Southeast
Asia [14]. To the best of our knowledge, phytochemical profiles and bioactive properties of
this species remain unknown. Taking this into consideration, this study intends to elucidate
phytochemical constituents of a defatted methanolic extract of A. gigantea leaves (DefMeOH-
E) and simultaneously evaluate A. gigantea’s in vivo anticancer activity, particularly via
inducement of autophagy in hepatocellular carcinoma.

2. Results and Discussion

2.1. Phenolic Profile of A. gigantea Defatted Methanolic Extract

The total phenolic compounds in the defatted methanol extract of A. gigantea repre-
sented 293.02 mg GAE/g dry extract, which, based on the UHPLC–DAD–ESI–MS/MS
analysis, was identified as di-C-glycosyl flavones (Figure S1, Table 1), particularly from
apigenin (peaks 3–7; UVmax 271, 334). These compounds were detected in the MS spectrum
as [M-H]− at m/z 563 and, as represented in Figure 1, showed fragment ions that corre-
sponded to aglycone apigenin plus the residues of the sugar, i.e., at m/z 383 [Apigenin +
113]– and at m/z 353 [Apigenin + 83]–, as well as those resultant from sugar breakage (i.e.,
at m/z 545 [(M-H)-18]−, m/z 503 [(M-H)-60]−, m/z 473 [(M-H)-90]−, and m/z 443[(M-H)-
120]−) assigned to 6-C-pentosyl-8-C-hexosyl apigenin or 6-C-hexosyl-8-C-pentosyl apigenin
derivatives [15,16]. As C-6-isomers are easier to fragment than are C-8-isomers [17], and
the ion [(M-H)-60]− (characteristic of pentose derivatives) was much less abundant in
compounds eluted in peaks 3, 5, and 7 compared to its abundance in compounds from
peaks 4, 6, and 8, this data also allowed us to conclude that 6-C-hexosyl-8-C-pentosyl
apigenin derivatives were the predominant isomers in DefMeOH-E. The most common
sugars involved in the glycosylated flavonoids are the hexoses glucose and galactose, the
deoxyhexose rhamnose, and the pentoses arabinose and xylose [18]. In addition to di-C-
glycosyl apigenin isomers, two 6-C-hexosyl-8-C-pentosyl luteolin derivatives were detected
as minor components in DefMeOH-E (peaks 1 and 2; UVmax 271, 346–348; [M-H]− at m/z
579→561, 519, 489, 459, 399, 369). Metabolite profiling of the Colocasia esculenta species,
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which belongs to its closest genus Colocasia, via HPLC–DAD–ESI/MS led to identification
of 30 glycosylated flavonoids—among them flavone mono-C-glycosides and flavone di-C-
glycosides—in which luteolin-6-C-hexoside was the predominant identified compound.
The obtained results are in full agreement with our current findings [17].

Table 1. Phenolic compounds detected in A. gigantea leaves defatted methanolic extract via UHPLC–
DAD–ESI–MS/MS analysis.

Peak RT (min) λmax (nm) m/z ESI–MS2 Compound

1 9.4 271, 348 579 561, 519, 489, 459, 399, 369 6-C-hexosyl-8-C-pentosyl luteolin (isom 1)
2 9.7 271, 346 579 561, 519, 489, 459, 399, 369 6-C-hexosyl-8-C-pentosyl luteolin (isom 2)
3 10.1 271, 333 563 545, 503, 473, 443, 413, 383 353 6-C-hexosyl-8-C-pentosyl apigenin (isom 1)
4 10.4 271, 333 563 545, 503, 473, 443, 383, 353 8-C-hexosyl-6-C-pentosyl apigenin (isom 1)
5 10.7 271, 333 563 545, 503, 473, 443, 383, 353 6-C-hexosyl-8-C-pentosyl apigenin (isom 2)
6 11.0 271, 333 563 545, 503, 473, 443, 383, 353 8-C-hexosyl-6-C-pentosyl apigenin (isom 2)
7 10.4 271, 333 563 545, 503, 473, 443, 383, 353 6-C-hexosyl-8-C-pentosyl apigenin (isom 3)
8 11.9 271, 333 563 545, 503, 473, 443, 383, 353 8-C-hexosyl-6-C-pentosyl apigenin (isom 3)

Isom: Isomer.

Figure 1. Proposed fragmentation pattern of 6-C-hexosyl-8-C-pentosyl apigenin in negative ion
mode.

2.2. Anticancer Potential of A. gigantea Leaf Defatted Methanolic Extract
2.2.1. In Vitro Cytotoxic Activity on HCC Cell Line

Anticancer activity of DefMeOH-E was tested first on a hepatic cancer line, HepG2cell,
using a crystal violet assay to determine cells’ vitality [19]. As shown in Figure 2, exposure
of those cells to increasing concentrations of the extract (in the range of 25 and 100 μg/mL)
enhanced cytotoxic activity to an IC50 value of 76.33 μg/mL. A previous study on another
species of Alocasia, namely A. macrorrhiza, exhibited proliferation inhibition and apoptosis
effects on human hepatocellular carcinoma cells in vitro as well as inhibiting hepatoma
growth with an IC50 value of 414 μg/mL [12]. This result suggests that DefMeOH-E of A.
gigantea origin has potential anticancer activity against HCC.
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Figure 2. In vitro cytotoxic activity of A. gigantea leaf defatted methanolic extract at different concen-
trations (100, 50, and 25 μg/mL) in comparison to standard drug doxorubicin.

2.2.2. In Vivo Acute Toxicity

The first step in determining in vivo toxicity of a plant extract is to conduct an acute
oral toxicity test [20]. Therefore, animals were fed with DefMeOH-E at a dose of 2000 mg/kg
after a fasting period of 12 h and only allowed to drink water, followed by monitoring
of clinical and behavioral signs in the first 4 h, at 72 h, and after 7 days. No mortality
or clinical signs of toxicity were observed. Additionally, after 7 days of observation, no
mortality was detected. Based on these results, DefMeOH-E was considered non-toxic. For
chemical substances and mixtures, the globally harmonized classification system (GHS)
of the Organization for Economic Cooperation (OECD) classifies substances with LD50
> 2–5 g/kg as unclassified or category 5. This implies that the plant’s oral LD50 of 2–5 g/kg
may be safe [21].

2.2.3. In Vivo Body and Liver Weight and Biochemical Parameters

Animal models of HCC include xenograft models, genetically modified mouse models,
and chemically induced models [22]. In the past few years, diethylnitrosamine (DEN) has
been widely applied as an “initiating agent” within a myriad of protocols in mice and
rats for HCC development [23,24]. It is known to cause changes in enzymes required in
DNA repair replication and is regularly utilized as a cancer-causing agent to prompt liver
carcinogenesis in mouse models. In this case, it was given as an intraperitoneal injection:
a common technique that safely delivers a substance into the peritoneal cavity but can
induce high stress in animals [24]. Overall, 48 animals were divided into four groups
(12 mice/group), and this study lasted 12 weeks, with normal conditions set for Group I
(Gp-I), in which mice were intraperitoneally administered a saline solution once a week,
while Group III (Gp-III, A. gigantea) was orally administered the plant extract twice a week
at 150 mg/kg body weight (BW). In turn, animals in Group II (Gp-II, DEN) were HCC-
induced by an intraperitoneal injection of DEN at 3.5 μL/mg BW twice a week, and Group
IV (Gp-IV, DEN/A. gigantea) was also given DEN twice a week for 12 weeks, combined
with an oral treatment of DefMeOH-E at 150 mg/kg in the final four consecutive weeks.

As observed in Figure 3, body weight (BW) of animals just before termination (12 weeks)
was different from that registered at the initial point (T0). It increased in Gp-I and Gp-
III, while the opposite trend was noticed in Gp-II, which registered 25.45% weight loss
(p = 0.0012). Notably, this was reversed in part by the A. gigantea treatment, as animals in
Gp-IV registered a lower decrement in BW compared to those of Gp-II. Liver weight (LW)
just before termination was nearly the same in Gp-I (BW = 31.65 ± 5.76; LW = 1.59 ± 0.39)
and Gp-III (BW = 30.85 ± 4.64; LW = 1.51 ± 0.83). A decrease in LW was detected in Gp-II
(BW = 19.9 ± 2.03; LW = 1.075 ± 0.31), which was related to BW loss in that group. Gp-IV
showed a slight increase in LW compared to Gp-II (BW = 22.68 ± 1.97; LW = 1.2 ± 0.29).
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      (a) 

Figure 3. (a) Effect of A. gigantea leaf defatted methanolic extract on body weight (at initial time
and 12 weeks) and liver weight (at 12 weeks) of different mouse groups. Gp-I: Group I, normal
group; Gp-II: Group II, treated with DEN; Gp-III: Group III, treated with A. gigantea; Gp-IV: Group
IV, treated with DEN combined with plant extract. Data represent the mean ± SEM. * p < 0.05,
** p < 0.01 indicate significant differences compared to Gp-I. (b) This photo represents liver mass
between different groups.

The liver function was evaluated through examination of the liver enzymes alkaline
phosphatase (ALP), alanine transaminase (ALT), and aspartate aminotransferase (AST),
as well as the liver waste product total bilirubin (TBILR). Results in Table 2 show that all
tested parameters in Gp-II (DEN) were significantly higher when compared to Gp-I (normal
group) (p < 0.0001). In addition, treatment with DefMeOH-E in Gp-IV caused a remarkable
decrease in all liver function parameters compared with the HCC group (Gp-II) (p < 0.0001).
Overall, these results indicate that serum transaminase ALT, AST, and TBILR activities
increased significantly after DEN induction. Overproduction of these proteins in tumor
cells is caused by DEN-induced changes in permeability of the cell membrane, resulting
in protein leakage into serum [25,26]. In turn, treatment with A. gigantea extract in Gp-IV
caused reduction in elevated activities of these proteins, which may be due to effective
compounds in A. gigantea maintaining parenchymal cell recovery in the liver, leading to a
decrease in enzymatic leakage [27].
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Table 2. Serum-liver-function parameters for each animal group used in this study.

Liver Markers Gp-I Gp-II Gp-III Gp-IV

TBILR 0.22 ± 0.18 1.27 ± 0.12 c 0.16 ± 0.07 0.60 ± 0.14 b

ALP 8.95 ± 1.75 24.99 ± 2.4 c 12.39 ± 2.1 c 14.66 ± 1.22 c

ALT 7.45 ± 1.86 35.83 ± 3.7 c 10.25 ± 1.8 a 21.88 ± 5.89 c

AST 112.51 ± 8.1 148.62 ± 5.4 c 93.99 ± 22.59 a 116.52 ± 27.25
Results are expressed in mg/dL (for total direct bilirubin) and international unit per liter (IU/L) for alkaline
phosphatase (ALP), alanine transaminase (ALT), and aspartate aminotransferase (AST). Gp-I: Group I, normal
group; Gp-II: Group II, treated with diethylnitrosamine; Gp-III: Group III, treated with A. gigantea; Gp-IV: Group
IV, treated with diethylnitrosamine combined with plant extract. In each line, different letters represent significant
differences compared to Gp-I: a—p < 0.05, b—p < 0.01, c—p < 0.001.

The majority of Alocasia species research focuses on hepatoprotection, mostly per-
formed with Alocasia indica (Roxb.), showing that the ethanolic A. indica leaf extract reduces
hepatotoxicity [28]. The hepatoprotective effect of the Alocasia indica tuber extract has also
been demonstrated on albino Wistar rats with CCl4-induced liver injury, particularly in
ethanolic extract given at 200 mg/kg for 7 days [29]. In addition, Alocasia macrorrhiza was
also employed in trials as a hepatoprotective agent, reducing leakage of AST, ALT, and
ALP in rats with CCl4- and Tylenol-induced liver injury [28]. Alocasia macrorrhiza also has
an anticancer effect on various cell lines, inhibiting growth of hepatoma in vivo [12].

2.2.4. Histopathological Examinations

Histopathological images are represented in Figure 4. Hepatocytes with granular
cytoplasm that occupied the acidophilic stain, as well as centrally located nuclei, were
seen in the histology of both the Gp-I (normal) and the Gp-III (A. gigantea) group. With
hematoxylin and eosin (H&E) staining, the central vein and bile ducts could be seen. In
the histology of Gp-II (DEN), distorted architecture, focal HCC, and dysplasia were seen,
as well as areas of necrosis, cholestasis, bile duct proliferation, and lymphatic dilatation.
However, in Gp-IV (DEN/A. gigantea), hepatic architecture was more preserved, with minor
hepatocytic changes but scattered foci of hepatocytic apoptosis. On the other hand, Gp-
III (A. gigantea) showed preserved hepatic lobular architecture with no histopathological
changes. Dysplastic foci are homogeneous lesions that can be distinguished from the
surrounding liver tissue by their distinctive morphology, cytoplasmatic staining, nuclear
size, and cellular atypia. Due to their elevated proliferation index and poor apoptosis rate,
they are additionally regarded as premalignant lesions [30]. Another histological HCC
marker is cholestasis, which is almost always extracellular, localized at the biliary pole of
the tumor hepatocytes [31].

Despite the absence of studies with A. gigantea, a preservative effect on normal mor-
phology, in addition to antitumor properties against tumoral hepatic cells, has been demon-
strated for other Alocasia species: in particular, hepatotoxic protective effects of A. indica
tuber extract in alcohol-intoxicated rats, where recovery from ethanol-induced liver damage
was observed, with fewer micro-vesicular steatoses, hepatocytes necrosis features, and ab-
sence of fat droplets [29]. A. indica leaf extract has also been shown to reduce inflammation,
degenerative changes, and steatosis in liver tissue treated with CCl4 and paracetamol [28].
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Figure 4. Histopathology using hematoxylin and eosin (H&E) staining of the liver, isolated from each
animal group used in this study. For each group, the photo on the right side is a zoom-in taken from
the photo on the left. Gp-I: Group I, normal group; Gp-II: Group II, treated with diethylnitrosamine;
Gp-III: Group III, treated with A. gigantea; Gp-IV: Group IV, treated with diethylnitrosamine combined
with plant extract. Thick and thin black arrows in Gp-II indicate HCC with focal acinar formation
and bizarre-shaped hyperchromatic nuclei and focal cholestasis, respectively. Thin yellow and black
arrows in Gp-IV indicate focal hepatocellular dysplasia with focal cholestasis and few apoptotic
figures, respectively.

2.2.5. In Vivo Antitumoral Effects through Induction of Autophagy

One of the characteristics of cancer is alteration in cell death; these cells are under
survival pressure. They alter as a result of failure of apoptosis, which causes genetic
harm [32]. Mutational and expressional alterations of apoptosis genes such as Fas and
caspase are abundant in different types of human cancer [33,34]. However, compared to
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apoptosis, information on autophagy genes and their function in cancer is significantly
limited [6,35]. With this in mind, this study focused on autophagy in HCC, which is a topic
under debate.

Table 3 summarizes the results of the relative expression of serum tumor necrosis
factor-alpha (TNF-α) and alfa-fetoprotein (AFP), which are central inflammatory and tumor
markers, respectively. Overall, the gathered data indicate that treatment with DefMeOH-
E did not induce inflammatory or tumorigenic effects in animals (Gp-III). Conversely,
injection of DEN in Gp-II caused a large increase in animals’ serum levels of TNF-α and
AFP genes, which was significantly reversed by the A. gigantea treatment in Gp-IV (DEN/A.
gigantea). Accordingly, a previous study concluded that combined use of TNF-α and AFP
increases sensitivity and specificity for early diagnosis of HCC, as their increased expression
is related to HCC [36].

Table 3. Effect of A. gigantea leaf defatted methanolic extract on TNF-α and AFP relative expression
in each animal group.

Serum Markers Gp-I Gp-II Gp-III Gp-IV

TNF-α 0.068 ± 0.024 322.24 ± 11.2 c 4.25 ± 2.1 c 194.54 ± 15.92 c

AFP 0.98 ± 0.299 4.48 ± 1.15 c 0.65 ± 0.25 a 2.9 ± 0.97 c

Results are expressed in relative quantification (RQ) for TNF-α (tumor necrosis factor-alpha) and AFP (alpha-
fetoprotein). Gp-I: Group I, normal group; Gp-II: Group II, treated with diethylnitrosamine; Gp-III: Group III,
treated with A. gigantea; Gp-IV: Group IV, treated with diethylnitrosamine combined with plant extract. In each
line, different letters represent significant differences compared to Gp-I: a—p < 0.05, b—p < 0.01, c—p < 0.001.

Generally, the process of autophagy entails formation of a double-membrane vesicle
that encloses cytoplasm, abnormal proteins, long-lived proteins, and organelles before
joining with lysosomes for breakdown. The molecular mechanism of autophagy is complex
and involves distinct autophagy-related (Atg) proteins. In this study, the effect of A.
gigantea extract on autophagy was evaluated through monitoring of autophagy gene
markers involved in the initiation step of autophagy: namely adenosine monophosphate-
activated protein kinase (AMPK) and mammalian target of rapamycin complex 1 (mTORC1)
complexes, the Beclin-1-class III phosphatidylinositol 3-kinase (PI3K) complex (which
mediates nucleation of the phagophore to form autophagosome), and LC3 (considered the
mature autophagosome marker) [37].

As represented in Figure 5, tumor marker BCl-2 was higher in Gp-II than in the other
groups. In addition, mTOR, an autophagy suppressor, was significantly lower in Gp-IV
when compared to Gp-II (p < 0.0001). In accordance, autophagy markers (AMPK, Beclin-1,
and LC-3) also displayed markedly increased expression in Gp-IV (p < 0.0001). Taken
together, the data collected indicate that combined treatment of DEN with A. gigantea
extract promoted autophagy and decreased tumor markers in animals.

Previous studies proved that polyphenolic compounds displayed anti-HCC effects
through autophagy via interference with canonical (Beclin-1-dependent) and non-canonical
(Beclin-1-independent) pathways [38]. Moreover, apigenin has been shown to exhibit
anti-cancer properties in various types of cancer, including breast, liver, prostate, lung, and
colon cancer, in addition to anti-inflammatory and antioxidant effects [39]. The anti-HCC
effect of apigenin through down-regulation of the NF-κB pathway has been shown [40].
Considering the results from our study, it is possible to suggest that apigenin derivatives,
i.e., the main phenolic compounds in the A. gigantea extract, may play a relevant role in
apigenin’s antitumoral effect; however, this hypothesis must be further consolidated.
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Figure 5. Relative quantification (RQ = 2ˆ−ΔΔct) of tumor marker BCl-2 and autophagy markers
(mTOR, AMPK, Beclin-1, and LC-3) in different animal groups, in relation to Gp-II (DEN group).
Gp-II: Group II, treated with diethylnitrosamine; Gp-III: Group III, treated with A. gigantea; Gp-IV:
Group IV, treated with diethylnitrosamine combined with plant extract. Data represent the mean ±
SEM. ** p < 0.01 indicates significant differences from the DEN group.

3. Materials and Methods

3.1. Plant Material

Alocasia gigantea leaves were collected after permission and in compliance with rele-
vant international guidelines and legislation from Experimental Plants Station, Faculty of
Pharmacy, Cairo University, Giza, Egypt, during April 2020. Identification and authentica-
tion of the plant material were achieved by Dr. Tearse Labib, consultant of taxonomy at the
Ministry of Agriculture and former director of El-Orman Botanical Garden, Giza, Egypt. A
voucher specimen (No. A.g/l/2020) is kept in the herbarium of the Medicinal Chemistry
Department at Theodor Bilharz Research Institute.

3.2. Extraction and Defatting

Dry powdered leaves of A. gigantea (1100 g) were extracted four times with methanol
via maceration (4 L) at room temperature. The combined extracts were filtered and evap-
orated under vacuum using a rotatory evaporator (Buchi, Flawil, Switzerland) at 40 ±
2 ◦C to afford a methanol extract of 120.25 g (10.93%). The dried methanol extract was
defatted using petroleum ether (60–80 ◦C), followed by dichloromethane in order to remove
undesirable compounds [41], affording 30.87 g (2.81%), 11.29 g (1.03%), and 76.09 g (6.92%),
respectively, for petroleum ether, dichloromethane, and defatted methanol extracts. Next,
the defatted methanol extract (DefMeOH-E) was stored for further chemical and biological
investigations.
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3.3. Determination of Total Phenolic Content (TPC)

Total phenolic content of each extract was determined using the Folin–Ciocalteu
reagent according to the reported procedure of Prior et al. (2019), with gallic acid as a
standard [42]. The reaction mixture was composed of 50 μL extract (500 μg/mL), 250 μL
Folin–Ciocalteu reagent, and 0.75 mL sodium carbonate (20%). The mixture was shaken,
and completed to 5 mL using distilled water. The mixture was allowed to stand for 2 h; then
absorbance was measured at 765 nm using a spectrophotometer (UV-vis; Milton Roy 601,
Co., Houston, TX, USA). All determinations were carried out in triplicate. Total phenolic
content was expressed as mg gallic acid equivalent (GAE) per g extract.

3.4. UHPLC–DAD–ESI–MS/MS Analysis

This analysis was performed on an Ultimate 3000 (Dionex Co., San Jose, CA, USA)
apparatus equipped with an ultimate 3000 Diode Array Detector (Dionex Co., USA) and
coupled to a mass spectrometer, following the general procedure previously described [43].
The chromatographic apparatus consisted of an autosampler/injector, a binary pump, a
column compartment and an ultimate 3000 Diode Array Detector (Dionex Co., San Jose,
CA, USA), coupled to a Thermo LTQ XL (Thermo Scientific, San Jose, CA, USA) ion trap
mass spectrometer equipped with an ESI source. The LC separation was carried out in a
Hypersil Gold (ThermoScientific, San Jose, CA, USA) C18 column (100 mm length; 2.1 mm
i.d.; 1.9 μm particle diameter; end-capped) maintained at 30 C and a binary solvent system
composed of (A) acetonitrile and (B) 0.1% formic acid (v/v). The solvent gradient started
with 5–40% of solvent (A) over 14.72 min, at 40–100% over 1.91 min and remaining at 100%
for 2.19 more min before returning to initial conditions. The flow rate was 0.2 mL/min,
and UV-vis spectral data for all peaks were accumulated in the range of 200–700 nm while
chromatographic profiles were recorded at 280 nm. Control and data acquisition of MS
were carried out with the Thermo Xcalibur Qual Browser data system (ThermoScientific,
San Jose, CA, USA). Nitrogen above 99% purity was used, and the gas pressure was 520 kPa
(75 psi). The instrument was operated in negative mode, with the ESI needle voltage set at
5.00 kV and an ESI capillary temperature of 275 ◦C. The full scan covered the mass range
from m/z 100 to 2000. CID–MS/MS experiments were performed for precursor ions, using
helium as the collision gas, with a collision energy of 25–35 arbitrary units.

3.5. In-Vitro Study on HCC Cell Line

The Department of Cell Culture (Vacsera, Egypt) provided the HepG2cell line. The
cells were cultured in a PYR-free 1640 RPMI medium (Thermo Fisher Scientific). The
medium was made up of 10% FBS, 1% HEPES, and 1% antibiotic/antimycotic combination
(LONZA). Different quantities (500, 250, and 125 g/mL) of the A. gigantea extract and
doxorubicin (DOX) (as a standard drug) were applied following attachment of the cells
(7000 cells/well) on 96 tissue culture plates. The plates were then incubated at 37 ◦C in 5%
CO2 for 24 h. Cell viability was detected using a crystal violet assay following the general
procedure previously described [19].

3.6. Animals

All animal experiments were carried out under Institutional Ethical Committee rules
for care and use of experimental animals, authorized by Theodor Bilharz Research Insti-
tute’s Animal Ethics Committee in Giza, Egypt (PT (583)/FWA 00010609). Theodor Bilharz
Research Institute’s animal house provided a total of 48 male Swiss albino mice (6–7 weeks
old) weighing 23 ± 5 g. The animals were given a week to acclimate. Throughout the
experiment, all animals were kept in standardized hygienic conditions, including a temper-
ature of 21–22 ◦C, a humidity of 55%, a standard 12 h light-dark cycle, and food and water
accessibility.
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3.7. Assessment of A. gigantea Acute Toxicity

The first step in determining toxicity of a plant extract is to conduct an acute oral
toxicity test. The animals were starved for 12 h and only allowed to drink water. They
were then weighed after the fasting period, and a test extract was given orally at a dose
of 2000 mg/kg. Food was withheld from the animals for 2 h after the test extract was
administered. In the first instance, mortality; clinical signs, such as changes in the skin,
fur, eyes, and mucous membranes; and behavioral signs, as diarrhea, lethargy, sleep, or
tremors were tracked for the first 4 h, then at 72 h and at 7 days after the test extract was
administered [44,45].

3.8. In Vivo Experimental Design

To reach HCC, diethylnitrosamine (DEN) was used as an inducer. Intraperitoneal
injection is a common technique that safely delivers a substance into the peritoneal cavity
but can induce high stress in animals. Therefore, we depended on it to deliver HCC [46].
Mice were divided into 4 groups (12 mice/group) that were administered for 12 weeks. Gp-
I (normal), a control group, was given a saline solution intraperitoneally (i.p.) (3.5 μL/mg
BW); Gp-II (positive) was given diethylnitrosamine (DEN) twice a week i.p. (3.5 μL/mg
BW); Gp-III (A. gigantea) was given plant extract (150 mg/kg BW) orally twice a week; and
Gp-IV (DEN/A. gigantea) was also given DEN twice a week i.p. (3.5 μL/mg BW). At the
end of 8 weeks, Gp-IV was treated with plant extract (150 mg/kg) orally twice a week for 4
consecutive weeks in combination with DEN.

After the required time was reached, scarification was performed. Euthanasia was
chosen to minimize animal pain and distress consistent with the needs of the research
protocol. Euthanasia was performed via inhalation of CO2 from a pressurized tank in
a rodent cage that contained up to 5 adult mice, followed by cervical dislocation and
decapitation. CO2 (30–70% displacement per minute depending on cage size) gas flow was
slow and neither hissed nor overpowered and frightened the mice [47].

3.9. Body and Liver Weight and Biochemical Parameters

Body weight for each group was registered at the beginning of this study and before
termination. Liver weight for each group was detected after scarification. The mice fasted
overnight after the last treatment. Collected blood samples were centrifuged at 2000 rpm
for 10 min. A liver function test was monitored using a serum aspartate aminotransferase
(AST) and alanine transaminase (ALT) kit (Sclavo Diagnostics Internationals), an alkaline
phosphatase (ALP) kit (N.S. BIO-TEC), and a total direct bilirubin (TBILR) kit (Sclavo
Diagnostics Internationals).

3.10. Histopathological Examinations

The isolated livers were fixed in 10% buffered formalin. The liver was routinely pro-
cessed into paraffin blocks. On positively charged glass slides, 4–5 μm thick sections were
cut. Sections were then stained with hematoxylin and eosin (H&E) for light microscopic
histopathological examination of hepatic architecture, inflammation, dysplasia, and car-
cinogenesis. The Masson trichrome stain was used to assess tissue fibrosis. Liver histology
of different groups was compared using a Zeiss Axio microscope, and photos were taken
with the attached digital Mrc5 camera (Zeiss).

3.11. Inflammatory, Tumoral, and Autophagy Markers

A commercially available kit was used to isolate total RNA from serum and liver
tissues (Biovision, Inc., Milpitas, CA, USA). To detect gene expression of tumor and au-
tophagy markers, quantitative PCR (qPCR) was performed using isolated RNA (1 μg), a
cDNA synthesis kit (Biovision, Inc.), and SYBR green master mix (Thermo Fisher Scientific).
Each primer’s sequence was designed as shown in Table 4. The mean with SD of each
detected marker in each group was used to describe relative expression, using the following
equation: RQ = 2ˆ−ΔΔct.
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Table 4. Primer sequences for gene expression analysis using qPCR.

Gene Primer Sequence Reference

β-actin
Sense: GGGAATGGGTCAGAAGGACT

[48]Antisense: CTTCTCCATGTCGTCCCAGT

BCl-2
Sense: ATGCCTTTGTGGAACTATATGGC

[49]Antisense: GGTATGCACCCAGAGTGATGC

mTOR
Sense: GGCCAAAAGGCAGGTGGCT This study

Antisense: ATGTTCACTTTGTGCTTGTA

AMPK
Sense: GGAGAATAATGAATGAAGCC This study

Antisense: CACCTTGGTGTTTGGATTTC

Beclin-1
Sense: GAGAGACCCAGGAGGAAG This study

Antisense: GGCCCGACATGATGTCAA

LC-3
Sense: CCCGGTGATCATCGAGCGCT This study

Antisense: GAAGGCCTGCGTGGGGTT

AFP
Sense: CTACATTTCGCTGCGTCCAA This study

Antisense: CAGCCAACACATCGCTAGTC

TNF-α
Forward: ACCCTCACACTCACAAACCA

[50]Reverse: GGCAGAGAGGAGGTTGACTT

3.12. Statistical Analysis

Data in treatment groups were presented as mean with SD, and statistical analysis was
performed using GraphPad Prism 8 (San Diego, CA, USA). One-way or two-way ANOVA
was followed by a post-hoc Tukey multiple comparison test. p < 0.05 was determined to be
statistically significant.

4. Conclusions

Chemical characterization of the defatted methanol extract of A. gigantea using UHPLC–
DAD–ESI–MS/MS analysis led to identification of eight di-C-glycosyl flavone isomers of
apigenin and luteolin. Moreover, the conducted study allowed conclusion that the extract
of A. gigantea has potential anti-HCC effects via modulation of the autophagy pathway. The
outcomes reached give an initial visualization of the operative effect of some compounds,
paving the way to extensive study on isolation and activity of individual compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27238504/s1, Figure S1: UHPLC chromatogram (at
280 nm) of A. gigantea defatted methanolic extract. Peak numbers correspond to those in Table 1.
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Abstract: Salvianolic acid B (SalB) is a bioactive compound from Salviae miltiorrhizae, one of the
most important traditional herbal medicines widely used in several countries for the treatment of
cardiovascular diseases. The aim of this study was to evaluate the in vitro effect of SalB on the
expression and the activity of matrix metalloproteinase 9 (MMP-9), a zinc-dependent proteolytic
enzyme, in human MDA-MB-231 breast cancer cells. This cellular model is characterized by a
marked invasive phenotype, supported by a high constitutive expression of MMPs, especially
gelatinases. SalB was first of all evaluated by in silico approaches primarily aimed at predicting the
main pharmacokinetic parameters. The most favorable interaction between the natural compound
and MMP-9 was instead tested by molecular docking analysis that was subsequently verified by an
enzymatic inhibition assay. MDA-MB-231 cells were treated with SalB 5 μM and 50 μM for 24 h and
48 h. The conditioned media obtained from treated cells were then analyzed by gelatin zymography
and reverse zymography to, respectively, evaluate the MMP-9 activity and the presence of TIMP-1.
The expression of the enzyme was then evaluated by Western blot on conditioned media and by
analysis of transcripts through reverse transcriptase-polymerase chain reaction (RT-PCR). The in
silico approach showed the ability of SalB to interact with the catalytic zinc ion of the enzyme, with a
plausible competitive mode of action. The analysis of conditioned culture media showed a reduction
in MMP-9 activity and the concomitant decrease in the enzyme concentration, partially confirmed by
analysis of transcripts. SalB showed the ability to modulate the function of MMP-9 in MDA-MB-231
cells. To our knowledge, this is the first time in which the role of SalB on MMP-9 in a highly invasive
cellular model is investigated. The obtained results impose further and more specific evaluations in
order to obtain a better understanding of the biochemical mechanisms that regulate the interaction
between this natural compound and the MMP-9.

Keywords: Salvianolic acid B; matrix metalloproteinase 9; gelatinase B; MDA-MB-231 human breast
cancer cells; TIMP-1

1. Introduction

The MMP-9/Gelatinase B belongs to the wide family of zinc dependent endopepti-
dases named matrix metalloproteinases (MMPs). MMPs are involved in the physiological
degradation of the extracellular matrix (ECM), a fundamental process for tissue develop-
ment, morphogenesis, remodeling and repair [1]. Due to their important physiological role,

Molecules 2022, 27, 8514. https://doi.org/10.3390/molecules27238514 https://www.mdpi.com/journal/molecules
273



Molecules 2022, 27, 8514

MMPs are tightly regulated: their expression is transcriptionally influenced by growth fac-
tors, hormones and cytokines, while their activity is tuned by the activation of propeptides
(zymogens) and by inhibition of the enzymatic activity mediated by endogenous tissue
inhibitors (TIMPs) [2].

Disturbances of this complex network hindering the normal MMPs function are
known to be associated with the development of pathological events related to excessive
or insufficient ECM turnover: arthritis, wound healing disorders, fibrotic diseases and
cancer [3].

Regarding cancer, it is known that the proteolytic activity which contributes to the
degradation of ECM and basal membrane represents a key step in cell invasion, metastasis
and angiogenesis [4]. Moreover, several studies have posed evidence of the crucial role of
gelatinases in numerous invasive cancers, such as breast cancer [5,6]. Recent observations
also provide evidence that MMPs modulate various aspects of inflammation, some of which
seem to be essential for the suppression of innate immune response against tumor cells; in
this context, MMPs may exert an immune regulatory function in tumor microenvironment,
helping cancer cells to escape immune surveillance [7]. It is easy to understand that the
identification of MMP inhibitors (MMPi) today represents an important opportunity for
the treatment and prevention of numerous chronic and life-threatening diseases. For these
reasons, MMPs inhibitor drug discovery has emerged as an important area of research in
many fields of medical sciences as also attested by the discovery or repositioning of several
MMPs inhibitors [8–10].

In the last decade, great interest was generated in the characterization and use of
natural compounds credited with high bioactive potential, including anti-inflammatory,
antibacterial, antioxidant, anti-cancer and anti-diabetic properties [11–13]. Into this sce-
nario fits the interest in the identification of natural compounds capable of controlling the
expression and activity of MMPs. Specifically, flavonoids have been found to influence
MMPs levels in different ways. In many cell types, flavonoids have been described to
down-regulate MMPs biosynthesis. Quercetin, for instance, was reported to inhibit the
invasivity of murine melanoma cells by decreasing pro-MMP-9 via PKC pathway [14]. It is
also known that certain MMPs can be activated by oxidative stress and the antioxidative
effect of flavonoids may influence this mechanism [15].

Salvia miltiorrhiza, also known as red sage or Chinese sage, is one of the most widely
used traditional herb medicines recommended for the treatment of a variety of diseases,
such as cardiovascular diseases, hepatitis, hepatocirrhosis, chronic renal failure and dysmen-
orrhea. In S. miltiorrhiza, two pharmacologically active fractions were identified: lipophilic
diterpenoids transhinones and water-soluble phenolic acids [16]. In recent years, research
has been focused on the phenolic acid fraction where twenty-five phenolic acid compounds
have been isolated and identified. Specifically, Salvianolic acid B (SalB) represents the most
abundant compound, accounting for 3–5% of total dried weight [17]. To date, SalB has been
identified as an agent which may be useful in controlling the expression of MMP-2 and
MMP-9 in pathological conditions involving the cardiovascular system. In this context, we
should cite the inhibition of MMP-2 upregulation in human aortic smooth muscle cells via
suppression of NAD(P)H oxidase-derived reactive oxygen species [18], the prevention of
the infarct-induced cardiac remodeling through competitive inhibition of MMP-9 [19] and
the attenuation of cardiac fibroblast migration, collagen and cytokine secretion through
the in vitro inhibition of the catalytic domain of MMP-9 [20]. However, little attention has
been paid to the role of SalB in tumor cell lines characterized by high invasivity potential,
in which MMPs play a leading role. The aim of this work is therefore to verify the effect of
SalB in regulating the in vitro function of MMP-9 in MDA-MB-231 human breast cancer
cells. The only studies that involved the treatment of MDA-MB-231 cells with SalB focused
attention on different biochemical and molecular aspects. For example, the work published
by Sha et al. [21] analyzed the effects induced by the natural compound on the cell viability,
cell cycle and apoptosis of triple-negative MDA-MB-231 cells with the hormone receptor-
positive MCF-7 cells as the control. The main finding of the work was specifically related to
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SalB ability to enhance the cell apoptosis and decrease cell proliferation by regulating the
ceramide glycosylation enzymes. Overall, most of the studies performed on human breast
cancer cells involved the use of non-invasive phenotypes (MCF-7 cells), confirming the role
of SalB in cell proliferation, migration and invasion abilities, without specific assessments
on the gelatinases function [22].

2. Results

2.1. In Silico Evaluations and In Vitro Analysis of the Interaction between Salvianolic Acid B
and MMP-9

The SwissADME (absorption, distribution, metabolism and excretion) web tool was
exploited with the aim to obtain a prediction concerning the pharmacokinetic properties
of SalB. The main information of the analysis is reported in Table 1, and indicate low
absorption from the gastrointestinal (GI) tract and the inability to permeate the blood–brain
barrier (BBB). Furthermore, SalB seems unable to inhibit the activity of cytochrome P450
isoforms (CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4), whose function is associated
with drug elimination through metabolic biotransformation. In Figure 1, the bioavailability
radar that gives a first glance on the drug-likeness of the compound is instead reported,
considering a total of six physicochemical properties: lipophilicity, size, polarity, solubility,
flexibility and saturation. From this point of view, SalB showed itself to be a good candidate
with reference to lipophilicity and solubility, while the report highlighted values outside
the physicochemical range in the case of size, polarity, flexibility and saturation.

In order to predict the most probable binding conformations between SalB and MMP-9,
a preliminary in silico study was performed. The most favorable docking is associated with a
ΔG value equal to −14.786 kcal/mol; in this condition (Figure 2A), SalB is able to approach
the active site of the enzyme, placing its carboxylic group close to the catalytic zinc ion. In
addition to this, the distance between the O6 SalB carboxylic oxygen and the catalytic zinc ion
is 2.2 Å (Figure 2B), suggesting the plausible existence of a non-covalent interaction.

Table 1. SwissADME (absorption, distribution, metabolism and excretion) parameters attributed
to SalB.

Properties Parameters SalB

Physicochemical Properties

MW 718.61 g/mol
Rotatable bonds 14

HBA 16
HBD 9

Molar refractivity 178.07
TPSA 278.04 Å

Lipophilicity (Log Po/w)

iLOGP 2.10
XLOGP3 3.98
WLOGP 2.90
MLOGP 0.25

SILICOS-IT 2.57
Consensus estimation 2.36

Pharmacokinetics

GI absorption Low
BBB permeant No
P-gp substrate No

CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3A4 inhibitor No

Log Kp (skin permeation) −7.86 cm/s
MW = molecular weight; HBA = H-bond acceptors; HBD = H-bond donors; TPSA = Topological Polar Surface
Area; GI = gastrointestinal; BBB = blood–brain barrier; P-gp = permeability glycoprotein; iLOGP, XLOGP3,
WLOGP, MLOGP, SILICOS-IT represent lipophilicity predictive models [Daina et al. 2017]; CYP1A2, CYP2C19,
CYP2C9, CYP2D6, CYP3A4 are isoforms of cytochrome P450.
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Figure 1. Bioavailability radar chart of SalB. The bioavailability radar gives a first glance on the
drug-likeness of the compound, considering a total of six physicochemical properties: lipophilicity,
size, polarity, solubility, flexibility and saturation. The pink zone represents the physicochemical
space for oral bioavailability, and the red line represents the specific oral bioavailability properties
associated with the analyzed compound.

 

Figure 2. Molecular Docking analysis of the interaction between SalB and MMP-9. (A) SalB ability to
approach the MMP-9 catalytic pocket. (B) Molecular docking of SalB in the catalytic domain of MMP-
9 (PDB code: 1GKC). SalB seems able to interact with the catalytic Zn2+ ion which is coordinated
by three histidines (HIS401, HIS405, HIS411). The analysis specifically suggests the existence of a
coordinated bond between the catalytic Zn2+ atom and a carboxyl oxygen of SalB structure.
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To confirm the computational results, an enzymatic inhibition assay was performed.
For this purpose, a recombinant active human MMP-9, composed of the catalytic domain,
the gelatin binding domain and the metal binding domain (amino acids 107–457), was
used. Increasing the concentrations of SalB ranging from 0 μM to 100 μM, in the presence
of different concentrations of substrate (0.375–1.5 μM), suggested a competitive inhibition
of the activity performed by the MMP-9 catalytic domain (CDMMP-9) (Figure 3A), and
allowed to define a Ki value equal to 57.37 ± 3.96 μM (Figure 3B).

 

Figure 3. Kinetic analysis of SalB against the catalytic domain of MMP-9. (A) Double reciprocal plots
of 1/V versus 1/[S] suggest the competitive inhibition of the activity performed by the catalytic
domain of MMP-9 (CDMMP-9). (B) Secondary plot of KM

app versus different SalB concentrations.
The Ki value of SalB against CDMMP-9 was calculated to be equal to 57.37 μM.

2.2. Evaluation of Gelatinolytic Activity in MDA-MB-231 Cells

The zymographic analysis was performed on conditioned media obtained from MDA-MB-
231 cells treated for 24 h and 48 h with SalB 5 μM (SalB-5) and 50 μM (SalB-50). Such analysis
was effective in highlighting the gelatinolytic potential attributable to MMP-2 and MMP-9.

As shown in Figure 4A, SalB was able to influence the activity of MMP-9, which was
significantly reduced in the presence of the higher concentration of the natural compound
(50 μM), both after 24 h and 48 h of treatment (p < 0.05). The analysis also highlighted the
activity of the active form of the enzyme, which follows the same pattern observed for
the zymogen, with lower ability to hydrolyze gelatin in SalB-50 samples at both treatment
times (p < 0.05).
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Figure 4. Gelatin Zymography for the evaluation of MMP-9 and MMP-2 activity. Zymographic
evaluation of MMP-9 (A) and MMP-2 (B) activity in conditioned media obtained from MDA-MB-231
cells treated for 24 h and 48 h with SalB 5 and 50 μM.

With regard to MMP-2 (Figure 4B), no significant variations were evidenced, both in
relation to the dosage and the timing of the treatment (p > 0.05).

2.3. Salvianolic Acid B Had no Effects on TIMP-1 Expression in MDA-MB-231 Cells

The potential role of SalB in influencing the endogenous regulation of MMP-9 activity
was evaluated by focusing the attention on TIMP-1. Figure 5 shows the results obtained
from reverse zymography and Western blot performed on conditioned culture media, and
RT-PCR applied on mRNA purified from the corresponding cells. By combining these
different approaches, no significant changes (p > 0.05) were found in the expression and in
the release of TIMP-1 in the extracellular environment.

Figure 5. Analysis of TIMP-1 through reverse zymography, Western blot and RT-PCR. The role of the
tissue inhibitor of metalloproteinases-1 (TIMP-1) has been evaluated through reverse zymography
and Western blot that were performed on conditioned media obtained from MDA-MB-231 cells
treated for 48 h with SalB 5 and 50 μM. In the same sampling were also collected cells for transcripts
evaluation by RT-PCR.
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2.4. MMP-9 Expression Was Affected in Treated MDA-MB-231 Cells

The samples previously used for the zymographic evaluations, were also subjected to
Western blot analysis to verify the relative amount of the enzyme in the conditioned culture
media obtained from the various treatments (Figure 6A). In this case, SalB significantly
affected the amount of MMP-9 in the conditioned culture medium (p < 0.01) only when it
was administered at the highest concentration (50 μM) during 48 h treatment.

 

Figure 6. Analysis of TIMP-1 through reverse zymography, Western blot and RT-PCR. The Western
blot analysis and RT-PCR of MMP-9. (A) The MMP-9 expression was firstly evaluated through
Western blot on conditioned media obtained from MDA-MB-231 cells treated for 24 h and 48 h with
SalB 5 and 50 μM. Different lower case letters (a,b) indicate significant differences (p < 0.05) for the
proMMP-9, while different upper case letters indicate significant differences (p < 0.05) for the active
form of MMP-9. (B) The collection of MDA-MB-231 cells was useful to perform the analysis on
MMP-9 transcripts after 48 h treatment with SalB 5 and 50 μM.

In order to verify any changes at the molecular level, the MMP-9 transcripts in cells
subjected to 48 h treatment were purified and analyzed. As shown in Figure 6B, a significant
reduction in MMP-9 transcript expression (p < 0.05) was effectively noted following the
treatment with 50 μM SalB, while no variations were evidenced in SalB-5 samples (p > 0.05).

3. Discussion

Several studies have been conducted to evaluate the ability of SalB to regulate the
activity of gelatinases, particularly of MMP-9. To our knowledge this is the first study
in which this aspect is evaluated on human MDA-MB-321 breast cancer cells, a highly
invasive cellular model characterized by a marked constitutive expression of MMP-9.

Before the evaluation of SalB effect on the selected cell line, a preliminary in silico
study was performed for the prediction of the drug-likeness of the natural compound and
the most probable binding conformations between SalB and MMP-9. The SwissADME web
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tool represents an informative approach in order to obtain a prediction about the biotrans-
formation of specific compounds into drugs. First of all, this evaluation evidenced for SalB
low absorption from the gastrointestinal tract and the inability to permeate the blood–brain
barrier (BBB). In particular, this last aspect argues in favor of the fact that SalB should not
induce adverse effects at the level of the central nervous system. Besides this, SalB does
not represent a substrate of the permeability glycoprotein (P-gp) that was suggested to be
one of the most relevant members among the ATP-binding transporters, responsible for
limiting the oral bioavailability of drugs that act as its substrates [23]. In the sphere of phar-
macokinetic parameters, the finding concerning the interaction of the natural compound
with cytochromes P450 is also relevant, which is actively involved in the processes of drug
elimination through metabolic biotransformation [24]. SalB does not represent an inhibitor
of these factors, an aspect of considerable importance considering that the inhibition of
these isoenzymes was reported to be one of the main causes of pharmacokinetics-related
drug–drug interactions, leading to toxic or other unwanted adverse effects due to the lower
clearance and accumulation of the drug or its metabolites [25]. The bioavailability radar
generated by the web tool, that gives a first glance on the drug-likeness of the compound,
showed overall good attitudes for SalB with reference to lipophilicity and solubility, while
conditions outside the physicochemical range were evidenced in the case of size, polarity,
flexibility and saturation. This finding testifies to the fact that in the pharmaceutical field it
could be more plausible for the use of specific structural domains of the natural compound,
rather than the molecule in its entirety.

With reference to the specific interaction between SalB and MMP-9, molecular docking
evaluations were performed. Specifically, the most favorable docking is associated with
a ΔG value equal to −14.786 kcal/mol; in this condition SalB is able to approach the
active site of the enzyme, placing its carboxylic group close to the catalytic zinc ion. In
this conformation, a distance of 2.2 Å was calculated between the SalB carboxylic oxygen
and the catalytic zinc atom, suggesting the possible onset of a non-covalent interaction
between SalB and MMP-9, in addition to the three coordination interactions between zinc
and the catalytic histidines (HIS401, HIS405 and HIS411). Such geometrical constraints are
therefore compatible with a tetracoordinated chelation model of the catalytic zinc ion as
also suggested by Jacobsen et al. [9] who inserted the carboxylic residue in the list of the
“zinc binding domains”.

In order to confirm the computational results, an enzymatic inhibition assay was
performed by using a recombinant active human MMP-9. The calculated Ki value was equal
to 57.37 ± 3.96 μM, a finding in full agreement with what has been previously reported by
Jiang et al. [19], who found a Ki value of 79.2 μM, by using a similar analytical strategy.

The encouraging data obtained by the in silico analysis confirmed by the enzymatic
inhibition assay, provided a rationale for the in vitro investigation on human MDA-MB-231
breast cancer cells, characterized by a marked invasive phenotype, supported by a high
constitutive expression of several MMPs, especially MMP-9 [26].

In order to define the best experimental conditions for cell treatment with SalB, an
MTT cell viability assay was performed, allowing us to define the range of concentrations
of SalB and the time of exposure in which the cytotoxic effect does not exceed 10% of cell
mortality with respect to untreated cells. In our intention, this was performed to make
sure that the treated cells maintain the same vitality as the control cells, in order to ensure
that any variations in the expression of MMP-9 were to be totally attributed to the effect
of SalB and not simply to a reduction in cell viability. Through this preliminary approach,
we believe we have given greater strength to the considerations made on the specific
effect of the natural compound on the MMP-9 function. Cells were then treated with two
concentrations of SalB, 5 μM (SalB-5) and 50 μM (SalB-50), for 24 h and 48 h, respectively.

The zymographic analysis of the conditioned media showed the ability of SalB to
inhibit the activity of MMP-9. The analysis also highlighted the activity of the active
form of the enzyme, which follows the same pattern observed for the zymogen. This
observation suggests that the relation between the two forms remains unchanged under
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all the experimental conditions and testifies to the fact that SalB had no effect on the pro-
enzyme activation mechanism. The observed reduction in activity may therefore depend
on a competitive inhibition model based on the prevalent interaction of SalB with the
catalytic domain of the enzyme. This hypothesis finds support in the results obtained
from the in silico investigation and is in agreement with what was previously observed
by Jiang et al. [19] who hypothesized a competitive inhibition of MMP-9 by the SalB. In
the same zymograms, the activity of MMP-2 was also visualized. In this case, the SalB did
not induce significant variations; a behavior already highlighted in a previous study in
which no significant regulation of SalB on MMP-2 activity was found, suggesting that the
natural compound was more specific on MMP-9 than on MMP-2 [19]. However, it must
be reported that in other studies conducted on murine models or alternative cell lines, a
drastic reduction in MMP-2 activity was reported as a consequence of the ability of SalB to
interact with mediators of gelatinase expression. One of the best characterized mechanisms
concern the inhibition of the tumor necrosis factor-α (TNF-α)-induced MMP-2 upregulation
in human aortic smooth muscle cells via suppression of the NAD(P)H oxidase-derived
reactive oxygen species [18,27].

It is known that the MMP activity in the extracellular environment is finely regulated
by specific endogenous inhibitors (TIMPs) which interact with the enzyme in a stoichio-
metric 1:1 ratio. For this reason, in the next phase of the study, the role of TIMP-1, which
possesses a prevailing selectivity for gelatinases, was evaluated in order to better under-
stand the effect of SalB treatment on MDA-MB-231 cells, and in particular on MMP-9
function. By combining different approaches, no significant changes were found in the
expression and in the release of TIMP-1 in the extracellular environment, a fact that con-
fers additional strength to the SalB ability to act as an MMP-9 inhibitor. Concerning the
relationship between SalB and TIMPs, no specific studies have been conducted. However,
the study performed by Dai et al. [28] must be taken into consideration. They investigated
the antifibrotic activity of the active compounds of Salviae miltiorrhizae on mice oral mu-
cosal fibroblasts and reported the ability of tanshinone IIA, salvianolic acid A and SalB
to reduce TIMP-1 and TIMP-2 expression, a phenomenon that predisposes an increase in
gelatinases activity. In agreement with what has been described, it should be also reported
that other studies highlighted that flavonoids generally have the ability to influence the
expression of TIMPs, with even quite marked effects on the ECM remodeling processes.
These are evidence observed in cell lines and in vivo models in which, contextually to
the effect on TIMPs, perturbations were also monitored for the expression and activity of
other factors involved in crucial signaling pathways such as focal adhesion kinase (FAK),
phosphatidylinositol-3-kinase (PI3K)-Akt, signal transducer and activator of transcription
3 (STAT3), nuclear factor κB (NFκB), and mitogen-activated protein kinase (MAPK) [29].

The same samples used for the zymographic evaluations were also subjected to
Western blot analysis to verify the amount of the enzyme in the conditioned culture media
obtained from the various treatments. In this case, SalB seems to be able to affect the
amount of MMP-9 in the conditioned culture medium only if administered at the highest
concentration for relatively longer time intervals. This may be due both to a direct effect of
SalB in the reduction of gene expression, but also to the ability of the natural compound to
interfere with the release of the zymogen from the cytosol to the extracellular environment.
For this reason, the MMP-9 transcripts from cells subjected to 48 h treatment with SalB were
purified and analyzed in order to highlight any changes in their expression. A significant
reduction in MMP-9 expression was effectively noted following the treatment with 50 μM
SalB. This therefore confirmed SalB tendency to reach the cytoplasm and interfere with the
biochemical mechanisms responsible for regulating the gene expression. In this regard,
Lin et al. [27] discussed the ability of SalB to inhibit MMP-2 and MMP-9 expression in
LPS-stimulated human aortic smooth muscle cells (HASMCs) advancing the hypothesis of
a mechanism based on the suppression of JNK and ERK phosphorylation. This is the first
time, in our knowledge, that this aspect is highlighted in invasive tumor cells. Therefore, the
specific biochemical mechanisms involved require further and more specific evaluations.
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4. Materials and Methods

4.1. Reagents

The Salvianolic acid B (SalB), dimethyl sulfoxide (DMSO), MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide], trypan blue, Triton X-100, Tween 20 and type B
gelatin were purchased from Sigma-Aldrich Chemical Co. (Milan, Italy). Dulbecco’s
modified Eagle’s medium (DMEM), foetal bovine serum (FBS), penicillin, streptomycin,
glutamine and trypsin were purchased from Euroclone S.p.A. (Milan, Italy). Human recom-
binant catalytic domain of MMP-9 was obtained from Vinci Biochem S.r.l. (Firenze, Italy).
All other chemicals were reagent grade. Stock solution of SalB (50 mM) was prepared in
DMSO and stored in the dark at −20 ◦C.

4.2. ADME Analysis and Modelling of the Enzyme-Inhibitor Interaction

When the condition of developing a new drug is expected, it is essential to carry out
evaluations that can give preliminary information on the compound being studied, with
particular regard to absorption, distribution, metabolism and excretion (ADME). For this
purpose, we used the web service SwissADME (http://www.swissadme.ch/index.php,
accessed on 16 November 2022) [30,31] which was made available by the Swiss Institute
of Bioinformatics.

The evaluation of the interactions between SalB and MMP-9 was performed by using
the web service (SwissDock) developed by the Swiss Institute of Bioinformatics in order
to predict the most favorable binding modes that may occur between a target protein
and a small molecule. This web tool exploits the docking software EADock DSS [32] and
the CHARMM force field method for calculation [33]. As a model was used, the crystal
structure of MMP-9 complexed with a reverse hydroxamate inhibitor (PDB code: 1GKC),
and the docking clusters related to the most favorable interactions with SalB (ZINC entry:
49538628) were visualized and analyzed by using PyMOL Molecular Graphics System.

4.3. Fluorometric Inhibition Assay of MMP-9 Activity

The in vitro ability of SalB to influence MMP-9 activity was performed through a
fluorometric inhibition assay. For this purpose, we used the recombinant catalytic domain
of MMP-9 (CDMMP-9) which represents the 39 kDa active site of the protein (aa 107–457
+ NT His Tag). The enzymatic residue was supplied as lyophilized powder which was
reconstituted following manufacturer’s instructions with pre-chilled 30% glycerol solution
to 10 U/μL. The rapid and sensitive determination of CDMMP-9 proteolytic potential in
the presence of increasing concentrations of SalB (from 5 μM to 100 μM) was evaluated
with a spectrofluorimetric method, as previously reported [10]. Briefly, the methodology
is based on monitoring the ability of the enzyme to specifically cleave the self-quenched
synthetic substrate MOCAc-Pro-Leu-Gly-Leu-A2pr(Dnp)-Ala-Arg-NH2 (Peptide Institute
INC, Osaka, Japan).

The apparent Michaelis constant (KM
app) values for the interaction between the en-

zyme and different SalB concentrations were calculated by using the double reciprocal
plots of 1/V versus 1/[S]. Such parameters were then used to draw a secondary plot for
the determination of the apparent inhibition constant (Ki).

4.4. Identification of the Experimental Conditions and Cell Culture

The The MDA-MB-231 human breast cancer cells were obtained from the American
Type Culture Collection (ATCC) and maintained in exponential growth in DMEM supple-
mented with 10% heat-inactivated FBS, 100 U/mL penicillin, 100 mg/mL streptomycin
and 2 mM glutamine, and kept in a humidified atmosphere with 5% CO2 at 37 ◦C. Cellular
viability was determined by trypan blue exclusion assay.

The concentration range and the timing of the cellular treatment with the SalB have
been defined through the MTT colorimetric approach which measures viable cells by
assessing the conversion of MTT into formazan crystals by mitochondrial activity [34].
Exponentially growing cells were plated in 96-well plates and after 24 h, the medium was
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replaced with fresh medium and cells were treated with SalB in the range of concentration
from 5 μM to 100 μM for 12 h, 24 h, 48 h and 72 h. Negative controls received the same
amount of DMSO (in the ratio 1:1000 in the culture medium) used to solubilize the SalB
administered in the other wells. At the end of each incubation period, MTT was added
to each well at the final concentration of 0.5 mg/mL and incubated at 37 ◦C for 3 h.
The reaction responsible for the formazan release was stopped by the addition of 0.04
N isopropanol, the absorbance was measured at 570 nm in a microplate reader (Biorad,
Hercules, CA, USA).

After defining the parameters for cell treatment with SalB, cells were seeded in six well
culture dishes at a density of 5 × 104 cells/well. After 24 h, the medium was replaced with
fresh medium and cells were treated with 5 μM (Sal-5) and 50 μM (Sal-50) of SalB. Control
cells (CTR) received DMSO in a concentration equal to that used for the solubilization of
Sal-5 and Sal-50. After 24 h and 48 h, conditioned media were collected, aliquoted and
stored at −20 ◦C until analysis.

4.5. Evaluation of Gelatinases Activity by Zymography and Determination of TIMPs Expression
by Reverse Zymography

Protein concentration in conditioned media was determined by Bradford protein
concentration assay. Volumes of each sample corresponding to 10 μg of total proteins
were diluted in a non-reducing sample buffer without heating and resolved by 8% SDS-
PAGE containing 0.3 mg/mL type B gelatin. The gels were then incubated for 45 min in
a renaturation buffer (50 mM Tris-HCl pH 8.0, containing 2.5% Triton X-100) to remove
SDS. Subsequently, a 24 h incubation in the developing buffer (50 mM Tris-HCl pH 8.0,
containing 5 mM CaCl2, 200 mM NaCl and 0.02% Brij 35) was performed to allow enzyme
renaturation and activity. Gels were then stained in a 0.1% solution of Coomassie Blue R250
in 40% (v/v) methanol and 10% (v/v) acetic acid. This analysis was preceded by preliminary
evaluations, in which the supernatant of HT1080 fibrosarcoma cells was used as a reference
standard for both MMP-2 and MMP-9, as recommended by Toth et al. [35]. Furthermore, in
order to verify the metallo-protease nature of the activity displayed, were carried out tests
in which the incubation of the zymographic gels was performed in a developing buffer
in which a chelating agent (EDTA 100 mM) was added (in this condition no degradation
of the substrate was found). Quantitative analysis of visualized spots was performed by
using ImageJ software [36].

To reveal the presence of TIMPs in collected samples, reverse zymography was per-
formed as previously described with a modification [37]. Briefly, a cell conditioned medium
rich in gelatinases able to degrade gelatin during the incubation in the developer buffer
was added to the gel. The presence of TIMPs was visualized as dark bands in which the
TIMP bound to the enzyme inhibits its gelatinolytic activity.

4.6. Western Blotting Analysis of MMP-9 and TIMP-1

Samples of conditioned media containing 40 μg of total proteins, were mixed with a
reducing sample buffer and subjected to 10% SDS-PAGE. Separated proteins were then
trans-blotted onto polyvinilidene difluoride (PVDF) transfer membranes. The non-specific
protein binding site on membranes was blocked by incubation in a solution containing
5% non-fat dry milk (Biorad, Milan, Italy) in TBS 0.1% Tween 20 (TBS-T) for 1 h, and then
incubated overnight at 4 ◦C with the primary antibodies for human MMP-9 and TIMP-1
diluted in 1% non-fat dry milk in TBS-T. Membranes were then washed in TBS-T, incubated
for 1 h with secondary HRP-conjugated antibody diluted in blocking solution, and the
immunoreactive bands were detected by inducing a chemiluminescence reaction through
the ECL chemiluminescent reagent (GE Healthcare, Little Chalfont, England). Quantitative
analysis of immunoreactive spots was performed by using ImageJ software [36].
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4.7. RNA Purification and Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from treated cells with EUROGOLD Total RNA Mini kit
(EuroClone, Milan, Italy) and 1 μg of each sample was subjected to retrotranscriptase
reaction and PCR amplification in the same tube using the HyperscriptTM One-step RT-
PCR Premix (TEMA RICERCA, Bologna, Italy) and following manufacturer’s indications.
Expression levels of MMP-9 and TIMP-1 were normalized to the expression levels of the
housekeeping β-actin gene. PCR was performed by using the following oligonucleotides:
MMP-9 (sense 5′-CGC AGA CAT CGT CAT CCA GT-3′, anti-sense 5′-GGA TTG GCG
TTG GAA GAT GA-3′), TIMP-1 (sense 5′-CTG TTG TTG CTG TGG CTG ATA-3′, antisense
5′-CCG TCC ACA AGC AAT GAG T-3′) and β-actin (sense 5′-ATG ATG ATA TCG CCG
CGC TCG-3′, antisense 5′-GCG CTC GGT GAG GAT CTT CA-3′). The RT-PCR products
were resolved by 1.5% agarose gel electrophoresis.

4.8. Statistical Analysis

Data were statistically analyzed by using SigmaPlot 12.0 software (Systat software,
Inc., San Jose, CA, USA) for Windows operating system. Differences between means were
evaluated by Student’s t-test with confidence levels set at 95% (p < 0.05) and 99% (p < 0.01).

5. Conclusions

In the present research, for the first time to our knowledge, the ability of salvianolic acid
B, an active compound of Salviae mitiorrhizae, to modulate the function of MMP-9 in human
MDA-MB-231 breast cancer cells was demonstrated in an in vitro model characterized by a
high invasive potential. Particularly, we found a marked tendency of the natural compound
to interact with the catalytic domain of MMP-9 with the consequent inhibition of its activity,
presumably reducing the ability of the enzyme to interact with the substrate. Furthermore,
an inhibitory effect on the enzyme expression was observed. From this point of view,
more specific studies will have to be conducted in order to characterize the biochemical
mechanisms that oversee this phenomenon.
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Abstract: Polyphenols are secondary metabolites produced by plants, which contribute to the plant’s
defense against abiotic stress conditions (e.g., UV radiation and precipitation), the aggression of her-
bivores, and plant pathogens. Epidemiological studies suggest that long-term consumption of plant
polyphenols protects against cardiovascular disease, cancer, osteoporosis, diabetes, and neurodegen-
erative diseases. Their structural diversity has fascinated and confronted analytical chemists on how
to carry out unambiguous identification, exhaustive recovery from plants and organic waste, and
define their nutritional and biological potential. The food, cosmetic, and pharmaceutical industries
employ polyphenols from fruits and vegetables to produce additives, additional foods, and supple-
ments. In some cases, nanocarriers have been used to protect polyphenols during food processing, to
solve the issues related to low water solubility, to transport them to the site of action, and improve
their bioavailability. This review summarizes the structure-bioactivity relationships, processing
parameters that impact polyphenol stability and bioavailability, the research progress in nanocarrier
delivery, and the most innovative methodologies for the exhaustive recovery of polyphenols from
plant and agri-waste materials.

Keywords: antioxidant; circular economy; agri-food wastes; sustainability; flavonoids; polyphenols
bioavailability; polyphenols activity; functional food; nutraceuticals; cosmeceuticals; nano-delivery;
bioavailability; health

1. Introduction

Natural polyphenols are secondary metabolites of plants, vegetables, cereals, fruits,
coffee, tea, and other plants. The exceptional functionality and biocompatibility of the
polyphenols have stimulated the interest of researchers to use them as building blocks in
functional foods, supplements, cosmetics, and drugs [1,2]. They have a phenolic ring, a
basic monomer responsible for the protective action against oxidative injury [3]. Polyphe-
nolic compounds can moderate oxidative stress and prevent or even inhibit oxidation by
chelating iron and scavenging reactive radicals [4,5]. Dietary polyphenols can act as antiox-
idants, anti-inflammatory, and antiallergic compounds, decrease and prevent age-related
diseases, can help against cardiovascular events (i.e., through their hypocholesterolemic,
anti-thrombotic, antihypertensive, and anti-atherogenic), cancer, osteoporosis, diabetes,
and neurodegenerative diseases [6]. The dietary polyphenols’ bioavailability depends
on the chemical and physical characteristics of the natural matrix that contains them,
the stability during the digestive process, the intestinal enzymes’ metabolization, and
intestinal microbiota [7]. The gut microflora can modify the polyphenols’ bioactivity and
bioavailability [8]. Their bioaccessibility can be affected by preservation and processing
methods, the interaction with the matrix components, and the fluids and enzymes secreted
during digestion [9]. Physical, chemical, and enzymatic treatments can alter their prop-
erties. The preservation and processing can determine damage to the native polyphenol
molecules and the production of new “process-derived” compounds [10]. Nanodelivery
technology can improve polyphenols’ absorption, bioavailability, functional quality, and
performance [11–15].
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This review summarizes the natural polyphenols classes, the extraction and methods
performed to isolate them from natural sources and agro-waste, the factors that affect their
bioavailability, and the application and development of nanodelivery systems.

2. Polyphenols in Nature

Polyphenols are involved in plant defense against pathogens and ultraviolet radia-
tion [16]. The plants’ outer layers contain higher phenolics [17]. Insoluble phenolics are in
cell walls, while soluble phenolics are in the plant cell vacuoles [18]. The degree of ripeness
during harvest time, pedoclimatic conditions, infections, processing, and storage can affect
the polyphenolic content [19]. The phenolic acids (e.g., derivatives of cinnamic acid and
benzoic acid), flavonoids (e.g., flavonols, flavanones, flavones, flavanols, isoflavones, and
anthocyanins), lignans, and stilbenes are the most naturally occurring classes of compounds
(Figure 1). The shikimate pathway produces the phenolic acids. The phenylpropanoids
pathway forms lignans, lignins, flavonoids, and stilbenes [20,21]. The biosynthesis of com-
plex polyphenols is linked to primary metabolism: the flavonoids’ ring B and the chromane
ring originate from the amino acid phenylalanine, obtained from the shikimate pathway,
whereas ring A is formed from three malonyl-CoA units added through sequential de-
carboxylation condensation reactions [22]. In food, polyphenolic compounds can impact
astringency, bitterness, flavor, color, and oxidative stability [19].

 

Figure 1. Chemical structures of the different polyphenol classes. The colors indicate the sub-class.
The numbers indicate the positions in the nomenclature.
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3. Polyphenols Bioavailability

There is no relation between the concentration of polyphenols in food and their
bioavailability in the human body. The polyphenols, after ingestion, pass through the
gastrointestinal epithelium and enter the circulatory vessels to reach the site of action. In
food, polyphenols can exist as aglycon, glycosides, esters, or polymers.

The polyphenols’ chemical structure limits the rate, absorption, and metabolites
circulating in the plasma. The polyphenolic compounds with hydroxyl groups can be
modified by methylation, glucuronidation, or sulfation enzymatic reactions. The 5–10%
of total polyphenolic compounds may be metabolized in the small intestine. The rest of
the polyphenols accumulate in the large intestine and are evacuated in the feces [23]. The
conjugated polyphenols must be hydrolyzed by colonic microflora or intestinal enzymes
(i.e., β-glucosidases and lactase-phlorizin hydrolase) before absorption [24]. During the
absorption process, they are transformed into oligomeric phenols by gastric acid in the
stomach, and glycosidic polyphenols are cleaved by cytosolic glucosidase and lactase
in the small intestine into aglycon and glycoside(s) (e.g., glucose, xylose, and galactose)
radicals [25]. Finally, intestinal bacterial enzymes can metabolize the remaining aglycone
fraction. In the intestinal and colonic epithelium, polyphenols can be involved in conju-
gation reactions with methyl, glucuronide, or sulfate groups, making the identification of
the metabolites in the blood and tissue complex [26]. The glycosides of quercetin and the
isoflavones (genistein and daidzein) are not recovered in plasma or urine [27–29]. Instead,
anthocyanins glycosides are the most representative circulating forms [30,31]. Experimental
studies showed that quercetin, without glycosides, is absorbed at the gastric level [32],
anthocyanins in the stomach [33,34], and proanthocyanidins [33,35] and hydroxycinnamic
acids are absorbed by the small intestine [36]. The remaining polyphenols are hydrolyzed
in the colon by microflora enzymes into aglycones that are metabolized into benzoic acid
derivatives [37,38].

The polyphenols’ digestibility affects their biological properties [39]. Soluble polyphe-
nols have more evident responses during gastrointestinal digestion since the cell wall does
not protect them. Unfortunately, human enzymes cannot digest some cell wall materials.

The flavonoids linked to other macromolecules cannot exert their beneficial actions [37].
The heat and pressure application (processing parameters) can facilitate the disruption of
the cell wall and their release improving their bioactivity [38].

The pH and number of OH groups in benzene rings can affect phenolic stability.
Conjugated nonphenolic aromatic acids, such as trans-cinnamic acid, are stable at high pH.
The aromatic acids with a single OH group (e.g., ferulic acid) are stable at high pH because
they do not form quinone oxidation products. The aromatic acids, with two phenolic OH
groups (e.g., caffeic acid) or three (e.g., gallic acid), are unstable at pH 7–11. The changes are
ascribable to the two adjacent phenolic OH groups attached to the benzene ring. Flavonoid
molecules (e.g., rutin) that have a wholly conjugated aromatic structure are influenced
by pH because the spatial arrangement between the π-electron system and an OH group
controls the extent of π-orbital overlap and susceptibilities to the chemical change. The
flavonoids in which the first benzene ring is located in the meta-position (e.g., catechin,
epicatechin) do not have planar structures. Therefore, the π-electrons of the two benzene
rings cannot cooperate via conjugation and are less susceptible at high pH [40,41].

In plant-based food, polyphenols and cell wall polysaccharides co-exist, and their
affinity may influence foods’ physicochemical and nutritional properties during processing
and digestion. The affinity of cell wall polysaccharides with polyphenols depends on
their structures, concentrations, temperature, pH, ionic strength, and the presence of
proteins [42].

The enzyme concentrations, solubility, pH, digestion time [43], and processing meth-
ods (e.g., washing, refrigerating, fermentation, grain milling, roasting, juicing, blanching,
and thermal processing) impact polyphenols’ bioaccessibility and absorption [9].

Cooking and freezing processes positively impact the polyphenols’ bioaccessibility
since they soften the cell wall. The cooking medium also influences their bioaccessibility [44,45].

289



Molecules 2022, 27, 8777

Pasteurization affects the polyphenols’ bioaccessibility in the function of the heat
treatment intensity, steps involved in processing, and type of food, decreasing the adverse
processing effects on small bioactive compounds and even increasing polyphenols con-
tent [46]. Pasteurization can enhance food polyphenols extraction since the temperature
softens the cell wall [47].

Finally, the interactions between macronutrients, micronutrients, and other phyto-
chemicals, in finished products may also impact polyphenols’ stability [48].

4. Polyphenols & Microbiota

Gut microbiota can break the flavonoid C-ring in different positions, producing simple
phenolics from the A and B rings. Most of these metabolites are acid or aldehyde phe-
nolics with 1, 2, and (or) 3 hydroxyl and methyl ester radicals. Non-flavonoid phenolics
(e.g., hydrolyzable tannins, stilbenes, lignans, and hydroxy-benzoic acid derivatives) are
absorbed in the small intestine based on their chemical complexity. The gut bacteria can
hydrolyze the ester bonds in tannins, dehydroxylate, and decarboxylate, the gallic acid [49],
and reduce the resveratrol and its precursors [50].

The role of polyphenols and their metabolites on the gut microbiota is not elucidated.
They probably have a prebiotic-like effect [51], since they can modulate the gut microbial
profile. [52,53].

The polyphenols’ prebiotic effect is associated mainly with the promotion of probiotics
(e.g., Bifidobacteriaceae and Lactobacillaceae) or the inhibition of pathogenic bacteria (i.e.,
E. coli, Clostridium perfringens, and Helicobacter pylori [52]) resulting in reduced proinflam-
matory immune response and decreased risk of colon cancer, gastroenteritis, inflammatory
bowel disease, and metabolic syndrome [54,55].

Some polyphenols prevent bacterial growth, binding the cell membranes in a
concentration-dependent manner. Catechins can change the microbial (i.e., Bordetella
bronchiseptica, Klebsiella pneumonie, E. coli, Pseudomonas aeruginosa, Serratia marcescens, Bacil-
lus subtilis Salmonella choleraesis, and Staphylococcus aureus) cell membrane permeability by
producing H2O2 [56]. In Gram-positive bacteria, polyphenolic compounds can delay the
oligopeptides autoinducers that sense the bacterial quorum sensing. In Gram-negative
bacteria, they can prevent the bacteria-acylated homoserine lactones autoinducers [57].

5. Effects of the Food-Processing Techniques on Polyphenol Levels and Bioavailability

The heat treatments (e.g., boiling, steaming, frying, stewing, baking, roasting, ovens,
steam, and microwave) and the transformation food processing (e.g., roasting, toasting, dry-
ing, pasteurization, canning, and sterilization), can affect the polyphenols’ bioavailability.
The heat breaks cell walls, mobilizes the phenolic compounds, improves their availability,
enhances their oxidation processes, and degrades them based on their thermostability.
Domestic cooking and industrial thermal processes can cause losses in polyphenols, with
significant variability depending on the nature of food matrices [58].

Boiling produces the most harmful polyphenol composition changes. Instead, steam-
ing and frying can preserve them since the polar media (water) can extract higher levels of
polyphenol than nonpolar media (oil) [59]. During boiling, heat decomposes the tissues,
and the phenolics leak into the water [60]. Water volume can impact the polyphenol al-
teration during the heat process: small water volumes produce lower phenolic extraction
than larger volumes [61]. Diverse boiling times produce different polyphenol profiles in
foods, and a long time can cause more severe damage than a short one [62]. The type of
heat treatment affects the polyphenol bioavailability. Steaming is the best heat method to
preserve phenolic fractions since they are indirectly exposed to water [63]. The form in
which phenolics are present also affects bioavailability [64].

Canning, a process employed to produce sterilized and microbiologically safe food
products by applying heat treatment, can decrease phenolic compound levels [65] because
they migrate into the surrounding medium [66].
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Drying, the preservation process that aims to decrease the moisture content of food by
using heat and mass transfer, can affect the phenolic levels in the function of the temperature
regime. Freeze-drying is the most efficient method to preserve phenolic content, while hot-
air-drying is the least. The vast variety of chemical polyphenol classes also influences the
variability in the effects caused by drying [67]. Oven-dried processes produce higher levels
of bioaccessible phenolics than other drying processes [68–70]. Slow freezing enhances
the bioavailability of the phenolic compounds since it forms ice crystals that favor the
polyphenols extraction, oxidation, and degradation, during digestion [71].

Peeling fruits and vegetables determines the loss of high amounts of bioactive com-
pounds since they are contained in the peel and external parts of the plants at higher
levels than other parts [72]. Grinding, the technique that reduces the size of solid particles
using mechanical forces, enhances the polyphenols extractions as a function of the particle
size [73]. The ultrasound treatments pulsed electric field, high-pressure, and pulsed-light
processing enhance polyphenols digestion, bioaccessibility, and bioavailability [74].

6. Polyphenol Biological Activities

Epidemiological studies have shown an inverse association between a polyphenolic-
rich diet and the risk of chronic human diseases. Polyphenolic compound-rich foods and
beverages can have antioxidant, anti-inflammatory, anticancer, and anti-aging properties
and reduce the risk of degenerative diseases such as cardiovascular, diabetes mellitus, and
neuronal diseases.

6.1. Antioxidant Activity

Experimental evidence showed that polyphenols protect cell constituents against
oxidative damage and degenerative diseases associated with oxidative stress [75]. The
polyphenol-rich foods can improve plasma antioxidant capacity by scavenging radical
species (e.g., ROS, RNS) or repressing radicals’ formation by inhibiting the activities of the
oxido-reductive enzymes’ and/or chelating the metals that intercept free radical produc-
tion. Their phenolic groups can accept an electron to form phenoxy radicals, interrupting
chain oxidation reactions, and conjugated aromatic systems can delocalize an unpaired
electron [76]. Polyphenols reduce the oxidation of lipids and other molecules by donating
hydrogen to radicals (R). The resonance makes PO· (phenoxy radical) relatively stable (new
chain reactions are not started) and acts as terminators of the propagation route when
reacting with other free radicals (Figure 2).

Figure 2. Reactions between lipids and phenols.

The reduction activity of phenolic acids and their derivatives depends on the free
hydroxyl groups in the molecule [77]. The hydroxycinnamic acids show better antioxidant
activity than hydroxybenzoic acid equivalents due to the aryloxy-radical stabilizing effect
of the –CH=CH–COOH linked to the phenyl ring by resonance [78]. The phenolic acids’
antioxidant activity of free, esterified, glycosylated, and nonglycosylated phenolics is
mainly ascribed to radical scavenging via the hydrogen atom donation mechanism [78,79].

The flavonoids’ radical scavenging depends on the ortho-dihydroxy structure in
the B ring, which allows higher stability to the radical form and participates in electron
delocalization of the 2,3-double bond with a 4-oxo function in the C ring [77].

The chemical electron deficiency of anthocyanins is particularly reactive toward
ROS/RNS.
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The polyphenolic compounds with dihydroxy groups prevent metals-induced free
radical formation by conjugating the transition metals that interact with hydrogen peroxide
(H2O2) through the Fenton reaction to form hydroxyl radicals (·OH).

Phenolic compounds with catecholate and gallate groups can stop metal-induced
oxygen radicals by improving metal ion autoxidation or forming an inactive complex with
weaker interaction [79].

The metal ions can attack the flavonoids into positions 3′ and 4′ (B ring), 3 and 4, 3
and 5, 4-keto and 3-hydroxy, and 4-keto and 5-hydroxy (C ring) [80].

Moreover, polyphenols can improve cellular antioxidant activity by regulating Nrf2,
which controls some detoxifying enzymes (SOD, GSH, GPx1, NADP(H) quinone oxidore-
ductase, HO-1, and GST) [77]. Finally, polyphenols can influence microRNAs [81].

MicroRNAs are a class of small, endogenous, noncoding RNAs. Some microRNAs (i.e.,
miR-21, miR-125, and miR-146) are involved in vascular inflammation and diseases [82–84].
Dietary polyphenols can influence the microRNAs’ expression and biogenesis [30]. For
example, curcuminoids can act as anti-atherosclerosis agents by upregulating miR-126
expression [85]. Resveratrol can act as a cardioprotective molecule by improving the mRNA
activating SIRT1, and enhancing the SOD’ levels [86–89].

Gallic acid can decelerate atherosclerosis progression by upregulating miR-145 and
downregulating miR-21 expression [90].

Under certain conditions, the polyphenolic compounds can initiate an autoxidation
process and perform as prooxidants. In these cases, the phenoxy radicals can interact with
oxygen to make quinones and superoxide anions [91]. pH, high concentrations of transi-
tion metal ions, and oxygen molecules can induce the autooxidation of polyphenols [92].
Quercetin and gallic acid can have prooxidant activity; instead, the hydrolyzable tannins
have little or no prooxidant activity [93].

6.2. Anti-Inflammatory Activity

Plant polyphenols can decrease the effect of the cytokine, affecting their receptors or
reducing their secretion processes [94].

Phenolic compounds can suppress the binding of proinflammatory mediators, control
eicosanoid synthesis, prevent stimulated resistant units, and impede the activity of COX-2
and NO synthase, acting on NF-κB [95]. Some phenolic acids, such as rosmarinic acid and
isosalvianolic acid, can reduce the production of IL-6, TNF-α, and IL-1β at the gene and
protein levels [30].

The catechols’ enzymatic activity depends on the structure of the B ring and needs nu-
cleophilic additions [96]. The procyanidins decrease the concentrations of NO, prostaglandin
E2, and ROS [97].

The flavonoids (e.g., flavones) regulate IL-6 in the blood [98]. The flavonoids’ anti-
inflammatory mechanism is related to the unsaturation in the C ring that affects the strength
of binding interactions by resonance [99].

6.3. Anticancer Activity

Cancer development consists of initiation, promotion, progression, invasion, and
metastasis [100]. Genetic mutations occur when DNA damage is not repaired, and a
clone of mutated cells is reproduced during mitosis. Tumor promotion is a reversible and
long-term process in which a selective clonal expansion of the cells forms a population
of aggressively proliferating multi-cellular cells (premalignant tumor). Clonal expansion
determines the development of the premalignant cells into tumors (tumor progression
phase). Finally, some tumor cells may be cut off from the primary tumor mass, migrate
toward blood vessels or lymphatic vessels and produce a second lesion (invasion and
metastasis phases). The natural phenolic compounds can induce cell cycle arrest at G1, S, S-
G2, and G2 phases by down-regulating cyclins and cyclins-dependent kinases or producing
the expression of p21, p53, and p27 genes [80].
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Polyphenols can act against tumor initiation and promotion, changing the redox
status and affecting essential cellular functions (i.e., cell cycle, apoptosis, angiogenesis,
inflammation, invasion, and metastasis) [101]. Oxidative damage can cause cancer since
ROSs can damage the DNA and affect cell replication and signal transduction [102].

The flavonoid anticancer effects are related to their antioxidant and pro-oxidant activi-
ties [103,104]. The flavonol kaempferol can induce apoptosis and arrest in the S-phase of
cancerous cells by modulating ROS levels [105]. When it acts as pro-oxidants it decreases
NF-κB levels and produces cyclooxygenase-2 (COX) overexpression, inducing apoptosis,
and cell-cycle arrest [106].

Some flavonoids and resveratrol can affect the procarcinogens’ activation by impeding
phase I metabolizing enzymes (e.g., cytochrome P450) [107–110]. They can help carcinogens’
detoxification and removal inducing the phase II metabolizing enzymes (e.g., glutathione
S-transferase, UDP-glucuronyl-transferase, and NAD(P)H quinine oxidoreductase) [111].

The polyphenols can produce apoptosis-inducing cell cycle arrest inhibiting the ex-
tracellular regulated kinase, c-Jun N-terminal kinase, and P38 mitogen-activated protein
kinase pathway, transcription factors, NF-κB, activator protein-1 (AP1), protein kinase C
(PKC), and growth factor-mediated pathways. The apigenin inhibits the growth of human
thyroid carcinoma cells, probably by decreasing the phosphorylation of MAPK and by
activating the protein kinases, and scavenging H2O2 [112].

The 3,4 dihydroxybenzoic acid stimulates apoptosis, in human gastric carcinoma cells,
by ROS overproduction which can activate JNK/p38 MAPKs [113].

The polyphenolic compounds can negatively affect some factors involved in the
inflammatory processes, such as the NF-κB, proinflammatory cytokines release, COX-2,
lipoxygenases, inducible nitric oxide synthase, and MAPK-mediated pathway [80]. For
example, Epigallocatechin gallate can block NFκ B activation in human epithelial cells and
downregulate the expression of inducible nitric oxide synthase and nitric oxide production
in macrophages [114]. Finally, the kaempferol can counteract malignant cell invasion and
metastasis, down-regulating the matrix metalloproteases (MMP-2 and MMP-9), urokinase-
plasminogen activator (uPA), and uPA receptor expression [115,116].

6.4. Cardiovascular Protective Activity

Cardiovascular (CVD) pathologies are the primary cause of morbidity and mortality
(ischemic heart disease and stroke contribute 85%) [117]. Oxidative stress and inflammatory
processes are considered promoters of endothelial dysfunction [118,119]. Polyphenols have
antioxidant, anti-inflammatory abilities and can modulate lipid metabolism [120]. They
(mainly quercetin and resveratrol) can decrease LDL oxidation [121], cholesterol synthesis,
improve LDL receptor expression and activity [122,123], and the cholesterol transporters
expression [124]. The anthocyanins and resveratrol can improve fecal cholesterol elimina-
tion [125,126] and decrease the triglyceride plasma level, decreasing the apolipoprotein B48
and apolipoprotein B100 production in the liver and intestine [127] or the lipoprotein lipase
expression [128]. Flavonoids can also reduce blood pressure ameliorating flow-mediated
dilation in humans (by improving the NO synthase activity) [129,130] and influencing
the renin-angiotensin system [131,132]. Moreover, they can prevent platelet aggregation,
decreasing the activity of cyclooxygenase 1, and thromboxane A2 that act as a vasocon-
strictor and platelet aggregation’s inducer, respectively [133]. Finally, the polyphenols’
prebiotic-like activity can account for the amelioration of markers of CVD [124].

6.5. Antidiabetic Activity

There are two main types of diabetes (diabetes-1 and diabetes-2). Diabetes type-2 or
diabetes mellitus is due to damage in glucose metabolism and advancing insulin resistance
that leads to hyperglycemia. The leading causes of hyperglycemia are dietary carbohydrates’
digestion and absorption, glycogen storage reduction, β-cell dysfunction, peripheral tissue
insulin resistance, deficiency in insulin signaling pathways, and improved gluconeogenesis
and production of hepatic glucose [134]. Polyphenols can decrease the intestinal absorption
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of carbohydrates, control the enzymes that regulate glucose metabolism, and increase the
β-cell functionality, insulin secretion, and the anti-inflammatory and antioxidant properties
of these components (Figure 3).

The phenolic acids, flavonoids, and tannins can regulate the key enzymes responsible
for the digestion of carbohydrates (α-glucosidase and α-amylase) [135]. The catechin,
epicatechins, and chlorogenic, caffeic, ferulic, and tannic acids can decrease the glucose
transporters Na+-dependent (SGLT1 and SGLT2) [136]. The coffee phenols, anthocyanin,
and curcumin can regulate postprandial glycemia and decrease the progression of glucose
intolerance by a simplified insulin response and improved secretion of glucagon-like
polypeptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) [137].
Ferulic acid can decrease blood glucose by improving glucokinase activity and glycogen
production in the liver [138]. Catechins and epicatechins can decrease hyperglycemia
and hepatic glucose output, downregulating the expression of liver glucokinase, and
upregulating the glucose-6-phosphatase and phosphoenolpyruvate carboxykinase [139].

Figure 3. The polyphenols’ effects on glucose homeostasis and insulin resistance.

6.6. Neurodegenerative Protection

Neurodegenerative diseases are due to the deterioration of neurons’ structure and/or
function. Reactive oxygen and reactive nitrogen species can determine neuronal cell dys-
function and death. The phenolic compounds can interact with the amino acid residues of
acetylcholinesterase’s (AChE) active site, making hydrogen bonds and hydrophobic and
π–π interactions. Multiple hydroxyl groups can improve the inhibition of AChE, increasing
the binding capacity [30]. Resveratrol can protect against microglia-dependent β-amyloid
toxicity by decreasing the nuclear factor κB [140]. Some polyphenols protect against Parkin-
son’s disease by scavenging the neurotoxin N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-mediated radical formation [141] or decreasing free radicals’ formation by chelating
iron [142].
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6.7. Anti-Aging Action

Aging determines detrimental changes in the cells and tissues. The cosmetic industry
constantly strives in product development and reformulation to meet consumers’ pref-
erences. Today, nature-derived products are in demand on the market. Some botanical
preparations that contain polyphenols (e.g., flavonoids, phenolic acids, and stilbenes) are
employed in the composition of anti-aging products [143]. Free radicals and oxidative
stress are the major contributors to aging damage. The phenolic hydroxyl groups on
polyphenol molecules can scavenge ROS [144]. The polyphenolic compounds can regulate
the production of oxidase enzymes (sodium oxide dismutase 1 in the cytosol, sodium oxide
dismutase 2 in the mitochondria), and endogenous antioxidants [145–149] can improve the
transcriptional factor Nrf2 DNA-binding activity and regulate protein expression [150–152].
Anti-aging formulations contain botanicals metabolites able to protect DNA, regulate the
enzymes’ action, decrease inflammation, and alter hormone imbalance [143].

The epigallocatechin-3-gallate in green tea decreases the UVB-induced hydrogen
peroxide release from normal epidermal keratinocytes, MAPK phosphorylation, and in-
flammation by activating NFkB. The flavins in black tea decrease UVB-induced AP-1
induction, prevent UVB-induced phosphatidyl-inositol 3-kinase activation, decrease the
amount of ROS in the skin, and offer photoprotection by reducing local and systemic
immunosuppression UVB-induced [153]. Resveratrol is employed to reduce hydrogen
peroxide, improve lipid peroxidation, and decrease the levels of COX-2 and ornithine decar-
boxylase. Moreover, it can decrease UVA-induced oxidative stress in human keratinocytes
since it controls the Keap1-a protein that acts on Nrf2 [153]. Curcuminoids (found in
Turmeric spice) can decrease inflammation by inhibiting the MAPK and NFkB signaling
pathways and decreasing nitric oxide levels and COX2. Moreover, in keratinocytes and
fibroblasts, curcuminoids can decrease UVB-induced TNF mRNA expression and matrix
metalloproteinase-1 expression [154].

6.8. Antiallergic Action

Allergic diseases happen when an organism becomes sensitive to an innocuous aller-
gen and releases many allergy-related intermediaries. Polyphenols limit the production
of IgE, the release of allergic mediators, and allergy symptoms. Polyphenols can control
hypersensitivity by regulating oxidation and interacting with inflammatory mediators [155].
Catechins can decrease Th2 cytokine production and T cell activation and proliferation.
Caffeic, chlorogenic, and ferulic acids can irreversibly bind peanut allergens (Ara h1 and
Ara h2), reducing their allergenicity [156]. Punicalagin, phloridzin, and rutin can improve
the growth of probiotics such as Lactobacillus and Bifidobacterium, which positively impact
food allergies [157].

6.9. Antiosteoporotic Action

Osteoporosis causes the loss of bone mineral density, decreased bone mass, and
microstructural deterioration. Flavonoids and stilbenes can improve osteogenesis by
controlling the bone morphogenetic protein, NF-κB, IGF, and MAPK, and can inhibit the
osteoclastogenesis pathways through epigenetic regulations. They can activate SIRT-1
(histone deacetylase) and modify the NAD+/NADH ratio [158–160].

6.10. Antimicrobial Action

Some plant extracts rich in polyphenols can decrease the growth of fungi and bacteria
(i.e., Listeria monocytogenes, Salmonella spp., and Escherichia coli) [161,162], minimize
the exposure of humans to resistant bacteria [163], and can have a synergic action with
other antimicrobials. These findings have suggested a potential use of polyphenol-rich
extracts as food preservatives and in the pharmaceutical industry to improve efficacy and
decrease antibiotic side effects, such as repressing antibiotic-resistant bacteria [164]. The
polyphenol-rich extracts can be placed on the food surface by spraying, dipping, brushing,
or mixing with other ingredients [165]. Unfortunately, in some cases, the interaction with
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food components can cause a lack of antimicrobial efficacy. Therefore, it was thought to
encapsulate them in carriers to increase their distribution in the food and reduce contact
with food matrix molecules that reduce their effectiveness [166]. The mechanisms of
antibacterial action are not yet entirely deciphered. However, it is known that many sites
of action at the cellular level are involved. Polyphenols can modify the cell membrane
permeability, destroy the cell wall integrity and change intracellular functions by binding
some enzymes [167].

7. Polyphenols Potentialities in the Nutraceutical Era

Today, consumers include a high level of bioactive compounds in their standard diet,
preferably derived from natural sources such as plants and fruits, in the hope of giving
more life to the years by preventing disabling pathologies that decrease the skills that allow
living life in all its manifestations [168]. Food and pharmaceutical companies develop
nutraceutical foods and supplements that contain botanical extracts and metabolites alone
or combined with other ingredients [169–171].

Numerous studies strongly suggested that including polyphenols or polyphenol-rich
extracts in supplements or foods may protect the body tissues against oxidative stress and
aging [172,173].

The primary issue in using plant extracts is that fungi, which can produce toxins,
can contaminate the extracts (e.g., Aspergillus section Nigri that produces Ochratoxin A,
a carcinogenic, teratogenic, nephrotoxic, neurotoxic, and immunotoxic toxin) [174]. The
research should implement efforts to develop analytical controls that safeguard consumer
safety.

8. Polyphenols Extraction

Extraction plays a pivotal role in the purification of polyphenols from foodstuffs.
Extraction techniques can employ traditional or “conventional” such as percolation, mac-
eration, and Soxhlet extraction, and modern methods, such as ultrasound or microwave,
the latter is most extensively used (Figure 4). In both cases, extraction efficiency depends
on various factors such as the nature of the solvent, solvent–solid ratio, temperature, and
particle size. Polyphenol can be extracted from fresh, frozen, or dried plant samples. The
extracts can be added to an organic solvent, such as methanol or ethanol, with low viscosity
to accelerate mass transfer [175]. Before extraction, the pretreatment of the plant matrices
(e.g., cleaning, washing, milling, grinding, drying, homogenizing) is crucial.

Figure 4. The polyphenols’ traditional and modern extraction methods. Blue arrows: traditional
extraction methods; red arrows: modern methods; in the orange circle: techniques used to improve
polyphenol management.
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Percolation extraction uses water as a solvent. It takes a long time to obtain the pure
extract to be concentrated [176].

The maceration is a solid-liquid extraction method using different solvents depend-
ing on the target compounds’ physical and chemical properties. It has low efficiency and
extraction yield and employs a large volume of solvents compared to non-conventional tech-
niques such as ultrasound-assisted extraction (UAE) [177]. A higher ratio of solid/solvent
increases polyphenols recovery [178].

Decoction extracts plant materials by boiling. It is inefficient for heat and light-sensitive
compounds [179]. The decoction of Citrus fruits produces by-products of Citrus peels with
high concentration levels of polyphenol fraction [180].

Heat reflux extraction is a solid–liquid extraction method performed with repeated
solvent evaporation and condensation at a constant temperature. It requires less extrac-
tion time and solvent than percolation or maceration and allows for a greater extraction
yield [181]. Polyphenols from wastes of Vitis vinifera were extracted by Moldovan et al. by
using heat reflux extraction [182].

The solid-phase extraction (SPE) method is considered quick and easy to extract
polyphenols from vegetable oils. According to the experimental needs, different stationary
phases were used (e.g., C8 cartridges, octadecyl C18, diol-bonded phase cartridges, amino-
phase cartridges, and octadecyl C18EC) [6]. The non-conventional techniques employ
supercritical fluid, high-voltage electric discharge, and enzyme-assisted extraction. It is
preferable to extract the bound polyphenols, also referred to as non-extractable polyphe-
nols (NEP), from plant sources using one or more combinations of modern technology
rather than conventional methods. A comparison between traditional and SFE extraction
performed on black tea leftovers showed that SPE technique gives the best performance
in extraction of phenolic compounds (SPE gives 521 mg GAE/g; traditional gives 283 mg
GAE/g) [183].

The extraction with supercritical fluids such as CO2, propane, argon, and SF6 allows
for an easy penetration inside plant materials and high solvents. Power-pulsed electric
fields (PEF) perform a gentle extraction due to the electroporation of cell membranes. It has
been applied to exotic fruits, grapes, and oil crop components [184]. Microwave-assisted
extraction (MAE) is an eco-friendly technique with higher efficiency in the recovery of
polyphenols from waste products if compared to that of extracts prepared by ultrasound-
assisted extraction (UAE) and conventional methods such as maceration [185].

Fruit skins, stem barks, grain seed coats, brans, and pods, are generally considered
agro-waste, but they are essential resources for NEP recovery [186–188]. Table 1 reports con-
ventional and non-conventional techniques applied to extract polyphenols from organic waste.

Table 1. Extraction of free and bound polyphenols.

Conventional Extraction Methods Matrix
Extraction Solvent/Membrane

Separation Type
Higher % of Recovery Compared

to Traditional Method
Reference

Percolation Vernonia cinerea leaves Ethanol 60% [188]

Decoction Citrus peels Ethanol 75% [180]

Heat reflux extraction Pleioblastus amarus Ethanol 75% [189]

Maceration Citrus peel Ethanol 80% [180]

Non- Conventional methods

Ultrasound assisted Olive pomace water 58% [190]

Microwave assisted Blackcurrant By-Products water 25% [191]

Supercritical fluid Lees Vitis vinifera grapes CO2 −35% [192]

High voltage electric discharge Spent coffee grounds 24% ethanol 20.03% [193]

Pulse electric field Vitis vinifera, Sideritis scardica
and Crocus sativus water 44.36–49.15% [194]

Enzyme assisted Green yerba mate water 38.67–52.08% [195]

Membrane assisted
pre-purification Winery and olive mill wastes NF270 membrane 95% for polyphenol compounds

removal [196]
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9. Polyphenol Nano Delivery Systems

The potential of antioxidative and repair pathways decreases with age, causing sev-
eral adverse effects such as the risk of neurodegenerative diseases such as Parkinson’s
disease, memory loss, Alzheimer’s disease, atherosclerosis, and cancers due to the accumu-
lation of reactive oxygen species. Polyphenols, due to their oxidizing ability, can protect
from the damaging effects of ROS. Therefore, they can be used as active compounds in
several formulations preventing oxidative stress [197,198]. The loading of polyphenols
into lipid nanocarriers (NCs) is an essential tool for increasing bioavailability, reducing
degradation, and protecting antioxidant polyphenols’ activity. The NCs are biodegrad-
able and have no significant toxicity. The nanoemulsion, liposome, phytosome, solid
lipid nanoparticles (SLNs), nanostructured lipid carrier (NLCs), and lipid-polymer hybrid
nanoparticles (LPHNs) can encapsulate polyphenols to improve their biophysiological
target [199]. Nanoparticles (NPs) have diameters as small as 1–100 nm. They can enhance
polyphenols delivery and promote their absorption and bioavailability [200]. The transcel-
lular pathway is a route for the NPs transportation (via endocytosis or macropinocytosis
mechanisms) and subjected to the degradative microenvironment of the cellular lysosome
environment in the acidic endosomal lumen [201]. Carbohydrate-based delivery systems,
such as mono, oligo, and polysaccharide, are employed to encapsulate polyphenols due to
their abundance and low cost; for example, curcumin was encapsulated in chitosan using
an injection-gelation method to increase its bioavailability, antioxidant properties, and to
improve stability and effects on tumor cells [202].

Protein-based systems have been employed to prepare nanoparticles for carrying
polyphenols. The proteins act as “host” and polyphenols as “guest” molecules. The
polyphenols bind specific regions on the protein surfaces through hydrogen and/or hy-
drophobic non-covalent bounds. The β-lactoglobulin nano delivery was used to increase
the water solubility 3-fold at pH 7 of the epigallocathechin-3-gallate and naringenin [203].
Finally, polyphenols are used to design polyphenol-based nanomaterials for biomedi-
cal applications. For example, the polyphenol-grafted polymers are used as antidiabetic
agents [204], the curcumin encapsulated in chitosan and polyglycolic acid (PGA) particles
for wound healing [205], and the polyphenol-loaded electrospun nanofibers to improve the
remineralization and regeneration of bone [206].

10. Polyphenols in Active Packaging

In recent years, packaging technology has evolved, including intelligent or smart
packaging. Biodegradable, active, and bioactive packaging are new trends in food packag-
ing research. Food contact materials (FCM) are engineered to protect foods, and improve
their shelf-life [207]. Plastic packaging materials, such as polycarbonate, polyethylene,
and polyethylene terephthalate, widely used in food packaging, are nonbiodegradable
and disadvantageous to the environment and human health [208–210]. To date, natural
and biodegradable biopolymer-based packaging films and edible coatings represent the
alternative to plastic packaging materials [211]. Natural biopolymers, including proteins,
polysaccharides, and lipids, have been used in packaging manufacturing [212]. Fruit indus-
trial manufacture generates large amounts of waste that harm the environment and causes
considerable treatment expense [213]. Nevertheless, these by-products are rich in bioactive
compounds [214], some of which can be incorporated into biodegradable plastics for food
packaging to protect the polymeric matrix against thermal [162,213], photo-induced degra-
dation, and preserve the food freshness and quality [215]. The solvent-based impregnation
of biodegradable polymers with extracts of Cistus linnaeus is used to improve the polymers’
thermal stability [216]. Chemically-synthesized and biomass-derived biodegradable poly-
mers have been used as matrices to protect food during transportation, storage, and sale.
Polyphenols are employed in the so-called “leaching systems” that are active-releasing
systems able to release actives by direct contact between food and packaging material. For
this purpose, the propolis is mixed with biopolymers, plasticizers, and reinforcing agents
to produce active packaging and edible coatings [213,216].
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Biopolymers can be dissolved in solvents depending on their hydrophilicity. Hy-
drophilic biopolymers, such as gelatin, κ-carrageenan, alginate, and agar in water, chitosan,
can be dissolved in acidic solutions [217], while organic solvents, chloroform, and ethyl
acetate can be employed for hydrophobic biopolymer such as polylactic acid (PLA) [218].
For example, the ethanolic propolis extract, and propolis in powder, together with plasti-
cizers such as glycerol and (PEG) polyethylene glycol, have been added to biopolymeric
solutions [219]. Tea polyphenols (TP) are employed as an active component in biopolymer
materials for active food packaging. Shao et al. have incorporated TP into pullulan-
carboxymethylcellulose sodium (Pul-CMC) solutions on electrospun nanofiber films [220].

11. Conclusions

Polyphenols are secondary plant metabolites that can benefit human health and
preserve food. The use of polyphenols as supplements, antibiotic drugs, cosmetics, and
natural food preservatives is a promising trend in the industry because of the growing
interest in natural products and the multiple biological activities of these products.

The great demand for polyphenols and the small quantity produced by the plants
have determined the need to use extraction techniques that allow exhaustive extraction
even when it is necessary to recover them from non-traditional sources such as organic
waste. For this purpose, unconventional techniques such as supercritical fluid, high-voltage
electric discharge, and enzyme-assisted extraction must be optimized.

The polyphenols’ low oral bioavailability and interactions with other molecules neg-
atively impact the possible industrial application. Therefore, different nanocarriers have
been developed to protect, improve bioavailability, ensure achievement to the active site,
and improve their effectiveness. It is essential to underline that polyphenols are commonly
present in plant-based foods such as fruits and vegetables.

Guidelines for their consumption and supplementation should be provided by regula-
tory bodies to make consumers safe and informed.
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38. Nunes, M.C.; Graça, C.; Vlaisavljević, S.; Tenreiro, A.; Sousa, I.; Raymundo, A. Microalgal cell disruption: Effect on the bioactivity
and rheology of wheat bread. Algal Res. 2020, 45, 101749. [CrossRef]

39. Bohn, T.; McDougall, G.J.; Alegría, A.; Alminger, M.; Arrigoni, E.; Aura, A.M.; Brito, C.; Cilla, A.; El, S.N.; Karakaya, S.; et al.
Mind the gap-deficits in our knowledge of aspects impacting the bioavailability of phytochemicals and their metabolites—A
position paper focusing on carotenoids and polyphenols. Mol. Nutr. Food Res. 2015, 59, 1307–1323. [CrossRef]

40. Friedman, M.; Jürgens, H.S. Effect of pH on the stability of plant phenolic compounds. J. Agric. Food Chem. 2000, 48, 2101–2110.
[CrossRef]

41. Williams, A.W.; Boileau, T.W.M.; Erdman, J.W. Factors Influencing the Uptake and Absorption of Carotenoids. Proc. Soc. Exp. Biol.
Med. 1998, 218, 106–108. [CrossRef]

42. Zhu, F. Interactions between cell wall polysaccharides and polyphenols. Crit. Rev. Food Sci. Nutr. 2018, 58, 1808–1831. [CrossRef]
43. Diep, T.T.; Yoo, M.J.Y.; Rush, E. Effect of In Vitro Gastrointestinal Digestion on Amino Acids, Polyphenols and Antioxidant

Capacity of Tamarillo Yoghurts. Int. J. Mol. Sci. 2022, 23, 2526. [CrossRef]
44. Palermo, M.; Pellegrini, N.; Fogliano, V. The effect of cooking on the phytochemical content of vegetables. J. Sci. Food Agric. 2014,

94, 1057–1070. [CrossRef]
45. Dalmau, M.E.; Llabrés, P.J.; Eim, V.S.; Rosselló, C.; Simal, S. Influence of freezing on the bioaccessibility of beetroot (Beta vulgaris)

bioactive compounds during in vitro gastric digestion. Sci. Food Agric. J. 2019, 99, 1055–1065. [CrossRef] [PubMed]
46. Lorenzo, J.M.; Estevez, M.; Barba, F.J.; Thirumdas, R.; Franco, D.; Munekata, P.E.S. Polyphenols: Bioaccessibility and Bioavailability of

Bioactive Components; Woodhead Publishing Series in Food Science; Elsevier: Amsterdam, The Netherlands, 2019; pp. 309–332.
47. Barba, F.J.; Terefe, N.S.; Buckow, R.; Knorr, D.; Orlien, V. New opportunities and perspectives of high pressure treatment to

improve health and safety attributes of foods. A review. Food Res. Int. 2015, 77, 725–742. [CrossRef]
48. Ho, K.; Redan, B.W. Impact of thermal processing on the nutrients, phytochemicals, and metal contaminants in edible algae. Crit.

Rev. Food Sci. Nutr. 2022, 62, 508–526. [CrossRef] [PubMed]
49. Tomás-Barberán, F.A.; Gonzalez-Sarrias, A.; García-Villalba, R.; Núñez-Sánchez, M.Á.; Selma, M.V.; Garcia-Conesa, M.T.; Espín,

J.C. Urolithins, the rescue of “old” metabolites to understand a “new” concept: Metabotypes as a nexus among phenolic
metabolism, microbiota dysbiosis, and host health status. Mol. Nutr. Food Res. 2017, 61, 1500901. [CrossRef]

50. Bode, L.M.; Bunzel, D.; Huch, M.; Cho, G.S.; Ruhland, D.; Bunzel, M.; Bub, A.; Franz, C.M.; Kulling, S.E. In vivo and in vitro
metabolism of trans-resveratrol by human gut microbiota. Am. J. Clin. Nutr. 2013, 97, 295–309. [CrossRef]

51. Filosa, S.; Di Meo, F.; Crispi, S. Polyphenols-gut microbiota interplay and brain neuromodulation. Neural Regen. Res. 2018, 13,
2055–2059. [CrossRef]

52. Alves-Santos, A.M.; Sugizaki, C.S.A.; Lima, G.C.; Naves, M.M.V. Prebiotic effect of dietary polyphenols: A systematic review. J.
Funct. Foods 2020, 74, 104169. [CrossRef]

53. Moorthy, M.; Chaiyakunapruk, N.; Jacob, S.A.; Palanisamy, U.D. Prebiotic potential of polyphenols, its effect on gut microbiota
and anthropometric/clinical markers: A systematic review of randomised controlled trials. Trends Food Sci. Technol. 2020, 99,
634–649. [CrossRef]

54. Roberfroid, M.; Gibson, G.R.; Hoyles, L.; McCartney, A.L.; Rastall, R.; Rowland, I.; Wolvers, D.; Watzl, B.; Szajewska, H.; Stahl, B.;
et al. Prebiotic effects: Metabolic and health benefits. Br. J. Nutr. 2010, 104 (Suppl. S2), S1–S63. [CrossRef]

55. Morais, C.A.; de Rosso, V.V.; Estadella, D.; Pisani, L.P. Anthocyanins as inflammatory modulators and the role of the gut
microbiota. J. Nutr. Biochem. 2016, 33, 1–7. [CrossRef]

56. Wu, M.; Brown, A.C. Applications of Catechins in the Treatment of Bacterial Infections. Pathogens 2021, 10, 546. [CrossRef]
[PubMed]

57. Bouyahya, A.; Dakka, N.; Et-Touys, A.; Abrini, J.; Bakri, Y. Medicinal plant products targeting quorum sensing for combating
bacterial infections. Asian Pac. J. Trop. Med. 2017, 10, 729–743. [CrossRef] [PubMed]

58. Rothwell, J.A.; Medina-Remón, A.; Pérez-Jiménez, J.; Neveu, V.; Knaze, V.; Slimani, N.; Scalbert, A. Effects of food processing
on polyphenol contents: A systematic analysis using Phenol-Explorer data. Mol. Nutr. Food Res. 2015, 59, 160–170. [CrossRef]
[PubMed]

59. Farooq, S.; Abdullah; Zhang, H.; Weiss, J. A comprehensive review on polarity, partitioning, and interactions of phenolic
antioxidants at oil-water interface of food emulsions. Compr. Rev. Food Sci. Food Saf. 2021, 20, 4250–4277. [CrossRef] [PubMed]

60. Igor Otavio, M.; Cristine Vanz, B.; Maria Izabela, F.; Hector Alonzo Gomez, G.; Chung-Yen Oliver, C.; Giuseppina Pace Pereira, L.
Phenolic Compounds: Functional Properties, Impact of Processing and Bioavailability. In Phenolic Compounds; Marcos, S.-H.,
Mariana, P.-T., Maria del Rosario, G.-M., Eds.; IntechOpen: Rijeka, Croatia, 2017; p. Ch. 1.

61. Gil-Martín, E.; Forbes-Hernández, T.; Romero, A.; Cianciosi, D.; Giampieri, F.; Battino, M. Influence of the extraction method on
the recovery of bioactive phenolic compounds from food industry by-products. Food Chem. 2022, 378, 131918. [CrossRef]
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chokeberry using maceration as traditional technique. Food Chem. 2016, 194, 135–142. [CrossRef]

179. Sharma, K.; Ko, E.Y.; Assefa, A.D.; Ha, S.; Nile, S.H.; Lee, E.T.; Park, S.W. Temperature-dependent studies on the total phenolics,
flavonoids, antioxidant activities, and sugar content in six onion varieties. J. Food Drug Anal. 2015, 23, 243–252. [CrossRef]

180. Reynoso-Camacho, R.; Rodríguez-Villanueva, L.D.; Sotelo-González, A.M.; Ramos-Gómez, M.; Pérez-Ramírez, I.F. Citrus
decoction by-product represents a rich source of carotenoid, phytosterol, extractable and non-extractable polyphenols. Food Chem.
2021, 350, 129239. [CrossRef] [PubMed]

181. Moldovan, M.L.; Iurian, S.; Puscas, C.; Silaghi-Dumitrescu, R.; Hanganu, D.; Bogdan, C.; Vlase, L.; Oniga, I.; Benedec, D. A Design
of Experiments Strategy to Enhance the Recovery of Polyphenolic Compounds from Vitis vinifera By-Products through Heat
Reflux Extraction. Biomolecules 2019, 9, 529. [CrossRef]

182. Zhang, Q.W.; Lin, L.G.; Ye, W.C. Techniques for extraction and isolation of natural products: A comprehensive review. Chin. Med.
2018, 13, 20. [CrossRef]

183. Mushtaq, M.; Sultana, B.; Akram, S.; Anwar, F.; Adnan, A.; Rizvi, S.S.H. Enzyme-assisted supercritical fluid extraction: An
alternative and green technology for non-extractable polyphenols. Anal. Bioanal. Chem. 2017, 409, 3645–3655. [CrossRef]
[PubMed]

184. Siddeeg, A.; Faisal Manzoor, M.; Haseeb Ahmad, M.; Ahmad, N.; Ahmed, Z.; Kashif Iqbal Khan, M.; Aslam Maan, A.; Mahr-Un-
Nisa; Zeng, X.-A.; Ammar, A.-F. Pulsed Electric Field-Assisted Ethanolic Extraction of Date Palm Fruits: Bioactive Compounds,
Antioxidant Activity and Physicochemical Properties. Processes 2019, 7, 585. [CrossRef]

185. da Rosa, G.S.; Vanga, S.K.; Gariepy, Y.; Raghavan, V. Comparison of microwave, ultrasonic and conventional techniques for
extraction of bioactive compounds from olive leaves (Olea europaea L.). Innov. Food Sci. Emerg. Technol. 2019, 58, 102234.
[CrossRef]

186. Zagklis, D.P.; Paraskeva, C.A. Isolation of organic compounds with high added values from agro-industrial solid wastes. J.
Environ. Manag. 2018, 216, 183–191. [CrossRef]

187. Tapia-Quirós, P.; Montenegro-Landívar, M.F.; Reig, M.; Vecino, X.; Saurina, J.; Granados, M.; Cortina, J.L. Integration of membrane
processes for the recovery and separation of polyphenols from winery and olive mill wastes using green solvent-based processing.
J. Environ. Manag. 2022, 307, 114555. [CrossRef]

188. Alara, O.R.; Abdurahman, N.H.; Ukaegbu, C.I. Soxhlet extraction pf phenolic compounds from Vernonia cinereal leaves and its
antioxidant activity. J. Appl. Res. Med. Aromat. Plants 2018, 11, 12–17.

189. Ma, Y.; Meng, A.; Liu, P.; Chen, Y.; Yuan, A.; Dai, Y.; Ye, K.; Yang, Y.; Wang, Y.; Li, Z. Reflux Extraction Optimization and
Antioxidant Activity of Phenolic Compounds from Pleioblastus amarus (Keng) Shell. Molecules 2022, 27, 362. [CrossRef]

190. Rodríguez, Ó.; Bona, S.; Stäbler, A.; Rodríguez-Turienzo, L. Ultrasound-Assisted Extraction of Polyphenols from Olive Pomace:
Scale up from Laboratory to Pilot Scenario. Processes 2022, 10, 2481. [CrossRef]

191. Alchera, F.; Ginepro, M.; Giacalone, G. Microwave-Assisted Extraction of Polyphenols from Blackcurrant By-Products and
Possible Uses of the Extracts in Active Packaging. Foods 2022, 11, 2727. [CrossRef] [PubMed]

192. Farías-Campomanes, A.M.; Rostagno, M.A.; Coaquira-Quispe, J.J.; Meireles, M.A.A. Supercritical fluid extraction of polyphenols
from lees: Overall extraction curve, kinetic data and composition of the extracts. Bioresour. Bioprocess. 2015, 2, 45. [CrossRef]

193. Yong, D.; Ting, J.; Jun, X. Circulating Polyphenols Extraction System with High-Voltage Electrical Discharge: Design and
Performance Evaluation. Sustain. Chem. Eng. 2018, 6, 15402–15410.

194. Lakka, A.; Bozinou, E.; Makris, D.P.; Lalas, S.I. Evaluation of Pulsed Electric Field Polyphenol Extraction from Vitis vinifera,
Sideritis scardica and Crocus sativus. ChemEngineering 2021, 5, 25. [CrossRef]

195. Heemann, A.C.W.; Heemann, R.; Kalegari, P.; Spier, M.R.; Santin, E. Enzyme-assisted extraction of polyphenols from green yerba
mate. Braz. J. Food Technol. 2019, 22, e2017222. [CrossRef]

196. Meini, M.-R.; Cabezudo, I.; Boschetti, C.E.; Romanini, D. Recovery of phenolic antioxidants from Syrah grape pomace through
the optimization of an enzymatic extraction process. Food Chem. 2019, 283, 257–264. [CrossRef]

197. Ciccone, L.; Piragine, E.; Brogi, S.; Camodeca, C.; Fucci, R.; Calderone, V.; Nencetti, S.; Martelli, A.; Orlandini, E. Resveratrol-like
Compounds as SIRT1 Activators. Int. J. Mol. Sci. 2022, 23, 15105. [CrossRef]

306



Molecules 2022, 27, 8777

198. Rudrapal, M.; Khairnar, S.J.; Khan, J.; Dukhyil, A.B.; Ansari, M.A.; Alomary, M.N.; Alshabrmi, F.M.; Palai, S.; Deb, P.K.; Devi, R.
Dietary Polyphenols and Their Role in Oxidative Stress-Induced Human Diseases: Insights into Protective Effects, Antioxidant
Potentials and Mechanism(s) of Action. Front. Pharm. 2022, 13, 806470. [CrossRef]

199. Pimentel-Moral, S.; Verardo, V.; Robert, P.; Segura-Carretero, A.; Martínez-Férez, A. 13—Nanoencapsulation strategies applied to
maximize target delivery of intact polyphenols. In Encapsulations; Grumezescu, A.M., Ed.; Academic Press: Cambridge, MA,
USA, 2016; pp. 559–595.
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Abstract: Sweet tea is a popular herbal drink in southwest China, and it is usually made from the shoots
and tender leaves of Lithocarpus litseifolius. The sweet taste is mainly attributed to its high concentration
of dihydrochalcones. The distribution and biosynthesis of dihydrochaldones in sweet tea, as well as
neuroprotective effects in vitro and in vivo tests, are reviewed in this paper. Dihydrochalones are mainly
composed of phloretin and its glycosides, namely, trilobatin and phloridzin, and enriched in tender
leaves with significant geographical specificity. Biosynthesis of the dihydrochalones follows part of
the phenylpropanoid and a branch of flavonoid metabolic pathways and is regulated by expression
of the genes, including phenylalanine ammonia-lyase, 4-coumarate: coenzyme A ligase, trans-cinnamic
acid-4-hydroxylase and hydroxycinnamoyl-CoA double bond reductase. The dihydrochalones have been
proven to exert a significant neuroprotective effect through their regulation against Aβ deposition,
tau protein hyperphosphorylation, oxidative stress, inflammation and apoptosis.

Keywords: Lithocarpus litseifolius; trilobatin; phloridzin; phloretin; metabolic pathway; bioactivity

1. Introduction

Tea is one of the most popular beverages worldwide. In addition to the traditional tea
made from the leaves of Camellia sinensis (L.) O. Kunzte, herbal teas are regionally consumed
and usually made from the leaves or other tissues of multifarious plants, such as sweet tea
(Lithocarpus litseifolius), camomile (Chrysanthemum lavandulifolium), jasmine (Jasminum sambac),
Dracocephalum rupestre, honeysuckle (Lonicera japonica) and Litsea coreana var. lanuginosa. The
Lithocarpus litseifolius has usually been called sweet tea or sweet leaf tree by the local residents
since the products made from its leaves taste quite sweet. In China, the plucked shoots and
tender leaves are often manufactured according to protocols similar to green tea or black tea,
the annual output of the sweet tea product is estimated to exceed 2000 t, and these products
are commonly consumed by local people in some provinces along the Yangtze River, such as
Sichuan, Chongqing, Hunan and Jiangxi. The sweet tea has attracted much more attention
recently because of its unique taste and health benefits, which are attributed to dihydrochal-
cones (DHCs) such as trilobatin, phloridzin and phloretin. DHCs are a class of flavonoids
characterized by a basic C6-C3-C6 backbone structure and the absence of a heterocyclic C ring.
DHCs are considered to be the primary precursors and represent important intermediates in
the synthesis of flavonoids [1,2]. DHCs, especially phloretin, phloridzin and trilobatin, have a
variety of health effects, like antioxidant activity [3], anti-inflammation [4,5], antidiabetic activ-
ity [6,7], cardioprotection [8], intestinal protection [9], hepatoprotective effect [10], anticancer
activity [11] and neuroprotection [12]. With an increase in the population aging, the incidence
of neurodegenerative diseases has increased dramatically [13]. Neurodegenerative diseases
mainly include Alzheimer’s disease (AD), Parkinson’s disease (PD), stroke and so on. In
folk experience, drinking sweet tea can often be used to prevent and treat neurodegenerative
diseases, which might be attributed to the effect of DHCs. Nowadays, DHCs have been
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well studied in Malus pumila Mill., being 25.6–113.7 mg/g DW in leaves [14] and 99.9 mg/g
DW in immature fruits. These are natural sources for the DHCs’ separation and utilization.
However, the sweet tea can also be considered as an alternative source of the DHCs because of
its high level of these compounds. This review introduces the physiological and biochemical
characteristics of the sweet tea, summarizes the DHCs biosynthesis and the influencing factors,
and finally elaborates on the neuroprotection of the sweet tea and its related mechanisms.

2. Physio-Biochemical Characteristics of the Sweet Tea

2.1. Morphological Characteristics

Lithocarpus polystachyus or Lithocarpus litseifolius have been used to refer to the sweet tea
tree in published reports. According to WFO (www.worldfloraonline.org (accessed on 1 January
2020)), Lithocarpus polystachyus is an evergreen arbor in the genus Lithocarpus of the family
Fagaceae. It was first reported as Quercus polystachya Wall. ex A. DC. in 1864, then renamed as
Pasania polystachya (Wall. ex A. DC.) Oerst. in 1871 and Synaedrys polystachya (Wall. ex A. DC.)
Koidz. in 1916. Later, it was finally designated as Lithocarpus polystachyus (Wall. ex A. DC.)
Rehder in 1919. Lithocarpus litseifolius is also a species belonging to the genus Lithocarpus in the
family Fagaceae. This species was first reported as Quercus litseifolia Hance in 1884, then renamed
as Pasania litseifolia (Hance) Schottky in 1912 and Synaedrys litseifolia (Hance) Koidz. in 1916, and
finally designated as Lithocarpus litseifolius (Hance) Chun in 1928. However, according to FOC
(www.eFloras.org, (accessed on 2 March 2021)), these two species are synonyms and belong to
the same variety of Lithocarpus litseifolius, namely, Lithocarpus litseifolius var. Litseifolius, as shown
in Figure 1, because of their similar morphological characteristics and overlapping geographical
distributions. This variety mainly distributes in south China, Laos, northeast Myanmar, northern
Vietnam and India [15,16]. In addition to the var. litseifolius, another var. pubescens Huang has
also been found and identified in dense forests of Tian’e County, Guangxi, China. Main
morphological differences have been screened out from these two varieties, i.e., the branchlets
and infructescences rachis, the cupule size and the fruit ripening time. Glabrous branchlets,
sparsely pubescent infructescences rachis, 0.8–1.4 cm cupule diameter and fruit ripening in
Jun–Oct has been observed in the former, while puberulent branchlets and infructescences
rachis, relatively big cupule (1.2–1.5 cm in diameter) and early fruit ripening time (in April–May)
have been witnessed in the latter. In this review, Lithocarpus litseifolius is used to refer to all the
sweet tea, including the two varieties and the synonymous plants. The sweet tea is a common
light-loving and drought-tolerant tree species in the mountain area and usually possesses big
elliptic leaves around 8–18 cm in length and 3–8 cm in broadness, ~25 cm male inflorescences in
a panicle and ~35 cm female inflorescences with two to six spikes. Its tender leaves or shoots
can be picked two to three times a year, but leaf-picking is quite difficult because the tree can
grow up to 20 m under natural conditions; therefore, pruning usually has been performed
to control the height of the tree below 1.5 m for improving the picking efficiency. Up to now,
products in the market are mainly harvested from wild resources since this plant has not been
popularly cultivated. Although sweet tea can be propagated through cuttings and seeds similar
to the Camellia sinensis, sexual propagation through seeds is mainly adopted, which will lead to
production difficulties because of the mixed genetic background of the trees.

2.2. Concentration of the DHCs and Influence Factors

The sweet tea contains diverse secondary metabolites. Eighteen terpenoids have
been identified from cupules [17,18] and 35 flavonoids, including flavones, flavonols,
dihydroflavones, isoflavones and DHCs, are detected in stems [19]. Meanwhile, seven
triterpenoids are isolated from the leaves and twigs [20], 268 volatiles are identified from
young leaves [21] and 68 phenolic compounds have been qualified and quantified from
leaves [22]. In this respect, the leaves are the main economic parts of the sweet tea. Among
these metabolites, DHCs are the most abundant component in sweet tea. Research showed
that the content and composition of the DHCs are influenced by many factors, such as
geographical distribution of the trees, leaf maturity and harvest time (Table 1). Yang et al.
reported that the abundance of the DHCs is significantly correlated with latitude negatively
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as well as temperature and soil organic matter and nitrogen content positively [23]. With
the decline of latitude, the growth and development of the sweet tea tree will be positively
stimulated by an increase in the average annual temperature and rainfall; therefore, in-
creased leaf area, broadened vein distance and accelerated growth rate of the trees have
usually been observed in the low latitude area [24–28]. In the sweet tea, trilobatin, phlo-
ridzin and phloretin are the main DHCs. The content of these compounds varies with the
tissues and organs of the sweet tea tree. With an increase in the maturity of leaves, the
phloridzin level increases, and trilobatin decreases [26]; meanwhile, the level of phloretin is
relatively low and changes little. Thus, a high level of trilobatin is usually observed in the
tender leaves, with a content of about 14–28%, while accumulated phloridzin is witnessed
in the mature and old leaves [25]. For the same plant, the content of the three DHCs in
tender leaves fluctuates with the harvest time. The content of trilobatin peaks in April, and
the phloridzin peaks in April and August [24]. This implies that the DHCs may possess
important biological functions for the growth and development of the plant. When the
phloridzin biosynthesis was blocked through transgenic operation, the genetically modified
‘Royal Gala’ apple showed a series of severe phenotypic changes, including stunted growth,
reduced internode length, narrowed leaf, increased lateral branches and weakened adventi-
tious roots [29]. Exogenous supplementation of phloridzin to the genetically modified apple
tree would enhance axial leaf growth and partially restore the leaf to a ‘normal’ shape [30].
Moreover, phloridzin biosynthesis would promote photosynthetic carbon accumulation
but limit nitrogen accumulation via the shoot-dependent nitrogen assimilation pathway in
apples [31]. In general, high-level phloridzin in mature leaves may help to maintain the
morphological and physiological functions of the leaves by regulating photosynthesis and
resistance. However, the exact physiological effect has not been clearly revealed till now,
and much more research needs to be carried out to elucidate the accumulation mechanism
and physiological roles of the DHCs, especially in sweet tea trees. The processing method
will remarkably affect the composition and content of the DHCs in the sweet tea. At present,
the harvested leaves of the sweet tea have usually been made into “green tea” and “black
tea” by adopting traditional tea processing technologies. Fixation, as a characteristic step of
green tea processing, can denature the enzymes of fresh leaves and maximally maintain the
color and composition of the raw materials through heating at high temperatures in a short
time. Four fixation styles, including roller-fixation, microwave-fixation, steam-fixation
and fry-fixation, were tested, and the results showed that retention of the different DHCs
changed with the fixation styles. The content of the phloretin in products followed the
order: fry-fixation > roller-fixation > microwave-fixation> steam-fixation. The level of the
phloridzin was highest in products through microwave-fixation, a medium through steam-
fixation and roller-fixation, and lowest through fry-fixation. The highest trilobatin was
observed in roller-fixation treated products, medium in microwave-fixation and fry-fixation
treated products and lowest in steam-fixation treated products [32]. This indicated that the
different DHCs might possess various thermal sensitivities and could transform among
them during heat treatment. Fermentation is the key step of black tea processing. After
fermentation, the contents of total polyphenols, trilobatin and phloridzin in the sweet tea
were decreased by 26.36%,10.24% and 39.37%, respectively [33]. This suggested that the
redox activity of meta hydroxyls is higher than that of para hydroxyls. In addition, the
level of phloridzin extracted from the sweet tea leaves fermented with Saussurea bacteria is
much higher than that of the naturally fermented and unfermented leaves [34]. Studies
also showed that the drying method would impact the level of phenolics in sweet tea, and
freeze-drying could retain the highest level of phenolics [35].
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Figure 1. The change of scientific name of the sweet tea.

Table 1. Effect of the location, picking time and leaf maturity on the content of DHCs in the sweet tea.

Influencing Factors
Content (mg/g)

Reference
Trilobatin Phloridzin Phloretin

Picking time

April 257.52–279.74 11.44–22.34 0.13–0.55
[24,26]

November 30.94–33.59 143.12–208.31 0.11–0.44

Leaf maturity

Tender leaf 82.90–279.74 9.30–57.40 1.90–2.50
[24,36,37]

Old leaf 19.30–128.80 144.60–208.31 3.60–4.30

Location

Sichuan 73.32–278.15 4.89–62.87 0.08–1.25

[24–26,33,36,37]

Chongqing 41.87–133.98 14.90–31.69 0.10–1.39

Guangxi 0.90–198.70 4.80–144.60 4.98

Hunan 171.95–272.35 8.35–19.25 0.18–1.01

Jiangxi 69.56–183.84 11.58–49.84 0.27–4.16

Guizhou 161.42–176.90 5.26–7.46 0.36–0.38

Yunnan 4.87–264.60 0.61–208.29 0.27–1.55

Guangdong 0.44–60.62 20.29–57.33 Not mentioned

Fujian 185.47–244.56 7.83–19.24 0.48–1.19

3. DHCs Biosynthesis and Its Regulation

Trilobatin and phloridzin, being positional isomers of the glycosidically bound phloretin, are
produced through a side branch of the phenylpropanoids and flavonoids pathways (Figure 2) [38]
which is initiated from cleavage of phenylalanine catalyzed by phenylalanine ammonia-lyase
(PAL). The first committed step of the DHCs biosynthesis is the conversion of p-dihydrocoumaryl-
CoA from p-coumaryl-CoA, which can be catalyzed by a hydroxycinnamoyl-CoA double bond
reductase (HCDBR) [39]. Then phloretin will be produced from the p-dihydrocoumaryl-CoA and
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three units of malonyl-CoA through decarboxylative condensation and cyclization mediated by
chalcone synthase (CHS) [40]. Finally, biosynthesis of phloridzin and trilobatin requires the action
of UDP-glycosyltransferases (UGTs), also called phloretin-2′-O-glycosyltransferase (P2′GT) and
phloretin-4′-O-glycosyltransferase (P4′GT), to attach a glucose moiety at either 2′ or 4′ positions
of the phloretin A-ring [1,41]. UGTs catalyze glycosylation of the flavonoids in the plant, and
members of the UGT88Fs subfamily encode P2′GT and P4′GT, which are responsible for the
glycosylation of phloretin in apples [41–45]. UGT88F1 was the firstly cloned gene encoding
the P2′GT in apples [42]. The exogenously expressed P2′GT by UGT88F1 can specifically
glycosylate the phloretin in the presence of UDP-glucose, UDP-xylose and UDP-galactose, but not
toward caffeic acid, chlorogenic acid, coumaric acid, cyanidin, 3,4-dihydroxyhydrocinnamic acid,
3-hydroxybenzoic acid, naringenin, 3,4-dihydroxybenzoic acid, catechin, epicatechin, quercetin
and rutin. Reports showed that the enzymes encoded by UGT71A15 and UGT71K1 of apple
can also convert phloretin into phloridzin in vitro [45], while UGT75L17 of apple encodes
P4′GT which catalyzes the 4′ position glycosylation of phloretin to produce the trilobatin in
the presence of UDP-glucose [41]. Overexpression of the UGT75L17 in Escherichia coli can
be used for efficiently producing trilobatin from phloretin [46]. UGT71A16, UGT71K2 and
UGT88F2 isolated from pear, the relative homolog of UGT71A15, UGT71K1 and UGT88F1 in
apple, can encode the enzymes to synthesize phloridzin from phloretin [45]. This indicated
that the biosynthesis limitation of phloridzin and analogs in pear is due to unable formation
of phloretin or its precursor(s) rather than a lack of glycosyltransferases. Studies also revealed
that trilobatin can be produced through the hydrogenation of the naringin and then hydrolysis
with α-L-rhamnosidase in aqueous medium [47]; however, this pathway might not exist under
physiological conditions. In the sweet tea tree, chalcone isomerase (CHI), leucoanthocyanidin reductase
(LAR), flavone 3-hydroxylase (F3H) and 4-coumarate: coenzyme A ligase (4CL) have been cloned, and
expression of the LAR and 4CL is positively correlated with DHCs content significantly [48–51].

The biosynthesis of phloridzin is mainly influenced by light quality, light intensity
and photoperiod. The phloridzin content in the sweet tea leaves decreases in the red or
blue light treatment and increases in the green light treatment compared with natural light.
The content increases with prolonging the illumination time from 8 h to 14 h and with
increasing the intensity from 12.5 to 37.5 μmol·m−2·s−1 in the white light treatment. The
change in the phloridzin level is consistent with the expression of PAL and 4CL genes [15].
Thus, the effect of the light on the phloridzin accumulation is mainly regulated by the
expression of the genes involved in the early steps of the phenylpropanoid pathway, which
might be used to explain the fluctuation of the DHCs along with the change of the season
and latitude. In addition, DHCs biosynthesis may also be modulated by hormone level
and development status because the accumulation of phloridzin and trilobatin regularly
changes with the increase of leaf maturity.
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Figure 2. Biosynthesis pathway of the DHCs.

4. Neuroprotective Effects of the DHCs

AD, PD and stroke are the main neurological disorders. The pathogenesis of AD
is related to amyloid β-protein (Aβ) deposition, formation of nerve fiber tangles (NFTs)
through abnormal phosphorylation of tubulin-associated unit (Tau) protein, and synaptic
dysfunction. PD syndrome is characterized by the degenerative death of dopaminergic
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neurons in the midbrain substantia nigra, decreased dopamine concentration in the stria-
tum, and the formation of a Lewy body. The DHCs might exert their neuroprotective
effects either directly by inhibiting or alleviating the neurological damage or indirectly by
preventing the nervous tissue from oxidative stress, inflammation and apoptosis (Table 2).

Table 2. Neuroprotective effects of the DHCs.

Compound and Effects Treatment Model Reference

Trilobatin
Decrease the phosphorylation of p38 12.5, 25, and 50 μM Aβ25–35-induced HT22 cells [52]
Reduce the production of Aβ by decreasing the
BACE1 levels 10 or 20 mg/kg 3 × FAD AD model mice [53]

Activate the AMPK signaling pathway to respond
the oxidative stress 15, 30 and 60 μM H2O2-induced injury PC12 cells [12]

Increase Sirt3 expression and activity 5, 10 and 20 mg/kg MCAO-induced focal cerebral
ischemia rats [54]

Activate the Nrf2/ARE pathway 10, 20, and 40 μM Isoflurane-induced HT22 cells [55]
Phloretin

Protect synaptophysin and improve neuron cells 5 mg/kg Aβ1-42-injected male Wistar
rats [56]

Inhibit the Aβ accumulation through antioxidation
and anti-inflammation 2.5 and 5 mg/kg Aβ25–35-induced sporadic

Alzheimer’s disease rats [57]

Inhibit the activation of microglia and astrocytes 5 mg/kg MPTP-induced Parkinson’s
disease mice [58]

Improve the activity of neuron cells via normalizing
the AChE activity and alleviating reactive gliosis 2.5, 5 and 10 mg/kg Scopolamine induced amnesia

mice [59]

Up-regulate the transcription and translation of Nrf2 40 and 80 mg/kg Cerebral ischemia/reperfusion
rats [60]

Phloridzin
Normalize neural signaling and exhibit
anti-inflammatory effect 10 or 20 mg/kg Lipopolysaccharide-induced

cognitive impairment mice [61]

4.1. Prevention and Treatment of Neurological Diseases

Under normal physiological conditions, amyloid precursor protein(APP) can be digested
by α-secretase to produce soluble α-APP fragment (sAPPα) and 83-amino-acid membrane-
bound C-terminal fragment (C83), and then the C83 is cleaved by γ-secretase to produce
non-toxic fragments. However, when the APP is cleaved by β-secretase, soluble β-APP
(sAPPβ) and 99-amino-acid C-terminal (C99) fragments will be generated, and then the C99
will be digested by γ-secretase to produce a variety of Aβ peptides containing 39–42 amino
acid residues. The Aβ monomers can spontaneously aggregate and deposit into oligomers,
fibrils and senile plaques, which then induce oxidative injury, microglial and astrocytic activity
as well as alter kinase/phosphatase activity, eventually leading to neuronal death and AD [62].
Recent reports showed that trilobatin and phloretin can decrease Aβ deposition by down-
regulating the expression of beta-site APP cleaving enzyme 1 (BACE1) and consequentially
decreasing the β-secretase [53]. Oral administration with 20 mg/kg trilobatin could protect
3 ×FAD (familial Alzheimer’s disease) mice from neurological damage by alleviating Aβ

deposition, synaptic degeneration, astrocytosis and microgliosis activation, neuronal loss and
cognitive deficits [53]. Phloretin could also suppress Aβ aggregation in the dentate gyrus and
CA1 (Cornu Ammonis region 1) regions of the hippocampus in the Aβ-induced AD rats [57].
Furthermore, the Aβ1–42 impaired plasticity at the neuronal and presynaptic levels could be
restored to normal value by phloretin treatment [56].

Tau is a main microtubule-associated protein of neurons and plays a critical role in
microtubule assembly and stability maintenance. Abnormal hyperphosphorylation of tau
neutralizes the basic inhibitory domains and enables tau–tau interaction, resulting in the
formation of NFTs in nerve cells, consequently causing the disintegration of tubulins and
collapse of the delivery system, eventually leading to the death of the nerve cell. At present,
it is well known that glycogen synthase kinase-3β (GSK-3β) and protein phosphatase 2A
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(PP2A) are the two most important enzymes which can regulate the phosphorylation of tau
protein. In mice, treatment of trilobatin can directly inhibit the hyperphosphorylation of
tau at Ser396 and Ser202 sites and indirectly alleviate the phosphorylation of tau through
suppressing the hyperphosphorylation of GSK-3β which acts as a Tau kinase [53], as shown
in Figure 3.

Figure 3. Directly neuroprotective effects of the DHCs. APP, amyloid precursor protein; sAPPα,
soluble α-APP fragment; C83, 83-amino-acid membrane-bound C-terminal fragment; AICD, APP
intracellular domain; sAPPβ, soluble β-APP; C99, 99-amino-acid C-terminal; Aβ, amyloid β-protein;
GSK 3β, glycogen synthase kinase 3β; NFT, Nerve Fiver Tangles. Arrow (→) indicates activation,
and the blunt arrow (–|) indicates inhibition.

4.2. Antioxidative Effect

It is widely presumed that excessive radical oxygen species (ROS) would lead to a variety
of neurological diseases. Trilobatin is able to maintain mitochondrial ROS homeostasis by
inhibiting overproduction and promoting the elimination of ROS. Regulation of trilobatin
against ROS might carry out mainly by influencing the oxidative stress signal transduction
(Figure 4). Pretreatment with trilobatin can stimulate AMP-activated protein kinase (AMPK)
phosphorylation which will consequently trigger activation of peroxisome proliferators activated
receptor-γ coactivator-1α (PGC-1α) and estrogen-related receptor α (ERRα), and then the
activated ERRα will bind to the ERRα response element (ERRE) of sirtuin 3 (Sirt3) promoter
to activate the transcription of Sirt3 which encodes a major mitochondria NAD+-dependent
deacetylase, or the activated PGC-1α will accelerate the disassociation of complex Kelch-like
ECH-associated protein 1 (Keap-1)/Nuclear respiratory factor 2 (Nrf2) to provoke translocation
of the key transcript factor Nrf2 from the cytoplasm into nucleus which can activate the
transcription of Sirt3 through recognizing and binding to antioxidant response element (ARE) of
the Sirt3 promoter. The elevated Sirt3 will promote superoxide dismutase 2 (SOD2) deacetylation,
which can boost ROS scavenging. It was confirmed that trilobatin protected HT22 cells against
isoflurane-induced neurotoxicity mainly via activating the Nrf/ARE pathway [55], and phloretin
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could also eliminate the oxidative stress of the cerebral ischemia/reperfusion rats mainly through
activating the Nrf2 defense pathway [60]. The study also showed that trilobatin could reverse
the cytotoxicity of HT22 cells induced by the Aβ25–35 treatment partially by inhibiting the
oxidative injury mediated by mitogen-activated protein kinase p38 (p38)/Sirt3 pathway [52].
In addition, trilobatin can exert antioxidant capacity by improving the activities of NADH-
ubiquinone oxidoreductase and ATPase and balancing the NAD+/NADH ratio [12]. However,
the antioxidative effects of phloretin and phloridzin cannot be achieved by increasing the
activity of enzymes such as SOD or catalase (CAT). However, they can directly scavenge
the superoxide anions generated from both the electron transfer chain reactions of NADH-
ubiquinone oxidoreductase /FMN/Fe-S clusters (complex I) and ubiquinone-cytochrome c
oxidoreductase/cytochrome b/ Fe-S clusters (complex III) in human SH-SY5Y neuronal-like
cells treated with inducer rotenone [63].

Figure 4. DHCs exert neuroprotection through their antioxidative effect. DHCs, dihydrochal-
cones; AMPK, AMP-activated protein kinase; PGC-1α, peroxisome proliferators activated receptor-γ
coactivator-1α; Keap-1, Kelch-like ECH-associated protein 1; Nrf2, Nuclear respiratory factor 2; ARE,
antioxidant response element; ERRα, estrogen-related receptor α; ERRE, ERRα response element; Sirt3,
sirtuin 3; SOD2, superoxide dismutase 2; ac, acetylation; ROS, radical oxygen species. Arrow (→)
indicates activation, and the blunt arrow (–|) indicates inhibition.

4.3. Anti-Neuroinflammation and Anti-Apoptosis

Neuroinflammation is critical damage resulting in neurological diseases. It has been
proved that trilobatin could inhibit the inflammation in middle cerebral artery occlusion
(MCAO)-induced cerebral I/R injury rats by suppressing the toll-like receptor 4(TLR4)/
myeloid differentiation factor 88(MyD88)/tumor necrosis factor (TNF) receptor-associated
factor 6 (TRAF6) signaling pathway, and down-regulating the phosphorylation level of NF-
κBp65 which will restrain the release of proinflammatory factors, including IL-1β, IL-6, TNF-α
and inducible nitric oxide synthase (iNOS) [54], as shown in Figure 5. Pretreatment with
phloretin could also inhibit the activation of the glial cell and suppress the inflammatory
responses [58].
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Figure 5. DHCs exert neuroprotective effects through their anti-inflammation and anti-apoptosis. TLR4,
Toll-like receptor 4; TIRAP, toll/interleukin 1 receptor domain-containing adaptor protein; MYD88,
myeloid differentiation factor 88; TRAF6, TNF receptor-associated factor 6; IκBα, inhibitor of NF-κB;
NF-κB, nuclear factor κ-B; TNF-α, tumor necrosis factor α; TNFR, tumor necrosis factor receptor; BDNF,
brain-derived neurotrophic factor; Trk B, tyrosine kinase receptor B; PI3K, phosphatidylinositol 3- kinase.
Arrow (→) indicates activation, and the blunt arrow (–|) indicates inhibition.

The experiment showed phloridzin could significantly elevate the brain-derived neu-
rotrophic factor (BDNF) level and reduce the acetylcholinesterase (AChE) activity in the
hippocampus and cortex of the lipopolysaccharide (LPS)-treated mice [61]. BDNF can
bind to tyrosine receptor kinase B (Trk B), which activates phosphatidylinositol 3-kinase
(PI3K), and then spurs the anti-apoptosis and protein synthesis [64]. AChE can degrade
acetylcholine and terminate the excitatory effect of neurotransmitters on the postsynaptic
membrane, and reduced AChE levels can inhibit neuron damage and prevent AD forma-
tion. A large amount of AChE was expressed when cells were in the state of apoptosis.
The increased AChE protein can not only inhibit cell growth but also enter the nucleus
and participate in the formation of apoptotic bodies and promote apoptosis [65]. Another
research confirmed that inhibition of AChE activity through pretreatment and treatment
with phloretin could improve spatial memory formation during the Morris water maze
(MWM) test in scopolamine-induced amnesia mice [59]. Tests also showed that trilobatin
could prevent HT22 cells from the injury induced by the Aβ25–35 treatment via suppression
of the caspase-3-dependent apoptosis pathway. Caspase-3, the most important terminal
cleavage enzyme in the process of apoptosis, can be activated by TNF, cyt-c and other
caspase families. The activated caspase-3 further enlarges the cascading effects and finally
leads to cell death [66].
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5. Conclusions

The shoots and leaves of Lithocarpus litseifolius are rich in DHCs, which taste sweet
and possess a variety of physiological effects. Phloretin, trilobatin and phloridzin are the
main components of the DHCs. The level of these compounds usually fluctuates along
with leaf maturity and distribution location, but some contradictory results have been
reported because many samples usually have been collected without uniform picking
standards from natural growth trees instead of cultivated plants. The biosynthesis of the
DHCs begins with the phenylpropanoid pathway and turns to a branch of the flavonoid
pathway at the step from p-coumarinyl CoA to dihydro-4-coumaroyl CoA rather than
directly to naringenin chalcone. It has been speculated that the accumulation of the DHCs
might be regulated at the transcriptional level at the early steps of the pathway. The DHCs
can prevent the neuron tissues from damage by directly inhibiting Aβ deposition and tau
hyperphosphorylation as well as indirectly eliminating oxidative stress, inflammation and
apoptosis. However, up to now, many issues are not clear, especially why the Lithocarpus
litseifolius accumulates high levels of DHCs in their leaves, what is the exact biological
function of these compounds for the trees and how these compounds are synthesized and
metabolized precisely. Meanwhile, many more studies need to be approached for better
utilizing the Lithocarpus litseifolius, such as collection and improvement of the germplasms,
technology development of standardization cultivation, optimization of the processing
system and new biological function extension and its mechanism elaboration of the DHCs.
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Abstract: Consumers increasingly prefer and seek functional beverages, which, given their character-
istics, provide important bioactive compounds that help prevent and treat chronic diseases. Mead is a
traditional fermented alcoholic beverage made from honey solution. The aging process of mead with
oak chips is innovative and bestows functional characteristics to this beverage. Thus, in this study,
we sought to develop and characterize a novel functional beverage by combining the health benefits
of honey with the traditional aging process of alcoholic beverages in wood. Phenolic compounds,
flavonoids, and antioxidant capacity were analyzed in mead using oak chips at different toasting
levels and aged for 360 days. LC-ESI-QTOF-MS/MS was used to analyze the chemical profile of
different meads. Over time, the aging process with oak chips showed a higher total phenolic and
flavonoid content and antioxidant capacity. Eighteen compounds belonging to the classes of organic
acids, phenolic acids, flavonoids, and tannins were identified in meads after 360 days. Our findings
revealed that the addition of oak chips during aging contributed to p-coumaric, ellagic, abscisic,
and chlorogenic acids, and naringenin, vanillin, and tiliroside significantly impacted the functional
quality of mead.

Keywords: polyphenols; honey; functional beverage; characterization; alcoholic beverage; fermented
beverage; phenolic compounds; antioxidant; functional foods; beneficial effects

1. Introduction

The increased prevalence of noncommunicable diseases in recent years has made
consumers increasingly aware of healthy and natural diets [1]. Consequently, the food
and beverages industry faces new challenges in designing functional foods. Among
the different types of functional foods, beverages are the most acceptable due to logistic
facilities, their distribution, and the ease of incorporating bioactive compounds as functional
ingredients [2]. Furthermore, functional beverages have gained more market shares over
the last decade [3].

Recently, wine and beer, two of the most popular alcoholic beverages, have been
identified as functional beverages, and the benefits of their moderate consumption have
been widely supported by the scientific community [4]. The main source of the beneficial
potential of consuming these beverages is phenolic compounds. After consuming phenolic-
compound-rich foods, such as functional beverages, the colon is the leading site of microbial
fermentation. Intestinal microbiota transforms phenolic compounds into phenolic acids or

Molecules 2023, 28, 56. https://doi.org/10.3390/molecules28010056 https://www.mdpi.com/journal/molecules
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lactone structures, which produce metabolites with biological and antioxidant activity, and
evidence suggests that these metabolites have health benefits for humans [3,5,6].

Mead or honey wine is a beverage traditionally produced by diluting honey in water
and yeast and may present some variations through the addition of fruit or fruit juice,
herbs, or spices [7]. Fermentation and maturation/aging are the two most time-consuming
processes in mead production, often lasting a few days to months [8]. The final composition
of the mead will depend on the type of honey used, the ingredients added, and the
fermentation and storage conditions [9]. Mead has been produced since ancient times,
especially in Eastern European countries; however, it is currently not as popular as other
alcoholic beverages, highlighting the need for further research on this beverage and its
potential functionality [10].

Honey is widely known for its health-promoting biological characteristics such as
its anti-inflammatory, antiviral, antifungal, and antitumor properties [11]. Among the
bioactive descriptors in honey, phenolic compounds, organic acids, carbohydrates, amino
acids, proteins, minerals, vitamins, and lipids stand out [11,12], which directly influence the
chemical and sensory characteristics of the mead [8,9,12]. Nevertheless, the composition
of honey is quite variable and relies on the floral source and seasonal and environmental
conditions, in addition to the processing and storage techniques used [9,11].

The aging process of alcoholic beverages in wood provides various changes in the
composition and concentration of compounds in beverages [13,14]. Such modifications may
be noticeable by changes in the beverages’ taste, color, and aroma. In addition to sensory
changes, many phenolic compounds are acquired or elevated during maturation [13,15].
Martínez et al. (2008) tested different quenching methods on the chemical composition
of American (Quercus alba) and French (Quercus petraea) oak, and their findings showed
the evolution of ellagitannins, a low molecular weight phenolic compound, and volatile
compounds regarding oak species and the tempering method [16]. The natural process
in the open air was considered superior to the artificial and mixed drying methods, as it
showed greater effectiveness in reducing excess ellagitannins. In addition, the evolution
of the aromatic potential of the wood was more positive, reaching higher concentrations
of compounds such as volatile phenols, phenolic aldehydes, furanic compounds, and cis-
and trans-methyl-γ-octalactones. The wood toasting process takes place after tempering,
where the wood is subjected to temperatures in the range of 150–240 ◦C for a certain period,
according to the desired toasting level. In this step, thermal degradation reactions occur,
transforming nonvolatile precursors into active aromatic volatile compounds [17].

Due to technological advances in the maturation/aging area of alcoholic beverages,
alternative systems using wooden barrels to carry out this process have emerged. Staves,
chips, shavings, and other alternative sources of extraction of compounds from oak or
other species of forest wood have become common for the maturation and aging process of
alcoholic beverages, generating a new use of wood residues in the cooperage [15,18].

Thus, this study aimed to develop a functional mead with multifloral honey and
submit it to the aging process with oak chips (Quercus), a wood commonly used for the
maturation and aging of alcoholic beverages that can provide bioactive compounds. In
addition, we sought to evaluate the phenolic compounds content and antioxidant capacity
after fermentation and identify the phytochemical compounds in mead aged with oak chips
at two toasting levels.

2. Results and Discussion

Functional beverages can be a valuable component of the human diet given their
ability to provide essential hydration and important bioactive compounds for maintaining
health and/or contributing to preventing and treating chronic diseases [1,2,5,6]. Mead is
a beverage that has been gaining more and more notoriety over time, although there are
few studies on it; hence, this study is unprecedented as it presents data from meads aged
with oak chips, a process so far only used for other types of alcoholic beverages [13] and
which can improve the functionality of this beverage. In this study, the antioxidant capacity,
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total phenolic and flavonoid content, and characterization of phytochemical compounds of
meads subjected to a 360-day aging period with oak chips (Quercus) at different toasting
levels were determined.

Honey is a source of numerous biologically active compounds, including phenolic and
volatile compounds, peptides, proteins, amino acids, enzymes, and minerals, which can be
transferred to the mead during production [12]. Among all the substances, our attention
was given to the phenolic compounds, which contribute to the mead functional quality.
This phytochemical group includes flavonoids, tannins, and phenolic acids, which are
natural antioxidants that play significant roles in the human body due to their capability
to inhibit free radicals, which may cause cell damage, leading to chronic diseases [2,3,19].
Beverages are considered good dietary sources of phenolic compounds; moreover, the
phenolic compounds in beverages are highly bioaccessible because they pass directly into
intestinal fluids [5], making this study highly innovative in carrying out the aging process
of mead with oak chips and monitoring it over time.

At time zero, all elaborated meads had a similar content of phenolic compounds,
which came from the honey used (Figure 1). In the base mead (BM), these values remained
constant for up to 180 days and then decreased with advancing maturation time. Meads
with chips addition showed higher total phenolic compound levels until the aging period
of 180 days. This increase may be related to the extraction of phenolic compounds from
oak into mead throughout the maturation process. Canas et al. (2019) observed higher
total phenolic compounds in wine spirits aged for 180 days with oak staves [20]. This
increase was due to the combination of the thermal degradation of lignin and increased
wood permeability during thermal treatment. Mead is still poorly studied, although due to
its characteristics similar to young white wines, aging time may have provided oxidative
reactions and/or condensation between the mead compounds with some wood molecules,
reducing the phenolic compounds after 270 days of aging.

Figure 1. Composition of total phenolics (mg GAE L−1) of meads aged with oak (Quercus) chips.
Data are presented as means ± SEM (n = 5). Lowercase letters indicate significant differences over
time within the same experimental group (p ≤ 0.05). Capital letters indicate significant differences
between experimental groups within the same time (p ≤ 0.05). GAE: gallic acid equivalent; BM: base
mead; MOWT: mead aged with oak chips without toasting; MOMT: mead aged with oak chips at
medium toasting; MOHT: mead aged with oak chips at high toasting.

Furthermore, flavonoids gradually increased in meads with oak chips throughout
the aging period, with a maximum content at 270 days (Figure 2). We observed that the
concentration of this class of phenolic compounds varied from 10.6 mg to 20.5 mg CAE L−1.
Regardless of the toasting degree, the oak chips increased the mead flavonoids concentra-
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tions, which may have contributed to increasing the antioxidant capacity throughout the
aging process (Figure 3) since these compounds have high free radical scavenging potential,
as described elsewhere [8,19].

Figure 2. Composition of total flavonoids (mg CAE L−1) of meads aged with oak (Quercus) chips.
Data are presented as means ± SEM (n = 5). Lowercase letters indicate significant differences over
time within the same experimental group (p ≤ 0.05). Capital letters indicate significant differences
between experimental groups within the same time (p ≤ 0.05). CAE: catechin equivalent; BM: base
mead; MOWT: mead aged with oak chips without toasting; MOMT: mead aged with oak chips at
medium toasting; MOHT: mead aged with oak chips at high toasting.

Figure 3. Antioxidant capacity (mM TEAC L−1) of meads aged with oak (Quercus) chips. Data are
presented as means ± SEM (n = 5). Lowercase letters indicate significant differences over time within
the same experimental group (p ≤ 0.05). Capital letters indicate significant differences between
experimental groups within the same time (p ≤ 0.05). TEAC: Trolox equivalent antioxidant capacity;
BM: base mead; MOWT: mead aged with oak chips without toasting; MOMT: mead aged with oak
chips at medium toasting; MOHT: mead aged with oak chips at high toasting.
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The antioxidant capacity of meads depends on the raw material’s chemical compo-
sition, the environmental factors that directly affect the honey production process, and
the technologies used to process it [8,9]. Apart from technological processes such as fer-
mentation and aging, these beverages’ antioxidant properties and chemical composition
are determined by the additives used in their manufacturing [8]. In this investigation,
the antioxidant capacity was determined with a 2,2′-azino-bis (3-ethylbenzothiazoline)
6-sulfonic acid (ABTS) assay and varied from 1.31 to 5.06 mM of Trolox equivalent antioxi-
dant capacity per liter (TEAC L−1), showing a significant increase after 270 days of aging
in meads with the addition of the oak chips (Figure 3). In meads, the antioxidant capacity
is related to the presence of phenolic compounds, and the diversity of these compounds is
directly linked to the honey used [8]. Hence, meads that only use honey and water in their
composition tend to have lower compound diversity.

Nevertheless, meads with the addition of fruit juices or herbal extracts have a wider
range of these phytochemicals [12]. The profile of the antioxidant capacity is a concomitant
event to the behavior of the flavonoid content over time (Figures 2 and 3), especially
at 270 days. A similar behavior was observed in unripened meads and other wood-
aged beverages [10,21]. However, one cannot rule out the possibility that other bioactive
compounds, in addition to flavonoids, contributed to the antioxidant capacity observed in
the final aging period of meads with oak chips in this investigation. Phenolic compounds
are found in plants as they come from their secondary metabolism. Bees, by collecting
pollen, transfer many of these compounds to the honey; consequently, these phytochemicals
will be present in the mead, even in smaller amounts [9,11]. The Brazilian flora is vast,
generating honeys with various phenolic compounds, with a predominance of many
phenolic acids such as 3,4-dihydroxybenzoic, salicylic, caffeic, chlorogenic, p-coumaric,
ferulic, gallic, syringic acids, and flavonoids including isorhamnetin, kaempferol, luteolin,
naringenin, pinobanksin, quercetin, and rutin [22].

In this study, the phenolic compounds in the meads at the end of 360 days of aging were
identified through MS/MS mass spectrometry analysis by combining the chromatographic
behavior and collision spectra with compounds already described in the literature. Eighteen
compounds belonging to the classes of organic acids, phenolic acids, flavonoids, and tannins
were tentatively identified and are listed in Table 1 and in the Supplementary Material
(Figure S1).

Among the compounds identified are citric acid, protocatechuic acid, sinapyl alcohol,
syringic acid, ethylvanillin, 1-(2-hydroxy-4,6-dimethoxyphenyl)-ethanone, sebacic acid,
and quercetin in all samples, which are therefore compounds from the honey used in the
beverage’s elaboration. Adding oak chips during aging, regardless of the toasting, con-
tributed to vanillin, p-coumaric acid, ellagic acid, abscisic acid, and naringenin. However,
chlorogenic acid and tiliroside were only present in the meads aged with oak chips with-
out toasting (MOWT) and meads aged with oak chips at high toasting (MOHT). Various
studies have demonstrated that chlorogenic acids are partially bioavailable and potentially
beneficial to human health [6]. The antioxidant and anti-inflammatory effects of coffee
chlorogenic acids are responsible for, at least to a certain extent, the association between
coffee consumption and the lower incidence of various degenerative and nondegenerative
diseases, in addition to higher longevity [6]. 2,3-Dihydroxy-1-guaiacylpropanone was only
found in the BM, and the 3-hydroxy-3-(3-hydroxyphenyl) propionic acid was found in the
BM and mead aged with oak chips without toasting (MOWT).
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During the aging process, the transformations of lignin, present in woods such as
French oak, are among the most important factors that affect the quality of beverages aged
in contact with this material. Lignin is a polymer that undergoes thermal degradation
during the manufacturing of barrels or by hydrolysis and ethanollysis during the aging
of wines and alcoholic beverages [30]. The lignin macromolecule has ramifications of
coniferyl alcohols (guaiacyl compounds) and sinapyl (syringyl compounds). Coniferyl
alcohol generates coniferylaldehydes, which are converted into vanillin, while sinapyl
alcohol gives rise to sinapaldehyde, which is transformed into syringaldehyde and later
oxidized to syringic acid. Other compounds, such as hydrolyzable tannins, present in
French oak, are more soluble in hydroalcoholic solutions; its transformation into ellagic
acid is very common [31], corroborating the identification of this compound only in meads
with the addition of oak chips.

In the present investigation, meads aged with oak chips showed a higher phenolic
compound content and diversity. It is known that these compounds may be related to
physicochemical and sensory characteristics in foods [8,12]. Thus, the sensory evaluation
of meads is important to know the impact of compounds on sensory aspects, including
color, flavor, and astringency. The absence of a sensory evaluation of different meads is
one of the limitations of this study. These analyses were scheduled to be carried out in
2020–2021, and the study had already been approved by the institutional ethics committee
(CAAE no. 58889316.3.0000.5346). Unfortunately, given the restrictions imposed by the
SARS-CoV-2 pandemic, it was impossible to carry out the analyses. Until now, the classic
wood-aging method employed in numerous alcoholic beverages has not yet been tested in
mead. Hence, despite the absence of a sensory evaluation, this study is pioneering and can
contribute to essential elucidations in the field of functional beverages.

Mead is a traditional alcoholic beverage obtained by the fermentation of mead wort
and popularly produced at home and in small meaderies. Different types of mead can
be distinguished based on the honey-to-water ratio, the addition of spices and/or fruits,
and the method of wort preparation [8,10,12]. The consumption of mead has gained
popularity given the presence of its natural and high-quality bioactive compounds. As
a result, mead production and consumption have remarkably increased during the past
years [8]. The regular consumption of foods and beverages rich in bioactive compounds
has been associated with a series of beneficial health effects [1,2], although, in the case
of mead, in addition to these compounds, this beverage also has a considerable alcohol
content (8–18%) [8,10,12]. The excessive and prolonged use of alcoholic beverages is
significantly linked to mild symptoms such as fatigue, difficulty walking, fainting, and
behavioral changes. In addition, long-term consumption is responsible for serious health
problems such as depression, anxiety, impaired cognitive performance, and liver diseases
(e.g., alcoholic hepatitis and liver cirrhosis), which is considered one of the main causes
of death and functional disability in the world [32,33]. Given the above, the moderate
consumption of mead and other alcoholic beverages is suggested.

3. Materials and Methods

3.1. Analytical Reagents

HPLC-grade methanol used for the mobile phase was obtained from Merck (Darm-
stadt, Germany). HPLC-grade acetonitrile and formic acid used for the mobile phase were
obtained from Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade water was obtained from a
Milli-Q system (Millipore, Bedford, MA, USA). ABTS (2,2′-azino-bis(3-ethylbenzothiazoline)
6-sulfonic acid) was obtained from Sigma-Aldrich (St. Louis, MO, USA).

3.2. Experimental Design

The experimental design was completely randomized with four treatments and five
sampling units for each treatment (Table 2).
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Table 2. Coding and characterization of treatments used in this study.

Code Treatment

BM Base mead—not aged with oak chips
MOWT Mead aged with oak chips without toasting
MOMT Mead aged with oak chips at medium toasting (170 ◦C for 35 min)
MOHT Mead aged with oak chips at high toasting (200 ◦C for 45 min)

3.3. Samples Acquirement

To produce the mead we used multifloral honey from an apiary located in Santiago
city (29.1991393′ S and 54.8644842′ W, 467 m) in the central region of Rio Grande do Sul,
Southern Brazil. It has an area of 2,413 km2 of foraging, and the climate is classified as
humid subtropical, with an annual average temperature of between 18 and 20 ◦C and an
average annual rainfall of 359 mm. For the aging of mead, we utilized oak chips (Quercus)
purchased from WE Consultoria (Porto Alegre, Rio Grande do Sul, Brazil).

The mead was prepared with multifloral honey and water until it reached 21◦ Brix;
then, it was inoculated with 20 hg L−1 of the Saccharomyces baianus yeast strain and 30 hg L−1

of nutrients (Nutristart). Fermentation was carried out in a glass fermenter with a capacity
of 30 L with the system maintained under anaerobic conditions through the water seal at a
constant temperature of 20 ◦C, and it was monitored daily by measuring the total soluble
solids content and initial and final density. The end of the fermentation process occurred at
27 days with the cessation of carbon dioxide evolution followed by the stabilization of total
soluble solids and the stabilization of density. The mead was then stabilized for 15 days at
16 ◦C. The time between fermentation and the beginning of aging was 45 days. In the last
step, the mead was sulfited at 50 ppm and bottled in 300 mL bottles with the addition of
2 g L−1 of oak chips (Quercus) followed by the aging process. Aliquots were taken every
90 days for up to 360 days to analyze the content of the total phenolic compounds, total
flavonoids, and antioxidant capacity. At the end of the 360 days of aging, the phenolic
compounds in the different meads were identified.

3.4. Total Phenolic Content

The total phenolic compounds in each mead sample were quantified with spectropho-
tometry through the redox reaction with the Folin–Ciocalteu reagent [34]. The readings of
the samples were performed in triplicate of the absorbances in a UV–visible spectropho-
tometer (FEMTO 600 plus) at a wavelength of 765 nm after they were left to rest for two
hours at room temperature. The phenolic compounds content was calculated by inter-
polating the absorbance of the samples against the calibration curve constituted with a
standard of gallic acid (0–80 mg L−1), and the results are expressed in milligrams of gallic
acid equivalent per liter (mg GAE L−1).

3.5. Flavonoids Content

Flavonoid compound determination was performed according to the method of
Zhishen, Mengcheng, and Jianming (1999) [35]. The absorbance readings were performed
in triplicate with a UV–visible spectrophotometer (FEMTO 600 plus) at 550 nm. The
flavonoid concentration in the meads was calculated by interpolating the data with the
calibration curve constituted with the catechin standard (0–250 mg L−1), and the results
were expressed in milligrams of catechin equivalent per liter (mg CAE L−1).

3.6. Antioxidant Capacity Determination

The antioxidant capacity of meads was determined with the ABTS method using the
method described by Re et al. (1999) [36]. The absorbance readings of the samples were
taken 6 min after the reaction in a UV–visible spectrophotometer (FEMTO® 600 plus) at
750 nm. The ABTS concentration was calculated from a calibration curve using Trolox as
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the standard (0–0.2 mM TEAC L−1). Readings were performed in triplicate, and the results
are expressed as mM of Trolox equivalent antioxidant capacity per liter (mM TEAC L −1).

3.7. Purification Procedure in SPE C18

Samples were purified prior to performing the LC-ESI-QTOF-MS/MS analysis. Sample
purification was performed according to the method described by Rodriguez-Saona and
Wrolstad (2001) with adaptations [37,38]. The mead samples (6 mL) were placed in a
rotary evaporator (Büchi, Essen, Germany) at 35 ◦C for five minutes to remove the alcohol
present in the sample. Afterward, the sample was loaded into C-18 solid phase extraction
(SPE) cartridges (cartridges SPE-C18, Strata C18-E, Phenomenex), previously activated
with methanol and conditioned with acidified water (0.1% v/v formic acid). The polar
compounds were washed with two volumes of aqueous formic acid solution (0.1% v/v).
Fewer polar phenolic compounds were eluted with two volumes of ethyl acetate (3 mL).
The ethyl acetate fraction was dried on a rotary evaporator and made up to a known
volume (1 mL) with acidified methanol (0.1% v/v formic acid) and acidified water (0.1%
v/v formic acid) (200 + 800 μL). All fractions were analyzed directly as purified fractions in
a chromatograph.

3.8. Phenolic Compound Identification by LC-ESI-QTOF-MS/MS

The method to identify the phenolic compounds was based on Quatrin et al. (2019) [39].
The liquid chromatography (LC) instrument (Shimadzu, Kyoto, Japan) was connected in
series to a DAD detector (SPD-M20A) and a mass spectrometer (MS) with a Quadrupole-
Time-of-Flight (QTOF) analyzer and an electrospray ionization source (ESI) (Bruker Dalton-
ics, micrOTOF-Q III, Bremen, Germany). A 20 μL sample was injected into a reversed-phase
column (C-18 Hypersil Gold, 5 μm particle size, 150 mm, 4.6 mm; Thermo Fisher Scien-
tific, Waltham, MA, USA). Mobile phase A for this method consisted of ultrapure water
with formic acid acidified methanol (95:5:0.1 v/v); mobile phase B was acetonitrile and
formic acid (99.9:0.1 v/v). The ESI conditions were a capillary voltage of −4500 V (neg-
ative), nebulizer gas pressure at 30 psi, dry gas at 11 mL min−1, and gas temperature at
310 ◦C. The MS/MS experiments were performed in a full scan range of 100–1800 m/z
of all fragments formed from 3 major parent ions per second. The LC solutions software
(Version 3, Shimadzu, Kyoto, Japan) was used to process the data obtained. The tentative
identification of compounds was based on the combined information of elution order,
ultraviolet–visible (UV–Vis) spectra, and mass spectrometry fragmentation patterns. These
data were compared to literature data and public databases (PubChem, KEGG, MassBank
of North America (MoNA), ChemSpider, Phenol-Explorer, and FooDB).

3.9. Statistical Analysis

All analytical results were selected for an analysis of variance (ANOVA). The compari-
son of posthoc mean analysis was performed with a Tukey’s test at 5% error probability
using Statistica 9.0 software (StatSoft, Tulsa, OK, USA); the graphs were made using the
GraphPad Prism 6.0 software (Dotmatics, San Diego, CA, USA).

4. Conclusions

The highly innovative process of using oak chips to improve mead characteristics has
not yet been described in the literature. Oak chips increase phenolic compound variability
in mead, their flavonoid content, and their antioxidant capacity over storage time. Our
findings revealed that mead aged with oak chips as a beverage has more potential for
beneficial biological activity due to the higher phenolic compound content than mead
without oak chips. Therefore, the use of oak chips in the mead aging process, regardless of
toasting levels, improved the functional quality of the beverage.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28010056/s1, Figure S1: Representative chromatogram
of mead aged with oak chips.
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Abstract: Polyphenols and their intermediate metabolites are natural compounds that are spread
worldwide. Polyphenols are antioxidant agents beneficial for human health, but exposure to some of
these compounds can be harmful to humans and the environment. A number of industries produce
and discharge polyphenols in water effluents. These emissions pose serious environmental issues,
causing the pollution of surface or groundwater (which are used to provide drinking water) or
harming wildlife in the receiving ecosystems. The treatment of high-polyphenol-content waters is
mandatory for many industries. Nowadays, biotechnological approaches are gaining relevance for
their low footprint, high efficiency, low cost, and versatility in pollutant removal. Biotreatments
exploit the diversity of microbial metabolisms in relation to the different characteristics of the
polluted water, modifying the design and the operational conditions of the technologies. Microbial
metabolic features have been used for full or partial polyphenol degradation since several decades ago.
Nowadays, the comprehensive use of biotreatments combined with physical-chemical treatments
has enhanced the removal rates to provide safe and high-quality effluents. In this review, the
evolution of the biotechnological processes for treating high-polyphenol-content water is described.
A particular emphasis is given to providing a general concept, indicating which bioprocess might be
adopted considering the water composition and the economic/environmental requirements. The
use of effective technologies for environmental phenol removal could help in reducing/avoiding the
detrimental effects of these chemicals. In addition, some of them could be employed for the recovery
of beneficial ones.

Keywords: polyphenols; biological treatment; bioreactors; water; aerobic granular sludge; conventional
active ted sludge; biofilter; photobioreactor; membrane bioreactor; bio-electrochemical systems

1. Introduction

Water is a renewable natural resource, but its inappropriate use has become a problem
due to its excessive exploitation caused by the demographic explosion and industrial
demands [1]. Environmental pollution is a problem, especially when industrial effluents
are discharged into natural water bodies. Most wastes from industries containing organic
and inorganic pollutants are easily drawn into wastewater. Many of these pollutants
suppose a risk to wildlife species, ecological niches, and ultimately to human health.

Phenol (C6H5OH) or phenic acid is an organic compound that consists of a phenyl
group (-C6H5) bearing a single hydroxyl group (OH−) [1]. Polyphenols are an enor-
mous group of secondary plant metabolites characterized by two or more phenolic rings
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in their chemical structure [2]. Polyphenols could be mainly classified as flavonoids
and nonflavonoids, or according to their complexity, as monomeric and polymeric com-
pounds [3]. However, the principal polyphenolic compounds are grouped into phenolic
acids, flavonoids, lignans, and stilbenes [4], characterized by complex chemical structures
and the presence of diversified functional groups (Figure 1). For instance, flavonoids are
essential bioactive compounds in various biological processes, including nitrogen fixa-
tion, photosynthesis, or energy transfer [5,6], while lignans have high pharmacological
activities, such as antiviral, antitumoral, and antimicrobial properties [7,8]. Some phenolic
compounds have been described as “priority substances” in the field of water policy by
the European Water Framework Directive, the Environmental Protection Agency of the
United States, and the National Pollutant Release Inventory of Canada [9,10], with 11 out
of 126 undesirable chemicals [11]. Phenolic compounds are among the most prevalent
water organic contaminants, showing toxicity even at low concentrations and affecting
the taste and odor of the drinking water [1]. They are the main substances in the wastew-
ater effluents of several industries, such as pharmaceutical, agricultural, petrochemical,
pulp and paper, organic chemicals, and plastic manufacturing [12]. Furthermore, they
may lead to water pollution via natural occurrences. In humans, short-term exposure to
polyphenol concentrations in the range of 9–25 mg·L−1 can cause irritation to the skin
and mucous membranes, while long-term exposure may cause lung problems, muscle
weakness, tremors, coma, metabolic diseases, and respiratory arrest at lethal doses [10,13].
Actually, it has been described that 50 mg·kg−1day−1 of bisphenol A is sufficient for human
fatality [11].

 

Figure 1. Examples of principal polyphenolic compounds clustered in phenolic acids (gallic acid) [14],
lignans (secoisolariciresinol) [3], stilbenes (resveratrol) [15], and hesperetin (flavanone) [3].

On the other hand, there is enough evidence that polyphenols and the other bioactive
compounds found in widely consumed products (e.g., tea, red wine, cocoa, fruits, fruit
juices, and olive oil) have a potentially positive impact on the prevention of a wide range
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of degenerative and age-related diseases, such as carcinogenesis and tumor development
at the cellular level [11,15,16]. For years, polyphenols have been associated with their
antioxidant activity, which has been widely verified in vitro. The antioxidant function of
polyphenols is provided by their reducing properties, which allow them to act as free radical
scavengers [17]. On the other hand, their activity in vivo depends on the bioavailability,
the structures of compounds, and the composition and metabolic features of the human
gut microbiota. In addition to antioxidant capacity, polyphenols have potential healthy
properties for humans as anti-inflammatory, antiallergic, antihypertensive, neuropreventive,
analgesic, antiviral, and antimicrobial agents [16,18,19]. These compounds are employed
as effective antimicrobial agents in healthcare as an alternative to other treatments and in
food preservation [20,21]. For example, the antibiotic activity of phenolic compounds is
due to the modification of the bacterial structure, the pathogenic traits, or the changes in
metabolism. In particular, tannins and flavonoids are able to inactivate membrane adhesins,
enzymes, and transport proteins [22].

Despite the toxic effect of polyphenols on the aquatic environment and wildlife, the
benefits are principally related to their consumption which allows for the prevention of
diseases in humans and food preservation. This makes it essential to know the right
approach for selecting and extracting the polyphenol of interest from the various effluents.
These waters will be later treated by biological technologies to remove the remaining
pollutants, giving the place a sustainable and circular economy, recovering the added-value
compounds, and discharging high-quality waters into natural water bodies.

2. Polluted Waters as Sources of Phenolic Compounds: The Challenge of Their
Profitability in the Circular Economy

The presence of polyphenols in water could be due to natural or anthropogenic
sources. The decomposition of vegetal material (fruits, vegetables, or resins) contributes
to the phenolic concentration in natural waters due to their water solubility. In drinking
waters, the pollution is mainly due to the lixiviation of residues, while in lakes and other
water bodies, this occurs by in situ decay. However, the water quality is primely injured by
the pressure exerted by the discharge of industrial wastewater. Polyphenols are present in
the effluents from several industrial activities, such as pharmaceuticals, plastics, paint, pulp
and paper, agrofood manufacturing, petrochemical, and wood products [3]. In fact, their
concentration reaches 3900 mg·L−1 in coking operations, 6800 mg·L−1 in coal processing,
1220 mg·L−1 in the petrochemical industry, 500 mg·L−1 in refineries, or 1000 mg·L−1 in the
agrofood industry (e.g., in olive washing waters) [23–25]. Table 1 shows some effluents
containing polyphenols from some industries.

Table 1. Phenol levels in industrial wastewaters [1,14,26–28].

Type of Industry
Range of Total Phenol Concentration

(mg·L−1)

Rubber 3–10
Leather 4–6
Ferrous 5–9

Pulp and paper 22
Fiberglass 40–2564

Petroleum-processing plant 40–185
Wood Preserving 50–953

Fabric 100–150
Petrochemical 200–1200

Coke ovens (without dephenolization) 300–3900
Olive washing 400–1120

Agri-food (winery, oil) 400–10,700
Phenolic resins 1270–1345

Coal conversion 1700–7000
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The presence of polyphenols in industrial wastewater effluents represents a major
environmental problem related to the toxic effects on microorganisms, plants, and animals
in the trophic chain [29]. However, the management of these harmful compounds could
become a challenge for their valorization within a circular economy. Interesting sources of
polyphenols are the wastes and byproducts from the agrifood production processes that
could be employed in the food preservation, cosmetic, and pharmaceutical industries, sup-
posing a new sustainable way to obtain the functional compounds could be found [17,30].
Therefore, the recovery of these substances from wastewater meets the two-fold objective:
biodegradability improvement and byproduct valorization [31].

For example, the production of olive oil and wine is one of the most important eco-
nomic activities in Mediterranean countries. These activities generate large amounts of
solid and liquid wastes containing high levels of polyphenols [24,32]. Therefore, their
recovery from these wastes provides an opportunity to obtain valuable biomolecules with
a concomitant reduction in environmental toxicity issues [29,32]. In olive mill wastewater
(OMW), polyphenols are partitioned between the water and oil phases, but the major frac-
tion is retained in the wastewater due to the high solubility in water. Polyphenol extraction
from OMW is very promising since these compounds are potent antioxidants. Among
them, hydroxytyrosol and tyrosol are postulated as the most economically relevant phenolic
components in the cosmetics, food preservation, and pharmaceutical industries [29,33].

3. Recovery of Polyphenols from Wastewater

Phenol recovery is necessary and useful but difficult, especially when unknown
interactions with other pollutants in wastewater may occur [34]. However, this procedure
offers a great economic advantage and makes these wastewaters less hazardous and easier
to treat using biological methods [33]. Therefore, extensive research efforts have been
directed toward the recovery of polyphenols from some agrofood industries (such as OMW
or wineries) wastewaters [31,33].

The recovery of polyphenols is mostly performed by membrane processes, liquid–
liquid extraction, which is often assisted by surfactants, or solid phase extraction using
diverse resins for their recovery [29]. For example, the use of membrane processes requires
small areas, and the separation of specific compounds could also facilitate the subsequent
biological wastewater treatment [31,35]. The diverse membrane characteristics (ultrafiltra-
tion, nanofiltration, and reverse osmosis) could allow for the retention of solutes on the
membrane surface, resulting in material accumulation (biofouling) that interferes with the
concentration polarization, reducing the membrane lifetime [31]. Another example is the
solid-phase extraction procedure for the recovery of phenolic compounds using several
resins. The results of these studies highlighted how the desorption process is difficult be-
cause the solvents have low selectivity for specific polyphenols, and polyphenol ionization
limits the removal performance [34].

Nowadays, much effort is put into the search for more efficient alternatives to ex-
tract the most interesting polyphenols for the cosmetic, pharmaceutical, and food indus-
tries. Currently, the adsorption process on suitable materials is postulated as an efficient
method to recover specific polyphenols from aqueous solutions [36]. A large selection of
synthetic polymeric adsorbents (such as polystyrene-divinylbenzene or divinylbenzene-
ethylvinylbenzene copolymers) is available for carrying out an optimal process [36]. The
adsorption on resins is a common separation technology, as the relatively inexpensive
resins are lasting and chemically stable. In addition, these technologies include liquid
extraction with a deep eutectic solvent, deionized water, or aqueous solutions of cyclodex-
trins using a semiautomatic extractor and multielement mixed micelle. The adsorption
system is considered an economical, simple, and reversible method which avoids the use of
toxic solvents. One of the most interesting and well-known materials used for adsorption
is activated carbon [37,38]. The technique with activated carbon has been tested with
several sorbents, including methylene blue and manganese oxide [39,40]. However, the
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latest research employed animal proteins as coating biopolymers, avoiding environmental
problems [33].

4. Technologies to Remove Phenolic Compounds from Water Sources

Considering the harmful effects of some polyphenols and their derivatives on human
health and natural environments, the removal of these compounds from water and wastew-
ater is a great challenge for human and environmental safety, and the search and recognition
of effective tools for their treatment, degradation, and removal are worthwhile [2,11]. Ac-
cordingly, great efforts have been spent, using physical, chemical, and biological methods
to develop and optimize techniques for finding a sustainable solution to this problem.
Undoubtedly, physicochemical technologies are more expensive than biological ones, and
sometimes they are not completely effective because undesirable compounds are often
produced as intermediates [41].

Among the physical-chemical methods, conventional processes have been applied for
phenolic compound removal, such as distillation, adsorption, solid-phase extraction, liquid–
liquid extraction, and catalytic and wet air oxidation. Furthermore, the last decade has
been characterized by the development of phenolic acid degradation technologies. Some of
these technologies are based on advanced oxidation, membrane filtration, heterogeneous
photocatalysis, ozonization, enzymatic treatment, and the Fenton reaction [1,4]. However,
these technologies have serious disadvantages, which are mainly related to their econom-
ical cost (e.g., the high energy consumption) and environmental unsustainability due to
the production of secondary pollutants [42]. For these reasons, the search for biological
alternatives for the treatment of effluents polluted with phenols is a challenge of great
biotechnological interest.

The biological technologies for degrading and removing phenolic compounds are
considered to represent a promising alternative because their main advantage is phenol
degradation into nontoxic products, or even mineralization, accompanied by lower ex-
ploitation expenses [23]. Hence, there is a vast demand to develop economical, green,
and sustainable technologies, in particular for rural areas with low income and highly
impacted by agrofood industries [24] and/or in petrochemical, paper, and pharmaceutical
factories [10,43].

It is very attention-grabbing to observe that the main development of biological
technologies to remove phenolic compounds was based on aerobic conditions [43,44].
However, in recent years more attention has been paid to the development of anaerobic
systems due to their tolerance to high organic loading rates (ORL), lower sludge excess
production, and the valorization of methane generation [45,46]. Moreover, one of the most
relevant advantages of anaerobic processes is robustness and resilience against changes in
the influent composition [47].

The biological treatment of wastewater with high polyphenol content could be seri-
ously compromised, especially when industrial discharges contain flavan-3-ols, flavonols,
and tannins due to their wide spectrum of antimicrobial activities [48]. Although biological
treatments are described as affordable, efficient, and environmentally friendly processes,
the stability of the process could be compromised by the high load of phenolic compounds
and their inherent toxicity [24]. Thus, it is crucial to develop technologies adapted to
water composition and origin. In addition, it is important to allow for the adaptation of
the initial biomass (inoculum) because microbiota with high activity and robustness are
essential for achieving the efficient removal of recalcitrant compounds, mitigating the effect
of wastewater discharges into natural environments [49].

5. Feasible Biological Technologies for the Removal of Phenolic Compounds
from Waters

The optimization of biological processes poses attractive alternatives to be imple-
mented, because they are usually eco-friendly and economical, minimizing the genera-
tion of subproducts while being generally easy to operate. The microorganisms used in
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biological technologies may promote the degradation of several organic and inorganic
contaminants found in wastewater. The biodegradation could be mediated by extracellular
or intracellular enzymes, and the pollutants could be removed by extracellular biosorption
or active uptake and then incorporated and bioaccumulated [50–52]. Biological treat-
ment could encounter difficulties in removing recalcitrant products, but the removal of
polyphenols from water using many technologies has been reported [53]. The most useful
technologies for the degradation of phenolic compounds based on biological treatments
are discussed hereafter (Figure 2).

 

Figure 2. Diagram of biological water technologies for removing phenolic compounds from water:
conventional activated sludge (A); aerobic granular sludge (B); photobioreactor (C); biofilter (D);
membrane bioreactor (E); microbial fuel cell (F).

5.1. Conventional Activated Sludge

Conventional activated sludge (CAS) is a biological technology that has been used
for treating wastewater for more than 100 years [54]. In the ‘classical’ context, CAS is
a process performed by a suspended microbial biomass under aerobic conditions; the
cells in contact with polluted water oxidize the compounds within an aerated chamber,
and the biomass-liquid phases are then separated into a second chamber that acts as a
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settler. The biomass of the activated sludge is composed of large flocs with filamentous
microorganisms [55].

The activated sludge-based technology is the most diffused wastewater treatment
worldwide [56]; thus, it is essential to understand which effects (on the global process) are
exerted by the presence of phenolic compounds on raw water (inlet) in order to comprise
the feasibility of their application to high-polyphenol-content waters. Siripattanakul-
Ratpukdi et al. [57] investigated CAS system inhibition due to the high presence of phenolic
compounds using synthetic wastewater supplemented with phenol as the sole carbon
source to simulate the contaminated wastewater. The results pointed out that the system
was able to completely remove the phenol in the case of low–moderate contamination
(10 mg·L−1 phenol), whereas a low phenol removal ratio was observed in the highly
contaminated scenario (100 mg·L−1) due to the inhibition caused by its recalcitrant nature.
Moreover, the authors highlighted that phenol adsorption might also occur due to physical-
chemical properties, such as the porous floc structure, which increases the surface area in
contact with the wastewater and facilitates the adsorption process [58].

More recent studies reported the effective treatment of olive oil mill wastewater
(OOMW) with a total phenol concentration of ~8730 mg·L−1 using CAS, but only after
a dilution of up to 128 mg·L−1 of polyphenols, obtaining a chemical oxygen demand
(COD) and polyphenols removal ratio of 90% and 92%, respectively [59]. However, it is
worth noting that various local and or international regulations do not permit effluent
dilution [60,61].

However, CAS showed several disadvantages in comparison to novel technologies,
such as the production of excess sludge, the big surface needed, or the low biomass retention
time [62,63].

In recent years, the CAS configuration has been improved to overcome the technol-
ogy’s weaknesses. For instance, integrated fixed-film activated sludge (IFAS) is one of
the most promising recent CAS configurations for its advantages, such as longer solids
retention time, nutrient removal, complete nitrification, and lower carbon footprint [64].
Ahmed et al. [65] designed a kinetic model to evaluate the IFAS efficiency in petrochemical
wastewater treatment and demonstrated that this technology is a viable bioprocess but
is sensitive in non–steady states. Similarly, Lin et al. [66] carried out a phenol biodegra-
dation experiment using a biofilm reactor, obtaining removal rates of 94–96% at different
hydraulic retention times (HRT); moreover, they corroborated the results with their own
mathematical model.

5.2. Aerobic Granular Sludge

Aerobic granular sludge (AGS) is a recent biological technology characterized by the
immobilization of cells embedded in a tridimensional polymeric matrix with a spherical
shape. AGS is usually operated in aerated cylindrical columns to promote the compactness
and density of the granules, allowing for high biomass retention and resistance against
toxic compounds. In fact, toxic compounds do not affect the single cells because a gradient
is generated from the external to the internal layers, permitting high resilience against re-
calcitrant pollutants [63]. Several researchers have focused on the treatment of phenol [67],
p-nitrophenol [68], halogenated phenols [69,70], and phenolic acids [24]. The microbial con-
sortia used in the process were able to degrade the toxic compounds by diverse metabolic
pathways, although it has been demonstrated that a preliminary adaptation of the granular
sludge in the presence of phenols improves the removal performance [68].

The successful application of AGS for degrading phenolic compounds has been exten-
sively demonstrated during the last decade [24]. Firstly, Liu et al. [71] and Jiang et al. [72]
cultivated granular biomasses in presence of phenols to establish their degradation rate
and toxicity at different levels/concentrations. Liu et al. [71] concluded that, despite the
damage that polyphenols could cause to the granular biomass, the polyphenol removal
activity of granular sludge was positively correlated with higher biomass concentration
(Mix Liquor Suspended Solids, MLSS). For the first time, Jiang et al. [72] demonstrated
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the capability of aerobic granules to provide stable and efficient phenol biodegradation,
remarking that the granules represent an excellent immobilization strategy and biofilm
functional structure, overcoming the inhibition effect of phenols on microbial growth and
biodegradation activity. Undoubtedly, this research reported that the phenol concentration
affects the selection of the phenol-degrading microorganisms within the granular biomass
and directly impacts the robustness of the system and, consequently, the ability to achieve
high performance.

Later research described several operational conditions and designs to optimize the re-
moval of phenolic compounds. For instance, one research revealed that p-nitrophenol could
be successfully removed; even an increase in p-nitrophenol concentration led to an increase
in the performance rate (operating with values up to 40.1 mg·L−1) [68]. Concomitantly, the
start-up and optimization of AGS technology for operation in continuous flows posed a
challenge for overcoming the possible disadvantages that batch-flow operations can entail
at the industrial level. Jemaat et al. [44] investigated the response of AGS in a continuous-
flow treatment of industrial wastewater in sequentially alternating pollutant scenarios
using p-nitrophenol, phenol, and 2-chlorophenol with a concentration of 15 mg·L−1. Al-
though these loads were lower than those used by Suja et al. (25–200 mg·L−1) [68] and
Wang et al. (10–50 mg·L−1) [69], the difficulties involved in the continuous flow and the
need to degrade o-cresol generated greater complications for the steady-state of granular
biomasses. The results showed that AGS, in a continuous flow, was able to remove phenol
and p-nitrophenol. During the first months of operation, the HPLC analysis did not detect
p-nitrophenol in the effluent, but p-nitrocatechol (an intermediate of the aerobic degradation
pathway) was found. Nonetheless, after this period, p-nitrophenol and p-nitrocatechol were
below the detection limit of HPLC, and the nitrogen and o-cresol removals were almost
complete. During the last stage, the system showed notable flaws, such as the serious
damage to biomass conformation, a reduction in organic matter removal, the detection of
intermediate compounds, and the accumulation of 2-chlorophenol. These issues suggested
a need for further research to solve the inefficiency of AGS in continuous flow [44].

In addition, some authors tested a strategy based on the use of easily degradable
carbon sources as co–substrates to hardly biodegradable polyphenols to ensure the sta-
ble biodegradation of these xenobiotics. Wang et al. used glucose as a co–substrate of
2,4-dichlorophenol to promote granule formation, obtaining successful polyphenol removal
and biomass stability for long-term operations [69]. Ho et al. [67] reported that, in the
presence of co–substrates as an additional carbon source, phenols at concentrations up to
3000 mg·L−1 were removed with minimal lag time, while at 5000 mg·L−1 phenol concen-
tration, the granular biomass exhibits a longer lag time (20 h). In addition, this research
demonstrated that granular sludge systems had weaker inhibition than CAS systems for
treating phenol-rich wastewater.

The improvement of AGS technology for treating phenolic compounds has greatly
increased during the last decade, driven by a greater knowledge of how to promote the
metabolic pathways of the microorganisms of interest. Muñoz-Palazon et al. [24] operated
AGS in sequential batch reactors with a mix of phenolic acids at concentrations from 50
to 300 mg·L−1, achieving excellent removal performance. Furthermore, the authors noted
that higher concentrations (600–1000 mg·L−1) meant a strong detriment for the physical-
chemical and polyphenolic removal rate (ranging from 30–60%). In this sense, despite
the presence of the co–substrate as an alternative carbon source, it was observed that the
proliferation of filamentous microorganisms promoted the breakage and disintegration of
granules, resulting in floc-biomass formation and the destabilization of the steady state.

5.3. Photobioreactors

Photobioreactor technology represents a potentially viable strategy for removing pol-
lutants from sewage, producing, at the same time, microalgal biomasses that are considered
valuable products [73]. This process has demonstrated high photosynthetic efficiency and a
low footprint, offering an environmentally sustainable alternative versus physical-chemical
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technologies that produce chemical waste or sludge as byproducts [73,74]. This technol-
ogy is based on the growth of microalgae in illuminated reactors, which could effectively
transform the inorganic nutrients into organic compounds by means of photosynthesis [73].
Microalgae can be co–cultivated with bacteria to optimize phenolic compound removal;
microalgae produce the oxygen required by bacteria to mineralize the organic pollutants,
and the carbon dioxide produced by bacteria is, in turn, used by the microalgae [75]. There-
fore, the photosynthetically produced oxygen avoids the insufflation (in the reactor) of
the air needed to support the bacterial metabolic processes [76]. Biofilm photobioreactors
involve microalgae–bacteria consortia and show several advantages, such as high biomass
concentration, high biodegradation ratios, and resistance against toxic compounds [76].
Likewise, the biofilm promotes mass transfer from the external to the internal layer, provid-
ing hypoxic niches for the growth of facultative or strict anaerobic microorganisms [77].
The photobioreactor design needs to be adapted to the composition of wastewater and
the operational conditions. For instance, Muñoz et al. [75] tested different photobioreac-
tor configurations in order to achieve maximum efficiency in polyphenol removal. The
reactors were based on four designs: a flat plate and a tubular packed-bed photobioreac-
tor with the algal-bacterial biofilm attached to a glass material; a flat plate and tubular
photobioreactor with the biofilm attached to the bioreactor walls; an algal-turf reactor
open pond with biofilm attached on the reactor base, and a column photobioreactor with
suspended biomass. All of them operated under a continuous illumination irradiance
at 180 μE·m−2s−1. Muñoz et al. [75] indicated that photobioreactors involving biofilms
presented two limitations that caused operational problems: photoinhibition, by the high
density of the photon flux density, and the potential risk of clogging due to the excess
biomass. In addition, the bioreactors with a suspended biomass and biofilms achieved
similar removal efficiencies, but the latter promoted better biomass settleability than the
suspended cultures.

Maza-Márquez et al. [77] described the treatment of real olive-washing wastewater
(OWW) using a photobioreactor designed as a semi–open system consisting of a mixing
tank, a tubular photobioreactor (composed of five-column tubes), a recirculation tank, and
a collector tank. In this study, the average light intensity was 450 ± 50 μE·m−2 at the
outer layer, but the dark color of the OWW reduced the light transmission and may have
inhibited the growth of the microalgae. Even so, the concentration of the polyphenols was
drastically reduced (90.6%), revealing that the algae–bacteria consortium improves the
metabolisms responsible for phenolic compound degradation, which was also corroborated
by Chan et al. [76]. Moreover, the biological oxygen demand (BOD5) was completely
removed in all scenarios. Therefore, this research supported the fact that microalgae
provide enough oxygen for the bacterial degradation of polyphenols.

The previously described photobioreactor was implemented at full-scale [78], high-
lighting the success of the technology for removing COD and BOD5 from OWW. Further,
the results of spectrophotometric analysis by Folin–Ciocalteu showed the almost complete
removal of the phenolic compounds, which was related to the microalgae–bacteria consortia
composed of Rhodopseudomonas and Azotobacter bacteria and Sphaeropleales microalgae [78].

5.4. Biofilters

Biofilter technology is one of the most important biological processes that is used for
the removal of organic pollutants. In fact, biofilter technologies are widely employed for
providing drinking water [79]. Biofilters are mostly characterized by the ability to separate
the particulate matter and biomass from the aqueous phase, reducing the natural organic
matter and several compounds. Biofilter performance allows for a reduction in the taste and
odor of water, as well as removing the micropollutants involved in environmental concerns
and human health [80]. Any type of support material that allows biomass immobilization
could be used in biofilters. Nowadays, several materials of both natural (rock, slugs, sand,
anthracite, and granular activated carbon) and artificial (membranes and plastics) origin
are used as carriers [81–83]. However, the ‘classical’ biofilter technology is based on the
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use of filter sand of different particle diameters from a rapid-rate to a slow-rate [84]. In
addition, the biofilter process is very attractive because it significantly reduces the chlorine
demand [79]. Usually, the proliferation of microbiota within an immobilized biofilm
depends on the influent composition, inoculum origin, material support, and operational
conditions. The versatility of this technology makes it difficult to define a universal reactor
design since an effective design requires deep initial knowledge and the characterization of
all the parameters to be considered (inlet water characterization and the required quality).
Current molecular biological techniques have allowed for the promotion of microorganisms
of interest to degrade target pollutants [79].

Although biofilter technology is not so widely used for the treatment of high-polyphenol-
content waters, Huang et al. [49] have tested the treatment of wastewater with high content
of a complex mixture of polyphenols (2,5-diethylphenol, trimethylphenol, ethylphenol,
2-(1-methylpropyl)-phenol, 2-ethyl-6-methylphenol, and 1-ethyl-4-methoxyphenol). The
composition of the influent water was even more complex due to the presence of other
kinds of biorefractory compounds widely found in coking wastewater, which implied
more difficulties for polyphenol removal by biological treatment. The results revealed that
after anaerobic filtration treatment, the phenols were quite degraded, and the achieved
removal rates were 92.31% for p-diphenol and 53% for 2,5-diethylphenol. Additionally,
the chromatography analyses showed that new compounds (such as dihydroxybenzene
and cyclohexanone) were produced during the bioprocess, indicating the presence of in-
termediate molecules or simple compounds obtained from the full or partial degradation
of the polyphenols. The different heights along the biofilter generated a gradient of pollu-
tants, subproducts, and oxygen conditions that affected the microbial community structure
responsible for the biotransformation and biodegradation processes [49,82].

5.5. Various Treatments Combined with Biofilters
5.5.1. Conventional Activated Sludge Coupled with an Immobilized Biological Filter

As mentioned before, CAS technology is the most implemented biological technology
for treating urban wastewater [85]. CAS includes an aeration chamber and a secondary
clarifier; in the first chamber, the raw wastewater is mixed with the floc microorganisms,
where the aerobic niche promotes the fast degradation of organic matter. Then, the water is
transported to the secondary clarifier, where the floc-forming bacteria and the particulate
matter are settled in order to provide a clear effluent. However, CAS efficiency for the
removal of suspended particulate matter in the secondary settler is quite limited; thus, the
coupling of CAS with a subsequent biofilter could improve the retention of the suspended
solids and the solid-water phase separation. Additionally, the water streamflow through
the reactor allows for the removal of other substances due to the development of different
niches along the biofilm that is colonized by microbial communities with different metabolic
competencies. The secretion of sticky and negatively charged extracellular polymeric
substances by the bacterial biofilm makes it more resistant to toxic compounds; in addition,
the biofilm promotes the mass transport and substrate conversion from the external to
internal layers [86,87]. Thus, the toxic effect of polyphenolic compounds could be weakened
along the depth/height of the immobilized biofilm, and the single cells are not directly
affected, as they are embedded in a polysaccharide membrane that protects them. The
implementation of conventional biological processes coupled with biofilter technology
has been deeply studied for treating industrial wastewater with high-volatile organic
compound content, harmful gases, and numerous toxic compounds to avoid the severe
contamination produced by these industries [88]. Some microorganisms that form the
attached biomass were able to convert target pollutants into intermediate or final products
with low or absent harmfulness.

Tong et al. [89] described a pilot-scale CAS process coupled with an immobilized
aerated biofilter designed for treating wastewater characterized by a large number of
recalcitrant compounds that are generated during the oil extraction process. The carrier
employed for the biofiltration process was the polycin urepan, which was designed with
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micro- and macropores to immobilize a wide spectrum of microorganisms of several sizes.
The treatment train consisted of a CAS system followed by a settling tank; then, the water
streamflow was passed through an immobilized biological aerated filter (I-BAF). The
composition of the oil wastewater was very complex due to the low organic substrate
concentration, the high presence of refractory organic compounds, and a low C:N:P ratio
(which was 100:6:0.007, whereas it should be close to 100:5:1 to achieve good performance).
Phenolic compounds were the most prominent group (with 15 kinds/species), accounting
for ca. 31.5% of the load influent. The results revealed that CAS technology was able to
remove all phenolic compounds without the need to pass through an I-BAF. The bacteria
consortia identified in the activated sludge were more diverse than those on the biofilm
of the I-BAF. Tong et al. [89] highlighted the role of Pseudomonas sp., Planococcus sp., and
Bacillus spp. in phenolic compound removal; their role in polyphenol degradation in
various natural and engineering environments has been studied in-depth [90–92].

5.5.2. Expanded Granular Sludge Bed Coupled with Biofilter

Expanded granular sludge bed (EGSB) technology is considered to represent the third
generation of anaerobic reactor technologies. This process is characterized by the expan-
sion of granular sludge and the promotion of the mass transfer between pollutants and
microbiota by the high recirculation rate and a high height/diameter ratio (≥20) [93]. Some
authors combined the EGSB with biofilters for the treatment of recalcitrant compounds
because the fixed biofilm promotes syntrophic mechanisms and resists and degrades
polyphenols and their intermediates of degradation [93,94]. Several strategies for an EGSB
coupled with biofilters have been tested. For instance, Wang et al. [93] implemented an
aerobic biofiltration system to minimize the surface needed for the implementation of the
treatment, but the exploitation cost increased due to the requirement of air insufflation.
Rintala and Puhakka [95] reported the effectiveness of the EGSB coupled with an aerobic
biofilter for chlorophenols degradation, demonstrating that the molecules are anaerobically
attacked and dechlorinated, allowing for their mineralization in the subsequent aerobic
biotreatment step. However, Collins et al. [94] highlighted the economical disadvantages
related to this system (operations carried out under aerobic and mesophilic conditions).
Therefore, these authors operated the EGSB combined with an anaerobic biofilter (ABF) at
lower temperatures (15 ◦C). This system had a long start-up period, but once the steady–
state was achieved, no trichlorophenols or 2,4 dichlorophenols were found in the effluent,
evidencing the successful dehalogenation and a split reductive dichlorination pathway.
In the subsequent scenarios, Collins et al. [94] added a higher polyphenol concentration
to the influent, and they observed a similar trend. The HPLC results revealed the ab-
sence of the phenols and the presence of unidentified compounds possibly correlated with
4-hydroxybenzoic acid or other intermediate degradation products [96].

5.5.3. Membrane Bioreactor Technology

Membrane bioreactor (MBR) technology combines the activated sludge process with a
membrane to separate the solid-liquid phases, avoiding the need for a secondary settler [97].
The configuration of the MBR has been developed and optimized in order to increase
performance and removal efficiency. Depending on the required quality of the effluent, the
employed membrane can be of nanofiltration, microfiltration, or ultrafiltration [98]. In the
‘classical’ MBR design, the configuration can generally have a submerged or side-stream
membrane using external recirculation. Currently, novel changes have been implemented in
the classical MBR designs to adhere to more restrictive legislation [99–101]. There are several
ways to remove the phenolic compounds contained in wastewater by diverse membrane
bioreactor configurations [11], including the moving-bed bioreactor (MBBR) [100,102], the
anaerobic–anoxic–oxic (A2O) membrane reactor [25], the two-phase partitioning membrane
bioreactor [101], or the few novel designs with photocatalysis, using material coupled to
the MBBR [103].
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During the last two decades, the interest aroused by membrane technologies led to the
development of many novel configurations optimized for obtaining maximum polyphenol
removal yields. Hosseini et al. [102] used the MBBR for treating phenolic compounds at
concentrations in the range 200–800 mg·L−1, with HRT from 8 to 24 h. The results suggested
that, regardless of the HRT, the ratio of phenolic COD:total COD should be close to 0.6 to
achieve successful removal. The authors emphasized that MBBR technology was able to
remove 480 mg·L−1 phenol COD in short cycles (8–12 h), and the biomass exhibited low
sensitivity against toxic load [102]. On the contrary, the A2O MBR system used to treat
coal gasification wastewater had strong and negative effects caused by changes in HRT.
The water inlet had high phenolic (1000 to 1600 mg·L−1) and COD (2000 to 4200 mg·L−1)
concentrations. The real origin of the wastewater made the composition highly variable,
with poor biodegradability due to the presence of refractory compounds [25]. Even so, the
technology was able to remove almost all COD and ammonium (97% and 92%, respec-
tively), as well as the total phenolic compounds (from the initial concentration of 776 to
2.32 mg·L−1). The authors described that the refractory compounds were converted into
biodegradable substances in the anaerobic chamber and, subsequently, microbial activity
notably reduced the compound toxicity in the anoxic and oxic chambers. In this case, if it
was mandatory to meet a requirement for nitrogen discharges into water bodies; A2O MBR
could be an optimal option for such implementations.

More recent advances have been achieved by combining the membrane bioreactors
with other technologies. Mancuso et al. [103] coupled a TiO2-based-photocatalyst that
was doped with Fe and/or Cr with an MBBR. They emphasized the difficulties arising
from OMWW treatment using only MBR technology due to the short membrane lifetimes,
biofouling clogging, and high operational costs [99,104]. Therefore, they proposed a pre-
liminary photocatalysis treatment driven by solar UV in presence of a TiO2 semiconductor
and metal elements to save energy and solve the limitations given by the energy required
for the operation. The results highlighted high polyphenol removal efficiency (close to
97%), as well as a notable increase in the biodegradability of these compounds in the
presence of H2O2 and the consequent improvement in the capability of treating larger
wastewater flows.

Most of the industries related to chemical and agrifood factories produce effluents
with high levels of salinity (representing 5% of the total industrial wastewater production),
which directly affects biological processes due to osmotic pressure damaging the cells. Few
studies have investigated the impact of salinity fluctuations on various aerobic processes
in membrane technologies [105]. Muñoz Sierra et al. [46,106] particularized the lack of
knowledge about the anaerobic MBR treatment of wastewaters with high polyphenols
content and variable salinity. The research demonstrated an efficiency of 86–98% in terms
of total phenolic compound removal in the presence of 18–37 gNa+.L−1. At these salinity
concentrations, the biomass showed robustness and resilience against adverse conditions,
but at higher concentrations, methanogenic activity and cell membrane integrity were
compromised. Besides, an extractive membrane bioreactor (EMB) was implemented to
treat landfill leachate effluent with a high phenolic concentration (150–200 mg·L−1 [107].
The technology was able to reduce the phenolic fraction by ~98%; in addition, the HPLC
analysis corroborated the absence of polyphenols and intermediate metabolites [107].

5.6. Microbial Bio-electrochemical Technology

Microbial bio-electrochemical technology (MET) is a growing biotechnological tool that
combines electrochemistry, material science, and microbiology with the aim of generating
energy [108].

The most used configuration of MET is the microbial fuel cell (MFC) technology based
on converting the chemical energy of microbial metabolism into electricity during water
treatment [109]. The process consists of an anode chamber and a cathode chamber separated
by a proton exchange membrane or a salt bridge [110]. In the anode, microorganisms
oxidize the substrates and produce electrons and protons. The protons are conducted to the
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cathode through the exchange membrane, and the electrons are transported to the external
circuit [110]. The membrane prevents the transfer of bacteria from the anode to the cathode
and limits oxygen diffusion in the opposite direction [111]. Although the MFC is the
most well-known design in METs, currently, the optimization and development of METs,
combining catalytic redox activity with different abiotic electrochemical parameters and
physic conditions, is in continuous expansion [112,113]. The versatility of the designs and
the operational conditions, the consumption of several biodegradable substrates, and the
production of energy make this technology one of the greenest for water treatment [114].

Friman et al. [115] implemented a bio-electrochemical cell technology to degrade
phenols, operating similarly to MFCs, but with a constant external voltage applied be-
tween the electrodes. The phenol removal rate was ~80%, and the authors observed that
it was not proportional to the time of contact between the pollutants and biomass, but
higher biomass concentration was supposed to increase phenol removal efficiency. Hed-
bavna et al. [116] described how phenolic compounds found in the groundwater (caused by
refinery industry lixiviate) could serve as electron donors for voltage production, while the
microorganisms found in the anode could be electron acceptors. The MFC systems were
tested using phenolic compounds and acetate as electron donors, with closed and open cir-
cuits, and the results were similar for both the MFCs, with a polyphenolic reduction > 86%
(from 1440 to >200 μM). During the initial phase, 4-hydroxy-3-methylbenzoic acid and
4-hydroxybezoic acid (two metabolites of phenols) were detected at high concentrations
in the anode chamber (108 μM and 104 μM, respectively). However, after stabilization,
the values began to gradually decrease, indicating an increment in intermediate metabo-
lite degradation.

The phenols were able to relatively inhibit electricity production (35–65%), but the
robustness of the technology demonstrated high degradation rates for phenolic compounds
such as 4- hydroxibezoic, syring, and vanillic acids, and their intermediate metabolites
(despite the inherent toxicity of polyphenols) [117]. Li et al. [117] reported that the absence
of additional electron donors improved the removal efficiency of phenolic compounds,
as the microbiota was driven to use them as carbon sources. The research demonstrated
that the removal of the phenolic compounds was driven by the degradation process rather
than the adsorption process and that the microorganisms used intermediate metabolites for
energy production and voltage generation instead of the parent phenolic compounds [117].
Li et al. [117] established that the fermentative process was not inhibited by high concentra-
tions of phenolic acids; in addition, the main biotransformation of syringic acids gave rise
to 3,4-dihydroxy-5-methoxybenzoic acid, which was subsequently converted into gallic
acid and pyrogallic acid [118].

6. Microorganisms and Their Products Involved in Phenolic Biodegradation

Microorganisms are responsible for the suitable performance of all biological tech-
nologies described previously. A high number of microorganisms are able to degrade
polyphenols in aquatic environments, including bacteria, fungi, and protozoa. Efficient
biodegradation could be carried out by a single species [119,120] or microbial consor-
tia [24,77]. During the design of a bioprocess, the selection of microorganisms or microbial
consortia according to the nature of the water and the target pollutants is essential. The abil-
ity to achieve high performance will depend on the contaminant nature and the metabolic
possibilities of the biomass in the bioreactor [91]. However, some drawbacks are found in
urban or industrial wastewater, given the complexity of the matrices. Therefore, the micro-
bial consortia employed as inoculum are generally selected by the technology configuration
and influent composition since some microorganisms have competitive advantages in con-
suming, digesting, or degrading compounds under different abiotic and biotic parameters.

Given that phenol is widespread, some microorganisms have developed metabolic
pathways for using it as carbon and/or energy source in several environments [1]. Un-
doubtedly, some microbial groups are more resistant to phenolic compounds. The microor-
ganisms that are able to degrade polyphenols have been recognized in both the Bacteria
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and Eukarya domains. Among the best-known microorganisms that can successfully carry
out phenol biodegradation, there are bacteria such as Bacillus, Pseudomonas, Flavobacterium,
and Alcaligenes, as well as fungal representatives, such as Trichosporon, Aspergillus, Trametes,
and the yeast Candida tropicalis [24,121].

Aerobic bacteria transform phenol into nontoxic intermediate compounds that en-
ter into the tricarboxylic acid cycle through ortho- or meta-pathways of degradation
(Figure 3) [12]. In both pathways, phenol is firstly converted into catechol by the monohy-
droxylation of the C6 ring at the o-position, which is catalyzed by phenol hydroxylase [91].
Phenol hydroxylase catalyzes the attachment of a hydroxyl group at the ortho-position of
the aromatic ring, and then phenol is converted into catechol. This reaction is carried out
by NADP-dependent flavin mono-oxygenase enzyme [12]. All mono-oxygenases include
one atom of molecular oxygen in the corresponding substrate, while the other oxygen
atom is reduced to H2O by a hydrogen donor, which is different for each enzyme. In
addition to the hydroxylation of phenol, which is the preferred substrate of the phenol
hydroxylase, this enzyme can catalyze the hydroxylation of hydroxyl-, amino-, halogen-, or
methyl-substituted phenols [12]. Chlorophenol and (choloromethyl) phenol hydroxylases
are employed to convert the substrates into chlorinated catechols or chloromethylcatechols,
which play a key role in ortho- or meta-pathways. Phenol hydroxylase also catalyzes
the conversion of alkylphenols into alkylcatechols. The aromatic ring of catechol is fur-
ther opened by catechol 1,2-dioxygenase, leading to the formation of succinyl-CoA and
acetyl CoA, or by catechol 2,3-dioxygenase, leading to the formation of pyruvate and
acetaldehyde. Moreover, long-chain alkylphenols, nitrophenols, chloronitrophenols, and
bisphenols require specific peripheral degradation pathways [91]. The bacterial degrada-
tion of nitrophenols can start with mono-oxygenation (a mono-oxygenase catalyzes the
nitro groups elimination as a nitrite ion by adding an oxygen atom), the reduction of the
nitro group (a nitroreductase catalyzes the nitrogen group reduction into amino groups or
hydroxylamine), reductive dehalogenation from halonitrophenol compounds (a reductive
dehalogenase removes the halogen atom, following the oxidative removal of the nitro
group), and dioxygenation (insertion of two hydroxyl groups with the removal of the nitro
group as nitrite ion) [122–124].

 

Figure 3. Aerobic phenol biodegradation pathways. (1) phenol monooxygenase, (2) catechol 1,2-
dioxygenase, (3) muconate lactonizing enzyme, (4) muconolactone isomerase, (5) oxoadipate enol-
lactone hydrolase, (6) oxoadipate succinyl-CoA transferase, (7) catechol 2,3-dioxygenase, (8) hydroxy-
muconic semialdehyde hydrolase, (9) 2-oxopent-4-enoic acid hydrolase, (10) 4-hydroxy-2-oxovalerate
aldolase [125].

Some nitrophenol-degrading bacteria have been isolated by utilizing media enriched
in mononitrophenols, halonitrophenols, or polynitrophenols. Among the isolated strains
were Arthrobacter nitrophenolicus sp. [126], Burkholderia sp. RKJ [127], Pseudomonas sp. [122],
Rhodotorula glutinis [128], Sphingomonas sp. [122], and Paraburkholderia [129].
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In Mediterranean countries, OWW has been widely studied due to its recalcitrant
nature that is related to high polyphenol content. For example, Maza-Marquez et al. [26]
demonstrated that the phenolic pollutants found in an OWW storage basin could be treated
using specific bacterial taxa, such as Firmicutes and Clostridiales. Muñoz-Palazon et al. [24]
observed that the microbial communities in AGS reactors treating high polyphenol concentra-
tions were dominated by Lampropedia, Acinetobacter, Arenimonas, Pseudomonas, and Corynebacterium.

Eukarya microorganisms are widespread in environmental and engineering niches and
play an essential role in the bioremediation field. Many studies have focused on phenolic
compound degradation by fungi due to their ability to use organic pollutants as substrates
for their growth. Some Ascomycota members have been isolated in systems designed for the
treatment of OMWW with polyphenols as the sole carbon source, including Aspergillus niger,
Penicillium sp., Fusarium sp., and Alternaria sp. [59]. The Basidiomycota phylum is the major
fungal group that has members able to degrade toxic compounds due to their rich produc-
tion of tyrosinases, laccases, and peroxidases [130]. Tyrosinases oxidate both monophe-
nols and 1,2-diphenols (catechols) to quinones; laccases of a low-molecular-weight use
1,4-diphenols as substrate, which acts as monophenols and polyphenols; peroxidases are
oxidoreductases that catalyze peroxide reduction and the concomitant oxidation of various
substrates, including phenols [131,132]. These fungal enzymes are widely employed in
industrial processes due to their role in improving organoleptic properties. For this reason,
some authors highlighted the need for improved knowledge about the employment of
wild-type and bioengineered fungi to obtain these enzymes of industrial interest [130,133].

In addition to bacteria and fungi, microalgae have also been recognized for their
high capability to resist toxic compounds due to their extraordinary ability to produce
extracellular laccases that allow for the biodegrading and transforming of aromatic com-
pounds [134,135]. Microalgae can biotransform, mineralize, and remove compounds under
phototrophic or mixotrophic conditions. Some phylotypes, such as Chlorella sp., can remove
polyphenols under light or dark conditions [136,137]; moreover, it has been reported that
Scenedesmus quadricauda and Ankistrodesmus braunii biotransform polyphenols in simpler
compounds [138].

The immense diversity of the metabolic pathways and resistance of prokaryotic and
eukaryotic microorganisms allows for the development of various strategies for biotechno-
logical tools in order to provide a high-quality water effluent. However, further combined
efforts among chemical, engineering, and microbiological areas have to be made to obtain
higher yields via the microorganisms dwelling in engineering systems.

7. Conclusions

The biological treatment field has made immeasurable efforts to improve the feasibility
and efficiency of the best available techniques for treating contaminated waters with high
polyphenol content. From a classical engineering perspective, water treatment has always
been more effective using physical-chemical technologies than biological approaches. How-
ever, this review provides a comprehensive reading on the success of combining biological,
chemical, and engineering aspects to achieve polyphenol removal in water bodies. The
main cause of inefficiency in biological water treatment lies in the lack of knowledge
about (a) the characteristics of the influent, (b) the selection of the best fit technology, and
(c) the optimum operational parameters to promote the biochemical processes. This re-
view emphasizes the important role of microorganisms in these biotechnological processes,
discarding the concept of reactors as ‘black boxes’, which exclusively evaluate the mass
balance. Biotechnological approaches operated in a precise direction might improve the
quality of the treated water in an economically and environmentally sustainable context.

The most decisive parameters for selecting the optimum biological technology for
degrading pollutants and amending contaminated water are reported hereafter:

(a) The concentration and nature of the polyphenols (variability of composition);
(b) The presence of other toxic and recalcitrant compounds in the raw water matrix;
(c) The carbon, nitrogen, and phosphorous concentration;

349



Molecules 2023, 28, 314

(d) The water quality requirements for the treated water;
(e) Logistics: the operational and economic possibilities for its implementation.
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Abstract: In response to stress factors, plants produce a wide range of biologically active substances,
from a group of secondary metabolites, which are applied in medicine and health prophylaxis.
Chitosan is a well-known elicitor affecting secondary metabolism in plants, but its effect on the
phytochemical profile of Plectranthus amboinicus has not been assessed yet. In the present experiment,
the effectiveness of the foliar application of two forms of chitosan (chitosan suspension or chitosan
lactate) was compared in order to evaluate their potential to induce the accumulation of selected
polyphenolic compounds in the aboveground parts of P. amboinicus. It was shown that chitosan lactate
had substantially higher elicitation efficiency, as the use of this form exerted a beneficial effect on
the analysed quality parameters of the raw material, especially the content of selected polyphenolic
compounds (total content of polyphenols, flavonols, anthocyanins, and caffeic acid derivatives) and
the free radical-scavenging activity of extracts from elicited plants. Concurrently, it had no phytotoxic
effects. Hence, chitosan lactate-based elicitation can be an effective method for optimisation of the
production of high-quality P. amboinicus raw material characterised by an increased concentration of
health-promoting and antioxidant compounds.

Keywords: chitosan; Indian borage; phenolic compounds; biotic elicitor; secondary metabolites

1. Introduction

The current trends in the promotion of a healthy lifestyle and the simultaneous increase
in the prevalence of lifestyle diseases have contributed to the growing interest of many
industries in both high-quality herbal raw materials and the contents of health-enhancing
substances in plants, especially those with antioxidant properties [1]. Those plant chemical
compounds have the ability to protect the body against the harmful effects of oxidative
stress and prevent the risk of different cardiovascular, metabolic, and degenerative diseases,
cancers, or premature aging [2,3]. For this reason, it is important not only to search
for solutions to stimulate the production of desired secondary metabolites but also to
investigate the chemical composition and properties of plant species that have not been
used on a larger scale so far [3].

One of the effective methods for enhancement of the phytoaccumulation of bioactive
compounds and thus improvement of the quality of raw materials involves elicitation
with various types of substances and factors used as the so-called elicitors of plant defence
reactions [4]. As indicated in current literature reports, elicitors stimulate receptors on
the surface of the cytoplasmic membrane and activate a number of plant defence mecha-
nisms, leading to the stimulation of secondary metabolism pathways and production of
compounds that contribute to plant survival in stress conditions [5,6]. An increasingly fre-
quently used biotic elicitor is chitosan, which can potentially be applied for the optimisation
of plant production due to its natural origin, favourable physicochemical properties, and
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high biological activity, with the most important antioxidant and antimicrobial effects, as
well as the regulation of plant growth, development, and resistance. Chitosan is a polysac-
charide biopolymer derived from the partial deacetylation of chitin, obtained most often
from marine-processing waste and from insect exoskeletons and fungal cell walls [7–9].
Additionally, an important issue in the context of elicitation is that the use of chitosan helps
to improve the yield of many phytochemical antioxidant compounds, e.g., substances from
the group of polyphenols, terpenoids, naphthoquinones, and alkaloids [7,10].

Polyphenolic compounds constitute a large group of secondary metabolites com-
prising over 8000 substances, with phenolic acids, flavonoids, isoflavonoids, stilbenes,
and lignans as the most important compounds. In plants, these substances perform
important protective functions against unfavourable biotic and abiotic environmental
factors [11–13]. However, most polyphenols also exert a beneficial effect on the human
organism through their antioxidant, anti-inflammatory, antiviral, anti-proliferative, hep-
atoprotective, nephroprotective, antidepressant, immunomodulatory, and anticancer ac-
tivity. They can be effective e.g., in the treatment of cardiovascular diseases, skin diseases,
diabetes, cancer, and neurodegenerative diseases, especially for the prophylaxis and treat-
ment of Alzheimer’s disease [11,14–17]. Additionally, polyphenols can modulate energy
metabolism, thereby exerting a positive effect on general well-being, delaying the ag-
ing process, and reducing the risk of age-related diseases [18]. These compounds play
a significant role not only for plants that produce them, but also for people who use
their health-beneficial properties. The importance of polyphenols and their connection
with plant stress responses and secondary resistance in animals is often emphasised in
the literature as xenohormesis hypothesis. It assumes that some plant chemical com-
pounds are able to allow heterotrophs to adapt to changing environmental conditions
by inducing biological responses. Therefore, xenohormesis is in fact the final pharmaco-
logical effect initiated by plant adaptation [19–21]. Given the wide spectrum of activity
and the high abundance of this group of compounds in the chemical composition of
Plectranthus amboinicus (Lour.) plants, the phytochemical analyses performed in this study
focused on the effect of two forms of chitosan (chitosan suspension or chitosan lactate) on
the total content of polyphenolic compounds and the level of some representatives of this
group, i.e., flavonoids, anthocyanins, and caffeic acid derivatives.

P. amboinicus (some common names include Indian borage, Mexican mint, Cuban
oregano, French thyme, Spanish thyme) is a perennial plant from the family Lamiaceae.
The leaf raw material of this species is most often used for medicinal purposes, as it contains
more than 100 substances with health-promoting properties: phenolic acids (rosmarinic
acid, chlorogenic acid, caffeic acid, hydroxycinnamic acid, p-coumaric acid), flavonoids
(quercetin, luteolin, apigenin, genquanine), carotenoids, steroidal glycosides, alkaloids,
saponins, tannins, and phytosterols. This species also provides raw material for the
extraction of essential oil, for which the chemical composition comprises germacrene,
β-caryophyllene, carvacrol, thymol, camphene, zingiberene, chavicol, nerol, linalool, δ-
cadinene, p-cymene, α-humulene, γ -terpinene, α-terpineol, and β-selinene. The presence
of these compounds determines the wide spectrum of activity and application of fresh
P. amboinicus leaves, as well as oils and extracts [22–27].

In folk medicine, formulations made from P. amboinicus leaves are used in the treat-
ment of various ailments, e.g., cough, nasal congestion, oral diseases, colic, indigestion,
hepatopathy, headaches, fever, convulsions, epilepsy, nephrolithiasis, gallstones, or rheuma-
tism. Fresh leaves of this plant are also collected to prepare remedies for external use to
soothe burns or insect and arachnid bites and to treat skin inflammation, hard-to-heal
wounds, and urinary infections. Moreover, due to its high content of minerals (iron,
calcium, potassium, magnesium, zinc), this plant can be consumed as a food with pro-
health properties or in combination with probiotic products to restore the normal intesti-
nal microflora [22,24,26–28]. The long-term use of this species in natural medicine in
many countries is supported by numerous scientific studies reporting strong antibacterial,
fungistatic, fungicidal, anthelmintic, diuretic, antioxidant, antimutagenic, and anticancer
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properties of this plant species [23–25,28]. Additionally, aqueous P. amboinicus extracts
exert anti-inflammatory and analgesic effects [29], and ethanol extracts have anxiolytic and
antiepileptic properties [30]. It has also been found that essential oil extracted from this
species may potentially be used as a natural repellent or an agent for the control of mosquito
populations [31]. However, due to the high variability of its chemical composition, further
research on the biological activity and potential applications of this species is required [26].

Given the information presented above and the lack of literature reports on the po-
tential use of chitosan for stimulation of the biosynthesis of secondary metabolites in
P. amboinicus, the present study was carried out to compare the effectiveness of the appli-
cation of a chitosan suspension and a chitosan lactate solution (differing in solubility and
deacetylation degree) in the elicitation of selected phenolic compounds in the aboveground
parts of this species. The hypothesis that the two forms of chitosan vary in their eliciting
effects and differently influence the accumulation of phenolic compounds in P. amboinicus
was tested. This study, for the first time, provides insight into the effect of the foliar appli-
cation of chitosan on the basic physiology and chemical composition of this interesting and
pharmaceutically important species.

2. Results

2.1. Content of Polyphenolic Compounds and Antioxidant Activity after Application of Chitosan

The total content of polyphenolic compounds in the extracts from P. amboinicus leaves
and stems was found to depend on the form of chitosan. Only the CHL foliar application
caused a significant increase in the concentration of this group of compounds in the leaves
(by 43% compared to that in the control) (Figure 1a). In comparison with the control plants,
the leaves of the CHT- or CHL-treated plants showed an increase in the level of flavonols (by
8% and 11%, respectively) and anthocyanins (by 30% and 51%, respectively) (Figure 1b,c).
In contrast, the level of anthocyanins in the stems declined after the application of both
chitosan forms (Figure 1c). The application of chitosan did not influence the total content
of phenolic compounds and flavonols in the stems (Figure 1a,b). Additionally, the extracts
from the CHL-treated P. amboinicus leaves exhibited an increased ability to reduce DPPH
radicals. However, the application of the CHT solution resulted in a decrease in the free
radical-scavenging activity (FRSA) of the stems, compared to that in the control (Figure 1d).

Given the general content of phenolic compounds and flavonols, as well as the varied
response of leaf and stem tissues to chitosan application, only the P. amboinicus leaf extracts
were subjected to further detailed analyses. All extracts had a similar qualitative profile of
polyphenols, and sixteen components were identified based on mass data [m/z-H] and
UV-Vis spectra obtained in the range of 200–400 nm (Table 1; Figure 2). The mass data and
chromatographic parameters were compared with available standards, or the components
were tentatively identified based on literature. No peaks from the new compounds were ob-
served under the influence of CHT or CHL. The caffeic acid derivatives were predominant
(Figure 2), and therefore, they were determined quantitatively.

The effect of the chitosan application on the concentration of individual caffeic acid
derivatives is shown in Figure 3. Among the analysed compounds, the highest concen-
trations were determined in the case of rosmarinic acid, for which the level additionally
increased significantly after the application of CHL (by 55% versus the control plants)
but not CHT. Similarly, rosmarinic acid glucoside constituted a significant fraction of the
phenolic metabolites present in the P. amboinicus leaves; however, its accumulation did not
increase after the application of CHL but was even reduced by the CHT treatment. After the
application of CHL, the level of chlorogenic and neochlorogenic acids increased by 42% and
37%, respectively, compared to that of the control. The CHT spraying treatment resulted in
a 16% increase in the neochlorogenic acid level as well. The concentration of caffeoylglucose
I and caffeoylglucose III increased after treatments with both forms of chitosan, whereas
an increase in the caffeoylglucose II level was only observed after the application of CHL.
In addition, the level of some metabolites (rosmarinic acid glucoside, salvianolic acid B)
was found to decline with the CHT treatment. In general, the accumulation of most of the
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analysed compounds increased in plants treated with the chitosan foliar application, and
CHL turned out to be a much more effective inducer of the biosynthesis and accumulation
of these compounds than CHT (Figure 3).

Figure 1. Total content of phenolics (a), flavonols (b), and anthocyanins as cyanidin 3-glycoside,
C3G (c) and free radical scavenging activity (d) of P. amboinicus leaf and stem extracts, depending
on the form of chitosan in the solution used for spraying the plants (CHT—chitosan suspension;
CHL—chitosan lactate). Mean values (±standard deviation; n = 3) marked with different letters were
statistically significantly different (p < 0.05). The absence of a letter designation means the absence of
statistically significant differences.

Table 1. MS data of components identified in the P. amboinicus leaf samples in negative ionisation mode.

Peak RT [min] [M − H]−(Fragments) Δppm Formula Identified References

1 1.54 191.05648 1.92 C7H12O6 Quinic acid Standard

2 6.64 315.07341 (153) 3.97 C13H16O9
Dihydroxybenzoic

acid hexoside [32]

3 7.89 153.01942 0.57 C7H6O4
Dihydroxybenzoic

acid [33]

4 10.28 353.08901
(191, 179, 135) 3.40 C16H18O9 Neochlorogenic acid Standard

5 10.99 341.08831
(179, 135, 221) 1.47 C15H18O9 Caffeoylglucose I [33]

6 11.32 297.06176
(179, 135, 117) 0.59 C13H14O8

Caffeic acid
derivative I [34]
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Table 1. Cont.

Peak RT [min] [M − H]−(Fragments) Δppm Formula Identified References

7 12.37 297.06282
(179, 135, 117) 4.12 C13H14O8

Caffeic acid
derivative II [34]

8 13.00 341.08791
(179, 135, 221) 0.30 C15H18O9 Caffeoylglucose II [33]

9 14.60 341.08911 (179, 135, 221) 3.81 C15H18O9 Caffeoylglucose III [33]

10 15.43 353.08921
(191, 179, 135) 3.97 C16H18O9 Chlorogenic acid Standard

11 16.05 179.03556 3.21 C9H8O4 Caffeic acid Standard

12 17.66 297.06259
(179, 135, 117) 3.35 C13H14O8

Caffeic acid
derivative III [34]

13 32.49 521.13221
(359, 341, 179) 4.11 C24H26O13

Rosmarinic acid
glucoside [33]

14 38.52 359.07791 (179, 161) 1.86 C18H16O8 Rosmarinic acid Standard
[33]

15 46.41 717.14781 (519, 321, 339) 2.37 C36H30O16 Salvianolic acid B [33,35]

16 49.43 503.08523 (285, 443) 4.20 C23H20O13
Luteolin 30-(4”-

acetylglucuronide) [33]

Caffeoylglucose and caffeic acid derivatives were quantified using a calibration curve for caffeic acid.

Figure 2. Chromatogram of P. amboinicus leaf extract with peaks identified via UHPLC-MS.
(1) quinic acid; (2) dihydroxybenzoic acid hexoside; (3) dihydroxybenzoic acid; (4) neochlorogenic
acid; (5) caffeoylglucose I; (6) caffeic acid derivative I; (7) caffeic acid derivative II; (8) caffeoylglu-
cose II; (9) caffeoylglucose III; (10) chlorogenic acid; (11) caffeic acid; (12) caffeic acid derivative
III; (13) rosmarinic acid glucoside; (14) rosmarinic acid; (15) salvianolic acid B; (16) luteolin 30-(4”-
acetylglucuronide).
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Figure 3. Content of selected phenolic compounds in P. amboinicus leaf extracts, depending on
the form of chitosan used in the solutions for spraying the plants (CHT—chitosan suspension;
CHL—chitosan lactate). Mean values (±standard deviation; n = 3) marked with different letters were
statistically significantly different (p < 0.05).
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2.2. Principle Component Analysis

The PCA of the accumulation of secondary metabolites and antioxidant capacity of
the tested P. amboinicus leaves clearly grouped the samples into three groups according to
the chitosan treatment (Figure 4). The first and second factors explained almost 84% of
total variability; however, the first component defined 71% of total variability and showed
negative loading by all evaluated variables. This component facilitated separation of
the CHL samples from the control and partially from the CHT individuals. In turn, the
second component explained approx. 14% of the total variance and was mostly positively
correlated with salvianolic acid B and rosmarinic acid glucoside, but negatively correlated
with TFC and caffeoylglucose I. The second component was responsible for separation of
the control from the CHT individuals.

Figure 4. Scaled scatter plot of the principal component analysis (PCA) of selected sec-
ondary metabolites and antioxidant capacity (ANTH—anthocyanins; CHT—chitosan suspension,
CHL—chitosan lactate, DPPH—antioxidant capacity, TPC—total phenolic content; TFC—total
flavonol content). The length of the lines expresses the correlation between the original data and the
factor axes.
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2.3. Dry Weight of Aboveground Parts and Selected Parameters of Chlorophyll a Fluorescence after
Application of Chitosan

The results indicated slight differences in the effect of both forms of chitosan on the
dry weight of P. amboinicus organs. The dry weight of the stems was higher (by 15%)
compared to that of the control plants only with the CHL treatment. No such relationship
was observed for the leaves (Figure 5a).

Figure 5. Dry matter yield of the aboveground parts (a) and selected chlorophyll a fluorescence
indices (b) in P. amboinicus leaves, depending on the chitosan form in the solution used for spraying
the plants (CHT—chitosan suspension; CHL—chitosan lactate). Mean values (±standard deviation;
n(A) = 3, n(B) = 10) marked with different letters were statistically significantly different (p < 0.05). The
absence of letter designation means the absence of statistically significant differences.

The analysis of the results of the measurement of selected chlorophyll a fluorescence
indices (minimum fluorescence—F0, maximum fluorescence—Fm, and the ratio of variable
to minimum fluorescence—Fv/Fm) in the P. amboinicus leaves showed no significant
differences in the effect of chitosan on the photosynthetic apparatus functioning in the
plants (Figure 5b). No visual signs of phytotoxicity of the compound were observed either.

3. Discussion

The progressive development of lifestyle diseases and the growing demand of phar-
maceutical, food, and cosmetic industries for high-quality raw materials of plant origin
have encouraged research aimed at the optimisation of plant production and analysis of
bioactive compounds contained in less-common plant species. Elicitation, which involves
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plant defence reactions enhancing the biosynthesis and accumulation of secondary metabo-
lites, is one of the tools used for improvements of the quality of raw materials. Chitosan is
increasingly being used as a biotic elicitor in plant production. The object of the present
study was P. amboinicus, which is highly valued in Indian, African, and Asian medicine due
to its numerous pharmacological properties associated with the relatively high content of
polyphenols [26]. The aim of the present study was to compare the effectiveness of the use
of a chitosan suspension and chitosan lactate in the elicitation of this group of compounds
in the studied species. The elicitor exhibits high biological activity, biodegradability, and
non-toxicity [9], which is in line with the current environment protection trends. Moreover,
the presence of the primary amino group in the chitosan molecule allows for a wide range
of chemical modifications changing its solubility, charge, chelating activities, and thus
biological properties [36].

In our experiment, we investigated the effect of the CHT and CHL solutions on plant
growth and the function of the photosynthetic apparatus in P. amboinicus. The analysed
parameters (biomass, chlorophyll a fluorescence) did not indicate a negative impact of
both chitosan forms on plant growth and photosynthesis efficiency. Similarly, our previous
study showed that foliar applications of CHL (100 mg/L or 500 mg/L) did not have a
significant effect on the photosynthesis in Ocimum basilicum or slightly stimulated this
process in Melissa officinalis [37]. Other studies not only confirmed the absence of phytotoxic
effects but also indicated a beneficial effect of chitosan on photosynthesis effectiveness. As
demonstrated in an experiment conducted by Xu and Mou [38], the application of moderate
concentrations of chitosan (0.2% or 0.3%) to the soil improved photosynthesis parameters
in lettuce. In turn, Khan et al. [39] reported an improvement in the net photosynthesis
efficiency in corn and soybean leaves several days after the application of chitosan. Chitosan
nanoparticles (10 ppm) were also found to increase the intensity of photosynthesis in
Coffea canephora in greenhouse conditions [40].

Polyphenolic compounds are a large group of secondary metabolites with documented
health-promoting properties. Given the wide spectrum of activity and the high abundance
of this group of compounds in the chemical composition of Plectranthus amboinicus (Lour.)
plants, our phytochemical analyses focused on the impact of both chitosan forms on the
total polyphenol content and the level of some compounds from this group. The efficacy of
elicitation was found to be largely dependent not only on the chitosan form and solubility
but also on the plant organ. The foliar application of the CHL solution resulted in an
increase in the total concentration of phenolic compounds (by 43% versus that in the
control) in the P. amboinicus leaf extracts. Both chitosan forms were characterised by similar
effectiveness in the induction of the accumulation of soluble flavonols in the leaves, whereas
CHL increased the anthocyanin concentration more potently than CHT.

The concentration of caffeic acid derivatives in P. amboinicus leaves depended on the
chitosan form applied. The treatment with CHL induced a significant 55%, 42%, and
37% increase in the concentration of rosmarinic, chlorogenic, and neochlorogenic acids in
the leaves, respectively, relative to that in the control. In turn, the CHT foliar treatment
caused a significant increase only in the concentration of neochlorogenic acid, whereas both
forms of chitosan led to an increase in the level of caffeoylglucose I and caffeoylglucose III.
Other studies reported the effectiveness of chitosan in the stimulation of the biosynthesis
of both total polyphenols and individual compounds from this group present in herbal
plants. For example, the application of 50 ppm or 200 ppm of chitosan increased the total
content of phenolic compounds by 38% and 29%, respectively, in Origanum vulgare ssp.
hirtum [41]. Similar results were obtained in experiments on Ocimum basilicum and
Melissa officinalis treated with CHL solutions at concentrations of 100 mg/L or 500 mg/L [37].
The study showed that single spraying with a solution containing a lower CHL amount
increased the concentration of rosmarinic acid in the analysed species most effectively.
Moreover, the application of both 100 mg/L and 500 mg/L of CHL increased the total
accumulation of polyphenols and anthocyanins in the lemon balm raw material. A study
conducted by Fooladi Vanda et al. [42] showed the highest increase in the total content of
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phenolic compounds in shoot cultures of lemon balm after treatment with 100 mg/L of
chitosan. However, the induction of rosmarinic acid biosynthesis did not depend on the
chitosan concentration (50, 100, 150 mg/L). The effectiveness of chitosan in the elicitation
of flavonoids was also demonstrated in Isatis tinctoria root hair cultures [43]. Similarly,
studies conducted on herbal plants in greenhouse conditions indicated the effectiveness
of chitosan in the stimulation of the biosynthesis of phenolic compounds and flavonoids
in sage [44] and peppermint [45]. Chitosan was also reported to increase the pro-health
value of fruits, e.g., apricots [46], strawberries [47], or tomatoes [48], via the stimulation
of the biosynthesis of phenolic compounds. The high biological activity of chitosan and
its derivatives in the stimulation of stress responses may be related to the presence of acid
pectins in plant cell walls, as these compounds can bind calcium and form chain dimers.
Cationic chitosan can interact with negatively charged pectin and pectin dimers modifying
their supramolecular arrangement. This in turn alarms the cells of cell wall degradation,
e.g., by pathogens [49], the activation of signal transduction pathways, and the initiation of
a cascade of plant biochemical defence mechanisms associated with e.g., the accumulation
of secondary metabolites. Moreover, chitosan can interfere positively with complex cellular
networks, including cellular signalling, redox homeostasis, and transcription processes,
thereby modifying plant metabolic activities [50].

Taking into account the antioxidant properties of phenolic compounds, the effect of
chitosan on the FRSA of the extracts of P. amboinicus leaves and stems was analysed as well.
The treatment with CHL, but not CHT, increased the FRSA in the leaf extracts. Similarly,
chitosan was reported to increase the antioxidant activity in peppermint [45], basil [51], or
sage [44] raw materials. The increase in the FRSA of extracts is most probably associated
with an increase in the content of polyphenolic compounds, of which the redox properties
play an important role in quenching and neutralising ROS [52].

One of the determinants of the success of the elicitation process is the selection of an
elicitor that will be appropriate for a given plant species, as well as its concentration and
exposure time [53], as the absence of phytotoxic effects is as important as the expected
effectiveness. The present analyses showed that the foliar application of both chitosan
forms had no negative effects on the dry weight of P. amboinicus organs. An exception was
the CHL solution, which induced an increase in the dry weight of the stems.

The results of many studies have confirmed the effectiveness of chitosan as a plant
growth-stimulating substance not only in the production of medicinal and seasoning
raw materials but also in the production of fruits and vegetables. The use of this poly-
mer was shown to have a beneficial effect on the fruit yield in e.g., haskap berries [54],
strawberries [55,56], or soybeans [57]. Moreover, different concentrations of chitosan
oligosaccharides were effective in stimulating the growth of Origanum vulgare ssp. hirtum
in field conditions [34]. Studies carried out on okra demonstrated that the foliar application
of this polymer had a positive effect on the growth and morphological features of this
plant both in field conditions and in pot cultivation [58]. Similar results were obtained
in experiments conducted with the use of chitosan solutions in the cultivation of other
seasoning and medicinal species, i.e., Curcuma longa [59], Sylibum marianum [60], or three
basil cultivars [61].

4. Materials and Methods

4.1. Experimental Design and Conditions

Plectranthus amboinicus (Lour.) seeds (Vilmorin Garden Company, Komorniki, Poland)
were sown into 0.5 L plastic pots (20 seeds in each) filled with a potting mix, sprayed
with water abundantly, and allowed to germinate. The Kronen substrate, intended for
sowing seeds, transplanting seedlings, and rooting plants, was used in the experiment.
The substrate contained a fine fraction of weakly and strongly decomposed high peat
(pH = 6.0–6.8). The seed germination and plant growth were observed in controlled
laboratory conditions, i.e., in an air-conditioned phytotron equipped with fluorescent
lamps with a 14 h photoperiod, a temperature of 27 ◦C during the day and 23 ◦C at night,

366



Molecules 2023, 28, 376

and 60–65% relative humidity. The surface photon flux density in the photosynthetically
active range was 170–200 μmol m−2 s−1 at the level of plant tops.

On day 42 after sowing the seeds, the plants were assigned to three experimental
treatment groups. Two of the groups were sprayed with aqueous solutions containing two
forms of chitosan (traditional chitosan suspension—CHT or chitosan lactate—CHL) at a
concentration of 200 mg/L of CHT and a dose of 10 mL per pot. The control plants received
the same volume of distilled water. The spraying solutions were enriched with a 0.02%
surface tension-reducing agent, Tween® 20 (Sigma-Aldrich, St. Louis, MO, USA). The
volume used for spraying ensured the optimal saturation of the leaves with the solutions.
The chitosan forms were produced from shrimp shells; they differed substantially in their
water solubility. CHL (Heppe Medical Chitosan GmbH; deacetylation degree of 80–95%)
exhibited considerably higher solubility than CHT (Sigma-Aldrich; deacetylation degree
of ≥75%), which formed a suspension. A varied spraying scheme was applied twice
at three-day intervals. In total, 20 mL of chitosan solutions per pot was added to each
experimental series. On day 10 day after the application of the first dose of the solutions,
the dry matter yield of the aboveground parts was determined, the measurements of
chlorophyll a fluorescence were carried out, and phytochemical analyses were performed.

4.2. Methods of Plant Material Analysis
4.2.1. Preparation of Methanol Extracts

The dried plant material was ground in an electric mill. Next, 0.1 g of the raw material
was mixed with 5 mL of an 80% methanol aqueous solution (v/v) and placed in an ultrasonic
bath at room temperature for 30 min. The extracts were then centrifuged (5 min; 6000 rpm).

4.2.2. Determination of Total Soluble Phenolic Compounds

The total content of phenolic compounds in the extracts of P. amboinicus leaves and
stems was determined with the spectrophotometric method [62] using the Folin-Ciocalteau
reagent (Chempur, Piekary Śląskie, Poland). Here, 1.9 mL of distilled water, 1 mL of F-C
reagent, and 100 μL of the extract were pipetted into test tubes. The reaction mixture was
shaken using an ML-962 microshaker (JWElectronics, Warsaw, Poland). After 5 min, 3 mL
of a saturated Na2CO3 solution (POCH, Gliwice, Poland) was added and mixed, and the
mixture was incubated at 40 ◦C. After 30 min, absorbance was measured spectrophotomet-
rically at 756 nm (Cecil CE 9500, Cecil Instruments, Cambridge, UK). The total phenolic
content was read from a standard curve prepared for gallic acid (Sigma-Aldrich, St. Louis,
MO, USA).

4.2.3. Determination of Total Soluble Flavonols

The content of flavonols in the extracts was determined with the simplified Christ-
Müller method [63], which is based on the ability of flavonols to form complexes with
aluminium ions. For this, 450 μL of 80% methanol, 750 μL of 2% AlCl3 (Acros Organics,
Geel, Belgium), and 300 μL of the sample were pipetted into Eppendorf tubes. The mixture
was shaken using an ML-692 microshaker (JWElectronics, Warsaw, Poland) and placed
in a shaded place at room temperature for 30 min. After this time, the absorbance of the
solutions was read at 425 nm (Cecil CE 9500, Cecil Instruments, Cambridge, UK). An
aqueous solution of 80% methanol was the control sample (A0). The concentration of
flavonols was read from the standard curve prepared for rutin (Sigma-Aldrich, St. Louis,
MO, USA).

4.2.4. Determination of Total Soluble Anthocyanins

The content of anthocyanins in the aboveground parts of P. amboinicus was determined
using the spectrophotometric differential pH method [64]. Anthocyanins were extracted
from 0.2 g of the plant material with 7 mL of 80% methanol (v/v) acidified to pH = 2.0 using
an ultrasonic bath (25 ◦C, 30 min.). Next, the extracts were centrifuged (10 min; 6000 rpm).
Two samples of each extract were prepared. Then, 1 mL of the analysed extract was pipetted
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into test tubes; next, 4 mL of buffer with pH = 1.0 was added to one of the samples, and the
other sample was supplemented with 4 mL of buffer with pH = 4.5. Absorbance was read at
520 nm and 700 nm (Cecil CE 9500, Cecil Instruments, Cambridge, UK) using appropriate
buffers as reagent samples. The absorbance of the analysed solutions was calculated with
the following formula:

A = (A520nm pH1.0 − A700nm pH1.0) − (A520nm pH4.5 − A700nm pH4.5)

where:
A—absorbance of the solution at a specific wavelength
The final calculations of the content of anthocyanins in the plant material, expressed in

mg of cyanidin-3-glucoside (C3G) per 100 g DW, were made taking into account the molar
absorption coefficient and the molecular mass of C3G, as well as the sample dilution factor.

4.2.5. Determination of Free Radical-Scavenging Activity with the DPPH Method

The free radical-scavenging activity (FRSA) of the analysed extracts was determined
using the synthetic free radical DPPH (1,1-diphenyl-2-picrylhydrazyl; Sigma-Aldrich, USA).
Here, 2 mL of a methanolic DPPH solution (200 μM) and 50 μL of the extract were pipetted
into spectrophotometric cuvettes. Then, 15 min after the addition of the plant extract, the
extinction was read at a wavelength of 517 nm (Cecil CE 9500, Cecil Instruments, UK). The
DPPH solution supplemented with 50 μL of 80% methanol was the control (A0). The FRSA
of the analysed extracts was calculated using the following formula [65]:

% reduction of DPPH = 100 × (A0 − A15)/A0

where:
A0—absorbance of the control sample
A15—absorbance 15 min after addition of the analysed sample.

4.2.6. UHPLC-MS Analysis

All standards, formic acid, and MS-grade acetonitrile were obtained from Sigma-
Aldrich (St. Louis, MO, USA). The extract was analysed using an ultra-high performance
liquid chromatograph (UHPLC) Infnity Series II coupled with a DAD detector and an
Agilent 6224 ESI/TOF mass detector (Agilent Technologies, Santa Clara, CA, USA) on
an RP18 Titan column (Supelco, Sigma-Aldrich, St. Louis, MO, USA) (10 cm × 2.1 mm,
1.9 μm). The thermostat temperature was 30 ◦C, and the flow rate of the mobile phase
was 0.2 mL/min. Water with 0.05% of formic acid (solvent A) and acetonitrile with
0.05% of formic acid (solvent B) were used as components of the mobile phase. The
gradient elution program was as follows: 0–8 min from 98% A to 93% A (from 2% to 7% B),
8–15 min from 93% A to 88% A (from 7% to 12% B), 15–29 min from 88% A to 85% A (from
12% to 15% B), 29–40 min from 85% A to 80% A (from 15% B to 20% B), and 40–60 min
from 80% A to 65% A (from 20% B to 35% B). Chromatograms were collected from 200 to
400 nm. The ion source operating parameters in the LC–MS analysis were as follows: drying
gas temperature, 325 ◦C; drying gas flow, 8 L min−1; nebuliser pressure, 30 psi; capillary
voltage, 3500 V; and skimmer, 65 V. The voltage on the fragmentator was 180 V. Ions were
acquired in the range from 100 to 1300 m/z. Quantification was based on calibration curves
obtained using methanol standard solutions (Sigma-Aldrich, St. Louis, MO, USA) of the
identified compounds.

4.2.7. Biometric Parameters

To determine the plant dry matter, the aboveground parts were cut off from the roots
at a height of several millimetres above the substrate surface. The dry matter yield was
determined after drying the plant material to a constant weight at 60 ◦C and expressed in
grams per pot.
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4.2.8. Measurement of Selected Parameters of Chlorophyll a Fluorescence

The parameters of chlorophyll a fluorescence were measured using a Handy-PEA
portable fluorimeter (Hansatech Instruments, Pentney, UK). The following chlorophyll a
fluorescence indices were determined: F0—minimum fluorescence, Fm—maximum fluo-
rescence, and Fv/Fm—ratio of variable to maximum fluorescence (Fv = Fm − F0), which
is regarded as the most reliable and non-invasive indicator of the maximum quantum
efficiency of photosystem PSII after dark adaptation [66]. Fragments of leaf blades were
shaded for 15 min using special clips, and then, the measurements were carried out.

4.3. Statistical Analysisok

Statistical processing of numerical data provided by the laboratory analyses was
carried out using Statistica ver. 13.3 (TIBCO Software Inc. 2017, Palo Alto, CA, USA).
One-way analysis of variance (ANOVA) was performed, and Tukey’s post-hoc test was
used to determine the significance of differences between pairs of means at the significance
level α = 0.05.

5. Conclusions

The comparison of the efficiency of elicitation of P. amboinicus with the analysed forms
of chitosan showed higher bioactivity of the CHL solution than that of CHT, which was
probably associated with the substantially better solubility, and thus bioavailability, of
CHL and its higher deacetylation degree. The application of CHL led to a significant
increase in the total content of polyphenols, soluble flavonols, anthocyanins, and most
of the caffeic acid derivatives (including rosmarinic and chlorogenic acids). The changes
in the level of polyphenolic compounds induced by CHT were much less pronounced;
however, this chitosan form caused a significant increase in the content of caffeoylglucose
I and caffeoylglucose III and a decrease in the level of rosmarinic acid glucoside. In
general, despite the tendency to induce polyphenol biosynthesis by CHT, its elicitation
efficiency was significantly lower than that of CHL. The CHL treatment also enhanced
the FRSA of the leaf extracts, whereas the CHT treatment reduced this parameter in
the stem extracts. Therefore, the foliar application of CHL solutions can be a simple,
effective, inexpensive, and eco-friendly approach for optimisation of the production of
P. amboinicus raw material in pots, yielding increased contents of certain health-promoting
and antioxidant polyphenolic compounds. The present results indicate the most relevant
recommendations for the practical use of chitosan as an elicitor in P. amboinicus cultivation
and the production of plant material with increased nutraceutical value.
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54. Poterańska, N.; Mijowska, K.; Ochmian, I. The influence of foliar calcium fertilizers and bio-stimulators on bushes growth, yield
and fruit quality of blue honeysuckle (Lonicera caerulea L.) Czarna cultivar. In Research and Development of Young Scientists in
Poland–Life Sciences; Young Scientists: Szczecin, Poland, 2015; pp. 132–138. (In Polish)

371



Molecules 2023, 28, 376

55. El-Miniawy, S.M.; Ragab, M.E.; Youssef, S.M.; Metwally, A.A. Response of strawberry plants to foliar spraying of chitosan. Res. J.
Agric. Biol. Sci. 2013, 9, 366–372.

56. Rahman, M.; Mukta, J.A.; Sabir, A.A.; Gupta, D.R.; Mohi-Ud-Din, M.; Hasanuzzaman, M.; Miah, M.G.; Rahman, M.; Islam,
M.T. Chitosan biopolymer promotes yield and stimulates accumulation of antioxidants in strawberry fruit. PLoS ONE 2018, 13,
e0203769. [CrossRef] [PubMed]

57. Zeng, D.; Luo, X.; Tu, R. Application of bioactive coatings based on chitosan for soybean seed protection. Int. J. Carbohydr. Chem.
2012, 2012, 104565. [CrossRef]

58. Mondal, M.; Malek, M.; Puteh, A.; Ismail, M.; Ashrafuzzaman, M.; Naher, L. Effect of foliar application of chitosan on growth and
yield in okra. Aust. J. Crop. Sci. 2012, 6, 918–921.

59. Sathiyanarayanan, A.; Sathiyabama, M. Effect of chitosan on growth, yield and curcumin content in turmeric under field condition.
Biocatal. Agric. Biotechnol. 2016, 6, 102–106. [CrossRef]

60. Safikhan, S.; Khoshbakht, K.; Chaichi, M.R.; Amini, A.; Motesharezadeh, B. Role of chitosan on the growth, physiological
parameters and enzymatic activity of milk thistle (Silybum marianum (L.) Gaertn.) in a pot experiment. J. Appl. Res. Med. Aromat.
Plants 2018, 10, 49–58. [CrossRef]

61. Mathew, R.; Sankar, P.D. Effect of methyl jasmonate and chitosan on growth characteristics of Ocimum basilicum L., Ocimum
sanctum L. and Ocimum gratissimum L. cell suspension cultures. Afr. J. Biotechnol. 2012, 11, 4759–4766. [CrossRef]

62. Wang, C.; Lu, J.; Zhang, S.; Wang, P.; Hou, J.; Qian, J. Effects of Pb stress on nutrient uptake and secondary metabolism in
submerged macrophyte Vallisneria natans. Ecotoxicol. Environ. Saf. 2011, 74, 1297–1303. [CrossRef]

63. Polish Pharmacopoeia V; Polish Pharmaceutical Society: Warsaw, Poland, 1999; pp. 56–57. (In Polish)
64. Giusti, M.M.; Wrolstad, R.E. Characterization and measurement of anthocyanins by UV-visible spectroscopy. Curr. Protoc. Food

Anal. Chem. 2001, F.1.2., 1–13. [CrossRef]
65. Molyneux, P. The use of the stable free radical diphenylpicrylhydrazyl (DPPH) for estimating antioxidant activity. Songklanakarin

J. Sci. Technol. 2004, 26, 211–219.
66. Murchie, E.H.; Lawson, T. Chlorophyll fluorescence analysis: A guide to good practice and understanding some new applications.

J. Exp. Bot. 2013, 64, 3983–3998. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

372



Citation: Aiello, D.; Barbera, M.;

Bongiorno, D.; Cammarata, M.; Censi,

V.; Indelicato, S.; Mazzotti, F.; Napoli,

A.; Piazzese, D.; Saiano, F. Edible

Insects an Alternative Nutritional

Source of Bioactive Compounds: A

Review. Molecules 2023, 28, 699.

https://doi.org/10.3390/

molecules28020699

Academic Editor: Nour Eddine

Es-Safi

Received: 15 December 2022

Revised: 4 January 2023

Accepted: 7 January 2023

Published: 10 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Review

Edible Insects an Alternative Nutritional Source of Bioactive
Compounds: A Review

Donatella Aiello 1, Marcella Barbera 2, David Bongiorno 3, Matteo Cammarata 2, Valentina Censi 2,

Serena Indelicato 3, Fabio Mazzotti 1, Anna Napoli 1,*, Daniela Piazzese 2,* and Filippo Saiano 4

1 Department of Chemistry and Chemical Technologies, University of Calabria, 87036 Arcavacata di Rende, Italy
2 Department of Earth and Marine Sciences, University of Palermo, 90123 Palermo, Italy
3 Department of Biological, Chemical and Pharmaceutical Science and Technology (STEBICEF), University of

Palermo, 90123 Palermo, Italy
4 Department Agricultural Food and Forestry Sciences, University of Palermo, 90128 Palermo, Italy
* Correspondence: amc.napoli@unical.it (A.N.); daniela.piazzese@unipa.it (D.P.)

Abstract: Edible insects have the potential to become one of the major future foods. In fact, they can
be considered cheap, highly nutritious, and healthy food sources. International agencies, such as
the Food and Agriculture Organization (FAO), have focused their attention on the consumption of
edible insects, in particular, regarding their nutritional value and possible biological, toxicological,
and allergenic risks, wishing the development of analytical methods to verify the authenticity, quality,
and safety of insect-based products. Edible insects are rich in proteins, fats, fiber, vitamins, and
minerals but also seem to contain large amounts of polyphenols able to have a key role in specific
bioactivities. Therefore, this review is an overview of the potential of edible insects as a source
of bioactive compounds, such as polyphenols, that can be a function of diet but also related to
insect chemical defense. Currently, insect phenolic compounds have mostly been assayed for their
antioxidant bioactivity; however, they also exert other activities, such as anti-inflammatory and
anticancer activity, antityrosinase, antigenotoxic, and pancreatic lipase inhibitory activities.

Keywords: insect-based foods; polyphenols; Folin–Ciocalteu method; phenols and flavonoids;
polyphenols bioactivity

1. Introduction

The consumption of edible insects has been a food habit for thousands of years and is
common in 120 countries around the world [1,2]. Around 2000 edible insect species raw or
processed are consumed across Asia, Australia, Africa, and Central and South America,
while insect consumption is uncommon in Western societies [3,4]. The most widespread
insect species in the world are beetles followed in descending order by caterpillars; ants,
bees, and wasps; grasshoppers and locusts; true bugs; dragonflies; termites; flies; and
cockroaches [3,5]. Due to the wide range of edible insect species, their nutritional value is
highly variable: A summary of the nutrient composition of more than 200 edible insects
(based on dry matter) is shown in Figure 1 [6]. It is possible to observe that the composition
of edible insects is generally subject to great variation even within the same species. For
example, the species of the order Orthoptera, including crickets, grasshoppers, and locusts,
have an average protein content of 61% with variations ranging from 6 to 77%. This suggests
that this variation not only result from differences between species and developmental
stages but also from different feed and geographical origins, as well as differences in
measuring methods. However, globally, the most common edible insects are rich in protein,
mono- and polyunsaturated fats, and fiber [6–8].
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Figure 1. Nutritional composition [%] and energy content [kcal/100 g] of edible insects. Data are
reported as average value of dry matter and the error bars indicate the maximum and minimum
value determined [6].

This aspect leads several international agencies, such as the Food and Agriculture
Organization (FAO), to consider insects as cheap, highly nutritious, and healthy food
sources [9,10]. In addition, insects have become important in traditional Oriental medicine
as a regular treatment for gastritis, fever, cough, asthma, arthritis, rheumatism, and di-
abetes [6,11–13]. Due to their recognized pharmacological properties, scientific research
has focused on the beneficial properties of insects for human health. Recent studies report
that edible insects can provide bioactive compounds, such as phenolic compounds and
flavonoids [7,12,14–17], acting as antioxidant, anti-inflammatory, anticancer, antimicrobial,
and antibacterial inhibitors of the pancreatic lipase enzyme, insulin regulators, and gly-
caemic inhibitors [13,18–23]. Although beneficial effects are often due to the synergy of
different components, several studies report the key role of polyphenolic content concern-
ing specific bioactive activities. For instance, experimental in vitro studies demonstrated
the antioxidant effect of polyphenolic compounds derived from the extracts of house crick-
ets (Acheta domesticus), mealworms (Tenebrio molitor) [24], and dark black chafer beetles
(Holotrichia parallela) [14]. An in vivo study performed in mice [25] proved the antioxidant
effects of phenolic compounds in a vegetal tea and an insect tea (Hydrillodes repugnalis). They
found that mice treated with insect tea showed higher superoxide dismutase, glutathione
peroxidase, glutathione activities, and lower nitric oxide and malonaldehyde activities
than control group mice. In addition to antioxidant properties, it has been reported that
polyphenols from the hydroethanolic extracts of the edible insect Polyrhachis vicina may act
as pancreatic lipase inhibitors [22]. Moreover, other authors [26] reported that hydroxyty-
rosol dimers isolated from Brynchoptera rynchopetera exhibited selective cytotoxicity and
good inhibitory activity on mouse melanoma proliferation. In addition to the nutritional
benefits, a new global interest in edible insects and invertebrates has recently emerged as
the imbalance between the production and consumption of animal-origin food is increasing.
This is creating various socioeconomic concerns, exacerbated by climate change [10,27].
From an environmental and ecological point of view, insects represent a highly sustainable
replacement for meat and animal products. Their farming results in lower greenhouse gas
emissions, requires less water and land, represents a much lower economic investment
compared to livestock, and also can limit deforestation for pasture use (Table 1) [28].
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Table 1. Environmental impact of mealworms and cricket compared to other animal products.

Chicken Pork Beef Insects Reference

Water L/kg meat 2300 3500–22,000 43,000 40 [8,29]
Feed kg/kg live animal 2.5 5 10 1.7 [30]
Land ha/kg protein 2–3.5 2–3.5 10 1 [31]
CH4 emissions g/kg biomass n.r 1 1.9 114 0.1 [32,33]
CO2 emissions g/kg biomass n.r 1 79.6 285 7.6 [32,33]

1 n.r.: not reported.

From a social and economic perspective, the insect market offers livelihood and en-
trepreneurial development opportunities for farmers in rural communities, thus improving
the quality of life in poor and developing countries [9,34–37]. Furthermore, primary pro-
duction and processing of edible insects are expected to increase in Western countries,
resulting in new commercial opportunities and new sources of income [6,10,38]. Despite all
these favorable aspects, the consumption of edible insects has been associated with several
risk factors, including biological, toxicological, and allergenic risks [8,10,39–42]. Molds and
yeasts with mycotoxigenic potential can affect edible insects causing adverse reactions in
humans [8,43,44]. The presence of tropomyosin in insects, a fibrous protein also found in
crustaceans and arthropods, can cause allergic reactions in consumers [45,46]. Microbial
contamination can also affect insects, but with a higher risk for wild ones [47]. Further,
standards or criteria that determine guidelines for management and hygiene are still frag-
mented, increasing consumer mistrust, especially in Western countries where entomophagy
is not fully accepted [10,42,48]. Globally, rules and regulations, both at the national and
international level, on the production, storage, and consumption of insects as food/feed in-
gredients are often absent or, at best, nonexhaustive [4,28,42,49]. Although cultural barriers
and legislative deficits related to entomophagy still exist, the human consumption of insects
is becoming strategic due to their health properties, high nutritional values, and environ-
mental sustainability [10,38]. Currently, research trends and food innovations focus on food
fortification with alternative, sustainable, and functional food to improve the nutritional
value of food by correcting nutrient or minerals deficiencies or enhancing health-promoting
properties [50–58]. In this contest, insects represent one of the most valuable functional
ingredients and interesting solutions for the food industry [13,59–63]. Insect powder can
be a valuable ingredient to supplement deficiencies in food, such as in gluten-free products.
For example, the enrichment of gluten-free bread with 10% of cricket powder significantly
increased the nutritional value, with protein content exceeding seven-fold the reference
bread [64]. Moreover, cricket powder addition resulted in an increase of the total polyphe-
nolic compound content from 1.9 mg/g in control bread to 6.2 mg/g in insect-enriched
bread; likewise, the total antioxidant capacity before digestion increased about fourfold and
after digestion about sixfold without affecting either beneficial or pathogenic microflora.
Zielinska et al. [65] tested the effect of adding cricket (Gryllodes sigillatus) and mealworm
(T. molitor) flours to muffins. In muffins enriched with insect flour, they found an increase
in protein content, a decrease in carbohydrate content, and a reduction in the glycemic
index. In addition, the antioxidant capacity, as well as total phenolic content, increased
correspondingly as the percentage of insect flour in the muffins increased. Additionally,
enriched muffins were accepted by consumers. The researcher also reported that the use
of appropriate processes in food technology can ensure high retention of nutrients and
bioactive compounds in food, enhancing its health properties [66]. For instance, Gaglio
et al. [67] investigated in vitro the antioxidant potential of bread added with mealworm
and buffalo worm before and after gastrointestinal digestion in comparison with insect-free
bread. The authors found that replacing semolina with buffalo and mealworm powder
increased the antioxidant capacity of the bread before digestion by three- and four-fold,
respectively. After gastrointestinal digestion, all samples (bread with insects and control
bread) showed a higher antioxidant capacity value than that measured before digestion.
This may be explained because phenolic antioxidants can be released from the wheat during
digestion, increasing the antioxidant potential of the digested bread [67]. Interesting to note
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is that, in other studies, fortification of bread with plant-based additives, such as Saskatoon
berry powder or grape pomace, resulted in a similar increase in the antioxidant potential
of the product [68–70]). The increased polyphenol content in fermented samples could be
explained because, during the fermentation process, bacteria may remove sugar moieties,
hydrolyze galloyl moieties, and release free phenolic compounds [71,72]. Nevertheless,
insect studies on polyphenol compounds are mainly related to the total content, and in-
terference caused by proteins, amino acids, and peptides could cause an overestimation
of these compounds [73,74]. Among other factors, both the total polyphenol content and
quality profiles are highly variable between insect species (Tables 2 and 3).

Table 2. Total Polyphenol Index (TPI) expressed as gGAE/100 g (GAE, Gallic acid equivalent).

Insects gGAE/100 g Reference

Stink bugs (Encosternum delegorguei) 3.6 [17,75]
Cricket (Henicus whellani) 0.08 [17]
Cricket (Henicus whellani) 0.77 [27]
Beetle (Eulepida mashona) 0.08 [76]
Ground cricket (Henicus whellani) 0.77 [77]
Stinkbugs (Encosternum delegorguei) 3.6 [17,75]
House cricket (Acheta domesticus) 0.3–5.0 [24]
Chafer beetles (Holotrichia parallela) 5 g [14]
Beetle (Eulepida mashona) 0.08 [27]
Rhinoceros beetle (Allomyrina dichotoma) 0.13 [78]
Mealworm beetle (Tenebrio molitor) 0.26 [78]
Scarabaeidae (Protaetia brevitarsis) 1.18 [78]
Cricket (Gryllus bimaculatus) 1.56 [78]
Cricket (Teleogryllus emma) 1.55 [78]
Bee (Apis mellifera) 1.24 [78]

Table 3. Polyphenolic compounds in different species of insects.

Family/Species Polyphenolic Compounds Reference

Black ant

Polyrhachis vicina

Salicylic acid, trans-cinnamic acid, vanillic acid,
isoferulic acid, gallic acid, 3,4-dihydroxybenzoic acid,
formononetin, liquiritigenin, quercetin, caffeic acid,

naringenin, catechin, sakuranetin, and L-epicatechin.

[22]

Acrididae

Acheta domesticus

Quinic acid, gallic acid, 4-hydroxybenzoic acid,
chlorogenic acid, caffeic acid, syringic acid, p-coumaric
acid, ferulic acid, sinapic acid, 2-hydroxybenzoic acid,

daidzein, quercetin, naringenin, and apigenin

[16]

Dissoteira carolina Quercetin (3,3′,4′,5,7-pentahydroxyflavone) and
quercetin-β-3-O-glucoside [79]

Schistocerca americana Luteolin (3′,4′,5,7- tetrahydroxyflavone) and
β-3-O-glucoside [80]

Beetle

Holotrichia parallela

Resveratrol, 4-hydroxyacetophenone,
protocatechualdehyde, ferulic acid, gallic acid,

protocatechuic acid, epicatechin, quercetin,
and catechin

[14]

Caterpillar

Rondotia menciana Quercetin-glycosides and kaempferol-glycosides [81]

Silkworm

Bombyx mori Quercetin, kaempferol, and quercetin-glycosides [82,83]

376



Molecules 2023, 28, 699

Table 3. Cont.

Family/Species Polyphenolic Compounds Reference

Butterfly

Antheraea pernyi

Hyperoside (quercetin 3-O-glucoside), isoquercitroside,
tricin 7-O-hexoside, hesperetin 5-O-glucoside,

protocatechuic acid, luteolin 7-O-glucoside
(cynaroside), kaempferol 3-O-glucoside (astragalin),
C-hexosyl-luteolin O-p-coumaroylhexoside, luteolin
6-C-glucoside, tricin 4′-O-(β-guaiacylglyceryl) ether

O-hexoside, orientin, luteolin C-hexoside, kaempferol
3-O-galactoside (trifolin), and tricin

4′-O-(β-guaiacylglyceryl) ether 7-O-hexoside 1

[84]

Melanargia galathea

Tricin (4′,5,7-trihydroxy-3′,5′-dimethoxyflavone),
apigenin (4,5,7-trihydroxyflavone), tricin 7-glucoside,
orientin (8-glucosylluteolin), luteolin 7-diglucoside,
orientin 7-glucoside, vitexin 7-glucoside, isoorientin

(luteolin 6-C-glucoside), isovitexin
(6-C-glucosylapigenin), and tricin 4′-conjugate

[85]

Coenonympha pamphilus Tricin (4′,5,7-trihydroxy-3′,5′-dimethoxyflavone) [86]

Lysandra coridon Poda Kaempferol-glycosides [87]

Polyommatus icarus Quercetin, kaempferol, and quercetin-glycosides and
kaempferol-glycosides [88]

Pieris brassicae Kaempferol glycosides and ferulic and sinapic acids [79]

Melanargia galathea Glycosides of tricin (tricin-glycosides), lutexin, and
tricin (4′,5,7-trihydroxy-3′,5′-dimethoxyflavone) [89]

Hymenoptera

Amauronematus amplus, Arge sp.,
Nematus bre-vivalvis, Nematus
pravus, Nematus viridis, Nematus
alpestris, Trichiosoma scalesii

Quercetin-glycosides, kaempferol-glycosides [90]

Neodiprion sertifer

(+)-Catechin 7-O-β-glucoside, isorhamnetin
3,7,4′-tri-O-β-glucosid, kaempferol 3,7,

4′-tri-O-β-glucoside, kaempferol 3,7,
4′-tri-O-β-glucoside, and quercetin

3,7,4′-tri-O-β-glucoside

[91]

1 More abundant out of a total of 225 identified compounds.

Even though little investigation has been conducted up to now, the presence of phe-
nolic compounds in insects has been associated with their diet and with the ability of
insects to synthesize phenolic compounds through the sclerotization process [16]. The
influence of various feeds on the production of bioactive substances, such as polyphenols
and flavonoids in Protaetia brevitarsis larvae, has been investigated [92]. The primary larvae
feed (oak-fermented sawdust) was supplemented with fruits and vegetal (aloe, apple, ba-
nana, sweet persimmon, and sweet pumpkin). The authors found that compared with the
mean total polyphenol content of the control group (19.2 mgGAE/g), the total polyphenol
content of larvae receiving supplementary feeds was always higher; the combined mean
from all groups receiving supplementary feed was 25.5 mg/g (the highest polyphenol
content was observed in larvae receiving sweet pumpkin, 30.4 mg/g), whereas the total
flavonoid contents in groups receiving supplemental feed do not vary significantly concern-
ing control group. This suggests that diet can affect the uptake of polyphenols in insects as
early as the larval stage [16]. In this study, the insects appear to have a selective uptake
of flavonoids, mainly kaempferol and quercetin, as well as flavones, such as tricine and
isovitexin. Most of these compounds have been identified in their glycosylated form with
glucose, rhamnose, or galactose. Flavonols and flavones synthesized by the host plant are
metabolized or absorbed by the insect. An understanding of an insect’s phenolic profile
can provide indications of their possible use as functional foods.

2. Identification and Characterization of Phenolic Compounds in Insects

The European community categorizes insect-based food as “novel food” according to
Reg. 2015/2283 [93]. A starting list of 12 species of insects is under evaluation; however,
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the first focus interest of the European Food Safety Authority (EFSA) is the risk control of
edible insects. To date, only three insects (the house cricket A. domesticus, yellow mealworm
T. molitor, and migratory locust Locusta migratoria) are officially retained edible insects;
their trade has been approved by the European Commission after the positive scientific
opinion of the EFSA [94–96]. Since regulation (EU) No. 2017/2470 allows the trade of
insect-based products (either whole or in the form of a powder) (EU 217/2470) [97], the
FAO recommended the development of analytical methods to verify the authenticity,
quality, and safety of products of insect powders [10,98]. No specific indications are
officially reported regarding the detection and assay of polyphenols; however, research of
phenolic compounds derived from insect diets gained interest, especially combined with
the exploration of insects’ feeding habits [17].

Literature data report the use of larvae or adult insects instead; pupae are rarely
used [99,100]). When necessary (i.e., for crickets, locusts, and grasshoppers), wings, legs,
and antennae are removed, while in scorpions, the stingers are eliminated [15]. Several
procedures provide freeze-drying of insects followed by grinding them into powder before
processing [22,99]. Sometimes, powdered insects are defatted with hexane washing, and the
lipid-free solids are used for the extraction of water-soluble extracts [101]. In other cases, the
defatting step is performed by microwave-assisted extraction (MAE) with petroleum ether,
and the residues are collected for the next extraction step in alcoholic (methanol, ethanol)
or alcoholic/aqueous solutions at a fixed temperature and time [14,16]. Ssepuuya et al. [15]
report a study on the suitable conditions for the extraction of antioxidant compounds from
Ruspolia differens and prove that the defatting step affects the amount of the antioxidant
compounds. The antioxidants are predominately found in the apolar nonfat phase, and the
highest concentration of antioxidant compounds is obtained after sonication for 60 min.
Moreover, the authors demonstrated that the amounts of total phenols and flavonoids are
relatively higher and comparable to those of many fruits and vegetables. Different, but at
the same time very interesting, is the method proposed by Vasconcelos dos Santos et al. [102]
that makes use of the crude oil (SRO) extracted from Speciomerus ruficornis larvae. The
artisanal extraction provides that entire and wet larvae are directly placed on heat (150 ◦C)
in a sealed stainless-steel pan until the oil flows out from the bugs, and the total polyphenol
content is analyzed from SRO.

The quantification of bioactive compounds has obtained a great interest in food
products, especially as relevant to preservation or to the prevention of deterioration by
oxidation. Some antioxidants, such as polyphenols (e.g., caffeic acid, tannic acid, ferulic
acid, ascorbic acid, and quercetin), became key compounds for neutralizing the damaging
effects of oxidation [103]. A common methodology used for the quantification of antioxidant
capacities is the Folin–Ciocalteu (FC) colorimetric method, which is based on the single
electron-transfer (SET) reaction [41,78,104]. This assay was also adopted to evaluate the
total polyphenol amount in edible insects or insect meal powder. However, the action
mechanism of FC assay is centered on oxidation/reduction reaction, and it is prejudiced
by the presence of other nonphenolic compounds, such as ascorbic acid, other enediols,
and oleic acid [104]. This means that the total polyphenol content evaluated through
FC assay reflects the oxidizing capacity of several different compounds together. Some
researchers [101] reported the total polyphenol index (TPI) of water-soluble extracts of
twelve commercially available edible insects and two invertebrates. Results are expressed
as milligrams of gallic acid equivalents (GAE) per 100 g of defatted sample.

Crickets, grasshoppers, silkworms, African caterpillars, and evening cicadas displayed
values of antioxidant capacity two- or three-fold higher in vitro than orange juice or olive
oil [101]. However, the phenolic content of analyzed samples, as determined by TPI
following a procedure modified by Giacintucci et al. [105], showed higher values only for
grasshoppers compared to fresh orange juice. The authors suggested that the observed
antioxidant capacity was not only due to the polyphenol compounds but also to the proteins,
which is in agreement with the literature data [18,106].
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Analytical instrumental techniques are currently adopted to identify and characterize
peptides, proteins, or lipids differently extracted from insects [98], insect organs [84]), or
hemolymph [107]. Indeed, it is well-known that standard analytical techniques are gen-
erally used for the identification and quantitative determination of phenolic compounds
in several food matrices and also in insect meal powder. The coupling of liquid chro-
matography (LC) to mass spectrometry (LC-MS) facilitates metabolite identification and
quantitation by reducing sample complexity and allowing analyte separation before de-
tection [108]. Mass spectrometry has proven to be a very capable technique in flavonoid
analysis because of its high sensitivity and signal reproducibility; moreover, the ability to
couple with chromatographic techniques leads to both qualitative and quantitative deter-
minations [109–116]. LC-MS and MS/MS are becoming the methods of choice for detecting
analytes in complex samples. Seventeen phenolic compounds in edible A. domesticus were
characterized and determined by HPLC-MS [16]. The authors have investigated the content
of phenolic compounds in a commercial and organic sample, and major compounds identi-
fied in both extracts correspond to 4-hydroxybenzoic acid, p-coumaric acid, ferulic acid,
and syringic acid. Several bioactive compounds, including phenolic acids and flavonoids,
have been detected in the extract from the edible insect P. vicina [22]. The characterization
of these components was carried out by HPLC-MS/MS. The most abundant identified
antioxidant compounds are salicylic acid, gallic acid, liquiritigenin, and naringenin. The
same authors also report the antioxidant activity of the analyzed extract and the character-
ization and quantification of fatty acids. Again, by mass spectrometry but with the help
of other spectroscopic techniques, such as NMR, used to gain structural information for
different classes of compounds [117–120], hydroxytyrosol derivatives were identified in the
edible Blaps rynchopetera [26]. The insect Blaps japanensis is employed as an ethnomedicine
in China for the treatment of several disorders, such as cancer and inflammation [121].
The authors analyzed the extract obtained from these insects and identified eight phenolic
compounds, two of which were already known. The characterization was carried out by
spectroscopic studies, such as NMR and high-resolution mass spectrometry. Liu et al. [14]
investigated the antioxidant activity of an ethanolic extract of H. parallela Motschulsky a black
beetle, a common crop pest in China. The authors characterized the extract by liquid chro-
matography and used it for identification of a standard solution of phenolic compounds:
gallic acid, quercetin, catechin, protocatechuic acid, epicatechin, protocatechualdehyde,
resveratrol, ferulic acid, and 4-hydroxyacetophenone [14]. Using a metabolomics approach,
Fu et al. have identified more than 200 flavonoid metabolites in Antheraea pernyi, an edible
insect; the study was conducted by LC-MS/MS in positive and negative modes. These
flavonoid metabolites came from eight subclasses, including flavones, flavonols, flavonoids,
flavanones, polyphenols, isoflavones, anthocyanins, and proanthocyanidins. The most
abundant identified compounds are: hyperoside, isoquercitroside, tricine 7-O-hexoside,
hesperetin 5-O-glucoside, and protocatechic acid [84].

3. Insects’ Bioactive Compounds as a Function of Diet

Polyphenols are vastly acknowledged as healthy substances, able to exert diverse
bioactivities linked to chronic diseases, such as antioxidant, anti-inflammatory, and anti-
cancer activity. Insects, however, are not capable to produce polyphenols de-novo and
achieve them from their diet. Since the early 20th century, several studies have tried to
relate insects’ herbivore feeding to their polyphenol content [17,77,88,122–125]. A recent
study by Yoon et al. [92] also evidenced a similar aspect. Indeed, the authors ascertained
that the content of nutrients and polyphenols of P. brevitarsis larvae could be tailored by sup-
plementing auxiliary feeds, including aloe, apple, banana, sweet persimmon (S. persimmon),
and sweet pumpkin (S. pumpkin). The feed and the breeding environment modification
can be used to alter P. brevitarsis larvae’s capacity to serve as a healthy functional food.
Haber et al. [99] report a study on the nutritional characterization of bees as a function
of diet. They introduced two different diets: (i) bees fed only in nature, collecting pollen
and nectar (natural diet) and (ii) bees fed in nature with the addition of a sucrose solution,
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as usually is performed by beekeepers during the winter. Total polyphenolic content is
determined according to Musundire et al. [75] using the Folin–Ciocalteu assay. Reported
data demonstrate that the nutritional value is found to differ between larvae and pupae,
whereas antioxidant properties changed only between the different diets. A. domesticus
was also subjected to study to verify the effect of diet on polyphenol content. In particular,
the objective of Nino and coworkers’ study [16] was to elucidate the phenolic composition
of farmed A. domesticus consuming two different diets (organic and commercial) and eval-
uate their potential in vitro antioxidant activity. The content of total phenolic compounds,
determined by FC assay, revealed a high phenols content that cannot be attributed only to
the phenolic compounds present in the sample but also to other components that are able
to react with the Folin–Ciocalteu reagent. For example, the cricket extracts contained unsat-
urated fatty acids, vitamins, and free amino acids that have shown reactivity with the FC
reagent in previous studies [74]. The confirmation of the presence of phenolic compounds
in insects has been previously reported for a variety of species, mainly Lepidopterans (e.g.,
butterflies and moths) and also in this case, the main assumption is that these compounds
are directly correlated with the insects’ diet [126].

4. Biological Activity of Polyphenols Extracts Obtained from Insects

4.1. Antioxidant Bioactivity

Currently, insect phenolics have mostly been assayed for their antioxidant bioactivity.
However, kaempferol and quercetin found in insects can lead to other biological activities.
Phenolic compounds decompose peroxide species, neutralize free radicals [127], and they
can be able to bind to metal ions when the number and the specific location of hydroxyl
groups in the molecule allow for it [128]. To investigate the antioxidant activity of phenolic
compounds in insects, Liu et al. [14] evaluated the water extracts (WE) and ethanol extracts
(EE) obtained from dark black chafer beetle (H. parallela). The EE had a superior activity
compared to the butyl hydroxytoluene (BHT) standard, showing a better peroxidation
inhibition activity. The WE revealed a higher reducing power than EE. Both extracts
also proved to be a better chelating agent concerning ethylenediaminetetraacetic acid
(EDTA) in sequestrating the iron ions. In EE, the authors also found a substantial catechin
concentration (7.66 ± 0.05 mg/g extract).

Ethanolic extracts obtained from house cricket (A. domesticus) and mealworm (T. moli-
tor) showed an in vitro antioxidant activity evaluated with the 1,1-diphenyl 2-picrylhydrazyl
(DPPH) assay with around 80% inhibition [24].

Ssepuuya and coworkers [15] in recent research also evaluated the effects of the defat-
ting procedure on R. differens (grasshopper) pastes. It has been found that the antioxidant
activity of the nondefatted samples was similar to that of the defatted ones, suggesting
that antioxidant compounds are located within the polar components of the pastes. This
implies that the defatting step is not necessary to obtain a more active dietary supplement.

Pyo et al. [78] evaluated the bioactivities of six Korean edible insects (Allomyrina di-
chotoma-AD, Tenebrio molitor-TM, Protaetia brevitarsis-PB, Gryllus bimaculatus-GB, Teleogryllus
emma-TE, and Apis mellifera-AM) to develop functional food ingredients. Ethanol extracts of
AD were considered for antioxidation capacity, PB and AM for nitrite scavenging, and TE
for anticoagulation, antioxidation, and hemolysis. Experimental data collected employing
in vitro experimental tests showed the polyphenolic and flavonoidic content is not related
to the measured antioxidant activity. Interestingly, even if not reported in the text, the major
content of polyphenols has been found in GB and TE extracts. These were the only species
fed by vegetable supplements.

Silkworm pupae (SWP) are another type of industry byproduct that can be recovered
to exploit its nutritional properties to enhance the human diet. Sadat et al. [23], in their
minireview, resume all the bioactive compounds so far identified in SWP methanolic
extracts. It has been evidenced the presence of several polyphenols, including quercetin,
resveratrol, kaempferol, myricetin, and naringenin. All these substances are accredited
with strong antioxidant activities. This is also evident for the extracts of SWP (Bombyx
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mori, Antheraea assamensis, and Antheraea mylitta) that possess high ROS scavenging activity
shown through by DPPH [129] (2,20-azino-bis-3-ethyl-benzothiazoline)-6-sulfonic acid
(ABTS) and ferric reducing antioxidant power (FRAP) essays [130].

4.2. Other Biological Effects

Several biological effects linked to the presence of active substances have been evalu-
ated in the literature (Table 4).

Table 4. Biological activity of insect extracts.

Insect Species Most Abundant Molecules Activity References

P. vicina salicylic acid, gallic
acid, liquiritigenin PL inhibitory activity Zhang et al. [22]

A. assamensis not specified antityrosinase activity Deori et al. [131]
B. mori not specified antigenotoxic activity Deori et al. [131]

B. japanensis blapsins

anticancer activity, inhibitory activities versus
the JAK3 family genes; oncological,
cardiovascular, and neurological disorders,
organ transplantation, and autoimmune diseases

Yan et al. [121]

Macrotermes facilger polyphenols antioxidant and antimicrobial properties; Kunatsa et al. [41]

Macrotermes facilger oxalates, tannins, and
cyanogenic glycosides antinutritional properties Kunatsa et al. [41]

Henicus whellani polyphenols antioxidant and antimicrobial properties; Kunatsa et al. [41]

Henicus whellani oxalates, tannins, and
cyanogenic glycosides antinutritional properties Kunatsa et al. [41]

Zhang et al. [22] prepared a hydroethanolic extract of P. vicina to characterize its bioac-
tivity. In particular, the pancreatic lipase (PL) inhibitory activity antioxidant activity and
total flavonoid and total polyphenol contents of P. vicina extract have been tested in vitro.
Phenolic acids such as salicylic acid and gallic acid and flavonoids such as liquiritigenin and
naringenin were found. These constituted the major polyphenols in the P. vicina extracts.
Docking studies evidenced an interaction of these four major constituents of the polyphe-
nolic fraction with PL. Based on the measured antioxidant and PL inhibitory activities of
this extract, a nutraceutical application to treat obesity and reduce oxidative stress-induced
diseases can be advised.

Deori and coworkers [130] also evidenced that methanolic extracts of A. assamensis
showed stronger antityrosinase activity of SWP as compared to kojic acid, while B. mori
SWP extracts were characterized by antigenotoxic activity.

B. japanensis was the subject of a characterization study by Yan et al., [121]. This
research group individuated new compounds called Blapsins (C to J) involved in several
interesting bioactivities. Each compound was tested against cancer cells (A549, Huh-7,
K562) and the COX-2 isoenzyme, ROCK1, and JAK3 genes. It was shown that the Blapsins
(C to J) all have anticancer activity; in addition, Blapsin C, D, and F possess ROCK1
inhibitory activity, and Blapsins (C to G) have selective inhibitory activities versus the
JAK3 family genes. All these activities show the possible beneficial effects of B. japanensis
extract for the treatment of oncological, cardiovascular, and neurological disorders, organ
transplantation, and autoimmune diseases. The study evidence that these results somewhat
justify Chinese ethnomedicine.

Most of the reported studies evaluated the possible positive effects of the insect extracts
on the human diet, often ignoring their adverse effects. However, it must be considered that
these extracts can also contain anti-nutrients that should be removed or reduced. Kunatsa
and coworkers [41] conducted a qualitative–quantitative screening of two edible insects:
Macrotermes facilger and Henicus whellani. The extracts were characterized by antioxidant
and antimicrobial properties, attributed to the polyphenolic content. However, oxalates,
tannins, and cyanogenic glycosides were also found. These might have antinutritional
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properties; therefore, the authors suggest, food processing, such as boiling and cooking, to
reduce antinutrient concentrations to safe levels before insect consumption.

4.3. Phenols’ Internal Synthesis and Immune Defences

On the other hand, some nondietary phenolic compounds that are found in insects’
bodies are derived from a chemical mechanism of sclerotization that leads to the phenols
synthesized through the phenoloxidase enzyme [17,132].

In insects, melanins (eumelanin and pheomelanin) are synthesized for several pur-
poses. These include color patterning, cuticle sclerotization, organogenesis, clot formation,
and innate immunity. Traditional views of insect immunity detail the storage of prophe-
noloxidases inside specialized blood cells (hemocytes) and their release upon recognition
of foreign bodies [133].

The pathway called the prophenoloxidase activating (proPO) system represents a
defense and/or recognition system at first proposed for arthropods [134,135]. The proen-
zyme is converted to its active form, phenoloxidase, by proteolytic cleavage, and the
resulting enzyme catalyzes both the o-hydroxylation of monophenols and the oxidation
of diphenols to quinones. In turn, these quinones are polymerized nonenzymatically to
melanin. This pigment is ubiquitous throughout the animal kingdom, and melanization
supports hemocyte reactivity to foreign agents. Activation depends upon a cascade of
serine proteases and other factors in the hemolymph, and some of these factors are sensitive
to ß-l,3-glucans, lipopolysaccharides (LPS), or other carbohydrates derived from bacteria or
from microbial cell walls; therefore, there are certain biochemical and functional similarities
to the alternative pathway of complement. Phagocytosis, encapsulation, clotting, microbial
killing, and wound repair are defense responses in which the component proteins of the
proPO system are involved [135].

Reactive forms of oxygen, such as superoxide anion, hydroxyl radical, and hydrogen
peroxide anion, have been implicated as components of vertebrate and invertebrate [136–138]
cytotoxic mechanisms. The propensity of quinones for redox cycling makes these eume-
lanin precursors potential sources of the reactive forms of oxygen [139–141]. It has been
demonstrated [142] that phenolic compounds exhibit cytotoxic activity toward human
melanoma cells since they can be converted into toxic products by tyrosinase. Thus, the
proPO system produces several molecules, including polyphenols and melanin capable
of having a key role in specific bioactivities in insects, but their real beneficial impact on
health has yet to be evaluated [143,144].

5. Final Remarks

This review shows the potential of insects as providers of a wide variety of bioactive
compounds, such as polyphenols, which are widely recognized as health substances.
Polyphenols are represented in insects because may function as pigment and chemical
defense. Insects can selectively absorb and accumulate the flavonoids in their body from
the larval stage via their host plant; therefore, the diet is the determinant for the type and
amount of polyphenols present. They also may synthesize and store nondietary phenolic
compounds through the sclerotization process. Currently, insect phenolics have mostly been
assayed for their antioxidant bioactivity; however, they also exert other bioactivities, such
as antiinflammatory and anticancer activity, antityrosinase, antigenotoxic, and pancreatic
lipase inhibitory activities. Although several studies have been conducted on the use of
insects, both whole and in flour form, as food supplements and as extracts in the treatment
of acute diseases, there are few reports on the identification and characterization of the
polyphenol profile. This is due to the most common adoption of unselective colorimetric
methods as FC, and this may lead to an overestimation of phenolic content. Although
an increasing number of studies focus on polyphenol profiling using mass spectrometry
(LC-MS and MS/MS) techniques, to date, only fragmented data are available on only a few
edible insect species.
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Based on recent scientific developments on this topic, future research aims to encour-
age an investigation of new different classes of insects and polyphenols to evaluate their
real beneficial health impact.

Despite these gaps, the high nutritional value as well as the presence of bioactive
compounds associated with their undoubtedly ecological properties suggest insects as
having a role in sustainable and functional foods. To date, only a few studies have evaluated
biological, chemical, and allergenic risks and the presence of antinutrients. It should
also be reminded that insects are typically processed by roasting, freezing, extrusion, and
blanching, among other methods. Even if these processes do not significantly affect the total
phenolic content in processed fruits and plants [17], up to date, there are not enough studies
to describe the effects of such processing methods on insects. While actual knowledge
could suggest that mild processing can maintain the functionality of these compounds,
it is strongly advisable that processing time and temperatures should be evaluated and
optimized. It is paramount to define standards, criteria, or guidelines for the management
of insect-derived products. Indeed, legal regulations are the key prerequisite for the correct
development of insect farming and the effective marketing of insect-based foods.
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Abstract: Pre-harvest sprouting is a frequent problem for wheat culture that can be simulated by
laboratory-based germination. Despite reducing baking properties, wheat sprouting has been shown
to increase the bioavailability of some nutrients. It was investigated whether wheat cultivars bearing
distinct grain texture characteristics (BRS Guaraim, soft vs. BRS Marcante, hard texture) would have
different behavior in terms of the changes in phytochemical compounds during germination. Using
LC-Q-TOF-MS, higher contents of benzoxazinoids and flavonoids were found in the hard cultivar
than in the soft one. Free phytochemicals, mainly benzoxazinoids, increased during germination
in both cultivars. Before germination, soft and hard cultivars had a similar profile of matrix-bound
phytochemicals, but during germination, these compounds have been shown to decrease only in the
hard-texture cultivar, due to decreased levels of phenolic acids (trans-ferulic acid) and flavonoids
(apigenin) that were bound to the cell wall through ester-type bonds. These findings confirm the
hypothesis that hard and soft wheat cultivars have distinct behavior during germination concerning
the changes in phytochemical compounds, namely the matrix-bound compounds. In addition,
germination has been shown to remarkably increase the content of benzoxazinoids and the antioxidant
capacity, which could bring a health-beneficial appeal for pre-harvested sprouted grains.

Keywords: cereal; pre-harvest sprouting; bioactive compounds

1. Introduction

Wheat (Triticum aestivum L.) is among the most-produced cereals in the world. Wheat
production is affected by climate changes [1]. Under conditions of high humidity and
temperature, cereal crops suffer a process of natural germination before harvest. This
process, which is known as pre-harvest sprouting, reduces grain quality and generates
economic losses worldwide [1]. Sprouted wheat is usually discarded due to the loss of its
baking properties [2–4] or it can be destined for uses other than baking [5,6], such as for
feed or industrial uses (production of starch, vital gluten, furfural, ethanol, etc.).

In contrast, grain germination has been also used as a natural method of biological
processing to improve the nutritional, functional and sensory properties of grains along
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with increasing micronutrient content [7]. Grain germination can increase the content
of health-beneficial phytochemicals, such as phenolic compounds [8,9] and benzoxazi-
noids [10]. Phenolic compounds have antioxidant, antidiabetic and antitumor properties,
and have been shown to prevent cardiovascular diseases [11]. Benzoxazinoids exhibit
antimicrobial properties, act as central nervous system stimulators, immunoregulators,
appetite inhibitors and body weight reducers [10].

Phenolic compounds are found in the form of glycosides linked to different sugar frac-
tions, or in other forms linked to organic acids, amines, lipids, carbohydrates and other phe-
nols, mainly phenolic acids [12]. Cereal phenolic acids occur in free (~25%) or bound (~75%)
forms [13], being linked through ester or ether bonds to cell wall polysaccharides [14].

Benzoxazinoids are a class of natural products that are widely distributed in cereals,
being concentrated in the cover layer of grains (pericarp) [15]. They can be divided into
three groups, namely hydroxamic acids, lactams and benzoxazolinones [16], and have been
shown to be increased during the germination of some cereal grains [17], but their behavior
during wheat germination remains unknown.

The phytochemical compounds found in the free state are easily extracted with con-
ventional organic solvents [18], whereas those linked to sugars and proteins, or cell wall
structures, require very hard conditions for their extraction, such as acid or alkaline
hydrolysis [19,20]. Grain germination is a physiological process that can trigger both
the hydrolysis of matrix-bound phytochemical compounds and the formation of new
compounds [3,21,22].

Therefore, wheat that is naturally germinated before harvest could have a higher
content of phytochemical compounds, which would improve its functional quality and,
thus, add value to this product. In fact, germination can increase the bioavailability of
nutrients, such as vitamins, bioelements and other biologically active substances, due to
the partial hydrolysis of starch, proteins, hemicelluloses and celluloses. In this process,
hydrolytic enzymes are activated (endohydrolase such as α and β-amylases, proteases,
diphenoloxidase and catalase) that break down starch, fibers and proteins, and lead to an
increase in the number of digestible compounds along with an improvement in functional
properties [23]. Laboratory-based germination that simulates field humidity and tempera-
ture conditions can be used as a model to study the influence of pre-harvest sprouting on
wheat grain properties [2,5,6].

Another important property beneficial to health is the antioxidant capacity of cereals.
Antioxidant compounds protect cells against oxidative stress caused by reactive species [23].
The main compounds responsible for such effects in cereals are vitamins, sterols, and
phenolic compounds. They all contribute to some extent to the antioxidant properties and
are affected in different ways by germination. Phenolic acids have potential antioxidant
properties due to the presence of an aromatic phenolic ring. Its antioxidant properties
are explained by the donation of electrons and the transfer of the hydrogen atom to free
radicals. They act as free radical scavengers, reducing agents and inhibitors of singlet
oxygen formation. Benzoxazinoids also exhibit antioxidant properties that are related to
the presence of a hydroxyl group attached to the heterocyclic nitrogen atom, mainly in
hydroxamic acids [24].

Wheat cultivars exhibit physiological differences and can be classified according to the
grain hardness (method 55-31.01, AACCI, [25]). Wheat grains cultivated in Brazil are similar
to the hard red spring wheat from the United States, but wheat production occurs only in
the winter. BRS Marcante is a Brazilian wheat cultivar that has hard texture and exhibits
high values of grain hardness index (GHI > 67), gluten strength (W > 275 × 10−4 J) [26],
dough development time (DDT > 21.5 min) and stability (>30.2 min) [2], being indicated
mainly to produce different kinds of bread and pasta. In contrast, BRS Guaraim has much
lower values for these markers, exhibiting a soft grain texture (GHI < 46), W (<206 × 10−4 J)
and DDT (<4.1 min) [27] and is more suitable for cake and cookie production.

The hypothesis of this study is that wheat cultivars bearing distinct wheat grain texture
characteristics would have different behavior in terms of the changes in phytochemical
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compounds during germination. In this sense, the objective of this study was to investigate
the effect of germination on the profile of phytochemical compounds and antioxidant
capacity of Brazilian wheat cultivars that have soft or hard grain texture.

2. Results and Discussion

2.1. Grain Characteristics, Alveography and Germination Follow-Up in Wheat Cultivars

The wheat cultivars selected for the study have different technological characteristics.
BRS Marcante cultivar presents higher values for grain texture (GHI), GFN, hectoliter
weight and thousand kernel weight compared to BRS Guaraim (111%, 62%, 8% and 12%
higher, respectively; Supplementary materials, Table S1). Additionally, the alveograph
data were also higher for BRS Marcante cultivar, as observed for gluten strength, tenacity
and tenacity/extensibility ratio parameters (164%, 101% and 49% higher, respectively;
Supplementary materials, Table S1), in relation to BRS Guaraim cultivar.

Grain hardness is the single most important trait in determining technological proper-
ties and end-use quality of wheat products. Hard-textured wheats have more glutenins,
whereas soft-textured wheats have more gliadins [28]. The greater content of glutenins
leads to increased gluten strength, elasticity and extensibility of the dough.

The germination process conditions used in this study resulted in small sprouts at
24 h (Supplementary materials, Table S2). From 48 h onwards, the grains began to emit
small rootlets that became larger at 72 h, but the emergence of the seedling did not occur
(Supplementary materials, Table S2). Germination is characterized by the activation of
enzymes, including α-amylase, which is responsible for the degradation of starch into
sugars that provide energy for the embryo’s growth [29]. GFN was assessed to characterize
changes in amylase activity during wheat germination (Table 1). Before germination, GFN
was higher for BRS Marcante than BRS Guaraim (p < 0.05; Table 1), indicating lower amylase
activity for BRS Marcante.

Table 1. Germination follow-up through grain falling number values (GFN, expressed in seconds) of
wheat cultivars from soft (BRS Guaraim) and hard (BRS Marcante) texture.

Germination Time BRS Guaraim BRS Marcante Time Mean

0 h 352 ± 12 aB 389 ± 6 aA 370 ± 8
24 h 216 ± 7 bA 162 ± 7 bB 189 ± 9
48 h 96 ± 5 cA 69 ± 2 cB 82 ± 4
72 h 62 ± 0 dA 62 ± 0 cA 62 ± 0

Cultivar mean 181 ± 21 171 ± 24
Means ± standard error of mean were reported (n = 6). Values that have no common superscript letter are signifi-
cantly different (p < 0.05) within the same row (uppercase letters) or within the same column (lowercase letter).

As expected, the germination process decreased GFN, indicating increased amylolytic
activity, which reduces starch content and gelatinization capacity [30]. The increase in
amylolytic activity was faster for BRS Marcante than BRS Guaraim, as indicated by the
lower GFN values at 24 and 48 h (p < 0.05; Table 1). The increase in grain moisture
during germination causes a gradual decrease in the falling number and in the grain
hardness index [31]. This causes the texture of the durum wheat grain to become softer
after germination, possibly due to a decrease in the starch crystallinity [32]. This alteration
facilitates the enzymatic attack and decrease of GFN with the advance of germination.

2.2. Tentative Identification of Phytochemical Compounds

Thirty-two phytochemical compounds, comprising amino acids, phenolic acids,
flavonoids and benzoxazinoids, were identified in BRS Marcante and BRS Guaraim wheat
cultivars based on the data provided by LC-Orbitrap-MS and LC-Q-TOF-MS analysis
(Supplementary materials, Figure S1 and Table S3). Eighteen compounds were in the
free state, whereas fourteen compounds were extracted only after alkaline hydrolysis
(eight compounds), indicating that they were linked to the cell wall or simple sugars
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through ester-type bonds, or after acid hydrolysis (six compounds), indicating that they
were linked to polysaccharides through ether-type glycosidic bonds [14]. Previous studies
have already reported the presence of phenolic compounds and flavonoids [33–36], amino
acids [37] and benzoxazinoids [36,38,39] in wheat.

The greatest diversity of compounds was identified in the free phytochemical fraction.
Amino acids were identified in LC-Q-TOF-MS analysis in the positive ionization mode.
Phenylalanine (RT 6.3 min) showed a protonated MS spectrum [M + H]+ at m/z 166 and
MS2 fragments at m/z 120 e 103. The main fragmentation pathway of phenylalanine starts
from the loss of H2O + CO to form a fragment ion at m/z 120.0851, and a fragment ion at
m/z 103.0590 was formed by the additional loss of NH3. Tryptophan showed a protonated
MS spectrum [M + H]+ at m/z 205 and MS2 fragments at m/z 118, 143, 146, 144 and 115.
The fragmentation product m/z 146.0636 was obtained after the loss of NH3 and CH2CO.
This fragment further dissociated to form the fragmented ion at m/z 118.0717 after the
loss of CO. The fragment at m/z 144.0827 was formed after the loss of NH3 and CO2,
and the dissociation of •H forms the fragment m/z 143.0776. The fragmented ion at m/z
115.0588 was formed after the sequential losses of NH3, H2O, CO and HCN. In addition,
amino acids showed MS spectrum and MS2 fragmentation patterns similar to previously
reported data [37].

Among benzoxazinoids, two compounds that belong to the hydroxamic acids subclass
were identified, namely DIBOA-hex-hex and DIMBOA-hex-hex. At 17.2 min, the compound
was tentatively identified as DIBOA-hex-hex (MW = 505). In the negative ionization
mode, the MS spectrum showed the deprotonated molecule [M−H]− at m/z 504 and MS2

fragment at m/z 162 [M−H−342]−, corresponding to the loss of two hexose molecules
(C12H22O11), and at m/z 134 [M −H−370]−, corresponding to the sequential loss of CO.
At 24.3 min, the compound was tentatively identified as DIMBOA-hex-hex (MW = 535).
In the negative ionization mode, the MS spectrum showed the deprotonated molecule
[M−H]− at m/z 534 and MS2 fragment at m/z 192 [M−H−342]−, corresponding to the loss
of two hexose molecules, at m/z 164 [M−H−370]−, corresponding to the sequential loss
of CO, and at m/z 149 [M−H−385]−, corresponding to the sequential loss of •CH3. In
addition, benzoxazinoids exhibited MS spectrum and MS2 fragmentation patterns similar
to previously reported data [36,39].

Phenolic acids and some flavonoids from the free fraction were identified by com-
parison with standards and confirmed using LC-Orbitrap-MS. Four apigenin derivatives
were identified using LC-Q-TOF-MS in the negative ionization mode. Compounds eluted
at 38.5 and 42.8 min were identified as apigenin-hex-pent I e II (MW = 564). The MS
spectrum showed the deprotonated molecule [M−H]− at m/z 563 and fragment in MS2

at m/z 443 [M−H−120]−, corresponding to the loss of C4H8O4, at m/z 353 [M−H−210]−,
corresponding to the loss of C7H14O7, and at m/z 383 [M−H−90]−, corresponding to the
loss of C8H14O6. Moreover, the MS spectrum and MS2 fragmentation patterns were sim-
ilar to previously reported data [40]. The compounds eluted at 52.4 and 53.1 min were
identified as apigenin-hex-hex-hex I e II (MW = 770). In the negative ionization mode,
the MS spectrum showed the deprotonated molecule [M−H]− at m/z 769 and fragment
in MS2 at m/z 425 [M−H−344]−, corresponding to the loss of a molecule of C6H10O7
(194) and a molecule of C5H10O5 (150), and the dissociation of •H forms the fragment m/z
426.0868. At m/z 545 [M−H−224]−, corresponding to the loss of C9H12O3 (168) and two
molecules of CO (56), the dissociation of •H forms the fragment m/z 546.1238. Moreover,
MS spectrum and MS2 fragmentation patterns were similar to previously reported data for
apigenin-hex-hex-hex [41,42].

The fraction of phytochemicals extracted through alkaline and acid hydrolysis, which
comprises matrix-bound compounds, showed less diversity compared to the free fraction,
being composed mainly of phenolic acids and a flavonoid. All compounds were identified
by comparison to an authentic standard using LC-Orbitrap-MS analysis. The presence of p-
coumaric acid, trans and cis-ferulic acid were also confirmed using LC-Q-TOF-MS analysis.
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The compound eluted at 27.8 min was tentatively identified as p-coumaric acid
(MW = 164). In the negative ionization mode, the MS spectrum showed the deprotonated
molecule [M−H]− at m/z 163 and fragment in MS2 at m/z 119 [M−H−44]−, corresponding
to the loss of CO2. Moreover, the MS spectrum and MS2 fragmentation patterns were
similar to previously reported data for p-coumaric acid [36].

The compounds eluted at 35.7 and 36.7 min were tentatively identified as trans and
cis-ferulic acid (MW = 194). In the negative ionization mode, the MS spectrum showed
the deprotonated molecule [M−H]− at m/z 193. Ferulic acid produces a typical nega-
tive fragment in MS2 at m/z 133 [M−H−60]− from demethylation and decarboxylation,
corresponding to the loss of C2H4O2, and the dissociation of •H forms the fragment
m/z 134.0368 [36].

Some peaks could not be identified, but one of them, which was the most abundant in
the extract obtained after acid hydrolysis (Figure S1c), had MS characteristics that are not
compatible with phenolic or benzoxazinoid compounds.

2.3. Changes in the Phytochemical Profile of Wheat during Germination

The phytochemical profiles of BRS Guaraim and BRS Marcante across 72 h of germina-
tion are shown in Tables 2 and 3. Before germination, most phytochemicals of BRS Guaraim
and BRS Marcante cultivars were bound to the grain matrix (64% released by alkaline
hydrolysis and 8% released by acid hydrolysis), being composed mainly of phenolic acids,
followed by flavonoids (Table 3). Trans-Ferulic acid was the major single compound found
in the wheat grains (46–48% of the total phytochemicals) before germination followed by
p-coumaric acid (9–12% of total phytochemicals), as previously reported [22,43,44]. The
fraction of free phytochemicals amounted to 28% of total phytochemicals from wheat, and
was mainly composed of flavonoids, followed by benzoxazinoids and a minor content of
phenolic acids (Table 2). Flavonoids mainly occur in C-glycoside forms [42], and glycosy-
lated apigenins were the main flavonoid structures found (Tables 2 and 3). Benzoxazinoids
amounted to almost 10% of free phytochemicals and DIBOA-hex-hex was the predominant
form of benzoxazinoids in the wheat (Table 2), as previously reported [45,46].

Table 2. Changes in free phytochemical compounds (mg·100 g−1 whole wheat flour d.b.) of wheat
grains according to the germination time (G) and cultivar (C).

Cultivar (C)
Germination Time (G)

Mean
p-Value

0 h 24 h 48 h 72 h C G C × G

Vanillic acid 0.1977 0.0233 0.0035
BRS Guaraim 0.18 Aa 0.00 b 0.00 b 0.00 b 0.04
BRS Marcante 0.00 B 0.00 0.00 0.06 0.02

Mean 0.09 0.00 0.00 0.03 SEM = 0.01330
DIBOA-hex-hex * 0.0006 0.0001 0.7841

BRS Guaraim 1.39 1.50 4.09 10.28 4.31 B

BRS Marcante 3.97 3.97 8.66 14.63 7.81 A

Mean 2.68 c 2.73 c 6.37 b 12.45 a SEM = 0.79561
DIMBOA-hex-hex * 0.7277 0.0001 0.8312

BRS Guaraim 0.69 0.54 3.64 7.61 3.12
BRS Marcante 0.79 0.95 2.75 7.23 2.93

Mean 0.74 c 0.74 c 3.19 b 7.42 a SEM = 0.47198
Apigenin-hex-pent I # 0.048 0.0159 0.0414
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Table 2. Cont.

Cultivar (C)
Germination Time (G)

Mean
p-Value

0 h 24 h 48 h 72 h C G C × G

BRS Guaraim 4.05 a 2.29 Bb 4.06 a 4.62 a 3.75
BRS Marcante 4.16 4.25 A 4.38 4.47 4.31

Mean 4.10 3.27 4.22 4.54 SEM = 0.16399
Sinapic acid 0.0001 0.8075 0.9454

BRS Guaraim 0.50 0.49 0.52 0.47 0.49 B

BRS Marcante 0.92 0.93 0.89 0.85 0.89 A

Mean 0.71 0.71 0.70 0.66 SEM = 0.03594
Apigenin-hex-pent II # 0.0001 0.937 0.3065

BRS Guaraim 6.27 6.49 6.37 6.79 6.48 B

BRS Marcante 7.77 7.75 7.63 7.43 7.65 A

Mean 7.02 7.12 7.00 7.11 SEM = 0.11631
Apigenin-hex-hex-hex I # 0.0001 0.0347 0.5372

BRS Guaraim 4.11 4.22 4.75 4.49 4.39 B

BRS Marcante 5.14 5.19 5.38 5.23 5.23 A

Mean 4.62 b 4.70 ab 5.06 a 4.86 ab SEM = 0.08466
Apigenin-hex-hex-hex II # 0.0001 0.101 0.2309

BRS Guaraim 5.20 5.53 5.44 6.48 5.66 B

BRS Marcante 8.38 8.60 8.92 8.70 8.65 A

Mean 6.79 7.06 7.18 7.59 SEM = 0.25354
Apigenin # 0.8968 0.0001 0.9937

BRS Guaraim 3.89 3.99 1.94 3.83 3.41
BRS Marcante 3.91 3.83 1.92 3.86 3.38

Mean 3.90 a 3.91 a 1.93 b 3.84 a SEM = 0.18772
Sum of free phenolic acids 0.0001 0.3897 0.4308

BRS Guaraim 0.68 0.49 0.52 0.47 0.54 B

BRS Marcante 0.92 0.93 0.89 0.91 0.91 A

Mean 0.8 0.71 0.7 0.69 SEM = 0.03671
Sum of free benzoxazinoids 0.022 0.0001 0.9849

BRS Guaraim 2.08 2.03 7.72 17.88 7.43 B

BRS Marcante 4.76 4.92 11.41 21.86 10.74 A

Mean 3.42 c 3.48 c 9.56 b 19.87 a SEM = 1.22276
Sum of free flavonoids 0.0001 0.0368 0.2241

BRS Guaraim 23.5 22.5 22.6 26.2 23.7 B

BRS Marcante 29.4 29.6 28.2 29.7 29.2 A

Mean 26.4 ab 26.1 ab 25.4 b 27.9 a SEM = 0.53165
Sum of free phytochemical compounds 0.0001 0.0001 0.9583

BRS Guaraim 26.3 25.0 30.8 44.5 31.7 B

BRS Marcante 35.0 35.5 40.5 52.4 40.9 A

Mean 30.7 c 30.2 c 35.7 b 48.5 a SEM = 1.55007

Means (n = 6) followed by different capital letters within the same column and different small letters within the
same row differ (p < 0.05), respectively, between cultivars and germination times using the Student—Newman—
Keuls test. * Benzoxazinoids were quantified as equivalent to 2H-1,4-benzoxazin-3(H)-one; # Flavonoids were
quantified as equivalent to quercetin. DIBOA: 2,4-dihydroxy-1,4-benzoxazin-3-one; DIMBOA: Dihydroxy-7-
methoxy-1,4-benzoxazin-3-one; hex: hexoside; pent: pentoside; LoQ: limit of quantification; SEM: standard error
of mean. Vanillic acid LoQ: 0.025 ppm; 2H-1,4-benzoxazin-3(H)-one LoQ: 0.106 ppm; Quercetin LoQ: 0.444 ppm;
Sinapic acid LoQ: 0.258 ppm.
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Table 3. Changes in bound phytochemical compounds (mg·100 g−1 whole wheat flour d.b.) of wheat
grains according to the germination time (G) and cultivar (C).

Cultivar (C)
Germination Time (G)

Mean
p-Value

0 h 24 h 48 h 72 h C G C × G

Bound phytochemical compounds—Alkaline hydrolysis

4-Hydroxybenzoic acid 0.489 0.0008 0.003
BRS Guaraim 0.27 0.61 1.03 B 1.64 A 0.89
BRS Marcante 0.00 b 0.00 b 2.71 Aa 0.00 Bb 0.68

Mean 0.14 0.30 1.87 0.82 SEM = 0.19072
Vanillic acid 0.029 0.0044 0.004

BRS Guaraim 0.00 b 0.00 b 0.09 Aa 0.00 b 0.02
BRS Marcante 0.00 0.00 0.00 B 0.00 0.00

Mean 0.00 0.00 0.05 0.00 SEM = 0.00673
p-Coumaric acid 0.317 0.1711 0.374

BRS Guaraim 2.85 2.97 3.03 2.76 2.90
BRS Marcante 3.24 2.93 3.04 2.78 3.00

Mean 3.04 2.95 3.04 2.77 SEM = 0.04886
trans-Ferulic acid 0.61 0.2318 0.027

BRS Guaraim 44.2 45.7 50.9 A 43.9 46.2
BRS Marcante 56.5 a 50.8 a 27.9 Bb 40.9 ab 44.0

Mean 50.3 48.3 39.4 42.4 SEM = 2.24618
Sinapic acid 0.046 0.0143 0.319

BRS Guaraim 3.80 4.70 5.82 4.24 4.64 B

BRS Marcante 5.68 5.44 6.15 4.30 5.39 A

Mean 4.74 ab 5.07 ab 5.99 a 4.27 b SEM = 0.20523
Apigenin # 0.016 0.0015 0.004

BRS Guaraim 11.0 11.0 11.1 10.8 A 11.0
BRS Marcante 11.0 a 10.8 a 11.0 a 5.4 Bb 9.5

Mean 11.0 10.9 11.0 8.1 SEM = 0.38845
Sum of bound phenolic acids—Alkaline hydrolysis 0.734 0.461 0.0463

BRS Guaraim 51.1 54.0 60.9 A 52.5 54.6
BRS Marcante 65.4 a 59.2 ab 39.8 Bb 48.0 ab 53.1

Mean 58.2 56.6 50.4 50.2 SEM = 2.33542
Sum of bound flavonoids—Alkaline hydrolysis 0.016 0.002 0.0035

BRS Guaraim 11.0 11.0 11.1 10.8 A 11.0
BRS Marcante 11.0 a 10.8 a 11.0 a 5.4 Bb 9.5

Mean 11.0 10.9 11.0 8.1 SEM = 0.38845
Sum of bound phytochemical compounds—Alkaline

hydrolysis 0.522 0.309 0.0449

BRS Guaraim 62.1 65.0 72.0 A 63.3 65.6
BRS Marcante 76.4 a 70.0 ab 50.8 Bb 53.3 b 62.6

Mean 69.2 67.5 61.4 58.3 SEM = 2.43190
Bound phytochemical compounds—Acid hydrolysis

p-Coumaric acid 0.9534 0.5427 0.0309
BRS Guaraim 8.56 7.47 B 9.39 8.72 8.53
BRS Marcante 7.73 9.36 A 8.11 9.04 8.56

Mean 8.14 8.41 8.75 8.88 SEM = 0.20815

Means (n = 6) followed by different capital letters within the same column and different small letters within the
same row differ (p < 0.05), respectively, between cultivars and germination times using the Student–Newman–
Keuls test. # Flavonoids were quantified as equivalent to quercetin. LoQ: limit of quantification; SEM: standard
error of mean. 4-Hydroxybenzoic acid LoQ: 0.062; Vanillic acid LoQ: 0.025 ppm; p-Coumaric acid LoQ: 0.029 ppm;
trans-Ferulic acid LoQ: 0.033 ppm; Sinapic acid LoQ: 0.258 ppm; Quercetin LoQ: 0.444 ppm.

Free phenolic compounds are generally synthesized in the endoplasmic reticulum
and stored in the vacuole of plant cells [19]. Looking at the sum of free phenolic acids,
BRS Marcante had the highest levels (p < 0.05), but no changes were detected during
germination regardless of the cultivar (Table 2). Sinapic acid was the major free phenolic
acid being found at higher levels in BRS Marcante than BRS Guaraim (82% higher, p < 0.05),
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and its content was not altered during germination (Table 2). Before germination, vanillic
acid was found only in BRS Guaraim, but decreased with the advance of germination,
while in BRS Marcante, it showed a trend of increasing (Table 2).

DIBOA-hex-hex was the major benzoxazinoid in both cultivars and was 1.8-fold higher
in BRS Marcante than in BRS Guaraim, whereas DIMBOA-hex-hex did not differ between
cultivars (Table 2). Previous studies have already reported DIBOA dihexoside as the
main benzoxazinoid found in wheat [41,45,47], but benzoxazinoid behavior during wheat
germination was still unknown. Benzoxazinoids increased with the advance of germination
(Table 2), reaching the highest levels at 72 h (480% higher value than at 0 h; Table 2). This
finding is in line with previous reports showing the highest levels of benzoxazinoids in the
sprouts of other cereals such as rye [17]. Benzoxazinoids are concentrated in the bran and
germ [10], fractions which are mainly involved in germination.

Flavonoids were the major class of compounds in the free phytochemical fraction
(~73% of free phytochemicals). Apigenins hex-pent II, hex-hex-hex I and hex-hex-hex II
were higher in BRS Marcante than in BRS Guaraim, and this made the sum of flavonoids
also higher in BRS Marcante (23% higher). Although most free flavonoids did not change
during germination, apigenin (aglycone form) showed a U-shaped behavior that was
not affected by cultivar, being decreased up to 48 h, followed by an increase at 72 h of
germination (Table 2). BRS Guaraim showed a similar U-shaped behavior for apigenin
hex-pent I that was not found in BRS Marcante (p < 0.05; Table 2). The cause of these
changes may be related to the binding of apigenin aglycone with other structures, even
forming glycosylated apigenins, or the release of cell wall bound apigenins or sugars and
proteins [48]. De novo synthesis may also contribute to some of these changes [47]. The sum
of free phytochemical compounds, which was 1.3-fold higher in BRS Marcante than BRS
Guaraim, was remarkably increased during germination (48 h onwards, p < 0.05; Table 2).

Concerning the bound phytochemical compounds that are released by alkaline hy-
drolysis, there was no difference between cultivars in the sum of bound phenolic acids,
but the content of sinapic acid released by alkaline hydrolysis was higher in BRS Marcante
than BRS Guaraim (16% higher content, Table 3). Independent of the cultivar, there was
a bell-shaped behavior for sinapic acid content during germination, with peak values at
48h of germination. Bound 4-hydroxybenzoic acid released by alkaline hydrolysis was
linearly increased with the advance of germination in BRS Guaraim, while BRS Marcante
showed a bell-shaped behavior with peak values at 48 h of germination (p < 0.05; Table 3).
Bound vanillic acid released by alkaline hydrolysis, which was not detected in any wheat
cultivar before germination, was found only in germinated grains of BRS Guaraim and
exhibited a bell-shaped behavior with peak values at 48 h (Table 3). In the free fraction
of this cultivar, it appeared only before germination. Free vanillic acid of BRS Guaraim
may have been linked to complex cell wall structures through ester-type bonds during the
beginning of germination, explaining the disappearance of the free form and its appearance
after 48 h in the fraction released after alkaline hydrolysis [14]. Bound p-coumaric acid that
was released by alkaline hydrolysis did not differ between cultivars or germination times
(Table 3). trans-Ferulic acid was the major component (70%) among the bound phytochemi-
cals released after alkaline hydrolysis (Table 3). trans-Ferulic acid and the sum of phenolic
acids released by alkaline hydrolysis had a U-shaped behavior throughout germination in
BRS Marcante, but not in BRS Guaraim (Table 3). The lowest content of trans-ferulic acid
and of the sum of phenolic acids was found for BRS Marcante at 48 h, resulting in 1.8-fold
lower content than BRS Guaraim.

Apigenin was the only flavonoid quantified in the bound fraction released after
alkaline hydrolysis. In BRS Marcante, apigenin underwent a significant decrease at 72 h of
germination (Table 3), which was not observed in BRS Guaraim.

Although there was no difference in the sum of bound phytochemicals released by
alkaline hydrolysis between cultivars, the level of this group of compounds decreased in
BRS Marcante from 48 h onwards, resulting in lower levels than BRS Guaraim (41% lower
levels, Table 3). One explanation for this behavior is the release of compounds bound
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to the cell wall during germination, which increases the content of free compounds [48].
Accordingly, the sum of free phenolic compounds increased during germination.

In the fraction of bound compounds that were released by acid hydrolysis, only p-
coumaric acid was identified (Table 3). There was a significant cultivar vs. germination
time interaction in the levels of p-coumaric acid released by acid hydrolysis, resulting in
higher levels for BRS Marcante than BRS Guaraim at 24 h of germination (25% higher levels,
p < 0.05). However, no marked changes were observed in the content of this phenolic
acid throughout germination. Kim, Kwak and Kim [44] found gallic, 4-hydroxybenzoic,
vanillic, caffeic, syringic, ferulic and p-coumaric acids in the free and bound fractions of
germinated and not-germinated wheat. Initially, they observed low levels followed by an
increase with the advance of germination, and the highest levels were found at 72 h and
96 h of germination. Ferulic and vanillic acid had the highest increase with values up to
1.5-fold higher in germinated than in not-germinated grains. Most phenolic acids in wheat
occur in the bound form and have been shown to increase with advancing germination, i.e.,
p-coumaric, ferulic and sinapic acids, likely through the decomposition of lignin and other
chemical reactions [43,44].

2.4. Multivariate Analysis of Phytochemical Changes in during Wheat Germination

MANOVA using the likelihood ratio test (Wilks), Pillai, Hotelling–Lawley and Roy
tests revealed that, when all dependent variables (phytochemical compounds) were com-
bined in the analysis, there was a significant interaction effect of wheat cultivar vs. germi-
nation time (Supplementary materials, Table S4). This finding confirms the hypothesis that
the soft and hard wheat cultivars evaluated showed distinct changes in free and bound
phytochemical compounds during germination, and qualifies the data for the Principal
Component Analysis (PCA).

Cluster analysis further confirmed the distinct behavior of BRS Guaraim and BRS
Marcante concerning the changes in phytochemicals during germination. Cluster analysis
revealed that wheat cultivars were grouped into three groups according to the free phyto-
chemical variables during germination (Figure 1(a1)), explaining 63.3% of the data variation.
BRS Marcante was grouped into a single group regardless of the germination time (M-0 h,
-24 h, -48 h and -72 h), whereas BRS Guaraim was divided into two groups: one for 0 and
24 h (G-0 h and -24 h) and the other for 48 h and 72 h (G-48 h and -72 h). Cluster analysis
of the free phytochemical variables (Figure 1(a2)) also revealed three groups, which were
able to explain 73% of the data variation. One of these groups included vanillic acid and
DIBOA-hex-hex, another group was composed of DIMBOA-hex-hex, apigenin-hex-pent
I and II and sinapic acid, and the last one was composed of apigenins hex-hex-hex I, II
and aglycone.

The cluster analysis of wheat cultivars during germination according to the bound
phytochemicals that were released after alkaline hydrolysis divided samples into three
groups (57.1%) (Figure 1(b1)). The first group included BRS Guaraim 0, 24 and 72 h
(G-0 h, -24 h and -72 h) and BRS Marcante 24 and 72 h (M-24 h and -72 h), the second group
included BRS Guaraim 48 h and BRS Marcante 0 h (G -48 h and M-0 h) and the third group
was represented only by BRS Marcante 48 h (M-48 h). The dependent variables (bound
phytochemical compounds) of this analysis, in turn, were only divided into two groups
(54.2%), one comprising p-coumaric, sinapic, trans-ferulic and vanillic acid, and the other
comprising 4-hydroxybenzoic acid and apigenin (Figure 1(b2)).

PCA was used as an exploratory analysis to verify if changes in the phytochemical
compounds of free or bound fractions would allow the discrimination of wheat cultivars
during germination (Figure 2). A biplot (cultivar and germination time vs. content of
free phytochemicals, Figure 2a) confirmed the findings of cluster analysis and increased
the proportion of explained variance to 86.6% using the first three principal components.
Another biplot (cultivar and germination time vs. content of bound phytochemicals released
after alkaline hydrolysis, Figure 2b) confirmed the findings of cluster analysis and increased
the proportion of explained variance to 84.5% using the first three principal components.
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BRS Marcante before germination and up to 24 h of germination was associated with
high levels of some free phytochemicals, namely sinapic acid, apigenin and apigenin hex-
pent II, and apigenin hex-hex-hex I and II (Figure 2a, green circle). With the progression
of germination, BRS Marcante changed the profile of free phytochemical compounds,
becoming associated with high levels of vanillic acid, apigenin hex-pent I and DIBOA
hex-hex after 72 h of germination (Figure 2a, pink circle). On the other hand, BRS Guaraim
was already associated with high levels of vanillic acid, apigenin hex-pent I and DIBOA
hex-hex before germination (Figure 2a, pink circle), which were changed to a free phenolic
profile associated with DIMBOA hex-hex after 72 h of germination (Figure 2a, blue circle).

Bound phenolic compounds are located mainly in the cell wall and are formed through
the conjugation of free phenolic compounds with macromolecules such as cellulose and
proteins [22]. Concerning the profile of bound phytochemicals that were released after alka-
line hydrolysis, there was an association between BRS Guaraim and BRS Marcante samples
at the start (0 and 24 h) and in the end of germination (72 h) (Figure 2b, green circle). How-
ever, at 48 h of germination there was a distinct profile of bound phytochemicals between
cultivars. While BRS Marcante was associated with high levels of 4-hydroxybenzoic acid
(pink circle), BRS Guaraim was associated with high levels of vanillic acid and trans-ferulic
acid (blue circle; Figure 2b).

  
(a1) (b1) 

  

(a2) (b2) 

Figure 1. Dendrogram of wheat cultivars (G = Guaraim, M = Marcante) under different germination
times (0, 24, 48 and 72 h; ordinate axis) in relation to the coefficient of determination (r2, abscissa
axis) using Euclidean distance as a measure of dissimilarity and Ward’s agglomerative hierarchical
algorithm as a clustering method for the free phytochemical fraction (a1) and for the bound phyto-
chemical fraction that was released after alkaline hydrolysis (b1); and dendrogram of phytochemical
content (mg/100 g, ordinate axis) in relation to the coefficient of determination (r2, abscissa axis)
using the correlation matrix as a measure of similarity and the principal component as a clustering
method for the free phytochemical fraction (a2) and for the bound phytochemical fraction that was
released after alkaline hydrolysis (b2). a1 = 63.3% and a2 = 73.0%; b1 = 57.1% and b2 = 54.2%.
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(a) 

 
(b) 

Figure 2. Three-dimensional biplot of wheat cultivars (G = Guaraim, M = Marcante) at different
germination times (0, 24, 48 and 72 h) (scores) versus phytochemicals (loadings) in relation to the
main components of principal component analysis for the free phytochemical fraction (a) and for the
bound phytochemical fraction that was released after alkaline hydrolysis (b); a = 86.6% and b = 84.5%.
Colored dashed ellipses indicate the proximity among samples and variables.
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2.5. Antioxidant Capacity of Wheat Cultivars during Germination

During germination, in addition to the hydrolysis of macronutrients such as pro-
tein [49] and starch (Table 1), phytochemical compounds may be synthesized, released
or conjugated, which may result in changes in the antioxidant capacity (Figure 3). The
antioxidant capacity is associated with the ability to scavenge free radicals, break radical
chain reactions and chelate metals [50]. The oxygen radical absorbance assay was used to
evaluate the antioxidant capacity of wheat grains. The antioxidant capacity was assessed
only in the extract containing the free phytochemicals, which is expected to be solubilized
during digestion and available for intestinal absorption. Although bound phytochemicals,
namely bound phenolic compounds, have already been demonstrated to exert antioxidant
effects in vivo [51,52], such effects depend on their interaction and biotransformation by
gut microbiota, which was not investigated in the present study.

Figure 3. Changes in the oxygen radical absorbance capacity (ORAC) of the free phytochemical
fraction of germinated wheat. # Significantly different (p < 0.05) from the same cultivar at 0 h.
* Significantly different (p < 0.05) from BRS Guaraim at the same germination time. n = 6.

Although BRS Marcante had a higher content of free phytochemical compounds than
BRS Guaraim (Table 2), the peroxyl radical scavenging capacity of both cultivars was similar
before germination (Figure 3). The compounds that most contribute to this antioxidant
activity are phenolic acids and flavonoids [53]. In both cultivars, there was an increase in
the antioxidant capacity after 72 h of germination (p < 0.05), and this increase was higher
for BRS Marcante, which had a higher antioxidant capacity than BRS Guaraim at 24 h (58%
higher) and 72 h (41% higher; p < 0.05).

Many studies demonstrate increased antioxidant capacity in sprouted wheat [54–58]
and generally attribute this to the release of bound phytochemicals. In contrast to the
free phytochemical compounds that are soluble in conventional organic solvent, most
phytochemical compounds of wheat are bound to cell wall components or sugars. These
matrix-bound phytochemical compounds (BPC) are insoluble and, therefore, will not
contribute to the antioxidant capacity assessed in the extracts of wheat grain. However,
during food digestion, BPC will reach the colon, where they can be fermented by gut
microbiota and exert nutraceutical properties [59]. In addition, BPC could be a substrate
for metabolic transformation during grain germination. The diverse and complex structure
of BPC makes it difficult to analyze these compounds. For this reason, alkaline and acid
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hydrolysis were used to release the small units of phytochemical compounds and obtain
some insight into the type of chemical bonds responsible for their linkage to the food
matrix. The total concentration of phytochemicals bound to the cell wall (ester-type bonds,
alkaline hydrolysis) was 2.1- and 1.5-fold higher for BRS Guaraim and BRS Marcante,
respectively, than the total concentration of free phytochemicals. Phytochemicals linked to
simple sugars (ether-type glycosidic bonds, acid hydrolysis) were 3.6- and 4.5-fold lower,
respectively. Of the total phytochemical compounds found in wheat, approximately 70%
and 64% correspond to the total bound fraction, respectively, for BRS Guaraim and BRS
Marcante. Our result agrees with [13], which says that 60% to 90% of the phytochemical
compounds in cereals occur in a bound form.

3. Materials and Methods

3.1. Wheat Samples

Wheat (T. aestivum L.) grains of BRS Marcante and BRS Guaraim cultivars were
obtained in the experimental fields of the Brazilian Agricultural Research Corporation
(Embrapa Trigo) in Passo Fundo, RS state, Brazil (geographical coordinates: 28◦15′46′′S;
52◦24′24′′W; 687 m), in two crop seasons.

3.2. Samples Characterization

The GHI (method 55-31.01, AACCI [25], Perten Instruments, Springfield, IL, USA),
grain falling number, (GFN, method 56-81.03, AACCI [25], Perten Instruments, Spring-
field, IL, USA), hectoliter weight (method 55-10.01, AACCI [25] with results expressed
in kg·hL−1) and thousand kernel weight [60] were assessed to characterize the grains.
The technological quality of wheat cultivars was evaluated according to AACCI [25] and
included alveography (method 54-30.02, AACCI [25], Chopin Alveograph, Villeneuve-la-
Garenne, France) of whole wheat flours, considering the parameters gluten strength (W),
tenacity (P) and tenacity/extensibility ratio (P/L).

3.3. Germination

Wheat grain germination was performed as described by Baranzelli et al. [2] with
some modification. Wheat grains were germinated in triplicate under controlled lighting
conditions (12 h day/12 h night), relative humidity (80%), grain moisture (30%) and
temperature (25 ◦C day/15 ◦C night) for0, 24, 48, and 72 h. Germination temperatures were
selected according to the average of the maximum (day) and minimum (night) temperatures
of the years 2014, 2015 and 2016 in Passo Fundo during the wheat crop season (September
to November). This region is among the major Brazilian wheat producers.

3.4. Grain Milling

The whole wheat grains were first ground in a knife mill (Marconi, Piracicaba, SP,
Brazil), followed by grinding in a hammer mill (Perten Instruments, Springfield, IL, USA)
with a 0.8 mm sieve.

3.5. Germination Marker

The GFN was evaluated according to method 56–81.03 (AACCI [25], Perten Instru-
ments, Springfield, IL, USA) with altitude correction (Passo Fundo, RS, Brazil = 687 m).

3.6. Extraction of Free and Matrix-Bound Phytochemical Compounds

Free phytochemical compounds (FPC) were extracted from 0.25 g of whole wheat flour
diluted in 2.5 mL of acetone/water (80:20, v/v) solution acidified with 0.1% formic acid.
Samples were vortex-mixed for 2 min, centrifuged at 1500× g for 3 min and the supernatant
was collected. Extraction was repeated three times, the supernatants were pooled and 6 mL
of extract was concentrated in a rotary evaporator at 38 ◦C.

Matrix-bound phytochemical compounds (BPC) were extracted through alkaline and
acid hydrolysis according to Zhang et al. [61] with adaptations. For alkaline hydrolysis,
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2.0 mL of distilled water and 1.5 mL of 3 mol·L−1 NaOH were added to the residue
remaining after FPC extraction. Samples were shaken for 16 h at 20 ◦C and then had the
pH adjusted to ~2.0. Phytochemical compounds released were extracted three times with
15 mL of diethyl ether/ethyl acetate solution (1:1, v/v). The supernatants were mixed,
and 40 mL was dried in a rotary evaporator at 38 ◦C. The acid hydrolysis was carried out
by adding 1.5 mL of 6 mol·L−1 HCl to the residue remaining after alkaline hydrolysis.
Samples were incubated at 85 ◦C for 30 min and, thereafter, had the pH adjusted to ~2.0.
The extraction followed the same steps as described for alkaline hydrolysis.

Extracts of FPC and BPC obtained through alkaline and acidic hydrolysis were resus-
pended in 1.2 mL of acidified water/methanol solution (1:0.2 v/v, 0.1% formic acid) and
stored at −20 ◦C until further analysis.

3.7. Phytochemical Compounds Identification

The phytochemical compounds of wheat extracts were identified using two different
sets of liquid chromatograph (LC) equipment. The first exploratory analysis was conducted
using an LC system connected to a mass spectrometer (MS) that had a hybrid Orbitrap
analyzer and an electrospray ionization source (ESI, Q-ExactiveTM, Thermo Fisher Scien-
tific, Bremen, Germany), using the chromatographic conditions previously described by
Astudillo-Pascual et al. [62].

Thereafter, compound identification was accomplished using an LC-MS equipped
with a quadrupole-time-of flight (Q-TOF) analyzer and an electrospray ionization source
(ESI) (Bruker Daltonics, micrOTOF-Q III model, Bremen, Germany). Chromatographic
parameters were set according to Quatrin et al. [63] and Q-TOF-MS parameters were set
according to Mallmann et al. [64].

The identification of phytochemical compounds was based on the retention time and
order of elution in the reverse phase column, maximum absorption wavelength (UV-vis)
and characteristics of the MS spectrum compared to authentic standards analyzed under
the same conditions or with literature data. For the reliable identification of compounds,
comparison was made with analytical standards and databases, based on neutral mass
isotope distribution, retention time and MS/MS fragments using the customized database
of polyphenols from PubChem (https://pubchem.ncbi.nlm.nih.gov/ (accessed on 20 July
2020)) and other metabolites from KEGG (http://www.genome.jp/kegg/ (accessed on
23 July 2020)), MoNA: MassBank of North America (https://mona.fiehnlab.ucdavis.edu/
(accessed on 3 August 2020)), FooDB (https://foodb.ca (accessed on 12 August 2020))
and ReSpect for Phytochemicals (http://spectra.psc.riken.jp/menta.cgi/respect/index
(accessed on 13 August 2020)). For the non-targeted identification, the parameters generated
by the software were applied in descending order of importance: precursor exact mass error
and fragment mass error (<10 ppm); isotopic similarity (>80%) and highest fragmentation
score (score > 30).

3.8. Quantification of Phytochemical Compounds

The quantification of free and matrix-bound phytochemical compounds of germinated
wheat samples was performed according to Quatrin et al. [63].

Absorption spectra were recorded from 200 to 800 nm, and chromatograms for the
quantification of phytochemical compounds were obtained at 280, 320 and 360 nm. Results
were expressed as mg·100 g−1 of whole wheat flour on dry basis. The quantification
conditions were validated in our laboratory (Nidal-UFSM) (Supplementary materials,
Box S1 and Table S5) following the International Conference on Harmonization Guidelines.

3.9. Oxygen Radical Absorbance Capacity (ORAC)

The oxygen radical absorbance capacity (ORAC) of FPC was determined according to
the method described by Ou, Hampsch-woodill and Prior [65]. Values were expressed as
μmol of Trolox equivalents.g−1 sample on dry basis.
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3.10. Statistical Analysis

The results of germination markers and ORAC were analyzed using 2-way analysis of
variance (ANOVA, 2 cultivars × 4 germination times) with six replicates (n = 6, where three
replicates each were provided from two different crop seasons), followed by Tukey’s test
for mean comparison at a level of 5% significance. Statistica software (version 9.0, StatSoft
Inc., Tulsa, OK, USA) was used to perform this statistical analysis.

For the results of the phytochemical quantification, the experimental design was
randomized into blocks in a 2 × 4 factorial scheme (2 wheat cultivars × 4 germination
times), totaling eight (8) treatments with six replicates each (n = 6). Data were submitted
to ANOVA using the GLM procedure, their means were adjusted using the ordinary least
squares method with the LSMEANS command and compared using the Student–Newman–
Keuls (SNK) test.

Then, multivariate analysis of variance (MANOVA) was performed, in which the
matrices of sums of squares and products were obtained. To test the hypothesis that the
treatment means vectors were null, the Wilks (λ), Pillai (V), Hotelling–Lawley (U) and Roy
(F0) tests were performed. Additionally, cluster analysis was performed for treatments
using the DISTANCE, CLUSTER and TREE procedures, using the average Euclidean
distance as a dissimilarity measure and Ward as the clustering method. A cluster analysis
of the dependent variables was also performed using the VARCLUS and TREE procedures,
using the correlation matrix as input. Principal component analysis was performed using
the PRINQUAL, PRINCOMP and FACTOR procedures (Ravindra Khattree and Dayanand
N. Naik 2000). Statistical analyses were performed on the SAS® System for Windows™

version 9.4 (SAS Institute Inc., Cary, NC, USA), at a 5% significance level.
Chromatogram figures were obtained from the LabSolutions software, dendogram

figures were obtained from the SAS® software, PCA figures were produced using Microsoft
Excel and the antioxidant capacity figure was produced using GraphPad Prism version 6
for Windows (GraphPad Software, San Diego, CA, USA).

4. Conclusions

Germination proved to be a good tool to increase and diversify the content of bioactive
compounds in wheat, as indicated by the increase in the content of benzoxazinoids and an-
tioxidant capacity. Changes in the profile of phytochemical compounds during germination
were different between the soft- and hard-texture cultivars, and the hard-texture cultivar
had the greatest increase in antioxidant capacity after germination. Before germination,
the hard-texture cultivar, BRS Marcante, had a higher content of total benzoxazinoids and
flavonoids than the soft-texture cultivar, BRS Guaraim, including DIBOA-hex-hex, free and
bound sinapic acid, and apigenins hex-pent II, and hex-hex-hex I and II. On the other hand,
the soft-texture cultivar, BRS Guaraim, had a greater content of DIMBOA-hex-hex. Free
phytochemical compounds, mainly benzoxazinoids, increased during germination in both
cultivars. Before germination, few differences were observed between the soft and hard
cultivar concerning the profile of matrix-bound phytochemicals, which comprise the major
group of phenolic compounds in wheat. During germination, the levels of this group of
compounds have been shown to decrease only in the hard-texture cultivar, due to decreased
levels of phenolic acids (trans-ferulic acid) and flavonoids (apigenin) that were bound to the
cell wall through ester-type bonds. These findings confirm the hypothesis that hard and soft
wheat cultivars have distinct behavior during germination concerning the changes in phy-
tochemical compounds, namely the matrix-bound compounds. In addition, germination
has been shown to remarkably increase the content of benzoxazinoids, and the antioxidant
capacity of the free phytochemical fraction of wheat, which could bring a health-beneficial
appeal for pre-harvested sprouted grains that have lost their baking properties.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28020721/s1. Table S1. Technological characteristics of
two Brazilian wheat cultivars bearing soft (BRS Guaraim) and hard (BRS Marcante) texture grains.
Table S2. Grain images during germination. Figure S1. Representative LC-PDA chromatograms of
phytochemicals extracted from wheat grains. Free compounds (a) and bound compounds obtained by
alkaline (b) and acid (c) hydrolysis. Table S3. Tentative identification of wheat phytochemicals by LC-
Q-TOF-MS and LC-Orbitrap-MS. Table S4. Results of multivariate analysis of variance (MANOVA)
for phytochemical compounds from wheat cultivars (C) under different germination times (T), using
likelihood ratio test (Wilks) and Pillai, Hotelling-Lawley and Roy’s tests. Box S1. Validation data for
the analysis of benzoxazinone and phenolic compounds. Table S5. Accuracy test for the analysis of
phenolic and benzoxazinoid compounds in wheat grains.
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Abstract: Bee pollen is frequently characterized as a natural source of bioactive components, such
as phenolic compounds, which are responsible for its pharmaceutical potential and nutritional
properties. In this study, we evaluated the bioactive compound contents of mono- and polyfloral
bee pollen samples using spectroscopic and chromatographic methods and established links with
their antioxidant and antitumor activity. The findings demonstrated that the botanical origin of bee
pollen has a remarkable impact on its phenolic (3–17 mg GAE/g) and flavonoid (0.5–3.2 mg QE/g)
contents. Liquid chromatography–mass spectrometry analysis revealed the presence of 35 phenolic
and 13 phenylamide compounds in bee pollen, while gas chromatography–mass spectrometry
showed its richness in volatiles, such as hydrocarbons, fatty acids, alcohols, ketones, etc. The
concentration of bioactive compounds in each sample resulted in a substantial distinction in their
antioxidant activity, DPPH (EC50: 0.3–0.7 mg/mL), ABTS (0.8–1.3 mM Trolox/mg), and reducing
power (0.03–0.05 mg GAE/g), with the most bioactive pollens being the monofloral samples from
Olea europaea and Ononis spinosa. Complementarily, some samples revealed a moderate effect on
cervical carcinoma (GI50: 495 μg/mL) and breast adenocarcinoma (GI50: 734 μg/mL) cell lines. This
may be associated with compounds such as quercetin-O-diglucoside and kaempferol-3-O-rhamnoside,
which are present in pollens from Olea europaea and Coriandrum, respectively. Overall, the results
highlighted the potentiality of bee pollen to serve health-promoting formulations in the future.

Keywords: antiradical capacity; antitumor activity; bee products; bioactive compounds; phenolic
compounds; phenylamides

1. Introduction

The major product of beekeeping activities is known as honey. However, honey bees,
the golden insects of nature, can provide a much wider range of products with enormous
potential, such as bee pollen, bee bread, propolis, royal jelly, bee venom, and beeswax [1].
This great variety of natural products has been intensively researched and employed in
different industries for various purposes [2–4]. For example, propolis and bee venom are
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the subjects of important research in the field of pharmacy due to their strong biological
activities [5,6], while honey, bee pollen, and bee bread are considered important products
as functional foods due to their nutritional values and remarkable biological activities [7–9].

Essentially, bee pollen is the male gametophyte of the plant. Worker bees collect these
pollen grains from flowers and mix them with their own secretions, turning them into
moist pellets. These pellets then stick to the pollen basket on the hind legs of the bees and
begin their journey toward the hive [1]. Reaching the hive, the bees are forced to trespass
an apparatus placed at the entrance of the hive, pollen traps, where the pellets are forced to
detach from the bees’ legs, following in the trap. The chemical composition and biological
activity of bee pollen exhibit significant changes from pollen to pollen [1,7], depending
on the type of plant from which this pollen originates, geographical conditions, collection
season, as well as storage and processing factors [4,10].

With the development of analytical instruments and methods, the number of studies
demonstrating that bee pollen is a natural source of bioactive compounds and micro- and
macronutrients has progressed [3,7,10]. These advances have encouraged researchers to
evaluate bee pollen, especially for the food sector. For example, there is an intense effort
to fabricate functional foods with enhanced nutritional values and more potent biological
activities by incorporating bee pollen in different food products, such as bread [11], bis-
cuits [12], and meat [13]. Additionally, several studies stated that bee pollen samples from
different geographical locations around the world are a great source of aldehydes, alcohols,
fatty acids, phenolic compounds, terpenes, and esters that—when combined—potentiate
the pharmaceutical properties of bee pollen, such as antioxidant, anti-inflammation, an-
ticancer, and antidiabetic properties [1,7,14]. Such potential health benefits of bee pollen
are particularly linked to the presence of phenolic compounds [1,15]. Studies analyzing
the chemical composition of bee pollen verify that it contains several flavonoids (e.g.,
kaempferol, quercetin, and isorhamnetin,) and flavonoid glycosides among other simple
phenolics [4,10,16,17]. Even though this class of compounds is mostly non-nutritive in
the diet for humans, there is some evidence to suggest that modest consumption in the
long term may reduce the incidence of certain cancers and chronic diseases [18]. Reactive
oxygen (ROS) and nitrogen species (RNS) produced owing to the metabolic activity of cells
or due to environmental factors can damage biological molecules, such as DNA, enzymes,
and cells, and possibly contribute to cellular dysfunction and disease [19,20]. Phenolic
compounds have the potential to reduce the adverse effects of ROS and RNS based on
various antioxidant action mechanisms. For example, the binding of metal ions needed
for catalysis of ROS generation, the scavenging of ROS and RNS or their precursors, the
upregulation of endogenous antioxidant enzymes, or the repair of oxidative damage to
biomolecules [20]. Additionally, some phenolic compounds react directly with free radicals,
quenching them without reacting with other cell components [19–21].

It is obvious that more research is needed to reveal food and pharmacological charac-
teristics of bee pollen, leading us to categorize them as mono- and polyfloral and determine
the properties of each botanical origin accurately. Even though some countries established
standards for bee pollen according to their own national regulations [1], this natural product
lacks international standardization. Indeed, it has been emphasized in numerous studies
that there is a requirement for more research based on the chemical composition of different
bee pollens by referring to their botanical origins [1,2,7,14].

To fulfill this lack, we aimed to understand the link between the antioxidant and
anti-tumor potentials of mono- and polyfloral bee pollen samples from Morocco depending
on the type and abundance of bioactive compounds evaluated by liquid chromatography
coupled to diode array detection and electrospray ionization tandem mass spectrometry
(LC/DAD/ESI-MSn) and gas chromatography–mass spectrometry (GC-MS). In particular,
the number of studies that associate the presence of volatile compounds and phenylamides,
which represents a significant amount of the bioactive content of bee pollen, with the
biological activities is still very limited.
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2. Results and Discussion

2.1. Color and Palynological Assessment

Color and palynological analytical results of bee pollen samples are given in Table 1.
Visual inspection of bee pollen loads revealed diversity in color, including light purple,
light yellow, orange, yellow, and dark yellow. A notable particularity among the samples
was that between BP7 and BP8, the samples had slightly different colors even though they
came from the same pollen species. This could most likely be explained by the presence of
minor pollen species. However, the oxidation of the samples by exposure to air or light [22]
cannot be dismissed.

Table 1. Geographical location, codes, colors, and botanical origin of bee pollen samples.

Geographical
Location

Sample Code Visual Color Family
Relative Frequency (%) of

Pollen Types
Classification

Larache, MR BP1 Light purple Apiaceae Coriandrum and Daucus sp.
(100%) Monofloral

Khenichat, MR BP2 Yellow Brassicaceae Brassica sp. (60%), Sinapis sp.
(30%) and Tamarix sp. (<10%) Polyfloral

Had Kourt, MR BP3 Orange Asteraceae

Carduus/Galactites sp. (35%),
Taraxacum sp. (17%),

Scorzonera/Lactuca sp. (8%),
Bellis sp. (8%), Olea europea
(8%) and Echium sp. (6%),

Eucalyptus sp. (3%)

Polyfloral

Kenitra, MR BP4 Dark yellow Oleaceae Olea europaea (>85%), Tamarix
sp. (<5%) Monofloral

Fez, MR BP5 Dark yellow Brassicaceae Raphanus sp. (>80%) and
Sinapis sp. (<10%) Monofloral

Sefrou, MR BP6 Orange Cistaceae
Helianthemum sp. (>70%) and
Anthemis sp. (<10%), Lhytrum

sp. (<5%)
Polyfloral

Arfoud, MR BP7 Light yellow Fabaceae
Ononis spinosa/Astralagus sp.

(>90%), Lhytrum sp. and
Quercus sp. (<10%)

Monofloral

Taza, MR BP8 Yellow Fabaceae
Ononis spinosa/Astralagus sp.

(>90%), Lhytrum sp. and
Quercus sp. (<10%)

Monofloral

MR: Morocco, BP: bee pollen.

The botanical origin of the bee pollen samples was easily distinguished under the light
microscope according to the morphology of the pollen grains, although, it was challenging
to distinguish the species of some pollen grains from the same type because of the high mor-
phological similarity. In these cases, only the genus name was indicated, as in Coriandrum,
Carduus, or Ononis. The sample was considered monofloral when the relative frequency
of pollen species was ≥80% [23]. The results allowed the classification of five samples as
monofloral and three samples as polyfloral. BP1, BP2, BP4, BP5, and BP8 bee pollen samples
were assigned to the monofloral classes originated from Coriandrum (100%), Brassica (90%),
Olea europaea (100%), Raphanus (>80%), and Ononis (>95%), respectively. Other samples
exhibited pollen species of various botanical origins at different relative frequencies, as in
Table 1. These pollens are common to other previously identified in Moroccan bee products,
particularly in honeydew honey [24] and bee bread samples (natural fermented bee pollen
observed inside the hive) [25]. Evidently, it is quite possible that the harvested bee pollen
samples in the same or nearby geographic areas may reveal different botanical origins, as
this may vary in line with the dominant flora in the area where the apiaries are located as
well as honeybee preference [1].
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2.2. Total Phenolic and Flavonoid Content

As shown in Figure 1a, the hydroethanolic bee pollen extracts resulted in a wide
range of total phenolic content. The values ranged between 2.7 ± 0.6 and 16.8 ± 1.1 mg
of gallic acid equivalents per g of bee pollen (mg GAE/g), with more than six-fold vari-
ation. Three extracts exhibited relatively high phenolic contents (>10 mg GAE/g): BP7
(16.8 ± 1.1 mg GAE/g), BP5 (12.1 ± 0.3 mg GAE/g), and BP4 (10.3 ± 0.7 mg GAE/g). In
contrast, BP8 and BP1 presented the lowest phenolic contents, with values of 2.7 ± 0.6 and
3.7 ± 0.1 mg GAE/g, respectively. The most notable point among the results was that the
samples with the highest and lowest phenolic contents had the same main pollen type,
Ononis, as given in Table 1. However, while sample BP8 is monofloral with Ononis (>95%),
sample BP7 is polyfloral and contains other pollen types, such as Lythrum or Acacia, which
may be responsible for the increment in the phenolic content.

Figure 1. (a) Phenolic content and (b) flavonoid content of mono- and polyfloral bee pollen samples.
Different letters (a–h) indicate significant differences on the phenolic content (p < 0.05).

The flavonoid content of bee pollen samples was measured by the aluminum chloride
method, which is commonly employed to determine the amount of flavonoids, and the
results were illustrated in Figure 1b. The highest flavonoid content was recorded in the
BP6 extract (3.2 ± 0.1 mg of quercetin equivalents per g of bee pollen (mg QE/g), which
was dominated by Helianthemum (>78%) from the Cistaceae family. The BP6 was followed
by BP4, BP7, and BP5 extracts, with values of 2.1 ± 0.1, 1.7 ± 0.2, and 1.4 ± 0.2 mg QE/g,
respectively. Among the analyzed samples, these three samples demonstrated the highest
values of total phenolic compounds with a positive correlation. Concerning samples BP1,
BP2, and BP3, a decrease in the flavonoid content was observed in contrast with the increase
in the total phenolic content, Figure 1a,b. The findings revealed that high phenolic content
may not always correlate with high flavonoid content, as stated by some authors before [26].

The total phenolic or flavonoid values of the tested bee pollen were significantly
(p < 0.05) different from each other in multiple comparisons, with one exception (BP1-BP8
in flavonoid content). Our trends are similar to the findings of Morais et al. [27] and
Araújo et al. [28], who stated that the total phenolic (from 10.5 to 16.8 mg GAE/g; n = 5)
and flavonoid content of bee pollen samples (from 1.4 to 9.1 mg QE/g; n = 9) could lead to
variable values depending on the pollen species. Additionally, the present results are also
consistent with other studies previously reported for bee pollen at different geographic
locations [12,17,29].

2.3. LC/DAD/ESI-MSn Bioactive Compounds Analysis

The optimized chromatographic conditions provided the identification and quantifi-
cation of the bioactive compounds in the Moroccan bee pollen samples. The ESI source
in negative ion mode was chosen for the assessment of the compounds, and the most
intense peak in MS was selected as the precursor ion (m/z). The compound identification
was performed according to the detected precursor ion and MS/MS fragmentation by
comparison with standards and reported data in the literature. When this information was
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not available, the MS data were validated by combining the described UV (ultraviolet)
spectra and retention time data available in the literature. The quantification was performed
through the chromatogram at 280 nm and using the calibration curves of the phenolic
compound with the closest structural similarity.

The chromatographic profile allowed the identification of a total of 48 bioactive com-
pounds in the bee pollen samples, of which 31 were flavonoids, mostly flavonol glycosides;
13 were phenylamide compounds; and 4 were phenolic acids, as in Tables 2 and S1.

Myricetin, quercetin, isorhamnetin, kaempferol, and herbacetin glycosides were the
most abundant flavonoids identified, consistent with previous studies reporting them as
the main phytochemical compounds in bee pollen of various botanical origins [1,4,14].

Bee pollen flavonol aglycones presented a series of losses associated to different sugar
moieties, such as pentosides, hexosides, deoxyhexosides, and deoxyhexosyl-hexosides.
The peaks corresponding to acetyl glycosides and malonyl glycosides were observed in
several compounds. Peak 6 presented a pseudomolecular ion [M-H]− at m/z 667, releasing
an MS2 fragment at m/z 316 ([M-H-350]−, loss of an acetyl deoxyhexosyl-hexoside moiety),
corresponding to myricetin, as in Figures 2 and 3a. Additionally, Peak 14 was identified as
a myricetin derivate with a [M-H]− at m/z 565 and presented a fragmentation pattern with
an MS2 with an ion at m/z 521 formed by the loss of a carboxyl group (−44u). The following
MS3 spectrum indicated a loss of an acetyl hexoside moiety (−204u). The compound was
tentatively identified as myricetin-O-malonyl hexoside, as in Figures 2 and 3b. A similar
fragmentation pattern was observed for other flavonol glycoside derivatives, such as
quercetin-O-malonyl deoxyhexosyl-hexoside (peak 20, m/z 695), isorhamnetin-O-malonyl
pentosyl-hexoside (peak 25, m/z 695), 3′,4′,5′,3,5,6,7-heptahydroxy-flavonol-O-malonyl
hexoside (peak, 27, m/z 579), and kaempferol-O-malonyl rutinoside (peak 31, m/z 533), as in
Figure 2 and Tables 2 and S1.

Figure 2. Chromatographic profile at 280 nm for BP6 phenolic extract.
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Figure 3. Mass fragmentation pattern for the tentative identification of (a) myricetin-O-acetyl
deoxyhexosyl-hexoside and (b) myricetin-O-malonyl hexoside present in sample BP6.

Compounds such as as quercetin-O-diglucoside, kaempferol-O-diglucoside, and
kaempferol-3-O-rutinoside—assigned to the precursor ions [M-H]− at m/z 625, m/z 609,
and m/z 593—were the most common flavonoid glycosides within all samples. These com-
pounds have been reported in Portuguese bee pollen, which had predominantly Plantago
sp., Crepis capillaris, and Cytisus striatus pollen species [10].

Comparing the samples individually, BP6 exhibited a profile with more diversity
of phenolic compounds and the highest total concentration (8.8 mg/g), which was in
accordance with the previous results in the flavonoid content of it. A similar situation was
observed for the BP3 sample concerning the diversity of compounds. This could be related
to the polyfloral nature of BP3 and BP6, for which different plant sources contribute to the
high diversity of compounds. On the other hand, BP2, with 60% Brassica pollen, was the
poorest in terms of compounds. Chromatographic results also revealed that Moroccan bee
pollen samples contained four phenolic acids—caffeic acid (m/z 179), caffeic acid hexoside
(m/z 341), p-coumaric acid (m/z 163), and p-coumaric acid hexoside (m/z 325)—at low
concentrations in BP1, BP2, BP5, and BP8. Such phenolic acids have a wide distribution in
the plant kingdom, and their presence has been associated with biological activities such as
antiproliferative, antioxidant, and antimicrobial activities [30,31].

The employed chromatographic method allowed the identification of another group
of chemical compounds, phenylamides. Even though these compounds have not been the
subject of research often, they are responsible for some functions in plants. Phenylamides
exist in high concentrations in higher plants, especially on the surface of male reproductive
organs, namely pollen [32]. The reason for this is still a mystery, yet some researchers have
stated that these compounds may be related to the protection of plant genetic material
inside pollen grains from UV light [32]. Regardless, these compounds are obviously a
major component of pollen grains, including bee pollen [4,17]. Phenylamides are molecular
products chemically formed via covalent bonds between the carboxylic groups of hydrox-
ycinnamic acids (e.g., coumaric acid, ferulic acid, and caffeic acid) and amine groups of
aliphatic di- and polyamines or aromatic monoamines [33].

Phenylamide compounds were not detected in samples BP1, BP2, and BP4, as shown
in Table 2, which can be due to the low concentration of these compounds in the samples
or be related to the applied extraction method. The rigid pollen double-layer can have
meaningful effects on the recovery of compounds as previously discussed when applying
different extraction techniques [17]. Among the peaks detected in bee pollen phenolic
extracts, all phenylamides showed specific UV spectra with a UVmax at around 298 and
310 nm, [4], as in Table 2 and Table S1.

416



Molecules 2023, 28, 835

Confirmed with: a MSn fragmentation; b Standard; References: c Kang et al. [34];
d El Ghouizi et al. [4]; e Aylanc et al. [10]; f Sobral et al. [35]; g Llorach et al. [36];
h Falcão et al. [37]; i Mihajlovic et al. [38]. BP: bee pollen. nd: not detected.

Moroccan bee pollen contained several phenylamides, such as N1-p-coumaroyl-N5;
N10-dicaffeoylspermidine (m/z 614); N1, N5, N10-tri-p-coumaroylspermidine (m/z 582)
and its four isomers; N1, N5-di-p-coumaroyl-N10-caffeoylspermidine (m/z 598); and tetra-
coumaroyl spermine (m/z 785) and its five isomers. N1, N5, N10-tri-p-coumaroylspermidine
was the most common compound among the samples, with a concentration of 10.5 ± 0.1 mg/g
in BP7, implying approximately a 10-fold difference compared to the average of other
samples. Previously [17], this phenylamide was described in high concentrations in bee
pollen samples containing mainly Jasione montana (Campanulaceae family), Eucalyptus
(Myrtaceae), and Rubus (Rosaceae). Another common compound in the bee pollen samples
was the tetracoumaroyl spermine and its isomers, present in BP3 and BP6 samples with
concentrations ranging from 0.14–0.23 mg/g.

2.4. Volatile Compounds Profiling

Mono and polyfloral bee pollen volatile compounds were extracted using the solid
phase microextraction (SPME) technique followed by GC-MS analysis. The quantification
was obtained directly from the total ion chromatogram (TIC) and expressed as a relative
percentage. Linear retention indices (LRI) were calculated for each component detected.
The list of volatile compounds with the calculated LRI and relative concentration (R%) is
given in Table 3 and Table S2. Moroccan bee pollen presented a wide variety of volatile com-
pounds, with a total of 47 compounds identified, which included 13 aldehydes, 12 esters,
5 hydrocarbons, 5 ketones, 5 terpenes (3 oxygen-containing monoterpenes, 1 monoterpene
hydrocarbon, and 1 sesquiterpene hydrocarbon), 4 carboxylic acids, and 1 ether. The great
diversity in the composition is due to the different botanical origins, but may also be
influenced by the harvesting time, conservation methods, and extraction methodology [39].

Generally, the most common and abundant compounds were hexanal, ranging from
5.3 to 59.8%, and 3,5-octadien-2-one and its isomer, with a concentration ranging from 2.6
to 27.5%. Additionally, octanoic acid was present in all samples in a range from 1.9 to
7.7%, with the exception of the BP8 sample. 3,5-octadien-2-one (22.9%) and octanal (16.6 %)
were the most dominant compounds in Coriandrum monofloral bee pollen (BP1). In total,
six volatile organic compounds were identified in BP2, and 2,4-heptadienal (33.6%) and
hexanal (14.9%) from the aldehyde group were detected in high percentages. Additionally,
3,5-octadien-2-one (27.5%) from the ketone group and eucalyptol (10.6%) from the oxygen-
containing monoterpenes were found in high concentrations. Volatile compounds, such as
hexanal and octanal, were previously identified as being common in different bee pollen
samples from Croatia [40], and the presence of eucalyptol was also detected at a relatively
low rate (1.9%) in bee pollen samples from Latvia [29]. BP3 sample showed a rich profile
in fatty acids and their esters, including hexanoic acid (20.3%), ethyl decanoate (16.7%),
ethyl octanoate (14.8%), and methyl octanoate (11.5%). Various organic compounds from
different classes were present in the BP4 and BP5 samples, in which methyl octanoate
(13.1%) and hexanoic acid (20.5%) were the main compounds in each sample, respectively.
Volatile organic compound results reported for polyfloral bee pollen samples (n = 16) in a
study conducted by Prudun et al. [40] revealed the presence of these two compounds, and
yet the samples had different botanical origins than those described in the current study.
As previously described for the other samples, BP6 and BP7 presented high concentrations
of 3,5-octadiene-2-one, with values of 12.4% and 23.9%, respectively. Hexanal was also
identified as one of the main compounds in BP6 (12.3%), BP7 (21.0%), and BP8, which
showed a relative percentage of 59.8%. This revealed that Ononis bee pollen is a good
source of aldehydes. Some authors previously stated that hexanal is biologically active,
emphasizing its significant effect on the inhibition of microbiological contaminants [41].
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Although volatile compounds are not frequently associated with properties such as
antioxidant and antitumor, which we discuss in the next section, they are known to have
some biological activities, and revealing their presence may significantly affect consumers’
preferences due to factors such as taste and aroma when bee pollen is used as a food
supplement and food ingredient [29,40]. It is therefore important to identify the compounds
present by referring to the botanical origin of bee pollen.

2.5. Biological Activity
2.5.1. Antioxidant Capacity

The antioxidant capacities of mono- and polyfloral Moroccan bee pollen samples
were measured by DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS [2,2′-azinobis-(3-ethyl-
benzothiazoline-6-sulfonic acid)], and reducing power assays and the results are shown in
Figure 4a–c.

Figure 4. Antioxidant activity of mono- and polyfloral bee pollen samples. (a) DPPH free radical
scavenging activity; (b) ABTS free radical scavenging activity; (c) reducing power activity and
correlation of (d,g) DPPH; (e,h) ABTS; and (f,i) reducing power activity with phenolic content and
flavonoid, respectively. Different letters (a–e) mean significant differences (p < 0.05). r: Pearson’s
correlation coefficient.

DPPH radical scavenging activities ranged from EC50 0.71 mg/mL to EC50 0.28 mg/mL,
which indicates a 2.5-fold change. Here, a low EC50 value indicates high radical scavenging
activity. The monofloral sample BP7 exhibited the highest antioxidant activity (0.28 mg/mL)
together with Olea europaea monofloral bee pollen (BP4), followed by BP6 (0.29 mg/mL),
BP3 (0.41 mg/mL), BP5 (0.45 mg/mL), and BP2 (0.52 mg/mL).
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In the ABTS assay, the radical scavenging values ranged between 0.81 and 1.26 mM
Trolox equivalents per mg of bee pollen, which represent a lower (approximately 1.6-fold)
variation compared to the DPPH. As in the DPPH assay, here the BP7 sample showed
the highest antioxidant activity with a value of 1.26 mM Trolox/mg, followed by BP6
(1.10 mM Trolox/mg), BP5 (1.01 mM Trolox/mg) and BP4 (0.97 mM Trolox/mg). Along
with this, BP1 and BP8, representing monofloral bee pollen samples of Coriandrum and
Ononis, respectively, had the lowest activity in both radical scavenging tests.

The results of the reducing power assay to measure the reduction potential (Fe3+→Fe2+)
of bioactive compounds in bee pollen samples were slightly different from the other two
antioxidant assay findings. Among the samples, high reducing power activity was mea-
sured as 0.05 mg GAE/g in BP2 and BP8, while the lowest value was measured as 0.03 mg
GAE/g in BP1, BP3 and BP4. The remaining samples showed an antioxidant capacity of
0.04 mg GAE/g.

Researchers agree that a single method is often not sufficient to quantify the potential
activities of antioxidants, so employing antioxidant quantification assays based on different
working principles is a necessary method of comprehensively evaluating the material under
analysis [17,31,42]. Antioxidant results obtained from the current study demonstrated that
some samples, such as BP4, BP5, BP6, and BP7, contain pollen species with potent free
radical scavengers with minor reducing power activity. The antioxidant potential of the
samples could be attributed to their total bioactive compound content, especially to the
phenolics [10,29]. The phenolic and flavonoid contents and the calculated total amount of
phenolic compounds from the LC-DAD-ESI-MSn analysis were highest in the BP4, BP5, BP6,
and BP7 bee pollen samples, which were those that exhibited higher radical scavenging
profiles in the DPPH and ABTS assays. This situation indicated the existence of a correlation
between the amount of phenolic compounds and antioxidant capacity, with a strong
relationship between radical scavenging activity and total phenolic content (Figure 4d,e),
as well as a moderate correlation with flavonoid content (Figure 4g,h). Dudonné et al. [42]
previously highlighted that the phenolic content determined using Folin–Ciocalteu analysis
correlated with DPPH and ABTS, showing stronger free radical inhibition values in parallel
with the increase in phenolic content. Our results are also consistent with those previously
reported for the antioxidant activities of bee pollen from various geographical locations,
such as Brazil, Poland, Lithuania, and China [12,28,29]. The high correlation found may
be due to the presence of several flavonols, such as quercetin, kaempferol, and myricetin
derivatives, with a planar structure caused by the hydroxyl group in position 3 that
promotes a higher radical capture due to easier conjugation and electron delocalization.
The high number of hydroxyl groups is another factor contributing for the potency of those
compounds as electron scavengers. It should be noted that the negative correlation of
phenolic and flavonoid content with DPPH was due to the expression of DPPH as EC50,
where a low value corresponds to a high radical scavenging activity.

On the other hand, both mono- and polyfloral bee pollen did not exhibit any appre-
ciable antioxidant activity in the reducing power test, although there were statistically
significant (p < 0.05) differences among their phenolic compound concentration, as in
Figure 1. In the correlation analysis, there is no significant (p > 0.05) link between the
phenolic/flavonoid content and reducing power, as shown in Figure 4f,i. This could be due
to the stronger activity of individual compounds present in the sample rather than being
related to the high phenolic content.

2.5.2. Antitumor Activity

Each bee pollen extract was screened for potential in vitro cytotoxicity activity against
human-cancer-derived cell lines, such as stomach gastric adenocarcinoma (AGS), epithelial
colorectal adenocarcinoma (CaCo2), cervical carcinoma (HeLa), breast adenocarcinoma
(MCF-7), and non-small-cell lung cancer (NCI-H460) as well as a non-tumor cell line, human
fetal osteoblastic (hFOB). The growth inhibition (GI) of the cells was not significant in most
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of the samples (GI50 > 1000, μg/mL). BP1 (734 ± 7 μg/mL) and BP4 (495 ± 6 μg/mL)
showed cytotoxicity effects exclusively against MCF-7 and HeLa, respectively, Figure 5.

Figure 5. Cytotoxicity activity of the Moroccan bee pollen samples. ****: p < 0.0001.

The cytotoxic activities of plant-based materials are generally associated with the
presence of phenolic compounds in their chemical composition. Along with this, it is
known that the types and concentrations of these natural compounds have a determinative
role in the inhibition of growth, proliferation, and invasion of cancer cells in different
pathways. Ravishankar et al. [43] mentioned the ability of quercetin in the downregulation
of oncogene expression as well as the upregulation of tumor suppressor genes. Regarding
BP1, the detected compound at a distinctive concentration was kaempferol-3-O-rhamnoside
(1.60 mg/g), and this flavonol was previously reported by Lee et al. [44] to suppress the
protein expression and metastasis-promoting markers of MCF-7 breast cancer cells, thereby
reducing their migration and invasion ability to the level of control. BP4 showed cytotoxic
activity against the HeLa cell line with a higher inhibition rate than BP1. Even though the
monofloral BP4 from Olea europaea species did not actually show a remarkable profile in
terms of bioactive compound diversity, the chromatographic result revealed its richness
in quercetin-O-diglucoside (3.3 ± 0.1 mg/g) compound, which might have determined
its main action against the HeLa cancer cell line, as referred to in a previous study above.
Additionally, none of the tested bee pollen fractions exhibited any cytotoxic activity against
hFOB employed as the normal cell line.

3. Materials and Methods

3.1. Collection and Preparation of Bee Pollen

Bee pollen samples were collected by local beekeepers between 2015 and 2017 from dif-
ferent locations in Morocco, Table 1, and stored in the freezer (−20 ◦C) until further analysis.

3.2. Palynological Analysis

Palynological analysis was performed according to a method previously described [45].
Accordingly, 10 mL of distilled water was added to 1 g of bee pollen samples and vortexed
vigorously. Then, a 100 μL aliquot was placed on a slide, and after drying, one drop
of glycerin jelly was added for permanent preparation. Pollen grain identification was
performed by optical microscope. A reference collection from the botanical laboratory of
the University of Vigo, Spain, and different pollen morphology guides were used for the
identification of pollen types. The relative frequency of each pollen type was calculated by
counting a minimum of 500 pollen grains per slide.
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3.3. Extraction of Phenolic Compounds

Aliquots of 2 g bee pollen samples were accurately ground and weighed into a cen-
trifuge tube and extracted with 15 mL of ethanol/water (70:30, v/v) at 70 ◦C for 30 min,
in a water bath at 100× g. The mixture was vacuum filtered, and the derived extract was
stored at −20 ◦C until further analysis.

3.4. Total Phenolic and Flavonoid Content

The total phenolic compounds in the bee pollen samples were quantified spectropho-
tometrically according to a previously reported method [10]. Briefly, 0.5 mL of the extract
(5 mg/mL) was mixed with Folin–Ciocalteu’s reagent (0.25 mL). After 3 min, 1 mL of 20%
sodium carbonate was added to the mixture, and the volume was made up to 5 mL with
distilled water. The solution was kept at 70 ◦C for 10 min and then cooled in the dark at
room temperature for 20 min. Subsequently, the mixture was centrifuged for 10 min at
5000× g, and the absorbance was measured at 760 nm (Analytikijena 200–2004 spectropho-
tometer, Analytik Jena, Jena, Germany). The total phenolic content was expressed as mg
GAE/g bee pollen (GAE—gallic acid equivalents).

The aluminum chloride method was carried out to determine the total flavonoid
content [10]. An aliquot of 0.2 mL of sample solution (5 mg/mL) was mixed with 0.2 mL of
aluminum chloride solution (2% AlCl3 in acetic acid/methanol, 5/95, v/v). Following this,
2.8 mL of methanol with 5% glacial acetic acid was added. The mixture was then incubated
in the dark at room temperature for 30 min, and the absorbance was measured at 415 nm
using a spectrophotometer. The total flavonoid content was expressed as mg QE/g bee
pollen (QE—quercetin equivalents).

3.5. LC/DAD/ESI-MSn Analysis

The samples for analysis were prepared according to the method previously de-
scribed [17]. Briefly, 20 mg of bee pollen extract was dissolved in 2 mL of 80% ethanol,
filtered through a 0.22 μm membrane, and kept in the freezer at −32 ◦C until analysis.

A Dionex UltiMate 3000 ultra-pressure liquid chromatography instrument connected
to a diode array and attached to a mass detector was used for LC/DAD/ESI-MSn analyses
(Thermo Fisher Scientific, San Jose, CA, USA). LC was run in a Macherey–Nagel Nucleosil
C18 column (250 mm × 4 mm id; particles diameter of 5 mm, end-capped), and its tempera-
ture was kept constant at 30 ◦C. The conditions applied in the liquid chromatography were
based on previous work [4]; the flow rate was 1 mL/min, and the injection volume was
10 μL. The final spectra data were accumulated in the wavelength interval of 190–600 nm.
The results were expressed as mg/g of pollen. The mass spectrometer was operated in the
negative ion mode using Linear Ion Trap LTQ XL mass spectrometer (Thermo Scientific,
CA, USA) equipped with an ESI source. The source’s voltage was 5 kV, in addition to −20 V
and −65 V for the capillary and the tube lens, respectively. The capillary’s temperature was
fixed to 325 ◦C. Both sheath and auxiliary gas (N2) flows were fixed to 50 and 10 (arbitrary
units). Mass spectra were acquired by full range acquisition covering 100–1000 m/z. For the
fragmentation study, a data-dependent scan was performed by deploying collision-induced
dissociation (CID). The normalized collision energy of the CID cell was set at 35 (arbitrary
units). Data acquisition was carried out with the Xcalibur® data system (Thermo Scientific,
San Jose, CA, USA).

Quantification was achieved using calibration curves for p-coumaric acid
(0.00925–0.4 mg/mL; y = 2.06 × 107x − 3.5 × 105; R2 = 0.973), kaempferol (0.037–1.6 mg/mL;
y = 4.27× 106x + 1.98× 105; R2 = 0.983), chrysin (0.0185–0.8 mg/mL; y = 1.20 × 107x − 5.83 × 104;
R2 = 0.999), quercetin (0.037–1.6 mg/mL; y = 3.9 × 106x + 4.65 × 105; R2 = 0.937), narin-
genin (0.0185–0.8 mg/mL; y = 7.85 × 106x − 3.04 × 105; R2 = 0.978). When the standard
was not available, the compound quantification was expressed in the equivalent of the
structurally closest compound. The results were expressed as mg/g of pollen.
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3.6. Volatile Compounds Analysis
3.6.1. Solid Phase Microextraction

Preliminary optimization of the extraction time and the addition of saline solution led
to specific extraction conditions. Approximately 2.5 g of ground bee pollen was mixed with
2.5 mL of a 30% sodium chloride solution in a glass bottle until homogenization. The vial
was sealed with a predrilled septum and placed in a thermostatic bath at 50 ◦C. Headspace
sampling was performed using a manual SPME holder equipped with a 65 μm poly-
dimethylsiloxane/divinylbenzene (PDMS/DVB) StableFlex fiber (Supelco, Bellefonte, PA,
USA). Sampling of the volatile bee pollen compounds was achieved by inserting the fiber
through the septum and exposing it to the headspace for 60 min with continuous stirring.
The fiber was then retracted and transferred to the injector port of the gas chromatograph
where the compounds were desorbed for 5 min.

3.6.2. GC-MS Profiling and Quantification

The volatile compounds analysis was carried out according to a previously reported
method with some modifications [46]. The GC-MS unit consisted of a Perkin Elmer system
(GC Clarus® 580 GC module and Clarus® SQ 8 S MS module) gas chromatograph equipped
with DB-5 MS fused-silica column (30 m × 0.25 mm i.d., film thickness 0.25 μm; J & W
Scientific, Inc.) and interfaced with a Perkin-Elmer Turbomass mass spectrometer (software
version 6.1, Perkin Elmer, Shelton, CT, USA). The SPME fiber was desorbed at 250 ◦C for
5 min. The oven temperature was programmed as 40–170 ◦C, at 3 ◦C/min, subsequently at
25 %/min up to 290 ◦C, and then held isothermal for 15 min. The transfer line temperature
was 280 ◦C; ion source temperature, 230 ◦C; carrier gas, helium, adjusted to a linear velocity
of 40 cm/s; ionization energy, 70 eV; scan range, 40–300 u; scan time, 1s. Identifications were
based on the comparison of the obtained spectra with those of the NIST mass spectral library
and were confirmed using linear retention indices determined from the retention times
of an n-alkane (C7–C36) (Supelco, Bellefonte, PA, USA) mixture analyzed under identical
conditions. They were compared to published data and, when possible, to commercial
standard compounds. Quantitation (average value for three replicates per sample) was
carried out using relative values directly obtained from peak TIC.

3.7. Antioxidant Capacity of Bee Pollen

Three different assays based on different working mechanisms were employed to
measure the antioxidant capacity of bee pollen samples.

3.7.1. DPPH Free Radical Scavenging Activity

DPPH free radical scavenging activity of bee pollen was performed according to
Aylanc et al. [10]. A volume of 0.15 mL of the phenolic extract solutions, with concentrations
ranging from 0.034 to 0.5 mg/mL were mixed with 0.15 mL of DPPH (0.024 mg/mL) and the
absorbance was read at 515 nm using an ELX800 Microplate Reader (Bio-Tek Instruments,
Inc., Winooski, VT, USA). The percentage of radical inhibition was calculated using the
following equation:

% Inhibition = [(ADPPH − ASample)/ADPPH ] × 100 (1)

The amount of antioxidant required to decrease the initial DPPH concentration by 50%
(EC50) was achieved by plotting the inhibition percentage against the extract concentration.

3.7.2. ABTS Free Radical Scavenging Activity

The ABTS assay was carried out to determine the ability of bee pollen samples to
scavenge the ABTS radical cation using Trolox as the standard, according to the previously
described method with modifications [47]. Stock ABTS+ solution was prepared from
7 mM ABTS and 2.45 mM sodium persulfate in deionized water. The ABTS+ solution was
diluted with distilled water to obtain an absorbance of 0.700 (±0.020) at 734 nm. Bee pollen

424



Molecules 2023, 28, 835

extract (5mg/mL, 0.04 mL) was added to the diluted ABTS+ solution (0.96 mL) and mixed
immediately. The mixture was incubated for 10 min in the dark, and the absorbance was
determined at 734 nm. The percentage of inhibition was calculated by the formula:

% Inhibition =

(
1 − ASample

)
AControl

× 100 (2)

ASample is the absorbance of ABTS+ solution with sample, and AControl is the absorbance
of ABTS+ solution without sample. The Trolox equivalent antioxidant capacity of the bee
pollen samples (mM Trolox/mg bee pollen extract) was calculated using the calibration
curve as follows:

TEAC (mM
Trolox

mg
bee pollen extract) =

(% InhibitionSample − b)
a

× aliquot volume (mL)
bee pollen weight (mg)

(3)

where a and b are the slope and the intercept of the calibration curve, respectively.

3.7.3. Reducing Power

The reducing power assay was performed according to a previously reported method [10].
Bee pollen extract (5 mg/mL, 0.25 mL) was mixed with sodium phosphate buffer (pH = 6.6,
1.25 mL). Potassium ferricyanide (1%, 1.25 mL) was added, and the mixture was incubated
at 50 ◦C for 20 min. Then, trichloroacetic acid (10%, 1.25 mL) was added. The mixture
was centrifuged at 3000× g for 10 min, and 1.25 mL was removed from the top to a new
tube. Following, 1.25 mL of water and 0.25 mL of 0.1% ferric chloride were added, and the
absorbance was read at 700 nm. The values were expressed as mg GAE/g bee pollen.

3.8. Cytotoxic Activity

To evaluate the cytotoxic activity of bee pollen extract with the Sulforhodamine B
(SRB) colorimetric assay [48], 5 human tumor cell lines were used: AGS, CaCo2, HeLa,
MCF-7, and NCI-H460 as well as hFOB a non-tumor cell line. The treatment solution was
prepared from a 20 mg/mL hydroethanolic bee pollen extract, which was freeze-dried and
then diluted to various concentrations (125 μg/mL to 2000 μg/mL).

The cell lines subcultures were performed in RPMI-1640 medium enriched with
2 mM glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 10% FBS and kept in
a humidified air incubator containing 5% CO2 at 37 ◦C. After 24 h of incubation, the
attached cells were treated with different extract concentrations and incubated again for
48 h. Afterward, the adherent cells were fixed with cold trichloroacetic acid (TCA 10%,
100 μL) and incubated at 4 ◦C for 1 h. Subsequently, the cells were washed with deionized
water and dried. SRB solution (SRB 0.1% in 1% acetic acid, 100 μL) was added to each
plate well and incubated for 30 min at room temperature. The unbound SRB was removed
with 1% acetic acid, and the plates were air-dried. The bound SRB was solubilized with
Tris (10 mM, 200 μL). To measure the absorbance at 540 nm, an ELX800 microplate reader
(Bio-Tek Instruments, Inc; Winooski, VT, USA) was used. Elipticine was used as a positive
control, and the results were expressed as GI50 values in μg/mL (sample concentration that
inhibited 50% of the net cell growth).

3.9. Statistical Analysis

All analyses were performed in triplicate, and the results were denoted as mean ± standard
deviation (SD). The obtained data were analyzed using GraphPad Prism version 9.4 (San
Diego, CA, USA). One-way analysis of variance, followed by Tukey’s multiple comparison
test, was conducted to see whether there is statistical significance. p < 0.05 was considered
significant. Additionally, Pearson’s correlation coefficients were calculated to ascertain the
relationship between the tested parameters.
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4. Conclusions

Herein, Moroccan mono- and polyfloral bee pollen samples were subjected to different
tests to determine their antioxidant and antitumor potential after evaluating the individual
volatile compounds and their amounts as well as the phenolic and flavonoid contents of
the samples. Several differences were found between monofloral and polyfloral bee pollen
samples in terms of both diversity and concentration of bioactive compounds. Regardless
of mono- and polyfloral classes, all bee pollen samples showed significant activities in free
radical scavenging tests, but they did not show significant performance in reducing power
and antitumor tests, except with some minor activities. The monofloral samples BP4 from
Olea europaea and BP7 from Ononis spinose showed the highest radical scavenging activity
against DPPH and ABTS, respectively, while BP2 and BP8 equally showed the highest
reducing power activity. Moreover, among the samples tested, only BP1 (against MCF-7)
and BP4 (against HeLa) showed cytotoxicity activity, which may be linked to the presence
of specific flavonoids such as quercetin-O-diglucoside and kaempferol-3-O-rhamnoside.
The antioxidant action of bee pollen samples and their cytotoxic effects on some cancer cells
may be summed concisely as a combination of their phenolic, phenylamide, and volatile
compounds content. Overall, the findings of our study contribute to establishing quality
standards for Moroccan bee pollen and promoting the consumption of this natural beehive
product, with potential evidence for the prevention or reduction of some health problems
in which free radicals play major roles.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28020835/s1; Table S1: Phenolic and phenylamide
profile of bee pollen samples; Table S2: Identification of volatile compounds in bee pollen samples.
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Abstract: Among the environmental factors, seasonality is the one which most affects the metabolome
of a plant. Depending on the harvest season, the plant may have a variable content of certain metabo-
lites and thus may have different biological properties. Foeniculum vulgare is an annual plant whose
cultivation creates large amounts of waste rich in bioactive compounds. The present investigation
was performed with the aim of determining the amount of biologically active compounds in F. vulgare
wastes obtained from varieties of different seasonality. Ten polyphenolic compounds were quantified
in the little stems and leaves of Tiziano, Pegaso, and Preludio cultivars by ultra performance liquid
chromatography (UPLC) hyphenated to QTRAP mass spectrometry by using the MRM (multiple
reaction monitoring) method. The antioxidant activity of hydroalcoholic extracts was then evaluated
using TEAC and DPPH spectrophotometric assays, followed by a multivariate statistical analysis
to determine the correlation between metabolite expression and antioxidant activity. The Preludio
variety, grown in summer, showed a higher content of bioactive compounds, which guarantees it a
better antioxidant power; kaempferol 3-O-glucuronide, quercetin 3-O-glucuronide, and quercetin
3-O-glucoside are the polyphenolic compounds that could be mainly responsible for the antioxidant
effect of fennel. The PLS chemometric model, which correlated quantitative data obtained by a
sensitive and selective LC-ESI-QTrap-MS/MS analysis of antioxidant activity, resulted in a selective
tool to detect the compounds responsible for the activity shown by the extracts in chemical tests.

Keywords: metabolomics; antioxidant activity; multivariate statistical analysis

1. Introduction

Fennel (Foeniculum vulgare Mill) is one of the most used plants in traditional medicine,
showing a high number of pharmaceutical applications [1–3]. In vitro and in vivo stud-
ies [4] have shown several pharmacological activities of fennel including antimicrobial [5],
antiviral [6], anti-inflammatory [7], apoptotic [8], cardiovascular [9], and antitumor [10,11].

Fennel, grown mainly in the Mediterranean area, is an annual species. The part of
fennel that is sold and most frequently used in food market is the soft white bulb [12]. The
remaining parts of the plant such as the leaves, and stems represent a waste product that is,
however, rich in bioactive compounds [1,13,14].

Previous studies from our research group, through the metabolite profiling of fennel
waste, highlighted that the little stems and leaves are the richest parts in terms of sec-
ondary metabolites containing important antioxidants such as phenolic acids, glycosylated
flavonoids, and iridoids [15,16].

Antioxidants are molecules capable of reducing oxidation reactions in the human
body and in food products [17,18]. Therefore, these compounds, in addition to being used
as natural antioxidants in food preservation to extend food stability and storage life, can
eliminate the free radicals generated by oxidation reactions in the human body that damage
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429



Molecules 2023, 28, 900

cells [19]. The abundance of free radicals is associated with the onset of chronic diseases;
therefore, the daily intake of antioxidant compounds can play an important role in the
prevention and/or treatment of these diseases [20,21].

It is widely known that environmental factors, among them seasonality, can quali-
tatively and quantitatively affect the occurrence of metabolites in plants [22]. Different
varieties of the same plant could have an increase or a reduction of some compounds
according to the season in which they grow. The variability in the content of secondary
metabolites could also determine a variability in their biological activities, such as the
antioxidant activity [23,24].

Quantitative plant metabolomics is a tool to improve the understanding of plant bio-
chemistry and metabolism by providing accurate measurements of the concentrations of
known metabolites occurring in various plant samples prior to statistical and bioinformatic
analysis [25]. Targeted approaches focus on the analysis of specific groups of metabolites
associated with specific metabolic pathways or classes of compounds. The complexity and
dynamics of metabolism require multiple analytical platforms to cover the full spectrum
of metabolites. Among them, mass spectrometry MS/MS provides a highly sensitive and
selective quantitative analysis of metabolites and has the ability to identify metabolites.
Meanwhile multifunctional mass analyzers operating in integrated, or hybrid configu-
rations can further facilitate metabolite identification by obtaining high-resolution and
accurate MS/MS spectra. Among them, triple quadrupole (QqQ) is considered a reference
tool for the absolute quantification of small molecules due to its sensitivity and specificity
using multiple reaction monitoring (MRM): the first quadrupole (Q1) of the MS selects and
transmits the precursor ions to the second quadrupole (Q2) for further fragmentation [26].
Therefore, this research was aimed at quantifying some metabolites in three varieties of
different seasonality of F. vulgare, Tiziano (winter cultivar), Pegaso (spring cultivar), and
Preludio (summer cultivar). Hydro-alcoholic extracts of the little stems and leaves were
analyzed through UPLC-ESI-QTRAP-MS/MS analysis in MRM.

The antioxidant activity of fennel waste was evaluated by two spectrophotometric
assays, specifically DPPH (1,1-diphenyl-2-picrylhydrazyl radical) and TEAC (Trolox equiv-
alent antioxidant capacity). The content of flavonoids was also assessed using an allumine
chloride colorimetric assay. Using these assays, the antioxidant activities of the spring
(Pegaso) and summer (Preludio) fennel variety extracts were compared with those of the
winter variety (Tiziano), whose results were previously reported [15].

PLS (Partial least squares (PLS) analysis, a multivariate data analysis projection
method, can classify samples according to their properties, identified as a Y variable
in a correlation plot. By using PLS analysis, the metabolomic quantitative data were corre-
lated to specific assay results. Thus, in the present work the most important metabolites
involved in the antioxidant activity were identified.

The study confirmed that seasonality can alter the metabolome of plants; in fact, the
Preludio variety, grown in the summer period, has a higher content of bioactive compounds
such as quercetin 3-O-glucoside, quercetin 3-O-glucuronide, and feruloylquinic acid.

2. Results and Discussion

2.1. UPLC-ESI-QTRAP-MS/MS Quantitative Analysis

Ten known metabolites were quantified in fennel waste obtained from different culti-
vars by UPLC-ESI-QTRAP-MS/MS analysis. Data obtained from the Tiziano variety have
already been published previously [16], they are reported for a comparison with the other
two varieties of different seasonality.

The mass spectral parameters of each compound were optimized according to standard
methods, as shown in Table 1, along with a precursor/production transition selected to
apply an MRM method for revealing them (Figure 1).

430



Molecules 2023, 28, 900

Table 1. Mass spectral parameters and precursor/product MRM transitions of standard compounds
measured using a UHPLC system interfaced with an ABSciex Q-Trap 6500 instrument in MRM mode
(UPLC-ESI-QTRAP-MS/MS).

Compounds DP EP CE CXP PI DI

1 neochlorogenic acid −60 −4 −24 −17 353 191

2 dicaffeoylquinic acid −61 −4 −24 −38 515 353

3 quercetin 3-O-glucoside −138 −9 −28 −32 463 301

4 feruloylquinic acid −89 −4 −33 −21 367 191

5 quercetin 3-O-glucuronide −52 −8 −35 −30 477 301

6 isorhamnetin 3-O-glucuronide −52 −8 −35 −30 491 315

7 kaempferol 3-O-glucuronide −59 −8 −35 −30 461 285

8 dicaffeoylquinic acid malonyl * −61 −4 −24 −38 601 395

9 kaempferol 3-O-rutinoside ** −81 −4 −35 −30 593 285

10 kaempferol 3-O-glucoside ** −81 −4 −25 −30 447 285

DP, declustering potential; EP, entrance potential; CE, collision energy; CXP, collision cell exit potential; PI, product
ion; DI, daughter ion. * Compound quantified on the dicaffeoylquinic acid curve. ** Compounds quantified on
the kaempferol 3-O-glucuronide curve.

For both the Tiziano and Pegaso varieties, the leaves showed a higher concentration
of the quantified compounds (Table 2). On the contrary for the Preludio variety, the little
stems were the richest source of bioactive compounds (Figure 2A).

Neochlorogenic acid (1) and quercetin 3-O-glucoside (3) were abundant in the leaf of
the spring variety, Pegaso, with concentrations of 192.67 and 90.36 mg, respectively. Addi-
tionally, this variety showed the greatest concentration of isorhamnetin 3-O-glucuronide (6)
(888.86 mg) (Figure 2B). Kaempferol 3-O-rutinoside (9) and kaempferol 3-O-glucoside (10)
were detected only in the fennel waste from the Preludio variety. A higher concentration of
bioactive compounds was found in the little stem of this variety of fennel. In fact, it was
rich in glucoronate flavonoids such as quercetin 3-O-glucuronide (5) and kaempferol 3-O-
glucuronide (7). These flavonoids were present at 1611.00 and 562.50 mg concentrations,
respectively. In the little stem of Preludio fennel, grown during the summer, the highest
concentrations of feruloylquinic acid (4) and quercetin 3-O-glucoside (3) were detected,
with concentrations of 310.50 and 264.60 mg respectively in 100 g of dried plant material.

2.2. Method Validation

According to EMA guidelines, the UPLC-ESI-QTRAP-MS/MS method has been vali-
dated as previously described [16,27]. Each standard solution was analyzed in triplicate
to assess a calibration curve by plotting the area of the external standard alongside each
metabolite concentration. The linearity was evaluated considering the correlation coeffi-
cients of each calibration curve obtained for standard compounds. The correlation values
obtained were in the range of 0.997–0.999.

A signal-to-noise ratio (S/N) of 3:1 and 10:1 was obtained by serially diluting the
standard compounds under optimized conditions in order to determine, respectively, the
limit of detection (LOD) and the limit of quantification (LOQ). Therefore, the developed
method demonstrated good sensitivity with a LOD between 0.002 and 0.010 mg/L and a
LOQ between 0.002 and 0.08 mg/L.

A sample was analyzed three times on the same day and three times over three
consecutive days, in order to evaluate the precision of the method; the value was expressed
as a percentage relative standard deviation (RSD). The RSD value for any analite was in the
range of 2–4%. Using the optimized parameters, we performed recovery experiments to
evaluate the extraction efficiency.

At three concentration levels (high, middle, and low), UPLC-ESI-QTRAP-MS/MS
experiments were performed in triplicate at each concentration level for three standard
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solutions. The recovery and precision were appreciable, with recovery rates ranging from
95% to 105% on the same day.

Figure 1. Q1/Q3 mass transitions for chlorogenic acid, quercetin glucoside, quercetin glucuronide,
kaempferol glucuronide, isorhamnetin glucuronide, feruloylquinic acid, and dicaffeoylquinic acid
obtained by UHPLC-ESI-QTRAP-MS/MS analysis and selected for MRM analysis of a standard mix.
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Table 2. Quantitative results obtained from the analyses of selected phenolic compounds in the
F. vulgare waste of different cultivars using UHPLC-ESI-QTRAP-MS/MS analyses in MRM mode.

Compounds FVLS-T FVLE-T FVLS-PE FVLE-PE FVLS-PR FVLE-PR

1 neochlorogenic acid 6.80 ± 0.06 17.10 ± 0.86 28.84 ± 0.65 192.67 ± 3.34 151.74 ± 2.50 82.12 ± 2.63

2 dicaffeoylquinic acid 11.15 ± 0.21 41.17 ± 0.00 0.82 ± 0.02 1.71 ± 0.11 89.37 ± 2.42 22.88 ± 3.52

3
quercetin

3-O-glucoside 3.16 ± 0.67 50.85 ± 0.00 3.24 ± 0.05 90.36 ± 0.59 264.60 ± 3.09 81.60 ± 6.25

4 feruloylquinic acid 42.47 ± 0.00 46.77 ± 1.20 9.58 ± 0.36 103.13 ± 2.09 310.50 ± 5.91 185.60 ± 1.28

5
quercetin

3-O-glucuronide 1.14 ± 0.11 163.76 ± 2.61 11.14 ± 0.23 427.88 ± 8.36 1611.00 ± 16.11 872.00 ± 4.67

6
isorhamnetin

3-O-glucuronide 0.89 ± 0.13 257.90 ± 4.23 9.98 ± 1.02 888.86 ± 10.76 12.29 ± 1.07 5.26 ± 0.70

7
kaempferol

3-O-glucuronide 0.14 ± 0.00 37.84 ± 1.28 19.42 ± 0.26 238.76 ± 6.69 562.50 ± 10.73 366.40 ± 5.40

8
dicaffeoylquinic acid

malonyl * 19.98 ± 1.01 48.18 ± 4.65 nd 0.61 ± 0.00 147.97 ± 5.46 107.72 ± 2.49

9
kaempferol

3-O-rutinoside ** nd nd nd nd 16.92 ± 0.87 8.09 ± 1.13

10
kaempferol

3-O-glucoside ** nd nd nd nd 15.24 ± 1.69 6.64 ± 0.75

Mean in mg/100 g dried weight with standard deviation. FVLS-T, Foeniculum vulgare little stem Tiziano variety;
FVLE-T, Foeniculum vulgare leaf Tiziano variety; FVLS-PE, Foeniculum vulgare little stem Pegaso variety; FVLE-
PE, Foeniculum vulgare leaf Pegaso variety; FVLS-PR, Foeniculum vulgare little stem Preludio variety; FVLE-PR,
Foeniculum vulgare leaf Preludio variety. * Compound quantified on the dicaffeoylquinic acid curve. ** Compounds
quantified on the kaempferol 3-O-glucuronide curve. nd, not detected.

2.3. Antioxidant Activity and Content of Flavonoid

Flavonoids are phenolic compounds which are very abundant in fennel waste. These
compounds exert antioxidant, antimicrobial, photoreceptor, feeding, and light-screening
functions in plants [28]. Research shows that flavonoids also have antiallergenic, antiviral,
anti-inflammatory, antioxidant, and vasodilating properties in the human organism [29].
Due to the presence of glycosylated flavonoids in fennel waste, the flavonoid content and
antioxidant activities of extracts were chemically tested using spectrophotometric methods
(Table 3).

There was a higher flavonoid content in the leaves than in the little stems of all the
varieties tested. In particular, the leaves of the summer variety, Preludio, presented the
richest source of flavonoid compounds with a concentration of 1.497 mg. Although each
extract showed good antioxidant activity, by comparing the results with those obtained for
the two positive controls (quercetin 3-O-glucoside and vitamin C), the leaves in general,
compared to the little stems, were shown to be more active. Specifically, according to the
data from the quantitative analysis, the Pegaso and Preludio varieties exerted the highest
antioxidant activity-reaching TEAC values (equivalent antioxidant capacity in TROLOX
expressed in mg/mL) of 1.501 for FVLE-PR and 1.676 for FVLE-PE and, respectively, an
IC50 for DPPH (expressed in mg/mL) of 0.010 for FVLE-PR and 0.634 for FVLE-PE.

2.4. Multivariate Data Analysis

Quantitative data obtained for biological triplicates of the various samples were used
to apply a multivariate statistical analysis with a targeted approach.

A data matrix was created where the rows (variables) were the quantities of each
metabolite analyzed by LC-ESI-QTRAP-MS/MS (Table 2) and the columns were the various
samples, each in triplicate, and represented the observations. This matrix was the X-
block for the PLS-based approach, which is a regression technique applied to examine
the relationship between two blocks of data, called X- and Y-block. The Y-block is the
antioxidant activity, expressed as a % of inhibition of TEAC or DPPH. A score scatter plot
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generated by PLS highlights the extracts with the greatest antioxidant activity, evaluating
their proximity to the Y-block. Additionally, a loading scatter plot shows the variables
closest to the Y-block, which correspond to the variables that had a greater impact on
antioxidant activity.

Figure 2. UHPLC-ESI-QTRAP-MS/MS profiles of hydroalcoholic extracts of the little stems (A) and
leaves (B) of three varieties of F. vulgare. FVLS-T, Foeniculum vulgare little stem Tiziano variety; FVLS-
PE, Foeniculum vulgare little stem Pegaso variety; FVLS-PR, Foeniculum vulgare little stem Preludio
variety; FVLE-T, Foeniculum vulgare leaf Tiziano variety; FVLE-PE, Foeniculum vulgare leaf Pegaso
variety; FVLE-PR, Foeniculum vulgare leaf Preludio variety.
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Table 3. Antioxidant activity of extracts of F. vulgare evaluated by TEAC and DPPH, Radical scaveng-
ing activity assays, and the total amount of plant flavonoids of fennel.

F. vulgare Extracts
TEAC

[mg/mL ± SD a] b
DPPH

[IC50 (mg/mL) ± SD a]

Total Flavonoids
[mg/g Plant Extract (in

RE) ± SD a] c

FVLS-T 0.375 ± 0.006 5.782 ± 0.001 ND
FVLE-T 0.823 ± 0.008 0.342 ± 0.002 0.206 ± 0.006

FVLS-PE 0.448 ± 0.006 3.280 ± 0.002 0.083 ± 0.001
FVLE-PE 1.676 ± 0.010 0.634 ± 0.006 1.331 ± 0.002
FVLS-PR 0.509 ± 0.004 1.109 ± 0.002 0.309 ± 0.001
FVLE-PR 1.501 ± 0.009 0.010 ± 0.002 1.497 ± 0.002
quercetin

3-O-glucoside 1.813 ± 0.007 / /

vitamin C / 0.270 ± 0.006 /

SD a, standard deviation of three independent experiments; b, antioxidant activity determined by TEAC assay,
and expressed as the antioxidant capacity equivalent in TROLOX in mg/mL; c, flavonoid content evaluated by
aluminum chloride assay and expressed as mg of rutin equivalents (RE) in grams of extract.

Figure 3 shows the score scatter plot of the PLS analysis for DPPH (panel A) and the
loading scatter plot (panel B). The first component explains the 62% of variance, while
the second explains the 23% of variance. The most active samples are located on the right
side of the plot and are the leaves of all the varieties of fennel and the little stems of the
Preludio summer variety. The loading scatter plot has an outlier, the isorhamnetin 3-O-
glucuronide, which was eliminated to obtain a new loading scatter plot with the regression
line (Figure 4A). The variables with the greatest antioxidant power are those positioned
in the upper right part of the plot, the flavonoids quercetin 3-O-glucuronide, quercetin
3-O-glucoside, and kaempferol 3-O-glucuronide.

Figure 3. Partial least square analysis: quantitative results related to the antioxidant activity (DPPH)
of the ethanolic extracts of F. vulgare waste. (A) Score scatter plot; (B) loading plot. FVLE-T, Foeniculum
vulgare leaf Tiziano variety; FVLE-PE, Foeniculum vulgare leaf Pegaso variety; FVLE-PR, Foeniculum
vulgare leaf Preludio variety.
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Figure 4. Partial least square analysis: loading scatter plots obtained from a targeted data analysis
excluding the outlier isorhamnetin glucuronide. (A) Loading scatter plot with regression line with
the Y-block as the DPPH value; (B) loading scatter plot with regression line with the Y-block as the
TEAC value.

A PLS analysis with TEAC inhibition as the Y-block is represented by Figure 5. The
first component explains the 62% of variance, while the second explains the 22% of vari-
ance. The results of the score scatter plot are the same as obtained with the DPPH, thus
confirming that Preludio leaves and little stems are the parts of fennel waste with the
greatest antioxidant activity. Again, the isorhamnetin 3-O-glucuronide is an outlier and
was eliminated. The variables that are responsible for the antioxidant power are confirmed
as quercetin 3-O-glucuronide, quercetin 3-O-glucoside, kaempferol 3-O-glucuronide, and
also malonyl dicaffeoylquinic acid (Figure 4B).
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Figure 5. Partial least square analysis: quantitative results related to the antioxidant activity (TEAC)
of the ethanolic extracts of F. vulgare waste. (A) Score scatter plot; (B) loading plot. FVLE-T, Foeniculum
vulgare leaf Tiziano variety; FVLE-PE, Foeniculum vulgare leaf Pegaso variety; FVLE-PR, Foeniculum
vulgare leaf Preludio variety.

3. Materials and Methods

3.1. Raw Materials

A company specialized in the production and marketing of fennel, Paolillo (Eboli,
Salerno, Italy), provided the by-products of F. vulgare. As part of the processing, the waste
of fennel was recovered from the Tiziano variety harvested in December 2019 and from
the Pegaso variety harvested in April 2021, both of which were grown in Campomarino in
Molise, and from the Preludio variety harvested in July 2021, cultivated in Avezzano in
Abruzzo. Superficial leaves and smaller stems of fennel were collected. The samples were
classified into the following groups: FVLS-T (F. vulgare little stems of the Tiziano variety),
FVLE-T (F. vulgare leaves of the Tiziano variety), FVLS-PE (F. vulgare little stems of the
Pegaso variety), FVLE-PE (F. vulgare leaves of the Pegaso variety), FVLS-PR (F. vulgare little
stems of the Preludio variety), and FVLE-PR (F. vulgare leaves of the Preludio variety).

3.2. Chemicals

The ethanol and water used for the extractions were bought from VWR (Milan, Italy).
Acetonitrile (ACN), formic acid, water, and methanol of LC-MS grade were provided by Romil
(Milan, Italy). The standards used for the optimization of the method—neochlorogenic acid,
dicaffeoylquinic acid, quercetin 3-O-glucoside, feruloylquinic acid, quercetin 3-O-glucuronide,
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isorhamnetin 3-O-glucuronide, and kaempferol 3-O-glucuronide—were purchased from
Sigma-Aldrich (Milan, Italy). Trolox (6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic
acid), DPPH (2, 2-Diphenyl-1-picrylhydrazyl), K2S2O8 (potassium persulfate), PBS (Phos-
phate Buffered Saline), and ABTS (2, 2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)
were bought from Sigma-Aldrich (Milan, Italy).

3.3. Sample Preparation

Before freeze-drying, the fennel waste was separated into different parts and stored at
−80 ◦C. The classes of samples were FVLS-T (F. vulgare little stems of the Tiziano variety),
FVLE-T (F. vulgare leaves of the Tiziano variety), FVLS-PE (F. vulgare little stems of the
Pegaso variety), FVLE-PE (F. vulgare leaves of the Pegaso variety), FVLS-PR (F. vulgare little
stems of the Preludio variety), and FVLE-PE (F. vulgare leaves of the Preludio variety).

The freeze-dried plant materials were extracted by ultrasound assisted extraction as
previously described [15]. For the sonication of the FVBU and FVST samples, 1 g of dried
drugs were extracted with 20 mL ethanol/water (80:20) for 15 min in an ultrasonic bath. In
contrast, the extraction of the FVLS and FVLE samples required 40 mL for 1 g of the matrix.
The extraction was repeated three times and the extracts were filtered with filter paper
67 g/m2 (530-16100-Aptaca). For LC-MS analysis, the combined extracts, dried under a
nitrogen stream, were dissolved in methanol with a final concentration of 1 mg/mL.

3.4. Quantitative Analysis
3.4.1. ESI-QTRAP-MS and ESI-QTRAP-MS/MS Analyses

The standard samples were analyzed using an ABSciex 6500 QTRAP spectrometer
(Foster City, CA, USA) using ESI-QTRAP-MS/MS with full-scan and collision-induced
dissociation (CID) analyses.

Flow rates of 10 μL/min were used to infuse a standard solution of each metabolite
(1 μg/mL in methanol) into the source to optimize the analytical parameters. The data
were acquired using the negative ion MS and MS/MS mode.

3.4.2. UPLC–ESI-QTRAP-MS/MS Analyses in MRM (Multiple Reaction Monitoring) Mode

The bioactive compounds of fennel waste were analyzed quantitatively using a Shi-
madzu Nexera LC system in line with a Sciex 6500 QTRAP MS equipped with an Omega
C18 column (Phenomenex, Aschaffenburg, Germany) (100 × 2.1 mm i.d., 1.6 μm). The
mobile phases used were water + 0.1% formic acid (A) and acetonitrile + 0.1% formic
acid (B). The gradient used at a flow rate of 0.300 mL/min, using the following increasing
linear gradient (v/v) of solvent B was: 0.1–2.13 min, from 5% to 15%; 2.13–6.40 min, from
15% to 35%; 6.40–8.53, from 35% to 80%, and then back to 5% for 1.53 min. The ion mode
was negative, and 5 μL of each sample was used for injection. The 6500 QTRAP was set
up for IonSpray operation, and compounds were detected using multiple reaction moni-
toring (MRM). The mass spectrometry source parameters were set as follows: curtain gas
(CUR) = 35; collision gas (CAD) = medium; ion spray voltage (IS) = −4500; temperature
(TEM) = 350; ion source gas 1 (GS1) = 25; ion source gas 2 (GS2) = 25. [16]. The transitions of
each analyzed metabolite are listed in Table 1 with the following parameters: declustering
potential (DP), entrance potential (EP), collision energy (CE), collision cell exit potential
(CXP). The dwell time for each analyte was 20 ms. There were typically 14 points across all
chromatographic peaks with a total cycle time of 0.3 s. Analyst software 1.6.2 was used for
the data acquisition and processing (ABSciex, Foster City, CA, USA).

3.4.3. Method Validation

The UPLC-ESI-QTRAP-MS/MS method was validated according to the European
Medicines Agency guidelines (EMA quality guidelines ICH Q2) to validate the analytical
methods following the procedure of the previous work [16,27].
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3.5. DPPH Radical Scavenging Activity

The antiradical activity against 1,1-diphenyl-2-picrylhydrazyl radical (DPPH•) was
evaluated in the stems and leaves of the three varieties of F. vulgare.

Extracts with antioxidant activity can reduce DPPH• to DPPH-H. As a result, there is
a decrease in absorbance at 517 nm and it was measured on a UV-visible spectrophotometer
(Spectrophotometer Multiskan Go, Thermo Scientific). The procedure of the assay was
previously described [30]. The fennel extracts were tested with the following concentrations:
0.625–1.25–2.5 and 5 mg/mL, and the assay was performed in triplicate. The antioxidant
power of vitamin C was evaluated as a positive control. The percentage of the radical
inhibition of DPPH was calculated by the following Equation (1):

% Inhibition DPPH• =

(
1 − Atreated − Ablank

Acontrol

)
× 100 (1)

where Acontrol is the average absorption of DPPH, while Atreated is the average absorption
of the extract with DPPH, and Ablank is the average absorption of the extract solution only.
The concentration of an extract that provides 50% DPPH inhibition (IC50) was calculated
by plotting the inhibition (%) against each extract concentration.

3.6. Trolox Equivalent Antioxidant Capacity (TEAC) Assay

In line with previous works [15,31], the antioxidant capacity of the extracts was
measured using the Trolox equivalent antioxidant capacity assay.

The TEAC value shows the ability of the antioxidant to scavenge the radical cation
2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonate) ABTS·+ by spectrophotometric analysis.
The ABTS·+ solution was prepared by mixing 7 mM ABTS in H2O with 2.45 mM potassium
persulfate, and was stored in the dark at room temperature for 12 h. Subsequently, it was
diluted with PBS (phosphate saline buffer, pH = 7.4), until an absorbance of 0.7 was reached
at 734 nm and equilibrated at 30 ◦C.

The fennel extracts were diluted with methanol/water producing solutions at concen-
trations of 250, 500, 750, and 1000 mg/mL, respectively. A 96-well plate was used for the
assay, containing 15 μL of each sample and 150 μL of ABTS. The absorbance was measured
immediately at 734 nm. Triplicates of all the experiments were conducted.

As a function of the concentration of 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox), the percentage decrease in absorbance was calculated for each concentration
relative to a blank absorbance (methanol/water).

As a measure of antioxidant activity, the TEAC values were calculated from the con-
centration of a standard Trolox solution having the same antioxidant capacity as 1 mg/mL
of the tested extract. As a reference compound, quercetin 3-O-glucoside was used.

3.7. Total Flavonoid Assay

An allumine chloride colorimetric assay was used to measure the total flavonoid
content utilizing rutin as a standard according to the procedure previously described [15,32].
In a 10 mL volumetric flask, 1 mL (1 mg/mL) of each sample was mixed with 4 mL of
water. The flask was then filled with 0.3 mL of 5% NaNO2. After 5 min, 0.3 mL of 10%
AlCl3 was added. After 6 min, 2 mL of 1 M NaOH was added, and finally the solution was
made up to a volume of 10 mL with water. The absorbances of the samples and the blank
were measured at 510 nm in a UV-Vis spectrophotometer. According to Equation (2), the
flavonoid content in different extracts is rutin equivalent (RE):

Flavonoid amount =
A ∗ m0 ∗ 10

A0 ∗ m
(2)

The flavonoid content RE is expressed as mg/g plant extracts. In the equation, A is
the average of the absorbance of the extract in three samples, A0 is the average of the
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absorbance of the rutin standard solution in three samples, m is the weight of the analyzed
plant extract in g, and m0 is the weight of the rutin in the solution in g.

3.8. Multivariate Data Analysis

A multivariate statistical analysis was applied with a targeted approach to better
understand the relationship between the amount of bioactive compounds most expressed
in fennel extracts and their antioxidant activity [33]. A data matrix was created in which
the rows represented the different samples analyzed and the columns represented the
content of the different metabolites quantified by LC-ESI-QTrap-MS/MS analysis. Another
column was created, used as component Y, in which the antioxidant activity, expressed as a
percentage of inhibition, was added for each sample calculated by either DDPH assay or
TEAC assay.

PLS is a regression technique used to relate two sets of data [34]. The dataset was
processed using SIMCAP+ 12.0 software (Umetrix AB, Umea, Sweden) for PLS, an ap-
proach for modeling the covariance structures between two spaces to find the fundamental
relationships between two matrices; X is the amount of bioactive compounds in fennel
extracts and Y is the antioxidant activity. Before performing the multivariate data analysis,
Pareto scaling was applied to normalize the data. The PLS method was validated thought
Hotelling’s permutation test and the T2 test. The significance of the mode was confirmed by
the Q2 values of 0.8 and 0.4, respectively, in the models with DPPH and TEAC as Y-blocks.

4. Conclusions

The differences in the quantitative content of flavonoids in fennel varieties character-
ized by different seasonality showed an interesting variability in terms of flavonoids and
phenylpropanoids, for example for neochlorogenic acid, quercetin 3-O-glucuronide, and
dicaffeoylquinic acid malonyl.

The chemometric model obtained by the correlation of quantitative data, obtained by
sensitive and selective LC-ESI-QTrap-MS/MS analysis of antioxidant activities with a PLS
regression model proved to be a selective tool to detect the compounds involved in the
antioxidant activities demonstrated by the extracts in chemical tests. The study allowed
the identification of quercetin-3-O-glucuronide and kaempferol-3-O-glucuronide as the
compounds that better contribute to the evaluated activity, independent of the extract under
investigation. Similar correlation methods, based on multivariate data analysis and LC-MS,
can be applied to better define the metabolites involved in the bioactivity of extracts of
other plants with an interesting nutraceutical potential.
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Abstract: The polar fractions of the Juniperus species are rich in bioflavonoid contents. Phytochemical
study of the polar fraction of Juniperus sabina aerial parts resulted in the isolation of cupressuflavone
(CPF) as the major component in addition to another two bioflavonoids, amentoflavone and ro-
bustaflavone. Biflavonoids have various biological activities, such as antioxidant, anti-inflammatory,
antibacterial, antiviral, hypoglycemic, neuroprotective, and antipsychotic effects. Previous studies
have shown that the metabolism and elimination of biflavonoids in rats are fast, and their oral
bioavailability is very low. One of the methods to improve the bioavailability of drugs is to alter
the route of administration. Recently, nose-to-brain drug delivery has emerged as a reliable method
to bypass the blood–brain barrier and treat neurological disorders. To find the most effective CPF
formulation for reaching the brain, three different CPF formulations (A, B and C) were prepared
as self-emulsifying drug delivery systems (SEDDS). The formulations were administered via the
intranasal (IN) route and their effect on the spontaneous motor activity in addition to motor coordi-
nation and balance of rats was observed using the activity cage and rotarod, respectively. Moreover,
pharmacokinetic investigation was used to determine the blood concentrations of the best formulation
after 12 h. of the IN dose. The results showed that formulations B and C, but not A, decreased the
locomotor activity and balance of rats. Formula C at IN dose of 5 mg/kg expressed the strongest
effect on the tested animals.

Keywords: Juniperus sabina; cupressuflavone; intranasal; pharmacokinetic; motor coordination

1. Introduction

The frequency of neurological illnesses has been rising over the past few years. A
billion people worldwide may suffer from neurological illnesses, according to a 2020 World
Health Organization (WHO) assessment [1]. Based on this fact, neurological illnesses are
regarded as one of the leading causes of disability and fatalities globally [1,2]. Despite the
fact that the majority of novel entities never make it to clinical trials, scientific efforts are
continuous to find and create new and effective neuropharmaceuticals.
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In fact, successful medications should be able to pass via absorptive membranes,
escape the hepatic first-pass effect, and then cross the blood–brain barrier (BBB) unaltered
to reach the brain [3,4]. The drug molecule must be lipophilic, with low molecular weight
(400 Da), and nonionizable at physiological pH in the absence of the active efflux trans-
porter mechanism to pass through the BBB [3,5]. The lack of such characters reduces the
drug bioavailability by limiting the solubility and absorption rate leading to diminished
effectiveness [6,7]. Therefore, substantial dosages must be administered to reach minimal
effective blood concentrations [8].

Alternative formulations have been created to address the issues, with lipidic nanosys-
tems garnering greater attention recently as nanoemulsions, solid lipid nanoparticles,
nano-lipid carriers, and self-emulsifying drug delivery systems (SEDDS) [6]. These sys-
tems’ major objective is to maintain lipophilic chemicals in solution following contact with
aqueous environments, such as those found in the nasal mucosa or gastrointestinal (GI)
tract [6]. Lipophilic BCS class II and IV medicines can be included into self-emulsifying
drug delivery systems (SEDDS), a form of lipidic nanosystem that is well known for this
property [6,7]. The oral route has been the focus of the majority of SEDDS research up until
this point [9].

Other delivery methods, however, may be of significant interest for SEDDS, especially
if they enhance brain targeting of CNS-active medications. In this situation, it might be
advantageous to investigate the intranasal (IN) administration of medications included in
lipidic SEDDS. The nasal cavity is the only anatomical region that directly connects the
central nervous system (CNS) with the outside world, which is the fundamental justification.
Because medicines can partially cross the BBB and enter the brain directly, this mode of
delivery becomes particularly appealing for treating neurological illnesses [10,11]. Drugs
delivered through the nasal cavity can also pass through the bloodstream to the brain. As
a result, there is no GI passage, no hepatic first-pass effect, and granting systemic drug
absorption [10,12,13]. Combining the IN route as a potential conduit for nose-to-brain
administration with the development of neurotherapeutics in SEDDS form can lead to
a considerable rise in brain bioavailability, and an advancement in patient therapeutic
management may be anticipated. In addition, numerous long-term side effects of illnesses
and non-adherence to medication may be prevented in this way [8].

Genus Juniperus is a member of the cypress family (Cupressaceae). The genus com-
prises more than 65 species widely distributed in the Northern Hemisphere [14]. Members
of the genus are evergreen shrubs or trees with needle- or scale-like leaves [15]. Previ-
ous phytochemical studies of the Juniperus species resulted in the isolation of diterpenes,
sesquiterpenoids, lignans, phenylpropanoid, flavonoids, and coumarins [16–18]. Several
biflavonoids including amentoflavone, cupressuflavone, robustaflavone, hinokiflavone,
and mono-O-methylhinokiflavone were isolated from the polar fractions of the leaf extract
of J. phoenicea [19–21].

Amentoflavone and related bioflavonoids were reported as potent psychoactive drug
leads. Their effect is due to the interactions with CNS receptors and biogenic amine
transporters. Biflavonoids such as amentoflavone and dihydroamentoflavone showed the
strongest binding activity to rBZP, GABAA receptor, and NET [22]. Biflavonoids including
cupressuflavone demonstrated neuroprotective effects via the inhibition of β-secretase
and cyclin-dependent kinases (CDKs) [23]. Naturally occurring biflavonoids were also
effective against oxidative stress-induced and amyloid β-peptide-induced cell death in
neuronal cells [24]. Amentoflavone and ginkgetin from the leaves of Chamaecyparis obtusa
significantly protected HT22 cells against glutamate-induced oxidative stress [25].

Accordingly, the aim of the current study is to formulate cupressuflavone in a self-
nanoemulsifying drug delivery system (CPF-SNEDDS) for IN administration to achieve
combined enhancement of drug solubility and cross the BBB to improve CNS bioavailability.
The drug was initially incorporated in an optimized SNEDDS formulation, which was then
evaluated in vivo to estimate the pharmacological and pharmacokinetic parameters.
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2. Results and Discussion

2.1. Characterization of the Isolated Compounds

HRESIMS of the three isolated compounds (Figures S6, S14 and S24) showed (M+H)+

at m/z 539.0972, 539.0981, and 539.0973 for 1, 2, and 3, respectively, all represented the
molecular formula C30H18O11. The UV data of 1–3 was diagnostic for the 5, 7, 4′-trihydroxy
flavone skeleton [26]. The 1H- and 13C-NMR (Tables S1 and S2; Figures S1–S5) of 1 showed
a set of signals for one apigenin skeleton lacking the H-8 resonance [27]. The MS and NMR
data of 1 were diagnostic for symmetric biflavone. Literature data and direct compari-
son with a previously isolated sample enabled the identification of 1 as cupressuflavone
(Figure 1) [21,28].

 

  
1 2 3 

Figure 1. Chemical structure of the isolated biflavones.

Compounds 2 and 3 showed signals for two flavonoidal skeletons indicating asym-
metric dimeric structures. The 1H-NMR of 2 and 3 (Figures S7–S13 and S15–S23) showed
ABX coupling systems at δH 8.32 (d, J = 1.8 Hz), 6.86 (d, J = 8.6 Hz), and 7.87 (dd, J = 1.8,
8.6 Hz) and 8.18 (bs), 6.79 (d, J = 8.3 Hz), 7.66 (bd, J = 8.3 Hz) assigned for disubstituted
ring-B in part II of 2 and 3, respectively. The values of the carbon chemical shifts of C-3′
and C-4′ at δC 124.3, 160.8 and 119.9, 158.5 ppm in 2 and 3, respectively, indicated that C-3′
is not oxygenated and it is the point of connection with part I of the two compounds. Both
2 and 3 lack either H-6 or H-8 signal of part I in the 1H-NMR. The data of 2 were identical
with those reported for amentoflavone (Figure 1) [28,29] with connection to part II via C-8.
Compound 3 was confirmed as the skeleton where connection to part II took place via C-6.
The data of 3 enable its identification as robustaflavone (Figure 1) [29,30].

2.2. Excipients Selection and Formulation Optimization

The preliminary precipitation-based solubility study showed that CPF is highly soluble
in DMSO while it showed poor solubility in several other excipients with diverse chemical
compositions ranging from medium to long chain, monoglycerides/triglycerides/free
fatty acids along with several co-solvents and surfactants (Table 1). These findings reflect
the challenging physicochemical properties of CPF that limit its efficient formulation.
According to these findings, DMSO was selected as an essential excipient within all the
selected formulations. On the other hand, Pluronic F127 and Cremophor El were selected
to formulate CPF due to their emulsification capabilities along with their potential role in
nose-to-brain delivery, as previously demonstrated [31–33].
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Table 1. Estimated apparent solubility of CPF in various excipients.

Excipient Role
Estimated Apparent

Solubility

Miglyol 810 Oil (medium chain triglycerides) <2% w/w
Capmul MCM Oil (medium chain monoglycerides <2% w/w

Soybean oil Oil (long chain triglycerides) <2% w/w
Maisine 35-1 Oil (long chain monoglycerides) <2% w/w

Caprylic acid c8 Oil (medium chain free fatty acid) <2% w/w
Oleic acid Oil (long chain free fatty acid) <2% w/w

PG Co-solvent <2% w/w
PEG 400 Co-solvent <2% w/w

Transcutol HP Co-solvent <2% w/w
DMSO Co-solvent 20–24% w/w

Imwitor 988 Co-surfactant <2% w/w
Imwitor 308 Co-surfactant <2% w/w

Cremophor El Surfactant <2% w/w
Cremophor RH40 Surfactant <2% w/w

Tween 85 Surfactant <2% w/w
HCO-30 Surfactant <2% w/w

The self-emulsifying nature of the various formulations upon aqueous dispersion
showed different degrees of transparency ranging from a clear to whitish milky suspen-
sion. The formulations were optimized based on their self-emulsification efficiencies. The
compositions of the optimized formulations are presented in Table 2. The most interesting
formulation system (formula C) was able to produce nanoemulsions (SNEDDS) (Table 2).
Components were developed using water-soluble surfactants and co-solvents.

Table 2. The composition (%w/w) of formulations.

Excipients
Formulations

A B C

CPF 0.5 0.5 0.5
Pluronic F-127 - 9.5 9.5

DMSO 99.5 90 30
Kolliphor El - - 10

Distilled water ad to - - 100

2.3. Formulation Characterization

Both formulations B and C showed (<200 nm) nano-scale particle size upon aqueous
dilution. However, formulation C showed significantly lower droplet size and polydis-
persity index (PDI) compared to formulation B (p < 0.05) (Figure 2A,B). Formulation C
showed an average of 37 nm droplet size and 0.2 PDI which suggests the ultimate ef-
ficiency of the self-nanoemulsification process and could be attributed to the presence
of the highly hydrophilic surfactant (Cr-El) in the formulation. Several previous studies
confirmed the crucial effect of hydrophilic surfactants (high HLB) on the droplet size and
self-emulsification efficiency of SNEDDSs [34,35].
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Figure 2. Graphical representations of (A) particle size, (B) polydispersity index, and (C) zeta
potential of the diluted formulations. Data were expressed as mean ± SE. * denotes significant
difference (p < 0.05) between the formulations.

On the other hand, both formulations B and C showed low zeta potential values
(−6 and −4 mV, respectively) (Figure 2C). Zeta potential is an important parameter that
could be linked with nanoemulsion stability. Colloids with low zeta potential absolute
values (negative or positive) are prone to the risk of particle agglomeration and physical
instability upon storage. Accordingly, formulation C was designed to be prepared and
stored in an anhydrous form while it was mixed with water only prior to intranasal
administration to avoid undesirable changes in formulation stability upon storage.

2.4. Effect on Spontaneous Motor Activity

Figure 3 shows the effect of Chlorpromazine (CPZ), and A, B, and C formulae on the
spontaneous motor activity as vertical and horizontal beam breaks by the rats. Horizontal
activity measures exploratory activities at the floor level of the activity cage and small body
movement activity such as grooming. On the other hand, vertical activity measures rearing
and elevated sniffing movements. Within 10 min observation, the horizontal and vertical
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activities of rats treated with CPZ, formula B, and C were significantly decreased relative
to the NC rats. Further, there were no significant differences in the horizontal and vertical
activities between the formula A-treated group and NC rats. The effects of formula C on
the horizontal and vertical activities of rats were 2.43- and 2.27-fold, respectively, lower
than those observed in the NC group.

 

(A) Horizontal movements (B) Vertical movements 

Figure 3. Effect of CPZ and A, B, and C formulae on spontaneous motor activity of rats for 10 min
using activity cage. Values are expressed as mean ± SEM, n = 6 rats/ group. • Significant change at
p ≤ 0.05 with respect to negative control (NC) rats. # Significant change at p ≤ 0.05 with respect to
CPZ-treated rats.

2.5. Effect on Motor Coordination and Balance

The effects of CPZ, A, B, and C formulae on the motor coordination and balance of rats
using the accelerating rotarod test are displayed in Figure 4. Based on this test, we observed
no significant difference in latency to fall between the A-treated rats (259.2 ± 9.57 s) and NC
group (286.5 ± 9.84 s). However, the motor performance declined in rats exposed to CPZ
and formula B and C in comparison with the NC group. Rats treated with C formula fell
off the rotarod faster (115.8 ± 5.22 s) than those treated with formula A (259.2 ± 9.57 s) and
B (194.6 ± 6.36 s). Moreover, formula C showed a 2.47-fold decrease in motor coordination
and balance compared to the NC group.

 

Figure 4. Effect of CPZ and A, B, and C formulae on motor coordination and balance in rats using
accelerating rotarod. Values are expressed as mean ± SEM, n = 6 rats/ group. • Significant change at
p ≤ 0.05 with respect to negative control (NC) rats. # Significant change at p ≤ 0.05 with respect to
CPZ-treated rats.

2.6. Systemic Absorption of CPF after Intranasal Administration

Biflavonoids and flavonoids may be transported from the systemic blood to the
brain through the BBB with possible CNS activation [36,37]. Rats that had undergone
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Hirai’s surgical procedure were given the drug solution and its optimized formula via
the intranasal route to assess the systemic absorption of CPF. Figure 5 shows the time
profiles of systemic absorption of CPF after the intranasal administration of drug and
its optimized formula C. CPF was slightly absorbed after the nasal administration in the
form of solution. The intranasal administration of CPF-optimized formula C significantly
increased the nasal absorption and the plasma concentration that was elevated at 15 min
post intranasal administration.

 

Figure 5. Time profiles of plasma CPF concentration (1 mg/kg) after intranasal administration of
CPF solution and formula C to rats. Each data value represents the mean ± SEM of n = 3.

Table 3 provides a statistical summary of the pharmacokinetic parameters for the CPF-
optimized formula and CPF solution. The CPF level reached its maximal concentration in
the plasma after 0.5 h following the intranasal administration of both the drug solution and
the CPF-optimized formula, according to the pharmacokinetics results (formula C). This
Tmax might be attributed to the fast absorption through the intranasal route. The plasma
Cmax of the intranasal CPF formula was 422.5 ± 54.71 ng/mL, and the intranasal solution
was 29.16 ± 3.56 ng/mL. The AUC0–12 was 263.02 ± 62.29 ng.h/mL for the CPF solution
and 29.274.87 ± 4.855.87 ng.h/mL for the optimized CPF formula. Statistics indicated that
these pharmacokinetic parameter changes were significant. This implied that the systemic
absorption of CPF following intranasal delivery was optimal with CPF formula C.

Table 3. Pharmacokinetic parameters following intranasal administration of CPF and formula C
of CPF.

Pharmacokinetic Parameters CPF Solution Formula C

Cmax (ng/mL) 29.16 ± 3.56 422.5 ± 54.71 **
Tmax (h) 0.5 ± 0.0 0.5 ± 0.0

AUC0–12 (ng.h/mL) 263.02 ± 62.29 29.274.87 ± 4.855.87 **
AUC0-∞ (ng.h/mL) 265.39 ± 61.72 29.297.89 ± 4.848.26 **

t1/2 (h) 2.63 ± 0.35 2.7 ± 0.41
K (h−1) 0.27 ± 0.4 0.26 ± 0.3

Each data value represents the mean ± SEM of n = 3; ** p < 0.01, significantly different from control (CPF solution).

2.7. In Vivo Brain Distribution of CPF after an Intranasal Administration

Considering that CPF is known to cross the BBB, a rise in plasma levels of the substance
could lead to its distribution into the brain. We showed that giving the improved formula
via the intranasal route enhanced the body’s absorption of CPF (Figure 4 and Table 3),
encouraging further estimation of the CPF amount in the brain.
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The CPF formula was validated via the brain concentration of CPF at 15 min after
intranasal injection (Figure 6). The findings imply that intranasal delivery of the CPF
formula tended to improve the distribution of CPF into the brain. The optimized formula
preferentially enhanced the brain concentration of CPF. These results may be due to making
direct transportation of CPF from the nasal cavity to the brain easier. The findings thus
revealed that intranasal administration of the formula could enhance the transfer of CPF
to the brain. In accordance, previous studies revealed that the addition of a hydrophilic
emulsifying agent such as Cremophor RH40 increased fluorescein isothiocyanate brain
uptake [36]. Pluronic block copolymers such as Pluronic® P85 showed the ability to increase
the blood–brain barrier permeability of several drugs [32]. In addition, Pluronic® F127 was
reported to enhance the mucus penetration of nanoparticles for nose-to-brain delivery [33].

Figure 6. Distribution of CPF (1 mg/kg) in the brain at 15 min after intranasal administration of CPF
solution and formula C to rats. Each data value represents the mean ± SEM of n = 3.

3. Materials and Methods

3.1. General

Melting points were measured using open capillary tubes Thermosystem FP800 Mettler
FP80 central processor supplied with FP81 MBC cell apparatus and were uncorrected. Ultra-
violet absorptions were obtained using a Unicum Heyios a UV–Visible spectrophotometer.
1H-, 13C-NMR, and 2D-NMR experiments were collected using UltraShield Plus 500 MHz
(Bruker, Billerica, MA, USA) (NMR Unite at the College of Pharmacy, Prince Sattam Bin
Abdulaziz University) spectrometer operating at 500 MHz for protons and 125 MHz for
carbon atoms, respectively. Chemical shift values are reported in δ (ppm) relative to the
residual solvent peak, and the coupling constants (J) are reported in Hertz (Hz). HRMS
were determined by direct injection using Thermo Scientific UPLC RS Ultimate 3000—Q
Exactive hybrid quadrupole-Orbitrap mass spectrometer combining high performance
quadrupole precursor selection with high resolution, accurate-mass (HR/AM) Orbitrap™
detection. Direct infusion of isocratic elution acetonitrile/methanol (70:30) with 0.1% formic
acid was used to flush the samples. Runtime was 1 min using nitrogen as auxiliary gas
with flow rate 5 μL/min. Scan range from 160–1500 m/z was used. Resolving power was
adjusted to 70,000 @ m/z 200. Detection was in both positive and negative modes sepa-
rately. Calibration was conducted using Thermo Scientific Pierce™ LTQ Velos ESI Positive
Ion Calibration Solution including Caffeine, Met-Arg-Phe-Ala (MRFA), Ultramark 1621,
n-Butyl-amine components, and Pierce™ LTQ Velos ESI. Negative Ion Calibration Solution
includes sodium dodecyl sulphate (SDS), sodium taurocholate, Ultramark 1621 compo-
nents. Capillary temperature set at 320 ◦C and capillary voltage at 4.2 Kv. Sephadex
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LH-20 (Amersham Biosciences, Uppsala, Sweden), silica gel 60/230–400 mesh (EM Science,
Swedesboro, NJ, USA), RP C-18 silica gel 40–63/230–400 mesh (Fluka) was used for column
chromatography. The thin layer chromatography (TLC) analysis was performed on Kiesel
gel 60 F254 and RP-18 F254 (Merck, Rahway, NJ, USA) plates. A UV lamp (entela Model
UVGL-25) operated at 254 nm was used for detecting spots on the TLC plates.

3.2. Plant Materials

Aerial parts of Juniperus sabina L. (Cupressaceae) were described earlier [38].

3.3. Extraction, Fractionation and Purification

The dried ground aerial parts (1000 g) were extracted till exhaustion by percolation
at room temperature with 95% ethanol (10 L). The resulted extract was concentrated in
vacuo to leave dark green viscous residue with aromatic odor. Approximately 200 g of
the total extract were dissolved in 1200 mL of 20% aqueous ethanol and fractionated with
petroleum ether (500 mL × 3) to yield 45.86 g petroleum ether soluble fraction. The aqueous
ethanol fraction was diluted with water to increase water content to 40% and the resulted
solution was fractionated with chloroform (500 mL × 3) to yield 44.93 g of chloroform
soluble fraction, while the remaining aqueous ethanol soluble layer was lyophilized to
produce 98.54 g.

The lyophilized aqueous ethanol fraction was reconstituted in water and filtered to
yield 37.54 g of water insoluble fraction. Part of the water insoluble fraction (20 g) was
purified over Sephadex LH-20 column (300 g, 5 cm id) eluting with methanol. Fractions of
20 mL each were collected, screened with TLC and similar fractions were pooled. Fractions
14–28 provided 435 mg of 1. Fractions 36–42 yielded 174 mg of 2, while fractions 50- 52
afforded 8 mg of 3.

3.4. Characterization of the Isolated Compounds

Cupressuflavone (1): Yellow powder; mp 392 ◦C Decomp.; UV λmax (MeOH) 329, 276,
and 226 nm; 1H- and 13C-NMR (CD3OD, δ): Tables S1 and S2. HRESIMS: m/z 539.0972
(Cal. 539.0978 for C30H18O11) (100, [M+H]+).

Amentoflavone (2): Yellow powder; mp 260 ◦C; UV (λ.max, MeOH): 335, 271, 224 nm;
1H- and 13C-NMR (CD3OD, δ): Tables S1 and S2. HRESIMS: m/z 539.0981 (Cal. 539.0978
for C30H18O11) (100, [M+H]+).

Robustaflavone (3): Yellow powder; mp 351 ◦C; UV (λ.max, MeOH): 333, 268, 225 nm;
1H- and 13C-NMR (CD3OD, δ): Tables S1 and S2. HRESIMS: m/z 539.0973 (Cal. 539.0978
for C30H18O11) (100, [M+H]+).

3.5. Estimation of Apparent Drug Solubility

Several excipients including oils, co-solvents, co-surfactants, and surfactants were
preliminarily screened for their suitability for CPF formulation based on their estimated
apparent drug solubility. The apparent solubility was indirectly estimated by evaluating
drug precipitation-tendency in each excipient. Approximately 1–2 w/w% CPF was added
to each excipient, vortexed to achieve maximum solubilization, and then centrifuged to
assess drug precipitation tendency. Excipients that were able to maintain the initial drug
amount solubilized were subjected to additional drug loadings until precipitation was
observed.

3.6. Preparation of CPF Formulations for Intranasal Delivery

Three cupressuflavone (CPF) formulations were prepared to deliver the drug in-
tranasally, namely the drug solution, Microwave Irradiation Solid Dispersion (MW-SD),
and self-nanoemulsifying drug delivery system (SNEDDS).
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3.6.1. Drug Solution

Pure CPF (5 mg) was dissolved in dimethyl sulfoxide (DMSO) to achieve a final CPF
concentration of 0.5% w/w. The mixture was initially heated at 60 ◦C, and vortexed to
ensure complete homogenization (formulation A).

3.6.2. Microwave Irradiation Solid Dispersion (MW-SD)

MW-SD was prepared using domestic MW irradiation (Samsung Model ME0113M1).
Pure CPF was blended with Pluronic F-127 at 1:19 w/w ratio (Table 1). A precise amount of
the drug and the carrier were gently mixed for approx. 1 min. The MW power was set at
power 900 W and the samples were subjected to MW irradiation for 7.5 min. The samples
were allowed to cool, solidify, and subsequently pulverized to obtain uniform powder. The
prepared MW-SD was then mixed with DMSO, heated at 60 ◦C, and vortexed to ensure
complete homogenization (formulation B). (Table 1) [39].

3.6.3. Solid-Dispersion Loaded Self-Nano Emulsifying Drug Delivery System (SNEDDS)

A predetermined amount of CPF-loaded MW-SD was mixed with DMSO and Kol-
liphor El, heated at 60 ◦C, and vortexed to ensure complete homogenization. Prior to
assessing the formulation, a precise amount of distilled water was added to the anhydrous
formulation as given in Table 1 (formulation C). The mixture was then vortexed for 2 min
at ambient temperature to form homogenous mixture [40].

3.7. Formulation Characterization
Particle Size, Polydispersity Index (PDI), and Zeta Potential

Formulation B and formulation C (anhydrous) were dispersed in Milli-Q water at
a ratio of 1:9 w/w, vortexed for 2 min, and sonicated to ensure uniform formulation
dispersion. The diluted formulations were then characterized in terms of the average
particle size and polydispersity index (PDI) using a Zetasizer Nano ZS (Malvern Panalytical
Ltd., Malvern, UK). Zeta potential was evaluated by laser doppler velocimetry (LDV) mode
using the same Nano ZS. Samples were analyzed as triplicates where each replicate was
subjected to 3 consecutive measurements (6 runs each).

3.8. Experimental Animals

Adult male Sprague Dawley rats with weights ranging from 260 to 280 g were used
in this study. Animals were obtained from the lab animal unit at the College of Pharmacy,
Prince Sattam bin Abdulaziz University. Animals were kept in ventilated cages; 3–4 rats per
cage (IVC Blue Line, Techniplast, Buguggiate VA, Italy). Rats were maintained in controlled
laboratory situations (24 ± 0.5 ◦C and 12 h/12 h dark/light cycle) with feed and water ad
libitum. The supervision and dealing with rats were in accordance with the international
guidelines for use of animals [41]. The study complied with the regulations of the Standing
Committee of Bioethics Research at Prince Sattam bin Abdulaziz University which follow
the National Regulations on Animal Welfare and Institutional Animal Ethical Committee
under the approval number SCBR-048-2022.

3.9. Intranasal Delivery of Cupressuflavone Formulations to Rats

Intranasal (IN) delivery of CPF formulations was carried out as described earlier [42].
Briefly, rats were hand-restrained, placed in a supine position, and given the vehicle, chlor-
promazine (CPZ), or formulations by IN administration through a micropipette (Pipetman
P-20, Gilson Inc., Middleton, WI, USA) in a constant volume of 50 μL [43]. Rats were held
in a supine position for 5–10 s after administration to increase the chance for the drug to
reach the olfactory region or the nasal cavity with direct access to the brain [44].

3.10. Assessment of Spontaneous Motor Activity Using Activity Cage

The activity cage (Model No. 47.420, Ugo Basile S.R.L., Italy) was a Plexiglas box
41 × 41 × 33 (h) cm with 16 infrared (IR) light beams (2.5 cm above the floor level) on the
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horizontal x- and y-axes, producing a network of perpendicular light beams covering the
bottom of the cage for assessment of the horizontal activity. Another set of 16 horizontal
IR light beams was elevated 5 cm over the floor plane for measurement of the vertical
activity (rearing). The beam interruptions were counted and recorded by an electronic unit
connected to the activity cage. The day before measurement of the motor activity, animals
were allowed to adapt to the cage apparatus for 60 min.

On the test day, rats were allowed to further habituate for 30 min, after which IN
administrations were delivered. Five groups of 6 rats each were used for the study. The
1st group, which served as a negative control (NC), received the vehicle (saline). The 2nd
group received the standard drug, chlorpromazine (CPZ), at a dose of 1 mg/kg and served
as a reference group (REF). The test groups (Groups 3, 4, and 5) were given A, B, or C
formula, respectively, at 5 mg/kg.

Thirty min after administration, each animal was placed into the activity cage appara-
tus for 10 min [45,46]. During the experimental period, silent environment was strongly
maintained. Spontaneous motor activity was measured by 2 parameters: (a) horizontal
activity equivalent to exploratory activities at the floor level of the activity cage and small
movement performance (e.g., grooming) and (b) vertical activity measured rearing and
high sniffing activities. At the end of the 10 min session, each animal was returned from the
activity cage apparatus to its home cage. The inner walls of the activity cage were wiped
out with ethyl alcohol (70%) between sessions to block olfactory cues.

3.11. Assessment of Motor Coordination and Balance Using Accelerating Rotarod

Motor coordination and balance of the rats were evaluated with the rotarod apparatus
(Model No. 7750; Ugo Basile, Italy) following the method reported by Abada et al. [47]. All
animals were trained for 3 consecutive days (4 sessions per day). Each session consisted
of 4 attempts lasting 300 s with an inter-attempts period of 30 min. During that period,
rats were trained to maintain balance against the motion of a rotating rod that increased
from 4 to 40 rotations per minute (rpm). Failure of a rat to maintain balance suggests a
neurological deficit. Animals that were able to keep their balance on the bar for 180 s were
selected and randomly assigned to five groups such as those used in the activity cage test.

After 30 min of IN administration, each rat was tested 3 times using accelerating
speeds of the rotating cylinder of 4 to 40 rpm for 5 min with a 10 min intertrial interval.
The device was wiped with ethyl alcohol (70%) and dried prior to each attempt. The mean
latency to fall off the rotating cylinder was determined and animals remaining on the rod
for more than 300 s were eliminated and their time scored as 300 s.

3.12. In Vivo CPF Pharmacokinetic and Biodistribution Study

Rats were confined in a supine position and given an intraperitoneal (i.p.) injection of
sodium pentobarbital (50 mg/kg; Nembutal®; Abbott Laboratories, Chicago, IL, USA) to
induce anesthesia. To keep the anesthetic going, more sodium pentobarbital (12.5 mg/kg)
i.p. injections were administered every hour. To close the nasal cavity, surgery was
conducted as explained by Hirai et al. [48]. An incision was made in the neck. In order to
keep the solutions in the nasal cavity and to maintain respiration, the trachea and esophagus
were subsequently cannulated with polyethylene tubing. The nasopalatine ducts were
plugged with a medical super glue to stop nasal cavity solutions from draining into the
mouth cavity. Rats were given 40 μL (20 μL /nostril) of CPF solution or the chosen formula
intranasally using a micropipette (Pipetman P-20, Gilson Inc., Middleton, WI, USA) at a
dose of 1 mg/kg body weight (1 mg/mL). Before and 0.25, 0.5, 1, 2, 4, 6, 8, and 12 h after
dosage, blood samples (0.25 mL) were obtained from the jugular vein. Heparin was used
to heparinize a 1 mL tuberculin syringe by aspirating heparin to cover the syringe wall
and then depressing the plunger to the needle hub to release the remaining heparin. The
plasma was extracted from the blood by centrifugation at 5400× g for 15 min. The plasma
sample was stored until analysis at −80 ◦C in the freezer.

453



Molecules 2023, 28, 1354

The right jugular vein was used to collect 0.2 mL of blood at predetermined intervals
(0.5 h) after injection. The rat’s head was swiftly severed, and the entire brain was carefully
isolated, and PBS-cleansed until it was ice cold (pH 7.4). The brain samples were weighed
after the water content was removed. The brain samples were homogenized in a homoge-
nizer with two times the volume of ice-cold PBS (pH 7.4) (Heidolph DIAX 900, Chicago,
IL, USA). The concentration of CPF was determined using the plasma and supernatant
produced after centrifuging the blood sample and brain homogenate at 4 ◦C and 5400× g
for 15 min. Until analysis, samples were stored at −80 ◦C.

3.13. LC-MS/MS

Plasma and brain samples were analyzed using UHPLC instrument, equipped with
a Quaternary pump, a degasser, and autosampler (Dionex UltiMate 3000, Thermo Fisher
Scientific®, Waltham, MA, USA). The system is coupled with diode array detector (DAD—
3000; Thermo Fisher Scientific®). Separation was performed on RP18 HPLC column
(150 mm × 4.6 mm i.d., particle size 5 μm, Dionex, Thermo Fisher Scientific®), and the
column oven was maintained at room temperature. The used mobile phase was composed
of ultrapure water (A) and acetonitrile (B), each acidified with 1% acetic acid, under
1.0 mL/min flow rate. An isocratic system composed of 80% A and 20% B run for 20 min was
selected for the separation. Concentrations were determined based on isolated CPF detected
at 340 nm. From each dilution, a sample of 25 μL was injected using the autosampler. The
peak representing CPF was detected at RT = 10.27 ± 0.01.

3.14. Pharmacokinetic Parameters

The individual plasma concentration–time curves were used to calculate the maximum
plasma drug concentration (Cmax, ng/mL), the time to attain Cmax (Tmax, h), and the
elimination half-life (t1/2, h). The area under the curve (AUC) from zero to twelve hours
(AUC0–12, ng.h/mL) and from zero to infinity (AUC0–∞, ng.h/mL) were both determined
using the trapezoidal rule approach.

3.15. Data and Statistical Analysis

All values were expressed as mean ± standard error of mean (S.E.M.). Statistical anal-
ysis was performed using one-way ANOVA with post hoc ’t’ test. The statistical analysis
was performed using GraphPad Software, San Diego, CA, USA (version 4). Regarding
the droplet size, PDI, and zeta potential data, SPSS (version 28) software was utilized to
perform the descriptive statistics, identify, and remove the detected outliers. The signifi-
cance of the data was analyzed by independent t-test where p values of less than 0.05 were
considered as statistically significant.

4. Conclusions

Phytochemical study of the polar fraction of J. sabina aerial parts extract resulted
in the isolation of three known biflavones: cupressuflavone (CPF), amentoflavone, and
robustaflavone. The structures were elucidated using spectroscopic methods including UV,
1D, and 2D NMR as well as HRESIMS. The effect of the major component, CPF, on the CNS
was demonstrated. For this purpose, three formulae of the compound were developed for
intranasal administration as SNEDDSs. The best formulae were developed using a water-
soluble surfactant, and co-solvent based on the formulations design of SNEDDSs. In the
in vivo evaluation, the rats treated with formula C expressed a decrease in horizontal and
vertical movement when tested with the activity cage, and they were unable to maintain
their balance when tested with the rotarod apparatus compared to the control group. These
findings confirmed the ability of formula C to cause a significant decrease in the motor
activity, coordination, and balance of rats after IN administration. Distribution of CPF in
the brain and plasma followed the intranasal administration of the developed formula. The
pharmacokinetic parameter changes were statistically significant. The data revealed that the
optimal CPF formulation involved systemic absorption of CPF after IN administration. The
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optimized formula boosted the concentration of CPF preferentially, which might indicate
the possible direct transport of CPF from the nasal cavity to the brain.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28031354/s1. Spectrum and datas of Compound 1, 2

and 3.

Author Contributions: Conceptualization, E.-S.K., G.A.S. and M.S.A.-K.; methodology, E.-S.K.,
G.A.S., K.M.A. and H.H.Z.; software, K.M.A. and H.H.Z.; validation, H.H.Z., M.F.A., K.M.A. and
A.A.-W.S.; formal analysis, A.A.-W.S., K.M.A. and H.H.Z.; investigation, E.-S.K., A.A.-W.S., G.A.S.,
M.S.A.-K. and H.H.Z.; resources, M.F.A. and M.S.A.-K.; data curation, K.M.A. and H.H.Z.; writing—
original draft preparation, K.M.A., M.F.A. and H.H.Z.; writing—review and editing, E.-S.K., G.A.S.
and M.S.A.-K.; visualization, E.-S.K., K.M.A. and H.H.Z.; project administration, G.A.S. and M.S.A.-K.
All authors have read and agreed to the published version of the manuscript.

Funding: The project was funded by the Deputyship for Research & Innovation, Ministry of Educa-
tion in Saudi Arabia via project number (IF-PSAU-2022/03/23340).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Standing Committee of Bioethics Research at Prince Sattam Bin
Abdulaziz University under the approval number SCBR-048-2022.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Sample of the compounds 1 are available from the authors.

References

1. World Health Organization. Neurological Disorders Affect Millions Globally: WHO Report. Available online: https://www.who.
int/news/item/27-02-2007-neurological-disorders-affect-millions-globally-who-report (accessed on 2 May 2022).

2. Pandey, M.; Jain, N.; Kanoujia, J.; Hussain, Z.; Gorain, B. Advances and Challenges in Intranasal Delivery of Antipsychotic Agents
Targeting the Central Nervous System. Front. Pharmacol. 2022, 13, 904. [CrossRef] [PubMed]

3. Zhou, X.; Smith, Q.R.; Liu, X. Brain penetrating peptides and peptide–drug conjugates to overcome the blood–brain barrier and
target CNS diseases. Rev. Nanomed. Nanobiotech. 2021, 13, e1695. [CrossRef] [PubMed]

4. Chen, Y.S.; Chiu, Y.H.; Li, Y.S.; Lin, E.Y.; Hsieh, D.K.; Lee, C.H.; Huang, M.H.; Chuang, H.M.; Lin, S.Z.; Harn, H.J.; et al. Integration
of PEG 400 into a self-nanoemulsifying drug delivery system improves drug loading capacity and nasal mucosa permeability and
prolongs the survival of rats with malignant brain tumors. Int. J. Nanomed. 2019, 14, 3601–3613. [CrossRef] [PubMed]

5. Nagaraja, S.; Basavarajappa, G.M.; Karnati, R.K.; Bakir, E.M.; Pund, S. Ion-triggered In Situ gelling nanoemulgel as a platform for
nose-to-brain delivery of small lipophilic molecules. Pharmaceutics 2021, 13, 1216. [CrossRef] [PubMed]

6. Rajpoot, K.; Tekade, M.; Pandey, V.; Nagaraja, S.H.; Youngren-Ortiz, S.R.; Tekade, R.K. Self-Microemulsifying Drug-Delivery System:
Ongoing Challenges and Future Ahead; Elsevier: Amsterdam, The Netherlands, 2019; ISBN 9780128145081.

7. Buya, A.B.; Beloqui, A.; Memvanga, P.B.; Préat, V. Self-nano-emulsifying drug-delivery systems: From the development to the
current applications and challenges in oral drug delivery. Pharmaceutics 2020, 12, 1194. [CrossRef]

8. Pires, P.C.; Santos, A.O. Nanosystems in nose-to-brain drug delivery: A review of non-clinical brain targeting studies. J. Control.
Release 2018, 270, 89–100. [CrossRef]

9. Froelich, A.; Osmałek, T.; Jadach, B.; Puri, V.; Michniak-Kohn, B. Microemulsion-based media in nose-to-brain drug delivery.
Pharmaceutics 2021, 13, 201. [CrossRef]

10. Keller, L.A.; Merkel, O.; Popp, A. Intranasal drug delivery: Opportunities and toxicologic challenges during drug development.
Drug Deliv. Transl. Res. 2021, 12, 735–757. [CrossRef]

11. Kapoor, M.; Cloyd, J.C.; Siegel, R.A. A review of intranasal formulations for the treatment of seizure emergencies. J. Control.
Release 2016, 237, 147–159. [CrossRef] [PubMed]

12. Costa, C.; Moreira, J.N.; Amaral, M.H.; Sousa Lobo, J.M.; Silva, A.C. Nose-to-brain delivery of lipid-based nanosystems for
epileptic seizures and anxiety crisis. J. Control. Release 2019, 295, 187–200. [CrossRef]

13. Oliveira, P.; Fortuna, A.; Alves, G.; Falcão, A. Drug-metabolizing Enzymes and Efflux Transporters in Nasal Epithelium: Influence
on the Bioavailability of Intranasally Administered Drugs. Curr. Drug Metab. 2016, 17, 628–647. [CrossRef]

14. Hampe, A.; Petit, R.J. Cryptic forest refugia on the ‘Roof of the World’. New Phytol. 2010, 185, 5–7. [CrossRef]
15. Ogren, T.L. The Allergy-Fighting Garden: Stop Asthma and Allergies with Smart Landscaping; Ten Speed Press: Berkeley, CA, USA,

2015; pp. 131–133.

455



Molecules 2023, 28, 1354

16. Inatomi, Y.; Murata, H.; Inada, A.; Nakanishi, T.; Lang, F.A.; Murata, J.; Iinuma, M. New glycosides of acetophenone derivatives
and phenylpropanoids from Juniperus occidentalis. J. Nat. Med. 2013, 67, 359–368. [CrossRef]

17. Seca, A.M.L.; Silva, A.M.S. A new 4’,7-epoxy-8,3’-oxyneolignan from the acetone extract of Juniperus brevifolia leaves. Phytochem.
Lett. 2010, 3, 126–128. [CrossRef]

18. Abdel-Kader, M.S.; Hamad, A.M.; Alanazi, M.T.; Alanazi, A.H.; Ali, R.; Foudah, A.I.; Alqarni, M.H. Characterization and
hepatoprotective evaluation of sesquiterpenes and diterpenes from the aerial parts of Juniperus sabina L. Saudi Pharm J. 2019, 27,
920–929. [CrossRef]

19. Fatma, W.; Taufeeq, H.M.; Shaida, W.A.; Rahman, W. Biflavanoids from Juniperus macropoda Boiss and Juniperus phoenicea Linn.
(Cupressaceae). Indian J. Chem. Sect. B Org. Chem. Incl. Med. Chem. 1979, 17B, 193–194.

20. Alqasoumi, S.I.; Abdel-Kader, M.S. Terpenoids from Juniperus procera with hepatoprotective activity. Pak. J. Pharm. Sci. 2012, 25,
315–322.

21. Alqasoumi, S.I.; Farraj, A.I.; Abdel-Kader, M.S. Study of the hepatoprotective effect of Juniperus phoenicea constituents. Pak. J.
Pharm. Sci. 2013, 26, 999–1008.

22. Moawad, A.; Hifnawy, M. Flavonoids and Biflavonoids of Amentoflavone Class as Potential Psychoactive Drug Leads. J.
Complement. Altern. Med. Res. 2017, 2, 1–9. [CrossRef]

23. Shrestha, S.; Park, J.H.; Lee, D.Y.; Cho, J.G.; Seo, W.D.; Kang, H.C.; Baek, N.I.; Yoo, K.-H.; Chung, I.-S.; Jeon, J.-I.; et al. Cytotoxic
and neuroprotective biflavonoids from the fruit of Rhus parviflora. J. Korean Soc. Appl. Biol. Chem. 2012, 55, 557–562. [CrossRef]

24. Kang, S.S.; Lee, J.Y.; Choi, Y.K.; Song, S.S.; Kim, J.S.; Jeon, S.J.; Han, Y.N.; Son, K.H.; Han, B.H. Neuroprotective effects of naturally
occurring biflavonoids. Bioorg. Med. Chem. Lett. 2005, 15, 3588–3591. [CrossRef]

25. Jeong, E.J.; Hwang, L.; Lee, M.; Lee, K.Y.; Ahn, M.-J.; Sung, S.H. Neuroprotective biflavonoids of Chamaecyparis obtusa leaves
against glutamate-induced oxidative stress in HT22 hippocampal cells. Food Chem. Toxicol. 2014, 64, 397–402. [CrossRef] [PubMed]

26. Mabry, T.J.; Markham, K.R.; Thomas, M.B. The Systemic Identification of Flavonoids; Springer: Berlin/Heidelberg, Germany, 1970.
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Abstract: Oregano is native to the Mediterranean region and it has been reported to contain several
phenolic compounds particularly flavonoids that have been related with multiple bioactivities
towards certain diseases. Oregano is cultivated in the island of Lemnos where the climate promotes
its growth and thus it could be further used in promoting local economy. The aim of the present study
was to establish a methodology for the extraction of total phenolic content along with the antioxidant
capacity of oregano by using response surface methodology. A Box–Behnken design was applied
to optimize the extraction conditions with regard to the extraction time, temperature, and solvent
mixture with the use of ultrasound-assisted extraction. For the optimized extracts, identification of
the most abundant flavonoids (luteolin, kaempferol, and apigenin) was performed with an analytical
HPLC-PDA and UPLC-Q-TOF MS methodology. The predicted optimal conditions of the statistical
model were identified, and the predicted values confirmed. The linear factors evaluated, temperature,
time, and ethanol concentration, all showed significant effect (p < 0.05), and the regression coefficient
(R2) presented a good correlation between predicted and experimental data. Actual values under
optimum conditions were 362.1 ± 1.8 and 108.6 ± 0.9 mg/g dry oregano with regard to total phenolic
content and antioxidant activity based on 2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay, respectively.
Additionally, further antioxidant activities by 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) (115.2 ± 1.2 mg/g dry oregano), Ferric Reducing Antioxidant Power (FRAP) (13.7 ± 0.8 mg/g
dry oregano), and Cupric Reducing Antioxidant Capacity (CUPRAC) (1.2 ± 0.2 mg/g dry oregano)
assays were performed for the optimized extract. The extract acquired under the optimum conditions
contain an adequate quantity of phenolic compounds that could be used in the production of
functional foods by food enrichment procedure.

Keywords: oregano; box–behnken; phenolics; antioxidants; HPLC-PDA analysis; UPLC-Q-TOF MS

1. Introduction

Oregano (Origanum vulgare ssp. hirtum) is an aromatic herb that mainly comes from
Lamiaceae and Verbenaceae families, which are the most world’s commercially traded culinary
herbs that has been used long as a condiment and spice for food, salads, meat, etc. [1,2].
Origanum vulgare L. originally came from warm climates in western and southwestern
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Eurasia and the Mediterranean region. It is a perennial plant that has the characteristics of
an herb, green, and leaflike, with round shaped leaves. It is split into four main groups:
Turkish oregano (Origanum onites), Spanish oregano (Coridohymus capitatu), Greek oregano
(Origanum vulgare), and Mexican oregano (Lippia graveolens). The most studied oregano
species is the Greek oregano (Origanum vulgare), with many studies explaining the po-
tential as antioxidant, antimicrobial, antifungal, anti-inflammatory, and skin defensive
auxiliaries with all these capacities to be associated with its rich polyphenolic content [3].
Oregano has been traditionally used in folk medicine for the treatment of general infec-
tions, inflammation-related illnesses, asthma, indigestion, stomachache, bronchitis, coughs,
diarrhea, menstrual disorders, and diabetes [4,5]. Previous studies on the chemical com-
position of oregano have revealed the presence of phenolic acids and flavonoids. These
compounds can potentially prevent the oxidating stress [6,7]. High antioxidant capacity
is an important factor for the delay or the prevention of several diseases, such as heart
diseases, neurodegenerative diseases, cancer, and of the aging process [8].

Oregano is known to contain a high quantity of phenolic acids and especially flavonoids.
Among others, apigenin, luteolin, and kaempferol have been studied for its presence in
oregano extracts [9,10]. Despite the well-known antioxidant properties of apigenin, this
molecule has been also reported for the potential benefits on the immune system, sleep,
testosterone production, blood sugar levels, and several types of cancer [11]. Further-
more, luteolin and kaempferol have been studied for the anti-oxidative, anti-tumor, and
anti-inflammatory properties, but also for their potential anticancer properties [12–14]. In
addition, oregano and its extracts are used to treat various illnesses, such as Alzheimer’s
and cardiovascular diseases, but also are employed to help people with thrombosis prob-
lems and strokes [15]

Considering the health benefits of specific oregano constituents, it is of high interest to
evaluate and optimize a procedure that will properly extract the compounds of interest in
order to further utilize the extracts. Taking into consideration that the extraction step is
of highest importance to acquire the compounds of interest; there is growing interest in
evaluating the proper extraction techniques and optimize the respective process parameters.

Several new extraction techniques have been developed in the frame of green ex-
traction, such as microwave extraction (ME), supercritical fluid extraction (SFE), and
ultrasonic-assisted extraction (UAE). Special interest has been given in ultrasound assisted
extraction due to its positive impact on bioactive compounds extraction process, such
as higher product yields, shorter extraction time, and lower costs in contrast with other
extraction techniques [16,17].

Origanum vulgare ssp. hirtum is cultivated on the island of Lemnos and is a crop
important for the economic viability of the island. The study and highlighting of important
bioactivities, such as its antioxidant activity, could lead to its further use as a raw material
for the development of new functional foods. The goal of promoting innovation and
entrepreneurship in the context of the agri-food sector is served within this study performed.
The exploitation of the local herbs, such as Origanum vulgare ssp. hirtum, which is abundant
in the island of Lemnos, could lead to the production of new functional foods or the further
development of already existing traditional products. Increased consumer demand for such
foods will in turn lead to more sustainable conditions in the future for local communities in
these areas. Additionally, the increased consumer demand for such products would assist
local economies in these locations by helping them establish a more solid economic basis
for the future. At the same time, research in this area will continue to contribute towards
this direction.

Thus, the aim of the present study was to identify the optimum extraction conditions
of Oregano (Origanum vulgare ssp. hirtum) cultivated in the Greek island of Lemnos with
regard to total phenolic compounds and the antioxidant activities of the extracts by using a
response surface methodology. Additionally, for the extracts acquired under the optimum
conditions, the existence of apigenin, kaempferol, and luteolin by HPLC-PDA and HPLC-
QTOF-MS methodology was evaluated.
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2. Results and Discussion

2.1. Model Fitting

The optimization of the extraction procedure by ultrasound assisted extraction (UAE)
of total phenolic compounds and antioxidant activity evaluation by DPPH assay from
oregano was carried out by response surface methodology. More specifically, a Box–
Behnken Design (BBD) was used to find out the combined effect between the factors of
extraction temperature (40 ◦C, 60 ◦C, and 80 ◦C) (X1), extraction time (20 min, 30 min, and
40 min) (X2), and ethanol concentration (60%, 70%, and 80% v/v) (X3).

The experimental design matrix produced based on BBD consisted of 15 combinations,
including three center points, resulting in a randomizing run order to reduce impact
of variation on response values owing to the external factors. The results obtained are
shown in Table 1. The experimental values varied from 25.0 mg to 250.0 mg gallic acid
equivalent/g dry oregano regarding the total phenolic compounds and 22.2 mg to 95.6 mg
Trolox equivalent equivalent/g dry oregano regarding the DPPH assay (Table 1).

Table 1. Coded and actual values of BBD design, and the results of experiments for total phenolic
compounds and antioxidant activity evaluation by DPPH assay from oregano.

Run

Independent Factors Dependndent Factors

Experimental Values Predicted Values

X1

Temperature (◦C)
X2

Time(min)
X3

Ethanol (% v/v)
TPC

(mg/g) 1
DPPH

(mg/g) 1
TPC

(mg/g) 1
DPPH

(mg/g) 1

1 60 (0) 20 (−1) 80 (+1) 80.0 30.4 77.2 30.8
2 40 (−1) 30 (0) 80 (+1) 25.0 22.2 23.8 20.3
3 80 (+1) 30 (0) 80 (+1) 95.0 41.3 103.6 43.9
4 60 (0) 30 (0) 70 (0) 73.3 46.8 78.1 38.8
5 80 (+1) 20 (−1) 70 (0) 180.0 71.7 194.4 78.4
6 40 (−1) 20 (−1) 70 (0) 30.9 39.3 31.5 36.2
7 60 (0) 40 (+1) 80 (+1) 64.7 27.7 67.4 28.2
8 40 (−1) 30 (0) 60 (−1) 25.0 26.2 28.3 30.6
9 80 (+1) 30 (0) 60 (−1) 205.0 75.2 150,7 66.4
10 60 (0) 40 (+1) 60 (−1) 134.8 55.9 141.4 55.2
11 40 (−1) 40 (+1) 70 (0) 40.9 42.2 36.6 43.0
12 60 (0) 30 (0) 70 (0) 69.5 31.6 78.1 38.8
13 80 (+1) 40 (+1) 70 (0) 250.0 95.6 289.3 93.2
14 60 (0) 20 (−1) 60 (−1) 75.0 36.5 71.9 35.8
15 60 (0) 30 (0) 70 (0) 95.0 39.6 78.1 38.8

1 DPPH (2,2-diphenyl-1-picrylhydrazyl): Results are presented as mg of Trolox equivalents (TE) per g of dry
oregano; TPC: Total phenolic content presented as mg of Gallic acid equivalents per g of dry oregano.

The fitting of the full quadratic approximation of the BBD response surface model was
estimated by the analysis of variance (ANOVA). The F-values and relevant p-values were
used to examine the significance of each source of terms, that is, linear, two-factor inter-
action, quadratic, and the regression coefficients of the fitted models. Terms with p-value
lower than 0.05 at the 95% confidence interval were identified as statistically significant.

A multiple regression analysis was employed to fit the response value and the experiment
data. Model reduction was carried out, excluding a lower-order term that did not affect the
model hierarchy to further refine full quadratic response surface model by removing the
insignificant terms with a significance level greater than 5% (p > 0.05). To further refine full
quadratic response surface model, due to the existence of non-significance effect of factors,
transformation of the data, and exclusion of time∗temperature term was performed.

The results of the analysis of variance (ANOVA), after data transformation and model
reduction, that was used to determine the degree to which the quadratic approximation of
the BBD response surface reduced models fitted the data are presented in Table 2.
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Table 2. Results of the analysis of the variance (ANOVA) for transformed data concerning the fitting
of reduced response surface model for UAE extraction of total phenolic content (TPC) and antioxidant
activity evaluation (DPPH assay).

1 TPC 1 DPPH
Source 2 DF F-Value p-Value DF F-Value p-Value

Model 8 80.68 0.000 8 17.30 0.001
Linear 3 194.68 0.000 3 31.87 0.000

Time 1 10.83 0.017 1 3.55 0.108
Temperature 1 550.09 0.000 1 71.62 0.000
EtOH Conc 1 23.13 0.003 1 20.45 0.004

Square 3 11.30 0.007 3 11.98 0.006
Time∗Time 1 17.93 0.005 1 8.37 0.028
Temperature∗Temperature 1 5.74 0.054 1 9.58 0.021
EtOH Conc∗EtOH Conc 1 7.68 0.032 1 15.50 0.008

2-Way Interaction 2 13.74 0.006 2 3.43 0.102
Time∗Temperature 1 - - 1 - -
Time∗EtOH Conc 1 14.24 0.009 1 4.05 0.091
Temperature∗EtOH Conc 6 13.24 0.011 6 2.81 0.145

Error 4 4
Lack-of-Fit 2 0.10 0.973 2 0.14 0.953
Pure Error 14 14

R2 0.9772 0.9390
Adjusted R2 0.9544 0.8780
Predicted R2 0.9108 0.8084

1: Box-Cox data transformation was performed using optimal λ = −0.12 for TPC, and λ = 0.23 for DPPH. Reduction
in the models was performed with the exclusion of temperature*time term without affecting the hierarchy model.
2: DF stands for Degree of freedom.

The ANOVA results (Table 2) suggested that the refined second-order models were
statistically significant for TPC and DPPH, since the F-values of 80.68 and 17.30 have a zero
% and 0.001 % chance, respectively to occur due to noise.

Table 2 also indicates the linear, quadratic, and interaction terms that are significant
for the models concerning the two tests performed, total phenolic content, and antioxidant
activity evaluation. Concerning the linear terms temperature (X1), time (X2), and ethanol
concentration (X3), they all showed significant effect (p < 0.05). Temperature, time, and
ethanol as solvent have been previously shown to be factors of interest when optimization
of phenolic compound green extraction is studied [18,19].

In addition to the linear source, quadratic terms indicated statistically significant
effects. Quadratic term of temperature (X1

2), time (X2
2), and ethanol concentration (X3

2)
indicated statistically significant effects on both models (p < 0.05).

Moreover, concerning the interaction coefficient that exert statistically significant
effects on the models, the interaction of time and ethanol concentration (X1X3), and tem-
perature and ethanol (X2X3), showed statistically significant effect on the model of total
phenolic compounds (p < 0.05).

The regression coefficient (R2) was also evaluated, results are presented in Table 2,
indicating a good correlation between predicted and experimental data.

Depending on the substance and the molecules extracted, variations in ethanol may
alter solution polarity, which could be extremely important for extraction by impacting
phenolic solubility. On the other hand, high ethanol concentrations can result in pectin
dehydration and protein denaturation, which prevent phenolics from diffusing through
the matrix of plant material into the solution. Additionally, the right amount of water in
the solution may cause the dry matter of plants to swell, expanding the contact surface
between the solvent and the solute, performing a positive effect on the extraction [20]. More
specifically, the amount of 60% ethanol has been successfully studied for its capacity to
optimum extract phenolics from oregano [21].
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Furthermore, in order to increase the mass transfer rate, cavitation effect, but also the
solubility of phenolic compounds, solvent extraction is often carried out at relatively high
temperatures, but high temperatures may also cause phenolic deterioration [22]. However,
flavonoids degradation at high temperatures (greater that 150 ◦C) have been reported in
prolonged extraction time (greater than 201 min) [23]. In the study performed by Ore-
opoulou et al., lower quantities of total phenolics where obtained compared to the quantity
obtained in the present study. The immersion of oregano to water–steam distillation for
6 h, is possible to lead to degradation of some phenolics. Increased temperature improves
the extraction efficiency of phenolics because it increases their solubility and diffusivity,
which in turn improves the mass transfer. However, heat may be able to lessen the severity
of cavitation bubbles collapsing by reducing the variations in vapor pressure between the
interior and exterior of the bubbles. When the temperature of the extracted material is
raised, the surface tension decreases, reducing the sheer force of the popping bubbles.

Extracting at the lowest possible cost is largely dependent on how quickly the proce-
dure can be completed. Typically, better extraction efficiency may be seen during the first
time periods owing to the steep gradient solvent slope, which gradually diminishes with
time. In addition, short extraction times are achieved as a result of cavitation, thermal, and
physical phenomena induced at the extracted material’s surface [24].

The lack of fit was also not significant (p > 0.05) for the models of TPC and antioxi-
dant activity evaluation implying that the models fit the data and each model may give
accurate predictions.

Significant linear, quadratic, and interaction terms lead to the predictive equations
(Equations (1) and (2)) as presented in Table 3. Positive and negative signs, of its coefficient
in its equation of the quadratic models, indicate, respectively, positive or negative effect on
the extraction efficiency of the studied phenolics.

Table 3. Quadratic models of polynomial predictive equations of response surface total phenolic
content (TPC) and antioxidant activity evaluation (DPPH assay) from oregano.

1 Predictive Equations

TPC (Equation (1)) −TPC−0.5 −1.013 – 0.00053 X2 + 0.00852 X1 + 0.01692 X3 +
0.000142 X2

2 – 0.000049 X1
2 – 0.000104 X3

2 – 0.000105 X2 X3

DPPH (Equation (2)) ln(DPPH)= −8.39 – 0.0171X2 – 0.0431X1 + 0.389X3 + 0.001946
X2

2 + 0.000520 X1
2 – 0.002647 X3

2 – 0.001301 X2X3
1 DPPH: Results are presented as mg of Trolox equivalents (TE) per g of dry oregano; TPC: Total phenolic content
presented as mg of Gallic acid equivalents per g of dry oregano. X1: Temperature (T) in ◦C; X2: Time in min,
X3: Ethanol concentration (%, v/v).

2.2. Optimization of the Extraction Conditions

Response surface methodology was employed to evaluate the combined effect of
the three factors to maximize the extraction of the total phenolic compounds and the
antioxidant activity of the extracts as per the DPPH assay. The three-dimensional response
surface plots that describe the interactive effect of the independent factors on the quantity
of phenolics that were extracted by UAE are presented, for all three factors which were
shown to be significant, in Figures 1–6.

The response surface methodology holds an important role in the exploration of the
optimum conditions of independent variables that can contribute to achieve a maximum
response [25,26]. Response surface plots are useful for establishing the response values and
operation conditions as required. Additionally, they can provide a method to visualize
the results and help in processing the experimental levels of each variable and the type of
interactions between [27].
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Figure 1. Three-dimensional response surface plot of the TPC (response variable) in mg of gallic acid
equivalent/g of dry matter (DM) of oregano as a function of Time (X2) in min. and Temperature (X1)
in Celsius degrees (◦C) while holding ethanol at 70% (v/v).

Figure 2. Three-dimensional response surface plot of the TPC (response variable) in mg of gallic acid
equivalent/g of dry matter (DM) of oregano as a function of Time (X2) in min. and Ethanol %v/v (X3)
while holding temperature at 60 ◦C.

Figure 3. Three-dimensional response surface plot of the TPC (response variable) in mg of gallic acid
equivalent/g of dry matter (DM) of oregano as a function of temperature (X2) in ◦C and Ethanol
%v/v (X3) while holding time at 30 min.
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Figure 4. Three-dimensional response surface plot of the antioxidant capacity evaluation-DPPH
assay (response variable) in mg of Trolox equivalent/g of dry matter (DM) oregano as a function of
Time (X2) in min. and Temperature (X1) in Celsius degrees (◦C) while holding ethanol at 70% (v/v).

Figure 5. Three-dimensional response surface plot of the antioxidant capacity evaluation-DPPH
assay (response variable) in mg of Trolox equivalent/g of dry matter (DM) of oregano as a function
of Time (X2) in min. and Ethanol %v/v (X3) while holding temperature at 60 ◦C.

Figure 6. Three-dimensional response surface plot of the antioxidant capacity evaluation-DPPH
assay (response variable) in mg of Trolox equivalent/g of dry matter (DM) of oregano as a function
of temperature (X2) in Celsius degrees (◦C) and Ethanol %v/v (X3) while holding time at 30 min.
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The 3D response surface plots in Figures 3 and 6 show that extraction both for total
phenolic compounds and the evaluation of antioxidant activity are favored in high values
of ethanol in solvent (X3), and high values of temperature (T; X1). On the other hand,
negative effect seems to have for both models the long experiment duration (X2) and high
values of temperature (T; X1) as Figures 1 and 4 indicate.

Based on the experimental results of the total phenolic content and the antioxidant
activity evaluation, the extracted amounts shown in Table 4 of the specific combination
of the three factors lead to maximum extraction. A temperature of 80 ◦C, time of 40 min,
and ethanol of 60% (v/v) results in a maximum extraction of 362.1 ± 1.8 mg GAE/g DM
with regard to the total phenolic content and 108.6 ± 0.9 mg TE/g DM with regard to the
DPPH assay.

Table 4. Solution for maximum extraction of total phenolic content (TPC) and antioxidant activity
evaluation (DPPH assay) from oregano.

Independent Factors 1 Predicted Values 1 Experimental Values Desirability 2

TPC (mg/gDM) 363.0 a 362.1 ± 1.8 a 1.0000
DPPH (mg/gDM) 108.5 a 108.6 ± 0.9 a 1.0000

1: Independent factors were set at 80 ◦C (X1), 40 min DM (X2), and 60% (v/v) (X3) both for TPC and antioxidant
activity evaluation (DPPH assay). Same letters in rows denote values of not statistically significant difference.
2 Both individual and composite desirability for maximum total phenolic content and antioxidant activity based
on DPPH assay.

The optimal conditions were calculated with the response optimizer of the Minitab®

statistical software, and the results are presented in Table 4.

2.3. Verification of the Models

The validity of the predictive model was confirmed comparing the predicted and the
experimental values at optimal conditions. The values predicted by the model at optimal
conditions were 363.0 mg gallic acid equivalent per g of oregano, and 108.5 mg Trolox
equivalent per g of dry oregano for total phenolic compounds and antioxidant capacity
evaluation with regard to the DPPH assay, respectively, and the actual experimental values
were 362.1 ± 1.8 and 108.6 ± 0.9 mg/g dry oregano. No significant differences were
found between the predicted and the actual values (p > 0.05) indicating high accuracy of
response optimization.

The desirability value may define the ideal solution’s degree of precision. The closer
the desirability value is to 1, the greater the optimization precision. Therefore, the model
validation and response values are not substantially different from the predictions under
ideal circumstances.

2.4. Antioxidan Activity Evaluation and Total Phenolic Determination

The antioxidant activity evaluation by the DPPH, ABTS, FRAP, and CUPRAC assays,
and total phenolic content (TPC) of oregano optimized extracts are reported in Table 5.

Both ABTS and DPPH tests measure the ability of compounds to scavenge free rad-
icals. Small differences between the DPPH and ABTS values of the optimized extract
indicated that the phenolic compounds contributing to the free radical scavenging activity
were compounds with comparable hydrophilicity as the ABTS assay is applicable to both
hydrophilic and lipophilic antioxidant systems, whereas the DPPH assay is only applicable
to hydrophobic antioxidant systems [28]. On the other hand, the FRAP and CUPRAC tests
assess the sample’s capacity to reduce using ferric and cupric ions, respectively.

The results are promising since the higher amount of total phenolic compounds
were extracted compared to studies that have been performed in the past, taking into
consideration the advantage of the results obtained in this study, which concerns the green
extraction perspective that was employed [29,30].
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Table 5. Antioxidant activities of oregano optimized extract.

1 Parameters
Oregano

Optimized Extract
Calibration Curve

DPPH (mg TE/g) 108.6 ± 0.9 y = −0.0849x + 0.625
ABTS (mg TE/g) 115.2 ± 1.2 y = −97.31x + 67.084
FRAP (mg TE/g) 13.7 ± 0.8 y = 58.018x − 2.944
CUPRAC (mg TE/g) 1.2 ± 0.2 y = 161.7x+ 0.7858
TPC (mg GAE/g) 362.1 ± 1.8 y = 0.018x + 0.102

1 DPPH, ABTS, FRAP, and CUPRAC: Results are presented as mg of Trolox equivalents (TE) per g of dry oregano;
TPC: Total phenolic content presented as mg of Gallic acid equivalents per g of dry oregano. Results are expressed
as mean ± SD in final reported results between the three replicates of the optimized extracts acquired. For the
calibration curves presented, y is referred to the concentration of Trolox or gallic acid obtained, and x is referred to
the absorbance acquired during the experimental procedure of each assay.

Antioxidants are used in foods to delay or prevent the oxidation of molecules. Natural
and synthetic antioxidants are both viable options. Some synthetic antioxidants, such
butylated hydroxy-anisole (BHA) and butylated hydroxytoluene (BHT), have been banned
due to their carcinogenicity. As a result, phenolic compounds and other naturally occurring
antioxidants are receiving more attention for potential application in the food enrichment
process. Therefore, it is of significant importance to create natural antioxidants from plant
matrices for nutritional reasons, and to enhance the nutritional profile of the goods [31].

2.5. Determination and Identification of Phenolic Compounds in Oregano Samples by HPLC-PDA
and UHPLC-QTOF-MS

For the optimized extracts, identification and determination of apigenin, luteolin,
and kaempferol were performed in oregano ultrasound assisted extract obtained with
ethanol/water 60/40 (v/v) as a solvent for 40 min extraction duration and temperature
was set at 80 ◦C.

Determination of phenolic compounds performed with the validated analytical method
of HPLC-PDA. Figures 7–9 show the profile of the phenolic compounds under evaluation
for the standard and sample solution at the 340 nm. Luteolin, apigenin, and kaempferol
were quantitively determined at 1.30 ± 0.05, 1.43 ± 0.06, and 0.40 ± 0.03 mg/g dry
oregano, respectively.

 
Figure 7. Representative chromatogram acquired for oregano sample extract at 340 nm. Red line in
figure shows the integration area for the quantification of each compound.
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Figure 8. Overlay representative chromatogram acquired for standard solution of (pink color),
apigenin (green color), and kaempferol (blue color) at 340 mn.

 

Luteolin 

A
pigenin 

K
aem

pferol 

Figure 9. Overlay chromatogram acquired for standard solution of luteolin (pink color), apigenin
(black color), kaempferol (blue color), and oregano extract (brown color) at 340 mn.

The oregano extracts also analyzed with the use of UHLPC-QTOF-MS for confirmatory
purposes, and the respective mass spectrums are presented at Figure 10. Precursor ions
were obtained, and the identification performed with validated methodology along with
the software library for the three phenolic compounds.

Identification of apigenin, luteolin, and kaempferol was based on the accurate mass
measurements of the molecular ion [M-H]− along with the fragmentation patterns of each
molecule, the UV–Vis data and the comparison with the commercial standards that were
available for these specific phenolic compounds.

Phenolic compounds have attracted attention with respect to their applications in
foods and pharmaceutical matrices, especially considering the bioactive potential of these
molecules [32]. The health advantages of apigenin, kaempferol, and luteolin have been
extensively researched [33,34]; therefore, it would be of great interest to enrich foods
with extracts containing an adequate amount of these phenolics, and further assess their
properties. Due to the use of human-friendly solvents, these extracts may be used in the
process of food enrichment to improve their nutritional profile. However, there are some
variables that must be considered before going with oregano extract food fortification. One
critical characteristic is the stability of the extracts and the examination of approaches to
increase stability, such as the encapsulation of the extracts’ components of interest [35].
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Figure 10. Mass spectrum of oregano extract samples at negative ionization were the precursor ion of
apigenin- m/z 269 (a), kaempferol- m/z 285 (b), and luteolin- m/z 285 (c) are obtained. Green line in
figure denotes the m/z value for each precursor ion.
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3. Materials and Methods

3.1. Chemicals and Reagents

Organic oregano (Origanum vulgare ssp. hirtum), native in the Greek island of Lem-
nos (39◦55′ N 25◦15′ E) and harvested during May of 2022, used in the experiments was
kindly offered by Aegean Organics Ltd. (Lemnos, Greece). Oregano leaves were used. The
reagents Folin–Ciocalteau, Trolox (6-hydroxy-2,5,7,8-tetremethychroman-2-carboxylic acid)
and anhydrous sodium carbonate were purchased from SDS (Peypin, France). DPPH (1,
1-Diphenyl-2-picryl-hydrazyl), caffeic acid, luteolin, and apigenin were purchased from
Sigma–Aldrich (St. Louis, MO, USA). Methanol, acetic acid HPLC water, and acetoni-
trile were purchased from Thermo-Fisher scientific (Nepean, ON, Canada). Neocuproine
was purchased from Acros Organics (Fair Lawn, NJ, USA). Ammonium acetate, sodium
chloride, sodium dihydrogen phosphate dehydrate, and copper chloride dihydrate were
all purchased from Penta (CZ Ltd., Chrudim, Czech Republic). ABTS (2,20 -Azino-bis-(3-
ethylbezothiazoline-6-sulphonic acid was purchased from Applichem (Darmstadt, Ger-
many). Potassium persulfate was purchased from Chem-Lab (Zedelgem, Belgium).

3.2. Preparation of the Samples

For the preparation of the oregano samples, the already dried oregano (moisture < 10%)
was processed for one minute in a laboratory grinder, IKA A 10 basic (IKA Works, Wilm-
ington, DE, USA), to get a sample of fine powder.

3.3. Ultrasound-Assisted Extraction (UAE)

The phenolic compounds extraction from oregano samples performed with the use of
a threaded end of 1.000 mL maximum volume cup-horn of 750 Watt ultrasonic processor
VCX-750 equipped with a sealed converter (Sonics & Materials, Inc. Newtown, CT, USA).
A one-to-one pulse in seconds was applied combined with a 60% amplitude, while several
temperatures were applied for 25 ◦C to 80 ◦C for the preliminary experiments. With regard
to the sample preparation, 0.25 g of dried samples were weighed in a 10-mL tube. The tube
was filled up to 5.0 mL with Purified water, ethanol, or ethanol/water in various ratios.
After extraction, samples were centrifuged for 5 min at 3000× g and supernatants were
filtered in HPLC vials through 0.20-μm RC (regenerated cellulose) filters before the analysis.

3.4. Evaluation of Antioxidant Activity

The antioxidant activities of the extracts, obtained at optimized conditions, were
evaluated by the DPPH, ABTS, FRAP, and CUPRAC assays. Each sample was examined in
triplicate. Trolox solutions were prepared in appropriate concentrations for quantitation
purposes and the results expressed as Trolox equivalents in mg per g of oregano for all the
antioxidant tests performed.

The capacity of extracts to scavenge the free radical of DPPH was evaluated by the
method of Brand-Williams et al. [36] [NO_PRINTED_FORM] with minor modifications.
An aliquot of the extract (2 to 10), or an appropriate standard solution of Trolox was diluted
with methanol up to 0.9 mL. Then, 0.1 mL of 0.6 mM DPPH reagent in methanol was added,
followed by vigorous stirring. After 15.0 min in the dark, the absorbance was measured at
515 nm against a reference sample containing methanol.

Determination of ABTS radical scavenging activity of samples was performed by the
method of Miller et al. [37] with minor modifications. ABTS radical cation (ABTS•+) was
produced by the oxidation of ABTS with potassium persulfate (K2S2O8). The ABTS•+ was
generated by reacting 7 mmol/L stock solution of ABTS with potassium persulphate in a
final concentration equal to 2.45 mmol/L. The ABTS•+ working solution was prepared by
dilution of the stock solution using distilled water to give an absorbance of 0.700 at 734 nm.
Aliquots of parsley extracts (2 to 10 μL), or appropriate amounts of Trolox standards were
diluted to 1.0 mL with working ABTS•+ solution and were vigorously stirred. Samples
remained for 15.0 min in the dark at ambient temperature and the absorbance was measured
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at 734 nm. The ability of the extracts to scavenge the ABTS•+ was evaluated relative to a
reference sample that did not contain any quantity of extract.

The reducing potential of the samples was determined using the FRAP assay as
described by Benzie and Strain [38]. The method is based on the reduction in the Fe3+—
tripyridyl triazine complex to its ferrous-colored form at low pH in the presence of antioxi-
dants. The FRAP reagent was freshly prepared and contained 0.2 mL of a 10 mM TPTZ
(2,4,6-tripyridy-s-triazine) solution in 40 mM HCl plus 0.2 mL of 20 mM FeCl3•6H2O plus
0.2 mL of 3.0 M acetate buffer, pH 3.6. Aliquots of extracts (2 to 10 μL) were transferred in
test tubes, and dissolved up of 900 μL with distilled water, followed by addition of 300 μL
of FRAP solution and vigorous stirring. The samples were incubated for 10 min in a 37 ◦C
water bath, and the absorbance was measured at 593 nm.

The reducing capacity of the samples was also determined using the CUPRAC assay
according to Özyürek et al. [39]. Aliquots of parsley extracts (2 to 10 μL) were transferred
in test tubes and diluted with 300 μL of 10 mM CuCl2•2H2O, 7.5 mM neocuproine, and
1 mM CH3COONH4 buffer solution with pH = 7.0, followed by the addition of distilled
water up to the volume of 1200 μL. The samples were well stirred and remained at room
temperature for 30 min. The absorbance of the samples was then measured at 450 nm.

3.5. Determination of Phenolic Compounds

The total content of phenolics in oregano extracts obtained at optimized conditions
were measured in triplicate by using a modified version of Singleton and Rossi’s technique
and was determined using the Folin–Ciocalteu’s method with some modifications [40]
using a spectrophotometer Lambda 25 (Perkin Elmer, Norwalk, CT, USA). The experiment
was carried out by combining 1 to 10 μL of oregano extracts with 1.8 mL of distilled
water and 0.1 mL of Folin–Ciocalteu reagent. The materials were then rapidly mixed and
incubated in the dark for two minutes. After adding 0.3 mL of 20% (w/v) aqueous Na2CO3,
the samples were rapidly agitated and incubated at 40 ◦C in a water bath for 30 min.
Absorbance was measured spectrophotometrically at 765 nm, by a Spectrophotometer
Lambda 25 (Perkin Elmer, Norwalk, CA, USA). Gallic acid was used to develop a standard
curve. The final findings were expressed as equivalent concentrations of gallic acid (mg
GAE per g oregano).

3.6. Determination of Phenolic Compounds with HPLC-PDA

For the determination of phenolic compounds during preliminary experiments, but
also during the analysis of the optimized extracts produced in the frame of experimental
design, a Shimadzu HPLC 2030C prominence-i system was used, equipped with a binary
pump, a degasser, an autosampler, a column heater, and a PDA detector. A Phenomenex
Luna C18(2) analytical column (4.6 mm × 250 mm, particle size 5.0 μm) was used for the
separation of the phenolic compounds under evaluation. The elution was performed using
water acidified with 0.2% formic acid (mobile phase A) and methanol (mobile phase B).
The adopted elution gradient was applied as follows: 0 min, 5% mobile phase B; 1 min,
5% mobile phase B; 30 min, 95% mobile phase B; 30.1 min, 5% mobile phase B; and 33 min,
5% mobile phase B. The injection volume was 20 μL, UV–vis spectra were recorded from
190 to 800 nm, while the chromatograms were registered at 280 and 340 nm. The analytical
methodology was successfully validated in terms of linearity, accuracy, stability, limit
of quantitation, and precision (system precision and reproducibility) for each phenolic
compound under evaluation [41]. Quantification and identification performed with the use
of commercial standards that were available for the phenolic compounds under evaluation.

3.7. Identification of Phenolic Compounds with HPLC-QTOF-MS

An UHPLC system with an HPG-3400 pump (Dionex UltiMate 3000 RSLC, Thermo
Fisher Scientific, Germany) coupled to a QTOF mass spectrometer (Maxis Impact, Bruker
Daltonics, Bremen, Germany) was used for the analysis. Negative electrospray ionization
mode was applied. Separation was carried out using an Acclaim RSLC C18 column
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(2.1 × 100 mm, 2.2 μm) purchased from Thermo Fisher Scientific (Driesch, Germany) with a
pre-column of ACQUITY UPLC BEH C18 (1.7 μm, VanGuard Pre-Column, Waters (Waters
Corporation®, Wexford, Ireland). Column temperature was set at 30 ◦C. The solvents
used consisted of (A) 90% H2O, 10% methanol, and 5 mM CH3COONH4 (Mobile phase
A), and 100% methanol and 5 mM CH3COONH4 (Mobile phase B). The adopted elution
gradient started with 1% of organic phase B with flow rate 0.2 mL min−1 during 1 min,
gradually increasing to 39% for the next 2 min, then increasing to 99.9% and flow rate
0.4 mL min−1 for the following 11 min. These almost pure organic conditions were kept
constant for 2 min (flow rate 0.48 mL min−1), then initial conditions (1% B–99% A) were
restored within 0.1 min (flow rate decreased to 0.2 mL min−1) to re-equilibrate the column
for the next injection.

The QTOF-MS system was equipped with an electrospray ionization interface (ESI),
operating in negative mode with the following settings: capillary voltage of 3500 V, end
plate off-set of 500 V, nebulizer pressure of 2 bar (N2), drying gas of 8 L min−1 (N2), and
drying temperature of 200 ◦C. A QTOF external calibration was daily performed with
sodium formate (cluster solution), and a segment (0.1–0.25 min) in every chromatogram
was used for internal calibration, using calibrant injection at the beginning of each run.
The sodium formate calibration mixture consisted of 10 mM sodium formate in a mix-
ture of H2O/isopropanol (1:1). Full scan mass spectra were recorded over the range of
50–1000 m/z, with a scan rate of 2 Hz. MS/MS experiments were conducted using AutoMS
data-dependent acquisition mode based on the fragmentation of the five most abundant
precursor ions per scan. The instrument provided a typical resolving power (FWHM) be-
tween 36,000 and 40,000 at m/z 226.1593, 430.9137, and 702.8636, respectively. Identification
was performed with the use of commercial standards that were available for the phenolic
compounds under evaluation along with the fragmentation patterns of each molecule.

3.8. Experimental Design

The Box–Behnken design (BBD), a standard RSM design, is highly suited to fitting a
quadratic surface, which is often used for process optimization, was selected to identify
the optimum extraction conditions for total phenolic compounds and antioxidant activity
measurements. The three independent factors were temperature (X1), time (X2), and ethanol
concentration (X3).

Each factor was coded ta three levels: −1, 0, and +1. One replicate experiment was
performed. The factors and their corresponding levels, both coded and actual, chosen in the
three-factor-three-level BBD were based on preliminary one-factor-at-a-time experiments,
literature research, and instrumental specifications, and are presented in Table 6.

Table 6. Independent factors and their levels in the Box–Behnken Experimental Design.

Factor Levels and Range

Factors Codes −1 0 1

Temperature (◦C) X1 40 60 80
Time (min) X2 20 30 40

Ethanol (%, v/v) X3 60 70 80

RSM was used to fit a complete second-order polynomial equation to the design points
and experiment data. The following quadratic response surface model equation (a) for four
components was fitted:

Y = β0 +
3

∑
i=1

βiXi +
3

∑
i

βiiX2
i +

2

∑
i=1

3

∑
j=i+1

βijXiXj + ε (3)

In Equation (3), Y corresponds to the response variable expressed by mg GAE/g and
mg TE/g for TPC and DPPH, respectively, for both tests performed (total phenolic content
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and antioxidant evaluation). Xi and Xj are the independent factors affecting the response
(Table 1). The terms β0, βi, βii, and βij are the regression coefficients of the model (intercept,
linear, quadratic, and interaction term), and ε corresponds to the random error term.

Analysis of variance (ANOVA) was used to estimate the fitting of the entire quadratic
approximation of the BBD response surface model. The significance of each source of terms
(linear, two-factor interaction, and quadratic), and the regression coefficients of the fitted
model were examined using the F-values and pertinent p-values. Statistically significant
terms were those whose probability (p-value) at the 95% confidence level fell below 0.05.

3.9. Verification of the Statistical Model

Optimum extraction conditions of the total phenolic content and antioxidant activity
evaluation of oregano samples based on the evaluation for extraction temperature, and
time and solvent composition were obtained using the predictive equations of RSM. The
obtained concentration was determined after extraction of phenolic compounds under
optimal conditions. The experimental and predicted values were compared to determine
the validity of the model.

3.10. Statistical Analysis

Data presented as mean ± standard deviation (m ± SD) for triplicate measurements.
The response values of the RSM model for one replication with three center points were
analyzed by Minitab® trial version statistical software (Minitab Ltd., Coventry, UK). SPSS
V 28.0.10 software (IBM Corp., Armonk, NY, USA) was used for one-sample t-test analysis
for the verification of the model. Statistical significance was defined at <0.05.

4. Conclusions

In this study, a Box–Behnken Box–Behnken design (BBD), along with Box-Cox trans-
formation of the data and model reduction, have been developed to optimize the extraction
conditions for maximum total phenolic extractions and antioxidant activity based on DPPH
assay from Oregano (Origanum vulgare ssp. hirtum) cultivated in Lemnos.

For the optimized extracts, the antioxidant activity was also measured with ABTS,
FRAP, and CUPRAC assays. Then, luteolin, kaempferol, and apigenin were determined
by HPLC-DAD and identified by UHPLC-Q-TOF-MS in extracts obtained by UAE from
oregano sample.

The adequacy of the predictive model and the verification of the model were confirmed.
Optimal conditions were calculated and found the same both for total phenolic contain,
and antioxidant activity evaluation (DPPH assay). Using a concentration of ethanol equal
to 60% (v/v), a temperature of 80 ◦C, and a time period of 40 min, the predictive and the
actual values along with the desirability were equal to 363.0, 362.1 ± 1.8, and 1.000 for TPC;
and 108.5, 108.6 ± 0.9, and 1.000 for DPPH.

High values of total phenolic compounds equal to 362.1 ± 1.8 mg GAE per g of
oregano were determined in the optimized extract, and high antioxidant capacities that
ranged from 1.2 mg to 115.2 mg Trolox equivalent per g of oregano with respect to DPPH,
ABTS, FRAP, and CUPRAC assays, respectively, were obtained (Table 5). Additionally,
luteolin, apigenin, and kaempferol were quantitively determined at 1.30 ± 0.05, 1.43 ± 0.06,
and 0.40 ± 0.03 mg/g dry oregano, respectively.

With these findings, an adequate amount of the phenolic compounds under consider-
ation were extracted from Oregano, specifically apigenin, luteolin, and kaempferol (1.30
0.05, 1.43 0.06, and 0.40 0.03 mg/g dry oregano, respectively) using ultrasound-assisted
extraction and green solvents, such as ethanol/water mixture. It is important to highlight
the fact that the results are obtained under the green extraction rules, which means that the
extracts can further be used in food enrichment procedures.

However, there are several factors that must be considered before the commercial
implementation of the recovery of value-added chemicals from natural products. The
bioavailability, but also the metabolism of phenolic compounds are important parameters
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that is necessary to be investigated in order to better understand the biological mechanisms,
which will empower the development of better applications for the phenolic compounds.
The considerable total phenolic content of oregano extracts presents an opportunity for the
creation of novel functional foods or the refinement of current traditional products with
superiority in consumer health protection. The results indicate that oregano extract could
be the subject of a mixture design for the formulation of new enriched healthy animal or
plant food products, such as meat products, dairy products, bakery snacks, traditional
pasta, spread products, beverages, etc. The result of the study highlights the nutraceutical
potential of extracts form oregano (Origanum vulgare ssp. hirtum) cultivated in Lemnos.
Oregano is a widespread cultivation aromatic herb, and considerable amount is easily
accessible for the creation of novel functional foods or the refinement of current traditional
products with shown superiority in consumer health protection.
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Abstract: Olive pomace (OP) represents one of the main by-products of olive oil production, which
still contains high quantities of health-promoting bioactive compounds. In the present study, three
batches of sun-dried OP were characterized for their profile in phenolic compounds (by HPLC-DAD)
and in vitro antioxidant properties (ABTS, FRAP and DPPH assays) before (methanolic extracts) and
after (aqueous extracts) their simulated in vitro digestion and dialysis. Phenolic profiles, and, ac-
cordingly, the antioxidant activities, showed significant differences among the three OP batches, and
most compounds showed good bioaccessibility after simulated digestion. Based on these preliminary
screenings, the best OP aqueous extract (OP-W) was further characterized for its peptide compo-
sition and subdivided into seven fractions (OP-F). The most promising OP-F (characterized for its
metabolome) and OP-W samples were then assessed for their potential anti-inflammatory properties
in ex vivo human peripheral mononuclear cells (PBMCs) triggered or not with lipopolysaccharide
(LPS). The levels of 16 pro-and anti-inflammatory cytokines were measured in PBMC culture media
by multiplex ELISA assay, whereas the gene expressions of interleukin-6 (IL-6), IL-10 and TNF-α
were measured by real time RT-qPCR. Interestingly, OP-W and PO-F samples had a similar effect in
reducing the expressions of IL-6 and TNF-α, but only OP-W was able to reduce the release of these
inflammatory mediators, suggesting that the anti-inflammatory activity of OP-W is different from
that of OP-F.

Keywords: olive pomace; PBMC; cytokines; immune gene expression; HPLC-DAD; antioxidants;
inflammation; metabolome; phenolic bioaccessibility

1. Introduction

Climate change, loss of biodiversity and environmental pollution increase are chal-
lenges that must be faced by improving the relationship between humans and ecosystems.
With this aim, EU environmental policy and legislation strongly encourages the reuse
and recycling of waste, a reduction in harmful chemicals, and the use of environmentally
friendly compounds that are also technologically satisfactory and economically convenient.

Agri-food industries are among the principal producers of waste and by-products
in the world [1]. The European Union alone produces about 90 million tons of food by-
products every year, with an impressively negative effect on the environment [2]. For
these reasons, researchers are paying more and more attention to these wastes not only as
a potential source of energy, but also as a source of bioactive molecules. In recent years,
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agri-food by-products have been increasingly considered for the extraction of bioactive
compounds such as antioxidants, vitamins, minerals, dietary fiber, essential fatty acids,
oligosaccharides and oligopeptides [3,4]. In the Mediterranean area, a huge amount of
waste is generated during the olive oil production process [5].

The Mediterranean basin contains approximately 98% of the planted olive (Olea europea L.)
trees, and together with other European countries, produces 80% of the world’s olive oil [6].
Consequently, the olive oil industry generates significant amounts of olive oil by-products
(olive pomace, olive leaves and olive mill wastewater), which need to be managed by these
countries according to strategies aimed toward reducing the impact on the environment
through the sustainable re-use of agri-food waste.

Olive pomace (OP) is an olive oil by-product rich in high-value compounds
(e.g., polyphenols, dietary fiber, unsaturated fatty acids, antioxidants and minerals) and,
in the context of a sustainable economy, the interest in recovering and utilizing bioactive
compounds to add health benefits to the diet has increased during recent years [7].

Currently, there is indeed a wide bibliography in favor of the beneficial health effects
of extra virgin olive oil, as well as on the possibility of obtaining valuable bioactive com-
pounds from the waste products of the olive oil processing process (olive pomace and
olive mill wastewater). A search in PubMed using the terms “olive oil AND health” or
“olive by-products AND health” produced 3073 and 85 results, respectively (updated on
2 January 2023). Indeed, besides the well-recognized healthy effects of extra virgin olive
oil [8–10], beneficial properties have also been demonstrated for processing by-products
(leaves and olive mill wastewaters) including anti-cancer [11], prevention against age-
related diseases [12], cardioprotective, anti-diabetic [13] and anti-inflammatory [14], among
others [7,15–17]. In a recent study by Markhali et al. [18], oleuropein, one of the most
common bioactive compounds in olive oil by-products, was found to be effectively capable
of rebuilding the tissue damage caused by cisplatin in the stomach and the lungs, whereas
Žugčić et al. showed that the compounds found in olive leaves exerted positive effects on
gut microbiota [19].

The health-promoting effects of OP have mainly been associated with the presence of
antioxidants, especially those belonging to plant-specialized metabolites, attributable to five
classes of polyphenols (biophenols) identified as secoiridoids, simple phenols, flavonoids,
phenolic acids, and lignans [20]. Interestingly, OP extract has been demonstrated to ame-
liorate lipid accumulation and lipid-dependent oxidative unbalance [21]. However, high
amounts of α-tocopherol (2.63 mg/100 g) and fatty acids have also been identified as
bioactive compounds in OP by Nunes et al. [22], and a relevant contribution to the re-
ported beneficial effects of OP in preventing cardiovascular and gut diseases has been
attributed not only to polyphenols, but also to sugars and minerals present in the pomace
by Ribeiro et al. [23].

Di Nunzio et al. [24] demonstrated that an aqueous OP extract was able to significantly
reduce IL-8 secretion, one of the main proinflammatory cytokines, in Caco-2 cells in both
basal and inflamed conditions, suggesting OP as a potential low-cost, high added-value
ingredient for the formulation of functional and innovative food [24,25].

With a view to a potential use of OP in the formulation of innovative and functional
foods or nutraceuticals, in this study we evaluated the prospective anti-inflammatory
properties of OP compounds following digestion in the gastrointestinal (GI) compartments
and passing the mucosal and intestinal barriers. Indeed, it has been observed that the
bioavailability of polyphenols greatly changes during digestion, due to their different
degrees of absorption, stability, solubility, and permeability [15,23,26].

To this purpose, three batches of sun-dried OP were characterized for their profiles in
phenolic compounds and in vitro antioxidant properties before (methanolic extracts) and
after (aqueous extracts) their simulated in vitro digestion and dialysis. The most promising
aqueous extract, selected based on its composition of bioactive compounds, was further
characterized and tested for its anti-inflammatory potential using PBMC cells.
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PBMC cells were chosen because, circulating in the blood stream throughout the body,
they represent not only the first systemic cell lines acting in the innate and adaptative
immune responses, but also one of the two most represented cell categories (leukocytes vs.
red blood cells) of the first tissue in which these bioactive compounds enter the body.

2. Results

A preliminary characterization of the three different OP batches (OP1, OP2, and OP3)
was carried out to identify the OP batch with the highest potential biological properties
before and after in vitro digestion. Only the OP extract with the highest potential biological
properties was used for the subsequent experiments.

2.1. Total Phenol Content (TPC) and Phenolic Characterization of OP Extracts

The total phenol content and the individual phenolic characterization of each OP
extract obtained from the three different batches of OP was determined before (methanol
extracts) and after (aqueous extracts) the simulated in vitro digestion.

2.1.1. Total Phenol Content (TPC) and Phenolic Characterization of Methanolic OP Extracts

In addition to the evaluation of the total content of phenolic compounds (TPC), a
targeted HPLC-DAD analysis was carried out on the three methanolic OP extracts to
identify and quantify some of the characteristic compounds of OP belonging to different
chemical classes, such as secoiridoids, catechols, diterpens, flavonoids, hydroxycinnamic
and phenolic acids (Table 1). Significant differences in the phenolic content were found
among the three extracts, with OP1 being the richest for most metabolites. The most
abundant compound was luteolin; its highest concentration was found in OP1. The biggest
differences among the extracts were found for hydroxytyrosol and tyrosol, which were
in the ranges of 4.9–224.6 μg and 8.2–223.0 μg/g, respectively, with OP1 showing the
maximum level, and OP3 the minimum level. Regarding hydroxycinnamic acids, caffeic
and chlorogenic acids were detected in all extracts. OP2 showed the highest content of
caffeic acid, while OP1 was the richest in chlorogenic acid. Gallic acid levels were below the
limit of quantification (LOQ) in all samples. Considering the total targeted metabolite index
(TTMI), which represents the sum of the identified compounds, its value was significantly
higher in OP1 than both OP2 and OP3 (Table 1).

Table 1. Phenolic composition (μg/g dry weight) and TPC (mg of GAE/g extract) of the three
OP batches.

Sample Ht T Ole Lig Pin Myr Lut Api CA ChlA GA TTMI TPC

OP1
224.6
±

0.4 a

222.9
±

1.8 a

128.9
±

1.9 a

103.7
±

0.5 a

36.9
±

0.9 a

91.9
±

0.5 a

599.9
±

2.7 a

221.5
±

5.5 a

7.8
±

1.1 a

48.4
±

4.3 a
nd 1686.5 a

99.8
±

8.5 A

OP2
36.9
±

0.5 b

46.7
±

2.5 b

44.9
±

1.7 b

27.1
±

0.1 b

24.0
±

1.3 b

70.8
±

1.2 b

474.1
±

1.7 b

175.5
±

0.2 b

9.8
±

0.1 b

28.9
±

3.2 b
nd 938.7 b

26.3
±

3.9 B

OP3
4.9
±

0.3 c

8.2
±

0.5 c

29.4
±

0.1 c

24.1
±

0.6 c

17.8
±

0.7 c

72.9
±

1.1 b

354.7
±

3.2 c

129.9
±

1.1 c

7.5
±

0.5 a

11.4
±

1.5 c
nd 660.8 c

14.5
±

2.4 C

Ht = hydroxytyrosol, T = tyrosol, Ole = oleuropein, Lig = ligstroside, Pin = pinoresinol, Myr = myricetin,
Lut = luteolin, Api = apigenin, CA = caffeic acid, ChlA = chlorogenic acid, GA = gallic acid, TTMI = total
targeted metabolite index, TPC = total phenolic content, nd = not detected. Superscript letters A,B,C,a,b,c within the
same column refer to statistical analysis, and different letters indicate significant differences for p < 0.0001 and
0.5, respectively.

2.1.2. Total Phenol Quantification (TPC) and Phenolic Characterization of Aqueous
OP Extracts

Table 2 reports the phenolic compositions and TPC of the two types of aqueous extracts
(< or >3.5 kDa) obtained from the three OP batches after in vitro digestion and dialysis.
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Table 2. Phenolic composition (total μg in the dialyzed samples) and TPC (mg of GAE/g extract) of
the digested OP batches. See Table 1 for abbreviations.

Sample Ht T Ole Lig Pin Myr Lut Api CA ChlA GA TTMI TPC

OP1-W
n.a.

138.8
±

0.4 A

241.6
±

6.7 A

41.7
±

3.0 A

28.2
±
2.2

50.6
±

0.8 A

201.0
±

0.1 A

212.2
±

1.9 A
nd

30.5
±

2.8 A

32.7
±

1.3 A

76.2
±

1.4 A
1053.5

127.9
±

4.1 A

OP2-W
n.a.

59.4
±

1.1 B

101.0
±

4.5 B

37.8
±

1.2 B
nd

46.8
±

3.4 B

188.7
±

2.1 B

197.5
±

1.6 B
nd

24.8
±

0.6 B

28.9
±

3.0 A

93.8
±

1.3 B
778.7

96.8
±

10.6 B

OP3-W
n.a. nd nd

12.8
±

1.0 C
nd

48.1
±

1.3 AB

183.0
±

2.3 B

192.2
±

1.0 B
nd

18.0
±

1.2 C

18.4
±

1.1 B

295.4
±

2.1 C
767.9

88.5
±

21.7 B

OP1-W
386.7
±

3.1 a

627.8
±

3.4 a

129.8
±

4.8 a

23.9
±

1.3 a

41.4
±

1.7 a

161.6
±

1.5 a

168.4
±

1.0 a
nd

36.2
±

0.5 a

57.5
±

2.1 a

56.0
±

0.6 a
1527.7

96.1
±

3.0 a

OP2-W
62.5
±

1.4 b

77.7
±

1.8 b

13.1
±

1.1 b

15.4
±

0.9 b

28.7
±

0.8 b

118.9
±

0.3 b

124.4
±

0.7 b
nd

14.1
±

0.8 b

26.9
±

1.4 b

34.9
±

0.7 b
516.6

72.4
±

13.9 b

OP3-W nd nd
23.9
±

1.1 c

20.7
±

1.7 a

26.3
±

1.8 b

100.5
±

0.3 c

105.1
±

0.1 c
nd

12.8
±

1.7 b

15.0
±

1.3 c

34.1
±

3.1 b
338.4

68.5
±

7.6 b

Superscript letters within the same column refer to statistical analysis. Uppercase letters A,B,C refer to non-
absorbable aqueous digested samples (OP-W n.a.); lowercase letters a,b,c refer to absorbable aqueous digested
samples (OP-W). Different letters indicate significant differences for p < 0.05.

The aqueous OP extracts, characterized by the presence of bioavailable compounds
(serum available) with a molecular weight (m.w.) <3.5 kDa after dialysis [23] were indicated
as OP-W (1, 2 or 3); whereas the non-available digested aqueous extracts were indicated as
OP-W n.a. (1, 2 or 3; m.w. > 3.5 kDa).

The distribution of the detected metabolites in the bioavailable and non-bioavailable
aqueous extracts obtained after the in vitro digestion varied, depending on the molecule
type (Table 2). As a general trend, most metabolites detected in the pomace were also found
in the absorbable fraction, with a different percentage of recovery, depending on samples.
Only apigenin was not found, neither in the non-absorbable or the absorbable samples.

The bioaccessibility index, calculated as the percentage of the bioactive compound
which was solubilised after the intestinal dialysis in reference to its total content in the
undigested food, is reported in Table 3. A high bioaccessibility (more than 80%) was
found for hydroxytyrosol and tyrosol in OP1 and OP2, while undetectable levels of both
metabolites were present in OP3, probably due to their low levels in the original pomace
extract (Table 2). Similar values were found for myricetin and caffeic acid, while the
bioaccessibility of pinoresinol and chlorogenic acid were slightly lower, in the range of
46–70%. Oleuropein and ligstroside were found in the absorbable fraction at percentages
ranging from 14 to 50% for the former, and 11 to 43% for the latter. A lower bioaccessibility
was observed for luteolin, with a percentage of about 14%, with no differences among the
three samples.

Table 3. Bioaccessibility index (%) of metabolites in the absorbable aqueous-digested OP samples
(OP-W). See Table 1 for abbreviations.

Sample Ht T Ole Lig Pin Myr Lut Api CA ChlA GA

OP1-W 86.1 140.8 50.3 11.5 56.1 87.9 14.0 - 231.2 59.4 -
OP2-W 84.5 83.2 14.6 28.3 60.0 84.0 13.1 - 71.5 46.6 -
OP3-W - - 40.7 43.0 74.0 68.9 14.8 - 84.9 66.1 -
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2.2. Antioxidant Properties and Reducing Power of OP Extracts

The antioxidant potential and reducing power of each OP extract obtained from
the three different batches of OP before and after the simulated in vitro digestion were
evaluated by three different spectrophotometric assays.

2.2.1. Antioxidant Properties and Reducing Power (ABTS, DPPH and FRAP Assays) of
Methanolic OP Extracts

Table 4 reports the antioxidant properties and reducing powers evaluated in the
methanolic extracts obtained from the three crude OP batches (1, 2, and 3). In accordance
with the different results obtained for the phenolic content and TTMI index, OP1 methanolic
extracts showed the highest antioxidant activity of all the antioxidant assays utilized,
whereas OP2 resulted in an intermediate position between the other two extracts. Therefore,
the trends of antioxidant responses resembled the trends of TPC found in the three different
OP batches.

Table 4. The radical scavenging activity of methanolic extracts obtained from the three crude OP1,
OP2 and OP3 batches. Values are reported as Trolox equivalent (μg TE/mg dry extract).

Radical Scavenging Assays

ABTS DPPH FRAP

Samples
Trolox

Equivalent ± SD
Trolox

Equivalent ± SD
Trolox

Equivalent ± SD

OP1 124.6 ± 4.2 a 44.5 ± 2.5 a 74.6 ± 3.5 a

OP2 55.6 ± 4.1 b 19.6 ± 2.4 b 31.5 ± 1.5 b

OP3 19.5 ± 1.2 c 9.22 ± 0.7 c 6.3 ± 0.07 c

a,b,c different letters mean significant differences; p < 0.05.

2.2.2. Antioxidant Properties and Reducing Power (ABTS, and FRAP Assays) of Aqueous
OP-W n.a. and OP-W Extracts after In Vitro Digestion and Dialysis

Table 5 reports the results of the radical scavenging assays evaluated in the aqueous ex-
tracts obtained from the in vitro digestion and dialysis of the three OP batches (1, 2, and 3).
All the digested OP samples conserved their own antioxidant properties proportionally
to the content of the original bioactive compounds, therefore, the OP1 samples, both ab-
sorbable and not, showed the highest antioxidant activity when compared with the other
two OP samples.

Table 5. The radical scavenging activity of aqueous OP extracts after in vitro digestion and dialysis.
Values are reported as Trolox equivalent (μg TE/mg dry extract).

ABTS FRAP

Samples
Trolox

Equivalent ± SD
Trolox

Equivalent ± SD

OP-W n.a. 1

1 127.3 ± 7.4 a 88.3 ± 3.1 a

2 79.5 ± 6.5 b 45.1 ± 2.2 b

3 74.3 ± 10.5 b 40 ± 0.1 b

OP-W 2

1 82.5 ± 4.5 a 44.8 ± 0.8 a

2 68.9 ± 3.0 b 22.7 ± 0.6 b

3 73.6 ± 2.2 b 14.4 ± 1.0 c

1 OP-W n.a. (samples 1, 2 and 3): not absorbable aqueous extracts (m.w. > 3.5 kDa). 2 OP-W (samples 1, 2 and 3):
absorbable aqueous extracts (m.w. < 3.5 kDa). a,b,c,: different letters mean significant differences at p < 0.05.

481



Molecules 2023, 28, 2122

2.2.3. Antioxidant Property (ABTS) and TPC of Aqueous OP-W Fractions (OP-F)

Based on the previous results, OP-W1 was selected as the most promising extract, and
further fractionated using reverse-phase chromatography (HPLC-DAD) on a semiprepara-
tive C18 column. Figure 1 shows the seven different major chromatographic peaks obtained.
All these peaks were characterized by low hydrophobicity, as suggested by the fact that
they eluted at a low concentration of acetonitrile (10–20%).

Figure 1. Major chromatographic peaks (n.7) obtained from OP-W1. The most bioactive aqueous
adsorbable extract result was the fifth one (*), by HPLC-DAD.

The material was selectively eluted at each peak and then tested for its radical scaveng-
ing activity (ABTS assay) and TPC (Table 6). The fifth peak resulted as the most biologically
active (*).

Table 6. The radical scavenging activity of the seven fractions obtained from OP-W1, the aqueous
absorbable OP extract (OP-F) characterized by the highest antioxidant properties. Values are reported
as Trolox equivalent (μg TE/mg dry extract).

ABTS TPC

OP-F Trolox Equivalent ± SD mg of GAE/g Extract ± SD

1 63.3 ± 5.3 AB 156.7 ± 0.7 A

2 26.5 ± 0.6 A 127.3 ± 3.1 A

3 369.7 ± 4.0 C 719.5 ± 10.9 B

4 342.2 ± 5.8 C 761.8 ± 10.0 B

5 1036.7 ± 35.5 D 1199.4 ± 69.9 C

6 76.5 ± 3.2 BE 197.4 ± 9.7 A

7 253.7 ± 8.3 F 450.5 ± 28.6 D

Different capital letters mean significant differences; p < 0.0001.

2.3. OP-W Peptide Identification and Possible Bioactivity

The peptide content of OP-W was detected by mass spectrometry. After digestion, we
obtained 78 and 93, or 96 and 112 peptides (before and after further trypsinization) and
some of them permitted the identification of 13 and 14 proteins specific to Olea europaea
olive or to saprophytic microorganisms of the olive tree plant, respectively. Tables 7 and 8
report the number of peptides identified in the OP-W1 samples, and the corresponding
proteins were searched in both “Olea” and “Olea Europea” protein databases. Some of these

482



Molecules 2023, 28, 2122

proteins, such as 50S ribosomal protein L16, amine oxidase, pectinesterase, 2, profilin-1,
4-coumarate-CoA ligase, and putative geraniol 10 hydroxylase, as expected, were derived
from Olea europaea; whereas, others from Pseudomonas (sp. PIC125 and PIC 141) belonged
to bacteria with potential as a biocontrol tool against pathogenic microorganisms (i.e.,
Verticillium dahlia Kleb.) of olive plants [27].

Table 7. List of identified OP-W1 peptides and corresponding proteins by LC-MS/MS analysis. The
databases consulted were FASTA-file Olea and Olea europaea (common olive).

OP-W1 Proteins

ID Protein Organism MW Peptides

J9XLG0 Putative polyphenol oxidase Olea europaea 53658 2
E3TJS3 50S ribosomal protein L16 Olea europaea 15346 2

A0A0N9LRR6 Amine oxidase Olea europaea 87207 4
B2VPR8 Pectin esterase 2 Olea europaea 39856 2

A0A0G3FBC7 LIP (fragment) Olea europaea 11938 2
A4GE45 Profilin-1 Olea europaea 14520 2

A0A649ZUF2 4-coumarate-CoA ligase Olea europaea 59898 3
Q5DTB7 Ole e 3 allergen Olea europaea 5795 2
J9XH65 Putative geraniol 10-hydroxylase Olea europaea 46724 5

A0A126X2X6 Putative LOV domain-containing Olea europaea 70139 2

A0A7G7YFM0 Ribulose bisphosphate
carboxylase Olea europaea 53072 2

Q1W4C7 Hexosyltransferase Olea europaea 31071 2

J9XLE5 Isopentenyl-diphospate
Delta-isomerase Olea europaea 25822 2

A0A1B1V5C3 Putative transcriptional
corepressor Olea europaea 54598 2

Table 8. List of identified peptides and corresponding proteins from organisms in the OP-W1
sample by LC-MS/MS analysis. The databases consulted were FASTA-file Olea and Olea europaea
(common olive).

Proteins from Organisms in OP-W1 Sample

ID Protein Organism MW Peptides

A0A2A2DN42 Chemotaxis protein Pseudomonas sp.
PIC141 57171 2

A0A2A2DPP3 Short chain dehydrogenase Pseudomonas sp.
PIC 125 28887 3

A0A2A2E801 Poly(A) polymerase Pseudomonas sp.
PIC 125 53512 2

A0A2A2DPY9 PhoH family protein Pseudomonas sp.
PIC 141 38446 2

A0A2A2E7V3 UvrABC system protein C Pseudomonas sp.
PIC125 67237 2

A0A2A2E543 Amine oxidase Pseudomonas sp.
PIC141 62484 2

A0A2A2DX44 Serine hydrolase Pseudomonas sp.
PIC141 40686 2

A0A2A2DU16 Haemagglutinin Pseudomonas sp.
PIC125. 9783 2

A0A2A2DPN3 DUF1329
domain

Pseudomonas sp.
PIC125 50476 2

A0A2A2DJ68 TonB-dep. siderophore receptor Pseudomonas sp.
PIC125 78117 3

A0A2A2EB40 Tail-specific protease Pseudomonas sp.
PIC125 77756 3

A0A2A2E740 RNA helicase Pseudomonas sp.
PIC125 48800 3

A0A2A2E9Q7 Coproporphyrinogen-III oxidase Pseudomonas sp.
PIC125 53148 2

The profile of these peptides was checked in the open-access tool PeptideRanker
(a score higher than 0.6 was considered as potentially “bioactive”) to forecast the eventuality
of biological activity of a peptide sequence [28], and two or five peptides of the Olea europaea
olive received a score between 0.66 and 0.79, or 0.63 and 0.68, before and after trypsinization,
respectively. These peptides were in reference to two or four proteins, respectively (putative
geraniol 10-hydroxylase, hexosyltransferase or amine oxidase, pectin esterase 2, putative
geraniol 10-hydroxylase, and putative LOV domain-containing, respectively). Subsequently,
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the best scored peptides were submitted to BIOPEP search (accessed on 15 February
2023, h http://www.uwm.edu.pl/biochemia/index.php/pl/biopep/) to hypothesize their
possible bioactivities [29], but, so far, no bioactivity has been detected for these peptides.

Furthermore, nine and six peptides (before and after trypsinization, respectively)
attributable to Pseudomonas sp. PIC25 resulted in a score higher than 0.6, but none of these
were recognized in the proteins identified in Table 8; neither were they present in the
BIOPEP database.

2.4. Untargeted Metabolomics of the Most Bioactive OP-F

Table 9 reports the percentages of different metabolites identified in the fifth OP1-F
sample by GCMS analysis. Among these metabolites, a high percentage (about 25%)
were represented by antioxidant compounds such as tyrosol and 4 hexylphenol, probably
responsible for the highest antioxidant activity observed in the fifth peak (Table 6). Of
interest was the 7.6% presence of glutamic acid, which is known to help in maintaining the
integrity of the intestinal barrier, as it is incorporated into proteins during their synthesis by
the “good” bacteria of the intestinal microbiota, thus, favoring their development [30,31].

Table 9. List of identified metabolites (expressed in percentage) recognized in the fifth OP-F sample
by GCMS analysis.

Metabolites %

Trietanolamine 3.07
Propanamine,N(2fluorophenyl)3(4morpholyl) 0.18

Glycerol 3.2
Ciclopenthylamine 2.26

1 propanamine N,N diproyl 2.26
Cystathyonine 1.04
Tris,N-acetyl 1.08
Homocisteine 7.1

Tyrosol 20.49
Glutamic acid 7.61
4 Hexylphenol 4.52

Phenol,3 butanol 0.58
Bis oxyethylthiosulfide 2.74

Linoleic acid 0.23
Sugar 3.25

2.5. Cellular Anti-Inflammatory Activities

To better clarify, at a molecular level, whether OP-W and OP-F aqueous extracts
were able to modulate the expression of pro-inflammatory (IL-6 and TNF-α) and anti-
inflammatory (IL-10) genes, a real time RT-PCR analysis was carried out on RNA of human
PBMCs, which were previously in vitro supplemented, or not supplemented (CTRL), with
the aqueous OP extracts (OP-W and OP-F; 2.5 μg/mL of extracts for 24 h) and then stimu-
lated (s.) or not stimulated (n.s.) with LPS (100 ng/mL for 2.5 h). The mRNA expression
levels of cytokines in OP-W s. and OP-F s. samples showed significant reductions for IL-6
(in both OP-W s. and OP-F s. cells; p < 0.05), IL-10 (p < 0.01 and < 0.05, respectively), and
TNF-α (p < 0.01 and <0.05, respectively), when compared with not supplemented cells
(CTRL s.) (Figure 2).
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Figure 2. Real time PCR relative quantification of mRNAs encoding IL-6, IL-10, and TNF-α (± S.E.M.),
evaluated in human PBMCs after stimulation (s) or not (n.s.) with LPS for 2 h in an incubator at
37 ◦C, 5% CO2. Blood cells were previously cultured in presence or not (CTRL) of aqueous extracts
obtained from OP (OP-W and OP-F) after in vitro digestion and dialysis. * p < 0.05, ** p < 0.01.

2.6. Cytokines Concentrations in Conditioned Medium

To confirm the anti-inflammatory effect of OP aqueous extracts (OP-W and OP-F) in
LPS stimulated cells, the concentration of a panel of 16 cytokines (of IL-1α, IL-1β, IL-2,
IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IL-13, IL-15, IL-17, IL-23, IFNγ, TNF-α and TNF-β) in
PBMC culture supernatants was measured by a multiplex ELISA assay. Only the cytokines
IL-6, IL-8 and TNF-α resulted as detectable (the remaining were below the detection levels)
and, among these, both IL-6 and TNF-α resulted as significantly reduced by the OP-W
extracts (p < 0.05) (Figure 3). Interestingly, the only cytokine that resulted as detectable also
in the conditioned medium of cells not stimulated by LPS was IL-8 (means ± S.E.M. were
57.8 ± 13.1, 68.3 ± 16.2, 100.6 ± 54.5 pg/mL in CTRL n.s., OP-W n.s. and OP-F n.s. cells,
respectively; p = n.s.).

Figure 3. Cytokine concentrations evaluated in the culture medium of human PBMCs after stimula-
tion (s), or not (n.s.), with LPS for 2 h in an incubator at 37 ◦C, 5% CO2. Blood cells were previously
cultured in presence, or not (CTRL), of aqueous extracts obtained from OP after in vitro digestion
and dialysis. * p < 0.05.

3. Discussion

Our results regarding the phenolic composition of olive pomace extracts confirm that
this by-product retains most bioactive compounds present in the fruit, despite the complex
chemical transformations occurring during the fruit processing and pomace storage stages.

The chemical profile of this by-product has been widely described by several authors [32,33]
and our results allow the conclusion that, despite a huge variability due to the impact of both
endogenous (i.e., varieties) and exogenous (i.e., agro-pedoclimatic) factors [34,35], olive
pomace represents a good source of natural health-promoting compounds in concentrations
much higher than virgin olive oil [36,37]. In the present study too, the evaluation of three
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different olive pomace samples confirmed the presence of beneficial health compounds in
all the batches investigated. These OP samples, although belonging to the same cultivar
planted in the same territory, were different in terms of the period of olive harvest and,
consequently, their ripening state.

The main phenolic compounds identified in the three pomace samples included
hydroxytyrosol, tyrosol, oleuropein, ligstroside, pinoresinol, flavonoids, and hydroxycin-
namic acids, and big differences were observed among samples [36]. OP1, the sample
characterized by the highest content of unripened olives, was also the sample with the
highest levels of target phenols, and with the highest antioxidant activity, based on the
three in vitro tests used. Indeed, the ripening state strongly influences the phenolic content
and antioxidant properties, that decrease along olive maturation [38].

This OP sample also conserved its highest antioxidant properties in both the aqueous
absorbable and not absorbable digested extracts (OP-W n.a. and OP-W, Table 4), being
the target phenols here mainly represented. Furthermore, the fifth fraction (OP-F; Table 5),
obtained by the same OP1-W sample, also conserved a very high antioxidant property. This
was probably due to the high content of tyrosol (20.49%) and 4 hexylphenol (4.52%), that to-
gether represented more than 25% of the total OP1-F sample, as testified by the metabolomic
analysis (Table 8). Indeed, the free radical scavenging and metal-chelator properties of
hydroxytyrosol and secoiridoid derivatives have been well recognized [39], and the high
antioxidant efficiency has been attributed to the presence of the O-dihydroxymethyl moyety
in the molecule, which mainly acts as a chain breaker by donating a hydrogen atom to
peroxyl-radicals (ROO*). However, it has been proposed that hydroxytyrosol may confer
an antioxidant protection by also reinforcing the endogenous defence systems against
oxidative stress, by boosting different cellular signalling pathways [40]. A good antioxidant
capacity has also been demonstrated for the 4-O-monohydroxy compounds ligstroside and
tyrosol [41], and several interesting functional properties have been reported for oleuropein,
including antioxidant, anti-inflammatory, anti-atherogenic, anti-cancer, and anti-microbial
activities, among others [42]. Luteolin and apigenin have been confirmed as relevant
components of olive pomace, as previously reported by Peralbo-Molina et al. [33], and are
known to exert a protective effect against the deleterious effects of reactive oxygen [43].

However, in order to exert beneficial health effects, phenolic compounds in OP samples
must be bioaccessible and bioavailable [44]. Bioaccessibility, which is defined as the release
of a compound from its natural matrix to be available for intestinal absorption, is the
first limiting factor for bioavailability. Ahmad-Qasen et al. [45] demonstrated that, after
ingestion, the bioaccessibility of total phenolic compounds decreased during the first hour
of the digestion process due to the degradation of the bioactive compounds following the
pH variation and enzymatic activity, whereas for the rest of the digestion process, a constant
value of TPC reached the duodenum. Furthermore, Ribeiro et al., 2020 [23], showed that
after gastrointestinal digestion, more than 50% of the water-soluble compounds remained
bioaccessible, especially hydroxytyrosol and potassium.

Bioavailability represents the ability of a nutrient or food bioactive to be efficiently
digested, absorbed and distributed to provide its beneficial effect to the organism, partici-
pating in its physiological processes and storage [46].

Despite the huge research on the biological properties of olive phenolic compounds,
information relative to their bioavailability, that strongly influences the pharmacological
function, is limited. Recently, however, excellent reviews on the bioavailability of bisphenols
and their metabolism have been proposed [46–49]. It has been shown that after oral
administration, hydroxytyrosol is dose-dependently absorbed until the saturation of the
phase I metabolic processes of intestinal transporters is reached. Thereafter, the absorption
stops and hydroxytyrosol seems to undergo a rapid and intense metabolism [48,50], so that
only a small fraction of free (unchanged) hydroxytyrosol is detectable in plasma. Indeed,
the biological role of many bioactive compounds in the human organism is attributed
to their metabolites, and the intestine represents the main site where it occurs for orally
administered compounds [51]. In most human studies, the hydroxytyrosol absorption rate
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ranges from 55 to 90%, circulating bound to lipoproteins, reaching its maximal concentration
after 1–2 h following its administration, then the molecule rapidly becomes undetectable. As
proof of its absorption, the feces and urinary excretion of hydroxytyrosol and its metabolic
derivatives have usually been adopted, with excretion rates resulting as maximum at
0–4 h [52,53].

Tyrosol has generally fewer studies due to its lower bioactivity, and also lower metabo-
lites, according to the available information [46,51].

Our results showed that most phenolic compounds present in the olive pomace extracts
were still detected at high levels in the absorbable fraction obtained after in vitro digestion,
indicating in most cases a very high bioaccessibility. Hydroxytyrosol, for instance, showed
bioaccessibility indexes higher than 80% in two out of three samples, and similar values
were found for tyrosol in OP2. These results were in accordance with data reported by
Ribeiro et al. [23], who obtained very similar values (82 and 77%, for hydroxytyrosol and
tyrosol, respectively), demonstrating that they were the most bioaccessible compounds
present in olive pomace. In a previous investigation, Seiquer et al. [54] also reported that the
most bioaccessible and stable compounds after in vitro digestion of olive oil were tyrosol
and hydroxytyrosol, and specifically, these compounds were absorbed in the intestine
by passive diffusion as a result of their polar structure, thus, also demonstrating a good
bioavailability, even though dissimilar to each other [47]. The passive diffusion of these
compounds in the small intestine was recently confirmed by Sakavitsi et al. [51] who
also observed a passive diffusion of caffeic acid, homovanillic acid, HT-3-O-sulphate, and
3,4-dihydroxyphenylacetic acid [48] as the main metabolites of hydroxytyrosol.

In OP1, the bioaccessibility index of tyrosol was higher than 100%, and the same was
observed for caffeic acid. This was not surprising, suggesting that these molecules may be
released from the food matrix and/or metabolized from other phenolic compounds with
more complex structures [55].

Furthermore, bioavailability studies in the human body have demonstrated that ab-
sorbed oleuropein and tyrosol can be metabolized into free hydroxytyrosol, thus, increasing
the concentration of HT in circulation [48,56].

However, potential beneficial effects have also been demonstrated for other com-
pounds present in OP such as mineral, proteins and sugars [23]. In this study, the effects of
sugars and minerals were not evaluated, while the possible presence of interesting peptides
(after digestion of proteins) for their biological effects was investigated.

Mass spectrometry analysis of OP1-W peptide hydrolysates allowed the identification
of 13 and 14 proteins specific to Olea europaea olive or to saprophytic microorganisms of the
olive tree plant, respectively. The profile of these peptides was checked in the open-access
PeptideRanker and BIOPEP tools. Overall, seven peptides of Olea europaea olive received
a significant score. These peptides were referable to putative geraniol 10-hydroxylase,
hexosyltransferase or amine oxidase, pectin esterase 2, putative geraniol 10-hydroxylase,
and putative LOV domain-containing. However, none of the best scored peptides matched
with the BIOPEP database.

Even if the presence of Pseudomonas sp. in OP samples could not be reconducted
to any beneficial health effects for “consumers”, it was interesting to find traces of how
plants and microorganisms join forces to address environmental pitfalls. Indeed, these
strains of Pseudomonas spp. (PICF141 and PIC25) have shown high in vitro inhibition
ability of pathogens’ growth such as V. dahliae, responsible for Verticillium wilt of olive [27].
Furthermore, fifteen peptides attributable to Pseudomonas sp. PIC25 showed a best score,
but none were recognized in the proteins identified in Table 8, neither were they present in
the BIOPEP database.

Finally, we tested, ex vivo, the effects of OP1-W and OP1-F extracts on cells present in
the blood, the first tissue with which these extracts come into contact as soon as they are
absorbed by the intestinal wall, even before they undergo phase I and II metabolism that
favors their urinary excretion [57].
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To date, no data exist on the effects of predigested phenols obtained from olive
by-products, neither on human blood immune cells (PBMC) withdrawn from healthy
individuals, or on in vitro cell cultures.

We found that the digested absorbable OP1-W extract showed significant anti-inflammatory
activity on the ex vivo human PBMC stimulated by LPS. This finding was testified by the sig-
nificant reduction in pro-inflammatory cytokines IL-6 and TNF-α in conditioned medium
(p < 0.05; Figure 3) and by a lowering trend of IL-8 together with a significantly lower
expression of mRNAs encoding IL-6 and TNF-α (p < 0.5 and p < 0.01, respectively; Figure 2).

Furthermore, in the ex vivo evaluations, a significant down-regulation of IL-10, a
typical anti-inflammatory gene, was also observed. Even if this finding seems in contrast
with the previous results, we assumed that it was due to a reduced triggering of the
inflammatory process (and its subsequent cascade of pro- and anti-inflammatory signals) in
PBMC pre-treated with OP-W (for 22 h) in response to a pro-inflammatory stimulus (LPS),
rather than to a lower ability to induce the IL-10 gene to turn off an inflammation fully
triggered. This finding was in accordance with results reported by Camargo et al. [14], who
observed that the dietary assumption of high-phenol virgin olive oil in patients suffering
metabolic syndrome, by switching the activity of peripheral blood mononuclear cells to a
less deleterious inflammatory profile, was able to repress the inflammatory process, even if
it occurred because of the addition of a stimulus of inflammation (i.e., LPS).

Indeed, LPS normally acts by activating the nuclear factor-kappa B (NF-κB) and
mitogen-activated protein kinase (MAPK) pathways, causing the overexpression of various
inflammatory mediators, such TNF-α, IL-1β, IL-6, nitric oxide (NO) and prostaglandin E2
(PGE2) [58,59]. However, Camargo et al. [14] found a chemokine repression as a direct conse-
quence of phenols interaction with NF-κB/MAPK/AP-1 inflammation signaling pathways.

Recent research has found evidence of the ability of the phenols of several plants to
induce cellular, biochemical, and epigenetic modifications, resulting in modulation of the
homeostasis of key cellular processes such as the control of oxidative stress, inflammatory
response, and gene expression, among others [57]. Wang et al. [60] recently showed that
pretreatment with tyrosol markedly inhibited the activation of NF-κB and apolipoprotein-1
(AP-1) in LPS-induced A549 cells.

In the present study, the fifth absorbable OP1-F aqueous extract, which was constituted
of more than 20% of tyrosol and utilized at the same concentration of OP-W, significantly
reduced the expression of mRNAs encoding IL-6, IL-10, and TNF-α (p < 0.05); however,
it was not able to significantly reduce the cytokine levels in the conditioned medium.
Indeed, an increasing trend was observed, although not statistically significant, for all three
detectable cytokines. We supposed that the lack of ability of the OP1-F extract (used at the
same concentration of OP-W) vs. OP1-W sample to reduce the concentration of cytokines
IL-8 and TNF-α was due to a too-high concentration of tyrosol (by using the OP1-F extract
at the same concentration of OP1-W extract, the tyrosol level resulted as much higher) or to
the presence, in the OP1-W extract, of other compounds eliciting a synergistic effect with
tyrosol in quenching the inflammatory response elicited by LPS stimulus.

Indeed, we supposed that a too-high level of tyrosol could induce a sort of paradoxical
effect [61,62] as seems stated by the higher IL-8 level in PBMC supplemented with OP1-F
aqueous extract, but not triggered by LPS. Indeed, in the present study, as observed by
other authors [24], in Caco-2 cell culture maintained at basal condition (control), the only
interleukin detectable in the basal medium was IL-8. However, while in the presence of the
extract OP1-W extract, the interleukin IL-8 showed a decreasing trend; in the presence of
OP1-F extract, the trend was the opposite.

Various reports have stated that diets with high contents of polyphenols are associated
with a reduced production of these inflammatory cytokines and a consequent improvement
of inflammation [10]. In the present study, for the first time, similar results exerted by
digested phenols derived from olive pomace on the ex vivo cultured human (healthy)
PBMCs have been demonstrated.
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Interestingly, the concentration of phenols in the dose of OP-W extract here adopted
on cells was in the order of nanogram. Even if it was quite difficult to find and compare
data relative to the bioavailability of oil phenols or phenols of olive by-products orally
administered in human in vivo studies [46,47,53], in blood, what was possible to infer from
the literature was that it is not impossible to reach this nanogram concentration, although
for a very short time, by ingesting, for example, a quantity corresponding to 10 g of olives.
Therefore, these preliminary results relative to the anti-inflammatory properties exerted
by the mixture of phenols present in the in vitro absorbable digested olive pomace seem
promising and worthy of further investigation.

An expanding body of literature has shown that, through increasingly eco-friendly
and cost-effective extraction processes applied to olive oil processing by-products [63,64],
it is possible to obtain high quantities of bioactive compounds which have been proven
to be effective in exerting beneficial effects on health. Our data further demonstrate that
olive pomace can, therefore, become a valuable raw material that can be used not only in
the energy sectors, food, cosmetic and animal feed [7,65], but also in the nutraceutical field.

4. Materials and Methods

4.1. Chemicals and Reagents

All reagents were of analytical purity. The 2,2-diphenyl-1-picrylhydrazyl (DPPH),
ABTS diammonium salt (2,2-azinobis-3-ethylbenzothiazoline-6-sulphonic acid), Folin–
Ciocalteu’s reagent, standards of Trolox and gallic acid were purchased from Sigma-
Aldrich Corp. (Milan, Italy). Bile salts were from Oxoid™ (Hampshire, U.K.). Spec-
trapor 3 45 MM/15 M membrane (cut-off 3.5 kDa) was purchased from Fischer Scientific
(Milan, Italy). Pancreatin (from porcine pancreas: P3292-100G), pepsin (from pig gastric
mucosa: ≈2500 units/mg protein), α-amylase from human saliva (A0521-500 units/mg),
formic acid, potassium sorbate, sodium carbonate, trifluoroacetic acid (TFA), and peptidyl-
dipeptidase were purchased from Sigma-Aldrich Corp. (Milan, Italy).

Hydroxytyrosol, tyrosol, oleuropeion, apigenin, luteolin and myricetin were pur-
chased from Extrasynthese (Lyon, France); caffeic acid, chlorogenic acid, pinoresinol, and
ligstroside were purchased from Sigma-Aldrich Corp. (Milan, Italy). Acetonitrile was
purchased from Pai Acs, Panreac. All other chemicals and solvents were of the highest
analytical grade from Sigma-Aldrich Co. (St. Louis, MO, USA).

4.2. Olive Pomace Methanolic Extracts

Three batches of sun-dried OP were gently provided by Oil Mill Industry Consoli
(Adrano, Catania, Italy) and transported to the laboratory where they were packed in
polyethene bags and kept in a freezer at −80 ◦C until analysis. OP1 was collected in
September, OP2 in October, and OP3 in November/December, thus, the ripening state
increased with each harvest of olives. These OP samples were stratified (and stabilized
with Consoli’s patent), one batch on top of the other, in a unique big pool, and stabilized
with Consoli’s patent (Consoli’s patent 0001428707). The pool was well covered until the
following summer season, when the pool was opened, and the OP was dried under the
sun. Olive pomace samples were collected from the bottom of the pool at the end of June
(OP1), July (OP2), and August (OP3). These OP samples were composed mainly of the olive
cultivar Olea europaea L. (Nocellara etnea as main cultivar) and the proximate composition as
reported in Chiofalo et al. [66].

From each OP sample (OP1, OP2 and OP3; 5 g/batch), methanolic extracts were
obtained by using a Soxhlet apparatus for 5 h to fall and 200 mL of pure methanol. The
obtained solutions were then evaporated with a Rotavapor (Buchi B-490) to collect the OP
extracts for further characterization. The crude extracts (methanolic OP extracts) were then
weighed (1.228 g, 0.967 g, and 1.004 g, respectively) and the yield calculated (24.6%, 19.34%,
and 20.1%, respectively).
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4.2.1. Radical Scavenging Activity Assays in Methanolic OP Extracts

By using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) method, the radical scaveng-
ing activity of the methanolic OP1, OP2 and OP3 extracts was measured [67]. In a
96-multiwell plate, 50 μL aliquot of each OP extract (0–2 mg/mL) or of the standard Trolox
(0–100 mg/mL), in triplicate, was added to 200 μL of DPPH solution (0.1 mM in methanol).
After incubation in darkness for 30 min at 37 ◦C, the absorbance was measured at 490 nm
using a UV–VIS microplate reader (FLUOstar Optima, BMG Labtech, Ortenberg, Germany)
against DPPH solution as a blank. Values were expressed as Trolox equivalent (μg TE/mg
dry extract).

The radical cation scavenging activity of each extract was measured using the 2-2′-
azino-bis (3-ethylbenzo-thiazoline-6-sulphonate) diammonium salt (ABTS) method [68]. In
a 96-multiwell plate, 50 μL aliquot of sample (0–5 mg/mL) was added to 200 μL of ABTS
solution (5 mM). ATBS solution was derived by oxidizing ABTS with MnO2 in distilled
water for 30 min in the dark, and then the solution was filtered through filter paper. After
20 min incubation in darkness at room temperature, the absorbance was read at 734 nm
using a UV–VIS microplate reader (FLUOstar Optima, BMG Labtech, Ortenberg, Germany)
against ABTS solution as a blank. Values were expressed as Trolox equivalent (μg TE/mg
dry extract).

4.2.2. Ferric Reducing Antioxidant Power (FRAP) Assay in Methanolic OP Extracts

The reducing power of methanolic OP1, OP2 and OP3 extracts was evaluated ac-
cording to a ferric reducing antioxidant power (FRAP) assay [69]. In a 96-multiwell plate,
25 μL aliquot of sample (0–2 mg/mL) or of standard Trolox (0–100 μg/mL) was added
to 175 μL of FRAP working solution containing 20 mmol/L ferric chloride, 300 mmol/L
acetate buffer (pH 3.6), and 10 mmol/L TPTZ (2,4,6- tri (2-pyridyl)—S-triazine) made up
in 40 mmol/L HCl. The three solutions were mixed at a 10:1:1 ratio (v:v:v). The mixture
was incubated in darkness for 30 min at 37 ◦C and then the absorbance was determined
using a UV–VIS microplate reader (FLUOstar Optima, BMG Labtech, Ortenberg, Germany)
at 593 against FRAP solution as a blank. Values were expressed as Trolox equivalent (μg
TE/mg dry extract).

4.2.3. TPC of Methanolic OP Extracts

The Folin–Ciocalteu method was used to determine TPC [70]. Briefly, 25 μL aliquots
of OP1, OP2 and OP3 extracts (5 mg/mL) were incubated for 5 min with 125 μL of 10%
(w/v) Folin–Ciocalteu reagent. After the addition of 125 μL of Na2CO3 (10% w/v) and
incubation for 30 min in darkness at room temperature, the absorbance was read using
a UV–VIS microplate reader (FLUOstar Optima, BMG Labtech, Ortenberg, Germany) at
320 nm. The results were derived from a gallic acid calibration curve (0–1000 ug/mL)
prepared from a stock solution (1 mg/mL in ethanol). Values were expressed as mg of
gallic acid equivalents (GAE) per gram of dried weight extract (mg of GAE/g extract).

4.3. OP In Vitro Digestion and OP Aqueous Extracts

To mimic the in vitro oral, gastric and intestinal digestion of OP samples, the procedure
indicated by Diab et al. [26] was followed. Briefly, 5 g of each OP batch were mixed with
25 mL SSF and 3 mL (stock 75 U/mL) α-salivary amylase (from human saliva), 5.8 mL
distilled H2O, and 0.2 mL CaCl2, and then incubated on a magnetic stirrer for 2 min at 37 ◦C
(oral digestion). For the gastric digestion, 40 mL SGF, 7 mL pepsin (stock 25,000 U/mL),
3 mL distilled H2O, and 0.03 mL CaCl2 were added to the oral outcome and the pH was
lowered to 3.0 by HCl; the mixture was incubated for 2 h at 37 ◦C on a magnetic stirrer, and
the pH was checked regularly. Finally, 50 mL of gastric outcome was mixed with 20 mL
of pancreatin (stock 100 U/mL), 50 mL of SIF, 6 mL distilled H2O, 10 mL bile salt (stock
10 mM), 0.024 mL CaCl2, and 0.7 mL of 1 M HCl to neutralize the pH to 7.0 to simulate the
intestinal digestion.
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At the end of this process, the obtained mixture was incubated on a magnetic stirrer
for 2 h at 37 ◦C. Then, to inactivate the enzymes used in the digestion process, the mixture
was heated to 90 ◦C for 10 min. Eventually, the mixture was dialyzed with membrane
cut-off 3.5 kDa (Spectra/Por molecular porous membrane tubing, Thermo Fisher Scientific,
Milan, Italy) against 250 mL of water for 24 h at 4 ◦C to separate the high molecular
weight (mw) fraction (>3.5 kDa, inside the dialysis membrane) from the low mw fraction
(<3.5 kDa, outside the dialysis membrane). At the end of the incubation process, the
solution outside the dialysis tubing (OP-W) represented the aqueous OP sample that
was available for absorption (whole serum-available sample) and the solution that had
not managed to diffuse through the dialysis tubing (OP-W n.a.) represented the whole
non-absorbable sample (colon-available) [23]. The dialyzed digested OP-W and OP-W
n.a. extracts were then lyophilized, obtaining the OP digested aqueous extracts that were
further characterized for their bioactive properties.

4.3.1. Radical Scavenging Activity Assays in Aqueous OP-W n.a. and OP-W Extracts

The ABTS and DPPH assays described at Section 4.2.1. were utilized to determine the
radical scavenging activities of the three aqueous OP-W n.a. and OP-W (5 mg/mL) extracts.

4.3.2. Ferric Reducing Antioxidant Power (FRAP) Assay in Aqueous OP-W n.a. and
OP-W Extracts

The FRAP assay described at Section 4.2.2. was utilized to determine the ferric
reducing antioxidant powers of the OP-W n.a. and OP-W (5 mg/mL).

4.3.3. TPC in OP-W n.a., OP-W

The TPC assay described at Section 4.2.3. was utilized to evaluate the total phenolic
contents in the OP-W n.a. and OP-W samples.

4.3.4. HPLC-DAD Analysis of Methanolic and Aqueous OP Extracts

The analysis of phenolic compounds in methanolic and aqueous OP samples were
carried out with a Jasco (Tokyo, Japan) HPLC-DAD system, consisting of a PU-4180 pump,
a MD-4015 PDA detector, and an AS-4050 autosampler. An Agilent Zorbax Eclipse Plus
C18 reverse-phase column (Agilent, Santa Clara, CA, USA.) (4.6 × 100 mm I.D, 3.5 μm) was
used as a stationary phase. Two different methods, modified from that of Peršurić et al. [71],
were applied for the separation and identification of the analytes in the mixture, both
employing water adjusted to pH 2.5 with orto-phosphoric acid (Solvent A) and acetonitrile
(Solvent B) as the mobile phase. For the identification and quantification of hydroxytyrosol,
tyrosol, oleuropein, apigenin, luteolin, myricetin, ligstroside, and pinoresinol, the following
step gradient was used: 90 to 72% A for 10 min, 72% for 15 min, 72 for 70% for 10 min, 70%
for 10 min, 70 to 5% for 10 min, and kept constant for 5 min. The gradient was restored
to initial conditions and kept constant for 20 min for re-equilibration. The flow rate was
0.5 mL/min, the injection volume for both reference standards and samples was 50 μL, and
the detection wavelengths were set at 280 and 360 nm.

For the identification and quantification of phenolic acids (gallic, caffeic, and chloro-
genic acid) a different step gradient was used: 97% A for 6 min, 97 to 85% for 11 min,
85 to 82.8% for 10 min, 82.8 to 50% for 13 min, back to initial conditions for 3 min, and
constant for 13 min for re-equilibration. The injection volume was 20 μL, the flow rate was
0.7 mL/min, and the PDA wavelengths were set at 280, 329 and 360 nm.

To quantify the analytes, calibration curves were constructed for each standard by
injecting six different concentrations (50 ppm, 25 ppm, 12.5 ppm, 6.25 ppm, 3.12 ppm and
1.56 ppm) in duplicate. Stock solutions of hydroxytyrosol, tyrosol, oleuropein, apigenin,
luteolin, myricetin, ligstroside, and pinoresinol were prepared with DMSO/acetonitrile
(20/80) mixture at a concentration of 2 mg/mL. The dilutions were then carried out with
water adjusted to pH 2.5 with orto-phosphoric acid to ensure greater stability of the analytes.
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Gallic acid was dissolved in water, while caffeic and chlorogenic acid were dissolved in
methanol and further diluted with the mobile phase.

The bioaccessibility index was calculated as the percentage of the compound detected
in the digested and lyophilized samples, with reference to the undigested sample.

4.3.5. HPLC-DAD Fractioning of OP-W (OP-F)

The most bioactive OP-W extract (about 8 mg), based on its antioxidant proper-
ties, was further purified using reversed-phase high-performance chromatography on a
10-mm × 250 mm semipreparative C18 column (Supelco, Bellefonte, PA, U.S.A.), equili-
brated in water and eluted at a flow rate of 2 mL/min with a discontinuous gradient of
acetonitrile. In this way, seven OP-W fractions (OP-F) were obtained, and the ABTS and
TCP were determined on those OP-Fs.

4.3.6. LC-MS/MS Peptide Profiling of OP-W

The most bioactive OP-W extract was resuspended in 50 mM ammonium bicarbonate,
pH 8.0, reduced with 10 mM DTT at 56 ◦C for 45 min, and alkylated with a 55 mM solution
of iodoacetamide for 30 min at room temperature in the dark and then desalted by a
SEP-PAK chromatography. The main fraction was manually collected and lyophilized.
An aliquot of the sample was directly analyzed by LC-MS/MS for protein identification.
The remaining portion of the lyophilized fraction was resuspended in 50 mM ammonium
bicarbonate, pH 8.0, and incubated with trypsin in a 1/50 ratio (w/w) at 37 ◦C for 2 h. The
sample was acidified with a final concentration of 0.2% trifluoracetic acid. The peptide
mixture was first concentrated and desalted by C18 zip-tip and then was lyophilized. The
lyophilized fraction was resuspended in 0.2% HCOOH and analyzed by LC-MS/MS, using
a 6530 Q- TOF LC/MS (Agilent) system equipped with a nano-HPLC. After loading, peptide
mixtures were first concentrated and desalted on the pre-column. For protein identification,
the raw data obtained from the LC-MS/MS analysis were used to search both “Olea” and
“Olea Europea” protein databases by an in-house version of the Mascot software.

4.3.7. Search of Potential Biological Activities and Peptide Ranking

The potential bioactivities of OP-W peptides were predicted using the open ac-
cess tool PeptideRanker (accessed on 15 February 2023, http://bioware.ucd.ie/compass/
biowareweb/) [72], a web-based tool used to predict the probability of biological activity
of peptide sequences. PeptideRanker provides peptide scores in the range of 0–1. The
maximum scores indicate the most active peptides, whereas the minimum scores denote
the least active peptides. Here, only those peptides with a score higher than 0.6 were
considered as potentially “bioactive”. Subsequently, the lists of best-ranked peptides
were submitted to the web-available database BIOPEP (accessed on 15 February 2023,
http://www.uwm.edu.pl/biochemia/index.php/pl/biopep/) which contains collected
data relative to peptides with a recognized bioactivity.

4.3.8. Untargeted Metabolomics of OP-F by GCMS Analysis

Due to the small quantity of each of the seven separated OP-F, only the most promising
fraction (the fifth fraction), based on ABTS and TPC results, was referred to untargeted
metabolomics by GCMS Analysis. GC/MS analysis was performed by a 7820A (Agilent
Technologies, Santa Clara, CA, USA) with a HB-5 ms capillary column (30 m × 0.25 mm × 0.25 μm
film thickness) (Agilent Technologies). The injector, ion source, quadrupole, and GC/MS
interface temperature were 230, 230, 150, and 280 ◦C, respectively. The flow rate of helium
carrier gas was kept at 1 mL/min. An amount of 1 μL of derivatized sample was injected
with a 3 min solvent delay time and split ratio of 10:1. The initial column temperature was
40 ◦C and held for 2 min, ramped to 150 ◦C at a rate of 15 ◦C/min, and held 1 min, and then
finally increased to 280 ◦C, at a rate of 30 ◦C/min, and kept at this temperature for 5 min.
The ionization was carried out in the electron impact (EI) mode at 70 eV. The MS data were
acquired in full scan mode from m/z 40–400 with an acquisition frequency of 12.8 scans
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per second. Compound identification was confirmed by injection of pure standards and
comparison of the retention time and corresponding EI MS spectra.

4.4. Human PBMC Culture, Supplementation and RNA Extraction

Human peripheral blood mononuclear cells were isolated from fresh heparinized
blood samples (20 mL) obtained from five healthy donors. Cells were separated by gradient
centrifugation and then the number of live mononuclear cells, suspended in complete
medium containing RPMI 1640 Medium (Thermo Fischer Scientific, Waltham, MA, USA)
with 10% heat inactivated fetal bovine serum (GibcoTM, Thermo Fischer Scientific, Waltham,
MA, U.S.A.), 100 μg/mL streptomycin (BiochromAG, Berlin, Germany), 2 mM L-glutamine
(Euroclone®, Milan, Italy) and 100 units/mL penicillin (BiochromAG, Berlin, Germany), was
determined using a counting chamber and the Trypan blue dye exclusion procedure [70].
The final number of live cells was adjusted to 4 × 106/well (2 mL) and blood cells of each
donor were cultured in triplicate at 37 ◦C in 5% CO2, supplemented or not (CTRL) with
OP-W and OP-F aqueous extracts (final concentration of 2.5 μg/mL) that were previously
filtered on 0.22 μm acetate cellulose filters. The aqueous extract concentrations were chosen
after preliminary tests and, based on the yield obtained after dialysis (8.9%), the OP-W
extract contained 0.87, 1.4, 0.3, 0.36, and 0.38 μg/mg of hydroxytyrosol, tyrosol, oleuropein,
myricetin, and luteolin, respectively.

After 24 h of incubation, one half of cells/donor (CTRL, OP-W and OP-F cells/donor)
was triggered (stimulated: s.) or not (n.s.) with LPS (100 ng/mL) for 2.5 h. Later, cells
were transferred in Eppendorf vials (2 mL) and centrifugated (× 300 g) to separate the
conditioned media for cytokine measurements. Finally, the residual cells were washed
twice with phosphate-buffered saline (GibcoTM, Thermo Fischer Scientific, Waltham, MA,
USA) and finally stored at −80 ◦C until RNA extraction by Mini Kit (QIAGEN GmbH,
Hilden, Germany).

A NanoVue Spectrophotometer (GE Healthcare, Milano, Italy) was used to measure
RNA yield and purity. Only samples with A260/A280 ratio > 1.8 were used.

4.5. Analysis of mRNA Levels by Real Time Reverse Transcriptase-Polymerase Chain Reaction
(Real Time RT-PCR)

To obtain cDNA, 1 μg of RNA for each sample was reverse transcribed using an iScript
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, U.S.A.). The subsequent PCR was
performed in a total volume of 10 μL containing 2.5 μL (12.5 ng) of cDNA, 2 μL of RNAsi
free dH2O, 5 μL SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories),
and 0.5 μL (500 nM) of each primer. The investigated genes were IL-6, IL-10, and TNFα.
All primers (listed in Table 10) were purchased from Sigma-Aldrich Life Science Co. LLC.
(USA) and were intended for human cells. The 18S gene was used as the reference gene.

Table 10. List of primers (Sigma-Aldrich Life Science Co. LLC., U.S.A.) utilized in the present study.

Gene 5′-Forward-3′ 5′-Reverse-3′

IL-6 GCAGAAAAAGGCAAAGAATC CTACATTTGCCGAAGAGC
IL-10 GCCTTTAATAAGCTCCAAGAG ATCTTCATTGTCATGTAGGC

TNF-α AGGCAGTCAGATCATCTTC TTATCTCTCAGCTCCACG
18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

4.6. Measurment of PBMC Cytokines in Conditioned Medium

The pro- and anti-inflammatory cytokines IL-1α, IL-1β, IL-2, IL-4, IL -5, IL-6, IL-8,
IL-10, IL-12, IL-13, IL-15, IL-17, IL-23, IFNγ, TNF-α and TNF-β were estimated in the
culture conditioned medium of human PBMC, by using multiplex immunoassay (Q-Plex
Human Cytokine—Screen 16-plex, Quansys Biosciences, Technogenetics Srl., Milan, Italy),
Q-View Imager LS, Q-View software, and following the manufacturer’s instructions. The
culture medium was obtained from PBMC previously cultured or not with OP-W and OP-F
(2.5 μg/mL for 24 h) and then stimulated (s.) or not (n.s.) by LPS (100 ng/mL for 2.5 h).
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4.7. Statistical Analysis

Data relative to real time RT-PCR and cytokine concentrations were analyzed by using
the two-tailed paired t-test, whereas one-way ANOVA with Tukey’s multiple comparison
test was adopted for data relative to radical scavenging activities and phenolic charac-
terization (Prism 7, GraphPad Software Inc., San Diego, U.S.A.) considering significant
differences for p < 0.05. Values were expressed as mean (S.D.) unless otherwise stated.

5. Conclusions

In recent years, there has been growing interest in natural substances as possible
sources of active compounds for disease prevention and/or health benefits. The greater
awareness of the need to reduce environmental impact and to better exploit resources
still available, has led researchers to focus their efforts on the possibility of identifying
beneficial molecules for the organism from by-products of the food chain. In this context
of a circular economy, the olive processing cycle could provide an example of reuse of
waste products. The pomace and vegetative waters are, in fact, rich with very interesting
molecules, among which are luteolin, with known anti-tumoral properties; hydroxytyrosol,
having hypocholesterolemic action; and tyrosyl, ligstroside, and oleuropein.

In the present research, the phenolic composition and antioxidant activities of three
batches of olive pomaces, differing by ripening state, and evaluated both before and
after an in vitro simulation of the digestive process, revealed very different contents of
phenols (hydroxytyrosol, tyrosol, oleuropein, ligstroside, pinoresinol, flavonoids, and
hydroxycinnamic acids) and antioxidant properties, thus, confirming the great influence of
the ripening stage and storage conditions on phenolic composition.

Although only part of ingested phenolics can pass the gut barrier, it was noteworthy
that these nutraceutical compounds were still present in the digested absorbable aqueous
extract of olive pomace and were able to exert an interesting anti-inflammatory activity
both at transcriptional level and in the surnatants of human ex vivo PBMC cultures. The
data here presented were in line with the in vivo repression of several pro-inflammatory
genes observed in the only other work found in the literature that used PBMC cells from
patients with metabolic syndrome [14].

However, further studies are necessary to determine the cause of the lower anti-
inflammatory response obtained with OP-F, compared with the OP-W sample. Indeed,
it could be connected to a higher bioactivity orchestrated by the entire phyto complex
(synergistic effect) present in the OP-W sample, probably able to involve different path-
ways/mechanisms, or conversely, to an excessively high dose of tyrosol in OP-F. Nature
and/or evolution could have determined the fast ability to metabolize and eliminate the
excessive ingestion of phenols just to reduce deleterious effects when too concentrated
in circulation.

The in vitro experiments represent a consistent approach to evaluating the health
effect of new functional ingredients, but despite the inherent “défaillance” in in vitro
simulation of digestion which is a rather complex physiological process, we believe that
compounds under in vitro testing should always undergo a preventive in vitro digestion
before their evaluation in cell cultures. Undoubtedly, the in vitro digestion represents one
of the experimental approaches to encompass the open questions of bioavailability and
metabolism food bioactives, particularly of phenols.

In the present research, however, it was not considered whether, and to what extent,
the microbiota could affect digestion and bioavailability of the not absorbable olive po-
mace extract which, therefore, could also contribute to the increased bioavailability of
bioactive compounds.

Furthermore, in the digested and absorbable sample used for cell testing, poten-
tially bioactive peptides were also identified. Those resulting peptides have not yet been
described, and they will be further investigated together with the characterization of
polysaccharides and minerals, which are also potentially bioactive.
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In the future, we would like to evaluate the potential immunomodulatory activity of
these aqueous extracts, and, for this purpose, we believe that PBMCs taken from patients
with autoimmune diseases could represent a consistent ex vivo model that could provide
interesting outcomes.

The results herein reported clearly evidence the anti-inflammatory effect of digested
aqueous OP extract and pave the way to an exploitation of the olive pomace by-product as
a functional ingredient or as a nutraceutical.
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Abstract: Propolis is a natural product produced by bees that contains a complex mixture of com-
pounds, including phenolic compounds and flavonoids. These compounds contribute to its biological
activities, such as antioxidant capacity. This study analysed the pollen profile, total phenolic content
(TPC), antioxidant properties, and phenolic compound profile of four propolis samples from Portugal.
The total phenolic compounds in the samples were determined by six different techniques: four
different Folin–Ciocalteu (F-C) methods, spectrophotometry (SPECT), and voltammetry (SWV). Of
the six methods, SPECT allowed the highest quantification, while SWV achieved the lowest. The
mean TPC values for these methods were 422 ± 98 and 47 ± 11 mg GAE/g sample, respectively.
Antioxidant capacity was determined by four different methods: DPPH, FRAP, original ferrocyanide
(OFec), and modified ferrocyanide (MFec). The MFec method gave the highest antioxidant capacity
for all samples, followed by the DPPH method. The study also investigated the correlation between
TPC and antioxidant capacity with the presence of hydroxybenzoic acid (HBA), hydroxycinnamic
acid (HCA), and flavonoids (FLAV) in propolis samples. The results showed that the concentrations of
specific compounds in propolis samples can significantly impact their antioxidant capacity and TPC
quantification. Analysis of the profile of phenolic compounds by the UHPLC-DAD-ESI-MS technique
identified chrysin, caffeic acid isoprenyl ester, pinocembrin, galangin, pinobanksin-3-O-acetate, and
caffeic acid phenyl ester as the major compounds in the four propolis samples. In conclusion, this
study shows the importance of the choice of method for determining TPC and antioxidant activity in
samples and the contribution of HBA and HCA content to their quantification.

Keywords: propolis; total phenolic compounds; antioxidant capacity; UHPLC-DAD-ESI-MS

1. Introduction

Propolis is a natural mixture of resin from trees or shrubs, buds, leaves, bark, and
plant exudates collected by bees, Apis mellifera L., to which they add small amounts of
secretions from their salivary glands [1,2]. Its composition contains a complex mixture of
compounds, including phenolic compounds (hydroxybenzoic and hydroxycinnamic acids)
and flavonoids [3,4], which are believed to contribute to its biological activities, such as
antibacterial [5], anti-inflammatory [5,6], antitumor [5,7], cytotoxic [8], and antioxidant
activities [5], among others.

The determination of TPC is important for the evaluation of antioxidant activities,
since studies have shown that there is a direct correlation between antioxidant capacity
and the content of total phenolic compounds [9,10].

The most commonly used spectroscopic techniques for the determination of total
phenolic content (TPC) are Fourier transform infrared spectroscopy (FT-IR), Raman spec-
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troscopy, and the Folin–Ciocalteu (F-C) assay using UV–Vis spectroscopy [11,12]. The
F-C method is an easy and economical technique for the measurement of total phenolic
compounds and is suitable for routine laboratory use [13]. This colorimetric method re-
quires the use of a reference substance (e.g., gallic acid) to measure the total concentration
of phenolic hydroxyl groups in the plant extract [14]. The F-C technique is based on the
reaction of phenolic compounds with the F-C reagent which, in the presence of sodium
carbonate, forms a blue complex whose intensity is related to the concentration of phenols
present in the sample [12,14,15]. In the F-C method, the reagents are prepared in water or
polar organic solvents, which only allows the determination of hydrophilic phenols in a
sample [13].

The determination of antioxidant capacity uses spectroscopic techniques such as
the diphenyl-2-picrylhydrazyl (DPPH) assay, the chemiluminescence assay, the Trolox
equivalent antioxidant capacity, the ferric-reducing power antioxidant assay (FRAP), and
electron spin resonance (ESPR) [16]. The DPPH method only allows the determination of
hydrophobic antioxidants, while FRAP is based on the reduction of transition metal ions,
iron, and copper [9].

Alternatives to traditional methods for determining the TPC and antioxidant proper-
ties of phenolic compounds are electrochemical methods [3,17]. Cyclic voltammetry (CV),
differential pulse voltammetry (DPV), and square wave voltammetry (SWV) techniques
have been successfully used to detect phenolic compounds (phenolic acids and flavonoids)
in a variety of aqueous and non-aqueous solutions [3,18]. The advantage of electrochemical
techniques is that they allow rapid, simple, and inexpensive determinations and, in some
cases, allow measurements in the presence of colouring or masking compounds that may
interfere with measurements made by other techniques, e.g., spectrophotometry [19,20].

Several analytical methods can be used to characterise and identify the phenols present
in propolis. Techniques such as high-performance liquid chromatography (HPLC) [21], cap-
illary electrophoresis (CE) [22], chemiluminescence (CL) [23], ultra-high-resolution liquid
chromatography–tandem mass spectrometry (UHPLC-MS/MS) [24], liquid chromatogra-
phy coupled to mass spectrometry (LC-MS-MS) [25,26], and gas chromatography–mass
spectrometry (GC-MS) [26,27] can be used. However, the most widely used is ultra-
high-performance liquid chromatography coupled to triple quadrupole mass spectrometry
(UHPLC-QqQ-MS/MS) due to its high sensitivity, selectivity, and high throughput [28]. The
phenolic compounds detected in propolis samples were hydroxybenzoic acids (HBAs) and
hydroxycinnamic acids (HCAs), as well as protocatechic, gentic, p-coumaric, ferulic, and
caffeic acids [3,29]. Flavonoid aglycones of flavones, flavonols, flavonones, and chalcones
are also present in propolis extracts, including pinobanksin, quercetin, apigenin, t-cinnamic
acid, luteolin, chrysin, pinocembrin, galangin, kaempferol, and pinostrobin [3,30].

The aims of this work were to study the profile of phenolic compounds of four
ethanolic propolis extracts collected from different regions of Portugal using the UHPLC-
DAD-MSn method; comparison of different analytical methods for TPC and antioxidant
capacity; correlation of these analytical methods with the content of HBAs, HCAs, and
FLAVs quantified in propolis samples; pollen analysis to determine the floral origin of
propolis samples. The novelty of this work was the attempt to correlate the methods
for quantifying TPC and antioxidant capacity with the HBA, HCA, and FLAV contents
quantified in propolis samples, which allowed us to explain the differences between
the methods. Besides contributing to standardisation of procedures, this may increase
confidence in the assessment of the characteristics of propolis samples, ensuring their
quality and efficacy in different applications.

2. Results

2.1. Pollinic Analysis

The results of the analysis of the pollen profile of propolis allow inferring its floral
origin. The main pollen types and the percentage of the number of pollen grains counted
in each sample are shown in Table 1. The pollen profile considering the main pollens
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included by ten pollen species: Populus sp., Trifolium repens, Cistus ladanifer, Quercus sp.,
Pinus nigra, Leontodon sp., Castanea sativa, Euphorbia sp., Echium vulgare, and Olea europacea.
The four propolis samples have quite similar botanical origins. However, the predominant
pollen types were different: Trifolium repens, Braga sample (25.6 ± 0.1%), Populus sp.,
Lousã and Macedo samples (51.5 ± 1.5% and 20.2 ± 0.2%, respectively), and Castanea
sativa, Montesinho sample (35.0 ± 2.0%). All samples have high percentages of Populus sp.
(percentages ranging from 51.5 ± 1.5% to 20.2 ± 0.2%). Only the sample from Lousã had a
pollen predominance higher than 45%, which is classified as dominant pollen. All the other
samples have only secondary pollen.

Table 1. Pollen profile of the propolis samples (% values).

Samples Braga Lousã Macedo Montesinho

Populus sp. 21.4 ± 1.9 51.5 ± 1.5 20.2 ± 0.2 27.4 ± 1.6

Trifolium repens 25.6 ± 0.1

Cistus ladanifer 19.9 ± 1.5 2.80 ± 0.6

Quercus sp. 19.9 ± 2.4 5.50 ± 0.6

Pinus nigra 18.7 ± 0.5 10.1 ± 0.3

Leontodon sp. 5.50 ± 0.5 11.4 ± 2.5 3.70 ± 0.4

Castanea sativa 11.0 ± 1.0 7.0 ± 0.4 35.0 ± 2.0

Euphorbia sp. 3.50 ± 0.5 10.9 ± 0.5

Echium vulgare 1.95 ± 0.15 5.50 ± 0.5 3.55 ± 0.85 4.35 ± 0.55

Olea europacea 6.70 ± 0.9 7.55 ± 0.65

2.2. Total Phenolic Compounds
2.2.1. Quantification of Total Phenolic Compounds with Six Methods

The TPC of the samples was determined spectrophotometrically (F-C methods and
spectrophotometric method) and electrochemically (square wave voltammetry method).
For the determination of total phenolic compounds, a calibration line with gallic acid
(GA) as standard was established for each method. For the F-C, spectrophotometric, and
SWV methods, the concentrations used for the calibration curve were 10–800, 20–240, and
20–280 mg/L, respectively. Square wave voltammograms were recorded in the range of
+0.1 to +0.9 V. The results were expressed as mg gallic acid equivalents per g of sample
(mg GAE/g) and are presented in Table 2.

Table 2. Total phenolic compounds (mg GAE/g of extract) determined using six different methods.

Samples F-C1 c F-C2 b F-C3 b F-C4 c SPECT a SWV d

Braga b 146 ± 4 220 ± 7 255 ± 6 126 ± 3 460 ± 8 46 ± 11

Lousã c 79 ± 2 117 ± 2 105 ± 6 75 ± 2 263 ± 6 43 ± 1

Macedo a 168 ± 3 258 ± 6 289 ± 9 156 ± 7 503 ± 2 49 ± 3

Montesinho b 147 ± 5 221 ± 4 235 ± 7 139 ± 27 465 ± 16 60 ± 6
F-C1 to F-C4, Folin–Ciocalteu colorimetric method; SPECT, spectrophotometric method; SWV, square wave
voltammetry method; different letters indicate significant differences.

The Macedo sample had higher levels of TPC, except for the SWV method. The
TPC values obtained from the Lousã sample were the lowest for all six quantification
methods examined in the study. Among these methods, the SWV method showed the
lowest quantification with values ranging from 43 to 60 mg GAE/g extract, while the
SPECT method showed the highest with values ranging from 263 to 503 mg GAE/g extract.
The mean TPC values obtained by SPECT were approximately 2.8 times higher than those
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of the other methods studied. Of the four methods using the F-C reagent, the F-C4 method
gave the lowest TPC results, while the F-C3 method gave the highest overall results.

A two-factor ANOVA without interaction was performed to check the differences be-
tween propolis samples (factor 1, four samples) and TPC quantification (factor 2, six methods).
For both factors (factor 1: p-value < 0.001; factor 2: p-value < 0.001) there were significant
differences in at least one of the means tested. Overall, the data show homogeneity of
variances between factor 1 and factor 2 (Levene test, p-value = 0.331) and a distribution
close to normality (Shapiro–Wilk test, p-value = 0.047). The ANOVA model was significant
(p-value < 0.001) and has an RSE of 31.94, a DF of 63, and an R2 of 0.9474, indicating that
the model accounts for 94.74% of the variability within the experimental data.

The result of the statistical analysis of the TPC concentration data showed that the samples
from Montesinho and Braga were statistically similar (210 ± 133 and 209 ± 135 mg GAE/g
extract, respectively) and different from the samples from Macedo and Lousã, which were
statistically different (238 ± 145 and 113 ± 74 mg GAE/g extract, respectively). As for the
methods used for TPC analysis, F-C1 and F-C4 were found to be similar, as were F-C2 and
F-C3. Spectrophotometric and voltammetric methods gave statistically different results
(MSerror = 1020; DF = 63). The mean TPC values in ascending order for the voltammetric,
F-C4, F-C1, F-C2, F-C3, and spectrophotometric methods were 47 ± 11, 123 ± 33, 134 ± 34,
204 ± 55, 221 ± 73, and 422 ± 98 mg GAE/g sample, respectively.

Box plots were made for each sample and the means of each group were compared
to see if there were significant differences. The results of these tests are depicted on the
plots. This approach provided a clear visualisation of the data, making it easier to draw
conclusions about the differences between the samples and the analytical methodologies
(Figure 1).

 

Figure 1. Box plots of each propolis sample compared with the means of the TPC methods. ns—not
significant; the significance levels are translated by the following symbols: **** (p-value < 0.0001);
*** (p-value < 0.001); ** (p-value < 0.01); * (p-value < 0.05); ns (p-value > 0.05).
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Figure 1 shows that some TPC methods of analysis were significantly different from
each other, confirming the results of the statistical analysis of the ANOVA, which shows
that the F-C1 and F-C4 methods were indeed statistically equal, as were F-C2 and F-C3.
The SPECT and SWV methods were statistically different, with higher and lower TPC
values, respectively, in all samples. Overall, the behaviour of the different methods for the
four propolis samples was similar. For the Lousã sample, the four F-C methods and the
voltammetric method are close, with the spectrophotometric method standing out with
higher values (on average 3.1 times higher than the other methods).

2.2.2. Correlation of TPC with HBA, HCA, and FLAV

For the estimation models, the results of independent variables (HBA, HCA, and
FLAV) reported in a previous work of our team [31] and the dependent variables (methods
of analysis of the concentration of total phenolic compounds) were used in the logarithmic
form (results presented in several orders of magnitude). The results of the estimation
models obtained, as well as the values of RSE, R2, and p-value of method significance, are
presented in Table 3.

Estimation models were of the type:

log([total phenolics]) = b + a1 × log([HBA]) + a2 × log([HCA]) + a3 × log([FLA]) (1)

Table 3. Relationship between the results of total phenolics obtained by 6 different methods and the
total concentrations of HBA, HCA, and FLAV present in propolis samples.

Method RSE R2 p-Value b ± s HBA ± s HCA ± s FLAV ± s

FC1 0.032 0.9903 <0.001 −11.3 ± 0.5 ns ns 3.1 ± 0.1

FC2 0.024 0.9960 <0.001 −10.3 ± 1.4 −0.5 ± 0.1 0.7 ± 0.2 2.7 ± 0.5

FC3 0.039 0.9920 <0.001 −5.8 ± 0.3 ns 2.0 ± 0.1 ns

FC4 0.106 0.8907 <0.001 −10.5 ± 1.7 ns ns 2.9 ± 0.3

SPECT 0.021 0.9944 <0.001 −8.4 ± 0.3 ns ns 2.7 ± 0.1

SWV ns ns ns

ns—not significant.

Table 3 reveals that the presence of HBA compounds in propolis samples does not have
a significant impact on the quantification of TPC; however, it may have a negative influence
on the F-C2 method. As for the HCA compounds, only the F-C2 and F-C3 methods showed
a positive influence on the quantification of TPC, while the other methods did not show
any significance. The presence of flavonoids showed a positive effect on quantifying TPC
in four methods, while the F-C3 and SWV methods did not show any significance.

Figure 2 shows, as an example, the plot of the data obtained by the estimation model
about the experimental values obtained by the F-C3 method, verifying an acceptable
linear fit (significant estimation model, p-value < 0. 001; slope = 0.992 ± 0.028 close to 1;
intercept = 0.04 ± 0.15 close to 0; R2 = 0.992 close to 1), reflected in the low value of the RSE
(0.039) and the acceptable closure coefficient (0.9920) obtained in the estimation model.

2.3. Antioxidant Capacity
2.3.1. Estimation of the Antioxidant Capacity

In this study, four different methods were used to measure the antioxidant capacity of
propolis samples collected from different geographical origins and L-ascorbic acid (positive
control). The tests performed were a radical scavenging assay (DPPH) and three reducing
power assays using iron (III) (FRAP, MFec, and OFec). The results are presented in Table 4
and are expressed in terms of EC50, units in mg/L.

503



Molecules 2023, 28, 4847

 
Figure 2. Linear relationship between the total phenolic content results (mg GAE/g of extract)
obtained from the model estimation and the F-C3 analytical method.

Table 4. Antioxidant capacity (EC50, mg/L) was determined using four different methods.

Samples DPPH b FRAP a MFec c OFec a

Braga b 206 ± 6 566 ± 1 115 ± 3 480±12

Lousã a 488 ± 2 795 ± 10 332 ± 5 859 ± 6

Macedo c 168 ± 5 430 ± 8 94 ± 2 326 ± 10

Montesinho c 173 ± 3 445 ± 15 137 ± 2 364 ± 3

L-ascorbic acid 23 ± 0.5 71 ± 0.4 42 ± 3 22 ± 0.1
DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric-reducing antioxidant power; MFec, modified ferricyanide
method; OFec, original ferricyanide method; different letters indicate significant differences.

In general, samples showed high antioxidant capacity. The Macedo sample exhibited
the highest antioxidant capacity (EC50 values varied between 94 ± 2 and 326 ± 10 mg/L)
and the Lousã sample the lowest (EC50 values varied between 332 ± 5 and 859 ± 6 mg/L)
for the four methods studied. The MFec method gave the highest antioxidant capacity in
all the samples, followed by the DPPH method. FRAP and OFec gave low antioxidant
capacity values, with close values between the two. Regarding the antioxidant capacity of
ascorbic acid, the DPPH and OFec methods gave lower and similar EC50 values, whereas
the FRAP method gave a higher EC50 value. As expected, the propolis samples showed
much higher values than the positive control, since it is a purified compound with high
antioxidant capacity.

Two-way ANOVA without interaction was performed to test the differences between
the propolis samples (factor 1, four samples) and their antioxidant capacity (factor 2, four
methods). The ANOVA model was significant (p-value < 0.001), with an RSE of 7.1 and R2 of
0.9993, which means that the model explains 99.93% of the variability within the experimen-
tal data. Significant differences were found within each of the factors (p-value < 0.001). The
overall data showed normality (Shapiro–Wilk test, with p-value = 0.292) and homogeneity
of the values (Levene test, with p-value = 0.705).

The Macedo and Montesinho samples were statistically equal (mean EC50 values of
255 ± 138 mg/L and 280 ± 134 mg/L, respectively), while the Braga and Lousã samples
are statistically different (mean EC50 values of 342 ± 195 mg/L and 618 ± 227 mg/L,
respectively). Among the four methods tested to determine the antioxidant capacity of
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propolis samples, we found that the FRAP and OFec methods were statistically equivalent
(mean EC50 values of 559 ± 153 mg/L and 507 ± 220 mg/L, respectively), while the DPPH
and MFec methods were statistically different (mean EC50 values of 259 ± 139 mg/L and
170 ± 99 mg/L, respectively).

To evaluate the antioxidant capacity of different propolis samples, box plots were
created for each method employed. These box plots give an overview of the value dis-
tribution within each method, enabling simple comparison between samples. To further
analyse the data, the means of each method were compared to identify any significant
differences. These comparisons are displayed on the box plots, making it easy to identify
which methods produced the greatest variation in antioxidant capacity between samples
(Figure 3).

Figure 3. Box plots of each method of antioxidant capacity for each propolis sample. ns—not
significant; the significance levels are translated by the following symbols: **** (p-value < 0.0001);
*** (p-value < 0.001); ** (p-value < 0.01); * (p-value < 0.05); ns (p-value > 0.05).

Figure 3 demonstrates the analytical methods that yielded the highest and lowest quan-
tification of antioxidant capacity. The behaviour of the samples was generally comparable
for all methods. In ascending order of EC50 values, the samples from Macedo, Montesinho,
Braga, and finally Lousã showed the highest values. The samples from Macedo and Mon-
tesinho exhibited similar levels of antioxidant capacity, which was validated by ANOVA
indicating that the samples were statistically equivalent.
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2.3.2. Correlation of Antioxidant Capacity with HBA, HCA, and FLAV

In evaluating the results of antioxidant capacity, we attempted to obtain estimation
models related to the concentrations of HBA, HCA, and FLAV present in the propolis
samples (as presented in the study by Paula et al. [31]).

The results of the estimation models obtained, as well as the values of RSE, R2, and
p-value of method significance, are presented in Table 5.

Estimate models used:

log([antioxidant]) = b + a1 × log([HBA]) + a2 × log([HCA]) + a3 × log([FLA]) (2)

Table 5. Correlation between the antioxidant capacity obtained by 4 different methods and the
concentrations of HBA, HCA, and FLAV present in the propolis samples.

Method RSE R2 p-Value b ± s HBA ± s HCA ± s FLAV ± s

DPPH 0.022 0.9981 <0.001 38.1 ± 1.2 ns 1.6 ± 0.2 −7.9 ± 0.5

OFec 0.021 0.9979 <0.001 43.2 ± 1.2 1.3 ± 0.1 1.9 ± 0.2 −10.3 ± 0.5

MFec 0.019 0.9988 <0.001 18.3 ± 0.2 0.9 ± 0.1 −3.2 ± 0.1 ns

FRAP 0.020 0.9956 <0.001 34.3 ± 1.2 0.9 ± 0.1 1.9 ± 0.2 −8.3 ± 0.4

ns—not significant.

From the analysis of Table 5, all the estimation models show an acceptable fit, but with
marked differences. The presence of HBA and HCA compounds in propolis samples has an
overall positive effect on the quantification of their antioxidant capacity. They only have a
negative effect on the MFec method and had no significant effect on the DPPH method. The
same cannot be said for flavonoids, as they tend to have a negative effect on antioxidant
capacity in all methods except the MFec method, which showed no significant interaction.

Figure 4 shows the relationship between the data obtained by the model estimated
in relation to the experimental values obtained with the MFec method, which shows an
acceptable linear fit (significant estimation model, p-value < 0.001; slope = 0.999 ± 0.010
close to 1; intercept = 0.006 ± 0.055 close to 0; R2 = 0.999 close to 1), which is reflected in
the low value of the RSE (0.019) and the acceptable coefficient of determination (0.9988)
obtained in the estimation model.

Figure 4. Linear relationship between the model estimation results and the MFec analysis method
(EC50 mg/L).
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2.4. UHPLC-DAD-ESI-MSn Analysis

This study was carried out using UHPLC-DAD-ESI-MSn in negative ion mode be-
cause of its greater sensitivity in analysing the different classes of polyphenols [32]. All
the phytochemicals in propolis were characterised by their UV spectra (absorbance at
280 nm), retention time (tR), and MS/MS (MS2 and MS3) data and compared with the
literature [33–37] (Supplementary Material).

Of a total of 62 compounds, 56 were identified, including 26 phenolic acids and their
derivatives (caffeic acid, p-coumaric acid, isoferulic acid, ferulic acid, 3,4-dimethyl-caffeic
acid, cinnamic acid, p-coumaric acid methyl ester, cinnamylidenacetic acid, caffeic acid iso-
prenyl ester, caffeic acid isoprenyl ester (isomer), caffeic acid phenylethyl ester, p-coumaric
acid isoprenyl ester, p-coumaric benzyl ester, p-coumaric acid isoprenyl ester (isomer),
caffeic acid cinnamyl ester (isomer), p-coumaric acid derivative, p-coumaric cinnamyl ester,
caffeic acid derivative, p-coumaric acid-4-hydroxyphenylethyl ester dimer, caffeic acid
cinnamyl ester (isomer), p-methoxy-cinnamic acid cinnamyl ester, p-methoxy-cinnamic
acid cinnamyl ester (isomer)) and 30 flavonoids and derivatives (quercetin, pinobanksin-5-
methyl-ether, quercetin-3-methyl-ether, apigenin, pinobanksin, kaempferol, isorhamnetin,
pinocembrin-5-methyl-ether, kaempferol-methyl ether, quercetin-dimethyl-ether, galangin-
5-methyl ether, pinobanksin-5-methyl-ether-3-O-acatate, rhamnetin, chrysin, acacetin,
pinocembrin, galangin, kaempferide, pinobanksin-3-O-acetate, chrysoeriol-methyl-ether,
pinocembrin-5-O-3-hydroxyl-4-methoxyphenylpropionate, pinobanksin-3-O-propionate,
pinobanksin-5-methyl-ether-3-O-pentanoate, pinobanksin-7-methyl-ether-5-O-p-hydroxyph
enylpropionate, pinobanksin-3-O-butyrate or isobutyrate, pinobanksin-3-O-penteonate,
pinobanksin-3-O-pentenoate or 2-methylbutyrate, pinobanksin-O-hexenoate, pinobanksin-
3-O-hexanoate).

Among them, quercetin-3-methyl-ether, acacetin, and chrysoriol-methyl-ether were
only detected in the Lousã sample, while cinnamic acid, pinobankin-O-hexanoate, and
pinobankin-3-O-hexanoate were absent in that sample.

The compounds with a larger peak area (although the concentration response can be
different) in the four propolis samples were chrysin, caffeic acid isoprenyl ester, pinocem-
brin, galangin, pinobanksin-3-O-acetate, and caffeic acid phenylethyl ester.

Figure 5 shows the phenolic compounds present in the four propolis samples, their
respective retention times, and the quantification of the areas of the chromatographic peaks
in log units.

A PCA was performed to analyse the mass spectrometry composition results and the
UHPLC-DAD peak areas of each propolis sample. The Yeo–Johnson transformation was
used to pre-process the data. With only four principal components, 100% of the variability
in the data could be accounted for. Figure 6 shows the two-dimensional space represented
by the first two principal components, which account for 99.67% of the variability (PC1:
93.94%; PC2: 5.73%).

PCA highlighted the differences between the samples, showing that the Macedo, Mon-
tesinho, and Braga samples were similar (correlation of 0.97), while the Lousã sample was
significantly different (correlations of 0.30, 0.32, and 0.37 for the samples from Montesinho,
Braga, and Macedo, respectively). The differences evidenced by PCA were high concen-
trations of the compounds caffeic acid derivative (rt. 40.58, 41.29, 42.72 min), caffeic acid
cinnamyl ester (isomer) (rt. 41.16 min), chrysoeriol-methyl-ether (rt. 27.96 min), p-coumaric
acid isoprenyl ester (isomer) (rt. 31.42 min), kaempferol-methyl ether (rt. 15.15 min),
quercetin-3-methyl-ether (rt. 11.38 min), chrysin (rt. 22.80 min), acacetin (rt. 23.53 min),
and unknown (rt. 38.42, 45.66, 48.56 min) and low concentration of the compounds cin-
namic acid (rt. 11.49 min), cinnamylidenacetic acid (rt. 18.44 min), unknown (rt. 33.86,
43.37 min), pinobanksin-7-methyl-ether-5-O-p-hydroxyphenylpropionate (rt. 37.05 min),
pinobanksin-O-hexenoate (rt. 40.41 min), pinobanksin-3-O-hexanoate (rt. 42.12 min), and
p-coumaric acid derivative (rt. 45.67 min).
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Figure 5. Profile of phenolic compounds obtained by UHPLC-DAD-ESI-MSn in negative ion mode in
the four propolis samples (retention times and peak areas of the chromatogram obtained by diode
array detector, in logarithmic units).
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Figure 6. Biplot of the principal component analysis of the MS profile of phenolic compounds
obtained for the four propolis samples.

3. Discussion

3.1. Pollinic Analysis

In temperate regions of the world, Populus species have been described as the main
source of propolis [38,39]. In this work, the four propolis samples have a high percentage
of this pollen. This agrees with the works of Dias et al. [40], which analysed Portuguese
propolis samples from different regions, and Falcão et al. [41], which analysed samples from
temperate regions, including Portugal. It is stated that propolis derived from Populus nigra
could be used in the pharmaceutical and/or food industry due to its rich phytochemical
composition [42]. However, in this study, the sample with the highest Populus sp. content
was not the one with the highest biological properties. Therefore, applications based only
on pollen analysis are not a satisfactory approach to determine the bioactive properties
of this natural product [43]. However, caution should be taken when relating the results
to the propolis pollen profile as this may not be an accurate indicator of plant origin and
could be dangerously misleading [44].

3.2. Quantification of Total Phenolic Compounds

Six different methods were used to quantify TPC: four spectrophotometric methods
based on the F-C reagent and one based on spectra at 280 nm. The sixth method is an
electrochemical method using square wave voltammetry. The differences obtained between
the six methods for quantification of total phenolic compounds in propolis samples are
discussed below.

The F-C method is based on electron transfer in which a mixture of two acids, phospho-
tungstic and phosphomolybdic, reduces phenols and produces a colour change measured
at 765 nm [45,46]. This method is sensitive to pH, temperature, and reaction time [47,48].
The pH at the end of the reaction varies according to the method used, since the final
concentrations of the reactants F-C and Na2CO3 differ between the methods. This explains
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the differences between the four F-C methods investigated in this work. According to the
result of the ANOVA, the four F-C methods were grouped in pairs: F-C1 and F-C4 methods
with high final concentrations of F-C (33 and 50%, respectively) and low concentrations of
Na2CO3 (3.3 and 3.0%, respectively) and F-C2 and F-C3 methods with low concentrations of
F-C reagent (5 and 2%, respectively) and Na2CO3 (3 and 0.8%, respectively). The methods
using low concentrations of these reagents allowed higher quantification of TPC due to
the lower pH at the end of the reaction. Lawag et al. [49] also concluded that lower pH
values allowed higher quantification of TPC in honey samples. As with F-C methods, the
spectrophotometric (SPECT) method is based on spectrophotometry and results can be
expressed in simple terms as absorbance measured at 280 nm (A280) or converted to gallic
acid equivalents [45,50]. The SPECT method is a faster and less expensive method for
measuring the total phenolic content in samples. The SPECT method requires only one
reagent, hydrochloric acid, which is readily available and much less expensive than the
reagents used in the F-C method. In addition, SPECT requires no incubation time, making
it faster than FC, which requires a long incubation period. The SPECT method gave a
higher quantification of TPC compared to F-C and SWV methods. Way et al. [51] also found
higher values for total phenolic compounds in cider samples using the spectrophotometric
method (Somers) than the F-C method.

In recent years, electrochemical methods have been extensively investigated for the
determination of phenolic compounds, mainly due to their simplicity, high sensitivity,
rapid response, and low cost [52]. Most of the biological activity of these compounds is
due to their ability to donate electrons to a wide range of receptor species. The redox
potential of natural phenolic compounds covers a significant range, which is the first source
of selection allowing the selective analysis of different electroactive compounds by different
voltammetric techniques such as cyclic voltammetry (CV), differential pulse voltammetry
(DPV), or square wave voltammetry (SWV) [53].

The SWV technique has several advantages over other voltammetric techniques such
as CV and DPV, including the fact that it consumes fewer electroactive species, is faster, is
more sensitive, takes much less time to analyse, and has fewer problems with electrode
poisoning than other methods [54,55].

The TPC values obtained with the SWV method were lower than those obtained
with the F-C and SPECT methods. As reported in previous publications [56,57], the values
obtained with the F-C method are generally higher than those obtained with electrochemical
analysis. This behaviour is attributed to the different oxidants used, i.e., the chemical
reagents used in the F-C method and the potential applied for the oxidation reaction at the
electrode surface in electrochemical sensors [58]. In the F-C method, the reagents oxidise
not only the phenolic compounds but also other non-phenolic species that may be present in
the sample. In the SWV method, only the phenolic compounds are oxidised by the oxidising
potentials applied [58,59]. Regarding the correlation between TPC and the different groups
of phenolic compounds, the results indicate that the presence of HBA and HCA compounds
did not have a significant influence on the quantification of TPC in the majority of the
methods tested. However, the HCA content present in the samples has a positive influence
on the quantification of TPC in methods F-C2 and F-C3. These methods have higher TPC
quantification. On the other hand, the presence of FLAV compounds in propolis samples
can positively influence the quantification of TPC in all tested methods. Several works show
that there is a positive correlation between TPC and flavonoid content [60,61]. However,
no comparative work has been found relating TPC to HBA and HCA content. Therefore,
to the authors’ knowledge, this is the first work that attempts to evaluate the influence of
phenolic groups on the results obtained by different methods for total phenolic content.
Overall, this study sheds light on the influence of different groups of phenolic compounds
on TPC quantification and highlights the varying effectiveness of different methods in
capturing total phenolic content. The results show that the F-C2 method had the strongest
correlation with the three groups of phenolic compounds. Conversely, the results of the
SPECT method, which measured higher levels of TPC in the samples, only correlated
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significantly with FLAV compounds, while the presence of HBA and HCA compounds had
no significant effect.

3.3. Antioxidant Capacity

In this study, three different reducing power assays (FRAP, MFec, and OFec) and
one radical scavenging assay (DPPH) were used to measure the antioxidant capacity of
propolis samples from different geographical locations. The DPPH and FRAP methods are
the most widely used assays to evaluate the antioxidant capacity of foods and biological
extracts [47,62].

The principle of the DPPH method is based on the reaction between the free radical
DPPH and antioxidants. The free radical DPPH has a stable deep purple colour. When
DPPH radicals are allowed to react with antioxidants, the colour of the solution changes to
yellow [47,63].

The FRAP, MFec, and OFec methods are based on the same principle. This is the
reduction of ferric ions (Fe3+) to ferrous ions (Fe2+), forming a blue complex [64]. The
three methods differ in the reagents used and the pH of the solution. The FRAP assay is a
colorimetric method that exploits the ability of antioxidants to reduce the colourless [Fe3+-
(2,4,6-tris(2-pirydyl)-s-triazine)2]3+ complex to the intense blue [Fe2+-(TPTZ)2]2+ complex
in an acidic medium [65]. Such colour changes are measured spectrophotometrically at
593 nm. This method requires specific conditions, including an acidic medium (pH 3.6)
to facilitate iron solubility. The low pH decreases the ionisation potential that drives
electron transfer and increases the redox potential, causing a shift in the dominant reaction
mechanism [66]. In the OFec method, a phosphate buffer at pH 6.6 was used and Prussian
blue solution was measured at 700 nm. One of the differences between the OFec and MFec
methods is that the modified method does not use pH 6.6 phosphate buffer. There is also
no precipitation of the Prussian blue solution due to the stabilising effect of the sodium
dodecyl sulphate (SDS) reagent [47,64]. Of the three iron-based methods, FRAP and MFec
assays were carried out in acidic solution due to the hydrolysis of the ferric ion at a slightly
neutral to acidic pH.

The results obtained by the four methods differed slightly. The MFec method allowed
for quantifying higher antioxidant capacity in all the propolis samples, while the OFec
and FRAP methods showed the lowest antioxidant capacity. It is natural that the results
obtained from different antioxidant assays based on electron transfer give comparable but
not identical results for antioxidants. This is due to the diversity of reaction conditions,
such as redox potential, pH, and kinetics, of these assays.

Some authors [47,67,68] conclude that the FRAP method has limitations and needs
to be modified. The fact that it is based on an aqueous solution (acetate buffer) limits
the method to hydrophilic substances, whereas plant essential oils and their antioxidant
components (i.e., terpenes) are hydrophobic. The same applies to the OFec method, which
is also based on an acetate buffer. Ferricyanide methods can be a cheaper alternative to
FRAP under certain conditions, with partially improved molar uptake (and thus sensitivity)
of antioxidants, lower intercept values, wider linear range, and better additivity of total
antioxidant capacity values of antioxidant components in mixtures.

Overall, the results showed a positive contribution of HBA and HCA content in
determining antioxidant capacity. The FRAP and OFec methods showed the greatest
contribution of these compounds to the determination of antioxidant capacity. However,
the contribution of HCA was greater than that of HBA, which was confirmed by Natella
et al. [69], who reported that HCA had stronger antioxidant capacity than HBA when the
propenoic side chain was attached instead of the carboxyl group of benzoic acid derivatives.
These two groups (HBA and HCA) showed antioxidant properties against different types
of free radicals [70–72]. Velika et al. [73] investigated the relationship between HBA and
antioxidant capacity and found that there was a positive correlation between them. They
concluded that the structure and position of the hydroxyl group is very important for
antioxidant capacity. Mazzone et al. [74] confirmed the antioxidant properties of HCA
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and derivatives. They indicated that a structural change in the ethylene spacer between
the aromatic ring and the carboxyl functionality increases the antioxidant capacity of the
derivatives. The antioxidant capacity of phenolic acids is based on the phenolic hydroxyl,
so the number and position of phenolic hydroxyls are directly related to their antioxidant
capacity [75,76]. In addition, the methoxy and carboxylic acid groups also have important
effects on the antioxidant capacity of phenolic acids [76,77]. This may be the reason for the
results obtained regarding the contributions of HBA and HCA in the different methods for
the determination of antioxidant capacity.

The correlation of antioxidant capacity with FLAV shows that flavonoids contribute
negatively to the determination of antioxidant capacity in all tested methods, except in the
MFec method. The antioxidant capacity of flavonoids is mainly related to their chemical
structure and, as with phenolic acids, is based on the O-H bond dissociation energy
value [76,78]. Some authors have also found a negative correlation between flavonoids and
antioxidant capacity in propolis extract [10,60,79]. Khiya et al. [80] also found a negative
correlation between flavonoids and the DPPH and FRAP methods in leaf extracts of Salvia
officinalis. The results suggest that the OFec and FRAP methods are most closely related to
the three groups of phenolic compounds but did not reveal a higher antioxidant capacity
in propolis samples. This suggests that the negative influence of flavonoids may interfere
with the determination of the antioxidant capacity of the samples, since the MFec method
showed the highest antioxidant capacity.

The effectiveness of antioxidants depends on several factors, the most important of
which are structural properties, temperature, properties of the substrate susceptible to
oxidation, concentration, the presence of synergistic and pro-oxidant compounds, and the
physical state of the system [76]. It should be noted that the methods used to determine
antioxidant capacity have different reaction systems. The DPPH assay reacts in an ethanol
system whereas the FRAP, OFec, and MFec methods react in a water system. It should
also be noted that flavonoids can act as antioxidants by different mechanisms such as
hydrogen atom transfer, single electron transfer, and transition metal chelation [76]. Kiokas
et al. [81] stated that the strong antioxidant and biochemical potential of these natural
products may be linked to the synergistic effect of their individual phenolic compounds.
However, antagonistic effects cannot be neglected either. The study highlights the positive
correlation between total phenolic compound content and antioxidant capacity, as reported
by several authors [60,82,83]. The sample with a higher TPC content also showed higher
antioxidant capacity.

3.4. UHPLC-DAD-ESI-MSn Analysis

The UHPLC-DAD-ESI-MS/MS method was used for the separation and identification
by analytical chromatography of 56 compounds from propolis extracts. Characteristic
peaks were identified by comparing their chromatographic behaviour, UV spectra, and MS
information with those of reference compounds, referring to previous studies [33–37,84].

Only the phenolic compounds HCA and FLAV were detected and identified in the
propolis samples. Falcão et al. [35] also identified only these groups of compounds in
propolis samples. In the present study, flavonoids identified as chrysin, pinocembrin,
galangin, and pi-nobanksin-3-O-acetate were detected in the four propolis extracts with
large peak areas, thus suggesting their predominance. Falcão et al. [41] have also identified
these four flavonoids as the main compounds in Portuguese propolis extracts. Consis-
tent with this, Yuan et al. [84] and Avula et al. [33] identified these four flavonoids as
the most abundant in propolis samples using three extraction methods and in propolis
extracts from different geographical locations, respectively. Guzelmeric et al. [43] have also
identified pinocembrin, galangin, and chrysin in propolis extracts. In addition, Bhuyan
et al. [85] report pinocembrin and galangin as significant components in two propolis
samples from Australia.

As for phenolic acids, the largest peak areas were found for caffeic acid derivatives
such as isoprenyl ester and phenylethyl ester. These data also agree with literature data, as
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caffeic acid derivatives were identified as the main components of the O-subtype of Serbian
and Turkish propolis samples [43,86].

Globally, the presence of these compounds (phenolic acids and flavonoids) in propolis
samples is characteristic of poplar buds [41,87,87]. This agrees with the analysis of the
pollen, which showed that the pollen of the species Populus sp. was present in all samples.

4. Materials and Methods

4.1. Chemicals and Reagents

All reagents were of analytical quality and used as purchased. The standard used was
gallic acid (1-Hidrate) from Panreac (99%, Barcelona, Spain). As solvents, absolute ethanol
(EtOH) was acquired from Panreac (HPLC quality, Spain, 99.9%); diethyl ether from Carlo
Erba. Other reagents were hydrochloric acid (HCl) from Carlo Erba (Val-de-Reuil, France,
37% and d = 1,18); glacial acetic acid and acetic anhydride from Merck (Darmstadt, Ger-
many); sulphuric acid (H2SO4) from José Manuel Gomes dos Santos; glycerol from Analar
Normapur (VWR Chemicals); potassium hydroxide (KOH), sodium carbonate (Na2CO3),
sodium chloride (NaCl), sodium hydrogen phosphate (Na2HPO4), and potassium di-
hydrogen phosphate (KH2PO4) were acquired from Panreac (Spain); Folin–Ciocalteu
reagent and potassium chloride (KCl) were acquired from Scharlau (Spain); potassium
hexacyanoferrate(III) (K3Fe(CN)6), 2,3,5-Triphenyltetrazolium chloride (TPTZ), and ferric
chloride hexahydrate (FeCl3·6H2O) were acquired from ACRÖS Organics (Geel, Belgium);
potassium hexacyanoferrate(II) trihydrate (K4Fe(CN)6·3H2O) were from Riedel-de-Haën
(Hanover, German); sodium dodecyl sulphate (SDS), sodium acetic acid trihydrate salt
(CH3COOH·3H2O), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were from Sigma Aldrich
(Darmstadt, Germany); and trichloroacetic acid (TCA) was from Biochem Chemopharma
(Cosne-Cours-sur-Loire, France). The deionised water used in all analytical work was of
type II.

4.2. Propolis Samples

Propolis samples were collected in three locations in the northern region of Portugal
(Montesinho, in the Trás-os-Montes sub-region; Macedo de Cavaleiros, in the Trás-os-
Montes sub-region; Braga, Minho sub-region) and one in the central region (Lousã, Baixo
Mondego). Samples were prepared by mixing 5 g of raw propolis with absolute ethanol (1:5,
w/v) and left overnight with stirring (60 rpm). After this step, the solution obtained was
filtered (Whatman n 4 filter paper). Two further ethanolic extractions were carried out using
the same procedures. The combined ethanolic extracts were stored at low temperatures
(−18 ◦C) and filtered after 12 h to remove wax; this procedure was repeated two more
times. The ethanol was evaporated with a rotary evaporator (IKA model RV8). To the
propolis extract obtained, 100 mL of diethyl ether and 100 mL of deionised water were
added to obtain two visible phases. The sample was treated with diethyl ether solvent
to extract as many phenolic compounds as possible. The supernatant (diethyl ether) was
then transferred to a new beaker, and the solvent extraction process was repeated three
more times until a transparent area was obtained between the two visible phases. From the
resulting extracts (approximate yield of 2 g of purified propolis extract), 0.1 g of extract from
each sample was weighed and dissolved in 25 mL of 80% absolute ethanol. This propolis
solution was used to determine the total phenolic content using a gallic acid standard
calibration line. To determine the antioxidant capacity, different concentrations of propolis
(from 12–1200 mg/L) were prepared to calculate the EC50 value in mg/L.

4.3. Pollinic Analysis

Pollen analysis was performed according to the method described by Barth et al. [88].
The pollen collection, within 0.5 g of propolis, was mixed with 15 mL of ethanol for 24 h.
After 24 h, the preparation was centrifuged for 15 min at 2200 rpm (Eppendorf centrifuge
5810 R, Hamburg, Germany). To the sediment obtained by centrifugation, 3 mL of 10%
(w/v) KOH was added and it was placed in a water bath and boiled for 2 min. The
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mixture was centrifuged at 2200 rpm for 10 min and, after washing with deionised water,
centrifuged again at 2200 rpm for 10 min. The sediment was left overnight in 5 mL glacial
acetic acid. This mixture was centrifuged at 2000 rpm for 17 min. Then, 5 mL of the mixture
of acetic anhydride and sulphuric acid (9:1 v/v) was added and heated in a water bath
at 80 ◦C for 3 min. The mixture was centrifuged at 2000 rpm for 17 min. The resulting
sediment was washed with deionised water, centrifuged at 2200 rpm for 10 min, then
washed with 50% glycerol–water and centrifuged at 2000 rpm for a further 15 min. The
sediment was mounted on glycerol–gelatine.

4.4. Quantification of Phenolic Compounds

Determination of total phenolic content (TPC) in the ethanolic extract of the different
propolis was carried out spectrophotometrically (estimated by a colorimetric assay based
on four different procedures using Folin–Ciocalteu reagent (F-C reagent) and spectropho-
tometric method). Phenolic compounds were also determined electrochemically (cyclic
voltammetry method). The absorbance was measured in a PC VWR UV–Vis spectropho-
tometer and the results were expressed as mg of gallic acid equivalents/g of extract.

• F-C1 assay: described by Moreira et al. [89]. The reaction of 0.5 mL propolis extract
mixed with 0.5 mL of the F-C reagent and 0.5 mL of 10% sodium carbonate (Na2CO3)
was kept in the dark at room temperature for 60 min (final concentrations of F-C and
Na2CO3 in solution, 33% and 3%, respectively), after which the absorbance was read
at 700 nm.

• F-C2 assay: described by Obied et al. [90]. Propolis extract (0.1 mL) was added to a
10 mL volumetric flask containing 7 mL water. Then, 0.5 mL of F-C reagent was added
and, after 1 min, 1.5 mL of Na2CO3 (20% w/v) was added (final concentrations of F-C
and Na2CO3 in solution, 5% and 3%, respectively). The flask was shaken, and the
volume was made up to 10 mL with water. The flask was kept for 60 min in the dark
at room temperature. The absorbance was read at 760 nm.

• F-C3 assay: described by Shaghaghi et al. [91]. Aliquots of 0.5 mL of samples were
mixed with 2.4 mL of deionised water, 2 mL of 2% Na2CO3, and 0.1 mL of F-C reagent
(final concentrations of F-C and Na2CO3 in solution, 2% and 0.8%, respectively). After
incubation at room temperature for 60 min, the absorbance of the reaction mixture
was measured at 750 nm.

• F-C4 assay: described by Metrouh-Amir et al. [92]. First, 0.2 mL of sample extract
was mixed with 1 mL of F-C reagent and 0.8 mL of 7.5% (w/v) Na2CO3 was added
(final concentrations of F-C and Na2CO3 in solution, 50% and 3%, respectively). After
incubation for 60 min at room temperature in the dark, the absorbance was measured
at 740 nm.

• Spectrophotometry (SPECT): described by Obied et al. [90]. Aqueous ethanol (95%
v/v; 1 mL) containing 0.1% hydrochloric acid was added to the dilute extract (1 mL) in
a 10 mL volumetric flask, and the volume was made up to 10 mL with 2% hydrochloric
acid. The absorbance was measured at 280 nm to determine total biophenols using
gallic acid as standard.

• Square wave voltammetry (SWV): described by Meirinho et al. [93] with some mod-
ifications. Phosphate-buffered saline (PBS) was prepared to contain 137 mM NaCl,
2.7 mM KCl, 8.1 mM Na2HPO4, and 1.47 mM KH2PO4, with pH adjusted to 7.4. The
redox probe was always freshly prepared in order to obtain a solution with concen-
tration of 5 mM of K3Fe(CN)6 and K4Fe(CN)6 (1:1) and 10 mM of KCl in 100 mL of
PBS, at pH 7.4. Square wave voltammetry (SWV) at a potential range of −0.2 to 1.1 V
was used to evaluate the reducing properties of the oxides. The amplitude was set at
100 mV and the frequency at 50 Hz. At the additive level, the step size was set to 5 mV.
Platinum electrodes from Micrux Technologies were used for this analysis.
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4.5. Antioxidant Capacity

The concentration of propolis corresponding to 0.5 of the absorbance (EC50) was calcu-
lated from a linear regression analysis of absorbances as a function of extract concentrations
in solution using Excel (Microsoft Corporation, Redmond, WA, USA). The EC50 results for
the four methods were expressed in mg/L.

4.5.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH): Described by Hatano et al. [94]

An aliquot of 0.3 mL of propolis extract was mixed with 2.7 mL of DPPH reagent
(2.0 × 10−4 M). The mixture was allowed to stand in the dark for 60 min. The absorbance
of the solutions was measured at 517 nm. The inhibitory effect of DPPH was calculated
from the percentage of DPPH discoloration using the following equation:

% inhibition = [(ADPPH − AS)/ADPPH] × 100 (3)

where AS is the absorbance of the solution when the sample extract was added and ADPPH
is the absorbance of the DPPH solution. The concentration of extract giving 50% inhibition
(EC50 mg/L) was calculated from the graph of the effect of percentage of removal as a
function of the concentration of extract in the solution.

4.5.2. Ferric-Reducing Antioxidant Power Method (FRAP): Described by Berker et al. [64]

The FRAP reagent was prepared using a buffer solution of 0.3 M sodium acetic acid
trihydrate salt (CH3COOH·3H2O) at pH 3.6 to which glacial acetic acid, a solution of TPTZ
dissolved in 96% EtOH (1.0 × 10−2 M), and FeCl3·6H2O solution (2.0 × 10−2 M) were
added in a volume ratio of 10:1:1. The FRAP reagent was prepared and used fresh. Then,
0.1 mL of sample was mixed with 3 mL of FRAP reagent and 0.3 mL of deionised water.
After 6 min the absorbance was read at 595 nm.

4.5.3. Original Ferricyanide Method (OFec): Described by Berker et al. [64]

A mixture of 1.0 mL sample, 2.5 mL 0.2 M phosphate buffer (pH 6.6), and 2.5 mL
K3Fe(CN)6 solution (1%) was incubated for 20 min at 50 ◦C in a water bath. The incubated
mixture was allowed to cool to room temperature and 2.5 mL of TCA (10%) was added.
The solution was thoroughly mixed, an aliquot of 2.5 mL was taken, and 2.5 mL of water
followed by 0.5 mL of FeCl3-6H2O solution (0.1%) was added. Absorbance was measured
at 700 nm after 2 min.

4.5.4. Modified Ferricyanide Method (MFec): Described by Berker et al. [64]

The mixture of 1.0 mL of propolis extract, 5 mL of deionised water, 1.5 mL of HCl
(1 M), 1.5 mL of ferricyanide solution (1%), 0.5 mL of SDS (1%), and 0.5 mL of FeCl3·6H2O
(0.2%) was incubated at 50 ◦C on a water bath for 20 min. After that, it was left to cool to
room temperature and the absorbance was measured at 750 nm.

4.6. Quantification of HBA, HCA, and FLAV

The quantification of the levels of HBA, HCA, and FLAV present in the propolis
samples was carried out according to the method of Obied et al. [90], and the results cited in
this paper were published in the work of Paula et al. [31]. The simultaneous quantification
of the three classes of phenolic compounds (HBA, HCA, and FLAV) was carried out using
multivariate calibrations obtained with mixed standard solutions of gallic acid, ferulic
acid, and quercetin (representative compounds of these classes) and the corresponding
UV–Vis spectra.

4.7. Compound Identification by UHPLC-DAD-ESI-MSn

The UHPLC-DAD-ESI-MSn analyses were performed on a Finnigan Surveyor Plus
HPLC instrument equipped with a DAD and coupled to an MS. The chromatographic
system consisted of a quaternary pump, an autosampler, a degasser, a photodiode array
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detector, and an automatic thermostatic column compartment. The HPLC was run on
a Macherey-Nagel Nucleosil C18 column (250 mm_4 mm i.d.; 5 mm particle diameter,
end-capped) and the temperature was maintained at 25 ◦C. The mobile phase consisted of
(A) 0.1% (v/v) formic acid in water and (B) acetonitrile, previously degassed and filtered.
The solvent gradient started with 80% A and 20% B, reached 30% B at 10 min, 40% B at
40 min, 60% B at 60 min, 90% B at 80 min, and returned to the initial conditions. For the
HPLC analysis, the propolis extract (0.1 g) was dissolved in 25 mL of 80% ethanol. All
samples were filtered through a 0.2 mm nylon membrane (Whatman). The flow rate was
1 mL/min, and 200 mL/min was injected into the MS. Spectral data were collected for
all peaks in the 200–600 nm range. The MS used was a Finnigan Surveyor LCQ XP MAX
quadrupole ion trap MS equipped with an ESI source. The Thermo Xcalibur Roadmap data
system was used for control and data acquisition. Nitrogen of over 99% purity was used
and the gas pressure was 520 kPa (75 psi). The instrument was operated in negative ion
mode with the ESI needle voltage set at 5.00 kV and the ESI capillary temperature set at
325 ◦C. The full scan covered the mass range from m/z 50 to 1000. MSn data were acquired
simultaneously for the selected precursor ion. The collision-induced decomposition (CID)-
MS-MS and MSn experiments were performed using helium as the collision gas with a
collision energy of 25–40 eV. The quantification of the areas was carried out and the data for
the identification of the phenolic compounds were obtained using the Xcalibur 2.2 software
of the Thermo Scientific™ LC-MS systems, which allows data acquisition and processing.
The identification of phenolic compounds was based on the interpretation of ultraviolet
(UV) spectrophotometry and mass spectrometry (MS and MS/MS) data and comparison
with the literature [33–37].

4.8. Statistical Analysis

All assays were performed in triplicate and results are presented as mean ± standard
deviation. All statistical analyses were performed using R software (R version 3.3.2, 31 Oc-
tober 2016), a free software environment for statistical computing and graphics. Two-factor
ANOVA without interaction was used to evaluate two independent variables (factors) that
influence the dependent variable. It was applied to verify the differences between propolis
samples (4 samples) and TPC quantification (6 methods), as well as to test the differences
between propolis samples (4 samples) and their antioxidant capacity (4 methods). Multiple
linear regression models were established between TPC or antioxidant capacity values
and HBA, HCA, and FLAV contents. The intercept was removed if it was not significant
(p-value > 0.05). The results are considered satisfactory when the linear regression param-
eters are close to the theoretical values [95,96]: ‘zero’ (0) for root-square error (RSE) and
intercept; ‘one’ (1) for slope and coefficient of determination (R2). Principal component
analysis was applied to evaluate the MS data, to understand the variability of the propolis
samples, and to define which phenolic compounds contribute to their distinctiveness. PCA
(using R software) was performed on the covariance matrix, ignoring the center and scale
transformation, with only the pre-treatment with the Yeo–Johnson transformation.

5. Conclusions

The pollinic analysis of the propolis samples showed a similar pollen profile, which is
in agreement with the results of the GC-MS/MS analysis.

The results of TPC and antioxidant capacity demonstrated the importance of carefully
selecting the method for determining these properties in propolis samples, as different
methods can yield different results. Based on the linear relationship between the content
of HBA, HCA, and FLAV and the results of TPC and antioxidant properties, it was found
that the presence of HBA and HCA compounds in propolis samples can have a positive
effect on the quantification of TPC and antioxidant capacity, while flavonoids can have a
positive effect on the quantification of TPC and a negative effect on antioxidant capacity
in most of the methods. The methods that gave the highest values for TPC (SPECT) and
antioxidant capacity (MFec) did not correspond to the methods that showed the highest
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correlation with the three groups of phenolic compounds (F-C2, OFec, and FRAP). This
is due to the fact that the methods correlate differently with the HBA, HCA, and FLAV
compounds present in the samples. Therefore, the choice of method depends on the aim of
the work and the sample to be analysed. It is important to note that the bioactive effects of
propolis are still an active area of research and the specific mechanisms and contributions
of each component are not yet fully understood. However, it is widely accepted that the
bioactive properties of propolis result from the collective action of its various constituents,
including, but not limited to, phenolic compounds.

Using the UHPLC-DAD-ESI-MSn technique, most of the compounds present in the
propolis samples were identified. The study revealed significant compositional differences
between the Lousã sample and the other samples, as well as the variability in chemical
composition of propolis samples from different geographical origins. It is noteworthy
that the only phenolic acids detected in the four propolis samples were HCAs and their
derivatives, which could be related to the fact that only the negative ion mode was used.

To evaluate the potentiality of propolis samples in human health, it is crucial to have
analytical data about composition (qualitative and quantitative) and biological properties,
as these results are related to the overall synergetic and antagonistic effects. Therefore,
research in this area needs to be intensified to develop methods related to each group of
phenolic compounds. It is also necessary to identify the remaining groups of compounds
(e.g., terpenes) that may interfere with the biological properties of this natural product.

Overall, this study provides valuable insights into the composition and properties of
propolis samples from Portugal, which can be useful in developing natural products and
supplements and also in studying the performance of different analytical methodologies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28124847/s1, Table S1. Characterisation of phenolic
compounds from Portuguese propolis by UHPLC-DAD-ESI-MSn. Figure S1. Chromatograms with
UV detector (280 nm) of the four propolis samples.
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