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Editorial

Special Issue on Plant and Marine-Derived Natural Product
Research in Drug Discovery: Strengths and Perspective

Noélia Duarte

Research Institute for Medicines (iMED.Ulisboa), Faculdade de Farmácia, Universidade de Lisboa,
Av. Prof. Gama Pinto, 1649-003 Lisboa, Portugal; mduarte@ff.ulisboa.pt

For centuries, nature has been an inspirational source for the discovery of traditional
remedies and drugs used in modern medicine. Natural-based treatments continue to be
employed for primary health care, particularly playing a significant role in folk medicine.
In addition, we are currently observing an increasing use of natural-products-based sup-
plements from botanical and marine sources, making their standardization and scientific
validation a priority to guarantee the safety of these products. Natural products and/or
synthetic derivatives using their novel structures have also been of utmost importance in
drug discovery and development in several clinical areas. After a period of discredit and
reduced investment, we are now witnessing a renewed interest from the pharmaceutical
industry and scientific community due to the urgent need to develop new drugs.

This Special Issue of Pharmaceuticals has assembled eleven original and six review arti-
cles dedicated to plant and marine natural products research, contributing to the scientific
validation of their use and opening new perspectives in drug discovery.

Yousefi-Manesh et al. [1] studied the effect of isofuranodiene, a furanosesquiterpene
isolated from Smyrnium olusatrum essential oil, on the oxidative stress and inflammatory
response in a rat model of ischemic stroke, by assessing several biochemical markers,
pathology of the hippocampi cells, and behavioral assays. Pre-treatment with isofuranodi-
ene decreased the levels of pro-inflammatory cytokines and the lipid peroxidation indicator
malondialdehyde, as markers of neuroinflammation in ischemic stroke and oxidative stress,
respectively. Moreover, the pre-treated animals showed improved behavioral activity after
ischemic stroke, and a faster recovery was also observed. Despite the need for further phar-
macokinetic and toxicological studies, isofuranodiene may be considered a lead compound
for discovering new treatments for brain ischemia.

Searching for new therapies for central nervous system (CNS) tumors, Studzińska-
Sroka et al. [2] screened the biological potential of acetonic extracts of the lichens
Parmelia sulcata, Evernia prunastri, and Cladonia uncialis, and their major metabolites salazinic
acid, evernic acid, and (−)-usnic acid. The extracts and pure compounds were evaluated
for their cytotoxicity against A-172 and T98G cell lines, inhibition of kynurenine pathway
enzymes, and anti-inflammatory, antioxidant, and anticholinergic activities. In addition,
the penetration of salazinic acid, evernic acid, and (−)-usnic acid through the blood–brain
barrier (BBB) was also determined. The authors suggested that (−)-usnic acid, with its
ability to cross the BBB and reduce cell proliferation, can be considered a promising lead
compound for glioblastoma multiforme treatment, one of the deadliest tumors of the CNS.

Garlic (Allium sativum) and onion (Allium cepa) are two edible plants widely consumed
all over the world. In recent years, several biological actions have been attributed to dif-
ferent organosulfur products, such as thiosulfinates and thiosulfonates, obtained from
these species. Sorlozano-Puerto et al. [3] evaluated the antibacterial and anti-candidiasis
activity of propyl-propane thiosulfinate and propyl-propane thiosulfonate, two volatile
compounds derived from Allium cepa. Moreover, the ability of the compounds in gaseous
phase to inhibit bacterial and yeast growth was also assessed. Propyl-propane thiosul-
fonate was the most promising compound showing activity against different isolates of
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Candida spp. from human clinical samples, even at the gas phase, which, in the future,
could be potentially useful in lung therapy.

Posidonia oceanica is a marine plant used in traditional medicine for the treatment of
several health conditions, such as diabetes and inflammation. The aim of the study carried
out by Vasarri et al. [4] was to analyze the ability of P. oceanica hydroalcoholic extract to
trigger autophagy and reduce intracellular lipid accumulation, in an in vitro model of
hepatic steatosis using the human hepatoma cell line HepG2. The authors found that
the extract protected against lipid accumulation in HepG2 cells by promoting autophagy
through inhibition of the mTOR pathway, offering new insights for possible complementary
treatments of non-alcoholic fatty liver disease.

Ntungwe et al. [5] screened sixteen Plectranthus species acetone extracts for the in vitro
antioxidant and antimicrobial activities against yeasts, and Gram-positive and Gram-negative
bacteria. The P. hadiensis and P. mutabilis extracts showed the highest activity against S. aureus
and C. albicans. Moreover, using the Artemia salina assay as a marker of general toxicity,
P. hadiensis and P.ciliatus were selected and further tested for their cytotoxicity, showing low
activities in human colon, breast, and lung cancer cell lines. 7α-acetoxy-6β-hydroxyroyleanone
isolated from P. hadiensis was found to be twelve-fold more active than the extract in the
triple-negative breast cancer cell line (MDA-MB-231S), being proposed as a promising lead
compound for the development of new anti-cancer drugs.

The use of herbal compresses is widespread in traditional Thai therapies to relieve
muscle pains, stress, and strains. Aiming at finding out the mechanisms of action and the
bioactive constituents responsible for the anti-cellulite activity of a previous formulated
herbal compress, Ngamdokmai et al. [6] presented, in their article, the preclinical effects of
essential oils, extracts, and main monoterpenoid constituents on cellular lipid accumulation,
triglyceride content, and vasodilatation in rat aortae. The authors concluded that the mixed
oils have vasodilation activity, and all the tested samples were effective inhibitors of
adipogenesis and lipolysis inducers, corroborating their application in cellulite treatment.

Melatonin was previously shown to exert a renoprotective effect in a rat model of diabesity-
induced kidney injury. In their study, Aouichat et al. [7] further investigated whether melatonin
could suppress the renal endoplasmic reticulum (ER) stress response and downstream unfolded
protein response activation, shedding light on the beneficial effect of melatonin supplementation
on ER stress-induced kidney damage under diabesity conditions.

Asphodelus L. species have been known for both food and therapeutic uses. Madia et [8]
reported the isolation and identification of a polysaccharide (inulin-type fructan) from the
alkaline extract of Asphodelus ramosus root tubers.

The goal of the study performed by Mota et al. [9] was the development of a topical
ethosome-based formulation of fresh elderflower (Sambucus nigra) extract, to prevent
its degradation and to obtain a slow release of bioactive compounds. The ethosomes
were characterized in terms of their size and morphology, stability over time, entrapment
capacity, and extract release profile. The extract-loaded ethosomes presented collagenase
inhibition activity and very good results in the human skin compatibility assay using a
semi-solid formulation.

Amphotericine B is a macrolide antibiotic clinically used to treat Candida, Cryptoccocus,
and Aspergillus infections, and leishmaniasis. The intravenous administration of this antibi-
otic has severe side effects which have prompted the development of various formulations.
The low solubility of amphotericin B also hinders its topical administration. In order to pro-
mote the diffusion of the drug through the skin in the treatment of cutaneous candidiasis,
Espinoza et al. [10] developed a topical gel of amphotericin B and Bursera graveolens (palo santo)
essential oil. The authors evaluated the physicochemical parameters, stability, in vitro release
profile, and ex vivo permeation in human skin of the formulation, concluding that the topical
gel of amphotericin B enriched with B. graveolens essential oil could be an alternative to the
treatment of cutaneous candidiasis.

Consistent with the increasing use of nanotechnology for improving drug delivery,
Adedokun et al. [11] compared the cytotoxic activity of Hymenocardia acida crude methanolic
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extract with the cytotoxicity of the extract loaded in PLGA nanoparticles, against human
lung (H460), breast (MCF-7), and colon (HCT 116) cancer cell lines. H. acida extract showed
to be cytotoxic against the lung cancer cell line and the solubility was improved through
encapsulation. However, the encapsulated extract presented a decreased cytotoxic activity
against all cell lines tested, a fact that could be due to the sustained delay in the release of
the extract from the PLGA nanoparticles.

Mottaghipisheh et al. [12] reviewed the phytochemical and biological properties of the
glycosylated flavone linarin (acacetin-7-O-rutinoside), which has been identified in several
species of the Asteraceae, Lamiaceae, and Scrophulariaceae families. Several studies have
reported promising in vitro and in vivo bioactivities, particularly on the central nervous
system, arthritis, and osteoporosis disorders.

Several Euphorbia species have been used in traditional medicine, and have also been
the source of a huge number of interesting bioactive compounds, including terpenois and
flavonoids. Magozwi et al. [13] reviewed the phytochemistry, biological properties, and
therapeutic potential of Euphorbia flavonoids, published in the literature from 2000 to 2020.
Several bioactivities have been reported either for Euphorbia extracts or isolated flavonoids,
particularly antiproliferative, antimicrobial, and antioxidant activities.

Garcinia indica is a species from the mangosteen family (Clusiaceae), with culinary,
industrial, and therapeutic applications. The review by Lim et al. [14] highlighted re-
cent studies regarding the in vitro and in vivo biological activities of this species, such as
antioxidant, anti-inflammatory, anti-obesity, and hepato- and cardioprotective effects.

Over the last few decades, many studies have focused on the nutritional value and
health-promoting properties of anthocyanins. Gonçalves [15] reviewed the chemical
structure of these flavonoids, their main dietary sources, and bioavailability. They also
pointed out the most recent results on the potential health benefits from the daily intake of
anthocyanin-rich foods, as well as their possible pharmacological mechanisms of action.

Geraldes et al. [16] gathered and reviewed the literature on mycosporines and mycosporine-
like aminoacids, summarizing their physicochemical features and biosynthesis, occurrence and
distribution in nature, and phytochemical studies. They also reviewed their biological activities
and biomedical and non-biomedical applications. Moreover, the authors constructed a chemical
database available online for free at http://www.cena.usp.br/ernani-pinto-mycas (accessed on
14 September 2022).

Human African trypanosomiasis (sleeping sickness) and American trypanosomiasis
(Chagas disease) are two protozoan neglected tropical diseases whose pharmacological
therapies have serious limitations. Therefore, the discovery and development of new drugs
are urgent, and natural products from plants are a promising approach to achieve this goal.
In their comprehensive review, Durão et al. [17] gathered and discussed data published
in the literature regarding terpenic compounds with antitrypanosomal activity against
T. brucei and T. cruzi, covering the period from 2016 to 2021, and emphasizing the most
promising bioactive terpenoids.

The 17 articles published in this Special Issue further strengthen the potential of natural
product research for the discovery of new drugs and overall contribute to the scientific
validation of their use.
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Abstract: The myrrh-like furanosesquiterpene isofuranodiene (IFD) is the main constituent of wild
celery (Smyrnium olusatrum L., Apiaceae), an overlooked vegetable that was cultivated during the
Roman Empire. In the present study, we investigated the protective effects of IFD pre-treatment
against oxidative stress and inflammatory response in an animal model of ischemic stroke. IFD was
isolated by the crystallization of Smyrnium olusatrum essential oil, and its structure and purity were
confirmed by NMR and HPLC analyses. Acute pre-treatment of IFD (10 mg/kg i.p.) significantly
reduced the levels of the inflammatory cytokines IL-1β and TNF-α, the expression of pNF-κB/NF-κB,
and the lipid peroxidation indicator MDA. Finally, IFD boosted a faster recovery and better scores in
grid-walking and modified neurological severity scores (mNSS) tests. Taken together, these findings
indicate IFD as a promising lead compound for the discovery of new treatments of brain ischemia.
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1. Introduction

Globalization has led to a change in our eating habits and the disappearance of
many plants that were once eaten by older generations. Among them, the aromatic herb
Smyrnium olusatrum L. (Apiaceae), also known as Alexanders or wild celery, represents
an interesting case. Smyrnium olusatrum L. is a biennial plant belonging to the Apiaceae
family, and is widespread in the Mediterranean basin, reaching the North African coast to
the South and the British Isles to the North. It is found in shady places such as hedgerows,
cliffs, and other uncultivated places, from sea level to high hills, often as a relic of kitchen
gardens and monasteries. During the medieval period, S. olusatrum had been used as
an antiscorbutic, stomachic, antiasthmatic, diuretic, and laxative remedy [1,2]. As a veg-
etable, S. olusatrum had been used until the medieval period, when it was replaced by
common celery (Apium graveolens L.) due to changing tastes favoring tender and sweeter
dishes instead of more spicy and hot ones [2]. Smyrnium olusatrum is a rich source of
volatile sesquiterpenes containing a furan ring, among which isofuranodiene (syn. fura-
nodiene, C15H20O, IFD) is the most abundant [3]. This compound is also a key marker
of other medicinal and aromatic plant species such as Commiphora myrrha (Nees) Engl.,
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Curcuma wenyujin Y.H. Chen and C. Ling, Eugenia uniflora L., Chloranthus japonicus Siebold
and Vepris unifoliolata Baill.) Labat [1,3]. It has also been found in some marine organisms,
such as corals [4]. It is noteworthy that our group has recently proven that IFD may exert
neuritogenic, anti-inflammatory, and anticancer activities, as well as insecticidal and acarici-
dal properties [5–9]. In recent years, researchers’ increasing interest towards the protective
role of natural substances, especially those contained in fruits, vegetables, and medicinal
plants, against ischemic stroke has been observed. Thus, natural products are playing a
notable role in discovering new therapeutic treatments for stroke.

Ischemic stroke is one of the most complicated, destructive, and fatal neurological
disorders [10]. This disease is the second highest cause of death, and the third most common
factor of disability worldwide [11]. From an economic perspective, stroke has a burden of
approximately GBP 2.4 billion for informal care costs and GBP 2.1 billion for indirect costs
such as benefit payments and productivity reduction, because of death and disability within
the global health economy [11]. One of the most critical roles in the pathogenesis of ischemic
stroke is played by inflammatory processes [12]. These processes will raise the amount
of different inflammatory factors in several parts of the central nervous system (CNS),
especially in the brain. During the reperfusion phase, which occurs after stroke alleviation,
the production of reactive oxygen species (ROS) starts to increase due to hypoxia caused
by disruption of the brain blood flow [13]. ROS generation can lead to overexpression
of cell survival programs that relieve tissue injury caused by ischemia. However, this
overexpression may cause oxidative stress that can advance to cell apoptosis and death [14].
The brain has a high concentration of peroxidizable lipids; therefore, it can be a suitable
target for reactive oxygen species. Malondialdehyde (MDA), as the final product of lipid
peroxidation, can cause cell toxicity and death. The amount of MDA produced is one of
the most important biomarkers for measuring the brain’s oxidative stress level [15]. TNF-α
and IL-1β progress the inflammatory response by releasing Essential Amino Acids (EAA),
nitric oxide (NO), and free oxygen radicals, and increase stroke-induced tissue injury [16].
NF-κB is another factor that overexpresses after ischemic-reperfusion occurs in stroke.
NF-κB causes tissue damage, apoptosis, and neuronal death in some brain regions such as
the hippocampus, and triggers many inflammatory pathways and mediators [17]. Strokes
may cause physical and behavioral disabilities, such as motor impairments. Most of these
complications are caused by neuronal and tissue injury in the brain cortex’s motor regions
and damage in subcortical projection pathways. Therefore, strokes may lead to a reduction
in movement speed, ability, and control [18].

In the present work, we evaluated for the first time the neuroprotective effects of IFD
against oxidative stress and inflammatory conditions in a rat model of ischemic stroke. For
this purpose, the efficacy of IFD against bilateral carotid artery (BCA) occlusion injury was
determined by evaluating the levels of pro-inflammatory cytokines (IL-1β and TNF-α) and
MDA, a marker of lipid peroxidation, and the expression of pNF-κB/NF-κB in the rat brain.
In addition, the effect of IFD treatment on rat behavior after brain stroke induction was
determined by the grid-walking and modified neurological severity scores (mNSS) tests.

2. Results

2.1. IFD Shortened the Behavioral Recovery Period after the Brain Stroke

Two behavioral tests, namely mNSS and grid-walking, have been performed to evalu-
ate rat neurological functioning after ischemic stroke. Statistically significant differences
were observed in the grid-walking test and motor scores in the mNSS test between the IFD-
treated rats and the non-treated stroke group (the control group) (p < 0.05). As shown in
Figure 1A,B, IFD pre-treated rats had a faster recovery and better scores in the grid-walking
and mNSS tests, whereas rats from the control group that received no treatment showed a
lower rate of amelioration and higher scores in both tests compared with the sham group
(p < 0.01). Moreover, there are no significant differences between the pre-treated group and
the positive control group. It was noticed from this test that IFD improved the outcomes
on the brain ischemic reperfused group.
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Figure 1. Behavioral tests in rats. (A): Grid-walking test, (B): modified neurological severity scores
(mNSS) test. Data are mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.2. Effects of IFD on Inflammatory Cytokines and Oxidative Stress in Ischemic Brains

As shown in Figure 2A–C, 24 h after BCA occlusion, pro-inflammatory cytokines
such as TNF-α and IL-1β, and MDA, as a lipid peroxidation marker, were assessed via
ELISA assay. BCA occlusion (control group) showed increased levels of TNF-α, IL-1β, and
MDA when compared with the sham group (p < 0.001). On the other hand, pre-treatment
with IFD reversed these effects significantly compared to the control group (p < 0.01 and
p < 0.001, respectively). In addition, MDA in the pre-treated group and the positive control
group did not have a significant difference.

Figure 2. IFD pre-treatment reduced inflammatory cytokines and oxidative stress 24 h after ischemic
stroke. (A): TNF-α, (B): IL-1β and (C): MDA levels of the brain tissues of the sham, control, IFD treat-
ment + ischemic stroke, and Nimodipine as a positive control. All values are shown as mean ± SEM.
** p < 0.01, *** p < 0.001, **** p < 0.0001.

7



Pharmaceuticals 2021, 14, 344

2.3. The Anti-Inflammatory Effects of IFD May Be Mediated through pNF-κB
Protein Downregulation

The results of the Western blot analysis showed that BCA occlusion increased the
phosphorylation of NF-κB p65 (active form) in the control group when compared with the
sham group (p < 0.001). Of note, pre-treatment with IFD reduced its phosphorylated form
significantly in respect to the control group (p < 0.01) (Figure 3A,B).

Figure 3. (A). Western blot of NF-κB phosphorylation in brain tissues of groups. (B). IFD pre-
treatment reduced phosphorylation of NF-κB in animals 24 h after reperfusion. Data are shown as
mean ± SEM. ** p < 0.01, *** p < 0.001.

3. Discussion

IFD has attracted the attention of many researchers and academics in recent years due
to its anticancer, analgesic, neuritogenic, anti-inflammatory, hepatoprotective, antiproto-
zoal, and insecticidal properties [5,7,8,19–22].

In the present study, we highlighted for the first time the neuroprotective effects of
IFD on an acutely pre-treated ischemic stroke rat model by measuring biochemical markers,
pathology of the hippocampi cells, and behavioral assays. Li et al. have indicated that IFD
has anti-inflammatory effects on liver injury induced by d-galactosamine/lipopolysaccharide
in rats, by reducing inflammatory cytokines such as IL6, IL-1β, and TNF-α, decreasing the
marker of peroxidation of lipids, MDA, and providing hepatoprotection by a reduction in
aminotransferase levels [6]. Previous research has indicated that compounds with a similar
structure to IFD prevented inflammation and reduced the expression of pro-inflammatory
cytokines [23,24]. Owing to its hydrophobic nature and small size, IFD can cross the blood–
brain barrier, exerting its effect in neurons [5]. This effect enhances the neuroprotective
potential of IFD, making it valuable for the treatment of brain disorders.

According to the biochemical assessments in our study, the acute pre-treatment with
IFD significantly reduced the levels of the inflammatory cytokines IL-1β and TNF-α, which
are both important mediators of neuroinflammation in ischemic stroke, and decreased
the lipid peroxidation indicator MDA, as a marker of oxidative stress. In addition, IFD
ameliorated the behavioral effects, improving the sensorimotor reflexes and reducing
the injury’s score severity. NF-κB has an important role in impairment during brain
ischemia. For example, hypoxia, ROS, and other inflammatory mediators activate NF-kB
signaling, increase phosphorylation, and activate the NF-κB p65 subunit [25]. During
cerebral ischemic-reperfusion, NF-κB is involved in many processes, e.g., apoptosis and
inflammation, by regulating gene expression [26]. NF-κB hyperactivity, as an initial factor
of inflammation in the brain, leads to apoptosis of the hippocampus neurons and elevates
cytokine expressions such as IL-6, IL-8, and TNF-α in neurons, endothelial and glial
cells [27]. In addition, NF-κB increases the expression of pro-apoptotic genes such as P53,
iNOS, and COX-2 in glial and neuronal cells [28]. Our findings showed that pre-treatment
with IFD reduced phosphorylation and activation of NF-κB in the rat brains’ prefrontal
cortex compared with the control group. This result supports the hypothesis that IFD is
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able to prevent the inflammatory cascade and apoptosis of neurons. These results are partly
supported by our previous study in which IFD was found to mimic the neuroactivity of
NGF for neuronal survival, development, and differentiation [5].

It is worth mentioning that IFD is present in high quantities in all the parts of
S. olusatrum, and it can be easily collected in the EO obtained by hydrodistillation. Wild
celery represents today an ideal and rich source for the extraction of IFD. In this regard,
Maggi et al. led an intense campaign to isolate EO from roots, basal leaves, flowers,
and green or ripe fruits of wild celery, highlighting high IFD levels in different plant
organs [1–3]. In detail, EO from basal leaves contained up to 37.2% IFD, the EO from roots
contained up to 46.6% IFD, whereas the EO obtained from fruits (green and ripe) contained
up to 31.5% and 20.7% IFD, respectively. Lastly, the EO from the flowers contained a
maximum of 56.2% IFD. This research has laid the foundations for IFD extraction’s scal-
ability from S. olusatrum, highlighting the flowers as the best candidate due to the high
concentration of the target molecule. The isolation and purification of a bulk amount of
IFD can be easily carried out by crystallization or, alternatively, flash chromatography [5].

4. Materials and Methods

4.1. Purification and Analysis of IFD

The plant material (inflorescences) used was from a wild population of S. olusatrum
growing in Pioraco, central Italy (N 43◦10′41”; E 12◦59′27”, 440 m a.s.l.), collected in April
2018. A herbarium specimen was deposited in the Herbarium Camerinensis of the University
of Camerino, under the codex CAME 25677. Fresh inflorescences were hydrodistilled for
4 h using a Clevenger-type apparatus in order to obtain a yellowish essential oil with a
yield of 1.8% on a dry weight basis. Afterward, crude crystals of IFD (C15H20O) were
obtained by adding analytical grade hexane (300 mL) to 10 g of flower essential oil and
storing the mixture at –20 ◦C for 6 days. Once all crude crystals had been filtered out,
they were recrystallized (3 times) using hot methanol, obtaining pure white crystals of IFD
(yield = 75%) (Figure 1). Accurate 1D (1H NMR and 13C NMR) and 2D (COSY, TOCSY,
and HMBC) NMR studies were carried out on a Bruker Avance III 500 MHz spectrometer
(Billerica, MA), and comparison with the data reported in the literature helped us to
confirm the IFD’s structure [7,22]. The purity of IFD (~99%) was assessed by HPLC using
an HP-1100 series (Agilent Technologies, Palo Alto, CA, USA) LC system equipped with a
diode array detector (DAD). The separation was accomplished on a Kinetex© PFP (100A,
100 × 4.6 mm i.d., 2.6 μm), thermostatted at 40 ◦C using H2O (Milli-Q SP Reagent Water
System, Millipore, Bedford, MA, USA) and CH3CN (Carlo Erba Acetonitrile for HPLC
Plus gradient, Milan, Italy) as mobile phases A and B, respectively. The gradient elution
(1.0 mL/min) was set as follows: 0–15 min (40% B), 15–30 min (60% B). IFD was diluted
in CH3CN and injected (5 μL) into HPLC using disposable Minisart SRP4 filters, with a
pore width of 0.45 μm (Chromafil PET-20/25, Sartorius Stedim Biotech GmbH, Goettingen,
Germany). The peak of IFD eluted at a retention time of 22.432 min (Figure 1) and was
monitored at different wavelengths (220, 230, and 254 nm). The presence of curzerene, an
artifact of IFD [1], has been excluded (Figure 4).

4.2. Animals and Experimental Groups

Twenty-eight male adult Wistar rats (8–10 weeks old) weighing 220–260 g were ob-
tained from the Animal Center in Tehran University, Department of Pharmacology. Rats
were maintained under standard laboratory conditions (temperature: 24 ± 1 ◦C, humid-
ity: 60–65%, light/dark cycle: 12 h) with free access to standard animal food and water.
All procedures were conducted in accordance with the guidelines of the Animal Ethics
Committee of Tehran University of Medical Sciences (ethical approval number is 989843).
They also complied with the NIH guide for the care and use of laboratory animals (NIH
Publication No. 80-23; revised 1978).

The rats were randomly divided into four groups:
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1. Sham group (saline injection as vehicle and surgery without induction of BCA occlu-
sion and treatment).

2. Control group (saline injection as vehicle and induction of BCA occlusion without
treatment).

3. Treated + control group (pre-administration of IFD + BCA occlusion model induction).
4. Positive control group (pre-administration of Nimodipine + BCA occlusion model

induction).

Figure 4. Isolation and purification of isofuranodiene.

4.3. Induction of Ischemic Stroke

The rats were anesthetized with an intraperitoneal injection of Ketamine (45 mg/kg);
then, after incision of the rat neck, carotid arteries were occluded by a clamp. After 30 min
occlusion, the clamp was removed and 60 min reperfusion was performed [12].

4.4. Treatments

The number of rats in each group was 7. Rats in treated groups received a single dose
of 10 mg/kg of IFD (dissolved in saline as a vehicle, i.p.). This dose was chosen according
to the minimum dose with high efficacy. This dose was revealed to be safe, as shown in a
previous study [6]. Rats in the positive control group received a single dose of 10 mg/kg of
Nimodipine (i.p.) for 30 min before BCA occlusion induction.

4.5. Behavioral Tests

Twenty-four hours after brain stroke induction, the grid-walking and modified neuro-
logical severity scores (mNSS) tests were used to assess the behavioral deficiency and re-
mission caused by IFD treatment in rats. For the grid-walking test, a grid floor (45 × 45 cm)
with holes measuring 1 cm across and 2.5 cm in height was used, and an assessment of the
modified neurological severity score was performed. Our scoring system was based on the
animals’ footfall. The animals were allowed to walk freely on the grid floor for 1 min, and
then video recording was started and analyzed by blind researchers. Each time the rat’s
claws touched the floor it was scored two, and every time they pulled their paw before
touching the floor it was scored one. Higher scores indicated more severe injuries [29].
The mNSS test evaluates the function of motor and sensory reflexes. For each inability to
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carry out the test, one point was scored. The scale was graded from 0 (normal function) to
18 (maximum inability) [30].

4.6. Molecular Assays

The whole-brain homogenates were centrifuged at 12,000 rpm for 15 min, and the
supernatants were assessed for amounts of inflammatory mediators such as TNFα (no.
CSB-E11987r) and IL-1β (no. CSB-E08055r) using an R&D systems ELISA kit. In addition,
the amount of MDA in the homogenates was evaluated using the lipid peroxidation assay
with an MDA assay kit (no. KA3736).

4.7. Western Blotting

The changes in the expression of pNF-kB/NF-kB in the prefrontal cortex of the rat
brain were evaluated by the Western blot assay. Following centrifuging at 12,000 rpm for
20 min at 4 ◦C, 10 mg of protein was determined on 10% SDS-PAGE gel and transferred
onto polyvinylidene difluoride (PVDF) membranes (Millipore, Germany). Five percent
non-fat skim milk was used in order to obstruct membranes in 120 min. Then, membranes
were incubated overnight with these primary antibodies: β-actin, NF-kB, and pNF-kB. All
of the antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Tris-Buffered Saline with Tween 20 (TBST) was used for washing the membranes 3 times;
then, they were incubated with secondary antibodies at room temperature for 1 h. The
BM chemiluminescence Western blot kit (Roche, Mannheim, Germany) was used to detect
bands, whereas the software ImageJ (Version 1.52t, Wayne Rasband (NIH), Bethesda, MD,
USA) was used to evaluate their optimal density. The relative amount of pNF-kB/NF-kB
was determined using GraphPad Prism 6 (San Diego, CA, USA).

4.8. Statistical Analysis

In this study, all analyses were carried out with Graph Pad Prism version 9 and SPSS
software (version 22) (SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was used to evaluate multiple groups’ differences. A
p-value less than 0.05 was determined as a statistically significant level.

5. Conclusions

In conclusion, IFD, a natural sesquiterpene obtainable in great amounts from wild
celery by a scalable procedure, exerts protective effects against brain ischemia by suppress-
ing NF-κB-activation and reducing pro-inflammatory cytokines. Our data demonstrate
the neuroprotective properties of IFD, suggesting that it may be effective in stroke therapy.
Moreover, IFD may be considered a lead compound for discovering new treatments of
brain ischemia. However, further pre-clinical studies such as pharmacokinetics and toxico-
logical studies are needed in order to confirm the use of IFD as a promising compound to
manage severe problems in ischemic stroke.
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Abstract: Lichens are a source of chemical compounds with valuable biological properties, struc-
turally predisposed to penetration into the central nervous system (CNS). Hence, our research aimed
to examine the biological potential of lipophilic extracts of Parmelia sulcata, Evernia prunastri, Cladonia

uncialis, and their major secondary metabolites, in the context of searching for new therapies for CNS
diseases, mainly glioblastoma multiforme (GBM). The extracts selected for the study were standard-
ized for their content of salazinic acid, evernic acid, and (−)-usnic acid, respectively. The extracts and
lichen metabolites were evaluated in terms of their anti-tumor activity, i.e., cytotoxicity against A-172
and T98G cell lines and anti-IDO1, IDO2, TDO activity, their anti-inflammatory properties exerted by
anti-COX-2 and anti-hyaluronidase activity, antioxidant activity, and anti-acetylcholinesterase and
anti-butyrylcholinesterase activity. The results of this study indicate that lichen-derived compounds
and extracts exert significant cytotoxicity against GBM cells, inhibit the kynurenine pathway enzymes,
and have anti-inflammatory properties and weak antioxidant and anti-cholinesterase properties.
Moreover, evernic acid and (−)-usnic acid were shown to be able to cross the blood-brain barrier.
These results demonstrate that lichen-derived extracts and compounds, especially (−)-usnic acid,
can be regarded as prototypes of pharmacologically active compounds within the CNS, especially
suitable for the treatment of GBM.

Keywords: (−)-usnic acid; evernic acid; salazinic acid; secondary metabolites; lichen extracts;
biological activity

1. Introduction

Secondary metabolites of lichens are polyphenolic compounds, constituting a group
of natural substances with unique chemical structures and interesting biological properties.
Phenolic compounds are effective against different neoplasms, which are one of the most
important medical problems. Central nervous system (CNS) tumors are especially challeng-
ing, with glioblastoma multiforme (GBM) being one of the most deadly cancers. A growing
body of evidence shows that natural bioactive molecules may serve well as an alternative
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approach to the treatment and control of GBM [1]. This prompted us to undertake further
research on lichen-derived substances as important novel remedies useful in GBM therapy.

The research on lichen-derived compounds has recently been intensified, leading to
the acquisition of data on their various mechanisms resulting in anticancer activity [2], as
well as their anti-inflammatory, antioxidant, and neuroprotective properties [3]. Lichens
grow in all continents, but Parmelia sulcata (Parmeliaceae), Evernia prunastri (Parmeliaceae),
and Cladonia uncialis (Cladoniaceae) are species especially abundant in the northern hemi-
sphere [4]. Their biological potential is attributed largely to lipophilic phenolic compounds,
namely salazinic acid, evernic acid, and (−) - usnic acid, respectively [5,6]. The cytotoxic
properties of salazinic acid and P. sulcata extracts, as well as evernic acid and E. prunastri
lipophilic extracts, have been confirmed on various cancer cell lines [7–10]. Moreover,
moderate antioxidant activity of salazinic acid [11] and P. sulcata extracts [10,12] has been
reported. Evidence also exists for neuroprotective and anti-inflammatory properties of
evernic acid, which can especially be important in the context of Parkinson’s disease [13,14].
The derivatives of dibenzofurans, including usnic acids (right and left-handed isomer) are
known for their strong anticancer properties [15]. Among other research, their activity
against tumors developing in the CNS (neuroblastoma, GBM) [16–18] was also reported.
The literature indicates the anti-inflammatory potential and the anti-neurodegenerative
effect [14] of these compounds. The right-handed isomer is more often studied, while data
on the left-handed isoform are limited. There are also no studies on the anti-tumor activity
of C. uncialis.

Current literature also indicates that lichen-derived compounds, as well as their
synthetic derivatives, can enhance the effects of currently used anticancer drugs. For
instance, the co-treatment of lobarstin, a secondary metabolite isolated from Stereocaulon
alpinum, enhanced toxicity of temozolomide when used in GBM T98G cells [19]. In another
study, the ketamine derivatives of (+)-usnic acid had significant cytotoxicity against human
GBM-astrocytoma cell line U87MG, and a novel N-heterocyclic derivative of (+)-usnic acid
was found to be even more active than temozolomide [20]. These findings justify further
studies exploring the possible applications of lichenochemicals in brain tumor treatment.

In addition to the lichen-derived compounds, the biological potential of lichen-derived
extracts has largely remained unexplored. Lichen extracts are a source of a plethora of com-
pounds including pulvinic acid derivatives, terpenes, carotenoids, depsides, depsidones,
depsones, anthraquinones, and xanthones [21]. Such a high diversity of compounds, often
acting synergistically, makes the extracts very attractive for investigation. Moreover, there
is growing evidence that crude lichen extracts often have greater in vitro or/and in vivo
activity as compared to pure compounds [22].

Our previous study indicated the anticancer and neuroprotective potential of physodic
acid and the acetone extract from Hypogymnia physodes [23], encouraging us to undertake
further work aimed at examining the biological potential of selected lichen-derived extracts
and their dominant secondary metabolites in the context of their potential application in
GBM treatment and the protection of the brain tissue. Thus, in this study we evaluated
the cytotoxic, anti-inflammatory, antioxidant, and anticholinergic properties of lichen
acetone extracts from P. sulcata, E. prunastri, and C. uncialis as well as their most important
components, salazinic acid, evernic acid and (−)-usnic acid (Figure 1), respectively. Using
the in vitro PAMPA-BBB model, the penetration of the tested lichen compounds through
the blood-brain barrier (BBB) was also determined.
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Figure 1. The chemical structures of lichen-derived substances—salazinic acid, evernic acid and (−)-usnic acid—investigated
in this study.

2. Results

2.1. Phytochemicals Analysis

2.1.1. Quantitative Analysis of Extracts’ Components

The content of the species-specific compounds in the lichen acetone extracts was
determined using HPLC analysis. The best separation of the P. sulcata, E. prunastri, and C.
uncialis acetone extracts was obtained with gradient elution (acetonitrile and 0.5% formic
acid) on 5 μm core–shell particles. The components of the lichen extracts were separated
in less than 11 min. As presented in Figure 2, the method was selective for salazinic acid
(tR = 6.5 min), evernic acid (tR = 8.9 min), and (−)-usnic acid (tR = 10.6 min).

Figure 2. The chromatograms of acetone extract from P. sulcata, E. prunastri, and C. uncialis, showing the identified
compounds, i.e., salazinic acid, evernic acid, and (−)-usnic acid, respectively. The compounds were characterised by
tR = 6.5 min, 8.9 min, and 10.6 min, respectively.
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The HPLC analysis revealed that the acetone extracts of P. sulcata contained 23.05%
of salazinic acid, E. prunastri extracts contained 66.63% of evernic acid, while C. uncialis
extracts contained 30.65% of (−)-usnic acid.

2.1.2. Total Polyphenols Content

The total polyphenols content was determined in the lichen extracts using the spec-
trophotometric Folin–Ciocalteau method. The tested acetone extracts (P. sulcata, E. prunastri,
C. uncialis) were characterized by a different content of phenolic compounds. The highest
content of the phenolic compounds was measured for E. prunastri extract (276.95 ± 3.87 mg
GAE/g of extract), as compared to P. sulcata and C. uncialis extracts, which demonstrated
lower content of polyphenols (130.5 ± 0.3 mg GAE/g of extract and 71.0 ± 0.3 mg GAE/g
of extract, respectively).

2.2. Biological Activity

2.2.1. Anti-Tumor Activity
Cytotoxic Activity against GBM Cells

The viability assay showed the dose-dependent cytotoxicity of the tested lichen-
derived compounds and extracts in regard to GBM cells. Generally, both A-172 and T98G
cells reacted in a similar manner to the treatments (Figure 3). Salazinic acid reduced
cell viability only at the highest tested concentration (100 μM), while P. sulcata extract
diminished the percentage of living cells at 50 μg/mL and 100 μg/mL concentration in
both cell lines (also 25 μg/mL concentration reached statistical significance in the A-172
cell line). Evernic acid reduced A-172 cell viability at 10 μM concentration; in the T98G
cell line, however, it was only mildly cytotoxic—only the highest tested concentration
led to ~ 20% reduction in cell viability. E. prunastri extract significantly reduced A-172
cell viability at 25 μg/mL concentration, but the highest tested concentration still allowed
the survival of more than one fourth of the seeded cell population. In contrast, in the
T98G cell line, 50 μg/mL E. prunastri extract decreased viability to 60.50 ± 0.71%, but
100 μg/mL concentration was completely cytotoxic. As far as (−)-usnic acid is concerned,
all the tested concentrations up to 100 μg/mL in A-172 and 50 μg/mL in the T98G cell line
were generally not cytotoxic. In regard to the C. uncialis extract, it significantly reduced
cell viability even at 1 μg/mL, while the highest tested concentration of this extract led
to almost complete cell death, i.e., only 8.33 ± 1.15% and 11.67 ± 0.58% of A-172 and
T98G cells, respectively, were still alive and metabolically active. The IC50 values of all the
analyzed lichen-derived compounds and extracts are presented in Table 1.

Table 1. The IC50 of the analyzed lichen-derived compounds/extracts established after 48 h treatment of A-172 and T98G
cell lines.

Lichen-Derived Compound/
Extract

A-172 T98G

IC50 (μg/mL) IC50 (μM) IC50 (μg/mL) IC50 (μM)

Salazinic acid >38.8 >100.0 >38.8 >100.0

P. sulcata extract 73.6 ± 7.3 - 89.8 ± 5.1 -

Evernic acid >33.2 >100.0 >33.2 >100.0

E. prunastri extract 73.8 ± 5.5 - 61.0 ± 1.1 -

(−)-Usnic acid 31.5 ± 0.8 91.4 ± 2.0 13.0 ± 1.3 37.8 ± 3.8

C. uncialis extract 11.0 ± 4.6 - 3.9 ± 2.2 -

IC50 ± SEM was calculated from the results obtained in three independent experiments with four measurements per assay, for each point
in the concentration curve.
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Figure 3. The cytotoxicity evaluation of salazinic acid and P. sulcata acetone extract in A-172 cell line (A) and T98G cell
line (B), of evernic acid and E. prunastri acetone extract in A-172 cell line (C) and T98G cell line (D), and of (−)-usnic acid
and C. uncialis acetone extract in A-172 cell line (E) and T98G cell line (F), based on 48 h MTT test. DMSO-treated cells
(control) were assigned as 100% cell viability. Statistically significant difference in cell viability between the cells exposed to
the analyzed lichen-derived compound or extract as compared to the control cells is indicated with a rectangle. The mean
values ± SEM from three independent experiments with four measurements per assay are presented.

Inhibition of the Kynurenine Pathway Enzymes: Indoleamine 2,3-Dioxygenases 1 (IDO1),
Indoleamine 2,3-Dioxygenases 2 (IDO2), and Tryptophan 2,3-Dioxygenase (TDO)

The kynurenine pathway plays a role in the development of GBM and is regarded as a
possible molecular target for GBM treatment [24]. Thus, our next goal was to analyze if the
lichen-derived compounds and extracts possess inhibitory properties related to kynurenine
pathway enzymes, indoleamine 2,3-dioxygenases 1 (IDO1), indoleamine 2,3-dioxygenases
2 (IDO2), and tryptophan 2,3-dioxygenase (TDO). Our results show that out of the investi-
gated lichen-derived compounds, only salazinic acid did not exhibit any inhibition effect
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against IDO1, IDO2, and TDO enzymes (Table 2). The other lichen-derived compounds and
extracts, similarly to epacadostat (the reference drug with IC50 = 17.4 ± 1.1 nM), turned out
to be IDO1 selective inhibitors. Evernic acid and (−)-usnic acid, assayed in a fixed concen-
tration of 100 μg/mL, displayed ability to reduce the activity of IDO1 by 32.84 ± 1.93% and
21.62 ± 0.85%, respectively. The most effective inhibitory activity was shown by C. uncialis
extract, that inhibited IDO1 by 54.82 ± 3.51%. The extracts obtained from E. prunastri and
P. sulcata reduced the activity of the tested enzyme by 43.06 ± 1.97% and 20.47 ± 1.23%,
respectively (Table 2).

Table 2. Effect of the investigated lichen extracts and reference compounds on the activity of indoleamine-2,3-dioxygenase
(IDO1, IDO2) and tryptophan-2,3-dioxygenase (TDO).

Lichen-Derived Compound/Extract
Inhibition (%)

IDO1 IDO2 TDO

Salazinic acid - - -

P. sulcata extract 20.5 ± 1.2 - -

Evernic acid 32.8 ± 1.9 - -

E. prunastri extract 43.1 ± 2.0 - -

(−)-Usnic acid 21.6 ± 0.9 - -

C. uncialis extract 54.8 ± 3.5 - -

epacadostat 95.6 ± 2.8 - -

“-“—not active (i.e., inhibitory effect was lower than 10%). Concentration of examined samples was 100 μg/mL. The mean values ± SEM
from three independent measurements are presented.

2.2.2. Anti-Inflammatory Activity
Inhibition of Cyclooxygenase-2 (COX-2)

Cyclooxygenase-2 (COX-2), the enzyme involved in both initiation and resolution of
inflammation [25], has been implicated in tumorigenesis and progression of GBM [26]. Over-
expression of COX2 appears also during natural or pathological aging of the brain [27]. The
results of our study indicate that all the tested lichen-derived compounds and extracts exerted
anti-COX-2 effects. As shown in Table 3, the most potent anti-COX-2 activity was shown by P.
sulcata extract (65.9 ± 4.1%) and salazinic acid (60.3 ± 3.0%). (−)-Usnic acid and evernic acid
were also characterized by strong anti-inflammatory activity, inhibiting COX-2 to 59.3 ± 3.5%
and 50.7 ± 2.1%, respectively. The anti-COX-2 activity of the other analyzed extracts, namely
E. prunastri and C. uncialis extracts were weaker, though still noticeable.

Table 3. Inhibition of cyclooxygenase-2 (COX-2) enzyme by the extracts of P. sulcata, E. prunastri, and C. uncialis as well as
their major secondary metabolites: salazinic acid, evernic acid and (−)-usnic acid.

Lichen-Derived Compound/Extract
Equivalent Concentration of
Acetylsalicylic Acid (mg/mL)

COX-2 Inhibition (%)

Salazinic acid 12.9 ± 0.1 60.3 ± 3.0

P. sulcata extract 13.0 ± 0.8 65.9 ± 4.1

Evernic acid 10.9 ± 1.8 50.7 ± 2.1

E. prunastri extract 10.0 ± 0.2 35.9 ± 2.8

(−)-Usnic acid 12.9 ± 1.5 59.3 ± 3.5

C. uncialis extract 10.4 ± 0.1 45.9 ± 1.9

Concentration of examined samples: see Section 4. The mean values ± SEM from three independent experiments with four measurements
per assay are presented.
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Anti-Hyaluronidase Activity

Hyaluronidase is an enzyme responsible for maintaining the homeostasis of hyaluro-
nan in the extracellular matrix. Upregulation of this enzyme activity is observed in chronic
inflammatory conditions [28]. In addition, hyaluronidase, responsible for generating
smaller fragments of hyaluronidase (HA), may be crucial for the correct functioning of
the CNS [29]. Therefore, we determined the effect of lichen-derived compounds and ex-
tracts on hyaluronidase activity. The results presented in Figure 4 show that in the tested
concentration range, lichen-derived compounds and extracts, excluding C. uncialis extract
(IC50 > 0.75 mg/mL), demonstrate the ability to inhibit hyaluronidase (Figure 4). In fact,
the inhibitory properties of salazinic acid and evernic acid were similar to those obtained
for β-escin, used as a standard. In addition, we noticed the pronounced difference between
the extracts’ activity and the activity of pure compounds. The inhibitory potential was
more pronounced for the examined extracts.

Figure 4. Inhibition of hyaluronidase by lichen-derived substances and extracts as well as by β-escin
(served as a standard in this assay). Results are presented as IC50 mean values (mg/mL) ± SEM
(five measurements; n = 5 for lichen-derived compounds; and n = 6 for β-escin) obtained in two
independent experiments.

2.2.3. Impact on Reactive Oxygen Species (ROS) Homeostasis

The disruption of CNS homeostasis may be caused by oxidative stress [30]. However,
in cancer cells ROS are able to trigger programmed cell death and ROS generation is an
important mechanism of chemo- and radio-therapy [31]. Therefore, it is important to
determine how lichen-derived compounds and extracts influence ROS homeostasis. In this
context, assessment of the antioxidant activity of P. sulcata, E. prunastri, C. uncialis acetone
extracts, and salazinic acid, evernic acid (−)-usnic acid isolated from these lichens, was
undertaken using two different spectroscopic methods. The well-known DPPH method
assesses the free radical scavenging ability of a sample in vitro, while the CUPRAC method
shows the ability of the tested substances to reduce cations of metals. As displayed in
Table 4, only P. sulcata and E. prunastri extracts were able to scavenge the DPPH radical
and reduce Cu2+ ions measured in the assumed concentration range. In the DPPH test,
the P. sulcata extract was more active than the E. prunastri extract. The CUPRAC method
showed that E. prunastri extract reduced metal ions more strongly than P. sulcata extract.
It is worth mentioning that the detected activity of E. prunastri was only 3–4 times lower
than resveratrol, which is considered as a potent antioxidant. None of the tested lichen-
derived compounds showed antioxidant activity in the performed experimental models
and concentrations.
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Table 4. Antioxidant activity of lichen extracts and compounds measured using DPPH and CUPRAC analysis.

Lichen-Derived Compound/Extract
DPPH

IC50 (μg/mL)
CUPRAC

IC0.5 (μg/mL)

Salazinic acid >750.0 >250.0

P. sulcata extract 669.3 ± 11.8 175.4 ± 1.0

Evernic acid >750.0 >250.0

E. prunastri extract 1926.3 ± 33.2 103.4 ± 1.4

(−)-Usnic acid >750.0 >250.0

C. uncialis extract >2500.0 >312.5

resveratrol 25.1 ± 0.1 29.7 ± 0.1

IC50—the IC50 values, i.e., the concentration of an antioxidant necessary to halve the initial DPPH• concentration (for lichen-derived
substances the highest concentration was 750.0 μg/mL, for extracts 2500.0 μg/mL); IC0.5 values, i.e., the concentration of an antioxidant
necessary to achieve the absorbance of 0.5 in the CUPRAC analysis (for lichen-derived substances the highest concentration was 250.0
μg/mL, for extracts 312.5 μg/mL). The mean values ± SEM from three measurements are presented (n = 3).

Effect on Antioxidant Enzyme Activity

Superoxide dismutase (SOD), glutathione reductase (GR), and glutathione peroxidase
(GPx) are the main endogenous enzymatic defense systems of human cells [32]. Therefore,
we checked the influence of the lichen-derived compounds and extracts on SOD, GR, and
GPx using in vitro spectroscopic methods. In regard to SOD, the present study showed
that both lichen-derived compounds and extracts have the capacity to inhibit the activity of
this enzyme (Table 5). The highest inhibitory activity was detected for E. prunastri extract,
as it inhibited more than half of SOD activity (53.4% ± 2.4%) (Table 5). P. sulcata extract and
its major constituent salazinic acid, as well as evernic acid and (−)-usnic acid, inhibited
SOD activity by ~20%. The weakest, although still noticeable SOD inhibitory activity was
exerted by C. uncialis extract (12.8% ± 1.0%).

Table 5. Effect of lichen extracts and compounds on SOD activity.

Lichen-Derived Compound/Extract SOD Inhibition (%)

Salazinic acid 19.4 ± 0.3

P. sulcata extract 22.0 ± 1.3

Evernic acid 21.2 ± 0.0

E. prunastri extract 53.4 ± 2.4

(−)-Usnic acid 19.6 ± 0.6

C. uncialis extract 12.8 ± 1.0

Concentration of examined sample in the reaction mixture: 537.6 μg/mL reaction mixture. The mean values ± SEM from three measure-
ments are presented (n = 3).

The inhibitory effect of lichen substances on GR and GPx enzymes was also deter-
mined in our study. The results show that the most potent inhibitory effect was demon-
strated by E. prunastri extract, which inhibited both GR and GPx. Interestingly GPx was
inhibited only in 20.0 ± 2.1% by evernic acid, contrasted to 92.4 ± 4.3% by the E. prunastri
extract, evernic acid. Both enzymes (GP and GPx) were also inhibited by (−) - usnic acid,
but more weakly than by the E. prunastri extract. Quite potent inhibition against GPx was
also presented by the PS extract, which did not inhibit the GR at all. Salazinic acid and C.
uncialis extract showed no activity (Table 6).
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Table 6. Effect of lichen extracts and compounds on GR and GPx activity.

Lichen-Derived
Compound/Extract

GR Inhibition under
Reaction Conditions

(%)

GR
Inhibitory Activity

(nMol Depleted
NADPH/min
Incubation)

GPx Inhibition under
Reaction Conditions

(%)

GPx
Inhibitory Activity

(nMol Depleted
NADPH/min
Incubation)

Salazinic acid - - - -

P. sulcata extract - - 47.1 ± 0.7 93.9 ± 5.2

Evernic acid - - 20.0 ± 2.1 39.9 ± 1.0

E. prunastri extract 91.1 ± 7.2 3551.2 ± 264.4 92.4 ± 4.3 184.2 ± 30.2

(−)-Usnic acid 18.2 ± 2.2 710.2 ± 42.3 13.7 ± 2.3 27.3 ± 1.3

C. uncialis extract - - - -

“-“—not active; concentration of examined sample in the reaction mixture: 444.4 μg/mL (GR), 243.9 μg/mL (GPx).

2.2.4. Anticholinergic Activity

Cholinesterases are a group of enzymes responsible by the hydrolysis of acetylcholine,
playing a fundamental role in neurosynaptic communication. Increased activity of these en-
zymes has also been noted in brain tumors [33]. Thus, to investigate the anticholinesterase
effect (anti-AChE and anti-BChE) of P. sulcata, E. prunastri, C. uncialis and isolates of
salazinic acid, evernic acid and (−)-usnic acid, the modified Elman’s method was used.
Our results indicated the diversified activity of the tested extracts and compounds. The
extract of C. uncialis only, weakly inhibited AChE. BChE, an enzyme with lower substrate
specificity [34], was inhibited by most of the tested substances (Table 7). The greatest
inhibition of BChE was shown by evernic acid.

Table 7. Inhibition of AChE and BChE by lichen substances expressed as equivalent reference concentration.

Lichen-Derived
Compound/Extract

Equivalent Reference Concentration (μg/mL)

Neostygmine Magniflorine Donepezil Eserine Rivastigmine

AChE BChE AChE BChE AChE BChE AChE BChE AChE BChE

Salazinic acid - 13.6 ± 0.1 - 43.2 ± 0.2 - 7.9 ± 0.3 - 9.0 ± 0.1 - 70.9 ± 0.3

P. sulacata extract - 8.1 ±0.0 - 26.2 ± 0.6 - 4.8 ± 0.1 - 5.4 ± 0.6 - 42.9 ± 0.1

Evernic acid - 16.5±0.2 - 52.3 ± 0.1 - 9.5 ± 0.0 - 10.9 ± 0.1 - 85.9 ± 0.1

E. prunastri extract - - - - - - - - - -

(−)-Usnic acid - - - - - - - - - -

C. uncialis extract 0.7 ± 0.1 16.5 ± 0.1 7.9 ± 0.0 52.3 ± 0.1 0.6 ± 0.1 9.5 ± 0.4 0.1 ± 0.0 10.9 ± 0.0 1.4 ± 0.0 85.9 ± 0.2

“-“—not active; concentration in the reaction mixture: 142.9 μg/mL.

2.3. Permeability through the Blood-Brain-Barrier (PAMPA-BBB)

The presence of an active compound at the site of its action is essential for achieving a
biological effect. Thus, using the Parallel Artificial Membrane Permeability Assay for the
Blood-Brain Barrier (PAMPA-BBB) we evaluated if lichen-derived compounds, both used
as pure substances and as the components of extracts, can cross the BBB and reach the CNS.
The results of our analysis revealed that the permeability of the tested compounds varied
significantly. For (−)-usnic acid and evernic acid, whether it was permeated from the
extract or as a pure compound, the calculated Pe proved their high permeability (Pe > 1.5 ×
10−6 cm/s) [35,36]. We noted that (−)-usnic acid penetrated extremely strongly compared
to the other tested compounds. This is indicated by the very high Pe index achieved after
1 h incubation time. Salazinic acid, the depsidone from P. sulcata, was characterized by the
very low Pe coefficient (Pe < 0.5 × 10−6 cm/s). Data analysis also showed that the degree
of permeation is similar, whether the compound is permeated from the extracts or as a
pure substance (Table 8).
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Table 8. The effective permeability (Pe) of salazinic acid, evernic acid, (−)-usnic acid as pure compounds and from extracts
using the Parallel Artificial Membrane Permeability Assay for the Blood-Brain Barrier (PAMPA-BBB).

Lichen-Derived Compound/Extract
Pe × 10−6 (cm/s)

t = 1 h
Pe × 10−6 (cm/s)

t = 4 h

Salazinic acid (PC) np np

Salazinic acid (from PSE) np np

Evernic acid (PC) 5.2 ± 0.8 8.6 ± 0.4

Evernic acid (from EPE) 5.0 ± 0.7 7.2 ± 0.4

(−)-Usnic acid (PC) 92.8 ± 6.3 nd

(−)-Usnic acid (from CUE) 140.5 ± 7.3 nd

Np—classified as non-permeable (i.e., Pe < 0.5 × 10−6 cm/s); nd – not determined; PC—pure compound; PSE—P. sulcata acetone extract;
EPE—E. prunastri acetone extract; CUE—C. uncialis acetone extract. Results are presented as Pe × 10−6 cm/s. The mean values ± SEM
from three independent experiments are presented (n = 3).

2.4. Summary of Biological Potential of Lichen-Derived Compounds and Extracts

To summarize the results obtained, we presented the data as a star diagram (Figure 5).
This chart allowed us to assess the total biological potential in terms of the assessed
directions of activity. The highest activity among the tested compounds was characterized
by (−)-usnic acid. The other two compounds were less active. Evernic acid was involved
in all directions of activity presented in the graph (cytotoxic, anti-inflammatory, and
antioxidant inhibitory activity). These properties were admittedly a bit weaker than those
demonstrated by salazinic acid, but more diverse. Salazinic acid was, however, more potent
as an anti-inflammatory agent, but it was not active in regard to IDO1 inhibition.

The analysis of the biological potential of the extracts showed that C. uncialis ex-
tract had the highest cytotoxic activity and the lowest anti-inflammatory and antioxidant
enzyme-inhibiting activity. On the other hand, E. prunastri extract most strongly inhibited
the antioxidant enzymes. Still, it had the weakest anti-inflammatory effect, and its cytotoxic
effect on cancer cells was comparable to that of P. sulcata extract. However, its higher IDO1
inhibitory capacity suggests a greater antitumor potency as compared to P. sulcata extract.
In fact, the latter exhibited the weakest properties in regard to anticancer properties.

The analysis of the charts also allowed us to observe the differences in the potency
between pure compounds and the extracts. The presented figure shows that the compounds
tested in the same concentration as the extracts (see Figure 5 caption) had lower activity
as compared to the extracts from which they originated. The potency of the extracts was
sometimes even several times higher. It is important to note that the lichen-derived extracts
contain a plethora of compounds, which acting together shift the extract’s properties from
the ones exerted by its main components. For instance, C. uncialis extract and (−)-usnic
acid differed in their anti-inflammatory properties, while in case of E. prunastri extract,
its ability to inhibit antioxidant enzymes was found to be significantly enhanced due to
the presence of components besides evernic acid. In turn, the extract of P. sulcata had
high anti-inflammatory activity, especially expressed by the ability to inhibit the activity of
hyaluronidase. This may indicate the synergism of the action of the substances present.

The cytotoxic activity of the extracts was slightly increased or remained at a compa-
rable level as compared to the pure compounds. What is more, considering the amount
of active substance in the tested extracts, especially for C. uncialis and P. sulcata extracts,
the cytotoxic effect on GBM cells was more pronounced than for (−)-usnic and salazinic
acid, respectively. To conclude, our data suggest that the lichen-derived extracts are more
promising anti-GBM agents, as compared to pure lichen-derived substances.
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Figure 5. The biological activity of lichen-derived compounds and extracts: compounds (A) and
extracts (B), expressed by the surface of area, taking into account the measured biological properties
expressed in %. The graphs were made for the concentrations: inhibition of IDO1 100.0 μg/mL (A,B);
inhibition of COX-2 250.0 μg/mL (A,B); inhibition of hyaluronidase 500.0 μg/mL (A,B); inhibition of
SOD 537.6 μg/mL (A,B); inhibition of GR 444.4 μg/mL (A,B); inhibition of GPx 243.9 μg/mL (A,B);
cytotoxicity expressed as % of cell death: A-172 100 μM (A), 50 μg/mL (B), and T98G 100 μM (A), 50
μg/mL (B).
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3. Discussion

Lichens are an interesting group of organisms that draw attention due to the produc-
tion of secondary metabolites with multidirectional biological properties [2,14,15,37]. We
therefore selected three species of lichens, P. sulcata, E. prunastri, and C. uncialis for our
research. Our phytochemical analysis revealed that the analyzed extracts of P. sulcata, E.
prunastri, and C. uncialis are rich in polyphenolic compounds. Similar observations were
reported by other research groups [22,38]. The HPLC method applied in order to determine
the content of the dominant active compounds detected the major secondary metabolites;
in P. sulcata extract it was salazinic acid, in E. prunastri extract it was evernic acid, and in C.
uncialis it was (−)-usnic acid. The active compounds were abundant in the lichen-derived
extracts. In this context, e.g. evernic acid constituted 66.63% of the E. prunastri extract, while
salazinic acid constituted 23.05% of P. sulcata extract. The high content of polyphenols in
non-polar lichen extracts was also confirmed by others. According to Manojlović et al. [10],
salazinic acid was the dominant compound in acetone extract from P. sulcata. Other works
indicated that evernic acid and (−)-usnic acid were the important components of acetone
extracts of E. prunastri [6,38] and of C. uncialis [22,39], respectively.

Despite the growing evidence of the anticancer potential of lichen-derived substances
and extracts, not much is known about their ability to influence brain tumor growth.
Brain tumors are a serious therapeutic problem, the largest of which is GBM, being still
one of the main challenges in clinical oncology [40]. Efforts are constantly being made
to find more efficient anti-GBM therapy, as the overall survival of GBM patients rarely
exceeds 15 months [41]. Since beneficial anticancer activity associated with lichen-derived
compounds and extracts were previously reported in respect of various cancer cell lines,
we hypothesized that P. sulcata, E. prunastri and C. uncialis may also decrease the viability
of GBM cells. Our research confirmed the well-established role of (−)-usnic acid as a
substance that decreases cancer cell viability [15]. In temozolomide-sensitive A-172 and
temozolomide-resistant T98G cell line models, (−)-usnic acid was the dominant cytotoxic
compound as compared to the other two lichen-derived compounds, namely, the depsidone,
salazinic acid and the depside, evernic acid. Interestingly, C. uncialis extract even at a
concentration of 1 μM, was able to significantly reduce GBM cell viability. The potential
mechanisms responsible for the observed cytotoxicity can be related to pro-apoptotic
properties of usnic acid, as reported for various cell line models, including colorectal
adenocarcinoma (CaCo2), rhabdomyosarcoma (RD), cervical carcinoma (Hep2C), and
hepatocellular carcinoma (HepG2) [2]. Data concerning the effect of usnic acid on GBM
cells are, however, scarce. Only recently, the cytotoxic and genotoxic effects of (+)-usnic
acid on GBM cell line U87MG cells were confirmed by Emsen et al. [17].

So far over 70 different metabolites have been identified and characterized in E.
prunastri, and evernic acid is regarded as one of its major secondary metabolites [42]. In our
study, evernic acid was cytotoxic to the A-172 cell line in a broad range of concentrations
(10–100 μM); however, the cytotoxic effect was moderate – the viability dropped to ~80%, as
compared to the vehicle-treated control. In the T98G cell line, the cytotoxic effects of evernic
acid were observed only for the highest tested concentration (100 μM). Shcherbakova et al.
found that the U-87 GBM cell line was sensitive to evernic acid, but also to E. prunastri
extract [43]. In our study, the treatment with E. prunastri extract dose-dependently reduced
the number of living cells. Interestingly, the temozolomide-resistant cell line, T98G, was
more prone to E. prunastri induced cell death, as compared to the temozolomide-sensitive
A-172 cell line. Furthermore, the report of Kosanić and coworkers also demonstrates that
acetone extracts of E. prunastri and Pseudevernia furfuraceae possess anticancer activity
against human melanoma FemX and human colon carcinoma LS174 cell lines [9].

To the best of our knowledge, P. sulcata, and salazinic acid were not yet tested in a
model of human GBM cells; here we report their moderate cytotoxicity. Ari et al. [44]
demonstrated cytotoxic effects of P. sulcata methanolic extracts in the C6 rat GBM cell
line—cell viability significantly decreased after high doses (50 and 100 μg/mL) of the
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extract. In this study, P. sulcata extract was slightly more cytotoxic to C6 and to liver cancer
Hep3B cell lines, as compared to human lung cancer A549 and PC3 cells [44].

Equally important as the cytotoxic activity of the analyzed compounds/extracts on
cancer cells, is the lack of toxicity against healthy cells. Current data supports the safe
profile of lichen-derived compounds and extracts in regard to normal astrocytes or neurons,
supporting their neuroprotective properties [45]. For instance, in a recent study [46],
evernic acid protected primary cultured neurons against 1-methyl-4-phenylpyridium
(MPP+)-induced cell death, mitochondrial dysfunction, and oxidative stress, and effectively
reduced MPP+-induced astroglial activation by inhibiting the NF-κB pathway. Moreover,
evernic acid ameliorated 1-methyl-4-phenyl-1,2,3,6,-tetrahydropyridine-induced motor
dysfunction, dopaminergic neuronal loss, and neuroinflammation in the nigrostriatal
pathway in C57BL/6 mice. The neuroprotective effects of usnic acid were also reported in
an acute mouse model of Parkinson’s disease. It was found that 1-methyl-4-phenyl-1,2,3,6,-
tetrahydropyridine-induced motor dysfunction and neuronal loss were ameliorated in the
usnic acid-treated mice versus vehicle-treated controls [46].

Apart from the cytotoxic properties that the investigated lichen-derived compounds
and extracts exerted upon cancer cells, our study also revealed that they also possess
desirable inhibitory effects on indoleamine-2,3-dioxygenase 1 (IDO1). IDO1, together
with IDO2 and TDO (tryptophan-2,3-dioxygenase), are responsible for the conversion of
L-tryptophan into L-kynurenine (Kyn), which is the rate-limiting step of the kynurenine
pathway. The downstream metabolites of the Kyn pathway play significant role in the
formation of an immunosuppressive environment, due to the negative regulation of T-
cell responses [47]. It has been observed that the excessive degradation of tryptophan or
the accumulation of its metabolites reduces the ability of the immune system to destroy
tumor cells and also increases the progression of brain tumors. Comprehensive studies
on cancer patients proved that expression and activity of IDO1 is strongly correlated with
pathological grades of glioma [48]. Moreover, overexpression of IDO1 correlates with poor
prognosis in patients with glioma. Therefore, IDO1 has become an attractive target in the
treatment of GBM. Our results showed for the first time that C. uncialis and E. prunastri
extracts, in concentrations of 100 μg/mL, are able to inhibit IDO1 by 54.82 ± 3.51% and
43.06 ± 1.97%, respectively. Interestingly, similarly to the results of the cytotoxicity study,
both C. uncialis and E.prunastri extracts exhibited stronger IDO1 inhibitory properties
than the pure compounds, used in the equivalent concentrations. Therefore, it should
be assumed that it is not the dominant compound which is mostly responsible for the
inhibitory activity towards IDO, and the final biological effect of the extracts depends on
the action of other extract components. This is also evidenced by the analysis of the activity
of P. sulcata extract, for which the IDO inhibitory activity was determined as 20% enzyme
inhibition, while pure salazinic acid was not active. If these results could be extrapolated
from the preclinical to clinical settings, the use of the above-mentioned extracts or their
secondary metabolites (evernic and usnic acids) could be considered as a supplementary
(add-on) therapy for GBM patients. This hypothesis needs further verification in cell-based
assay for IDO inhibition and during in vivo experiments. However, previous studies
proved that combination of IDO1 inhibitors with chemo- or immunotherapy led to an
increased response rate when compared to classical therapies. The use of IDO1 inhibitors as
add-on therapy can also be effective in inhibiting IDO-induced angiogenesis and thus reducing
tumor growth and metastatic potential [49]. Due to the fact that IDO activation plays a pivotal
role in the processes of cancer initiation, progression and metastasis, lichen extracts could
possibly be used as dietary supplements in chemoprevention of cancer as well.

Because the inflammatory process accompanies many pathological conditions, and re-
veals itself in cancers and degenerative diseases of the brain tissue, we decided to examine
also the anti-inflammatory potential of the tested lichen-derived compounds and extracts.
Most brain tumors, including malignant glioma, show high COX-2 expression [50]. The
activity of this enzyme was found to be correlated with the rate of GBM cell prolifera-
tion [51], with GBM grade [52], and poor prognosis [50]. Moreover, it has been shown that
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COX-2 activity in GBM adversely affects epilepsy accompanying the disease [50]. Hence,
one of the therapeutic targets to control the development of GBM and its accompanying
symptoms may be COX-2. The literature indicates the anti-inflammatory properties of
lichen compounds [37], including activity towards COX-2 [23,53,54]. The results of our
study indicate that all the tested lichen-derived compounds and extracts showed the abil-
ity to inhibit COX-2. However, taking into account the content of test substances in the
extracts calculated based on HPLC analysis, the activity of the extracts was comparable
to the anti-COX-2 properties of tested compounds. The strongest inhibition of COX-2
was exerted by P. sulcata extract and its component—salazinic acid. The detected COX-2
inhibitory effect was higher than that of acetylsalicylic acid. The literature confirms the
anti-inflammatory properties of salazinic and evernic acids, which strongly inhibited mi-
crosomal prostaglandin E2-1 synthase [53], as well as of (+)-usnic acid, which inhibited
the synthesis of leukotriene B4 (LTB4) [55]. The obtained data indicate that the substances
we tested, both in pure form and in extracts, can attenuate the inflammatory response
induced by COX-2, which can be beneficial both in the context of brain tumors as well as
neurodegenerative diseases.

Hyaluronic acid is a component of the brain’s extracellular matrix. Hyaluronan
particle size is associated with invasion of GBM cells and frequently-occurring therapeutic
resistance [56]. Low molecular weight hyaluronan molecules, formed as the end product of
degradation by hyaluronidase, are often associated with increased invasion and accelerated
tumor growth [57] and increased cancer proliferation and cell adhesion [58]. From the
point of view of reducing the invasiveness of the tumor, inhibition of the degradation
of hyaluronic acid by the enzyme is an advantageous feature. Moreover, the activity of
hyaluronidase may induce inflammation accompanying pathological changes in the brain
tissue [28]. Thus, in this study, we wanted to verify whether the selected compounds and
lichen extracts may affect the activity of hyaluronidase. Our results indicate that among the
tested substances, those from two species, P. sulcata and E. prunastri, provide compounds
capable of inhibiting hyaluronidase activity. In these two cases, in the concentration range
used, the extract was more potent than the pure compound, and the activity was higher
than that of β-escin, used as a standard [59]. Such results suggest that, apart from the tested
compounds, the inhibition of the enzyme is also influenced by other substances contained
in the extracts. On the other hand, salazinic acid, evernic acid, and (−)-usnic acid activity
were similar to the reference. The anti-hyaluronidase activity of (−)-usnic acid was similar
to that presented in recent literature [60].

ROS are involved in different signaling pathways to control cellular stability [61]. Their
excess is related to neurodegeneration, but in relation to cancer treatment it is beneficial,
as most anticancer therapies rely on ROS-induced cell death. Thus, it is important to
know whether lichen-derived compounds and extracts possess antioxidant, or rather
pro-oxidant properties. The results of our study show that P. sulcata, E. prunastri and C.
uncialis extracts and their major secondary metabolites are characterized by very limited
antioxidant properties. This is in line with other research data showing that extracts from
E. prunastri and P. sulcata have little ability to scavenge ROS [12,38]. However, in our study
the observed ability of these extracts to reduce copper ions was noticeable. The reducing
properties of E. prunastri were only three times lower than that of resveratrol, used as
a standard [62]. Other researchers have studied the antioxidant effect of some lichen-
derived substances. In a study by Kosanić et al. [9], E. prunastri extract and evernic acid
showed weak free radical scavenging activity in the DPPH test, compared to the standard.
Salazinic acid and usnic acid were, in turn, assessed as strong antioxidants [10,63]. Our
analyzes did not confirm these results. It is worth mentioning that it has been reported that
the level of antioxidant activity may vary depending on the lipophilicity of the reaction
environment [64]. These observations may partially explain the discrepancies in the results.

Superoxide dismutase (SOD), glutathione reductase (GR), and glutathione peroxidase
(GPx) are the main endogenous enzymatic defense systems of human cells. They play
important roles in neuroprotection [65] but, in the case of an already developed CNS
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tumor, it was observed that a high level of these enzymes correlates with a high degree of
malignancy of neoplastic cells, a shorter period of disease progression, and the development
of drug resistance [66]. The literature indicates that lowering the activity of SOD, GR, and
GPx may increase the effectiveness of the treatment [67]. The results of our study indicate
that P. sulcata, E. prunastri, and C. uncialis and their major secondary metabolites inhibit the
SOD enzyme, while the strongest activity was characterized by E. prunastri extract (53.4%).
Salazinic acid, evernic acid, and usnic acid inhibited the enzyme with similar effectiveness
of about 20%. GPx was most strongly inhibited by E. prunastri extract (92.4 ± 4.3%), while
the enzyme was not inhibited by salazinic acid and C. uncialis extract. Therefore, probably
both salazinic acid and (−)-usnic acid do not participate in the antioxidant activity of the
examined extracts. GR was only inhibited by E. prunastri extract (91.1 ± 7.2%) and (−)-
usnic acid (18.2 ± 2.2%). These results may suggest that lichen-derived compounds and
extracts, in particular E. prunastri extract and (−)-usnic acid, may enhance the effectiveness
of GBM therapies.

Another therapeutic target in CNS diseases is acetylcholine-metabolizing cholinesterases.
As their activity is increased in neurodegenerative diseases, inhibition of these enzymes
positively affects patients with degenerative changes in the CNS, e.g., Alzheimer’s disease.
Increased AChE and BChE activity was also observed in brain tumors, including GBM [68].
Our study found only a small or no inhibitory effect of the studied lichen-derived com-
pounds and extracts on the activity of cholinesterases. Only the extract of C. uncialis showed
the activity against AChE, compared to the reference substance. A similarly low inhibitory
activity of lichens secondary metabolites against both AChE and BChE was confirmed in
our other studies [23] as well as by other authors [69].

Due to the blood-brain barrier (BBB), which limits the penetration of most anticancer
drugs into the CNS, standard GBM treatment is limited to surgical resection, followed by
radiotherapy in combination with temozolomide [70]. Therefore, it is important to know if
a molecule with therapeutic properties can penetrate into the CNS. One of the methods of
obtaining such data is the PAMPA-BBB analysis, which allows collecting preliminary data
on whether the studied molecule can show the ability to diffuse passively through the BBB.
Very little is known about the ability of lichen-derived compounds and extracts to penetrate
into the CNS. Our most recent study demonstrated that physodic acid is characterized by
a high permeability coefficient, meaning it can reach the CNS via passive diffusion [23].
In this study we showed that evernic acid and especially (−)-usnic acid, reaching a very
high Pe value after 1 h of incubation, can also penetrate the BBB well. Thus, taking into
account our observations on the penetration and strong cytotoxicity of (−)-usnic acid, we
can suppose that the ability of this compound to penetrate the CNS is high enough to have
a cytotoxic effect on neoplastic cells. It has to be noted that evernic and usnic acids can
penetrate via the BBB both as single substances and as active ingredients of the extracts.
In contrast, our study showed that salazinic acid is incapable of penetration through the
tested type of biological barrier, regardless of whether it was a component of the extract or
a pure compound. The analysed lichen-derived compounds selected for the study differed
in chemical structure, which would explain the differences in BBB permeation.

4. Materials and Methods

4.1. Plant Material

The examined lichens were manually collected: C. uncialis, Jastrzębsko Stare, Greater,
VI 2015, Poland, E. prunastri from the maple bark, West Pomeranian, XI 2015, P. sulcata,
Podlesice, Silesian region, VIII 2015, Poland, and authenticated by Dr Daria Zarabska-
Bożejewicz (The Institute for Agricultural and Forest Environment of the Polish Academy
of Sciences in Poznan). Voucher specimens (CUES 2015.06; EPES 2015.11; PSES 2015.08)
have been deposited in the herbarium of the Department of Pharmacognosy at Poznan
University of Medical Sciences.
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4.2. Solvents and Chemicals

Formic acid, sodium carbonate, sodium hydroxide, DMSO, acetone, ammonium
acetate, copper (II) chloride were purchased from Avantor Performance Materials Poland
S.A. (Gliwice, Poland). The Folin–Ciocalteu phenol reagent was from Merck (Darmstadt,
Germany). HPLC grade water, HPLC grade acetonitrile, acetate buffer were from JT Baker–
Avantor Performance Materials B.V. (Deventer, The Netherlands), tannic acid from Roth
GmbH (Karlsruhe, Germany). Salazinic acid, evernic acid, and (−)-usnic acid were isolated
and identified in the Department of Pharmacognosy of Poznan University of Medical
Sciences. Atranorin was purchased from ChromaDex ((Los Angeles, CA, USA). All other
chemicals were from the Sigma–Aldrich Chemical Co. (Taufkirchen, Germany).

4.3. Preparation of Extract

Dried, cleaned and fragmented thalli of P. sulcata, E. prunastri, C. uncialis (5.0 g) were
sonicated at 35 ◦C for 6 × 30 min with acetone (100 mL × 6) in an ultrasonic bath. The
extracts were filtered using Whatman filterpaper No. 1 and concentrated by evaporation
using a rotary evaporator under vacuum at 35–40 ◦C to afford a solid residue (P. sulcata
435 mg, with yield of 8.71%; E. prunastri 429 mg, with yield of 8.24%; C. uncialis 71.52 mg,
with yield of 1.43%).

4.4. HPLC Analysis

Analysis was performed on (Thermo Scientific UltiMate 3000 UHPLC, Waltham, MA
USA) system. The separation was achieved on Kinetex C18 column (100 × 2.1 mm, 5 μm)
with mobile phase consisting of acetonitrile and 0.5 % formic acid with a flow rate of
0.3 mL/min. The gradient elution started from 5% of acetonitrile to 100% during 10 min.
After that step, isocratic elution with 100% acetonitrile proceeded for 2 min. During the
final 5 min, the concentration of acetonitrile decreased to the initial condition (5%). The
detection wavelength was 254 nm, and the temperature was 40 ◦C. The method was
validated for salazinic acid, evernic acid, and (−)-usnic acid [23].

4.5. Total Phenolic Content (TPC)

TPC was determined using the Folin–Ciocalteu method [71]. 0.1 mL of DMSO/acetone
extracts from P. sulcata, E. prunastri, C. uncialis, prepared at concentrations of 10 mg/mL,
2 mg/mL, and 5 mg/mL, respectively, were mixed with 4.0 mL of distilled water and with
0.5 mL of Folin–Ciocalteu′s reagent. Immediately afterwards, 20% sodium carbonate was
added (2.0 mL), and subsequently, the samples were supplemented with distilled water (a
total volume of 10 mL). The samples were incubated for 30 min at room temperature (in
the dark). The absorbance was measured at 760 nm (spectrophotometer UV/VIS, Lambda
35, Elmer–Perkin, Waltham, MA, USA). The blank contained the DMSO instead of the
examined sample. The results were presented as mg of gallic acid equivalent (GAE) per
g of a dry extract ± SEM (to prepare the calibration curve of gallic acid, 0.2–0.8 mg/mL
concentrations of gallic acid were used).

4.6. Determination of Cytotoxicity of Lichen-Derived Substances

4.6.1. Compounds/Extracts

Stock solutions in dimethylsulfoxide DMSO (Sigma-Aldrich, St. Louis, MO, USA),
(10 mM for compounds and 10 mg/mL for extracts) were prepared and stored at −20 ◦C.
For the experiments, the stock solutions were diluted ex tempore to the final selected
concentration with complete cell culture medium.

4.6.2. Cell Culture and Assessment of Cell Viability

Human glioblastoma A-172 and T98G cell lines were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA), and the European Collection of
Authenticated Cell Cultures (ECACC, Salisbury, UK), respectively. The cells were grown at
37 ◦C in 95% humidified and 5% CO2 atmosphere. Media recommended by the provider
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were used to cultivate the cells: ATCC-formulated Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma Aldrich, St. Louis, MO, USA), and ATCC-formulated Eagle’s Minimum
Essential Medium (EMEM) (Sigma-Aldrich, St. Louis, MO, USA) were used for A-172
and T98G cells, respectively. Moreover, the media were supplemented with 10% fetal
bovine serum (FBS) (Biowest, France) and 1% antibiotics (penicillin and streptomycin)
solution (Sigma-Aldrich, St. Louis, MO, USA). The medium for the T98G cell line was
additionally supplemented with 2 mM glutamine, 1% non-essential amino acids, and
1% sodium pyruvate (all obtained from Sigma Aldrich, St. Louis, MO, USA). For the
experiments, the amount of FBS was reduced to 5%. All experiments were carried out 24 h
after the cells were seeded on 96-well plates.

The effect of the tested compounds and extracts on GBM cell viability was assessed
by measuring the ability of cells to metabolize 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), as previously described [72]. In brief, 1 × 104 cells per well
were seeded on 96-well plates. After 24 h incubation, they were treated with varying
concentrations of lichen-derived compounds (1, 5, 10, 25, 50 and 100 μM) and extracts
(1, 5, 10, 25, 50 and 100 μg/mL). Cells treated with medium containing the respective
concentrations of DMSO (Sigma-Aldrich, St. Louis, MO, USA) were used as a control.
After 48 h incubation the cells were washed with phosphate-buffered saline (PBS) buffer
and incubated for 4 h in the presence of PBS containing 0.5 mg/mL MTT salt (Merck,
Darmstadt, Germany). Next, the formazan crystals were dissolved in acidic isopropanol.
In order to enhance dissolution of formazan crystals the plates were shaken on the orbital
shaker for 30 min. Finally, the absorbance was measured at λ = 570 nm and λ = 690 nm on
the microplate reader (Tecan Infinite M200). All the experiments were repeated three times
with at least four measurements per assay.

4.7. Inhibition of Indoleamine 2,3-Dioxygenase (IDO1)

Inhibitory effects of the investigated extracts and standards (salazinic acid, evernic
acid, (−)-usnic acid), as well as the reference IDO1 inhibitor (epacadostat) were determined
using Universal IDO1/IDO2/TDO Inhibitor Screening Assay Kit from BPS Bioscience,
Inc. (San Diego, CA, USA). This colorimetric assay is based on the measurement of the
ability of IDO1, IDO2 and TDO to convert L-tryptophan into N-formylkynurenine (NFK).
The experiments were performed according to the manufacturer’s guidelines. The final
concentration of the compounds and extracts in the reaction mixture was 100 μg/mL. The
amount of NFK was measured spectrophotometrically at 320 nm using an Epoch BioTek
microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The samples were run in
triplicate and the results were expressed as mean ± SEM.

4.8. Effect on Cyclooxygenase-2 (COX-2) Activity

For the assay, reagents from Cayman COX Activity Assay Kit (Chemical, Ann Arbor,
MI, USA, No. 760151) were prepared strictly as suggested by the producer and were
combined with COX-2 enzyme (Human recombinant, Cayman No. 60122, pre-diluted
100-fold using 100 mM, pH 8.0 Tris buffer). A volume of 0.01 mL of the studied sample,
dissolved in pure DMSO to obtain 5 mg/mL, was mixed with 0.12 mL of Tris buffer
(100 mM, pH 8.0), 0.01 mL hemin, shaken and left for 5 min at 25 ◦C followed by addition
of 0.02 mL colorimetric substrate and 0.02 mL arachidonic acid solution. To start the
reaction, 0.02 mL of COX-2 solution was added. The increase of absorbance during
incubation at room temperature was recorded at 590 nm. Negative (blank) sample (buffer
instead of studied sample) and positive sample (COX-2 inhibitor DuP-697) were run
simultaneously. Background of studied samples (0.01 mL of sample mixed with 0.19 mL
buffer) was also measured and included in the calculations. Each sample was run in
at least 4 repeats. Inhibition of the enzyme activity was expressed in % (indicates by
how many % the activity has been reduced in relation to the negative or blank sample
for which the maximum activity was assumed as 100%, under the conditions used in
the method). Also, inhibition of enzyme activity was expressed as acetylsalicylic acid
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equivalent concentration (mg/mL). For this purpose, acetylsalicylic acid solutions were
prepared at 14 concentrations (0.2–10.0 mg/mL) and analyzed similarly to tested samples.

4.9. Anti-Hyaluronidase Activity

Inhibition of hyaluronidase (HA) was determined by a method described by Studzińska-
Sroka et al. [23]. Briefly, 25 μL of incubation buffer (50 mM, pH 7.0, with 77 mM NaCl and
1 mg/mL of albumin), 25 μL of enzyme (30 U/mL of acetate buffer pH 7.0), 10 μL solutions
of the tested extracts (1.25–7.5 mg/mL) or lichen substances (0.625–5.0 mg/mL), and 15 μL
of acetate buffer (pH 4.5) were mixed (the final concentrations were: 0.125–0.75 mg/mL).
After incubation at 37 ◦C for 15 min, 25 μL of HA (0.3 mg/mL in acetate buffer) was added.
Subsequently, the plate was incubated for 45 min (37 ◦C). After this time, 200 μL of 2.5%
CTAB in 2% NaOH was put in. The turbidance of the reaction mixture was measured as
the absorbance at 600 nm (Multiskan GO 1510, Thermo Fisher Scientific, Vantaa, Finland)
after 10 min of incubation at room temperature. β-escin was used as the positive control
(6.0–10.0 mg/mL, with the final concentration 0.6–1.0 mg/mL). All experiments were
carried out three times and the average from n = 5 (lichen substances) or n = 6 (lichen
extracts and β-escin) measurements was calculated. The percentage of inhibition was
calculated by using the equation below.

% inhibition activity =
(Ts − TEblank)

(THblank − TEblank)
× 100% (1)

where: TS = absorbance of sample; TEblank = absorbance of the enzyme + examined
substance; THblank = absorbance of the HA + examined substance.

4.10. Antioxidant Activity

4.10.1. DPPH and CUPRAC analysis

Two methods were used to test the antioxidant activity: DPPH and CUPRAC. The
DPPH assay was effected according to Kikowska et al. (2018) [73], with slight modifi-
cations. Briefly, 25.0 μL of examined extracts or compounds were prepared at different
concentrations (within the range 1.25–20 mg/mL, for each extract, and with two different
concentrations: 3 mg/mL, and 6 mg/mL, for salazinic acid, evernic acid and (−)-usnic
acid). Each was mixed with 175.0 μL of DPPH• solution (3.9 mg DPPH in 50.0 mL of
MeOH); the reached final assay concentrations were: 156.25 μg/mL to 2500 μg/mL, for
extracts, and 375 μg/mLto 750 μg/mL, for lichen compounds. The samples were then
shaken and incubated in the dark (30 min) at room temperature. Next, the absorbance was
measured at 517 nm. The control blank contained 25.0 μL of DMSO and 175.0 μL of DPPH•

solution. For calculating the scavenging % of DPPH• free radicals, the following formula
was used:

DPPH scavenging activity (%) = [(A0-A1)/A0] × 100%, (2)

where A0 is the absorbance of the control and A1 is the absorbance of the sample. The IC50
values, i.e., (a concentration of antioxidant necessary to halve the initial DPPH• quantity),
were used to compare the quality of the antioxidant potency of the studied extracts. The
lower absorbance of the reaction mixture indicated a higher free radical scavenging activity.
For the investigated substances, two independent experiments were carried out and the
average from n = 3 measurements was calculated.

To measure the antioxidant capacity of the lichen extracts and compounds the CUPRAC
assay was used [23]. The CUPRAC reagent was freshly prepared before the analysis and
composed of equal parts of acetate buffer (pH 7.0), 7.5 mM neocuproine (Sigma-Aldrich,
St. Louis, MO, USA) solution in 96% ethanol, and 10 mM CuCl2xH2O solution. The
samples (50 μL) dissolved in DMSO at different concentrations (78 μg/mL–1250 μg/mL,
for extracts, and 125–1000 μg/mL, for compounds), were mixed with the CUPRAC reagent
(150 μL) (the final assay concentrations were: 19 μg/mL – 312 μg/mL, for extracts, and
31 μg/mL–250 μg/mL, for compounds). After shaking and incubating in the dark at room
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temperature for 30 min, the absorbance was read at 450 nm. Resveratrol was used as a
standard (25–400 μg/mL; the final assay concentrations were 6.25–100 μg/mL). The results
were expressed as the IC0.5, the concentration at which the absorbance was 0.5. For the
investigated substances, two independent experiments were carried out and the average
from n = 3 measurements was calculated.

4.10.2. Effect on Antioxidant Enzymes Activity
Effect on Superoxide Dismutase Activity (SOD)

Sample (50 μL, 5 mg/mL of pure DMSO) was mixed with 10 μL SOD (0.24 U), 160 μL
nitrobluetatrazolium solution (0.0025 M), 205 μLphosphate buffer (0.2 M, pH 7.5), 30 μL
xanthine (150 mM in 1 M NaOH) and 0.01 mL xanthine oxidase (0.065 U, Sigma Aldrich
X4875). The change in the absorbance at 550 nm was measured in tested samples vs. controls
without the studied sample after 20 min of incubation and the effect on the enzyme was
calculated using the equation [74]:

Inhibition [%] = 100 – 100 ×
(Abs. 30 min – Abs. 0 min)

(Abs. control. 30 min – Abs. control 0 min)
(3)

Effect on Glutathione Reductase (GR) Activity

Sample (20 μL, 5 mg/mL of pure DMSO) was mixed with 10 μL of EDTA solution and
12 μL of GSSG solution and incubated for 5 min at 25 ◦C; 4 μL of NADPH solution and was
then added (all reagents were dissolved in 0.1 mM sodium phosphate buffer, pH 7.6), and
the initial absorbance (340 nm) was recorded. The reaction was then started by addition
of 2 U glutathione reductase (2 μL, Sigma Aldrich no G3664), 177 μL of 0.1 mM sodium
phosphate buffer, and the absorbance was recorded after 5 min of incubation at 25 ◦C. Con-
centrations of reagents in the final mixture (805 μL) were as follows: 0.5 mM EDTA, 10 mM
GSSG and 10 mM NADPH. Blank sample was prepared with buffer instead of the sample
and background was measured (mixture containing studied sample and buffer only). One
unit of enzyme activity has been defined as nMol of NADPH consumed/min·mL sample,
in comparison with nMol of NADPH consumed/min in blank (reagent) sample [75].

Effect on Glutathione Peroxidase (GPx) Activity

Sample (20 μL, 5 mg/mL of pure DMSO) was mixed with 8 μL of EDTA solution, 10 μL
of glutathione reductase (0.2 U Sigma G3664), 4 μL of GSH solution, 10 μL of glutathione
peroxidase (0.04 U Sigma G6137), 22 μL of H2O2 and 332 μL of 50 mM sodium phosphate,
pH 7.0). To start the reaction, 4 μL of NADPH solution (N5130) was added and the decrease
in the absorbance (340 nm) was read after 10 min of incubation at 25 ◦C. All solutions
were prepared in 50 mM buffer and concentrations of reagents in the final mixture were
as follows: 1mM EDTA, 0.2 U glutathione reductase, 2 mM GSH, 0.04 U glutathione
peroxidase, 1.5 mM H2O2 and 0.8 mM NADPH. Blank sample was prepared with buffer
instead of the studied sample and background was measured (mixture containing studied
sample and buffer only). One unit of enzyme activity was defined as nMol of NADPH
consumed/min·mL sample, in comparison with nMol of NADPH consumed/min in blank
(reagent) sample [76].

4.11. Anti-Cholinesterase Activity

Ellman’s colorimetric method was used [77] with modifications described previ-
ously [78]. Tested sample (10 μL) at concentration 5 mg/mL was mixed with 20 μL of
AChE (or BChE) solution (0.28 U/mL) and completed after 5 min with 35 μL of ATChI
(or BTCh) (1.5 mmol/L), 175 μL of 0.3 mmol/L DTNB (containing 10 mmol/L NaCl and
2 mmol/L MgCl2) and 110 μL with Tris-HCl buffer (50 mmol/L, pH 8.0). Samples con-
taining 10 μL of Tris-HCl buffer instead of the studied sample were run in the same way
(“blank” samples). The increase in the absorbance due to the spontaneous hydrolysis of the
substrate was monitored using “blank” samples containing ATCh (or BTCh) and DTNB
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completed to 350 μL with Tris-HCl buffer. All samples were incubated at 22 ◦C (30 min;
incubation time was determined after optimization experiments, details not shown), and
the absorbance was measured (405 nm, 96-well microplate reader, Tecan Sunrise, Grödig,
Austria). The “false-positive” effect of studied compounds was measured according to
Rhee et al. [79] with minor modifications, as described previously [78]: after mixing of the
substrate with the enzyme and buffer, the “false-positive” sample was left for incubation.
Then, a studied sample and DTNB were added, followed by an immediate measurement
of the absorbance.

Reference cholinesterase inhibitors were used for the calculations of results (eserine,
neostigmine, magniflorine, rivastigmine and donepezil). For this purpose, for each com-
pound, 16 dilutions in pure DMSO were prepared (2.57–41.14 μg/mL). These solutions
(10 μL) were tested as described above and calibration curves were produced.

Each sample was analyzed in at least eight repeats, and all solutions used in a set of
analyses were prepared in the same buffer. For calculations, the background of the sample
(10 μL mixed with 340 μL of Tris buffer) was measured at 405 nm and subtracted during
calculations. Then, the absorbance of the test sample was subtracted from the absorbance
of the “blank” sample.

4.12. Permeability through the Blood-Brain-Barrier (PAMPA-BBB)

To evaluate the effective permeability (Pe) of the salazinic acid, evernic acid, (−)-usnic
acid as pure compounds and from the extracts (P. sulcata acetone extract, E. prunastri acetone
extract, C. uncialis acetone extract, respectively), Parallel Artificial Membrane Permeability
Assay (PAMPA) for the Blood-Brain Barrier (BBB) was used (Pion Inc., Billerica, MA,
USA). The stock solutions of acetone extracts from C. uncialis, E. prunastri and P. sulcata
and from (−)-usnic acid, evernic acid, salazinic acid, were prepared with DMSO (the
concentrations of salazinic acid, evernic acid, and (−)-usnic acid reached were 2.5 mg/mL
for pure compounds and extracts). Next, the donor solution was prepared (5 μL of stock
solution/1000 μL of Prisma buffer, pH = 7.4 (Prisma HT, Pion Inc.). Subsequently, each
filter membrane of the acceptor plate wells was coated with 5 μL BBB-1 lipid solution
(Pion Inc.), and 180 μL of the donor solution was added to the donor wells. The acceptor
well was filled with 200 μL BSB (Brain Sink Buffer, Pion Inc.). The plate was incubated for
1 h or 4 h at 37 ◦C. After incubation, the donor and acceptor concentrations of examined
substances were determined using the HPLC. Effective permeability (Pe) of the compounds
was calculated by using the following equation.

Pe = −
ln
(

1 − CA
Ceq

)
S ×

(
1

VD
+ 1

VA

)
× t

(4)

where Pe is the effective permeability coefficient (cm/s), VD = donor volume, VA = acceptor
volume, Ceq = equilibrium concentration and Ceq = CD×VD+CA×VA

VD+VA
, S = membrane area,

and t = incubation time (in seconds) [35,36].
Compounds with Pe (× 10−6 cm/s) > 1.5 are classified as high permeation predicted,

while Pe (× 10−6 cm/s) < 1.5 are classified as low permeation predicted. Samples were
analyzed in triplicate and the average is reported.

4.13. Statistical Analysis

Results were expressed as means ± SEM. The median effect concentrations (IC50 or
IC0.5 values) were determined using a concentration–response curve. Statistical differences
were calculated using the unpaired t-test with two-tailed distribution, with significant
differences considered at p < 0.05.

5. Conclusions

To conclude, our study shows that lichen-derived compounds and extracts exert
cytotoxic activity against GBM cells, inhibit the enzymes involved in the kynurenine
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pathway, COX-2, and hyaluronidase, and have very mild antioxidant properties, making
them good candidates for adjuvant anti-GBM therapeutics. Usnic acid, with its ability
to cross the BBB and reduce GBM cell proliferation, can be regarded as a prototype for
compounds with activity within the CNS, in particular for GBM treatment. Lichen-derived
compounds and extracts should also be further evaluated as neuroprotective agents.
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their major metabolites as antioxidant, antimicrobial and anticancer agents. Food Chem. Toxicol. 2013, 53, 112–118. [CrossRef]
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Abstract: Propyl-propane thiosulfinate (PTS) and propyl-propane thiosulfonate (PTSO) are two
volatile compounds derived from Allium cepa with a widely documented antimicrobial activity.
The aim of this study was to evaluate their anti-candidiasis activity and the ability of its gaseous
phase to inhibit bacterial and yeast growth in vitro. The minimum inhibitory concentration of
various antifungal products (including PTS and PTSO) was determined versus 203 clinical isolates
of Candida spp. through broth microdilution assay. Additionally, the antimicrobial activity through
aerial diffusion of PTS and PTSO was evaluated over the growth of a collection of bacteria and yeasts
cultivated in agar plates. All yeasts were susceptible to the antifungals tested, except C. glabrata

and C. krusei, that showed azole resistance. PTSO (MIC50 and MIC90 ranged from 4 to 16 mg/L
and 8 to 32 mg/L, respectively) was significantly more active against yeasts than PTS (MIC50 and
MIC90 ranged from 16 to 64 mg/L and 32 to 64 mg/L). Values were higher than those obtained
for antifungal drugs. Gaseous phases of PTS and PTSO generated growth inhibition zones whose
diameters were directly related to the substances concentration and inversely related to the microbial
inoculum. The quantification of PTS and PTSO levels reached in the growth media through aerial
diffusion displayed a concentration gradient from the central zone to the periphery. Only P. aeruginosa

ATCC 27853 showed resistance, while yeasts (C. albicans ATCC 200955 and C. krusei ATCC 6258)
presented the higher susceptibility to both compounds. These results suggest that PTS and PTSO
display antibacterial and anti-candidiasis activity in vitro through aerial diffusion, having potential
use in human therapy.

Keywords: propyl-propane-thiosulfinate; propyl-propane-thiosulfonate; antibacterial activity; anti-
fungal activity; vapor

1. Introduction

In recent years, the antioxidative, hypolipidemic, hypocholesterolemia, antihyperten-
sive, heart-protective, antithrombotic, anticancer, anti-inflammatory, immunomodulatory,
and antimicrobial activities of different organosulfur products, such as thiosulfinates and
thiosulfonates obtained from garlic (Allium sativum) and onion (Allium cepa), especially
allicin (diallyl thiosulfinate), have been thoroughly studied [1–3].
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While the precise mechanism of action has not yet been discovered, the main an-
timicrobial effect of these Allium-derived compounds has been reported to be due to
its chemical reaction with thiol groups present in the main enzymes of the microbial
metabolism, such as succinate dehydrogenase, alcohol dehydrogenase, thioredoxin reduc-
tase and ureases among others, via thiol-disulfide exchange reaction [4–6]. Additionally,
they can react with thiols, such as glutathione, increasing the oxidized glutathione rate
into a range that induces oxidative stress and cellular apoptosis [7]; they can interact with
enzymes taking part of the microbial system of acetyl-CoA blocking the incorporation
of acetate into fatty acids and inhibiting the development of a phospholipid bilayer of
the membranes [5]; and they can inhibit RNA polymerase and, therefore, block the total
synthesis of microbial RNA [8].

In onion, the most common sulfur compounds are isoalliin (S-propenyl-L-cysteine
sulfoxide), methiin (S-methyl-L-cysteine sulfoxide) and propiin (S-propyl-L-cysteine sul-
foxide). Propiin changes into propyl-propane thiosulfinate (PTS) due to the action of
aliinase [9]. Although it is more stable than allicin, PTS is also a labile compound that,
through dismutation or disproportionation reactions, changes into dipropyl disulfide and
propyl-propane thiosulfonate (PTSO) [10].

In a previous study we compared the in vitro antibacterial activity of PTS and PTSO
with other antibiotics. Both molecules showed broad spectrum antibacterial activity against
multiresistant bacteria isolated from human clinical samples. These results contribute
to the development and potential use of these compounds against human infections,
such as oral, gastrointestinal, or skin infections, as well as for the treatment of urinary
tract infections [11].

Candiduria is a common finding in immunosuppressed and hospitalized patients,
which determines the clinical relevance of its detection and treatment. In recent decades,
a remarkable increase of opportunistic candidiasis infections has been described, especially
those affecting urinary tract produced by C. albicans, the most common among them.
Nevertheless, an increase in the incidence of other different species of Candida has been
described, some of them characterized by a higher resistance to the most common anti-
fungals used in humans [12,13]. Therefore, in the same way as with bacteria, it would be
interesting to compare the in vitro anticandidal activity of PTS and PTSO with that of other
existing antifungals for potential application in medical therapy.

Both substances are volatile. Therefore, the study of their antimicrobial capacity
through their gaseous phase would have great interest for the valorization of their possible
use in the treatment of susceptible respiratory pathogens if PTS and PTSO reach appropriate
concentrations in pulmonary epithelium administered by inhalation [3,14].

For all these reasons, the aim of this study was to evaluate anti-candidiasis activity
of PTS and PTSO in vitro and the capacity of its gaseous phase to inhibit the growth of
different bacteria and yeasts.

2. Results

2.1. Antifungal Susceptibility

The identification of the 203 clinical isolates of Candida spp. was as follows: C. albicans
(n = 83), C. glabrata (n = 73), C. krusei (n = 12) and C. tropicalis (n = 35). A summary of
the antifungal susceptibility data is presented in Table 1. All the isolates of C. glabrata
and C. krusei were resistant to fluconazole. C. glabrata was also resistant to voriconazole.
In the other cases, the isolates were susceptible to the assayed antifungals. Amphotericin
B significantly showed more activity against C. albicans and C. tropicalis than against the
two other species (p < 0.001), while C. glabrata was the species with the lowest MIC values
(p < 0.001) to echinocandins (anidulafungin, micafungin, and caspofungin).

The behavior of PTS and PTSO was quite homogeneous, regardless of the analyzed
species (Table 1). MIC50 and MIC90 values of PTS ranged from 16 to 64 mg/L for the
first and from 32 to 64 mg/L for the second. The MFC50 and MFC90 ranged from 32
to 128 mg/L and 128 mg/L, respectively. On the other hand, the values of MIC50 and
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MIC90 of PTSO ranged from 4 to 16 mg/L and 8 to 32 mg/L, while MFC50 y MFC90
ranged from 32 to 128 mg/L and from 64 to 128 mg/L, respectively. Considering all of
the clinical isolates of Candida spp., the data indicated that PTSO was significantly more
active than PTS (p < 0.001) and showed the fungicidal activity of these compounds since
MIC and MFC values differed in only one dilution for both PTS (MIC50 = 32 mg/L and
MFC50 = 64 mg/L; MIC90 = 64 mg/L and MFC90 = 128 mg/L) and PTSO (MIC50 = 16 mg/L
and MFC50 = 32 mg/L; MIC90 = 32 mg/L and MFC90 = 64 mg/L).

Table 1. In vitro activity of different antifungal drugs, PTS, and PTSO against Candida spp.

Species of Yeasts (Number of Isolates)
Range of MIC

(in mg/L)
MIC50

(in mg/L)
MIC90

(in mg/L)
Range of MFC

(in mg/L)
MFC50

(in mg/L)
MFC90

(in mg/L)
Number of Resistant Isolates

Candida albicans (n = 83)

Amphotericin B 0.125–0.25 0.25 0.25 1–16 4 8 0
Anidulafungin ≤0.008–0.25 0.015 0.06 0.015–>4 0.25 1 0

Micafungin ≤0.008–0.25 0.03 0.125 0.03–4 0.5 2 0
Caspofungin ≤0.008–0.25 0.06 0.06 0.06–4 0.5 2 0
Fluconazole ≤0.125–2 0.25 2 8–>64 >64 >64 0
Voriconazole ≤0.008–0.06 ≤0.008 ≤0.008 0.03–0.5 0.5 0.5 0

PTS 16–64 32 32 16–>128 32 128 -
PTSO 8–64 16 32 8–128 32 64 -

Candida glabrata (n = 73)

Amphotericin B 0.06–1 0.25 0.5 1–>16 4 8 0
Anidulafungin ≤0.008–0.125 0.015 0.03 0.06–>4 0.25 0.5 0

Micafungin ≤0.008–0.06 ≤0.008 0.03 0.008–4 0.06 0.25 0
Caspofungin ≤0.008–0.125 0.03 0.03 0.06–4 1 2 0
Fluconazole 0.25–≥64 4 ≥64 16–>64 >64 >64 73
Voriconazole 0.03–≥4 0.5 ≥4 2–>4 >4 >4 73

PTS 8–64 32 32 16–>128 64 128 -
PTSO 16–32 16 32 8–>128 32 64 -

Candida krusei (n = 12)

Amphotericin B 0.25–1 0.5 1 4–16 8 16 0
Anidulafungin ≤0.008–0.06 0.015 0.03 0.125–0.5 0.25 0.5 0

Micafungin 0.06–0.25 0.125 0.125 0.5–4 0.5 1 0
Caspofungin 0.06–0.25 0.125 0.25 1–4 1 2 0
Fluconazole 8–≥64 16 ≥64 >64 >64 >64 12
Voriconazole 0.03–0.5 0.125 0.5 2–>4 >4 >4 0

PTS 4–32 16 32 32–>128 32 128 -
PTSO 4–16 4 8 64–>128 128 128 -

Candida tropicalis (n = 35)

Amphotericin B ≤0.03–1 0.125 0.25 2–16 2 8 0
Anidulafungin ≤0.008–0.25 0.06 0.25 0.015–2 1 2 0

Micafungin ≤0.008–0.25 0.06 0.25 0.008–2 0.5 2 0
Caspofungin ≤0.008–0.25 0.06 0.25 0.06–4 1 4 0
Fluconazole ≤0.125–2 ≤0.125 1 8–>64 >64 >64 0
Voriconazole ≤0.008–0.06 ≤0.008 0.015 0.03–0.5 0.5 0.5 0

PTS 32–64 64 64 64–>128 128 128 -
PTSO 4–32 16 32 4–128 32 64 -

MIC: minimum inhibitory concentration. MFC: minimum fungicidal concentration.

2.2. Antimicrobial Activity of Vapor

PTS and PTSO inhibited growth in six of the seven microorganisms tested in the
present study through its gaseous phase without coming into contact with the medium
and thus, with the microorganism, except for its aerial diffusion. The vapor produced by
both substances reaches the agar medium, inhibiting microbial growth in a circular area
above the drop placed in the lid of the Petri dish (Figure 1). The absence of any microbial
growth in the inhibition area suggests a predominant biocidal effect of these substances.
Only P. aeruginosa ATCC 27853 showed resistance to both compounds, showing absence of
inhibition halo in the majority of the concentrations and bacterial inocula used. In the case
of this bacterium, halos with a diameter below 10 mm were observed only when PTSO was
used at a concentration of 50 mg/mL and 25 mg/mL against a bacterial inoculum at 0.5 of
McFarland scale.

As it is shown in Figure 2 and Table 2, diameters from the inhibition of growth zones
were directly related to the concentration of PTS or PTSO used, and inversely related to the
microbial inoculum used: the higher the concentration of PTS or PTSO were and the lower
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the inoculum of microorganisms were, the larger the diameter of the halo was (p < 0.001).
Greater halos and, consequently an increased susceptibility to these compounds were
observed in the case of yeasts (C. albicans ATCC 200955 and C. krusei ATCC 6258).

Considering the set of microorganisms used in this study (with the exception of
P. aeruginosa ATCC 27853 due to the demonstrated resistance to both compounds), the an-
timicrobial activity of PTSO was significantly higher than that of PTS, since, for the same
microbial inoculum and substance concentration, the diameters of the growth inhibition
halos produced by the gas phase of PTSO were significantly larger than those obtained
from PTS (p < 0.01, in all cases).

Figure 1. Cont.
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Figure 1. Antimicrobial activity of PTS and PTSO via the gas phase. Photograph showing halos of inhibition at doses of
50 mg/mL, 25 mg/mL, 10 mg/mL, 5 mg/mL, and 2.5 mg/mL (from left to right and from top to bottom). Although assays
were carried out at 0.5, 1, and 2 McFarland turbidity, only the results at 0.5 McFarland are shown.

Table 3 shows the concentration of PTS and PTSO detected in the Mueller-Hinton
medium by HPLC-UV. The gas phase of both compounds, deposited on the lid of the Petri
dish, reached the culture medium being able to be detected and quantified. The highest
concentration in all cases was reached in sample 1, which coincided with the center of the
plate, located in the most vertical position just above the drop deposited on the lid. As the
sample moved away from the center (samples from 2 to 6), the concentration decreased,
creating a gradient from the central area of the plate (highest concentration) towards
its periphery (lowest concentration). In some cases, either because the concentration of
the drop was small (2.5 mg/mL) and/or because the distance to the center was higher
(sample 6), the concentration reached in the medium could not be quantified because it
was below the limit of detection of the HPLC-UV technique.

From the results shown in Table 3, the linear regression lines were drawn (Figure 3),
relating the distance to the center of the plate (measured in mm) to the concentration that
PTS or PTSO reached at a given point (in mg/L) according to each of the concentrations of
the drop deposited on the lid. As it can be seen, there was a high correlation in all cases,
which determined the quality of the fit.

Theoretical concentration of PTS and PTSO reached at the limit of the microbial growth
inhibition zone for each microorganism and inoculum concentration is shown in Table 4.
This concentration was determined by measuring the radius (in mm) of the inhibition areas
obtained for each microorganism and inoculum concentration and extrapolating the results in
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the linear regression line for the corresponding concentrations of PTS and PTSO showed in
Figure 3. The concentrations of PTSO at which microbial growth was inhibited were lower than
those of PTS (p < 0.01), showing a greater antimicrobial activity. Furthermore, the inhibition of
yeast growth compared to that of the bacteria occurred with lower concentrations, with either
of the two compounds.

Figure 2. Average value ± standard deviation (in mm) of the growth inhibition halos for each concentration of PTS and
PTSO, in the different inocula (0.5, 1, and 2 of McFarland) and for the different microorganisms. Diameters from the
inhibition of growth zones were directly related to the concentration of PTS or PTSO used, and inversely related to the
microbial inoculum used. Greater halos were observed in the case of yeasts. The diameters of the growth inhibition halos
produced via the gas phase of PTSO were significantly larger than those obtained from PTS.
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Table 3. Concentration ± standard deviation (in mg/L) of PTS and PTSO reached in Mueller–Hinton agar for each of the
samples, in relation to the initial concentration of each substance in the drop deposited on the lid of the Petri dish.

Organosulfur Compound Initial Concentration Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

PTS

50 mg/mL 82.7 ± 0.1 70.8 ± 0.3 51.2 ± 0.1 30.2 ± 0.2 17.0 ± 0.3 9.4 ± 0.1
25 mg/mL 68.6 ± 0.2 59.6 ± 0.1 42.4 ± 0.3 25.1 ± 0.2 12.4 ± 0.1 5.8 ± 0.2
10 mg/mL 57.3 ± 0.2 48.6 ± 0.1 35.5 ± 0.1 22.1 ± 0.2 4.2 ± 0.1 <LD
5 mg/mL 48.5 ± 0.2 36.4 ± 0.2 28.6 ± 0.3 8.5 ± 0.2 <LD <LD

2.5 mg/mL <LD <LD <LD <LD <LD <LD

PTSO

50 mg/mL 28.6 ± 0.2 26.3 ± 0.2 20.9 ± 0.2 14.8 ± 0.1 9.9 ± 0.4 4.2 ± 0.2
25 mg/mL 23.4 ± 0.2 18.6 ± 0.2 14.8 ± 0.2 12.7 ± 0.2 8.2 ± 0.2 2.6 ± 0.1
10 mg/mL 18.7 ± 0.1 15.8 ± 0.1 13.8 ± 0.1 12.9 ± 0.3 7.5 ± 0.1 <LD
5 mg/mL 17.9 ± 0.1 14.8 ± 0.3 13.4 ± 0.2 7.5 ± 0.1 2.8 ± 0.3 <LD

2.5 mg/mL <LD <LD <LD <LD <LD <LD

LD: Limit of detection of the HPLC-UV technique.

Figure 3. Relationship between the distance from the center of the Petri dish and the concentration reached via the gas
phase at a defined point of the Mueller–Hinton medium for each concentration of PTS and PTSO deposited on the lid of
the Petri dish. There is an inverse linear relationship between the distance to the center of the culture medium and the
concentration reached via the gas phase at a given point.
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3. Discussion

3.1. Antifungal Susceptibility

Invasive fungal diseases of nosocomial origin or associated to health care, especially
those caused by Candida spp., have become a major health problem as they are associated
with high rates of morbidity and mortality. Although candida urinary tract infections
and vulvovaginal infections are, a priori, milder processes, they have a higher incidence
among the population and can be the origin of more serious and disseminated infections
in patients with underlying diseases [15]. Similarly, yeast colonization of the skin and
mucosal surfaces is also a risk factor for the development of invasive candidiasis in patients,
especially those admitted in the intensive care unit as a consequence of risk factors such as
handling by colonized healthcare personnel, central venous and urinary catheters, use of
broad-spectrum antibiotics, prolonged lengths of stay, mechanical ventilation, parenteral
feeding, etc. [16].

On the other hand, alongside the increase of the prevalence of yeast infections by
genus Candida, a significant increase in the rates of resistance to antifungals commonly
used in human clinics (mainly polyenes, azoles, and echinocandins) is currently described
both for C. albicans as in other non-albicans species. Therefore, it is difficult to establish a
preventive and therapeutic approach to these infections, which makes advisable to research
new alternative therapies to conventional treatments with different and/or synergistic
mechanisms of fungicide action and fewer side effects [17–20].

In this context, the thiosulfinates derived from Allium spp., such as allicin, have demon-
strated broad antifungal activity in numerous in vitro studies against yeasts of the genus
Candida [21–23]. In the present work, the MICs obtained for antifungals were similar to
those obtained in previous research, both in our geographical area [24,25] and in more
remote areas [19,26–29]. The lowest MICs were obtained for C. albicans and C. tropicalis;
the highest for C. glabrata and C. krusei, especially in the case of azoles, which indicates that
Candida species remain susceptible to commonly used antifungals and do not represent a
problem for the therapeutic approach. The usual resistance of C. glabrata and C. krusei to
azoles would be an exception.

Similarly, our results demonstrate that PTS and PTSO have a significant antifungal
activity against different isolates of Candida spp. from human clinical samples, although
their activity is not as strong as that of some antifungals, such as amphotericin B, echinocan-
dins or azoles, especially if we consider the most susceptible species to them. In addition,
our findings related to the antifungal effects of other organosulfur compounds against
yeast isolates are in compliance with those already described in the literature [21,30,31].

In order to explain the antifungal effect of these molecules, different mechanisms of ac-
tion have been proposed. The most directly associated to cell damage and decreased
growth capacity of the fungus are the ability to modify essential enzymes in fungal
metabolism [32], induce oxidative stress [7], alter lipids by damaging the integrity of cell
membranes (including cytoplasmatic organelles, such as mitochondria or vacuoles) [33]
and modify the expression of some genes [34].

Even if our preliminary results provide useful information about the potential use
of PTS and PTSO for the prevention or treatment of candidiasis infections caused by
multidrug resistant yeasts, further research is needed to demonstrate the effectiveness
of these compounds with a wider group of fungi and in vivo models [35]. Even though
these results may support their therapeutic use, the absence of cut-off points defined by
international committees for this kind of substances does not allow relevant conclusions
to be drawn. Further investigation regarding their pharmacokinetic and toxicological
characteristics is required before considering safe clinical use.

3.2. Antimicrobial Activity of Vapor

One of the main characteristics of the organosulfur compounds obtained from plants
of the genus Allium is their volatility, which is the main reason of the characteristic aroma
that these plants exude, especially when they are mashed or crushed. Given the scarcity
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of volatile antimicrobials available for clinical use in humans, these molecules could be
considered an alternative (alone or in combination with other antimicrobials) for the
treatment of lung infections via inhalation, instead of oral or parenteral administration [3].
However, there are still few studies evaluating their antimicrobial capacity through their
gas phase and their potential applicability for the treatment of infectious diseases [3,14,36].

In the present work, PTS and PTSO showed high bactericidal and fungicidal activity
through their gas phase, inhibiting the growth of six of the seven microorganisms assayed
(E. coli ATCC 25922, K. pneumoniae ATCC 700603, E. faecalis ATCC 29212, S. aureus ATCC
29213, C. albicans ATCC 200955 and C. krusei ATCC 6258, but not P. aeruginosa ATCC 27853),
which might suggest that these substances are likely to be less active against P. aeruginosa
than against other pathogens. Various studies have demonstrated that, against these
bacteria and other related ones, very high concentrations of these compounds should
be used to inhibit bacterial growth, which may not be feasible from a therapeutic point
of view [11,37,38].

However, the microbicidal activity of these compounds was not the same against
both types of microorganisms. The antifungal effect was higher than the antibacterial
effect (the growth inhibition halos were significantly higher in C. albicans ATCC 200955 and
C. krusei ATCC 6258 in comparison to those obtained against bacteria). The higher activity
of these compounds on yeasts is also observed if we compare the results obtained in the
present work on antifungal susceptibility, in terms of MIC, with a previous work of our
group with clinical bacterial isolates from human origin: MIC50 and MIC90 values of PTS
and PTSO are lower against yeasts than against bacteria [11]. According to some studies,
it is possible that the presence of a fungal cell wall, more permeable to these compounds
than the peptidoglycan wall of the bacteria, allows this cytotoxic effect at lower doses [39].
On the other hand, the gas phase of PTSO was more active than that of PTS against all the
microorganisms evaluated (with the exception of P. aeruginosa), since the growth inhibition
halos were significantly higher for PTSO than for PTS in all cases. In fact, the higher
antimicrobial activity of PTSO in comparison to PTS has already been described previously
by our group [11].

As shown by Leontiev et al. [14], despite of the lack of direct contact of the organosulfur
compounds with the agar and with the microorganism itself, when the antimicrobial effect
via the gas phase is studied, it is worth noting how clear are the microbial growth inhibition
halos and how well defined are the edges. His interpretation, as well as ours, is that this
could be due to the existence of a concentration gradient from the closest area of the agar
to the drop, precisely at its zenith, to the periphery. In our study, the quantification of the
concentration of PTS and PTSO in the agar allowed to confirm this suspicion, showing
that there is an inverse linear relationship between the distance to the center of the culture
medium and the concentration reached via the gas phase at a given point.

From the results obtained in the present study, as well as from previous works [3,14,40]
it can be deduced that organosulfur compounds derived from Allium spp., such as PTS
and especially PTSO could be used for the treatment of lung infections, due to its high
volatility by inhalation, producing an effect directly on the lung. An advantage that would
facilitate their clinical use is that these substances are perceived as innocuous as they are
present naturally in food such as onion, widely consumed and included in the diet in most
cultures. Among the disadvantages, we could highlight the need to improve the extraction
procedures in order to preserve the biological properties of these substances avoiding their
loss as a consequence of events such as heating, long-term preservation, etc. In addition,
there is a need to diminish the strong impact of their smell and aroma.

However, since the microbicidal effect is directly proportional to the concentration
of PTS and PTSO used, a definitive conclusion on the efficacy of this treatment cannot be
drawn without evaluating the potential toxicity on human lung cells. It may be possible
that the dose required to exert the expected effect in vivo is so high that it produces
undesirable toxic consequences. As indicated by Reiter et al. [3], the use of lower and
less toxic concentrations concomitantly with other antibiotics or antifungals could be
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considered if a synergistic effect is demonstrated. In this sense, it has been proven that
thiosulfinates have a synergistic effect with antibiotics, such as ampicillin, piperacillin-
tazobactam, levofloxacin, gentamicin, amikacin, azithromycin, vancomycin, doxycycline,
or polymyxin B [41–45] and with antifungals such as azoles [22,46] or amphotericin B [21].
The potential clinical usefulness of these substances at low concentrations, via inhalation
and in combination with other antimicrobials, requires further studies in vitro and with
animal and/or human models.

Among the main limitations of our study, was that the methodologies used, both for
the study of the antifungal effect of PTS and PTSO, as well as for the antimicrobial effect that
their gas phase could exert, are not standardized. Therefore, it is not possible to establish a
direct correlation between the results obtained and the potential human therapeutic use.
Although their antimicrobial activity seems obvious as numerous studies have shown,
international committees for the study of antimicrobial susceptibility have not yet defined
cut-off points for these compounds. Thus, no final conclusion can be drawn. Furthermore,
the present work has not evaluated the volatility of the organosulfur derivatives and,
therefore, the possible loss of activity of PTS and PTSO over time or with increasing
temperature, which other authors have described previously [36]. These factors could
reduce their clinical usefulness. Finally, further studies should be focused on standardizing
the methods to evaluate the antimicrobial activity, understanding how these substances
are distributed or removed from the organism, determining the administration routes,
and evaluating their effect in different dosages, organs and systems and evaluating the
safety of their administration in humans, before safe clinical use is considered.

4. Materials and Methods

4.1. Antifungal Susceptibility Testing

4.1.1. Antifungals, PTS, and PTSO

Amphotericin B, anidulafungin, micafungin, caspofungin, fluconazole and voricona-
zole were purchased from Sigma-Aldrich (Madrid, Spain). PTS and PTSO are organosulfur
compounds present in onion extracts (AlioCareTM) which were supplied with high pu-
rity (97%) by Enzim-Orbita Agroalimentares LDA (Tavira, Portugal) and dissolved in
polysorbate-80 to a final concentration of 500,000 mg/L.

4.1.2. Candida Isolates and Identification

Two hundred and three clinical isolates of Candida spp. obtained from urine sam-
ples processed in the Laboratory of Microbiology of the Virgen de las Nieves University
Hospital (Granada, Spain) were selected. CHROMagar Orientation medium (Becton Dick-
inson, Franklin Lakes, NJ, USA) was used for the growth of isolates. All colonies with
yeast compatible morphology were subcultured using a CHROMagar Candida medium
(Becton Dickinson). Species were identified using filamentation test and ASM Vitek system
(bioMérieux, Madrid, Spain) or MALDI Biotyper system (Bruker Daltonics, Billerica, MA,
USA). All isolates were stored at −40◦ C until the susceptibility study.

4.1.3. In Vitro Antifungal Assay

Standard broth microdilution method was carried out according to the guidelines of
the Clinical and Laboratory Standards Institute (CLSI) [47]. A series of two-fold final dilu-
tions of each drug, PTS, and PTSO were prepared in RPMI-1640 medium with L-glutamine
but without bicarbonate. Glucose was added to a final concentration of 0.2% and pH was
adjusted to 7.0 with acid morpholine propane sulfonic (0.165 M) buffer.

First, all isolates were subcultured onto Sabouraud dextrose agar. Twenty-four hours
after the incubation, standard 0.5 McFarland fungal suspensions were prepared with saline
solution. Microdilution testing was carried out in 96-well, flat-bottom microtiter plates
with a final concentration of the yeast cell suspension equal to 1–5 × 103 cells/mL in each
well. Each plate contained 10 serial two-fold dilutions of each antifungal compound, PTS or
PTSO. The range of concentrations (in mg/L) assayed for each compound were as follows:
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amphotericin B (0.03–16), anidulafungin (0.008–4), micafungin (0.008–4), caspofungin
(0.008–4), fluconazole (0.125–64) and voriconazole (0.008–4). The concentration ranges of
both PTS and PTSO were 0.25–128 mg/L. The positive controls (yeast suspension without
antifungal) and negative control (RPMI medium) were added in the last two wells of
the plate.

Microtiter plates were incubated at 35 ◦C and the minimum inhibitory concentration
(MIC) values were assessed visually after 24 h (48 h in case of azoles). For amphotericin
B, the MIC was determined as the lowest concentration of drug which produced a total
inhibition of visual growth. For azoles and echinocandins, the MICs were defined as the
lowest concentration of drug that produced ≥50% reduction of visual growth in comparison
with the growth of control wells.

The clinical isolates were considered to be susceptible (S), intermediate (I) or sus-
ceptible dose-dependent (SDD, only for fluconazole), or resistant (R) to anidulafungin,
micafungin, caspofungin, fluconazole and voriconazole according to the recommendations
of the CLSI [48]. For amphotericin B, European Committee on Antimicrobial Susceptibility
Testing (EUCAST) guidelines were followed [49]. CLSI clinical breakpoints for the sus-
ceptibility patterns of C. albicans, C. tropicalis, and C. krusei to anidulafungin, micafungin,
and caspofungin were S ≤ 0.25 mg/L, I = 0.5 mg/L, and R ≥ 1 mg/L. Breakpoints for the
susceptibility patterns of C. glabrata to anidulafungin and caspofungin were S ≤ 0.12 mg/L,
I = 0.25 mg/L, and R ≥ 0.5 mg/L; and to micafungin were S ≤ 0.06 mg/L, I = 0.12 mg/L,
and R ≥ 0.25 mg/L. CLSI clinical breakpoints for the susceptibility patterns of C. albicans
and C. tropicalis to fluconazole were S ≤ 2 mg/L, SDD = 4 mg/L, and R ≥ 8 mg/L; and for
C. glabrata SDD ≤ 32 mg/L, and R ≥ 64 mg/L. For voriconazole, S, I, and R breakpoints for
C. albicans and C. tropicalis were ≤ 0.12 mg/L, 0.25–0.5 mg/L, and ≥ 1 mg/L, respectively,
and for C. krusei ≤ 0.5 mg/L, 1 mg/L, and ≥ 2 mg/L, respectively. With regard to ampho-
tericin B, the following cutoff values were used for all yeasts: S < 1 mg/L and R ≥ 1 mg/L.
There are no cut-off points defined in CLSI or EUCAST for C. krusei to fluconazole neither
C. glabrata to voriconazole. All isolates of C. krusei and C. glabrata were then considered
resistant to fluconazole or voriconazole, respectively, regardless of the MICs. The values of
MIC50 and MIC90 were determined as the lowest concentration of the antifungal at which
50% and 90% of the isolates were inhibited, respectively.

To determine the minimal fungicidal concentration (MFC), after mixing the contents of
each well, 100 μL were inoculated onto a plate with Sabouraud dextrose agar and incubated
at 35 ◦C for 48 h. The lowest concentrations that showed no growth after incubation gave
the MFC value. MFC50 and MFC90 values were defined as the concentration of antifungal
that kills 50% and 90% of the isolates, respectively.

Following the CLSI and EUCAST guidelines, C. krusei ATCC 6258 was used as quality
control in the procedures.

4.2. Antimicrobial Activity of Gaseous PTS and PTSO

Seven microorganisms from the ATCC collection (American Type Culture Collec-
tion, Manassas, VA, USA) were used. Escherichia coli ATCC 25922, Klebsiella pneumoniae
ATCC 700603, and Pseudomonas aeruginosa ATCC 27853 were used as representative Gram-
negative bacteria. Enterococcus faecalis ATCC 29212 and Staphylococcus aureus ATCC 29213
were used as representative Gram-positive bacteria. Finally, Candida albicans ATCC 200955
and Candida krusei ATCC 6258 were used as representative yeast.

Bacteria and yeasts were grown over night at 36 ± 1 ◦C on sheep blood agar and
Sabouraud dextrose agar plates, respectively. Colonies were suspended in 5 mL saline
solution at 0.5, 1, and 2 McFarland turbidity. Bacteria were spread on Mueller-Hinton
agar and yeast on Mueller–Hinton agar supplemented with 2% glucose. Drops of 20 μL
of different concentrated PTS and PTSO solutions (50 mg/mL, 25 mg/mL, 10 mg/mL,
5 mg/mL, and 2.5 mg/mL) were placed in the center of a 9-cm diameter Petri dish lid
and the solidified agar plates with bacteria or yeasts were placed inverted over the lid
according to a previously described procedure [3,14]. Thus, the test solution and the agar
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itself did not come into contact except by diffusion through the air. After incubation for
24 h at 36 ± 1 ◦C the diameter of the inhibition zone was measured. Each trial was repeated
10 times.

In the same way as in the previous procedure but without the use of any microorgan-
ism, drops of 20 μL of different concentrations of PTS and PTSO solutions (50 mg/mL,
25 mg/mL, 10 mg/mL, 5 mg/mL and 2.5 mg/mL) were placed in the center of the Petri
dishes lid and the solidified Mueller–Hinton agar plates were placed inverted over the
lid. After incubation for 24 h at 36 ± 1 ◦C samples of the growth media with a diameter of
7.5 mm were extracted from the center of the plate to the periphery in order to determine
the concentration of PTS and PTSO reached on the agar as a consequence of its evaporation
(Figure 4). Each trial was repeated three times. The PTS and PTSO concentration achieved
in each of the Mueller-Hinton agar samples was determined by high-performance liquid
chromatography using a UV detector (HPLC-UV).

Figure 4. Procedure for obtaining samples from the Mueller–Hinton agar growth medium to establish
the concentration of PTS and PTSO reached on it via the gas phase of both compounds by HPLC-
UV. For each organosulfur compound and concentration, after incubation for 24 h at 36 ± 1 ◦C,
samples with a diameter of 7.5 mm were extracted from the center of the plate to the periphery in
order to determine the concentration of PTS and PTSO reached on the agar as a consequence of
its evaporation.

4.3. HPLC-UV Analysis

For the analysis of PTS and PTSO in agar samples, an Agilent 1260 Infinity HPLC
(Agilent Technologies Inc., Waldbron, Germany) system was used. The system is equipped
with an online degasser, an autosampler, a column thermostat, a diode array detector, and a
quaternary pump. The technology used to determine PTS and PTSO was previously de-
scribed by our group [50,51]. The analysis was carried out in a C18 column (Zorbax Eclipse
Plus 50 mm × 4.6 mm, 1.8 μm). Solvents used were 30 mM perchloric acid and MeCN
(solvent A and B, respectively) dissolved in water at a flow rate of 0.85 mL min−1. The in-
jection volume was 10 μL and the gradient elution program was: 0 min, 50% B; 2.2 min,
50% B; 4.5 min, 100% B; 6.8 min, 100% B; 8 min, 50% B; 10.5 min, 50% B. The wavelength of
detection was set at 200 nm. Agar samples were individually weighed and extracted in
500 μL of methanol through 5 min in vortex. The extract was filtered and directly injected
into the HPLC-UV.
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4.4. Statistical Analysis

In order to compare the distribution of MIC values of antifungals, PTS and PTSO in the
different groups of yeasts studied, the Wilcoxon rank-sum test was used. The differences
in the diameters of the growth inhibition halos and in the concentrations reached in the
limits of the zone of microbial growth inhibition of the microorganisms after exposure to
the gaseous phase of PTS and PTSO were compared using the Wilcoxon signed-rank test.
p-values < 0.05 were considered statistically significant. Data analysis was performed using
the software IBM SPSS Statistics, version 25.0. (IBM Corporation, Armonk, NY, USA).

5. Conclusions

PTS, and especially PTSO, showed antibacterial and anti-candida activity, even during
their gaseous phase, which makes them potentially useful molecules for human therapy.
However, it would be necessary to establish its efficacy in human trials, and to know the
concentrations that they achieve in the lung tissue when they are administered by inhalation.
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Abstract: Posidonia oceanica (L.) Delile is a marine plant traditionally used as an herbal medicine for
various health disorders. P. oceanica leaf extract (POE) has been shown to be a phytocomplex with
cell-safe bioactivities, including the ability to trigger autophagy. Autophagy is a key pathway to
counteract non-alcoholic fatty liver disease (NAFLD) by controlling the breakdown of lipid droplets
in the liver. The aim of this study was to explore the ability of POE to trigger autophagy and reduce
lipid accumulation in human hepatoma (HepG2) cells and then verify the possible link between
the effect of POE on lipid reduction and autophagy activation. Expression levels of autophagy
markers were monitored by the Western blot technique in POE-treated HepG2 cells, whereas the
extent of lipid accumulation in HepG2 cells was assessed by Oil red O staining. Chloroquine (CQ),
an autophagy inhibitor, was used to study the relationship between POE-induced autophagy and
intracellular lipid accumulation. POE was found to stimulate an autophagy flux over time in HepG2
cells by lowering the phosphorylation state of ribosomal protein S6, increasing Beclin-1 and LC3-II
levels, and decreasing p62 levels. By blocking autophagy with CQ, the effect of POE on intracellular
lipid accumulation was clearly reversed, suggesting that the POE phytocomplex may reduce lipid
accumulation in HepG2 cells by activating the autophagic process. This work indicates that P. oceanica

may be considered as a promising molecule supplier to discover new natural approaches for the
management of NAFLD.

Keywords: Posidonia oceanica; autophagy; lipid accumulation; NAFLD; herbal medicine

1. Introduction

Posidonica oceanica (L.) Delile is a marine plant belonging to the Posidoniaceae family
and the only species of Posidoniaceae endemic to the Mediterranean Sea [1]. Besides the
extreme ecological importance of P. oceanica underwater meadows, the literature tells of
a millenary relationship between humans and this marine plant. Some historical sources
report that in Ancient Egypt, P. oceanica leaves were used as an herbal medicine for various
health ailments, such as sore throat and skin problems [2], but also for the treatment of
inflammation and irritation and as a remedy for acne, lower limb pain, and colitis [3]. More
recently, a decoction of P. oceanica leaves was used as an herbal medicine against diabetes
and hypertension by inhabitants of coastal areas in Western Anatolia [4]. In support of this,
the literature describes antidiabetic and vasoprotective effects of a hydroalcoholic extract
obtained from P. oceanica leaves in an in vivo animal model [4].

In recent years, our group has undertaken a series of in vitro and in vivo studies that
for the first time shed light on the hitherto unexplored biological mechanisms underlying
the bioactive properties of a hydroalcoholic P. oceanica leaf extract (POE). UPLC characteri-
zation analysis showed that POE consists of 88% phenolic compounds. Of these, about 85%
were represented by (+) catechins and the remaining 4% by a mixture of gallic acid (0.4%),
ferulic acid (1.7%), epicatechin (1.4%), and chlorogenic acid (0.6%). The small remaining
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fraction (11%) remained unknown/uncharacterized (Figure 1) [5]. Moreover, POE has been
shown to be consistently effective as a phytocomplex at doses nontoxic to cells [5–10].

Figure 1. Phenolic composition with relative percentages of P. oceanica leaf extract (POE) obtained by
UPLC analysis [5].

POE showed anti-inflammatory properties both in an in vitro cell model of lipopolysac-
charide (LPS)-stimulated murine macrophages [8] and in different in vivo models of in-
flammatory pain induced by intraplantar injection of carrageenan, interleukin IL-1β, and
formalin in CD-1 mice [9]. In addition, POE showed an inhibitory role on the in vitro
protein glycation process by blocking the formation of advanced glycation end products
(AGEs) [10], as well as the ability to inhibit the highly migratory phenotype of certain cell
lines such as human fibrosarcoma HT1080 [5,6] and human neuroblastoma SH-SY5Y [7].
Further, our investigation of the mechanism of action underlying its anti-migratory role
revealed that POE acts by activating a transient autophagy flux [6].

Autophagy is an evolutionarily conserved intracellular degradative process that regu-
lates metabolism and maintains cellular homeostasis by removing aggregated, damaged
and/or misfolded proteins, and damaged organelles through cytosolic sequestration and
subsequent lysosomal degradation [11]. In the light of this, it is known that a deficiency
in autophagy could contribute to the development or progression of several disease con-
ditions, including non-alcoholic fatty liver disease (NAFLD) [12,13]. NAFLD is the most
common liver disease in Western countries and is defined as evidence of hepatic steatosis
without any cause of secondary hepatic fat accumulation, such as alcohol abuse, use of
steatogenic drugs, or inherited disorders [14]. In NAFLD, cells are characterized by exces-
sive accumulation of triglycerides and cholesterol in lipid droplets (LDs) [15]. It is generally
accepted that autophagy is activated during the early phase of NAFLD in response to
the acute increase in lipid availability. Autophagy may then regulate hepatocellular lipid
accumulation through selective degradation of cellular lipid stores (lipophagy). However,
large or chronic lipid exposure tends to deregulate the autophagy process [13,16–18]. Ac-
cumulating evidence suggests that impaired autophagy prevents the clearance of LDs,
damaged mitochondria, and toxic protein aggregates, which can be produced during the
progression of various liver diseases, thus contributing to the development of steatosis,
steatohepatitis, fibrosis, and cancer [19,20]. This supports the possibility that autophagy
may be one of the key targets for the prevention and treatment of hepatic steatosis in
NAFLD [21].

Developing a treatment for patients suffering from NAFLD is challenging because
of its intricate etiology, complex diagnosis, broad spectrum of stages, and presence of
concomitant disorders. However, in addition to the need for lifestyle modifications, to
date, herbal medicine has emerged as an alternative approach to the prevention and/or
treatment of NAFLD [22]. Certain herbal extracts and natural products are considered
effective in ameliorating lipid accumulation through, at least in part, activation of au-
tophagy. Examples include Rb2, a major ginsenoside from Panax ginseng [23]; the natural
polyphenol resveratrol [24–26]; the bergamot polyphenol fraction (BPF), one of the dietary
polyphenols [27]; capsaicin, an extract of Capsicum annuum and a common food supple-
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ment [28]; and many others [22]. Some natural products have already been supported by
clinical studies in the treatment of NAFLD [29], such as berberine [30], resveratrol [31],
and curcumin [32], found effective in improving NAFLD parameters. Thus, the literature
provides valuable information on the role of natural compounds and herbal extracts as
potential candidates in the management of NAFLD.

In the light of these considerations, this work tested the ability of POE to reduce
intracellular lipid accumulation in an in vitro model of hepatic steatosis using the human
hepatoma cell line HepG2. The role of POE in triggering autophagy in HepG2 cells was
also tested, and thus the possible correlation between POE-induced reduction of lipid
accumulation and activation of an autophagic flux was verified.

2. Results and Discussion

2.1. Biochemical Composition of P. oceanica Leaf Extract (POE)

The previously developed hydroalcoholic extraction method [5] was used to recover
hydrophilic compounds from P. oceanica leaves that were soluble enough to be readily
evaluated in biological media. This method recovered 1.8 mg of dry extract per aliquot.

POE was found to be composed mainly of polyphenols and a carbohydrate fraction. By
the Folin–Ciocalteau method, POE was found to contain 3.9 ± 0.4 mg/mL of polyphenols
(TP) equivalent to gallic acid, while colorimetric analysis with phenol-sulfuric acid showed
that POE contains 6.0 ± 1.3 mg/mL of carbohydrates (TC) equivalent to glucose. In
addition, POE exhibited radical-scavenging and antioxidant activities of 9.0 ± 0.3 mg/mL
and 1.0 ± 0.2 mg/mL ascorbic acid equivalents by FRAP and DPPH assays, respectively
(Table 1).

Table 1. Polyphenol and carbohydrate content in POE and its antioxidant and radical-scavenging properties. All values
(mg/mL) are reported as means ± SD of at least three independent extractions.

TP TC Antioxidant Radical Scavenging

Method Folin–Ciocalteau Phenol/sulfuric acid Ferrozine® DPPH
Reference control Gallic acid Glucose Ascorbic acid Ascorbic acid

POE 3.9 ± 0.4 6.0 ± 1.3 1.0 ± 0.2 9.0 ± 0.3

The data obtained are consistent with those obtained in previous work [6,8], support-
ing the efficiency and reproducibility of the extraction method.

2.2. Effect of POE on HepG2 Cell Viability

The viability of HepG2 cells treated with POE at dilutions of 1:100, 1:250, and 1:500
(corresponding to 36, 14, and 7.2 μg/mL dry weight of extract, respectively) was assessed
using MTT assay. POE treatment, ranging from 7.2 μg/mL to 36 μg/mL concentration, did
not cause any reduction in cell viability, as depicted in Figure 2. Treatment with the vehicle
excluded any effect of EtOH/H2O (70:30 v/v) on cell viability (Figure S1 in Supplementary
Materials). These findings agree with the previously reported non-toxicity of POE. Indeed,
the phytocomplex has already been extensively demonstrated to exert its activity without
showing signs of cellular toxicity under different treatment conditions in various cell
lines [5–8].
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Figure 2. The effect of POE on HepG2 cell viability. MTT assay on cells untreated (−) or exposed
to different POE concentrations for 24 h. Data were reported as the mean ± SD of at least three
independent experiments.

For subsequent experiments, POE was therefore used at the lowest dose of 7.2 μg/mL,
in agreement with previous work [6,8].

2.3. POE Activates an Autophagic Flux in HepG2 Cells

Activation of autophagy is among the newly discovered biological properties of
POE [6]. In this work, this ability of POE was verified in HepG2 cells. Autophagy pathways
were explored by Western blot analysis in lysates of cells treated at different time points
with POE or Rapa (used as a control for autophagy activation).

Representative Western blot images in Figure 3A show that HepG2 cells underwent a
transient autophagy flux over time induced by POE treatment, as well as cells treated by
Rapa.

Specifically, by analyzing the mammalian target of rapamycin (mTOR) signaling
pathway, the best-known autophagy-suppressive regulator, it was observed that Rapa
significantly reduced the levels of the phosphorylated form of S6 (p-S6) already at 3 h
(28 ± 9%), maintaining them low even at 24 h (20 ± 10%) of treatment compared to
untreated control cells; POE apparently caused a reduction in p-S6 levels compared with
untreated control cells as early as 3 h of treatment (90 ± 9.5%)—although the data do not
show statistical significance—until it resulted in a maximum reduction in p-S6 levels at
7 h of treatment (60 ± 12%). This suggests that POE contributes to an early activation of
autophagy by inhibiting the mTOR signaling pathway. However, this effect ended by 16 h,
when p-S6 levels returned to baseline (97 ± 14%) (Figure 3B).

The dynamics of Beclin-1 levels were further explored, as this variation is considered
a downstream event in the autophagy signaling cascade crucial for the early stage of
autophagosome formation [33]. Figure 3B clearly shows that at the 7 h time point, POE
caused a marked increase in Beclin-1 expression (390 ± 35%) compared to untreated control
cells, supporting the observed advancement of autophagy. This effect was comparable to
that induced by Rapa (483 ± 45% compared to untreated control cells). As a consequence
of POE intervention on Beclin-1 expression at 7 h of treatment, the isolation membrane, a
double-membrane structure encompassing cytoplasmic material, had formed to originate
the autophagosome.
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Figure 3. The effect of POE on autophagy flux activation in HepG2 cells. (A) Representative images of
Western blot analysis of all the assayed protein markers of autophagy detected in HepG2 cells treated
with POE (7.2 μg/mL), cells treated with Rapa (0.5 μM), or untreated cells (Ctrl). (B) Quantification
of signals determined by densitometry analysis of at least three independent experiments. Error bars
represent standard errors. * p < 0.05; ** p < 0.01 vs. untreated control cells (Ctrl; indicated by the
dotted line). Kruskal–Wallis test. Pairwise comparisons were performed using Conover test.

Because the amount of LC3-II, the phosphatidylethanolamine-conjugated form of
LC3, reveals the number of autophagosomes and autophagy-related structures, LC3 is
reportedly the most widely used autophagosome marker [34]. Even though LC3-II is
found in the autophagosome, it is a well-known marker of autophagosome elongation.
POE-treated cells exhibit a peak in LC3-II/LC3-I expression at 7 h (162 ± 15%) similarly to
Rapa-treated cells (200 ± 15%) compared to untreated control cells.

The increased expression of LC3-II further supports the evolution of autophagy in
POE-treated cells. Expression levels of LC3-II/LC3-I returned to baseline from 16 h of
treatment with both POE (116 ± 15%) as well as Rapa (112 ± 28%), even to the point of
being down-expressed after 24 h of treatment (47 ± 5% in POE-treated cells and 42 ± 10%
in Rapa-treated cells) compared to untreated control cells (Figure 3B).

The p62 protein is a ubiquitin-binding scaffold protein that co-localizes with ubiquiti-
nated protein aggregates in many liver pathways, which is sequestered in autophagosomes
upon its direct interaction with LC3 and is selectively degraded by autophagy. Thus p62
accumulates when autophagy is inhibited and decreases when autophagy flux occurs [34];
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therefore, degradation of p62 is another widely used marker to monitor autophagy activ-
ity [35].

POE caused a progressive reduction in p62 levels, starting at 7 h (85 ± 5%) until 16 h of
treatment (80 ± 7%), suggesting that the autophagy process was in its final step, while Rapa
treatment maintained p62 levels below baseline even until 24 h (37 ± 2%). The marked
decrease in p62 after POE treatment further confirmed that POE activates an autophagy
flux in HepG2 cells, with a peak activation at 7 h.

These results on the role of POE in autophagy activation with maximal efficacy at 7 h
of treatment are in agreement with our previous study [6].

2.4. POE Alleviates Lipid Accumulation in HepG2 Cells by Inducing Autophagy

Autophagy is a cellular recycling mechanism essential for the maintenance of normal
metabolism; impaired autophagy is often linked to the pathophysiology of many diseases.
In this regard, autophagy plays a key role in lipid homeostasis through the degradation of
intracellular lipid droplets (lipophagy) [17,36].

In this work, the effect of POE on lipid accumulation in HepG2 cells was explored in
relation to its role as an inducer of autophagy. Cells were treated with POE for 24 h, while
cells treated with CQ (autophagy inhibitor) and Rapa (autophagy inducer) were used as
controls.

HepG2 control cells grown in complete medium were characterized by intracellular
lipid accumulation, as depicted by microscope image in Figure 4A obtained after ORO
staining, while vehicle treatment excluded any effect of EtOH/H2O (70:30 v/v) on lipid
accumulation (data not shown).

Figure 4. The effect of POE on lipid accumulation in HepG2 cells. (A) Representative image of
ORO-stained HepG2 cells treated with POE (7.2 μg/mL), CQ (10 μM), and Rapa (0.5 μM) for 24 h.
(B) Changes in intracellular lipid content assessed by measuring ORO absorbance at 490 nm. Data
were reported as the mean ± SD of at least three independent experiments. * p < 0.05; ** p < 0.01 vs.
untreated control cells (Ctrl). Tukey’s HSD test.

Compared with untreated control cells, HepG2 cells treated with POE for 24 h showed
a clear reduction in neutral lipid content (Figure 4A). Quantification of neutral lipids by
solubilization of ORO with isopropanol, shown in Figure 4B, confirmed that POE caused
an approximately 25% reduction in lipid accumulation (76 ± 8%) with respect to untreated
control cells, suggesting a significant role of POE on lipid clearance.

The effect of POE was comparable to that of Rapa, which resulted in an approximately
20% reduction in lipid accumulation (81 ± 11%) compared to untreated control cells
(Figure 4B); in contrast, CQ-treated cells were distinguished by an increased presence of
intracellular neutral lipids (128 ± 9%) compared with untreated control cells (Figure 4B).
Noteworthy, differences between treatment conditions were statistically significant.
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The comparable effect of POE and Rapa suggests that POE likely intervenes in lipid
accumulation through activation of an autophagic flux.

Where impaired autophagy has been shown to induce hepatosteatosis [37], autophagy
activation could be an effective means of maintaining normal liver function [38].

Some pharmacological studies have demonstrated the protective effect of natural
products against excessive lipid accumulation in hepatic cells through activation of the
autophagic process [22].

In our in vitro experiments, POE was shown to induce an autophagy flux in HepG2
cells in a time-dependent manner and to reduce intracellular lipid accumulation.

Thus, in the present study, it was tested whether POE-induced lipid elimination occurs
in an autophagy-dependent manner. HepG2 cells were treated with POE for 7 h, a time
point found to be relevant for POE-induced autophagy activation, and then supplemented
with CQ for up to 24 h (POE + CQ).

The microscopy image shown in Figure 5A depicts a clear increase in lipid accumula-
tion in POE + CQ cells compared with POE-treated cells. Quantification of intracellular
neutral lipids by solubilization of ORO with isopropanol, plotted in Figure 5B, confirmed
that lipid accumulation in POE + CQ cells increased by approximately 30% (102 ± 6%)
compared to cells treated with POE alone (78 ± 7.7%).

Figure 5. POE reduces lipid accumulation in HepG2 cells through autophagy activation. (A) Repre-
sentative image of ORO-stained HepG2 cells treated with POE (7.2 μg/mL), CQ (10 μM), or POE
added with CQ at 7 h (POE + CQ) until 24 h. (B) Changes in intracellular lipid content assessed
by measuring ORO absorbance at 490 nm. Data were reported as the mean ± SD of at least three
independent experiments. ** p < 0.01 vs. untreated control cells (Ctrl); ◦◦ p < 0.01 vs. POE-treated
cells. Tukey’s HSD test.

Recently, it has become known that autophagy mediates the elimination of stored lipid
droplets [39]. Our data indicate that in the presence of CQ, the ability of autophagosomes
to fuse with lysosomes is reduced, resulting in the accumulation of intracellular lipids;
the altered autophagy flux provides a possible reason for the restoration of higher basal
intracellular lipid levels in POE + CQ cells. This suggests that the effect of the POE
phytocomplex on lipid accumulation is completely reversed by CQ-induced autophagy
blockade.

Overall, this study provides evidence of the potential of POE to alleviate intracellular
lipid accumulation through activation of autophagy. Thus, POE, which can control this
process in liver cells, could have promising potential as an alternative medical strategy for
a variety of disease conditions, including NAFLD [22,40].
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3. Materials and Methods

3.1. Chemicals

Dulbecco’s Modified Eagle’s Medium (high-glucose DMEM-HG), fetal bovine serum
(FBS), L-glutamine, penicillin and streptomycin, 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl
formazan (MTT), Oil red O (ORO), chloroquine (CQ), and rapamycin (Rapa) and all
chemicals and solvents were purchased from Merck KGaA (Darmstadt, DA, Germany).
Electrophoresis reagents were purchased from Bio-Rad Laboratories (Hercules, CA, USA).
Primary antibodies were provided by Cell Signaling Technology (Beverly, MA, USA), Molec-
ular ProbesTM (Invitrogen, Carlsbad, CA, USA), and Abcam (Cambridge, UK) (Table 2).
Anti-mouse IgG HRP-linked and anti-rabbit IgG HRP-linked secondary antibodies were
obtained from Molecular ProbesTM (Invitrogen, Carlsbad, CA, USA). Disposable plastics
were from Sarstedt (Nümbrecht, Germany).

Table 2. Specifications of primary antibodies used in Western blotting experiments.

Primary Antibody Target Dilution Host Source Lot

SQTSM1/p62 SQTSM1/p62 protein 1:1000 Rabbit Abcam #GR84445-1

LC3 Microtubule-associated
protein light chain 3 1:1000 Rabbit Invitrogen #UD2753807C

Beclin-1 Beclin-1 protein 1:1000 Rabbit Cell Signaling #6
S6 Ribosomal protein S6 1:1000 Rabbit Cell Signaling #7

p-S6 Ribosomal protein S6
(Ser235/236) 1:2000 Rabbit Cell Signaling #16

α-Tubulin α-Tubulin protein 1:1000 Mouse Genetex #43922

The leaves of P. oceanica were collected in July 2020 from the protected area of Meloria
by personnel of the Interuniversity Center of Marine Biology and Applied Ecology G. Bacci
(CIBM, Livorno, Tuscany, Italy) at a depth of about 15 m at the following geographical
coordinates: 43◦ 35′ 13” N and 010◦ 10′ 21” E.

The CIBM was authorized for the collection of P. oceanica leaves by the Direction of
Regional Parc of Migliarino, San Rossore, Massaciuccoli, formerly the managing institution
of the Marine Protected Area (MPA) “Secche della Meloria.” The following permission
“Ente Parco Reg. M.S.R.M. Prot. 0012275 del 20-11-2019 partenza Cat. 7 Cl. 7 SCI.8”
authorized the CIBM for institutional and research activities (including monitoring and
sampling of both water and biota) inside all the MPA from 20 November 2018 to 31
December 2020.

3.2. Preparation of P. oceanica Extract

The collected leaves were removed from the epiphytes and carefully washed with
bi-distilled water. The hydrophilic component was recovered according to the method
previously described [5]. Briefly, 1 g of P. oceanica dried leaves were minced and suspended
overnight in 10 mL of EtOH/H2O (70:30 v/v) at 37 ◦C under stirring and subsequently at
65 ◦C for 3 h. The hydroalcoholic extract was then separated from the debris by centrifuga-
tion at 2000× g, and the recovered supernatant was mixed with n-hexane in a 1:1 ratio. The
hydrophilic phase of the extract was recovered after vigorous agitation in a separating fun-
nel, dispensed into 1 mL aliquots, and then dried using a UnivapoTM vacuum concentrator.
Each aliquot of P. oceanica leaf extract (1.8 mg of dry extract) was then dissolved in 0.5 mL
of 70% (v/v) ethanol prior to use and hereafter referred to as POE.

3.3. Determination of Total Polyphenols and Carbohydrates

Total polyphenol (TP) and total carbohydrate (TC) content in POE was determined
using the colorimetric Folin–Ciocalteau’s method and phenol-sulfuric acid colorimetric
methods, respectively [5]. Gallic acid (0.5 mg/mL) and D-glucose (1 mg/mL) were used
as a reference in the range of 0–10 mg and 0–50 mg, respectively, to determine TP and TC
values.
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TP and TC were expressed as milligrams of gallic acid and D-glucose equivalents,
respectively, per milliliter of extract after resuspension.

3.4. Antioxidant Assays

The antioxidant and radical-scavenging activities of POE were investigated using ferric-
reducing/antioxidant power (FRAP) assay and α,α-diphenyl-β-picrylhydrazyl (DPPH) assay,
respectively [5]. Ascorbic acid (0.1 mg/mL) was used as a reference in the range of 0–4 mg
to evaluate both activities. The antioxidant and radical-scavenging activities of POE were
expressed as milligrams of ascorbic acid equivalents per milliliter of extract after resuspension.

3.5. Cell Line and Culture Conditions

The human hepatoma cell line (HepG2), purchased from the American Type Culture
Collection (ATCC®, HB-8065TM), was grown in a humidified atmosphere of 5% CO2 at
37 ◦C in DMEM-HG supplemented with 10% FBS, 100 μg/mL streptomycin, 100 U/mL
penicillin, and 2 mM L-glutamine (complete medium). At 90% confluence, cells were
collected by scraping and seeded at an appropriate cell density.

3.6. Cell Viability Assay

Cell viability was determined by MTT assay. Cells were grown in 96-well plates
(3 × 104 cells/well) for 24 h in complete medium. Next, cells were treated with 1:100, 1:250,
and 1:500 dilutions of POE (corresponding to 36, 14, and 7.2 μg/mL dried weight of extract,
respectively) for 24 h. Cells treated with the EtOH/H2O (70:30 v/v) vehicle and untreated
cells were used as controls.

After cell treatments, 100 μL of MTT solution (0.5 mg/mL) was added to each well
and cells were incubated in the dark at 37 ◦C for a further 1 h. After washing out the
supernatant, the insoluble formazan product was dissolved in 100 μL/well of dimethyl
sulfoxide (DMSO). Absorbance values were measured using a iMARK microplate reader
(Bio-Rad Laboratories, USA) at 595 nm. Data were expressed in terms of percentages with
respect to untreated control cells.

3.7. Western Blot Analysis

HepG2 cells (2 × 105 cells/well) were seeded in 35 mm dishes in complete medium
and incubated overnight. To study the role of POE in the activation of an autophagic flux,
cells were treated with POE (7.2 μg/mL) for different time points, from 3 h to 24 h. Cells
treated with Rapa (0.5 μM) were used as an autophagy activation control. After treatments,
cells were washed with PBS and then lysed in 80 μL of Laemmli buffer (62.5 mM Tris-
HCl pH 6.8, 10% (w/v) SDS, 25% (w/v) glycerol) without bromophenol blue. Whole-cell
lysates were collected and boiled at 95 ◦C for 5 min and centrifuged to remove cell debris
(12,000× g for 5 min at 4 ◦C). The BCA protein assay kit (Bio-Rad Laboratories, Hercules,
CA, USA) was used to measure protein levels. Briefly, 25 μg of proteins from each sample,
added with β-mercaptoethanol and bromophenol blue, were electrophoresed by 12% SDS-
PAGE and transferred to PVDF membranes (0.45 μm). The membranes were incubated
with blocking solution (5% (w/v) BSA in 0.1% (v/v) PBS-Tween®-20) for 1 h at room
temperature. Membrane incubation with the desired primary antibody at appropriate
dilution was conducted overnight at 4 ◦C (Table 1).

After three washes in 0.1% (v/v) PBS-Tween®-20 solution, the membranes were
incubated for 1 h at room temperature with a specific secondary antibody (goat anti-rabbit
IgG or goat anti-mouse IgG) diluted 1:10,000 in blocking solution. The membranes were
finally washed three times in 0.5% (v/v) PBS-Tween®-20 before being stained with Clarity
Western ECL solution. Signal of chemiluminescence were acquired with an AmershamTM

600 Imager imaging system (GE Healthcare Life Science, Pittsburgh, PA, USA). Quantity
One software (Bio-Rad Laboratories) was used for densitometric analysis.
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3.8. ORO Staining

HepG2 cells were seeded (6 × 104 cells/well) in 24-well plates overnight and then
treated with POE (7.2 μg/mL) for 24 h. To test the impact of the autophagy process on lipid
accumulation, cells were also exposed to CQ (10 μM) and Rapa (0.5 μM) treatment. Follow-
ing this, the cells were washed with PBS and fixed for 10 min in 2% (v/v) paraformaldehyde.
Subsequently, cells were washed twice with PBS and left to dry completely. Neutral lipids
were stained for 30 min at 37 ◦C with 200 μL/well of Oil red O working solution (60%
in distilled water). Excess dye was washed away with distilled water until the water no
longer had a visible pink color. After the wells had completely dried, the stained lipid
droplets in cells were examined and photographed under a Nikon TS-100 microscope
equipped with a digital acquisition system (Nikon Digital Sight DS Fi-1; Nikon, Minato-ku,
Tokyo, Japan). Finally, cellular lipid accumulation was measured by adding 200 μL/well
of isopropanol. Absorption was measured at 490 nm using an iMARK microplate reader
(Bio-Rad Laboratories, USA).

3.9. Statistical Analysis

Where not otherwise specified, data are expressed as the mean ± SD of at least three
independent experiments.

For ORO and MTT experiments, signals acquired from independent experiments were
normalized by mean centering (i.e., each replicate measurement was divided by the mean
of the replicates in order to compensate for batch experimental fluctuations) and differences
were assessed by one-way ANOVA followed by Tukey’s HSD test after normality check
with the Shapiro–Wilk test.

For Western blotting, difference between house-keeping-normalized intensity signals
were assessed by the Kruskall–Wallis test, followed by the Conover post hoc test.

Statistical differences were called at p ≤ 0.05.

4. Conclusions

In summary, this study revealed that POE protects against lipid accumulation in
HepG2 cells by promoting autophagy through inhibition of the mTOR pathway.

P. oceanica is a marine plant with several bioactive properties, including antidiabetic
and anti-inflammatory effects [41]. Thus, the possibility that P. oceanica may hit multiple
pathogenic liver disease targets—lowering blood sugar, inhibiting the inflammatory state,
and blocking the reduction in hepatic lipid accumulation—makes this traditional herbal
remedy a potential effective weapon against the prevention and/or treatment of steatosis
and related disease conditions. Indeed, NAFLD is a metabolic condition commonly associ-
ated with type 2 diabetes mellitus and often combined with a chronic inflammatory state.
Given the lack of approved and recognized drug therapies for NAFLD, this study offers
new insights into the mechanisms of action of P. oceanica that are a first step for further
in vitro and in vivo studies in order to identify alternative and complementary strategies
for disease management.

However, because this study was performed on the HepG2 cell line, it is essential that
the data also be validated on primary hepatocytes in future studies. In addition, studies
in in vivo models are absolutely necessary to test the applicability of P. oceanica in the
management of NAFLD.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14100969/s1, Figure S1. The effect of EtOH/H2O vehicle (70:30 v/v) on the viability of
HepG2 cells. MTT assay on untreated cells (-) or exposed to different dilutions of EtOH/H2O (70:30
v/v) for 24 h. The amount of EtOH/H2O (70:30 v/v) applied corresponds exactly to that used in POE
cell treatment. Data were reported as mean ± SD of three independent experiments.
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Abstract: Plectranthus species (Lamiaceae) have been employed in traditional medicine and this is
now validated by the presence of bioactive abietane-type diterpenoids. Herein, sixteen Plectranthus

acetonic extracts were prepared by ultrasound-assisted extraction and their biological activity was
screened. The antimicrobial activity of each extract was screened against yeasts, and Gram-positive
and Gram-negative bacteria. The P. hadiensis and P. mutabilis extracts possessed significant activity
against Staphylococcus aureus and Candida albicans (microdilution method). Moreover, all extracts
showed antioxidant activity using the DPPH method, with P. hadiensis and P. mutabilis extracts
having the highest scavenging activities. Selected by the Artemia salina model, P. hadiensis and
P.ciliatus possessed low micromolar anti-proliferative activities in human colon, breast, and lung
cancer cell lines. Furthermore, the most bioactive extract of P. hadiensis leaves and the known
abietane diterpene, 7α-acetoxy-6β-hydroxyroyleanone isolated from this plant, were tested against
the aggressive type triple negative breast cancer (MDA-MB-231S). P. hadiensis extract reduced the
viability of MDA-MB-231S cancer cell line cells, showing an IC50 value of 25.6 μg/mL. The IC50 value
of 7α-acetoxy-6β-hydroxyroyleanone was 5.5 μM (2.15 μg/mL), suggesting that this lead molecule is
a potential starting tool for the development of anti-cancer drugs.

Keywords: Plectranthus; royleanone; 7α-acetoxy-6β-hydroxyroyleanone; ent-abietane; antitumoral
activity; antimicrobial activity; antioxidant

1. Introduction

Over the centuries, plants and natural products derived from plants have been the
basis of traditional medicine. Nowadays, plant-based medicines have been playing an
important role in drug discovery and development. They are also widely employed in
various public health practices as they are safe, cost-effective, and possess unique chemical
diversity [1,2]. Cancer remains one of the leading causes of death globally, with approxi-
mately 18.1 million new cases and 9.6 million cancer-related deaths in 2018, according to
the World Health Organization [3]. Furthermore, several types of chemotherapies used are
ineffective and generate unwanted adverse side effects [4,5]. Similarly, there is an increas-
ing number of cases of bacterial infections that are resistant to current antibiotics and are
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difficult or impossible to treat [6]. Currently, there is an emerging interest in developing
drugs that overcome the problems stated above by using natural compounds.

Plectranthus L’ Herit. is a major genus of the Lamiaceae family comprising about
300 species mainly distributed in the summer-rainfall savannahs and forested regions of
tropical Africa, Asia, and Australia [7,8]. Most of the Plectranthus species are soft trailing
semi-succulent to succulent herbs or shrubs and their stems, leaves, roots, and tubers are
frequently used as traditional medicines for the treatment of various illnesses, including
respiratory, digestive, and liver ailments [9]. Phytochemical studies on some species of
Plectranthus revealed the presence of a large number of diterpenes and triterpenes [10,11].
Isolated terpenes from Plectranthus species are reported to possess antibacterial [12–14],
antitumoral [15–18], antifungal [12,19], insecticidal [20], and antiplasmodial [20] activities.
Moreover, our group has been focused on the phytochemical study of Plectranthus species
and we have reported abietane diterpenoids with diverse bioactivity [16,17,21–25]. There-
fore, the screening of other Plectranthus spp. extracts aiming at finding new sources of
biologically active natural products is warranted.

Herein, sixteen Plectranthus species were screened for their bioactivity (antioxidant,
antimicrobial activities, and general toxicity) and the main compound of the most bioactive
extract was identified. To the best of our knowledge, the scientific literature concern-
ing these species is scarce or even non-existent. P. hadiensis was earlier reported to have
ethnopharmacological activity and to be a rich source of ent-abietane diterpenes [11]. This
work aims to screen the antimicrobial, antioxidant, and cytotoxic properties of several
Plectranthus spp. extracts and identifying the component in the most bioactive extract that
may be responsible for its bioactivity.

2. Results and Discussion

All sixteen Plectranthus spp. extracts were prepared using ultrasound-assisted ex-
traction in acetone. Previous studies of Plectranthus species showed that acetonic extracts
are rich in diterpenoids, and high extraction yields are obtained when the ultrasound
extraction method is carried out [21]. Therefore, using this extraction method, sixteen
acetonic extracts of Plectranthus spp. were prepared. The extraction of all extracts was done
in triplicate under the same conditions. All extracts were solubilized in DMSO (10 mg/mL)
and stored at −20 ◦C until further analysis for their biological assays. P. mutabilis had the
highest extraction yield (30.00% w/w) (Table 1).

The antioxidant activity of the extracts was quantitatively determined using the DPPH
(2,2-diphenyl-1-picrylhydrazyl) scavenging radical assay. The antioxidant activity of the
extracts was compared with quercetin, a well-known pure compound used as a positive
control to understand the potential antioxidant activity of the extracts screen. The an-
tioxidant activity indicates the capacity to quench reactive oxygen species (ROS), leading
to decreased oxidative stress [26]. The results of the free radical scavenging capacity of
extracts at a concentration of 10 μg/mL are shown in Table 1. P. mutabilis and P. hadiensis
had the highest scavenging activity of 46.14% and 36.24%, respectively. These results
are also in agreement with other studies with Plectranthus extracts, in which P. madagas-
carensis P. neochilus, P. barbatus and P. verticillatus extracts showed free radical scavenging
abilities [27]. This could be due to the presence of abietane diterpenes known for their
antioxidant activity. Recently, findings concerning the antioxidant activity of abietane
diterpenes isolated from Plectranthus spp. suggest that the quinone moiety present in
these compounds is probably responsible for their biological activity [28]. The presence
of the 12-OH group and the carbonyl group at position C-7 (p-position) could serve as
hydrogen- and/or electron-donating moieties, resulting in the formation of stable quinone
derivatives [29].

To evaluate the antimicrobial activity, the extracts were screened against Gram-positive
(Staphylococcus aureus, Enterococcus faecalis) and Gram-negative (Pseudomonas aeruginosa and
Escherichia coli) bacteria and yeasts (Candida albicans and Saccharomyces cerevisiae) using the
well diffusion assay. The antimicrobial activity of each acetonic extract was first screened by
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the well diffusion method at a concentration of 1 mg/mL. Only P. hadiensis and P. mutabilis
extracts showed antimicrobial activity against S. aureus with inhibition zones of 16 mm
and 15 mm, respectively. None of the extracts showed significant antibacterial activity
against E. faecalis and Gram-negative bacteria. These results are in agreement with previous
works on Plectranthus spp. [17,30] showing that only Gram-positive bacteria are sensitive
to Plectranthus acetonic extracts [27,31]. When the zone of inhibition of the extracts was
compared with the negative control, it was found that nine extracts (P. ciliatus, P. welshii,
P. mzumbulensis, P. inflexus, P. lucidus, P. xerophylus, P. lippio, P. hadiensis, and P. mutabilis.)
exhibited antimicrobial activity against C. albicans (10–11 mm). The remaining did not
display any antimicrobial effects, showing inhibition zones similar to the negative control
(data not shown).

Table 1. Extraction yields (dry weight % w/w), antioxidant activity, and general toxicity of sixteen Plectranthus spp.
acetonic extracts.

Scientific Name
Yield

(% w/w) a Antioxidant Activity b (%)
General Toxicity

* Mortality (%) LC50 (μg/mL) **

P. swynnertonii S. Moore † 3.89 20.24 ± 0.01 65.88 ± 5 0.036 ± 1.69
P. ciliatus E. Mey † 11.86 13.21 ± 0.01 60.14 ± 0.44 0.504 ± 1.13

P. mutabilis Codd. † 30.03 46.14 ± 0.02 51.50 ± 0. 07 0.984 ± 2.92
P. hadiensis (Forssk.) Schweinf.

Ex Sprenger † 13.49 36.24 ± 0.04 43.65 ± 3.04 0.88 ± 4.87

P. cylindraceus Hochst, ex Benth † 9.68 19.19 ± 0.07 43.50 ± 5.66 0.55 ± 1.96
P. lucidus (Benth.) Van Jaarsv.

and T.J. Edwards † 6.29 23.96 ± 0.09 38.81 ± 3.75 1.053 ± 4.61

P. inflexus (Thunb.) Vahl ex Benth † 10.97 0.16 ± 0.05 38.70 ± 3.35 0.986 ± 2.87
P. lippio. Druce 2.09 30.5 ± 0.14 24.70 ± 6.22 N/A

P. crassus N.E.Br. † 7.77 27.27 ± 0.01 31.16 ± 1.29 N/A
P. mzimvubuensis Van Jaarsv. † 7.79 22.47 ± 0.05 33.95 ± 1.63 N/A

P. xerophylus Codd 10.16 20.15 ± 0.02 30.48 ± 3.24 N/A
P. welshii 2.15 15.06 ± 0.03 23.71 ± 0.60 N/A

P. petiolaris E. Mey ex Benth. 11.07 14.45 ± 0.01 23.42 ± 4.15 N/A
P. woodii Gürke 8.51 13.04 ± 0.01 29.95 ± 6.01 N/A

P. welwitschii (Briq. Codd) 3.59 12.63 ± 0.03 25.17 ± 5.54 N/A
P. spicatus E. Mey 4.75 10.57 ± 0.02 27 ± 0.28 N/A
Positive control N/A 99.47 ± 0.10 98.89 ± 2.48 N/A

DMSO N/A N/A 21.87 ± 0.44 N/A
a (mg of extracts/ g of the dried plant). b Antioxidant activity (%): Quercetin a potent free radical scavenging capacity was used as a
positive control. Data are mean ± SD. * Screening of the Plectranthus spp. extracts for general toxicity at a concentration of 10 μg/mL using
the Artemia salina test (24 h). ** LC50 values (μg/mL) for the most active extracts. Positive control = Potassium dichromate (10 μg/mL).
Data are mean ± SD was calculated from three independent experiments and compared to DMSO († p < 0.001). Lethal concentration (%) =
(Total A.salina − Alive A.salina)/(Total A.salina) × 100 was used to calculate the lethal concentration of all extracts. N/A—not applicable.

As the initial screening using the well diffusion assay identified P. hadiensis and
P. mutabilis extracts as possessing the most promising antimicrobial activities, further
studies were carried out to evaluate the minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) or minimum fungicidal concentration (MFC)
against the susceptible strains (Table 2). The MIC values ranged from 3.91 μg/mL to
125 μg/mL. P. hadiensis was the most active extract, exhibiting a MIC value of 3.91 μg/mL
against the methicillin-resistant S. aureus strain (MRSA), similar to that observed for the
positive control (1.95 μg/mL). The MBC/MFC values ranged from 62.5 to 250 μg/mL. It is
possible to conclude that the extracts are mainly bacteriostatic rather than bactericidal [32].

To identify the most promising extracts with cytotoxic activity, the screening of general
toxicity using the Artemia salina model was carried out. This assay was employed to screen
the sixteen extracts because it is low-cost, rapid, convenient, and requires only a relatively
small amount of sample [31,33]. All of the acetonic extracts were tested at 10 μg/mL with
values ranging from 23.42 to 65.88% mortality (see Table 1). The most active extracts
were further studied to obtain the LC50 values at concentrations of 0.1, 0.5, and 1 mg/mL,
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after 24 h of exposure. The most toxic extracts (P. mutabilis, P. swynnertonii, P. hadiensis,
P. ciliatus, and P. cylindraceus) with LC50 ≤ 1 μg/mL (see Table 1) were then evaluated on
human-derived cancer cell lines.

Table 2. MIC and MBC/MFC (μg/mL) values of the most active acetonic extracts.

Extracts
MIC (μg/mL) MBC/MFC (μg/mL)

S. aureus MRSA C. albicans S. aureus MRSA C. albicans

Positive Control 3.91 1.95 <0.48 - - -
P. mutabilis 31.25 31.25 125 250 250 125
P. hadiensis 15.62 3.91 62.5 250 250 62.5

Positive controls (1 mg/mL): Gram-positive = vancomycin, Gram-negative = norfloxacin, yeast = nystatin,
Negative control = DMSO, methicillin-resistant Staphylococcus aureus = MRSA.

The cytotoxic activity was determined by the sulforhodamine B (SRB) assay in three
different cancer cell lines: colon colorectal carcinoma (HCT116), human breast adenocarci-
noma (MCF-7), and lung cancer carcinoma (NCI-H460). The IC50 values in all the cell lines
tested ranged from 2.25 μg/mL to 36 μg/mL (Table 3). According to the National Cancer
Institute (NCI), crude extracts that possess IC50 ≤ 500 μg/mL are of potential interest for
further studies [34] and a possible candidate for further development of cancer therapeutic
agents. Thus, most of the selected extracts showed potential values, and P. hadiensis and
P. ciliatus seem to be potential sources of lead anticancer molecules. P. ciliatus extract was
most active against the colon cell line (HCT116), whereas the P. hadiensis extract was the
most active against the breast (MCF-7) and lung (NCI-H460) cell lines with the lowest IC50
value in the MCF-7 cell lines. For this reason, this extract was further tested against the
aggressive type triple-negative breast cancer (MDA-MB-231S). MCF-7 hormone receptors
expressing breast cancers have a more favorable prognosis as opposed to triple-negative
breast cancer (TNBC), which is characterized by a poor treatment outcome [35]. This cell
line is a highly metastatic triple-negative breast cancer cell line that does not display es-
trogenic receptors (ER), progesterone receptors (PR), or human epidermal growth factor
receptor 2 (HER2), and is thus difficult to treat [21]. P. hadiensis acetonic extract had a
growth inhibition effect on MDA-MB-231 cancer cells (IC50 value of 25.6 μg/mL, Table 3).
Many studies have attributed the cytotoxicity of Plectranthus extracts to the presence
of royleanone-type abietane diterpenoids with known anticancer activities [18,36]. The
abietane-type diterpenoid royleanones are a highly bioactive group of lead molecules,
important for the development of new anticancer drugs [22] Given the good levels of
bioactivity of P. hadiensis extract in all the cell lines tested, it was selected to identify its
main bioactive component.

Table 3. IC50 (μg/mL) values for five selected acetonic extracts in HCT116, MCF-7, H460 and
MDA-MB231S cell lines.

HCT116 * H460 * MCF-7 * MDA-MB231S **

P. hadiensis 3.45 ± 0.35 3.00 ± 0.10 2.90 ± 0.10 25.6
P. ciliatus 2.25 ± 0.75 6.45 ± 0.05 6.70 ± 0.30 N/A

P. swynnertonii 7.95 ± 0.35 13.50 ± 0.50 15.05 ± 0.02 N/A
P. cylindraceus 10.25 ± 0.75 12.50 ± 0.50 12.00 ± 1.00 N/A

P. mutabilis 28.00 ± 2.00 36.00 ± 2.00 35.00 ± 1.00 N/A
Doxorubicin 0.05 ± 3.24 0.29 ± 2.32 0.08 ± 4.10 0.07 ± 0.01

* The concentration that reduces growth by 50% (IC50) was determined by sulforhodamine B assay after 48 h
treatment. Data are mean ± SEM of 4–5 independent experiments. ** IC50 (μg/mL) of the most bioactive P. hadiensis

acetonic extract in MDA-MB231S cancer cell lines. DMSO was used as the negative control. N/A—not applicable.

To unveil the chemical profile of the most bioactive P. hadiensis acetonic extract, and
to identify the main compound responsible for the tested bioactivity, an HPLC–DAD
study was carried out. The chromatogram revealed that the known ent-abietane diterpene,
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7α-acetoxy-6β-hydroxyroyleanone, Roy (Figure 1) was the major compound in the extract
(Supplementary Material). To isolate this diterpene, a bio-guided column and the prepar-
ative chromatographic procedure were carried out. Its structure was confirmed through
comparison of its spectroscopic data (Supplementary Material) to those described in the
literature [12,29,37].

Figure 1. Chemical structure of 7α-acetoxy-6β-hydroxyroyleanone.

In previous studies, 7α-acetoxy-6β-hydroxyroyleanone showed cytotoxic activity
against three human cell lines, namely, sensitive non-small cell lung carcinoma, NCI-H460
cell line (IC50 2.7 ± 0.4), multidrug-resistant non-small cell lung carcinoma cell line with
P-glycoprotein overexpression. NCI-H460/R (IC50 3.1 ± 0.4), and human embryonal
bronchial epithelial (MCR-5) cells (IC50 8.6 ± 0.4) [21,38]. Given its cytotoxic properties,
the presence of this compound in P. hadiensis acetonic extract may partially explain, the
foreseen properties of the extract. To further explore its cytotoxicity, additional studies
were performed.

The preliminary toxicity of the isolated 7α-acetoxy-6β-hydroxyroyleanone (Roy) was
evaluated using the Brine shrimp lethality bioassay, which gave a percentage mortality
of 30.95%. The cytotoxicity of 7α-acetoxy-6β-hydroxyroyleanone was further tested in
the TNBC, MDA-MB231S cell line using the MTT assay. It had an IC50 value of 5.5 μM =
2.15 μg/mL (Supplementary Information Figure S4), being approximately 12-fold more
active than the corresponding extract (MDA-MB231S IC50 value = 25.6 μg/mL). This
diterpene has also exhibited cytotoxic activity against breast, renal, melanoma, and central
nervous system cancer cell lines [24,29,30]. It was also found to induce apoptosis in
the H7PX glioma cell line, through the G2/M cell cycle arrest and DSBs (double-strand
breaks) [39]. The cytotoxicity of 7α-acetoxy-6β-hydroxyroyleanone could be due to its
royleanone-type scaffold and by its high lipophilicity, which facilitates penetration into the
interior of the cell membrane [21,22,29,39]. Moreover, 7α-acetoxy-6β-hydroxyroyleanone
was found to exhibit better activity against Gram-positive bacteria, and more importantly,
against MRSA strains than some of the existing antibiotics [37]. Roy is found in many
other Plectranthus species like P. madagascariensis, P. grandidentatus, P. actites, P. amboinicus,
P. sanguineus, P. argentatus, and thus can be considered as a chemomarker of the Plectranthus
genus [21,22].

3. Materials and Methods

3.1. Plant Material

All Plectranthus spp. studied in this work (Table 1) were grown in the “Parque Botânico
da Tapada da Ajuda”, Lisbon-Portugal from cuttings provided by the Kirstenbosch National
Botanical Gardens, South Africa. Plants were collected between 2007 and 2008, always
in June and September. Voucher specimens were deposited in the Herbarium “João de
Carvalho e Vasconcellos” of the Instituto Superior de Agronomia, Lisboa (LISI), Portugal.
The plant names were verified with the Plant List [40].
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Extraction Procedure

Plant extracts were obtained by the ultra-sonication method, adding 30 mL of acetone
to 3 g of ground dry plants (P. hadiensis leaves and the whole plant for the remaining
Plectranthus spp.), sonicated for 1 h, and filtered (Whatman No 5 paper, Inc., Clifton, NJ,
USA). The extraction procedure was repeated three times until complete extraction [41].
The liquid samples were evaporated at 40–50 ◦C using a rotary evaporator (Sigma-Aldrich,
IKA HBR 4 basic heating bath, Essen, Germany). All extracts were solubilized in DMSO
(10 mg/mL, except for the exceptions that are mentioned) and stored at −20 ◦C until
further analysis.

3.2. Phytochemical Study of P. Hadiensis

3.2.1. HPLC-DAD Fingerprint Analysis

Extract profiling was performed with an Agilent Technologies 1260 Infinity II Series
system with diode array detector (DAD; Agilent, Santa Clara, CA, USA), equipped with an
Eclipse XDB-C18, (250 × 4.0 mm i.d., 5 μm) column, from Merck and ChemStation Software
(Hewlett-Packard, Alto Palo, CA, USA). Four detection wavelengths were selected: 254,
270, 280, and 360 nm. The mobile phase consisted of a mixture of methanol (A), acetonitrile
(B), and 0.3% (w/v) trifluoroacetic acid in ultrapure water (C). The employed method
was modified from the one previously published Matías et al. [21] as follows: 0 min, 15%
A, 5% B, and 80% C; 10 min, 70% A, 30% B, and 0% C; 25 min, 70% A, 30% B, and 0%
C; and 28 min, 15% A, 5% B, and 80% C. The flow rate was set at 1 mL/min at room
temperature and the injection volume was 20 μL. Solvents were previously filtered and
degassed through a 0.22 μm membrane filter. The major peak from the P. hadiensis leaves
extract was identified by co-elution, comparing the retention time and UV-vis spectrum
overlayed with an authentic standard (Supplementary Materials Figures S2 and S3).

3.2.2. Isolation and Structural Characterization of 7α-Acetoxy-6β-Hydroxyroyleanone

The P. hadiensis extract was fractionated by normal phase column chromatography
over silica gel using mixtures of n-hexane: EtOAc (8: 2) as eluents to give 3 fractions (A, B,
and C) in order of increasing polarity. Fraction B was further studied using preparative
thin-layer chromatography (n-hexane/AcOEt 7:3) on pre-coated TLC sheets (Merck 7747,
Darmstadt, Germany) giving 4 fractions B1 to B4. Visualization of spots was performed
under visible light and UV light (λ 254 and 366 nm) followed by spraying with a mixture of
H2SO4: AcOH: H2O (4:80:16) and heating. Fraction B2 was further purified by preparative
chromatography affording its major compound, 7α-acetoxy-6β-hydroxyroyleanone. The
NMR spectra were collected on a Bruker Fourier 300 spectrometer (1H 300 MHz, 13C
75 MHz) using CDCl3 as the solvent. 1H and 13C chemical shifts are expressed in δ (ppm)
and the proton coupling constants (J) in hertz (Hz) Supplementary Materials Table S1.

3.3. DPPH Radical Scavenging Assay

The free radical scavenging activity was measured by the DPPH method, as described
by Rijo et al. [26]. Briefly, 10 μL of each extracted sample (1 mg of dry plant extract/mL)
were added to a 990 μL solution of DPPH (0.002% in methanol). The mixture was incubated
for 30 minutes in the dark, at room temperature. The absorbance (Abs) was measured at
517 nm (U-1500 Hitachi Instruments, Inc; USA). The positive control used was quercetin
(10 mg/mL in methanol). An absorbance control (Abscontrol) containing 10 μL of methanol
and 990 μL of DPPH was also prepared. Assays were carried out in triplicate and the free
radical scavenging activity was calculated using Equation (1):

Scavenging activity (%) =
Abscontrol − Abssample

Abscontrol
× 100 (1)
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3.4. Antimicrobial Screening Assays

3.4.1. Microorganism Used

The microorganisms used in this study were obtained from the American Type Culture
Collection (ATCC). They included five strains Enterococcus faecalis ATCC 29212, Escherichia
coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Staphylococcus aureus ATCC 25923,
Saccharomyces cerevisiae ATCC 2601, Staphylococcus aureus. CIP were obtained from the
CIP 106760, and the yeast strain Candida albicans ATCC 10231.

3.4.2. Well Diffusion Method

The antimicrobial activity of each obtained extract was evaluated against two Gram-
positive bacteria (E. faecalis and S. aureus), two Gram-negative bacteria (E. coli and P. aerugi-
nosa), and two yeasts (S. cerevisiae and C. albicans), according to Rijo et al. [41]. The extracts
were diluted in DMSO from 10 mg/mL to a final concentration of 1 mg/mL. Stock solu-
tions of reference antibiotics (vancomycin, norfloxacin, and nystatin) were also prepared at
1 mg/mL in DMSO.

In aseptic conditions, Petri dishes containing 20 mL of solid Mueller–Hinton for bacte-
ria, or Sabouraud Dextrose Agar culture medium (from Biokar Diagnostics), for yeasts, were
inoculated with 0.1 mL of bacterial suspension matching a 0.5 McFarland standard solution
and uniformly spread on the medium surface using a sterile swab. Wells of approximately
5 mm in diameter were made in the medium, using a sterile glass Pasteur pipette, and
50 μL of each extract were added into the wells. A positive control of vancomycin for
Gram-positive bacteria, norfloxacin for Gram-negative bacteria, and nystatin for yeasts,
and a negative control of DMSO, were used in the assay. Plates were incubated at 37 ◦C
for 24 h. The antimicrobial activity was evaluated by measuring the diameter (mm) of the
inhibition zone formed around the wells and compared to controls.

3.4.3. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC)/ Minimum Fungicidal Concentration (MFC)

The MIC and MBC/MFC were determined using the microdilution technique pro-
posed by National Committee for Clinical Laboratory Standards (NCCLS) [42]. Briefly,
100 mL of Mueller–Hilton broth for bacteria and Sabouraud for yeasts was placed into each
well of a 96 microplate, under aseptic conditions. Each extracted sample (100 μL), the ap-
propriate positive control of each microorganism, and negative controls at a concentration
of 1 mg/mL, were added to the first well. Using a multichannel micropipette, a 1:2 mi-
crodilution series was made. A standardized bacterial suspension (10 μL), corresponding
to 0.5 McFarland of each microorganism, was then placed in all wells. Finally, the plates
were incubated at 37 ◦C for 24 h. The MIC was determined when no growth was detected
in the well of the microplate. Each measurement was performed in triplicate using 96 well
microtiter plates with enrichment. A total of 10 μL was withdrawn from the microplate
and sown in a Petri dish to verify the MBC/MFC, which was determined when there was
no visible microbial growth on the plates [43].

3.5. Evaluation of General Toxicity on Artemia salina Model

To evaluate the general toxicity of the different extracts and ent-abietane diterpene
7α-acetoxy-6β-hydroxyroyleanone, a test of lethality to Artemia salina (brine shrimp) was
performed as described by Ntungwe et al. [31]. A. salina eggs, dry cyst (JBL GmbH and
Co. KG, D-67141 Neuhofen Germany), were hatched in artificial seawater at 25–30 ◦C
under aeration with a concentration of 35 g/L. A handmade container with two connected
chambers was used for brine shrimp hatching. The eggs were placed in one of two
compartments of a container separated by a boundary plate. The cysts were then incubated
(in thermostat cabinet AQUA LYTIC®, Camberley, Surrey, United Kingdom) for 48 h at
24 ◦C. The compartment with the eggs was covered to maintain a dark ambiance. The other
compartment was illuminated to attract the phototropic newly hatched nauplii through
perforations on the boundary plate. The brine shrimps that had moved to the illuminated
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compartment were collected and used in the lethality assay. Ten to fifteen nauplii were
transferred into 24-well plates containing artificial seawater, and 100 μL of each sample
was added to the wells (final volume per well: 1 mL). After 24 h exposure to the samples
(24 ◦C), the number of dead nauplii (mortality rate (%)) was determined (Equation (2)). In
addition, LC50 (Lethal Concentration, 50%) values (μg/mL) were calculated for the most
toxic extracts. DMSO was used as the solvent and was kept at 10% (v/v) in all samples
tested. Potassium dichromate was used as the positive control. All samples were tested in
triplicates-at a concentration of 10 ppm for each sample.

()Lethal concentration (%) =
Total A. salina − Alive A. salina

Total A. salina
× 100 (2)

3.6. Cytotoxicity Screening Assays

3.6.1. Cells and Cell Culture

Human colon (HCT116), breast adenocarcinoma (MCF-7), lung carcinoma (H460),
and triple-negative breast cancer, MDA-MB-231S, cell lines were purchased from ATCC
(Rockville, MD, USA). Cell lines were routinely cultured in 293 RPMI-1640 with ultra-
glutamine or DMEM (MDA-MB-231 cells) medium from Lonza (VWR, 294 Carnaxide,
Portugal) supplemented with 10% fetal bovine serum from Gibco (Alfagene, Carcavelos,
Portugal) and maintained in a humidified atmosphere at 37 ◦C with 5% CO2.

3.6.2. Sulphorhodamine Assay

The cytotoxicity of five of the most toxic extracts on the brine shrimp lethality bioassay
was carried out using the sulforhodamine B (SRB) assay as previously described [17,44,45].
Briefly, the extracts were tested in different cancer cell lines: colon colorectal carcinoma
(HCT116), human breast adenocarcinoma (MCF-7), and lung cancer carcinoma (H460).
Cells were plated in 96-well plates at a final density of 5.0 × 103 cells/well and incubated
for 24 h. Cells were then exposed to serial dilutions of each extract (from 1.56 to 50 μg/mL).
The effect of the extracts was analyzed following 48 h incubation, using the sulforhodamine
B (SRB) assay. Briefly, following fixation with 10% trichloroacetic acid from Scharlau (Sigma–
Aldrich, Sintra, Portugal), plates were stained with 0.4% SRB from Sigma–Aldrich (Sintra,
Portugal) and washed with 1% acetic acid. The bound dye was then solubilized with
10 mM Tris Base and the absorbance was measured at 510 nm in a microplate reader (Biotek
Instruments Inc., Synergy, MX, USA). The solvent of the extracts (DMSO) corresponding to
the maximum concentration used in these assays (0.25%) was included as a control. The
concentration of extract that causes a 50% reduction in the net protein increase in cells
(IC50) was determined for all tested extracts. Data are mean ± SEM of 4–5 independent
experiments.

3.6.3. MTT Assay

MDA-MB231S cell line was grown in DMEM L050-500 culture medium Biowest
supplemented with 10% fetal bovine serum, L-glutamine, and penicillin-streptomycin at
37 ◦C and 5% CO2. For the MTT assay, 1000 cells/well were placed in a 96-well plate and
the compound to be tested was added 24 h after sowing.

The extract and compound were prepared as stock solutions in DMSO (Scrharlau;
SU01531000) at a concentration of 20 mg/mL in the case of the extract (which allowed us
to use a reduced DMSO percentage at higher concentrations) and 10 mM in the case of
the compound. They were stored at 4 ◦C. The extract and compound were prepared at
different concentrations. For the extract, the following dilutions were made: 80 μg/mL,
40 μg/mL, 20 μg/mL, 10 μg/mL, and 2 μg/mL in culture medium. For the compound,
the following dilutions were prepared: 10 μM, 3 μM, 1 μM, 0.3 μM, and 0.1 μM. Each
concentration was assayed in triplicate in a 96-well plate.

After 48 h of treatment with the compound or extract, the cells were incubated for 2 h
with MTT. After this time, the culture medium was removed, and the formazan crystals
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were dissolved by adding 200 μL of DMSO. The absorbance of each well was measured at
595 nm.

3.7. Statistical Analysis

The results were expressed as the mean value ± SD. Comparisons were performed
within groups by the analysis of variance, using the ANOVA with Dunnett’s post-test.
Significant differences between control and experimental groups were assessed using
GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego, CA, USA,
www.graphpad.com, accessed on 5 February 2021. A probability level p < 0.05 was
considered to indicate statistical significance.

4. Conclusions

Natural products are known to be an important source of new anticancer agents. This
study investigated the diverse biological activity of sixteen Plectranthus extracts. Among
the studied extracts, P. hadiensis leaves and P. mutabilis had the highest percentage extraction
yield, antimicrobial and antioxidant activities. P. hadiensis and P. ciliatus were the most
cytotoxic extract against HCT116, MCF-7, and H460 cancer cell lines. 7α-acetoxy-6β-
hydroxyroyleanone was isolated from the most cytotoxic extract (P. hadiensis) and was
found to be 12 times more bioactive than the extract in the MDA-MB-231S cell line (triple-
negative breast cancer). Therefore, it is noteworthy that 7α-acetoxy-6β-hydroxyroyleanone
present in the most cytotoxic extract has interesting antitumoral activities in different cancer
cell lines and might thus be responsible for the biological activity of this extract. However
further phytochemical studies should be done to find out more compounds that could
contribute to the cytotoxicity of P. hadiensis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph14050402/s1, Figure S1: 1H-NMR data information for 7α-acetoxy-6β-hydroxyroyleanone,
Figure S2: HPLC chromatograms (270 nm) of P. hadiensis leaves showing the major compound,
7α-acetoxy-6β-hydroxyroyleanone, Figure S3: UV spectrum of 7α-acetoxy-6β-hydroxyroyleanone,
Figure S4: Concentration-response curves (IC50 μM) for 7α-acetoxy-6β-hydroxyroyleanone; Table S1:
NMR spectroscopy data characterization, 1H NMR (300 MHz, CDCl3), 13C (75 MHz, CDCl3.
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Abstract: Cellulite is associated with a complex array of adipocytes under the skin and vascular
system. A herbal compress that was previously developed was proven to have an anti-cellulite
effect in healthy volunteers within 2 weeks of treatment. However, its mechanism and ingredients
responsible for reducing cellulite were not known. The purpose of this study was to investigate
the activity of eight essential oils in, and two water extracts from, the ingredients of the herbal
compress together with nine monoterpenoid constituents on the 3T3-L1 adipocytes. The vasodilatory
effect on rat aortae was also studied. The adipocytes were induced by dexamethasone, 3-isobutyl-
1-methylxanthine and insulin. At all concentrations tested, all essential oils, water extracts and
their monoterpenoid constituents significantly inhibited lipid accumulation activity (p < 0.05) and
decreased the amount of triglycerides when compared to untreated cells (p < 0.01). In addition, our
results showed that the mixed oil distilled from the herbal compress mixed ingredients could relax
the isolated rat aorta (EC50 = 14.74 ± 2.65 μg/mL). In conclusion, all essential oils, extracts and
chemical constituents tested showed effects on adipogenesis inhibition and lipolysis induction on the
cultured adipocytes with the mixed oil demonstrating vasorelaxation activity, all of which might be
the mechanisms of the anti-cellulite effects of the herbal compress.

Keywords: cellulite; essential oil; monoterpenes; Thai herbal compress; adipogenesis; lipolysis;
vasorelaxation

1. Introduction

Cellulite is associated with excessive fat accumulation and increases in size and
number of adipocytes under the skin, which is caused by genetic, dietary, behavior and
hormones. Cellulite is usually found around the thighs and buttocks of post-pubescent
females. The increase in these cellulite deposits causes them to invade the dermis which
disrupts the tissue architecture, microcirculation, skin elasticity and dermal thickness,
resulting in the orange peel-like appearance of the skin [1,2].
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There are basically two pathways which can be targeted to achieve cellulite reduction.
First, the inhibition of lipogenesis to prevent fat storage in the adipocytes, and, second, the
induction of lipolysis which is the metabolic pathway through which lipid triglycerides
are hydrolyzed into a glycerol and three fatty acids. Essentially, this is the process of the
decomposition of the chemical that causes fat to be released from the adipose tissue by the
hydrolysis of the ester bonds in the triglycerides of the fatty tissue under the skin. In addi-
tion, the enlarged fat cells, evident as cellulite, lead to the alteration in the microvascular
network of the fat tissue, resulting in water retention, which results in the compression of
the vascular vessels and in cellular changes [3,4]. There are known compounds, such as
retinol, that improve the appearance of cellulite by increasing the microcirculation [5]. The
mixture of retinol, caffeine and ruscogenin could increase microcirculation on the thigh of
46 women who showed moderate degrees of cellulite [6].

The use of herbal compresses is popular in traditional Thai therapies, such as in
traditional message and spa. These compresses contain herbs bundled within a cloth to
form a ball which is warmed and applied to relieve muscle pains, stress and strains. In
previous studies [7,8], we modified a Thai traditional herbal compress to use as an anti-
cellulite product. The formulation contained Zingiber officinale Roscoe rhizomes (ginger),
Piper nigrum L. fruit (black pepper), Piper retrofractum Vahl. Fruit (java long pepper),
Camellia sinensis (L.) Kuntze leaf (tea) and Coffea arabica L. seed (coffee) as the principal
ingredients together with some auxiliary herbs i.e., Zingiber montanum (J. Koenig) Link
ex A.Dietr. rhizomes (Cassumunar ginger or plai), Curcuma longa L. rhizomes (turmeric),
Cymbopogon citratus DC. Stapf. leaves (lemon grass), Citrus hystrix DC. fruit peels (kaffir
lime), with camphor and salts added for both scent and skin penetration. In those prior
studies, the anti-cellulite effects of the herbal compress were determined via a double-
blinded, randomized placebo-controlled trial conducted on 21 female volunteers aged
20 to 55 over an 8-week test period. The results showed that the herbal compress could
significantly reduce thigh circumference, skin fold thickness and the severity of cellulite
within 2 weeks. However, the mechanisms of this action and the bioactive constituents
responsible for such an action were not identified.

In our current study, we distilled the essential oils of the herbal compress and each
ingredient, with the tea leaves and coffee beans being extracted by water. All samples
were tested, together with their major monoterpenoid constituents (camphor, camphene,
citral, 3-carene, limonene, myrcene, alpha-pinene, beta-pinene and terpinene-4-ol), for their
anti-cellulite effects. The effects of these samples on lipid accumulation were demonstrated,
in vitro, on the mouse adipocyte cell 3T3L1 model and the inhibiting of adipogenesis and
stimulation of lipolysis was observed and measured. Further, the vasorelaxant effect of the
mixture of the essential oil, distilled from the powdered form of all ingredients, was tested
on the aortae isolated from rats.

2. Results and Discussion

2.1. Cell Viability

Notably, 3T3-L1 adipocytes are widely used in assays of adipogenesis because they can
tolerate an increased number of passages and homogeneously respond to treatments [9,10].
Prior to our study of the effects of essential oils/extracts and their major monoterpenoid
constituents on adipogenesis and lipolysis of 3T3-L1 adipocytes, we tested the viabil-
ity of the various concentrations (1–500 μg/mL) of the samples on the preadipocytes
and adipocytes.

In addition, the viability of the samples on keratinocyte, fibroblast was studied to
provide safety information. The highest dilution that resulted in more than 80% cells being
viable was considered to be the non-toxic concentration to be used in our further studies
on adipogenesis and lipolysis of 3T3-L1 adipocytes. Table 1 illustrates the non-toxic levels
of the tested concentrations.
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Table 1. Non-toxic concentrations of 7 essential oils, mixed oil, tea and coffee extracts, and their
major constituents in anti-cellulite herbal compress selected from 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) assay.

Samples
Concentrations (μg/mL)

KR 1 FB 2 PA 3 A 4

1. Lemon grass oil 31.25 31.25 31.25 62.5
2. Ginger oil 62.5 125 62.5 125
3. Black pepper oil 125 125 125 125
4. Long pepper oil 125 250 125 250
5. Tea water extract 125 250 125 250
6. Turmeric oil 125 250 125 250
7. Cassumunar ginger oil 250 250 250 250
8. Coffee water extract 250 250 250 250
9. Kaffir lime oil 250 250 250 250
10. Mixed oil 250 250 250 250
11. Camphor ND ND 200 200
12. Camphene ND ND 200 200
13. Citral ND ND 200 200
14. 3-carene ND ND 200 200
15. D-limonene ND ND 200 200
16. β-myrcene ND ND 200 200
17. α-pinene ND ND 200 200
18. β-pinene ND ND 200 200
19. Terpinene-4-ol ND ND 200 200
20. Caffeine 1 mM (194.2 μg/mL)
21. Adrenaline 0.1 mM (18.3 μg/mL)

1 Keratinocyte; 2 Fibroblast; 3 3T3-L1 preadipocyte; and 4 adipocyte cells. (ND = not determined).

2.2. Preventive and Treatment Effects of Essential Oils/Extracts and Their Major Monoterpenoid
Constituents on Adipogenesis of 3T3-L1 Cells

Adipogenesis is a complex process by which pre-adipocytes transform into adipocytes.
Oil red O staining is the most commonly used method for distinguishing adipocytes from
other cells and has recently been used as a quantitative method to assess different degrees
of adipocyte differentiation [11]. In our study, the pre-adipocytes were treated with dexam-
ethasone, 3-isobutyl-1-methyl xanthine (IBMX) and insulin to induce the differentiation.
After nine days, the formation of adipocytes was evaluated. The preventive and treatment
effects of the essential oils distilled from the ingredients of the herbal compress and the
aqueous extracts of tea and coffee on adipogenesis were studied at the concentrations that
were non-toxic to the cells. To investigate the preventive effect, the samples were added to
the media on day 3, 5 and 7 after the initiation. Their effects on 3T3-L1 adipocyte differenti-
ation were observed via lipid accumulation oil red O staining on day 9. To evaluate the
treatment effect, the samples were incubated with the mature adipocyte on day 9 after the
initiation and their effects were measured on day 10.

The results showed that all samples had preventive effects on adipogenesis in a dose-
dependent manner. Of the samples tested, lemon grass oil demonstrated inhibition of lipid
accumulations at a concentration of 12.5 μg/mL that was 23 ± 6%, which was the lowest
effective concentration of all samples tested (Figure 1A). As well as lemon grass, another
promising sample was ginger oil, which gave 33 ± 5% inhibition at the concentration of
50 μg/mL. The remaining essential oils and extracts tested showed around 30% inhibition
at the concentration of 100–200 μg/mL, whereas the positive controls i.e., 18 μg/mL
adrenaline and 194 μg/mL caffeine expressed 24 ± 5% and 25 ± 2% inhibition, respectively.
Manaharan et al. 2016 reported that ginger oil at various concentrations (50 to 800 μg/mL)
significantly decreased lipid content in mature adipocytes in a dose-dependent fashion [12].
Coffee and tea have shown anti-obesity and anti-adiposity activities in adipocytes in
some previous studies [13,14]. Both coffee extracts and their major constituents, namely
caffeine, caffeic acid, chlorogenic acid and trigonelline, increased glycerol release while
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also reducing the accumulation in the 3T3-L1 cells during adipocytic differentiation. Also,
the expression of the peroxisome proliferator-activated receptor γ (PPARγ), a transcription
factor that controls the differentiation of adipocytes, is inhibited by the consumption of
coffee. Also, as reported by [15,16], the main theaflavin of tea, polyphenols and theaflavin-
3,3′-digallate (TF3), demonstrated an anti-adiposity effect in mature adipocytes through
the activation of the AMPK pathway. Further, Goto et al. [17] showed that several bioactive
terpenoids, which are derived from herbal and dietary plants, function as PPAR modulators
as regulators of carbohydrate and lipid metabolism. However, the anti-adipogenic effects
of the essential oils distilled from lemongrass, black pepper, long pepper, turmeric and
cassumunar ginger, as well as the mixed oil from herbal compresses, are reported here for
the first time.

Figure 1. Lipid accumulation in 3T3-L1 adipocytes after treated with essential oil, extracts and
positive controls (adrenaline 0.1 mM or 18.3 μg/mL and caffeine 1 mM or 194.2 μg/mL); (A) in
the preventive experiments where the pre-adipocytes were treated with the samples during the
differentiation on days 3, 5 and 7, and (B) in the treatment experiments where the samples were
added after the pre-adipocytes were differentiated to adipocytes (on day 9) and incubated for one
day. The lipid accumulation was measured by Oil Red O assay, and the results are expressed as the
mean ± SEM of triplicate tests. Data expressed in percentage in comparison with control. One-way
ANOVA showed significant value, * p < 0.05 as compared to control.

The lipid accumulation, after the mature adipocytes had been treated with samples
of the essential oils and tea and coffee extract, was evaluated to ascertain the effect of the
treatment. Figure 1B shows that lemon grass (25 μg/mL), ginger (50 μg/mL), black pepper
(100 μg/mL), long pepper (50, 100 μg/mL) and mixed oil (100, 200 μg/mL) significantly
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inhibited lipid accumulation in the range of 12–24%. Interestingly, the positive controls
i.e., 18 μg/mL adrenaline and 194 μg/mL caffeine showed the same range of % lipid
accumulation inhibition (21% and 17%, respectively). All samples tended to decrease
intracellular lipids in a concentration-dependent manner. The maximum inhibition of
lipid accumulation (24%) was observed from 100 μg/mL long pepper oil. It is noted
that the positive controls as well as all test samples could reduce lipid accumulations on
3T3-L1 adipocytes in both preventive and treatment experiments where the degree of
reduction was greater in the preventive experiments. The samples that clearly showed
significantly higher % lipid accumulation in the preventive experiments when compared to
the treatment experiments were turmeric, cassumunar ginger, tea and mixed oil (p < 0.05).

Nine monoterpenoid constituents of the herbal compress ingredients were tested for
their preventive and treatment effects on adipogenesis of 3T3-L1 adipocytes (Figure 2).
The results showed that all samples significantly inhibited lipid accumulation as com-
pared to the control cells in both preventive and treatment ways, although most samples
tended to have a higher preventive effect than the treatmentive effect. The significant
difference between preventive effects and treatment effects are shown in citral (50, and
100 μg/mL, p < 0.001), and 3-carene (100 μg/mL, p < 0.05). For the effective effect, the
highest inhibition of lipid accumulation was observed in limonene at the concentration of
100 μg/mL, with 47 ± 2% inhibition. The limonene compound significantly decreased lipid
accumulation more than the caffeine (194.2 μg/mL, 38 ± 1% inhibition) and adrenaline
(18.3 μg/mL, 34 ± 3% inhibition). For the treatment effect of the intracellular lipid accu-
mulation, these results indicated that the nine major monoterpenoid constituents inhibited
lipid accumulation (Figure 2B). These data also show that camphor, camphene, citral,
3-carene, alpha-pinene in the concentration of 100 μg/mL as well as limonene, myrcene,
beta-pinene and terpinene-4-ol in the concentrations of 50 and 100 μg/mL significantly
inhibited lipid accumulation by 20–33% where caffeine (18 μg/mL) showed 18 ± 1% inhi-
bition and adrenaline (194 μg/mL) showed 21 ± 3% inhibition. The highest % inhibition
of lipid accumulation was observed in limonene at 100 μg/mL (38 ± 4%), which was
significantly higher than caffeine and adrenaline (p < 0.05). A previous animal study [18]
showed the preventive effects of limonene on hyperglycemia and dyslipidemia in high-fat
diet-induced obesity mice. In addition, limonene was reported to be effective in regulating
the peroxisome proliferator-activated receptor (PPAR)-α signaling and liver X receptor
(LXR)-β signaling. The microscopic pictures of 3T3-L1 adipocytes after stained with Oil
Red O in preventive and treatment experiments are shown in Figure 3.

2.3. Effects of Essential Oils/Extracts and Their Major Monoterpenoid Constituents on Triglyceride
Accumulation of Adipogenesis of 3T3-L1 Cells

In addition to inhibition of adipocyte differentiation and mature adipocyte, we also
determined the effect of the test samples on triglyceride accumulation of 3T3-L1 adipocytes
causing the in vitro lipolysis effect. Excessive amounts of triglyceride accumulation in
the adipocyte is related to an increased risk of a variety metabolic disease. In our study,
treatment of cells with seven essential oils, mixed oil and tea and coffee extracts decreased
triglyceride accumulation in differentiated 3T3-L1 cells. The amount of intracellular triglyc-
eride accumulated in adipocytes was significantly decreased at all concentration levels
tested (Figure 4A,B) when compared to the effect in the untreated control cells.
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Figure 2. Lipid accumulation in 3T3-L1 adipocytes after treated with monoterpenoid constituents of
the herbal compress ingredients and positive controls (adrenaline 0.1 mM or 18.3 μg/mL and caffeine
1 mM or 194.2 μg/mL); (A) in the preventive experiments where the pre-adipocytes were treated
with the samples during the differentiation on days 3, 5 and 7, and (B) in the treatment experiments
where the samples were added after the pre-adipocytes were differentiated to adipocytes (on day 9)
and incubated for one day. The lipid accumulation was measured by Oil Red O assay, and the results
expressed as the mean ± SEM of triplicate tests. Data expressed in percentage in comparison with
control. One-way ANOVA showed significant value, * p < 0.05 as compared to control.

The lowest concentration that significantly decreased triglyceride content was ob-
served in lemon grass oil (25 μg/mL, 53 ± 3% triglyceride content). Five essential oils that
demonstrated the most prominent decrease for the triglyceride content were long pepper
oil (100 μg/mL, 42 ± 6% triglyceride content), black pepper (100 μg/mL, 47 ± 5% triglyc-
eride content), coffee (200 μg/mL, 47 ± 7% triglyceride content), kaffir lime (200 μg/mL,
50 ± 5% triglyceride content) and mixed oil (200 μg/mL, 50 ± 2% triglyceride content).
A total of 1 mM of Caffeine decreased the triglyceride contents by 41 ± 2% and 0.1 mM
adrenaline decreased triglyceride accumulation by 67 ± 4% (relative to the control).
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Figure 3. Cont.
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Figure 3. Representative photographs (20×) of 3T3-L1 adipocytes stained with Oil Red O after
treatment with the essential oils, extracts and limonene in comparison with undifferentiated and
control cells. To study the preventive effect, the mature adipocytes were treated with samples
(1–13) on days 3, 5 and 7 after the initiation and the oil red O staining was conducted on day 9.
For treatment effect, the samples were incubated with the mature adipocyte on day 9 and their
effects were measured on day 10. Notably, 1 mM (18.3 μg/mL) caffeine and 0.1 mM (194.2 μg/mL)
adrenaline were used as positive controls.

Figure 4. The effects of (A) the essential oils/extracts, and (B) monoterpenoid constituents on
triglyceride content of 3T3-L1 adipocytes after treatment for 24 h. Intracellular triacylglycerol content
was determined using enzymatic colorimetric methods. We used 1 mM (18.2 μg/mL) caffeine and
0.1 mM (194.3 μg/mL) as positive controls. Values are expressed as mean ± SE of three independent
experiments. One-way ANOVA showed significant value, * p < 0.05, ** p < 0.01, and *** p < 0.001 vs.
control cells (untreated).
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For nine monoterpenoid constituents on lipolysis of lipid accumulation in adipocytes,
at day 10, were measured using intracellular triglyceride content, as shown in Figure 4B.
The maximum significant decrease of triglyceride content was identified in the presence of
citral (100 μg/mL concentration, 32 ± 1% triglyceride content) and camphene (100 μg/mL,
35 ± 2% triglyceride content), relative to the control. In addition, two constituents: cam-
phene and citral at 100 μg/mL concentrations, decreased triglyceride content more than
caffeine (p < 0.01). We also found that nine constituents had decreased triglyceride content
more than adrenaline. These were camphor, camphene, citral, 3-carene, limonene, myrcene,
alpha-pinene, beta-pinene and terpinene-4-ol at 100 μg/mL concentration. Interestingly,
triglyceride determination of camphene, citral and limonene showed similar decreases
in total lipid accumulation in mature adipocytes as compared to the 1% dimethyl sulfox-
ide (DMSO) control. Our results concur with the animal study reported in [19], which
showed that there was a significant inhibition of differentiation of preadipocytes to mature
adipocytes was observed, and it was evident from reduced lipid accumulation in the cells.
Cellular lipid content was decreased by 18% by camphene at 10 μM, by 29% at 50 μM and
by 37% at 100 μM, when compared with the control cells treated with DMSO. Previous
work has also found that 30 μM citral exhibits significant inhibition of total triglyceride
accumulation using the triglyceride determination kit by 30%, while 40 μM showed a 50%
inhibition, and 50 μM showed 80% inhibition [20]. In another study [21], a quick screening
on the lipolytic effect of monoterpenes in 3T3-L1 adipocyte was conducted with the result
that 1μM of limonene stimulated lipolysis by 17%. Caffeine and adrenaline were used as a
positive control in this study. Figure 4A,B show that caffeine at the concentration of 1 mM
or 194 μg/mL increased lipolysis with a triglyceride accumulation reduction of 41 ± 2%
triglyceride content. Adrenaline at the concentration of 0.1 mM or 18 μg/mL also decreased
triglyceride accumulation (67 ± 4% triglyceride content). These results are supported by
a previous report that showed that caffeine inhibited triglyceride content by 11%, 22%
and 34% at the concentration of 1, 5 and 10 μg/mL [22]. In addition, adrenaline (1 μM)
stimulated lipolysis for about a 30% glycerol release. Total glycerol content in the medium
indicates the lipolytic effect of adrenaline in 3T3-L1 adipocytes [21]. Previous studies
demonstrated that lemon grass oils are rich in citral [23,24], and also that citral inhibited
the formation of intracellular lipid accumulation in a concentration-dependent manner
(10–50 μM) for 30, 40 and 50 μM concentrations of citral [20]. It should be noted that the
present research has shown the potent impact on the lipolytic effect of nine essential oils,
mixed oil and their major constituents, which are monoterpenes, The potential anti-cellulite
activity of the seven essential oils, mixed oil and tea and coffee water extracts, and their
nine major monoterpenoid constituents, extracted from the anti-cellulite herbal compress
that we had developed, were assayed on the 3T3-L1 cell lines of preadipocyte, a commonly
used cell model for adipose cell biology research. Furthermore, anti-cellulite effects can be
exerted by reducing the size and number of intracellular lipid accumulations in adipocytes
and assayed triglyceride accumulations. It is suggested that further work be undertaken to
study the molecular mechanisms and to substantiate the effectiveness of bioactive com-
pounds as anti-lipogenesis or lipolysis substances, and the beneficial anti-cellulite activities
that we have shown to be demonstrated by the herbal compress.

2.4. Vasorelaxant Effects Of Mixed Oil on Rat Aortae

Our previous clinical study showed that the anti-cellulite herbal compress improved
cellulite appearance, as assessed by measurement of thigh circumferences, skin thickness
and severity of cellulite [7]. Blood flow enhancement via vasodilation could be one of
the mechanisms activated by the anti-cellulite herbal compress. Therefore, the mixed oil
derived from hydrodistillation of the herbal compress was tested on isolated rat aortae. This
test revealed a concentration-dependent (1–300 μg/mL) vasorelaxant effect of mixed oil on
the phenylephrine pre-contracted endothelium-intact vessel (EC50 = 14.74 ± 2.65 μg/mL
and Emax = 99.51 ± 0.49%, Figure 5). The vascular action of the herbal compress could
be attributed to some of the major constituents of mixed oil, in particular monoterpenes
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i.e., α-pinene, camphene, β-pinene, β-myrcene, 3-carene, D-limonene, camphor, terpinene-
4-ol β-citral and α-citral, which were displayed on chromatographic profiles shown in a
GC-MS chromatogram (Figure 6). The mechanism of vasorelaxant actions of the mixed oil
could involve the endothelium dependent pathway i.e., nitric oxide release, as reported by
several studies evaluating vascular actions of the volatile oils and plants containing similar
monoterpene profiles [7,25,26].

Figure 5. (A) A typical trace of the vasorelaxant effect of the mixed oil distilled from the herbal com-
press mixed ingredients (0–300 μg/mL) on endothelium-intact aortae. (B) Concentration-relaxation
curves for mixed oil from anti-cellulite herbal compress (1–300 μg/mL) on endothelium-intact aortic
rings. All data points are means ± SEMs (n = 5).

Figure 6. GC-MS total ion chromatogram of the mixed oil distilled from the herbal compress mixed
ingredients. The peaks of the main constituents were identified by comparing the molecular mass
from mass spectra data of each compound with the NIST library (Version 2.2) as (1) α-pinene, (2)
camphene, (3) β-pinene, (4) β-myrcene, (5) 3-carene (6) D-limonene, (7) camphor, (8) terpinene-4-ol,
(9) β-citral and (10) α-citral.

3. Materials and Methods

3.1. Chemicals and Plant Materials

Keratinocyte serum-free medium (KSFM) and supplements (2.5 μg of recombinant
human epidermal growth factor and 25 mg of bovine pituitary extract), high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM), bovine calf serum (BCS), fetal bovine serum
(FBS), phosphate buffered saline (PBS) and antibiotics were purchased from GIBCO (Grand
Island, NY, USA), while 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT), DMSO, Oil Red O reagent and human recombinant insulin were purchased from
Sigma-Aldrich (St. Louis, MO, USA. Dexamethasone and IBMX were purchased from Merck
(Kenilworth, NJ, USA). Caffeine, camphene, camphor, 3-carene, α-citral, β-citral, limonene,
β-myrcene, α-pinene, β-pinene and terpinene-4-ol were purchased from Sigma-Aldrich
(Buchs, Switzerland). Adrenaline was purchased from MARCH (Bangkok, Thailand).

The ingredients of the herbal compress i.e., ginger (rhizome), black pepper (fruit), java
long pepper (fruit), turmeric (rhizome), plai (rhizome), lemongrass (stalk) and kaffir lime
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(fruit peel) were purchased in Phitsanulok, Thailand. Specimens of all nine herbs were
collected and authenticated by comparing with voucher lots available in the Biological
Sciences Herbarium, Naresuan University, Phitsanulok or comparing with botanical il-
lustrations. Roasted coffee beans (Arabica100% Coffman®) were produced by Coffman
International. Co., Ltd., Bangkok, Thailand and the tea (Three Horses®) was purchased
from Three Horses Tea Co., Ltd., Bangkok, Thailand.

3.2. Extraction

Essential oil extraction: The essential oil of each seven plant ingredients as well as the
mixed oil were extracted using hydro-distillation. The plant materials were cut into small
pieces, dried at 45–50 ◦C and ground into powder. The powder of each plant (50 g) was
placed in a round-bottomed flask with 500 mL of distilled water. For the mixed oil, the
150 g of mixture of seven plant herbal compress ingredients in the ratio that reported in
previous study [7] was placed in a round-bottomed flask with 1500 mL of distilled water.
The distillation apparatus was set to 100 ◦C for 3 to 5 h of distillation [27,28]. Tea and coffee
water extraction: Tea and coffee (100 g) were boiled in 400 mL of distilled water for 3 times,
and filtered through a filter cloth, followed by 5 min of centrifuging, then the supernatant
was lyophilized and stored at −20 ◦C in screw cap bottles.

3.3. Cell Culture

The protocol was approved by Naresuan University Institutional Review Board
for human keratinocyte and fibroblast cells (Approval number 608/59), and for 3T3-L1
preadipocytes and adipocytes (Approval number 0044/61). 3T3-L1 preadipocyte cell line
was obtained from ATCC (Manassas, VA, USA). Keratinocyte cells were cultured in KFSM
supplemented with 5 μg/mL epidermal growth factor human recombinant, 50 μg/mL
bovine pituitary extract and 1% P/S solution [29]. Fibroblast and 3T3-L1 preadipocyte
cells were cultured in DMEM, 10% FBS (fibroblast), or 10% BCS (3T3-L1), 3.7 g/L sodium
bicarbonate and 1% P/S solution. The cells culture condition was maintained at 37 ◦C, and
humidified in an atmosphere of 5% CO2.

3.4. Adipocyte Differentiation (Adipogenesis Assay)

For adipocyte differentiation, the 3T3-L1 pre-adipocytes were plated in 96 well plates
at a density of 2 × 103/well and cultured in DMEM supplemented with 10% BCS and 1%
P/S solution. Two days after confluence; day 0, the media was removed and the fresh
differentiation media i.e., DMEM with 10% FBS, 1 μM dexamethasone, 0.5 mM IBMX and
5 μg/mL insulin was added and maintained for 2 days at 37 ◦C in an atmosphere of 5%
CO2. The media was replaced with fresh DMEM containing insulin every second day. By
day 9, more than 90% of the cells had differentiated into lipid droplets [30,31].

3.5. Cell Viability

Human keratinocyte and fibroblast cells were separated from human foreskins. The
keratinocytes were seeded at 2 × 104 cells/well and the fibroblast cells were seeded at
2 × 104 cells/well. The 3T3-L1 pre-adipocytes were seeded at 1 × 104 cells/well and 3T3-L1
pre-adipocytes, for differentiation to the adipocytes, were seeded at 2 × 103 cells/well in a
96-well plate. The essential oils and extracts and their major compounds were dissolved in
100% DMSO and the culture medium was then replaced with 100 μL serial dilutions (0.97,
1.95, 3.90, 7.81, 15.62, 31.25, 62.5, 125, 250 and 500 μg/mL) of the extracts for keratinocytes,
fibroblast and pre-adipocytes, and 12.5, 25, 50, 100, 200 and 500 μg/mL for the adipocytes.
The cells were then incubated with the essential oils/extracts at 37 ◦C, and 5% CO2, for
24 h. The viability of the differentiated cells adipocyte and post-confluent adipocytes was
ascertained by treating them with a sample solution in differentiation medium every 2 days
for 9 days, after which the viability was assayed. Where the final concentration of DMSO
was less than 1% v/v in the cell culture medium, the cells were added to each well with
50 μL of MTT working solution (1 mg/mL) in PBS (pH = 7.4) and incubated for a further
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three hours. The solution was measured at a test wavelength of 595 nm by microplate
reader [32–34].

3.6. Quantification of Lipid Content by Lipid Accumulation

The accumulation of lipids in the cells was quantified by Oil-Red-O assay. The
inhibition of essential oils and extracts, and their major monoterpenoids, were evaluated
for their preventive and treatment effects against adipogenesis. Various concentrations of
the essential oils and extracts (12.5 to 200 μg/mL) were added to the differentiation media
(with insulin) on days 3, 5 and 7. After day 7, the lipid droplets in the mature adipocytes
were stained then visualized through Oil Red O staining and photographed. To evaluate
the treatment effect, the samples were incubated with the mature adipocyte on day 9 for
24 h and their effects were stained with Oil Red O on day 10 [12,20].

3.7. Oil-Red-O Staining

After the lipid droplets were stained and showed through the Oil Red O staining
of 3T3-L1, the adipocytes were treated with different concentrations of the extracts, as
described above. The cells were washed twice with PBS, fixed with 10% formalin for 8 min
and left for 1 h at room temperature when they were washed again with 60% Isopropanol
and stained with freshly prepared Oil Red O solution diluted with 3 parts of 0.5% Oil Red
O in 2 parts of distilled water, for 45 min at room temperature. The cells were again washed
twice with distilled water to remove the excess stain and then were dried. The cells were
then examined under a microscope. After 10 min, the Oil Red O staining was extracted by
isopropanol. The absorbance was measured using a microplate reader at 500 nm [31,35]
and examined under a microscope (Nikon) and the images were captured.

3.8. Determination of Triglyceride (TG) Content

Next, 3T3-L1 adipocytes were induced for differentiation in the same fashion as stated
in session 3.5. At day 9, they were treated with samples of essential oils, extracts and
monoterpenoids, or positive controls of caffeine and adrenaline, and incubated at 37 ◦C,
and 5% CO2 for 24 h. The cells were then collected and lysed using sonication. The total
triglyceride contents in the cells were determined using the Triglyceride Assay Kit (Cayman
Chemical Company, Ann Arbor, MI, USA) [20,35,36].

3.9. Vasorelaxant Effects of Mixed Oil

This study was approved and conducted in accordance with the guidelines of the
Naresuan University Animal Care and Use Committee (NUACUC; Animal Ethics Approval
Number: NU-AE601021). After anesthetizing the male Wistar rats, using intraperitoneal
injection of thiopental sodium (100 mg/kg), the rats’ aortae were excised and kept in
cold physiological Krebs’ solution (mM): NaCl 122 mM; KCl 5 mM; [N-(2-hydroxyethyl)
piperazine N’-(2-ethanesulfonic acid)] HEPES 10 mM; KH2PO4 0.5 mM; NaH2PO4 0.5 mM;
MgCl2 1 mM; glucose 11 mM; and CaCl2 1.8 mM (pH = 7.4). After removal of the superficial
connective tissues, each aorta was cut into ring segments, 3–4 mm in length, which were
then mounted in standard 10 mL organ baths continuously aerated (95% O2:5% CO2)
and filled with Krebs-Hensleit (KH) buffer (pH = 7.4) at 37 ◦C. A Mac Lab A/D converter
(Chart V5, A.D. Instruments, Castle Hill, NSW, Australia) was used to measure the isometric
tension of the force transducers which were connected with intra-luminal wires. The resting
tension of the aortic rings was maintained at 1 g and the rings were equilibrated for 60 min
to ensure a stable contraction with 10 μM phenylephrine (PE). Presence of the endothelial
lining was evaluated by observing >70% relaxation with 10 μM acetylcholine (Ach) after
stable contraction with PE [37].

The experiment was conducted on endothelium intact rat aortae equilibrated at 1 g
initially and pre contracted with 10 μM PE. A stable contraction plateau was observed
which was then followed by the cumulative addition of mixed oil from 1 μg/mL, 3 μg/mL,
10 μg/mL, 30 μg/mL, 100 μg/mL and 300 μg/mL. Each concentration was incubated
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until the relaxation was stable. Identical concentrations of DMSO alone were added to
serve as the negative control group at the same time interval as the addition of the mixed
oil, in order to ensure that the relaxation was rendered by the mixed oil rather than the
DMSO. The vessel was washed with physiological Kreb’s solution after complete relaxation
had been observed at the highest concentration of the mixed oil. To evaluate the vessels’
integrity, 80 mM K+ solution was added. The immediate contraction plateau of each vessel
was observed, signifying the vessel’s viability throughout the experimental protocol. The
% relaxation was calculated as % contraction in response to PE.

3.10. Gas Chromatography-Mass Spectrometry Analysis of Monoterpenoid Constituents in Mixed Oil

GC-MS analysis used an Agilent 7890B, Gas Chromatography System-5977B coupled
to an Agilent 5977B MSD model mass spectrometer (Agilent Technologies, Singapore).
Mixed oil was prepared by dissolving 5 mg into 1 mL of methanol and injected into a
capillary column HP-5 5% Phenyl Methyl Silox (30 m × 250 μm × 0.25 μm; Agilent 19091S-
433) with a constant flow rate of Helium 1.0 mL/min. The injector was set at 250 ◦C and
performed by split mode with a split ratio of 100:1 (in 1.0 μL). The GC oven temperature
was initially set at 70 ◦C for 5 min, then increased to 100 ◦C at a rate of 3 ◦C/min and held
for 3 min, then increased to 250 ◦C at a rate of 20 ◦C/min and held for another 1 min, with
a total run time of 26.5 min (Figure 6).

Monoterpenoid constituents of the mixed oil were identified by mass spectrometry in
full scan mode using mass analyzer and confirmed by comparing their spectra to those of
the NIST MS search 2.2 library. The mass spectrometer was operated in the electron impact
ionization mode (70 eV), with a scan range of 50 to 550 amu. The interested constituents of
mixed oil from the anti-cellulite herbal compress and their relative peak areas were listed
in Table 2.

Table 2. The GC-MS retention times and the relative peak areas of the interested monoterpenoid
constituents of mixed oil from the anti-cellulite herbal compress.

Monoterpenes Constituents 1 Retention Time (min) Relative Area (%) 2

α-pinene (1) 5.044 6.13
Camphene (2) 5.478 3.73
β-Pinene (3) 6.383 20.99
β-myrcene (4) 6.774 2.63

3-carene (5) 7.495 8.34
D-limonene (6) 8.221 20.70

Camphor (7) 13.036 8.38
Terpinene-4-ol (8) 14.630 20.93

β-citral (9) 17.791 3.84
α-citral (10) 19.108 4.33

1 Relative area (%) obtained by area of the interested peak/total area of 10 interested peaks × 100. 2 The number
in the brackets of represent the peak in Figure 6.

3.11. Statistical Analysis

All adipogenesis experiments, each with a set of 3 wells, were carried out in triplicate.
Data were statistically evaluated by a one-way analysis of variance (ANOVA). Determina-
tion of significant differences (p < 0.05) between means was supported by Tukey’s multiple
comparison test (GraphPad Prism software version 8.0, San Diego, CA, USA). Values are
given as mean ± standard error of the sample animals. The EC50 values and Emax values
to achieve maximum relaxation were obtained by concentration-response curve fitting
using GraphPad Prism software version 8.0, San Diego, CA, USA.

4. Conclusions

This study presents the preclinical effects, on cellular lipid accumulation, triglyceride
content and the vasodilatation effect of on rat aortae, of the essential oils and extracts
obtained from Thai traditional herbal compresses and their constituents. These findings
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demonstrate the abilities of the test samples to decrease lipid accumulation resulting in
the inhibition of adipocyte differentiation and increasing lipolysis on 3T3-L1 adipocyte
cells. The mixed oils showed vasodilatory effects on rat aortae via endothelium-dependent
release of vasodilators. Our study is the first to report on the anti-cellulite mechanisms
of Thai traditional herbal compresses, including prevention of lipid accumulation and
increasing blood flow. Our findings allow us to confidently suggest that the anti-cellulite
activity of volatile oils and their monoterpenes constituents, or combinations of them, are
useful in the treatment for cellulite.
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Abstract: Obesity and diabetes are linked to an increased prevalence of kidney disease. Endoplasmic
reticulum stress has recently gained growing importance in the pathogenesis of obesity and diabetes-
related kidney disease. Melatonin, is an important anti-obesogenic natural bioactive compound.
Previously, our research group showed that the renoprotective effect of melatonin administration
was associated with restoring mitochondrial fission/fusion balance and function in a rat model of
diabesity-induced kidney injury. This study was carried out to further investigate whether melatonin
could suppress renal endoplasmic reticulum (ER) stress response and the downstream unfolded
protein response activation under obese and diabetic conditions. Zücker diabetic fatty (ZDF) rats
and lean littermates (ZL) were orally supplemented either with melatonin (10 mg/kg body weight
(BW)/day) (M–ZDF and M–ZL) or vehicle (C–ZDF and C–ZL) for 17 weeks. Western blot analysis of
ER stress-related markers and renal morphology were assessed. Compared to C–ZL rats, higher ER
stress response associated with impaired renal morphology was observed in C–ZDF rats. Melatonin
supplementation alleviated renal ER stress response in ZDF rats, by decreasing glucose-regulated
protein 78 (GRP78), phosphoinositol-requiring enzyme1α (IRE1α), and ATF6 levels but had no effect
on phospho–protein kinase RNA–like endoplasmic reticulum kinase (PERK) level. In addition,
melatonin supplementation also restrained the ER stress-mediated apoptotic pathway, as indicated
by decreased pro-apoptotic proteins phospho–c–jun amino terminal kinase (JNK), Bax, and cleaved
caspase-3, as well as by upregulation of B cell lymphoma (Bcl)-2 protein. These improvements were
associated with renal structural recovery. Taken together, our findings revealed that melatonin play a
renoprotective role, at least in part, by suppressing ER stress and related pro-apoptotic IRE1α/JNK
signaling pathway.

Keywords: melatonin; endoplasmic reticulum stress; diabesity; kidney

1. Introduction

Chronic metabolic diseases, particularly obesity and type 2 diabetes mellitus (T2DM),
are a major health problem worldwide, and kidney disease associated to them is an
important complication that is emerging as a major cause of morbidity and mortality [1].
Despite great progress in the control of obesity and T2DM, effective clinical therapy of
obesity and diabetes-related kidney injury is still limited, emphasizing the urgent necessity
for the development of new therapeutic strategies that target novel signaling pathways.
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It is well accepted that obese and diabetic kidney microenvironments play a pivotal
role in the pathogenesis of chronic kidney disease, through a mechanism involving the
endoplasmic reticulum (ER), the intracellular organelle responsible for synthesis, folding,
and maturation of protein, and for Ca+2 homeostasis modulation and lipids or steroids syn-
thesis [2–4]. Pathophysiological states that increase the demand for protein folding or that
disrupt normal folding processes result in accumulation of misfolded proteins in the ER and
cause ER stress [3]. At the initial stage of ER stress, a protective process termed unfolded
protein response (UPR) is initiated in the ER, which is mediated by three transmembrane
sensors, including protein kinase RNA–like endoplasmic reticulum kinase (PERK), acti-
vated transcription factor 6 (ATF–6) and inositol-requiring enzyme1α (IRE1α) [5]. Under
non-stress conditions, the proteins are bound to the ER chaperone protein glucose-regulated
protein 78 kDa (GRP78), and thus remain inactive. Upon accumulation of unfolded proteins
in the ER, GRP78 becomes dissociated from these transducers proteins, and UPR cascade is
activated after dimerization and autophosphorylation of PERK and IRE1α, and regulated
intramembrane proteolysis of ATF6. This response induced by UPR triggers the reduction
in global protein synthesis, the degradation of misfolded or unfolded proteins, and the
increase of protein chaperones synthesis, especially GRP78. When the adaptive ER stress
fails to restore cell homeostasis, this response can also trigger an apoptotic pathway to
remove the damaged cells [2]. One or more pro-apoptotic signaling pathways are known to
contribute to cell death under prolonged or chronic activation of the three UPR pathways.
According to the literature, UPR-mediated pro-apoptotic signaling is divided between that
mediated by IRE1α and that mediated by CCAAT/enhancer-binding protein homologous
protein (CHOP). Although CHOP can be induced by all three ER stress sensors, it is most
strongly induced by activation of PERK. IRE1α initiates ER stress-associated apoptosis by
recruiting tumor necrosis factor receptor-associated factor 2 (TRAF2), leading to the activa-
tion of the c–jun amino terminal kinase (JNK) pathway of apoptosis, which suppresses the
expression of B cell lymphoma (Bcl-2) and induces that of Bcl–2-associated x–protein (Bax).
Another mechanism of ER stress-associated apoptosis is via upregulation of Ca2+-mediated
signaling, where ER stress leads to the release of Ca2+ from ER to mitochondria, resulting
in the activation of the caspase family for apoptosis [6].

Accumulating evidence indicates that ER stress is pathogenic in various kidney dis-
eases [7]. The link between chronic ER stress and renal damage was established by the
presence of ER stress markers in both renal glomeruli and tubular interstitium of animal
models of both obesity and diabetes [8–12] and in diabetic patients [13]. Obese and diabetic
kidney microenvironment (e.g., lipotoxicity, glucotoxicity, and proteinuria) has been postu-
lated to induce several conditions that impose an ER stress response and UPR pathway
activation, leading to renal cells death [9,13–15]. Hence, therapeutic strategies targeting ER
stress and its downstream signaling might have the potential to provide a powerful tool in
an attempt to prevent renal injury in obesity and diabetes.

Melatonin (N-acetyl-5-methoxytryptamine) is a highly lipophilic molecule that can
easily cross the cell membrane in many organs and organelles [16]. It is an indoleamine
synthesized and secreted from the pineal gland and is mainly responsible for controlling the
circadian cycle [17]. Melatonin is also produced extrapineally by many peripheral tissues,
including kidney, owning to the expression of the two key enzymes involved in its synthesis
(arylalkylamine-N-acetyltransferase (AA-NAT) and hydroxyindole-O-methyltransferase
(HIOMT)) [18,19]. Exogenous melatonin is widely used to remedy sleep disorders and
jet-lag, either as a dietary supplement or as a drug, in many countries in Europe and
USA [20,21]. Apart from this, melatonin was shown to possess remarkable anti-obesity and
metabolic effects, as well as robust cell-protective properties, including anti-inflammatory
and anti-apoptotic properties [22–24]. The effectiveness of melatonin to reduce kidney
injury and dysfunction caused by various pathological conditions, such as obesity and
diabetes, has been widely investigated, and various mechanisms have been reported to
underlie its beneficial effects, including anti-oxidative stress, anti-inflammatory, and anti-
apoptotic mechanisms [16,25–35]. Our group has recently shown that melatonin improved
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outcomes of renal dysfunction through the modulation of mitochondrial dynamics and
function in an animal model of diabesity-induced kidney injury [36]. This mechanism
could not rule out the possibility that melatonin may also depend on ER stress response and
its downstream signaling mechanism to limit kidney damage under conditions of obesity
and associated diabetes, given that melatonin has been shown to be effective in modulating
ER stress response and UPR activation in different pathological situations [37–39]. With
respect to kidney diseases, so far, there has been only two studies, in which melatonin
was able to reduce renal ER stress in human in–vivo kidney stones model [40] and in a
rat model of renal warm ischemia–reperfusion [41]. However, whether melatonin can
mitigate renal ER stress in a rat model of obesity and diabetes-associated kidney injury
has not yet been investigated. The present study was undertaken to investigate whether
melatonin is effective against ER stress-induced renal damage in ZDF rat, and whether its
renoprotective effect implicates the inactivation of UPR signaling pathway. ZDF is an excel-
lent animal model of human obesity-induced type 2 diabetes, recapitulating pathological
features similar to that seen in human, including progressive insulin resistance, glucose
intolerance, hyperglycemia, hyperinsulinemia, hyperlipidemia, moderate hypertension,
and progressive renal injury. The ZDF rats spontaneously develop proteinuria and focal
segmental glomerulosclerosis (FSGS) by 14 to 20 weeks, which ultimately lead to renal
insufficiency by 22 weeks of age [36,42–46]. Our findings provide new insight into the
beneficial effect of melatonin supplementation on ER stress-induced kidney damage under
diabesity conditions.

2. Results

2.1. Effects of Melatonin on Kidney ER Stress Response

ER stress plays an important role in the development of diabesity-related kidney
disease [7]. To study ER stress in the kidney of ZDF rats and the possible effect of melatonin
supplementation on this situation, we assayed the expression level of the main ER stress
markers (GRP78, phospho–PERK, phospho–IRE1α, and ATF6) using Western blot analysis.

The upregulated expression of GRP78 is considered a major hallmark of ER stress.
The protein expression of GRP78 was significantly higher in the C–ZDF group compared
with the C–ZL group (2.2-fold; p < 0.001; Figure 1a) and was found to be significantly
decreased after melatonin supplementation in both ZDF (2.2-fold) and ZL (1.3-fold) groups,
as compared to their control counterparts without supplementation (p < 0.01 and p < 0.05,
respectively; Figure 1a).

In this study phospho–PERK, phospho–IRE1α, and ATF6 were investigated as mark-
ers of ER stress. Notably, although, the relative protein level of phospho–PERK was
significantly increased in C–ZFD group compared with C–ZL group (2.1-fold; p < 0.01;
Figure 1b), the extent of this change was not attenuated in either ZDF or ZL groups with
melatonin supplementation, as compared to their corresponding without supplementation
(p > 0.05; Figure 1b). The relative protein amount of phospho–IRE1α and ATF6 were found
to be significantly increased in the C–ZDF group compared with the C–ZL group (3.1-fold
and 3.0-fold, respectively; p < 0.001; Figure 1c,d), and melatonin supplementation lowered
their expression in ZDF group (4.5-fold and 4.1-fold, respectively) but not in ZL group, as
compared with the respective control ZDF (p < 0.001 and p < 0.001, respectively) and ZL
(p > 0.05 and p > 0.05, respectively) without supplementation (Figure 1c,d). Interestingly,
the expressed amount of phospho–IRE1α and ATF6 in M–ZDF group was restored to that
of C–ZL group.

2.2. Effects of Melatonin on Kidney ER Stress-Related Apopotosis Markers

Apoptosis could be stimulated with the activation of prolonged UPR. To investigate
whether the relieve effect of melatonin for the ER stress can be accompanied by the sub-
sequent repression of the ER stress-induced apoptosis, we choose to evaluate the IRE1α
branch of ER stress-associated apoptosis pathway.
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Figure 1. Effects of melatonin supplementation on endoplasmic reticulum (ER) stress markers in
the kidney of Zücker lean and diabetic fatty rats as measured by Western blot. (a–d) Densitometry
quantification of glucose-regulated protein 78 (GRP78) p–protein kinase RNA–like endoplasmic
reticulum kinase (PERK), p–inositol-requiring enzyme1α (IRE1α), and ATF6 protein levels. (e) Repre-
sentative blot of GRP78, phospho–PERK, phospho–IRE1α, and ATF6. C–ZL: control lean rats without
melatonin; M–ZL: lean rats with melatonin; C–ZDF: control diabetic fatty rats without melatonin;
M–ZDF: diabetic fatty rats with melatonin; ZL: Zücker lean rats; ZDF: Zücker diabetic fatty rats.
Values are means ± S.E.M (n = 3) of ratios of specific protein levels to β–actin (Loading protein).
## p < 0.01, ### p < 0.001 C–ZDF vs. C–ZL; * p < 0.05 M–ZL vs. C–ZL; ** p < 0.01, *** p < 0.001 M–ZDF
vs. C–ZDF (Tukey post hoc test).
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The IRE1α contributes to the ER stress-induced apoptosis through phosphorylation of
JNK, which has been proposed to be a pro-apoptotic event through down–regulation
of the anti-apoptotic protein Bcl-2 and upregulation of mitochondrial-associated pro-
apoptotic factors, including Bax, leading to cleavage of caspase-3, as the terminal apoptotic
effector [47].

We first examined the expression of the activated form of JNK (phospho–JNK). As
shown in Figure 2a, western blot analysis revealed higher relative content in renal tissue
from C–ZDF in comparison with C–ZL group (2.4-fold; p < 0.01; Figure 2a). Melatonin
supplementation resulted in a significant loss of JNK phosphorylation in the ZDF group (1.7-
fold) but had no effect on JNK phosphorylation in ZL group, as compared to the respective
control group without supplementation (p < 0.01 and p > 0.05, respectively; Figure 2a). In
line with this, we also evaluated the expression of mitochondria-associated pro-apoptotic
Bax and anti-apoptotic Bcl-2 factors. The analysis showed that protein expression of Bax
significantly increased in C–ZDF group when compared to C–ZL group (1.6-fold; p < 0.05;
Figure 2b). This was concomitant with a significant decrease in the protein level of Bcl-2 in
the C–ZDF group, as compared to C–ZL group (1.9-fold; p < 0.01; Figure 2c). These protein
changes resulted in a significant increase in Bax/Bcl-2 ratio, as compared to C–ZL group
(3.1-fold; p < 0.001; Figure 2d). After melatonin supplementation, the protein level of Bax
significantly reduced, whereas that of Bcl-2 increased, resulting in a reduced Bax/Bcl-2 ratio
expression in both ZDF (1.5-fold, 2.9-fold, and 4.2-fold, respectively) and ZL (1.3-fold, 1.3-
fold, and 1.5-fold) groups, as compared to the corresponding control ZDF (p < 0.05, p < 0.05,
and p < 0.001, respectively) and ZL (p < 0.05, p < 0.05, and p < 0.05, respectively) groups
without supplementation (Figure 2b–d). To finally explore the relevance of melatonin
on ER stress-mediated apoptosis, we detected the protein level of the activated form
of caspase-3. We found that the level of activated caspase-3 (cleaved caspase-3) was
significantly higher in C–ZDF group than in C–ZL group (1.4-fold; p < 0.05; Figure 2e), and
that melatonin supplementation significantly reduced its cleavage in both ZDF (1.8-fold)
and ZL (1.7-fold) groups compared to their control counterparts without supplementation
(p < 0.05 and p < 0.01, respectively; Figure 2e). Interestingly, the expression levels of all
the aforementioned ER stress-related apoptotic markers (phospho–JNK, Bax, Bcl-2, and
cleaved caspase-3) in M–ZDF group were restored to those of the C–ZL group.

2.3. Effects of Melatonin on Renal Tissu Morphology

Given our previous findings of improved renal dysfunction outcomes with melatonin
supplementation [36], we next examined whether melatonin can prevent renal structural
damage. Compared with renal tissues from C–ZL rats, C–ZDF rats exhibited an early FSGS
with glomerular hypertrophy, mesangial expansion, segmental mesangial hypercellularity,
and capillary collapse (endocapillary) (Figure 3c). Furthermore, tubulointerstitial damage,
such as interstitial fibrosis and dilated tubules with atrophic epithelial cells and destruc-
ted brush borders were also observed in C–ZDF rats (Figure 3c). The semi-quantitative
histopathological analysis indicated that both glomerulosclerosis index and tubular scarring
index scores were significantly higher in C–ZDF rats compared with C–ZL rats (0.67 ± 0.03
vs. 0.04 ± 0.05/100 glomeruli and 65.42 ± 3.12 vs. 7.12 ± 4.11/100 glomeruli, respectively;
p < 0.001; Figure 3e,f). Melatonin supplementation prevented FSGS and tubular degen-
eration (Figure 3d) and significantly lowered the glomerulosclerosis index and tubular
index scores in ZDF rats (0.23 ± 0.04/100 glomeruli and 11.78 ± 3.71/100 glomeruli, re-
spectively), as compared to their control counterparts without supplementation (p < 0.001;
Figure 3e,f). The renal tissue from M–ZL rats exhibited a similar histological aspect to that
from C–ZL rats (Figure 3a,b), and no significant difference in either glomerulosclerosis
index or tubular scarring index was observed in them (0.06 ± 0.03/100 glomeruli and
6.23 ± 3.89/100 glomeruli, respectively), when compared to their respective control rats
without supplementation (p < 0.001; Figure 3e,f).
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Figure 2. Effects of melatonin supplementation on ER stress-related apoptotic markers in the kidney
of Zücker lean and diabetic fatty rats as measured by Western blot. (a–c,e) Densitometry quantifica-
tion of p–c–jun amino terminal kinase (JNK), Bax, B cell lymphoma (Bcl)-2, and cleaved caspase-3
protein levels. (d) Bax/Bcl-2 ratio expression. (f) Representative blot of phospho–JNK, Bax, Bcl-2,
and cleaved caspase-3. C–ZL: control lean rats without melatonin; M–ZL: lean rats with melatonin;
C–ZDF: control diabetic fatty rats without melatonin; M–ZDF: diabetic fatty rats with melatonin;
ZL: Zücker lean rats; ZDF: Zücker diabetic fatty rats. Values are means ± S.E.M (n = 3) of ratios of
specific protein levels to β–actin (Loading protein). # p < 0.05, ## p < 0.01, ### p < 0.001 C–ZDF vs.
C–ZL; * p < 0.05, ** p < 0.01 M–ZL vs. C–ZL; *** p < 0.001 M–ZL vs. C–ZL; * p < 0.05, *** p < 0.001
M–ZDF vs. C–ZDF (Tukey post hoc test).
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Figure 3. Effects of melatonin on renal tissue morphology of Zücker lean and diabetic fatty rats. (a,b)
Representative photomicrographs showing normal appearance of the glomerulus and tubules in
C–ZL (left panel) and M–ZL rats (right panel). (c) Early focal segmental glomerulosclerosis (FSGS)
and tubulointerstitial damage were noted in C–ZDF rats, with a left glomerulus showing segmental
mesangial hypercellularity and mild segmental endocapillary (black arrow) and on the right showing
hypertrophy, associated with interstitial fibrosis (red arrows) and mild tubular degeneration as shown
with epithelial cells atrophy and loss of brush borders and cell polarity (blue arrows). (d) Normal
structure of renal tissue was observed in M–ZDF rats, with lower severity of FSGS and normal renal
tubules, and no signs of fibrosis. (H&E stain; original magnification at ×100). (e,f) Semi-quantitative
analysis of glomerulosclerosis index (left panel) and tubular index (right panel) scores in ZL and ZDF
rats. C–ZL: control lean rats without melatonin; M–ZL: lean rats with melatonin; C–ZDF: control
diabetic fatty rats without melatonin; M–ZDF: diabetic fatty rats with melatonin; ZL: Zücker lean
rats; ZDF: Zücker diabetic fatty rats. Values are means ± S.E.M (n = 6). ### p < 0.001 C–ZDF vs. C–ZL;
*** p < 0.001 M–ZDF vs. C–ZDF (Tukey post hoc test). Scale bar: 200 μm.
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3. Discussion

Results from this study revealed for the first time that melatonin supplementation
alleviated renal ER stress response and subsequent pro-apoptotic IRE1α–JNK signaling
pathway in a rat model of diabesity-induced kidney injury. This was associated with the
restoration of normal renal morphology. Based on these findings, we suggest that the
therapeutic benefit of melatonin in the obese and diabetic kidney could be attributed, at
least in part, to the modulation of ER stress-mediated cell death pathway. The present
study also stresses the role of renal ER stress in the pathogenesis of diabesity-related
kidney injury.

ER stress has been reported to be activated in renal tissue under conditions of obesity
and associated diabetes, contributing to the development and progression of kidney dis-
ease [48]. In the present study, we proved that ER stress was induced in the renal tissue
from control diabetic obese rats, as evidenced by amplified levels of GRP78, phospho–
PERK phospho–IRE1α, and ATF6 stress markers. The precise trigger of ER stress cannot
be deduced from this study. However, we postulate that it is likely to be a combination
of increased reactive oxygen species, hyperglycemia, lipid accumulation, and excessive
protein load in the ER, known to occur under obese and diabetic conditions [3]. Inter-
estingly, the current study showed that melatonin supplementation usefully restored the
levels of GRP78, phospho–IRE1α, and ATF6 proteins in diabetic obese rats. Meanwhile,
melatonin supplementation had no effect on the protein level of phospho–PERK. These
data clearly indicate that melatonin may exert a protective effect on obese diabetic kidneys
by inhibiting the IRE1α and ATF6 pathways. Our results are in keeping with recent find-
ings demonstrating that melatonin reduced ER stress in different models of kidney injury.
For instance, melatonin attenuated the ER stress response markers in–vitro kidney stones
model [40]. Similar effects were also observed in rat model of renal ischemia/reperfusion
injury [41]. In lean rats, melatonin supplementation reduced the levels of GRP78 but had
no effect on the three ER stress sensors, suggesting reduced acute ER stress level, which
possibly reflects the fact that melatonin minimizes oxidative stress that is known to cause
accumulation of unfolded proteins; bearing additionally in mind that myriad of studies,
including ours, highlighted melatonin as a powerful antioxidant [16,49]. To our knowledge,
this study provides the first evidence that melatonin might exert its protective effects on
obese diabetic kidneys through inhibiting ER stress.

Based on the above finding showing that melatonin preferentially suppressed the
IRE1α and ATF6 pathways among the three major arms of the ER stress response, we
investigated the effect of melatonin on the protein expression of some IRE1α-downstream
targets. It is known that IRE1α branch played a vital role in ER stress related to apopto-
sis [47]. This branch is highly regulated and could be the link between the survival role
of ER stress and the apoptotic features related to UPR [50]. During prolonged ER stress,
enhanced IRE1α kinase activity can phosphorylate the downstream JNK target to induce
cell death. The induction of JNK is regarded as an important element of the switch from
pro-survival to pro-apoptotic signaling cascades [47]. This study clearly shows that renal
tissue from control diabetic obese rats contain a high amount of phosphorylated JNK,
which indicates the activation of the apoptotic signaling. The activation of JNK signaling is
critical in the development of various forms of human kidney injury [51]. JNK activation
was also been evident in wide array of animal models of glomerular diseases and in the
aging kidney [52–57]. ER stress-associated apoptosis is a complex process controlled by
many factors, such as Bax and Bcl-2. Bcl-2 is an anti-apoptotic factor that reduces the
permeability of the mitochondria membrane and regulates the mitochondrial apoptosis,
while Bax is a pro-apoptotic factor that promotes the activation of caspase-3 [47]. It has
been reported that the phosphorylation of IRE1α/JNK activates both pro-apoptotic Bax
and concomitantly inhibited Bcl-2 factor [47]. Consistent with the activated IRE1α pro-
apoptotic pathway in control diabetic obese rats, we logically found an increased level of
apoptotic cell markers (Bax and cleaved caspase-3) and decreased level of anti-apoptotic
Bcl-2 protein in the control diabetic obese rats compared with control lean rats. The ratio of
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Bax/Bcl-2 is regarded as a key factor in determining whether cells can enter the apoptosis
process [58]. Our data showed an elevated Bax/Bcl-2 ratio, which confirms the activation
of the apoptotic pathway. Apoptosis is considered to be closely associated with the patho-
genesis of diabetic and obesity-related kidney disease [59]. It has also been reported that
diabetic and obesity-related kidney disease undergoes apoptosis in response to diabetic
hyperglycemia and proteinuria [6].

In the current study, melatonin supplementation attenuates the upregulation of JNK
and Bax expressions, the cleavage of caspase-3, the downregulation of Bcl-2 expression,
and the Bax/Bcl-2 ratio expression in renal tissue from diabetic obese rats. Based on these
data, we speculate that melatonin protects against kidney damage occurred under obese
and diabetic state, by activating the pro–survival mechanisms and preventing the excessive
upregulation of pro-apoptotic pathways. Moreover, because melatonin completely elimi-
nated the induction of JNK signaling effectors and restored them to those of the control
lean rats, we hypothesize that melatonin intervened with the downstream components
of the JNK signaling pathway rather than it controls upstream of the ER stress signaling.
Results from lean rats are a further argument in support of this hypothesis, according to
which melatonin enhanced the level of Bcl-2 and reduced that of Bax and cleaved-caspase-3
but had no effect on the level of either JNK or IRE1α, which would, on the one hand, be in
a favor of adaptive capacity enhancement and, on the other, be explained by the fact that
melatonin target components of the Bcl-2 signaling in order to suppress the IRE1α/JNK
pro-apoptotic pathway, which remains to be verified. In support with this suggestion,
melatonin was shown to interfere with the intrinsic pathway of apoptosis by inducing
the mitochondrial re–localization of Bcl-2 [60] and directly inhibiting Bax and caspase-3
activation [61]. Previously, other examples of melatonin reducing the ER stress-associated
apoptotic conditions have been reported. For instance, melatonin protected the heart by
ameliorating cardiac ER stress-induced apoptosis in rat with diabetic cardiomyopathy [62].
Additionally, melatonin protected the brain against ischemia–reperfusion injury by attenu-
ating ER stress trigged autophagy through both PERK and IRE1α pathways [63]. Inhibition
of the JNK pathway by genetic or pharmacologic approaches has also been demonstrated to
be effective at preventing and suppressing glomerulosclerosis and tubulointerstitial fibro-
sis [51]. The current data demonstrated that in addition to suppression of the IRE1α branch
of JNK signaling, melatonin supplementation prevented glomerulosclerosis, glomerular
hypertrophy, and tubulointerstitial damage, which are common features seen in patients
with obesity and T2DM [64,65]. Of note, a positive correlation between elevated JNK
activation and increased glomerulosclerosis was observed in human renal biopsies from
patients with hypertension and diabetic nephropathy [66]. Taken together, the present data
suggest that melatonin might exert its renoprotective effect by targeting components of the
pro-apoptotic IRE1α/JNK pathway.

Even though our current and previous data suggest that the renoprotective mecha-
nism of melatonin under conditions of obesity and diabetes may be due, partially, to the
suppression of ER stress and related IRE1α branch of JNK signaling and modulation of the
mitochondrial fission/fusion balance and function, it could not rule out the possibility that
the protective effect of melatonin on kidney may also be attributed to the improvement
of the metabolic complications of obesity, such as dyslipidemia, insulin resistance, hyper-
glycemia, hypertension, and oxidative stress, which are well accepted as risk factors for the
development of kidney disease [67], given that several studies, including ours, showed a
beneficial effect of melatonin to counteract these risk factors [49,68,69].

4. Materials and Methods

4.1. Reagents

All reagents used were of the highest purity available. Melatonin was purchased from
Sigma-Aldrich (Madrid, Spain).
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4.2. Animals and Experimental Protocol

Male Zücker diabetic fatty rats (ZDF; fa/fa) and their male lean littermates (ZL; fa/–)
were purchased at 5 weeks of age from Charles River Laboratory (Charles River Laborato-
ries, SA, Barcelona, Spain). This study was conducted in compliance with the European
Union guidelines for animal care and protection. Rats were housed 2 per clear plastic cage
under a 12–h light/dark cycle (lights on at 07:00 a.m.) in a temperature-controlled room
(25–28 ◦C). Tap water and Purina 5008 rat chow (protein 23%, fat 6.5%, carbohydrates 58.5%,
fiber 4%, and ash 8%; Charles River Laboratories, SA, Barcelona, Spain) were provided ad
libitum. All animals were acclimatized for 1 week before starting the experiments.

At the age of 6 weeks, the animals were randomly divided into four groups (n = 6
per group): the non-supplemented control groups (C–ZDF and C–ZL) and the melatonin–
supplemented groups (M–ZDF and M–ZL). Melatonin was dissolved in a minimum volume
of absolute ethanol and then diluted to the final solution of 0.066% (w/v) in the drinking
water to yield a dose of 10 mg/kg body weight and was received daily for 17 weeks. The
animals in the non-supplemented control groups received the vehicle in the drinking water
at a comparable dose and supplementation duration. Fresh melatonin and vehicle solutions
were prepared twice a week, and the melatonin dose was adjusted for body weight over
the entire period of the study. Water bottles were covered with aluminum foil to protect
from light, and the drinking fluid was changed twice weekly.

At the end of the experiment, the animals were sacrificed under sodium thiobarbital
(thiopental) anesthesia, and the kidney of each rat was immediately removed and frozen at
−80 ◦C until further use.

4.3. Protein Extraction and Western Blotting

Western blot analysis was performed according to the instructions previously de-
scribed by our research group [70]. Briefly, about 200 mg of kidney tissue was homog-
enized in lysis buffer (150 mM NaCl, 5 mM ethylene diamine tetra-acetic acid EDTA,
50 mM Tris–HCl; pH 7.4) without Triton X–100 and homogenized with a Teflon pestle,
maintaining the temperature at 4 ◦C throughout all procedures. Homogenates were cen-
trifuged (3000× g × 15 min; 4 ◦C), and the fat cake was removed from the top of the tube.
Then, Triton X–100 was added to a final concentration of 1%. After incubating at 4 ◦C
for 30 min, extracts were cleared by centrifugation at 15,000× g for 15 min at 4 ◦C. The
supernatant fraction was stored at 80 ◦C in aliquots until use. Protein concentration was
measured by the Bradford method using the bovine–serum albumin (BSA) as a standard.
Equal amounts of protein extracts were resolved on SDS–PAGE (sodium dodecylsulfate
polyacrylamide gel electrophoresis). The gels for immunoblot analyses were transferred to
a nitrocellulose membrane (Bio-Rad Trans-Blot SD, Bio-Rad Laboratories). The membranes
were then blocked with 5% non-fat dry milk in tris-buffered saline (TBS) containing 0.05%
Tween-20 (TBS-T) for 1 h at 37 ◦C and incubated overnight at 4 ◦C with primary antibodies
against GRP78 (cat#G–8918), phospho–PERK (cat#SAB–5700521), phospho–IRE1α (cat#I–
6785), ATF6 (cat#SAB–2100170), phospho–JNK (cat#07–175), Bax (cat#SAB–4502546), Bcl-2
(cat#SAB–4500003), and cleaved caspase-3 (cat#AB–3623). All antibodies were obtained
from Sigma-Aldrich (Sigma-Aldrich, Madrid, Spain) at 1:200–1:2000 dilution with TBS–T
containing 2.5% non-fat dry milk. Equal loading of protein was demonstrated by incubating
the membranes with mouse β–actin antibody (cat#SC–81178) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) at 0:1000 dilution. After the incubation, the membranes were washed
three times for 20 min in TBS-T and incubated for 1 h at room temperature with respective
horseradish peroxidase–conjugated secondary antibodies (Sigma-Aldrich, Madrid, Spain)
at 1:1000 dilution. The membrane was washed three times for 20 min in the TBS-T, and
then a chemiluminescence assay system (ECL kit, GE Healthcare Life Sciences, Bucking-
hamshire, UK) was used to develop the immunoreactive bands. Finally, the protein band
densities were quantitatively analyzed using Image J 1.33 software (National Institutes of
Health, Bethesda, MD, USA). The results were normalized to β-actin as a loading control.
All experiments were performed in triplicate.
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4.4. Microscopic Analysis

Kidney tissues were cut into sections and fixed with 4% paraformaldehyde for 24 h,
dehydrated, and embedded in paraffin following routine protocols. After embedding in
paraffin, 4-μm-thick sections were stained with hematoxylin and eosin (H&E) and finally
inspected under a light microscope (Olympus, Germany) equipped with a digital camera
system (Carl Zeiss camera, model Axiocam ERc 5s. Göttingen, Germany). The glomerular
lesions and tubular degeneration were evaluated semiquantitatively. The glomerular lesion
was defined as glomerular hypertrophy, mesangial expansion, glomerulosclerosis, and
capillary occlusion, and semiquantitatively scored from 0 to 3 + on the basis of severity
of the lesion for each glomerulus (0 = none, 1 < 25%, 2 = up to 50%, and 3 > 50%). The
glomerulosclerosis index was then calculated as described [45]. Briefly, 100 glomeruli were
randomly chosen from each rat kidney and carefully scored for glomerular lesion and then
adding all the scores and divided by 100. This was done in a sequential manner to ensure
that the same glomerulus was not graded twice. To evaluate tubular degeneration, tubular
scarring index was evaluated by counting the total number of atrophic or atrophying
tubular in the same area that contained these 100 glomeruli in each section [45].

4.5. Statistical Analysis

Statistical Package of Social Science (IBM SPSS Software, version 15, Michigan, IL,
USA) was used for statistical analysis. All results are expressed as mean ± standard error
of the mean (S.E.M) values. Comparisons between experimental groups were analyzed
using one-way ANOVA followed by Tukey post hoc test. Differences between group means
were considered statistically significant if p < 0.05. A p < 0.05 was considered statistically
significant, and levels of significance were labeled on the figures as follows: *** p < 0.001;
** p < 0.01; * p < 0.05, and ### p < 0.001; ## p < 0.01; # p < 0.05.

5. Conclusions

This study is the first to demonstrate that chronic melatonin supplementation in obese
and diabetic-induced kidney injury rat model acts as a renal ER stress suppressor, and the
mechanism is possibly through targeting IRE1α signaling pathway. This, in concert with
our previously reported effect via mitochondria in the same strain animal model, showing
that melatonin supplementation improves kidney function under conditions of obesity and
diabetes [34]. Data from our unpublished studies showed that melatonin doses ranged
between 1–10 mg/kg body weight (BW) reduces body weight and improves metabolic
outcomes in diabetic obese rats. Based on human equivalent dose calculation [71], we
estimated that a clinically effective dose of 0.16–1.6 mg/Kg BW might have potential
therapeutic implications, especially among the obese diabetic population with a high risk
of kidney disease. Hence, clinical trials should be promoted to investigate the optimal
effective dose in humans. Further in–vitro studies are required to fully elaborate on the
effect of melatonin on ER stress-induced kidney injury and decipher the precise underlying
related molecular mechanism.
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Abstract: Plant-based systems continue to play a pivotal role in healthcare, and their use has been
extensively documented. Asphodelus L. is a genus comprising various herbaceous species, known
by the trivial name Asphodelus. These plants have been known since antiquity for both food
and therapeutic uses, especially for treating several diseases associated with inflammatory and
infectious skin disorders. Phytochemical studies revealed the presence of different constituents,
mainly anthraquinones, triterpenoids, phenolic acids, and flavonoids. Although extensive literature
has been published on these constituents, a paucity of information has been reported regarding the
carbohydrate composition, such as fructans and fructan-like derivatives. The extraction of water-
soluble neutral polysaccharides is commonly performed using water extraction, at times assisted by
microwaves and ultrasounds. Herein, we reported the investigation of the alkaline extraction of root-
tubers of Asphodelus ramosus L., analyzing the water-soluble polysaccharides obtained by precipitation
from the alkaline extract and its subsequent purification by chromatography. A polysaccharide was
isolated by alkaline extraction; the HPTLC study to determine its composition showed fructose as
the main monosaccharide. FT-IR analysis showed the presence of an inulin-type structure, and NMR
analyses allowed us to conclude that A. ramosus roots contain polysaccharide with an inulin-type
fructooligosaccharide with a degree of polymerization of 7–8.

Keywords: Asphodelus ramosus; root-tubers; inulin; fructans; fructooligosaccharide; alkaline ex-
traction; high-performance thin layer chromatography; NMR spectroscopy; 2D NMR analyses;
infrared spectroscopy

1. Introduction

The genus Asphodelus L. belongs to the Liliaceae [1] or Asphodelaceae family according
to APG IV classification of 2016 [2]. It is native to South Europe, Africa, the Middle East,
and the Indian Subcontinent, which is where it is mainly distributed [3], and reaches its
maximum diversity in the west of the Mediterranean, particularly in the Iberian Peninsula
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and in northwest Africa [4]. Plants of genus Asphodelus have been known since antiquity
for their both therapeutic and food uses. Indeed, root-tubers are used as daily food, after
being moistened and fried beforehand to eliminate the astringent compounds [5], and also
the young stem, the leaves, and the roasted seeds [6]. Additionally, various ethnomedical
uses were described for Asphodelus species, including the treatment of skin eczema or solar
erythema, alopecia, paralysis, rheumatism, or earache [3]. Asphodelus ramosus L. is a species
abundant in Mediterranean areas [5,7,8]. Its phytochemical studies revealed the presence of
different constituents, mostly depending on the part of the plant. The roots mostly exhibit
the presence of anthraquinones [9–11], while the aerial parts are mainly reported to have
flavonoids and phenolic acids [12,13]. A paucity of information has been reported regarding
carbohydrate composition [14,15], even though the members of Asphodelus genus are known
to contain fructans [16], water-soluble carbohydrates consisting of repeating fructose. Here,
we analyzed the water-soluble polysaccharide isolated from the alkaline extract of A.
ramosus, resulting in an inulin-type fructan. The most common inulin-type fructans (ITFs)
are inulin and fructooligosaccharides (FOSs), consisting of linear chains of fructose units
linked by beta (2 → 1) fructosyl-fructose glycosidic bonds bound to a terminal glucose unit
and a residue of glucose [17]. From a chemical point of view, FOS and inulin differ only in
the degree of polymerization (DP): FOSs have a short chain with a DP between 2 and 9,
while inulin can reach 60 units [18]. Inulin is widely used in industry because it improves
the taste and mouthfeel of food and can replace fats in dairy and baked products [19].
Together with FOS, inulin is classified as a dietary fiber included in the class of nondigestible
carbohydrates, since they cannot be hydrolyzed by intestinal enzyme; on the contrary,
the microbiome can digest FOS and inulin giving several metabolites (i.e., short-chain
fatty acids) [20] that gut microbiota and the host can utilize to improve gastrointestinal
physiology with benefits on lipid metabolism, with decreased levels of serum cholesterol,
triacylglycerols and phospholipids [21], and levels of glucose and insulin [22], immune
function, and mineral absorption [23]. Other beneficial effects include host metabolism, and
even in the development and homeostasis of the CNS [24]. Currently, FOS are increasingly
included in food products and infant formulas due to their prebiotic effect, stimulating the
growth of nonpathogenic intestinal microflora [21]. Inulin is used as a prebiotic, fat replacer,
sugar replacer, texture modifier, and for the development of functional foods in order to
improve health due to its beneficial role in gastric health. Indeed, inulin plays a preventive
role against gastrointestinal complications such as constipation and many diseases of the
intestinal tract, particularly irritable bowel diseases and colon cancer. Moreover, inulin
consumption enhances the absorption of calcium, magnesium, and iron, and stimulates
the immune system [25]. Interestingly, in vitro studies showed that inulin has radical
scavenging activity and ferric reducing power, although they are weaker than vitamin C.
Additionally, in vivo studies of laying hens showed that dietary supplementation with
inulin significantly improved the antioxidant status of these animals [26].

Therefore, natural sources of inulin and FOS have great value, possessing health
benefits for humans.

2. Results and Discussion

2.1. Extraction and Purification of Water-Soluble Polysaccharides from Root-Tubers of A. ramosus

Usually, the extraction of water-soluble polysaccharides is performed using hot water,
at times assisted by microwaves [27] and ultrasound [28] to overcome some disadvantages,
including the long time and low efficiency of extraction. The cooking processes were
reported as a method to increase the efficiency of polysaccharide extraction from plant
material, breaking hydrogen and hydrophobic bonds without the degradation of the
covalent ones [29]. Therefore, we performed an extraction under high-pressure cooking
treatment giving the solid called AR3. Nevertheless, since hot water extraction is associated
with high extraction temperature, more time consumption, and low efficiency [30], an
alternative way to increase extraction yield is alkaline extraction [31]. Therefore, we also
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performed an alkaline extraction of A. ramosus root-tubers, followed by the precipitation
by ethanol of a brown solid (AR1).

A fast comparison by TLC of AR1 and AR3, using commercial inulin as a standard,
allowed us to conclude that only AR1 contained water-soluble polysaccharide, as prelimi-
narily confirmed by HPTLC analysis. Then, AR1 was purified by column chromatography
on silica gel using an aqueous binary mobile phase (isopropanol:water), giving AR2.

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

Commonly, the polysaccharides are subjected to hydrolysis followed by the determi-
nation of their monosaccharides by cleaving a glycosidic bond in a strong acid medium.
Therefore, due to the instability of sugar monomers with strong mineral acids [32], milder
hydrolysis is preferred. Here, we used an aqueous solution of trifluoroacetic acid (TFA)
that seemed more advantageous than other ones reported in the literature, such as oxalic
acid [33], because of the possibility to remove the residual TFA at the end of the hydrol-
ysis process. Indeed, in our hands, the co-presence of residual oxalic acid influenced the
retention factor (Rf) values of the monosaccharides (data not shown). The hydrolysis with
TFA was previously investigated by Li et al. [29], giving the best conditions of temperature,
time, and acid concentration to cleave the glycosidic bond and preserve the stability of the
corresponding monomers. For the HPTLC analysis, in addition to fructose, the aldoses
(glucose, galactose and arabinose) were used as references as, in a previous work [34], these
monosaccharides were found to compose the mucilage isolated from tubers of A. microcar-
pus Salzm. and Viv. As the mobile phase, we chose a binary mixture (acetonitrile/water)
where water is necessary to avoid diffused spots on the silica plate. Moreover, a sample of
commercial inulin underwent hydrolysis with TFA in the same condition of AR2. After
acidic hydrolysis of A. ramosus extract by TFA, the presence in the chromatogram of
fructose is very evident from both AR1 (data not shown) and AR2 (Figure 1), evidenced as
a brown spot visualized by derivatization with a solution of sulfuric acid in methanol. On
the contrary, other monosaccharides were not found. This allowed us to conclude that AR2
is a fructose polymer.

Figure 1. HPTLC analysis of the hydrolysate of the water-soluble polysaccharides from A. ramosus

roots. Mobile phase: acetonitrile:water (85:15 v/v). (a) Visualization, WRT light, derivatization with a
solution of sulfuric acid in methanol. (b) Visualization, UV 366 nm, derivatization with a solution
of sulfuric acid in methanol. Tracks: 1. galactose (1 mg/mL; 8 μL); 2. glucose (1 mg/mL; 8 μL); 3
fructose (1 mg/mL; 8 μL); 4. arabinose (1 mg/mL; 8 μL); 5. hydrolyzed AR2 (1 mg/mL; 8 μL); 6.
hydrolyzed inulin (1 mg/mL; 8 μL).
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2.3. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The FT-IR spectrum (Figure S4) of AR2 shows a broad band due to the vibrations of
hydroxyl groups (OH stretching) at 3275 cm−1 [35,36], while, in the region 1500-900 cm−1,
the strongest bands at 1114 and 1020 cm−1 can be assigned to the stretching vibrations
of C-OC- groups in furanosyl residues [35]. Lastly, the so-called “finger-print” region
(1300-900 cm−1) can be useful for the characterization of a molecule since it is characteristic
of every compound. The superposition of the inulin spectrum with that of AR2 (Figure S5)
shows no significant differences in FT-IR spectra of commercial inulin and the saccharide
extracted from A. ramosus.

2.4. Nuclear Magnetic Resonance (NMR) Studies

Data of 1H and 13C NMR, heteronuclear single quantum coherence (HSQC), and
heteronuclear multiple bond correlation (HMBC) are compatible with inulin structure
(Figure S2) and in accordance with the literature [35,37–39]. The 1H NMR spectrum
(Figure S1) of AR2 showed the characteristic signals of polysaccharides in the region δ

3.40–5.40 ppm, with a higher magnitude below δ 4.20 ppm and a lower doublet in the
anomeric region at 5.35 ppm (J = 3.8 Hz) related to H-1 proton of the α-Glc unit present.
Intense signals were observed at more shielded fields: a doublet at 4.18 ppm (J = 8.8 Hz)
and a triplet at 4.04 ppm (J = 8.8 Hz) related to H-3 and H-4 fructose, respectively, are
present. The presence of fructosyl residues is also highlighted by 13C NMR and DEPT-135
spectra, whose signals are in agreement with literature data [35].

1H-13C multiplicity-edited HSQC NMR spectrum of AR2 (Figure 2 and Figure S3)
confirmed the assignments (Table 1). In details, the signals δH 4.18/δC 78.48, δH 4.04/δC
75.48, and δH 3.80/δC 82.20 can be assigned to C3, C4, and C5 of fructose, respectively, in
agreement with literature data [35,39]. Moreover, the cross-peak δH 5.35/δC 93.38 belongs
to the anomeric signal of glucose with an α-configuration, while the signal δH 3.75/δC
61.42 confirmed that glucose residue is in a terminal position of the chain.

Figure 2. 1H-13C multiplicity-edited HSQC spectrum of AR2.
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Table 1. 1H and 13C NMR chemical shifts of AR2.

Residue
H-1/C-1
(ppm)

H-2/C-2
(ppm)

H-3/C-3
(ppm)

H-4/C-4
(ppm)

H-5/C-5
(ppm)

H-6/C-6
(ppm)

→1)-β-D-
Fruf -(2→

3.85/3.66 - 4.18 4.04 3.80 3.78/3.70
61.94 104.10 78.48 75.48 82.20 63.32

α-D-Glcp-
(1→

5.35 3.49 3.69 3.48 3.88 3.75
93.38 72.26 73.49 70.31 72.66 61.42

HMBC spectrum of AR2 showed the correlation between the H-1 of the glucosyl
residue and C-2 fructosyl residue (Figure 3). Indeed, because of the cross-peak between
H-1 of glucose and C-2 of fructose residue, glucose was confirmed to be terminally linked
to a fructose chain with a non-reducing end [38].

Figure 3. 1H-13C 2D heteronuclear multiple bond correlation (HMBC) spectrum of AR2, correlation between the H-1 of the
glucosyl residue and C-2 fructosyl residue is highlighted.

Lastly, 2D NMR studies confirmed the (2 → 1) glycosidic bonds of fructosyl residue in
the chain, in line with an inulin-type structure and in agreement with previous literature
data [35,37,39].

To calculate the degree of polymerization (DP) of inulin, we followed the procedure
previously described [40]. According to their experimental procedure, the degree of
polymerization (DP) or the number of repeating units of a polymer can be calculated by
comparing the 1H NMR signal intensity of a known moiety (typically, end-group(s) with a
known number of protons) to that of the repeating chain unit of interest. By applying our
data to the equation reported in the Material and Methods section, the DP of the polymer
under scrutiny is found to be 7–8.

3. Materials and Methods

3.1. Materials

Roots of A. ramosus were collected in Vallecorsa (Lazio, Italy). Inulin, fructose, glucose,
galactose, arabinose, trifluoroacetic acid, and deuterium oxide were purchased from Sigma-
Aldrich (Milan, Italy). All chemical standards were of analytical grade. Concentrated
sulfuric acid was obtained from Carlo Erba (Milan, Italy). Silica gel high-purity grade (pore
size 60 Å, 220–440 mesh particle size, 35–75 μm particle size) were obtained from Sigma-
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Aldrich (Milan, Italy). Thin layer chromatography (TLC) was performed on Kieselgel
GF254 plates and the plates were heated at 150–200 ◦C by spraying with KMnO4 solution
until yellow coloration took place. The high-performance thin-layer chromatography
(HPTLC) plates 10 × 10 cm with glass-backed layers silica gel 60 F254 (2 μm thickness)
were purchased from Merck (Darmstadt, Germany) and prewashed by methanol. HPLC
grade solvents were purchased from Sigma-Aldrich (Milan, Italy) and VWR (Milan, Italy).
HPLC-grade water was prepared with a Milli-Q gradient (Millipore, Vimodrone, Italy)
water purification system.

3.2. Extraction and Purification of the Water-Soluble Polysaccharides from Root-Tubers of
A. ramosus

The alkaline solution was obtained as previously reported by us [41] by treating the
fresh roots (1 kg) of A. ramosus with NaOH in pellets (100 g). Water-soluble polysaccharides
were precipitated from the alkaline solutions by the addition of absolute ethanol as follows:
1 mL of alkaline solution was diluted with distilled water (1 mL). From the resulting
solution, polysaccharides were precipitated by slow addition of absolute ethanol (ca. 5 mL).
The solid was collected and dissolved with water; from the resulting solution, the solid was
then precipitated with ethanol and dried under vacuum over P2O5 to constant weight. Fifty
milligrams of a brown solid, called AR1, were obtained. Purification of AR1 was carried
out on a gravity column using silica for flash chromatography as a stationary phase (weight
ratio stationary phase: AR1 1:100). The mobile phase was a mixture of isopropanol:water
11:9 (v/v). The spot with the Rf equal to inulin was isolated and dried at low pressure to
give a brownish solid, referred to as AR2, that was analyzed to elucidate its composition.

The aqueous extraction was performed with 10 g of dried root-tubers and hot water
(1 L) under high-pressure cooking treatment, autoclaved for 10 min and left to rest for 24 h.
An aliquot of the filtrate was concentrated under vacuum until the volume is reduced by
10 times and then added with 10-fold volume of ethanol. The precipitate was collected by
centrifugation at 4000× g for 10 min, washed with ethanol 3 times, and dried until gaining
a constant weight, obtaining the brownish solid AR3 (5% yield).

3.3. High-Performance Thin-Layer Chromatography Analysis

The samples (8 μL each) were applied with nitrogen flow by Linomat 5 sample
applicator (CAMAG, Muttenz, Switzerland). The operating conditions were: syringe
delivery speed, 10 s μL−1 (100 nL s−1); injection volume, 8 μL; band width, 6 mm; distance
from bottom, 15 mm. The HPTLC plates were developed in the Automatic Developing
Chamber 2 (ADC 2), the automatic and reproducibly developing chamber (CAMAG,
Muttenz, Switzerland), saturated with the same mobile phase, acetonitrile:water (85:15
v/v), for 20 min at room temperature. The developed solvents (i.e., type of solvents and
ratios) were carefully optimized before the analyses. The length of the chromatogram run
was 70 mm from the point of application. The developed layers were allowed to dry on TLC
Plate Heater III (CAMAG, Muttenz, Switzerland) for 5 min at 120 ◦C and then derivatized
with sulfuric acid. Lastly, the plates were warmed for 5 min at 120 ◦C before inspection. All
treated plates were then inspected under a UV light at 254 or 366 nm or under reflectance
and transmission white light (WRT), respectively, at a Camag TLC visualizer (CAMAG,
Muttenz, Switzerland), before and after derivatization. Aqueous solutions of AR1 and AR2
(4.5 mg/mL) were analyzed before and after hydrolysis with 3 mL of TFA (1 mg/mL) for
60 min at 90 ◦C, according to the procedure reported in the literature [29]. The hydrolyzed
sample was evaporated to remove all the volatile components, taken up with water to
obtain a final concentration of 1 mg/mL. Inulin, used as a reference, was subjected to the
same acidic hydrolysis and reconstituted to the final concentration of 1 mg/mL. Aqueous
solutions (1 mg/mL) of galactose, glucose, fructose, and arabinose were used as a reference.

3.4. FR-IR Analysis

FT-IR spectra of sample powders were collected using a FT-IR Perkin-Elmer Spec-
trometer One equipped with ATR (Attenuated Total Reflection) sampling device. Spectra
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were recorded over the spectral range of 400–4000 cm−1 at a 4 cm−1 resolution, coadding
32 scans. Before performing the analysis, the sample was dried under vacuum with P2O5
until gaining a constant weight.

3.5. NMR Experiments

For monodimensional experiments, 3 mg of AR2 were dissolved in 500 μL in 99.95%
D2O. NMR spectra were recorded at 298 K and 400 MHz for 1H and 100 MHz for 13C on
Bruker (Billerica, MA, USA) Avance 400 (Milano, Italy) spectrometer. Two-dimensional
heteronuclear experiments were performed on 500 MHz Bruker DRX-500 spectrometer
equipped with 5 mm BBI 1H-BB/2H Z-GRD probe, at 298 K. Two-dimensional 1H-13C
heteronuclear multiple bond correlation (HMBC) and 1H-13C heteronuclear single quantum
coherence (HSQC) spectra were acquired using hmbcgplpndqf (dummy scans 16, number
of scans 92, time domain 256) and hsqcedetgpsp.3 (dummy scans 32, number of scans 80,
time domain 256) pulse sequences available on Bruker software (Bruker, Wissembourg,
France). 1H NMR and 13C resonances were assigned from the 1H-13C correlations observed
in the. Chemical shifts were expressed in ppm and J values are shown in Hz. Quantitative
measurements of signal intensity performed on both 1D and 2D experiments led to the DP
calculation. In the 1D spectrum, we chose the isolated glucose unit signal at 5.35 ppm, and
the fructose unit signal at 4.18 ppm.

The DP was calculated using the following equation:

nx = (ax my ny) : (ay mx) (1)

where ax is the area or intensity of the 1H NMR peak of moiety x; nx is the number of
repeating units of moiety x; mx is the number of protons of moiety x; ay is the area or
intensity of the 1H NMR peak of moiety y; ny is the number of repeating units of moiety y;
and my is the number of protons of moiety y. By applying our data to this equation, the DP
of the polymer under scrutiny was found to be 7–8.

4. Conclusions

A polysaccharide was isolated from the root-tubers of A. ramosus by alkaline extrac-
tion and purified by column chromatography. HPTLC study was performed in order to
determine the monosaccharide composition of the polysaccharide after acid hydrolysis.
The results show fructose as the main monosaccharide into the polymer. The identity of
the fructan was further confirmed by FT-IR analysis, where comparison of AR2 and inulin
spectra showed the presence of the inulin-type structure. Furthermore, 1D and 2D NMR
analyses allowed us to conclude that the water-soluble polysaccharide isolated from A.
ramosus roots is an inulin-type fructan. Lastly, the degree of polymerization was calculated
by 1H NMR, giving a DP of 7–8.

Supplementary Materials: The following are available online at https://www.mdpi.com/1424-824
7/14/3/278/s1, Figure S1: 1H spectrum of AR sample in D2O, Figure S2: inulin structure, Figure S3:
2D 1H-13C-HSQC spectrum of AR sample in D2O, Figure S4: FT-IR spectrum of AR2 (neat), Figure
S5: FT-IR spectra (neat) of AR2 (red) and standard inulin (black) in the region 1600–600 cm−1.
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Abstract: Sambucus nigra L. (S. nigra) is a shrub widespread in Europe and western Asia, traditionally
used in medicine, that has become popular in recent years as a potential source of a wide range
of interesting bioactive compounds. The aim of the present work was to develop a topical S. nigra

extract formulation based on ethosomes and thus to support its health claims with scientific evidence.
S. nigra extract was prepared by an ultrasound-assisted method and then included in ethosomes.
The ethosomes were analyzed in terms of their size, stability over time, morphology, entrapment
capacity (EC), extract release profile, stability over time and several biological activities. The prepared
ethosomes were indicated to be well defined, presenting sizes around 600 nm. The extract entrapment
capacity in ethosomes was 73.9 ± 24.8%, with an interesting slow extract release profile over 24 h. The
extract-loaded ethosomes presented collagenase inhibition activity and a very good skin compatibility
after human application. This study demonstrates the potential use of S. nigra extract incorporated in
ethosomes as a potential cosmeceutical ingredient and on further studies should be performed to
better understand the impact of S. nigra compounds on skin care over the time.

Keywords: Sambucus nigra L.; ethosomes; collagenase inhibition; skin compatibility
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1. Introduction

The skin constitutes the interface between the organism and the external environment,
acting as an epidermal barrier, protecting and supporting the life that it encloses. It presents
three different layers (epidermis, dermis and hypodermis). The epidermis in turn can
be divided in distinct layers: stratum corneum, lucidum, granulosum, spinosum and
basale [1–3].

Over the years, skin disorders have been emerging, affecting millions of people par-
ticularly in developing countries. Several factors can disturb this barrier function by
damaging the stratum corneum (SC). These factors are associated with ultrastructural
anomalies in the upper granular layer [1], related to a change of integrity of the skin layers
and respective structures. These disorders can appear due to many factors, underlying
medical conditions and other pathologies, such as inflamed skin, infections, chronic in-
flammatory skin disorders (e.g., psoriasis), sensitive skin (e.g., allergic contact dermatitis,
atopic dermatitis, seborrhea dermatitis or rosacea), among others [1]. Inflamed skin is
generally characterized by redness, swelling, itching, heat and pain [2]. The cause or trigger
for skin inflammation may be acute or chronic. Most cases are curable, and the treatment
depends on what is causing the inflammation. On the other hand, skin infections occur when
bacteria, virus, fungus or other foreign substances enter the skin through a wound or cut.
These can lead to several diseases like cellulitis, impetigo, staphylococcal infections, shingles,
warts, yeast infections, among others. Symptoms include swelling, redness, pain, irritation,
itching and burning sensation. Finally, sensitive skin is described as a discomfort situation
with stinging, burning or tingling sensations and sometimes it can be very painful and itch [2].
Thus, finding new protective bioactive ingredients that can help in skin care is crucial.

S. nigra has been used in traditional medicine for several purposes [4,5]. One of them
is related to its microbiological properties. Recent studies reported that a flower extract of S.
nigra has several important biological activities, such as anti-inflammatory properties and
collagenase (Coll)-inhibitory activity [4,5]. Coll is a matrix metalloprotease (MMP) enzyme
responsible for the degradation of collagen [5,6]. In general, this enzyme is produced by
fibroblasts like synoviocytes [6], and the degradation of the extracellular matrix by Coll has
an important part in the invasion of tumor cells [7]. Collagen can be classified in different
types, being collagen type I, the most abundant protein of the skin [8] and collagen I and III
fibrils, responsible for the strength and resiliency of the skin. The skin aging is associated
with an overexpression of Coll activity [9], as well as a reduced production of type I and
III collagen as well as an abundance of degraded and disorganized collagen fibrils [8,10].
Furthermore, tumor cells may induce host cells to produce Coll [7]. In this sense, like many
other species, elderflower extracts might have some potential and interesting properties
against skin aging, although, its direct skin application can be compromised by thermal
degradation [11], or by photodegradation which might affect its phenolic content [12].
Thus, the encapsulation or entrapment of extracts using protective carriers may present
several advantages [4,13]. The characterization of the extract was already performed by our
research group [4,5]. It was possible to identify malic acid, rutin, isoquercetin, isorhamnetin-
3-O-glucoside, naringenin, quercetin-4-O-glucoside, isorhamnetin-3-rutinoside and luteolin-
7-O-glucoside (see Supplementary Material Figure S1).

Nanotechnology has been used in the delivery of therapeutic agents or active ingredi-
ents through the skin. Among nanocarriers, vesicular systems are frequently used, since
they present many advantages as enhancer agents of the stability of loaded agents, prevent-
ing its degradation and improving its penetration across the skin. These advantages are
a consequence of their size, elasticity and lipid content, which allows to interact with the
SC [2]. Among vesicles, ethosomes represent the third generation of elastic lipid carriers.
They are phospholipid nanovesicles with ability to overcome the natural dermal barrier and
capacity to delivery drugs through the skin layers. Ethosomes are constituted by phospho-
lipids (20–45%), water and high concentrations of short chain alcohols (in general between
20–45% ethanol) and isopropyl alcohol or propylene glycol (up to 15%). A contributing
factor that could explain the enhanced delivery when compared with other vesicles, such
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as liposomes, is the presence of ethanol, a known permeation enhancer, which provides
ultradeformability. Ethanol is interspersed in the intercellular lipids, enhancing the lipid
fluidity and decreasing the density of the lipid multilayer, event that is known as “ethanol
effect”. Afterwards, the “ethosomes effect” occurs, consisting of the interlipid penetration
and permeation by the opening of new pathways due to the malleability and fusion of
these nanovesicles with skin lipids. Thus resulting in the release of bioactive compounds
into the deep layers of the skin [14].

This study aimed to develop a possible ultradeformable skin carrier for Sambucus
extract, to protect the bioactive compounds from degradation and to obtain a slow bioactive
compound release [1–3,15,16].

2. Results and Discussion

2.1. Physical Characterization of Ethosomes

Empty and extract-loaded ethosomes were successfully produced and then characterized
in terms of size, polidispersity index (PdI) and pH. This characterization was also performed
for stored particles at three different temperatures: refrigerated conditions (RC), room temper-
ature (RT) and accelerated conditions (AC) for 12 months as depicted in Figure 1.

It is noteworthy that an increase of the size was observed after the extract encap-
sulation. The temperature of storage had influence on particle size. After loading the
particle size of extract-loaded ethosomes was 630.1 ± 113.8 nm at RC (0 months) and
573.3 ± 192.3 nm (0 months) at AC, but a slight decrease was observed after 12 months
in storage. The final particle size was 580.7 ± 57.1 nm and 549.8 ± 147.4 nm for RC and
AC, respectively. However, at RT, the extract-loaded ethosomes presented an increase of
the particle size from 601.6 ± 103.6 nm to 726.4 ± 133.6 nm (12 months). But, in all cases,
those changes were very small in particular at AC. The particle size has influence in many
properties of particulate materials, being a crucial key factor for quality and performance
of the formulation [4,17]. It is very important to maintain this parameter over the time and
to control the tendency of creating agglomerates.

In terms of the PdI, at RC, the extract-loaded ethosomes presented a slight increase of
PdI from 0.725 ± 0.086 (0 months) to 0.784 ± 0.111 (12 months). While, at RT and AC there
was a reduction of the PdI, from 0.731 ± 0.116 (0 months) to 0.707 ± 0.194 (12 months) and
0.755 ± 0.111 (0 months) to 0.569 ± 0.210 (12 months), respectively.

In terms of pH, after the extract encapsulation, a decrease of the pH was verified.
Concerning the pH values, the extract-loaded ethosomes suspension revealed differences
(p < 0.001) over time at RC and at AC. Less evident differences were observed at RT
with a p < 0.01 (0–12 months). This data is in accordance with previous studies where
the pH values were 4.11 ± 0.04 and 3.90 ± 0.03, for empty and rutin-loaded ethosomes,
respectively [18].

Finally, the zeta potential analysis showed that the empty and extract-loaded etho-
somes presented negative charge. When comparing both, i.e., empty and loaded ethosomes,
the results suggest that the extract encapsulation led to an increase of the negative charge
of the ethosomes.

As section summary, the extract-loaded ethosomes were stable over time in terms of
size and pH. The temperature of storage had influence on the tested parameters especially
on PdI. The extract-loaded ethosomes showed a better stability at RT in terms of size, PdI,
pH and zeta potential when compared with other temperatures.

2.2. Lipid Quantification of Ethosomes

Considering the nature of these carriers, lipid composition was determined to cor-
rectly assess the amount of ethosomes for the next studies. The calibration curve was
established between 10 and 80 nmol/tube (y = 0.013x + 0.0033 with a R2 of 0.9996). The
theoretical concentration for this formulation was of 25.95 μmol/mL. However, the ob-
tained result suggested a concentration of 28.33 μmol/mL. Thus, the result was near the
empiric concentration.
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2.3. Histochemical Characterization of Ethosomes Lipidic Constitution and of Their Morphology

In light microscopy, the empty ethosomes in suspension state had the appearance of
small spherical granules (Figure 2a). After staining with Nile blue A (a stain for in situ
detection of all the major classes of cellular lipids), they stained blue, indicating the presence
of acidic lipids (Figure 2b). Neutral lipids generally stain red with this histochemical test.
When Nile Blue A was used as a fluorochrome, an intense bright red fluorescence was
observed under green light (Figure 2c) which confirms the lipidic constitution of ethosomes.

Figure 1. (a–l) Variation of mean size, PdI, pH and zeta potential over the time (0, 3, 6 and 12 months) of empty ethosomes
(light yellow columns) and extract-loaded ethosomes (dark yellow columns) using different temperature of storage, namely,
RC, RT and AC (mean ± S.D., n = 9).

The micrographs obtained with Nile blue support the quantification of lipids deter-
mined previously, where the same tendency was observed. In Figure 2c, the amount of
red points was significant, revealing an important amount of lipids into the formulation,
which corresponds to the phosphatidylcholine (SPC) used.

Furthermore, empty and extract-loaded ethosomes were observed by scanning and
transmission electron microscopy (SEM and TEM), as well as by atomic force microscopy
(AFM). By SEM, all ethosomes presented a spherical or a very near-spherical-shape and a
smooth surface (Figure 3a,b). The morphology of ethosomes does not seem to change after
entrapment of the extract. TEM observations also showed spherical shaped unilamellar
vesicles (Figure 3c,d), confirming the results obtained by Dynamic Light Scattering (DLS).
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By AFM (Figure 4), another technique and sample treatment, sizes between ca 140 and
350 nm were observed for empty ethosomes, whereas extract-loaded ones exhibited ap-
proximately 300 nm, as represented in the cross-section profiles of Figure 4b,d. Overall,
the sizes observed by AFM were lower than the ones determined by DLS. AFM generally
delivers a high contrast images and signal to noise ratio. However, it can be very sensitive
to cleanliness of the samples [19]. In case of DLS, this technique measures Brownian motion
and relates to the hydrodynamic diameter. This value refers to how a particle diffused
within a fluid and it strongly depends on the particle “core”, particle surface as well the
concentration and type of the ions in that medium that forms a double layer. These ions
can influence the thickness of the electric double layer. All techniques showed that empty
and extract-loaded ethosomes exhibited a spherical or near-spherical-shape, which is a
good indicator for the potential topical use, since the surface area versus volume should be
high in principle [20].

Figure 2. Light micrographs of empty ethosomes. (a) Unstained and observed with Nomarsky optics; (b) Stained with Nile
blue A and observed under bright field illumination; (c) Stained with Nile blue A and observed under green light. Note the
bright red secondary fluorescence of lipids. Scale bars = 5 μm.

2.4. Entrapment Capacity of Extract in Ethosomes

The entrapment capacity (EC) was determined for extract-loaded ethosomes us-
ing rutin as reference (Figure 5). Rutin is the major phenolic compound of this extract
(74.93 ± 17.00 mg/g of extract). This observed value is in accordance with the values found
in literature [21–23]. In the current study, the ethosomes presented an EC of 73.91 ± 24.80%
(n = 20) which might be a good indicator of the presence of stable interactions between
extract and SPC. Besides other factors, the EC is generally dependent on the composition
of ethosomes [24–26]. In previous works with similar composition of ethosomes, the value
ranged between 65% and 71% of rutin [26–28], similar to our value.

2.5. Characterization of Rutin and Ethosomes Complexes

Table 1 displays the inherent molecular energy attributes for various biomolecular
complexes (SPC-rutin), while Figure 6 presents the corresponding geometrical positions.
Here, the target was the major compound of the extract, rutin. In terms of the overall
energy, the SPC-rutin complex was stabilized by the Van der Waals energy and it was
accompanied by dihedral and electrostatic destabilizations. Interestingly, this compara-
tively destabilization of SPC-rutin molecular complex (ΔE ≈ −6 kcal/mol) may provide
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enhanced diffusivity of rutin across the lipidic matrix, in comparison to the polymer-rutin
complexes in a previous study performed by our group, where poly-glycolic-lactic acid-
rutin and poly-caprolactone-rutin revealed higher molecular complex (ΔE ≈ −20 kcal/mol
and −18 kcal/mol, respectively) [4]. These chemical interactions might somehow justify the
extract entrapment of around 70%, i.e., the interactions are not too strong in terms of energy.

Figure 3. Representative SEM and TEM micrographs showing the morphology of ethosomes.
(a,b) SEM images of empty and extract-loaded ethosomes, respectively. (c,d), TEM images of empty
and extract-loaded ethosomes, respectively. Scale bars = 5 μm (a); 3 μm (b); 2 μm (c,d).

Figure 4. AFM topographic images of ethosomes. (a,b) empty and (c,d) extract-loaded. 3D images (a,c) and cross section
analysis (b,d).
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Figure 5. MRM overlay chromatograms of rutin in the extract with a standard solution.

Table 1. Inherent energy attributes of SPC-rutin complexes calculated using static-lattice atomistic
simulations (SLAS) in vacuum.

Energy Rutin SPC SPC-Rutin ΔE 1

Total 2 23.09 1.10 18.61 −5.58 8

Bond 3 1.16 1.39 2.49 −0.05 8

Angle 4 7.57 35.69 42.85 −0.41 8

Dihed 5 14.32 10.28 27.60 3.00 9

vdW 6 0.04 −4.25 −14.35 −10.15 8

Elec 7 0.00 −42.01 −39.97 2.04 9

1 ΔE(A/B) = E(A/B) − [E(A) + E(B)]; 2 total steric energy for an optimized structure; 3 bond stretching contribu-
tions; 4 bond angle contributions; 5 torsional contribution arising from deviations from optimum dihedral angles;
6 Van der Waals interactions; 7 electrostatic interactions; 8 values represent the structure stabilizing contribution;
and 9 values represent the structure destabilizing contribution.

2.6. In Vitro Release Studies of Extract from Ethosomes

The release profile of extract from ethosomes was performed using PBS at two different
pHs, at pH 5.5 which is similar to the pH of the skin [2], and at pH 7.4 which corresponds to
the biological pH of blood [29]. The assays were performed at controlled room temperature
(RT ≈ 25 ◦C). The obtained results are displayed in Figure 7. The release studies showed
that the extract-loaded ethosomes presented the same release profiles, independently of
pH, achieving 83.8 ± 8.3% and 82.8 ± 6.4%, for PBS pH 5.5 and pH 7.4, respectively.
This behavior was quite different from the free extract where its complete solubilization
instantaneously occurred after 5 min. Here, the extract encapsulation into ethosomes led
to a slight delay, which can favor the extract release in the target area. This retention time
can be additionally modulated after inclusion in Carbopol gel as it was already reported in
literature [30,31]. This effect is still controversial; some studies showed a slower release of
the encapsulant but other described the same profile after inclusion in a semi-solid dosage
form [32]. As a representative example, a very recent work described the preparation of
ethosomes with Achillea millefolium L. extract. In the permeation study, ethosomes alone or
after inclusion of Carbopol had the same behavior. Thus, further studies should be done
with aim to verify this hypothesis.
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Figure 6. Representation of (a) geometrical preferences (b) electrostatic molecular graph after molecular mechanics
simulations in vacuum (a,b) SPC-Rutin [Colour code for elements: C = cyan; H = white; O = red; N = blue]. Rutin: tube
rendering; SPC: stick rendering.

Figure 7. Percentage of rutin release free extract (black line) and extract-loaded ethosomes (yellow line), (a) in PBS pH 5.5,
(b) in PBS pH 7.4.

2.7. In Vitro Collagenase Inhibition Activity of Extract after Encapsulation

The results obtained for the in vitro collagenase inhibition activity are showed in
Figure 8. The free extract (93.57 ± 0.61%) presented higher Coll inhibition activity the
positive control (84.36 ± 0.91%). At equivalent concentration of the extract, extract-loaded
ethosomes had the highest Coll inhibition activity (99.67 ± 0.09%).

This enzyme is generally involved in some skin diseases or disorders, being associated
with the degradation of the collagen-rich extracellular matrix (ECM). Furthermore, there
is a relationship between Coll-assisted ECM breakdown and tumor invasion [5]. The
inhibition of this enzyme can prevent skin disorders or contribute for the treatment of these
diseases. Among the phytocompounds previously identified in this extract, this inhibition
can be related to the presence of naringenin [33]. This value was higher than some values
described in previous studies. As an example, Zofia et al. tested different extracts in terms
of Coll inhibition. Inhibition ranged between 10–40% to Meum athamanticum L., less than
30% to Centella asiatica L. and varied between 20–75% to Aegopodium podagraria L. [34].

2.8. Preliminary In Vitro Safety Assessment of Extract in Ethosomes

One important parameter in any formulation development is the safety [4]. Cell
viability of HaCaT cells was performed for free extract as well as empty and extract-loaded
ethosomes. The tested concentrations ranged from 8.13 to 130.00 μg of rutin/mL, and
results are depicted in Figure 9. A dose-dependent effect for free extract and loaded
ethosomes was observed but this tendency was not observed for empty ethosomes. This
reduction of cell viability observed in the ethosomes (empty or loaded) is possibly due
to the presence of ethanol, which was not present in the extract. Besides the presence of
ethanol, the ethosomes sizes by itself can be another possible reason, since they can act
as physical barriers and thus interfere with cell growth. This observation is already well
documented in several previous studies.
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A wide number of published works have stated that ethosomes are safe to be applied
in humans and animals, presenting an excellent skin tolerability [35]. In fact, SPC presents
a very high tolerability and biocompatibility [36]. In terms of in vitro scenario, keratinocyte
(HaCat) cells represent 95% of epidermal cells [4,37], being more sensible than skin by itself
in a real scenario [4,38]. Thus, in principle, there should be no concerns in terms of its
application in humans as further section confirmed it.

Figure 8. Coll inhibition activity of samples (1 mg of sample/mL, mean ± S.D., n = 3, ** p < 0.01
and *** p < 0.001, when compared to epigallocatechin gallate (EGCG, positive control—250 μM) and
+ p < 0.05 and +++ p < 0.001, when compared to free extract).

2.9. Preliminary Stability Test of Semi-Solid Formulation with Free Extract and Ethosomes

2.9.1. Heating and Cooling Testing

The organoleptic characteristics, pH and viscosity of each sample were evaluated over
one week for heating and cooling tests, with analyses in four different times (immediately
after the incorporation of the ethosomes into the gels, on the second, fourth and last day).
Samples of gel with extract (Gel + E), gel with empty ethosomes (Gel + Etho) and extract-
loaded ethosomes (Gel + E-Etho) were compared to the gel (Carbopol® 940 as control).
This study reports for the first time that all these combinations were studied by diverse
parameters and for different assays over time.

Concerning the Carbopol® 940, no phase separation (PS) was observed over time,
after inclusion of extract, empty ethosomes and loaded ethosomes. The organoleptic
characteristics did not change over time, with maintenance of similar colour for each
sample. The pH values were registered for each sample, and a stable pH was verified for all
samples, with slight variations (1.04 maximum) over time. These small changes of pH did
not have any impact on the consistency of the gel, which is in conformity with the results
reported by Islam et al. [39]. Viscosity is another main parameter of a potential semi-solid
formulation for topical use. This parameter was measured for all samples over the time
and the values are registered in Table 2. A decrease of viscosity over time was noticed. The
comparison between the gel (control) and the Gel + E revealed a statistical difference of
p < 0.001 on day 0 and 4, but for the other time-points no difference was observed. The
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data suggested that the addition of extract led to an initial increase of viscosity, but after the
second day, a decrease of the value of this parameter was registered, and this tendency was
maintained over time. Concerning the samples of empty and extract-loaded ethosomes, it
was verified a decrease of viscosity, which was maintained over time. This event can be a
consequence of the addition of ethosomes in a solution. Regarding the free extract, it was
included in gel in powder.

Figure 9. Cell viability (%) of HaCaT following 48 h incubation of free extract (black columns), empty
(light yellow columns) and extract-loaded ethosomes (dark yellow columns). Tested concentration
ranged from 8–130 μg of rutin/mL (%, mean ± S.D.; n = 6; * p < 0.05, when compared with free
extract). Empty ethosomes were used at equivalent concentration of loaded ethosomes.

2.9.2. Centrifugation Stress of Semi-Solid Formulation with Free Extract and Ethosomes

The results of the organoleptic characteristics showed a normal appearance before and
after centrifugation for all the samples. The pH values after the centrifugation ranged be-
tween 5.39–7.00, for Carbopol gel. In general, the samples presented similar pH before and
after the centrifugation. Concerning viscosity, it was observed a decrease after centrifuga-
tion as can be seen in Table 2. Results suggested that for all samples, the addition of extract
and ethosomes (empty or loaded) decreased the viscosity of the gel after centrifugation.

2.10. Accelerated Stability of Semi-Solid Formulation with Free Extract and Ethosomes

2.10.1. Tests Cycles of Heating and Cooling

Organoleptic characteristics observations revealed a normal appearance over time
for all samples. The addition of extract into the gel decreases the pH of the gel and this
behavior was maintained over the assay. On the other hand, the Gel + E-Etho led to an
increase of pH value in the first moment and that was maintain until the end of assay. In
terms of viscosity, samples of gel (control) and Gel + E presented a decrease at the end
of the study. On the contrary, the sample of Gel + E-Etho presented a slight increase of
viscosity over time and with the cycles of heating and cooling. Thus, concerning to viscosity
this assay suggests that these samples present some vulnerability with the exposition to
different temperature exposition.

130



P
ha

rm
ac

eu
ti

ca
ls

2
0
2
1
,1

4,
46

7

T
a

b
le

2
.

St
ab

ili
ty

da
ta

of
th

e
te

st
ed

sa
m

pl
es

(G
el

;G
el

+
E;

G
el

+
Et

ho
an

d
G

el
+

E-
Et

ho
)a

td
iff

er
en

tt
es

tin
g

co
nd

iti
on

s
(m

ea
n
±

SD
,n

=
3)

.O
C

m
ea

ns
or

ga
no

le
pt

ic
ch

ar
ac

te
ri

st
ic

s,
E

m
ea

ns
ex

tr
ac

t,
Et

ho
m

ea
ns

et
ho

so
m

es
an

d
E-

Et
ho

m
ea

ns
ex

tr
ac

t-
lo

ad
ed

et
ho

so
m

es
(N

—
no

rm
al

,A
C

*
at

40
±

2
◦
C

).

T
im

e
(D

a
y

s)
G

e
l

G
e

l
+

E
G

e
l

+
E

th
o

G
e

l
+

E
-E

th
o

O
C

p
H

V
is

co
si

ty
O

C
p

H
V

is
co

si
ty

O
C

p
H

V
is

co
si

ty
O

C
p

H
V

is
co

si
ty

P
re

li
m

in
a

ry
S

ta
b

il
it

y
T

e
st

in
g

(H
e

a
ti

n
g

a
n

d
C

o
o

li
n

g
)

0
N

7.
68

±
0.

01
13

4,
05

0
±

14
,4

53
N

6.
39

±
0.

03
15

9,
80

0
±

20
0

N
7.

39
±

0.
02

18
3,

93
3
±

14
,6

09
N

8.
77

±
0.

01
15

5,
53

3
±

19
22

2
N

7.
65

±
0.

01
12

8,
33

3
±

12
46

N
6.

35
±

0.
21

12
3,

93
3
±

30
6

N
7.

37
±

0.
02

12
9,

66
7
±

87
4

N
8.

55
±

0.
04

28
,2

00
±

20
0

4
N

7.
59

±
0.

02
12

4,
86

7
±

56
6

N
6.

33
±

0.
12

10
7,

33
3
±

41
6

N
7.

21
±

0.
03

10
0,

06
7
±

20
55

N
8.

50
±

0.
01

53
,4

00
±

87
2

7
N

7.
45

±
0.

01
11

1,
71

7
±

58
N

6.
13

±
0.

03
10

8,
33

3
±

64
3

N
7.

27
±

0.
01

12
2,

70
0
±

20
0

N
8.

45
±

0.
02

29
,8

00
±

20
0

P
re

li
m

in
a

ry
S

ta
b

il
it

y
T

e
st

in
g

(C
e

n
tr

if
u

g
a

ti
o

n
S

tr
e

ss
)

B
e

fo
re

N
6.

89
±

0.
01

19
26

22
±

51
8

N
6.

60
±

0.
03

16
2,

53
3
±

30
6

N
5.

38
±

0.
02

28
,0

00
±

20
0

N
7.

11
±

0.
04

53
,6

00
±

52
9

A
ft

e
r

N
6.

96
±

0.
02

19
09

33
±

11
5

N
6.

63
±

0.
01

15
0,

73
3
±

30
6

N
5.

39
±

0.
03

27
,8

67
±

11
5

N
7.

00
±

0.
01

49
,0

00
±

20
0

A
cc

e
le

ra
te

d
S

ta
b

il
it

y
T

e
st

in
g

(H
e

a
ti

n
g

a
n

d
C

o
o

li
n

g
)

0
N

7.
58

±
0.

18
15

8,
26

7
±

22
03

N
6.

19
±

0.
02

15
6,

93
3
±

32
52

N
7.

50
±

0.
02

20
,8

00
±

52
9

2
N

6.
72

±
0.

02
17

5,
46

7
±

25
01

5
N

6.
16

±
0.

08
13

3,
80

0
±

20
0

N
7.

63
±

0.
04

38
,7

33
±

30
6

4
N

6.
78

±
0.

02
19

3,
80

0
±

20
0

N
6.

10
±

0.
02

98
,6

00
±

20
0

N
7.

59
±

0.
02

31
,2

00
±

20
0

6
N

6.
72

±
0.

02
13

3,
40

0
±

20
0

N
6.

11
±

0.
01

12
8,

93
3
±

18
90

N
7.

61
±

0.
02

30
,2

00
±

20
0

8
N

6.
73

±
0.

01
19

4,
86

7
±

56
01

N
6.

07
±

0.
04

62
,6

00
±

72
1

N
7.

64
±

0.
01

40
,8

67
±

30
6

1
0

N
6.

70
±

0.
01

11
4,

60
0
±

52
9

N
6.

09
±

0.
17

57
,8

00
±

20
0

N
7.

67
±

0.
04

25
,0

00
±

20
0

1
2

N
6.

66
±

0.
02

96
,4

67
±

41
6

N
6.

43
±

0.
16

73
,4

67
±

30
6

N
7.

62
±

0.
02

28
,5

33
±

11
5

T
im

e
(d

a
y

s)
G

e
l

G
e

l
+

E
G

e
l

+
E

th
o

G
e

l
+

E
-E

th
o

O
C

p
H

V
is

co
si

ty
O

C
p

H
V

is
co

si
ty

O
C

p
H

V
is

co
si

ty
O

C
p

H
V

is
co

si
ty

A
cc

e
le

ra
te

d
S

ta
b

il
it

y
T

e
st

in
g

(1
4

D
a

y
s)

—
R

C

0
N

8.
88

±
0.

14
16

8,
33

3
±

30
6

N
6.

34
±

0.
01

10
4,

00
0
±

20
0

N
6.

77
±

0.
03

33
,4

67
±

30
6

3
N

9.
17

±
0.

08
66

,5
33

±
30

6
N

6.
33

±
0.

02
15

1,
20

0
±

20
0

N
6.

72
±

0.
01

42
,2

00
±

20
0

7
N

9.
01

±
0.

06
68

,0
00

±
20

0
N

6.
18

±
0.

01
11

8,
33

3
±

30
6

N
6.

73
±

0.
03

41
,3

33
±

98
7

1
4

N
8.

89
±

0.
02

50
,2

00
±

20
0

N
6.

26
±

0.
17

99
,9

33
±

30
6

N
6.

70
±

0.
02

64
,7

33
±

50
3

A
cc

e
le

ra
te

d
S

ta
b

il
it

y
T

e
st

in
g

(1
4

D
a

y
s)

—
R

T

0
N

6.
31

±
0.

06
19

4,
53

3
±

50
3

N
6.

78
±

0.
02

16
7,

20
0
±

40
0

N
8.

50
±

0.
01

21
,8

00
±

20
0

3
N

6.
61

±
0.

02
18

5,
46

7
±

30
6

N
6.

68
±

0.
03

13
8,

20
0
±

20
0

N
8.

44
±

0.
02

29
,4

00
±

20
0

7
N

6.
50

±
0.

03
12

1,
20

0
±

20
0

N
6.

60
±

0.
04

10
9,

60
0
±

80
0

N
8.

34
±

0.
01

12
9,

40
0
±

34
70

1
4

N
6.

54
±

0.
03

13
8,

86
7
±

41
6

N
6.

55
±

0.
02

10
1,

13
3
±

30
6

N
8.

03
±

0.
05

81
,6

00
±

43
86

131



P
ha

rm
ac

eu
ti

ca
ls

2
0
2
1
,1

4,
46

7

T
a

b
le

2
.

C
on

t.

T
im

e
(D

a
y

s)
G

e
l

G
e

l
+

E
G

e
l

+
E

th
o

G
e

l
+

E
-E

th
o

O
C

p
H

V
is

co
si

ty
O

C
p

H
V

is
co

si
ty

O
C

p
H

V
is

co
si

ty
O

C
p

H
V

is
co

si
ty

A
cc

e
le

ra
te

d
S

ta
b

il
it

y
T

e
st

in
g

(1
4

D
a

y
s)

—
A

C

0
N

5.
89

±
0.

04
15

9,
26

7
±

24
44

N
7.

42
±

0.
02

14
5,

20
0
±

20
0

N
8.

02
±

0.
02

12
7,

33
3
±

50
3

3
N

6.
15

±
0.

03
18

1,
20

0
±

20
0

N
7.

35
±

0.
02

11
8,

20
0
±

20
0

N
7.

79
±

0.
01

27
,6

00
±

20
0

7
N

6.
21

±
0.

01
13

6,
93

3
±

30
6

N
7.

08
±

0.
01

10
3,

53
3
±

61
1

N
7.

78
±

0.
01

33
,2

00
±

20
0

1
4

N
6.

27
±

0.
02

12
1,

80
0
±

20
0

N
7.

01
±

0.
02

10
5,

20
0
±

20
0

N
7.

67
±

0.
01

35
,9

33
±

30
6

A
cc

e
le

ra
te

d
S

ta
b

il
it

y
T

e
st

in
g

(1
4

D
a

y
s)

—
A

C
*

0
N

6.
57

±
0.

01
15

8,
66

7
±

16
17

N
6.

74
±

0.
01

16
3,

00
0
±

19
29

N
7.

40
±

0.
01

71
,5

33
±

27
59

3
N

6.
60

±
0.

02
19

0,
80

0
±

72
1

N
6.

77
±

0.
01

10
9,

60
0
±

91
7

N
7.

11
±

0.
01

92
,8

67
±

64
3

7
N

6.
60

±
0.

03
11

9,
86

7
±

30
6

N
6.

77
±

0.
03

87
,8

00
±

20
0

N
7.

09
±

0.
02

32
,6

67
±

30
6

1
4

N
6.

58
±

0.
02

11
3,

86
7
±

11
5

N
6.

80
±

0.
01

10
2,

80
0
±

60
0

N
7.

09
±

0.
01

33
,4

00
±

20
0

A
cc

e
le

ra
te

d
S

ta
b

il
it

y
T

e
st

in
g

(1
4

D
a

y
s)

—
T

e
m

p
e

ra
tu

re
C

y
cl

e
s

B
e

fo
re

N
6.

60
±

0.
32

16
1,

00
0
±

12
17

N
6.

56
±

0.
01

18
0,

73
3
±

22
,6

89
N

6.
55

±
0.

09
10

8,
33

3
±

41
6

A
ft

e
r

N
7.

21
±

0.
04

17
1,

20
0
±

20
10

1
N

6.
61

±
0.

03
15

6,
53

3
±

30
6

N
6.

48
±

0.
01

38
,4

67
±

30
6

T
im

e
(D

a
y

s)
G

e
l

G
e

l
+

E
G

e
l

+
E

th
o

G
e

l
+

E
-E

th
o

O
C

p
H

V
is

co
si

ty
O

C
p

H
V

is
co

si
ty

O
C

p
H

V
is

co
si

ty
O

C
p

H
V

is
co

si
ty

A
cc

e
le

ra
te

d
S

ta
b

il
it

y
T

e
st

in
g

(3
M

o
n

th
s)

—
R

C

0
N

8.
88

±
0.

14
16

8,
33

3
±

30
6

N
6.

34
±

0.
01

10
4,

00
0
±

20
0

N
6.

77
±

0.
03

33
,4

67
±

30
6

3
0

N
8.

79
±

0.
01

44
,7

33
±

41
6

N
6.

09
±

0.
01

70
,0

67
±

61
1

N
6.

62
±

0.
04

40
,6

00
±

20
0

6
0

N
8.

77
±

0.
03

45
,6

67
±

75
7

N
6.

20
±

0.
01

53
,0

00
±

10
58

N
6.

73
±

0.
04

36
,5

33
±

13
32

9
0

N
8.

80
±

0.
01

18
6,

46
7
±

86
12

N
6.

30
±

0.
01

12
6,

00
0
±

90
35

N
6.

90
±

0.
01

11
3,

13
3
±

15
53

A
cc

e
le

ra
te

d
S

ta
b

il
it

y
T

e
st

in
g

(3
M

o
n

th
s)

—
R

T

0
N

6.
31

±
0.

06
19

4,
53

3
±

50
3

N
6.

78
±

0.
02

16
7,

20
0
±

40
0

N
8.

50
±

0.
01

21
,8

00
±

20
0

3
0

N
6.

56
±

0.
03

42
,9

33
±

41
6

N
6.

51
±

0.
01

50
,5

33
±

11
5

N
7.

94
±

0.
01

97
,8

00
±

52
9

6
0

N
6.

50
±

0.
02

10
5,

00
0
±

66
30

N
6.

58
±

0.
04

10
9,

13
3
±

37
75

N
7.

44
±

0.
02

95
,2

67
±

84
25

9
0

N
6.

51
±

0.
01

13
2,

60
0
±

19
29

N
6.

67
±

0.
01

18
6,

93
3
±

20
23

N
7.

17
±

0.
03

56
,4

00
±

20
0

A
cc

e
le

ra
te

d
S

ta
b

il
it

y
T

e
st

in
g

(3
M

o
n

th
s)

—
A

C

0
N

5.
89

±
0.

04
15

9,
26

7
±

24
44

N
7.

42
±

0.
02

14
5,

20
0
±

20
0

N
8.

02
±

0.
02

12
7,

33
3
±

50
3

3
0

N
6.

33
±

0.
03

60
,8

67
±

41
6

N
6.

87
±

0.
06

54
,4

00
±

20
0

N
7.

52
±

0.
01

30
,4

67
±

83
3

6
0

N
6.

36
±

0.
03

55
,8

00
±

21
63

N
6.

80
±

0.
01

72
,4

67
±

56
23

N
7.

37
±

0.
01

27
,8

67
±

70
2

9
0

N
6.

47
±

0.
02

14
5,

73
3
±

10
26

N
6.

96
±

0.
02

16
8,

73
3
±

16
,9

31
N

6.
95

±
0.

04
10

0,
60

0
±

15
62

132



Pharmaceuticals 2021, 14, 467

2.10.2. Stability Test over 14 Days

Organoleptic characteristics observations revealed a normal appearance over time
for all samples under the different exposition temperatures. The addition of extract and
extract-loaded ethosomes led to a slight decrease of the pH value that was kept over
the assay, which suggest a stability of the samples under RC. Concerning the RT, the
addition of extract or extract-loaded ethosomes increased the pH value and this difference
was maintained over time. At AC, the addition of extract and extract-loaded ethosomes
increased the pH value and this difference was also kept over time. The influence of
temperature in the pH of the gel was evident, like previous study demonstrated [40]. The
viscosity was measured for all samples in Carbopol® 940 gel; it was observed an increase
of viscosity over time at RC and RT for Gel + E-Etho but a decrease when exposed to AC
and AC*, suggesting a direct correlation with the temperature to the Gel + E. Nevertheless,
no correlation was noticed to the Gel (control) and to Gel + E-Etho.

2.10.3. Temperature Cycles

The temperature cycles have no interference with organoleptic parameters and pH
values, but regarding the viscosity, it was verified a decrease of values at the end of assay,
that was more evident for the Gel + E-Etho. With the increase of temperature, the molecular
vibrations might have also increase, changing polymer entanglement [32]. The change
can be also due to the syneresis of the sample by itself, presence of ethanol and other
compounds from the loaded ethosomes. This behavior was already reported in previous
studies described in the literature [41,42].

2.11. Stability over Three Months

Organoleptic characteristics observations were registered over three months, every
month, under three different temperatures (RC, RT and AC). The results did not reveal any
change. The results for pH showed a decrease of difference over time with the increase of
temperature for some of the samples, probably due to the release of some phytocompounds
of the extract entrapped into the ethosomes. Regarding the viscosity, this parameter
changed in the presence of extract, ethosomes, the presence of both and with temperature.
This variation was already observed in previous studies. As an example, Dave et al.
developed several ethosomes with gel formulations, but the most similar formula with this
study revealed a viscosity of 7063 ± 2.8 cP [43]. Another example revealed that the addition
of ethosomes in Carbopol gel affects its flow and viscoelastic behavior [44]. These authors
suggested that the increase of temperature led to a decrease of viscosity, a consequence of
the loosing of polymer entanglement at higher temperatures.

2.12. Rheology of Semi-Solid Formulation with Free Extract and Ethosomes

The rheology is important to characterize the stability of samples as well as to de-
velop consumer acceptable final products [45]. This parameter allows to understand the
rheological nature of the formulation, to perform studies of quality control of the effect of
parameters like formulation, storage time and temperature on the quality of the formulation
and to assess a product with regard to actual usage, such as spreading and adherence to
the skin and removal from a tube or a jar. Profiles of all samples are presented in Figure 10.
The results suggest that these samples present a shear thinning pseudoplastic behavior,
which is according to the literature [46]. All tested samples consisted of hydrogels that are
classified as non-Newtonian systems, exhibiting a non-linear relationship between stress
and shear rate.

2.13. Texture of Semi-Solid Formulation with Free Extract and Ethosomes

It is generally accepted that the ideal characteristics of a fine semi-solid formulation
for a better consumer acceptance are a good skin spread ability, an easy removal of prod-
uct from the package and a good skin adhesion [47]. So, the aim of this study was to
evaluate the textural properties of the different formulations concerning the physical gel
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structure [48]. The samples were analyzed in triplicate and the maximum peak force of dis-
placement, also named hardness (Fmax, N) and area of the peak (AUC, N/s) are displayed in
Figure 11. It was observed that the Gel + E seems to be more adhesive than the Gel + E-Etho,
probably due to the presence of ethanol and dilution after ethosomes inclusion.

Figure 10. Rheology profile of samples (•) when increase the speed and (�) when decrease the speed
(a) Gel (control), (b) Gel + E, (c) Gel + Etho, and (d) Gel + E-Etho (mean ± S.D.; n = 3).

2.14. Skin Compatibility Test of Semi-Solid Formulation with Free Extract and Ethosomes

The obtained results are presented in Table 3. Both samples showed very good skin
compatibility. No reaction was detected for both samples in all the volunteers, confirming
the safety of this formulation. The decrease of adhesion of the Gel + E-Etho observed in the
texture analysis suggests that this change did not have any impact after topically delivered.
Other properties are also important to achieve a suitable and effective topical delivery, such
as the thixotropic properties and spreadability of the gel.

Figure 11. The (a) peak force of displacement (Fmax, N) and the (b) area of the peak (AUC, N/s)
obtained from the force versus time curves. The results are presented regarding the mean ± S.D.;
n = 3 (** p < 0.01 and *** p < 0.001 when compared with gel (control); ++ p < 0.01 and +++ p < 0.001,
when compared with Gel + E).
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Table 3. Skin compatibility test for Gel + E and Gel + E-Etho (n = 6 each group, mean ± S.D.).

Samples
Control Time after

Patch Removal
Reactive

Subjects (n)
Types of
Reaction

Mean Daily Irritation
Score (Mdis)

Gel + E 15 min 0 None 0 ± 0
24 h 0 None 0 ± 0
48 h 0 None 0 ± 0

Gel + E-Etho 15 min 0 None 0 ± 0
24 h 0 None 0 ± 0
48 h 0 None 0 ± 0

3. Materials and Methods

3.1. Materials

3.1.1. Plant Material

S. nigra L. flowers (elderflowers) were supplied by Régiefrutas—Cooperativa Agrícola de
Interesse Público Távora-Varosa, CIPRL, collected from commercial crops at Tarouca, Beira
Alta, Portugal (lat. 40◦ 59′ 06” N; long. 7◦ 37′ 03” W; 695 m alt.) in May 2019.

3.1.2. Chemicals

Phosphatidylcholine (L-α-Phosphatidylcholine, also named soybean hosphatidyl-
choline, SPC) was supplied by Sigma Aldrich (St. Louis, MO, USA). Oleic Acid was
acquired by Fluka Chemika (Buchs, Switzerland). Coll from Clostridium histolyticum type
IA, Dulbecco’s Modified Eagle’s Medium—high glucose (DMEM), quercetin, thiazolyl blue
tetrazolium bromide (MTT), Span 20®, Nile Blue A and ascorbic acid were supplied by
Sigma Aldrich (Steinheim, Germany). Fetal bovine serum (FBS) purchased from Biowest
(Riverside, CA, USA). L-Glutamine was supplied by Lonza (Leuven, Belgium). Rutin was
acquired from Extrasynthese (Genay, France). Methanol was purchased from António M.
S. Cruz (Amadora, Portugal) and sodium chloride (NaCl) from José M. Vaz Pereira (Be-
navente, Portugal). Epigallocatechingallate (EGCG), N-[3-furyl-acryloyl]-Leu-Gly-Pro-Ala
(FALGPA) were purchased from Panreac (Barcelona, Spain). Tricine buffer was acquired by
VWR (Leuven, Belgium). Carbopol 940® was purchased from Fagron (Barcelona, Spain).
Folin reagent was supplied by Merck (Darmstadt, Germany). High performance liquid
chromatography (HPLC) grade acetonitrile and formic acid were obtained from Chem-Lab
NV (Zedelgem, Belgium). Milli-Q water (18.2 MΩ cm−1 resistivity) was obtained from a
Millipore-Direct Q3 UV system (Millipore®, Burlington, MA, USA). All other chemicals
were of analytical grade.

3.1.3. Cell Lines

The HaCaT cell line was supplied by Cell-Line-Service (cat: 300493, Eppelheim, Germany).

3.2. Methods

3.2.1. Extraction

The extract was obtained from fresh elderflowers, using methanol as solvent through
ultrasonication method (Sonorex Super RK 510 H; Bandelin, Berlin, Germany) for 1 h. The
procedure was repeated three times until complete extraction [4,5,49]. The extract was then
filtered, and the methanol was removed by rotary evaporation (VV2000 rotary evaporator
from Heidolph, Apeldoorn, The Netherlands).

3.2.2. Ethosomes Preparation Method

To produce ethosomes, 2% of SPC (w/v), 40% of ethanol (v/v) and 58% of MilliQ
water (v/v) were used. Ethosomes then were centrifuged at 10,460× g (Centrifuge, Sigma
Laborzentrifugen, Osterode am Harz, Germany) for 10 min at room temperature (RT) and
then resuspended in MilliQ water. For the extract-loaded ethosomes, the same method
was performed, and the amount of extract used was according to the proportion 1:1, w/w,
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lipid:extract. Empty and extract-loaded ethosomes were stored at 4 ± 2 ◦C—refrigeration
conditions (RC). The ethosomes stored at these conditions were further used in all the assays.

3.2.3. Lipid Quantification

The lipid content of vesicles was determined using the modified colorimetric method
described by Rouser et al. [50,51]. Briefly, the samples (in triplicate) with an amount of
phosphate between 20 and 80 nmol (sample volume below 100 μL) were cooled and after
that 0.3 mL of perchloric acid (70–72%) was added. Furthermore, all tubes were heated
at 180 ◦C for 45 min, in order to convert all the organic lipid phosphate to its inorganic
form and the samples were cooled to RT. Subsequently, 1.0 mL of H2O and 0.4 mL of
hexa-ammonium heptamolybdate solution [1.25% (w/v)] followed by 0.4 mL of ascorbic
acid solution [5% (w/v)] were added. It was obtained a blue color solution due to the
reduction of ascorbic acid over the heating process. In the end of method, the absorbance
of all samples was recorded at 797 nm) in a UV-mini 1240 spectrophotometer (Shimadzu,
Kyoto, Japan) [51]. In parallel, a calibration curve was also prepared with amounts of
phosphate ranging from 20 and 80 μmol/tube, also in triplicate. All tubes were heated
(180 ◦C) in a heating block until dryness.

3.2.4. Physical Characterization of Ethosomes: Size, Surface Charge and pH

Mean size, PdI, zeta potential and pH of empty and extract-loaded ethosomes were
evaluated for up to 12 months [52]. Zeta potential of the ethosomes was measured in diluted
NaCl (0.1 M) solution (1:10, v/v). The size, PdI and zeta potential were measured in diluted
samples (1:16, v/v) by DLS, using a Malvern Zetasizer Nano-S and Nano-Z (Malvern
Instruments, Worcestershire, UK). Results were expressed as mean of measurements in
triplicate (n = 3). Stability study at different temperature was performed using three
different temperatures (4 ± 2 ◦C—RC, 25 ± 5 ◦C—RT and 40 ± 2 ◦C—AC). Results were
expressed as the mean ± S.D. (n = 3). The pH of the obtained suspension of ethosomes
was measured using a pH electrode meter (827 pH Lab, Metrohm, Herisau, Switzerland),
calibrated every day of measurements, with buffer solutions pH 4.00 ± 0.02 and 7.00 ± 0.02
(20 ◦C) ST (Panreac).

3.2.5. Histochemical Characterization of the Lipidic Constitution of Ethosomes and Study
of their Morphology

The lipidic constitution of ethosomes was histochemically demonstrated by Nile blue
A, a stain used for detection of acidic and neutral lipids [53]. Microscope slides were pre-
pared with a drop of the vesicular suspension, previously stained with an aqueous solution
of 0.1% Nile blue A. Observations were carried out in bright field and in fluorescence with
an BX51 light microscope (Olympus, Tokyo, Japan) equipped with a Nomarski and an
epifluorescence condenser. For fluorescence, a filter set for green light with excitation at
535/30 nm and emission at 580 nm was used. Images were recorded digitally.

The morphological characteristics of the particles were investigated by scanning, trans-
mission and atomic force microscopy techniques (SEM, TEM and AFM, respectively). For
SEM, aliquots (20 μL) of the vesicular suspensions were carefully dispersed on round glass
coverslips coated with poly L-lysine and previously attached to the microscope stubs. The
samples, after dried in a desiccator, were sputter-coating with gold and observed with a
5200LV scanning electron microscope (JEOL Ltd., Tokyo, Japan) at an accelerating voltage
of 20 kV. Images were recorded digitally. For TEM, aliquots (10 μL) of NPs suspensions
were placed on Formvar/carbon coated grids and the excess solution was removed with a
filter paper. Then, the material was negatively stained with 1% of uranyl acetate and left
in room conditions for air-drying. Observations were carried out on a 1200EX transmis-
sion electron microscope (JEOL Ltd., Tokyo, Japan) operating at 80 kV and images were
recorded digitally.

For the atomic force microscopy (AFM) analysis, the samples were centrifuged at
7378× g (Sigma Laborzentrifugen, Osterode am Harz, Germany) for 10 and 20 min, for
empty and extract-loaded vesicles, respectively, followed by resuspension in water (in half
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of the previous volume) [54]. AFM uses a diluted sample, 1:2 without any pre-treatment.
A freshly cleaved mica surface was used to place a drop (≈40 μL of sample), being allowed
to adsorb for around 30 min [54]. After drying using a stream of N2, samples were analyzed
in intermittent mode (Multimode 8 HR Microscope, produced by Bruker, Billerica, MA,
USA) [54]. Images were acquired in ambient conditions (≈21 ◦C), through the use of etched
silicon tips with a resonance frequency of around 320 kHz (NCHV, Bruker), at a scan rate
near to 1.3 Hz [54]. All images were recorded digitally.

3.2.6. Entrapment Capacity of Extract in Ethosomes

To determine the EC of the elderflower extract, the samples were analyzed by HPLC-
MS/MS aiming at quantifying rutin, the major compound of the methanolic extract. The
Waters® Alliance 2695 HPLC system (Waters®, Dublin, Ireland) equipped with an au-
tosampler, quaternary pumps, column furnace, and a diode-array detector (DAD) Waters
996 DAD (Waters®) was used to performer the assays. Chromatographic analyses were
carried out using a LiChrospher® 100 RP-18, 5 μm (250 × 4 mm) column at 35 ◦C. A mixture
of formic acid (0.5% v/v in ultrapure water) (eluent A) and 0.5% formic acid in acetoni-
trile (eluent B) at a flow rate of 0.3 mL/min, were used as a mobile phase. The initial
conditions were maintained for 20 min as a re-equilibration step. The gradient was: 5% B
(0–10 min), 15% B (10–30 min), 20% B (30–45 min), 20% B (45–65 min), 54% B (65–95 min),
63% B (65–110 min), and 5% B (110–115 min). The total running time was 135 min and
the injection volume 20 μL. The HPLC system was coupled to a triple quadrupole mass
spectrometer MicroMass Quattromicro® API (Waters®, Dublin, Ireland) equipped with an
electrospray ionization source (ESI).

MS/MS conditions were optimized for the identification and quantification of rutin.
The electrospray ion source (ESI) was set to operate at 120 ◦C in negative mode, using a
capillary voltage of 2.5 kV, cone voltage of 45 V and collision energies of 32, and 34 eV. High
purity nitrogen was used as drying and as a nebulizing gas. The collision gas used was the
ultra-high purity argon. Analyses were performed in multiple reaction monitoring mode
(MRM), selecting the one product ion with the highest signal as the monitored transitions
for quantification (MRM1, 609.00 > 300.00) and confirmation (MRM2, 609.00 > 271.00)
purposes. MassLynx Version 4.1 software (Waters) was used for instrument control, data
acquisition, and data processing.

The EC was determined by analyzing the rutin present in the supernatant—indirect
method). EC was determined by the Equation (1):

EC =

(
Total amountmajor bioactive compound − Amount f reemajor bioactive compound

Total amountmajor bioactive compound

)
× 100 (1)

3.2.7. Rutin and Ethosomes Complex Simulation

The reactional profile of extract and ethosomes system was assessed in silico via molec-
ular mechanics simulations and the ensuing energetic-geometric stabilization provided an
insight into the antioxidant potential of ethosomes. To analyze the mechanism governing
the Coll potential of the ethosomes, energetic and geometrical stabilization of the drug-
lipid molecular complexes were conducted using atomistic simulations (HyperChemLite
Molecular Modelling Software, Hypercube Inc., Gainesville, FL, USA). The structures of
SPC and rutin were generated as natural bond angles. The individual molecules and the
biomolecular complexes (SPC-rutin) were energy minimized and optimized employing
MM3 Force Field algorithm which was further accompanied by a Polak–Ribiere Conjugate
Gradient method until an RMS gradient of 0.001 kcal/mol was achieved [55,56].

3.2.8. In Vitro Release Studies

Extract-loaded ethosomes were previously lyophilized over 24 h at −50 ◦C (freeze–
dryer model, Edwards, Edwards, CO, USA). Afterwards, they were solubilized into phos-
phate buffer solution (PBS) (USP41) pH 5.5 (10 mL) to simulate human skin pH and stirred
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(200 rpm) at 32 ◦C in a multiplate stirring plate. Sink conditions were assured over the
whole assay. Aliquots of the release medium were collected at appropriate time intervals
(5 and 30 min, 1, 2, 4, 8 and 24 h), and replaced immediately with fresh buffer. The same
assay was performed in PBS at pH 7.4 (USP41). As reference, rutin was previously identi-
fied as the major flavonoid of the extract [5], therefore a standard calibration curve was
performed with rutin solution in PBS buffer pH 5.5 or 7.4, depending on the assay. Extract
concentration at each time point was determined using HPLC-DAD- MS/MS.

HPLC-DAD-MS/MS assays were carried out on a Waters® Alliance 2695 HPLC
system (Waters®) coupled to a 2996 Photodiode Array Detector and a Micromass® Quattro
Micro triple quadrupole (TQ) (Waters®). These analyses were performed at 35 ◦C on a
LiChrospher® 100 RP-18 (250 × 4 mm, 5 μm) column. The mobile phase used was the
same as described in Section 3.2.6. The elution program consisted of 20% B (0–5 min), with
increase to 90% B in 10 min, 90% B (15–20 min), and with a decrease to 20% B in 1 min,
and ultimately the initial conditions were maintained for 20 min as a re-equilibration step.
Total run time was 40 min and the injection volume 10 μL. MS/MS conditions were already
described in Section 3.2.6.

3.2.9. In Vitro Collagenase Inhibition Activity

The protocol used was already described in previous works [4,5,57]. This assay was
performed in 50 mM tricine buffer (pH 7.5) enriched with 400 mM NaCl, and 10 mM
CaCl2. The FALGPA (substrate) was dissolved in tricine buffer (2 mM) whereas Coll from
Clostridium histolyticum (EC.3.4.23.3) was dissolved in a buffer at an initial concentration
of 0.8 Units/mL and according to the supplier’s activity data. Negative controls were the
respective sample solvent. The absorbance was measured at 405 nm after the substrate
addition over 10 min using a microplate reader (Thermo Scientific Multiskan FC, Shanghai,
China). The positive control (EGCG) was used at a concentration of 250 μM. This compound
has been reported as being a strong inhibitor of collagen degradation [58]. The Coll
inhibition (%) was determined using the Equations (2) and (3):

Velocity reaction o f control or inhibitor =
Corrected Abs

time (min)
(2)

Collagenase inhibition activity (%) = 100 −
(

100 × Velocity reaction o f inhibitor

Velocity reaction o f control

)
(3)

For the Coll activity, the absorbance decrease was calculated using the Equation (2)
for the velocity reaction of negative control (ΔAbs405nm/min) and after to determine the
Coll inhibitions activity, it was used the Equation (3) [4,5,57].

3.2.10. In Vitro Safety Assessment

The in vitro safety of the free extract, empty and extract-loaded ethosomes were
evaluated using the MTT assay in the human keratinocyte cell line (HaCaT, cell line).
These cells were seeded in 96-wells plate at a density of 5 × 104 cells/mL in DMEM with
high-glucose (4500 mg/L), supplemented with 10% FBS, and 100 IU/mL of penicillin
and 100 μg/mL streptomycin [(Pen/Strep, 1%, v/v)], and allowed to grow for 24 h in a
humidified chamber at 37 ◦C in a 5% CO2 atmosphere [59]. For this assay, the medium
was removed and samples at concentrations ranging from 8.13–130.00 μg of rutin/mL
(free extract and equivalent concentrations of extract into ethosomes, according to the
results obtained for EC were prepared and added to HaCaT cells. After 48 h, the samples
were removed, and the cell monolayers were washed with PBS. Then, 50 μL of MTT at
0.5 mg/mL was added to the cells and the plates were incubated for 4 h in a humidified
chamber at 37 ◦C and 5% CO2 atmosphere. After this incubation time, 100 μL of DMSO
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was added to each well to solubilize the formazan crystals. The absorbance (Abs) was
measured, and cell viability was calculated using the same Equation (4):

Cell Viability (%) =
Abst

Absc
× 100 (4)

where Abst is the absorbance of the sample and Absc the absorbance of the control.

3.2.11. Inclusion of Extract-Loaded Ethosomes in a Semi-Solid Formulation

Carbopol® 940 gel was prepared based on previous literature with slight modifica-
tions [60]. Briefly, 500 mg of Carbopol® 940 was dispersed in water under stirring (400 rpm)
until complete solubilization. Then, 0.2% of methyl 4-hydroxybenzoate and 0.02% of
propyl-4-hydroxybenzoate were added under constant stirring. Finally, NaOH was added
to Carbopol (0.4 g of NaOH per gram of Carbopol) under magnetic stirring. This last
reagent was responsible for the gelling effect.

The resultant Carbopol® 940 gel was then characterized. A total of four differ-
ent samples were tested: gel only (control); gel + Extract (Gel + E); gel + empty etho-
somes (Gel + Etho) and gel + extract-loaded ethosomes (Gel + E-Etho), as schematic illus-
trated on the Figure 12. Incorporation of extract was performed according HPLC values
(Section 3.2.6). Specifically, 1.5 mg of extract was mixed with 1 mL of Carbopol gel, fol-
lowed by vortexing 5 s. Incorporation of ethosomes was performed by adding 2.34 mL of
ethosomes suspension/mL of Gel to a tube, followed by same vortexing.

Figure 12. Schematic representation of inclusion of Extract-Loaded Ethosomes in a Semi-Solid
Formulation.
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3.2.12. Characterization of the Semi-Solid Formulation for Skin Delivery of S. nigra Extract

• Organoleptic Characteristics

The obtained gels with and without ethosomes were characterized in terms of aspect
(colour and homogeneity) and odor. The organoleptic characteristics were evaluated by
direct observation of samples. When the physical appearance was maintained, the samples
were classified as normal whereas they were classified as PS when a phase separation
was observed.

• pH Measurement

Measurement of the pH was performed at RT in triplicate using potentiometer (827 pH
Lab, Metrohm, Herisau, Switzerland). This equipment was daily calibrated with buffer
solutions pH 4.00 ± 0.02 and 7.00 ± 0.02 (20 ◦C) (Panreac).

• Viscosity Measurement

The viscosity was measured using a DV-I + Viscometer (Brookfield Engineering Labs.
Inc., Middeborough, MA, USA) with the n◦ 4 needle and using a speed rate of 3 rpm.

• Preliminary Stability Assays of Semi-Solid Formulation with Free Extract and Ethosomes

The following tests were performed in all samples, i.e., with and without empty and
extract-loaded ethosomes as previously reported by Reis et al. [61] and according to the
International Guideline ICHQ1A (R2) [62]. The preliminary stability assays included the
heating and cooling, as well as the centrifugation stress:

(1) Heating and Cooling

Samples were submitted to heat-freeze cycles [25 ± 2 ◦C in an oven (24 h), then cooled
to −5 ± 2 ◦C in a freezer (24 h)], over one week. Frozen samples were allowed to melt and
cool down to RT prior measurements. Samples were analyzed at 48, 96 and 168 h in terms of
organoleptic characteristics, pH measurement and viscosity, as previously presented [61].

(2) Centrifugation Stress

This assay was adapted from Reis et al. (2015) [61]. Each sample (approximately 6 g)
was exposed to a 50 ◦C water bath (Heidolph MR3001, Heidolph Instruments, Schwabach,
Germany) and, subsequently, centrifuged at 1077× g for 30 min (Beckman Gpr Refrigerated
Centrifuge Rotor, Indianapolis, IN, USA). The parameters of organoleptic characteristics,
pH measurement and viscosity, were verified before and after centrifugation.

• Accelerated Stability Assays of Semi-Solid Formulation with Free Extract and Ethosomes

The following tests were performed in empty and extract-loaded ethosomes as previ-
ously reported [61] and under Guideline ICHQ1A (R2) [62].

(1) Tests Cycles of Heating and Cooling

Samples were incubated at 45 ± 2 ◦C in the oven and cooled in the freezer at
−10 ± 2 ◦C (cycles of 24 h at each condition) for twelve days. Samples were analyzed
every two days. This analysis included the evaluation of the parameters referred above
(organoleptic characteristics, pH measurement and viscosity).

(2) Stability Test over 14 Days

Samples were exposed to three different settings: refrigerated conditions (RC,
−5 ± 2 ◦C); RT (20 ± 5 ◦C), and accelerated conditions (AC, 50 ± 2 ◦C and AC*, 40 ± 2 ◦C)
for 14 days. In this case, two different ovens were used to evaluate different conditions, one
of them in regular or normal oven at 50 ± 2 ◦C, and the other one in a climatic chamber at
40 ± 2 ◦C. After 3, 7 and 14 days, formulations were analyzed and the parameters, already
mentioned evaluated.
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(3) Temperature Cycles

Samples were exposed to water bath at 40 ◦C, with a controlled heating rate of
10 ◦C/30 min of up to 80 ◦C. After returning to RT, the samples were analyzed in the same
parameters than the previous tests.

• Stability over Three Months

Samples were exposed to three different settings: RC (−5 ± 2 ◦C); RT (20 ± 5 ◦C), and
AC (50 ± 2 ◦C) for 3 months. After 1, 2 and 3 months, formulations were analyzed and
organoleptic characteristics, pH measurement and viscosity determined.

• Rheological Properties

The procedure was based on the method of Braden [63], with slight modifications.
The same needle was used and the values of viscosity for different speeds starting with the
lowest (0.3 rpm) and gradually increasing the speed until 60 rpm.

• Texture Analysis

The texture of all samples was assessed by the TA.XT.plus (Texture Analyzer Stable
Micro Systems, Surrey, UK). This assay was done using the following characteristics: pre-
test speed (0.50 mm/s); test speed (0.50 mm/s); post-test speed (10.00 mm/s); applied force
(500.0 g); return distance (10.000 mm); contact time (10.00 s); trigger type (automatic) and
trigger force (5.0 g). The estimated mean areas under the force-time curve were calculated
for each sample, in triplicate analysis.

3.2.13. Human Skin’s Compatibility Testing

The skin’s compatibility was performed by occlusive patch Finn Chamber® stan-
dard [64] with some modifications made by Mazulli et al. [65]. A group of 12 subjects
(n = 6 each group) with age between 18 to 70 years, female and male, with phototype
(Fitzpatrick) I to IV and to all type of skin was randomized in two different groups: one
group dosed with gel with extract and the other group dosed with gel with extract-loaded
ethosomes. The goal of the present case was reached after a single application to the human
skin. The tested samples were: the final formulation of Gel + E and Gel + E-Etho (20 μL
each). The formulations were in contact with skin, under patch in the back, for 48 ± 5 h.
The examination was carried out, visually under standard “daylight”, before patching on
first day and about 15 min (or more if some redness appeared after patch removal), then
24 and 48 h after patch removal. All the tests were made according to the Declaration of
Helsinki and received the approval of the local Ethics Committee.

The mean daily irritation score (Mdis) was determined using Equation (5), where Idis
represents the individual daily irritation score, which is obtained by the sum of the marks
obtained for all the signs observed [66].

Mdis =
∑ Idis

number o f valid cases
(5)

3.2.14. Statistical Analysis

Results were expressed as mean ± standard deviation (S.D.). The results concerning
the biological assays were expressed as mean ± standard error of the mean (S.E.M.). One-
Way ANOVA for multiple comparisons was used to assess the significance of differences
by Graph Prisma Version 5.03 (GraphPad Software, San Diego, CA, USA). Only it was
considered the significant differences when p < 0.05. Two-Way ANOVA for multiple
comparisons between all samples. Concerning to the results of incorporation of the extract-
loaded ethosomes were expressed as mean ± S.D. Statistical analysis was performed using
Two-Way ANOVA for multiple comparisons between control and different formulations by
Bonferroni test, using GraphPad Prism 5.03. Results were considered significantly different
when p < 0.05.
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4. Conclusions

Ethosomes demonstrated to be a good nanocarrier for the Sambucus nigra L. flower
extract, regarding the high EC. In addition, these nanocarriers showed a high value of
Coll inhibition. After the incorporation in Carbopol gel, these results suggested to be
a stable gel over the time, in terms of organoleptic characteristics, pH and viscosity at
different temperatures of storage. This formulation was also safe for humans and thus
it can be considered a promising topical formulation, attracting a wide interest from
cosmetic industry.
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Abstract: The higher molecular weight and low solubility of amphotericin B (AmB) hinders its
topical administration. The aim of this study was to incorporate Bursera graveolens essential oil
into an AmB topical gel (AmB + BGEO gel) in order to promote the diffusion of the drug through
the skin in the treatment of cutaneous candidiasis. AmB + BGEO gel formulation was determined
using a factorial experiment. Physical and chemical parameters, stability, in vitro release profile
and ex vivo permeation in human skin were evaluated. In vitro antimicrobial activity was studied
using strains of C. albicans, C. glabrata and C. parapsilosis. The tolerability was evaluated using
in vitro and in vivo models. AmB + BGEO gel presented appropriate characteristics for topical
administration, including pH of 5.85, pseudoplastic behavior, optimal extensibility, as well as high
stability and acceptable tolerability. In vitro release studies showed that the formulation releases the
drug following a Boltzmann sigmoidal model. Finally, AmB + BGEO gel exhibited higher amount
of drug retained inside the skin and lower Minimum Inhibitory Concentration than a formulation
sans essential oil. Therefore, these results suggest that the incorporation of B. graveolens essential oil
in the formulation could be used as strategy to promote a local effect in the treatment of cutaneous
candidiasis.

Keywords: amphotericin B; candidiasis; gel; essential oil; Bursera graveolens; topical treatment

1. Introduction

Cutaneous candidiasis is a superficial mycosis caused by proliferation in the skin by
fungal organisms belonging to the genus Candida [1]. C. albicans is responsible for approx-
imately 70% of skin infections associated with Candida spp. [2,3]. This type of mycosis
mainly affects intertriginous areas and produces dryness, erythema, edema, erosions and
pustules [4]. Topical treatments for cutaneous candidiasis include the application of azoles
and polyenes such as clotrimazole, miconazole, fluconazole, itraconazole and nystatin [5–7].
However, resistance mechanisms both intrinsic and acquired to these antifungal drugs
have been reported. Intrinsic resistance is highly stable and is predictive of therapeutic
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failure whereas acquired resistance can be either stable or transient and is developed due
to long exposure to antifungals [8–10]. Although polyene resistance is still uncommon
compared to resistance to other antifungals, some mechanisms of resistance have been
proposed, including: (1) alterations in the sterol composition of the fungal cell membrane
due to several mutations in genes (ERG) of the ergosterol biosynthesis pathway, (2) oxida-
tive stress, and (3) alterations of the fungal cell wall characterized by an increased glucan
production [11].

AmB is a polyene macrolide antibiotic produced by Streptomyces nodosus that acts by
binding with the sterols (ergosterol) present in the cell membrane of susceptible fungi,
resulting in the creation of transmembrane channels that induce ion permeability, loss
of protons and monovalent cations, and consequently depolarization and concentration-
dependent cell killing [12,13]. AmB has been clinically used to treat Candida, Cryptoccocus
and Aspergillus via intravenous infusion [14,15]. However, its systemic adverse effects are
well-known, including symptoms from acute toxicity such as nausea, vomiting, rigors,
fever, hypertension or hypotension, and hypoxia as well as chronic adverse effects such as
nephrotoxicity [16]. A topically administered AmB formulation can bypass these disad-
vantages from invasive administration techniques and thus permit treatment of localized
infections in skin or mucous membranes [17]. However, the higher molecular weight
(926 Da) and low solubility in water of AmB could limit its passage through the skin [18].
These complications could be circumvented by incorporating excipients with permeation-
enhancing properties that promote the penetration of drugs through the stratum corneum
(SC) and its distribution to the epidermis and dermis [19].

Examples of commonly studied permeation enhancers for dermal drug delivery
include azone, pyrrolidones, sulphoxides, fatty acids, and surfactants as well as essential
oils and their components [20]. Ideally, these compounds induce a temporary and reversible
reduction in the barrier function of the SC in order to facilitate the drug permeation across
the skin [21,22].

Essential oils are natural products extracted from aromatic plant materials and contain
complex mixtures of several volatile compounds such as terpenes, terpenoids and phenyl-
propanoids [22]. Essential oils are widely used in pharmaceutical, cosmetic, agricultural
and food industries in several applications including improvement of drug permeation
in addition to antibacterial, antifungal, antioxidant and anti-inflammatory activities [23].
As permeation enhancers, the active compounds derived from essential oils increase drug
diffusion by changes in the SC structure and interaction with intercellular lipids in the
SC [22,23]. In particular, the Bursera graveolens essential oil has been reported to inhibit
the growth of breast tumor cells and amastigotes of Leishmania amazonensis while also
having antioxidant, antifungal and anticarcinogenic properties [24,25]. B. graveolens is
a deciduous tree found from western Mexico to northwestern Peru. Its wood exhibits
a characteristic sweet, spicy and balsamic aroma that has traditionally been used as in-
cense [26]. It is widely referred to as “palo santo” by local populations, which in Spanish
means “holy wood” [27]. Essential oil obtained from the fruit of B. graveolens primarily
contains D-limonene (49.89%), α-phellandrene (37.64%) and menthofuran (6.08%) [25,27].

The purpose of this study was to develop and characterize a topical gel of AmB and B.
graveolens essential oil (AmB + BGEO gel) as strategy to promote drug permeation through
the SC and its retention in human skin in order to achieve a local effect in the treatment of
cutaneous candidiasis.

2. Results

2.1. Solubility Studies

The AmB solubility in different components are shown in Figure 1. DMSO (solubility
3.82 ± 0.05 mg/mL) exhibited greater ability to solubilize the drug and was, therefore,
used as solvent in the formulation. Propylene glycol 400 (solubility 1.09 ± 0.04 mg/mL)
and glycerin (solubility 1.02 ± 0.04 mg/mL) were evaluated by a 23 factorial experiment in
order to determine the most appropriate cosolvent for the formulation.
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Figure 1. Amphotericin B (AmB) solubility in different excipients (n = 3).

2.2. Design and Preparation of AmB + BGEO Gel Formulation

Table 1 shows the physical and chemical characterization of the eight formulations
obtained by 23 factorial experiment. After 60 days of storage at 30 ◦C, formulations 1, 4, 6
and 8 showed precipitates or formed lumps, whereas formulations 2 and 5 were homoge-
neous but showed significant changes in pH. These signs of instability were accompanied
by a decrease in drug content. Finally, when comparing formulations 3 and 7, it was
observed that formulation 3 was more stable, especially with regard to drug content, and
was therefore selected as the final formulation for the AmB + BGEO gel.

Table 1. Physical and chemical characterization of the 8 formulations obtained by 23 factorial experiment after one and
60 days of preparation and storage at 30 ◦C.

1 Day 60 Days

Formulation Appearance pH Drug Content (%) Appearance pH Drug Content (%)

F1 Homogeneous 4.80 ± 0.03 99.68 ± 0.16 Precipitates 4.12 ± 0.09 96.78 ± 1.67
F2 Homogeneous 6.76 ± 0.05 99.73 ± 0.12 Homogeneous 4.98 ± 0.07 98.25 ± 0.82
F3 Homogeneous 5.85 ± 0.09 99.65 ± 0.08 Homogeneous 5.57 ± 0.04 99.18 ± 0.43
F4 Homogeneous 6.81 ± 0.07 99.66 ± 0.10 Lumps 6.02 ± 0.10 98.86 ± 1.35
F5 Homogeneous 5.28 ± 0.01 99.52 ± 0.09 Homogeneous 4.16 ± 0.15 98.16 ± 0.98
F6 Homogeneous 7.12 ± 0.08 99.59 ± 0.13 Precipitates 6.15 ± 0.09 97.63 ± 1.82
F7 Homogeneous 5.92 ± 0.04 99.81 ± 0.09 Homogeneous 5.05 ± 0.07 98.83 ± 0.66
F8 Homogeneous 6.70 ± 0.06 99.65 ± 0.11 Precipitates 5.72 ± 0.25 97.15 ± 1.68

AmB + BGEO gel (0.1%) was prepared by dissolving AmB in 5% DMSO, 20% Propy-
lene glycol 400, and 2% B. graveolens essential oil. This mixture was then incorporated into
a gel base composed of 3% CMC, 0.20% citric acid, 0.02% sodium benzoate, and 69.68%
water (Table 2).

Table 2. Final formulation of AmB + BGEO gel.

Component (%)

Amphotericin B (AmB) 0.1
B. graveolens essential oil (BGEO) 2
Carboxymethylcelullose (CMC) 3

Propylene glycol 400 20
Sodium benzoate 0.02

Citric acid 0.2
Dimethylsulfoxyde (DMSO) 5

Water 69.68
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2.3. Characterization of AmB + BGEO Gel

AmB + BGEO gel showed a homogeneous appearance without signs of lumps or
precipitates while also exhibiting a slightly yellowish color and a pleasant citrus scent
characteristic of essential oil. The drug content in the formulation was of 99.65 ± 0.08% and
with a pH value of 5.85 ± 0.09, which is biocompatible with the natural acidity of the skin.

Rheological studies (Figure 2) confirmed pseudoplastic behavior of the formulation
(Cross model r2 = 0.999) with a mean viscosity at 50 s−1 of 5036 ± 45.71 mPa·s. A hysteresis
loop with an area of 4269 Pa/s was observed.

Figure 2. Rheological behavior of AmB + BGEO gel showing a hysteresis loop.

The extensibility profile of AmB + BGEO gel at 25 ◦C described in Figure 3 showed
that the extensibility values increased proportionally to loading weight until reaching a
maximum extensibility of 27.81 cm2 following a one-phase association mathematical model.

Figure 3. Extensibility profile of AmB + BGEO gel at 25 ◦C.

2.4. Stability Studies

The short-term stability evaluation of AmB + BGEO gel (Table 3) confirmed that after
120 days of storage at 30 ◦C and 40 ◦C, the formulation maintained a homogeneous aspect
and suitable pH values for its application on skin (5.48 ± 0.12 to 5.85 ± 0.09 and 5.12 ± 0.07
to 5.83 ± 0.07, respectively). In the same way, the content of AmB present in the formulation
remained without significant changes during the time of the stability study with a decrease
of 0.86% at 30 ◦C and 1.1% at 40 ◦C.
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Table 3. Stability studies of AmB + BGEO gel.

Time (Days)
30 ± 2 ◦C/65 ± 5% RH 40 ± 2 ◦C/75 ± 5% RH

Appearance pH Drug Content (%) Appearance pH Drug Content (%)

1 Homogeneous 5.85 ± 0.09 99.65 ± 0.08 Homogeneous 5.83 ± 0.07 99.67 ± 0.12
60 Homogeneous 5.57 ± 0.04 99.18 ± 0.43 Homogeneous 5.43 ± 0.15 98.91 ± 0.17

120 days Homogeneous 5.48 ± 0.12 98.79 ± 0.66 Homogeneous 5.12 ± 0.07 98.56 ± 0.32

2.5. In Vitro Release Study

Figure 4 shows the release profile of AmB from the formulation. At the end of the
experiment, an amount of 154.8 μg of AmB was released from the gel, which represents
about 80% of the drug. The best fit of the experimental data was obtained with the
Boltzmann sigmoidal model with a r2 = 0.9974 and whose mathematical equation is:

Y = Bottom + (Top − Bottom)/1 + exp
(

V50 − x
Slope

)
(1)

where Y is the amount of released drug, Top and Bottom are the initial and final values of
drug release, V50 is the time it takes to release half of the maximum amount susceptible to
release and the Slope of the curve indicates the steepness.

Figure 4. In vitro release profile of AmB from formulation. The cumulative amount released was
plotted against time. Data represents mean ± SD (n = 3).

2.6. Ex Vivo Permeation Study

Ex vivo permeation studies of AmB + BGEO gel and AmB gel (B. graveolens essential
oil-free AmB gel) were carried out in order to compare and evaluate the role of the B.
graveolens essential oil in drug permeation. AmB was not detected in the aliquots extracted
from the receptor compartment over a 24 h period of permeation assay in either of the
two formulations. However, AmB was found inside the skin with a retention value of
997.78 μg/g skin/cm2 for AmB + BGEO gel and 603.91 μg/g skin/cm2 for AmB gel.

2.7. Efficacy Study: Antimicrobial Activity

The antimicrobial activity after 48 h is reported in Table 4 as Minimum Inhibitory
Concentration (MIC) values against strains of C. albicans, C. glabrata and C. parapsilosis. The
B. graveolens essential oil at concentrations of 6.25 to 12.50% (v/v) showed antimicrobial
activity against the studied Candida strains. The AmB + BGEO gel exhibited the lowest
MIC values (0.29, 0.39 and 0.58 μg/mL) compared with AmB gel (0.58, 0.58 and 1 μg/mL)
against C. albicans, C. glabrata and C. parapsilosis, respectively.
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Table 4. MIC against different cultures of Candida spp., Free AmB, AmB gel, AmB + BGEO gel and B. graveolens essential oil
(BGEO) after incubation at 30 ◦C for 48 h (n = 3).

Tested Species Origin
MIC (μg/mL) % (v/v)

Free AmB AmB Gel AmB + BGEO Gel BGEO

C. albicans ATCC 10231 0.15 0.58 0.29 12.50
C. grabrata ATCC 66032 0.60 0.58 0.39 6.25

C. parapsilosis ATCC 22019 0.30 1 0.58 12.50

2.8. Tolerance Studies

2.8.1. Cytotoxicity Studies by MTT Assay

The effect of different concentrations of AmB + BGEO gel on human keratinocytes
was evaluated using MTT cytotoxicity assay. After 24 h of incubation, it was observed that
the assayed dilutions of the formulation (1/50 to 1/2000) did not affect cell viability, which
was close to 100% in relation to the control (Figure 5). Therefore, these results suggest that
AmB + BGEO gel do not trigger toxicity in the cells.

Figure 5. Percentage of cell viability of HaCaT cell line exposed to AmB + BGEO for 24 h at different
concentrations.

2.8.2. In Vivo Tolerance Studies

No significant changes in the TEWL or SCH values with respect to the basal state were
observed after 25 min of topical application of AmB + BGEO gel in the ventral area of the
forearm of the volunteers (Figure 6). These results suggest that the formulation does not
cause damage or irritation in the skin barrier.

Figure 6. Tolerance studies in human individuals. (A) TEWL: Transepidermal water loss; (B) SCH:
Stratum corneum hydration. Results are expressed as median, minimum and maximum (n = 12).
Statistically significant differences: * p < 0.05.
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3. Discussion

AmB is administered by intravenous infusion in the treatment of fungal infections [28].
This treatment causes several adverse effects including nausea, vomiting, rigors, fever,
hypertension or hypotension, hypoxia and nephrotoxicity [16]. The incorporation of AmB
into topical formulations could be used as a strategy to achieve a local effect in the skin
without adverse systemic effects in the treatment of dermal candidiasis. However, its
low aqueous solubility, great molecular weight (926 Da) and limited permeability of the
SC to external substances, including drugs, could obstruct its penetration through the
skin. In this study, the incorporation of B. graveolens essential oil into an AmB topical gel
was carried out in order to promote drug permeation through the SC and its retention
in human skin. The final formulation of AmB + BGEO gel (0.1%) was prepared using
pharmaceutical excipients compatible with the drug (Table 2). This formulation was
homogeneous with a pleasant citrus scent and had a slightly acidic pH value which assures
non-irritating effects [29]. Determination of the flow properties of formulations, particularly
those intended for skin application, provides important information about stability, sensory
characteristics, spreadability and filling/dosing behavior [30]. A topical formulation should
exhibit optimal viscosity and spreadability since a product too fluid or too viscous could be
unpleasant or uncomfortable for patients [31,32]. Moreover, the viscosity and rheological
behavior can modulate biopharmaceutical parameters such as release rates of drugs from
their vehicles [33]. AmB + BGEO gel showed a mean viscosity of 5036 ± 45.71 mPa·s at
50 s−1 and a maximum extensibility of 27.81 cm2, which suggest that this formulation
is easy to apply (Figures 2 and 3). Rheological analysis and mathematical modeling
confirmed the pseudoplastic behavior of AmB + BGEO gel and the presence of a hysteresis
loop in the rheograms, suggesting thixotropic behavior [34]. These characteristics offer
advantages for topical formulations since the viscosity decreases with friction, allowing for
easy spreadability while returning to the initial state once the friction stops, which favors
the residence in the treated area [35].

The stability studies at 30 and 40 ◦C for 120 days showed that AmB + BGEO gel
maintained its homogeneous appearance and no significant changes in its pH values were
detected after storage, showing values within the suitable range for skin application. Chem-
ical stability was also observed with slight yet inconsequential changes in the quantified
drug content, thus demonstrating high compatibility between the drug and the excipients
(Table 3).

Interactions between the vehicle and drug define the release profile, which in turn
affects the permeation rate of the drug [29]. In this research, the in vitro release study
showed a released amount of 154.8 μg of AmB from the gel (Figure 4), which indicates that
the vehicle is capable of releasing the drug without limiting skin permeation. According to
the obtained r2 value, the release kinetic of AmB from gel followed a Boltzmann sigmoidal
model that is characterized by an initial phase of slow-or-negligible release (0–6 h) followed
by a second phase of immediate-or-controlled release [36].

Ex vivo permeation studies are used to estimate the in vivo behavior of the formula-
tion, since the composition and the physical properties of the carrier influence the amount
of drug reaching the target area [30]. The success of topical treatment is contingent upon
the ability of the drug to cross the SC as well as its distribution through the epidermis and
dermis [37,38]. The results of this study showed that the drug does not reach the receptor
compartment in either of the two formulations (AmB + BGEO gel and AmB gel) but is
instead retained in the tissue, thereby promoting a local effect in the skin without adverse
effects. However, a higher amount of drug retained inside the skin was observed in the
AmB + BGEO gel (997.78 μg/g skin/cm2) compared to AmB gel (603.91 μg/g skin/cm2),
suggesting that the incorporation of B. graveolens essential oil facilitated the penetration of
the drug through the SC and its diffusion to the epidermis and dermis. This essential oil
contains limonene, a lipophilic terpene reported to have a skin permeation-enhancing effect
of both hydrophilic and lipophilic drugs [39]. The proposed mechanism of this effect is due
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to changes in the intercellular packing and disruption in lipid structures that involve the
modification of SC from solvents, thus improving drug partitioning into the skin [40,41].

The efficacy study showed that AmB + BGEO gel exhibited a lower MIC value against
strains of C. albicans, C. glabrata and C. parapsilosis and is consequently more effective
than the formulation sans essential oil (AmB gel). Significant antimicrobial activity of B.
graveolens essential oil against strains of C. albicans has been previously reported. This effect
has been attributed to its terpene-rich composition, namely limonene, although the exact
mechanism is not completely understood as of yet. Nevertheless, some studies support
the idea that these compounds could cause membrane disruption which consequently
induces the death of the fungus [42]. A number of studies have shown that natural
secondary metabolites with low molecular weight (≤500 g/mol) may act as adjuvants
for antimicrobial drugs and thus potentiate its efficacy. Based on this approach, studies
of combination therapy of antimicrobial drugs with terpenes have revealed promising
effects against both susceptible and resistant pathogens [43]. In particular, essential oils
such as Citrus aurantium, Thymus kotschanus, myrtus communis and Mentha piperita have
shown a synergistic effect with clinical drugs including AmB, fluconazole, ketoconazole
and meropenem [43–46]. In the current study, the combination of AmB with B. graveolens
essential oil in a topical gel showed enhanced antifungal activity against C. albicans, C.
glabrata and C. parapsilosis. These results indicate that the addition of B. graveolens essential
oil in the formulation likely enhances the antimicrobial effect either due to its active
compounds or a possible synergistic effect between its compounds and the drug.

The tolerability of AmB + BGEO gel was analyzed by in vitro and in vivo models.
In vitro models are considered helpful to screen the toxicity of new formulations prior
to the pre-clinical and clinical assessment. A variety of cell lines are frequently used for
toxicity screening in a living system due to the cells being generally easy to cultivate,
fast to grow and are sensitive to toxic irritation [47]. In this study, the tested dilutions of
AmB + BGEO gel did not induce relevant cytotoxic effects on cells after 24 h of incubation,
which confirms high biocompatibility between the developed formulation and human
keratinocytes. This result was confirmed by evaluation of biomechanical skin properties
including TEWL and SCH, which allow analysis of the integrity of the skin barrier after
exposure to physical or chemical agents [30,48]. The results revealed an increase in TEWL
and SCH values 5 min after topical application of AmB + BGEO gel; however, a tendency to
return to the basal state was observed in both parameters after 25 min of assay, suggesting
that AmB + BGEO gel does not cause irritation or damage to the skin surface of volunteers.

4. Materials and Methods

4.1. Materials

Amphotericin B (potency of 864 μg/mg) was purchased from Acofarma® (Barcelona,
Spain). B. graveolens essential oil was provided by the Unit Operations Laboratory of the
Universidad Técnica Particular de Loja [25]. Dimethyl Sulfoxide (DMSO) was obtained
from Alfa Aesar (Thermo Fisher, Karlsruhe, DE-BW, Germany). Glycerin, propylene glycol
400 and castor oil were supplied by Sigma-Aldrich (Madrid, Spain). Capric Triglyceride
(Labrafac™ lipophile WL 1349), polyglyceryl-3 dioleate (Plurol® oleique CC497), diethy-
lene glycol monoethyl ether (Transcutol® P), and propylene glycol monolaurate-type II
(Lauroglycol™ 90) were obtained from Gatefossé (Saint-Priest, France). Carboxymethylcel-
lulose (CMC), carbopol® 940, sodium benzoate, parabens, and citric acid were obtained
from Fagron Ibérica (Barcelona, Spain). HaCaT cell line was purchased from Cell Line Ser-
vices (Eppelheim, DE-BW, Germany) and the reagents used for cell cultures were obtained
from Gibco (Carcavelos, Lisbon, Portugal). The reagents for the MTT assay were obtained
from Invitrogen Alfagene® (Carcavelos, Lisbon, Portugal). A Millipore Milli-Q® water
purification system (Millipore Corporation; Burlington, MA, USA) was used. Finally, the
chemicals and reagents were of analytical grade.
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4.2. High-Performance Liquid Chromatography (HPLC)

AmB was quantified by a previously validated HPLC method [49]. The assay was
carried out using a Waters HPLC with 2487 (UV/Vis) Detector & 717 Plus Autosampler
(Waters, Milford, MA, USA). The mobile phase was a mixture of acetonitrile and glacial
acetic acid 3.75% (65:35, v/v) filtered with a 0.45 μm PVDF membrane filter (Millipore
Corp., Madrid, Spain). The assay was performed using a Kromasil C18 column (250 mm,
4.6 mm and 5 μm). The mobile phase was pumped at a flow rate of 0.5 mL/min and the
injection volume was 10 μL. Finally, the elute was analyzed at 407 nm (wavelength of
maximum absorbance of AmB).

4.3. Solubility Studies

The solubility of AmB in various solvents including DMSO, glycerin, propylene glycol
400, castor oil, Labrafac™ lipophile WL 1349, Plurol® oleique CC497 and Lauroglycol™
90 was evaluated using an excess of AmB and mixing by magnetic stirring for 30 min
at 1500 rpm. The samples were equilibrated for 24 h and subsequently centrifuged at
9000 rpm for 10 min. The supernatant was extracted and diluted with methanol in order
to quantify the dissolved AmB using a UV-Visible DR 6000 spectrophotometer (Hach®,
Düsseldorf, DE-NW, Germany).

4.4. Formulation: Design and Analysis of 23 Factorial Experiment

In this study, a 23 factorial experiment was designed to examine the influence of three
factors: the type of polymer (A), humectant (B) and preservative (C) at two levels, which
are indicated by the signs “+” and “−” in Table 5 [50].

Table 5. Factors studied in the factorial experimental design and their levels.

Factors
Levels

(+) (−)

A: Polymer Carboxymethylcellulose Carbopol
B: Cosolvent Glycerin Propylene glycol 400

C: Preservative Sodium benzoate Parabens

Eight different formulations were obtained with the 23 factorial experiment using the
ingredients at concentrations in accordance with the Handbook of Pharmaceutical Excipi-
ents and published data about efficacy and safety [51,52]. Furthermore, each formulation
was composed of AmB (0.1%), BGEO (2%), DMSO (5%) and purified water. The pH was
adjusted using citric acid (0.25%) in the CMC formulations and triethanolamine (1%) in the
carbopol 940 formulations (Table 6).

Table 6. Formulations developed from the 23 factorial experiment.

Component % F1 F2 F3 F4 F5 F6 F7 F8

CMC 3 * * * *
Carbopol 940 1 * * * *

Glycerin 20 * * * *
Propylene glycol 400 20 * * * *

Sodium benzoate 0.02 * * * *
Parabens 0.02 * * * *

Citric acid 0.20 * * * *
Triethanolamine 1 * * * *

AmB 0.1 * * * * * * * *
DMSO 5 * * * * * * * *
BGEO 2 * * * * * * * *
Water sq * * * * * * * *

BGEO = Bursera graveolens essential oil, CMC = Carboxymethylcelullose, AmB = Amphotericin B, DMSO =
Dimethyl Sulfoxide, sq = Sufficient quantity, * presence of the component (featured in the left-most column).
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In order to prepare the gels, polymers were hydrated for 30 min in water (mix 1).
AmB was dissolved in DMSO under magnetic stirring for 10 min immediately followed
by adding cosolvent and B. graveolens essential oil (mix 2). Citric acid and preservatives
were dissolved in water (mix 3). Finally, mix 1 and 3 were mixed at 850 rpm using a IKA
ULTRA-TURRAX T50 (Staufen, Germany) for 10 min, after which mix 2 was incorporated
under the same stirring conditions. The final formulation was selected based on physical
and chemical stability after 60 days of storage at 30 ◦C.

4.5. Characterization of AmB + BGEO Gel

The pH of AmB gel was determined using a pH meter GLP 22 (Crison Instruments,
Barcelona, Spain).

Viscosity and rheological behavior of AmB gel were evaluated with a Haake Rheostress
1 rotational rheometer (Thermo Fisher Scientific, Kalsruhe, Germany) equipped with a
cone–plate sensor system including a fixed bottom plate and a Haake C60/2Ti movable
top cone (60 mm diameter, 2◦ angle, 0.105 mm gap). AmB gel was tested in duplicate 24 h
after preparation. Viscosity values and flow curves were recorded during the ramp-up
period from 0 to 50 s−1 (3 min), constant shear rate period of 50 s−1 (1 min), and a ramp-
down period from 50 to 0 s−1 (3 min). Obtained data from the flow curve were fitted to
different mathematical models including Newtonian, Bingham, Ostwald-de-Waele, Cross,
Casson and Herschel–Bulkley. The model that best statistically describes the experimental
data was selected according to the correlation coefficient value (r). Viscosity mean value
(mPa·s) was determined at 50 s−1 from the constant shear rate period of viscosity curve.
The determination of the disturbance of the microstructure during the test or “apparent
thixotropy” (Pa/s) was evaluated by determining the area of the hysteresis loop.

The extensibility of AmB gel was analyzed in triplicate following the previously
described method [53]. A sample of 1 g of formulation was placed on the center of the
base plate of an extensometer. Afterwards, a glass plate (7.93 g) was placed on the sample
without sliding and a series of weights (27.89, 57.82, 107.69, 157.55, 207.46, 237.50 and
307.69 g) were added at 1 min intervals. The extended area of the sample was recorded
and then fitted to mathematical models using GraphPad Prism® version 6.0 (GraphPad
Software Inc., San Diego, CA, USA).

The drug content in the gel was determined by dissolving 100 mg of AmB gel in 5 mL
of DMSO:methanol (1:1, v/v). After vortexing for 2 min, the solution was filtered and
analyzed by HPLC method described in Section 4.2.

4.6. Stability Studies

After manufacturing, AmB + BGEO gel samples were stored at pre-established con-
ditions of temperature and relative humidity (RH) in accordance with the Q1A(R2) ICH
(International Conference on Harmonisation) Guidelines: 30 ± 2 ◦C/65 ± 5% RH and
40 ± 2 ◦C/75 ± 5% RH for 4 months [54]. Physical and chemical characterization of the
formulation were carried out before and after storage in the aforementioned conditions
using the method described in Section 4.5.

4.7. In Vitro Release Study

The release study of AmB from gel was performed using Franz diffusion cells of
13 mL and an effective diffusion area of 2.54 cm2 (FDC 400; Crown Grass, Somerville, NJ,
USA). The receptor medium (RM) was a mixture of NN-dimethyl formamide, methanol
and water (55:5:40, v/v). The conditions of the experiment were maintained at 32 ◦C and
under continuous stirring in order to achieve sink conditions. A 0.45 μm nylon membrane
was mounted between the donor and receptor compartments. A sample of 200 mg of
AmB + BGEO gel was placed in the donor compartment and aliquots of 300 μL were
collected from receptor compartment and replaced with the same volume of fresh RM at
predetermined time intervals (2, 4, 6, 18, 21 and 24 h). The released amount of AmB (μg)
from the formulation was determined by HPLC (Section 4.2) and plotted versus time (h)
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using GraphPad Prism® 6.0 (GraphPad Software Inc., San Diego, CA, USA, 2014). The
experiment was carried out in triplicate and data are represented as mean ± SD. Data
from the release curve were fitted to several kinetic models including first order, Higuchi,
Hyperbolic, Weibull and Korsmeyer–Peppa. Finally, the model with the highest coefficient
of determination (r2) was selected.

4.8. Ex Vivo Permeation Study

The permeation studies were carried out using AmB + BGEO gel and AmB gel
(B. graveolens essential oil-free AmB gel developed with the same qualitative and quan-
titative formula only without the incorporation of the essential oil) in order to compare
and evaluate the role of the B. graveolens essential oil in drug permeation. These ex vivo
permeation studies were carried out in Franz diffusion cells of 6 mL (0.64 cm2 diffusion
area) using human skin obtained during an abdominal lipectomy of a healthy 38-year-old
woman (Hospital of Barcelona, SCIAS, Barcelona, Spain). To that end, a written informed
consent was provided by the volunteer in accordance with the Ethical Committee of the
Hospital of Barcelona (number 001, dated 20 January 2016). To guarantee the integrity of
the skin samples, Transepidermal water loss (TEWL) was measured using a Tewameter
TM 300 (Courage & Khazaka Electronics GmbH; Cologne, Germany) and only those with
results below 10 g/m2h were used. Skin samples (0.4 mm thick) were mounted between
the donor and receptor compartments. Transcutol® P was used as receptor medium (RM)
which was kept at 32 ◦C and under stirring to guarantee sink conditions. A sample of 200
mg of AmB + BGEO gel or AmB gel was placed in the donor compartment in contact with
the outer surface of skin. Aliquots of 300 μL were collected from the receptor compartment
and replaced with the same volume of fresh RM at predetermined time intervals (2, 6, 18,
24, 28, 45 and 50 h). These aliquots were analyzed by HPLC (Section 4.2). Following per-
meation studies, these skin samples were removed from the Franz diffusion cells, washed
with distilled water and cut along the edges in order to retain only the permeation area.
Afterwards, skin samples were weighed and immersed in 1 mL of DMSO during 20 min
under cold sonication using an ultrasonic bath in order to extract AmB retained in the skin
(Qret, μg drug/g tissue/cm2). Finally, the resulting solution was filtered and analyzed by
HPLC.

4.9. Efficacy Study: Antimicrobial Activity

The efficacy of the formulation was evaluated by determination of Minimum In-
hibitory Concentration (MIC), which is defined as the lowest concentration of an antimicro-
bial agent necessary to inhibit the growth of a microorganism. The MIC was calculated by
the broth microdilution method against three different strains of Candida spp. including C.
albicans ATCC 10231, C. glabrata ATCC 66032 and C. parapsilosis ATCC 22019 (American
Type Culture Collection, Manassas, VA, USA). This assay was carried out according to the
guidelines outlined by the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) and the CLSI Reference Method M27-A3 [55,56].

A synthetic medium containing RPMI-1640, glutamine, pH indicator without bicar-
bonate and glucose 2% w/v: RPMI-1640 2% G (Invitrogen, Madrid, Spain) was used as
culture medium. The yeast strains were first cultured on a Sabouraud Dextrose Agar
Medium (Invitrogen, Madrid, Spain) at 30 ◦C for 48 h. The inoculums were prepared by
suspending yeast colonies in sterile 1

4 Ringer’s solution to achieve a density equivalent to
0.5 McFarland standards and counting in a Neubauer Chamber (1 to 5 × 106 Colony Form-
ing Unit, CFU/mL). Subsequently, a 1:10 dilution (1 to 5 × 105 CFU/mL) was prepared to
be used as the final inoculum.

A solution of AmB previously dissolved in DMSO (Free AmB) as well as samples
of AmB + BGEO and AmB gel (B. graveolens essential oil-free AmB gel) were evaluated
to perform a comparative analysis. The inoculum was used as a positive control and the
culture medium as a negative control.
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The experiment was performed using 96-well microdilution plates making serial
double dilutions of the samples under analysis from 37.5 μg/mL to 0.0002 μg/mL for the
formulations and 100% to 0.04% for the B. graveolens essential oil. Finally, 100 μL of the
inoculum was added. Plates were read at t 0, 24 and 48 h after incubation at 30 ◦C with a
microplate reader model 680 (Bio-Rad, Madrid, Spain) at 620 nm.

4.10. Tolerance Studies

4.10.1. Cytotoxicity Studies by MTT Method

In vitro MTT cytotoxicy assay were performed using the human keratinocytes cell
line HaCaT. Cells were adjusted at 2 × 105 cell/mL, seeded in 96-well plate for 24 h in
Dubelcco’s Modified Eagle’s Medium (DMEM) with high glucose content buffered with
25 mM HEPES, and supplemented with 1% non-essential amino acids, 100 U/mL penicillin,
100 g/mL streptomycin and 10% heat inactivated Fetal Bovine Serum (FBS). Next, the
cells were incubated with different dilutions of the AmB + BGEO gel ranging from 1/50 to
1/2000 for 24 h. Later, the HaCaT cells were washed with 1% sterile PBS and incubated with
MTT (Sigma-Aldrich Chemical Co, St. Louis, MO, USA) solution (2.5 mg/mL) for 2 h at
37 ◦C. The medium was then carefully removed and 0.1 mL of solubilization reagent (99%
DMSO) was added to lyse the cells and dissolve the purple MTT crystals. Cell viability was
measured at 570 nm in a microplate photometer Varioskan TM LUX (Thermo Scientific,
Waltham, MA, USA). A negative control was processed in parallel for comparison. The
results were expressed as percentage of cell survival relative to the control (untreated
HaCaT cells; 100% viability) using the following equation:

% Cell viability =
Abs sample
Abs control

× 100 (2)

4.10.2. In Vivo Tolerance

Measurements of transepidermal water loss (TEWL) and stratum corneum hydration
(SCH) of the ventral area of the forearm of 12 volunteers (6 men and 6 women; ages
between 20 and 35 years) with healthy skin were performed with prior written informed
consent. This study was approved by the Ethics Committee of the University of Barcelona
(IRB00003099) in accordance with the principles from the Declaration of Helsinki.

The time intervals of each measurement were 5, 15 and 25 min after absorption of
AmB + BGEO gel in the application area. Readings were recorded using a Tewameter®

TM300 and Corneometer® 825 (Courage & Khazaka Electronics GmbH, Cologne, Germany)
for TEWL and SCH, respectively. For TEWL measurements, the probe was pressed and
held on the skin for 2 min and the results are expressed as g/cm2/h. For the SCH values,
the probe was pressed on the skin to measure the dielectric constant of the skin where
measurements were given in arbitrary units (AU). The results of TEWL and SCH were
recorded as the median, minimum and maximum (n = 12).

5. Conclusions

In conclusion, the present study provides evidence that the topical gel of AmB en-
riched with B. graveolens essential oil offers appropriate characteristics for skin application
including biocompatible values of pH, pseudoplastic behavior, optimal spreadability and
acceptable tolerability, all of which make it an appealing and suitable formulation for
human use. Furthermore, the incorporation of B. graveolens essential oil improved the
biopharmaceutical profile of the drug, facilitating its penetration through the SC and its
retention into the skin and consequently promoting a local effect in the target area linked
to enhanced antifungal activity against C.albicans, C. glabrata and C. parapsilosis. Therefore,
this formulation could constitute a promising alternative in the treatment of cutaneous
candidiasis which encourages further research to explore its use in clinical practice.
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Abstract: Hymenocardia acida (H. acida) is an African well-known shrub recognized for numerous
medicinal properties, including its cancer management potential. The advent of nanotechnology in
delivering bioactive medicinal plant extract with poor solubility has improved the drug delivery
system, for a better therapeutic value of several drugs from natural origins. This study aimed to
evaluate the anticancer properties of H. acida using human lung (H460), breast (MCF-7), and colon
(HCT 116) cancer cell lines as well as the production, characterization, and cytotoxicity study of
H. acida loaded into PLGA nanoparticles. Benchtop models of Saccharomyces cerevisiae and Raniceps

ranninus were used for preliminary toxicity evaluation. Notable cytotoxic activity in benchtop models
and human cancer cell lines was observed for H. acida crude extract. The PLGA nanoparticles loading
H. acida had a size of about 200 nm and an association efficiency of above 60%, making them suitable to
be delivered by different routes. The outcomes from this research showed that H. acida has anticancer
activity as claimed from an ethnomedical point of view; however, a loss in activity was noted upon
encapsulation, due to the sustained release of the drug.

Keywords: anticancer activity; cytotoxicity; Hymenocardia acida; nanoencapsulation; nanoparticle;
plant extract; PLGA
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1. Introduction

Cancer is generally referred to as a lethal disease characterized by the uncontrolled
growth and replication of cancer cells. It can occur in most organs of the multicellular
organism and is reported as one of the major public health challenges. Additionally, it is the
principal cause of morbidity worldwide among all age groups [1–4]. Cancer is the second
leading cause of death in developing countries and the leading cause of death in developed
countries [5]. Population growth, aging as well as the adoption of lifestyles associated with
smoking, drinking, lack of physical exercise, and consumption of chemically contaminated
foods have caused an increase in cancer incidence in developing nations [2,6,7]. Statistical
reports show that by the year 2000, 10 million new cases of cancer had emerged with an
increase of 25% every decade. Mortality rates associated with cancer might increase from
6 million to 16 million between the years 2000 and 2050, with 17 million and 7 million novel
cases from developing and developed countries, respectively [8–10].

The management of cancer has been challenging despite the numerous methods of
modern treatments available. These include radiotherapy, surgery, immunotherapy, and
chemotherapy which can be used alone or in combination. Localized cancers are usually
treated by surgery and radiation while cancer cells that have metastasized to other parts of
the body are treated using chemotherapy, such as alkylating agents, antibiotics, hormones,
and antimetabolites [8,10,11].

Despite the cytotoxic attributes of chemotherapeutic agents, they have significant limi-
tations. For example, they display numerous side effects by affecting proliferating normal
cells localized in the hair, bone marrow, and gastrointestinal tract. Other limitations include
low absorption rate, development of secondary malignancy, high cost of drug/treatment,
insolubility, instability, and tumor drug resistance.

All these limitations impose the search for natural drugs with improved efficacy,
selectivity, reduced toxicity, and low secondary effects inherent in cancer management [12].

Plants are natural sources of drugs and have been used as medicines for at least
60,000 years. They can produce secondary metabolites with a wide range of pharmaco-
logical properties, including anticancer activity. They can be used as crude and/or their
derived natural products or compounds and have been useful in cancer treatment, research,
and development [13–15]. Hymemocardia acida Tul (Hymenocardiaceae) is a dioecious and
deciduous shrub, mostly found in the Savannah region of the Southwestern part of Nigeria,
normally 6–10 m in height. It is characterized by contorted and stunted growth, and it is
widely known and used in African trado-medicine. It is called “heart-fruit” in English,
“enanche” in Idoma, “ikalaga” in Igbo, “ii-kwarto” in Tiv, “emela” in Etulo, “Uchuo” in
Igede, “jan yaro” in Hausa, “yawa satoje” in Fulani, and “Orunpa” in Yoruba [16–18].
Ethnomedicinal information suggests that the plant is used traditionally to treat hemor-
rhoids, chest pain, eye infection, migraine, skin diseases, and several infections, and as a
poultice to treat abscesses and tumors [16,17,19]. Phytochemical studies indicate that these
therapeutic applications result from their varied composition of secondary metabolites
such as alkaloids, terpenoids, glycosides, flavonoids, saponins, and tannins [17].

Although experimental findings have shown that many natural products have a strong
therapeutic value, their poor solubility and bioavailability (at the target organ) have been a
challenge over time. Another problem associated with the use of conventional plant extract-
based formulations is the presence of toxicity to other organs and tissues. To overcome
this, some scientists have used the “green chemistry” approach to nanoparticle production
that includes clean, non-toxic, and environmentally friendly methods. NP synthesized via
green synthetic routes are highly water soluble, biocompatible, and less toxic [20]. Other
strategies using hybrid systems combining nanoparticles and ionic liquids may be also
used to improve the delivery of poorly soluble drugs [21,22].

Nanotechnology by the nanoencapsulation of natural products in a polymer to im-
prove drug delivery to cancer targets has gained considerable interest over the past
decades [17,23,24]. Thus, polymer-based drug delivery systems allow the control of drug
release, enhance effective drug solubility, minimize drug degradation, contribute to re-
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duced drug toxicity, and facilitate control of drug uptake, which significantly contributes to
the therapeutic efficiency of a drug. Poly (lactic-co-glycolic acid) (PLGA) based nanoen-
capsulation has been shown to possess numerous advantages over other conventional
delivery devices based on high biocompatibility, biodegradability, drug protection from
degradation, sustained and controlled drug release, linkage of other molecules with PLGA
for better interaction with biological materials, and the possibility to target specific organs
or cells. Furthermore, PLGA will be degraded into nontoxic substances and the break-
down products are lactic acid and glycolic acid, which are hydrophilic, diffusible, and
rapidly metabolized in the human body [25–27]. PLGA has also shown good results in
improving the bioavailability of drugs delivered by the oral route, a non-invasive route that
may be promising in cancer treatment [28], hence, the choice of PLGA base encapsulation
in this research.

This research, therefore, aims to evaluate the cytotoxic activity of crude H. acida
methanol stem extract using both benchtop assays as well as human cancer cell lines
(breast, colon, and lung cancer cell lines). Additionally, nanoencapsulation of the extract
was carried out using the sulforhodamine B (SRB) assay and reviewing comparative studies
on the nanoencapsulated extract and crude extract on breast, colon, and lung cancer cell
lines. This method allows the determination of the cell density, based on the measurement
of cellular protein content and the cytotoxicity screening of compounds with adherent
effect to 96-well format [29].

2. Results and Discussion

Surgery and or radiotherapy have been great tools for the management of diverse
forms of cancer if diagnosed early. Studies have shown that half of all cancer patients
use some form of integrative therapy when cancer cells are not responding to medical
procedures to reduce pain as well as improve the overall wellbeing of the patients.

The use of medicinal plants for the treatment of diverse diseases, including cancer,
cannot be overemphasized as they have served as the source for compounds of therapeutic
importance [30]. Medicinal plants are a source for lead compounds and highly bioactive
drugs useful in the management of diseases associated with man and animals [30,31].
Recent studies have shown that 55% of chemotherapeutics are directly or indirectly from
natural products [32]. Side effects associated with present cancer therapeutics and increas-
ing cancer cases have prompted the search for novel anticancer agents of plant extract or
isolated compounds of natural origin, which needs to be studied using both in vitro and
in vivo cytotoxicity models [30,33].

2.1. In Vitro Cytotoxicity Assay of H. acida Using R. ranninus

In this study, tadpoles (R. ranninus) were used in the in vitro cytotoxicity assay of H.
acida crude extract due to their accessibility, mostly in the rainy season, allowing the simula-
tion of a complete multicellular organism. The H. acida extract was exposed to R. ranninus
for 24 h at a concentration range of 20–400 μg/mL. The cytotoxic potential against this
model was verified by a reduction in the movement of the tadpoles and confirmed with
consequent cessation of movement. The results reveal a significant difference in cytotoxicity
activity (p ≤ 0.05) in all concentrations of H. acida examined relative to 5% DMSO (negative
control), which has no cytotoxic effect on R. ranninus. Moreover, at a concentration of
20 μg/mL, the H. acida extract showed 89.52 ± 1.52% bioactivity while concentrations at
40–400 μg/mL indicated 100.00 ± 0.00% cytotoxic potential against R. ranninus (Figure 1).
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Figure 1. Effect of crude Hymenocardia acida (H. acida) extract on % Raniceps ranninus (R. ranninus)
mortality at concentrations ranging from 20–400 μg/mL–an index of cytotoxic effect. A 5% DMSO
solution was used as negative control. Each bar represents the mean ± SEM of 10 (ten) independent
experiments (n = 10). Samples with superscript * indicate a significant difference at p < 0.05 relative
to the negative control.

2.2. In Vitro Cytotoxicity Activity of Crude H. Acida Using S. cerevisiae

The yeast S. cerevisiae is one of the widely used eukaryotic models. Its rapid growth
and ease of manipulation to evaluate multiple biological effects induced by the drugs under
consideration make it a suitable model for cytotoxicity study [34]. In vitro preliminary cyto-
toxicity study on the crude stem bark extract of H. acida was performed against S. cerevisiae
using nystatin as positive control and 2% DMSO in YPD as blank. The growth rate of
S. cerevisiae in the blank was considered to be 100%, that is, a zero percentage of inhibition,
so its absorbance was maximum at 300 min (0.328). The cells were exposed to H. acida
extract and nystatin at different concentrations (7.81 to 500 μg/mL) and the absorbance of
the specific cell growth rates was measured from 0 to 300 min.

According to the results (Table 1), H. acida extract showed a concentration-dependent
effect. The extract significantly inhibited S. cerevisiae growth in all the concentrations
tested over time when compared with Nystatin and negative control (DMSO). Overall, the
percentage growth inhibition ranges from 71.70 to 100%. At a concentration of 500 μg/mL,
100% of inhibition was observed similar to Nystatin.

Table 1. General toxicity effect of crude extract of H. acida on the percentage of growth inhibition of
S. cerevisiae.

Concentration
(μg/mL)

% Growth Inhibition

DMSO a Nystatin b H. acida Crude

7.81 12.67 ± 1.21 97.25 ± 1.02 * 90.30 ± 0.99 *
15.6 16.80 ± 1.08 98.21 ± 0.98 * 71.70 ± 1.12
31.2 17.60 ± 0.01 98.78 ± 2.17 * 95.70 ± 1.10 *
62.5 30.73 ± 1.12 99.35 ± 2.92 * 95.40 ± 2.08 *
125 31.20 ± 1.03 99.59 ± 1.87 * 96.56 ± 1.98 *
250 33.84 ± 1.03 99.71 ± 1.34 * 96.98 ± 2.11 *
500 33.91 ± 1.10 100.00 ± 0.00 * 100.00 ± 0.00 *

The values above are presented by mean ± SEM of three replicates (n = 3). Values with superscript * indicate a
significant difference at p < 0.05 when compared to the corresponding percentage inhibition of solvent (DMSO a)
for each concentration using one-way analysis of variance (ANOVA) and complemented with the Krustal–Wallis
test (non-parametric), b = positive control, and a = negative control.
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Considering that the higher the percentage growth of inhibition, the higher the general
toxicity of the extract, we can conclude that H. acida extract is toxic against S. cerevisiae and
R. ranninus. The correlation between the results of these two organisms validates their use
for preliminary toxicity studies. These results can be supported by the composition of H.
acida in cyclopeptide alkaloids, namely in hymenocardine, found by Tuenter et al. (2016). In
their studies, this compound present in the root bark of H. acida showed cytotoxicity activity
against MRC-5 cells (human lung fibroblasts) with an IC50 value of 51.1 ± 17.2 μM [35].
Moreover, an in vivo study carried out by Sowemimo et al. (2007) showed that H. acida
steam bark extract is toxic to brine shrimps and caused chromosomal damage in rat
lymphocytes, and consequently that it is mutagenic and has cytotoxic activity [31].

2.3. Phytochemical Study of H. acida

To understand the chemical composition of the bioactive H. acida crude extract, and to
identify the main compound responsible for the tested bioactivity, this extract was subjected
to several chromatographic techniques. 3β- lup-20(29)-en-3ol (Lupeol) was isolated from
this extract (as a colorless crystal, mp 212–214 ◦C) and its structure was confirmed through
a comparison of its spectroscopic data (Supplementary Materials) to those described in the
literature (Figure 2) [36–38].

Figure 2. Lupeol isolated from H. acida.

2.4. H. acida-Loaded PLGA Nanoparticles Production and Characterization

PLGA nanoparticles are used to improve the pharmacokinetics, stability, and delivery
of the extract [33]. Therefore, to enhance the drug delivery and therapeutic potentials of H.
acida crude extract, H. acida nanoparticles (HA-Np) and blank nanoparticles (unloaded Np,
negative control) were produced and characterized [39].

The mean hydrodynamic particle size of both HA-Np and unloaded Np were 210 ± 3 nm
and 193 ± 2 nm, respectively, which showed good method robustness and ability to obtain a
nanoparticle size suitable for different delivery routes [40–42]. The nanoparticles were further
observed by scanning electron microscopy (SEM) to confirm the nanoparticles size and eval-
uate its morphology (Figure 3). The nanoparticles presented a spherical shape and smooth
surface characteristic of PLGA nanoparticles [43]. No relevant differences were observed
between unloaded and HA-Np, demonstrating the robustness of the production method.

The Pdl of the nanoparticles was also determined. Small values of PdI (near to zero)
were desirable because this indicates a uniform size distribution and a monodisperse
nanoparticle formulation [44]. In the case of HA-Np, a PdI of 0.231 ± 0.050 was obtained to
0.100 ± 0.010 observed in unloaded Np, which implies more heterogeneity between the
HA-Np particles and a polydisperse formulation as shown in Table 2. Similar results for
nanoparticle size distribution and PdI were obtained by our group in the encapsulation of
other drugs [42,45]. Although, this is an expected known result for loaded Np because the
particles have to contain the volume of the extract of H. acida [40].
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Figure 3. SEM microphotographs of unloaded PLGA Np (left) and H. acida-loaded PLGA nanoparti-
cles (right).

Table 2. Physical–chemical properties and characterization of blank nanoparticles (unloaded Np)
and H. acida nanoparticles (HA-Np) (n = 3, mean ± SEM). Results are significantly different (p < 0.05).

Parameter Unloaded Np HA-Np

Particle size (nm) 210 ± 3 193 ± 2
Polydispersity índex (PdI) 0.100 ± 0.010 0.231 ± 0.050

%AE Not Applicable 61.71 ± 2.17%
Homogeneity Homogenous Homogenous

Colour Whitish Milky
Diffusion constant (D) (cm2/sec) 2.34 × 108 ± 0.07 2.55 × 108 ± 0.09

Refractive Index 1.33 ± 0.01 1.33 ± 0.11
Viscosity (cP) 0.890 ± 0.110 0.888 ± 0.170

The diffusion constant describes the quantity of a substance that is diffusing from one
region to another through a unit cross-section per unit time when the volume–concentration
gradient is constant. A higher diffusion constant of 2.34 × 108 ± 0.07 was observed in H.
acida nanoparticles (HA-Np) relative to unloaded Np 2.55 × 108 ± 0.09, which implies a
faster rate of diffusion due to the small particle size of HA-Np. Although the diffusion
constant is a physical constant that depends on molecular size, temperature (high surface
area to volume ratio), pressure, and other properties of the diffusing substance, a reduced
diffusion constant of HA-Np will enhance rapid contact of nanoparticle to the targeted
receptor for improved drug delivery. Additionally, both unloaded Np as well as HA-Np
nanoparticles obtained were homogenous in aspect and form a homogenous colloidal
formulation. Moreover, 61.71 ± 2.17% association efficiency was observed, which is a very
good achievement. A similar refractive index of 1.33 ± 0.01 was observed in both blank-Np
as well as HA-Np, which implies that light waves will pass through both particles in a
vacuum by 1.3328 times slower, which also showed a good nanoparticle formulation as
shown in Table 2.

To confirm that the extract is incorporated in the polymeric matrix of the PLGA
nanoparticles and to assess drug–polymer interactions upon encapsulation, FTIR analysis
of H. acida extract, unloaded Np, and HA-Np was carried out (Figure 4). The FTIR analysis
is a powerful non-invasive technique to assess the structure of NP and its content [46]. Their
data also confirms that the extract is incorporated in the polymeric matrix of the PLGA
nanoparticles because the transmittance band in the range 3100–3600 cm−1 present in the H.
acida extract is reflected slightly in the HA-Np spectrum. Another characteristic band of the
extract is found at 1600 cm−1 in the HA-Np spectrum. On the other hand, in the HA-Np
spectrum, the bands related to the nanoparticles at the 1000–1600 cm−1 zone are attenuated.
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All these bands confirm that H. acida extract is incorporated in the polymeric matrix of the
PLGA nanoparticles. It is also possible to check the spectra of both unloaded Np as well
as HA-Np, the intense band relative to the carbonyl groups present in the two monomers
of PLGA (C = O stretching vibrations) around 1750 cm−1, the band relative to ester bond
(C-O-C stretching vibrations) around 1186 cm−1 and the band relative to C–H stretches
around 2285–3010 cm−1 which does not appear in the H. acida extract spectrum [25,40].

Figure 4. ATR-FTIR spectra of crude extract of H. acida (HA extract), blank nanoparticles (unloaded
Np), and H. acida nanoparticles (HA-Np).

2.5. Cytotoxic Effect of H. acida and PLGA Nanoparticles on Human Cancer Cell Lines

PLGA is an FDA-approved polymer known for its biomedical applications in drug
delivery due to its versatility, biodegradability, and biocompatibility. It is used extensively
to prepare nanoparticles to deliver a wide range of therapeutic agents, including active
pharmacological molecules, peptides, and nucleic acids [47].

The PLGA nanoparticles were produced to protect the H. acida extracts and to allow
controlled release of the extracts into the target cells. Therefore, it is important that the
stability and also cytotoxic effect of the H. acida extracts are maintained and that the release
of the contents of the PLGA nanoparticles occurs promptly. The in vitro cytotoxicity of the
H. acida extract and HA-Np nanoparticles was assessed using Sulfordiamine (SRB) assay.
The results for the cytotoxic effect of H. acida crude extract and HA-Np on colon colorectal
carcinoma (H460), human breast adenocarcinoma (MCF-7), and lung cancer carcinoma
(HCT116) using this assay are shown in Table 3.

Table 3. Cytotoxic effect (IC50 (μg/mL)) of H. acida nanoparticles in H460, MCF-7, and HCT116 cell
lines of H. acida and H. acida nanoparticles using sulforhodamine B assay after 48 h of treatment. Data
are presented by mean ± SEM (n = 4).

Cancer Cell Lines (IC50 (μg/mL))

H460 MCF-7 HCT116

H. acida crude 20.80 ± 6.10 38.70 ± 0.80 42.90 ± 0.20
HA-Np >50 >50 >50

Doxorubicin 0.29 ± 2.32 0.08 ± 4.10 0.05 ± 3.24

H. acida crude extract had an IC50 (μg/mL) of 20.80 ± 6.10 in the human lung (H460)
cancer cell line, 38.70 ± 0.80 in MCF-7, and 42.90 ± 0.20, in colon (HCT116) cancer cell
lines. The results obtained for cancer cell lines subjected to H. acida extract reveal a good
cytotoxic effect of this extract, specifically in the H460 human lung cancer cell line. These
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results are in comparison with those obtained by Calhelha et al. [48]. The cytotoxic effect
(in GI50 values, μg/mL) of Portuguese propolis samples (collected in Aljezur) against the
lung (NCI-H460), breast (MCF7), and colon (HCT15) cancer cell lines (37 ± 1, 47 ± 2, and
50 ± 11) once again affirm the potential that H. acida extract is cytotoxic. Those results
from H. acida were also comparable with the study proceeded by Sharma et al. [49], which
reveals similar results from the anticancer activity of essential oil from Cymbopogon flexuosus
in lung cancer cell lines (IC50 values varied from 49.7 to 79.0 μg/mL for each line) and
in colon cancer cell lines (IC50 values varied from 4.2–60.2 μg/mL for each line). Thus,
although the mechanisms by which H. acida has cytotoxic effects are unknown, it appears
that its extracts have an impact on cell viability, and thus in cancer treatment. This impact
of the extract on cell viability could be partly explained due to the presence of the isolated
lupeol. Lupeol is shown to have cytotoxicity in different cancer cell lines. The anti-leukemic
activity of this compound was tested against the K562 cells and it was shown to decrease
cell viability [50]. Similar results were observed in other studies against different cancer
cell lines where lupeol was cytotoxic against MCF-7, Caco-2, SW620, KATO-III, HCT-116
cell lines [51–54]. Lupeol can thus contribute to the cytotoxicity of H. acida extracts.

However, an IC50 > 50 for HA-Nps was observed in all human cancer cell lines, which
means a poor activity of H. acida loaded in PLGA nanoparticles. One hypothesis for this
loss of inactivity might be a result of the delayed release of the drugs (H. acida) from the
PLGA nanoparticles. To overcome this loss of activity, a lower PLGA concentration could
be used since this will result in a thinner cover of the Nps, and the production of highly
porous nanoparticles making it easier to release the content [26]. Another hypothesis for
this loss of cytotoxic effect of H. acida loaded in PLGA nanoparticles could be due to some
loss of stability of the extracts during the encapsulation process, and consequently loss
of efficacy.

Contrary to our results for the activity of HA-Np, recently, Adlravan et al., in their
study on the potential cytotoxic activity of Nasturtium officinale extract non-nanoencapsulated
(free NOE) and PLGA/PEG nanoencapsulated (NOE-loaded) in human lung carcinoma
A549 cells, found that NOE-loaded showed better cytotoxic effects than free NOE. This work
reinforces the idea that the nanoencapsulation of the extracts improves the anticancer effects
of the therapies, as well as allows a sustained and controlled release of NOE constituents
from nanoparticles and increases intracellular concentrations. On the other hand, free NOE
easily diffuses through the lipid bilayers, being more rapidly eliminated, leading to lower
cytotoxicity on target cells [55].

Based on the above results, additional studies should be performed on the in vitro
release study for HA-Np to understand if the extract is difficult to release from the HA-Np.
Other concentrations of PLGA or combinations of polymers should also be studied since
encapsulation of extracts into nanoparticles is known to be a promising strategy to enhance
therapeutic efficiency, and consequently overcome these challenges.

3. Materials and Methods

3.1. Materials and Cell Lines

(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) (MTT), rhodamine
123 (Rho123), 5-fluorouracil, Pluronic F-68, and dimethylsulfoxide (DMSO) were from
Sigma–Aldrich Chemie GmbH (Paris, France). PLGA Resomer® RG 503 H (was obtained
from Evonik Industries, Essen, Germany. Phosphate buffer saline (PBS) was from Merck
(Darmstadt, Germany). Fetal bovine serum (FBS) was from Gibco, Alfagene, Carcavelos,
Portugal. RPMI-1640 medium (Roswell Park Memorial Institut), DMEM (Dulbecco’s Mod-
ified Eagle Medium), penicillin–streptomycin solution, antibiotic–antimycotic solution,
L-glutamine, and trypsin/EDTA were from PAA (Vienna, Austria). Saccharomyces cerevisiae
(ATCC 2601) cell culture, yeast extract peptone (YPD), HCT-116 (lung), MCF-7 (breast),
and H460 (colon) human cancer cell lines were from the National Cancer Institute (Freder-
ick, MD, USA). All other chemicals used in this study were of analytical grade and were
purchased locally.
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Cell Culture Maintenance

The cells were grown and maintained in an appropriate medium, pH 7.4, supple-
mented with 10% fetal calf serum, glutamine (2 mM), penicillin (100 units/mL), and
streptomycin (100 μg/mL). The cell cultures were grown in a carbon dioxide incubator
(Heraeus, GmbH, Germany) at 37 ◦C with 90% humidity and 5% CO2 [56,57].

All cancer cells were cultured in RPMI-1640 medium with ultraglutamine (Lonza,
VWR, Carnaxide, Portugal), and supplemented with 10% FBS. Cells were maintained at
37 ◦C in a humidified atmosphere of 5% CO2.

3.2. Botanical Authentication and Extraction

H. acida stem barks were collected from the Iwo community in Osun State, Nigeria.
Botanical identification and authentication were carried out at the herbarium section of the
University of Benin by Prof. MacDonald Idu (Professor of Phytomedicine and Taxonomy).
The voucher specimen (UBH-R633) was deposited at the herbarium unit. The plant was
grounded to a coarse powder using a laboratory milling machine. The extraction was
carried out in methanol using 1.2 kg of the plant powder and the plant extract was obtained
using a Soxhlet apparatus. The crude extract obtained was concentrated using Heidolph
Rotavapor (LABORATA 4000) with a speed set at 120 rpm and a reduced temperature of
40 ◦C. The concentrated extract was removed from the round bottom flask with methanol
and poured into weighed beakers [58].

3.3. In Vitro Cytotoxicity Assay Using R. ranninus (Tadpoles)

A preliminary cytotoxicity study was carried out on crude stem extract of H. acida using
R. ranninus. The organisms were collected from pounds at Olomo beach, Uhonmora village,
Edo State. Ten R. ranninus of similar sizes were placed into different beakers containing
30 mL of the freshwater from the habitat of tadpoles. The volume was completed up to
49 mL with distilled water and the extract was added to a total volume of 50 mL. The extract
was tested at 20, 40, 100, 200, and 400 μg/mL dissolved in 5% DMSO. The experimental
procedure was performed in triplicate and a control assay was performed using 50 mL
containing 1 mL of 5% DMSO in distilled water [23,56,59]. The mortality rates of the
tadpoles were observed for a maximum of 24 h.

3.4. Isolation and Structural Characterization of Lupeol

About 51.90 g of aqueous fraction of H. acida was subjected to vacuum liquid chro-
matography (VLC) using dichloromethane, ethylactetae, and methanol in increasing order
of polarity. This yielded four (A to D) VLC fractions, based on similarities in their analytical
TLC profile, A (1; 1.13 g), B (2–3; 1.89 g), C (4–6; 4.88 g), and D (7–8; 41.15 g). B was
further fractionated by normal phase open column chromatography using Silica gel G
(kieselgel 70–230 mesh size) and dichloromethane, ethylactetae, and methanol as eluent
with increasing polarity. Detection was carried out using non-destructive (visible light and
UV light (254 and 365 nm)) followed by spraying with concentrated sulphuric acid and
heating at 110 ◦C). This resulted in seven fractions (BF12–8). Fraction BF3 obtained from
column chromatography was subjected to a series of purification using preparative-TLC
and this resulted in a colorless crystal, lupeol (12.4 mg).

The 1D and 2D NMR analysis of the compound were carried out using a Bruker
Fourier spectrometer (600 MHz). The compound was dissolved in deuterated chloroform.
1H and 13C chemical shifts are expressed in part per million (ppm) while coupling constant
(J) as Hertz (Hz) (Supplementary Materials).

3.5. In Vitro Cytotoxicity Assay Using Saccharomyces Cerevisiae

Further preliminary cytotoxicity study was carried out on the crude stem extract of
H. acida using Saccharomyces cerevisiae (S. cerevisiae). Approximately 1.0 × 107 cells per mL
of S. cerevisiae cell cultures were obtained by inoculating S. cerevisiae grown on YPD medium
(yeast extract 1%, peptone 0.5%, and glucose 2%) containing 1.5% agar into 20 mL of YPD
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and placed into an incubator 30 ◦C without agitation for 16–20 h. About 0.5 × 106 cells were
transferred into 4 mL disposable cuvettes containing YPD medium and aliquots of stock
solution of plant extract to obtain concentrations of 7.81 μg/mL, 15.6 μg/mL, 31.2 μg/mL,
62.5 μg/mL, 125 μg/mL, 250 μg/mL, and 500 μg/mL to a total volume of 2.2 mL. Nystatin,
a known antifungal was used as the positive control while YPD medium and 5% DMSO
were used as the negative controls. The cuvettes were incubated in a Heidolph Incubator
1000 with a shaker at 30 ◦C and 230 rpm agitation to ensure homogeneous suspensions
for 5 h. Initial absorbance was measured at the start time (0 min) and every 60 min. The
assay was performed in triplicates for each concentration. The reproducibility of the
results was analyzed by repeating the assay on three different days. The absorbance at
525 nm of each sample (cell cultures) over the time (0–300 min) was measured. Growth
curves were obtained from the number of cells per mL of YPD medium over time; the
percentage growth inhibition rate of S. cerevisiae in the presence of H. acida stem extract and
nystatin was determined. Statistical analysis was performed using one-way analysis of
variance (ANOVA) and the Krustal–Wallis test (non-parametric) for comparison between
groups. The values are presented as mean ± SEM; significant difference at p < 0.05 was
considered. [57].

3.6. Production of H. acida Loaded PLGA Nanoparticles

H. acida loaded PLGA nanoparticles (HA-Np) were produced by solvent-evaporation
o/w single emulsion technique [60]. Crude extract containing 20 mg of H. acida was added
to 5 mL acetone: methanol (8:2), along with 50 mg PLGA resulting in H. acida organic
solution. Then, this organic phase solution was added in a dropwise manner into a 10 mL
aqueous solution containing the stabilizer Pluronic F-68 1% (w/v). This mixture was
sonicated for 30 s at 70% of amplitude in a Q125 Sonicator (QSonica Sonicators, Newtown,
CT, USA). The formed emulsion was then subjected to evaporation under reduced pressure
for organic solvent removal. The formulations were washed three times and resuspended
in ultrapure water. Then, the samples were freeze-dried for further use. Blank nanoparticles
(unloaded Np) were also produced following the same procedure.

3.7. H. acida Loaded PLGA Nanoparticles Characterization

The freeze-dried samples were reconstituted with ultrapure water at the desired
concentration and were lightly shaken in a vortex for 2 min for complete homogenization.
The mean hydrodynamic particle size, polydispersity index (PdI), diffusion constant (D) and
refractive index, and viscosity (cP) were evaluated by dynamic light scattering (DLS) using
a Malvern Zetasizer Nano ZS ZS (Malvern Instruments, UK). Each sample of unloaded Np
and HA-Np formulation was analyzed in triplicate at 25 ◦C.

The drug loading into PLGA nanoparticles was quantified by evaluating the associ-
ation efficiency percentage (%AE) by an indirect method, where the amount of H. acida
encapsulated into PLGA nanoparticles was calculated by the difference between the total
amount of H. acida extract used in the nanoparticle formulation and considering the free H.
acida amount in the supernatant after centrifugation of HA-Np formulation in HERMLE
Z323K ultracentrifuge at 15,000× g during 20 min at 4 ◦C. The quantification of free H.
acida in the supernatant was performed by Folin–Ciocalteu’s method by using a UV-Visible
spectrophotometer.

The %AE of HA-Np was determined by the following Equation (1):

%AE =
Total amount o f H.acida − Free H.acida in supernatant

Total amount o f H.acida
× 100 (1)

The morphology of the PLGA nanoparticles was evaluated by SEM using a FEI Quanta
400 FEG SEM (FEI, Hillsboro, OR, USA). In a prior observation, the nanoparticles were
placed on metal stubs, and vacuum-coated with a layer of Gold/Palladium for 60 s with a
current of 15 mA.
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3.8. Fourier Transform Infrared Spectroscopy Spectroscopy

The H. acida extract, HA-Np, and unloaded Np were evaluated by ATR-FTIR. All
spectra were collected from 64 scans, in the 4000–500 cm−1 range at 4 cm−1 resolutions,
on an ABB MB3000 FTIR (Zurich, Switzerland). All spectra were area-normalized for
comparison using the Origin 8 software (OriginLab Corporation, Northampton, MA, USA).

3.9. In Vitro Cytotoxicity Assay against Human Cancer Cell Lines

The crude extract and nanoencapsulated H. acida extract were subjected to in vitro
cytotoxicity assay using human cancer cell lines involving semiautomatic procedure using
sulforhodamine-B (SRB) assay, as described earlier [29,30,61,62]. They were tested in differ-
ent cancer cell lines: colon colorectal carcinoma (HCT116), human breast adenocarcinoma
(MCF-7), and lung cancer carcinoma (H460). The procedure involves growing human
cancer cell lines in tissue culture flasks at a temperature of 37 ◦C, 5% CO2 as well as 90%
relative humidity in a complete growth medium. Flasks with a subconfluent stage of
growth were selected and cells were harvested by treatment with trypsin-EDTA.

Cells were plated in 96-well plates at a density of 10,000 cells/100 μL cells/well and
incubated for 24 h. H. acida and encapsulated samples were added to the 96-well plates.
The extracts were tested at 10, 30, and 100 μg/mL, and prepared in DMSO (the final DMSO
concentrations were between 0.001% (lowest) and 0.5% (highest)). The effect of the samples
was analyzed following 48 h incubation, using the sulforhodamine B (SRB) assay. Briefly,
following fixation with 10% trichloroacetic acid from Scharlau (Sigma–Aldrich, Sintra,
Portugal), plates were stained with 0.4% SRB from Sigma–Aldrich (Sintra, Portugal) and
washed with 1% acetic acid. The bound dye was then solubilized with 10 mM Tris Base and
the absorbance was measured at 540 nm in a microplate reader (Biotek Instruments Inc.,
Synergy, MX, USA). The concentration of H acida and nanoencapsulated H. acida extract
that causes a 50% reduction in the net protein increase in cells (IC50) was determined. Data
are mean ± SEM of 4–5 independent experiments [62].

3.10. Statistical Analysis

All data collected from the entire study were analyzed using Microsoft Excel and
GraphPad Prism 7 (developed by Dr. Harvey Motulsky, San Diego, USA). Relevant tables,
charts, and descriptive statistics were used to present the pertinent points of the study.
Data were expressed as the mean ± SEM. The data were subjected to statistical analysis
using one-way analysis of variance (ANOVA) and complemented with the Krustal–Wallis
test (non-parametric).

4. Conclusions

H. acida possesses significant toxicity in S. cerevisiae and R. ranninus models. It had the
highest cytotoxicity (IC50 of 20.80 ± 6.10 μg/mL) against the lung cancer cell lines. The
solubility of this extract was successfully improved through nanoencapsulation. However,
a loss in cytotoxicity was observed with IC50 = >50 for all the human cancer cell lines
tested. This may be due to the sustained delay in the release of the extract from the
nanoencapsulation. The present results show that H. acida can be a promising source for
possible anticancer compounds. Further research is ongoing to identify more bioactive
principles using bio-guided isolation procedures, identify the mechanism of action and
structure–activity relationship in the bioactive principle(s), and improve the methods for
encapsulation and controlled delivery.

Supplementary Materials: Lupeol NMR Data. The following are available online at https://www.
mdpi.com/xxx/s1, Figure S1: 1H-NMR spectrum of lupeol, Figure S2: 13C spectra of Lupeol, Figure
S3: HSQC spectrum of Lupeol, Figure S4: COSY spectrum of Lupeol, Figure S5: HMBC spectrum of
Lupeol, Figure S6: Compound isolated from H. acida suggested to be 3β- lup-20(29)-en-3ol (Lupeol),
Figure S7: Numbering and melting point of Lupeol isolated from H. acida.
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Abstract: Many flavonoids, as eminent phenolic compounds, have been commercialized and con-
sumed as dietary supplements due to their incredible human health benefits. In the present study,
a bioactive flavone glycoside linarin (LN) was designated to comprehensively overview its phyto-
chemical and biological properties. LN has been characterized abundantly in the Cirsium, Micromeria,
and Buddleja species belonging to Asteraceae, Lamiaceae, and Scrophulariaceae families, respectively.
Biological assessments exhibited promising activities of LN, particularly, the remedial effects on
central nervous system (CNS) disorders, whereas the remarkable sleep enhancing and sedative effects
as well as AChE (acetylcholinesterase) inhibitory activity were highlighted. Of note, LN has indicated
promising anti osteoblast proliferation and differentiation, thus a bone formation effect. Further
biological and pharmacological assessments of LN and its optimized semi-synthetic derivatives,
specifically its therapeutic characteristics on osteoarthritis and osteoporosis, might lead to uncovering
potential drug candidates.

Keywords: flavonoids; linarin; chemotaxonomy; phytochemistry; bioactivities

1. Introduction

The application of plants for medicinal purposes is as old as humanity itself. Since
many of them are considered as functional foods and extensively consumed in folk
medicine, their biological and phytochemical assessments are pivotal attitudes [1,2]. By
developing human knowledge, the study of plant constituents has led to the discovery of
secondary metabolites (phytochemicals) as the major compounds responsible for the bioac-
tivities. These biosynthesized compounds (both volatile and non-volatile) mostly possess
defensive roles in plants to assist surviving them against abiotic and biotic stressors [3,4].

Investigation of phytoconstituents has been the target of many researchers in order to
determine their health benefits. So far, many phytochemicals have been developed and
consumed as successful drugs for the treatment of a diverse range of ailments and disorders,
specifically cancer types [5–7]. Among the varied phytochemical classifications, flavonoids
have been introduced as one of the largest natural phenolic compounds with broad valuable
biological properties [8,9]. Based on the chemical structures, these compounds are divided
into six main subclasses: flavones, flavanones, flavonols, flavan-3-ols, isoflavones, and
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anthocyanins [10,11]. Even though the phytochemical and biological characteristics of
these compounds are being studied [11,12], they are still interesting target molecules to be
explored.

Linarin (syn. acacetin 7-O-rhamnosyl(1’′ ′→6′ ′)glucoside, or acacetin 7-O-rutinoside),
as a glycosylated flavone (Figure 1), has been identified from various plant species mainly
belonging to the Asteraceae and Lamiaceae families. Regarding the potent bioactivities of
this flavonoid reported by several experiments, and the importance of flavonoid consump-
tion as drugs and/or supplements, the present study aims at comprehensively collecting
all the phytochemical (i.e., chemotaxonomy and phytochemistry) and biological reports of
this flavonoid.

Figure 1. The chemical structure of linarin.

The scientific databases including Web of Science, SciFinder, and PubMed were used to
find the correlated data by utilizing the keyword of “linarin” within the English-language
papers (access date: 25 May 2021).

2. Phytochemistry and Chemotaxonomy of Linarin

So far, among the 13 plant families containing linarin (LN), Asteraceae and Lamiaceae
have been identified as the richest ones. The most LN contents have been reported in
various Cirsium spp.; however, this compound has also been isolated from the genus
Micromeria and Buddleja belonging to Lamiaceae and Scrophulariaceae, respectively. This
glycosylated flavone has mainly been isolated and characterized from alcoholic (methanolic
and ethanolic) and hydro-alcoholic extracts. In the following sections, the available data on
the phytochemistry of this compound are discussed in detail (Tables S1 and S2).

2.1. Isolation of Linarin from Plant Species

2.1.1. Asteraceae

LN has been isolated from diverse parts of Cirsium spp. By utilizing column chro-
matography on silica gel (CC) as the final separation step, this compound has been isolated
from the methanolic extract of C. arvense aerial parts [13]. From the roots of C. arvense
subsp. vestitum via application of vacuum column chromatography [14], and flowers of
C. canum (L.) using reverse-phase high-performance liquid chromatography (RP-HPLC),
LN has been isolated [15].

C. japonicum can be considered as one of the richest plant species of LN. Sephadex® LH-
20 (SLH) has been applied to the isolation or purification of many flavonoid derivatives [12].
This technique has been employed to isolate LN from the aerial parts of C. japonicum [16].

Zhang et al. (2018) isolated LN from C. japonicum [17]; in addition, liquid chromato
graphy-mass spectrometry (LC-MS/MS) was implemented to characterize it from the
hydro-ethanolic (70%) extract [18]. Preparative-HPLC has been exploited to isolate LN
from the ethanolic fraction of C. japonicum var. maackii [19]. Moreover, the methanolic
extract of C. japonicum var. ussuriense (Regel) Kitam. ex Ohwi obtained from the aerial parts
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has been subjected to isolate LN by applying the solvent system of CHCl3−MeOH–H2O
(25:8:5) in CC on silica gel [20].

LN has been isolated from three other Cirsium species: from the leaf and flower
methanolic extract of C. rivulare using preparative-HPLC [21]; from the flower methano-
lic fraction of C. setidens applying CC on Silica gel [22]; and from the aerial arts using
liquid chromatography (LC) [23] and hydro-ethanolic extracts of C. setosum (Willd.) MB.
(utilizing HPLC) [24]; however, LN has also been identified from the ethanolic extract
of this species by applying ultra-performance liquid chromatography-mass spectrometry
(UPLC–MS) [25].

Chrysanthemum species are considered as one of the major sources of LN. It has been
isolated from the methanolic extracts of Chrysanthemum boreale (Makino) Makino flowers
by utilizing CC on silica [26,27], and the hydro-ethanolic (95%) fractions obtained from the
Chrysanthemum morifolium Ramat flowers [28].

C. indicum, famed as “Ye Ju Hua” in China, has a long history in the treatment of
inflammation, hypertension, and respiratory diseases in traditional Chinese and Korean
medicine; furthermore, it is traditionally used in tea preparations, tinctures, creams, and
lotions [29].

This plant species (C. indicum) has been implemented to isolate LN conducted by several
studies. It has also been isolated from its flower, using mostly CC on silica gel [30–33], from
the dichloromethane extracts of aerial part and methanolic soluble-fraction of the whole
part via application of CC on silica gel [34,35].

The purification of LN was also carried out by the solid-liquid extraction method from
the hydroethanolic (75%) extract of the same plant species through utilization of various
solvents including petroleum ether, ethyl acetate, ethanol, and water [36]. The whole herb
and its aerial parts of C. zawadskii var. latilobum (Maxim.) Kitam. has been reported to
possess LN, whereas CC on silica gel was used [37,38].

In the study of Li et al. (2016), high-speed counter-current chromatography (HSCCC)
was applied in order to isolate this flavonoid from the hydro-ethanolic extract (80%) of Flos
Chrysanthemi indici [39], however, it has also been identified from this species as reported
by three other groups [40–42].

The whole part methanolic extract of Artemisia capillaris Thunb. has been chro-
matographed by CC on silica gel using CH2Cl2–MeOH (20:1) as solvent systems leading
to isolate LN [43]; moreover, this compound was identified in a rare species Picnomon
acarna (L.) Cass., where its aerial parts were separated in CC [44].

2.1.2. Lamiaceae

Lamiaceae (syn. Labiatae), a large plant family consisting of perennial or annual herba-
ceous plants and shrubs, is majorly known for their aromatic characteristics [45]. Various
genus belonging to this family are considered as natural flavonoid sources including LN.
Among them, different species of Mentha, Micromeria, and Satureja can be mentioned.

LN has previously been isolated from the hydro-methanolic (80%) extracts of the
flower [46] and aerial parts [47] of Mentha arvensis L.; however, it has been reported in
M. haplocalyx Briq. in the ethyl acetate extracts of the aerial parts of three other Mentha
species comprising M. spicata, M. piperita, and M. villosonervata, where CC on silica gel was
applied as the final chromatography step [48].

Dai et al. (2008) isolated LN from a hydro-ethanolic (75%) soluble-fraction of Draco-
cephalum peregrinum L. aerial parts by hiring extensive chromatographic techniques [49].
This flavone has previously been isolated and characterized from other following species:
ethanolic extract of Leonurus japonicus Houtt. aerial parts (via CC on silica gel CH2Cl2–
MeOH (100:1–0:100) [50] as well as the leaves of methanolic extracts of Calamintha officinalis
Moench [51] and Calamintha glandulosa (Req.) Benth. [52], where in the later study, semiprep-
HPLC was utilized as the final separation step by using H2O–ACN (50 to 100%). LN has
further been reported in the Ziziphora clinopodioides Lam. herb methanolic extract [53].
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2.1.3. Scrophulariaceae

The plants belonging to Scrophulariaceae can be considered as the third natural source
of LN. Among them Buddleja spp. are the richest ones. Previously, from the leaf methanolic
extract of Buddleja davidii Franch., LN was isolated by the utilization of centrifugal partition
chromatography (CPC) and the solvent system of CHCl3–MeOH–H2O (45:33:22) [54]. El-
Domiaty et al. (2009) also purified LN from the whole part hydro-ethanolic (95%) extract
of Buddleja asiatica Lour., while CC on silica gel was used to separate it [55].

Buddleja cordata Kunth was subjected to isolate its phytoconstituents and LN was
isolated and characterized from the leaves [56] and whole parts [57]. In three other in-
vestigations, LN was isolated from mostly alcoholic extracts of the flowers of Buddleja
officinalis Maxim [58–60]. CC on silica gel using CHCl3–MeOH with ratios of 19:1, 9:1, 8:2
were applied to isolate LN from the aerial parts of Buddleja scordioides Kunth [61]. This
compound was isolated from two Linaria species L. japonica, L. vulgaris, and L. kurdica subsp.
eriocaly, while the whole parts were chromatographed [62–64].

2.1.4. Miscellaneous Plants

LN has been isolated from the whole part methanolic extract of Exacum macranthum
Arn. ex Griseb. (Gentianaceae) via the recrystallization method [65]. This phytochemical
has also been isolated and identified from Lobelia chinensis Lour. (Campanulaceae) [66],
Ginkgo biloba L. (Ginkgoaceae) [67], Bombax malabaricum DC. (Malvaceae) [68], Avena sativa
L.(Poaceae) [69], Thalictrum aquilegiifolium L. [70], and Coptis chinensis Franch [71] (Ranuncu-
laceae), Zanthoxylum affine Kunth (Rutaceae) [72] and Lippia rubella (Moldenke) T.R.S.Silva
& Salimena (Verbenaceae) [73].

2.2. Quantification and Qualification Analysis of Linarin in Plants

By utilization of extensive analytical methods, LN has been qualified and quantified
in plant species. So far, the plants belonging to Asteraceae, Lamiaceae, Scrophulariaceae,
and Valerianaceae have been reported to be rich in LN content. Table S2 comprehensively
lists all the information regarding the fingerprinting analysis of this compound throughout
the plant species, however, the following sections describe them in brief.

2.2.1. Asteraceae

Plants in the Asteraceae family, particularly Cirsium spp. and Chrysanthemum spp.,
have been characterized as the richest herbal sources of LN. It has been identified through-
out six species of the Cirsium genus; HPLC coupled to an ultraviolet (UV) detector was
used to qualify this compound in the methanolic extract of C. arvense [13], along with
the report by Demirta et al. (2017), which quantified LN from its root via HPLC-MS
(MicroTOF-Q) [14].

The LN content of various soluble-fraction extracted from the flower part of Cirsium
canum (L.) All. has formerly been analyzed by HPLC-DAD (HPLC-diode array detector).
Consequently, the hydro-methanolic (50%) and dichloromethane extracts possessed the
highest and lowest contents with 121.75 and 1.94 μg/g, respectively [15].

Cirsiumjaponicum (Thunb.) Fisch. ex DC., Japanese field thistle, is renowned in
Chinese pharmacopeia for the treatment of inflammation and bleeding [16] as well as
application in Korean folk medicine as a uretic as well as antihemorrhagic and antihepatitic
medication [74]. Nonetheless, Ganzera et al. (2005) analyzed pectolinarin as the main
phytoconstituent of the C. japonicum methanolic aerial part extract, and LN was also
quantified with a significant content of 0.26–1.15 mg/100 g through different plant samples
by employing HPLC-MS [16].

From the alcoholic extracts of two different C. japonicum varieties (C. japonicum var.
maackii Maxim and C. japonicum var. ussuriense (Regel) Kitam. ex Ohwi), LN was detected by
employing HPLC-UV [19,20]. Moreover, the mixture of LN and pectolinarin was compared
with the methanolic extracts obtained from the leaf (170 mg/g) and flower (20 mg/g) parts
of Cirsium rivulare (Jacq.) All., whereas HPLC-UV was utilized as the analytical tool [21].
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The methanolic extract of Cirsiumsetidens(Dunn) Nakai was phytochemically analyzed
through HPLC-UV and a significant LN concentration of 120.3 mg/g was measured [22].

Cirsiumsetosum (Willd.) Besser ex M.Bieb. has further been elaborated to possess
phytochemical contents in four studies. The LN content range of 0.3–2 mg/100 g has
been recorded through analysis with HPLC-MS [16]. The methanolic soluble partitions
of Hemistepta lyrate (Bunge) Bunge flower extracted from different plant samples were
analytically assessed, and LN was subsequently quantified (0.06–4.26 mg/g) [26].

In a comparative phytochemical analysis of the ethanolic extract obtained from the
Chrysanthemum morifolium Ramat. flower, LN was qualified and quantified in three cultivars
by using HPLC-DAD-ESI/MS with the contents ranging from 0.117 to 0.583 mg/g [28].
HPLC-DAD analysis of the Chrysanthemum zawadskii var. latilobum (Maxim.) Kitam. extract
showed LN as the marker compound with a 22.8 mg/g extract [75].

Chrysanthemum indicum L., as an edible medicinal plant, is famed for its consumption
as a food supplement and herbal tea. It has a diverse range of therapeutic applications,
specifically in Chinese and Korean folk medicine, for the treatment of immune-related
disorders, to heal several infectious diseases, and hypertension symptoms [31]. In sev-
eral studies reporting its phytoconstituents, LN has also been characterized as the major
compounds. He et al. (2016) qualified this compound in the flower methanolic extract via
utilization of HPLC-DAD [31].

In a comparative investigation, the phytochemical content of different parts of C. ndicum
dichloromethane extract was analyzed. As the result, the leaf extract contained the highest
LN content (1.47 g/100 g) compared to its stem and flower parts (0.65 g/100 g) [35]. In a
similar study, HPLC-MS application led to the fingerprinting analysis of various C. indicum
parts collected from China; consequently, the root and flower parts indicated the highest
and lowest LN amounts (0.344 and 0.052 μg/mg FW), respectively [34]. Furthermore, the
hydro-ethanolic extract (75%) of several C. indicum samples was phytochemically assessed
by HPLC-DAD, and a diverse range of LN concentrations (2.08–55.68%) was recorded [36].
Apart from a qualification study, in which the LN content was determined in the flower
methanolic extract of C. indicum [32], hydro-ethanolic partition (95%) of the flower and
bud parts contained 48.3 mg/g, whilst acetonitrile and water (in formic acid 0.1%) in
HPLC-DAD was used as the solvent system [30].

The flower hydro-ethanolic extract (80%) was analyzed via HPLC-UV and LN was
accordingly quantified (32.8 mg/g) [39]. The impacts of several extraction conditions on
LN contents of the C. indicum flower ethanolic extract [40] have been explored; the highest
LN yield (88.11%) was measured in the plant samples extracted with 80% ethanol, 2 h of
extraction, extraction frequency of three, and solvent to material ratio of 12 mL/g [40].

HPLC-DAD-MS was formerly employed to analyze LN in the hydro-methanolic
(60%) extract of C. indicum [41]; in addition, a method for fingerprinting analysis of its
methanolic extract via HPLC-DAD was introduced by Jung et al. (2012), where it contained
14.6–15.3 μg/g [42].

2.2.2. Lamiaceae

Lamiaceae, as the second richest LN natural source, has been analytically investigated
by diverse groups. The occurrence of this flavone glycoside has been confirmed in various
Mentha species. The flower methanolic fraction of M. arvensis was formerly analyzed
and 6% of LN content was reported [46]. In a quantification measurement, the hydro-
methanolic (80%) extract of aerial parts of M. arvensis was subjected to HPLC-DAD and
UPLC-ESI/Q-TOF/MS, and the LN presence was validated [47].

This compound was further detected in the Menthahaplocalyx (Briq.) Trautm. extract
(via HPLC-MS/MS) [76]; furthermore, Erenler et al. (2018) comparatively analyzed the
ethyl acetate aerial part extracts of three other Mentha species including M. haplocalyx,
Menthaspicata L., and Mentra x piperita L. The highest and lowest LN contents were observed
in M. spicata and M. piperita samples with 42.21 and 0.04 mg/g, respectively [48].
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Marin et al. (2001), by using HPLC-UV, detected LN in the leaf hydro-methanolic
(80%) extracts of the following plant species: Acinos arvensis ssp. villosus, Acinos. Hungaricus
(Simonk.) Šilic, Calamintha glandulosa (Req.) Benth., Micromeria albanica (K.Malý) Šilić,
Micromeria cristata (Hampe) Griseb., Micromeria dalmatica Benth., Micromeria juliana (L.)
Benth. ex Rchb., Micromeria thymifolia (Scop.) Fritsch, Satureja cuneifolia Ten., Satureja
kitaibelii Wierzb. ex Heuff., and Satureja montana ssp. montana. Moreover, the leaf hydro-
methanolic fraction of Calamintha officinalis Moench was phytochemically analyzed through
HPLC-UV and water–acetonitrile, and methanol as solvents, and LN with a concentration
of 0.27 mg/g was identified [51].

The chemical composition of Ziziphora clinopodioides Lam. has further been studied
analytically; UPLC-Q-TOF-MS was utilized to detect LN from its hydro-ethanolic (70%)
extract [77] as well as the quantification analysis of the herb methanolic fraction, where by
applying RP-RRLC (RP-rapid resolution liquid chromatography), the LN contents were
detected (3.15–20.55 mg/g) [53].

2.2.3. Scrophulariaceae

Buddleja spp. has been analytically elaborated in the case of its phytoconstituents;
consequently, LN was detected as one of the main compounds. Fan et al. (2008) identified
LN in the leaf methanolic fractions of Buddleja davidii Franch. and Buddleja nitida Benth.,
where LC-MS/MS was used. LN concentration of the ethanolic extracts (70%) was assessed
in the leaf and in vitro culture samples of Buddleja cordata Kunth including white and green
callus and root samples by using HPLC-DAD, and the highest content was detected in
the leaf ethanolic extract (41.81 ± 5.21 mg/g) [56]. The hydro-ethanolic (70%) fraction of
Buddleja officinalis Maxim. flower was analyzed via utilization of UHPLC-LTQ-Orbitrap,
and LN was consequently qualified [59]. The lyophilized infusion prepared from Linaria
vulgaris Mill. has previously been experimented through HPLC-UV and LN was quantified
with a significant content of 3.84 g/kg drug [63].

2.2.4. Valerianaceae

Valeriana spp. has been characterized for its LN content. In [78], by applying HPLC-
DAD, they analytically investigated six Valeriana species (Valeriana edulis Nutt., Valeriana
officinalis L., Valeriana jatamansi Jones, Valeriana procera Kunth, and Valeriana sitchensis Bong.),
with the highest and lowest LN content detected in the methanolic extracts of V. jatamansi
and V. edulis with 0.24 and <0.002%, respectively.

2.2.5. Miscellaneous Plants

The methanolic extracts of the Lobelia chinensis Lour. herb belonging to the Campanu-
laceae family were characterized for its phytochemicals by two analytical tools (LC-MS
and HPLC-DAD-MS), and LN was qualified [66]. The hydro-ethanolic (70%) fractions
extracted from the inflorescence part of Coptis chinensis Franch. (Ranunculaceae family)
were assessed via HPLC-MS and LN was identified as the main compounds [71]. More-
over, Rios et al. (2018) identified LN in the hexane, acetone, and methanolic extracts of
Zanthoxylum affine Kunth (Rutaceae) aerial parts, whilst HPLC−Q-TOF-MS was employed
with water and methanol as the solvent systems [72].

3. Biological Properties of LN

Generally, LN is still a relatively un-investigated drug resource. As a result, in this
section, the therapeutic potential of LN and LN containing plants is summarized in Figure 2
and are classified according to which could be useful for potential clinical applications
(Table S3).
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Figure 2. Summary of the biological activities of LN.

3.1. Anti-Alzheimer Properties

One of the most successful strategies to target Alzheimer’s disease is the development
of agents that effectively interact with key enzymes involved in cholinergic dysfunction,
especially acetylcholinesterase (AChE). This enzyme terminates the action of acetylcholine
neurotransmitters and reduces the information transfer across the synapse [79]. Inhibitory
potential of LN against AChE extracted from B. davidii was evaluated. Bioautographic
assessment on LN and related flavonoids showed that the 4′-OMe group as well as the
7-substituted on the B-ring increased the inhibitory potency [54].

Feng et al. (2017) evaluated the AChE inhibitory potential of LN both in vitro
and in vivo. In vitro assays using Ellman’s colorimetric method exhibited an IC50 of
3.801 ± 1.149 μM [9]. A molecular docking study showed that the 4′-methoxyl group and
the 7-O-sugar moiety of LN might be essential for AChE inhibition. Furthermore, ex-vivo
study on mice showed that intraperitoneal administration of LN at doses of 35, 70, and
140 mg/kg decreased the AChE activity on the cortex and hippocampus of mice, where
the inhibition effects of LN at the high dose were similar to huperzine A as the positive
control (0.5 mg/kg) [80].

Pan et al. (2019) reported that 16.7 μg/mL and 50 μg/mL of LN (92% pure) had
prominent AChE inhibition in zebrafish [81]. In addition, this compound could significantly
improve the recovery of dyskinesia in Alzheimer’s disease (animal model). The hydroxyl
groups of LN showed strong hydrogen bond interactions with residues Tyr130, Asn85,
Trp84, and Asp72 at the anionic subsite of AChE; however, the methoxy flavone segment of
LN exhibited π–π interactions with residues Phe331, Trp279, and Phe290 of the peripheral
anionic site [81]. The summary of the structure–activity relationship (SAR) of LN against
AChE is presented in Figure 3.
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Figure 3. Structure–activity relationship of LN against AChE.

3.2. Antioxidant Properties

It is well-documented that oxidative stress and neurodegeneration are destructive
in central nervous system (CNS) disorders such as Parkinson’s disease and Alzheimer’s
disease, and protection of cells from oxidative stress toxicity might be beneficial in the
abovementioned diseases. In this regard, Santos et al. exhibited the neuroprotective action
of the V. officinalis extract in neuroblastoma SH-SY5Y of Parkinson’s disease. To determine
the mechanism of action, in silico molecular docking and molecular dynamics evaluations
on apigenin, LN, hesperidin, and valerenic acid as the main compounds of Valeriana against
hub gene transcripts were performed. Specifically, LN fitted strongly to sulfonylurea
receptor-1 (SUR1). The ligand mainly interacted with SER 857, accepting one hydrogen
bond and donating two. Most likely, LN can relieve the effects of oxidative stress during
ATP depletion due to its ability to binding to SUR1 [82].

The high-performance liquid chromatography-electrospray ionization–mass spec-
trometry (HPLC–ESI–MS) analysis of C. japonicum exhibited chlorogenic acid, LN, and
pectolinarin as the main compounds. Furthermore, the protective effect of C. japonicum
on adrenal pheochromocytoma (PC12) cells in vitro and Caenorhabditis elegans (in vivo)
were also assessed. The cell viability showed a steady increase until 50 μg/mL and then
decreased. Pre-treatment of extracts in PC12 cells significantly prevented intracellular ROS
accumulation in comparison to the H2O2 treated control (p < 0.05). Under normal growth
conditions, treatment with 50 and 100 μg/mL C. japonicum extract for 96 h greatly reduced
intracellular ROS levels by 37% and 39%, respectively, compared to the control [83].

In the other study, the neuroprotective effect of LN against H2O2-induced oxidative
stress in rat hippocampal neurons was assessed. The results showed that H2O2 at 400 μM
markedly increased the number of apoptotic neurons, while treatment of the neurons with
LN significantly reduced the cell death induced by H2O2 [84].

3.3. Sleep Enhancing and Sedative Effect

A set of flavonoid glycosides was evaluated for the sedative, sleeping, and locomotor
activity. The following potencies were consequently reported 2S-hesperidin > LN > rutin
> diosmin\cong 2S-neohesperidin > gossypin ~ 2S-naringin. The SAR proposed the
important role of the 1→6 bond between rhamnose and glucose while changing the bond
to 1→2, a remarkable decrease in the activity [85].

Nugroho et al. (2013) reported that LN isolated from the C. boreale methanolic extract
possessed sedative and sleep-enhancing properties [86]. In detail, 10 and 20 mg/kg LN
reduced the latency time for the loss of righting reflex caused by pentobarbital injection
and delayed the total duration of sleeping time to around 100 min in mice [86].

3.4. Anti-Osteoporosis Activity

The potential application of LN (isolated from B. officinalis) in the response against
oxidative stress on osteoblastic MC3T3-E1 cells exposed to H2O2 was evaluated. LN
(0.2 μg/mL) significantly increased cell survival, alkaline phosphatase (ALP) activity, col-
lagen content, calcium deposition, and osteocalcin secretion, whereas it decreased the
production of the receptor activator of nuclear factor-kB ligand (RANKL), protein carbonyl
(PCO), and malondialdehyde (MDA) of osteoblastic MC3T3-E1 cells in the presence of hy-
drogen peroxide. It was shown that LN exerts antiresorptive actions through the reduction
of RANKL and oxidative damage [58]. With more focus toward the antioxidant potential
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of LN, in another study, the antiosteoporosis activity of Flos Chrysanthemi indici on bone
loss in ovariectomized mice was evaluated. All isolated compounds including acacetin,
apigenin, luteolin, and LN enhanced the differentiation and proliferation of osteoblasts in
MC3T3-E1 cells. They also improved the mRNA levels of runt-related transcription factor
2 (RUNX2), osteocalcin (OCN), osteopontin (OPN), and type I collagen. The AKT signaling
pathway was also activated in MC3T3-E1 cells by the four compounds [39].

Li et al. (2016) comprehensively evaluated the molecular mechanism pathway of LN
on osteoblast differentiation. First, extracted LN from Flos Chrysanthemi indici was assessed
on MC3T3-E1 cells (a mouse osteoblastic cell line), and next, the osteoprotective effect of
LN in mice was evaluated. LN upregulated osteogenesis-related gene expression including
that of ALP, OCN, RUNX2, bone sialoprotein (BSP), and type I collagen. Additionally, it
was shown that LN enhanced osteoblast proliferation and differentiation in MC3T3-E1 cells
dose-dependently through enhanced ALP activity and mineralization of the extracellular
matrix by activating the BMP-2/RUNX2 pathway through protein kinase A signaling
in vitro, promoting osteoid gene expression and protecting against OVX-induced bone loss
in vivo [87].

In addition, a reducing impact of LN on the RANKL-induced macrophage differenti-
ation into multinucleated osteoclasts and osteoclastic bone resorption through reducing
lacunar acidification and bone matrix degradation has been demonstrated. Moreover, LN
reduced the transmigration and focal contact of osteoclasts to bone matrix-mimicking
RGD peptide, which was accomplished by inhibiting the induction of integrins, integrin-
associated proteins of paxillin, and gelsolin, cdc42, and CD44 involved in the formation of
actin rings [88].

3.5. Osteoarthritis Treatment

Osteoarthritis is an age-related joint disease characterized by the degeneration of
articular cartilage and chronic pain. Recent studies have confirmed the potential role of anti-
inflammatory agents to target osteoarthritis. The LN treatment suppressed lipopolysaccha-
ride (LPS), causing the overproduction of nitric oxide (NO), prostaglandin E2 (PGE2), IL-6,
and TNF-α in chondrocyte. In addition, the LPS-stimulated expression of cyclooxygenase-2
(COX-2) and inducible nitric oxide nitrate (iNOS) was decreased by LN pre-treatment. The
mechanism of action showed the suppression of Toll-like receptor 4 (TLR4)/myeloid differ-
entiation protein-2 (MD-2) dipolymer complex formation and subsequently intervened in
nuclear factor kappa-B (NF-κB) activation [89].

The osteoarthritis mechanism of action of C. zawadskii var. latilobum extract revealed
that the matrix metalloproteinases-1 (MMP-1), MMP-3, MMP-9 and MMP-13 expressions
were inhibited by the dose-dependent extract, while expressions of the ECM synthetic
genes, COL2A1 and ACAN, and the transcription factor SOX9 were increased to normal
condition by the extract treatment dose-dependently. It would be interesting to note that
SOX9 is a repressor of ECM-degrading aggrecanases, disintegrin, and metalloproteinase
with thrombospondin motifs-4 (ADAMTS-4) and ADAMTS-5, and this extract considerably
reduced the levels of these enzymes; it is worth mentioning that these potencies can
remarkably be correlated to the LN content of the extract possessing 22.8 mg/g [75].

3.6. Ischemia Protection

In the other study, the effect of LN to inhibit ischemia-reperfusion injury was also
evaluated. The primary study confirmed the low toxicity of LN (≤30 μM) against normal
H9C2 cells. Further assessments showed that LN could protect myocardial tissue from the
injury of ischemia-reperfusion related to activation of the Nrf-2 and PI3 K/Akt signaling
pathway. Meanwhile, the antioxidative enzymes, regulated by Nrf-2, were enhanced
against the oxidative stress caused by hypoxia-reoxygenation. Importantly, with the
inhibition of oxidative stress, some proliferation and apoptosis-related proteins such as
NF-κB and cytochrome C were adjusted to support the viability of cells [90].
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Furthermore, the anti-inflammatory effect of LN during ischemia-reperfusion-acute
kidney injuries was assessed. LN inhibited the acute kidney injury in an in vivo ischemia-
reperfusion injury model and decreased the expression of interleukin-12 (IL-12) p40 in
in vivo and in vitro models. Evaluation on the mechanism of action of LN identified E26
oncogene homolog 2 (ETS2) protein transcription factor for its regulatory action on IL-12
p40 according to microarray analysis and protein–protein interaction. In addition, in silico
study showed that the contact area ETS2 is highly conserved and located on a PPI domain
of ETS2, which designates that LN may alter the interaction with synergistic proteins in the
regulation of IL-12 p40 expression [91].

3.7. Anti-Inflammation Activity

Anti-inflammatory assessment of forty-two identified compounds from Chrysanthemi
indici showed that LN, 3,5-dicaffeoylquinic acid, and luteolin with good biocompatibility
could be considered as the important contributors to the anti-inflammatory effect of this
plant, which decreased levels of NO, TNF-α, IL-6, and PGE2 in RAW264.7 macrophage
cells treated with LPS [92].

In another study, the pelvic inflammatory disease with dampness-heat stasis syndrome
was investigated and showed that LN at 8–32 μM can significantly inhibit the NO release
in a concentration-dependent manner. Results also confirmed that the inhibitory effects on
NO production were not due to the cytotoxicity but strong inhibition of NO production.
However, the rapid response of LN on the release of TNF-α upon LPS stimulation for 2 h
was not significant [93].

3.8. Photoprotective Properties

Acevedo et al. (2005) studied the photoprotective properties of the methanolic extract
of Buddleja scordioides as well as verbascoside, LN, and linarin peracetate against UV-B
induced cell death using E. coli as a cell model. Linarin peracetate (2 mg/mL) protected
bacteria efficiently with cell death after 125–250 min, while LN reached cell death until
40–80 min. Interestingly, the sun protection factor (SPF) in guinea pigs was 9 ± 0.3 in
the LN (2 mg/cm2) receiving group, while linarin acetate showed a SPF of 5 ± 0.2. The
methanolic extract had the smallest SPF (3 ± 0.09), probably due to the low concentration
of the photoprotective compound [61].

Examination of the photoprotective properties of Buddleja cordata against UVB-induced
skin damage in SKH-1 hairless mice showed that 200 μL of 2 mg/mL extract successfully
reduced the redness of UVB irradiation to around 120 within 24 h of UV exposure compared
to the untreated group with a redness of 300 [94].

3.9. Radioprotection

In another study, LN isolated from Chrysanthemum morifolium flowers significantly
decreased the IR-induced cell migration and invasion at a concentration of 5 μM in A549
(human lung cancer cells). LN affected cell viability with an IC50 value of 282 μM. The
mechanism was confirmed via inhibiting NF-κB and IκB-α phosphorylation as well as
MMP-9 downregulation [95].

3.10. Anti-Apoptosis Potential

The liver injury and hepatic fibrosis caused by the co-treatment with D-galactosamine
(GalN)/lipopolysaccharide (LPS) have been extensively approved. Apoptosis is an impor-
tant cellular pathological process in GalN/LPS-induced liver injury.

In a study conducted by JooKim et al., the cytoprotective mechanisms of LN against
GalN/LPS-induced hepatic failure in mice were evaluated. After 6 h of GalN/LPS injection,
the serum levels of alanine aminotransferase, aspartate aminotransferase, TNF-α, IL-6,
and interferon-γ as well as TLR4 and interleukin-1 receptor-associated kinase (IRAK)
expression were significantly elevated.
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LN (50 mg/kg) treatment reversed the lethality induced by GalN/LPS via decreasing
the levels of TLR4, IRAK, and suppressing the serum release and hepatic mRNA expres-
sion of TNF-α, IL-6, and IFN-γ. In the TUNEL assay, in which the apoptotic cells were
monitored, LN also suppressed the increase in the number of apoptotic cells and reduced
the cytosolic release of cytochrome c and caspase-3 cleavage.

LN administration increased the level of anti-apoptotic Bcl-xL and ratio of p-STAT3/
STAT3 protein. Furthermore, LN attenuated the expression of FAS-associated death domain
and caspase-8, and reduced the pro-apoptotic Bim phosphorylation induced by GalN/LPS.

These results confirmed the potential properties of LN to suppress TNF-α-mediated
apoptotic pathways and pro-apoptotic Bim phosphorylation as well as enhance STAT3
activity and increase anti-apoptotic Bcl-xL levels [33].

3.11. Hepatoprotective Function

HPLC-MS analysis of the Coptis chinensis inflorescence extract detected 18 flavonoids
and alkaloids derivatives including magnoflorine, thebaine, anonarine 5-OH berberine,
jateorhizine, columbamine, coptisine, epiberberine, palmatine, berberine, worenine, and
LN. Cell viability assessment of Coptis chinensis inflorescence extract and LN in HepG2
cells exhibited IC50 values of 291.15 and 83.88 μg/mL, respectively. Next, the hepatopro-
tective function of C. chinensis and LN showed the reduction in reactive oxygen species
(ROS) generation induced by CCl4 in HepG2 cells. LN could also phosphorylate mitogen-
activated protein kinases (MAPKs) and upregulate Kelth-like ECH-associated protein
(Keap1). The pathways of MAPKs and Keap1 lead to the separation of Keap1 and nuclear
factor (erythroid-derived 2)-like 2 (Nrf2). Note that the free Nrf2 transferred to the nucleus
and enhanced the expression of phase II detoxification enzymes [71].

3.12. Non-Alcoholic Steatohepatitis Effect

Nonalcoholic steatohepatitis (NASH), known as liver inflammation and damage
caused by a buildup of fat in the liver, is recognized as a common cause of elevated liver
enzymes [96]. Investigations of high-fat high-cholesterol diet in rats showed that LN could
suppress the expression of mRNA levels of hepatic inflammation cytokines including
monocyte chemotactic protein and TNF-α as well as chemokine ligand 1 (CXCL1). A high
dose of LN-extract (60 mg/kg) significantly lowered the serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) and inhibited the activation of the c-Jun
N-terminal kinase (JNK) induced by a high-fat high-cholesterol diet [97].

3.13. Anti-Diabetic Effects

The anti-diabetic effects of the Chrysanthemum zawadskii extract at different doses (125,
250, and 500 mg/kg body weight) were investigated every day for five or six weeks. The
extraction was standardized and showed 1.32 ± 0.22 mg LN/g extract. Subsequently, the
extract significantly decreased fasting blood glucose levels in streptozotocin and streptozo-
tocin and high fat diet-induced diabetic models, even at low doses. In addition, glucose
tolerance and insulin tolerance were improved by increasing insulin levels and decreasing
hemoglobin A1c (HbA1c) levels in serum [98].

Yang-Ji et al. (2016) also demonstrated that the Chrysanthemum zawadskii extract could
effectively inhibit the lipase and α-glucosidase enzymes to target the diabetic. This potency
might well be correlated with the LN content [99].

Similarly, molecular docking, molecular dynamic, conceptual DFT, and pharma-
cophore mapping studies against α-amylase and α-glucosidase illustrated that LN could
be a beneficial preventative and possibly therapeutic agent against diabetes [100].

3.14. Analgesic and Anti-Pyretic Properties

MartInez-Vázquez et al. (1996) evaluated the potential analgesic and antipyretic ac-
tivities of aqueous extract of leaves of Buddleia cordata as well as its main compound LN
in animal models [101]. The oral administration of an aqueous extract of B. cordata and
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LN showed a dose-dependent antipyretic activity. Aqueous extract and LN (100 mg/kg)
remarkably increased the reaction time of mice by 70% and 55% on heat-induced pain,
respectively. Similarly, the antipyretic effect of LN was better than that of the aqueous
extract in the yeast-induced hyperthermia test. Three hours after the treatment, LN dis-
played maximal inhibitory effect with the average temperature being reduced by 1.8 ◦C
(50 mg/kg) and 2.0 ◦C (100 mg/kg), whilst the extract reduced hyperthermia by 1.4 and
1.9 ◦C at 100 and 200 mg/kg, respectively [101].

3.15. Spasmolytic Properties

So far, many studies have approved the remarkable antispasmodic effects of the
flavonoids presented in diverse plant species [102–104]. LN also showed an acceptable
effect investigated by one study. Phytochemical investigation of the hydro-ethanolic extract
of L. japonicus resulted in the extraction of three flavonoid glycosides named spinosin, LN,
and apigenin-7-O-β-D-glucopyranoside as well as four cyclopeptides and nine alkaloids.
These compounds were used in the uterine contraction assay. The findings demonstrated
that the flavonoid glycosides (spinosin, LN, and apigenin-7-O-β-D-glucopyranoside) at
50 μM inhibited the contraction of the uterine smooth muscle strips significantly; viscerally,
cyclopeptides and alkaloids increased contraction of uterine smooth muscle [50].

3.16. Treatment of Chronic Venous Hypertension

In a previous experiment, 100 mg/kg/day MPFF (diosmetin, hesperidin, LN, and
isorhoifolin) in a chronic venous hypertension animal model showed significant prevention
of capillary rarefaction and inflammatory cascade by decreasing the number of sticking
leukocytes. MPFF reduced the enlargement of venular diameter as well as maintained
venous tone [105].

3.17. Anti-Bacterial Activity

Corn mint (Mentha arvensis) provides a good source of LN and rosmarinic acid. The
methanolic extract inhibited the growth of Chlamydia pneumoniae CWL-029 in vitro in
a dose-dependent manner. The antichlamydial effect of LN showed complete growth
inhibition of strain bacterium Chlamydia pneumoniae, and inhibited the growth of strain K7
by >60% at 100 μM. Administration of M. arvensis extract (20 mg/kg, 3 days) was able to
significantly diminish the inflammatory parameters related to C. pneumoniae infection in
mice (p = 0.019) [47].

3.18. Anti-Viral Activity

Virus is a threat to public health due to its high mutation rate and resistance to ex-
isting drugs. Recently, the antiviral activity of LN was investigated to develop new antiviral
agents. Evaluation of the flavonoid prescription drug baicalin-linarin-icariinnotoginsenoside
R1 was assessed on duck virus hepatitis (DVH) caused by duck hepatitis A virus type 1
(DHAV-1). The mentioned drug showed an anti-DHAV-1 ability with T and B lymphocyte-
promoting effects. It also inhibited DHAV-1 reproduction by suppressing its adsorption and
release. The mechanism of this antiviral effect showed that the drug at 5 μg/mL increased
T and B lymphocyte proliferation. Moreover, according to the in vivo study, the drug
stimulated total anti-DHAV-1 antibody secretion in ducklings at the dosage of 4 mg per
duckling, but had no significant stimulation impact on the IL-2 and IFN-c secretion [106].

In another study, Chen et al. (2017) assessed the baicalin-LN-icariin-notoginsenoside
R1 on DHAV-1 as well as its hepatoprotective and antioxidative potencies. Results showed
that the DHAV-1 inhibitory rate of this multi-therapy was 69.3% at 20 μg/mL. The survival
rate of ducklings treated by 3 mg drug per duckling (once a day for five days) was about
35.5%, which was significantly higher than that of the virus control (0.0%). Additionally,
the degree of oxidative stress, the serum MDA, SOD, CAT, and GSH-Px levels at 8 and 54 h
were measured and demonstrated a significant reduction compared to the blank and virus
groups, which showed the reduction of oxidative stress in the infected duck [107].
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Human immunodeficiency virus (HIV) is an infection that attacks the body’s immune
system, specifically the white blood cells called CD4. The development of anti-HIV-1 drugs
has gained much attention nowadays [108]. It has been shown that human γδ T cells
(lymphocytes) consist of Vδ1-TCR-expressing Vδ1+ T cells and Vδ2-TCR-expressing Vδ2+
T cells, which play pivotal roles in bridging innate and adaptive immunity. It was proposed
that stimulation Vδ1+ T cells may constitute a new class of anti-HIV drugs, targeting the
mucosal compartment to suppress the R5-type of HIV-1. Yonekawa et al. (2019) reported
that LN at 100μg/mL and some flavonoid glycosides, which have both rutinose at the A
ring and methoxy substitution at the B ring, can activate host Vδ1+ T cells in HIV patients
and can contribute to limiting the R5-type of HIV-1 replication. LN stimulated PBMC-
derived Vδ1+ T cells to secrete chemokines MIP-1α, MIP-1β, and RANTES and cytokines
such as IL-5 and IL-13, which may improve the immune system [109]. Figure 4 exhibits the
structure–activity relationship of LN against HIV.

Figure 4. Structure–activity relationship of LN against HIV.

In another study, virtual screening on Chinese medicinal compounds was applied to
discover novel natural drugs against the influenza A virus using Naïve Bayesian classifiers,
and mt-QSAR models. In the selected set, LN exhibited a significant reduction in TNF-α
expression to around 40 pg/mL compared to the control group with ~80 pg/mL, whereas
it may regulate the expression of cytokines and chemokines, which represent direct and
indirect suppression of influenza A [110].

3.19. Anti-Cancer and Anti-Proliferative Activity

Cancer is one of the major causes of death worldwide, affecting more than 14.1 million
people worldwide [111]. Over the past few years, attention has been paid to find potent
natural products as anticancer therapeutic agents [79,112,113].

Flavonoids are known to be one of the most popular groups of bioactive phytochemi-
cals with anticancer activity; however, limited study has been conducted to evaluate the
activity of LN as anticancer agents [79].

The methanolic extract of Chrysanthemum indicum and purified LN exerted anti-
proliferative activity against human non-small cell lung cancer cells via suppression of Akt
activation and induction of cyclin-dependent kinase inhibitor p27Kip1, as evidenced by
cell cycle analysis and treatment with LY294002. These findings may indicate the anticancer
potential of LN as the core functional constituent of C. indicum [114].

Glioma is the most common form of malignant brain cancer with a high mortality rate
in humans. NF-κB activity is a common phenomenon in various cancers, resulting in ab-
normal cell proliferation, malignant transformation, or resistance to cell death. Previously,
the anti-cancer role of LN in glioma was tested in vitro and in vivo. LN suppressed glioma
cell proliferation and migration by inducing apoptosis, which was through reducing the
cell cycle-related signals including survivin, p-Rb, and cyclin D1, while promoting p21,
Bax, caspase-3, and poly (ADP-ribose) polymerase (PARP) activation. LN also showed an
increase in P53 as an essential tumor suppressor. Moreover, it reduced cellular proliferation
of glioma through p53 upregulation and NF-κB/p65-downregulation, thereby inhibiting
glioma cell growth [115].

The cytotoxicity of Jatropha pelargoniifolia loaded chitosan nanoparticles against A549
human lung adenocarcinoma cells (IC50 = 13.17 μM) was higher than that of the free extract
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(IC50 = 25.16 μM) and comparable to that of methotrexate (IC50 = 11.84 μM) as an anticancer
drug [116].

Oral squamous cell carcinoma is characterized by overexpression of Akt1 (RAC-
alpha serine/threonine-protein kinase) and Akt2 (RAC-beta serine/threonine-protein
kinase). It was reported that Akt1 and Akt2 inhibitors can lead to oral squamous cell
carcinoma treatment with no affinity toward monoamine oxidase B (MAOB). In silico
studies introduced LN as inhibitors of Akt1 and Akt2 with strong binding affinities of
11.5 kcal/mol and 11.1 kcal/mol, respectively, with no affinity toward MAOB, which can
be an ideal candidate for oral squamous cell carcinoma treatment [117].

3.20. Negative Biological Results of LN

3.20.1. Estrogenic Activity

The estrogenic activity of six chemical constituents (apigenin, hispidulin, cirsimaritin,
cirsimarin, pectolinarin, and LN) isolated from Cirsium japonicum on MCF-7 cells was
assessed. Among them, hispidulin and cirsimaritin showed strong estrogen receptor
transactivation, while the rest of the compounds had weaker or relatively no effects. The
SAR confirmed that estrogen receptor transactivation increases as the number of –OH
groups in the flavonoid structure increased [19].

3.20.2. Anti-Fungal Effect

Combined chromatographic techniques were implemented in the phytochemical anal-
ysis of Lippia rubella, leading to the isolation of several compounds such as lippiarubelloside
A and lippiarubelloside B, verbascoside as well as LN. Inhibitory evaluation of LN against
some fungal strains such as Candida albicans (ATCC 10231) and Candida parasilopsis (ATCC
22019) asserted no significant activity (MIC >125 μg/mL), and moderate effects against
Cryptococcus neoformans and Cryptococcus neoformans (MIC: 125 μg/mL) [73].

3.20.3. Anti-Depressant Properties

Depression is a mental health disorder characterized by loss of interest, pleasure,
with feelings of sadness, low self-worth, and tiredness, which disturbed sleep or appetite,
leading to suicide in severe cases. The exact mechanism of depression is still unknown,
and most of the antidepressants act as inhibitors of intracellular monoamine (exp, nore-
pinephrine) reuptake. Additionally, it has been shown the gamma-aminobutyric acid
(GABA) levels as well as cortical GABAA receptors decreased in patients with depression.

In this regard, the norepinephrine reuptake of Cirsium japonicum and its major con-
stituents (linarin, pectolinarin, chlorogenic acid, luteolin) were evaluated. Cirsium japonicum
showed an antidepressant effect by significantly reducing the immobile behavior of mice
in the forced swimming test, without enhancing locomotor activity in the open-field test.
In addition, the C. japonicum extract had no effect on monoamine uptake while signifi-
cantly promoting Cl– ion influx in human neuroblastoma cells and modulating the GABAA
receptor. Further evaluation showed that among the major constituents of the C. japon-
icum extract, only luteolin produced antidepressant activity as a positive modulator of
the GABA-mediated Cl− ion channel complex and LN was almost inactive [118]. Results
showed that the antidepressant effect of Cirsium japonicum could be due to the luteolin
constituent.

4. Perspectives

Anti-SARS-CoV-2 (COVID-19) Effect

Severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) is a RNA airborne
virus infection known as the pathogen responsible for coronavirus disease 2019
(COVID-19) [119]. Millions of COVID-19 patients have been reported thus far; however,
there is no concrete evidence on the effectiveness and safety of the specific treatment against
SARS-CoV-2 [120,121]. One area that has been affected immensely is the investigation
of natural remedies as medications and/or supportive therapies to treat patients with
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COVID-19 infection. Mostly, antiviral drugs directly target the infecting pathogen to halt
its development [122]. In the case of SARS-CoV-2, the influence of active substances of
medicinal plants were surveyed in inhibiting four important druggable targets including S
and N proteins, 3CLpro, and RdRp. RdRp controls the replication of SARS-CoV-2 while
3CLpro is the main protease of the virus. Moreover, N and S proteins are responsible for
SARS-CoV-2 assembly and attachment, respectively. Molecular docking outcomes of the
study revealed that LN, amentoflavone, (-)-catechin gallate, and hypericin had an affinity
for these basic proteins, which possess an effective role in SARS-CoV-2 infection [123].

5. Conclusions

Investigation of plant secondary metabolites with valuable impacts on human health
is an attractive and broad research area. Flavonoids, a large family of phenolic compounds
due to their pivotal therapeutic effects, have been the subject of many studies. Nowadays,
their diverse derivatives are widely consumed as dietary supplements. Although the most
renowned flavonoids (i.e., apigenin, luteolin, hispidulin, kaempferol, myricetin, quercetin,
naringenin, etc.) are aglycosylated [124], the glycosylated forms are also of interest. It is
believed that the glycosylation of flavonoids can lead to the development of their biological
features by reducing the probable toxicity and increasing their bioavailability [125].

The present context overviewed a very promising but not well-investigated glyco-
sylated flavone named LN. From the phytochemical viewpoint, the plant genus Cirsium,
Micromeria, Buddleja, and Chrysanthemum are the major natural sources of LN. This com-
pound demonstrated promising bioactivities through the studies carried out in vitro and
in vivo. The encouraging properties of LN have been shown through osteoblast prolifera-
tion and differentiation with high anti-arthritis and antiosteoporosis potencies; however,
its effect on the treatment of CNS disorders have also been pointed out.

Further phytochemical investigations of different natural sources leading to the isola-
tion and identification of LN as well as exploring the optimized extraction methods can
support the implementation of its bioactivity assessments. Complementary biological and
pharmacological evaluations (particularly toxicity and clinical trials) of LN and its deriva-
tives are proposed in future in order to develop potential natural-based drugs/supplements
with the least side effects.
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Abstract: Plants of the genus Euphorbia are widely distributed across temperate, tropical and sub-
tropical regions of South America, Asia and Africa with established Ayurvedic, Chinese and Malay
ethnomedical records. The present review reports the isolation, occurrence, phytochemistry, bio-
logical properties, therapeutic potential and structure–activity relationship of Euphorbia flavonoids
for the period covering 2000–2020, while identifying potential areas for future studies aimed at
development of new therapeutic agents from these plants. The findings suggest that the extracts
and isolated flavonoids possess anticancer, antiproliferative, antimalarial, antibacterial, anti-venom,
anti-inflammatory, anti-hepatitis and antioxidant properties and have different mechanisms of action
against cancer cells. Of the investigated species, over 80 different types of flavonoids have been
isolated to date. Most of the isolated flavonoids were flavonols and comprised simple O-substitution
patterns, C-methylation and prenylation. Others had a glycoside, glycosidic linkages and a carbohy-
drate attached at either C-3 or C-7, and were designated as D-glucose, L-rhamnose or glucorhamnose.
The structure–activity relationship studies showed that methylation of the hydroxyl groups on C-3 or
C-7 reduces the activities while glycosylation loses the activity and that the parent skeletal structure is
essential in retaining the activity. These constituents can therefore offer potential alternative scaffolds
towards development of new Euphorbia-based therapeutic agents.

Keywords: Euphorbia; flavonoids; pharmacological activities; structure–activity relationship

1. Introduction

Euphorbia species are used in traditional medicine for the treatment of various diseases.
Plants of the Euphorbia genus are common herbs that are applied in the treatment of respi-
ratory diseases, healing of wounds, relieving skin irritations, indigestion, inflammation,
microbial infestations and also as a food source [1–4]. Prehistorical records show that
Euphorbia species were used in the treatment of scorpion and snake bites, liver diseases,
respiratory disorders, asthma and rheumatism in the Chinese and Ayurveda medicine
systems [3,4].

The medicinal applications of these species have been attributed to the presence of
diverse secondary metabolites such as flavonoids and terpenes [5–7]. The abundance of
these chemical constituents in Euphorbia species qualifies them as a rich source of therapeu-
tic natural products possessing various pharmacological activities. These constituents can
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provide potential lead molecules for drug discovery. The genus Euphorbia is also among
the largest of genera in the spurge family, and consists of several other subsections and
subgenera, having more than 2000 species [8,9] with promising research potential.

Flavonoids are among the dominant constituents of Euphorbia species after macro-
cyclic diterpenes and triterpenoids [4,10]. Flavonoids mainly occur as isoflavonoids (3-
phenylbenzopyrans), neoflavonoids (4-phenylbenzopyrans), chalcones [7,11], flavonols,
flavanone, flavanonol, flavanol and anthocyanidins [11]. These constituents are structurally
and biogenetically related as they share a common precursor, the chalcone [11,12]. They
have also been reported to possess various pharmacological activities [12–14] and have
promising therapeutic potential.

Apart from their biological functions in protecting plant species against herbivores and
other pathogens as well as acting as stress-protecting agents, they also perform important
pharmacological activities in humans. Reports indicate that plant flavonoids exhibit anti-
ulcer, antidepressant, antimicrobial, antiviral, antibacterial, anti-diabetic, anti-inflammatory,
anti-agiogenic [15], antiproliferative [16–22] and anticancer [6] activities in vitro. Even
though they have not been classified as nutrients, the intake of flavonoids is considered
to be significant for human health [23]. They are also used as natural dyes as well as for
cosmetics and skin-care products [16,24]. Related studies have shown that flavonoids from
the Euphorbia species also have a wide range of pharmacological activities such as cytotoxic,
anti-inflammatory properties and tumor-promoting abilities [25,26].

Furthermore, various reports have stated the significance of flavonoids in metabolism
of the thyroid hormone, which is commonly reported to be vitamin P and is considered
useful in counteracting hemorrhage [27]. They are also functional foods for promotion
of good health and prevention of diseases [27]. As a result, significant efforts have been
made in isolation, identification and characterization of flavonoids from the latex, aerial
parts, roots, stems, seeds, stem bark and whole plant extracts of some Euphorbia species
since early times [28,29]. Indeed, several reviews have been published about the role and
significance of plant flavonoids as a source of bioactive compounds. For instance, in 2019,
Avtar and Bhawna [20] reviewed the chemistry and pharmacology of flavonoids, while
Dieter [30] reported the significance of flavonoids in plant resistance to microbial attack.

Similarly, Muhammad et al. [7] reviewed the significance of flavonoids as prospective
neuroprotectants in ageing associated with neurological disorders, while Ali et al. [31]
reported the therapeutic role of flavonoids in bowel diseases. In addition, the role of plant
flavonoids in cancer and apoptosis mechanisms was also reported [32], as well as the
commercial application of flavonoids as anti-infective agents [14]. Efforts have also been
made to review the occurrence of flavonoids in medicinal plants. For example, Bathelemy
et al. [33] reported the occurrence, classification and biological activities of flavonoids from
African medicinal plants, while Panche et al. [34] and Shashank and Abhay [35] reported
the occurrence of flavonoids in selected species of different plant families. In addition,
Nigel and Renee [36] reviewed over 796 naturally occurring flavonols, dihydroflavonols,
chalcones, dihydrochalcones, aurones and anthocyanins.

However, even though other reports have reviewed the phytochemical constituents of
Euphorbia species, most of the published reviews have exclusively focused on ethnomedici-
nal uses [2–6], isolated diterpenes [10], essential oils and triterpenoids [4]. For example,
Goel et al. [37] reviewed the structural diversity of phorbol esters while Shi et al. [38]
reported the pharmacological activities and chemical constituents of Euphorbia species. In
addition, Andrea and co-authors reviewed the structural diversity of Euphorbia diterpenes
covering the period 2008–2012, and their pharmacological activities [10], while Kemboi
et al. [4] reported the ethnomedicinal uses and the structural diversity of Euphorbia triter-
penoids. Rojas et al. [39] reviewed the phytochemical and functional properties of E.
antisyphilitica Zucc, while Yang et al. [40] described the traditional uses, phytochemistry
and pharmacological aspects of E. ebracteolata Hayata. In general, reports on Euphorbia
species have exclusively focused on isolated diterpenes and triterpenes with limited ref-
erence to flavonoids, and other phenolic constituents such as flavonoids over the past
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two decades, and there is no report of isolated Euphorbia flavonoids within this period.
Hence, in order to gain a more comprehensive understanding of Euphorbia flavonoids,
the current review reports the occurrence, isolation, structure, pharmacological activities
and the therapeutic potential of flavonoids of the genus Euphorbia covering the period
2000–2020. Harnessing this information can provide an updated database of compounds
of the Euphorbia species that may provide potential hits for drug discovery or developing a
useful pharmacopeia, as well as assisting in explaining the observed synergistic effect of
the crude extracts.

2. Literature Sources and Search Strategy

Information about the Euphorbia flavonoids, their chemistry, biosynthesis, structure,
biological activities, structure–activity relationships and potential therapeutic value was
obtained through an online literature search using terms such as ‘Euphorbia flavonoids’,
‘Euphorbia constituents’, ‘biological activities of Euphorbia flavonoids’, ‘therapeutic potential’
and ‘structure–activity relationship of Euphorbia flavonoids’ using online databases such as
Scopus, Scifinder, Wiley online, Springer Link, Science Direct, PubMed, and Google Scholar.
The online search was customized between the years 2000 and 2020 which resulted into
over 400 reports about Euphorbia, mainly in the English language that were easily accessible.
Of these over 100 reports relevant to the study that described studies on isolation and
elucidation of known and novel Euphorbia flavonoids, their biological activities, therapeutic
potential and the structure–activity relationships were selected. The retrieved information
was critically analyzed and searched for descriptions of previously described Euphorbia
flavonoids, their occurrence (extraction solvent and plant part used), structures, their
biological activities, therapeutic potential, and structure–activity relationships. Additional
information was obtained by reviewing and analyzing the cited references in the selected
articles. Hence, the present review provide an account of the previous and the latest
information on Euphorbia flavonoids isolated between January 2000 and December 2020,
their pharmacological activities, therapeutic potential and structure–activity relationships.

3. Flavonoids

Flavonoids are natural compounds with various phenolic structures biosynthesized
by plants [11]. Since the first isolation of a plant flavonoid, rutin, in 1930, there have been
over 6000 different types of flavonoids identified from plant species to date [11,41]. The
basic skeletal structure of flavonoids has 15 carbon atoms that are arranged to form a
C6-C3-C6 ring system. They are divided into different classes based on their molecular
structures and the degree of oxidation and unsaturation of the linking chain at C-3. They
are biosynthesized in plants via the shikimic acid pathway [11,12,16] as summarized in
Figure 1.

The initial stage is the condensation of a p-coumaroyl-CoA molecule with 3 molecules
of malonyl-CoA to give chalcone in the presence of the chalcone isomerase enzyme. Chal-
cone is further isomerized by chalcone flavanone isomerase enzyme (CHI) to form fla-
vanone. Thereafter, the pathway diverges to several other branches to produce differ-
ent classes of flavonoids such as flavonols, flavones, flavonones or their dihydroderiva-
tives [11,12] as illustrated in Figure 1.

The position of the benzenoid substituent is the basis of their classification into 2-
phenylbenzopyrans, isoflavonoids (3-phenylbenzopyrans), neoflavonoids (4- phenylben-
zopyrans) and chalcones. However, flavonols differ from flavonones by the hydroxyl
substituent at C-3′ and C-2-C-3 double bonds (Havsteen, 1983). In most cases, flavonoids
have the hydroxyl group at C-3, C-5, C-7, C-2′, C-3′, C- C-4′, C-5′. For flavonoid glycosides,
the glycosidic linkage is unusually located at C-3 or C-7 and the carbohydrate attached can
either be D-glucose, L-rhamnose, glucorhamnose, galactose or arabinose [42]. As a conse-
quence, flavonoids are divided into seven major groups [35,43] as in Figure 2. However,
further information on classification and biosynthesis of plant flavonoids is not dealt with
in this review as the references can be consulted for detailed information.
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Figure 1. General biosynthetic pathway of flavonoids.

Figure 2. Representative structures of major classes of flavonoids.

4. Isolation of Euphorbia Flavonoids

Generally, flavonoids of the Euphorbia species are isolated using similar procedures
as employed for other chemical constituents. Since all Euphorbia parts accumulate these
constituents, the stems, aerial parts, roots, fruits, seeds, flowers and in some cases the
whole plant are usually investigated. The aerial part is commonly studied since it is known
to contain different phenolic compounds, especially flavonoids [44–46]. However, isolation
of these constituents is a complex procedure, because they occur in small quantities as com-
plex mixtures of sugars with similar or related structural parent skeletal framework. Thus,
their isolation and identification require the use of a multistep method. The common proce-
dure involves three main stages, including plant preparation, extraction and fractionation
of the crude extracts into discrete portions of similar Rf values, and isolation/purification.
The sample preparation mostly involves maceration of shade-dried and powdered plant
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material with methanol or ethanol at room temperature for several days. The resulted
filtrates are concentrated under reduced pressure to afford crude extracts. The organic
extracts are then subjected to column chromatography with differing step-gradient solvent
systems as eluents. Thereafter, the concentrated fractions are monitored by thin-layer chro-
matography (TLC) using various solvent systems. In cases where the species are rich with
flavonoids, the TLC chromatograms of the fractions that have been eluted display intense
yellow or brown spots when stained with p-anisaldehyde-sulphuric acid mixture [7].

In some cases, due to trace levels and the complexity of these constituents, they
are identified using updated techniques with better resolution and sensitivity such as
ultraperformance liquid chromatography coupled with quadrupole tandem time of flight
mass spectrometry (UPLC-Q-TOF-MS) or the more traditional techniques such as high-
performance liquid chromatography mass spectrometry (HPLC-MS) or vacuum liquid
chromatography (VLC) and rotation planar chromatography (RPC) over silica gel using
step gradient elution [44].

5. Flavonoids Isolated from Euphorbia Species

The current report documents the isolation, identification, structure, biological ac-
tivities, structure–activity relationships and the therapeutic potential of various types of
flavonoids from more than 30 Euphorbia species in the past two decades as summarized in
Table 1. Of the species that have been investigated, over 80 different types of flavonoids
(1–85) have been isolated from the aerial parts, roots, seeds and whole plant of these species.
Over 50 of these compounds were isolated from the aerial and roots extracts, representing
about 90% of all flavonoids reported. It could therefore be suggested that the concentration
of these chemical constituents is in the aerial and roots parts. Many of these compounds
were derived from the ethanol or methanol extracts of these plant parts. Among the in-
vestigated species, E. lunulata (number of isolated flavonoids (n) = 33) [26,47], E. humifusa
(n = 11) [48], E. hirta (n = 10) [49] and E. tirucalli (n = 8) [50] were frequently investigated
species, with E. lunulata [26,47] recording the highest number of isolated flavonoids (n = 33).
In contrast, E. mygdaloides [51], E. paralias [52], E. stenoclada [53], E. altotibetic [51,54], E.
allepica [51,55] and E. magalanta [51] were the least-investigated species, having the least
number of isolated flavonoids (n = 1). Others include E. helioscopia (n = 7) [56], E. lathyris
(n = 3) [57], E. humifusa [58], E. ebracteolata (n = 4) [59] and E. lunulata [60]. Future stud-
ies should therefore be directed on these species, as they remain a promising source of
bioactive constituents.

Most of the isolated flavonoids were flavonols and comprise simple O-substitution pat-
terns, C-methylation, prenylation, and adducts of quercetin (55) and kaempferol (30). Oth-
ers have a glycoside, glycosidic linkages and a carbohydrate attached at either C-3 or C-7,
and have been designated as D-glucose such as kaempferol 3-O-glucoside (31), L-rhamnose
such as kaempferol-3-L-rhamnoside (37), or glucorhamnose such as kaempferol-3-O-α-
rhamnoside-O-β-D-glucopyranoside (39). Of these, prenylated and glycosylated flavonols
remain the most abundant classes of reported flavonoids in the review period, representing
about 80% of all reported flavonoids in Euphorbia species to date. However, flavanones
and chalcones have also been reported within the review period. For instance, 2′,4,4′-
trihydroxychalcone (9) [56], has been reported from E. helioscopia. In addition, Laila [48]
reported the isolation of 3,5,3′-trihydroxy-6,7-D-methoxy-4′ (7”-hydroxygeranyl-1”-ether)
flavone (10) and 5,7,8,3′,4′-pentahydroxy-3-methoxyflavone (19) from the methanol extracts
of E. paralais and E. retusa, respectively. Reported literature also shows that the flavone
category makes up the second-largest group of flavonoids of the Euphorbia species, and in-
cludes apigenin (21), O-methylated flavones such as acacetin (20) from E. bivonae as well as
flavonoid glycosides such as rutin (81) from E. guyoniana, kaempferol-3-O-α-dirhamnoside-
O-β-D-glucopyranoside (39) from E. bivonae and kaempferol-3-rutinoside (15) from E. larica,
among others. Most of the studied species contain one or many different classes of these
flavonoids. Table 1 gives a summary of the isolated flavonoids, their structures, occurrence
and their pharmacological effect.
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Table 1. Reported flavonoids from Euphorbia species.

No Compound Structure and Name Classification Species Name Plant Part,
Solvent

Biological Effect Reference

1.

quercetin 3-O-β-D-rutinoside

Glucosidic
flavonol E. microsciadia Aerial, EtOH Antiproliferative [45]

2.

myricetin 3-O-β-D-galactopyranoside

Glucosidic
flavonol E. microsciadia Aerial, EtOH Antiproliferative [45]

3.

quercetin 3-O-β-D-galactopyranoside

Glucosidic
flavonol

E. microsciadia,
E. heterophylla Aerial, EtOH Antiproliferative [45,46]

4.

ampelopsin

Flavonol E. tirucalli Whole plant,
EtOH

Antibacterial,
antifungal [50]

5.

myricetin

Flavonol E. tirucalli Whole plant,
EtOH

Antibacterial,
antifungal [49]
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Table 1. Cont.

No Compound Structure and Name Classification Species Name Plant Part,
Solvent

Biological Effect Reference

6.

hirtacoumaroflavonoside
(7-O-(p-coumaroyl)-5,7,4-trihydroxy-
6-(3,3-dimethylallyl)-flavonol-3-O-β-
D-glucopyr-anosyl-(2”→1”′)-O-α-L-

rhamnopyranoside)

Carbohydrate
flavonol E. hirta Roots, MeOH Inhibitory activity

(α-glucosidase) [49]

7.

dimethoxyquercitrin

Glucosidic
flavonol E. hirta Roots, MeOH Inhibitory activity

(α-glucosidase) [49]

8.

2-(3,4-dihydroxy-5-methoxy-phenyl)-
3,5-dihydroxy-6,7-

dimethoxychromen-4-one

Flavonol E. neriifolia EtOH, leaves Ant-oxidant [61]

9.

2′,4,4′-trihydroxychalcone

Chalcone E. helioscopia Whole plant,
EtOH Not evaluated [56]

10.

3,5,3′-trihydroxy-6,7-dimethoxy-4′
(7”-hydroxygeranyl-1”-ether) flavone

Flavone E. paralais Whole plant,
MeoH Not evaluated [48]
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Table 1. Cont.

No Compound Structure and Name Classification Species Name Plant Part,
Solvent

Biological Effect Reference

11.

3,5,7-trihydroxi-2-(3′,4′,5′
trihidroxefenil)-2,3

dihidrobenzopiran-4-ona

Flavonol E. tirucalli,
E. helioscopia

Roots, EtOH Antimicrobial [50,56,62]

12.

3,5,7-trihydroxy-8-
methoxyflavone

Flavone E. lunulata Aerial, EtOH [26,47]

13.

3,5,7-trihydroxy-2-2(3′, 4′,
5′-trihydroxyphenyl)

benzopyran-4-one

Flavonol E. tirucalli Roots, EtOH Antimicrobial [50,63]

14.

3-O-methylquercetin

Flavonol E. lunulata Aerial, EtOH Antiproliferative [25,26]

15.

kaempferol 3-O-rutinoside

Glucosidic
flavonol

E. larica,
E. virgata,

E. mgalanta,
E. helioscopia,

E. bivonae,
E. ebracteolata

Whole plant,
EtOH Not evaluated [56,64–

66]

16.

5,7,2′,5′-tetrahydroxyflavone

Flavone E. lunulata Aerial, EtOH Antiproliferative [25,26]
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Table 1. Cont.

No Compound Structure and Name Classification Species Name Plant Part,
Solvent

Biological Effect Reference

17.

hirtaflavonoside-B (5,7,3′,4′
–trihyroxy-6-(3,3 –dimethyl

allyl)-8-9-iso-butenyl)-flavonol-3-O-β-
D-glucosidase)

Glucosidic
flavonol E. hirta Roots, MeOH Inhibitory activity

(α-glucosidase) [49]

18.

6-methoxyapigenin

Flavone E. larica,
E. lunulata Aerial, EtOH Antiproliferative [29,67]

19.

5,7,8,3′,4′-pentahydroxy-3-
methoxyflavone

Flavone E.retusa Whole plant,
MeoH Not evaluated [48]

20.

acacetin

Flavone E. bivonae Roots, MeOH Not evaluated [66]

21.

apigenin

Flavone E. lunulata,
E. condylocarpa Aerial, EtOH

Antiproliferative,
antioxidant,

anti-tumour, anti-
inflammatory,
antibacterial,

antiproliferative

[25,26,68]

22.

apigenin-7-O-(6′ ′-
O-galloyl)-β-D-glucopyranoside

Glucosidic
flavone E. humifusa Whole plant,

EtOH Anti-HBV [58]
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Table 1. Cont.

No Compound Structure and Name Classification Species Name Plant Part,
Solvent

Biological Effect Reference

23.

apigenin-7-O-β-D-glucoside

Glucosidic
flavone

E. lunulata,
E. humifusa Aerial, EtOH Anti-HBV [26,54,58]

24.

aromadendrin

Flavonol E. cuneate Aerial, EtOH Antiulcerogenic [69]

25.

glabrone

Flavone E. helioscopia Whole plant,
EtOH Not evaluated [56]

26.

hyperoside

Flavone E. lunulata Aerial, EtOH Antiproliferative [26,70]

27.

hyperin

Glucosidic
flavonol E. lunulata Whole plant,

C3H6O Antiproliferative [60]

28.

isoquercetin

Glucosidic
flavonol

E. lunulata,
E. tirucalli,

E. ebracteolata
Aerial, EtOH Antiproliferative [25,26,50,

71]
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Table 1. Cont.

No Compound Structure and Name Classification Species Name Plant Part,
Solvent

Biological Effect Reference

29.

jaceosidin

Flavone E. lunulata Aerial, EtOH Antiproliferative [26,67]

30.

kaempferol

Flavonol

E. guyoniana,
E. allepica,

E. charnaesyce,
E. rnagalanta,

E. virgate,
E. lunulata,

E. hirta,
E. wallichii

Aerial;
C3H6O:MeOH,

whole plant;
Me2CO2, Leaf;

EtOH

Not evaluated [26,29,55,
72–74]

31.

kaempferol 3-O-glucoside

Glucosidic
flavonol

E. guyoniana,
E. rnagalanta,
E. charnaesyce,

E. virgata

Aerial,
C3H6O:MeOH,

Leaf; EtOH
Not evaluated [29,72]

32.

kaempferol 3-O-β-D-glucopyranoside

Glucosidic
flavonol

E. altotibetic,
E. retusa Whole plant [54]

33.

kaempferol 3-O-β-D-glucopyranosyl-
(1→4)-α-L-rhamnopyranosyl-(1→6)-β-

D-galactopyranoside

Carbohydrate
flavonol E. ebracteolata Aerial, EtOH Not evaluated [59]

34.

isorhamnetin

Flavanone

E. hirta,
E. guyoniana,

E. charnaesyce,
E. rnagalanta,

E. amygdaloides

Aerial,
C3H6O:MeOH,

Leaf; EtOH
Not evaluated [29,72,75]
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Table 1. Cont.

No Compound Structure and Name Classification Species Name Plant Part,
Solvent

Biological Effect Reference

35.

kaempferol-3-O-β-D-glucuronide

Glucosidic
flavonol E. lathyris Aerial, EtOH Cytotoxic [57]

36.

kaempferol-3-glucuronide

Glucosidic
flavonol E. lathyris Aerial, MeoH Not evaluated [51,57]

37.

kaempferol-3-L-rhamnoside

Carbohydrate
flavonol E. lunulata Aerial, EtOH Antiproliferative [26,70]

38.

kaempferol-3-O-(6′ ′-galloyl)-β-D-
glucoside

Carbohydrate
flavonol

E. lunulata,
E. fischeriana,

E. esula
Aerial, EtOH Antiproliferative [26,76]

39.

kaempferol-3-O-α-rhamnoside-O-β-D-
glucopyranoside

Carbohydrate
flavonol E. bivonae Roots, MeOH Not evaluated [66]

40.

kaempferol-3-O-β-D-glucoside

Glucosidic
flavonol

E. lunulata,
E. fischeriana,

E. esula
Aerial, EtOH Antiproliferative [26,76]
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41.

4′-O-methoxy-luteolin-7-O-
rhamnoglucoside

Carbohydrate
flavonol E. cuneate Aerial, EtOH Antiulcerogenic [69]

42.

kaempferol-3-β-D glucopyranosyl

Glucosidic
flavonol E.retusa Whole plant,

MeoH Not evaluated [48]

43.

kaempferol-7-O-β-D-glucoside

Glucosidic
flavonol

E. lunulata,
E. fischeriana,

E. esula
Aerial, EtOH Antiproliferative [26,76]

44.

licochalcone A

Chalcone E. helioscopia Whole plant,
EtOH Not evaluated [56]

45.

licochalcone B

Chalcone E. helioscopia Whole plant,
EtOH Not evaluated [56]

46.

luteolin

Flavone
E. lunulata,

E. hirta,
E. humifusa,
E. bivonae

Aerial, whole
plant, roots,

EtOH,
Antiproliferative,

Anti-HBV
[25,26,58,

66,73]
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47.

luteolin-7-O-(6′ ′-O-coumaroyl)-β-D-
glucopyranoside

Glucosidic
flavonol E. humifusa Whole plant,

EtOH Anti-HBV [58]

48.

luteolin-7-O-(6′ ′-O-trans-
feruloyl)-β-D-glucopyranoside

Glucosidic
flavonol E. humifusa Whole plant,

EtOH Anti-HBV [58]

49.

luteolin-7-O-β-D-glucopyranoside

Glucosidic
flavonol E. humifusa Whole plant,

EtOH Anti-HBV [58]

50.

myricetin

Flavonol E. lunulata,
E. wallichii Aerial, EtOH Antiproliferative [25,26,74]

51.

myricetin-3-O-(2′ ′,3′ ′-digalloyl)-β-D-
galactopyranoside

Carbohydrate
flavone E. lunulata Aerial, EtOH Antiproliferative [25,26]

52.

myricetin-3-O-(2′ ′-galloyl)-β-D-
galactopyranoside

Carbohydrate
flavone E. lunulata Aerial, EtOH Antiproliferative [25,26]
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53.

myricitrin

Glucosidic
flavone E. lunulata Aerial, EtOH Antiproliferative [25,26]

54.

naringenin-7-O-β-D-glucoside

Glucosidic
flavone E. lunulata Aerial, EtOH [26,54]

55.

quercetin

Flavonol

E. guyoniana,
E. stenoclada,

E. hirta,
E. neriifolia,

E. charnaesyce,
E. rnagalanta,

E. virgate,
E. lunulata,
E. humifusa,

E. helioscopia,
E. tirucalli

Aerial, leaves,
C3H6O:MeOH,

Leaf; EtOH

Antiproliferative,
anti-HBV,

antidiarrheal,
anticancer,

antimalarial,
antibacterial,

antifungal

[26,29,50,
53,58,62,
67,72,77]

56.

quercetin 3-O-(2′,3′-digalloyl)-β-D-
galactopyranoside

Carbohydrate
flavonol E. lunulata Whole plant,

C3H6O Antiproliferative [60]

57.

quercetin 3-O-(2′-galloyl)-β-D-
galactopyranoside

Carbohydrate
flavonol E. lunulata Whole plant,

C3H6O Antiproliferative [60]

58.

quercetin 3-O-(2”,3”-digalloyl)-β-D-
galactopyranoside

Carbohydrate
flavonol E. lunulata Roots, MeOH Antiproliferation

activity [78]
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59.

quercetin 3-O-(2”-galloyl)-β-D-
galactopyranoside

Carbhydrate
flavonol E. lunulata Roots, MeOH Antiproliferation

activity [78]

60.

quercetin 3-O-6′ ′-(3-hydroxyl-3-
methylglutaryl)-β-D-glucopyranoside

Glucosidic
flavonol E. ebracteolata Aerial, EtOH Not evaluated [59]

61.

quercetin 3-O-6′-(3hydroxyl-3-
methylglutaryl)-β-D-glucopyranoside

Glucosidic
flavonol E. ebracteolata Aerial, MeOH Not evaluated [78,79]

62.

quercetin 3-O-glucoside

Glucosidic
flavonol

E. guyoniana,
E. charnaesyce,

E. virgate,
E. paralias,

E. condylocarpa

Aerial, whole
plant,

C3H6O:MeOH,
Leaf; EtOH

Anticancer
against colon,
breast, hepato

cellular and lung
cancer cell lines,

inhibitory
activities

[29,52,68,
72]
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63.

quercetin 3-O-α-L-rhamnopyranoside

Carbohydrate
flavonol E. heterophylla Aerial, EtOH Not evaluated [46]

64.

quercetin 3-O-β-D-6′ ′-malonate

Carbohydrate
flavonol E. heterophylla Aerial, EtOH Not evaluated [46]

65.

quercetin 3-O-β-D-glucopyranoside

Glucosidic
flavonol

E. paralias,
E. humifusa,

E. microsciadia,
E. heterophylla,
E. ebracteolata

Whole plant,
Aerial, EtOH Ant-HBV [45,52,58,

71]

66.

quercetin-3-O-β-glucuronic

Glucosidic
flavonol

E. lunulata,
E. esula Aerial, EtOH Antiproliferative [26,80]

67.

quercetin-3-L-rhamnoside

Carbohydrate
flavonol E. lunulata Aerial, EtOH Antiproliferative [26,70]

68.

quercetin-3-O-
(2′ ′-galloyl)-β-D-galactopyranoside

Glucosidic
flavonol E. lunulata Aerial, EtOH Antiproliferative [26,70]
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69.

quercetin-3-O-(2′ ′,3′ ′-
digalloyl)-β-D-galactopyranoside

Glucosidic
flavonol E. lunulata Aerial, EtOH Antiproliferative [26,70]

70.

quercetin-3-O-(6′ ′-galloyl)-β-D-
galactopyranoside

Carbohydrate
flavonol E. lunulata Aerial, EtOH [26,54]

71.

quercetin-3-O-α-L-rhamnosyl
(1→6)-β-D-galactoside

Carbohydrate
flavonol E. humifusa Whole plant,

EtOH Anti-HBV [58]

72.

quercetin-3-O-α-rhamnoside

Carbohydrate
flavonol E. hirta Whole plant,

MeOH
Anti-snake

venom activity [81]

73.

quercetin-
3-O-β-

D-glucopyranosyl-
(1-4)-O-α-L-rhamnopyranoside

Carboydrate
flavonol E.drancunculoides Aerial, EtOH Cytotoxic [82]
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74.

quercetin-3-O-β-D-galactoside

Glucosidic
flavonol E. humifusa, Whole plant,

EtOH,
Anti-HBV,
cytotoxic [58]

75.

quercetin-3-O-β-L-rhamnoside

Carbohydrate
flavonol

E. lunulata,
E. fischeriana,

E. esula
Aerial, EtOH Antiproliferative [26,76]

76.

quercetin-7-O-β-D-glucoside

Glucosidic
flavonol

E. lunulata,
E. fischeriana,

E. esula
Aerial, EtOH Antiproliferative [26,76]

77.

quercetin 3-O-6′ ′-(3-hydroxy-3-
methylglutaryl)-β-D-glucopyranoside

Glucosidic
flavonol E. ebracteolata leaves [83]

78.

quercitrin

Glucosidic
flavonol

E. stenoclada,
E. tirucalli

Aerial, MeOH,
EtOH

Antiproliferative,
antibacterial,

antifungal
[50,53]
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79.

pinocembrin

Flavone E. hirta Aerial, EtOH Not evaluated [75]

80.

rhamnetin-3-α-arabinofuranoside

Carbohydrate
flavonol

E. lathyris,
E-amygdaloides Aerial, EtOH Not evaluated [51,75]

81.

rutin

Glucosidic
flavonol

E. guyoniana,
E. charnaesyce,
E. rnagalanta,

E. virgate,
E. tirucalli,

E. ebracteolata

Aerial,
C3H6O:MeOH,

Leaf; EtOH
Antibacterial,

antifungal
[29,50,71,

72]

82.

eriodictyol

Flavone E. matabelensis Stems, MeOH Antiproliferative [84]

83.

naringenin

Flavone E. matabelensis Stems, MeOH Antiproliferative [84]

84.

5,7,3′,4′ -trihyroxy-6-(3,3 –dimethyl
allyl)-8-9-iso-butenyl)-flavonol-3-C-β-

D-glucosidase

Glucosidic
flavonol E. hirta Aerial, MeOH Inhibitory activity

(α-glucosidase) [85]
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85.

apigenin-7-O-β-D-
apiofuranosyl(1→2)-β-D-

glucopyranoside

Glucosidic
flavonol E. humifusa Whole plant,

EtOH Anti-HBV [58]

86.

isoaromadendrin-7-O-β-D-
glucopyranoside

(isosinemsin)

Glucosidic
flavonol E. cuneata Whole plant,

EtOH Hypertensive [86]

Some flavonoids such as rhamnetin-3-α-arabinofuranoside (80) from E. amygdaloides,
kaempferol-3-glucuronide (36) from E. lathyris [52,57] and quercetin-3-O-β-D-glucopyranosyl-
(1-4)-O-α-L-rhamnopyranoside (73) from E. drancunculoides were identified for the first
time in these species. Phytochemical investigation of E. humifusa ethanol extracts re-
sulted in isolation of 13 flavone glucosides. Among them were the uncommonly isolated
apigenin-7-O-(6′ ′-O-galloyl)-β-D-glucopyranoside (22), luteolin-7-O-β-D-glucopyranoside
(49), luteolin-7-O-(6′ ′-O-trans-feruloyl)-β-D-glucopyranoside (48) as well as luteolin-7-
O-(6′ ′-O-coumaroyl)-β-D-glucopyranoside (47). It was interesting to note that luteolin-
7-O-(6′ ′-O-trans-feruloyl)-β-D-glucopyranoside (48) and luteolin-7-O-(6′′-O-coumaroyl)-β-D-
glucopyranoside (47) had similar features as apigenin-7-O-(6′′-O-galloyl)-β-D-glucopyranoside
(22). The distinctive feature was that the parent structure of apigenin-7-O-(6′ ′-O-galloyl)-
β-D-glucopyranoside (22) was apigenin (21) with a galloyl substitution on glucoside,
while luteolin-7-O-(6′ ′-O-trans-feruloyl)-β-D-glucopyranoside (48) and luteolin-7-O-(6′ ′-
O-coumaroyl)-β-D-glucopyranoside (47) was luteolin (46) with a feruloyl and coumaroyl
substituent on the parent ring system, respectively [58].

In addition, flavonoids named kaempferol-3-O-β-D-glucopyranosyl-(1→4)-α-L-rhamn-
opyranosyl-(1→6)-β-D-galactopyranoside (33) and quercetin 3-O-6′ ′-(3-hydroxyl-3-methyl-
glutaryl)-β-D-glucopyranoside (60) from E. ebracteolata were reported for the first time by
Xin et al. [59]. This showed the structural diversity of Euphorbia flavonoids. A limited num-
ber of chalcones have also been isolated from Euphorbia species. For instance, licochalcone
A (44), 2′,4,4′-trihydroxychalcone (9), licochalcone B (45), and glabrone (25) were isolated
from E. helioscopia [56]. Most of these flavonoids were identified from the aerial extracts,
which also reported significant pharmacological activities. Chemical investigation of the
ethanolic root extracts of E. tirucalli using chromatographic procedures led to the isolation
of a previously unreported flavonoid called myricetin (5) [50]. In addition, previously
unreported quercetin 3-O-(2′,3′-digalloyl)-β-D-galactopyranoside (56) was isolated from
the acetone whole plant extract of E. lunulata [60]. This compound showed weak antiprolif-
erative activities and was found to mimic insulin that is bound with the galloyl group at
the galactosyl moiety. Hence, it could become one of the seed molecules that can be used
for the development of a nonpeptidyl insulin alternative medicine [60].
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6. Biological Studies, Structure–Activity Relationship and Therapeutic Potential

6.1. Cytotoxic Studies

In vitro evaluation of the ethanolic extract of E. stenoclada for its antiproliferative
activity against human airway smooth muscle cells (HASMC) was conducted by Chaabi
et al. [53]. The results showed that the ethanolic extract abolished completely the interleukin-
1β (IL-1β)-induced proliferation of HASMC with IC50 of 0.73 ± 0.08 μg/mL. However,
there was reduced activity of the fractionated crude extracts, suggesting that the crude
extract was active due to the synergetic effect of multiple compounds. In addition, no
cytotoxic effects were exhibited up to 20 μg/mL. Quercetin (55), the major constituent
isolated from this extract, showed moderate activity with IC50 of 0.49 ± 0.12 μg/mL.

The structure–activity relationship studies using methylated and glycosylated flavonols
showed that methylation reduces the antiproliferative activities, while glycosylation lost
the activity [53]. For all the quercetin heterosides used, none of them exhibited any activity
on the 1β (IL-1β)-induced proliferation of HASMC, an indication that the presence of the
hydroxyl group at C-3 is key in retaining the activity, as its substitution resulted in low
activity or complete loss of it. In addition, methylation of any of the hydroxyl groups
of flavonol also had a negative effect on the activity. This was the case even at higher
concentrations, suggesting that the free hydroxyl groups of quercetin (55) are all important
in retaining its activity and that its substitution by methylation and glycosylation results in
a lowering or loss of its activity [53]. It was also found to have a relaxant effect on guinea
pig trachea pre-contracted with histamine [78,87] as well as in vitro inhibition of histamine
release from the rat peritoneal mast cells by 95–97% [88]. This shows the therapeutic
potential of quercetin (55) as a promising antiasthmatic agent.

Analysis of the anticancer activities of the flavonoid rich extract of E. lunulata showed
that it could inhibit the growth of Lewis lung cancer cells in mice and the rabbit serum.
It was also shown to significantly inhibit the proliferation of lung cancer cells (A549) in
a concentration–time dependent manner. For instance, at a concentration of 20% for 72
h, the proliferation rate of lung cancer cells was 39.08% [89]. The authors suggested that
the plant extract could induce cell apoptosis by cell arrest in G1 phase. In addition, Gao
et al. [90] found that the hexane extract of E. lunulata could inhibit the proliferation of
human hepatoma (Hep-G2) cells also in a time–concentration dependent manner in vitro,
with an inhibition rate of 0.063 at 2.5 μg/mL and 0.69 at 80 μg/mL after 48 h. This was
further related to the mitochondrial pathways and/or cellular pathways of apoptosis.

The flavonoids eriodictyol (82) and naringenin (83) isolated from E. metabelensis tested
negative on human normal cells (HeLa), breast cancer (MCF-7) and epithelial human
breast cancer (MDA-MB-231) cell lines, and G-protein-gated inwardly rectifying potassium
(GIRK) channel-blocking activities in vitro. The IC50 values for naringenin (83) were
reported as 12.43 μM for HeLa, 5.78 μM for MCF-7, and 19.13 μM for MDA-MB-231
cells. Its blocking activity on GIRK channels was reported to be weak with inhibition
of 12.18% ± 1.39 for eriodictyol (82) and 13.50% ± 2.69 for naringenin (83), at 10.00 μM.
Despite the negative effect, these compounds possess promising anti-inflammatory, anti-
allergenic, antimicrobial, and antioxidant properties [77,84,91–93].

Phytochemical analysis of 15 Euphorbia species revealed the presence of flavonoids
from the methanol aerial extracts [51]. The plant extracts were evaluated for their in vitro
anticancer properties against human liver cancer (HepG-2) and breast cancer (MCF-7) cell
lines. The methanol extract of E. lactea exhibited good anticancer activities against HepG-2
and MCF-7 cell lines with IC50 of 5.20 and 5.10 μg/mL, respectively. Previous anticancer
assays of ethanolic extracts from the same species displayed significant activities against a
hepatic cancer cell line (HEp-2) with IC50 of 89.00 μg/mL [94]. In addition, similar studies
have shown that the extract of E. lactea displayed anticancer and anti-migratory activities
toward cellosaurus (HN22) cells [95]. It was also observed that the extracts of E. officinarum
and E. royleana showed significant activities against human colon cancer adenocarcinoma
cell lines (Caco-2) [51]. This was the first assay on the cytotoxicity of E. officinarum against
these cancer cell lines. Methanol extracts of E. trigona reported moderate cytotoxicity
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against MCF-7 and Caco-2 cells, while previous studies on the latex of E. trigona against
colon cancer cell lines (HT-29) were found to be inactive [96]. Notably, among the tested
Euphorbia extracts, only E. horrida, E. tirucalli and E. ingens were inactive against all three
tested cell lines. In contrast, previous studies reported good cytotoxic effects of E. tirucalli
butanol extract against MCF-7 cells as well as against human leukocytes, with IC50 of
between 100 and 150 μg/mL [97]. The observed anticancer activities were attributed to the
presence of identified phenolic and flavonoid constituents in the plant extracts.

Chemical investigation of E. paralias whole-plant extracts afforded quercetin-3-O-
β-D-glucoside (62). This compound exhibited moderate toxicity against human liver
cancer (HepG-2) and human lung cancer (A549) cells with IC50 values of 41 and 36 μM,
respectively [52]. It also displayed the ability to inhibit the glutamine synthase enzyme
with IC50 of 40 μM. Due to the fact that this enzyme is a potential target in the development
of new antimycobacterial agents and that it plays an important role as a virulent factor
of Mycobacterium tuberculosis, quercetin-3-O-β-D-glucoside (62) could be suggested for
development as a potential antituberculotic agent [52]. In addition, Salehi et al. [77]
reported the antidiarrheal activities of quercitrin (78) isolated from E. hirta decoction in
mice at doses of 50 mg/kg.

Cheng et al. [62] found that E. helioscopia had a high concentration of quercetin (55)
flavonoid. Evaluation of the extracts showed that it effectively inhibited the growth of
HepG2 (human hepatocellular carcinoma lines) at 50 μg/mL in vivo (p < 0.01).

Flavonoids show anti-inflammatory and antiproliferative properties through several
mechanisms of action such as inhibition of protein kinase and transcription factors, inhibi-
tion of phosphodiesterase impact on arachidonic acid metabolisms and effects in immune
system, among others. Since protein kinases are essential in signal transduction during cell
activation in inflammation, some flavonoids are known to target multiple central kinases
involved in the processes of multiple signaling pathways [98]. Flavonoids have also been
reported to inhibit kinases such as protein kinase C, phosphatidylinositol kinase, phospho-
inositol kinase, tyrosine kinase or cyclin-dependent kinase-4 [99,100]. They are suggested
to modulate protein kinases by inhibiting the transcription factors, such as nuclear factor
kappa-light chain enhancer of activated B cells (NF-κB) [101], which regulates different
chemokines, cytokines and cell adhesion molecules that are involved in inflammation.
For example, quercetin (55) has been used as an effective colorectal cancer agent and has
been shown to exhibit different mechanisms of action, among them antioxidant activity,
cell-cycle arrest, modulation of estrogen receptors, increase in apoptosis, inhibition of
metastasis, regulation of signaling pathways and angiogenesis [102]. Luteolin (46) has
shown anticancer activities in hepatocellular carcinoma (HCC) through a pro-apoptotic
process and cell-cycle arrest at the G2/M stage [103].

In respect to the inhibition of phosphodiesterase enzyme impact on arachidonic acid
metabolisms, flavonoids are known to inhibit the phosphodiesterases signals such as
cAMP phosphodiesterase which is a key messenger molecule that regulates cell functions
during inflammation stages. Flavonoids have the potential to block phosphodiesterases
cAMP degradation and prolong cAMP signaling of the enzyme, thereby exhibiting anti-
inflammatory properties [104]. Kaempferol (30) was found to stimulate body antioxidants
against free radicals that may cause cancer [105], while myricetin (5) showed significant
anti-inflammatory and anticancer activities by targeting different metabolic pathways
in mitochondria that may result in cancer-cell death [106]. Furthermore, the synthetic
polylactic-co-glycolic acid (PLGA) nanoparticles from the flavonoid hesperidin decreased
the cell viability against C6 glioma cells [106,107]. In addition, the most common benzo-
furanone, an anticancer flavonoid, was found to have different mechanisms of action
against cancer cells as it has multiple targets such as acting on cyclin dependent kinase,
adenosine receptor, histone deacetylase, microtubules, telomerase and sirtuins [108].

During inflammation, arachidonic acid is produced from the phospholipids of the
plasma membranes by the phospholipase A2 (PLA2) enzyme. The acid is then oxidized
by different oxygenases enzymes to produce thromboxanes, leukotrienes prostaglandins
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and other inflammatory mediators [109]. Flavonoids can inhibit such enzymes that are
involved in this process (metabolism of arachidonic acid) and hence reduce the discharge
of inflammatory mediators resulting from this pathway. Flavonoids are further suggested
to inhibit the biosynthesis of thromboxanes, prostaglandins and leukotrienes by inhibition
of the phospholipase A2 (PLA2) [110,111] and cyclooxygenase (COX) [112] enzymes.

Flavonoids can also inhibit maturation of dendritic cells (DCs) by suppressing mat-
uration markers such as CD80, CD86, which are relevant for CD4+T lymphocytes cell
activation [113,114]. Flavonoids influence the inflammatory response of dendritic cells by
modulation of the iron metabolism [115]. Other studies have shown that some flavonoids
decrease the discharge of histamine or prostaglandin from mast cells or can lead to inhi-
bition of pro-inflammatory cytokines or chemokine production in neutrophils, mast cells
and other immune cells [116–118]. It has also been demonstrated that flavonoids can bind
to cytokine receptors such as the IL-17RA subunit of the IL-17 receptor, leading to the
attenuation in its signaling. They can also inhibit the downstream signaling from receptors
such as the high affinity receptor and other receptors at the site of inflammation [119].

6.2. Antioxidant Activities

Phytochemical investigation of E. neriifolia resulted in identification of the 2-(3,4-
dihydroxy-5-methoxy-phenyl)-3,5-dihydroxy-6,7-dimethoxychromen-4-one (8) flavonoid
from the leaf ethanol extract. This compound scavenged free radicals and reactive oxy-
gen species (ROS), and inhibited lipid peroxidation with antioxidant activity of 76.15%
compared to ascorbic acid at 75.6%. This suggests that compound (8) may have anti-
cancer potential if such activity can be replicated in vivo. The high concentration of such
flavonoids in E. neriifolia has been predicted to be responsible for the observed antioxidative
mechanisms, which may be useful therapeutically, as oxidation has been implicated in
causing several degenerative diseases [61].

A previous study by the same group reported that the pre-hepato-carcinogenesis,
which is commonly induced by N-nitrosodiethylamine (DENA), was inhibited by the 70%
hydro-ethanolic (v/v) extract of E. neriifolia and by the isolated flavonoid (8) [120]. These
bioactive constituents, especially flavonoids and saponins, are known to neutralize the
free radicals and other metabolic intermediate products that are highly reactive due to
the presence of an unpaired electron. Hence, they are attributed to the observed protec-
tive histological effects. These findings could therefore be essential in validation of the
ethnomedicinal uses and therapeutic potential of this plant.

Phytochemical investigation of E. lathyris showed that the root extract has the highest
concentration of rutin flavonoids. However, the antioxidant evaluation of the testa, root and
seed extracts showed that 2,2-diphenyl-1-picrylhydrazyl (DPPH) free-radical scavenging
activity was highest for the testa extracts (61.29 ± 0.29 mmol Trolox/100 g dry weight of
free compounds), while the highest ferric-reducing antioxidant power was shown by the
seed extracts (1927.43 ± 52.13 mg FeSO4/100 g dry weight of free compounds). It was also
established that the DPPH free-radical scavenging activities are dependent on the total
phenolic content for different parts of E. lathyris extracts, which means that the higher the
concentration of flavonoids and other phenolic compounds, the higher is the activity [121].

The postulated mechanism of action of these flavonoids as antioxidants is protection
against lipid peroxidation that results in cell death. Quercetin (55), a free radical scavenger,
was found to exert a protective effect. Furthermore, it was found to prevent free-radical-
induced tissue damage in different ways. The most common is suggested to be the direct
scavenging of free radicals. By doing so, the flavonoid, specifically quercetin (55), could
inhibit the oxidized low-density lipoprotein (LDL) oxidation in vitro [122]. This action is
known to protect against atherosclerosis. In addition, quercetin (55) can offer other potential
therapeutic application in the prevention and treatment of allergies, fever and asthma.
It was also found to work better when it is used in combination with bromelain [122].
Indeed, flavonoids such as quercetin (55) are common in foods such as apples, onions,
tea, nuts, berries, cauliflower and cabbage among others. They can therefore provide
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many health-promoting benefits such as improving cardiovascular health, treatment of eye
diseases, arthritis and, allergic disorders, as well as reducing the risk of cancers. Chemical
analysis of the ethyl acetate aerial extracts of E. geniculata resulted in isolation of rutin (81),
quercetin-3-O-rhamnoside (75), quercetin-3-O-β-D- glucopyranoside (65), and quercetin
(55). The nephroprotective potential of the plant extract was further evaluated in male
rats with thioacetamide-induced kidney injury. The results showed marked nephrotoxicity
and were suggested to be through the alteration of kidney biomarkers and improving the
redox status of the tissue, hence bringing the serum biochemical parameters to normal
levels [123].

Within the larger Euphorbiaceae species, other genera have been reported to contain
antioxidant flavonoids. For instance, chemical analysis of Croton species; C. andinus, C.
argentines, C. catamarcensis, C. cordobensis, C. curiosus, C. lachnostachyus, C. lanatus, C. saltensis
and C. serratifolius revealed the presence of O-glycosides flavonols, including kaempferol,
quercetin and isorhamnetin as well as flavones such as apigenin. There was a significant
degree (p > 0.05) of correlation between relative abundances of phenolic content and
quercetin derivatives in these species, with the reducing antioxidant potential [124].

6.3. Anti-Hepatitis Activities

All the isolated flavonoids from E. humifusa were evaluated for their anti-HBV activity
in vitro [58]. The compounds were assayed for their anti-HBV potential by observing
the inhibitory secretion of hepatitis B surface antigen (HBsAg) and hepatitis B e-antigen
(HBVe, HBeAg) in HBV-infected HepG-2 cells, at a non-cytotoxic concentration. The
flavonoids apigenin-7-O-β-D-glucopyranoside (23) and apigenin-7-O-(6′ ′-O-galloyl)-β-D-
glucopyranoside (22) significantly blocked the secretion of HBsAg and HBeAg in a dose-
dependent manner. Apigenin-7-O-β-D-glucopyranoside (23) inhibited HBsAg secretion
and HBeAg secretion by 77.2% and 55.5%, respectively, at a non-cytotoxic concentration
of 40 μgmL−1, This was slightly higher than that of apigenin-7-O-(6′ ′-O-galloyl)-β-D-
glucopyranoside (23) with inhibition of 82.2% and 65.6% for HBsAg and HBeAg secretion,
respectively, at non-cytotoxic concentrations of 80 μgmL−1. Apigenin-7-O-(6′ ′-O-galloyl)-
β-D-glucopyranoside (22) has a similar structure to apigenin-7-O-β-D-glucopyranoside
(23) except for the substitution of a galloyl group on C-6 of glucoside. Therefore, it was
postulated that the galloyl group could be important in retaining the anti-HBV activity [58].

In contrast, luteolin-7-O-β-D-glucopyranoside (49) and luteolin-7-O-(6′ ′-O-trans-feruloyl)-
β-D-glucopyranoside (48) showed weaker anti-HBV activity, as they had 50% and 33.9%
secretion inhibition of HBsAg and HBeAg, respectively, at a non-cytotoxic concentration
of 30 μgmL−1. In addition, luteolin-7-O-(6′ ′-O-coumaroyl)-β-D-glucopyranoside (48) dis-
played weak activity with secretion inhibition of HBsAg and HBeAg at 18.6% and 58.9% at
a concentration of 80 μgmL−1. Luteolin (46), and quercetin (55), on the other hand, were
inactive in relation to their high cytotoxicity. In addition apigenin-7-O-β-D-apiofuranosyl
(1→2)-β-D-glucopyranoside (85), quercetin-3-O-α-L-rhamnosyl(1→6)-β-D-galactoside (84),
quercetin-3-O-β-D-glucopyranoside (65) and quercetin-3-O-β-D-galactoside (74) (quercetin
glucoside) showed no effect. The structure–activity relationship studies revealed that the
parent structure (Figure 3) was essential to the anti-HBV activity of these compounds. It
was also established that the number of glucosides in the parent structure could signif-
icantly influence their cytotoxicity. Furthermore, substitution of an acyl moiety for the
glucoside is also important in retaining the anti-HBV activities of these compounds [58].

Analysis of the aerial part extracts of E. microsciadia resulted in isolation of four (1–3, 65)
flavonoids for the first time from this species [45]. These compounds were further evaluated
for their immunomodulatory activities in vitro. The results showed lower lymphocyte
suppression activity for all the flavonoids compared to prednisolone, the standard drug.
It was also established that the suppressive activities of flavonoids having a hydroxyl
group at both C-3′-and C-4′ in their B-ring such as quercetin 3-O-β-D-galactopyranoside (3)
were more active than those with C-3′, C-4′ and C-5′ hydroxyl substitution as in myricetin
3-O-β-D-galactopyranoside (2). In addition, quercetin 3-O-β-D-rutinoside and myricetin 3-
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O-β-D-galactopyranoside (2) were inactive even at a higher concentration of 50 μg/mL [45].
It can therefore be rationalized that the hydroxyl groups at C-3, C-3′, C-4′, C-5′ and
the parent structure are essential in retaining the activities and that glycosylation and
methylation of these hydroxyl groups lowers the activity. Hence, they can be considered as
key pharmacopheric elements of flavonoids as illustrated in Figure 3.

Figure 3. Summary of key pharmacopheric elements of flavonoids.

This was in agreement with previous reports that showed reduction of in vitro biolog-
ical activities of the glycosylated form of these flavonoids [125]. Glycosylation of quercetin
flavonoids reduces the in vitro biological activities compared to their corresponding agly-
cone forms. The lymphocyte antiproliferative activities of these compounds suggests that
the type and the size of the sugar moiety influences the suppression activity on the T-cells.
In other similar studies, using five different cell lines (colorectal adenocarcinoma (HT-29),
lung carcinoma (A549), breast cancer (MCF-7), hepatocellular carcinoma (HepG-2) and
colorectal carcinoma (HCT-116)), quercetin 3-O-β-D-galactopyranoside (2) showed the
highest growth inhibitory rate of 20% in HT-29 and HepG-2, while rutin (81) recorded an
inhibitory rate of 15% [126]. Flavonoids have also been suggested to have the capability to
inhibit the production of superoxide enzymes such as xanthine oxidase and protein kinase
C (PKC). PKC plays a significant role in the activation of T-cells. Hence, the inhibition
of PKC by these compounds could be suggested to be their mechanism of action for the
observed lymphocyte antiproliferative activities [126].

6.4. Anti-Venom Activities

Quercetin-3-O-rhamnoside (72) from the methanol extract of E. hirta demonstrated
inhibition of the protease, phospholipase (PLA2), hyaluronidase and hemolytic activity
of lyophilized snake venom. There was also an increase in survival time of mice that
were injected with a mixture of snake venom with quercetin-3-O-rhamnoside (72). An
increase in concentration of quercetin led to a reduction in edema to 107%, suggesting the
inflammation inhibition that is caused by the venom. This could validate the medicinal
application of this species traditionally in treating snake and scorpion poisoning [2,4].
Exploring such multifunctional plant molecules with anti-venom activities could further
help in development of alternative and complementary medicine for snake- and scorpion-
bite treatments, particularly in rural areas where the distribution of snake antivenom is
not available. Furthermore, in silico molecular-docking analysis showed that quercetin-
3-O-rhamnoside (72) interacts more efficiently through hydrogen bonds. The presence of
a sugar substituent in quercetin-3-O-rhamnoside (72) was found to enhance the enzyme-
ligand interactions. This was supported by findings of molecular dynamic simulations
in vitro that showed the presence of various amino acid residues at the substrate binding
sites of quercetin-3-O-rhamnoside (72) over quercetin (55). This study can therefore provide
a scientific basis for the use of E. hirta extracts in traditional medicines [81]. In a related
study, two Jatropha (Euphorbiaceae) species showed marked anti-edematogenic activities.
While there was no observed difference when the extracts of the two species (J. mollissima
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and J. gossypiifolia) were administered by oral route (p > 0.05), through the intraperitoneal
route J. gossypiifolia exhibited promising anti-edematogenic activity (p < 0.001) higher than
J. mollissima. In antimicrobial studies, only J. gossypiifolia displayed antibacterial activity
against Staphylococcus aureus, Staphylococcus epidermidis and Bacillus cereus with MIC value
of 6.0 μg/μL compared to Vancomycin with MIC value of 0.5 μg/μL [127].

6.5. Antimalarial Activities

The methanol extract of E. hirta aerial parts exhibited 90% growth inhibition against
Plasmodium falciparum at 5 μg/mL and displayed low toxicity against multidrug-resistant
KB 3-1 cells [16]. This demonstrates the potential of this plant as an antimalarial agent,
which supports the traditional uses in treatment of microbial infections [2]. Moreover, from
this extract through a bio-guided methodology, flavonols were identified as quercitrin
(78), and myricitrin (53). These flavonoids were able to inhibit the proliferation of the
protozoan parasite responsible for malaria disease, Plasmodium falciparum strains FCR-3
(cycloguanil-resistant from Gambia) and CDC1 (chloroquine sensitive), with similar IC50
values 2.50 to 11.60 μM, respectively [16]. Antiplasmodial studies of ethanol extracts of the
E. hirta whole plant showed that the flavonoid rich ethanol extracts did not suppress the
chloroquine-sensitive strains of Plasmodium in vivo. The extract reduced the parasetemia
levels at 44.36% compared to Camosunate (68.35%) [128]. Moreover, in vivo studies on
the effects of flavonoids on mean arterial blood pressure and heart rate in albino rats
showed that isoaromadendrin-7-O-β-D-glucopyranoside (isosinemsin) isolated from E.
cuneata exhibited a decrease in blood pressure and heart rate at 16.6 mmHg and 16.6%,
respectively [87].

6.6. Antibacterial and Antifungal Activities

Evaluation of extracts and isolated compounds from E. tirucalli displayed significant
antibacterial and antifungal activities of the extracts against Staphylococcus aureus ATCC
6538, S. brasiliensis UFPE 121, E. coli ATCC 8739 and C. albicans UFPE 0231, with minimum
inhibition (MIC) values ranging between 256 to 1024 μg/mL. Ampelopsin (4) was the most
active compound with MIC value of 16 μg/mL against E. coli ATCC 8739, compared to
tetracycline, with MIC value of 32 μg/mL. This demonstrates the antibacterial potential of
Euphorbia flavonoids compared to conventional antibiotics. In antifungal studies, myricetin
(5) showed the highest activity compared to amphotericin B against C. albicans UFPE 0231
with MIC value of 32 μg/mL compared to amphotericin B (16 μg/mL) [50]. Similarly,
chemical profiling of the hexane extract of E. royleana revealed high phenolic and flavonoid
contents and displayed significant antimicrobial activities [129]. The extract exhibited
antifungal activity against Aspergillus niger and antibacterial activity against the Gram-
positive bacteria Bacillus subtilis [129]. In addition, antibacterial evaluation of E. guyoniana
extracts showed that the strains used were more sensitive to the flavonoids fractions of
E. guyoniana with MICs varying from 1.47 to 61.78 mg/mL in the order of Staphylococcus
aureus > Streptococcus faecalis > Escherichia coli [130].

In related studies, antibacterial activities of flavonoids from other genera in the Eu-
phorbiaceae family have been reported. For instance, kaempferol 7-O-β-D-(6”-O-cumaroyl)-
glucopyranoside, isolated from Croton piauhiensis (Euphorbiaceae) leaves, was evaluated for
its antibacterial activities. The intrinsic antimicrobial activities and enhancement proper-
ties of this compound against Pseudomonas aeruginosa Escherichia coli and Staphylococcus
aureus strains were further investigated. The results revealed that kaempferol 7-O-β-D-
(6”-O-cumaroyl)-glucopyranoside had no antibacterial activity against strains tested at
concentrations <1024 μg/mL. The combination of kaempferol 7-O-β-D-(6”-O-cumaroyl)-
glucopyranoside at a concentration of 128 μg/mL with gentamicin exhibited synergistic
effects against S. aureus and E. coli and also reduced the minimum inhibition (MIC) from
16 μg/mL to 4 μg/mL and 8 μg/mL, respectively [131]. In contrast, Ali et al. [132] showed
that 5-7-dihydroxyflavone from Oroxylum indicum inhibited the growth of Gram-negative
bacteria such as E. coli and P. aeruginosa. In the same study, the authors reported that the
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baicalein flavonoid exhibited weak activities against Gram-positive bacteria such as Bacillus
subtilis and S. aureus. The weak activity was attributed to the presence of a new group at
C-6. The activities with synergistic effects were attributed to the hydroxyl phenyl groups
that have high affinity for proteins [133].

Even though the mechanisms of action of various Euphorbia flavonoids have not
been fully explored, various mechanisms of action of plant flavonoids have previously
been fronted. Flavones are suggested to form a complex with components of the cell
wall and thus inhibit further adhesions or microbial growth. For instance, licoflavone C
isolated from Retama raetam flowers was found to be active against E. coli via formation
of complexes with extracellular and soluble proteins with MIC value of 7.81 μg/mL [134].
Other postulated mechanisms include inhibition of bacterial enzymes (such as tyrosyl-
tRNA synthetase) [135], inhibition of bacterial efflux pump and rise in the susceptibility of
existing antibiotics [136], change in cytoplasmic membrane function, nucleic acid synthesis
inhibition, decrease in cell attachment, inhibition of energy metabolism, formation of
biofilm, changing in membrane permeability, attenuation of the pathogenicity [137,138],
damage of the cytoplasmic membrane [137,138], inhibition of nucleic acid synthesis (for
instance, the inhibition of DNA gyrase from E. coli by quercetin (55), and apigenin (21) [139])
among others, as summarized in Figure 4. It was further established that the combination
of apigenin and ceftazidime damages the cytoplasmic membrane of ceftazidime-resistant
enterobacter cloacae, leading to subsequent leakage of intracellular components [140].

Figure 4. Summary of antibacterial and antifungal mechanisms of actions of flavonoids.

7. Conclusions and Future Perspectives

The extensive utilization of Euphorbia species in traditional and complementary
medicines for treatment of various diseased conditions has led to increased interest in
their phytochemistry and in vitro as well as in vivo studies using cells and animal models.
The present review comprises a detailed phytopharmacological account of information
available on Euphorbia flavonoids between 2000 and 2020. The findings suggest that the
extracts and isolated flavonoids possess anticancer, antiproliferative, antimalarial, antibac-
terial, antivenom, anti-inflammatory, anti-hepatitis and antioxidant properties. Of these,
antioxidant and anticancer activities are the most studied biological activities, partly due
to the ethnomedicinal application of these species as anticancer agents. Indeed, it is widely
accepted that the crude extracts have a synergetic effect compared to individual bioactive
compounds. Nonetheless, only a handful of studies assessed the pharmacological potential
of Euphorbia flavonoids as most studies employed the whole crude extracts. This limits
the translational value as researchers are not equipped to determine whether the observed
activities are related to the actions of a single bioactive compound or the synergy between
multiple constituents present. It was also reported that these flavonoids possess different
mechanisms of action against cancer cells. For instance, quercetin exhibited different mech-
anisms of action such as antioxidant activity, cell-cycle arrest and modulation of estrogen
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receptors among others. This is essential towards development of a potent anticancer
agent. Of the investigated species, over 80 different types of flavonoids have been isolated
from the aerial parts, roots, seeds and whole plant of these species. Most of the isolated
flavonoids were flavonols and comprised simple O-substitution patterns, C-methylation
and prenylation. Others had glycoside, glycosidic linkages and a carbohydrate attached
at either C-3 or C-7, and were designated as D-glucose, L-rhamnose or glucorhamnose. A
limited number of chalcones were also reported. The structure–activity relationship studies
showed that methylation of hydroxyl groups at C-3 or C-7 reduces the activities, while
glycosylation results in loss of activity. These constituents can therefore offer a potential
alternative for development of therapeutic agents based on the Euphorbia species.

While the overall findings suggest a promising future with an abundance of therapeu-
tic potential of the Euphorbia species, there are still many aspects of research on these species
that need to be considered. These include using species from different ecological zones,
adoption of high throughput screening strategies and metabolomics tools for discovery
of new bioactive compounds in complex plant matrices, toxicological studies, detailed
mechanistic studies and molecular analysis. Furthermore, the current evidence is largely
limited to the unverified ethnomedicinal application of these species in folk medicine and
their pharmacological studies in vitro. Essentially, more robust scientific studies are needed
before confirmatory decisions can be made on the therapeutic potential of flavonoids from
Euphorbia species.
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Abstract: Garcinia indica (commonly known as kokum), belonging to the Clusiaceae family (mangos-
teen family), is a tropical evergreen tree distributed in certain regions of India. It has been used in
culinary and industrial applications for a variety of purposes, including acidulant in curries, pickles,
health drinks, wine, and butter. In particular, G. indica has been used in traditional medicine to treat
inflammation, dermatitis, and diarrhea, and to promote digestion. According to several studies,
various phytochemicals such as garcinol, hydroxycitric acid (HCA), cyanidin-3-sambubioside, and
cyanidin-3-glucoside were isolated from G. indica, and their pharmacological activities were pub-
lished. This review highlights recent updates on the various pharmacological activities of G. indica.
These studies reported that G. indica has antioxidant, anti-obesity, anti-arthritic, anti-inflammatory,
antibacterial, hepatoprotective, cardioprotective, antidepressant and anxiolytic effects both in vitro
and in vivo. These findings, together with previously published reports of pharmacological activity
of various components isolated from G. indica, suggest its potential as a promising therapeutic agent
to prevent various diseases.
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1. Introduction

The use of medicinal herbs as medicine is the oldest form of medical treatment
known to humanity and has been used in all cultures throughout history [1]. Since time
immemorial, humans have recognized their dependence on nature for healthy living, and
have relied on a variety of plant resources for medicine to cure numerous diseases [2].
This indigenous knowledge, passed down from generation to generation in different parts
of the world, has contributed significantly to the development of traditional medical
systems [3], as well as provided a scientific basis for their traditional uses by exploring
various biologically active natural products [4]. For instance, between 1981 and 2014, about
26% of new chemical entities were natural products or derived from natural products [5].
They are widely used in the prevention and treatment of clinical diseases as they have
the unique advantages of low toxicity and side effects compared with chemical drugs [6].
Among medicinal plants, Clusiaceae contains approximately 50 genera and 600 species [7],
and has been extensively used in ethnomedicine to treat a number of disease conditions,
including wounds, ulcers, dysentery, cancer, inflammation, and infection [8,9].

Garcinia belongs to the Clusiaceae family (Mangosteen family) and has multiple appli-
cation in the culinary, pharmaceutical, and industrial fields [10]. The plants are distributed
around the world including tropical Asia, Africa, and Western Polynesia [11]. In the last few
decades, they have received considerable attention and extracts of different plant parts of
the Garcinia species, e.g., Garcinia brasiliensis, G. cambogia, G. gardneriana, G. pedunculata, and
G. mangstana have demonstrated potential effectiveness in the prevention and treatment of
non-transmissible chronic diseases [12]. Furthermore, it was reported that they contain a
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wide range of biologically active metabolites and that the chemical compositions of their
extracts are rich in bioactive molecules including hydroxycitric acid (HCA), bioflavonoids,
procyanidines and polyisoprenylated benzophenone derivatives including garcinol, xan-
thochymol and guttiferone isoforms [9,13]. These compounds have been implicated in
biological activities such as antioxidant [14], anticancer [15,16], and antiviral effects [17]. In
particular, the major bioactive ingredients such as garcinol, HCA, and cyanidin-3-glucoside
have been isolated (Figure 1), characterized and evaluated for their therapeutic properties.
For example, garcinol showed anti-inflammatory effects by regulating various signaling
pathways, molecular binding, and gene expression contributing to inflammation, such
as inhibition of the cyclooxygenase-2, 5-lipoxygenase and inducible nitric oxide synthase
synthesis [18–20]. Also, garcinol was reported to have antioxidant effects through high free-
radical, superoxide anion (O2-) scavenging activity [21,22], and to have neuroprotective
properties by functioning as a histone acetyltransferase inhibitor (HAT) [23]. In addition,
recent studies demonstrated its anticancer effects by inducing apoptosis and cell cycle
arrest, inhibiting of angiogenesis, and regulating of gene expression in oncogenic cells [24].

Figure 1. Chemical structure of bioactive ingredients isolated from G. indica.

Garcinia indica is a plant native to certain regions of India [25]. It is an underex-
ploited slender evergreen tree and is known as wild mangosteen, kokum, and goa butter
tree [26]. All parts of G. indica, i.e., fruits, rind, seeds, etc., have been used in various
culinary, industrial and pharmaceutical applications, as well as fruit drinks and food [27].
Its pharmacological properties including antioxidant [28], anti-inflammatory activity [29],
antimicrobial [30], anticancer [31], and anti-obesity [32] effects have been reported. The
present review aims to discuss these recent studies and update the pharmacological prop-
erties of G. indica.

2. Methodology

We collected scientific literature on the origin, medicinal uses, and pharmacological
activity of G. indica published in the English language up till 2021 from PubMed, Google
Scholar, and Web of Science. The search terms were “Garcinia indica”, “kokum”, “pharma-
cological activity”, “antioxidant”, “anti-obesity”, “anti-inflammatory”, and “anti-diabetic”.

As a result of the literature research, various pharmacological activities of G. indica
were reported and reviewed [33–35], and a total of 7 papers were additionally reported
recently. We comprehensively reviewed and updated the study design, results, and inter-
pretation of each paper.

3. Pharmacological Properties of G. indica

A summary of the pharmacological properties of G. indica is described in Table 1.
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Table 1. Summary of pharmacological studies for Garcinia indica.

Pharmacological
Activity

Tested Substance
In Vitro/
In Vivo

Model Dose/Concentration Ref.

Antioxidant

Aqueous extract In vivo Wister albino rats 400 and 800 mg/kg [36]
Fruit extract In vitro - 1.5 mM [37]

Garcinol-enriched fraction In vivo C57BL/6 male mice 25, 50, and 100 mg/kg [38]

Aqueous extract In vitro - -
[39]In vivo Wister albino rats 250 and 500 mg/kg

G. indica fruit rind powder In vivo Swiss albino mice,
Wister rats 0.5, 1, and 2% w/w [40]

Anti-obesity
Garcinol-enriched fraction In vivo C57BL/6 male mice 25, 50, and 100 mg/kg [38]

Fruit extract
In vitro 3T3-L1 preadipocytes 1 and 2 μg/mL

[41]In vivo C57BL/6 male mice 0.01% w/w

Anti-arthritic Garcinol-enriched fraction In vivo Male Wistar rats 10 mg/kg [42]

Anti-inflammatory Garcinol-enriched fraction In vivo C57BL/6 male mice 25, 50, and 100 mg/kg [38]

Antidepressant and
anxiolytic effect G. indica fruit rind powder In vivo Swiss albino mice,

Wister rats 0.5, 1, and 2% [40]

Antibacterial Fruit extract In vitro - 1.5 mM [37]

Hepatoprotective Aqueous extract In vivo Wister albino rats 400 and 800 mg/kg [36]

Cardioprotective Garcinol-enriched fraction In vivo C57BL/6 male mice 25, 50, and 100 mg/kg [38]
Aqueous extract In vivo Wister albino rats 250 and 500 mg/kg [39]

3.1. Antioxidant Effects

The overproduction of oxidants can cause oxidative damage to biomolecules such as
lipids, DNA, and proteins, increasing the risk of cancer, and cardiovascular and other dis-
eases [43,44]. Antioxidants may reduce oxidative stress through various mechanisms [45].
In the past few years, there have been many reports on the antioxidant activity of
G. indica [46–53]. Panda V et al. [36] reported the antioxidant effect of aqueous extracts
of G. indica in an animal model of oxidative stress induced with ethanol (EtOH). Malon-
dialdehyde (MDA), a lipid peroxidation marker, was elevated in the EtOH-treated group
compared with the normal group. Treatment with the aqueous extracts of G. indica re-
versed these results. The reduced glutathione (GSH) level in the EtOH-treated group
was significantly reduced compared with the normal group (p < 0.001). Treatment of the
EtOH-treated group with aqueous extracts of G. indica (400 and 800 mg/kg) significantly
restored the decreased levels of GSH (p < 0.05 and p < 0.01, respectively). In addition,
superoxide dismutase (SOD) and catalase (CAT) activities were also markedly lower in the
EtOH-treated group compared with the normal group (p < 0.01). The reduction in SOD
and CAT activity levels were improved in a dose-dependent manner when treated with the
aqueous extracts of G. indica. In particular, the high-dose group treated with 800 mg/kg
of aqueous extracts of G. indica recovered to near normal levels. Furthermore, treatment
with aqueous extracts of G. indica significantly ameliorated glutathione peroxidase and
glutathione reductase activity, which were decreased by EtOH treatment (p < 0.01).

Nanobiotechnology is a new field of research related to the convergence of biology and
nanotechnology [54]. A recent study successfully demonstrated the use of plant extracts for
the biogenic synthesis of silver nanoparticles (AgNPs) with antioxidant activity [55]. How-
ever, the synthesis of AgNPs was mainly achieved by physical and chemical methods of
metal nanoparticle synthesis, which includes the use of hazardous chemicals that limit their
potential use in biomedical applications [56]. To overcome these disadvantages, biosyn-
thesis using various biological agents such as bacteria, fungi, plants, and their extracts is
a green chemistry approach that is inexpensive, does not use hazardous chemicals, and
has excellent biocompatibility and low toxicity [57]. Sangaonkar, G.M. et al. [37] optimized
parameters for a simple, stable and benign biosynthesis method of AgNPs using G. indica
fruit extract. Then, they performed 1,1-diphenyl-2-picrylhydrazyl (DPPH) free-radical
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scavenging, reducing power activity, and hydrogen peroxide and nitric oxide (NO) radical
scavenging activity to evaluate the potential antioxidant activity of AgNPs biologically
synthesized with G. indica fruit extract. They found that the tested range of AgNPs (20,
40, 60, 80, and 100 μg/mL) inhibited DPPH activity in a dose-dependent manner and
exhibited a 57% inhibitory effect at the maximum concentration. Similar to the DPPH
activity, the NO radical scavenging activity of AgNPs was confirmed to be dose-dependent,
but lower compared with the DPPH activity. Furthermore, A 100 μg/mL AgNPs, which
was less than half of the dose of butylated hydroxytoluene used as a positive control,
resulted in 27% NO radical scavenging. Similar to DPPH and NO radical scavenging
activity, the inhibitory response of biological AgNPs to reducing power was increased in
a dose-dependent manner. Whereas, as a result of H2O2 radical scavenging activity, the
inhibitory activity of AgNPs at the highest concentration was 65%, which was similar to
the inhibitory activity of 72% using the same test concentration of standard ascorbic acid.
In conclusion, G. indica fruit extract containing significant amounts of natural antioxidants
such as HCA can be used in environmentally friendly AgNPs, preventing the use of toxic
chemicals. Therefore, G. indica has important applications in biomedical fields as a good
source of reducing and capping agents.

Barve, K. [38] performed lipid peroxide, GSH, CAT, and SOD assays using C57BL/6 male
mice to measure the antioxidant activity of the garcinol-enriched fraction (GEF). This
fraction was prepared from the hexane extract of G. indica. The extracts were loaded on a
silica column, and hexane and ethyl acetate were eluted in ascending order of polarity to
obtain various fractions by flash chromatography at a flow rate of 15 mL/min. The collected
fractions (12 mL) were confirmed for the presence of garcinol by thin-layer chromatography,
and this flash chromatography procedure was repeated 3 times to obtain sufficient GEF.
Lipid peroxidation and changes in the oxido-redox state were measured for enzymatic
and non-enzymatic markers. Lipid peroxide, an indicator of oxidative stress, was twice
as high in disease-induced animals fed a modified Western diet compared with normal
animals (p < 0.001). Simvastatin treatment was used as a positive control and animals
treated with GEF (50 and 100 mg/kg) showed significantly reduced effects (p < 0.05 and
p < 0.01, respectively), although they were higher than those in normal animals. GSH
levels in disease-induced animals were significantly depleted compared with those in
normal animals (p < 0.001). Treatment with GEF (25, 50, and 100 mg/kg) strikingly
ameliorated depleted GSH levels in a dose-dependent manner, although this did not reach
normal levels. CAT and SOD activity levels were significantly reduced in disease-induced
animals (p < 0.001 and p < 0.0001, respectively). GEF treatment at 25 mg/kg reversed CAT
activity levels, but this did not reach statistical significance. However, GEF treatment at 50
and 100 mg/kg significantly restored the CAT activity levels to levels similar to those of
normal animals. Of note, only 100 mg/kg GEF treatment significantly increased the SOD
activity level.

In another study conducted by Patel et al. [39], the IC50 value for the DPPH scaveng-
ing activity of an aqueous extract of G. indica was estimated to be 231.85 ± 21.56 μg/mL.
They also used animal models to measure biomarkers related to oxidative stress, includ-
ing SOD, CAT, and thiobarbituric acid reactive substance (TBARS). The group treated
with 85 mg/kg of isoprenaline (ISO) showed significantly reduced SOD and CAT val-
ues (5.38 ± 0.31 unit/g of tissue and 0.54 ± 0.02 μmol of H2O2 consumed/min/g of
tissue, respectively) compared to the normal group (13.55 ± 0.62 unit/g of tissue and
2.66 ± 0.24 μmol of H2O2 consumed/min/g of tissue, respectively). Treatment of the
ISO-induced toxicity group with an aqueous extract of G. indica at 250 and 500 mg/kg
slightly restored the SOD levels (6.12 ± 0.93 and 7.56 ± 0.22 unit/g of tissue, respec-
tively) and slightly improved the CAT levels (1.1 ± 0.17 and 1.08 ± 0.19 μmol of H2O2
consumed/min/g of tissue, respectively). Furthermore, treatment with ISO increased
the TBARS level (3.82 ± 0.21 nmol MDA/g of tissue) compared with the normal group
(1.65 ± 0.12 nmol MDA/g of tissue). The tested concentrations of aqueous extracts of
G. indica did not affect these values (2.55 ± 0.25 and 2.17 ± 0.13 nmol MDA/g of tissue,
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respectively) and treatment of the normal control group with 500 mg/kg G. indica aqueous
extract did not change the levels of any of the three biomarkers related to oxidative stress.
They used the lower dose range because the antioxidant enzyme levels were not restored
in the 250 and 500 mg/kg G. indica-treated groups.

Dhamija I et al. [40] measured antioxidant activity to elucidate the mechanism of
antidepressant effect in various animal models. G. indica at 1% w/w significantly decreased
monoamine oxidase levels (MAO-A and MAO-B) in brain homogenates, similar to a group
treated with fluoxetine. By measuring the MDA concentration in the brain homogenate, a
direct correlation was observed between the dose of G. indica and a decrease in the MDA
level, suggesting a decrease in free-radical production.

3.2. Anti-Obesity Effects

Recently, as the prevalence of overweight and obesity has reached epidemic levels,
the incidence of various comorbidities such as type 2 diabetes, cardiovascular disease,
and cancer has rapidly increased, causing enormous health and economic burdens [58,59].
Medicines and bariatric surgery are the main strategies to prevent and treat obesity, but
there are side effects [60]. For this reason, various natural products and their components
are being tested to improve obesity with minimal side effects [61]. An anti-obesity effect of
garcinol isolated from G. indica was reported [62–64].

As mentioned above, Barve, K. [38] confirmed the reduction of the oxidative stress
response of GEF. In addition, he conducted research into the anti-obesity effects of GEF.
C57BL/6 male mice were randomly divided into 6 groups of 6 mice each: Group 1 (normal
control); Group 2 (disease-induced control by a modified Western diet); Group 3 (positive
control receiving 8 mg/kg of simvastatin); and Groups 4, 5, and 6 (treated with 25, 50, and
100 mg/kg of GEF). Compared with Group 1, the weights of animals in all groups were
significantly increased at 12 weeks. Group 2 weights continued to increase significantly
until 16 weeks (p < 0.05), but those in Groups 3, 4, 5, and 6 treated with simvastatin and
GEF decreased significantly from 12 to 16 weeks (p < 0.001 and p < 0.0001, respectively).
Group 2 showed significant negative changes in the lipid profile indicative of disease
induction. Groups 3, 4, 5, and 6 showed a decrease in the increased total cholesterol and
triglyceride levels induced by a Western diet in a concentration-dependent manner, In
particular, the values of Group 6 were similar to those of Group 1 (p < 0.01 and p < 0.0001,
respectively). Furthermore, treatment with different concentrations of GEF elevated high-
density cholesterol levels in a concentration-dependent manner and significantly decreased
low density cholesterol levels to those of positive control levels (p < 0.0001).

Tung YC et al. [41] investigated the potential anti-obesity effects of G. indica fruit
extract (GIE) in a 3T3-L1 cell model and high-fat diet (HFD)-induced obese animal model.
First, 3T3-L1 preadipocytes were used for the following experiments after differentia-
tion induced by differentiation medium (DMI) containing 5 μg/mL insulin, 0.5 mM
3-isobutylmethylxanthine, 1 μM dexamethasone, and 2 μM rosiglitazone. After confirm-
ing the lipid content by Oil Red O staining, the groups treated with 1 and 2 μg/mL GIE
showed significantly reduced triglyceride levels to 63.5% and 65.6% without cytotoxic
effects, compared with the group treated with only DMI. However, treatment with GIE
in the tested range did not affect the amount of glycerol in the medium. The weights of
C57BL/6 male mice fed a normal diet (ND) or HFD for 12 weeks were 27.5 and 37.4 g,
respectively. The body weights of the group supplemented with 0.01% GIE in HFD were
significantly reduced to 34.4 g (p < 0.05), and no effects on liver, kidney, or spleen weight
were observed. A significantly reduced weight of mesenteric, perigonadal and retroperi-
toneal fat was noted in the group supplemented with GIE. Treatment with GIE also reduced
the ratio of body fat compared with the HFD group. In addition, the histopathological
examination of liver and the perigonadal adipose tissue of mice demonstrated that GIE
treatment reduces the adipocyte size and liver fat accumulation. They further investigated
the expressions of proteins related to adipogenesis, lipolysis and β-oxidation to elucidate
the mechanisms involved in these effects. There was no significant difference in PPARγ
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and C/EBPα, proteins related to adipogenesis, between the ND and HFD groups, whereas
PPARγ and C/EBPα protein levels were significantly decreased after supplementation
with GIE compared with the HFD group. Although there was no significant difference in
the protein levels of CPT-1A between the ND and HFD groups, supplementation with GIE
was significantly elevated in the protein levels of CPT-1A compared to the HFD group.
Moreover, a significant increase in PPARα protein levels was observed in the GIE sup-
plemented group compared with the HFD group. These results suggest that GIE exerts
anti-obesity effects in 3T3-L1 adipocytes and animal models by inhibiting adipogenesis
and increasing β-oxidation.

3.3. Anti-Arthritic Activity

Arthritis is highly prevalent worldwide and can be divided into types, the most com-
mon of which are rheumatoid arthritis, osteoarthritis, psoriatic arthritis and inflammatory
arthritis [65]. The exact cause of arthritis is not yet clear, and although it is commonly used
to treat various types of anti-inflammatory arthritis, it is associated with serious side effects
such as gastric bleeding and an increased risk of other cardiovascular problems [66]. Con-
sequently, it is very important to explore effective and safe anti-arthritis drug candidates
isolated from natural products.

Warriar, P. et al. [42] evaluated the anti-arthritic effects of GEF in rheumatoid arthritis.
An extract (9 gm) of G. indica was adsorbed onto silica and loaded. Thereafter, fractions
were obtained through stepwise gradient elution with n-hexane-ethyl acetate, including
a fraction (800 mg) showing the maximum concentration of garcinol. A rat model of
adjuvant arthritis (AA) was developed with a single injection of 0.1 mL of Complete
Freund’s Adjuvant (CFA). Rats were divided into 4 groups of 6 each as follows: Group
1 (normal control); Group 2 (disease control of CFA alone); Group 3 (positive control
receiving 10 mg/kg of diclofenac sodium); Group 4 (treated with 10 mg/kg of GEF). To
examine the major lesions and determine the effects of the therapeutic agents, the volume
of the left hind paw of rats was measured on days 0, 1, 5, 12, 16, and 21 using an electronic
transfusion meter. To determine the severity of the secondary lesions, the volume of the
right hind paw was also measured. In addition, to evaluate the severity of AA, the ears,
nose, tail, forepaws, and hind paws of the rats were visually examined for inflammatory
lesions, and arthritis severity was scored according to the redness, swelling, and presence
of nodules [67]. The CFA-treated group developed primary arthritis in the left hind paw,
and compared with the normal group, a significant level of swelling was observed and
maintained for 21 days (p < 0.0001). Treatment with GEF significantly suppressed paw
swelling from days 5 to 21, similar to the positive control group, when compared with the
disease control group. On the other hand, the GEF-treated group also had a decrease in
the swelling of the right hind paw, but this was not statistically significant. CFA-treated
rats showed a significant increase in the arthritis index compared with the control group,
reaching a maximum at 5 days, and then gradually decreasing. The groups treated with
10 mg/mL of GEF and diclofenac had a significantly reduced arthritis index compared
with the disease control animal group (p < 0.01). Treatment of CFA significantly reduced
the stair climbing activity of all animals from days 5 to 21 compared with the normal group
demonstrating the induction of hyperalgesia (p < 0.0001). However, the group treated with
GEF and diclofenac had improved scores from days 12 and 16, which were significantly
increased until day 21. In addition, the motility score, which was reduced by CFA treatment,
steadily and significantly recovered from days 16 to 21 in the GEF-treated group. This
study indicated that GEF has anti-arthritic activity in an animal model of arthritis induced
with CFA.

3.4. Anti-Inflammatory Effects

Inflammation is the immune system’s first biological response to infection, injury, or
irritation [68]. There is evidence that anti-inflammatory effects are mediated through the
modulation of various inflammatory cytokines [69]. Interleukin 6 (IL-6) is produced rapidly
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and transiently in response to infection and tissue damage and contributes to host defense
through the stimulation of acute phase responses, as well as hematopoietic and immune
responses [70]. A study conducted by Barve, K. [38] showed that, after 16 weeks, IL-6 levels
in the plasma and thoracic aorta were significantly increased in induced hyperlipidemic
animals compared with normal animals (p < 0.0001 and p < 0.001, respectively). In animals
treated with 25 mg/kg GEF, IL-6 levels in the thoracic aorta were decreased but not
significant, and IL-6 levels were significantly decreased in animals treated with 50 or
100 mg/kg GEF (p < 0.01). In addition, plasma IL-6 levels were significantly reduced in a
dose-dependent manner by treatment with all concentrations of GEF (p < 0.0001).

3.5. Antidepressant and Anxiolytic Effects

Depression and anxiety are the most common mental disorders and are the leading
cause of psychosocial dysfunction [71]. Pharmacotherapy is the first line treatment of these
disorders, but it can impose some problems, including sedation and amnesia, causing
tolerance, psychomotor effects, and dependence [72]. These considerations emphasized
the importance of finding new psychopharmacological drugs with an immediate onset
of action and fewer side effects [73]. In this regard, natural products represent promising
candidates for the pharmacological treatment of these pathologies [74].

Dhamija, I. et al. [40] investigated the antidepressant and anti-anxiety effects of
G. indica using mouse and rat models in which the rind of G. indica was triturated with
a mortar and pestle and mixed with feed. Elevated plus maze (EPM), light–dark model
(LDM), and hole-board tests (HBT) were used to evaluate anxiolytic effects, and the forced
swim test (FST), tail suspension test (TST), reserpine-induced hypothermia model, mea-
surement of locomotor activity, and estimations of biochemical were used as methods to
measure antidepressant activity. Positive controls received 1 mg/kg diazepam (standard
anxiolytic), 15 mg/kg imipramine and 20 mg/kg fluoxetine (standard antidepressant
agents), and 0.5, 1, and 2% w/w of G. indica rind mixed into their food. In the LDM, a
significant increase in the length of time animals stayed in the lighted compartments indi-
cated anxiolytic activity and the reverse of this represented anxiogenic activity. In the HBT
models, head-dipping behavior reflected the animal’s emotional state. Administration of
G. indica resulted in a significant increase in the length of time mice stayed in the light box
in the LDM (p < 0.05). In addition, treatment with 0.5, 1, and 2% w/w of G. indica increased
the number of head dips. In the EPM, anxiolytic effects were found in the state of open arms
by increasing the length of stay and the number of entries. On the other hand, spending
less time with arms outstretched reflected anxiety effect. G. indica at concentrations of 0.5,
1, and 2% w/w dose-dependently improved the time spent and number of entries in the
open arms of the EPM (p < 0.05). Immobility refers to a condition in animals known as
helplessness that can be converted by antidepressants such as fluoxetine and imipramine.
A decrease in immobility indicates the absence of depression. G. indica at the concentrations
tested in the FST and TST models significantly decreased animal immobility (p < 0.05). The
rectal temperature in mouse using a reserpine-induced hypothermia model reflected the
depletion of noradrenaline and serotonin in the brain, and 1% w/w G. indica significantly
reversed the reserpine-induced hypothermia. (p < 0.05). These results indicate that G. indica
fruit rind as a functional food exhibits significant antidepressant and anti-anxiety effects,
without impairing motor activity and not involving CNS stimulation.

3.6. Antibacterial Activity

Bacterial resistance to antibiotics has rapidly increased and is one of the major threats
to public health in the 21st century [75]. Natural products have historically been suc-
cessful as a source of new antibiotics, and most existing classes of antibiotics are derived
from natural compounds [76]. The potential for antibacterial effects of G. indica has been
reported [77–79].

Sangaonkar, G.M. et al. [37] noted the antioxidant effect and the antibacterial effects
of the biogenic synthesis of AgNPs using G. indica fruit extract. It was reported that
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AgNPs exhibit potential antibacterial activity against methicillin resistant Staphylococcus
aureus (MRSA) by a mechanism different from that of antibiotics [80]. Based on this
potential effect of AgNPs, they tested the antimicrobial activity 20 μg/μL AgNPs against
7 bacterial pathogens (Escherichia coli, Bacillus subtilis, Staphylococcus aureus, Pseudomonas
aeruginosa, Salmonella enterica typhi, Proteus vulgaris, Serratia marcescens) and found that
it inhibited the growth of E. coli, B. subtilis, S. aureus, and P. aeruginosa, with a clear
region of inhibition in the range of 12–15 mm. However, S. enterica typhi, P. vulgaris,
and S. marcescens were not inhibited by AgNP treatment. As a result of measuring the
minimum inhibitory concentration using the micro-broth dilution method reported by
Siddiq et al. [81], the inhibitory power of AgNPs was estimated to be 20 mg/mL for
E. coli, B. subtilis, and S. aureus, and 40 mg/mL for P. aeruginosa. In addition, the minimum
bactericidal concentration for E. coli, B. subtilis, and S. aureus was the same as the minimum
inhibitory concentration, and 160 mg/mL for P. aeruginosa. These results suggest that
AgNPs biosynthesized with G. indica fruit extract have important applications in biomedical
fields as an antibacterial agent.

3.7. Hepatoprotective Activity

As mentioned above, Panda, V. et al. [36] determined the antioxidant effects of G. indica
through various mechanisms. Significantly increased levels of serum enzymes such as as-
partate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase
were observed in an EtOH-treated animal group compared with the normal animal group
(p < 0.001). These activities were due to the release of enzymes into the blood following
extensive liver damage caused by the EtOH. Treatment with 400 or 800 mg/kg aqueous
extracts of G. indica reduced AST activity (p < 0.001). However, ALT and AST activities
were significantly improved only in the 800 mg/kg of the G. indica-treated group, similar
to treatment with silymarin, which protects hepatocytes from toxins (p < 0.05). Moreover,
increased serum triglyceride (sTG) levels and decreased total protein (TP) and albumin
(Alb) levels were observed in EtOH-fed rats compared with the normal group. These effects
suggested the decreased activity of lipase enzyme responsible for lipoprotein uptake by
extrahepatic tissues. Treatment with aqueous extracts of G. indica restored these increased
sTG levels and decreased TP levels in a dose-dependent manner. However, treatment with
aqueous extracts of G. indica ameliorated Alb levels, although this did not reach statistical
significance. Finally, light microscopy histopathological studies of liver sections fixed in
10% buffered formalin, embedded in paraffin, cut to 5 μm, and stained with hematoxylin
and eosin (H/E), showed a moderate-to-marked degree of histoarchitectural changes in
animals treated with EtOH. There were moderate-to-severe abscesses and bleeding, and
the central vein revealed congestion of sinusoids. Moderate mononuclear inflammatory
infiltration was observed in all zones, and many hepatocytes showed degenerative changes.
However, the group treated with 400 mg/kg aqueous extracts of G. indica had mild-to-
moderate mononuclear inflammatory infiltration in all areas with moderate fat changes and
few regenerated cells. In the group treated with 800 mg/kg aqueous extracts of G. indica,
slight or minimal fat changes were present around the dilated central vein, and many
regenerative cells were observed. This histology was similar to that of the silymarin-treated
group, a proven hepatoprotective, with a tendency to be more normal compared with the
group treated with 400 mg/kg aqueous extracts of G. indica. These findings suggest that
the hepatoprotective effect of aqueous extracts of G. indica in ethanol-induced hepatotox-
icity may be due to increased endogenous antioxidant levels and the inhibition of lipid
peroxidation in the liver.

It is important to note that there are concerns about the risk of hepatotoxicity related to
garcinia food supplements from a recent report by the Scientific Committee of the Spanish
Agency for Food Safety and Nutrition (AESAN) [82]. As a result of several previous
studies [83–85], G. gummi-gutta (G. cambogia) and HCA, its main active ingredient, can
cause herb-induced hepatotoxicity (HILI) including elevated liver enzyme levels, hepatitis,
cholestasis, and jaundice. Furthermore, these acute liver damages are known to persist
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even after discontinuation of their intake. Although no research results have been reported
on the direct association between G. indica and acute liver injury, more scientific and clinical
investigations on the effect of G. indica on liver health since G. indica also contain HCA.

3.8. Cardioprotective Activity

Atherosclerosis is one of the leading causes of cardiovascular disease, with significant
mortality and morbidity worldwide. Barve, K. [38] calculated various indicators to predict
the risk of atherosclerosis and subsequent cardiovascular disease using lipid values as
follows: atherogenic index of plasma (AIP) = (log (triglycerides/high-density cholesterol)),
cardiac risk ratio (CRR) = (total cholesterol/high-density cholesterol), atherogenic coef-
ficient (AC) = (total cholesterol–high-density cholesterol/high-density cholesterol). The
values of AIP, CPR, and AC were significantly higher at the end of 12 weeks in the group of
animals fed a modified Western diet compared with the group of normal animals (p < 0.01,
p < 0.001 and p < 0.0001, respectively). However, treatment with all tested concentrations of
GEF significantly reduced these values (p < 0.0001), almost normalizing the levels, and at-
tenuating the risk of atherosclerosis. Histopathological studies using light microscopy were
performed by staining tissue sections of the thoracic aorta of mice with H/E. Then, lesions
were scored for global pathological changes (lesion scores) as follows: score 0 = no change,
score 1 = minimal changes, score 2 = minor changes, score 3 = moderate changes, and score
4 = significant changes. In the disease-induced animals, histopathological analysis of the
aorta showed thickening of the vessel wall, and the lesion score of 3.33. Treatment with
25 or 50 mg/kg GEF improved some of these changes, resulting in a lesion score of 2.33,
but this was not statistically significant. On the other hand, treatment with simvastatin
or 100 mg/kg GEF showed completely normal vasculature with lesion scores of 0.66 and
1 (p < 0.0001 and p < 0.001, respectively).

Patel et al. [39] evaluated the cardioprotective effects of aqueous extracts of G. indica
by ISO-induced myocardial injury in Wistar albino rats. The aqueous extract of G. indica
did not affect the levels of cardiac injury markers including serum troponin I, lactate
dehydrogenase, creatinine kinase-MB, ALT, AST, and uric acid, which were significantly
increased by ISO treatment. In addition, histopathological analysis demonstrated that
the animals treated with aqueous G. indica extract had improved edema, infiltration, and
necrosis levels, but no statistical significance was observed compared with the ISO control
group. The results of these experiments suggest that aqueous extracts of G. indica do not
have a cardioprotective effect against myocardial damage, and further studies with larger
sample sizes and higher dose ranges may be needed to evaluate its cardioprotective effects.

4. Pharmacological Effects of Garcinol, a Major Active Constituent from G. indica

As mentioned above, various pharmacological activities of extracts and fractions
of G. indica have been reported [33]. G. indica contains a major active compound called
garcinol. This component is a yellow-colored, fat soluble pigment found in the rinds of
G. indica at a level of 2–3%, which can be separated from the fruit rinds by EtOH and
hexane extraction [35]. Garcinol shows powerful antioxidant activity, since it contains
both phenolic hydroxyl groups and a β-diketone moiety, and in this respect, it resembles
the structure of curcumin [48]. In addition, like the various pharmacological activities of
G. indica mentioned above, there are many reported mechanisms by which garcinol also
acts as an antioxidant, anti-inflammatory, or anticancer effects. It inhibited free-radical
DPPH and was shown to have antioxidant activity on arachidonic acid metabolism and
NO radical synthesis. These activities are involved in inflammation and carcinogene-
sis. Garcinol effectively inhibited inducible nitric oxide synthase (iNOS) synthesis by
suppressing the activation of nuclear factor NFκB, and diminished the production of extra-
cellular signal-regulated kinase 1/2, cyclooxygenase-2, and prostaglandins. In addition,
it inhibited the activation of 5-lipoxygenase, which is responsible for the production of
inflammatory molecules such as leukotrienes. These actions have inspired studies on
inflammation-related cancers. In addition to reducing inflammation, the mechanisms
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underlying anticancer effects such as induction of apoptosis, inhibition of cell growth and
proliferation, stimulation of cell cycle arrest and prevention of cancer cell metastasis have
been identified. Consequently, numerous preclinical studies have reviewed the antitumor
potential of garcinol in a variety of oncological variants, including colon, breast, prostate,
head, and neck cancer, and hepatocellular carcinoma [86,87]. Furthermore, the antioxidant
and anti-inflammatory properties of garcinol could be extended to a neuroprotective role,
and garcinol acts as a potent natural HAT inhibitor, and has presented promising results in
molecular interactions studies against MAO-B and catechol-O-methyltransferase, as well
as in L-DOPA-induced dyskinesia. It has recently been reported the ability of garcinol to
modulate memory and cognition by affecting nerve growth and survival and altering the
neurochemical state of the brain [88].

5. Conclusions

G. indica has various pharmacological activities including antioxidant, anti-obesity,
anti-arthritis, anti-inflammatory, antibacterial, hepatoprotective, cardioprotective, anti-
depressant and anti-anxiety effects. These characteristics are consistent with the previously
reported activity of abundant phytochemical components such as garcinol, HCA, cyanidin-
3-sambubioside and cyanidin-3-glucoside isolated from G. indica. These studies suggest
the potential of G. indica as a promising therapeutic agent for controlling and preventing
various diseases. However, given that most of the trials have been conducted either in vitro
or in vivo, further study at the clinical level is needed to establish the efficacy and safety of
G. indica in humans.
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Abstract: In recent years, the consumption of natural-based foods, including beans, fruits, legumes,
nuts, oils, vegetables, spices, and whole grains, has been encouraged. This fact is essentially due to
their content in bioactive phytochemicals, with the phenolic compounds standing out. Among them,
anthocyanins have been a target of many studies due to the presence of catechol, pyrogallol, and
methoxy groups in their chemical structure, which confer notable scavenging, anti-apoptotic, and
anti-inflammatory activities, being already recommended as supplementation to mitigate or even
attenuate certain disorders, such as diabetes, cancer, and cardiovascular and neurological pathologies.
The most well-known anthocyanins are cyanidin 3-O-glucoside and cyanidin 3-O-rutinoside. They
are widespread in nature, being present in considerable amounts in red fruits and red vegetables.
Overall, the present review intends to discuss the most recent findings on the potential health benefits
from the daily intake of anthocyanin-rich foods, as well as their possible pharmacological mechanisms
of action. However, before that, some emphasis regarding their chemical structure, dietary sources,
and bioavailability was done.

Keywords: anthocyanins; antioxidants; dietary source; bioavailability; biological activity; biosynthesis

1. Introduction

In the past few years, it is widely accepted that the daily intake of medicinal herbs,
fruits, and vegetables provides a wide array of benefits to human health [1]. This fact is
essentially due to their composition, plentiful in several non-nutrient bioactive compounds,
such as phenolics, whose abilities to modulate different processes and pathways in the
human body, such as regulating glucose levels and boosting antioxidant, anti-inflammatory,
anti-mutagenic, anticancer, and neuroprotective effects, are already well-known [2,3].

Considering that nature-based products have been used since ancient times to treat
several disorders, such as colds, pain, gastrointestinal aches, and hypertension, among
others, it is not surprising that this tendency continues to increase worldwide [4]. A clear
example is their incorporation into pharmaceutical products used in cancer therapy [5,6].
According to the database of 2019, from the 247 anticancer drugs available in the market,
about 81.0% are derived from natural products; the remaining ones are synthetic drugs
(15.3%) or vaccines (3.65%) [3].

Among the phenolic compounds, anthocyanidins and their conjugated acyl-glycosylated
or glycosylated forms, called anthocyanins, are both members of the flavonoids and an inter-
esting class of water-soluble vacuolar pigments [7]. They are synthetized via the flavonoid
path and considered the major contributors to the vivid red, orange, violet, and blue colours
exhibited by various edible flowers, vegetables, fruits, some cereals, seeds and plant leaves,
and their derivatives, such as juices, tea, and red wines [8]. They also have received much
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attention owing to their nutritional value, pharmacokinetic profile, pharmacological mecha-
nisms, and health-promoting properties [9,10]. Indeed, recent human and animals surveys
revealed that they are functional compounds able to increase antioxidant defences, diminish
free radical damage, chronic inflammation and the risk of mutations, and attenuate, or even
mitigate, the development and progression of many non-communicable and degenerative
chronic disorders, namely, atherosclerosis, metabolic syndrome, eye and kidney complica-
tions, many cancer types, and also to control weight [6,11–19]. These biological activities
are associated with their chemical structure, the presence of the catechol and pyrogallol
groups standing out, allowing them to have the ability to chelate metal ions and neutralize
free radicals and reactive species [4,20–22]. The predominant ones found in foodstuffs are
cyanidin, delphinidin, pelargonidin, peonidin, petunidin, and malvidin glycosides [6,23,24].

This comprehensive review aimed to assess and elucidate the impact of anthocyanins
and anthocyanin-rich foods on human health. For that, the first part of the manuscript
focuses on a description regarding the chemical structure and function as well as main
dietary sources of anthocyanins. Afterwards, the bioavailability and metabolism after
intake are mentioned. Finally, we summarized and discussed the most recent literature
regarding the main therapeutic effects of anthocyanins on different disorders.

2. Chemical Structure and Function of Anthocyanins

Phenolic compounds are secondary metabolites produced by plants to protect them
against pathogens and predators, ultraviolet radiation, climate conditions, and acidified
soils, acting also as attractants for pollinators, antifeedants, and phytoalexins [25,26]. They
are also considered the main contributors to plants’ colour, nutritional, and sensory char-
acteristics [27]. Their structure presents at least one benzene ring coupled to one or more
hydroxyl groups and can range from simple phenolic, low molecular weight and single-
aromatic molecules to highly polymerized compounds [28]. In order to facilitate their
distinction, phenolics are classified into two major groups: (i) non-flavonoid compounds
(phenolic acids, tannins, lignans, coumarins, stilbenes, and curcuminoids) and (ii) flavonoid
compounds (anthocyanidins, flavan-3-ols, and their oligomeric structures, recognized as
proanthocyanidins, flavanones, flavanonols, flavones, flavonols, and isoflavones) [7,25,26].
Their biosynthesis, which is shown in Figure 1, comprises the shikimate, phenylpropanoid,
and flavonoid pathways, and involves deamination, hydroxylation, and methylation reac-
tions [25].

Concerning the flavonoids (Figure 2), they represent about two-thirds of the total
dietary phenolics consumed, and currently, more than 9000 different flavonoids have
been identified so far [29,30]. They all possess a common flavan nucleus, i.e., a 15 carbon-
structure (C6 (A ring)-C3 (C ring)-C6 (B ring)), composed of 2 aromatic rings (A and B
rings derived from the acetate/malonate and shikimate pathways, respectively), linked
by a heterocyclic benzopyran 3-carbon ring that contains an oxygen atom (C ring) [26,31].
However, they differ in (i) the C ring unsaturation and oxidation state; (ii) A, B, and C ring
substituents, such as the presence or absence of double bonds and carbonyl groups, and the
possible occurrence of acylation, alkylation, glycosylation, oxygenation, and sulphonation
processes; (iii) the position where the B ring is linked to the C ring; and (iv) location and
number of hydroxy and methoxy groups on the B ring [26].
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Figure 1. Biosynthesis pathways of the main anthocyanins found in foods. DAHP: 3-Deoxy-D-arabinoheptulosonate
7-phosphate; CoA: coenzyme A; F3′5′H: Flavonoid 3′, 5′-hydroxylase; FLH: Flavanone 3-hydroxylase; FLS: Flavonol
synthase; LAR: Leucoanthocyanidin reductase; ANR: Anthocyanidin reductase; UFGT: UDP glucose flavonoid 3-O-
glucosyltransferase; FAOMT: Flavonoid 3’, 5’-methyltransferase (adapted from [25]).
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Figure 2. The basic structure of the flavonoids (A), which include anthocyanidins (e.g., cyanidin and pelargonidin) (B),
flavanones (e.g., hesperidin and naringenin) (C), flavanols (e.g., catechin and epicatechin) (D), flavones (e.g., apigenin and
luteolin) (E), flavonols (e.g., quercetin and kaempferol) (F), and isoflavones (e.g., daidzein and genistein) (G), differing in
the level of oxidation and C ring saturation (adapted from [31]).

Focusing on anthocyanidins, their B ring is joined to the C ring through carbon 2
and the sugar residue of anthocyanins is typically found conjugated at carbon 3 [32,33]
(Figure 3). Furthermore, their capacity to create flavylium cations makes them distinguish-
able from other flavonoid subclasses [22]. To date, about 27 different structural anthocyanin
aglycones and 1000 anthocyanins are known [34,35]. In foods, the most commonly found
are sugar moieties of cyanidin (50%), which is the most studied given their large distribu-
tion and number of hydroxyl groups, followed by pelargonidin, peonidin, and delphinidin
(12%), and finally by petunidin and malvidin glycosides (7%) [8] (Figure 3). Together, they
represent 90% of the total anthocyanins identified until now [36]. Their structure directly
influences their biological potential, namely, the number of hydroxyl groups, the degree of
glycosylation and acylation, the catechol residue on the B ring, and the oxonium ion on the
C ring [37].

Therefore, the classification of anthocyanins is made according to (i) the number,
position, and degree of methylation of the hydroxyl groups; (ii) the number and nature of
the sugar moieties bonded to the aglycone; and (iii) the position of the aliphatic and/or
aromatic carboxylate acids on the sugar molecule [38]. The stability of the anthocyanins is
usually affected by the storage and processing conditions, temperature, and cooking, as well
as by exposure to light and oxygen, the presence of enzymes, other phenolic compounds,
metal ions, ascorbic acid, hydrogen peroxide (H2O2), water, and/or sulphites [37].
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Figure 3. Representation of the main general chemical structure of anthocyanins. Acgal—acetylgalactose; Acglu—
acetylglucose; Ara—arabinose; Gal—galactose; Glu—glucose; Rut—rutinoside (adapted from [35,37]).

3. Major Sources of Anthocyanins

Anthocyanins are widely spread in nature and are considered mainly responsible
for the vibrant red, blue, and purple colours exhibited by vegetables, fruits, and their
derivatives [37,39]. Their levels differ markedly among different species, being largely
influenced by plant genotypes, and less by agricultural practices, growing area, climatic
conditions, seasonal variability, temperature and light exposure, ripening stage, harvest
time, and the adopted methods for processing and storage [9,40].

The daily average intake of anthocyanins is estimated to vary from several milligrams
to hundreds of milligrams, although its evaluation is inaccurate and depends on the
diet, gender, existence (or not) of food intolerances in individuals, and their quantities
in foods [41]. Their intake by humans is higher in countries with a Mediterranean diet,
plentiful in reddish berries and other red and blue-coloured fruits and vegetables, and red
wine [23,42]. In Europe, the ingestion ranges from 19.8 mg per day (the Netherlands) to
64.9 mg per day (Italy) in men and 18.4 mg per day (Spain) to 44.1 mg per day (Italy) in
women [24]. In the United States of America, Australia, and Asian countries, the intake is
about 12.5, 24.2, and 37 mg per day per person, respectively [23,42,43]. Furthermore, and
although it is not well established since they are non-essential nutrients, the recommended
daily consumption of these coloured compounds has been evaluated, with China already
recommending a daily intake of 50 mg per day/person in order to reduce oxidative stress
levels and consequently the risk of cancer, metabolic syndrome, diabetes, degenerative
diseases, and other pathologies [44].

In a general way, the primary sources of anthocyanins are berries (43% in Europe and
39% in the USA), red wine (22% in Europe and 18% in the USA), vegetables, and other fruits
(19% in Europe and 9% in the USA) [45]. Table 1 presents the main sources of anthocyanins.
A major amount of anthocyanins are found in berries, especially elderberries, chokeberries,
blueberries, pomegranate, and açaí, presenting values superior to 282.5 mg cyanidin 3-
glucoside equivalent per 100 g of fresh product [46,47]. Among the anthocyanins, cyanidin,
malvidin, and delphinidin glycosides are the most found [47–50].
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4. Anthocyanins’ Bioavailability and Metabolism

Understanding the bioavailability of phenolics is crucial since, after consumption,
their constituents undergo many modifications throughout the digestive tract (digestion,
absorption, metabolization, and elimination), which have a great impact on their nutritional
value and health-promoting properties [28,31].

Nowadays, it is established that the bioavailability of phenolics differs significantly
between them, and therefore, the most abundant polyphenols in our dietary habits are
not necessarily those that show the highest concentrations of active metabolites in organs
and tissues [35]. Indeed, their bioavailability is highly dependent on the chemical struc-
ture of the phenolics, i.e., their molecular size, pattern of glycosylation and/or acylation
(where acylation increases anthocyanin stability but declines their absorption), degree of
polymerization, and conjugations and/or combinations with other compounds [36,91].
Furthermore, it is also influenced by the pH values observed along the gastrointestinal tract,
facilitation of the compounds to cross membranes, digestibility, solubility, and absorption
actions carried out by digestive enzymes, biliary acids, gut microbiota, and enterocytes.
The food matrix maturity degree and cooking also influence the availability rates [35]. Al-
though the thermal processing reduces anthocyanins’ stability, at the same time, it damages
the anthocyanin cell walls, increasing their body absorption [28].

It is also important to take into account that the bioavailability also varies among
individuals—inter-individual variability—due to intrinsic aspects (e.g., age, sex, physio-
logical and/or pathological states, and genetic factors), which induce marked differences
regarding enzymes and microbiota activity [43].

Unlike other phenolics, anthocyanins are quickly metabolized and eliminated, and
even in high amounts, they rarely reach concentration values considered active. In fact, the
intake of 10 and 720 mg of anthocyanins only results in maximal plasma concentrations of
1.4 and 200 nanomolar, respectively, achieved between 30 min and 2 h [92–94].

Table 2 summarizes the principal human trials focused on the pharmacokinetic profile
of anthocyanins observed after their ingestion in common foods and beverages. In a
general way, less than 1.8% of consumed anthocyanins is normally absorbed. However,
this percentage can decrease if they are ingested alone, with or after other compounds;
i.e., if anthocyanins are consumed alone or after overnight fasting, their digestion happens
in 1 hour [93,95], whereas if they are ingested accompanied by other foods and beverages,
ingested with high-fat meals, or after a meal, it occurs only after 1.5 or 4 h, respectively [96].
They disappear from the blood circulatory system in less than 6 h [57].

Additionally, and considering that substitutions influence anthocyanin absorption,
nowadays, it is well-described that pelargonidin derivatives are more readily absorbed
than anthocyanins with more substituents on their B ring, such as peonidin-, delphinidin-,
and cyanidin-based anthocyanins [46]. Furthermore, and comparing the sugar moieties, it
was already verified that malvidin 3-O-arabinoside presents higher absorption rates than
malvidin 3-O-glucoside [103].

Despite their low absorption and rapid metabolism, the regular consumption of
anthocyanins is considered safe, and together with physical activity, it is encouraged as
both can reduce the occurrence of several pathologies related to oxidative stress [36]. As far
as we know, until now, no adverse effects regarding anthocyanin consumption have been
reported. In fact, and focusing on human studies, most people who consumed 160 mg of
anthocyanins twice a day for 2 months tolerated the extract; only 4% of the participants
revealed side effects, namely at the gastrointestinal level and eczema [104,105].

Therefore, after being consumed, anthocyanins are metabolized in the mouth, where
the action of oral microbiota removes the glycosidic groups and transforms them into their
corresponding chalcones [106].
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After that, they pass along the gastrointestinal tract, starting in the stomach, where
they do not suffer considerable changes, despite the acidic pH, and can be absorbed by
bilitranslocase, becoming available for absorption (bioaccessibility) [106,107], or reach in-
testinal epithelial cells [108]. In fact, the literature suggests that it is possible that the gastric
and intestinal bioavailability of anthocyanins are mainly done with the 3-monoglucosides,
3-monoglucoside acylated, and 3,5-diglucosides forms [106,107,109].

Therefore, anthocyanins can go through the portal vein to the liver and can be directed
to the systemic circulation to be taken up by the target organs and tissues, or, if they are not
absorbed, be discarded through urine and faeces (Figure 4) [41,110]. It is important to note
that in intestines, liver, and kidneys, anthocyanins are metabolized by enzymes of phase
I and phase II, being conjugated with additional hydroxyl, methyl, sulfuric, or glycoside
groups in order to increase their availability [33,36,111].

Figure 4. Anthocyanin absorption, distribution, metabolism, and excretion. CGB—cytosolic β-glucosidase; SULT—
sulfotransferase; UDP-GT—glucuronosyltransferase; COMT—catechol-O-methyl transferase; GLUT—glucose transporters;
LPH—lactase-phlorizin hydrolase.

In general, both native anthocyanidins and their conjugated forms are found in
plasma and urine; nevertheless, the intact ones are more rapidly absorbed in the stomach
(20–25%) and detected in plasma a few minutes after their ingestion [112]. This evidence is
supported by previous studies based on the oral ingestion of red fruits, which revealed
that anthocyanins are not metabolized into their aglycones, being directly absorbed and
appearing in plasma 30 min after their consumption [92]. Their glycosylated forms are
excreted in urine [8,93].

Notwithstanding, the major absorption rate is observed in the gut [33]. Therefore,
in the gut, the lactase-phlorizin hydrolase (LPH) and β-glucosidase enzymes release the
aglycone of the coloured compounds, increasing their hydrophobic character, thus facilitat-
ing their entrance by passive diffusion in epithelial cells [113]. Glycosides and acylated
anthocyanins can also be absorbed by the small intestine due to the action of glucose
transporters 1 and 3 (GLUT 1 and 3) [91,109,111,114]; however, the absorption of the acy-
lated ones is four times lower than that of non-acylated anthocyanins [33]. Particularly,
molecular docking studies revealed that smaller molecules interact with GLUT 1 and 3 by
their glucose residue and AC rings, while larger compounds penetrate in both transporters
by their C5 glucose, as well as B and coumaroyl rings [91,109].
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Unabsorbed anthocyanins reach the colon and are hydrolysated within 20 min−2
h by colonic bacteria (e.g., α-galactosidase, β-D-glucuronidase, β-D-glucosidase, and α-
rhamnosidase), which break down the glycosidic bonds and catalyse them into smaller
phenolic compounds (e.g., benzaldehydes or hydroxytyrosol) or simple phenolic acids,
such as ρ-hydroxybenzoic, homovanillic, phenylpropionic, protocatechuic, syringic, and
vanillic acids, to simplify their absorption by colonic mucosa and consequently increase
their availability [115]. This extensive metabolization is tremendously interesting and
shows that the availability of anthocyanins is probably higher than we thought, and the
reason why anthocyanins can be found in urine in amounts below 0.1% [91,116]. Indeed,
a recent study indicates the intake of 300 g of red raspberries results in the identification
of 18 different anthocyanin-derived metabolites [77]. Basically, delphinidin-based antho-
cyanins are transformed into 2,4,6-trihydroxybenzaldehyde, gallic, and syringic acids,
while syringic, 4-hydroxybenzoic, and vanillic acids are the primary metabolites of mal-
vidin, pelargonidin, and peonidin glucosides, respectively [111,117]. Cyanidin glycosides
can produce around 35 metabolites, 31 being found in urine samples, 28 in faeces, and 17 in
the circulatory system, where the main ones are 2,4,6-trihydroxybenzaldehyde, ρ-coumaric,
protocatechuic and vanillic acids, and phenolic conjugates (e.g., hippuric, phenylacetic,
and phenylpropenoic acids) [77,118].

Additionally, the cleavage of glycosidic bonds also enhances the beneficial effects
exhibited by anthocyanins [33]. In fact, this modulation on colon microflora leads to the
formation of short-chain fatty acids that together with phenolic acids induce a decrease
in pH values, creating favourable conditions for the proliferation of probiotic bacteria,
such as Actinobacteria, Bifidobacteria, and Lactobacilli [33,111]. These bacteria exert positive
effects in the control of gastrointestinal and digestive disorders, allergies, eczema, and
improvements in delicate cases of cardiac and mental illness [10,119].

5. Anthocyanin Encapsulation

Knowing that the incorporation of phenolic compounds into foods and pharmaceutical
products is a challenge, due to their instability and susceptibility to degradation, during
processing and storage, various delivery systems have been developed [4]. Among them,
encapsulation is a good strategy. This technology allows entrapping an active agent, liquid,
gas, or solid within a matrix or a polymeric wall in micro or nanoparticles, to protect
the active compound from environmental conditions, undesirable interactions, and to
control their transportation, release, and handling. The most common polymers used are
carbohydrates (e.g., cellulose derivatives and maltodextrins), natural gums (e.g., alginates
and gum arabic), lipids (e.g., emulsifiers and waxes), and/or proteins (e.g., dairy proteins,
gelatine, and soy proteins) [33]. Additionally, their combination with other wall materials
and some modifiers, such as antioxidants, chelate agents, and surfactants, can also increase
the encapsulation benefits [4]. In a general way, the process of encapsulation is based
on the formation of the wall around the compound of interest, ensuring that unwanted
materials are kept outside, and preventing undesired leaks to happen. It is important to
take into account, along with its cost, the particle size and physicochemical properties of
the core and the origin of wall constituents, to favour capsule stability. To that end, several
methods have been developed, and the best-known ones for anthocyanin encapsulation
are emulsification, ionotropic gelation, thermal gelation, and spray-drying. This last one is
the most applied technique (80–90% of encapsulated formulations are spray-dried) due to
their cost and easy procedure [4]. Maltodextrins are the most used coating material given
their ability to maintain anthocyanin stability [120].

Therefore, and in order to enhance their bioefficacy and stability, and thus prevent their
rapid degradation, anthocyanins are mainly encapsulated with liposomes, nanocomplexes
of alginate and chitosan, and gel emersions [34]. In fact, several studies already showed
that anthocyanin nano-formulations, along with chemical modifications, favour their
absorption and metabolization, and consequently increase their biological action [33].
Mueller et al. [112] conducted a human study and reported that the encapsulation of 2.4 g of
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blueberry anthocyanins with whey protein does not contribute to anthocyanin stabilization
during intestinal passage given their ability to prolong their passage through the stomach,
whereas the encapsulation with citrus pectin improves anthocyanin bioavailability and
intestinal accessibility, thus increasing their concentrations in the bloodstream.

Furthermore, bioengineering-based, targeted drug delivery approaches using biodegrad-
able PLGA@PEG nanoparticles revealed more notable results in both in vivo and in vitro
Alzheimer’s disease models than anthocyanins alone, namely, lower levels of oxidative
stress and neuroinflammatory hallmarks [121,122]. Furthermore, 50 mg/mL of blueberry
anthocyanins encapsulated in liposomal micelles also revealed higher anticancer activity
than non-encapsulated anthocyanins on K562 human erythroleukemic cancer cells [123].

6. Putative Health Benefits

The low ingestion of fruits and vegetables causes around 1.7 million deaths worldwide,
being related to 14% of gastrointestinal malignancies, 9% of stroke, and 11% of coronary
artery disorders [36]. Therefore, it is undeniable the role of anthocyanins in promoting
human health and welfare [105]. Several in vitro scavenging assays, animal and human
cell lines studies, animal models, and human clinical trials already indicated that the
consumption of foods, beverages, and supplements rich in anthocyanins brings numerous
health benefits. In fact, this is due to the easy capacity of the anthocyanins to eliminate
and/or neutralize free radicals and reactive species, chelate metals, control signalling
pathways, diminish pro-inflammatory markers, and, thus, reduce the risk of cardiovascular
pathologies, cancer, and neurodegeneration. Additionally, they also contribute to control
weight and improve vision. The general health benefits resulting from the consumption of
anthocyanins are shown in Figure 5.

Figure 5. Health benefits of anthocyanins.

6.1. Antimicrobial Effects and Anti-Parasitic Activity

In order to attenuate the emerging resistance of microorganisms to antibiotics over
time, natural products have gained much attention since they are rich in many metabolites
with antimicrobial, antifungal, and anti-parasitic effects. In fact, these activities are part of
the plants’ defense mechanism against pathogens and infections during their development
and growth. Among these phytochemicals, anthocyanins already showed capacity to
reduce the replication and growth of some Gram-negative and Gram-positive bacteria and
parasites [124,125].
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Anthocyanins already revealed an ability to stop the replication of two common
foodborne pathogens, Escherichia coli and Salmonella, exhibiting minimum inhibitory con-
centration (MIC) values varying from 10 to 400 mg/mL, and also to reduce the growth
of Desulfovibrio spp. and Enterococcus pathogenic bacteria by increasing the abundance of
probiotics, such as Akkermansia and Bifidobacteria [124]. These results are in accordance with
those reported by Sun et al. [125], who also revealed that anthocyanin-rich extracts from
blueberries can also destroy the cell membrane of Listeria monocytogenes, Staphylococcus
aureus, and Vibrio parahaemolyticus, displaying MIC scores of 0.27, 0.21, and 0.030 mg/mL,
respectively, after 24 h of exposure. Furthermore, it has also been reported that 100 μM
cyanidin 3-O-glucoside can also inhibit the expression and secretion of Helicobacter pylori
toxins by suppressing the SecA transcription pathway, thereby making the proteins’ expor-
tation difficult [126]. Even though delphinidin 3-O-rutinoside and cyanidin 3-O-rutinoside
at 1% did not reveal any inhibitory effect, enriched fractions of berries at concentrations
ranging from 0.1 to 1% showed capacity to inhibit the yeasts Saccharomyces cerevisiae and
Rhodotorula rubra, and the bacteria Bacillus cereus, Salmonella typhimurium, and Lactococcus
lactis cocci growth [127]. Mulberry anthocyanins also showed potential to interfere with the
development of Pseudomonas aeruginosa, a microorganism associated with biofilm-mediated
infections, exhibiting an MIC value of 2 mg/mL [128]. Similar results were observed con-
cerning the anti-microbial effects of blackcurrants and cherries on suppressing the growth
of S. aureus, E. coli, and P. aeruginosa bacteria [129]. More recently, Silva et al. reported that
anthocyanin-rich blueberry extracts at concentrations superior to 1 mg/mL can also inhibit
virulence factors, namely, the formation of biofilms and adhesion of Acinetobacter baumannii
and Proteus mirabilis pathogenic microorganisms over 24 h of treatment [130].

A dose of 0.225 μg/mL of cornelian cherry fruits showed potential to stimulate
murine immune response during Trichinella spiralis infection, a causative agent of human
trichinellosis, by enhancing the CD3+, CD4+, and erythrocytes cells, promoting platelet
aggregation and decreasing CD8+ splenocyte cells when compared to T. spiralis-infected
mice that did not receive the extract [131]. Besides, it has already been reported that
Kenyan purple tea anthocyanins (200 mg/kg) can ameliorate post-treatment reactive
encephalopathy associated with cerebral human trypanosomiasis, caused by Trypanosoma
brucei parasites in a murine model, after 21 days of treatment, by delaying the establishment
of the trypanosomes and increasing the glutathione and aconitase-1 levels in the brain
compared to the untreated group [132]. Additionally, anthocyanins isolated from black
soybean already revealed the potential to control chronic bacterial prostatitis, an infection
from the lower genitourinary tract, in rat models, over 4 weeks of treatment at doses of
50 mg/kg administrated twice a day for 2 weeks compared to the control group, which did
not receive anthocyanins [133].

In a general way, the antimicrobial, antifungal, and anti-parasitic activities of the an-
thocyanins are mainly due to their capacity to react with the DNA, proteins, and sulfhydryl
groups and interfere with AKT, ATPase, and superoxide dismutase activities, which, in
turn, decrease the citric acid cycle and microbial metabolism, and inhibit microbial en-
zymes [125,132]. These events deprive microorganisms of the substrate that they need,
compromising their development and replication, the formation of biofilms and host ligand
adhesion, and lead to cytoplasmatic membrane destabilization and consequent cell death.

6.2. Antioxidant Properties

Free radicals are a product of natural metabolism; however, their accumulation be-
comes toxic to cells and trigger many reactions, such as the oxidation of cellular components
(nucleic acids, proteins, and fatty acids) and lipid peroxidation, accelerating aging pro-
cesses, and eliciting the occurrence of many chronic diseases, such as neurodegenerative
and cardiovascular disorders, cancer, atherosclerosis, and ulcerative colitis [4]. These
reactive species can be derived from oxygen (e.g., hydroxyl, peroxyl, and superoxide) or
nitrogen (e.g., nitric oxide and peroxynitrite). Besides, there are also even-numbered free
radical species, such as H2O2 and lipid peroxide. Since synthetic antioxidants have various
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adverse effects on health, there is a trend towards relying on antioxidants from natural
products. Currently, the notable antioxidant properties of anthocyanins are well-described,
and it is mainly due to their conjugated rings and hydroxyl groups [41,134,135].

Many in vitro assays already demonstrated the antioxidant potential of anthocyanin
derivatives and foods rich in them [136]. Focusing on individual anthocyanins, Rahman
et al. [137] reported that delphinidin isolated from blueberry extracts shows the most
considerable capacity to scavenge superoxide species, followed by petunidin > malvidin
= cyanidin > peonidin > pelargonidin, at 1 μM. Similar results were obtained, regarding
the capacity of these compounds, at the same concentration, to capture peroxynitrite
radicals [133]. Moreover, cyanidin 3-O-glucoside at concentrations between 100 and 200 μM
showed potential to protect human keratinocyte HaCaT cells against ultraviolet-A radiation,
preventing DNA fragmentation and the release of hydrogen peroxide (H2O2) [138].

Regarding the anthocyanin-enriched fractions from natural products, extracts of black-
berries, blueberries, strawberries, sweet cherries, and red raspberries at 10 μM displayed
the potential to inhibit human LDL oxidation, having been two times more effective than
an ascorbic acid control [139]. The coloured fraction of the sweet cherries also showed
capacity to scavenge nitric oxide, in a concentration-dependent manner, displaying a half-
maximal inhibitory concentration (IC50) value of 47.44 μg/mL, being three times more
active than ascorbic acid (IC50 = 179.69 μg/mL); it also protects human erythrocytes against
haemoglobin oxidation and prevents haemolysis damage induced by peroxyl radicals, in
a concentration-dependent manner (IC50 = 33.86 and 9.44 μg/mL, respectively). Positive
correlations (r > 0.4) between anthocyanin content and antioxidant assays have been re-
ported [134]. Additionally, the same extract also exhibited potential to capture superoxide
species in a concentration-dependent manner (25% inhibitory concentration (IC25) score
of 16.58 μg/mL) and protect human adenocarcinoma Caco-2 cells against oxidative stress
induced by tert-butyl hydroperoxide [130]. Blackberries extracts rich in anthocyanins
revealed a ferric-reducing antioxidant power score of 191 μMol Fe2+/L (extract concen-
trations between 10 and 200 μg/mL) [138] and also capacity to quench peroxyl radicals
(4885 μMol Trolox equivalent/g) [140]. After 24 h of treatment, the same extract, at con-
centrations varying between 0.02 and 50 μg/mL, also showed an ability to protect human
intestinal INT-407 normal cells against intracellular oxidation induced by 2,2’-azobis(2-
amidinopropane) dihydrochloride (IC50 = 4.1 μg/mL) [140]. Blackberry and raspberry
fruits also revealed lipid peroxidation inhibitory potential, displaying IC50 values lower
than 50 μg/mL [141].

Concerning in vivo trials, delphinidin (1 mg/0.1 mL DMSO/mouse) showed capacity
to protect mouse skin against UV-B radiation, preventing apoptosis after 8 h of expo-
sure [142]. Additionally, rats that were fed during 35 days with anthocyanin extracts
(4 mg/kg of body weight) from blackberries showed a meliorate antioxidant status com-
pared to animals that did not receive these phenols in the diet, with lower levels of reactive
species in the brain, liver, kidney, and plasma standing out (−35%, −44%, −17% and −8%,
respectively), as well as higher catalase and glutathione peroxidase concentrations in the
brain, kidney, and liver (+0.30, +0.65 and +0.05%, respectively) [143]. Anthocyanins from
dabai fruits also showed potential to increase superoxide dismutase action (+10%) and to
inhibit lipid peroxidation (−21%) in white rabbits that ingested 2000 mg/day of the extract
for 8 weeks, compared to the control group. These benefits are attributed to the ability of
anthocyanins to disrupt the activity of poly(ADP-ribose) polymerase 1 [144].

In humans, the ingestion of fresh strawberry fruits (300 g, possessing 9.57 mg of
anthocyanins) by 13 healthy volunteers revealed the capacity to increase the plasma
ferric-reducing antioxidant power (+3.1%), α-carotene (+7%), and vitamin C (+23%) lev-
els [145]. Besides, 12 healthy participants who consumed açaí juice and pulp, composed
of 165.9 mg/L and 303.8 mg/kg of anthocyanins, respectively, showed increments in
plasma antioxidant capacity of 3- and 2.3-fold, respectively [11]. Furthermore, forty-seven
healthy adults who consumed 30 mL of tart cherry concentrate diluted to a volume of
250 mL with water for 6 weeks showed higher levels of plasma ferric-reducing ability
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than the control group (+10%) [12]. A randomised cross-over study involving 30 healthy
female participants who drank 330 mL of an anthocyanin-rich beverage over 14 days
displayed increases in superoxide dismutase activity of about 6%, compared to the placebo
group [146]. More recently, 300 g of blueberries ingested by ten young volunteers showed
potential to protect human blood mononuclear cells against oxidative damage induced
by H2O2 compared to the control, by reducing oxidative damage by 18% after 24 h of
their consumption [147]. The same was verified after a 30-day-treatment with 500 g of
strawberry fruits [148]. Anthocyanin-rich juices and nectars also showed potential to aid
recovery after strenuous exercise by increasing the plasma total antioxidant capacity and
diminishing lipid peroxidation and carbonyl species [149–151].

These considerable health-promoting properties are intimately linked to the capacity
of anthocyanins to increase the glutathione levels by restoring or raising the activity
of exogenous antioxidant enzymes and by activating the genes responsible for coding
these enzymes. Besides, it is also due to their ability to inhibit NADPH and xanthine
oxidases and modify arachidonic metabolism and mitochondrial respiration, and hence,
reduce the formation of free radicals and reactive species, protecting cell components from
damage [41]. Furthermore, anthocyanins can enter into cells and activate the Nrf2/HO-
1 pathway, conferring resistance against oxidative damage and increasing antioxidant
defence [152], and can interact with other natural antioxidants, such as other phenolic
compounds, carotenoids, and vitamins, which also increase their ability to relieve oxidative
stress [134]. Nevertheless, and although no study has revealed toxicity on humans, it is
imperative to conduct further in vivo studies in order to reveal the safe dosage of phenolics
intake, including of anthocyanins and anthocyanidins, as they can act as pro-oxidants in
some conditions (e.g., a basic pH, high concentrations of transition metal ions, and the
presence of oxygen, among others) [153].

6.3. Anti-Inflammatory Properties

Anthocyanins also possess anti-inflammatory capacity. Inflammatory conditions
happen in response to pathogens that were not removed (e.g., autoimmunity) or due to
an inadequate long-term response to stimuli (e.g., allergies). They are characterized by
oedema, redness, pain, fever, function losses, and larger amounts of pro-inflammatory
cytokines (e.g., tumour necrosis factor (TNF)-α, interleukin (IL)-6, and 1β) and nitric
oxide radicals [154]. Therefore, it is important to be treated as soon as possible given
their involvement in chronic disorders, such as asthma, obesity, gout, diabetes, cancer,
atherosclerosis, and neurological pathologies.

Among the anthocyanins, cyanidin and delphinidin 3-O-glucosides already exhibited
potential to reduce the C-reactive protein levels by 77% in human liver cancer HepG2
cells, and vascular cell adhesion molecule-1 secretion in endothelial cells by 47%, at con-
centrations of 50 μg/mL compared to the non-exposed cells group [13]. Additionally,
delphinidin, petunidin, and malvidin 3,5-diglucosides also revealed capacity to inhibit
nitric oxide release, and IL-6, IL-1β, and TNF-α in lipopolysaccharide (LPS)-induced
RAW264.7 macrophages at concentrations of 80 μg/mL [152]. Anthocyanin extracts from
raspberries (concentrations of 100, 150, and 200 μg/mL) also showed an ability to reduce
the expression levels of cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS),
and IL 1β and IL-6, and to suppress AP-1 signalling and nuclear factor kappa B (NF-kB)
pathways. Additionally, it was also verified that they can decrease IKK, IkBa, p65, and JNK
phosphorylation, avoid p65 nuclear translocation in LPS/IFN-γ-stimulated RAW 264.7
macrophage cells [155], and inhibit lipoxygenase activity, at concentrations of 10, 25, and
50 μg/mL [154]. Similar results were obtained concerning the anthocyanins isolated from
strawberries and blackberries at a concentration of 50 μg/mL [156], and purple sweet
potato at 200 μg/mL [152]. Besides, anthocyanin-fractions extracted from berries also
showed potential to reduce TNF-α, IL-8, and Regulated upon Activation, Normal T Cell Ex-
pressed and Presumably Secreted (RANTES) at doses between 10 and 25 μg/mL in human
bronchial epithelial BEAS-2B normal cells treated with LPS [157]. These results are in line
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with those recently described by Chen et al., who proved that an anthocyanin-rich extract
from mulberry fruits, at a concentration of 50 mg/mL, can reduce the IL-6, iNOS, phospho-
p65, and phospho-IκBα pro-inflammatory markers, and increase the IL-10 concentration in
RAW264.7 macrophage cells stimulated with LPS over 24 h of exposure [128].

Enriched fractions of anthocyanins from raspberries already showed anti-inflammatory
effects in dextran sulphate sodium-induced acute colitis in mice. Animals ingested
20 mg/kg of the extract for 10 days. At the end of the study, blood samples were col-
lected, and mice were sacrificed for histological assessment. The results were compared
in the control group; i.e., rats only received a normal diet. The obtained data revealed
that a diet rich in anthocyanins contributed to improve colitis damage, by enhancing pro-
inflammatory markers reduction and controlling weight [155]. Similar data were observed
by Pereira et al. [158], who’s study was based on the administration of blueberries also in
2,4,6-trinitrobenzenesulfonic acid-induced colitis rat models, at concentrations of 10 mg/kg
over 8 days of treatment, compared to an untreated group. This study proved the ability of
anthocyanins to downregulate iNOS, inhibit COX-2 expression, decrease leukocyte infiltra-
tion, and increase antioxidant defence in the colon. Tart cherry anthocyanins (400 mg/kg)
administrated for 3 days also showed an ability to suppress inflammation-induced pain
in rats, essentially due to their ability to inhibit cyclooxygenase-mediated synthesis of
prostaglandins [159]. Furthermore, Kim et al. revealed that 5 mg of encapsulated antho-
cyanins per day can decrease COX-2, NOS3, IL-1β, and TNF-α inflammatory cytokines in
mice brain [121]. Another study related to anthocyanins extracted from rice (at 25 μg/mL)
proved that they can increase type I collagen gene expression and protect skin fibroblasts
against H2O2 damage, essentially by inhibiting IκBα phosphorylation, NF-κB activation,
and IL-6 production, over 24 h of exposure [160].

Regarding human studies, 150 hypercholesterolemic subjects who ingested 320 mg
anthocyanin capsules, rich in cyanidin 3-O-glucoside and delphinidin 3-O-glucoside, daily
for 24 weeks showed lower levels of C-reactive protein, vascular cell adhesion molecule-1,
and plasma IL-1β levels (−20, −13 and −4%, respectively) when compared to the untreated
group. No changes were detected regarding TNF-α concentrations, which indicate that
the intervention was safe [13]. Jacob et al. reported that the consumption of 280 g of
cherries (28 mg per 100 g of fresh weight) twice a day can also reduce the plasma C-reactive
protein and nitric oxide levels by 29.4% and 16.8%, respectively, when compared with the
baseline. A decrease in plasma urate (−14.5%) and increments in ascorbic acid (+9%) were
also verified, highlighting the anti-gout effects of cherries. This trial was composed of ten
healthy women who consumed cherries after an overnight fast [161]. These data are in
accordance with Kelley et al., who conducted a study involving 18 healthy men and women
that were subjected to the daily consumption of 280 g cherries for 28 days. The results
revealed a decrease in C-reactive protein, nitric oxide, and RANTES at percentages of −25,
−18 and −21%, respectively. No changes were observed in IL-6, neither in the high-, low-,
and very-low-density lipoprotein cholesterols nor triglycerides, which can be considered
evidence regarding the security of this supplementation dose [162]. Furthermore, ten
healthy adult volunteers who drank 10 g of Hibiscus sabdariffa diluted in water showed
lower monocyte chemoattractant protein-1 (−23.2%) levels, an important biomarker consid-
ering the evaluation of inflammatory disorders, after 3 h of their consumption compared to
the placebo group [163]. Additionally, a pilot study, composed of 13 patients with mild to
moderate ulcerative colitis, consumed 160 g of blueberries (4 trays per day), corresponding
to 95 g dw (around 600 g of fresh fruit) during six weeks, revealed that 63.4% of patients
achieved remission of the inflammatory bowel disease [164]. In another study, sixteen
volunteers were subjected to the consumption of a 250 mL dose of anthocyanin-rich plum
juice; the results obtained revealed a decrease in the C-protein reactive, IL-6, IL-1β, and
TNF-α concentrations of−22, −7, −9 and −4%, respectively. These data were observed 4 h
after the intake relative to the placebo group [165].

Besides the mentioned, anthocyanins also facilitate muscle recovery after intense exer-
cise, attenuating its damage and inflammation [149–151]. Indeed, sixteen active students
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who drank 480 mL of blackcurrant nectar for eight consecutive days revealed lower levels
of creatine kinase, a marker of muscle damage, and IL-6, 48 h post physical activity [149].
These results were similar as those obtained by Hurst et al. also based on the consumption
of blackcurrant nectar (~240 mg total anthocyanins). In this work, a 5-week randomized
placebo-controlled pilot trial composed of 36 volunteers revealed that the group who
consumed this juice showed lower levels of pro-inflammatory TNF-α and IL-6 molecules
and increments in anti-inflammatory IL-10 cytokines [151]. Furthermore, twenty runners
who consumed 30 mL of tart cherry juice during 5 days before and 48 h after a marathon
run also showed reduced levels of inflammatory markers (IL-6, uric acid, and C-protein
reactive) compared to the placebo group [150].

These effects are closely linked to the ability of anthocyanins to prevent CD40 acti-
vation, a member of the tumour necrosis factor receptor superfamily [166]. Additionally,
they also can inhibit the cyclooxygenase isoenzymes, COX-1 and COX-2, and interfere
with the MAPK cascade [121]. Indeed, and through an in vitro cyclooxygenase inhibitory
assay with enzymes from ram seminal vesicles, anthocyanins extracted from sweet cherries
and raspberries, at a concentration-dose of 125 μg/mL, showed more potential to inhibit
COX-1 activity (47.4 and 54.3%, respectively) than ibuprofen (39.8%) and naproxen (41.3%)
at 10 μM [167].

6.4. Anticancer Properties

Cancer causes more deaths than strokes and coronary disorders and it is characterized
by uncontrolled cell growth and proliferation [8]. Anthocyanins have demonstrated capac-
ity to inhibit the initiation, promotion, and progression of types of cancer, such as human
colon [134,168], liver and bladder [169,170], breast [171], brain [172], renal and skin [168],
gastric [141], and thyroid [173] cancers, mainly due to their antioxidant properties and
capacity to interfere with PI3K/Akt [174].

The capacity of anthocyanins to inhibit the growth of metastatic cells is not surprising.
Indeed, the enriched fraction of anthocyanins from sweet cherries already showed an
ability to inhibit human adenocarcinoma Caco-2 cells growth (inhibitory IC50 value of
667.84 μg/mL), causing necrosis at concentrations superior to 400 μg/mL, after 24 h of
treatment [134]. Similar effects were verified using coloured phenolics from pollen, but
at a higher concentration (10 mg/mL) [175]. Concentrations higher than 500 μg/mL of
anthocyanin-rich extracts from the Myrtaceae family also showed an ability to reduce
the proliferation of human colon adenocarcinoma HT-29 cells, mainly by arresting the
G2/M phase, hence causing cell apoptosis in comparison with the control group over
24 h of treatment [176]. It was also already verified that anthocyanin-rich extracts from
pomegranate at 50 μg/mL can reduce by 10% the growth of human bladder cancer T24
cells growth after 48 h of exposure, in comparison with untreated cells [170]. Additionally,
and after 2 days of an incubation assay, anthocyanins from cherries also showed capacity
to interfere with MDA-MB-453 and MDA-MB-231 breast cancer cell lines growth, revealing
IC50 values of 45 and 149 μg/mL, respectively, without toxicity to MCF-10A normal breast
cells [171]. Blackberry and raspberry fruits at 250 μg/mL also revealed effectiveness in
stopping cancer cell growth, inhibiting human colon HCT-116, breast MCF-7, lung NCI-
H460, and gastric AGS tumour cell lines by 50, 24, 54, and 37%, respectively, after 24 h of
exposure [141]. Furthermore, 10 μg/μL of anthocyanins from mulberries revealed capacity
to suppress thyroid SW1736 and HTh-7 cancer cell proliferation, by inducing apoptosis and
autophagy-dependent cell death, and inhibiting protein kinase B and ribosomal protein S6
activation, after 72 h of treatment [173]. On the other hand, açaí extracts rich in anthocyanins
showed the ability to suppress C-6 rat brain glioma cell growth, showing cell viability
reductions of 62, 45, and 38% at concentrations of 50, 100, and 200 μg/mL, respectively, after
48 h of treatment [172]. More recently, Vilkickyte et al. reported that anthocyanins isolated
from lingonberry fruits can suppress the viability of malignant melanoma IGR39 and renal
CaKi-1 cancer cells, displaying IC50 values of 200 and 400 μg/mL, respectively [168].
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Focusing on in vivo studies, the daily administration of berries (0.5 mg/kg body
weight) in rats with induced oesophageal carcinoma showed an ability to reduce cancer
growth by 22% over 20 weeks of treatment, when compared to the control group [177].
Adding 10% dietary freeze-dried berries to the standardized diet of rats also showed
capacity to inhibit induced oesophagus cancer by 30–60% and colon cancer by up to 80%
when compared to the control, over 25 weeks of treatment [178].

Furthermore, a recent study revealed that anthocyanins from blueberry extracts
showed the capacity to prevent the formation and growth of colorectal cancer in
azoxymethane/dextran sodium sulphate-treated Balb/c mice, which ingested a diet con-
taining 10% of the extract during 9 weeks of treatment, compared with the control [179].
Anthocyanins from Vitis coignetiae Pulliat also showed the potential to inhibit the tumori-
genicity in mice infected with Hep3B human hepatocellular carcinoma cells (5 μg/g of
animal per day) [180].

On the other hand, berry anthocyanins displayed anticarcinogenic effects on lung
cancer progression in rat xenograft models (reductions around 40%) treated with a diet
supplemented with 7.5%, after 6 weeks of the intervention [181]. The supplementation
during 1 month with 0.5% of cyanidin and peonidin 3-O-glucosides also exhibited the
capacity to reduce Lewis lung carcinoma cells in mice [182].

In addition, the administration of delphinidin (2 mg, three times a week) in athymic
nude mice implanted with PC3 cells resulted in significant inhibition of prostate tumour
growth, essentially by reducing the expression of NF-κB/p65, Bcl2, Ki67, and PCNA after
8 weeks of treatment [183]. An anthocyanin mixture extracted from black soybean also
inhibited xenograft growth of prostate cancer in mice treated with a daily oral anthocyanin
(8 mg/kg) after 14 weeks of intervention [184].

Besides, the daily administration of anthocyanin-rich extracts from black rice
(100 mg/kg, during 28 weeks) in mice xenografted with human tumour models showed the
ability to reduce breast cancer growth, causing reductions around 41% [185], mainly due to
their ability to inhibit growth factor receptor 2, a gene overexpressed in this type of can-
cer [186]. Blackthorn fruits at 0.2 mg daily (5 days a week, for one month) already showed
potential to slow down tumour growth xenografts in immunodeficient mice injected with
human colon HCT116 cancer cells [187]. Anthocyanins from black rice already showed
potential to increase immune responses in murine leukaemia cells, at concentrations higher
than 50 mg/kg over 3 weeks of treatment, promoting CD3 (T cell), CD19 (B cell), CD11b
(monocyte), and macrophage phagocytosis, and decreasing the NK cell activity when
compared to the untreated control group [188].

Regarding skin cancer, the administration of anthocyanins extracted from Sorbus
aucuparia (5 mL/kg for 11 days) in rats showed potential to reduce melanoma [189]. Fur-
thermore, Lee et al. reported that anthocyanins extracted from aronia conjugated with
fucoidan, a natural polysaccharide extracted from seaweed, can prevent the development
of induced skin tumour in mice when administered twice a week at a concentration of
900 mg/kg dose during 22 weeks [174].

Although there are no relevant studies regarding the anti-cancer effects on humans, it
was already verified that the consumption of 20 g of black raspberry powder for between
2 and 4 weeks (three times per day) by Barrett’s oesophagus patients, a precursor lesion for
oesophageal tumour, can reduce the proliferation rates and CD 105-stained blood vessels,
and increase apoptosis in colon tumours [190].

The ability of anthocyanins to inhibit the initiation and development of a tumour is
closely associated with their ability to increase antioxidant defences, exert anti-inflammatory
actions, and interfere with the ERK, JNK, PI3K/Akt, MAPK, and NF-κB pathways, as well as
being associated with their regulated proteins and influence on the estrogenic/antiestrogenic
levels [180,183]. Furthermore, these flavonoids compounds also showed apoptotic effects
since they can activate the caspase cascade, reduce the mitochondria membrane potential,
and modulate the cytochrome C and aromatase activities [185,191].
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6.5. Neurological Properties

Knowing neurological pathologies are closely related to oxidative stress and inflam-
matory levels, it is not surprising that the consumption of secondary metabolites from
plants, such as anthocyanins, can reduce their occurrence.

Anthocyanin-enriched fractions extracted from berries at 20 μg/mL already showed
capacity to reduce nitric oxide, reactive oxygen, and carbonyl species, as well as the H2O2
levels and apoptotic protease caspase-3/7 activity in BV-2 microglia cells in about 20%
relative to untreated cells. They also showed an ability to diminish anti-glycation and
anti-Aβ A aggregation [192]. Furthermore, anthocyanin-rich extracts from blueberries at
0.01 μg/mL, together with cyanidin 3-O-glucoside, cyanidin 3-O-sophoroside, delphinidin
3-O-glucoside, and malvidin 3-O-glucoside at 1 μM, also revealed an ability to protect
dopaminergic neurons from the primary cells of Parkinson’s disease against rotenone
toxicity, after 72 h of treatment, essentially by attenuating mitochondrial dysfunction [193].

Besides, it was already reported that anthocyanins (ingestion of 100 mg/kg for
10 months) can restore the ion pump activities in rats experimentally demyelinated with
ethidium bromide, by diminishing the proinflammatory mediators’ secretion and oxidative-
stress levels and restoring the IL-10 levels [131]. Additionally, anthocyanins isolated from
black bean at concentrations varying from 100 and 200 μg/mL (over 12 h of treatment)
proved their ability to protect the hippocampal neurons of mice against toxicity induced by
kainic acid, mainly thanks to their capacity to reduce the reactive oxygen species levels,
caspase-3, AMPK activation, and mitochondrial cytochrome-c release into the cytoplasm,
and in attenuating the Ca2+ perturbations, losses of mitochondrial integrity, and Bax
accumulation [194]. Kim et al. revealed that 5 mg (administered during 14 days) of antho-
cyanins encapsulated in gold nanoparticles can cross the blood–brain barrier and reduce
the amyloid-β1-42 plaques and neuro-apoptotic markers (anti-Bax, anti-Bcl2, anti-caspase-3,
anti-cytochrome c, and anti-P-JNK) by inhibiting the ρ-JNK/NF-κB/ρ-GSK3β pathway in
mice brain [121].

Concerning human assays, a 12-week randomised study involving 49 older adults
with mild-to-moderate dementia who drank 200 mL anthocyanin-rich cherry juice showed
improvements in verbal fluency, learning, memory, and cognition when compared to the
untreated group [14]. Similar neurological improvements were observed after 12 weeks
of blueberry concentrate supplementation in healthy older adults, who drank 30 mL
of blueberry juice compared to the placebo [15]. Whyte et al. also conducted a study
involving one hundred and twenty-two older adults, which consumed 16 capsules per
week over 3 months of blueberry-rich extracts. As expectable, better cognitive tasks
regarding executive function, working memory, and episodic memory were registered in
comparison to the placebo [195].

As mentioned before, the neuroprotective effects showed by anthocyanins are mainly
due to their ability to cross the blood–brain barrier and protect neurons and glia cells from
oxidative damage induced by reactive species and free radicals, reduce the inflammatory
cytokines and β-amyloid concentrations, and to suppress NF-kB, the Nf E2-related factor-2
(Nrf-2) signalling pathway, COX, and caspase activities [119]. Furthermore, anthocyanins
also can raise gene expression, GTPase activity, and detoxifying enzyme amounts, and
therefore meliorate cerebrovascular and peripheral blood flow [196].

6.6. Anti-Diabetic and Anti-Obesity Effects

Diabetes mellitus, with type 2 standing out, affects several people worldwide, being
associated with obesity, oxidative stress, inflammatory events, and cardiovascular risk [197].
Given the resistance developed to the current pharmaceutical drugs administrated, the
ingestion of anthocyanin-rich products has been encouraged. In fact, anthocyanins already
showed mechanisms capable to diminish insulin resistance, hyperglycaemia, proinflamma-
tory cytokines, and radical species; inhibit gluconeogenesis and the action of the α-amylase
and α-glucosidase carbohydrate-hydrolysing enzymes; and, consequently, restore the
glucose levels, incentive insulin secretion, and pancreatic β-cells proliferation [198,199].
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Among the anthocyanins, cyanidin 3-O-glucoside already showed potential to inhibit
pancreatic α-amylase activity, revealing an IC50 value of 24.4 μM [200]. Anthocyanin-
enriched fractions from sweet cherries also showed the capacity to inhibit the α-glucoside
action, showing to be three times more efficient than the acarbose control, which is the
current pharmaceutical drug used to treat type 2 diabetes, but whose intake cause several
gastrointestinal side effects [134]. Besides, anthocyanins from Cornus kousa displayed
anti-angiogenic effects in the pre-adipocyte cell line 3T3-L1s, suppressing lipogenesis and
adipogenesis in comparison with untreated cells after 8 days of exposure [201].

The oral administration of acarbose combined with cyanidin 3-O-rutinoside (30 mg/kg)
also revealed an ability to alleviate postprandial hyperglycaemia and inhibit intestinal
α-glucosidase in normal rats over three hours of intervention, as compared with the control
group [202]. Besides, it was already documented that the glucoside of cyanidin can also
meliorate diabetes-related endothelial dysfunction in mice that received a 6 mg/kg diet
for 8 weeks, by stimulating adiponectin expression and improving flow-mediated dila-
tion [203]. On the other hand, black currant anthocyanins showed the ability to reduce
body weight gain and glucose levels and improve insulin sensitivity in mice that were fed
with 8 mg/day of anthocyanins for 8 weeks. Converted into human equivalent doses, these
ones are estimated to be 1.5 g/day of total anthocyanins for an average adult [56]. Fur-
thermore, the daily administration of anthocyanins from Hibiscus sabdariffa L. (300 mg/kg)
in obese-hypercholesterolemic rats revealed the capacity to reduce their weight, as well
as to improve their lipid profile and liver enzymes action over 3 weeks of treatment in
comparison to the group that did not receive the diet [198]. Blueberry anthocyanins also
showed anti-obesity effects. Indeed, their administration at doses of 200 mg/kg during
one month showed the ability to reduce the body weight of obese C57BL/6 mice by 19.4%
and also diminish the glucose and pro-inflammatory levels, improve the lipid profile,
and suppress the peroxisome proliferator-activated receptor-γ, FAS genes, and fatty acid
synthesis over a 16-week treatment in contrast to the untreated group [204]. These results
were similar as those reported by Kwon et al. and Wu et al. regarding the oral ingestion of
anthocyanins from black soybean, black rice, and purple corn by obese rats [16,205].

Regarding human studies, it was already reported that twenty dyslipidaemic children
and adolescents who daily ingested 50 g of cornelian cherry fruits, during 6 weeks, showed
better lipid, apolipoprotein and vascular inflammation profiles and lower levels of LDL and
triglycerides, intracellular adhesion molecule-1 and vascular cell adhesion molecule-1 (−10,
−13, −30 and −25%, respectively). Higher levels regarding apolipoprotein A (+11.6%) and
a diminished content of apolipoprotein B (−13.6%) were also verified [197].

The anthocyanins potential to be used as novel therapeutic agents against diabetes
and obesity is fundamentally attributed to their chemical structure, which gives them
inhibitory effects on the carbohydrate-hydrolysing enzymes’ action and capacity to interact
in a competitive and/or non-competitive mode with the enzymes’ substrate and create
hydrophobic bonds with these enzymes, thereby discontinuing their act and retard car-
bohydrate absorption [134,200]. Furthermore, anthocyanins also revealed the capacity to
raise GLUT 4 membrane translocation expression and upregulate the signalling pathway
of the peroxisome proliferator-activated receptors, encouraging adipocyte glucose uptake
and improving the lipid profile [10].

6.7. Cardiovascular Properties

Cardiovascular pathologies are the principal cause of morbidity and mortality world-
wide. They are intimately associated with the adoption of unhealthy behaviours, such
as smoking, excessive alcohol intake, and other risk factors, including metabolic syn-
drome [33]. Several studies indicate that the daily intake of anthocyanin-rich fruits, vegeta-
bles and beverages can attenuate, or even prevent, the occurrence of coronary events, since
they can modulate lipid metabolism, fat deposition, and endothelial function, as well as
reduce blood pressure and vascular adhesion molecules expression. These activities are
intimately associated with their antioxidant and anti-inflammatory characteristics [206].
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Particularly, cyanidin 3-O-glucoside and delphinidin 3-O-glucoside at concentrations
of 50 μM showed the ability to reduce in vitro platelet aggregation and lysosome secretion,
essentially by reducing β-thromboglobulin, serotonin ATP, platelet factor 4, CD63, and
transforming growth factor β1 secretion after 40 min of exposure [207]. Moreover, it was
already documented that cyanidin 3-O-glucoside can stimulate adiponectin expression and
improve flow-mediated dilation in human adipose tissues and human aortic endothelial
cells treated with 50 μM of cyanidin 3-O-glucoside after 24 h of exposure [203]. Blueberry
anthocyanidins (cyanidin, delphinidin, and malvidin) are also reported to inhibit human
umbilical vein endothelial cell-induced tube formation in a co-culture with fibroblasts at
concentrations ranging from 0.3 and 10 μM [208].

Moreover, 50 μg/mL of anthocyanin-enriched fractions from strawberries already
showed capacity to reduce the triglycerides and low-density lipoprotein (LDL) contents
around 17% and 23%, respectively, in HepG2 cells after 24 h of treatment [169]. Additionally,
50 mg/mL of encapsulated anthocyanins extracted from blueberries and black currants
already showed the potential to inhibit platelet aggregation by suppressing P-selectin
expression and stimulate the thromboxane A2 pathway [209].

Concerning in vivo trials, it was already reported that blueberry anthocyanin-enriched
extracts can attenuate cyclophosphamide-induced cardiac damage in rats, treated with
80 mg/kg during four weeks by ameliorating the arterial blood pressure, heart rate, and
activities of the heart enzymes, and improving cardiac dysfunction, left ventricular hyper-
trophy, and fibrosis. Additionally, they also showed the potential to prevent cardiomyocyte
apoptosis [206].

Furthermore, 31 pre-hypertensive men who ingested a single dose of 640 mg an-
thocyanins daily for 4 weeks revealed higher levels of high-density lipoprotein (HDL)
concentrations and lower concentrations of triglycerides [210]. Moreover, the consumption
of two capsules (80 mg each per day during 28 days) rich in anthocyanins already showed
the ability to reduce monocyte-platelet aggregate formation (−39%), procaspase activating
compound-1 (−10%), P-selectin (−14%), and inhibit platelet endothelial cell adhesion
molecule-1 expression (−14%) [17]. In another work, the authors reported that the con-
sumption of 250 g per day of blueberry powder, for 6 weeks, by 13 volunteers showed an
ability to increase natural killer cells and reduce arterial stiffness in sedentary males and
females, mainly by diminishing diastolic pressure [211]. This fact is in accordance with
Whyte et al. [195]. These authors conducted a study involving 122 volunteers who con-
sumed 16 capsules per week of blueberry-rich extracts (100 mg of anthocyanins/capsule)
over six months. Habanova et al. reported a study of 36 volunteers who consumed 150 g of
frozen blueberries 3 times a week, for 6 weeks. The obtained results revealed lower levels of
LDL glucose albumin, aminotransferase, alkaline phosphatase, and γ-glutamyltransferase,
accompanied by higher levels of HDL when compared to the baseline [212]. These data are
in line with that reported by Arevström et al., who conducted a study based on the daily
ingestion of 40 g of blueberries powder (equivalent to 480 g fresh blueberries) over 8 weeks
of treatment [213]. Additionally, reductions around 5% in systolic and diastolic blood
pressures were also observed in older adults with mild-to-moderate dementia who drank
200 mL anthocyanin-rich cherry juice for 12 weeks [156]. Similar results were reported
by Draijer et al., who conducted a human trial involving 60 subjects who consumed 6
grape-wine extract capsules (~247.3 mg anthocyanins per capsule) every day over ten
weeks. Additionally, a reduction in endothelin-1 by 10% was also found compared to the
control group [214]. The obtained results are in line in those obtained by Igwe et al., who
conducted a pilot cross-over study involving 24 adults, but who focused on the intake
of 100 mL of anthocyanin-rich plum juice three times a day [215]. Besides, the dietary
supplementation of 500 mg of aronia extracts over 12 weeks also revealed the capacity
to modulate the lipid profile by diminishing the fasting plasma total cholesterol (−8%),
LDL, (−11%) and LDL receptor protein in peripheral blood mononuclear cells (−31.9%),
as compared to placebo group. Significant correlations between the obtained results and
cyanidin 3-O-galactoside and peonidin 3-O-galactoside contents were found [216]. Similar
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results were reported by Bakkar et al., who conducted a study involving twelve overweight
middle-aged men that consumed 226 mg of encapsulated anthocyanins from tart cherries
daily for 28 days [217]. Furthermore, blueberries also showed the potential to reduce
the peak postprandial glucose levels and extend the postprandial glucose response in
17 healthy young adults who consumed a range of doses varying from 310 and 724 mg
of freeze-dried wild blueberry powder, 2 h following their consumption [218]. Beyond
that, the oral ingestion of 320 mg of anthocyanins isolated from berries, over 12 weeks,
by hypercholesterolemic individuals also showed the potential to increase brachial artery
flow-mediated dilation (+10%) and HDL amounts (+12.8%), and diminish serum soluble
vascular adhesion molecule-1, triglycerides, and LDL concentrations (−11.6, −4.1 and
−10.0%, respectively) [219], and also glycated haemoglobin (HbA1c) (−0.14%) [118]. Addi-
tionally, it has also been mentioned that the intake of four anthocyanins capsules per day
(total of 320 mg/day) can reduce plasma β-thromboglobulin, soluble P-selectin, platelet
factor 4, and transforming growth factor β1 levels in hypercholesterolaemic patients for
24 weeks of treatment as compared with the baseline [207]. These positive effects are corre-
lated with the delphinidin 3-O-glucoside and cyanidin 3-O-glucoside concentrations [219].
Similar effects were reported in adults overweight and obese who drank 200 mL blood
orange juice twice a day for 2 weeks [19]. The consumption of one 350 mg capsule every
8 h for 2 months also showed the potential to meliorate the lipid profile of hyperlipidaemic
patients, by reducing the total cholesterol, triglyceride, and LDL by −27.6, −19.2%, and
−26.3%, respectively, and raising HDL by +37.5% when compared with the baseline [220].
On the other hand, seven days’ intake of 600 mg per day of blackcurrant extracts containing
210 mg of anthocyanins showed the potential to increase vasodilation, total haemoglobin,
and cardiac output, and decrease the muscle oxygen saturation, which is beneficial in
improving exercise performance [221].

Therefore, the regular consumption of anthocyanin-rich foods and beverages can
contribute to reduce the risk of cardiomyopathies, coronary problems, and ischemia [8,33].
These effects are due to the antioxidant and anti-inflammatory effects of anthocyanins,
given that nitric oxide radicals and pro-inflammatory cytokines are critical factors in
cardiovascular diseases. In fact, these compounds can inhibit p38 mitogen-activated
protein kinases, c-Jun N-terminal kinase activation, and the PI3K/Akt signalling pathways,
consequently attenuating eNOS phosphorylation and cGMP production, interrupt MAPK
activation, and the recruitment of TNF-receptor-associated factors-2 in lipids, in the way of
protecting endothelial cells from CD-40 proinflammatory effects [166].

6.8. Eye Improvement

In vivo and in vitro evidence also revealed that anthocyanins can improve the eyes
and thus vision, owing to their ability to increase blood circulation in retina capillaries and
the production of retinal pigments, which, in turn, improve night vision and protect eyes
from oxidative damage, diabetic retinopathy, and molecular degeneration [8].

Anthocyanins isolated from blackberries at 100 μg/mL showed potential to protect
human adult retinal pigment epithelial ARPE-19 cells against oxidative stress induced by
H2O2, by increasing the activity of heme-oxygenase-1 and glutathione S-transferase-pi
antioxidant enzymes after 24 h of exposure [222]. Similar data were reported by Sundal-
ius [223] regarding blueberry anthocyanins, over 7 days of treatment.

Concerning in vivo studies, delphinidin 3-O-rutinoside at 10 μM already showed an
ability to relax the bovine ciliary smooth muscle through activation of the endothelin-1
receptor and NO/cGMP pathway, inhibiting myosin light chain phosphorylation, hence
causing relaxation [224]. Additionally, anthocyanins extracted from black currants showed
the potential to inhibit vitreous-chamber depth enlargement, and the axial and ocular
lengths of chicks when compared to the controls, over 3 days of treatment at a dose
concentration of 200 mg/kg [225].

Focusing on human assays, a double-blind, placebo-controlled, crossover study in-
volving healthy volunteers revealed that the daily intake of six capsules rich in blackcurrant
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anthocyanins at a concentration of 50 mg can improve dark adaptation, video display termi-
nal work-induced transient refractive alteration, and asthenopia symptoms (visual fatigue)
in comparison to the placebo [226]. In another study based on the ingestion of anthocyanins
from blueberry, the results revealed that the patients with normal-tension glaucoma pre-
sented vision improvement, not only due to anthocyanins’ oxidative properties but also
owing to their ability to increase the blood circulation [18].

Given that, it was already reported that intact anthocyanins can pass through the
blood-aqueous barrier and blood-retinal barrier in rats and rabbits, being widely distributed
in ocular tissues [224]. This evidence, together with their antioxidative effects and blood
circulation improvements, suggests that anthocyanins can be considered a potential drug
therapy for treating ophthalmological diseases, such as myopia and glaucoma [8,18].

7. Conclusions

Anthocyanins are the coloured compounds largely found in nature, for which evidence
indicates that their regular consumption offers several health benefits to human health,
mainly due to their ability to reduce free radicals, reactive species, and pro-inflammatory
markers. These abilities can counteract oxidative stress levels, avoid the development of
inflammatory processes, and protect human organs and cell components against damage,
and thus confer protection at distinct levels. Thus, anthocyanins’ structure, biochemistry,
and encapsulation have been deeply studied in order to increase their use, stability, and
consequent bioavailability and action. Until now, and although more in vivo and clini-
cal trials are needed, evidence suggests that anthocyanins are promising candidates for
the engineering of new pharmaceutical drugs, and can be used as an alternative or as
an adjuvant therapy capable to attenuate or prevent the occurrence of many disorders,
including diabetes, cancer, and cardiovascular and neurological pathologies. In fact, their
use in pharmaceutical products, nutraceuticals, foods, and as food colourants is increasing
worldwide.
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Abstract: Mycosporines and mycosporine-like amino acids are ultra-violet-absorbing compounds
produced by several organisms such as lichens, fungi, algae and cyanobacteria, especially upon
exposure to solar ultraviolet radiation. These compounds have photoprotective and antioxidant
functions. Mycosporine-like amino acids have been used as a natural bioactive ingredient in cosmetic
products. Several reviews have already been developed on these photoprotective compounds, but
they focus on specific features. Herein, an extremely complete database on mycosporines and
mycosporine-like amino acids, covering the whole class of these natural sunscreen compounds
known to date, is presented. Currently, this database has 74 compounds and provides information
about the chemistry, absorption maxima, protonated mass, fragments and molecular structure of
these UV-absorbing compounds as well as their presence in organisms. This platform completes
the previous reviews and is available online for free and in the public domain. This database is a
useful tool for natural product data mining, dereplication studies, research working in the field of
UV-absorbing compounds mycosporines and being integrated in mass spectrometry library software.

Keywords: mycosporines; mycosporine-like amino acids (MAAs); mass spectrometry; database;
photoprotective compounds; UV-absorbing compounds

1. Ultraviolet Radiation and Natural UV-Absorbing Compounds

The solar radiation reaching Earth is composed of infrared radiation (>800 nm),
visible (photosynthetically active radiation, PAR, 400-750 nm) and ultraviolet radiation
(UVR, 200–400 nm). UVR is divided into ultraviolet A (UVA, 320–400 nm), ultraviolet B
(UVB, 280–320 nm) and ultraviolet C (UVC, 200–280 nm). Very small proportions of UVR
contribute to the total irradiation on the Earth’s surface: 0% of UVC (which is completely
absorbed by the ozone layer), less than 1% of UVB and less than 7% of UVA. However, this
part of the solar spectrum is highly energetic [1]. Photosynthetic organisms harness PAR to
convert light into chemical energy. An obligate requirement for PAR results in prolonged
exposure to UVR, which is detrimental for most sun-exposed organisms. Furthermore, due
to the ozone depletion, the amount of UV reaching Earth tends to increase [2]. In order to
circumvent the photodamage, several organisms have evolved biochemical and mechanical
defenses [3]. Among these is the ability to synthesize UV-screening compounds such as
phenylpropanoids and flavonoids (in higher plants), melanin (in animals), mycosporines,
mycosporine-like amino acids (in cyanobacteria, fungi, algae and animals) and several
other photoprotective compounds [4]. As well as providing protection against ambient
UV radiation, these substances have other physiological roles. In previous studies, the
characteristics of a wide diversity of UV-absorbing compounds are explored [4].
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2. Mycosporine-Like Amino Acids

Mycosporines and mycosporine-like amino acids (MAAs) are a large family of natural
UV-absorbing sunscreens [5–9], having evolved for protection against chronic UVR expo-
sure in a wide variety of organisms such as cyanobacteria, microalgae, fungi, seaweeds,
corals, lichens, as well as in freshwater and marine animals [5,8]. Their presence is evidence
not only of their importance as natural UV-screening compounds but also of their early
phylogenetic innovation [4]. MAAs were first reported in the 1960s [10–12]. Since then,
many studies have been carried out and several MAAs have been identified as well as
information on their structure, distribution, properties and functions.

2.1. Physico-Chemical Characteristics of MAAs

MAAs are low-molecular-weight (generally < 400 Da), colorless and water-soluble
compounds. They are highly stable molecules under environmental conditions. They
are composed of either an aminocyclohexenone or an aminocyclohexenimine ring, car-
rying nitrogen substituents. Aminocyclohexenone derivatives contain a cyclohexenone
conjugated with an amino acid, such as mycosporine-glycine and mycosporine-taurine.
Aminocyclohexenimine possesses a cyclohexenimine conjugated with a glycine or a methy-
lamine attached to the third carbon atom and an amino acid or amino alcohol or enaminone
chromophore to the first carbon atom (Figure 1) [13]. Glycosidic bonds or sulfate esters may
occur within the imine group [14]. This group includes palythine, shinorine, porphyra-334,
catenelline, hexose-bound porphyra-334, etc. MAA absorption maxima are between 268
and 362 nm, depending on their molecular structure, namely in the type of ring and sub-
stituents [15]. MAAs also have high molecular absorptivities (ε = 12.400–58.800 M−1·cm−1),
and due to these characteristics, they are the strongest UVA-absorbing compounds in na-
ture, and they are also effective against UVB radiations, which explains their potential
role in photoprotection. MAAs are predominantly cytoplasmatic due to their high water
solubility that enables MAAs to be easily dispersed in the cytoplasm [9]. Previous studies
reviewed the physico-chemical properties of several MAAs [16].

Figure 1. Examples of mycosporine-like amino-acids (MAAs) structures: (a) mycosporine-glycine
(oxo-mycosporine); (b) shinorine (imino-mycosporine).

2.2. Occurrence and Distribution in the Environment

Wittenberg et al. (1960) isolated, for the first time, compounds with high UV absorp-
tion from a siphonophore, Physalia physalis [10]. In 1965, mycosporines were discovered
in fungal sporulating mycelia [12]. A few years later, MAAs have also been detected in
corals and cyanobacteria from the Great Barrier Reef [11]. Since then, MAAs have been
identified in a wide variety of organisms, such as heterotrophic bacteria [17], fungi [18],
cyanobacteria [5,19], microalgae [20–22], macroalgae [23], lichens [6], invertebrates (e.g.,
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dinoflagellates, sponges, corals, sea urchins and crustaceans) [2,24,25] and vertebrates
(e.g., fishes) [26,27]. Several studies reported that animals can acquire MAAs from their
food or through symbiosis and then subsequently accumulate them [28,29]. MAAs are
not found in higher plants, in which UVR protection is provided by flavonoids, nor in
higher vertebrates, in which the protective function is assumed by melanin [4]. MAAs
are present especially in organisms that live in environments with high levels of UVR.
Their composition varies according to the taxonomic group with the frequent coexistence
of several MAAs with different absorption maxima allowing a more effective protective
filter [8]. Several environmental factors, such as light, temperature, salinity and nutrients,
influence the concentration of MAAs. Enhanced MAA contents, for example, were found
in environments with a basic pH, a high ultraviolet radiation and high concentrations of
phosphate and nitrate. Salinity, dissolved oxygen and variations of sea surface temper-
ature also influence, in a secondary way, MAA content [30]. UV radiation is one of the
most important factors that influences the accumulation of MAA and results in changes
in the MAA profile of organisms. MAA synthesis is also affected by spectral variability
and intensity [31,32]. Other factors, such as changes in salinity and nutrient availability,
stimulate the production of MAAs. The content and composition of UV-absorbing MAAs
are also affected by seasonal fluctuations [33,34]. These changes are mainly controlled by
the solar radiation regime and nitrate regime. Guihéneuf et al. (2018) studies the temporal
and spatial variability of mycosporine-like amino acids in seaweeds. An increase in total
MAA contents in all species was induced by increasing daily light doses and irradiance
levels, from winter to spring, but without clear significant correlations with light and/or
temperature. Nutrient concentrations, in particular nitrate, appear to be a limiting factor
for seaweed to accumulate MAAs when exposed to extreme light/irradiance stress [34].

2.3. MAA Biosynthesis

Cyanobacteria must have been the original MAA producer with the genes involved
in MAA biosynthesis being transferred to other organisms, and MAAs may have been
an early evolution to deal with cellular stress caused by UVR exposure [4]. Multiple
lines of evidence support that MAAs are derived from conversion of the shikimate path-
way [35], which is known for the synthesis of aromatic amino acids. The precursor of the
six-membered carbon ring common to all MAAs is 3-dehydroquinate (3-DHQ). Three-
DHQ transforms into gadusol and then 4-deoxygadusol (4-DG). However, contrasting
evidence suggests that 4-DG is derived from conversion of the pentose phosphate pathway
intermediate sedoheptulose-7-phosphate (SH-7P) [35–37]. Despite experimental data that
support the pentose phosphate pathway, the use of the shikimate route inhibitors, such
as glyphosate and tyrosine, has demonstrated the ability to abolish MAA biosynthesis
in cyanobacteria [13] and corals [38]. Furthermore, the deletion of the gene encoding the
enzyme cyclase-2-epi-5-epi-valiolone synthase (EVS) in cyanobacterium Anabaena variabillis
ATCC 29413 still produced shinorine [39]. These results suggested that the shikimate path-
way is the most predominant route for MAA synthesis in sufficient amounts to provide
photoprotection, and the quantities of MAAs produced by the pentose phosphate path-
way should have other biological functions [39]. However, there are clear links between
the pentose phosphate and shikimate pathways. In both routes, 4-DG is the parent core
structure of MAAs and the addition of glycine yielding mycosporine-glycine. This simple
mono-substituted cyclohexenone-type MAA is a common intermediate in the production of
di-substituted (aminocyclohexenimine-type) MAAs through the addition of a single amino
acid residue (serine, threonine, etc.) yielding some common MAAs such as porphyra-334
and shinorine. This step encodes a nonribosomal peptide synthase (NRPS)-like protein or a
D-alanyl-D-alanine ligase (D-ala-D-ala ligase) [13,36]. Figure 2 presents a proposed biosyn-
thetic pathway of MAAs. Other MAAs are synthesized by modification in the attached
side groups and nitrogen substituents (e.g., esterification, amidation, dehydration, decar-
boxylation, hydroxylation, sulfonation and glycosylation). The variations of amino acid
side-chains are responsible for the difference in the absorption spectra of MAAs [15,40].
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Figure 2. Proposed biosynthetic pathway of mycosporine-like amino acids. DAHP: 3-deoxy-D-arabino-heptulosonate
phosphate, DHQS: 3-dehydroquinate synthase, 3-DHQ: 3-dehydroquinate, SH-7P: sedoheptulose-7-phosphate, EVS: cyclase-
2-epi-5-epi-valiolone synthase, OMT: O-methyltransferase, 4DG: 4-deoxygadusol, ATP: adenosine triphosphate, NRPS:
nonribosomal peptide synthase, D-ala-D-ala-ligase: D-alanyl-D-alanine ligase.

2.4. Heterologous Expression

The poor understanding of the biosynthesis pathways involved in the production of
specific MAA is one of the reasons for the lack of widespread use of MAA in the industry
in an economically viable way. Further understanding of these biosynthetic pathways can
lead to easier large-scale production, for example, in a heterologous bacterial host [15,37].
Balskus et al. (2010) elucidated the biosynthesis of shinorine via heterologous expression
in Escherichia coli [36]. The heterologous expression of MAAs in Escherichia coli also re-
sulted in the production of 4-deoxygadusol, mycosporine-glycine, mycosporine-lysine and
mycosporine-ornithine [36,37]. Shinorine and mycosporine-glycine-alanine have artifi-
cially been produced by heterologous expression in Actinomycetales [41]. Nowadays, most
efforts are focused on the production of MAAs by genetically modified microorganisms as
an alternative production of natural MAAs [9,37]. The heterologous expression of MAAs
is significant from a biotechnological perspective, as MAAs are the active ingredient in
next-generation sunscreens [37].
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2.5. Chemical Synthesis and Analogs

The chemical synthesis of MAAs was motivated due to the low extraction yield from
MAA-producing organisms and the need for large scale production. Several synthesized
chemical structures were developed with interesting photoprotective and antioxidant
properties [42–45]. The synthetic analogue of mycosporine-glycine, tetrahydropyridine,
was considered hydrolytically and oxidatively stable for commercial application in sun-
screens [46]. An efficient and environmentally friendly procedure by ultrasound and
microwave for preparing MAA analogs was described by Andreguetti et al. (2013). These
analogs showed high antioxidant effect [47]. Analogs with a high absorbance intensity
in UVA and UVB regions, without in vitro cytotoxicity, were prepared by Nguyen et al.
(2013) [48]. Recently, Losantos et al. (2017) developed a series of potential UV sunscreens
with easy synthetic routes, providing a suitable source for their use in commercial prod-
ucts [42]. Bedoux et al. (2020) published a complete review of these chemical syntheses [49].

2.6. MAA Extraction, Identification and Quantification

2.6.1. Extraction

Since MAAs are potential compounds to be used as sunscreens in cosmetic products,
the extraction protocol must be optimized taking into account their physicochemical and ab-
sorption properties and must use environmentally friendly and inexpensive solvents [9,50].
Traditional extraction method is usually performed by a solid/liquid extraction from the
raw material and is carried out on fresh or lyophilized samples with different temperature
ranges [51,52]. Due to its high solubility in aqueous solution, extraction generally uses
polar solvents, as aqueous ethanol or methanol. Chaves-Peña et al. (2020) compared the
extraction in 20% aqueous methanol and in distilled water, and no significant differences
were observed. According to their results, the drying and subsequent re-dissolution of
the pellets declined total MAA concentrations [50]. Geraldes et al. (2020) developed a fast
and efficient extraction protocol, without the need for pre-concentration procedures. This
protocol uses only water and volatile additives as the extractor solvents, and the extracts
were directly injected to a high-performance liquid chromatograph (HPLC). This extraction
protocol is not only easy-to-handle but also uses solvents without certified toxic effects [32].

2.6.2. Identification

HPLC was the most common method to separate and identify MAAs by using reten-
tion times and UV spectra. Although UV detection is sensitive because of high attenuation
coefficients (ε) for MAAs, this method is poor in selectivity, since biosynthetic congeners
can easily influence MAA identification [32]. Moreover, no commercial sources for standard
compounds exist and few laboratories worldwide have the capacity to provide reference
material against which structural elucidation of MAAs can be verified. In this sense, LC-MS
is a good alternative to provide high sensitivity and selectivity for analysis of MAAs. A
method for MAA identification was developed using an ultrahigh-performance liquid
chromatography with diode array detection coupled to quadrupole time-of-flight mass
spectrometry (UHPLC-DAD-QTOFMS) with an electrospray ionization source (ESI) and
showed to be fast, reliable and a powerful tool for identification and screening of MAAs in
several organisms, such as cyanobacteria, dinoflagellates, macroalgae and microalgae [42].
Regarding MAA purification, HPLC is the most used method. Geraldes et al. (2020) pub-
lished a protocol using a semi-preparative HPLC-DAD fitted to a Luna C18 (2) column and
0.2% (v/v) formic acid solution as buffer A [32].

2.6.3. Quantification

MAAs were often quantified based on molar attenuation coefficients using HPLC
techniques. However, nowadays, liquid chromatography coupled with mass spectrometry
(LC-MS) is the most common technique, because this method provides high sensitivity
and selectivity for analysis of MAAs [32,51]. Whitehead and Hedges (2002) published a
quantitative method that allowed the quantification of MAAs based on molecular weights,
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individual retention time and UV absorption maxima [53]. An LC-MS method using hy-
drophilic interaction chromatography (HILIC) was published by Hartmann et al. (2015) [54].
Although this method afforded good linear correlation coefficients, it did not account for
some important validation parameters such as recovery and matrix effects. Geraldes et al.
(2020) described a rapid quantitative method for LC-MS/MS analysis of MAAs that al-
lowed the quantification of MAAs based on individual retention times, molecular weights
and specific mass transitions using multiple reaction monitoring (MRM) experiments in-
stead of a full scan [32]. This method has been thoroughly validated taking into account
the ICH and EURACHEM guidelines for the following parameters: specificity, linearity,
precision (repeatability and reproducibility within the laboratory), accuracy, extraction
recovery, matrix effects and stability. In addition, the working range, as well as the limits of
detection and quantification, were evaluated [32]. This technique improved the selectivity
and sensitivity of the method, allowing mass distinction of isomeric compounds [16].

2.7. MAA Structural Elucidation

The structural elucidation of new derivatives of mycosporine-like amino acids is usu-
ally established by tandem mass spectrometry (MS/MS) and 1D and 2D nuclear magnetic
resonance (NMR) spectroscopy [9,55]. Previous studies focusing on the fragmentation
patterns of MAAs showed a loss of mass 15 when analyzed by positive mode ESI–MS/MS.
This highly characteristic loss is due to elimination of a methyl radical CH3 [56,57]. The de-
tection of the production [M + H − 59]+ related to the elimination of the methyl radical and
subsequently CO2 is also common in MAAs [56]. Thus, the screening of these eliminations
could be a suitable tool to assign the presence of novel MAAs in different samples by neu-
tral loss or product ion scans in mass spectrometry analyzers. For aminocyclohexenimines,
the elimination of the remaining lateral chain can produce the product ion m/z 186. This
ion can undergo a fragmentation process to produce the ion m/z 155. Then, this product
ion loses either NH3 or H2O by neutral elimination to produce the ions m/z 138 and 137,
respectively [57]. These product ions could provide additional information concerning
the occurrence of new MAAs in a crude extract. However, the presence of some product
ions may be reduced or not occur in certain MAA fragmentation processes [58]. Thus,
the selection of the product ions should be carried out carefully in analytical methods for
the analysis of extracts containing potential novel MAAs. Regarding NMR spectroscopic
data, they show characteristic patterns allowing them to be comparable. For example,
oxo-mycosporines and imino-mycosporines can be distinguished through the chemical
shift of C-1 in 13C NMR experiments, which is more around 180 ppm for oxo-mycosporines
and 160 ppm for imino-mycosporines. The 1H NMR data usually revealed the presence
of the coupling of the pairs of duplets from the diasterotopic methylenes, with a geminal
coupling constant around 17 Hz, corresponding to the four protons on C-4 and C-6 that
show chemical shifts around 30–40 ppm between them. The hydroxymethyl group at
C-5 and the methoxyl group at C-2 usually appear very close around 3.60 ppm as two
singlets [9,13,59] (Figure 3).

286



Pharmaceuticals 2021, 14, 63

Figure 3. Structure of an oxomycosporine with NMR results for (a) 13C (125 MHz, D2O) and (b) 1H (500 MHz, D2O). For
iminomycosporine 13C NMR (125 MHz, D2O) δC = 160 (C-1).

2.8. MAA Photoprotective Role

The MAA photoprotective role against UVR is due to their absorption spectra and
molar attenuation coefficients. Their absorption gradient (268–362 nm) cover most of the
UVR spectrum (~295–400 nm) that reaches the Earth’s surface, while their high molar
attenuation coefficients demonstrate how strongly MAAs absorb light at this wavelength
range. The concentration of MAAs in organisms is directly related to their level of UVR ex-
posure, which depends on latitude and altitude, seasonality and water depth [15,33,60,61].
They preferentially accumulate in tissues that receive the highest UVR exposure [62].
Photoprotection of MAAs has been demonstrated in a wide variety of species and pre-
vents UVB-induced damage [63,64]. MAAs have been found in the cytoplasm of several
cyanobacteria; however, in Nostoc commune, MAAs accumulate extracellularly, resulting
in a more effective protection against ultraviolet radiation [65]. The presence of MAAs in
animals supports their photoprotective role not only to producers but also to herbivores
and even carnivores [8]. MAAs are also found in fossils that confirm their protective
function against the UVR harmful effects in the early geological eras [66].

2.9. MAA Additional Protective Roles

Generally, MAA production is induced when organisms are exposed to UVR [67,68].
The photoprotective function is the most important role that MAAs play in nature. This
is verified by the abundance of MAAs in organisms exposed to high UVR intensities [69].
However, MAAs can be produced constitutively in some species [5,13], and functionality
could be linked to their individual structures [70]. Thus, MAAs may have additional
protective roles in many other biological processes beyond their well-known UV sunscreen
role. These compounds have convincingly demonstrated to possess physiologically rele-
vant antioxidant properties [8,40]. Furthermore, MAAs are involved in osmotic regulation,
desiccation and many other cellular functions [15,69]. An extensive review about these
additional roles of MAAs has been carried out by Oren et al. (2007). However, the signif-
icance of these additional functions and the effects of different forms of stress on MAA
synthesis are still poorly understood [69].

2.9.1. Antioxidant and ROS Scavenging Function

UVR exposure generates oxidative stress and can produce reactive oxygen species
(ROS) and DNA damage. This oxidative DNA damage can lead to mutations and inhibit
DNA repair [71]. Antioxidants can reduce the harmful effects of ROS and can, thus, help
to prevent oxidative stress [72]. Some MAAs may protect the cell not only by absorbing
UVR and dissipating the energy as heat before it could reach the critical cellular targets
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but also as scavengers of free radicals due to their antioxidant role [31,73]. This function
has been demonstrated in several MAAs from a wide variety of organisms [74–79]. MAAs
have also been shown to prevent lipid peroxidation and superoxide radicals, blocking
the aftereffect of oxidative damage [80]. Several assays demonstrated that MAAs have
antioxidant properties and efficiently prevent oxidative stress through filtering and direct
and indirect quenching mechanisms [81,82]. The antioxidant abilities of MAAs (ORAC
values, lipid peroxidation inhibition, DPPH and ABTS radical extinction, singlet oxygen
quenching, superoxide anion radical scavenging, hydrogen peroxide extinction activities
and physiological activities) have been provided in recent reviews [40,83]. However, the
exact mechanism is yet to be elucidated.

2.9.2. Osmotic Stress

The concentrations of intracellular solute are directly related to the concentration of
salt in which the cell lives [69]. Thus, osmotic stress is one of the stressors MAAs seem
to have an action against. In hypersaline environments, cyanobacteria usually contain
high concentrations of MAAs suggesting that these compounds may have an osmotic
function helping the cells to cope with the high salinity. In these environments, cell
dehydration and reactive oxygen species (ROS) production can occur, leading to oxidative
stress. Through the synthesis of MAAs, osmotic balance can be restored [31]. Oren (1997)
reported that a halotolerant cyanobacterium, inhabiting a gypsum crust, has an extremely
high concentration of MAA (≥98 mM), being responsible for about 3% of the cells’ wet
weight. It was observed that a reduction in the salt concentrations of its surroundings
was accompanied with a rapid expulsion of MAAs [84]. Thus, MAAs may be involved in
the adaptation of sea ice algae to osmotic variations. MAA production could be induced
specifically either by exposure to UVB radiation or by osmotic stress, and a significant
synergistic enhancement of MAA production was observed when both stress factors were
combined. Although osmotic stress could induce MAA synthesis, MAAs play no significant
role in attaining osmotic homeostasis [85]. Singh et al. (2008) proposed that salt treatment
resulted in an increase in MAA content in the absence of UV radiation and had synergistic
effects with UV stress [86]. Waditee-Sirisattha et al. (2013) recently demonstrated that the
accumulation of MAAs, in a halotolerant cyanobacterium, was stimulated more under
high salinity rather than under UVB radiation [87].

2.9.3. Desiccation Stress

Desiccation is responsible for cell damage by affecting cytoplasmic components (such
as DNA and proteins) and cell membrane fluidity. The production of polysaccharides
and antioxidant compounds are some of the techniques to overcome the consequences of
drying [64,88]. Few studies have been carried out to assess the effects on MAA concen-
tration in microorganisms exposed to desiccation stress [63,64,89,90]. Desiccation stress
leads to an increase in total MAA content. This group of compounds may be acting by
modifying the structure of the extracellular matrix. Expulsion of the MAA is observed
after rehydration. The combination of desiccation and irradiation stimulate MAA produc-
tion. Colonies of fungi exposed to desiccation, UV radiation and nutrient scarcity contain
high concentrations of mycosporine-glutaminol-glucoside. The survival and longevity
potential of the vegetative hyphae of these fungi may be associated with the presence
of these compounds [90]. Olsson-Francis et al. (2003) stated that cyanobacteria stressed
experimentally by desiccation increased their MAA concentration. In this study, they
suggest that the formation of an extracellular sheath may be related to desiccation [63].
Joshi et al. (2018) also proposed that desiccation together with UVB radiation led to an
increase in the concentration of MAAs preventing and protecting cells from the harmful
effects of these factors [64].
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2.9.4. Thermal Stress

There are a few reports of thermal stress protection by an increase in MAA induction
in a range of organisms. Michalek-Wagner (2001) stated that MAA content was upregulated
under heat stress, and their concentrations were further enhanced during simultaneous
exposure to UV [91]. In contrast, some authors suggested that thermal stress had no effect
on MAA production with or without UVR [85,86].

2.9.5. Photosynthesis Accessory Pigments

An early study reported that MAAs may act as a photosynthetic accessory pigment
due to its UVA absorption and subsequent production of small amounts of fluorescence at
wavelengths close to the absorbance of chlorophyll-a. This result suggested that MAAs
may increase photosynthetic efficiency. However, MAAs are only weakly fluorescent
and are generally produced in environments of high irradiance, in which photosynthetic
wavelengths are not the limiting factor for photosynthesis [92]. So far, this study has never
been substantiated [69].

2.9.6. Nitrogen Storage

MAAs are nitrogenous compounds that contain at least one nitrogen atom per molecule
that can be released when required. Thus, MAAs may serve as an intracellular nitrogen
storage [93]. A synergistic effect between ammonium ions and UVR was observed and
resulted in an increase in MAA content [93]. If MAAs are accumulated as intracellular
nitrogen storage compounds, nitrogen mobilization should occur whenever other suitable
forms of nitrogen are absent. However, there is no evidence about the intracellular degra-
dation of MAAs and the release of nitrogen atoms that support the proposal that MAAs
may be nitrogen storage molecules [69].

2.9.7. Reproductive Regulation

There is evidence that mycosporines and MAAs are involved in reproduction in fungi
and marine invertebrates [69]. Mycosporines have been related to sporulating mycelia and
were considered as biochemical markers for reproductive states of fungi or as reproduction
markers [69,90]. Several studies reported that most MAAs reach their maximum concen-
tration in ovaries and eggs at the time of ovarian reproductive maturity and spawning,
which may be near the seasonal minima and maxima of solar irradiation [94,95]. Although
a protective role is clearly demonstrated in marine invertebrate embryos, the exact function
of MAAs in ovaries and eggs has not been determined [62].

2.9.8. Ecological Interactions

Some MAAs play a role in ecological connectivity between organisms, as intraspecific
alarm cues or cell-cell interaction tools, suggesting that MAAs can function as compounds
of fundamental importance in marine ecosystems. The alarm cues are released in the ink
secretion of sea hares and cause avoidance behaviors in neighboring conspecifics. The
highest concentration of MAAs was concentrated in the defensive secretions and in the skin
of these organisms [96]. In M. aeruginosa PCC 7806, shinorine was found to accumulate in
an extracellular matrix, and this compound could be synthesized for its role in extracellular
matrix formation and cell–cell interaction [97].

2.10. Cosmetical Application of MAAs as Sunscreen

As with other organisms, human exposure to ultraviolet radiation can cause damage,
such as erythema or “sunburn” over the short term and premature skin aging and skin
cancer over the long term [98]. Thus, protection against ultraviolet radiation is extremely
important through the use of appropriate clothing and sunscreen, which are part of an
overall prevention strategy [98,99]. Several photoprotective products are available on the
market. They contain synthetic organic filters (e.g., oxybenzone, avobenzone, aminobenzoic
acid), inorganic filters (e.g., titanium dioxide, zinc oxide) or a combination of both [100].
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The frequent use of synthetic sunscreens can affect human health, causing allergic reactions,
phototoxicity and endocrine disorders [101–103]. In addition, synthetic UVR filters are
not environmentally friendly causing a negative impact in the marine life, including
bioaccumulation in several species, hormonal changes and endocrine disruption in fish,
hydrogen peroxide production and bleaching of corals [102,104–106]. This fact led Hawaii
to ban some types of sunscreens, such as oxybenzone [107]. Subsequently, the Western
Pacific Nation of Palau, the city of Key West, Florida and the US Virgin Islands have
also passed similar bans [108]. Thus, there was a change in consumer trends with a
strong demand in the cosmetics market for more natural products, since they are seen as
safer and better and may be able to replace the existing ones. MAAs have been widely
studied as natural alternatives to potentially toxic synthetic sunscreens and anti-aging
products [8,15,83]. Several studies suggested that MAA have potential for the protection
of human skin from a diverse range of adverse effects of solar UVR. Kageyama et al.
(2019) provide an overview of MAAs, as potential anti-aging ingredients, which includes
the molecular and cellular mechanisms through which MAAs might protect the skin.
In addition to their UV-absorbing properties, these compounds have the potential to
protect against skin aging, including antioxidative activity, anti-inflammatory activity,
inhibition of protein-glycation and inhibition of collagenase activity [83]. MAAs are also
highly stable over a wide range of temperature and pH [32,102]. These characteristics
make them excellent cosmeceutical ingredients for skincare, cosmetics and pharmaceutical
products [109,110]. However, only a few MAA products are currently available, and
they still need to be exploited on a large scale. Mibelle AG Biochemistry developed a
natural active compound, called Helioguard 365®, which contains MAA porphyra-334
and shinorine from the red seaweed Porphyra umbilicalis. Another MAA extract, named
Helionori®, is also marketed by Gelyma [111]. Although these ingredients protect in UVA
region, they provide minimal protection in the more damaging UVB range. Moreover, the
MAA content in the formulation is usually very low when compared to the concentration of
UVR filters in most sunscreen products. Thus, this ingredient ends up having a negligible
influence on the SPF claims of the product [15]. Some MAA-based skin products have
been marketed, such as Aethic Sôvée, a sunscreen with an environmentally friendly appeal.
However, it is important to invest efforts to speed up the technological advancement of
MAA application as an organic sunscreens [31].

2.11. Other Biotechnological Applications of MAAs

UV exposure alters the properties and durability of non-biological materials and affects
their lifetime. MAAs have also nonmedical applications, as additives to protect plastics,
paints and varnishes against UVR that exclusively consist of natural compounds [112].
These materials are biocompatible, photoresistant and thermoresistant and provide an
efficient protection against UVA and UVB [112]. Figure 4 summarizes the main applications
of MAAs including in cosmetics, biological functions and sources.
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Figure 4. Mycosporine-like amino acids sources, biological functions and applications.

2.12. Patents on MAAs

Currently, there are already a large number of patents in international databases
for several products and methods with MAAs. A list of patents on MAAs was ob-
tained from patent databases such as the World Intellectual Property Organization, WIPO
(http://www.wipo.int/patentscope/search/en/search.jsf), European Patent Office (http:

//www.epo.org/searching/free/espacenet.html) and United States Patents and Trademark
Office (http://www.uspto.gov/patents/process/search/index.jsp). The search yielded a
total of 48 patents on MAAs products and methods that are summarized in Supplementary
Materials (Table S1).

2.13. MAA Database—MYCAS

There are several software for searching for commercial natural products. However,
they do not cover most mycosporine-like amino acids, and they are not in the public
domain. Over time, some MAA databases have been developed [22,23,40]. Although, none
of them contains complete and detailed information on all mycosporines and mycosporine-
like amino acids identified in the bibliography. Sinha et al. (2007) constructed an excellent
database that provides information on various mycosporines and MAAs reported in several
organisms. However, this database is now out of date [22]. Wada et al. (2015) published
a study focused on MAAs with radical scavenging activities. This work resumed the
structures and the physical and chemical properties of these MAAs. Nevertheless, this
database did not include all MAAs known to date [40]. Sun et al. (2020) developed a
database that summarized the studies related to MAAs in marine macroalgae. However,
this work does not contain information on MAAs present in organisms other than macroal-
gae [23]. Thus, the purpose of this work is to cover this gap, so we present a database on
mycosporines and mycosporine-like amino acids, called MYCAS. Our study covers the
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whole class of these natural sunscreen compounds known to date. This platform will be
available online for free and will be in the public domain. It may also be incorporated into
databases and search software of mass spectrometry for metabolomic and genomic studies.
This platform provides information about their corresponding absorption maxima (λmax),
molar attenuation (ε), molecular formula, exact mass, molecular structure, fragments and
the organisms in which these compounds were found. Thus, MYCAS facilitate the search
for mycosporine-like amino acids in different species and in dereplication studies. Our
results are summarized in Supplementary Materials (Table S2).

2.14. Main Tasks for Future Research and Perspectives

The optimization of MAA production on an industrial scale is essential to enable
the use of these photoprotective compounds in cosmetical field. Thus, it is extremely
important that resources are invested to optimize the production of MAAs and to increase
the concentration in organisms, including GMO. At the same time, alternatives should be
researched, such as heterologous expression or organic synthesis of analogues. The isolation
and purification methods of MAAs are other processes that require further research. These
techniques should be as simple and sustainable as possible to allow their application on a
large scale. The commercial applicability of these compounds, as well as their impact on
the environment and human health, should also be investigated to confirm the feasibility
of using these photoprotective compounds on an industrial scale and warranty their safety.

3. Conclusions

Mycosporines and mycosporine-like amino acids are a large family of natural UV-
absorbing compounds. To date, more than 70 molecules have been identified in sev-
eral organisms from different phyla (Arthropoda, Cnidaria, Chordata, Cyanobacteria,
Echinodermata, Fungi, Lichen, Macroalgae—Chlorophyta, Phaeophyta and Rhodophyta,
Microalgae—Bacillariophyta, Charophyta, Chlorophyta, Dinoflagellata, Miozoa, Ochro-
phyta and Mollusca). Although there are several reviews on these photoprotective com-
pounds, none include all of the MAAs known to date. In addition, the information is dis-
persed, and there is no review that summarizes all the information, namely the structural
information, spectrometric data and presence in organisms. Here, we present an extremely
complete database on mycosporines and mycosporine-like amino acids, called MYCAS,
that covers the whole class of these natural sunscreen compounds. Currently, MYCAS has
74 compounds, with structural information and spectrometric data and will be updated
annually. This platform is available online (http://www.cena.usp.br/ernani-pinto-mycas),
for free and in the public domain. MYCAS allows users to access to all MAAs already
described in nature. Our database may also be incorporated into in-house libraries, as well
as mass spectrometry software for metabolomic and genomic studies. Thus, MYCAS is a
useful tool for scientists working with MAAs and researchers in the field of developing
UV-protecting cosmetics from natural sources.

Supplementary Materials: The following are available online at https://www.mdpi.com/1424-8
247/14/1/63/s1, Table S1: Patents on mycosporines and mycosporine-like amino acids, Table S2:
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ima (λmax), molar absorptivities (ε), molecular formula, exact mass, molecular structure, fragments
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Abstract: Human African trypanosomiasis (sleeping sickness) and American trypanosomiasis
(Chagas disease) are vector-borne neglected tropical diseases, caused by the protozoan parasites
Trypanosoma brucei and Trypanosoma cruzi, respectively. These diseases were circumscribed to South
American and African countries in the past. However, human migration, military interventions,
and climate changes have had an important effect on their worldwide propagation, particularly
Chagas disease. Currently, the treatment of trypanosomiasis is not ideal, becoming a challenge in poor
populations with limited resources. Exploring natural products from higher plants remains a valuable
approach to find new hits and enlarge the pipeline of new drugs against protozoal human infections.
This review covers the recent studies (2016–2021) on plant terpenoids, and their semi-synthetic deriva-
tives, which have shown promising in vitro and in vivo activities against Trypanosoma parasites.

Keywords: terpenoids; Trypanosoma; human African trypanosomiasis; sleeping disease; human
American trypanosomiasis; Chagas disease

1. Introduction

Human African trypanosomiasis (sleeping sickness) and American trypanosomiasis
(Chagas disease) are among the twenty Neglected Tropical Diseases (NTDs) defined as such
by the World Health Organization (WHO). NTDs are a heterogeneous group of diseases
including, among others, several parasitic, viral, and bacterial infections, responsible for
high morbidity and mortality, and affecting more than one billion people globally [1–3].
Sometimes, the impact of NTDs on health can be underestimated because many infections
are asymptomatic and associated with long incubation periods. Nevertheless, NTDs are
recognized as a public health problem, particularly for people living in rural and conflict
areas in developing countries [1]. These diseases are considered neglected due to the gen-
eral lack of attention in developed countries and almost non-existent financial investment
in the research and development of new drugs and vaccines [4]. In addition to all these
problems, the COVID-19 pandemic has been affecting the programs of mass drug adminis-
tration and other NTD control measures [5,6]. Currently, the pharmacological therapy of
NTDs is not ideal, as it has some limitations that include severe side effects, unfavorable
toxicity profiles, prolonged treatment duration, difficult administration procedures, and
development of drug resistance [7–9]. The investment in these therapeutic areas by large
pharmaceutical companies is not financially attractive due to the poor prospect of financial
returns. Thus, the research of drugs against these diseases is not motivated by commercial
reasons. Additionally, many pharmaceutical companies take an opportunistic approach to
drug repositioning, using drugs that were previously developed and registered for other
therapeutic indications and applying them in the treatment of NTDs. This strategy has
obvious advantages, namely reduced development costs. However, the major disadvantage
is the non-introduction of new specific drugs used in the treatment of these diseases [7].
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Therefore, the discovery and development of new drugs is essential and urgent and
should embrace the development of new therapeutic classes, the reduction in toxicity in
the host, better administration processes, and the development of combined therapies [10].
One of the main strategies includes the phytochemical study of plants and other natural
sources (marine organisms, animals, microorganisms, and fungi). Natural products have
played an important role in the drug discovery and development processes [11]. However,
in recent decades, most pharmaceutical companies have reduced their drug discovery
and development programs from natural sources, largely due to the development of
combinatorial chemistry programs [7]. Nevertheless, despite the large number of drugs
derived from total synthesis, natural products and/or synthetic derivatives using their
novel structures, contribute to the global number of new chemical entities that continue to
be introduced on the market [12].

Over the last decade, several reviews have reported the bioactivity of natural prod-
ucts against protozoan neglected diseases [7,13–21]. However, natural products described
in these reviews were obtained from different sources, including microbial [19], endo-
phytes [20] and other fungi [21], marine [22], or animal origins [23,24]. Some reviews
also present a mix of natural compounds origins [7,17]. Regarding natural products from
plants, since 2016, there have been some reviews focusing exclusively on compounds from
higher plants [16,18,25–30]. Nevertheless, the information is scattered amongst the diverse
antiprotozoal diseases, compound families, and sources. To the best of our knowledge, a
comprehensive review gathering the data concerning the most recent studies on terpenic
compounds with antitrypanosomal activities is still missing. Therefore, in this work, a com-
pilation of terpenes obtained from plants and evaluated for their activity against T. brucei
and T. cruzi, covering the period from 2016 to 2021, will be presented and discussed. When
available, data regarding in vivo activity and considerations about possible mechanisms of
action will be also addressed.

The literature search was performed from June to December 2021 using Web of Science,
ScienceDirect, PubMed, and some official websites (WHO, DNDi, CDC). An appropriate
combination of keywords and truncation was selected and adapted for each database
(for example, combinations of terpenoids or terpenes with Trypanosoma, Human African
trypanosomiasis, and Chagas disease). Only peer-reviewed research articles or reviews in
a six-year timespan (2016–2021) and in English language were considered. No restriction
geographical origin of authors was applied. In particular cases, important reviews older
than six years were also included. The literature was individually screened, applying as
exclusion criteria, poor quality, inaccurate data, not considered relevant to the aim of the
review, and articles reporting antitrypanosomal activity of extracts. Mendeley Reference
Manager Software (2020) was used to manage the references and eliminate duplicates.

2. Trypanosomiasis

2.1. Human African Trypanosomiasis (HAT)

HAT is endemic in 36 African countries, with approximately 60 million people at risk,
and approximately 10.8 million people living in areas of moderate to high risk of infection.
In 1995, about 25,000 cases were detected and about 300,000 cases remained undetected.
However, in 2001, the WHO launched an initiative to strengthen control and surveillance,
and HAT declined in the following years. In 2019, less than 1000 cases were reported.
It is noteworthy that this reduction is not due to a lack of control efforts as active and
passive screening have been maintained at similar levels (about 2.5 million people screened
per year) [31]. HAT is essentially present in poorer and rural areas, affecting populations
dedicated to agriculture, fishing, livestock, and hunting, who are more exposed to the
vector of transmission. Furthermore, their access to adequate health services is limited,
thus lacking medical surveillance, also associated with difficulties in diagnosis and treat-
ment [32]. This parasitic disease is transmitted mostly by the bite of the tsetse fly (Glossina
palpalis), but other routes of transmission are possible, such as congenital transmission,
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blood transfusion, and transplants, despite being poorly documented [33]. The life cycle of
Trypanosoma brucei sp. is illustrated in Figure 1 and reviewed elsewhere [10,34].

Figure 1. The life cycle of T. brucei.

There are two subspecies of Trypanosoma brucei (T. b.), T. b. gambiense, and T. b. rhodesiense,
with different geographic distributions. T. b. gambiense is found in 24 countries in West and
Central Africa, accounting for more than 98% of reported cases. T. b. rhodesiense is present in
13 countries in East Africa, representing less than 3% of reported cases [32]. The two subspecies
have different rates of progression and clinical characteristics. Infections by T. b. gambiense are
characterized by a low parasitemia, with slow progression leading to the development of the
chronic form of the disease, while T. b. rhodesiense progresses rapidly with high parasitemia,
being characterized by the acute form. Both infections, if not diagnosed and treated, lead to
death [34]. The clinical evolution of HAT has two phases. In the first phase, also known as the
hemolymphatic phase, the parasite is found in the host’s blood and lymphatic stream. This
initial phase includes non-specific symptoms such as pyrexia, headache, muscle and joint pain,
weight loss and even enlarged lymph nodes, usually in the neck area. The second or neurologic
phase (meningoencephalitis) occurs when the parasite crosses the blood–brain barrier and
reaches the central nervous system. The clinical manifestations are usually behavioral changes,
such as anxiety and irritability, sensory, motor, and sleep cycle disorders [32,33].

2.1.1. Antitrypanosomal Chemotherapy Targets and Current Drugs against HAT

Trypanosome-specific metabolic and cellular pathways represent excellent molecular
targets. The ability to synthesize polyamines, putrescine, and spermidine, is of vital impor-
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tance for the proliferation of bloodstream forms in trypanosomes. In this process, ornithine
decarboxylase has a crucial function. This enzyme is considered the best-validated drug
target in T. brucei, which is the target of eflornithine, a drug that is used clinically for the
treatment of HAT [10,35]. In addition, the enzyme N-myristoyltransferase (NMT) has been
well validated as a molecular target for HAT since its inhibition may lead to the death of the
parasites. NMT catalyzes the covalent attachment of myristate, a 14-carbon saturated fatty
acid, via amide bond to the N-terminal glycine residue of several proteins. NMT is also
present in humans, but T. brucei is extremely sensitive to NMT inhibition, probably because
endocytosis occurs at a very high rate in T. brucei [36]. Recently, significant progress in
targeting the ubiquitin-proteasome system was reported [37]. The ubiquitin-proteasome
system (UPS) is a crucial protein degradation system in eukaryotes and is essential for
the survival of eukaryotes including trypanosomatids. There are promising inhibitors of
this, but the overall success of clinical trials is low and therefore more drug candidates are
needed. The bloodstream forms of T. brucei produce energy exclusively through glycolysis.
Thus, inhibition of glycolytic enzymes, such as glyceraldehyde 3-phosphate dehydrogenase,
phosphoglycerate mutase, phosphofructokinase and pyruvate kinase, could be a potential
therapeutic approach. However, there is little prospect of killing trypanosomes by suppress-
ing glycolysis unless inhibition is irreversible or uncompetitive, owing to the enormous
glycolytic flux through the system [10,35]. Regarding redox metabolism, a fundamental
metabolic difference between host and parasite is the existence of trypanothione reductase
in trypanosomes instead of glutathione reductase, which is essential for the parasite’s
survival. The inhibition of trypanothione reductase compromises the parasite’s oxidative
defenses, sometimes leading to its death. Unfortunately, until now, compounds suitable for
clinical development have not been discovered [10].

Currently, there is no vaccination or chemoprophylaxis for HAT, and its combat is
mainly conducted through prophylactic measures aimed at reducing the reservoir of the
disease and controlling the vector. The latter is the main strategy in use, which aims to
minimize human contact with the fly. The recommended measures in the most affected
areas are the use of clothes with neutral colors, and the use of insecticide repellents [34].
Recently, rapid diagnostic tests have been also developed in order to detect the presence
of the antigen, offering accurate and sensitive results [38]. The treatment of HAT depends
essentially on the stage of the disease and the causative agent. Until recently, five drugs
have been used to treat sleeping sickness, donated by manufacturers to WHO for free
distribution [38]. For the first phase, suramin (Naganinum®, Naganol®) and pentamidine
(Nebupent®, Pentam®) are the first line drugs. For the final stage of sleeping sickness,
the treatment includes the use of melarsoprol (Arsobal®), eflornithine (Vaniqa®) and the
nifurtimox (Lampit®) -eflornithine combination therapy (NECT) [39]. Recently, fexinidazole
was approved by the European Medicine Agency (EMA) and the United States Food and
Drug Administration (USFDA) as the first all-oral therapy for the treatment of phase-1
and phase-2 HAT [39]. Additionally, acoziborole a recently developed benzoxaborole, is
currently in advanced clinical trials, for treatment of phase-1 and phase-2 caused by both
T.b. gambiense and T.b. rhodesiense. Acoziborole is orally bioavailable, and importantly,
curative with one dose [40].

2.2. Human American Trypanosomiasis (Chagas Disease, CD)

Human American trypanosomiasis, commonly known as Chagas disease (CD), is
endemic in 21 countries in Latin America. However, human migrations have turned it into
a global disease with a significant number of cases in non-endemic regions such as Canada
or Europe, among others. CD is present in rural areas and affects populations living in
poverty. The WHO estimates that about 6 to 7 million people worldwide are infected and
there are approximately 70 million people at risk [41,42]. CD is caused by the protozoan
parasite Trypanosoma cruzi (T. cruzi), and it is generally transmitted by vectors, such as the
triatomine hematophagous insects of the Reduviidae family, usually known as “barbers”. The
other transmission routes are blood transfusions, transplantation, congenital transmission,
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and oral transmission (breast milk), and also by ingestion of contaminated food. The life
cycle of Trypanosoma cruzi is illustrated in Figure 2 and reviewed elsewhere [41–43].

Figure 2. The life cycle of T. cruzi.

CD has two successive clinical phases, an acute phase, and a chronic phase. The
acute phase can be symptomatic or, most frequently asymptomatic. The initial acute
phase occurs immediately after the infection, which can last for weeks or months. It is
characterized by local manifestations such as the Romaña Sign, when the parasite penetrates
the conjunctiva, or the skin, causing a skin lesion or a purplish swelling of the lids of one
eye called Chagoma. After a period of 4 to 8 weeks, the parasitemia decreases and the
clinical manifestations spontaneously disappear in 90% of the cases, when the disease
enters the chronic phase [41,43]. During the chronic phase, the parasites are in the heart
and gastrointestinal tract. Despite the long-lasting nature of the infection in which most
individuals do not develop overt pathology, there are about 30% of people who can achieve
the chronic phase, characterized by progressive heart and/or digestive disease. In most
of these cases, it takes decades to become apparent. Cardiomyopathy is the most serious
result of T. cruzi infection, and in many areas of South America, it is a major cause of heart
disease. Digestive symptoms, including megaesophagus and megacolon, also have serious
consequences and may require surgery [43–47]

2.2.1. Antitrypanosomal Chemotherapy Targets and Current Drugs against CD

Infective trypomastigotes and intracellular replicative amastigotes are the clinically
relevant life-cycle stages of T. cruzi that are potential targets for drug intervention [4,48]. T.
cruzi requires specific sterols for cell viability and proliferation at all stages of the life cycle.
The main sterol component of the parasite is ergosterol, while in the mammalian hosts it is
cholesterol. Inhibitors of sterol biosynthesis have been shown antitrypanosomal in vitro
activity [48]. Other trypanosomal targets are related to cysteine proteases that are involved
in many crucial processes, including host cell invasion, cell division, and differentiation. T.

303



Pharmaceuticals 2022, 15, 340

cruzi contains a cysteine protease, cruzipain, which is responsible for proteolytic activity
at all stages of the parasite’s life. Although no inhibitors of this family of enzymes have
progressed to clinical trials, the parasite cysteine proteases remain a promising area of
research [47,48]. In addition, the trypanothione reductases and synthetases have also been
considered key enzymes in the oxidative metabolism of the parasite. Although several
potential inhibitors of the trypanothione reductase possess potent in vitro anti-T. cruzi
activity, to date, none have achieved parasitological cure in animal models [47].

Only two old nitroheterocyclic drugs, benznidazole (Rochagan® or Rodanil®) and nifur-
timox (Lampit®) have been available for the treatment of CD, as reviewed elsewhere [41,49].
They are effective for the acute phase of infection, but they have variable efficacy in the chronic
phase of the disease, besides requiring prolonged treatment (60–90 days). In addition, signifi-
cant problems of resistance have emerged with both drugs. In this context, there is an urgent
need for more efficacious and safer drugs or drugs regimens, in particular for the treatment
of the chronic stage of the infection. Presently, new benznidazole monotherapy regimens
with reduced exposure to improve tolerability while maintaining efficacy, and combination
regimens of benznidazole with fosravuconazole to improve efficacy are being developed [50].

3. Terpenic Compounds with Antitrypanosomal Activity

Herein, 150 terpenic compounds with antitrypanosomal activity, isolated from plants
or obtained by derivatization, and reported in the literature from 2016 to 2021, are presented
(Figures 3–15 and Tables 1 and 2). For clarity reasons, the terpenes are divided into four
classes: monoterpenes and iridoids (C10, Figure 3), sesquiterpenes (C15, Figures 4–9), diter-
penes (C20, Figures 10–12), and triterpenes (C30, Figures 13–15). The selected compounds
were tested for their in vitro activity against T. brucei (T. b. brucei, and T. b. rhodesiense), and
T. cruzi. Additionally, the in vivo results of some compounds were also described.

Figure 3. Structures of monoterpenes (1–6) and iridoids (7–9).
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Figure 4. Structures of sesquiterpenes 10–27.
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Figure 5. Structures of sesquiterpenes 28–44.

Figure 6. Structures of sesquiterpenes 45–50.
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Figure 7. Structures of sesquiterpenes 51–58.

Figure 8. Structures of sesquiterpenes 59–71.
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Figure 9. Structures of sesquiterpenes 72–87.

The in vitro antitrypanosomal activities are expressed in micromolar concentrations
(μM) and some were transformed into this unit to allow an accurate comparison. Fur-
thermore, the in vitro cytotoxicity of these compounds on mammalian cells lines is also
indicated, when evaluated simultaneously, allowing the assessment of the selectivity index
(SI). SI is defined as the ratio between the half-maximal cytotoxic concentration against
the mammalian cell line (CC50) and the half-maximal inhibitory concentration against the
parasite (IC50) [51,52]. Although the SI values do not allow extrapolation to the in vivo
condition, this parameter is valuable for the selection of compounds with selective activity
against trypanosomes.

308



Pharmaceuticals 2022, 15, 340

Figure 10. Structures of diterpenes 88–97.

Figure 11. Structures of diterpenes 98–104.
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Figure 12. Structures of diterpenes 105–115.

Figure 13. Structures of triterpenes 116–121.
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Figure 14. Structures of triterpenes 122–135.
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Figure 15. Structures of triterpenes 136–150.

Presently, there are general and specific criteria proposed by DNDi aiming at identify-
ing hit and lead compounds for further development of drugs against trypanosomiasis,
and other infectious diseases. Although these criteria are not strictly applied, they are very
important to guide the development of hit and lead series, taking into account their potency,
selectivity, toxicity, and chemical profile, among other requirements [51]. For a hit definition,
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the criteria are divided into two main sets: the disease-specific criteria that focus on potency,
efficacy, pathogenicity, and the compound-specific criteria that evaluate the chemical profile
of the compounds, in silico pharmacokinetics and pharmacodynamics (DMPK), as well as
the physical properties that are predictive of oral therapy [52]. Accordingly, a compound is
considered active if it has an IC50 ≤ 10 μM in the in vitro assay against the bloodstream
forms of T. b. brucei subspecies, and against the T. cruzi intracellular amastigote forms
(TcVI (Tulahuen) or TcII/Y strain) [51,52]. The selectivity of the promising hit compound
should be 10-fold higher for the parasite than for the mammalian cell line tested. On the
other hand, a lead compound for a future drug against HAT or CD should display an IC50
value more than 10–20-fold higher than the IC50 value of the hit compound, and ideally, its
selectivity should be ≥ 50 times higher for the parasite than for the mammalian cell line.
Moreover, a significant reduction in parasitemia and/or increase in life-span should be
observed in the acute mouse model of HAT at the end of the treatment with up to 4 doses
at 50 mg/kg (i.p or p.o). Concerning CD, the lead selection criteria include a hit that causes
an 80% parasitemia reduction in organs or tissues, or no parasites detected at the end of
treatment and an increase in lifespan with up to 10 doses at 50 mg/kg (p.o) in a mouse
model [51,52].

3.1. Monoterpenes and Iridoids

Compound 1 is a limonene benzaldehyde-thiosemicarbazone derivative that showed
in vitro antitrypanosomal activity and high selectivity against T. cruzi amastigotes (IC50 1.3μM,
CC50 795 μM, mammalian LLCMK2; SI = 611.2). It is believed that this compound act by
inhibiting the proliferation of T. cruzi and inducing morphological changes that lead to the
cell death of the parasite. In addition, a reduction in cell volume, depolarization of the
mitochondrial membrane and an increase in production of reactive oxygen species (ROS)
were also observed. Due to promising in vitro results, an in vivo study was performed on a
murine model of acute Chagas disease, and a significant reduction in parasitemia in animals
treated with 1 alone (100 mg/kg/day) or combined with benznidazole (5 mg/kg/day each)
was found, when compared to the untreated animals. Moreover, it was observed that the
survival rate of the animals treated with both compounds during the period of infection was
the same that the group treated just with benznidazole, however, with only 5% of the dose
used [53].

The essential oil of Origanum onites L. and its major components carvacrol (2) and
thymol (3) were evaluated for their antitrypanosomal activity against T. b. rhodesiense
trypomastigote forms (mammalian stage), and T. cruzi amastigotes. Good results were
only observed against T. b. rhodesiense, and both compounds showed IC50 values of 1.0 μM
and 0.73 μM, respectively, and a high selectivity for the parasite (SI = 327.5 and 454.4,
respectively, L6 mammalian cell line). Additionally, in the in vivo T. b. brucei mouse model,
only compound 3 extended the mean survival of animals, while none cured the infected
animals when compared to the reference drug pentamidine [54].

The essential oils of some Apiaceae plants (Echinophora spinosa L., Sison amomum L.,
Crithmum maritimum L., Helosciadium nodiflorum (L.) W.D.J.Koch) were studied against
T. brucei bloodstream forms (TC221 BSFs strain), showing IC50 values in the range of
2.7–10.7 μg/mL. From those, only the essential oil of C. maritimum had a good selectiv-
ity (SI = 13, mouse Balb3T3 fibroblasts cell line). Additionally, using the same parasite,
the trypanocidal activity of the major compounds (4–6) of C. maritimum was also tested.
Terpinolene (4) was the most potent showing an IC50 value of 0.26 μM with a SI = 180.
Two other compounds displayed promising activities on the same model namely α-pinene
(5, IC50 = 7.4 μM, SI > 100) and β-ocimene (6, IC50 = 8 μM, SI > 91) [55].

Three tetracyclic iridoids (7–9) were isolated from Morinda lucida Benth., a plant
traditionally used to treat parasitic diseases in West Africa. Iridoids were evaluated for
their in vitro activity against the bloodstream forms of T. b. brucei. Compound 7 was the
most active (IC50 0.43 μM) and less toxic than 8 (IC50 1.27 μM), displaying CC50 values of
14.24 μM (SI = 33.1) and 4.74 μM (SI = 3.7), respectively [56]. The activity of compound 9 is
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lower than 7 and 8 (IC50 3.75 μM), but it did not show cytotoxicity (CC50 ≤ 50 μM) [56].
The main structural differences between compounds 7–9 are the functional groups at C-4
on the side chain. Compound 9 has a carboxylic acid, while compound 7 and 8 have ethyl
ester and methyl functional groups, respectively [56]. SI values of the three compounds
showed that 7 and 9 are more specific against the parasite than compound 8. Compound 7

was tested in vivo, and a complete clearance of parasitemia, with 100% cure for 20 days
post infection, was observed, when 5 consecutive daily shots of 30 mg/kg of compound
7 were taken. It was concluded that compounds 7 and 9 suppressed the expression of
paraflagellum rod protein subunit 2, and caused cell cycle alteration, which can preceded
apoptosis induction in the bloodstream form of the parasite [56].

3.2. Sesquiterpenes

Two sesquiterpene lactones (10 and 11) were isolated from the methanolic extract
of Tithonia diversifolia (Hemsl) A. Grey, and their activities were evaluated against the
blood forms of T. brucei [57]. Compound 10 was the most active, exhibiting a very low
IC50 value (0.012 μM), but displaying a high cytotoxicity on the mammalian fibroblasts
cells (CC50 0.036 μM, SI = 3). Likewise, compound 11 showed antitrypanosomal activity
(IC50 0.97 μM) and high cytotoxicity (CC50 1.27 μM, SI = 1.3) [57]. Some considerations can
be made regarding the mechanism of action of these sesquiterpene lactones in the parasite
cells. Due to the characteristic α,β-unsaturated lactone function present in these structures,
which can act as a Michael acceptor, these compounds react with nucleophiles, such as thiol
groups in proteins, leading to macromolecular dysfunction, oxidative stress and genetic
mutations [57]. The presence of an extra carbonyl group conjugated with two double bonds
in 10 can explain the higher antitrypanosomal activity of 10 when compared with 11. In fact,
the mechanism of action of these compounds against trypanosomes may be related with
formation of thiol adducts with components found in the intracellular medium (namely
trypanothione, glutathione and thiol groups in proteins). The parasite’s cells become more
vulnerable to oxidative stress with reduction in trypanothione [57].

Several sesquiterpene lactones were isolated from the dichloromethane extract of Vernonia
cinerascens Sch.Bip., and evaluated for their in vitro activity against the blood forms of T. b.
rhodesiense and for cytotoxicity on the L6 mammalian cell line [58]. Lactone 12 was the
most active and selective exhibiting an IC50 value of 0.16 μM and SI = 35. Compounds
13 and 14 also showed activity against T. b rhodesiense (IC50 values of 0.5 μM and 1.1 μM,
SI = 13 and 4.2, respectively), being lactone 13 the most selective [58]. Compounds 15 and 16

exhibited similar activities; however, compound 15 showed a higher selectivity (IC50 values
of 4.8 μM and 5.0 μM, SI = 27 and 4.3, respectively). Moreover, lactones 12–16 displayed the
lowest cytotoxicity in the cells tested [CC50 5.6 μM (12), CC50 6.9 μM (13), CC50 4.7 μM (14),
CC50 128 μM (15), CC50 22 μM (16)] [58,59].

Two sesquiterpene lactones (17 and 18) isolated from the dichloromethane extract of
Tarchonanthus camphoratus L. aerial parts, and twenty sesquiterpene lactones, including com-
pounds 19–27 obtained from Schkuhria pinnata (Lam.) Kuntze ex Thell. were studied for
their in vitro antitrypanosomal activity and cytotoxicity on mammalian L6 cell lines [60].
Lactones 17 and 18 were active against T. b. rhodesiense with IC50 values of 0.39 μM and 2.8 μM,
respectively. Furthermore, 17 (SI = 18.6, CC50 7.2 μM) proved to be more selective although
it was more cytotoxic than 18 (SI = 6.2, CC50 17.3 μM) [60]. Regarding compounds isolated
from S. pinnata, most of them displayed antitrypanosomal activity with IC50 values ranging
from 0.10 to 7.30 μM, Compounds 19 and 20 stood out for their high activities against the
trypomastigotes, with IC50 values of 0.10 and 0.13 μM, respectively. However, they exhib-
ited cytotoxicity on the cells tested (CC50 values of 2.10 and 3.90 μM, respectively) despite
exhibiting some selectivity (SI = 20.5 and 29.7, respectively). Compounds 21 (IC50 0.35 μM,
SI = 11.5) and 22 (IC50 0.52 μM, SI = 13) were particularly active, but cytotoxic against the
mammalian cell lines assayed (CC50 values of 4.10 and 6.80 μM, respectively). Moreover,
compounds 23 (IC50 0.60 μM, SI = 19.2), 24 (IC50 0.82 μM, SI = 13.4), 25 (IC50 0.91 μM, SI = 15.8)
and 26 (IC50 0.92 μM, SI = 15.8) also showed very good activities. Finally, sesquiterpene 27
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display an IC50 value of 1.7 μM, and was the most selective and least cytotoxic in this group
of compounds (SI = 31.1 and CC50 54.6 μM) [60].

Three sesquiterpene lactones (28–30) were isolated from the dichloromethane extract
of Achillea fragrantissima (Forssk.) Sch.Bip. and tested against trypomastigote forms of
T. b. brucei [61]. Lactone 28 was the most active (IC50 3.03 μM), while lactones 29 and 30

showed the same activity against the parasite with IC50 value of 10.97 μM. The authors did
not assess the cytotoxicity of these compounds on mammalian cells [61].

Four sesquiterpene lactones were isolated by bioassay-guided fractionation from
extracts of Mikania variifolia Hieron. and Mikania micrantha Kunth, and evaluated against the
epimastigote, trypomastigote and amastigote forms of T. cruzi. Compounds 31 and 32 were
found in both extracts (2.2% and 0.4% for M. variifolia, and 21.0% and 6.4% for M. micrantha,
respectively, calculated based on the dry extract) [62]. Three of the isolated lactones
(31, 32, and 33) showed trypanocidal activity, being active against the epimastigote form
with IC50 values of 2.41 (SI = 31.9), 0.29 (SI = 992.5) and 8.55 (SI = 5.2) μM, respectively [62].
Compounds 31, 32 and 33 also displayed activity against the trypomastigote form of
the parasite with IC50 values of 7.24 (SI = 10.6), 5.43 (SI = 54.0) and 1.03 (SI = 49.0) μM,
respectively. Finally, the activities of 31, 32 and 33 against the amastigote forms were lower
than those observed for the two previous forms of the parasite (IC50 15.5, 22.8 and 29.1 μM,
and SI = 4.3, 12.5, and 1.5, respectively). From those compounds, 32 was the most selective
for the human infective parasite, showing a SI of 54 when assayed on human monocyte
leukemia THP1 cells. Due to its good selectivity, 32 was also tested in an in vivo model of
T. cruzi infection, and was able to decrease the parasitemia and the weight loss associated
with the acute phase of the parasite infection. Additionally, 70% of treated mice (1 mg/kg of
body weight/day) survived, while all of the control mice died by day 22 after the infection.
The authors also observed that this compound increased the production of TNF-α and IL-12
by macrophages [62].

The essential oils from different parts of Smyrnium olusatrum L. were evaluated against
the bloodstream forms of T. b. brucei. All oils effectively inhibited the growth of the
parasite [63]. From the main constituents of essential oils, sesquiterpene 34 exhibited a
significant and selective inhibitory activity against the tested parasite (IC50 3.0 μM, SI = 30,
mouse Balb/3T3 fibroblast)) [63].

From Anthemis nobilis L. dichlorometane extract, 19 sesquiterpene lactones, includ-
ing 15 germacranolides, 2 seco-sesquiterpenes, 1 guaianolide sesquiterpene lactone, and
1 cadinane acid were obtained [64]. Among these compounds, thirteen were tested for their
in vitro activity against the bloodstream forms of T. b rhodesiense, with compound 35 being
the most potent and selective (IC50 0.08 μM, SI = 63.1). Compounds 36–38 exhibited also a
significant anti-trypanosomal activity, but with lower selectivity (36, IC50 0.61 μM, SI = 8.3;
37, IC50 0.36 μM, SI = 14.1; 38, IC50 0.88 μM, SI = 8.3). Moreover, the compounds were
assessed against T. cruzi intracellular amastigotes, and the best result was observed for
compound 39 (IC50 2.8 μM), but a very low selectivity index was also observed (SI = 0.5).
Compound 39 also exhibited a good activity against T. b rhodesiense (IC50 0.4 μM), but with
a low selectivity due to its cytotoxicity on mammalian L6 cells (CC50 1.5 μM, SI = 3.8).
Compound 40 was considered the one with higher selectivity for T. cruzi (IC50 4.2 μM,
SI = 6.1) [64].

Calea pinnatifida (R. Br.) Less. is used in folk medicine as giardicidal, amoebicidal and
to treat digestive disorders. Its phytochemical study led to the isolation of a furanohe-
liangolide sesquiterpene lactone (11,13-dihydroxy-calaxin, 41) which showed a promising
trypanocidal activity, displaying an IC50 value of 8.30 μM against T. cruzi amastigotes, and
inhibiting the parasite growth in 94.3%. However, compound 41 presented a low selectivity
for the parasite cells (CC50 < 15.60 μM on THP-1 cells) [65].

Three sesquiterpene lactones (42–44) were isolated from Smallanthus sonchifolius (Poepp.)
H. Rob. and evaluated against T. cruzi epimastigotes, using benzonidazole as positive con-
trol [66]. Compounds 42 and 43 showed identical activities with IC50 values of 0.78 and
0.79 μM, respectively. Lactone 44 was also active exhibiting an IC50 value of 1.38 μM. All
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compounds were more effective than benzonidazole (IC50 10.6 μM). The authors did not
assess the cytotoxicity of these compounds on mammalian cells. Due to the high in vitro
activity, compounds 42 and 43 were also tested on mice inoculated with T. cruzi trypomastig-
otes. A significant decrease in circulating parasites (50–71%) was observed, with no signs of
toxicity in the dose administrated (1 mg/kg/day). Complementary studies showed marked
ultrastructural alteration in trypanosome parasites when treated with these compounds [66].

Several sesquiterpenes isolated from the Cameroonian spice Scleria striatinux De
Wild. were studied for their in vitro and in silico antiparasitic activity [67]. From those,
sesquiterpene 45 exhibited the best activity against T. cruzi and T. b. rhodesiense bloodstreams
forms, with IC50 values of 0.025 μM (SI = 0.74) and 0.002 μM (SI = 8.3), respectively, but
the compounds were cytotoxic on HT-29 (human bladder carcinoma) cells. On the other
hand, compound 46 showed better activity against T. b. rhodesiense than T. cruzi, with IC50
values of 0.025 μM (SI = 3.4) and 0.085 μM (SI = 1), respectively [67]. The in silico drug
metabolism and pharmacokinetic parameters of these two sesquiterpene isomers were also
studied, showing compound 46 a good solubility profile, moderate partition coefficient and
acceptable in silico pharmacokinetic properties. Similar characteristics were observed for
compound 45, but with less optimal parameters, namely for the partition coefficient [67].
Nevertheless, despite the good pharmacokinetic features and the low IC50 values observed,
SI values were very small, and compounds also showed a considerable cytotoxicity against
HT-29 cell line, which reduces its possible application as a hit compound.

Vernonia lasiopus (O.Hoffm.) H.Rob. extracts were obtained with solvents of different
polarities and evaluated in vitro for antiprotozoal activity [59]. The dichloromethane ex-
tract was shown to be particularly active against T. b. rhodesiense, and its phytochemical
study led to the isolation and identification of six sesquiterpene lactones. These com-
pounds were tested for their in vitro antitrypanosomal activity and cytotoxicity on L6
mammalian cells [59]. Compound 47, the main component of the extract, was the most
potent against T. b. rhodesiense trypomastigotes (IC50 0.185 μM); however, it displayed
some cytotoxicity (CC50 2.68 μM and SI = 14.5). Moreover, compound 48 presented very
similar values (IC50 0.26 μM, CC50 3.67 μM, SI = 14.4). Lactone 49 was the least selective
(SI = 4.5) and displayed some cytotoxicity (CC50 2.26 μM), despite showing a considerable
antitrypanosomal activity (IC50 0.51 μM). Compound 50 was the least cytotoxic compound
in this group (CC50 34.6 μM, SI = 13.7) still showing a good activity against trypomastigotes
(IC50 2.53 μM) [59].

On a recent work, the sesquiterpene lactones eupatoriopicrin (51), estafietin (52), eu-
pahakonenin B (53) and minimolide (54) isolated from Argentinean Astearaceae species,
which had previously showed activity against T. cruzi epimastigotes, were tested against
other forms of the parasite [68]. On the bloodstream forms of T. cruzi the IC50 values ob-
tained were 19.9 μM (51, SI = 12.9), 33.0 μM (53, SI = 10.4), and 21.0 μM (54, SI = 12.8). On
the intracellular T. cruzi amastigotes the most active compound was 51 with an IC50 value
of 6.3 μM (SI = 40.6). Moderate activities were observed for compound 54 (IC50 = 25.1 μM;
SI = 10.7), and 53 (IC50 = 89.3 μM; SI = 3.8) against the same form of the parasite. The ma-
jority of compounds showed a significant selectivity for the parasite forms tested compared
to Vero cells. The in vivo administration of eupatoriopicrin (51, 1 mg/kg/day) to mice
infected with T. cruzi trypomastigotes, for five consecutive days, produced a significant
reduction in the parasitemia levels in comparison with non-treated animals (area under
parasitemia curves 4.48 vs. 30.47, respectively), being this reduction similar to that achieved
with the reference drug, benznidazole. Authors also presented some information regarding
the prevention of tissue damage during the chronic phase of the parasite infection, showing
beneficial effects on skeletal and cardiac muscular tissues of infected mice treated with the
sesquiterpenoid compound. Compound 52 was inactive [68].

The sesquiterpene lactone 55 (tagitinin C) isolated from leaves of Tithonia diversifolia
(Hemsl.) A. Gray showed a high inhibition activity against the epimastigote forms of T.
cruzi, with IC50 of 1.15 μM, being more active than benznidazole (35.81 μM). However,
the cytotoxic concentration (6.54 μM) and the selectivity index (5.69) of compound 55 did
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not show to be favorable. In an in vivo combination assay, it was observed a complete
suppression of parasitemia and parasitological cure in all infected mice (100%) compared
to those receiving benznidazole alone (70%). Moreover, despite its lower in vitro selectivity
index, compound 55 was well tolerated during the in vivo assays. Interestingly, it was also
found that tagitinin C was able to reduce myocarditis, especially when combined with
benznidazole [69].

The antitrypanosomal potential of three sesquiterpene lactones (56–58) isolated from
Helianthus tuberosus L. (Asteraceae) was evaluated against T. b. rhodesiense trypamastigote
bloodstream form (56, IC50 0.077 μM; 57, 0.26 μM; 58, 0.92 μM) and T. cruzi trypomastigotes
(56, IC50 1.6 μM; 57, 3.1 μM; 58, 5.7 μM); however, the selectivity index was not promising
(CC50 between 0.52 and 3.9 μM, on L6 rat skeletal myoblasts) [70].

Seventeen sesquiterpene lactones were isolated from five plant species of Vernon-
ieae tribe and assessed against T. cruzi epimastigotes [71]. The best trypanocidal ef-
fect was observed by elephantopus-type sesquiterpene lactones 59 (IC50 1.5 μM) and
60 (IC50 2.1 μM), obtained from Vernonanthura nebularum (Cabrera) H. Rob., and hirsutino-
lide 61 (IC50 2.0 μM), isolated from Vernonanthura pinguis (Griseb.) H.Rob. Furthermore,
these compounds showed a high selectivity for the parasite (SI > 14) when compared to
their cytotoxic effect against the mammalian Hela cells. Compounds 62–65, also isolated
from V. nebularum, showed a good antitrypanosomal activity on the same strain with IC50
values ranging from 3.7 to 9.7 μM, being compound 62 the most selective (IC50 = 3.7 μM and
SI = 14.3). From V. pinguis, besides compound 61, compounds 66 (IC50 10.7 μM; SI = 9.0)
and 67 (IC50 8.1 μM; SI = 13.9) were also isolated and displayed a significant activity;
however, it was lower than the observed to hirsutinolide (61). From the remaining species,
compound 68 (IC50 6.8 μM; SI = 1.6) isolated from Centratherum puctatum ssp. Punctatum
Cass. and compound 69 (IC50 4.7 μM; SI = 11.5) isolated from Elephantopus mollis Kunth
also showed antitrypanosomal activity [71].

The sesquiterpene lactones eucannabinolide (70) and santhemoidin C (71), isolated
from the dewaxed dichloromethane extract of Urolepis hecatantha (DC.) R.King & H.Rob.,
were active on T. cruzi epimastigotes with IC50 values of 10 μM and 18 μM, respectively.
Both compounds showed low SI values (CC50 > 15 μM for 70 and CC50 = 15 μM for 71) [72].

Goyazensolide (72) is a sesquiterpene lactone isolated from Lychnophora passerina
(Mart ex DC) Gardn. that displayed promising results against the intracellular amastigote
form of T. cruzi (IC50 = 0.181 μM/24 h, and IC50 = 0.020 μM/48 h), showing a higher
selectivity index than the positive control benznidazol (SI = 52.82 and 915.0 for 72, at 24 h
and 48 h, respectively, and SI = 4.85 and 41.0 for benznidazol, at 24 h and 48 h, respec-
tively). Further in vivo assays were performed and 72 showed an important therapeutic
activity in mice infected with T. cruzi, which was demonstrated by the high percentage of
negative parasitological tests employed by the authors in the successive post-treatment
evaluations [73].

From the leaves of Hedyosmum brasiliense Mart. Ex Miq., five sesquiterpene lactones
together with a sesterpene were isolated and tested against the amastigote and trypo-
mastigote forms of T. cruzi. Among the assessed compounds, compound 73, with a rare
terpenoid structure, was the most active displaying an IC50 value of 21.6 μM and SI > 9 for
the amastigote form, and an IC50 value of 28.1 μM and SI > 7 for the trypomastigote. The
remaining compounds were inactive, excepting compound 74 that exhibited a very weak
activity against both parasite forms tested, and a decrease in selectivity for the parasite
when compared with selectivity of compound 73 [74].

The bio-guided fractionation of ethanolic extract of leaves of Inula viscosa (L.) Greuter
(Asteraceae) led to the isolation of two sesquiterpenoids (75 and 76), which were tested
against T. cruzi epimastigotes with IC50 values of 4.99 μM and 15.52 μM, respectively.
Both compounds showed modest SI (3.67 and 3.38, respectively), when compared to
murine macrophages cells [75]. A preliminary structure-activity study of these compounds
demonstrated the importance of the lactone ring to the antiparasitic activity. Regarding the
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mechanism of action, authors suggested that compounds induced programmed cell death
in the tested parasite [75].

Costic acid (77), a eudesmane sesquiterpenoid isolated from the bio-guided frac-
tionation of the n-hexane extract of Nectandra barbellata Coe-Teix. Twigs (Lauraceae) in-
duced a trypanocidal effect with high selectivity for the intracellular amastigote form of T.
cruzi (IC50 7.9 μM). A modest activity against T. cruzi trypomastigotes was also observed
(IC50 37.8 μM). No cytotoxicity was observed on L929 human cells, revealing its selectivity
for both forms of the parasite (CC50 > 200 μM, SI > 25 on amastigote forms and SI > 5 on
trypomastigote forms). The authors suggested that costic acid (77) has a key action on the
mitochondria activity of the parasite [76].

Some germacranolide sesquiterpene lactones were isolated from the aerial parts and
flowers of Tanacetum sonbolii Mozaff. Compounds 78 and 79 were the most active showing
an IC50 of 5.1 and 10.2 μM, respectively, against T. b. rhodesiense bloodstream forms, and SI
values of 3.9 (78) and 4.0 (79) when compared with rat myoblast (L6) cells [77].

The bicyclic drimane-type sesquiterpene polygodial (80), firstly isolated from Poly-
gonum hydropiper L. (Polygonaceae), and some natural and synthetic compounds of the
same family were evaluated for growth inhibition against the amastigote, trypomastigote,
and epimastigote forms of T. cruzi. The parent drug 80 exhibited a moderate inhibitory
activity (GI50 = 34.4 μM amastigotes; GI50 = 68.2 μM trypomastigotes; GI50 = 51.0 μM
epimastigotes). The best inhibition growth activities were observed for its synthetic deriva-
tives, namely compound 81 (GI50 = 9.9 μM amastigotes; GI50 = 8.4 μM trypomastigotes;
GI50 = 13.0 μM epimastigotes), 82 (GI50 = 6.7 μM amastigotes; GI50 = 6.4 μM trypomastig-
otes; GI50 = 12.3 μM epimastigotes), and 83 (GI50 = 8.3 μM amastigotes; GI50 = 6.9 μM
trypomastigotes; GI50 = 7.2 μM epimastigotes). Selectivity index values were not deter-
mined. The synthetic α,β-unsaturated phosphonate (83) was favorably compared with the
clinically approved drugs benznidazole and nifurtimox during a competition assay, being
even effective against trypomastigotes, contrarily to benznidazole that showed no activity
against this trypanosomal form. The effect of polygodial derivative 81 on the growth of
the parasite in infected human retinal pigment epithelial (ARPE) cells was studied using
confocal microscopy. A significant reduction in the intracellular parasites was observed,
with no alterations of replication or viability of the cells [78]. Compound 80 was also
previously isolated from the Chilean species Drimys winteri, and was tested on the same
parasite forms with weak comparable results. On this work, the authors associated the
trypanosomal activity of this compound with intracellular effects occurring in the parasite,
namely, mitochondrial dysfunctions, ROS production and autophagic phenotype [79].

Epi-polygodial (84), isolated from the Brazilian plant Drimys brasiliensis Miers (Winter-
aceae), exhibited a high parasite selectivity towards T. cruzi trypomastigotes (IC50 = 5.01 μM,
SI > 40 to NCTC cells). Authors correlated the antitrypanosomal activity of this compound
with its effects on cellular membranes by the interaction of 84 with DPPE-monolayers
(the Langmuir monolayers of dipalmitoylphosphoethanolamine) at the air–water interface,
which affects the physical chemical properties of the mixed film [80].

The sesquiterpene (-)-T-cadinol (85) isolated from Casearia sylvestris Sw. displayed
a moderate activity against amastigotes and trypomastigotes forms of T. cruzi with IC50
values of 15.8 and 18.2 μM, respectively, and no toxic effect on the mammalian cells was
observed (CC50 200 μM, SI > 15). The mechanism of action was studied using different
techniques, and it was observed that 85 affected the parasite mitochondria. However,
additional studies are necessary in order to confirm this organelle as a candidate target [81].

A sesquiterpene glycoside ester (86) isolated from the flowers of Calendula officinalis L.
have shown a moderate activity against T. brucei (IC50 16.9 μM). A closely similar compound
(87), only differing in the type of sugar residue, did not display antitrypanosomal activity,
suggesting the importance of sugar moiety conformation to the activity [82].
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3.3. Diterpenes

Andrographolide (88) is a labdane-type diterpene, isolated from Andrographis panic-
ulate (Burm. F.) Wall. Ex Nees, with reported anticancer, anti-inflammatory, antioxidant,
cardioprotective and hepatoprotective properties [83]. To determine its effect on the via-
bility of T. brucei procyclic trypomastigotes (the form of the parasite that differentiate in
the insect gut), the parasites were incubated at different concentrations (0–200 μM) for
72 h. Compound 88 inhibited the growth of the parasite, exhibiting an IC50 = 8.3 μM
and SI = 8.5. At this concentration, no cytotoxic effect was observed (CC50 70.5 μM) [83].
Giemsa staining of parasites treated with 88 allowed the observation of morphological
changes, in particular, loss of integrity, damage to the cell membrane, general rounding,
and loss of cells’ flagella. Ultimately, the authors concluded that the trypanocidal activity
of 88 is mediated by inducing the oxidative stress together with the depolarization of
the mitochondrial membrane potential, generating an apoptosis-like programmed cell
death [83].

The phytochemical study of aerial parts of Baccharis retusa DC., a medicinal plant
used in Brazilian folk medicine to treat parasitic diseases, allowed the isolation and iden-
tification of the kaurane-type diterpene 89. This compound was active against T. cruzi
trypomastigotes (IC50 3.8 μM) with a high selectivity (SI = 50.0) due to its reduced cytotoxi-
city (CC50 189.7 μM) on NCTC cells [84].

Ent-kaurenoic acid (90) and ent-pimaradienoic acid (91) were used as starting material
to obtain several derivatives. From those, the ent-kaurane derivatives 92 (IC50 < 12.5 μM)
and 93 (IC50 26.1 μM) showed the highest antitrypanosomal activity when compared to
compound 90 (IC50 225.8 μM). Regarding the ent-pimaradienoic acid (91, IC50 68.7 μM) set,
compound 94 (IC50 3.8 μM) was the most active against trypomastigotes forms of T. cruzi.
However, due to the lack of cytotoxicity data it is not possible to determine the selectivity
index of these compounds [85].

Three quinone methide-type diterpenes (95–97) were isolated from the roots of Salvia
austriaca Jacq. and tested for their in vitro activity against T. b. rhodesiense and T. cruzi.
Cytotoxicity was determined on L6 cells [86]. The diterpene 95 was the most active and
selective against T. b. rhodesiense trypomastigotes (IC50 0.05 μM and SI = 38). However,
despite exhibiting an IC50 value of 7.11 μM against T. cruzi amastigotes, its selectivity was
very low (SI = 0.27). Compounds 96 and 97 also showed activity against both parasites,
being more active against T. b. rhodesiense with IC50 values of 0.62 μM (SI = 5.0) and 1.67 μM
(SI = 2.4), respectively. Regarding their activity against T. cruzi, an IC50 value of 7.76 μM
(SI = 0.4), and 7.63 μM (SI = 0.5) was observed for compound 96 and 97, respectively [86],
but the compounds were not selective to the parasite [86].

The phytochemical study of dichloromethane extract of Aldama discolors (Baker)
E.E.Schill. & Panero leaves led to the isolation of four structurally and biosynthetically
related diterpenes. These were evaluated for in vitro activity against T. b. rhodesiense try-
pomastigotes and T. cruzi amastigotes [87]. Among the isolated diterpenes, compound 98

showed a moderate in vitro activity with an IC50 value of 15.4 μM against T. cruzi, and an
IC50 24.3 μM for T. b. rhodesiense. On the other hand, compound 99, structurally similar
to 98, showed less activity against the amastigote forms of T. cruzi (IC50 19.4 μM), and
no activity against the trypomastigote forms of T. b. rhodesiense. The selectivity of these
compounds was very low, with SI values ranging from 2 to 4 [87].

The commercially available dehydroabietylamine (100), an abietane-type diterpenoid
isolated in large amount from Plectranthus genus, was used as a starting material to produce
a set of amides derivatives. Among these compounds, 100–103 were tested against T. cruzi
amastigotes, showing compound 103 the highest antitrypanosomal activity and selectivity
(IC50 0.6 μM; SI = 58). The remaining compounds, including 100, in spite of displaying
antitrypanosomal activity (IC50 values between 3.7 and 7.4 μM) were not very selective to
the parasite, showing CC50 values ranging from 6.5 to 33.5 μM when tested on the human
cell line (SI values between 1 and 6, L6 rat myoblasts) [88].
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Leriifolione (104), isolated from the lipophilic extract of the roots of Salvia leriifolia
Benth., showed high activity against T. b. rhodesiense (IC50 1.0 μM) and T. cruzi (IC50 4.6 μM),
but an undesirable cytotoxicity on L6 cells (SI = 2.6 and 0.6, respectively) [89].

From the n-hexane extract of the roots of Zhumeria majdae Rech. F., eight abietane-type
diterpenes were isolated. The antitrypanosomal activity was investigated for compounds
105, 106, and 107 against T. b. rhodesiense and T. cruzi. All the compounds showed a high
activity against T. b. rhodesiense, (IC50 = 3.6 μM, 1.8 μM, and 0.1 μM to 105, 106, and 107,
respectively), being compound 106 the most selective for the parasite when compared with
L6 cell line tested (105, SI = 1.7; 106, SI = 21.9; 107, SI = 15.4). None of the compounds were
active against T. cruzi [90].

Seventeen diterpenes were isolated from the aerial parts of Perovskia abrotanoides
Kar. These compounds were evaluated for antiprotozoal activity (T. cruzi amastigotes,
and T. b rhodesiense trypomastigotes), and cytotoxicity was also assessed on rat skeletal
myoblast L6 cell line. Most of the diterpenes were less active against T. cruzi than against
T. b rhodesiense [91]. Compound 108 showed the best activity against T. b. rhodesiense
(IC50 0.5 μM, SI = 10.5). However, it was inactive against T. cruzi, showing a lack of
selectivity (IC50 58.7 μM; SI = 0.1, CC50 5.2 μM). With similar activity, but less cytotoxic
(CC50 12.1 μM) than 108, compound 109 displayed an IC50 value of 0.8 μM (SI = 14.9)
against T. b. rhodesiense and an IC50 of 34.7 μM (SI = 0.3) against T. cruzi. Compounds
110–113 were particularly active against T. b. rhodesiense, displaying IC50 values ranging
from 3.8 to 12 μM but low SI values (SI = 1.5–12.5) [91].

Bokkosin (114), a new cassane diterpene isolated from the Nigerian species Calliandra
portoricensis Hassk. used in traditional medicine to treat tuberculosis, and helmintic diseases,
showed a strong trypanocidal activity against the bloodstream forms of T. b. brucei, sensitive
(IC50 = 1.1. μM) and resistant to pentamidine (IC50 = 0.5 μM). A highly favorable selectivity
for the parasite strains was also observed, when compared with its cytotoxic effect on two
mammalian cell lines (CC50 = 269 μM; SI = 246, on U937; CC50 = 230 μM; SI = 215, on RAW
246.7) [92].

From the n-hexane and ethylacetate extracts of the roots of Acacia nilotica L. several
diterpenes were isolated. Among them, the cassane-type diterpenoid 115 was tested against
the T. b brucei bloodstream form, exhibiting a high activity a (IC50 1.4 μM). Additionally, 115

was tested for its cytotoxic effect on human HEK cells (CC50 = 29.5 μM; SI = 21.1) displaying
a significant selectivity for the parasite [93].

3.4. Triterpenes

Ursolic acid (116) was tested for antitrypanosomal activity against T. brucei trypo-
mastigotes displaying an IC50 value of 3.35 μM. Similar IC50 values were also obtained
by Catteau et al. (IC50 2.4 μM, CC50 > 11.1 μM). However, it is important to note that the
compound showed a lack of selectivity for the trypanosoma parasite due to its cytotoxic
effect against the mammalian WI38 cells used [94]. In order two find out a possible mode
of action, in silico molecular modelling studies were also performed using the parasitic en-
zymes of the trypanosome, namely trypanothione reductase, methionyl-tRNA synthetase,
and inosine-adenosine-guanosine nucleoside hydrolase [95]. Ursolic acid showed a good
binding affinity for trypanothione reductase and methionyl-tRNA synthetase, which was
higher than that obtain for the reference drug difluoromethylornithine. On the other hand,
no inhibition was observed for inosine–adenosine–guanosine. These data may suggest that
the inhibition of the two former enzymes may be responsible for the antitrypanosomal
activity of compound 116 [95].

A new ursane-type triterpenoid glycoside (117) isolated from the dried roots of Vangue-
ria agrestis (Schweinf. ex Hiern) Lantz exhibited a considerable growth suppressing effect
against T. brucei trypomastigotes (IC50 11.1 μM and IC90 12.3 μM). However, no cytotoxicity
studies on mammalian cell lines were performed [96].

Betulin acid (118), a lupane-type pentacyclic triterpene, and some semysynthetic
amide derivatives were tested against T. cruzi trypomastigotes. Compound 118 showed a
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moderate activity (IC50 19.5 μM and SI = 18.8), while an increasing activity was observed in
derivatives 119 (IC50 1.8 μM, SI = 17.3), 120 (IC50 5.0 μM, SI = 10.7), and 121 (IC50 5.4 μM,
SI = 5.3). The mechanism of action of compound 119 in trypomastigotes was studied and
seemed to be associated with the death of the parasite by necrosis, characterized by the
rupture of the membrane, flagellar retraction, and appearance of atypical cytoplasmic vac-
uoles and dilation of the Golgi cisterns. Furthermore, the amide derivatives of compound
118 act by reduction in the invasion process, as well as the development of the intracellular
parasite in host cells [97]. Sousa et al. corroborated those mechanistic results, showing that
betulinic acid was able to inhibit all the development forms of T. cruzi (namely epimastig-
otes, trypomastigotes and amastigotes) not only by using necrotic processes but also due
to modifications on the parasite mitochondrial membrane potential and the increase in
reactive oxygen species [98].

Six limonoids (122–127) obtained from the roots of Pseudocedrela kotschyi (Schweinf.)
Harms were investigated for their trypanocidal activity using bloodstream forms of T.
brucei, showing GI50 values ranging from 2.5 to 14.5 μM. The most active compound was
122 (GI50 2.5 μM) but showed some cytotoxicity on human HL-60 cells (GI50 31.5 μM). On
the other hand, limonoid 125 exhibited a similar activity (GI50 3.18 μM) with no cytotoxic
effect on the mammalian cell line (GI50 > 100 μM) [99].

From Tabernaemontana longipes Donn.Sm., baurenol acetate (128) was isolated and
tested for its ability to inhibit the growth of T. brucei bloodstream forms, showing an
IC50 value of 3.1 μM. Baurenol (129) displayed a higher activity against the same parasite
(IC50 = 2.7 μM). Both compounds showed a low effect on cellular viability on Hep G2 cells
(IC50 > 80 μM) [100].

Four new triterpenoids (130–133), with a rare scaffold, isolated from Salvia hydrangea
DC. ex Benth. showed antitrypanosomal activity against T. cruzi amastigotes with IC50
values ranging from 3.5 to 19.8 μM, with no significant activity against T. b. rhodesiense
trypomastigotes All the compounds showed a modest selectivity (SI ranging from 2.4 to
10.7; L6 cell line) [101].

Two lanostane-type triterpenoids, polycarpol (134) and dihydropolycarpol (135) were
isolated from Greenwayodendron suaveolens (Engl. & Diels) Verdc., a plant traditional used
in Congo to treat malaria. Both compounds were tested against T. b. brucei (IC50 = 8.1 μM;
SI < 1.0, 134; IC50 = 8.1 μM; SI = 2.4, 135), and T. cruzi (IC50 = 1.4 μM; SI = 2.0, 134;
IC50 = 2.4 μM; SI = 8.1, 135), showing good activities but very low selectivity [102].

From Buxus sempervirens L. leaf extract, several triterpenic-alkaloid derivatives were
isolated, being the majority tested for their activity against T. b. rhodesiense. Cytotoxicity
assays were performed on mammalian L6 cells. Compounds 136–142 displayed high
activities with IC50 values < 3 μM. The highest activities and selectivities for the parasite
strain tested were obtained for compounds 136 (IC50 = 1.5 μM; SI = 25), 138 (IC50 = 2.3 μM;
SI = 42), 141 (IC50 = 2.4 μM; SI = 30), and 142 (IC50 = 1.3 μM; SI = 33). In spite of its
promising activity against the parasite (IC50 = 1.1 μM), compound 146 showed a lower
selectivity (SI = 12). The remaining compounds 143–150 displayed a significant activity
with IC50 values ranging from 3.1 μM (compound 149) to 9.0 μM (compound 144), but a
modest selectivity to the parasite (SI < 9) [103].
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4. Discussion

Human African trypanosomiasis and American trypanosomiasis continue to be a
major public health problem, affecting a significant proportion of the world’s population,
especially in tropical countries. Currently, the drugs used to treat these diseases are scarce
and far from being ideal. Therefore, the discovery and development of new drugs and
treatments should be a continuous process, and all possible approaches should be explored,
mainly focusing on multidisciplinary collaborations. It is also important to stress that the
new drugs should be affordable and easy to administrate, improving the adherence to the
therapeutic protocol, and decreasing the need for patient hospitalization.

Several approaches have been considered for the development of new drugs against
these diseases. Due to the high costs and slow pace of new drug discovery, one of the main
strategies is the repositioning or repurposing of drugs that were developed and used to treat
other diseases. Although several advantages can be addressed, including the lower risk of
failing, reduced time frame for drug development, less investment and rapid return [104],
drug repositioning have also major drawbacks. These include, for example, the existence of
undesirable side effects, problems concerning a different target population, poor stability
in conditions of high temperature and humidity, lack of oral bioavailability, and various
regulatory issues and intellectual property barriers. Therefore, the development of a
new drug that ideally would be suitable for combination therapy, increasing the clinical
efficacy, and decreasing side effects and the development of resistance, is a goal of utmost
importance [10]. Besides combinatorial chemistry, one of the main strategies for drug
discovery is through the phytochemical study of plants or other sources of natural origin.
The importance of natural products for the development of drug leads or actual drugs
along the last three decades has been reported in various reviews [12].

The evaluation of compounds with anti-parasitic activity is usually performed by two
main approaches: the target-based and the phenotypic approaches [10,104]. The target-
based methodologies (Sections 2.1.1 and 2.2.1) focus on the specific biochemical pathway of
the parasites, and consist of the identification of possible molecular targets (e.g., enzymes)
that are significantly involved in the disease and the screening of molecules that possibly
interfere with these targets. However, regarding trypanosomiasis, restricted success has
been achieved, possibly due to a lack of translation between the activity in the molecular
target, and the result on the proliferation of the parasite. In fact, the number of robust
and validated molecular targets against these diseases is very limited, and in addition, for
several drugs currently used in clinic, the mode of action is not yet completely understood
or it comprises several targets [10,104]. By far, the most widely used methodologies to
identify anti-trypanosomal drugs are based on the phenotypic methods. They consist of the
screening of the compounds directly against the different forms of the parasite, and most
of the time, for the bioactive compounds, there is no knowledge regarding their underlying
mode of action or their molecular target. Through this screening, the effects on the parasite
and the host cell viability (toxicity) can be assessed simultaneously [10].

In this review, 150 terpenic compounds obtained by isolation or derivatization from
different plant species, were grouped into four classes of terpenes, namely, monoterpenes
and iridoids, sesquiterpenes, diterpenes and triterpenes. The scope of this review was
limited to compounds that exhibited in vitro or in vivo activity against the diverse forms
of T. brucei and/or T. cruzi, displaying IC50 values in low micromolar range, most of them
below 10 μM.

Regarding the anti-T. brucei activity, it can be observed that most of the selected com-
pounds were active on the trypomastigote bloodstream form of the parasite (in vitro assays),
and several possible hits can be identified. A high number of compounds exhibited very
low IC50 values (0.05 < IC50 < 3.0 μM), when tested against T. b. rhodesiense or T. b. brucei,
also presenting low cytotoxicity on the mammalian cells (SI values higher than 10). Some
of the most promising hits are depicted in Figure 16. It is interesting to note that the ma-
jority of the bioactive compounds are sesquiterpenes and more specifically, sesquiterpenic
lactones. Indeed, the α,β-unsaturated lactone function is very common in biologically active
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molecules, being responsible not only for their activity but also for the cytotoxicity of the
compounds. The presence of this chemical function promotes the Michael-type addition to
a suitable nucleophile (for example, the thiol group in proteins), and may irreversibly alkylate
critical enzymes and transcription factors that control gene regulation, protein synthesis, cell
metabolism, and ultimately, the cell division [105,106]. After the preliminary in vitro studies,
two compounds (3 and 7) were further evaluated using in vivo studies on T. brucei mouse
models achieving very good results.

Concerning T. cruzi assays, it is curious to notice that there are much fewer research
papers reporting the bioactivity of compounds against this parasite, probably because the
in vitro assays using intracellular amastigotes were not so straightforward. Nevertheless, it
was possible to select some promising hits that were very active against T. cruzi amastig-
otes, according to the criteria established by DNDi (Figure 17). Some of the most active
compounds (1, 51, and 74) were further evaluated in vivo using a T. cruzi mouse model.
The best result was obtained for compound 51, and a significant reduction in parasitemia
levels was observed in treated mice (1 mg/Kg/day, for 5 consecutive days), similarly to
that obtained with the control group treated with the reference drug benznidazole.

Although most of the reported compounds were remarkably active against some
infectious forms of the parasites, some of them also displayed some cytotoxicity on the
mammalian cells tested. Furthermore, there is a notorious lack of additional studies
on structure-activity relationships (SAR) and on the possible mechanisms of action. In
addition, some reasons could be addressed to justify the absence of results for in vivo
assays, including that the majority of compounds are isolated in very low amounts, a fact
that precludes this type of assay where a large amount of compound is always needed.

Figure 16. Promising hit compounds for further research into treating Human African Trypanosomiasis.
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Figure 17. Promising hit compounds for further research into treating Human American Trypanoso-
miasis. All the selected compounds were tested against T. cruzi intracellular amastigote forms.

5. Conclusions

The data presented in this review gathered the recent scientific research and experi-
mental evidence on the most promising terpenoids derived from plants, and active against
T. brucei and T. cruzi parasites. These data represent the immense efforts of various research
groups all over the world, and ultimately the collected information is highly pertinent and
can be used, for example, to support the selection of other plants to study, using the chemo-
taxonomic approach. However, all of these studies are strictly academic and no further
translation to drug development has been achieved. There is still a limited collaboration
of academic institutions with the pharmaceutical industry, and importantly, obtaining
opportunities for research funding is, nowadays, even more challenging. All these aspects
have limited or made it difficult for academic researchers to advance promising hits for
further development.

In the future, natural products research must be a multidisciplinary process combining
phytochemistry with innovative technological resources, in a way that will be significantly
different from the past. These technologies must include high-throughput screening and
in silico methodologies, as well as new extraction and dereplication procedures, new
analytical tools, metabolic engineering, omics-based analysis, informatics, and big data
analysis, in order to overcome the constraints of the classic natural products research.
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86. Kuźma; Kaiser, M.; Wysokińska, H. The production and antiprotozoal activity of abietane diterpenes in Salvia austriaca hairy
roots grown in shake flasks and bioreactor. Prep. Biochem. Biotechnol. 2017, 47, 58–66. [CrossRef] [PubMed]

87. Nogueira, M.S.; Da Costa, F.B.; Brun, R.; Kaiser, M.; Schmidt, T.J. ent-pimarane and ent-kaurane diterpenes from Aldama discolor
(Asteraceae) and their antiprotozoal activity. Molecules 2016, 21, 1237. [CrossRef] [PubMed]

88. Pirttimaa, M.; Nasereddin, A.; Kopelyanskiy, D.; Kaiser, M.; Yli-Kauhaluoma, J.; Oksman-Caldentey, K.M.; Brun, R.; Jaffe, C.L.;
Moreira, V.M.; Alakurtti, S. Abietane-Type Diterpenoid Amides with Highly Potent and Selective Activity against Leishmania
donovani and Trypanosoma cruzi. J. Nat. Prod. 2016, 79, 362–368. [CrossRef] [PubMed]

89. Farimani, M.M.; Khodaei, B.; Moradi, H.; Aliabadi, A.; Ebrahimi, S.N.; De Mieri, M.; Kaiser, M.; Hamburger, M. Phytochemical
Study of Salvia leriifolia Roots: Rearranged Abietane Diterpenoids with Antiprotozoal Activity. J. Nat. Prod. 2018, 81, 1384–1390.
[CrossRef] [PubMed]

90. Zadali, R.; Nejad Ebrahimi, S.; Tofighi, Z.; Es-haghi, A.; Hamburger, M.; Kaiser, M.; D’ Ambola, M.; De Tommasi, N.; Hadji-
akhoondi, A. Antiprotozoal activity of diterpenoids isolated from Zhumeria majdae- absolute configuration by circular dichroism.
DARU J. Pharm. Sci. 2020, 28, 455–462. [CrossRef] [PubMed]

91. Tabefam, M.; Farimani, M.M.; Danton, O.; Ramseyer, J.; Kaiser, M.; Ebrahimi, S.N.; Salehi, P.; Batooli, H.; Potterat, O.; Hamburger,
M. Antiprotozoal Diterpenes from Perovskia abrotanoides. Planta Med. 2018, 84, 913–919. [CrossRef] [PubMed]

92. Nvau, J.B.; Alenezi, S.; Ungogo, M.A.; Alfayez, I.A.M.; Natto, M.J.; Gray, A.I.; Ferro, V.A.; Watson, D.G.; de Koning, H.P.; Igoli, J.O.
Antiparasitic and Cytotoxic Activity of Bokkosin, A Novel Diterpene-Substituted Chromanyl Benzoquinone From Calliandra
portoricensis. Front. Chem. 2020, 8, 574103. [CrossRef] [PubMed]

93. Anyam, J.V.; Daikwo, P.E.; Ungogo, M.A.; Nweze, N.E.; Igoli, N.P.; Gray, A.I.; De Koning, H.P.; Igoli, J.O. Two New Antiprotozoal
Diterpenes From the Roots of Acacia nilotica. Front. Chem. 2021, 9, 76. [CrossRef] [PubMed]

94. Catteau, L.; Schioppa, L.; Beaufay, C.; Girardi, C.; Hérent, M.F.; Frédérich, M.; Quetin-Leclercq, J. Antiprotozoal activities of
Triterpenic Acids and Ester Derivatives Isolated from the Leaves of Vitellaria paradoxa. Planta Med. 2021, 87, 860–867. [CrossRef]
[PubMed]

95. Labib, R.; Ebada, S.; Youssef, F.; Ashour, M.; Ross, S. Ursolic acid, a natural pentacylcic triterpene from Ochrosia elliptica and its
role in the management of certain neglected tropical diseases. Pharmacogn. Mag. 2016, 12, 319–325. [CrossRef] [PubMed]

96. Osman, A.G.; Ali, Z.; Fantoukh, O.; Raman, V.; Kamdem, R.S.T.; Khan, I. Glycosides of ursane-type triterpenoid, benzophenone,
and iridoid from Vangueria agrestis (Fadogia agrestis) and their anti-infective activities. Nat. Prod. Res. 2020, 34, 683–691.
[CrossRef] [PubMed]

334



Pharmaceuticals 2022, 15, 340

97. Meira, C.S.; Barbosa-Filho, J.M.; Lanfredi-Rangel, A.; Guimarães, E.T.; Moreira, D.R.M.; Soares, M.B.P. Antiparasitic evaluation of
betulinic acid derivatives reveals effective and selective anti-Trypanosoma cruzi inhibitors. Exp. Parasitol. 2016, 166, 108–115.
[CrossRef]

98. Sousa, P.L.; da Silva Souza, R.O.; Tessarolo, L.D.; de Menezes, R.R.P.P.B.; Sampaio, T.L.; Canuto, J.A.; Martins, A.M.C. Betulinic
acid induces cell death by necrosis in Trypanosoma cruzi. Acta Trop. 2017, 174, 72–75. [CrossRef] [PubMed]

99. Steverding, D.; Sidjui, L.S.; Ferreira, É.R.; Ngameni, B.; Folefoc, G.N.; Mahiou-Leddet, V.; Ollivier, E.; Stephenson, G.R.; Storr, T.E.;
Tyler, K.M. Trypanocidal and leishmanicidal activity of six limonoids. J. Nat. Med. 2020, 74, 606–611. [CrossRef] [PubMed]

100. Carothers, S.; Nyamwihura, R.; Collins, J.; Zhang, H.; Park, H.; Setzer, W.N.; Ogungbe, I.V. Bauerenol acetate, the pentacyclic
triterpenoid from Tabernaemontana longipes, is an antitrypanosomal agent. Molecules 2018, 23, 355. [CrossRef] [PubMed]

101. Tabefam, M.; Farimani, M.M.; Danton, O.; Ramseyer, J.; Nejad Ebrahimi, S.; Neuburger, M.; Kaiser, M.; Salehi, P.; Potterat, O.;
Hamburger, M. Antiprotozoal Isoprenoids from Salvia hydrangea. J. Nat. Prod. 2018, 81, 2682–2691. [CrossRef] [PubMed]

102. Muganza, D.M.; Fruth, B.; Nzunzu, J.L.; Tuenter, E.; Foubert, K.; Cos, P.; Maes, L.; Kanyanga, R.C.; Exarchou, V.; Apers, S.;
et al. In vitro antiprotozoal activity and cytotoxicity of extracts and isolated constituents from Greenwayodendron suaveolens. J.

Ethnopharmacol. 2016, 193, 510–516. [CrossRef] [PubMed]
103. Szabó, L.U.; Kaiser, M.; Mäser, P.; Schmidt, T.J. Antiprotozoal nor-triterpene alkaloids from Buxus sempervirens L. Antibiotics 2021,

10, 696. [CrossRef]
104. Pushpakom, S.; Iorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.; McNamee, C.; et al.

Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov. 2018, 18, 41–58. [CrossRef]
105. Babaei, G.; Aliarab, A.; Abroon, S.; Rasmi, Y.; Aziz, S.G.G. Application of sesquiterpene lactone: A new promising way for cancer

therapy based on anticancer activity. Biomed. Pharmacother. 2018, 106, 239–246. [CrossRef]
106. Moujir, L.; Callies, O.; Sousa, P.M.C.; Sharopov, F.; Seca, A.M.L. Applications of sesquiterpene lactones: A review of some potential

success cases. Appl. Sci. 2020, 10, 3001. [CrossRef]

335





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Pharmaceuticals Editorial Office
E-mail: pharmaceuticals@mdpi.com

www.mdpi.com/journal/pharmaceuticals





MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34

www.mdpi.com ISBN 978-3-0365-6810-2 


