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For years, plant-based remedies have been used as a traditional practice to treat
and prevent a broad range of diseases. During the past decade, natural therapies have
regained public attention, and, to date, great interest has caught on, as demonstrated by the
elevated number of new studies concerning this topic, and by the high funds earmarked
every year on medicinal plants. Several reasons contribute to this renovated attention
on herbal remedies, among which we can include: the prospect to study a high quantity
of unexplored botanicals species; an eco-friendly and cost-efficient approach in terms of
research, isolation, and production; the possibility to discover new antimicrobial natural
products, that can face the current spreading of antibiotic resistance; the demanding need
to reveal potential side effects and interactions of the most widely used natural products
with concomitant drug therapies.

In this editorial, we have compiled 20 articles about this study area, summarized
as below.

Cordeiro et al. studied the antinociceptive and anti-inflammatory effects of Stevia
serrata Cav. (Asteraceae) essential oil (EO) and the mechanism of action using opioid
and cholinergic antagonists (naloxone and atropine, respectively) and the nitric oxide
synthase inhibitor (N-omega-nitro-L-arginine methyl ester, L-NAME).Their work suggests
that essential oil of S. serrata presents an antinociceptive effect mediated, at least in part,
through activation of opioid, cholinergic and nitrergic pathways [1]. Piper sylvaticum Roxb,
is traditionally used by the indigenous people of tropical and subtropical countries like
Bangladesh, India, and China for a variety of chronic diseases. Adnan et al. in their study
tested the metabolites extracted (methanol) from the leaves and stems of P. sylvaticum,
showing a reduction of anxiety-like behavior in vivo and a moderate antioxidant activity
in vitro [2]. The Malaysian herb Orthosiphon stamineus is a traditional remedy that pos-
sesses anti-inflammatory, anti-oxidant, and free-radical scavenging abilities, all of which
are known to protect against Alzheimer’s disease (AD). With their research, Retinasamy
et al. demonstrated an improved effect of O. stamineus ethanolic extract on memory in rat,
and hence, could serve as a potential therapeutic target for the treatment of neurodegen-
erative diseases such as AD [3]. Terpenoids are natural plant-derived products that are
used to treat a broad range of human diseases, including airway infections and inflam-
mation. However, pharmaceutical applications of terpenoids against bacterial infection
remain challenging due to their poor water solubility. Kaltschmidt et al. perfectioned the
preparation of terpenoid-invasomes with selective activity against S. Aureus. They also
performed characterization by cryo-transmission electron microscopyand demonstrated
that, particularly thymol-invasomes, show a strong selective activity against Gram-positive
bacteria [4]. Salome et al. evaluated the antinociceptive and anti-inflammatory activi-
ties of the essential oil (EO) of Aristolochia trilobata and its main ingredient the sulcatyl
acetate (SA), they studied the mechanism of antinociceptive activity being evaluated in
presence of opioid, cholinergic receptor antagonists (naloxone and atropine), or nitric
oxide synthase inhibitor (L-NAME). EO and SA present peripheral and central antinoci-
ceptive and anti-inflammatory effects, mediated by inhibition of inducible nitric oxide
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synthase (iNOS) and spleen tyrosine kinases (Syk) expression [5]. Chemically nickel
oxide nanoparticles (NiONP) involve the synthesis of some toxic products for different
microbial agents and microalgae by producing reactive oxygen species (ROS), inducing
oxidative stress and releasing (Ni%*) inside the cell, which restrict their biological applica-
tions. Igbal et al. developed a chemistry method for the fabrication of NiONPs using fresh
leaf broth of Rhamnus triquetra (RT), making them an attractive and eco-friendly alternative,
that also showed potential in vitro biological activities [6].In his review, Habtemariam
scrutinizedin vitro, in vivo, and clinical outcomes of Trametes versicolor (L.) polysaccharides
which are thought to being useful as adjuvant therapy for cancer [7].Park study related
about anti-anaphylactic activity of isoquercitin (Quercetin-3-O-[3-d-Glucose) (IQ) in cardio-
vascular systems of experimental animals, like rats and pigs. Overall, this study provided
evidence for the beneficial effect of IQ on cardiac anaphylaxis, thus suggesting its potential
applications in the treatment and prevention of related diseases [8]. Picciolo et al. evaluated
the therapeutic potential of B-Caryophyllene (BCP), a cannabinoid receptor 2 (CB2) agonist,
in an in vitro model of oral mucositis, exploring the human gingival fibroblasts (GF), and
human oral mucosa epithelial cells (EC) with an inflammatory phenotype representing
a valuable experimental paradigm. BCP blunted the lipopolysaccharides (LPS)-induced
inflammatory phenotype and this effect was reverted by the CB2 antagonist AM630. These
results suggest that CB2 receptors are an interesting target to develop innovative strate-
gies for oral mucositis [9]. Tkarashi et al., starting from previously data that suggest an
inhibitory effect byergosterol on bladder carcinogenesis, elucidated its molecular mech-
anism using a rat model of N-butyl-N-(4-hydroxybutyl)-nitrosamine-induced bladder
cancer. They also analyzed various aspects of the cell cycle, inflammation-related signaling,
and androgen signaling, suggesting that ergosterol inhibits bladder carcinogenesis [10].
Georgieva et al. demonstrated that hemocyanins isolated from H. aspersa, H. lucorum,
and R. venosa, as well as the mucus from H. aspersa exert an antitumor activity in vitro
against colorectal carcinoma cell line HT-29, reducing cell viability with a mechanism that
includes the induction of apoptosis [11]. Ashrafizadeh et al. reviewed the therapeutic
effects of resveratrol, shading light on its possible impact on the tumor growth factor beta
(TGF-beta) signaling pathway. Interestingly, resveratrol inhibits both upstream (such as
microRNAs (miR)) and downstream mediators of TGF-beta signaling (small mother against
decapentaplegic (SMAD), programmed cell death protein 1 (known asPD-1) andepithelial
mesenchymal transition (EMT)). Via the down regulation of this pathway, resveratrol exerts
its anti-fibrotic, anti-tumor, neuroprotective, lung protective, and anti-diabetics effects [12].
Alvarez-Martinez et al. reviewed the activity of the most representative antimicrobial
products of natural origin. Mostnatural products (NP), do not have sufficient therapeutic
power to be used in monotherapy against antibiotic resistant bacteria, but some of them
have shown synergistic capacity with traditional antibiotics [13]. Casili et al. demonstrated
anti-inflammatory properties of luteolin in a model of periodontitis induced by LPS in rats.
Based on these results, luteolin implementation could represent a support to the traditional
pharmacological approach for periodontitis [14]. Rahman et al. analyzed the role of natural
compounds in the modulation of autophagy pathway in cancer prevention and treatment,
neurodegenerative and cardiovascular diseases. Mammalian target of rapamycin (mTOR)
and adenosine monophosphate-activated protein kinase (AMPK) are the leading regula-
tory path way of autophagy and they are known targets for natural compounds such as
resveratrol, curcumin, antroquinonol and many others [15]. Sbrini et al. investigated the
effect of the chronic oral treatment for 10 days with a phytosomal preparation containing
Centellaasiatica and Curcumalonga on brain-derived neurotrophic factor (BDNF) levels in
prefrontal cortex of adult rats. The phytosome ameliorates brain plasticity, enhancing
mTOR-S6 regulated transcription of proteins involved in memory processes, suggesting
that this preparation can be used as a supporting therapy in subjects with memory and
cognitive disfunction [16]. Behl et al. discussed withaferin A (WA) pharmacokinetics,
synergistic combination, and biological activities. This review highlighted that WA is a
promising anticancer compound, but its benefits include also AD, cardioprotective, neuro-
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protective, osteoporotic, and antiviral effects. Moreover, according to pharmacokinetics
studies, it can be used to design drug delivery systems [17]. Kim et al. investigated whether
kahweol exerts a protective effect against cisplatin-induced renal injury. The results show
that kahweol inhibits immune cell accumulation presumably through down regulation of
vascular adhesion molecules, suggesting that it can be a potential preventive agent against
cisplatin-induced acute kidney injury, enabling the use of a high dose of cisplatin [18]. Rapa
et al. evaluated the effect of plumericin to improve intestinal epithelial barrier function
both in intestinal epithelial cells in vitro, and in vivo in a model of dinitrobenzene sulfonic
acid (DNBS) induced colitis. This study provided evidence that plumericin improves the
expression of junctions’ proteins in the epithelial cells, reducing also apoptotic parame-
ters, and enhancing actin cytoskeleton rearrangement. In vivo experiments sustain this
evidence, thus supporting the pharmacological potential of plumericin as an adjuvant in
inflammatory bowel diseases (IBD) [19].In their review, Devi et al. provided an insight
into the potential role of flavonoids against cellular stress response in neurodegenerative
disorders. Flavonoids have the potential to reduce these exaggerated cellular stress re-
sponses in-turn preventing cell death. Further studies are needed to determine their clinical
acceptance [20].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Background: Stevia serrata Cav. (Asteraceae), widely found in Guatemala, is used to
treat gastrointestinal problems. The aim of this study was to demonstrate the antinociceptive and
anti-inflammatory effects of the essential oil (EO) and the mechanism of action. Methods: EO was
tested in chemical (capsaicin- and glutamate-induced licking response) or thermal (hot plate) models
of nociception at 10, 30 or 100 mg/kg doses. The mechanism of action was evaluated using two
receptor antagonists (naloxone, atropine) and an enzyme inhibitor (L-NAME). The anti-hyperalgesic
effect was evaluated using carrageenan-induced nociception and evaluated in the hot plate. Results:
All three doses of EO reduced licking response induced by glutamate, and higher doses reduced
capsaicin-induced licking. EO also increased area under the curve, similar to the morphine-treated
group. The antinociceptive effect induced by EO was reversed by pretreatment of mice with
naloxone (1 mg/kg, ip), atropine (1 mg/kg, ip) or L-NAME (3 mg/kg, ip). EO also demonstrated
an anti-hyperalgesic effect. The 100 mg/kg dose increased the latency time, even at 1 h after
oral administration and this effect has been maintained until the 96th hour, post-administration.
Conclusions: Our data suggest that essential oil of S. serrata presents an antinociceptive effect
mediated, at least in part, through activation of opioid, cholinergic and nitrergic pathways.

Keywords: Stevia serrata; essential oil; inflammation; antinociception; pain

1. Introduction

Stevia serrata Cav. is a plant of the Asteraceae family (Asteroideae) that grows in Central America
and Mexico, usually over 1500 m, and in northern South America at higher altitudes. In Guatemala
it is found in the regions of Chimaltenango, Huehuetenango, El Quiche, Sacatepéquez and Solola,
near pine and oak forests in sunny sites [1]. This plant grows as a perennial herb, from 0.6-1 m tall,
with stems puberulent to densely pilose, linear-spatulate to oblanceolate leaves, an apex rounded to
acute, 2-6 cm long and 0.2-1.5 cm wide blades [2]. This plant has the following synonymia: Ageratum
punctatum Ortega, Stevia ivifolia Willd., Stevia pubescens Kunth, Stevia punctata (Ortega) Pers., Stevia
serrata var. ivifolia (Willd.) B.L. Rob., Stevia virgata Kunth [2].

Recently, it has been demonstrated that chamazulene, a sesquiterpene, is the major component of
the essential oil (60.1%) and suggested that essencial oil (EO) reduced the time that mice spent licking
the formalin-injected paw [3]. However, in the paper, neither the possible effects of the EO in other
models of nociception, nor the mechanism of action was studied. In this regard, the aim of the present
paper was to evaluate the antinociceptive effect of EO in other models of nociception, i.e., capsaicin-
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and glutamate-induced licking, hot plate and carrageenan-induced hyperalgesia, and to identify the
mechanism by which S. serrata exerts its effect.

2. Materials and Methods

2.1. Plant Material and Extraction

Aerial parts of S. serrata were collected in September 2014, from a population found in San
José Chacaya, province of Solola, west from Guatemala City. A voucher specimen was kept at the
Herbarium of the Faculty of Chemistry and Pharmacy of the University of San Carlos, Guatemala
(BIGU 72832). The oil from 40 g of aerial parts of S. serrata was extracted by hydro distillation using a
clevenger-type apparatus for 2 h. A yield of 0.2% (w/w) was obtained. Essential oil (EO) was maintained
at —20 °C until use.

2.2. Essential Oil Chemical Composition

The essential oil was analyzed by gas chromatography/-mass spectrometry (GC-MS) according
to Simas et al. (2017). The identification of the EO components was made by comparison of their
mass spectra and retention indexes with data from the literature [4]. The compounds found in higher
concentrations were the sesquiterpenes chamazulene (60.1%), (E)-nerolidol (7.3%), caryophyllene oxide
(6.3%) and germacrene D (5.4%).

2.3. Animals

Swiss Webster mice (2025 g, 8-10 weeks, 200 animals) of both sexes were donated by the Institute
Vital Brazil (Niteroi, RJ, Brazil). Animals have been housed in a temperature-controlled room at
22 + 2 °C with a 12 h light/dark cycle and free access to pelleted food (Nutrilab, Belo Horizonte, MG,
Brazil) and water. Twelve hours before each experiment, the animals received only water in order
to avoid food interference with substance absorption. The experimental protocols used in this work
followed the rules advocated by Law 11,794, from October 8th 2008 by the National Council of Animal
Experimentation Control (CONCEA) and were approved by the Ethics Committee of Animal Use
(CEUA), Science Centre Health/UFR] (DFBCICB015-04/16).

2.4. Drugs, Reagents and Treatments

All solvents were chromatographic grade (Tedia, Rio de Janeiro, R], Brazil). Carrageenan, glutamic
acid, atropine, Nw-nitro-L-arginine methyl ester (L-NAME) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Formalin was purchased from Merck (Darmstadt, Germany). Cristélia (Sao Paulo,
Brazil) kindly provided morphine sulphate and naloxone hydrochloride. Capsaicin was purchased
from Galena (Campinas, SP, Brazil). A stock solution at 100 mg/mL in extrapure oil was prepared with
the essential oil (EO). This EO was administered to mice by oral gavage, at doses of 10 to 100 mg/kg,
in a final volume of 0.1 mL, 60 min prior to experiments. Morphine (5 mg/kg, p.o.) was diluted in
extrapure oil just before use and was used as a reference drug. The control group received vehicle
(extrapure oil) by oral gavage.

2.5. Capsaicin- and Glutamate-Induced Nociception

Animals received oral administration of EO (10, 30 or 100 mg/kg) one hour before intraplantar
injection of capsaicin (20 uL, 1.6 pug/paw). Mice were individually placed in a transparent glass
observation chamber. Based on Giorno et al. [5], nociception was assessed immediately after injection
and quantified by paw licking time during a period of 5 min.

In the glutamate-induced licking test, the mice were orally treated with the EO (10, 30 and
100 mg/kg), 60 min before intraplantar injection of glutamate (20 pL, 3.7 ng/paw). Immediately
after the injection, the animals were individually placed in a transparent glass observation chamber.
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The nociception was considered as the total time (recorded with a chronometer) the animals remained
licking the injected paw [5].

2.6. Formalin-Induced Nociception

This assay was performed as described by Sakurada et al. [6] and adapted by Giorno et al. [5].
After an intraplantar injection of formalin (20 pL, 2.5% v/v), the period during which mice remained
licking the injected paw was immediately recorded. This response has been divided in two phases: The
first one, between the injection and 5 min (neurogenic phase) and the second one, between 15-30 min
post-formalin injection (inflammatory phase). EO or vehicle was administered 60 min before the
injection of formalin.

2.7. Hot Plate Test

According to the method described previously [7] and adapted by Matheus et al. [8], the animals
were placed in a glass cylinder on a heated metal plate maintained at 55 + 1 °C every 30 min after
administration of EO (10, 30 and 100 mg/kg) until 180 min. The latency of nociceptive responses, such
as jumping or licking of the hind paws, was recorded with a stopwatch. Two measurements were taken
30 and 60 min before the treatment of animals and the average of these measurements was referred to
as “baseline”.

2.8. Thermal Hyperalgesia

The methodology described by Sammons et al. [9], with some modifications, was used. Briefly,
the hyperalgesia was induced by carrageenan (2%, 25 pL) injection in the right hind paw, 30 min after
oral treatment with EO (10, 30 and 100 mg/kg) or vehicle. The animals were individually placed in a
hot plate apparatus (55 + 1 °C). At intervals of 1, 2, 4, 6, 24, 48, 72 and 96 h after the treatment, the time
period (in seconds) necessary for animals to jump or lick the carrageenan-injected paw was recorded.

2.9. Mechanism of Action

For the study of the possible mechanism of action of S. serrata, mice received intraperitoneal
injection of naloxone (a non-selective opioid receptor antagonist, 1 mg/kg), atropine (non-selective
muscarinic receptor antagonist, 1 mg/kg) or L-NAME (inhibitor of nitric oxide synthase enzyme,
3 mg/kg) 15 min prior to oral administration of S. serrata EO (100 mg/kg). Antinociception was
evaluated in the hot plate test, as previously described (Section 2.7.). The doses of antagonists and
inhibitor were chosen based on previous data described in the literature [10,11]. The experiments
conducted in our laboratory and dose response curves for each antagonist were previously constructed,
and the dose that reduced 50% of the responses of the agonist was chosen for these assays [12,13].

2.10. Locomotor Performance and Spontaneous Activity Evaluation

To exclude a possible central effect, both the spontaneous activity and the locomotor performance
have been evaluated as adapted by Barros et al. [14]. Each animal received oral administration of
S. serrata EO (100 mg/kg). They have been immediately placed in a chamber with the floor divided
into 50 squares (5 cm x 5 cm). The total number of squares in which mice walked has been counted.
For locomotor evaluation, mice were trained in apparatus (rotarod; 3.7 cm in diameter, 8 r.p.m) until
they remained in for 60 s without falling. On the day of the experiment, mice were treated with EO
(100 mg/kg) and the total number of falls was recorded. In both protocols, mice were evaluated at 30,
60, 150 and 240 min after administration.
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2.11. Statistical Analysis

Each group was composed by 6 animals, randomly divided. The results are presented as the
average + standard deviation (S.D.). Statistical analyses were performed using analysis of variance
(ANOVA) followed by Bonferroni test using Prism Software 5.0 (Graph-Pad Software, La Jolla, CA,
USA). The p values of 0.05 have been considered as indicative of significance.

3. Results

3.1. Effect of Essential Oil of Stevia Serrata on Capsaisin and Glutamate Induced-Licking

Previous results from our group indicated that EO from S. serrata reduced formalin-induced
licking response in a dose response manner, to doses of 10, 30 and 100 mg/kg [3]. In view of these
previous results, we decided to further investigate whether EO from S. serrata could present a central
antinociceptive effect, and the possible mechanism of action.

Figure 1 shows the nociception after capsaicin or glutamate intraplantar injection and the effects
observed after pretreatment of mice with increasing doses of EO. It could be noted that 30 and 100
mg/kg doses of EO significantly reduced licking induced by capsaicin (56.8% and 68.7% of inhibition,
respectively) while all three doses (10, 30 and 100 mg/kg) reduced the response induced by glutamate
(75.4%, 41.3% and 58.7% inhibition, to 10, 30 and 100 mg/kg, respectively).
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Figure 1. Effect of essential oil of Stevia serrata in the capsaicin- and glutamate-induced licking response.
The animals have been orally pretreated with the vehicle or essential oil (10, 30, 100 mg/kg) 1 h before
the injection of capsaicin (1.6 ug/paw) or glutamate (3.7 ng/paw). Results are expressed as mean =+ S.D.
(n = 6). Data have been analyzed by ANOVA, followed by Bonferroni post-test, * p < 0.05 has been
considered as significant when compared to the vehicle-treated groups.
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3.2. Effect of Essential Oil of Stevia Serrata on the Hot Plate Test

We also evaluated if EO could present central antinociceptive activity using the hot plate test.
Increasing doses of orally administered EO presented antinociceptive activity, similar to data obtained
after pretreatment of mice with morphine (an opioid agonist), the positive control drug. Values of area
under the curve obtained with all doses of EO varied between 1500 and 2000 arbitrary units, and after
morphine, pretreatment values were almost 2000 (Figure 2A). To investigate the possible mechanism of
antinociception induced by S. serrata essential oil, mice have been pretreated with naloxone (an opioid
receptor antagonist, 1 mg/kg, i.p.), atropine (a cholinergic receptor antagonist, 1 mg/kg, i.p) or L-NAME
(inhibitor of nitric oxide synthase enzyme, 3 mg/kg, i.p.) 15 min before oral administration of EO
(100 mg/kg). Data in Figure 2B shows that both the antagonists, naloxone and atropine, as well the
enzyme inhibitor partially reversed the effect caused by EO and reduced its antinociceptive activity in
almost 50% of cases.
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Figure 2. Effects of essential oil of Stevia serrata and different antagonists in the thermal nociception
model (hot plate). The mice were pretreated orally with the vehicle, essential oil (10, 30, 100 mg/kg) or
morphine (2.5 mg/kg) and nociceptive effect was evaluated in the hot plate model (A). The animals
have been pretreated with naloxone (1 mg/kg, i.p.), atropine (1 mg/kg, i.p.) or L-NAME (3 mg/kg, i.p.)
15 min before oral administration of EO (100 mg/kg) or vehicle (B). Results are expressed as mean + S.D.
(n = 6) of area under the curve calculated by GraphPad Prism Software 5.0. Data have been analyzed by
ANOVA, followed by Bonferroni post-test. * p < 0.05 has been considered as significant when compared
to the vehicle-treated group and * p < 0.05 when comparing with S. serrata-treated group.

3.3. Effect of Essential Oil of Stevia Serrata on Formalin Induced-Licking

Sequentially, whether the same antagonists would also have activity in the formalin-induced
licking response was also evaluated. As can be observed in Figure 3, none of the antagonists and
enzyme inhibitors demonstrated an effect in the first phase of the licking response. However, all three
drugs almost completely reversed the antinociceptive effect of EO in the second phase of the model.
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Figure 3. Effects of different antagonists on the antinociceptive activity of the essential oil of Stevia
serrata in the formalin-induced licking response. Mice received intraperitoneal injection of naloxone
(1 mg/kg), atropine (1 mg/kg) or L-NAME (3 mg/kg) 15 min prior to oral administration with the vehicle
or essential oil (100 mg/kg). After 60 min, mice received an intraplantar injection of formalin (20 uL,
2.5%). Results are expressed as mean + S.D. (1 = 6). Data have been analyzed by ANOVA, followed by
Bonferroni post-test. * p < 0.05 has been considered as significant when compared to the vehicle-treated
groups and * p < 0.05 when comparing with S. serrata-treated group.

3.4. Effect of Essential Oil of Stevia Serrata in the Thermal Hyperalgesia Model

As the essential oil of Stevia serrata presented a significant antinociceptive effect in the inflammatory
(formalin-induced licking) and thermal models (hot plate) of nociception, we further decided to analyze
if it could present activity in a model of hyperalgesia. In this regard, carrageenan was injected in the
paws of mice previously treated with increasing doses (10, 30 or 100 mg/kg) of the essential oil. As the
time passes after intraplantar injection of carrageenan, a reduction of latency time could be observed.
Even at 96 h post-carrageenan injection, a reduction in latency time could be observed. At the 4th hour
after oral treatment, higher doses (30 and 100 mg/kg) of EO significantly increased the latency time.
And at the 6th hour, all three doses presented capacity in increasing the period necessary for animals
to respond to the hyperalgesic stimulus. It is important to report that the dose of 100 mg/kg presented
a significant anti-hyperalgesic effect during the entire assay. Increased latency time was observed from
1 to 96 h post-oral administration of EO (at 100 mg/kg) (Figure 4).
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Figure 4. Effect of essential oil of Stevia serrata in the hyperalgesic effect induced by carrageenan.
The animals have been pretreated orally with the vehicle or essential oil (10, 30, 100 mg/kg) 1 h
before intraplantar injection of carrageenan (1%/paw). Hyperalgesia has been evaluated in the hot
plate model. Results are expressed as mean + S.D. (n = 6). Data have been analyzed by ANOVA,
followed by Bonferroni post-test, * p < 0.05 has been considered as significant when compared to the
vehicle-treated groups.
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4. Discussion

In the present work, it has been demonstrated that the essential oil obtained from aerial parts
of Stevia serrata presents significant antinociceptive activity in thermal (hot plate) and capsaicin and
glutamate-induced licking. It has also been demonstrated that these effects are partially mediated
through opioid, muscarinic and nitrergic pathways.

The effect of S. serrata against glutamate and capsaicin-induced algesia is of great interest because
both agonists play an important participation in central and peripheral nociceptive processes [15-18].
Glutamate is the main mediator of excitatory synaptic transmission in the central nervous system
and activates several intracellular events, such as alteration in intracellular calcium levels, activation
of cellular mediators and opening of ion channels [18,19]. It also induces the release of excitatory
amino acids, PGE2, NO and kinins [6,20] and promotes the activation of sensitive fibers that induce
the release of several substances in the dorsal horn, which can also activate the TRPV1 receptor in
the spinal cord [19,21]. Capsaicin is an agonist of vanilloid receptor type-1 (TRPV1) receptors and
can activate nociceptive fibers [22]. The activation of TRPV1 receptors is also mediated by the release
of neurotransmitters (i.e., glutamate and substance P), an effect that can participate in nociceptive
processing [23,24]. S. serrata EO significantly reduced the licking time induced by glutamate and
capsaicin. Results with EO against capsaicin- and glutamate-induced nociception corroborate each
other. These findings suggest that, at least part of the antinociceptive effect of EO is mediated by the
glutamatergic pathway. We can also infer that TRPV1 receptors could be involved, thus contributing to
the modulation of the antinociceptive effect of EO.

Our data of capsaicin and glutamate-induced licking can complete previous results from our
group in formalin-induced-licking. This model is a biphasic model with involvement of a neurogenic
pain (first phase) and inflammatory pain (second phase) [25]. EO from S. serrata reduced both phases
of this model suggesting the involvement of inflammatory mediators as well as algesic pathways.
Therefore, reduction previously observed in formalin-induced licking could be due, at least in part, to
a blockage in TRPV1 and/or glutamate receptors.

It has also been demonstrated that naloxone partially reverted the antinociceptive effect of S.
serrata. Naloxone is an antagonist of opioid receptors, widely distributed in the body. Activation
of these receptors by its agonist, morphine, induces several effects, analgesia being one of the most
prominent [26,27]. It is possible that different substances present in the EO can act in different pathways
acting together amplifying the antinociceptive response.

EO also increased the time period of response in the carrageenan-induced hyperalgesia. It is well
known that carrageenan is a phlogistic agent that induces mouse paw inflammation with a biphasic
profile. Its response includes a first peak at the 4th hour and a second one at 72 h post-injection.
Phase one and phase two were mediated by migration of neutrophils and lymphocytes, respectively,
and with liberation of several mediators [28]. It can explain the fact that all three doses of EO
increased the time period of response at the 6th hour after treatment. During this period there is an
increase in inflammatory mediators (i.e., histamine, prostaglandins) induced by carrageenan in mouse
paws. The diversity of substances that can be found in the essential oil may be acting by inhibiting
different mediators that are liberated in the paw. The sum of the effects produces an increase in the
antinociceptive response.

In this study the oral administration of EO did not affect motor performance evaluated by either
forced locomotion in the rotarod or spontaneous locomotion in the open-field test. Thus, the possibility
that the antinociceptive effect of the compounds tested is due to any degree of motor impairment or
sedation is very low.

It has been previously reported that the compounds found in higher concentration of EO were the
sesquiterpenes chamazulene (60.1%), (E)-nerolidol (7.3%), caryophyllene oxide (6.3%) and germacrene
D (5.4%) [3]. The concentration of chamazulene found in this EO was almost 10 times higher than in oil
of chamomile flowers [29,30]. As observed in chamomile, chamazulene is formed during the steps of
the essential oil production, being an artifact. The precursor of chamazulene in chamomile is matricin,
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a sesquiterpene, which suffers a fast degradation to chamazulene via the intermediate chamazulene
carboxylic acid [31]. Calderon et al. [32] reported the formation of chamazulene in the course of the
column chromatographic separation of the pro-chamazulene components from Stevia serrata Cav. of
silica gel column. Safayhi et al. [33] studied the effect of chamazulene on the leukotriene production in
neutrophilic granulocytes and demonstrated that chamazulene inhibited the formation of leukotriene
B4 in intact cells and in the supernatant fraction in a concentration-dependent manner. The second
most abundant component in the OE is nerolidol that exhibits antinociceptive and anti-inflammatory
activity, involving the GABAergic system and proinflammatory cytokines [34]. On the other hand, it is
well known that caryophyllene oxide presents anti-inflammatory and antinociceptive effects [35-37].
Thus, the anti-inflammatory effect observed in the present work can be explained, at least in part,
by the presence of cariophyllene oxide, chamazulene and nerolidol. It is well known that this
sesquiterpene presents anti-inflammatory and antinociceptive effects [35-38], thus suggesting the effect
of the EO tested.

5. Conclusions

To the best of our knowledge, this paper is the first to suggest the possible mechanism of action of
the essential oil of Stevia serrata Cav. and demonstrate its antinociceptive activity.
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Abstract: Piper sylvaticum Roxb. is traditionally used by the indigenous people of tropical and
subtropical countries like Bangladesh, India, and China for relieving the common cold or a variety
of chronic diseases, such as asthma, chronic coughing, piles, rheumatic pain, headaches, wounds,
tuberculosis, indigestion, and dyspepsia. This study tested anxiolytic and antioxidant activities by
in vivo, in vitro, and in silico experiments for the metabolites extracted (methanol) from the leaves and
stems of P. sylvaticum (MEPSL and MEPSS). During the anxiolytic evaluation analyzed by elevated
plus maze and hole board tests, MEPSL and MEPSS (200 and 400 mg/kg, body weight) exhibited a
significant and dose-dependent reduction of anxiety-like behavior in mice. Similarly, mice treated
with MEPSL and MEPSS demonstrated dose-dependent increases in locomotion and CNS simulative
effects in open field test. In addition, both extracts (MEPSL and MEPSS) also showed moderate
antioxidant activities in DPPH scavenging and ferric reducing power assays compared to the standard,
ascorbic acid. In parallel, previously isolated bioactive compounds from this plant were documented
and subjected to a molecular docking study to correlate them with the pharmacological outcomes.
The selected four major phytocompounds displayed favorable binding affinities to potassium channel
and xanthine oxidoreductase enzyme targets in molecular docking experiments. Overall, P. sylvaticum
is bioactive, as is evident through experimental and computational analysis. Further experiments are
necessary to evaluate purified novel compounds for the clinical evaluation.

Keywords: Piper sylvaticum; anxiolytic; antioxidant; molecular docking; phytochemistry

1. Introduction

Human neurological disarrays have instigated as ever-growing intimidation in the public health
sector and significantly affected the function and quality of life [1]. Anxiety is a regular emotion but
becomes appalling when it transpires too often and turns to a terrible psychiatric disorder [2]. Perhaps
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stress plays a vital part in the pathogenesis of anxiety. Moreover, the stressful state leads to oxidative
stress, which has been described as a potential contributor to the pathogenesis of several chronic diseases,
such as diabetes, liver damage, inflammation, aging, neurological disorders, and cancer [3,4]. To treat
such chronic diseases, medicinal plants derived natural products have been used around the globe
clinically, even for the management of normal fever to life-threatening conditions [5]. The rural people of
Bangladesh consume medicinal plants as a primary source of health-care, so they play a pivotal role in
treating a large number of diseases [6]. However, the folkloric practice of medicinal plants is mainly
based on empirical shreds of evidence which need proper rationalization on scientific grounds.

Piper sylvaticum (Roxb.) belongs to the Piperaceae family; is a climbing herb, commonly known
as pahari pipul (Hindi), pahaari peepal (Folk medicine), vana-pippali (Ayurveda), chang bing hu
jiao (China), or the mountain long pepper (English). It is widely distributed in the tropical and
subtropical countries such as India, Bangladesh, China, and Myanmar. The plant has several parts,
such as leaves, the stem, roots, fruits, and seeds, and most of them have wide traditional uses for the
treatment of various diseases such as rheumatic pain, headaches, chronic cough, cold, asthma, piles,
diarrhea, wounds in lungs, tuberculosis, indigestion, dyspepsia, hepatomegaly, and pleenomegaly [7-9].
Besides, the root of this plant is used as carminative, and the aerial parts have diuretic actions [10].
The preliminary qualitative phytochemical analysis of this plant (leaves and stem) revealed the presence
of several phytochemicals, including alkaloids, flavonoids, carbohydrates, tannins, and saponins.
Additionally, an earlier quantitative phytochemical study of this plant reported that the plant contains
substantial amounts of phenols (65.83 and 93.39 mg GAE/g dried extract), flavonoids (102.56 and 53.74 mg
QE/g dried extract), and condensed tannins (89.32 and 55.82 mg CE/g dried extract) in the leaves and
stem [9,11]. Besides, several phytoconstituents have been isolated from this plant, such as piperine,
piperlonguminine, sylvamide, sylvatesmin, sylvatine, sylvone, piperic acid, sesamin, and beta-sitosterol;
most of them are fall into the categories of alkaloids, alkamides, flavone, and lignins [9,12]. In addition,
several pharmacological activities of this plant (leaf, stem, and root) have been reported previously.
Kumar et al. reported antioxidant activity of the roots and fruits [13]. Paul et al. reported the anthelmintic
activity of stem [14] and Haque et al. described the antidiarrheal activity of the stem [15]. Chy et al. stated
that the plant (stem) has anti-nociceptive and anti-inflammatory properties [11]. Chy et al. also reported
antibacterial, anthelmintic, and analgesic activities of the leaf part [9].

Even though the plant (P. sylvaticum) has numerous significant medicinal properties, hitherto,
no studies have been performed to determine the anxiolytic and antioxidant activities of the leaf and
stem parts. Therefore, this study aimed to investigate the anxiolytic and antioxidant activities of the
methanol extracts of P. sylvaticum leaves and stems (MEPSL and MEPSS) in several experimental models,
and an in silico molecular docking study was performed to identify the potential lead compounds of
this plant for the aforementioned activity.

2. Materials and Methods

2.1. Drugs and Chemicals

Methanol, potassium ferricyanide, phosphate buffer, and ferric chloride (FeCl3), were obtained
from Merck (Darmstadt, Germany). 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) and trichloroacetic
acid (TCA) were obtained from Sigma Chemicals Co. (St. Louis, MO, USA), and ascorbic acid from
BDH Chemicals Ltd. (Poole, UK). Diazepam was obtained from Square Pharmaceuticals Ltd (Dhaka,
Bangladesh). All other chemicals used in this study were of analytical reagent grade unless unless
specified with an additional reference.

2.2. Plant Material Collection and Identification

The leaves and stems of Piper sylvaticum (Roxb.) were collected from Sita Pahar area of Kaptai,
Rangamati district, Chittagong division (22°28'45”N 92°13’22”E and altitude: 14 m (49 feet), Bangladesh
in October 2014, and the plant was identified by Dr. Shaikh Bokhtear Uddin, Taxonomist and Professor,
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Department of Botany, University of Chittagong. A voucher specimen number (SUB 3217) has been
deposited at the Department of Pharmacy, International Islamic University, Chittagong, Bangladesh,
and also in the Herbarium of the University of Chittagong for future reference.

2.3. Preparation of Extract

Approximately 400 g (leaves) and 220 g (stem) of the powdered materials were soaked in 700 and
900 mL of methanol, respectively at room temperature for 14 days with occasional stirring and shaking.
Finally, the resultant mixture was filtered through a cotton plug, followed by Whatman No.1 filter
paper (Sigma-Aldrich, St. Louis, MO, USA), and the filtrate solution evaporated to yield the methanol
extract of P. sylvaticum leaves and stems (MEPSL and MEPSS). The detailed procedure was described
in our previous articles—see materials and methods sections [9,11].

2.4. Experimental Animals and Ethical Statements

Swiss albino mice of both sexes (weighing about, 20-25 g) were collected from Jahangir Nagar
University, Savar, Dhaka, Bangladesh. The animals were sheltered in polypropylene cages by
maintaining suitable laboratory conditions (room temperature 25 + 2 °C; relative humidity 55-60%;
12 h light/dark cycle) along with standard laboratory food and distilled water ad libitum. All the
experimental works were conducted in noiseless conditions and the animals were acclimatized to
laboratory conditions for 10 days before experimentation. This study was carried out in accordance
with the internationally accepted principles for proper use of laboratory animal’s; namely, those of
the National Institutes of Health (NIH) and the International Council for Laboratory Animal Science
(ICLAS). The present study protocol was reviewed and approved by the “P&D committee” of the
Department of Pharmacy, International Islamic University Chittagong, Bangladesh with a reference
number: Pharm-P&D-61/08"16-125 (25/08/2016).

2.5. In vivo Study: Anxiolytic Activity

2.5.1. Dosing Groups

In the present study, mice were randomly divided into six groups, and each group consisted of
six mice (1 = 6). Here, the control group received 1% Tween-80 in distilled water (Sigma-Aldrich,
St. Louis, MO, USA); the positive control group received reference drug diazepam (1 mg/kg, body
weight), whereas the remaining groups were given 200 and 400 mg/kg body weight of the MEPSL and
MEPSS, individually.

2.5.2. Elevated Plus Maze Test (EPM) in Mice

To prove the presence of anxiolytic compounds, a commonly known methodological tool is
elevated plus maze (EPM), a rodent/experimental animal model which is used for the test [16]. With a
height of 40 cm above from the ground, the design of the instrument is plus-shaped (+) with two opens
arms (5 X 10 cm) and two closed arms (5 X 10 x 15 cm) diverging from a common point (5 X 5 cm).
To avoid the occurrence of dropping down of the mice from the instrument, the open and the closed arms
edges were kept 0.5 cm and 15 cm in height, respectively. After counting 30 min from the administration
period of the test drug, each animal facing any of the enclosed arms was plotted in the middle of this
instrument. Then total counting was noted in the open and closed entries for 5 min. When there was a
sign of four paws in a single arm then that particular entry was recorded. The whole operation was
conducted in a sound-proof room or equivalent by keeping eye on it from the nearby corner.

2.5.3. Hole-Board Test in Mice

The hole board test is the widely used valid pharmacological method for assessing anxiolytic
and/or anxiogenic activity [17]. The hole board apparatus consists of a wooden box (40 cm X 40 cm
x 25 cm) with sixteen equidistant holes (diameter 3 cm) evenly distributed on the base of the box.
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The apparatus was elevated 25 cm above the floor. After 30 min of oral administration of treatments,
each mouse was placed individually on the center of the board (facing away from the observer). Finally,
the numbers of heads dipping in a period of 5 min were counted.

2.5.4. Open Field Test in Mice

The spontaneous locomotor activities were assessed using the open field test [18]. Test animals
were kept in the test room at least 1 h before each open field test for habituation. The apparatus
comprised of a wood square box (50 cm X 50 cm x 40 cm) with the floor divided into twenty-five
small squares of equal dimensions (10 cm x 10 cm) marked by black and white color. In this study,
each test animal was placed individually at the center of the apparatus and observed for 5 min to
record the number of squares crossed by the animal with its four paws. The open field arena was
thoroughly cleaned by using isopropyl alcohol (70%) between each test to prevent each mouse from
being influenced by the odors of urine and feces from the previous mouse.

2.6. In vitro Study: Antioxidant Activity

DPPH Free Radical Scavenging and Ferric Reducing Power Assays

The DPPH (1,1-diphenyl-1-picrylhydrazyl) free radical scavenging activities of the MEPSL and
MEPSS were determined as described previously [19], and results were expressed as pug/mL in
compared to reference standard ascorbic acid. Then, the reducing power assay of the both extract was
determined based on the previously reported method [20,21], using ferric ion reducing antioxidant
power, and the results were expressed as mean + standard error mean (SEM). In both assays, change
in absorbance was taken using UV-VIS Spectrophotometer (UVmini-1240, Shimadzu, Shimadzu
Corporation, Kyoto, Japan).

2.7. Chemical Compounds Studied in this Article

Piperine (C17H19NO3), piperlonguminine (C1H19NO3), sylvamide (C14Hp7NO3), sylvatine
(C24H33NO3), sylvatesmin (Cp1Hp4Og), and sylvone (Co3Hp30g) were selected through literature study,
and the chemical structures of the compounds were downloaded from the PubChem compound
repository: piperine (PubChem CID: 638024); piperlonguminine (PubChem CID: 5320621); sylvamide
(PubChem CID: 21580215); sylvatine (PubChem CID: 90472536); sylvatesmin (PubChem CID: 3083590);
and sylvone (PubChem CID: 15043005).

2.8. In silico Study: Molecular Docking Study

2.8.1. Ligand and Protein Preparation

The chemical structures of six major compounds of P. sylvaticum were obtained from PubChem
database (https://pubchem.ncbi.nlm.nih.gov/); then to prepare the ligand it was neutralized at pH 7.0 +
2.0 and minimized by LigPrep tool (force field OPLS_2005) embedded in Schrodinger suite-Maestro
version 10.1. Alternatively, three-dimensional crystallographic structures were retrieved from the
Protein Data Bank RCSB PDB [22]: potassium channel (PDB: 4UU]J) [23] and xanthine oxidoreductase
(PDB: 1R4U) [24]. These proteins were prepared for the docking experiment by Protein Preparation
Wizard embedded in Schrodinger suite-Maestro version 10.1 (Schrodinger, LLC New York, NY, USA)
as in the previously described method [5].

2.8.2. Glide Standard Precision Docking Procedure

Molecular docking studies were performed to elucidate the possible mechanisms of the selected
compounds against potassium channel and xanthine oxidoreductase receptors for anxiolytic and
antioxidant activities. In this study, molecular docking experiments were carried out using Glide
embedded in Maestro by standard precision scoring function, as in the previously described method [5].
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2.9. Statistical Analysis

SPSS version 20 (Statistical package for the social sciences) software (Schrodinger, LLC New York,
NY, USA) was used for data analysis and all comparisons were made by using one-way ANOVA
followed by Dunnett’s test. Values were expressed as means + SEM (standard errors of means) and
standard deviations (SD), for which the P-values less than 0.05, 0.01, and 0.001 were considered
statistically significant.

3. Results and Discussion

The present study was carried out to investigate the anxiolytic and antioxidant activities of the
methanol extract of P. sylvaticum leaves and stem (MEPSL and MEPSS) through in vivo, in vitro, and
in silico approaches. An earlier preliminary qualitative phytochemical study of this plant (both leaves
and stem) reported that the plant contains numerous phytochemicals, such as alkaloids, flavonoids,
carbohydrates, tannins, and saponins. Additionally, a quantitative phytochemical analysis of MEPSL
also reported that it contains substantial amounts of phenol (65.83 mg gallic acid equivalent/g dried
extract), flavonoids (102.56 mg quercetin equivalent/g dried extract), and condensed tannins (89.32 mg
catechin equivalent/g dried extract). Furthermore, MEPSS contains significant amounts of phenol
(93.39 mg), flavonoids (53.74 mg), and condensed tannins (55.82 mg) [9,11,14]. On the other hand,
a previous acute toxicity study described that the plant had no mortality, abnormal behavior, and
neurological changes up to 2000 mg/kg dose, which is a clear indication that the plant extract has low
toxicity profile and is safe for a therapeutic dose [11].

Medicinal plants are the innumerable resources of pharmacologically active components.
Plant-derived drugs have been demanding a very potential position due to their role as safer,
cheaper, and effective drugs in the present world [25]. However, to develop a potential lead compound
from a medicinal plant having multifarious pharmacological activities, various animal models and
well-validated tests are inevitable in order to get a consistent preclinical and clinical decision [26].
In this study, we have presented a comparative pharmacological evaluation of Piper sylvaticum, to find
whether leaves and stems of P. sylvaticum (MEPSL and MEPSS) have manifold pharmacological effects
toward mitigating the anxiety disorder—the ultimate aim of our research. Then, we also explored the
potentials of MEPSL and MEPSS for antioxidant activity, and finally a molecular docking study was
performed to identify the possible lead compounds for the anxiolytic and antioxidant activity.

Both extracts of P. sylvaticum were evaluated for anxiolytic activity by employing the elevated
plus maze (EPM) animal model, which is very popular due to the rapid assessment of the anxiety
modifying reactions in mice [27]. The typical EPM tool has two opposite open and two bounded arms,
whereas the open arena is thought to be more abysmal for the animals, and an anxiolytic agent can
motivate the mice toward open arm exploration [28]. Table 1 demonstrated the anxiolytic activity
of MEPSL and MEPSS in the EPM test. Administration of MEPSL and MEPSS (400 and 200 mg/kg,
body weight) revealed a dose dependent increase in locomotion. Particularly, 400 mg/kg significantly
(P < 0.01) elevated the amount of time spent in the open arms. Among both extracts, MEPSL was
very effective, and 400 mg/kg remarkably enhanced spending time (109.65 + 4.88) (P < 0.01) and the
number of entries (11.33 + 1.33) (P < 0.001) in the open arms. Similarly, 200 mg/kg showed a moderate
(82.73 + 3.03) but significant (P < 0.01) anxiolytic effect compared to the control group (78.50 + 4.75).
In addition, reference drug (diazepam at 1 mg/kg, i.p.) treated mice exposed an obvious provocation in
the time spent and number of entries in the open arms.
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Table 1. Anxiolytic effects of MEPSL, MEPSS, and diazepam on behavior of mice in elevated plus-maze
model test in mice.

Treatment (mg/kg) Time Spent in Open Arm (sec) No. of Entry in Open Arm
Control 78.50 +4.75 9.50 + 1.96
RSD 1 119.16 £ 5.45 13.83 £1.25*
MEPSL 200 82.73 + 3.03 ** 9.66 +1.42 %
MEPSS 200 69.93 + 3.65 6.83 +1.60 *
MEPSL 400 109.65 + 4.88 ** 11.33 £ 1.33 ***
MEPSS 400 93.89 + 3.66 ** 7.33 £1.49

Each value is expressed as mean + SEM (1 = 6). * P < 0.05, ** P < 0.01, and *** P < 0.001 compared with the control
group (Dunnett’s test). MEPSL, methanol extract of Piper sylvaticum leaves; MEPSS, methanol extract of Piper
sylvaticum stem; RSD: reference standard drug (Diazepam, 1 mg/kg).

In the same way, with the hole board test (HBT) we intended to determine the exploratory
responses as well as numerous extents of the undefined behavior of a mouse to an unacquainted
atmosphere [29]. The demonstration of hole poking (head dipping) inclination specifies a high level
of anxiolytic activity, while reluctance of the hole visiting indicates high level of anxiety [30]. In this
test, mice treated with MEPSL and MEPSS (200 and 400 mg/kg, body weight) displayed noteworthy
exploratory behavior in a dose dependent way (Table 2). The treatment of 400 mg/kg exposed significant
hole poking tendencies for both extracts; a higher number of head dips resulted with 200 mg/kg.
In addition, the positive control diazepam (1 mg/kg, i.p.) also manifested more head dipping compared
to the control group.

Table 2. Anxiolytic effects of MEPSL, MEPSS, and diazepam in hole board test in mice.

Latency to the First Head

Treatment (mg/kg) No. of Head Dipping Dipping (sec)
Control 31.16 +3.12 20.83 +1.52

RSD 1 67.66 = 1.90 2.46 +0.42 **

MEPSL 200 41.16 £ 2.53 *** 891 +0.16**
MEPSS 200 3733 £2.10* 6.95 + 1.07

MEPSL 400 56.16 + 4.70 * 5.28 + 0.27 ***

MEPSS 400 49.83 +3.98 ** 3.35+1.02*

Each value is expressed as mean + SEM (1 = 6). *P < 0.05, ** P < 0.01, and *** P < 0.001 compared with the control
group (Dunnett’s test). MEPSL, methanol extract of Piper sylvaticum leaves; MEPSS, methanol extract of Piper
sylvaticum stem; RSD: reference standard drug (Diazepam, 1 mg/kg).

Further we confirmed the possibility of locomotor and exploratory activity of MEPSL and MEPSS
through open field assay. The conditions of this test were highly anxiogenic, for which most standard
anxiolytic agents are identified from this assessment [31]. In our study, dose (MEPSL and MEPSS at
200 and 400 mg/kg, body weight) administration significantly stimulated locomotion and exploration
tendency in mice (Table 3). In this test, the lower dose (200 mg/kg) exhibited maximum agility and CNS
(central nervous system) exciting effects, while exploration and locomotion of MEPSL at both doses
were almost identical at all intervals over 120 min. It was reported that anxiolytics with low doses
improved the anxiety state by altering motor activity followed by suppressing the muscle relaxation [31].
In contrast, the reference drug (diazepam, 1 mg/kg) produced quietness or CNS depressant-like activity.
Importantly, CNS depressant-drug-like benzodiazepines inhibit excitation and curiosity in mice against
the new ambient which decreases their locomotion tendency in consequence [32]. The neurobiological
mechanism of anxiety is the result of either an imbalance of neurotransmitter (dopamine, GABA, and
serotonin) function or dysregulation of glutamatergic, serotonergic, GABA-ergic, and noradrenergic
transmission [33]. In our experiment, extracts of P. sylvaticum may exert anxiolytic actions by modifying
neurotransmitter synthesis and functions. It is supposed that active components of P. sylvaticum interact
with the neurotransmitter or neuromodulator receptors, which regulate the neuronal communication,
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stimulate the CNS activity, and improve the function of endocrine systems [34]. Additionally, it has been
previously reported that the plant contains flavonoids, saponins, and tannins that are responsible for
the anxiolytic activity [35], and our earlier qualitative and quantitative phytochemical studies revealed
that the plant contains alkaloids, flavonoids, phenol, tannins, and saponins [9,11]. Thus, the anxiolytic
activities of the MEPSL and MEPSS might be due to the binding of any of these phytochemicals to the
GABAA-BZDs complex.

Table 3. Anxiolytic effects of MEPSL, MEPSS, and diazepam on a number of movements in open field
test in mice.

No. of movements

Treatment
(mg/kg) 0 min 30 min 60 min 90 min 120 min
Control 86.16 + 4.59 71.83 + 3.82 67.66 + 4.25 60.50 + 3.58 54.83 +5.23
RSD 1 79.16 + 5.32 46.83 + 4.26 ** 35.66 + 4.21 17.50 + 3.25* 11.33 £ 2.36 ***
MEPSL 200 76.50 + 2.48 58.83 +6.56* 43.83 +7.40 37.66 +7.05* 28.83 +2.32*
MEPSS 200 85.50 + 6.69 51.16 + 5.52 34.83 + 5.90 ** 22.33 +5.01 18.33 + 1.45**
MEPSL 400 91.50 = 2.01 63.83 + 2.93 *** 48.83 + 2.49 3633 +1.72* 32.16 + 1.47 **
MEPSS 400 79.33 £ 6.57 56.83 + 3.44* 38.83 + 3.74 ** 31.66 £2.23 ** 20.16 = 5.61

Each value is expressed as mean + SEM (1 = 6). * P < 0.05, ** P < 0.01, and *** P < 0.001 compared with the control
group (Dunnett’s test). MEPSL, methanol extract of Piper sylvaticum leaves; MEPSS, methanol extract of Piper
sylvaticum stem; RSD: reference standard drug (Diazepam, 1 mg/kg).

Stressful conditions, such as EPM, HC, and OP tests, can boost up the production of reactive oxygen
species (ROS) in mice and prevails over their brain defenses. However, the interplay relationship
between oxidative stress (OS) and neurological disorders is not surprising [36]. Rammal H et al. 2008
revealed a clear interlink between anxiety and OS wherein such an imbalance of the redox system in mice
led to the development of neuro-degeneration and chronic inflammation [37]. In this regard, antioxidant
therapy may improve the neuronal functions and OS by inhibiting ROS formation. As shown in
Figure 1, free radical scavenging capacity of MEPSL and MEPSS were concentration dependent,
wherein the highest DPPH scavenging capacity was observed for MEPSL at highest concentration
(100 pg/mL). In addition, 50% inhibitory concentration (ICsy) values were found 288.39 pg/mL for
MEPSL and 476.97 ug/mL for MEPSS, respectively, while ascorbic acid showed 6.87 pug/mL.
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Figure 1. DPPH free radical scavenging activities of MEPSL and MEPSS compared with the reference
standard ascorbic acid. Percentage of DPPH free radical scavenging activity by different concentrations
of the MEPSL, MEPSS, and reference standard ascorbic acid. Values are expressed as mean + SD (1 = 3).
MEPSL, methanol extract of Piper sylvaticum leaves; MEPSS, methanol extract of Piper sylvaticum stem.
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To reassess the antioxidant ability of MEPSL and MEPSS in reducing Fe3* to Fe?* ions,
we conducted ferric reducing antioxidant power assay (FRAP). Both extracts were found as strong
antioxidant, confirmed by color change from yellow (test solution) to green and prussian blue, indicating
reduction of Fe** to Fe?* ions. The reduction was also monitored by UV-vis analysis at 700 nm,
as increased absorbance is proportional to higher reduction of Fe>* ions [38]. Data for the reducing
power of MEPSL and MEPSS was shown in Figure 2, and a dose-dependent reducing capability was
observed compared to reference standard ascorbic acid. Scientific investigations have been reported
previously that phenolic compounds are responsible for the free radical scavenging effect of the plant
and also could play an essential role in the reducing power of the plant extract [39—41]. An earlier
quantitative phytochemical study of this plant revealed that it contains a considerable amount of
polyphenols such as flavonoids, phenols, and condensed tannins [9,11]. Thus, it might be possible that
the presence of such phytochemicals could be responsible for the free radical scavenging activity and
ferric reducing power capacity of both extract.

2.54
-+~ Ascorbic acid
-=- MEPSS

2.0+ -~ MEPSL

-
o
n

1.04
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0.54
(4] 100 200 300 400 500 600
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Figure 2. Reducing power capacity of MEPSL and MEPSS compared with the reference standard
ascorbic acid. Values are expressed as mean + SEM (n = 3). MEPSL, methanol extract of Piper sylvaticum
leaves; MEPSS, methanol extract of Piper sylvaticum stem.

The previous phytochemical study revealed the presence of various phytochemicals in the MEPSL
and MEPSS like alkaloids, flavonoids, carbohydrates, tannins, and saponins. In addition, an earlier
quantitative phytochemical analysis of this plant indicated the highest amount of polyphenols contents
in the both plant extract [9,11]. Furthermore, piperine, piperlonguminine, sylvamide, sylvatine,
sylvatesmin, and sylvone were selected based on the availability as major compounds through
literature review where most of them are fall in the categories of flavones, lignans, amide alkaloids,
and alkaloids [9,12]. After the selection of compounds, an in silico molecular docking study was
performed. Molecular docking is a key tool which has been widely used for the drug development
process. It is a form of structure-based process that measures the binding affinities between small
molecules and macromolecular targets like proteins. Moreover, it is also used to understand the possible
molecular mechanism of action of various pharmacological responses [5,42]. From this understanding,
this study was performed to comprehend the molecular mechanism of action better and to correlate
their findings with the experimental results. In the present study, six major selected phytocompounds
of P. sylvaticum were docked against two target enzyme or receptor, viz. the potassium channel receptor
(PDB: 4UUJ), and xanthine oxidoreductase (PDB ID: 1R4U) enzyme, and the docking scores obtained
for all compounds have been reported in Table 4.
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Table 4. Docking scores and binding interactions of the selected compounds with xanthine
oxidoreductase (PDB: 1R4U) and potassium channel (PDB: 4UU]J) for antioxidant and anxiolytic
activity respectively.

Hydrogen bond interactions Hydrophobic interactions
Docking score : . . . .
Compounds (kcal/%nol) Al;:;g;:ld Distance (A) Ammo(;;ll:ldl)-emdue Distance (A)
Antioxidant activity: Xanthine oxidoreductase (PDB: 1R4U)
11e288 (Alkyl) 5.09
Piperine -3.43 - - Phel59 (Pi-Alkyl) 4.95
Arg176 (Pi-Alkyl) 546
Phel62 (Pi-Pi Stacked) 5.83
Piperlonguminine —2.65 Argl76 2.35 11e288 (Alkyl) 4.48
His256 (Pi-Alkyl) 493
Argl76 2.03 Val227 (Alkyl) 3.89
Argl76 2.60 11288 (Alkyl) 4.43
Syhamide 413 e 257
His256 2:75 Phel59 (Pi-Alkyl) 522
11e288 3.59
Sylvatine -1.15 :;ﬁllzg ;gg Leul63 (Alkyl) 4.88
Sylvatesmin - - = - -
Sylvone - - - - -
Argl76 2.34
Argl76 2.16
. . Val227 2.14
A 513 His256 207 - -
His256 2.56
Asn254 1.99
GIn228 2.13
Anxiolytic activity: Potassium channel (PDB: 4UUJ)
Aspl65 245
Aspl43 2.82
Piperine —4.12 Asn145 2.38 Lys142 (Pi-Alkyl) 411
Asn145 275
Asp165 3.02
Tle144 2.34 Trp163 (Pi-Pi Stacked) 441
Aspl43 257 Trp163 (Pi-Pi Stacked) 520
Piperlonguminine —-4.03 Aspl65 2.63
Tle144 248 Pro172 (Alkyl) 5.08
Asn145 2.68
Lys142 231 Lys142 (Alkyl) 3.88
. Glu105 1.91 Pro172 (Alkyl 4.96
Sylvamide 059 Aspl65 1.84 Prol72 (Alkil; 427
Aspl65 2.54 Trp163 (Pi-Alkyl) 4.13
Sylvatine -253 Lys199 2.88 - -
Sylvatesmin - - - - -
Sylvone - - - - -
Lys103 (Pi-Cation) 4.86
Diazepam Asp165 (Pi-Anion) 4.50
(standard) -3.81 Thr164 2,50 Trp163 (Pi-Sigma) 276
Pro172 (Alkyl) 5.02
Trp163 (Pi-Alkyl) 413

In the case of antioxidant docking study, the six selected phytocompounds of P. sylvaticum were
docked against xanthine oxidoreductase (PDB ID: 1R4U) and showed docking scores ranging from
+1.33 to —3.43 kcal/mol. The result of the docking study is shown in Table 4, and the docking figure
is presented in Figures 3 and 4. From the results, it is clear that the phytocompounds piperine
(—3.43 keal/mol) displayed the highest scores against target enzyme, followed by piperlonguminine
(=2.65 kcal/mol), sylvatine (—1.15 kcal/mol), and sylvamide (+1.33 kcal/mol). Here, piperine interacts
with the target enzyme through two pi-alkyl interactions with Phe159 and Argl76, and one alkyl
interaction with I1e288. Piperlonguminine interacted with the same enzyme by forming one hydrogen
bond with Argl76, one alkyl bond with I1e288, one pi-alkyl bond with His256, and one pi-pi stacked
with Phel62. Sylvatine showed the interactions forming two hydrogen bond with Arg176 and Asp165,
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and one alkyl interaction with Leu163 while sylvamide showed five hydrogen bond interactions with
Argl76 (two interactions), His256 (two interactions), and I1e288, and three hydrophobic interactions
with Val227, 11e288, and Phel59. The reference drug, ascorbic acid showed seven hydrogen bond
interactions with Argl76 (two interactions), Val227, His256 (two interactions), Asn254, and GIn228.
However, sylvatesmin and sylvone did not dock with the target receptor/enzyme at all.
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Figure 3. 2D interactions of the piperine (A), piperlonguminine (B), sylvamide (C), and sylvatine (D)
with the active site of xanthine oxidoreductase (PDB: 1R4U). Colors indicate the residue (or species)
type: Red—acidic (Asp, Glu), green—hydrophobic (Ala, Val, Ile, Leu, Tyr, Phe, Trp, Met, Cys, Pro),
purple—basic (Hip, Lys, Arg), blue—polar (Ser, Thr, GIn, Asn, His, Hie, Hid), light gray—other (Gly,
water), and darker gray—metal atoms. Interactions with the protein are marked with lines between
ligand atoms and protein residues: Solid pink: H—bonds to the protein backbone, Dotted pink:
H-bonds to protein side chains, Green: pi-pi stacking interactions, Orange: pi-cation interactions.
Ligand atoms exposed to solvent are marked with gray spheres. The protein “pocket” is displayed
with a line around the ligand, colored with the color of the nearest protein residue. The gap in the line

shows the opening of the pocket.

Figure 4. Best ranked pose of piperine (A), piperlonguminine (B), sylvamide (C), and sylvatine (D) in
the binding pocket of xanthine oxidoreductase (PDB: 1R4U).
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In the case of anxiolytic docking study, results are shown in Table 4, and the most representative
interactions between ligands and receptors have been presented in Figures 5 and 6. Our study
showed that piperine and sylvamide have shown the highest and lowest binding affinities against the
potassium channel (PDB: 4UUJ) with docking scores of —4.12 kcal/mol and —0.59 kcal/mol respectively.
The ranking order of docking score for anxiolytic effect is given below: piperine > piperlonguminine >
sylvatine > sylvamide.
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Figure 5. 2D interactions of the piperine (A), piperlonguminine (B), sylvamide (C), and sylvatine (D)
with the active site of potassium channel (PDB: 4UUJ).

Figure 6. Best ranked pose of piperine (A), piperlonguminine (B), sylvamide (C), and sylvatine (D) in
the binding pocket of potassium channel (PDB: 4UUJ).

The molecular docking study of each compound displayed several binding interactions between
the ligands and the target receptor. Here, piperine interacts with the potassium channel (PDB: 4UUJ)
receptor through five hydrogen bonds to Asp165 (two interactions), Asn145 (two interactions), Asp143,
and one pi-alkyl interaction with Lys142. Piperlonguminine interacted with the same receptor by
forming five hydrogen bonds to Ile144 (two interactions), Asp143, Asp165, and Asn145; two pi-pi
stacked interactions with Trp163; and one alkyl interaction with Pro172, whereas sylvatine showed only
one hydrogen bond interaction with Lys199. Besides, sylvamide interacted with the same receptor by

25



Biomedicines 2020, 8, 68

forming four hydrogen bonds to Lys142, Glu105, and Asp165 (two interactions); three alkyl interactions
with Pro172 (two interactions) and Lys142; and one pi-alkyl interaction with Trp163. The standard
drug (Table 4 and Figure 7), diazepam showed one hydrogen bond interaction with Thr164 and five
hydrophobic interactions with Lys103, Asp165, Trp163 (two interactions), and Pro172. However,
sylvatesmin and sylvone did not dock with the target receptor/enzyme.

Figure 7. (A) Best ranked pose and (B) 2D interaction diagram of ascorbic acid docked at the binding
pocket of xanthine oxidoreductase (PDB: 1R4U). (C) Best ranked pose and (D) 2D interaction diagram
of diazepam docked at the binding pocket of potassium channel (PDB: 4UU]J).

From these results, we can conclude that the studied phytocompounds, particularly piperine,
piperlonguminine, sylvamide, and sylvatine, may in part be responsible for the anxiolytic and
antioxidant activities of the plant extract through interactions with these target enzyme or receptor.
It has been previously reported that piperine has anxiolytic [43] and antioxidant [44] activities. Another
phytoconstituent, piperlonguminine, has been reported to have multifarious pharmacological potentials,
including anticancer, analgesic, cytotoxic, antioxidant, anxiolytic, and antidepressant ones [45,46].
In addition, sylvamide possesses a wide range of pharmacological effects, such as antimicrobial,
neuropharmacological, antioxidant, anxiolytic, and hepatoprotective ones. This compound is also
used to treat cognitive disorders [47].

4. Conclusions

In summary, results of the present study revealed that both extracts (MEPSL and MEPSS) possesses
significant anxiolytic and antioxidant activities. These activities might be due to the presence of high
polyphenol content in both extracts and could be due to the individual or synergistic effects of different
phytochemicals, such as alkaloids, flavonoids, saponins, tannins, and phenols. Additionally, our molecular
docking study unveiled that piperine, piperlonguminine, sylvamide, and sylvatine have higher binding
affinities towards the target receptor/enzymes for anxiolytic and antioxidant activity, respectively. It might
be possible that, for these four phytocompounds responsible for the observed pharmacological
responses, further study is still necessary to elucidate their in-depth molecular mechanisms of action
in animal models.
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Abbreviations

MEPSL Methanol extract of Piper sylvaticum leaves
MEPSS Methanol extract of Piper sylvaticum stem
PDB Protein data bank

OPLS Optimized potentials for liquid simulations
RMSD Root-mean-square deviation

SPSS Statistical package for the social sciences
SEM Standard error of the mean

BZDs Benzodiazepines

GAE Gallic acid equivalent

QE Quercetin equivalent

CE Catechin equivalent
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Abstract: Alzheimer’s disease (AD) is a chronic neurodegenerative brain disease that is characterized
by impairment in cognitive functioning as well as the presence of intraneuronal neurofibrillary
tangles (NFTs) and extracellular senile plaques. There is a growing interest in the potential of
phytochemicals to improve memory, learning, and general cognitive abilities. The Malaysian herb
Orthosiphon stamineus is a traditional remedy that possesses anti-inflammatory, anti-oxidant, and
free-radical scavenging abilities, all of which are known to protect against AD. Previous studies have
reported that intracerebroventricular (ICV) administration of streptozotocin (STZ) mimics a condition
similar to that observed in AD. This experiment thus aimed to explore if an ethanolic leaf extract
of O. stamineus has the potential to be a novel treatment for AD in a rat model and can reverse the
STZ- induced learning and memory dysfunction. The results of this study indicate that O. stamineus
has the potential to be potentially effective against AD-like condition, as both behavioral models
employed in this study was observed to be able to reverse memory impairment. Treatment with
the extract was able to decrease the up-regulated expression levels of amyloid precursor protein
(APP), microtubule associated protein tau (MAPT), Nuclear factor kappa-light-chain-enhancer of
activated B cells (NFkB), glycogen synthase kinase 3 alpha (GSK3«), and glycogen synthase kinase 3
beta (GSK3f3) genes indicating the extract’s neuroprotective ability. These research findings suggest
that the O. stamineus ethanolic extract demonstrated an improved effect on memory, and hence, could
serve as a potential therapeutic target for the treatment of neurodegenerative diseases such as AD.

Keywords: Alzheimer’s disease; cognitive function; streptozotocin; Orthosiphon stamineus;
oxidative stress

1. Introduction

Alzheimer’s disease (AD) is an age-related brain disease and one of the most common types of
dementia. AD is characterized by chronic and progressive neurodegeneration that triggers advanced
cognitive impairment, ultimately leading to death [1,2]. The pervasiveness of this disease is expected to
quadruple from 26.6 million cases (1 in 253 people) to 1 in 85 people living with the disease by 2050 [3].
Those diagnosed with this disease are unable to encode new memories, which in turn damages both
declarative and non-declarative memory, thus gradually reducing the ability for reasoning, abstraction,
and language [4]. Elderly people are most predisposed to developing AD and the risk increases with
age. There are namely two forms of the disease, sporadic (SAD) and familial (FAD). It has been
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predicted that the pervasiveness of SAD is projected to be increased to 131.5 million in 2050 which in
turn could lead to a serious socio-economic burden [5].

AD is largely characterized by the presence of intraneuronal neurofibrillary tangles (NFTs) and
extracellular senile plaques together with neurodegeneration in the brain [2,6]. The key etiological
component of AD includes a causative protein, amyloid 3 protein, whereby the aggregation and
deposition of the amyloid § protein activate an inflammatory immune reaction that in turn obliterates
the brain neurons [7]. The synthesis of amyloid is regulated by the secretase enzyme. Thus, it can
be further said that the damage to the amyloid 3 peptide cerebral clearance causes an abnormal
increase in its brain level during the late onset of AD, which in turn accounts for most of the AD
cases [8]. Another key hallmark of AD is the decrease in the production of the neurotransmitter
acetylcholine, which is vital in controlling various memory-related functions [9]. AD predominantly
affects cholinergic neurons in the cerebral cortex of the brain, whereby the neuronal activity is largely
controlled by the neurotransmitter “acetylcholine” [10,11]. In AD, memory decline occurs because the
enzyme that produces acetylcholine becomes defective resulting in a shortage of this neurotransmitter
at the neuronal synapse [11]. Additionally, recent studies have shown that neuronal degeneration
linked with AD has been triggered largely by neuroinflammation, oxidative stress, neurotransmitter
imbalance, and neurotoxicity [5,12,13].

Streptozotocin (STZ) is a glucosamine-nitrosourea compound that produces a cytotoxic agent that
particularly affects the {3 cells in the pancreatic islet, impairing the brain biochemistry and cholinergic
transmission, as well as increasing the generation of free radicals [14-16]. Intracerebroventricular
administration of STZ has been shown to resemble the similar neuropathology and biochemical
alterations observed during an AD condition thus resulting in STZ-induced models playing a vital role
in the pathophysiology of sporadic Alzheimer’s.

In recent times, there has been a growing interest in using complementary therapy and
phytochemicals from medicinal herbs to enhance the quality of life and prevent therapy-induced
side-effects, particularly in using phytochemicals from medicinal herbs, as they possess anti-inflammatory
and antioxidant activities that may potentially hinder neurodegeneration and improve memory and
cognitive functioning [17]. Orthosiphon stamineus Benth. (Lamiaceae) is a medicinal herb that is
extensively distributed in South East Asia. Various in vitro and in vivo models have addressed the
presence of different types of phytochemicals in this plant-like flavonoids, terpenoids, and essential oils.
Earlier studies have demonstrated that O. stamineus (OS) leaves extracts to possess strong antioxidant,
anti-inflammatory, and anti-bacterial properties, with more than 20 phenolic compounds, two flavonol
glycosides, nine lipophilic flavones, and nine caffeic acid derivatives, such as rosmarinic acid and
2,3-di-caffeoyl tartaric acid and nitric oxide inhibitory isopimarane-diterpenes [18-21]. For instance,
Rosmarinic acid, a major flavonoid component of O. stamineus has been shown to have various
pharmacological properties. Flavonoids, which are the principal group of polyphenols, are also reported
to be efficacious in decreasing oxidative stress and are said to promote various physiological benefits,
particularly in learning and memory, scavenging free radicals and improving cognition [6,22]. Besides
that, standardized ethanolic extract of O. stamineus was also found to be able to reverse age-related deficits
in short-term memory as well as prevent and reduce the rate of neurodegeneration [23]. Moreover, in vitro
studies have demonstrated that O. stamineus enhanced H,O, induced oxidative stress by antioxidant
mechanisms in SH-SY5Y human neuroblastoma cells [24].

Therefore, since the OS extract has been observed to demonstrate strong antioxidant and
anti-inflammatory properties, these reports on the OS extract further support its neuroprotective
potential in combating neurodegenerative diseases such as AD. Based on the activity profile of OS
extract, it can be hypothesized that OS could serve to halt or modify intricate neurodegenerative
diseases such as AD. Thus, the aim of this study was to investigate the protective potential of OS
against STZ-induced AD-like condition, using two established behavioral paradigms for learning and
memory as well as to observe the hippocampal alterations associated. Since preliminary studies have
demonstrated a neuroprotective as well as cholinesterase inhibitory effect; hence, it is hypothesized
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that O. stamineus can be established as an effective and safer potential therapeutic agent to combat
cognitive alterations in AD.

2. Materials and Methods

2.1. Plant Extract Standardization of Orthosiphon stamineus 50% Ethanolic Extract

The plant material was collected from NatureCeuticals HiTech Plantation, Jalan Kampung Binjai,
Kampung Binjai, 11960 Batu Maung, Pulau Pinang, Malaysia (5°16'59.4” N 100°15’30.3” E) and the
sample was authenticated and deposited at the Herbarium of School of Biology, Universiti Sains
Malaysia with voucher #11009. The 50% ethanolic OS extract was procured from NatureCeuticals
Sendirian Berhad, Kedah DA, Malaysia. The standardized extract from leaves of Orthosiphon
stamineus was prepared under a good manufacturing practice (GMP)-based environment using
Digmaz technology by Natureceuticals Sdn. Bhd., Malaysia. The 50% ethanolic O. stamineus extract
was standardized by Natureceuticals Sdn. Bhd., Malaysia. As per their standardization report,
the standardization of the extract was carried out against four bioactive standard markers; rosmarinic
acid (RA), sinensetin (SIN), eupatorin (EUP), and 3’hydroxy-5,6,7,4’-tetramethoxyflavone (TMF).

2.2. LC-MS Analysis

The MS analysis was performed on an Agilent UHPLC 1290 Infinity system coupled to Agilent
quadrupole-time-of-flight 6520 mass spectrometer with dual ESI source. The sample was loaded on a
C18 column (XDB-C18 Agilent Zorbax Eclipse, narrow-bore 2.1 X 150 mm, 3.5 micron, P/N: 930990-902).
The thermostat temperature was maintained at 25 °C and the auto-sampler temperature was set at 4 °C.
The mobile phases used were 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B).
The sample was eluted by increasing the gradient of buffer B from 5-95% over 25 min at a flow rate
of 0.5 mL/min. The injection volume was 1.0 uL. MS analysis scan was carried out in a range of m/z
100-1000 employing electrospray ion source in the positive ionization mode. Nitrogen gas flow rate
and drying gas were set at 25 L/h and 600 L/h, respectively. Drying gas temperature was set at 350 °C.
The fragmentation voltage was optimized to 125 v, while the capillary voltage for analysis was 3500 v.

2.3. Animals

Locally-bred adult male Sprague Dawley (SD) rats weighing between 200-300 g were acquired
from the animal facility of Jeffrey Cheah School of Medicine and Health Sciences, Monash University
Malaysia. The rats were maintained under standard husbandry conditions (12:12 h light/dark cycle,
at controlled room temperature (22 + 2 °C), stress-free, water ad libitum, standard diet, and sanitary
conditions). The experiment protocols were approved and conducted according to the approval of the
Animal Ethics Committee Monash University, Animal Research Platform (MARP/2016/028).

2.4. Intracerebroventricular (ICV) Infusion of Streptozotocin

Streptozotocin (STZ) was injected ICV bilaterally at a dose of 3 mg/kg as described previously [15].
Briefly, the rats were firstly anesthetized using a combination of ketamine hydrochloride (75 mg/kg,
intraperitoneally (i.p.)) and xylazine (10 mg/kg, i.p.). The head was positioned and fixed on the
stereotaxic frame. A midline sagittal incision was done on the scalp and a burr hole was drilled through
the skull on both sides over the lateral ventricles. The coordinates employed were: 0.8 mm posterior
to bregma, 1.5 mm lateral to the sagittal suture, and 3.6 mm beneath the surface of the brain [25].
An injection cannula was lowered very slowly into the lateral ventricles to deliver STZ (3 mg/kg,
10 pL/injection site) or saline (10 uL/injection site) through the skull holes. STZ was prepared freshly
before each injection. The injection cannula was connected to a Hamilton syringe and the injection
was done using a micro-injector unit. The cannula was left in situ for a further 5 min following the
injection to allow passive diffusion from the cannula tip and to minimize spread into the injection
tract. The cannula was then removed slowly from the scalp and the cut skin was closed with sutures.
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Following the surgery, postoperative care was made by applying the betadine povidone-iodine solution
on the wound. The rats were also placed on thermal sheets to maintain body temperature and were
kept under close observation for the next four days.

2.5. Experimental Design

Before the experiment, animals were acclimatized to the surroundings and were handled for one
week to reduce the stress. The animals were then randomly divided into five groups (n = 8/group) as
described below. The ethanolic extract of OS was dissolved in distilled water before administration.

Group 1: Sham-control (Saline)

Group 2: Negative control (Saline + STZ; 3 mg/kg)

Group 3: STZ (3 mg/kg) + Orthosiphon stamineus Low dose (50 mg/kg OS)

Group 4: STZ (3 mg/kg) + Orthosiphon stamineus Medium dose (100 mg/kg OS)

Group 5: STZ (3 mg/kg) + Orthosiphon stamineus High dose (200 mg/kg OS)

After seven days of acclimatization period, the animals were subjected to ICV injection. Group 1
rats were sham-operated, where only the surgery was done, and the brain was injected with saline,
whereas groups 2-5 received STZ (3 mg/kg, single injection bilaterally). One week after the ICV-STZ
injection, the rats were treated with OS extract through oral dosing using oral gavage for 10 days before
being subjected to a series of behavioral studies. The behavioral parameters were conducted on day 18,
where elevated plus maze test was conducted on the day (18 and 19) and a passive avoidance test was
conducted on the day (20 and 21). At the end of the study, the animals were sacrificed, and their brains
were isolated for gene expression analysis. The treatment schedule is presented in Figure 1.

Acclimatization }—l | ICV-STZ | OS Extract Dosing

1l A6 1 8 18 19 20 21
|1 | L1 1 |
1 I LI I Days

EPM EPM PA  PA
(TL1) (TL2) (1) (D2)

Euthanasia

—_x

PA: Passive Avoidance
EPM: Elevated Plus Maze
TL: Transfer Latency

Figure 1. Schematic representation of the experimental flow. ICV-STZ: intracerebroventricular
administration of streptozotocin; OS: Orthosiphon stamineus.

2.6. Elevated Plus Maze (EPM)

The elevated plus-maze test was employed to evaluate acquisition and retention memory following
the procedure previously described [15]. Briefly, after being treated with the OS extract, the rats
were put on to the end of the open arm, facing away from the central platform. With the help of the
stopwatch, the transfer latency (TL;) was noted, i.e., the time taken by a rat with all its four legs to
move into any one of the enclosed arms. If the rat failed to enter any one of the enclosed arms within
90 s, it was gently pushed into one of the two enclosed arms and the TL was assigned as 90 s. The rat
was allowed to explore the maze for the next 10 s and then returned to its home cage. The maze was
cleaned with 70% ethanol between runs to minimize scent trails. The retention test phase was carried
out 24 h after the training session to assess memory, whereby a decrease in time latency (TL;) during
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the test session was deemed as an index of memory improvement. The transfer latency was expressed
as an inflexion ratio, calculated using the formula:

(L1-L0)

IR = o

)
Lo: Initial TL (s) on the 1st day and
L;: TL (s) on the 2nd day.

2.7. Passive Avoidance (PA)

A step-through passive avoidance (PA) test was carried out to measure memory retention deficit
using the Passive Avoidance Box (Panlab, Harvard Apparatus) following the method previously
used [26,27]. Briefly, during the acquisition trial, each rat was placed in the light chamber. Following
the 60 s of habituation, the guillotine door separating the light and dark chamber was opened and
the initial latency time for the rat to enter the dark chamber was recorded. The rats with the initial
latency time of more than 60 s were excluded from the study. Once the rat entered the dark chamber,
the guillotine door was closed and an electric foot shock (75 'V, 0.2 mA, 50 Hz) was delivered to the
floor grids for 3 s. Five seconds later, the rat was removed from the dark chamber and returned to its
home cage. After 24 h, the retention latency was measured in the same way as the acquisition trial, but
the foot shock was not delivered, and the latency time was recorded to a maximum of 300 s.

2.8. Gene Expression

Total RNA from the rat brain’s hippocampal and pre-frontal cortical region was extracted
following the method employed by [28], with some minor modifications. The single-step method,
phenol-chloroform extraction, and Trizol reagent (Invitrogen) were used to isolate the total RNA from
both the pre-frontal cortical and hippocampal regions. Briefly, the tissues were homogenized in 200 puL
of Trizol solution. The mixture was then extracted using chloroform and centrifuged at 135,000 rpm at
4 °C. The alcohol was removed, and the pellet was washed twice with 70% ethanol and resuspended
in 20 puL of RNase free water. RNA concentration was determined by reading absorbance at 260 nm
using Nanodrop. A 500 ng amount of total RNA was reverse transcribed to synthesize cDNA using
the Quantitect® Reverse Transcription Kit according to the manufacturer’s protocol. Then, the mRNA
expression of genes encoding amyloid precursor protein (APP), Microtubule Associated Protein Tau
(MAPT), Nuclear factor kappa-light-chain-enhancer of activated B (NFkB), Glycogen synthase kinase-3
alpha (GSK3«), Glycogen synthase kinase-3 beta (GSK3f), and IMPDH?2 in the hippocampus was
measured via real-time PCR using the StepOne Real-Time PCR system. Subsequently, the cDNA from
the reverse transcription reaction was subjected to Real-Time PCR using QuantiNova™ SYBR® Green
PCR kit according to the manufacturer’s protocol. The comparative threshold (Ct) cycle method was
used to normalize the content of the cDNA samples, which consists of the normalization of the number
of target gene copies versus the endogenous reference gene, IMPDH2.

2.9. Statistical Analysis

All findings were expressed as mean + standard error of the mean (SEM). The data were analyzed
using one-way analysis of variance (ANOVA) followed by Dunnett’s tests. All the experimental groups
were compared with group 2, the STZ (3 mg/kg) only group, and the p-values of * p < 0.05, ™ p < 0.01,
and ™ p < 0.001 were considered to be statistically significant.
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3. Results

3.1. Characterization of O. stamineus Ethanolic Extract

The 50% ethanolic extract was found to contain four markers, namely, RA, SIN, EUP, where the
amounts of TMF were present in a very low amount as compared to the other markers, while the RA
was present in abundance.

3.2. LC-MS Analysis

Identification of small-molecule contents in OS extract were detected using LC-MS analysis.
A positive ionization mode was utilized for the tentative identification of the compounds. The total
compound chromatogram (TCC) of the extract demonstrated different peaks as shown in Figure 2.
The LC-MS analysis of the OS extract identified a total of 87 different compounds (Table 1) belonging
to various groups, e.g., phenols, flavonoids, amino acids, coumarins, carboxylic acid, sesquiterpenoid,
nucleoside, quinone, and cinnamic acid. Flavonoids were identified as the major compound present in
the extract, such as (R)-O-(3,4-Dihydroxycinnamoyl)-3-(3,4-dihydroxy phenyl)lactic acid, Quercetagetin
4’-methyl ether 7-(6-(E)-caffeylglucoside), Luteolin 7-rhamnosyl(1—6)galactoside, Prodelphinidin A1,
6-Hydroxyluteolin 7-rhamnoside, Xanthochymuside, and Iriskumaonin.

x10 6 |*ESI TCC Scan Frag=125.0V MK-MS-Pos-25_30-TuL.d

k fn Al
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Counts vs. Acquisition Time (min)

Figure 2. Total Compound Chromatogram (TCC) of Orthosiphon stamineus extract..
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3.3. Effect of OS Extract on Memory Performance in EPM and PA Task in ICV-STZ Infused Rats

Both the EPM and PA task was carried out to assess spatial long-term memory retention. In the
EPM task, as observed in Figure 3A, the negative (only STZ-induced) group demonstrated a notable
decrease in inflexion ratio whereas the OS treated groups demonstrated a significant increase in inflexion
ratio when compared to the negative group. In the PA task, memory performance was assessed by
determining the latencies to enter the dark (shock-paired) compartment during the post-24-h retention
trial. All the groups did not demonstrate any differences in latency during the learning trial (data
not shown), signifying that all rats showed similar responses to the testing environment and electric
shocks. On the other hand, the retention test that was performed 24 h following the initial training
demonstrated a significant decrease in step-through latency in the negative (only STZ-induced) group
as compared to the sham-operated and the other treated groups as depicted in Figure 3B. However,
when the STZ-induced rats were treated with all the three doses (50, 100, and 200 mg/kg) of OS extract,
a significant increase in step-through latency was observed, indicating improved memory retention.
Based on these results obtained, it can be said that OS extract does improve memory retention.

A B
EPM Passive Avoidance
10

=8 Sham-Control =
o = STZ 3mglkg >
s = 50mglkg OS + STZ g
5 = 100mg/kg OS + STZ _g',
5_. o0 = 200mg/kg OS + STZ H
= £
4
S
1

05

Treatment Groups

Treatment Groups

Figure 3. Behavioral analysis for elevated plus maze (EPM) and passive avoidance (PA). (A) represents
the graph plot for the inflection ratio; (B) represents the graph plot for the step-through latency in PA.
The behavioral analysis for the treatment groups (A,B) was compared to the negative group (3 mg/kg
STZ) and the negative group (3 mg/kg STZ) was compared to the control group. Data are expressed as
Mean + SEM, n = 8 and statistical analysis by one-way ANOVA followed by Dunnett test **** p < 0.0001,
#### 1) < 0.0001.

3.4. Effect of OS Extract on the Gene Expression in the Rat Hippocampal and Prefrontal Cortical Region

In the hippocampal region, the APP mRNA levels were significantly up-regulated when
administered with STZ as compared to the control group, depicted in Figure 4A. Similarly, even the
MAPT, NF«kB, GSK3a, and GSK3f were observed to be up-regulated when administered with STZ
as demonstrated in Figure 4B-E, respectively. This up-regulation was decreased significantly by OS
extract treatment as compared with the negative (STZ 3 mg/kg) group. All the five mRNA expression
levels, namely APP, MAPT, NF«B, GSK3«, and GSK33, were observed to be significantly lower when
treated with OS extract. The expression of APP mRNA was observed to be down-regulated in all
the three doses of OS extract, and similarly, even the expression levels of MAPT, NF«B, GSK3«, and
GSK3p mRNA were observed to be decreased in all the three doses of OS extract.

On the other hand, in the pre-frontal cortical region, similar results were also observed, whereby
the APP mRNA levels were observed to be significantly augmented when administered with STZ as
compared to the control group, as shown in Figure 5A. Likewise, even the MAPT, NFkB, GSK3«, and
GSK3p were observed to be increased when administered with STZ as demonstrated in Figure 5B-E,
respectively. This up-regulation was decreased significantly by OS extract treatment, whereby all
five mRNA expression levels, namely APP, MAPT, NF«B, GSK3«, and GSK33, were observed to be
significantly higher when treated with the OS extract.
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Figure 4. Gene expression in the rat hippocampi determined by real time-PCR. The genes included
are (A) APP, (B) MAPT, (C) NFkB, (D) GSK 3«, and (E) GSK 3. All changes in the expression levels
were compared to the negative control group (STZ 3 mg/kg) and the negative group (3 mg/kg STZ) was
compared to the control group. Data are expressed as Mean + SEM, n = 4 and statistical analysis by
one-way ANOVA followed by Dunnett test **** p < 0.0001, ### p < 0.0001.
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Figure 5. Gene expression in the rat pre-frontal cortical determined by real time-PCR. The genes
included are (A) APP, (B) MAPT, (C) NFkB, (D) GSK 3«, and (E) GSK 3f3. All changes in the expression
levels were compared to the negative control group (STZ 3 mg/kg) and the negative group (3 mg/kg
STZ) was compared to the control group. Data are expressed as Mean + SEM, n = 4 and statistical
analysis by one-way ANOVA followed by Dunnett test **** p < 0.0001, ¥ p < 0.0001.
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4. Discussion

The present work aimed at determining if the ethanolic leaf extract of O. stamineus has the potential
to be a novel treatment for AD. A preliminary dose deciding study to ascertain the therapeutic dose
of OS extract was conducted where the LD50 value was found to be more than 2000 mg/kg, and
therefore, the 1/20th, 1/10th, and 1/5th was chosen as therapeutic doses, corresponding to a dose
range of 100 mg/kg, 200 mg/kg, and 400 mg/kg, respectively. However, when behavioral studies were
conducted using these doses, the 400 mg/kg group were found to be exhibiting a neurobehavioral
effect on coordination and motor activity and were not able to demonstrate any reliable results. Thus,
for this study, a new range of doses was used. The dose of 200 mg/kg was employed as the highest
dose, and 50 mg/kg, as well as 100 mg/kg, were used as the low dose and medium dose, respectively.
All three doses did not demonstrate any side effects. O. stamineus ethanolic extract was employed in
this study as ethanolic extracts of O. stamineus were found to possess the highest concentration of
phenolic compounds, followed by methanolic and aqueous extracts [29] Therefore, since oxidative
stress plays a significant role in AD, particularly the phenols in O. stamineus such as rosmarinic acid
that exert free radical scavenging, anti-inflammatory and antioxidant effects [21,30], ethanolic extract
of O. stamineus serves as the ideal choice for this experiment.

ICV injection of STZ has been established to be characterized by a progressive decline in learning
and memory [31]. In this present study, a dose of 3 mg/kg STZ was employed, which has been shown
to not interfere with the changes in the peripheral blood glucose level but induce a significant cognitive
impairment in all animals [15,32,33]. Additionally, central administration of low STZ doses triggers
an insulin-resistance brain state that produces similar neuropathology and biochemical alterations
observed during AD, enabling the pathophysiology of sporadic Alzheimer’s disease (sAD) to be further
comprehended. Thus, the expression of increased phosphorylated tau protein in the hippocampus,
as well as the accumulation of  amyloid in the meningeal capillaries, suggest that the ICV-STZ model
recapitulates most of the sAD pathological feature, and hence, can serve as an apt experimental model
of developing the AD hallmarks [13,34].

The performance of animals during the behavioral assessments for spatial memory acquisition
and retention using elevated plus maze and passive avoidance test is well documented to estimate
the extent of neuronal injury. The present study demonstrated that that treatment with OS extract
improved memory retention as evidenced by the improved inflexion ratio observed in the EPM test
as well as the increase in the step-through latency observed in the OS treated rats. Previous studies
demonstrated significant cognitive impairment in the ICV-STZ treated group [15,35-38]. In our study,
similar results were observed, whereby bilateral ICV administration of STZ resulted in spatial memory
deficit, as observed by the decrease in step-through latency in the passive avoidance test and decrease
in inflexion ratio observed in the elevated plus-maze test indicating memory impairment. However,
when the STZ-injected rats were treated with OS extract, improved performances in both tests were
observed. The positive effects of OS extract were evident with the rats that were treated with 50 mg/kg
and 100 mg/kg OS extract namely where a decrease in transfer latency was observed in which the
rats were able to remember and enter the closed arm quickly compared to the training session, which
was observable by the improved inflexion ratio. The rats that were treated with 200 mg/kg did show
improved memory retention as compared to the STZ treated group, but not as much as that observed
in the 50 mg/kg and 100 mg/kg OS treated group. A ceiling effect was observed with higher doses.
Therefore, based on the behavioral analyses, we can conclude that the spatial memory was improved.
Thus, OS extract might influence spatial memory retention, which needs to be further explored.

The underlying mechanism for the improvement in memory retention observed in the behavioral
studies was further explored by evaluating the biochemical parameters, such as the expression
of amyloid precursor protein (APP), microtubule-associated protein tau (MAPT), nuclear factor
kappa-light-chain-enhancer of activated B (NF«B), glycogen synthase kinase-3 alpha (GSK3-«), and
glycogen synthase kinase 3 beta (GSK3-[3) genes in rats treated with OS extract and STZ. Beta-amyloid
(AB) and tau are some of the key aspects of AD and are undeniably crucial in comprehending
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the pathogenesis of AD. The AD amyloid cascade hypothesis postulates that the up-regulation of
Ap triggers the pathogenic hyperphosphorylation of tau, which in turn leads to the formation of
neurofibrillary tangles (NFTs), thus causing neurodegeneration. Furthermore, dysregulation of GSK3
has been implicated in numerous neurodegenerative diseases, including AD [39-41]. Additionally,
GSK3 plays a key role in AD as its deregulation accounts for most of the pathological hallmarks
of the disease observed in both sporadic and familial AD. Both GSK3 and GSK3« stimulates tau
hyper-phosphorylation at both primed and non-primed phosphorylation sites, in both cell culture
models, as well as in vitro models of neurodegeneration, further implicating GSK3 as a vital factor
in AD [42,43]. GSK3f has been said to influence the abnormal tau hyperphosphorylation, a key
component of neurofibrillary tangles observed in the AD brain, which enhances tau aggregation and
neurotoxicity [44,45]. On the other hand, GSK3« has been shown to monitor APP cleavage, resulting
in the augmented A production [46,47]. Although increased expression of GSK3 is not the main
cause of the disease, augmented GSK3 could serve to enhance the production of A, which in turn also
trigger tau hyper-phosphorylation and neuronal degeneration in both FAD and sAD, which is in line
with the amyloid cascade hypothesis of AD. In the present study, the induction of STZ demonstrated
overexpression of all the key genes namely APP, MAPT, GSK3-«, and GSK3-f in both the hippocampus
and the prefrontal cortex region. However, when treated with OS extract, the expressions of all
these genes were observed to be suppressed indicating maximum protection, and hence, reducing
AD pathology.

5. Conclusions

In summary, the present study demonstrated that OS extract is effective in ameliorating ICV
streptozotocin-induced behavior alterations. Additionally, we also established that the GSK3x-GSK3(3
pathway could serve as the potential target for beta-amyloid and tau accumulation characteristically
observed in AD condition and OS extract could potentially inactivate this pathway, and hence, serve as
a promising treatment for neurodegenerative diseases such as Alzheimer’s disease.
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Abstract: Terpenoids are natural plant-derived products that are applied to treat a broad range of
human diseases, such as airway infections and inflammation. However, pharmaceutical applications
of terpenoids against bacterial infection remain challenging due to their poor water solubility. Here,
we produce invasomes encapsulating thymol, menthol, camphor and 1,8-cineol, characterize them
via cryo transmission electron microscopy and assess their bactericidal properties. While control-
and cineol-invasomes are similarly distributed between unilamellar and bilamellar vesicles, a shift
towards unilamellar invasomes is observable after encapsulation of thymol, menthol or camphor.
Thymol- and camphor-invasomes show a size reduction, whereas menthol-invasomes are enlarged
and cineol-invasomes remain unchanged compared to control. While thymol-invasomes lead to
the strongest growth inhibition of S. aureus, camphor- or cineol-invasomes mediate cell death
and S. aureus growth is not affected by menthol-invasomes. Flow cytometric analysis validate
that invasomes comprising thymol are highly bactericidal to S. aureus. Notably, treatment with
thymol-invasomes does not affect survival of Gram-negative E. coli. In summary, we successfully
produce terpenoid-invasomes and demonstrate that particularly thymol-invasomes show a strong
selective activity against Gram-positive bacteria. Our findings provide a promising approach to
increase the bioavailability of terpenoid-based drugs and may be directly applicable for treating
severe bacterial infections such as methicillin-resistant S. aureus.

Keywords: terpenoids; invasomes; thymol; menthol; camphor; cineol; S. aureus; E. coli; bactericidal

1. Introduction

Terpenes are secondary plant metabolides with aromatic characters found in the oil
fraction of various plants, where they serve for protection against predators or pathogens [1,2].
Notably, the oxygenated derivatives of terpenes, so-called terpenoids, have strong antioxidant and
anti-inflammatory as well as antimicrobial properties [3,4]. For instance, the terpenoid thymol was
reported to attenuate allergic airway inflammation in mice [5] and inhibit lipopolysaccharide-stimulated
inflammatory responses via down-regulation of the transcription factor NF-kB [6]. Additionally,
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the terpenoid cineol was shown to inhibit pro-inflammatory signaling mediated by NF-«B [7], while
simultaneously potentiating IRF3-mediated antiviral responses [8]. In addition, cineol reduced
production of mucus in a human ex vivo model of late rhinosinusitis [9]. Regarding the antimicrobial
properties of terpenoids, thymol was reported to have direct bactericidal effects against S. aureus
and S. epidermidis [10]. The terpenoids menthol and camphor also showed anti-bacterial activity
against different bacterial species such as streptococci or mycobacteria [11,12]. Cineol was also
recently demonstrated to display antibacterial activities against pathogenic bacteria present in chronic
rhinosinusitis such as S. aureus [13]. Despite these promising anti-inflammatory and anti-bacterial
properties, pharmaceutical applications of terpenoids against bacterial infection remain challenging
due to their poor water solubility and high volatility.

Here, we address this challenge by utilizing liposomal packaging for drug delivery of terpenoids.
Liposomes are spherical vesicles of phospholipid bilayers, which are commonly used for encapsulation
of drugs and particularly for increasing or allowing their anti-microbial activity [14]. For instance,
Aravevalo and colleagues showed an increase in antibiotic activity of i-Lactam against resistant
S. aureus after encapsulation within coated-nanoliposomes [15]. In addition, Moyéa and coworkers
recently demonstrated a bactericidal activity of Cefepime encapsulated into cationic liposomes
against E. coli [16]. Engel and colleagues assessed the antimicrobial activity of thymol and carvacrol
encapsulated into liposomes by thin-film hydration and observed an inhibition of S. aureus and
S. enterica growing on stainless steel [17]. As recently reported by Usach and coworkers, pompia
essential oil (containing limonene and citral) as well as citral itself were successfully loaded into
liposomes via hydration followed by ultrasonic disintegration. The respective encapsulated terpenoids
had antimicrobial properties against different bacterial species such as S. aureus or P. aeruginosa [18].
A nanoemulsion comprising eucalyptus oil obtained by ultrasonic emulsification was also shown to
have antibacterial activity against S. aureus [19]. Cui and colleagues further observed an antibacterial
effect of cinnamon oil (with eugenol being its main compound) encapsulated into liposomes against
methicillin-resistant S. aureus (MRSA) alone or cultivated as a biofilm [20]. In addition to increasing
the anti-microbial activity of drugs, encapsulation into liposomal structures was already described to
enhance the anti-inflammatory capacity of terpenoids. In this regard, nanostructured lipid carriers
encapsulating thymol were shown to provide a sustained release of the terpenoid as well as an
increase in anti-inflammatory activity within mouse models of skin inflammation [21]. In addition
to nanostructured lipid carriers, terpenoids can also be delivered by encapsulation into polymeric
nanostructured systems or by molecular complexation [2]. In addition to increasing stability of
encapsulated compounds, terpenoid-encapsulation systems are widely accepted to be non-cytotoxic
and enhance the antioxidant and anti-inflammatory activities of terpenoids ([18,21-23] reviewed
in [2,24]). For instance, Manconi and colleagues reported the liposomal formulation of thymus
essential oil to be highly biocompatible and to counteract oxidative stress in keratinocytes [22]. Thymol
encapsulated in nanostructured lipid carriers further showed anti-inflammatory activity in different
mouse models of skin inflammation in vivo [21].

In the present study, we took advantage of a liposome-based system, the so-called invasomes,
for encapsulating the terpenoids thymol, menthol, camphor and cineol (Figure 1). Invasomes are
liposomes composed of unsaturated phospholipids, small amounts of ethanol, terpenes and water [25].
In our present approach, terpenoid-invasomes were produced via extrusion of a solution comprising
the respective terpenoid solved in ethanol, while soybean lecithin served as a lipid source. We aimed to
characterize the produced invasomes in terms of their lamellarity, size and bilayer thickness using cryo
transmission electron microscopy (Cryo TEM). Although being commonly utilized for the formulation
of invasomes [26,27], terpenoids mostly serve as permeation enhancer for transdermal delivery and
bioavailability rather than being bioactive components [2]. In the present study, we focused on the
production of invasomes with terpenoids as the bioactive components to inhibit bacterial cell growth.
With respect to pharmaceutical applications for treating bacterial infection, we therefore assessed
potential bactericidal effects of our produced terpenoid-invasomes against S. aureus and E. coli.
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thymol menthol camphor cineol

Figure 1. Structural formulas of the terpenoids thymol, menthol, camphor and cineol used for
encapsulation into invasomes.

2. Materials and Methods

2.1. Preparation of Invasomes and Encapsulation of Terpeonoids

For production of invasomes, 20 mg of the respective terpenoid thymol, menthol, camphor
or cineol (Caesar and Loretz GmbH, Hilden, Germany) was solved in 1.32 mL of 99.6% Ethanol.
This mixture was subsequently added to 40 mL of 0.9% saline to reach a final concentration of 0.5 mg
terpenoid per mL. A quantity of 100 mg of soybean lecithin (Lipoid S 100, Batch 579000-1160713-01/704,
Lipoid GmbH, Ludwigshafen am Rhein, Germany) was added to 2 mL of this solution comprising
the terpenoid, ethanol and saline followed by vortexing for 5 min to reach a homogenous solution.
For control formulation, a solution without terpenoids was applied. Invasomes were formed by
extrusion using the Avanti Mini-Extruder (Avanti Polar Lipids, Alabaster, AL, USA) by passing 1 mL
of final solution 10 times back and forth through a polycarbonate membrane with 100 nm pores.

2.2. Cryo Transmission Electron Microscopy (Cryo TEM)

For Cryo TEM analysis, 3 pL of the respective invasome-dispersion produced as described above
was placed on a TEM copper grid (Quantifoil Micro Tools GmBH, Groflobichau, Germany). Plunging
into liquid ethane using Leica EM GP (Leica Microsystems, Wetzlar, Germany) with 80% moisture, 10 s
pre-blotting time, 3 s blotting time and 20 °C temperature was followed by transporting the samples to
the cryo transfer station (Fischione Intruments, Export, PA, USA) in liquid nitrogen. Analysis was
done at the OWL Analytic Center using Jeol JEM 2200 FS (JEOL Ltd., Tokyo, Japan) operated at 200 kV.

2.3. Determination of Zeta Potentials

Zeta potentials were measured using Beckmann Coulter Delsa Nano C Particle Analyzer (Beckman
Coulter, Brea, CA, USA) in a flow cell after dilution of samples with water from 50 mg/mL to 500 pg/mL.
Measurements were repeated ten times.

2.4. Evaluation of Invasome Size and Bilayer Thickness

Area and bilayer thickness of produced invasomes were measured using FIJI [28] by utilizing
Cryo TEM images. Briefly, the area of every invasome was marked with the circular selection tool and
the measurement function was applied to calculate the area of the selections followed by calculation
of the radius. For assessing bilayers thickness, the segmented area selection tool of FIJI was used
followed by the straighten function of FIJI to obtain straight selection and calculation of a line profile.
Respective line profiles showed a clear dent at the bilayer position and thickness was measured at half
maximum. A Gauss distribution was fitted to all histograms.

2.5. Growth-Inhibition Zone Assay

Overnight suspension cultures of S. aureus (Staphylococcus aureus Rosenbach 1884, DSM 24167,
German Collection of Microorganisms and Cell Cultures GmbH (DSMZ), Braunschweig, Germany) were
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inoculated on Brain Heart Infusion Broth (BHI) agar plates (Sigma-Aldrich Corporation, Merck KGaA,
Darmstadt, Germany). Filter plates loaded with 10 pL of respective invasome-dispersion were placed
on the BHI agar plates followed by incubation overnight at 37 °C. Diameters of the growth-inhibition
zones were measured and calculated using FIJI [28].

2.6. Analysis of Encapsulation Efficiency and Loading Capacity

Encapsulation efficiency (EE %) was analyzed as described in [29]. EE% was calculated by (total
drug added — free non-entrapped drug) divided by the total drug added. Loading capacity (LC) was
calculated as the amount of drug loaded per unit weight of total invasomes (weight of lipids). Free drug
was separated from invasome preparation by ultrafiltration (1000x g for 30 min at 4 °C) using an
Amicon Centricon device with a molecular weight cut-off of 30,000. Drug stocks for measurement were
prepared in methanol for HPLC (VWR) at a concentration of 1 mg/mL. A linear dilution was prepared in
methanol and absorbance was measured at 276 nm using an Ultrasspec 2100 pro photometer (Amersham
Biosciences, Little Chalfont, UK). Linearity was proven between 0.0015 mg/mL and 0.025 mg/mL
thymol. EE% for thymol was calculated as (0.5 mg/mL-0.0041 mg/mL)/0.5 mg/mL = 0.9918 resulting
in 99.18% EE. LC% was calculated as (0.5 mg/mL—0.0041 mg/mL)/(50 + 0.5) mg/mL= 0.01, which
equals 1%.

2.7. Flow Cytometric Measurement of Cell Death

For flow cytometric measurement of cell death, S. aureus or E. coli (Escherichia coli DH5-Alpha)
were exposed to respective invasome-dispersions (0.5 mg/mL, 1 mg/mL, 2 mg/mL final terpenoid
concentration) for 24 h. Cells were fixed with 0.4% PFA for 20 min followed by staining with 1 uL/mL
propidium iodide (PI, Sigma Aldrich) for 10 min. PI-stained bacterial cultures were analyzed using a
Beckman Coulter Gallios Flow Cytometer (Beckman Coulter) followed by data analysis with Kaluza
software (Beckman Coulter).

2.8. Statistical Analysis

For assessment of lamellarity and size of invasomes encapsulating a distinct terpenoid, up to
200 invasomes per Cryo TEM image were measured in 3-4 representative Cryo TEM images.
For evaluation of bilayer thickness, up to 30 invasomes were measured in 3-4 representative Cryo
TEM images for each of the different terpenoid-invasomes. Examples of small representative sections
of original cryo electron micrographs used for measuring invasomes size are included within the
respective figures, details of measuring are described above. Statistical analysis was performed using
Graph Pad Prism (GraphPad Software, San Diego, CA, USA). The p value is a probability, with a value
ranging from zero to one. The first step is to state the null hypothesis, here that the terpenoids do not
affect the size of the invasomes and all differences in size are due to random sampling. The p-value is
the probability of obtaining results as extreme as the observed results of a statistical hypothesis test,
assuming that the null hypothesis is correct. The p-value is used as an alternative to rejection points to
provide the smallest level of significance at which the null hypothesis would be rejected. A smaller
p-value means that there is stronger evidence in favour of the alternative hypothesis. For analysis of
lamellarity, * p < 0.05 was considered significant (Mann—-Whitney test, one-tailed). For analysis of
invasome size, p < 0.0001 was considered significant (unpaired t-test, one-tailed). Growth-inhibition
zone assay was performed as biological triplicate and Graph Pad Prism served for statistical analysis
with * p < 0.05 being considered significant (Mann-Whitney test, one-tailed).
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3. Results and Discussion

3.1. Succsessfull Preparation of Invasomes Encapsulating the Terpenoids Thymol, Menthol, Camphor
and Cineol

To encapsulate terpenoids into invasomes, we aimed to produce liposomes by extrusion of a
homogenous solution comprising the respective terpene solved in ethanol, 0.9% saline and soybean
lecithin. Extrusion of a solution without terpenoids served as control and resulted in the formation of
invasomes, as visualized by cryo transmission electron microscopy (Cryo TEM) (Figure 2A).

menthol (D)

B thymol (C)
{id

camphor (E) cineol (F)
i ;

Figure 2. Successful production of invasomes encapsulating thymol, menthol, camphor and cineol
by extrusion. (A) Cryo transmission electron microscopy (TEM) showing control invasomes without
terpenoids (small representative section of original micrograph). (B) Schematic view of terpenoids

encapsulated by invasomes. Localization of terpenoids within the aqueous phase of the invasome was
chosen only for visualization reasons and does not represent their natural localization. (C-F) Small
representative sections of original cryo electron micrographs revealed invasomes comprising thymol (C),
menthol (D), camphor (E) or cineol (F) after extrusion. TEM: Cryo transmission electron microscopy.

We next applied the terpenoids thymol, menthol, camphor or cineol for production of invasomes
(Figure 2B). Cryo TEM micrographs showed the presence of invasomes comprising thymol (Figure 2C),
menthol (Figure 2D), camphor (Figure 2E) or cineol (Figure 2F) after extrusion. Interestingly, Cryo TEM
allowed us to observe multilamellar membrane boundaries in all five approaches (Figure 2A,C-F).

During characterization of the newly produced invasomes via Cryo TEM, we observed that
encapsulation of thymol and camphor resulted in a significant shift towards unilamellar vesicles.
We suggest that terpenoids such as thymol might decrease membrane fluidity and thus lead to more
unilamellar liposomes. On the contrary, cineol-invasomes revealed a similar distribution between
unilamellar and bilamellar vesicles comparable to control. Furthermore, cineol-invasomes showed
a similar size to control-invasomes, while encapsulation of thymol and camphor led to significantly
smaller invasomes and menthol-comprising invasomes were significantly enlarged compared control.
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We suggest this observation to be based on the elevated water solubility of cineol (3500 mg/L) compared
to camphor (1600 mg/L), thymol (900 mg/L) and menthol (420 mg/L).

Analysis of Zeta potentials revealed approximately neutral potentials of control invasomes
(=2 + 5mV, Figure 3A). We also observed approximately neutral Zeta potentials for invasomes
encapsulating the terpenoids thymol (-3 + 6 mV, Figure 3B), menthol (-1 + 5 mV, Figure 3C), camphor
(=2 + 5mV, Figure 3D) or cineol (0 + 5 mV, Figure 3E).
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Figure 3. Invasomes without tepenoids (A) and encapsulating the terpenoids thymol (B) menthol (C)
camphor (D) or cineol (E) reveal neutral Zeta potentials.

In terms of invasomal stability, high Zeta potentials of at least + 20 mV are generally considered
as an indicator for electrostatical and steric stabilization of invasomes [30,31]. Although all produced
terpenoid-invasomes showed neutral Zeta potentials in the present study, we observed the presence of
stable invasomes using Cryo TEM after extrusion. A limitation of our study was that the low values
of zeta potential could only be measured with low precision, e.g., 3 mV =+ 6 for thymol-containing
invasomes. Furthermore, measurements of Zeta potentials in nano carrier systems such as invasomes
are hampered by measuring limitations arising in diluted samples. Hence, plenty of parameters which
influence zeta potentials such as viscosity, pH, and dielectric constant are not correctly reflected in
diluted samples [32]. Cryo TEM, to the best of our knowledge, does not have these limitations, since
samples with much higher concentrations of invasomes could be analysed in their native diluent.

In accordance with our findings, Sebaaly and colleagues reported neutral Zeta potentials of
-39 £1.9mV for eugenol-loaded Lipoid S100-liposomes prepared by ethanol injection method.
Although the authors demonstrated an increase in liposome size and size distribution after storage
in aqueous suspension at 4 °C for 2 months, encapsulation efficiencies of eugenol (86.6%) were
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unchanged [33]. We suggest that encapsulation efficiencies of our produced invasomes may not be
affected over time, despite their neutral Zeta potentials.

In addition to providing an increased bioavailability and a more controlled drug release,
our approach may also facilitate topical administration of thymol-invasomes due to the high
permeability rate of invasomes through the skin [2,21,24].

Notably, extrusion of solution without addition of ethanol for solving the terpenoid of interest
did not result in the formation of invasomes (data not shown). In summary, we successfully prepared
invasomes encapsulating the terpenoids thymol, menthol, camphor and cineol.

3.2. Encapsulation of Terpenoids Significantly Changes Lamellarity and Size of Invasomes without Affecting
Bilayer Thickness

We next characterized the produced invasomes in more detail in terms of their lamellarity, size and
bilayer thickness. For investigation of lamellarity, we determined individual types of lamellar phase
lipid bilayers ranging from one lipid bilayer (MLV1) up to eight lamellar phase lipid bilayers (MLV8)
(Figure 4A). Cryo electron micrographs (see also Figure 2) served for determination of the individual
types of lamellar phase lipid bilayers, which we present in relation to their distribution. Notably,
we observed strong differences in lamellarity of invasomes depending on the added terpenoids and in
comparison to control. Without the addition of a terpenoid (control, Figure 4B), mostly unilamellar
(87 + 8%) and bilamellar vesicles (37 + 13%) were formed (* p < 0.05, Figure 4B) and showed almost
equal proportions (p = 0.4 was not considered significant, Mann-Whitney test, one-tailed).
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Figure 4. Characterization of lamellarity of the produced terpenoid-comprising invasomes.
(A) Schematic view of individual types of lamellar phase lipid bilayers. (B) Without the addition of a
terpenoid (control, B), mostly unilamellar and bilamellar vesicles were formed in equal proportions.
(C-E) Invasomes comprising of thymol or camphor showed mostly unilamellar vesicles and a
significantly smaller amount of bilamellar vesicles, while menthol-invasomes revealed no changes
between MLV1 and MVL2. (D) Cineol-invasomes revealed a similar distribution between unilamellar
and bilamellar vesicles. Distribution of the individual vesicle types is depicted in relation to their
lamellarity measured from respective cryo electron micrographs. * p 0.05 was considered significant
(Mann-Whitney test, one-tailed). MLV: Multilamellar vesicles. (n.s. means not significant)

On the contrary, a shift towards 63 + 11% unilamellar vesicles (MLV1, Figure 4C) and a significantly
decreased amount of 26 + 7% bilamellar vesicles (MLV2, * p < 0.05, Figure 4C) were observed for
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invasomes comprising of thymol. Production of invasomes with menthol resulted in a significantly
increased amount of unilamellar vesicles (54 + 18%) compared to MLV3-8 (* p < 0.05), but no
significant changes between the amounts of MLV1 and MLV2 (p = 0.0571 was not considered significant,
Mann-Whitney test, one-tailed, Figure 4D). Similarly to thymol-invasomes, encapsulation of camphor
resulted in mostly unilamellar vesicles (59 + 10%, * p < 0.05) and significantly decreased amounts of
bilamellar vesicles (32 + 12%, * p < 0.05, Figure 4E). Interestingly, invasomes containing cineol revealed
a similar lamellarity as the control with a similar distribution between unilamellar (43 + 3%) and
bilamellar vesicles (45 + 2%, p = 0.2000 was not considered significant, Mann-Whitney test, one-tailed,
Figure 4F). In addition, no MLV6-8 were observable in invasomes encapsulating cineol (Figure 4F).

In addition to their lamellarity, we measured and calculated the size of the produced invasomes
(Figure 5A). All invasomes including the control showed a large distribution in size but also specific
changes according the encapsulated terpenoid. Compared to control invasomes showing a size
distribution from about 20 up to 80 nm radius and a mean of 40 + 15 nm (Figure 5B), thymol-containing
invasomes revealed a significantly smaller radius of 33 + 18 nm (Figure 5C, *** p < 0.0001 was
considered significant, unpaired t-test, one-tailed). Preparation of invasomes with camphor also
resulted in a significantly smaller invasomes size (30 + 16 nm radius, Figure 5E) compared to control
(*** p < 0.0001, unpaired t-test, one-tailed). On the contrary, menthol-comprising invasomes revealed a
significantly increased radius of 58 + 22 nm (Figure 5D) compared to all other terpenoid-encapsulating
invasomes and control invasomes (*** p < 0.0001, unpaired t-test, one-tailed). Interestingly, although
their distribution showed a peak at 35-40 nm radius, the size of invasomes with cineol (43 + 17 nm
radius, Figure 5F) was similar to control (40 + 15 nm, p = 0.13 was not considered significant, unpaired
t-test, one-tailed).
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Figure 5. Encapsulation of terpenoids directly affects invasomes size. (A) Example of a small
representative section of an original cryo-electron micrograph used for measuring invasomes’ size.
(B) Control invasomes without terpenoid showing a mean radius of 40 + 15 nm. (C) Thymol-comprising
invasomes revealed a smaller radius of 33 + 18 nm compared to control. (D) Production of
invasomes with menthol resulted in an increased invasome radius of 59 + 22 nm. (E) Like thymol,
camphor-invasomes also shower a smaller invasome size (30 + 16 nm radius) compared to control.
(F) With a mean radius of 43 + 17 nm, the size of invasomes with cineol was similar to control. Frequency
plots of the radius distribution of the invasomes. A fit with the Gaussian function is displayed as a
red line.
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As a third parameter for characterization of our newly produced invasomes, thickness of the
liposomal bilayer was measured by evaluating cryo-electron micrographs (Figure 6A). We observed no
significant differences (Mann-Whitney test, one-tailed) in the liposomal bilayer thickness of control
invasomes (4 + 0.5 nm, Figure 6B) compared to menthol-invasomes (4 + 0.3 nm, p = 0.2482, Figure 6D)
and invasomes encapsulating camphor (4 + 0.5 nm, p = 0.2987, Figure 6E). Invasomes produced
with thymol revealed a slightly but significantly increased bilayer thickness of 5 + 1 nm (Figure 6C)
compared to control (** p < 0.01), camphor-invasomes (* p < 0.05) and cineol-invasomes (** p < 0.01,
Mann-Whitney test, one-tailed). In contrast, cineol-comprising invasomes showed a minor decrease in
bilayer thickness (4 + 0.5 nm, Figure 6F) in comparison to the other approaches.
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Figure 6. Encapsulation of terpenoids does not affect the bilayer thickness of invasomes. (A) Example
of a small representative section of an original cryo-electron micrograph used for measurement of the
bilayer thickness. (B—F) A similar liposomal bilayer thickness was observable for control invasomes
(4 + 0.5 nm), thymol-invasomes (5 + 1 nm) menthol-invasomes (4 + 0.3 nm), camphor-invasomes
(4 £ 0.5 nm) or cineol-invasomes (4 + 0.5 nm). Frequency plots of the bilayer thickness distribution of
invasomes. A fit with the Gaussian function is displayed as a red line.

Taken together, invasomes with terpenoids showed a shift towards unilamellar vesicles, except
for cineol with a similar distribution between unilamellar and bilamellar vesicles comparable to
control. While the bilayer thickness of invasomes was comparable in all approaches, preparation of
invasomes with thymol and camphor led to significantly smaller invasomes compared control. On the
contrary, menthol-comprising invasomes were significantly enlarged and we observed the radius of
cineol-invasomes to be comparable to control.

3.3. Invasomes Encapsulating Thymol, Camphor and Cineol Show Bactericidal Activity against S. aureus in a
Growth-Inhibition Zone Assay

After successfully producing and characterizing terpenoid-comprising invasomes, we assessed
their potential bactericidal activity against S. aureus in a growth-inhibition zone assay. After exposure
of S. aureus to different terpenoid-invasomes overnight, we determined the size of the inhibitory
zones. Control invasomes without terpenoids did not result in growth inhibition of S. aureus
(Figure 7A). Compared to unaffected control, we observed a clearly visible growth inhibition of
S. aureus exposed to invasomes comprising thymol, camphor or cineol (Figure 7B,D,E). Interestingly,
invasomes encapsulating menthol did not affect growth of S. aureus (Figure 7C). Statistical evaluation
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of the measured areas of inhibition validated a strong and significant inhibition of bacterial growth
by thymol-containing invasomes compared to all other terpenoid-invasomes and control (Figure 7F).
However, invasomes comprising camphor or cineol still caused a significant increase in the zone
of inhibition compared to control and menthol-invasomes, which revealed no zone of inhibition
(Figure 7F).
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Figure 7. Invasomes encapsulating thymol, camphor and cineol show bactericidal activity against
S. aureus in a growth-inhibition zone assay. (A) Control invasomes without terpenoids did not
affect bacterial growth. (B) Strong growth inhibition of S. aureus exposed to invasomes comprising
thymol. (C) Invasomes encapsulating menthol did not affect growth of S. aureus. (D-E) Growth
inhibition of S. aureus exposed to invasomes comprising camphor and cineol. (F) Statistical evaluation
of the measured zones of inhibition validated the significant inhibition of S. aureus growth by
thymol-containing invasomes compared to all other terpenoid-invasomes and control. * p 0.05 was
considered significant (Mann-Whitney test, one-tailed). (n.s. means not significant)

In Table 1, the particle size of different terpenoid formulations is depicted as measured in Figure 5.
When the formulations are sorted from the highest antibacterial activity (thymol) to the lowest (cineol),
as measured in Figure 7, it becomes evident that the terpenoids with the highest antibacterial activity
have the highest polydispersity index also (Table 1).

Table 1. Invasome Particle Size and the Polydispersity Index.

Formulation Particle Size (nm)  Polydispersity Index
Thymol 66 + 36 0.3 +0.05
Camphor 60 + 32 0.3 +0.04
Cineol 86 + 34 0.2 +0.03
Menthol 118 + 44 0.2 +0.03
Control 80 + 30 0.1 +£0.02
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3.4. Flow Cytometric Analysis of Cell Death Validate High Bactericidal Activity of Thymol-Loaded Invasomes
against Gram-Positive S. aureus

To validate the strong bactericidal activity of thymol-invasomes against S. aureus in the
growth-inhibition zone assay, we also assessed the anti-bacterial activity of thymol-invasomes
quantitatively using flow cytometry. Bacterial cell death was measured by the DNA-intercalating dye
Propidum Iodide (PI), which is incorporated only by dead cells. Prior to this analysis, we determined
the encapsulation efficiency and loading capacity of thymol-invasomes to ensure proper encapsulation
of the terpenoid. Here, we observed an encapsulation efficiency of 47 + 13% as well as a loading
capacity of 0.5 + 0.1% for invasomes encapsulating thymol. Compared to untreated negative control
(4-9% cell death), 0.5 mg/mL thymol packaged in invasomes resulted in a profound cell death of
70% (Figure 8A). Exposure of 1 mg/mL invasome-encapsulated thymol even resulted in 75% bacterial
cell death (Figure 8B). Since 2 mg/mL thymol packaged in invasomes resulted in only 9% PI-stained
S. aureus (Figure 8C), we additionally assessed the cell count per second during the flow cytometric
measurement. Here, only around 1000 cells/second were observed in the S. aureus population
treated with 2 mg/mL thymol-comprising invasomes, whereas the cell count for control conditions
ranged around 40,000 cells/second (Figure 8D). Treatment of S. aureus with 0.5 mg/mL or 1 mg/mL
invasome-encapsulated thymol resulted in cell flow of around 33,000 cells/second (Figure 8D). Thus,
we suggest that 2 mg/mL thymol packaged in invasomes already resulted in a nearly complete cell
death of S. aureus prior to Pl-staining and following flow cytometric measurements. We conclude
invasomes encapsulating thymol to be strongly bactericidal against Gram-positive bacteria such as
S. aureus.
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Figure 8. Flow cytometric analysis of cell death validate invasomes encapsulating thymol to be strongly
bactericidal against Gram-positive bacteria like S. aureus. (A,B) Compared to untreated negative control,
0.5 mg/mL or 1 mg/mL thymol packaged in invasomes resulted in a profound cell death depicted
by Pl-staining. (C) 2 mg/mL thymol packaged in invasomes resulted in only 9% Pl-stained S. aureus.
(D) Assessment of cell flow revealed only around 1000 cells/second in the S. aureus population treated
with 2 mg/mL thymol-comprising invasomes, suggesting a nearly complete cell death prior to following
flow cytometric analysis. PI: Propidium iodide.
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3.5. Thymol-Loaded Invasomes Do Not Affect Survival of Gram-Negative E. coli

Next to Gram-positive bacteria such as S. aureus, we assessed the potential anti-bacterial activity of
thymol-invasomes against Gram-negative species such as E. coli. Notably, 0.5 mg/mL thymol packaged
in invasomes resulted in only 0.2% PI-stained dead cells (Figure 9A). Treatment of E. coli with 1 mg/mL
or 2 mg/mL invasome-encapsulated thymol only led to 6% or 5% cell death (Figure 9B,C). With regards
to the low amount of Pl-stained cells, we also assessed the cell count per second during the flow
cytometric measurement. Here, we observed no relevant effects of the different concentrations of
invasome-encapsulated thymol on the growth of E. coli (cell count per second, Figure 9D). In summary,
the invasomes comprising thymol produced in this study are highly bactericidal to Gram-positive
S. aureus, but do not affect survival of Gram-negative E. coli.
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Figure 9. Invasomes encapsulating thymol are not bactericidal against Gram-negative bacteria such as
E. coli. (A-C) Compared to untreated negative control, treatment of E. coli. with 0.5 mg/mL, 1 mg/mL or
2 mg/mL thymol packaged in invasomes did not result in elevated amounts of cell death. (D) Assessment
of cell flow revealed no relevant effects of the different concentrations of invasome-encapsulated thymol
on the growth of E. coli.

3.6. Growth-Inhibition Zone Assay Shows Strong Bactericidal Activity of Cineol Invasomes against E. coli

In addition to thymol-invasomes, we assessed the potential bactericidal activity of invasomes
encapsulating menthol, camphor and cineol against E. coli. In line with our flow cytometric analysis
of cell death, thymol-invasomes revealed no elevated growth inhibition of E. coli, similarly to
control-invasomes without encapsulated terpenoids (Figure 10A,B). While menthol-invasomes led
to a slight growth inhibition of E. coli (Figure 10C), invasomes encapsulating camphor showed no
bactericidal activity against E. coli (Figure 10D). Notably, exposure of E. coli to invasomes loaded with
cineol resulted in a strong and significant growth inhibition (Figure 10E,F).
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Figure 10. Invasomes encapsulating cineol reveal bactericidal activity against E. coli in a
growth-inhibition zone assay. (A,B) Control invasomes without terpenoids or thymol invasomes
did not affect bacterial growth. (C,D) While menthol-invasomes led to a slight inhibition of E. coli
growth, camphor-invasomes did not affect growth of S. aureus. (E) Strong growth inhibition of E. coli
exposed to invasomes comprising cineol. (F) Statistical evaluation of the measured zones of inhibition
validated the significant inhibition of E. coli growth by cineol-containing invasomes compared to
all other terpenoid-invasomes and control. * p 0.05 was considered significant (Mann-Whitney test,
one-tailed). (n.s. means not significant)

We next determined the potential bactericidal activity of non-extruded terpenoids as a control
to our encapsulation approach. In contrast to terpenoids encapsulated in invasomes (Figures 7-10),
application of non-extruded terpenoids did not result in growth inhibition of E. coli or S. aureus (data
not shown). In summary, the invasomes comprising thymol produced here are highly bactericidal
to Gram-positive S. aureus, while cineol-invasomes affect the survival of Gram-negative E. coli
(Figures 7-10).

Potential antibacterial mechanisms of invasome formulations with terpenoids are depicted in
Figure 11.

Although terpenoids such as limonene, cineole or beta-citronellene have been widely used for
formulation of invasomes [26,27], they were mostly applied as permeation enhancer for transdermal
delivery and bioavailability and not as bioactive components [2]. In the present study, we focused on the
production of invasomes with terpenoids as the bioactive components to inhibit bacterial cell growth.
We found our terpenoids-invasomes to be bactericidal against Gram-positive S. aureus, with increasing
efficiency from cineol- and camphor-invasomes (moderate bactericidal activity) to thymol-invasomes
showing the strongest bactericidal effects. These findings are in line with the commonly reported
bactericidal activity of thymol, camphor and cineol [10,12,13]. Interestingly, Mulyaningsih and
colleagues reported that exposure of MRSA even to high concentrations of cineol does not inhibit
multi-resistant S. aureus. However, a combination of the terpene aromadendrene with cineol resulted
in reduced bacterial cell growth [34]. Extending these findings, we show that encapsulation of
cineol into invasomes alone is sufficient for inhibiting growth of S. aureus without the application of
additional terpenes. In accordance to the strong bactericidal effects of thymol-invasomes observed here,
encapsulation of thymol into other nanocarriers such as ethylcellulose/methylcellulose nanospheres
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was also reported to preserve its anti-bacterial activity against S. aureus [35]. In contrast to invasomes
encapsulating thymol, camphor and cineol, we observed no anti-bacterial effects for menthol-invasomes
against S. aureus, which is contrary to the already described bactericidal activity of menthol [11,12].
With regard to the very low water-solubility of menthol, we suggest the invasomal packaging of
menthol to be challenging, in turn, affecting its bactericidal activity. In this line, we observed an
increased average size of menthol-invasomes compared to all other terpenoid-invasome preparations
and control-invasomes lacking terpenoids. In addition polydispersity index as a measurement of
the uniformity of invasome size distribution, with a higher value resulting in a broader distribution,
was highest with thymol (0.3) and camphor (0.3), suggesting a correlation to antibacterial activity.
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Figure 11. Schematic view on invasomal packaging of thymol and its selective bactericidal activity
against Gram-positive S. aureus.

Next to Gram-positive bacterial species such as S. aureus, we also investigated potential
anti-bacterial properties of our invasomes and particularly, thymol-invasomes on Gram-negative E. coli.
Here, cineol-comprising invasomes led to a strong inhibition of E. coli growth, which is in line with our
previous observations [13]. In contrast to the strong bactericidal effects against S. aureus, cell growth
of Gram-negative E. coli was not affected by thymol-invasomes. These observations are contrary
to the findings by Salvia-Trujillo and colleagues reporting a bactericidal activity of essential oils of
thyme (containing thymol) after incorporation into nano-emulsions [35]. In particular, nano-emulsions
comprising essential oils of thyme with heterogeneous droplets sizes between 10 nm to 500 nm were
shown to reduce growth of E. coli [36]. However, the authors applied unfractionated essential oils,
suggesting a synergistic action of many terpenes to be necessary for bactericidal activity against
Gram-negative species. Interestingly, Trombetta and coworkers demonstrated that S. aureus appears to
be far more sensitive to thymol than E. coli [37], which is in line with our present data. The authors
reported a minimal inhibiting concentration of 5.00 mg/mL thymol for E. coli [37], suggesting the
concentration of up to 2 mg/mL thymol in the invasomes applied here to be not sufficient for inhibition
of E. coli growth. Furthermore, S. aureus is known to secrete pore-forming toxins (PFTs), which
were shown to mediate the release of encapsulated clove oil from liposomes. In particular, Cui and
coworkers reported that PFTs form pores within the liposome membranes, allowing release of the
encapsulated clove oil and facilitating its antibacterial activity. On the contrary, liposomal packaged
clove oil had no bactericidal effects on E. coli, which does not secrete PFTs and thus prevents the
release of antibacterial essential oil from the invasome [38]. Our present observations may suggest a
similar mechanism for thymol-invasomes leading to its selective activity against S. aureus (Figure 11).
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In addition, electrophoretic mobility measurement revealed a harder surface of E. coli compared to
S. aureus [39]. The softer surface of S. aureus mainly comprising peptidoglycan may facilitate entry of
thymol-invasomes into the bacterial cells more easily compared to Gram-negative E. coli (Figure 11).
Accordingly, we achieved a highly efficient killing of S. aureus with only 0.5 mg/mL thymol encapsulated
in invasomes in the present study (Figure 11).

In summary, we demonstrate the successful production of invasomes encapsulating thymol,
menthol, camphor or cineol and show a strong selective activity of thymol-invasomes against
Gram-positive S. aureus. As a further benefit of our approach, encapsulation of terpenoids into
nanocarrier systems such as invasomes is suggested to increase stability and protect against
environmental factors causing degradation [2,33,40]. Here, liposomes composed of lipoid 5100
and cholesterol were reported to retain considerable concentrations of isoeugenol, pulegone, terpineol,
and thymol liposomes even after 10 months [29]. The application of soy lecithin liposomes comprising
cinnamon oil was further shown to improve stability of the essential oil and extend the bactericidal
action time [20]. In addition, the application of invasomes was particularly found to elevate the stability
of the encapsulated compounds (reviewed in [24]).

There are several nanocarrier systems, encapsulating terpenoids, which are systematically
reviewed in [2]. The formulation systems encapsulating terpenoids include polymer-based systems
such as nano-capsules, nano-particles, nano-fibers and nano-gels. Furthermore, lipid-based systems
are frequently used (67% of the formulations), presumably due to the low toxicity. A subgroup of
lipid systems are the vesicular systems, which include invasomes. The most investigated biological
activity of terpenoids in nano carrier systems is the anti-inflammatory action. Invasomes were used as
anti-acne treatments, hypertension treatment and photosensation therapy [2].

Antimicrobial activity was reported with nano capsules with essential oils from lemon grass,
nano emulsions with tea tree oil and penetration-enhancing vehicles with essential oil from Santolina
insularis. Here, we report a novel antimicrobial application of invasome formulations with terpenoids.

We conclude that our findings might provide a promising approach to increase the bioavailability
of terpenoid-based drugs and might be applicable for treating severe bacterial infections such as MRSA
in the future. In this regard, the major treatment aims of our formulations include a broad spectrum
of applications, ranging from mucosal infections in airway diseases to systemic infections such as
sepsis. In this direction, we have previously shown that patients with chronic rhinosinusitis have
increased levels of S. aureus-containing biofilms in the nose [13]. Growth of S. aureus biofilms on the
nasal mucosa could be inhibited by 1,8-cineol. Here, we extend these findings to thymol-containing
invasomes, which have superior antibacterial activity than formulations with 1,8-cineol (see Figure 7).
Taken together, an invasome formulation as described here, containing thymol might be useful as
an aerosol spray for pre-operative nose cleaning and might have fewer side effects in comparison to
disinfectants directly applied on the mucosa. As a general use, it might be envisaged that invasomes
containing thymol or other terpenoids could be employed to treat infected surfaces as in nose, lung and
skin wounds. Finally, invasomes containing terpenoids might be used in addition or as an alternative
to antibiotics.
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Abstract: Aristolochia trilobata, popularly known as “mil-homens,” is widely used for treatment of
stomach aches, colic, asthma, pulmonary diseases, diabetes, and skin affection. We evaluated the
antinociceptive and anti-inflammatory activities of the essential oil (EO) and the main constituent,
6-methyl-5-hepten-2-yl acetate (sulcatyl acetate, SA). EO and SA (1, 10, and 100 mg/kg, p.o.) were
evaluated using chemical (formalin-induced licking) and thermal (hot-plate) models of nociception
or inflammation (carrageenan-induced cell migration into the subcutaneous air pouch, SAP). The
mechanism of antinociceptive activity was evaluated using opioid, cholinergic receptor antagonists
(naloxone and atropine), or nitric oxide synthase inhibitor (L-NAME). EO and SA presented a central
antinociceptive effect (the hot-plate model). In formalin-induced licking response, higher doses
of EO and SA also reduced 1st and 2nd phases. None of the antagonists and enzyme inhibitor
reversed antinociceptive effects. EO and SA reduced the leukocyte migration into the SAP, and the
cytokines tumor necrosis factor and interleukin-1 (TNF-oc and IL-1f3, respectively) produced in the
exudate. Our results are indicative that EO and SA present peripheral and central antinociceptive
and anti-inflammatory effects.

Keywords: Aristolochia trilobata; sulcatyl acetate; antinociceptive effect; anti-inflammatory activity

1. Introduction

Inflammation and pain continue to be major problems in individuals. Both of them are a normal
response of the body against invasion and/or damage. Inflammation can develop in response to an
invasion by a microorganism or by physical damage and is a critical protective action to injury or
infection. This phenomenon presents the five cardinal signs (i.e., redness, heat, swelling, pain, and loss
of function) [1]. Pain, one sign of inflammation, is an international health problem, affecting about one
in five individuals. Both situations affect almost 20% of worldwide population. Drugs used to treat the
symptoms can be the non-steroidal anti-inflammatory drugs (NSAIDs) and/or opioids (specifically to
pain treatment). However, both groups present a large variety of side effects. For example, opioid
drugs are responsible for abuse and dependence affecting 2.1 million people, and NSAIDs also increase
the risk of gastrointestinal bleeding and cardiac events [2].
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In Central and South America, Aristolochia trilobata L. (Aristolochiaceae), popularly known as
“mil-homens”, is widely used in folk medicine and is an important medicinal plant [3,4]. Conditions
such as stomach ache, colic, poisoning, asthma, pulmonary diseases, diabetes, and skin affections have
been treated with different species from Aristolochia genus [5,6]. Previous studies have shown that a
chloroform extract of A. trilobata leaves had antiphlogistic potency similar to that of indomethacin (a
non-steroidal anti-inflammatory drug) [7].

The present work aims to demonstrate the traditional use of A. trilobata for treatment of
inflammation and pain. For these purposes, we decided to obtain the essential oil of A. trilobata stems
from enriching volatile substances, enabling a scientific study to evaluate their possible involvement in
the anti-inflammatory and antinociceptive effects testing it in a well-known thermal (hot-plate) model
of nociception and carrageenan-induced cell migration as a model of inflammation. We also tried to
identify the mechanism by which A. trilobata presents its effect.

2. Experimental Section

2.1. Animals

All protocols used Swiss Webster mice (male, 20-25 g, 8-10 weeks) donated by the Instituto Vital
Brazil (Niterdi, Rio de Janeiro, Brazil). National Council for the Control of Animal Experimentation
(CONCEA), the Biomedical Science Institute/UFR], and Ethical Committee for Animal Research
approved the protocols used (DFBCICB015-04/16). The animals were maintained under standard
conditions (a room with a 12 h light-dark cycle at 22 + 2 °C, 60% to 80% humidity, and with food and
water provided ad libitum).

2.2. Plant Material

Stems of Aristolochia trilobata were collected in Estancia/SE, Brazil, in October/2011 (Geographic
coordinates: S 11° 14’ 22.4’ and W 037° 25’ 00.5’") and received a voucher # ASE 23.161 deposited
in the Herbarium of the Federal University of Sergipe. Stems of A. trilobata were cut in small pieces
and crushed in a fourknife mill (Marconi, model MA680). The essential oil (EO) was obtained
after hydrodistillation of 200 g of stem (in 1500 mL of distilled water) along 3 h and with help of a
Clevenger-type apparatus. After physically separating oil and water, the first one was dried over
anhydrous sodium sulfate and filtered. EO was stored in a freezer until further analyses and assays.
Identification of constituents of EO was performed as Santos and collaborators [8].

2.3. Drugs and Treatments

Acetylsalicylic acid (ASA), atropine sulfate monohydrate, dexamethasone, and L-nitro arginine
methyl ester (L-NAME) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Morphine sulfate
and naloxone hydrochloride were kindly provided by Cristalia (Sao Paulo, Brazil) and formalin was
purchased from Isofar (Rio de Janeiro, Brazil). EO was dissolved in pure oil in order to prepare a stock
solution (100 mg/mL). From this stock solution, intermediate solutions were prepared and administered
by oral gavage at doses varying from 1 to 100 mg/kg, in a final volume of 0.1 mL of pure oil per animal.
Essential oil, as well as all drugs, were diluted just before use and the pure oil used as vehicle did not
present any effect per se.

2.4. Formalin-Induced Licking Behavior

Formalin (2.5%, pL v/v) was injected into the dorsal surface of the left hind paw of mice. The time
in which animals remained licking the formalin-injected paw was recorded according to Reference [9]
with some adaptations done by Matheus et al. [10]. The response was divided into two phases: the
first one (neurogenic phase) occurs in the first 5 min post-formalin injection and the second one
(inflammatory phase) occurs between 15 and 30 min post-formalin injection.
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2.5. Thermal Nociception Model (Hot-Plate)

The reaction time (licked fore and hind paws) that mice remained on a hot plate (Insight Equipment,
Brazil) set at 55 + 1 °C was recorded at several intervals of 30 min post-oral administration of EO or
sulcatyl acetate (1, 10, or 100 mg/kg), vehicle, morphine, or antagonists. Baseline was calculated by the
mean of two reaction time measurements at 60 and 30 min before oral administration [9] adapted by
Matheus et al. [10]. Area under the curve (AUC) graphs were calculated from time—course graphs. The
following formula, which is based on the trapezoid rule, was used to calculate the AUC: AUC =30 x
IB [(min 30) + (min 60) + ... + (min 180)]/2, where IB is the increase from the baseline (in %).

2.6. Evaluation of the Possible Mechanisms of Antinociception of A. Trilobata EO and Sulcatyl Acetate

The participation of nitrergic, opioid, and cholinergic pathways in the antinociception caused by
EO and sulcatyl acetate was evaluated 15 min after intraperitoneal injection of antagonists and prior to
oral administration of EO or sulcatyl acetate (at 100 mg/kg dose each). In assays conducted in our
laboratory, dose-response curves for each antagonist against the respective agonist were previously
constructed and the dose that reduced the agonist effect by 50% was chosen for the assays. Based on
these data the doses used were: naloxone (opioid receptor antagonist) 1 mg/kg, atropine (cholinergic
receptor antagonist) 1 mg/kg, L-NAME (nitric oxide synthase inhibitor) 3 mg/kg. The antinociceptive
effect was evaluated via the hot plate test as described above.

2.7. Carrageenan-Induced Leukocyte Migration into the Subcutaneous Air Pouch (SAP)

Mice back received a subcutaneous injection of sterile air (10 mL) with a replacement of another
7mL after 3 days. Twenty-four hours after the last injection of air, a solution of carrageenan (1%, 0.5 mL)
was injected in subcutaneous air pouches [11,12] with modifications described in Raymundo et al. [13].
Treated groups were composed of mice that received oral administration of vehicle, EO (1, 10, or
100 mg/kg), sulcatyl acetate (1, 10, or 100 mg/kg), or dexamethasone (0.3 mg/kg, i.p.) 1 h before
carrageenan injection in the SAP. The negative control group was composed of animals that received
oral administration of pure oil and phosphate buffer saline (PBS, 1 mL) in SAP. After 24 h, animals
were euthanized, the pouches were washed with 1 mL of sterile PBS, and exudates were collected.
The total number of leukocytes was determined using a CellPocH-1001Iv Diff (Sysmex) hematology
analyzer. Exudates were centrifuged at 170x g for 10 min at 4 °C, and the supernatants were collected
and stored at —20 °C until use.

To rule out a possible toxic effect of EO and sulcatyl acetate, mice treated with the highest dose of
each one had their bone marrow cells collected through flushing the femur with 1 mL of PBS. Peripheral
blood was also collected in heparinized tubes. The counting of the cells in the femoral lavage or in the
blood was performed with the aid of a CellPocH-100Iv Diff (Sysmex) hematology analyzer.

2.8. Cell Culture

All cell culture reagents were purchased from Sigma-Aldrich (USA). RAW 264.7 (TIB-71) was
obtained from the American Type Culture Collection. Cells were routinely grown in Roswell Park
Memorial Institute (RPMI) medium containing 10% fetal bovine serum, 1% L-glutamine, and 1%
penicillin-streptomycin (henceforth called RPMI) in a humidified 5% CO, atmosphere at 37 °C. Cells
were cultured up to confluence and used in the assays.

2.9. Cell Viability Assay

Cell viability was determined using 3-(4,5-dimethyl-2-thiazyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) reagent (Sigma-Aldrich, USA) using method described by Denizot and Lang [14].
Briefly, cells were plated at an initial density of 5 x 10* cells per well in 96-well plates and incubated
for 24 h at 37 °C and 5% CO,. After 24 h, cultures were treated with EO or SA at a final concentration
of 10, 30, or 100 ug/mL and further incubated for 24 h. The supernatants were removed and then 10 uL
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of MTT solution (5 mg/mL in RPMI)/100 uL of medium were added to each well and incubated for 4 h
at 37 °C, 5% CO,. The resultant formazan crystals were dissolved in dimethylsulfoxide (100 L) and
absorbance was measured in a microplate reader (FlexStation Reader, Molecular Devices, San Jose, CA,
USA) at 570 nm. All experiments were performed in triplicate, and cell viability was expressed as a
percentage relative to the untreated control cells.

2.10. Quantification of TNF-a and IL-1B

Supernatants from the exudates collected from the SAP were used to measure the levels of the
cytokines tumor necrosis factor-« (TNF-«) and interleukin 13 (IL-1$3) by enzyme-linked immunosorbent
assay (ELISA) using the protocol supplied by the manufacturer (B&D, Franklin Lakes, NJ, USA).

2.11. Nitrate and Nitrite Measurement

To evaluate the nitrate accumulated in SAP, exudates were measured according to the method
described by Bartholomew [15] and adapted by Raymundo et al. [13], followed by measurement of
nitrite according to the Griess reaction [16].

2.12. Detection of Enzymes Expression

Immunoblots were carried out as described previously [17]. Briefly, RAW 264.7 cells (4 x 106/mL)
were plated in 12-well plate, incubated for 1 h with EO or SA, activated with lipopolysaccharide (LPS)
(1 pg/mL), and further incubated for 10 min, 1 h, or 8 h. Cells were lysed with cold lysis buffer (10%
NP40, 150 Mm NaCl, 10 Mm Tris HCl pH 7.6, 2 Mm PMSF, and 5 uM leupeptin). After determination
of the protein concentration in the suspensions by the BCA method (BCA™ Protein Assay Kit, Pierce,
Waltham, MA, USA), the suspensions were boiled in application buffer (DTT 100 Mm, Bromophenol
Blue 0.1%). Aliquots of 30 ug of protein were submitted to electrophoresis in 10% polyacrylamide
gel. Proteins were electrophoretically transferred onto nitrocellulose membranes. Membranes were
incubated with primary antibodies (Cell Signaling, Danvers, MA, USA) and further with secondary
antibodies (anti-mouse IgG antibody conjugated to horseradish peroxidase). Proteins were detected
using enhanced chemiluminescence (ECL) reagents and quantified using a ChemiDoc system (BioRad,
Hercules, CA, USA).

2.13. Statistical Analysis

Each experimental group consisted of 6 to 8 mice, and the results are expressed as the mean +
S.D. The area under the curve (AUC) was calculated using Prism Software 5.0 (GraphPad Software,
La Jolla, CA, USA). Significant differences between the groups were established using Bonferroni’s test
for multiple comparisons after analysis of variance (ANOVA) testing. p values less than 0.05 were
considered significant.

3. Results
3.1. Antinociceptive Effect

3.1.1. Formalin-Induced Licking Behavior

We further decided to evaluate a possible antinociceptive activity from the EO and its major
component, sulcatyl acetate. Doses of 1, 10, or 100 mg/kg given orally significantly reduced both
phases of formalin-induced licking behavior (1st and 2nd). While first phase was inhibited by 10
and 100 mg/kg, the second phase was only inhibited by the highest dose (of 100 mg/kg) of EO. When
studying sulcatyl acetate it could be observed that even 1 mg/kg dose significantly reduced the first
phase, while only the highest dose reduced the second phase (Figure 1).
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Figure 1. Effect of essential oil from Aristolochia trilobata and sulcatyl acetate on formalin-induced
licking response in mice. Animals were orally pretreated with essential oil of sulcatyl acetate (1, 10, or
100 mg/kg), acetylsalicylic acid (ASA, 200 mg/kg), morphine (2.5 mg/kg), or vehicle (DMSO + phosphate
buffer saline (PBS) 60 min before intraplantar injection of formalin (2.5%). The results are expressed
as the mean + S.D. (1 = 6) of the time the animals spent licking the formalin-injected paw. Statistical
significance was calculated by one-way ANOVA with Bonferroni’s as post-test. * indicates p < 0.05
when compared to the vehicle-treated mice.

3.1.2. Hot-Plate Model

The significant effect observed in the first phase of the formalin-induced licking behavior is
suggestive of an antinociceptive activity. Previous data from literature had shown that EO from
A. trilobata presented antinociceptive effect in models of chemical nociception (acetic acid-induced
writhings and formalin-induced licking response). However, in such paper, authors used high doses
(25, 50, and 100 mg/kg) [6]. We further decided to evaluate if lower doses of EO and its majority
component (sulcatyl acetate) present antinociceptive effect in thermal model of nociception (the hot
plate). We also tried to evaluate the possible mechanism of action.

Data showed in Figure 2 indicate that both EO and sulcatyl acetate presented central antinociceptive
effect. Even 30 min after oral administration of EO a significant effect was observed with all three
doses tested (1, 10, and 100 mg/kg). This effect was maintained until 90 min post-oral administration
and being gradually reduced in later times. The conversion of data from line graphs to area under the
curve graph demonstrated that all three doses tested developed a significant central antinociceptive
effect when comparing to the vehicle-treated group.
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Figure 2. Effect of essential oil from A. frilobata and sulcatyl acetate on thermal nociception model
(the hot plate) in mice. Animals were orally pretreated with essential oil of sulcatyl acetate (1, 10, or
100 mg/kg), morphine (2.5 mg/kg), or vehicle (DMSO + PBS). The results are presented as the mean
+ S.D. (n = 6-8) of the increase in the response time relative to baseline levels (left graphs) or area
under the curve (right graphs) calculated with the Prism Software 5.0. Statistical significance was
calculated by one-way ANOVA with Bonferroni’s as post-test. * indicates p < 0.05 when compared to
the vehicle-treated mice. Where no error bars are shown is because they are smaller than the symbol.

When mice were orally treated with sulcatyl acetate, we could observe a significant effect after
30 min of administration. Differently to that observed with EO, sulcatyl acetate antinociception
was maintained until 150 min. At this time point, antinociceptive effect was even higher than
morphine-treated mice. The graph of the area under the curve demonstrated that all 3 doses presented
a significant antinociceptive effect.

3.1.3. Mechanism of Antinociceptive Action

In the next step, we decided to investigate which pathways could be involved in the central
antinociceptive effect of EO and sulcatyl acetate. Mice were pretreated with an opioid antagonist
(naloxone), a cholinergic antagonist (atropine), or with an inhibitor of nitric oxide synthase enzyme
(L-NAME). Data obtained showed that none of the antagonists of inhibitor significantly reversed the
antinociceptive effect of either EO or sulcatyl acetate (Figure 3).
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Figure 3. Effect of the different antagonists on the antinociceptive activity of essential oil from A. trilobata
and sulcatyl acetate in the hot-plate model. The animals were pretreated with naloxone (1 mg/kg,
i.p.), atropine (1 mg/kg, i.p.), or L-NAME (3 mg/kg, i.p.) 15 min before oral administration of essential
oil or sulcatyl acetate (100 mg/kg) or vehicle. The results are expressed as the mean + S.D. of the
area under the curve calculated with Prism Software 5.0 (n = 6-8). One-way ANOVA followed by
Bonferroni’s test was used to calculate the statistical significance. * indicates p < 0.05 when compared
to the vehicle-treated group.

3.2. Anti-Inflammatory Effect

The observation that EO and sulcatyl acetate inhibited the second phase of formalin-induced
licking, a well-known inflammatory phase, led us to investigate if both substances could present
an anti-inflammatory effect. In this regard, EO and sulcatyl acetate were evaluated in their abilities
in reducing carrageenan-induced leukocyte migration into a subcutaneous air pouch (SAP) and
cytokines production.

3.2.1. Leukocyte Migration

Injection of carrageenan into the SAP led to a 76-fold increase in leukocyte number (2.14 +
1.65 x 10° cells/mL in the group that received saline in SAP versus 162.6 + 31.17 x 10° cells/mL in the
group that received carrageenan in SAP). Pretreatment of mice with the steroidal anti-inflammatory
drug (SAID), dexamethasone (Dex) resulted in a reduction of 50% in leukocyte number present in
SAP. The crescent doses of EO (1, 10, and 100 mg/kg) significantly reduced the cell migration with
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values similar to the SAID. Sulcatyl acetate also reduced the number of cells that migrated to the pouch.
However, this effect was less prominent when compared with that obtained with EO (Figure 4).
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Figure 4. Effect of essential oil from A. trilobata and sulcatyl acetate in leukocyte migration into the

subcutaneous air pouch (SAP). The animals were pretreated with dexamethasone (Dex, 1 mg/kg, i.p.),
essential oil, or sulcatyl acetate (1, 10, or 100 mg/kg) or vehicle, 1 h before carrageenan injection into the
SAP. The results are expressed as the mean + S.D. calculated with Prism Software 5.0 (1 = 6-8). One-way
ANOVA followed by Bonferroni’s test was used to calculate the statistical significance. * indicates
p < 0.05 when compared to the vehicle-treated group (animals that received carrageenan in the SAP)
and # indicates p < 0.05 when compared to the vehicle-treated group (animals that received saline in

the SAP).

3.2.2. Protein Extravasation

As EO and SA presented a significative effect in reducing leukocyte migration into SAP similarly
to that observed with the positive control group (SAID), we decided to further investigate if they
could reduce other parameters of the inflammatory process in a tentative to investigate the possible
mechanism of anti-inflammatory action. The exudate collected in the SAP protein was measured and
results demonstrated that pretreatment of mice with 10 or 100 mg/kg doses of EO significantly reduced
the amount of protein in exudate. It is interesting to note that none of the doses of SA inhibit protein
extravasation even at a higher dose (100 mg/kg) (Figure 5).
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Figure 5. Effect of essential oil from A. trilobata and sulcatyl acetate in protein extravasation into the
subcutaneous air pouch (SAP). The animals were pretreated with dexamethasone (Dex, 1 mg/kg, i.p.),
essential oil, or sulcatyl acetate (1, 10, or 100 mg/kg) or vehicle 1 h before carrageenan injection into the
SAP. The results are expressed as the mean + S.D. calculated with Prism Software 5.0 (1 = 6-8). One-way
ANOVA followed by Bonferroni’s test was used to calculate the statistical significance. * indicates
p < 0.05 when compared to the vehicle-treated group (animals that received carrageenan in the SAP)
and # indicates p < 0.05 when compared to the vehicle-treated group (animals that received saline in
the SAP).

3.2.3. Nitric Oxide Production

We also decided to quantify the amount of nitric oxide (NO) produced in the exudate. When NO
is produced in biological fluids it decays to the stable metabolite nitrate. Figure 6 shows that injection
of carrageenan in the SAP lead to an increase in the amount of NO accumulated in the pouch when
compared with mice that received saline. EO almost completely abolished NO production resulting in
NO levels similar to those observed in saline-treated mice. Although SA did not completely inhibit the
NO production, the reduction observed vary between 50% and 80% (Figure 6).
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Figure 6. Effect of essential oil from A. trilobata and sulcatyl acetate in nitric oxide production into the
subcutaneous air pouch (SAP). The animals were pretreated with dexamethasone (Dex, 1 mg/kg, i.p.),
essential oil, or sulcatyl acetate (1, 10, or 100 mg/kg) or vehicle 1 h before carrageenan injection into the
SAP. The results are expressed as the mean + S.D. calculated with Prism Software 5.0 (1 = 6-8). One-way
ANOVA followed by Bonferroni’s test was used to calculate the statistical significance. * indicates
p < 0.05 when compared to the vehicle-treated group (animals that received carrageenan in the SAP)
and # indicates p < 0.05 when compared to the vehicle-treated group (animals that received saline in
the SAP).

3.2.4. Cytokine Production

The measurement of cytokines TNF-« and IL-13 accumulated in the exudate obtained from SAP
showed that highest doses of EO (10 and 100 mg/kg) significantly reduced levels of both cytokines.
However, pretreatment of mice with the majority component of the EO, sulcatyl acetate, led to an
almost 50% reduction in cytokines production even with 1 mg/kg dose (Figure 7).
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Figure 7. Effect of essential oil from A. trilobata and sulcatyl acetate in TNF-« and IL-1f3 production in
the subcutaneous air pouch (SAP). The animals were pretreated with dexamethasone (1 mg/kg, i.p.),
essential oil, or sulcatyl acetate (1, 10 or 100 mg/kg) or vehicle 1 h before carrageenan injection into the
SAP. The results are expressed as the mean + S.D. calculated with Prism Software 5.0 (1 = 6-8). One-way
ANOVA followed by Bonferroni’s test was used to calculate the statistical significance. * indicates
p < 0.05 when compared to the vehicle-treated group (animals that received carrageenan in the SAP)
and # indicates p < 0.05 when compared to the vehicle-treated group (animals that received saline in
the SAP).

3.2.5. In Vitro Cell Viability and Nitric Oxide Production

To further evaluate the possible anti-inflammatory mechanism of action, we decided to study the
effects of EO and SA in vitro using macrophage cell line RAW 264.7. Data obtained showed that none
of the concentrations used (1, 10, or 30 ug/mL) significantly affected the cell viability (data not shown).
We next measure NO production by LPS-activated cells incubated or not with the three concentrations
of EO and SA. Neither EO nor SA did induce NO production per se (data not shown). Figure 8 shows
that there is an inhibitory effect on NO production when LPS-activated cells were pre-incubated with
SA for 1 h (Figure 8D). In another set of experiments, cells were activated with LPS and after 8 h
different concentrations of OE or SA were added to each group. As can be observed in Figure 8C,D, we
do not observe inhibitory effect in NO production when EO or SA was added 8 h post-LPS.
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Figure 8. Effect of essential oil from A. trilobata (EO) and sulcatyl acetate (SA) in nitric oxide production
by RAW 264.7 macrophage. Cells (2 x 10%/mL) were incubated with lipopolysaccharide (LPS, 1 ug/mL)
and EO or SA (1, 10, or 30 pg/mL). Graphs A and B show the results of pre-incubation of cells for
1 h before LPS addition to cells. Graphs C and D show the results of NO production when EO or
SA was added 8 h post-LPS activation. The results are expressed as the mean + S.D. calculated with
Prism Software 5.0 (n = 6). One-way ANOVA followed by Bonferroni’s test was used to calculate the
statistical significance. # indicates p < 0.05 when compared to the vehicle (non-LPS group). * indicates
p < 0.05 when compared to the group that was activated with LPS and received vehicle.

In a tentative to demonstrate the possible mechanism of anti-inflammatory effect of EO and SA,
we decided to evaluate their effects on some inflammatory pathways. For this purpose, expression of
inducible nitric oxide synthase (iNOS), p38 mitogen-activated protein kinase (p38 MAPK)), its activated
form (the phosphorylated p38), and spleen tyrosine kinase (Syk) was evaluated after incubation of
RAW 264.7 cells with EO or SA (30 pug/mL) and LPS. As expected, non-activated cells did not express
those inflammatory enzymes, while LPS incubation induced an increase in levels of all of them. As
illustrated in Figure 9, preincubation with EO significantly reduced the expression of iNOS. To ascertain
whether the mechanism by which both substances were reducing the expression of the enzyme, we
evaluated the involvement of enzymes present in the early stages of the activation pathways triggered
by LPS in the toll receptor 4. In this regard, we evaluated expression of p38 MAPK and Syk and
the corresponding increase in levels of phosphorylated p38, a consequence of cell activation and p38
activation. It can be observed that EO reduced expression of Syk enzyme. After an activation induced
by LPS we can observe the activation/phosphorylation of p38 MAPK. In this context, it could be noted
an increase in levels of this enzyme (p-p38). However, preincubation of activated cells with EO or SA
did not affect phosphorylation levels of p38 MAPK. In summary, EO and SA did not affect the levels of
p-p38 expressed in cells after activation with LPS (Figure 9).
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Figure 9. Effect of essential oil from A. trilobata (EO) and sulcatyl acetate (SA) in expression of Syk, p38
MAPK, or inducible nitric oxide synthase (iNOS) by RAW 264.7 cells. Cells (2 x 109™") were incubated
with dexamethasone (350 ug/mL), EO, or SA (30 pg/mL) 1 h before lipopolysaccharide (LPS, 1 jig/mL).
After 10 min (for Syk and p38 MAPK) or 8 h (for iNOS), cell lysates were collected for Western blot
analyses. The results are expressed as the mean + S.D. calculated with Prism Software 5.0 (n = 3).
One-way ANOVA followed by Newman’s test was used to calculate the statistical significance. #
indicates p < 0.05 when compared to the vehicle (non-LPS group). * indicates p < 0.05 when compared
to the group that was activated with LPS and received vehicle.

4. Discussion

The present work demonstrated that the essential oil (EO) of A. trilobata and its majoritarian
substance, sulcatyl acetate (SA), present significant anti-inflammatory and antinociceptive effects.
We also demonstrated that opioidergic, nitrergic, and cholinergic pathways do not participate in the
antinociceptive effect. Contributing to the knowledge about this species, we also demonstrated that
both EO and SA presented anti-inflammatory effect reducing leukocyte migration, production of
cytokines, nitric oxide (NO), and protein extravasation.

The evaluation of A. trilobata EO chemical constituents highlighted the presence of SA as the major
substance. This characteristic is not usual in essential oils in general. However, this finding confirms
previous works, which states A. trilobata EO as a rich source of SA [4,7].

Quintas et al. [7] demonstrated that EO from A. trilobata and SA presented antinociceptive effect
in two models of chemical nociception (i.e., acetic acid-induced writhing and formalin-induced paw
licking). Although the essential oil tested in that work was very similar to that used by us, there are
several differences among assays and results. In that work, authors used doses varying from 25 to
100 mg/kg, administered by intraperitoneal route. EO and SA were evaluated only in two models of
chemical nociception. Differently, in the present work, we evaluated EO and SA administered by oral
route and doses of 1, 10, and 100 mg/kg. The effect observed in this model could be explained, at least
in part, due to the presence of other substances with antinociceptive activity. It was demonstrated
by Amaral and collaborators [18] that the monoterpene limonene presented antinociceptive activity
more related to peripheral analgesia. Kaiamoto and collaborators [19] also suggested that limonene
may act as a transient receptor potential cation channel 1 (TRPA1) agonist when applied topically.
However, when systemically administered, it presents an antinociceptive effect. In our work, we did
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not test isolated limonene. We used only the majoritarian substance (SA). It is also important to note
that formalin-induced licking is a multicomplex phenomenon with the involvement and activation of
nuclear factor erythroid 2-related factor 2 (Nrf2) pathway. Nrf2 is a transcriptional factor related to
activation of heme-oxygenase 1 (HO-1) [20], leading to an antinociceptive effect in formalin-induced
licking [21]. It may be that in such a way, by oral administration, all the substances presented in the EO
may acting together to present an anti-inflammatory effect.

Considering the A. trilobata EO results and its major substances, a synergistic effect of SA and
limonene can be occurring, especially in the second phase of formalin-induced licking response.
Besides evaluating the effects in the formalin-induced paw licking, we also used the thermal model
of nociception, the hot-plate, and searched the mechanism of action of EO and SA using three
different antagonists.

In another group of assays, we also studied the anti-inflammatory effect of EO and SA in their
capacity to inhibit the leukocyte migration into the subcutaneous air pouch induced by carrageenan
and production of some inflammatory mediators. Our data complement those obtained by the other
group and identify the possible mechanism of action. We also demonstrated that EO and SA presented
significant effects even when used by oral route at a dose as low as 1 mg/kg.

In the present study, we attempted to further characterize some of the mechanisms through
which EO from A. trilobata and SA exerts its antinociceptive effect. The sensation of pain can be
divided into four components, i.e., transduction, transmission, modulation, and perception. Several
systems, such as oxidonitrergic, gamma aminobutyric acid GABAergic, glutamatergic, opioidergic,
cholinergic, serotonergic, adrenergic, and others, may act in different steps of the pain turning it a
complex phenomenon in such a way that alterations in one of the system cited above can alter the
response in all the other systems [22]. A substance, whether natural or synthetic, can then act in one
of four components to produce analgesia. Our data are suggestive that nor opioidergic, nitrergic, or
cholinergic pathways appear to be involved in the antinociceptive effect of EO and SA since none
of the antagonists used (naloxone, L-NAME, or atropine) reversed the effects of EO and SA. Despite
the opioid system is one of the most important in pain perception and modulation, the activation of
naloxone-sensitive pathway is probably not involved in the antinociception produced by EO and SA
because naloxone significantly reversed morphine (data not shown) but not EO and SA antinociception.

We also demonstrated that doses as low as 1 mg/kg significantly reduced the licking response
induced by formalin injection in mice paw. Nociception induced by formalin develops a biphasic
pattern with an initial phase (5 to 15 min post-injection) followed by a second phase (15 to 30 min
post-injection) [23-26]. First phase is due to direct activation of nociceptors, whereas the second one
is due to the release of inflammatory mediators acting together in nociceptors and their own local
receptors [27-29]. The involvement of serotonin and bradykinin in both phases was also described [30].

As mediators previously cited are also involved in inflammatory processes, we further decided
to study if EO and SA could present an anti-inflammatory effect. In this regard, we used the
leukocyte migration induced by injection of carrageenan into the subcutaneous air pouch (SAP).
Carrageenan-induced inflammation is a multicomplex phenomenon with the involvement of synthesis
and/or liberation of a range of mediators such as prostaglandins, histamine, bradykinin, serotonin,
nitric oxide, and leukotrienes and chemotaxis of neutrophils and macrophages [31]. After 24 h of
carrageenan injection, there is an intense migration of leukocytes and an increase in levels of NO and
cytokines [32-36].

Results obtained in the SAP model complement those obtained in the second phase of
formalin-induced licking since both models present an inflammatory profile with involvement
in a diversity of inflammatory mediators. One hypothesis for the reduction observed in this model
could be related to reduction in production and/or liberation of inflammatory substances involved
in leukocyte chemotaxis. In this context, we can infer that the reduction in cell migration into the
SAP could be due to a reduction in the levels of these cytokines. Our data are in accordance with
those obtained in Reference [37], which observed that tacrolimus (an immunosuppressor) reduced
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neutrophil infiltration in the pancreatitis model due to a reduction in expression of mRNA of TNF-o
and IL-1B. In an inflammatory event, inducible nitric oxide synthase is expressed in different cells and
culminating with NO production. NO plays multiple roles in the inflammatory response, vasodilation,
and regulation of leukocytes rolling, migration, cytokines production, and proliferation. It has been
shown that some iNOS inhibitors demonstrated an important effect in several inflammatory models,
such as the air pouch model [38,39]. The fact that EO and SA reduced NO levels in exudate also
contribute to their anti-inflammatory effect. It is also interesting to note that EO reduced NO levels
similar to the positive control group, dexamethasone, a well-known steroidal anti-inflammatory drug.

Data obtained using the in vivo model of SAP was corroborated by in vitro assays. Reduction in
nitric oxide production in vitro and in vivo was not due to a direct effect in iNOS enzyme activity. It is
well known that iNOS synthesis occurs until 6-8 h after LPS activation. After this time point, nucleus
synthesis is finished and enzymes synthesized initiate NO production [39]. Since addition of EO or SA
8 h after LPS activation did not affect NO production, it can be suggested that the inhibitory effect
observed was not due to reduced enzyme activity.

As a final step in our effort to delineate the inhibitory effects of EO and SA, we quantified Syk and
p38 MAPK enzymes expression. Several intracellular signaling molecules are involved and activated
during the inflammatory responses in macrophages. Tyrosine kinase families have been considered
as the major effector molecule. Spleen tyrosine kinase (Syk) binds with Toll-like receptor-4 (TLR4)
and is activated, resulting in the transduction of stimulatory signals through the activation of various
downstream signaling molecules. Since Syk is one of the upstream signaling molecules, it orchestrates
many downstream signaling molecules and amplifies inflammatory signals. Therefore, Syk has been
considered to play critical roles in inflammatory responses [40—-42]. The observation that EO partially
reduced expression of Syk can explain the inhibition of expression of iNOS and justify the inhibition
observed in NO production.

p38 MAPK was first recognized for its role in inflammation in regulating the biosynthesis of
pro-inflammatory cytokines (i.e., IL-1 and TNF«) in LPS-stimulated cells [41] and expression of
cycloxigenase-2 (COX2) [42—44]. It can be suggested that EO and SA mechanism of action do not seem
to affect p38 MAPK activation into the phosphorylated form (the p-p38). We could speculate that
EO effect may act through Syk pathway do not interfere with p38 MAPK since both are independent
systems that may act without cross-interference with each other.

Our data also demonstrated that SA did not affect per se any of enzymes evaluated (Syk, p38
MAPK, and iNOS). It is important to note that as part of a complex mixture of substances it is reasonable
that EO can present effect and one isolated substance cannot present the same effect and mechanism
of action.

5. Conclusions

In the present work, we demonstrated that A. trilobata essential oil as well as the majority
component, sulcatyl acetate, present antinociceptive and anti-inflammatory effects. This activity is
accompanied by reduction in cell migration and production of NO and cytokines. It seems that at least
part of this effect is mediated by inhibition of Syk and iNOS enzymes expression. Together, we can
suggest A. trilobata as an anti-inflammatory and antinociceptive species.
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Abstract: Chemically nickel oxide nanoparticles (NiONPs) involve the synthesis of toxic
products, which restrict their biological applications. Hence, we developed a simple,
eco-friendly, and cost-efficient green chemistry method for the fabrication of NiONPs using fresh
leaf broth of Rhamnus triquetra (RT). The RT leaves broth was used as a strong reducing,
capping, and stabilizing agent in the formation of RT-NiONPs. The color change in solution from
brown to greenish black suggests the fabrication of RT-NiONPs which was further confirmed
by absorption band at 333 nm. The synthesis and different physicochemical properties of
RT-NiONPs were investigated using different analytical techniques such as UV-Vis (ultraviolet—visible
spectroscopy), XRD (X-ray powder diffraction), FT-IR (Fourier-transform infrared spectroscopy),
SEM (scanning electron microscopy), TEM (transmission electron microscopy), EDS (energy-dispersive
X-ray spectroscopy), DLS (dynamic light scattering) and Raman. Further, RT-NiONPs were subjected
to different in vitro biological activities and revealed distinctive biosafe and biocompatibility potentials
using erythrocytes and macrophages. RT-NiONPs exhibited potential anticancer activity against liver
cancer cell lines HUH7 (ICsp: 11.3 ug/mL) and HepG2 (IC5¢: 20.73 pg/mL). Cytotoxicity potential
was confirmed using Leishmanial parasites promastigotes (ICsp: 27.32 pug/mL) and amastigotes
(ICs0: 37.4 ug/mL). RT-NiONPs are capable of rendering significant antimicrobial efficacy using
various bacterial and fungal strains. NiONPs determined potent radical scavenging and moderate
enzyme inhibition potencies. Overall, this study suggested that RT-NiONPs can be an attractive and
eco-friendly candidate. In conclusion, current study showed potential in vitro biological activities
and further necessitate different in vivo studies in various animal models to develop leads for new
drugs to treat several chronic diseases.
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1. Introduction

Nanotechnology deals with different approaches to synthesize materials ranging from 1 to
100 nm, at least in one dimension, and have unique properties, such as small size, surface charge,
porosity, high surface energy, and high surface area/volume (S/V) ratio, which enhance their catalytic
properties and interaction with other molecules. The main reason why metal nanoparticles (MNDPs)
have gained the specific attention of researchers is due to their unique properties, namely particle
size, shape, crystal structure, surface effect, magnetic, catalytic, optical, as well as chemical and
mechanical characteristics from their bulk counterpart [1,2]. Until now, different multifunctional metals
and metal-oxide nanoparticles have been synthesized [3,4]. Among the different nanoparticles(NPs),
NiONPs have gained the specific attention of biologists and chemists due to their numerous applications
in battery electrodes, magnetic materials, heterogeneous catalysts, gas sensors, electrochromic
films, and solid-oxide fuel cells and help in the adsorption of inorganic pollutants and dyes [5,6].
Further, NiONPs have shown significant antibacterial, antifungal, antioxidants, anti-inflammatory,
anticancer, and enzyme inhibition potentials [6,7]. NiONPs have shown toxicity towards different
microbial agents and microalgae by producing ROS, inducing oxidative stress and releasing (Ni2+)
inside the cell [8].

Currently, NiONPs are fabricated via different physical and chemical approaches.
However, these synthesis routes face several challenges as they utilize costly metal salts,
organic solvents, toxic reducing agents (sodium borohydrides, hydrazine hydrate, sodium citrate
and Gallic acid), stabilizing and capping agents (thiols, amines, sodium citrate), and demand
expensive equipment. These approaches are not only expensive at the industrial scale, but also
cause some undesired effects on human life and the surrounding environment, and may result
in cytotoxicity, carcinogenicity, and genotoxicity, thus restricting their utilization in biomedical
purposes [9]. Hence, these problems must be solved, and actions are required to develop an alternative
solution for the fabrication of NPs.

Therefore, scientists have developed green chemistry methods which are more sustainable,
cleaner and eco-friendly. Presently, new developments have been made in the synthesis of
nanomaterials using different biological sources (microbes, algae, fungi, various lower and higher
plants). This method is relatively simple, ecofriendly, energy-efficient, nontoxic, eliminates the need
for high energy, temperature, and pressure and needs no reducing, stabilizing, and capping agents
from outside. The major disadvantages associated with microbial synthesis is the maintenance of
an aseptic environment, culturing in media, high isolation cost, high incubation time, difficulty in
handling, pathogenicity in nature, and the requirement of comprehensive biological knowledge [10].

Phytofabrication has flourished for the formation of several nanomaterials and has attracted
the attention of the nano task force due to its sample, environmentally benign, and cost-effective
nature [11-14]. In green synthesis, phytoconstituents (alkaloids, terpenoids, polyphenols, glycosides,
flavanoids, proteins, vitamins, polysaccharides) function as a capping and reducing agent like
different chemical substitutes used in the chemical synthesis of nanoparticles [15,16]. There are
multiple factors that influences green synthesis of nanoparticles, such as nature of plant extracts,
concentration of extracts, metal salt, pH, and synthesis protocol used. Thus, for the green synthesis of
MNPs, 12 basic principles of green chemistry are now becoming a reference guideline for researchers,
chemical technologists, and chemists worldwide to develop less dangerous chemical products and
byproducts [17-19]. Therefore, green nanotechnology is an alternate route for the formation of safe
and stable materials using different medicinal plants and thus has experienced for rapid rise [20-23].
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In the present study, fresh leaves extract of R. triquetra were used to synthesize NiONPs. The plant
is found in abundance in Pakistan (Kashmir, Margalla Hills), Nepal, and India during the summer
season between July and August. The bark, leaves, and fruits of R. triquetra are used to treat hemorrhagic
septicemia in livestock, intestinal worms, and malarial fevers, possessing significant antimicrobial,
deobstruent, anti-inflammatory, astringent, and antioxidant properties. This plant contains several
ecofriendly phytoconstituents such as emodin, Kaempferol-7-O-CHj; ether, Kaempferol-4-O-CHj
ether, gluside, quercetins, and physcion [24,25] which help in the phytofabrication of NiONPs.
As per the available literature and knowledge, this is perhaps the first study reported on the
green synthesis of NiONPs employing R. triquetra leaves broth. NiONPs were characterized using
different characterization techniques. Further, considering biological and therapeutic potential
of R. triquetra-NiONPs, different biological activities; anticancer, antimicrobial, antileishmanial,
antioxidant, and enzyme inhibitory assays were performed.

2. Material and Methods

2.1. Preparation of R. Triquetra Leaf Extract

The preparation of R. triguetra leaves extract was achieved using previously optimized protocol [26].
Precisely, R. triquetra leaves were collected from Pir Suhawa Margalla hills Pakistan (33.7870° N,
73.1084° E). The sample was identified by senior taxonomist Dr. Syed Afzal Shah, Department of
Plant Sciences, QAU Islamabad, Pakistan. The leaves were thoroughly washed with running tap
water followed by washing with distill water. The leaves were shade dried and crushed into fine
powder. Then, twenty gram leaves powder was added into 100 mL distill water and heated at 80 °C
for 1 h. The resultant extract was filtered three time using Whattman filter paper No.1 (cone shaped),
centrifuged at 5000 rpm for 20 min to remove all unwanted aggregates. Finally, the plant extract was
stored at 4 °C till further use.

2.2. Green Fabrication of NiONPs

Synthesis of NiONPs was performed by reducing nickel nitrate using R. triquetra leaf extract.
To achieve this purpose, 100 mL filtered RT leaves extract was steadily mixed with 1 gm NiNOj salt
followed by continuous heating (70 °C) and stirring at 500 rpm for 2 h to achieve homogeneous solution.
Further, obtained solution was centrifuged at 4000 rpm/20 min. Supernatant was discarded and
pellet containing NiONPs was carefully washed 3 times with distilled water to remove uncoordinated
materials. The obtained powder assumed as NiONPs was incubated at ~100 °C until the water
evaporated completely, followed by annealing. Further, NIONPs were stored in cool, dry, and dark
place. Finally, NiONPs were thoroughly characterized. Figure 1 shows a schematic representation of
the synthesis, characterization, and biological application of NiONPs.
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Figure 1. General overview of the study plan.
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2.3. Physical Characterizations of NIONPs

The physicochemical properties of RT-NiONPs were investigated using different analytical
techniques. The optical properties and bioreduction of nickel ions to NiONPs was confirmed by
measuring the absorption spectra of reaction solution using a UV-spectrophotometer, and the solution
was scanned between 200 and 600 nm. DLS analyses has provided further insight into the average
hydro-dynamic particles diameter (d. nm), {-potential and PDI of NiONPs using Malvern Zetasizer
Nano (Malvern instrument). RT-NiONPs were analyzed by Fourier transform infrared (FI-IR)
spectroscopy to detect different bioactive functional groups responsible for the synthesis and stabilizing
NiONPs using various modes of vibrations. FT-IR measurement of the sample was scanned in the
wavenumber region 500 cm™! to 4000 cm™!. The structural analysis and crystalline nature of biogenic
NiONPs was carried out using XRD analysis (PANalytical XRD (Netherland). The nano-crystallite size
was calculated from the width of the XRD peaks using Debye-Scherrer’s equation. The vibrational
characteristics of RT-NiONPs were studied using Raman spectroscopy. The elements of NiONPs
were detected by EDX (energy dispersive X-ray). The morphological features (surface topology) of
R. triquetra-NiONPs was studied using SEM (EM (NOVA FEISEM-450 applied with EDX detectors).
In addition, the morphological structure and actual particle size was studied under TEM (transmission
electron microscopy).

2.4. Antileishmanial Potentials (ALP)

The in vitro antileishmanial potential of NIONPs was investigated using MTT cytotoxicity assay [7].
To confirm the antileishmanicidal potential, Leishmania tropica “KWH23 strain” (promastigote and
amastigotes parasites) was cultured in MI-99 media containing 10% FBS. The 200 uL reaction mixture
is comprised of 100 uL of standardized culture, fresh media (50 pL) and colloidal nanoparticles
(50 uL) suspension. Amphoterecin B served as positive while DMSO function as negative control.
The leishmanial parasites L. tropica were kept in 96-well plate and were treated with different
concentration of NiONPs (1100-8.595 ug/mL) to determine their antileishmanial potency. The test
sample (NiONPs) was incubated in 5% CO2 incubator at 24 °C/72 h. After treatment and incubation
with NiONPs, the reaction mixture was scanned at 540nm using micro-plate analyzer and readings
were taken. Both parasites were counted and ICsy values were calculated to determine intensity/degree
of antileishmanicidal potential using formula below:

1 — sample absorbance
Y%inhibition = P

absorbance of control > 100 @

2.5. Anticancer Activity

The in vitro anticancer potential of R. triguetra mediated NiONPs was investigated using HepG2
and HuH?7 cancer cell lines using an MTT assay [27]. The cancer cells were cultured in flasks
containing DMEM media supplemented with 10% FBS, Pen-Strep and kept in 5% CO2 incubator for
24 h/37 °C. The confluent HepG2 and HuH7 cancer cells (4000 cells/well) were carefully seeded in
96-well plate. Further, cells were treated with varying doses of RT-NiONPs (1100-8.595 pig/mL) for
48 h. DMEM media was removed and MTT solution (100 uL) was added in each well followed by
further incubation (3 h in 5% CO2 incubator/37 °C). The DMEM media containing other components
(FBS, Pen-Strep) was removed and DMSO (100 uL) was loaded in each well followed by incubation
for ~20-30 min. The conversion of MTT solution to formazan by living cells was measured using
micro plate analyzer 570 nm wavelength. The untreated cancer cells were considered as control and %
inhibition of HepG2 and HuH? cell lines exposed to different concentration of NiONPs was calculated:

1 - OD of sample

Joinhibition = " OD of control

% 100 (2)
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2.6. Biocompatibility with Human Erythrocytes (RBCs) and Macrophages

To determine the non-toxic nature of NiONPs, hemolysis assay was done using erythrocytes
cells as discussed in the previously published article [28]. To achieve this purpose, 1 mL freshly
isolated human red cells was placed in an Ethylenediaminetetraacetic Acid (EDTA) tube to avoid
blood coagulation. Further, erythrocytes were centrifuged at 12,000 rpm/10 min. After centrifugation,
supernatant was discarded, and pellet was rinsed three times with PBS. Erythrocytes suspension was
made adding 200 uL erythrocytes into 9.8 mL PBS. Further, erythrocytes suspension (100 uL) was
treated with various concentration of NiONPs and reaction mixture was incubated at 36 °C for 1 h
followed by centrifugation (12,000 rpm/15 min). Supernatant was transferred into 96-well-plate and
release of hemoglobin was studied at wavelength (540 nm) using micro-plate analyzer. Triton X-100
was used as positive and DMSO as negative control respectively. The data obtained was calculated as
% hemolysis caused by different doses of NiONPs using formula below:

Sample abs — Negative control abs

% hemolysis = % 100 3)

Positive control abs — Negative control abs

The biosafe nature of RT-NiONPs was further confirmed using human macrophages (HM)
following previously used protocol [14]. To confirm the biosafe nature, HM cells were culture in flasks
containing RPMI medjia provided with 10% FBS, Hepes, Pen-Strep (antibiotic). For the proper growth
and attachment of cells, flasks containing macrophages were transferred in 5% CO2 incubator for
24 h. After culturing, macrophages (4000 cells/well) were loaded into 96-well-plate. After incubation,
macrophages were treated with varying doses of NiONPs (1100-8.595 pig/mL). Finally, the % inhibition
of HM cells treated with different doses of RT-NiONPs was calculated using the formula below:

1 — Absorbance of sample

% inhibition = x 100 4)

Absorbance of control
2.7. Antioxidant Activities

Spectrophotometric procedures were used to confirm the antiradical potentials of RT-NiONPs using
Total antioxidant capacity (TAC), CUPARAC, DPPH, and total reducing power (TRP). Total antioxidant
capacity (TAC) was determined through the phosphomollybdenum method [29]. The incubation of
RT-NiONPs with Molybdenum (VI) demonstrated the presence of antioxidants which were assessed
by measuring absorbance at 695 nm. For this purpose, ascorbic acid was used as a positive control
and DMSO was taken as negative control. Further, the cupric-ion assay (CUPRAC) was investigated
for greenly orchestrated NiONPs [30] and the absorbance of solutions was taken at 515 nm using
spectrophotometer. Moreover, the total reducing power (TRP) of greenly prepared NiONPs was
studied using potassium ferricyanide method [31]. This method is based on the principle that
reductones having reduction potential will reduce potassium ferricyanide (Fe3+) to form potassium
ferrocyanide (Fe2+). When potassium ferrocyanide (Fe2+) reacts with FeCls, it forms Fe+2-Fe+3
complex that has maximum absorption at 700 nm. The reducing power of RT-NiONPs was recorded as
AAEq/mg. Further, the antioxidant scavenging potential of RT-NiONPs was evaluated. To investigate
this potential, 2.4 mg DPPH was mixed with methanol (25 mL) to create a free radical environment.
Further, various concentrations (1100-8.595 pg/mL) of NiONPs were prepared in DMSO and studied
for their DPPH free-radical scavenging potential. The existence of reductones were determined by
measuring maximum absorbance of reaction mixture at 517 nm using microplate analyzer.

Absorbance of sample

% DPPH scavenging =1 — ( ) x 100 (5)

Absorbance of control
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2.8. Enzymes Inhibition Potentials

Proteins kinase (PK) inhibition potential of R. triguetra synthesized NiONPs was demonstrated
using actinobacterium (Streptomyces 85E) [32]. To confirm the PK inhibition potential, SP4 minimal
media was used to acquire uniform bacterial lawns. Briefly, 100 pL inoculum was taken from standard
culture and was equally spread on petri plate to achieve uniform lawns. A sterilized filter disc (6 mm)
loaded with various doses of RT-NiONPs were placed on Streptomyces 85E painted plate. The surfactin
was used as positive and DMSO as negative control. Further, petri plates were incubated (30 °C/72 h)
to determine the PK inhibition potential against Streptomyces 85E. After incubation, different clear and
bald zones were appeared. These different zones determined inhibition potentials of spores/mycelia
formation in Streptomyces 85E strain. Finally, ZIs were measured in millimeter to determine the PK
inhibition potential of RT-NiONPs.

Further, antidiabetic potency of greenly orchestrated RT-NiONPs was studied using alpha amylase
(AA) inhibition assay [33]. The reaction mixture was prepared by adding starch solution (45 puL),
NiONPs (15 uL), AA enzyme (30 uL), and FBS (20 uL). Further, HCL (25 pL) and iodine solutions
(95 uL) were added and incubated at 50 °C for 30 min. Acarbose was used as positive and distill water
as negative control respectively. The micro-plate analyzer was used to calculate the optical density at
540 nm and ICs, value was recorded. The % inhibition was recorded utilizing below formula:

S(ab) —NC(ab)
Blank (ab) — NC(ab)

% inhibition = x 100 (6)

2.9. Antifungal Activity

The disc-diffusion method (DDM) was used to study the antifungal potencies of RT-NiONPs
using various fungal strains (A. flavus, M. racemosus, C. albicans, A. niger, F. solani). Fungal strains
were cultured in flasks holding fungal growth media (sabouraud dextrose liquid media) (SDL) and
kept in shaking incubator (37 °C/24 h). The SDL media were prepared, autoclaved, and poured in
autoclaved petri plates to achieve antifungal activity. Further, 50 uL broth culture was spread on
petri plate using autoclaved cotton swab to achieve uniform lawns. Filter discs (~6 mm) loaded with
different concentrations (1100-34.38 pig/mL) of RT-NiONPs were kept on media plates. To compare
the antifungal potential of RT-NiONPs, Amp B was taken as positive, and DMSO as negative control.
Further, fungal plates were placed in an incubator for (24 h/37 °C) and zones of inhibition (ZIs) were
observed with time intervals and MICs values were calculated.

2.10. Antibacterial Activity

To further evaluate the antimicrobial potential of RT-NiONPs, in vitro antibacterial potency was
investigated using different bacterial strains, namely P. aeruginosa, B. subtilis, S. aureus, K. pneumoniae,
and E. coli. Before antibacterial activity was investigated, bacterial cultures were refreshed in nutrient
media and kept in shaking incubator at 37 °C (200 rpm /24 h). Further, bacterial strains were spread on
media plates using sterilized cotton swabs. The DDM method was used to confirm the bactericidal
potentials. For this purpose, 6 mm (filter disc) loaded with different concentration of RT-NiONPs
(1100-34.38 ng/mL) were kept on bacterial lawns. Further, 10 uL of oxytetracycline loaded filter discs
were used as positive control for five different bacterial strains. After loading test samples and positive
control, petri plates were kept in incubator at 37 °C/24 h and observed after time intervals for ZIs.
Finally, MICs were calculated to study the bactericidal potentials of RT-NiONPs.

3. Results and Discussion

The earlier research studies have confirmed the presence of different functional biomolecules
such as emodin, Kaempferols-7-O-CHj ether, Kaempferols-4-O-CHj ether), gluside, quercetins, and
physcion [24,25]. These biomolecules can act as a base source, bioreductant, stabilizers, and capping
agents for the convenient synthesis of NiONPs. Previously, NiONPs have been fabricated using
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a variety of natural plants with potential medicinal values [26]. In the current study, NiONPs has been
orchestrated using R. triquetra leaf extract via green method. The visual colour change from brown
to greenish black revealed the formation of NiONPs. The photo-spectrometric analyses of NiONPs
showed broad spectra at 333 nm (Amax), indicating the formation of NiONPs and validating optical
observation. The UV visible spectra of green NiONPs are illustrated in Figure 2A. Elemental mapping
and atomic content were confirmed using EDS analyses. Figure 2B shows EDS peak indicating strong
signals at 0.94, 7.08, an 8.12 KeV for the presence of both nickel and oxygen. The presence of carbon in
the spectra is ascribed to grid support. Moreover, no other peak for any elements apart from nickel ‘Ni’
and oxygen ‘O’ have been found, indicating the phase purity of greenly synthesized NiONPs.
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Figure 2. UV visible spectra and EDS analysis for RT. NiONPs (A) UV visible spectra for NiONPs (B)
Elemental composition of NiONPs using EDS analysis.

The hydrodynamic size and stability of RT-NiONPs were demonstrated by DLS and Zeta potential
analysis. Zeta-potential or electro-kinetic potential refers to the measure of an effective surface
functionality and surface charge on nanoparticle. The magnitude of zeta potential confers to particle
stability. Nanoparticles with a high zeta potential exhibit increased stability, i.e., the dispersion
or solution will resist the aggregation and agglomeration of nanoparticles. In our research study,
data revealed a particle size of 65 nm, zeta-potential of —11 mV, and PDI of 1.000 (Figure 3A,B).
Our DLS results are in agreement with previous studies using Rhamnus virgata mediated NiONPs [26].
DLS is mostly investigated to confirm the size of nanoscale particles in different suspensions. The mean
hydro-dynamic particles diameter (d. nm) in aqueous medium show particles aggregation [11,20,34].

Raman spectral study was further used to analyze the vibrational modes of R. triquetra mediated
NiONPs. Raman spectra in Figure 4A revealed the positioning of major modes at 358.38 (1 Phonon),
559.57 (1 Phonon), 697.34 (2 Phonon), 1106.18 (2 Phonon), and 1646.51 cm™! (2 Magnon). The intense
peaks concluded that the greenly orchestrated nanoparticles are defect rich. The broad peak attributes
to the antiferromagnetic behaviour and is related to the spin of individual Ni++. This antiparallel
spin behaviour of ‘Ni++" also signifies that NiONPs are nano-size in nature (crystal size: ~25 nm).
Raman shifts revealed purity and correspond to earlier research studies using S. thea and G. wallichianum
orchestrated NiONPs [7,35]. The difference in Raman scattering peaks might be due to the relative
positions, size, intensity and effects of stress and strain [36]. Further, FT-IR analysis was performed to
determine the qualitative distribution of functional groups adsorbed on the surface of NiONPs.
The infrared absorption bands in Figure 4B revealed significant vibrations at 545.17 cm™! and
657.43 cm™! (Ni-O vibrations in stretching mode), 1025.26 cm™! (Ethers = C-O-C symmetric stretching),
1729.59 cm™! (Aldehyde group of carbonyl -CHO’), and 3579.43 cm™! (alcohols and phenols of OH
stretching). According to previously reported research work, IR bands between 470 and 800 cm™
indicate Ni-O vibrations in the stretching mode [37,38].
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Figure 3. (A) Zeta potential of NiONPs (B) Size distribution of RT-NiONPs.

Figure 4. (A) Raman spectra of NiONPs (B) FT-IR spectra of biogenic NiONPs.
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In addition, SEM analysis was performed to know the shape and surface morphology of greenly
fabricated NiONPs. Figure 5A,B depicts SEM images of NiONPs confirming the spherical/agglomerated

shape of NiONPs. The crystallographic structure and accurate particle size of the biogenic NiONPs
were studied by TEM analysis (Figure 5C).

©

Figure 5. (A,B) Various SEM images of RT-NiONPs using nickel nitrate salt as a precursor (C) TEM
images of RT- NiONPs.

Moreover, phase structure of NiONPs was assessed by XRD analyses. The XRD pattern of the
synthesized NiONPs and miller indexation have been illustrated in Figure 6A,B, which indicates the
diffraction bands at 36.52 (101), 43.44 (012), 63.11 (110), 76.28 (113), and 79.2 (202), corresponding to
fcc symmetry in NiONPs crystalline lattice. Previously, Khalil et al. [35] and Igbal et al. [26] have
synthesized biogenic NiONPs from Sageretia thea and Rhamnus virgata leaf extracts and reported
similar results.
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Figure 6. (A) XRD Spectra of the RT-NiONPs (B) Size calculation and Miller indexation.
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3.1. Antimicrobial Potentials

The antibacterial activities of NIONPs were demonstrated against different bacterial strains (E. coli,
P. aeruginosa, B. subtilis, K. pneumoniae, S. aureus) in concentrations ranging from 34.38 to 1100 pg/mL.
Most of the BSs were found susceptible using NiONPs and have shown significant antibacterial
activities. Different MIC values were calculated for different bacterial strains P. aeruginosa (275 pg/mL),
K. pneumoniae (137.5 pug/mL), E. coli (68.75 ug/mL), and S. aureus and B. subtilis (34.38 ug/mL). S. aureus
and B. subtilis were found to be the most susceptible strains with MIC: 34.38 pg/mL while P. aeruginosa
was found to be the least susceptible strain (MIC: 275 ug/mL), as shown in Figure 7A. Oxytetracyclines
was taken as positive control and no single concentration of NiONPs determined a stronger potential
than Oxytetracyclines. Overall, NIONPs have determined significant antibacterial activities which
are in agreement with previous studies of greenly orchestrated NiONPs using G. wallichianum and
R. virgata [7,26]. The strong bactericidal potency of NIONPs might be due to biomolecules adsorbed
on NPs surface. In conclusion, RT-NiONPs have shown dose-dependent results. Some studies have
explained that the bactericidal potential of NPs is due to ROS generation. Further, NPs damage
membrane (membrane proteins) and result in bacterial cell death. Similarly, surface defects in the
symmetry of NPs is responsible for the inhibition of bacteria and result in cell damage [39].
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Figure 7. (A) Various antimicrobial activities of RT mediated NiONPs. Data represents the mean of
three replicates and each alphabet indicates significance at p < 0.05 (A) MICs values of RT-NiONPs
against various pathogenic bacterial strains (B) Antifungal potencies of RT-NiONPs against different
fungal strains.
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Numerous research studies have been conducted on the bactericidal potential of NiONPs while
only limited research work has been published on fungicidal activities of NPs. In the present
study, the fungicidal potency of RT-NiONPs was investigated using different fungal strains (FS).
The different FS such as F. solani, M. racemosus, A. niger, A. flavus and C. albicans were exposed to
different concentration of RT-NiONPs (34.38-1100 ug/mL) (Figure 7B). Amp-B was taken as positive
control to confirm the inhibition potential of RT-NiONPs. According to our literature review, the current
study, for the first time, reported the antifungal potential of RT-NiONPs. Our R. triquetra-NiONPs
revealed a concentration-dependent inhibition response against different fungal strains where A. flavus
was the least susceptible fungal strain (MIC: 275 pug/mL while A. niger was the most susceptible strain
(MIC: 34.38 pg/mL). Previously, concentration mediated fungicidal activities were reported using
different fungal strains [7] and are in line with our presently synthesized RT-NiONPs. The MIC values
for different pathogenic bacterial and fungal strains are provided in Figure 7.

3.2. Antileishmanial Potentials

Leishmaniasis is a widespread tropical disease caused by leishmanial parasites [27]. The drug
antimonial was developed as a potential candidate to cure leishmaniasis but has lost its therapeutic
potential as they have developed resistance. Thus, scientists are involved in designing alternative
routes to fight and manage this global disease. Therefore, extensive research studies are needed
to design some novel and effective nanomaterials. Various nanomaterials are being used to study
their antileishmanial potential [11,14]. However, greenly orchestrated NiONPs are rarely studied
to investigate their cytotoxic potential. In current study, antileishmanial potentials of R. triquetra
orchestrated NiONPs was investigated against L. tropica. The parasites were treated with different
doses of RT-NiONPs (8.595-1100 ug/mL) (Figure 8A). The antileishmanial potential increased with
RT-NiONPs, thus indicating a dose-dependent response. The RT-NiONPs displayed significant
potential against L. tropica promastigote (ICsq: 27.32 pg/mL). Similarly, the antileishmanial potential of
RT-NiONPs was reported against L. tropica amastigotes (ICsp: 37.4 ug/mL). Our results of RT-NiONPs
are in agreement with the previous reports of Sageretia thea mediated NiONPs [35].
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Figure 8. Biocompatibility, cytotoxic and antioxidant properties of NiONPs. Data represents the mean
of three replicates and each alphabet indicates significance at p < 0.05 (A) Antileishmanial activities
against Leishmanial parasites (B) Anticancer potentials of RT-NiONPs against HUH-7 and HepG2
cell lines (C) Biocompatibility of NiIONPs against RBCs and Macrophages (D) Antioxidant activities
of RT-NiONPs.

93



Biomedicines 2020, 8, 117

3.3. Anticancer Potential of NIONPs

Among the different types of cancer, liver cancer is the second deadliest cancer in males and
sixth deadliest in females [15,40,41]. Different risk factors are involved in regulating the rate of cancer
such as viral infections, heavy consumption of alcohol and toxin exposures (aflatoxin). In the current
study, the anticancer potential of greenly orchestrated RT-NiONPs was investigated against HUH-7
and HepG2 liver cancer cell lines using an MTT assay [28]. To achieve this purpose, HUH-7 and
HepG2 cancer cells were exposed to different concentrations of RT-NiONPs (1100-8.595 pg/mL) as
summarized in Figure 8B. The NiONPs have determined strong reduction in metabolic activities
of both HUH-7 and HepG2 cancer cells using different doses of NiONPs. The metabolic activities
were decreasing while increasing RT-NiONPs concentration. The highest anticancer activity recorded
was 81.41% for HuH-7 and 84.41% for HepG2 at 1100 pg/mL and anticancer activity decreased with
NiONPs concentration. Further, ICsy values were recorded for RT-NiONPs which are 11.3 ug/mL
for (HuH-7) and 20.73 ug/mL (HepG2) cell lines respectively. The anticancer potential induced by
RT-NiONPs even at low concentration (8.595 ug/mL) could be due to different functional molecules
adsorbed from leaves broth on the surface of NiONPs. The reduction in the metabolic activities have
determined that RT-NiONPs have strong anticancer activities. The results of RT-NiONPs using HUH-7
and HepG2 are in correspondence with the previously published reports using G. wallichianum and
Euphorbia heterophylla [7 42].

3.4. Biocompatibility Assays with Human Red Cells and Macrophages

Considering the interest in biomedical applications, the biosafety and biocompatible nature
of RT-NiONPs were investigated using previously optimized protocol [7]. According to biosafety
principle guidelines, biological and chemical substances having hemolysis >5% are hemolytic, 2—5%
are slightly hemolytic, while <2% is non-hemolytic [43]. If the tested NPs are hemolytic, it will damage
erythrocytes and result in hemoglobin release from RBCs. To confirm the hemolytic potential, red cells
were treated with different doses of RT-NiONPs (1100-8.595 ug/mL) and revealed dose dependent
response. The hemoglobin release was 24.23% at highest concentrations of 1100 pg/mL (Figure 8C).
Research studies concluded that RT-NiONPs are non-hemolytic at 17.19 pg/mL, slightly hemolytic
at 68.75 ug/mL, and hemolytic at >68.75 ug/mL. On the whole, RT-NiONPs are non-toxic and
biocompatible at low concentration against red cells. Our biocompatibility results of RT-NiONPs are in
line with the previously synthesized S. thea and G. wallichianum mediated NiONPs [7,35].

The biosafe and biocompatible nature of RT-NiONPs was further determine using normal human
macrophages (HM). For this purpose, confluent HM cells were seeded in sterilized 96-well plate
containing RPMI media and were cultured for 24 h. Further, the seeded cells were exposed to different
doses of RT-NiONPs (1100-8.595 pg/mL). Further, an MTT cell viability assay was performed to
confirm the biosafe nature of RT-NiONPs. The results shown in Figure 8C indicate that biosynthesized
RT-NiONPs at 1100 ug/mL inhibited the growth of HM cells by ~30.89% confirming its biosafe
nature, thus indicating a dose-dependent response. Normally, HM cells have developed a natural
strategy to neutralize ROS produced from external sources. Previous research studies reported
that ROS are non-toxic to both red cells and HM cells at low concentrations unless concentrations
increase beyond the limit, which will result in toxicity to both erythrocytes and macrophages [44].
Previously, Iqbal et al. [26] reported the biocompatibility potential of greenly fabricated NiONPs
against HM cells using Rhamnus virgata.

3.5. Antioxidant Activities

The antioxidant potential of phytogenic NiONPs was evaluated (Figure 8D). The maximum value
for TAC of R. triquetra mediated NiONPs in terms of AA Emg~! was reported as 71.93% at 1100 pg/mL.
Generally, a TAC assay is performed to evaluate the scavenging potential of reductones/antioxidants
present in the test sample towards ROS species. Our TAC results are in correspondence to
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Abbeasi et al. [7] using Geranium wallichianum mediated NiONPs. Further, a cupric-ion assay was
investigated to assess the scavenging potentials of antioxidants species adsorbed on the surface of
RT-NiONPs. The maximum score for cupric ion assay of green RT-NiONPs was obtained as 81.83%.
According to our literature review, a cupric-ion assay was demonstrated for the first time on RT-NiONPs.
Moreover, greenly orchestrated NiONPs were further explored to determine the surface adsorbed
antioxidant molecules. To achieve this goal, TRP assay was performed. The maximum value for TRP
was recorded as 83.41% at 1100 pg/mL which is corroborated with the earlier research report using
Rhamnus virgata mediated NiONPs [26]. Further, DPPH free radical scavenging assay was demonstrated
to assess the presence of radical scavengers (antioxidants) adsorbed on the surface of greenly fabricated
NiONPs. The highest DPPH value reported is 77.91% and our DPPH data are in agreement with
the previous studies using Sageretia thea mediated NiONPs [35]. Together, the antioxidant potential
confirmed the presence of radical scavengers on RT-NiONPs which play a potential role in the
stabilization, reduction, and capping of nano nickel oxide particles [7].

3.6. Enzymes Inhibition Potentials

Greenly orchestrated RT-NiONPs were examined for their protein kinase (PKs) inhibition activity.
Figure 9A shows the significant PK inhibition potential of R. triquetra mediated NiONPs using
different doses of NiONPs (34.38-1100 pg/mL). Moderate PK inhibition potential was revealed for
RT-NiONPs. The maximum value for ZIs was 15.5 mm with IC5y > 1000 ug/mL. On the whole,
ZlIs obtained for greenly orchestrated NiONPs were smaller as obtained from surfactin (positive
control). These results suggested cell viability at lower concentrations of NiONPs, consistent with
a previous research report using G. wallichianum—NiONPs [7]. Further, A-amylase assay was
demonstrated to evaluate the inhibition potentials of R. triquetra-NiONPs using different concentrations
(1100—34.38 ug/mL). The biogenic NiONPs were observed to cause increased % inhibition (39.31%) at
1100 pg/mL (Figure 9B). However, the percent inhibition significantly decreased with a decrease in
concentration. Overall, a moderate inhibition potential is reported. The results of our current report
are in agreement with a previous research study using S. thea mediated NiONPs [35].

E 33 2 2 2 2 2 2 2 't A A A A A

= 1C50: >1000 pg/mL || S 407 1C50: >1000 pg/mLT

:E 20+ Ll = 304 I

Z z

= = 20 i

: 104 | o=

S £ 104 A

g -

N et raas| e Ades s
S D D8 A A -

< . .
Concentration (ng/mL) Concentration (ng/mL)

(A) (B)

Figure 9. (A) Inhibition potential against protein kinase of RT orchestrated NiONPs (B) Inhibition
potential against alpha amylase.

4. Conclusions and Future Directions

This study has established a simple, eco-friendly, and economically viable method to synthesize
NiONPs simply by mixing NiNO3 with aqueous broth of R. triguetra leaves which are free of toxicants
and rich in functional biomolecules. The actions of different functional biomolecules in the leaves
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extract may result in the reduction, stabilization, and capping of NiONPs. The microscopic analyses
from SEM and TEM confirmed the predominant spherical shape and small size of NiONPs (~25 nm).
Further, spectroscopic studies from UV-vis, Raman, FI-IR, EDX, zeta potential, and DLS supported
the fabrication and stability of NiONPs. Significant anticancer potentials were revealed against
different cancer cell lines (HepG2: ICsy: 20.73 and HuH-7: ICs¢: 11.3 pug/mL). Further, antileishmanial
potential was investigated against leishmanial parasites (promastigotes; ICsy: 27.32, amastigotes:
ICsp: 37.4 ug/mL). The outcomes of a biocompatibility assay revealed that NiONPs are non-toxic
and biocompatible. NiONPs determined significant free radical scavenging and moderate enzyme
inhibition activities. Further, NiONPs determined significant antimicrobial studies against different
bacterial and fungal strains. In conclusion, our results unequivocally indicate that RT-NiONPs
may be used as a safer alternative in biotechnological, biomedical, and pharmaceutical industries.
Further, more in vitro and in vivo studies are recommended in different animal models before bringing
NiONPs into clinical trials.
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Abstract: Coriolus versicolor (L.) Quél. is a higher fungi or mushroom which is now known by its
accepted scientific name as Trametes versicolor (L.) Lloyd (family Polyporaceae). The polysaccharides,
primarily two commercial products from China and Japan as PSP and PSK, respectively, have been
claimed to serve as adjuvant therapy for cancer. In this paper, research advances in this field, including
direct cytotoxicity in cancer cells and immunostimulatory effects, are scrutinised at three levels:
in vitro, in vivo and clinical outcomes. The level of activity in the various cancers, key targets (both in
cancer and immune cells) and pharmacological efficacies are discussed.

Keywords: Coriolus versicolor; Trametes; cancer; polysaccharides; PSP; PSK; immunostimulation;
adjuvant therapy

1. Introduction

According to the recent WHO figure [1], cancer is the second most leading cause of mortality in the
world and accounts for an estimated 9.6 million deaths in 2018. Most of the cancer death (~70%) occur
in developing or the so-called low- and middle-income countries where access to modern medicines are
not widely available. The common cancer deaths are from the lung, colorectal, stomach, liver and breast
cancers, respectively, while other common cancers include prostate and skin cancers [1]. The major
control measure for cancer is chemotherapy by using a variety of small molecular weight compounds
and biological agents. As always, nature has its fair share of abundance as a source of these agents
and drugs like paclitaxel (Taxol®), podophyllotoxin derivatives and vinca alkaloids (vinblastine and
vincristine) are our excellent examples for potential exploration of more novel anti-cancer agents from
higher plants. On the other hand, doxorubicin, daunomycin, mitomycin C, and bleomycin are good
representative examples of anti-cancer agents explored from fungal sources, particularly Streptomyces.

In addition to their nutritional value, medicinal mushrooms have emerged in recent years not
only as a source of drugs but also as adjuvants to conventional chemo- or radiation-therapy to either
enhance their potency or reduce their side effects ( see [2] and references therein). In this regard, one
of by far the best investigated medicinal mushroom in recent years is Coriolus versicolor (L.) Quél.
(Syn. Polyporus versicolor) which is now known by its accepted scientific name as Trametes versicolor
(L.) Lloyd (family Polyporaceae). Its most common name in the Western world is Turkey Tail, and its
distinct morphological features include the concentric multicoloured zones on the upper side of the
cap (no stalk) and spore-bearing polypores underside (Figure 1). The fungus is common in temperate
Asia, North America and Europe, including the UK, where it has been recorded in all regions [3].
Its medicinal value as part of the Chinese traditional medicine dates back for at least 2000 years and
includes general health-promoting effects [4], including endurance and longevity. Both in China and
Japan, preparations such as dried powdered tea of the fungus are employed in traditional medicine
practices. In this communication, the main components of the fungi, polysaccharides, that have given
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the fungi its medicinal value in cancer therapy are assessed by reviewing the chemistry, pharmacology
and therapeutic potential at three levels: in vitro, in vivo and clinical studies. Readers should note
that nearly all the published literature in this field is available under the name Coriolus versicolor
(Trametes versicolor).

Figure 1. Morphological features of Coriolus versicolor. The various morphological features of the
fungus grown in the UK are shown. While the upper surface shows concentric zones of colours (red,
yellow, green, blue, brown, black, and white), the picture in the lower-right shows the polyporous
nature of the underside portion of the fungus. Pictures are a kind gift of first-nature.com (https:
//www.first-nature.com/fungi/trametes-versicolor.php#distribution).

2. Overview of Chemistry

2.1. Small Molecular Weight Compounds

Like all other mushrooms, the fruiting body of C. versicolor is harvested for its nutritional
and medicinal values. The bracket or shelf mushroom body in the wild or the mycelial biomass
collected from the submerged fermentation could all be used for this purpose. In addition to the
major macromolecules (proteins, carbohydrates, and lipids) and minerals, the fungus is known to
contain potential pharmacologically active secondary metabolites belonging to small molecular weight
compounds. The study by Wang et al. [5] reported the isolation of four new spiroaxane sesquiterpenes
(Figure 2), tramspiroins A-D (1-4), one new rosenonolactone 15,16-acetonide (5), and the known
drimane sesquiterpenes isodrimenediol (6) and funatrol D (7) from the cultures. Readers should
bear in mind that these compounds isolated from the ethyl acetate fraction are non-polar and are
not expected to be available in the polysaccharide fractions of the fungus (see below). Janjusevi¢
et al. [6] studied the phenolic composition of the fruiting body of C. versicolor of European origin.
In their HPLC-MS/MS-based study, they identified 38 phenolic compounds belonging to the flavonoid
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(flavones, flavonols, flavanone, flavanols, biflavonoids, isoflavonoids) and hydroxy cinnamic acids.
Although the ethanol and methanol extracts are generally the richest sources of these phenolic
compounds, the water extracts were also shown to contain (ug/g dry weight) considerable amount of
baicalein (21.60), baicalin (10.7), quercetin (31.20), isorhamnetin (14.60), catechin (17.20), amentoflavone
(17.20), p-hydroxybenzoic acid (141.00) and cyclohexanecarboxylic acid (80.40). The biological activities
of the water extracts of C. versicolor, especially in the antioxidant area, must, therefore, account for
the cumulative effects of the phenolic compounds. These compounds are, however, not established
as the main components of the fungus, and further research is required to establish their potential
contribution to the known biological activities of C. versicolor.

Figure 2. Terpenoids from C. versicolor.

2.2. Polysaccharides

Like other edible mushrooms, the fruiting body of C. versicolor is composed of carbohydrates,
proteins, amino acids, and minerals. The main bioactive components of C. versicolor are the
polysaccharopeptides (PSPs), which are isolated from the mycelium as well as fermentation broth.
As a commercial product, the main sources of these PSPs are China and Japan that produce them from
the strains of “COV-1” (PSP in China) and “CM-101" (polysaccharide K (PSP Krestin or PSK, in Japan),
respectively. Both products have been approved as medicines primarily as adjuvants in cancer therapy.
Given that over 100 strains of the fungi are known to occur, one must recognise the diversity of these
products coming from different genetic and environmental sources, including the in vitro culture
conditions of their mycelial production. They are made from polysaccharides covalently bonded to
peptides through O- or N-glycosidic bonds. Numerous studies have established that D-glucose is the
principal monosaccharide of PSP and PSK, although other sugars such as arabinose and rhamnose
are also found in small amounts (e.g., [6-8]). One noticeable difference in these products could be the
composition of polysaccharide:peptide ratio, and their relative molecular weight. The (PSK and PSP)
are both proteoglucans of about 100 kDa with variations in the individual sugar compositions such as
glucose, fucose, galactose, mannose, and xylose.

The distinction between the extracellular (EPS) and intracellular polysaccharides have also been
made with respect to their backbone structure [7,8]. The EPS contains small amounts of galactose (Gal),
mannose (Man), arabinose (Ara), xylose (Xyl) and predominantly glucose (Glc) and are composed
of B-(1-3) and B-(1—6)-linked D-glucose molecules. On the other hand, PSP and PSK contain
a-(1—4) and B-(1—3) glucosidic linkages in their polysaccharide moieties. D-glucose is the major
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monosaccharide present while fucose (Fru), Gal, Man, and Xyl are the other principal monosaccharides
in PSK. Earlier studies [9] established the distinctive features of these two polysaccharides with the
presence of fucose in the PSK and rhamnose and arabinose in PSP. Analysis of the polysaccharide
moiety of PSP, showed the predominance of 1—4, 1—2 and 1—-3 glucose linkages (molar ratio 3:1:2),
together with small amounts of 1—3, 1—4 and 1—6 Gal, 1—3 and 1—6 Man, and 1—3 and 1—4 Ara
linkages [9]. On the other hand, the peptide moiety of PSP contains 18 different amino acids, with
aspartic and glutamic acid residues being most predominant [8]. More importantly, PSK and PSP
polymers are soluble in water.

The complexity of C. versicolor can be seen from the detailed structural analysis, as shown
for PSP-1b1 backbone by Wang et al. [10] as follows: “—4)-x-Galp-(1—4)-x-Galp-(1—2)-x-Manp-
(1-4)-a-Galp-(1—-2)-a-Manp-(1—-4)-«-Galp-(1—4)-x-Galp-(1—2)-a-Manp-(1—4)-a-Galp-(1—2)-x-
Manp-(1—4)—, with branches of «-1,6-Manp, 3-1,6-Glcp, $-1,3,6-Glcp, «-1,3-Manp, o-1,6-Galp,
a-1,3-Fucp, T-x-Glcp and T-x-Galp on the O-6 position of x-Manp of the main chain, and secondary
branches linked to the O-6 position of 3-Glcp (3-glucose-pyranose(p)) of the major branch.” Awadasseid
etal. [11] also isolated a water-soluble glucan extracted from C. versicolor called CVG with the general
backbone structure of [—6)—a—D-Glcp—(1—] n. In comparison to the PSK and PSP, CVG was small
with a molecular weight of 8.8 Kda and carbohydrate composition of D-Fuc, D-Ara, D-Man, D-Gal and
D-Glc, in a molar ratio of 1.0/1.1/3.0/3.9/350.7, respectively. The polysaccharide isolated by Zhang
et al. [12] called 3-1—3 was with the main chain consisting of 3 -D-1,4-Glc and 3-D-1,3-Glc, and
branch chains situated at 3-D-1,3,6-Glc and 3-D-1,4,6-Glc. More research is, however, required to
identify the structures of all polysaccharides from this fungus.

3. Anticancer Effect through Direct Toxicity to Cancer Cells

Studies during the 1990s established that C. versicolor polysaccharides such as PSK could inhibit
hepatic carcinogenesis in rats induced by 3’-methyl-4-dimethylaminoazobenzene [13]. The direct effect
of PSK on gene expression profile in cancer cells was also established back in the 1980s [14]. Studies
on combination therapy with radiation further showed the increased survival rate of mice bearing
MM46 tumours [15]. Corriolan as a 3-(1—3) polysaccharide with some (1—6) and no (1—4) branched
glucan from C. versicolor was shown to be effective (100 mg/kg for 30 days) in suppressing sarcoma
180 tumours in mice [16]. Since then, the direct anticancer effect of C. versicolor polysaccharides has
been demonstrated in the various experimental models in vitro, in vivo and clinical trials (see below).

3.1. Evidence of Efficacy through In Vitro Studies

The direct toxicity of C. versicolor polysaccharide preparations to cancer/tumour cells has been
demonstrated in the various in vitro models [17-49] (Table 1). The number of cancer types that could
be targeted by the polysaccharides is incredibly large and include breast (e.g., MCF-7, HBL-100, T-47D,
ZR-75-30, MDA-MB-231 and Walker 256) [18,20,32,37,44,46], lung (e.g., A-549, and SWi573) [20,21],
melanoma (e.g., SKMel-188 and B16) [17,31], colon (e.g., LoVo, HT-29, SW480, WiDr, L5174 and
LS174-T) [19-26,48], leukaemia (e.g., Jukart, K562, THP-1, OCI-AML3, HL-60 and U937) [20,22,24-26,28,
30,35,36,38-40,48,49], cervix (e.g., HeLa [20,21], gastric cancer (e.g., AGS, KATOIII, SCG-7901 [24-26,48]),
prostate (e.g., PC-3,JCA-1, LNCaP, DU-145 [29,43], glioma (e.g., C6) [42], hepatoma (e.g., HepG2) [45,48],
and ovarian (e.g., H4-1I-E) [47] cancers. The vast majority of studies are on the two known commercially
available C. versicolor polysaccharides, PSP and PSK (Table 1), while others include small polypeptide
of about 10 Kd [48], refined polysaccharide peptide fractions [23,45], and aqueous or alcoholic
extract [19-21,31,35,37,41,43]. Given the high molecular weight nature of the polysaccharides and
even most are crude products, their observed anticancer activity mostly demonstrated in less than
1 mg/mL concentrations should be considered good but many experiments even showed activity
at concentrations less or equal to 100 ug/mL [17,19,24-26,28,32,36,38,41,46,48]. The inhibition of cell
proliferation by C. versicolor is associated with cell cycle arrest which could vary depending on the
concentration and cell type. For example, disruption of cell cycle progression and arrest at GO phase [22],
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GO0/G1 phase [31,33] or G1/S and G2/M phases [36] have been reported. As a mode of cell death,
induction of apoptosis has been shown for many cell types which was associated with caspase-3
activation via the mitochondrial pathway [24-26,28,36,39].

Table 1. Direct cytotoxic effects in vitro.

Preparation Experimental Model Key Findings References
Induces caspase-independent
cytotoxicity; increases the
intracellular level of ROS—effect .
Protein-bound Human SKMel-188 inhibited by SP600125 QNK T awlikowska
. melanoma cells—100 o . etal. 2020
polysaccharides and 200 pg/mL inhibitor); cytotoxic effect [17]
X abolished by receptor-interacting
serine/threonine-protein kinase
1 inhibitor.
Inhibits cell proliferation through
Immobilised fungal laccase -estradiol degradation and cell
on pH-responsive (and apoptosis; decreases in the Chauhan
charge-switchable) MCF-7 breast cancer cells ~ mRNA levels of anti-apoptotic etal. 2019
Pluronic-stabilised silver genes (BCL-2 and NF-kp); [18]
nanoparticles (AgNPs'™P) increases the mRNA level of
proapoptotic genes (p53).
Inhibits human colon cell
Human colon carcinoma proliferation and induces
LoVo and HT-29 cytotoxicity; inhibits oncogenic
. . . . . Roca-Lema
I cells—proliferation; potential, cell migration and
Polysaccharide-rich extracts . h L etal. 2019
wound healing and invasion in colon cancer cells; [19]
invasion assays—10 or suppresses MMP-2 enzyme
100 pg/mL activity; increases the expression
of the E-cadherin.
Leukemia cell lines
(Jukart, K562, and
Water extracts from mycelial THP-1); solid tumors ICsy between Shnvreva
biomass (strain (A-549 and SWi573 0.7-3.6 ug/mL—antiproliferative ot aly20\; 3
It-1)—Russian origin—water (lung), HBL-100 and effect against lung and cervix [éO]
and methanol extracts T-47D (breast), HeLa tumors.
(cervix), and WiDr
(colon)) cells—50 pg/mL
Human cervix
adenocarcinoma (HeLa), Knezevic
Dried mycelia of Serbian human colon carcinoma  Cytotoxic activity with ICs( value otal. 2018
origin—96% ethanol extract ~ (LS174) and human lung between 60-90 pg/mL. [él]
adenocarcinoma (A549)
cell lines
Leukemic cell lines No cytotoxic effect on
1 . . mononuclear cells from healthy
Polysaccharidic fraction, (human myeloid donors: dose-dependent increase
Tramesan (Patent number (OCI-AMLS3) and in G’O hase 5} cancer cells: Ricciardi
RM2012A000573)—extracted lymphoid (Jurkat) cell phas 4 etal. 2017
. . . decreases in both G1 and S
exopolysaccahride from lines) and primary cells o [22]
! phases; time- and
fungal culture filtrate from AML . .
. dose-dependent induction of
patients—0.5-2 mg/mL ..
apoptosis in cancer cells
No direct toxicity but inhibits cell
Mouse mammary . . di L Luo et al
Aqueous extract carcinoma 4T1 migration and invasion; uo et a’.
1 suppresses enzyme activities and 2014 [23]

cells—0.125-2 mg/mL

protein levels of MMP-9
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Table 1. Cont.

Preparation

Experimental Model

Key Findings

References

PSK

Human malignant cell
lines (WiDr, HT29,
SW480, KATOIII, AGS,
HL-60 and
U937)—30-100 pg/mL

Antiproliferative—most potent
against HL-60 cells; activates
caspase-3 and induces p38 MAPK
phosphorylation; co-treatment
with SB203580 (A p38 MAPK
inhibitor) blocked apoptosis
induction, caspase-3 activation
and growth inhibition; apoptosis
induction via mitochondrial
pathway (effect on mitochondrial
depolarization reversed
by SB203580).

Hirahara

etal. 2011,

2012, 2013
[24-26]

Ethanolic extracts

Human promyelocytic
HL-60 cells

Suppresses cell growth; induces
apoptosis; downregulates the
phosphorylation of Rb; increases
PARP cleavage; better effect in
combination with
Ganoderma lucidum.

Hsieh et al.
2013 [27]

PSK

HL-60 cells—100 pg/mL

Induces apoptosis without
inducing cell differentiation;
induces p38 MAPK
phosphorylation; effect on
induction of apoptosis, caspase-3
activation and growth inhibition
abolished by SB203580
(p38 MAPK inhibitor).

Wang et al.
2012 [28]

PSP—Commercial source

Prostate cancer cell line
PC-3—250 or 500 pig/mL

Suppresses PC-3 cell growth and
in spheroid formation assay; see
Table 2 for in vivo effect.

Luk et al.
2011 [29]

Polysaccharopeptide
(PSP)—Commercial
source—Winsor Health
Products Ltd, Hong Kong

HL-60-25 pug/mL

Reduces cell proliferation;
inhibits cell progression through
both S and G2 phase; reduces
SH-thymidine uptake and
prolonged DNA synthesis time;
enhances the cytotoxicity of
camptothecin; no effect on
normal human peripheral blood
mononuclear cells.

Wan et al.
2010 [30]

Methanol extract of fruiting
body of Serbian origin

B16 mouse melanoma
cells—200 ug/mL

Induces cell cycle arrest in the
GO0/G1 phase, followed by both
apoptotic and secondary necrotic
cell death; see Table 2 for
in vivo effect.

Harhaji et al.
2008 [31]

PSP

Human breast cancer
(ZR-75-30)
cells—50 pg/mL or with
5 uM of doxorubicin,
etoposide or cytarabine

Enhances the cytotoxicity of
doxorubicin and etoposide but
not cytarabine; effect associated
with S-phase trap; reduces the

ratio of protein expression of

Bcl-xL/Bax.

Wan et al.
2008 [32]

PSK

B16, A549, Hela, AGS,
Jurkat, B9 and Ando-2
tumour cell lines—50 or
100 pg/mL

Inhibits cell growth; induces cell
cycle arrest, with cell
accumulation in G0/G1 phase;
induces apoptosis and increases
caspase-3 expression.

Jimenez-
Medina et al.
2008 [33]

104



Biomedicines 2020, 8, 135

Table 1. Cont.

Preparation

Experimental Model

Key Findings

References

PSP

HepG2 cells

Non-toxic dose of PSP enhanced
the cytotoxicity of
cyclophosphamide; decreased
cell viability by 22% at 10 ug/mL

Chan and
Yeung 2006
[34]

Standardised aqueous
ethanol extract

HL-60 cells

Suppresses cell proliferation in a
dose-dependent manner (ICsy =
150.6 pg/mL); increases
nucleosome production from
apoptotic cells; increases Bax and
downregulates Bcl-2 or increases
Bax/Bcl-2 proteins ratio; increases
the release of cytochrome-c from
mitochondria to cytosol; other
effects, see Table 2

Ho et al.
2006 [35]

PSP

Human leukemia HL-60
and U-937
cells—0.1-1 mg/mL

Inhibits cell proliferation and
induces apoptosis; cell
type-dependent disruption of the
G1/S and G2/M phases of cell
cycle progression; more cytotoxic
to HL-60 cells; suppresses the
expression of bcl-2 and survivin
while increasing Bax and
cytochrome-c; enhances cleavage
of PARP from its native 112-kDa
form to the 89-kDa truncated
product; decreases in p65 and to a
lesser degree p50 forms of NF-kB;
reduces the expression of COX-2.

Hsieh et al.
2006 [36]

Standardised aqueous
ethanol extract—commercial
source, Hong Kong

MDA-MB-231, MCF-7
and T-47D cells—400 or
600 pg/mL

Suppresses cell
proliferation—ICs( values in
ascending order of T-47D, MCEF-7,
MDA-MB-231, and BT-20 least
affected; increases nucleosome
productions in apoptotic cells;
downregulates Bcl-2 protein
expression (MCF-7 and T-47D
cells, but not in MDA-MB-231
cells); upregulates p53 protein
only in T-47D cells

Hoetal.
2005 [37]

Polysaccharide peptide
(PSP)

Human promyelocytic
leukemia HL-60
cells—25-100 ug/mL

Dose-dependently enhances cell
apoptosis induced by
doxorubicin and etoposide,
but not cytarabine (Ara-C);
enhances the apoptotic
machinery of Doxo and VP-16 in
a cell cycle-dependent manner;
modulates the regulatory
checkpoint cyclin E and
caspase 3.

Hui et al.
2005 [38]

Polysaccharide peptide
(PSP)

HL-60 cells

Induces apoptosis HL-60 cells but
not of normal human
T-lymphocytes; decrease in
Bcl-2/Bax ratio, drop in
mitochondrial transmembrane
potential, cytochrome c release,
and activation of caspase -3, —8
and -9

Yang et al.
2005 [39]
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Table 1. Cont.

Preparation Experimental Model Key Findings References
Induces apoptosis;
phosphorylated regulation of
early transcription factors (AP-1,
EGR1, IER2 and IER5) and
downregulates NF-«B pathways;
. . increases apoptotic or
Protzllnz;r:ii‘eis:sd(epg?;nd HL-60 cells—400 pg/mL anti-proliferation genes Zzgr(;% F_L?]L
poly (GADD45A/B and TUSC2) and
the decrease of a batch of
phosphatase and kinase genes;
alters carcinogenesis-related gene
transcripts (SAT, DCT, Melan-A,
uPA and cyclin E1).
Suppresses cell proliferation; no
Ethanol_water cytotoxic effect on normal liver
. Raji, NB-4, and HL-60 cell line WRL (IC5p > 800 pg/mL); Lau et al.
extract—commercial source .
cells—50 to 800 ug/mL increases nucleosome 2004 [41]
(Hong Konk) . . .
productions in cancer but not in
normal cells.
Inhibits *H-thymidine uptake;
C6 rat glioma cells augments radiation-induced Mao et al
Polysaccharopeptide (PSP) exposed to radiation cancer cell damage though 2001 [ 42]'
(4 Gy)—1 mg/mL radiation efficacy did not
increase.
Increases the levels STAT1 and
STATS3 in JCA-1 but not LNCaP
. cells; reduces LNCaP cell growth,
Hormone-responsive downregulates the levels of
Yunzhi (Windsor Wunxi)—a LNCaP and & .
. . secreted but not intracellular .
proprietary dietary androgen-refractory rostate-specific antigen: no Hsieh and
supplement—ethanolic ~ JCA-1,PC-3,and DU-145 P P sen Wo 2001 [43]
o effect on level of the androgen
extracts (70%) prostate cancer . . . 2
cells—0.5 mg/mL receptor; less antiproliferative
’ effect on PC-3 and DU-145 cells
than LNCaP, and no effect on
JCA-1 cells.
Inhibited DNA synthesis with Aoyagi et al.
PSK MCE-7 cells—200 pg/mL ICsg value of 200 pg/mL. 1997 [44]
RPSP, a refined
polysaccharide peptide
fraction isolated by fast
performance liquid Human hepatoma cell 1Csp of 243 pg/mL for 3-day Dong et al.
chromatography (FPLC) line (HepG2) assay; no effect on normal human 1996 [45]
from the crude powder of P foetal hepatocytes.
total peptide-bound
polysaccharides of cultivated
Coriolus versicolor Cov-1
Prevented cytotoxicity due to
cisplatin toward NRK-49F,
NRK-49F (normal rat but enhanced the cytotoxicity on .
. . Kobayashi
kidney) and H4-II-E H4-II-E and human ovarian
PSK 8 etal. 1994
ovarian cancer cancer cells; modulates [46]

cells—100 ug/mL

cell-dependent effect on
cisplatin-induced alteration in
lipid peroxide and SOD activity.
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Table 1. Cont.

Preparation Experimental Model Key Findings References

Walker 256
(fibrosarcoma) NRK-49F
(rat normal kidney
fibroblast), H4-II-E (rat

More pronounced
antiproliferative effect in Walker
256 cells, which have more SOD Kobayashi

PSK hepatoma) and activity; increased SOD activity etal. 1994
p in Walker 256 by 3.6 times and [47]
HA4-II-E-C3 (rat .
H,0, by 2.56 times; no effect on
hepatoma) cell CAT and GPx activi
lines—500 pg/mL Rl
. Cytotoxicity against HL-60 (most
HL-60 (leukaemia), se};lsitive Cgl liie) with ICsg (Value
Small polypeptide of about LS174-T (colon), of 30 ug/mL; more cytotoxic to Yang et al.
10Kd SMMU-7721 (hepatoma), Hg/mL; Y 1992 [48]
nd SCG-7901 (stomach) leukemia and SCG-7901 cells
a stomac than PSP or PSK.
Enhances the TNF-induced
TNF-induced cytotoxicity against L-929 cells;
cytotoxicity in mouse induces cell differentiation;
PSK and four PSK . L-929 f1br9b1ast; induces Fhe expression of Kim et al.
. interferon-y-induced NBT-reducing and «-naphthyl
subfractions . . L 1990 [49]
differentiation of human acetate esterase activity;
myelogenous leukemic  polysaccharides of over 200 kDa
U-937 and THP-1 cells. had the most potent

stimulating activity.

Abbreviations: CAT, catalase; COX-2, cyclooxygenase 2; GPx, glutathione peroxidase; JNK, c-Jun N-terminal kinase;
MAPK, mitogen-activated kinase; MMP, matrix metalloproteinase; NBT, nitroblue tetrazolium; NF-kB, nuclear
factor kB; PARP, poly(ADP-ribose) polymerase; ROS, reactive oxygen species; SOD, superoxide dismutase; STAT,
signal transducer and activator family of transcription.

As expected for apoptosis-inducing agents, genes and proteins that are associated with cancer
cell survival (anti-apoptotic BCL-2, Bcl-xL, survivin) are shown to be suppressed while those
markers of apoptosis (proapoptotic Bax) induction are upregulated by the C. versicolor polysaccharide
preparations [18,32,35,36]. Induction of the intracellular level of reactive oxygen species (ROS) in
cancer cells is a well-established mechanism of cell death by chemotherapeutic agents and this
appears to be the case for C. versicolor in several cell lines [17,46]. The critical cell growth and death
regulator mitogen-activated protein kinase (MAPK) is involved in the induction of cell death by
C. versicolor polysaccharides, as shown by the enhancement of p38 MAPK phosphorylation [24-26,28].
Accordingly, the cytotoxicity of these polysaccharides in melanoma cells could be abolished in
the presence of c-Jun N-terminal kinase (JNK) inhibitors [17] or the p38 MAPK inhibitor [24-26].
Key transcription factors that are involved in cancer development and metastasis could be inhibited
by C. versicolor polysaccharides. This includes the well-defined cancer modulator, NF-kB, or its
induced protein product, cyclooxygenase-2 (COX-2) [36,40]. The potential combination of C. versicolor
polysaccharides with conventional chemotherapeutic agents has been demonstrated in vitro, as shown
for camptothecin [30], doxorubicin and etoposide [32,38], and cisplatin [46]. Even at concentrations
where direct toxicity was not observed, inhibition of cell migration and invasion was evident along
with inhibition of key angiogenic enzymes such as matrix metalloprotease (MMP)-9 [23] or MMP-2 [19].

3.2. Evidence of Efficacy through Animal Models

Many in vitro experiments that showed promising effects in direct cytotoxicity study were also
extended to animal models of tumour-bearing mice. This was based on the injection of the cancer
cells into mice and assess the size and spread (metastasis) of the tumour in the presence or absence
of C. versicolor polysaccharides. Table 2 has a good summary of these data with the description of
the polysaccharides, their route of administration and main outcomes [14,23,29,31,37,42,45,50-55].
It appears that C. versicolor polysaccharides in the form of PSP, PSK, refined fractions, water or aqueous
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extracts exhibit anticancer effects in vivo when administered by either oral (p.o.), intraperitoneal (i.p.)
or intravenous (i.v.) routs. In a combination approach, favourable responses were obtained with
metronomic zoledronic acid [50] and docetaxel-taxane [51]. In addition to a reduction in the size and
volume of the implanted tumours, the incidence of tumours [29,45] and angiogenesis via vascular
endothelial cell growth factor (VEGF) expression have been shown to be inhibited.

Table 2. Direct antitumour effect in vivo.

Preparation

Experimental Model

Water extract of
commercial source

Nude mice inoculated with
human breast cancer cells -
aqueous extract, metronomic
zoledronic acid, or the
combination of both for
4 week—1g/kg extract, p.o. daily),
metronomic zoledronic acid
group (0.0125 mg/kg, i.p. injected
twice a week), or in combination.

Aqueous extract

Mouse mammary carcinoma 4T1
tumour-bearing mice—1 g/kg,
p-o. for 4 weeks

Key Findings References
Combination with metronomic
zoledronic acid diminished
~ tumor gro'wt1'1 without Ko et al.
increasing the incidence of lung
. . 2017 [50]
and liver metastasis;
combination therapy reserved
the integrity of bones.
Decreased tumor weight by 36%,
lung metastasis by 70.8%; Luo et al.
protects bones from 2014 [23]

cancer-induced bone loss

Combination with taxanes for
prostate transgenic
adenocarcinoma of the mouse
prostate (TRAMP)—C2-bearing
mice—PSK with

The combination increased more
tumour suppression than either

treatment alone—reduced tumor
Wenner et al.

PSK docetaxel—Mouse prostate proliferation and enhanced 2012 [51]
tumor (TRAMP-C2) cells injected apoptosis; other effects on
orthotopically—docetaxel immunomodulation (see Table
(5 mg/kg, i.p. twice weekly); PSK 4).
(300 mg/kg daily p.o.) or in
combination for 11-13 days
Reduces tumour volume and
anti-metastatic activity to the
lungs; downregulates the
BreastDefend expression of PLAU (uPA
(BD)—extract that also ~ MDA-MB-231 cells implanted in protein) and CXCR#4 genes in .
. . . Jiang et al.
contains several other female nude mice—100 mg/kg,  breast tumors; no effect on genes 2012 [52]
mushrooms and herbal ig., for 33 days. associated with breast-to-lung
products cancer metastasis: ezrin (EZR),
HRAS, S100A4, CDKN1A
(protein p21) and HTATIP2
(protein TIP30).
Transgenic mice (TgMAP) mice
Suppress
that spontaneously develop L .
tumourogenicity—chemopreventive  Luk et al.
PSP prostate tumors—200 or A
property; see Table 1 for in vitro 2011 [29]
300 mg/kg p.o. 5 days per week
effect.
for 20 weeks
Inhibits tumor growth;
Methanol extract of C57BL/6 mice inoculated with peritoneal macrophages .
- . Harhaji et al.
fruiting body of syngeneic B16 tumor collected 21 days after tumor 2008 [31]
Serbian origin cells—50 mg/kg, i.p. for 14 days implantation; see Table 1 and :
Table 4 for other effects.
Athymic nude mouse with HL-60
Standardised aqueous leukaemic xenograft Inhibits tumour growth; see Hoetal.
ethanol extract model—100 mg/kg, p.o. for Table 1 for in vitro effect. 2006 [35]

28 days
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Table 2. Cont.

Preparation Experimental Model Key Findings References
Swiss mice—as a 2% dose in the No inhibitory effect on the
owdered diet for life and development of large intestinal
VPS, a hot water p 1 2-dimethvlhvdrazine cancers; intestinal tumours and Coles et al.
extract dih, drochl r? d };1 2-DMH) the total number of these tumors 2005 [53]
yaroc in(')ec tif)n ! in the intestine not
J significantly different.
5180 tumor-bearing mouse
model—murine sarcoma S180
cells implanted in Suppress the expression of Ho et al
psp subcutaneously in the back of VEGF and angiogenesis and 2004 [5 4]
each mouse—PSP solution in tumour markers.
drinking water
(35 ug/day/mouse) for 20 days
Tumour bearing mice—radiation 1 Irrrllcr}elisce ?ea;izil l;ilﬁlrl;sll;e
PSP (8 Gy/mouse) or with PSP, i.p. cgunltgs in glood ar%d S leen)',no Mao et al.
5 days before implantation and ; ' 5P £ ’ 2001 [42]
for 10 days after direct tumor reducing effect; see
Table 1 for direct cytotoxic effect.
RPSP, a refined
polysaccharide peptide
fr;t;?;::;ﬁ;?}igﬁi?ﬂ Reduces incidences of tumor
chromatography from Sarcoma 180 inoculated nude grfgwgtlﬁilllfp;:sl:i?rz?; ?:tijls ’ Dong et al.
the crude powder of mice—1 mg, i.p. for 15 days P & 1996 [45]
total peptide-bound organs of animals such as heart,
polysaccharides of liver, spleen, lung and kidney.
cultivated Coriolus
versicolor Cov-1
N-methyl-N-nitrosourea-induced
PSK ra tﬁg?ﬁ;flamzzﬁsf:ei for Inhibits tumour size and Fujii et al.
3 weeks agfter tumour carcinogenesis 1995 [55]
development
Rat ascites hepatoma cell line
(AH66) inoculated i.p. in Direct effect on the transcription Hirose et al
PSK rats—250 mg/kg, i.p. for 5 days and translation of genens '

before inoculation and
7 days after.

(pPIC1, pPIC2 and pPDC1).

1985 [14]

Abbreviations: VEGF, vascular endothelial cell growth factor.

3.3. Evidence of Efficacy through Clinical Trials

Chay et al. [56] employed a human study on C. versicolor extract by recruiting fifteen eligible
cases of hepatocellular carcinoma patients in Singapore who failed or were unfit for standard therapy.
The randomised placebo-controlled trial using 2.4 g as a daily treatment for ~5.9 weeks) showed
a better quality of life without a significant difference in primary endpoint measure of the median
time to progression. On the other hand, a pilot study of randomised, double-blind, and multidose
study on dogs (not humans) revealed that treatment with PSP (e.g., 100 mg/kg capsules daily) could
delay the progression of metastases of canine hemangiosarcoma [57]. The systematic review and
meta-analysis studies by Eliza et al. [58] assessed the survival outcome in cancer patients from 13 clinical
trials on C. versicolor. They reported an impressive result showing a significant survival advantage
when compared with standard conventional anti-cancer agents alone. For example, a 9% absolute
reduction in 5-year mortality was recorded with one additional patient alive for every 11 patients
treated. They also reported a better 5-year survival rate in patients receiving combination treatment in

109



Biomedicines 2020, 8, 135

cases of breast cancer, gastric cancer, or colorectal cancer. Database on ClinicalTrial.gov shows one
terminated clinical trial on the potential benefit of C. versicolor for hepatocellular carcinoma and one
currently recruiting for a vaginal gel based on C. versicolor medical device (PAPILOCARE) as a phase
III trial. A further entry in this database is the USA (University of Minnesota), trial on C. versicolor
extract in Stage I, Stage II, or Stage III breast cancer who have finished radiation therapy.

4. Anti-Cancer Effect Via Immunostimulation

Studies on the immunotherapeutic potential of the C. versicolor polysaccharides in cancer started
in the late 1970s and accelerated in the 1980s and 1990s. In 1977, Kataoka et al. [59] reported that
immuno-resistance in mice could be induced when protein-bound polysaccharides are administered
together with L1210 murine leukemic cells. The suppression of TNF-« production in mice by cytotoxic
antitumour agents (5-fluorouracil, cyclophosphamide and bleomycin) was shown to be ameliorated
by PSK with an implication of immunotherapy potential [60]. The immunosuppressive effect of
cyclophosphamide in rats could also be abolished by PSP [61]. Myelosuppressed mice due to
chemotherapy could also be reversed by PSK, particularly when used in combination with granulocyte
colony-stimulating factor (G-CSF), granulocyte/macrophage colony-stimulating factor (GM-CSF) or
IL-3 [62]. These general immunostimulations or ameliorations of immunosuppression under cancer
and depressed immune systems, either by cancer, splenectomy or other experimental agents, have
been observed for C. versicolor polysaccharides [63-69].

Further studies in vitro showed the direct lymphocyte proliferative effect of PSP, while in mice,
it reversed the inhibition of IL-2 production induced by cyclophosphamide along with restoration
of the T-cell-mediated response [70]. The study by Kanoh et al. [71] also demonstrated that PSK
could enhance the anti-tumour effects of IgG2a monoclonal antibody in the human colon cancer cell
line, colo 205, both in vitro and in vivo via antibody-dependent macrophage-mediated cytotoxicity.
Studies on PSK using mice bearing syngeneic plasmacytoma X5563 also showed that it enhances
anti-tumour immunity by ameliorating the immunosuppressive activity of serum from tumour-bearing
mice [72,73]. The tumour-induced immunosuppression could also be abolished by PSK in various cancer
models in vivo [74]. Earlier in vitro studies further confirmed the direct effect of the polysaccharides on
peritoneal macrophages [75], namely, interleukin-1 production by human peripheral blood mononuclear
cells [76]. Further insight into the immunotherapeutic potential of C. versicolor polysaccharides is
outlined below under the headings of in vitro, in vivo and human studies.

4.1. Evidence of Immunotherapy Potential through In Vitro Studies

Perhaps the best characterised pharmacological activity of C. wversicolor relates to its
immunostimulatory effects. Some of the key outcomes from in vitro studies with implications to cancer
are shown in Table 3 [8,49,77-94]. The proliferative effect of the polysaccharides on mononuclear
cells, such as lymphocytes [78,79,86,92], monocytes [85] or macrophages [77] and others, including
splenocytes [81], has been shown for the polysaccharides. The immunostimulatory effect also includes
activation of immune cells, as shown in the LPS-induced cytokine (interleukin (IL)-13 and IL-6)
expression by peripheral blood mononuclear cells (PBMCs) [77] or by blood lymphocytes) [78].
Enhancement of antibody production such as IgM and IgG1 by splenocytes was reported [82], while
activation of dendritic cells was evident from the expression level of surface markers in mature
cells [84]. Increased level of IgM production in B cells by PSK has also been reported. Similarly,
cytokines expression, including upregulation of TNF-« expression, leads to enhanced breast cancer
cell killing) [79]. The production of IL-10 in mouse B cells could be enhanced by up to 60-fold for
some preparations [86], while the antibody-mediated cytotoxicity of natural killer (NK) cells against
cancer cells could be enhanced through IL-12-dependent and independent mechanisms [87]. Selective
induction of cytokines expression that promotes Th1l and Th2 lymphocytes have been shown [92].
Also, increased nitric oxide (NO) production in polymorphonuclear cells (PMNs) or mononuclear cells
such as U937 and THP-1 have been reported for PSK and its fractions [49,94].
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Considerable levels of research have been devoted to understanding how C. wversicolor
polysaccharides interact with the immune cells. One of the established recognition sites for the
polysaccharides is the toll-like receptors (TLRs), of which effects via TLR4 are well-documented.
In mouse peritoneal macrophages, the expression of cytokines and NF-«B activation by PSP was shown
to be coupled with TLR4 activation [81]. Furthermore, the induction of TNF-« and IL-6 secretion in
J774A.1 cells and primary splenocytes by PSP via TLR4 has also been well established and correlated
with its effect on NF-kB p65 transcription and phosphorylation of c-Jun [88]. The expression of both
TLR4 and TLR5 by PSP was shown in PBMCs of human origin, while TLR9 and TLR10 appear to be
downregulated [89]. Fractionation of PSK further led to the identification of two motifs: a 3-glucan
recognised by the Dectin-1 receptor and lipid fraction with agonistic activity towards TLR2.

Table 3. Inmunomodulatory effects related to cancer: in vitro studies.

Preparation Experimental Model Key Findings References
Normal and Enhances mitogenic activity and attenuates
LPS-stimulated rat the induced cytokines (interleukin (IL)-1
PSP peripheral blood and IL-6) production in stimulated Jedrzejewski
mononuclear cells macrophages; increases cell proliferation etal. 2016 [77]
(PBMCs— and pro-inflammatory cytokines release in
5-300 pg/mL unstimulated (LPS-free) macrophages.
Induces proliferative response on blood
Blood lymphocytes lymphocytes, as well as IL-1f3 and IL-6

Protein-bound

and breast cancer cells

mRNA expression; temperature of 39.5 °C

Pawlikowska

polysaccharides (PBP) (MCF-7)—100 and blocks the PBP-induced cytotoxicity against et al. 2016 [78]

300 ug/mL MCE-7 cells, which correlates with reduction

in TNFx level; see Table 4 for in vivo effect.

Breast cancer (MCF-7) Reduc'es cell growth; upregulate-s TI}\IIF-(x-
cells and blood expression but not IL-1f3 and IL-6; enhances Kowalczewska
PSP the proliferative response of blood

lymphocytes— 1 h iated with IL dIL etal. 2016 [79]

100 pg/mL ymphocytes associated with IL-6 and IL-13

mRNA upregulation.
PSK—isolation of TLR2 Uptake of the labeled

agonist activity from

B-glucan in J774A

Uptake inhibited by anti-Dectin-1 antibody

soluble 3-glucan but not by anti-TLR2 antibody; Dectin-1 is Quayle et al.
. macrophages and pos .
fraction—labeled the . the receptor for p-glucan; lipid fraction 2015 [80]
luble B-glucan with JAWSII dendritic nhances the uptake of the soluble -glucan
soluble (-glucan w cells—10-1000 pg/mL enhances the uptake of the soluble 3-glucan.
fluorescein
Stimulates the expressions of cytokines, as
well as TLR4, TRAF6, phosphorylation of
Peritoneal NF-«B p65 and phosphorylafl({n of ¢-Jun
(a component of the transcription factor Wang et al.
PSP macrophages from . . P
mice—25 pg/mL AP-1) in peritoneal macrophages from 2015 [81]
C57BL/10J (TLR4*/*) mice but not from
C57BL/10ScCr (TLR4'/ ~) mice; see Table 4
for in vivo effect.
Stimulates splenocytes proliferation;
fluorescence-labeled polysaccharides
selectively stained mouse B cells but not
T-cells; induces the production of IgM and
IgG1 with or without exogenously added
Polysaccharides—hot Mouse [L-4; membrane Ig (B C?u a@tlggn—receptf)r)
S . acts as the polysaccharide binding protein; Yang et al.
water extraction in splenocytes—high induces B-cell proliferation (inhibited b 2015 [82]
house dose of 30 mg/mL P Y

anti-mouse immunoglobulin (Ig) blocking
antibody or in cells from TLR4-mutant mice;
increases the phosphorylation of ERK-1/2
and p38 MAPK; enhances the nuclear
translocation of the cytosolic NF-kB
P65 subunit.
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Table 3. Cont.

Preparation Experimental Model Key Findings References
Upregulates MHC (class IT and CD86)
PBMCs from healthy expression on DC/tumor; increases fusion
human efficiency; increases production of fusions Koido et al
PSK as TLR2 agonist donors—monocyte-  derived IL-12p70; activates CD4* and CD8* 2%1 ,;) [23? :
derived DCs and T-cells to induce IFN-y production;
tumor fusion cells enhances induction of CTL activity specific
for Mucin 1.
Mouse bone Induces DC maturation—dose-dependent
marrow-derived increase in the expression of CD80, CD86, Engel et al
PSK dendritic cells (DC)— MHCII, and CD40; induces the production 5 Oglg [2 4? .
5,10, 20, 40, and (mRNA and protein levels) of IL-12, TNF-c,
80 pg/mL) and IL-6.
Increases monocytes counts (CD14*/CD16™)
PSP PBMCs—10 and compared to controls—confirmed by CD14 Sekhon et al.
100 pg/mL and MHCII antibodies; no significant effect 2013 [85]
on proliferation of T-cells, NK, and B-cells.
i Induced a greater than 60-fold increase in
Purified new AT
. . IL-10 secretion in mice B lymphocytes;
protein—YZP is a s . . L
specifically triggers the differentiation of
12-kDa + . .
. CD1d* B cells into IL-10-producing
non-glycosylated Mice lymphocyte regulatory B cells (Bregs); enhances the Kuan et al.
protein comprising proliferation—20 pg/mL & M 85); 2013 [86]

139 amino acids,
including an 18-amino

expression of CD1d; activates Breg function
via interaction with TLR2 and TLR4 and
upregulation of the TLR-mediated

acids signal peptide signaling pathway.
Activates NK cells to produce IFN-y and to
lyse K562 target cells; enhances
Human peripheral trastuzumab-mediated antibody-dependent Luetal. 2011
PSK blood mononuclear cell-mediated cytotoxicity ADCC against ue [;17']
cells—12-100 pg/mL SKBR3 and MDA-MB-231 breast cancer
cells; effect related to both direct and
IL-12-dependent (indirect) mechanism.
Induces TNF-« and IL-6 secretion by
J774A.1 cells and wild-type but not by TLR4-deficient .
; . . Price et al.
PSK primary splenocytes—  peritoneal macrophages; TNF« secretion by 2010 [88]
125 pg/mL J774A.1 cells and primary splenocytes effect
inhibited by TLR4 blocking antibody.
Upregulates the expression of (e.g., IFN-y,
CXCL10, TLR4, TLR5) while
downregulating (e.g., TLR9, TLR10, SARM1,
Human T‘OLLI‘P) other genes related with TLR Li et al. 2010
PSP PBMCs—25 1g/mL signaling pathway; upregulated some [89]
s—25 g/ cytokines (GCSE, GM-CSF, IL-1a, IL-6,
IFN-y) by more than 1.3 times; increases the
mRNA levels of TRAM, TRIF, and TRAF6;
increases the protein level of TRAF6.
B-cells—human B-cell Maruvam
PSK line BALL-1— Enhances IgM production in B-cells. aruyama
et al. 2009 [90]
1-100 pg/mL
Polysaccharides from Murmi splelrlwlcytes—
New Zealand isolate e>1< racehu a; Ind toki duction (interleukin 12
W andapated  pobide Iy ke prduton (e 2127
strain (ATCC-20545) of 50 ug/mL), & 18]
C. versicolor—culture intracellular splenocytes.
' polysaccharide (IPS)

medium isolates

(100 pg/mL)
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Table 3. Cont.

Preparation Experimental Model Key Findings References
Exhibits similar and additive inhibitory
Human T lymphocyte  effects to ciclosporin to suppress activated Lee et al. 2008
PSP proliferation—100 or T-cell proliferation, Th1 cytokines; reduces ce e[galj
500 pg/mL CD3*/CD25" cell expression but not Th2

cytokine expression.

Ethanol-water extract—

Proliferation of murine
(BALB/c mice) splenic

Enhances cell proliferation by up to 2.4-fold
in a time- and dose-dependent manner;
upregulates Thl-related cytokines (IL-2 and
IL-12); enhanced the level of Thl-related

Ho et al. 2004

commercial source lymphocytes— cytokines (IFN-y and IL-18) transiently 92]
12.5-400 pg/mL. (24 h, but not at 48 and 72 h) while Th2-(IL-4
and IL-6).
Increases the expression of HLA (class IT
Dendritic cells derived antigen) and CD40; increases the number
from CD14-positive and expression of CD80-, CD86- and Kanazawa
PSK cells obtained from CD83-positive cells; decreases FITC-dextran et al. 2004 [93]
human peripheral uptake; augments IL-12 production and ’
blood monocytes allogeneic mixed lymphocyte reaction;
induces antigen-specific cytotoxicity.
PSK Mouse peritoneal In combination with IFN-y, increases Asai et al. 2000
PMNs—500 pg/ml NO production. [94]
PSK and fractions U937. and THP._l cells In combination with IFN-vy, increases
(F1 <50 kDa; F2 differentiation; . . . .
! . NO production and cell differentiation; Kim et al. 1990
50-100 kDa; F3 TNF-induced enhances cytotoxicity in 1929 cells; fraction [49]
100-200 kDa; F4 cytotoxicity in 1929 y y ’

200 kDa) cells—5-500 pg/mL F4 is the most active.

Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; CTL, cytotoxic T lymphocytes; DC, dendritic cells;
FITC, fluorescein isothiocyanate; HLA, human leukocyte antigen; IFN-y, interferon-y; LPS, lipopolysaccharides;
MHC, major histocompatibility complex; PMBCs, peripheral blood mononuclear cells; PMN, polymorphonuclear
cells; SARM, sterile-alpha and Armadillo motif-containing protein; TOLLIP, Toll interacting protein; TRIF, TIR
domain-containing adaptor protein-inducing interferon 3; TRAM, (TRIF)-related adaptor molecule; TRAF, tumor
necrosis factor receptor (TNF-R)-associated factor.

4.2. Evidence of Immunotherapy Potential through In Vivo Studies

The animal studies on C. versicolor polysaccharides also support the general immunostimulatory
effect (Table 4) [23,31,48,78,81,84,87,95-104]. Increased cytokine and ROS production and NF-xB
activation have been reported in rats [95]. Through IL-10-dependent mechanism, an enhancement
of cytokine production that was associated with T helper (Th2 and Th17 cells) (e.g., IL-2, -4, -6, -10,
-17A and IFN-« and -y) were observed for a glucan product of C. versicolor in cancer-bearing mice [96].
By increasing the level of IL-6, PSP could also increase the duration of endotoxin fever in rats [98].
The proinflammatory effect of C. versicolor is also evident from in vivo effect of PSP in inducing a writhing
response in animals, which was associated with induction of the release of prostaglandin-E2 (PGE2),
TNF-«, IL-13, and histamine from macrophages and mast cells [101]. In agreement with the in vitro
experiments, combination with acacia gum resulted in a selective increase in IgG level in mice treated
by PSP while the IgA or IgE levels were not affected [97]. Small peptide fractions of the polysaccharides
have also shown to increase IgG level in vivo as well as white blood cell (WBC) count in tumour-bearing
nude mice [48]. The animal studies in rats also suggest that high temperature exposure (hyperthermia)
could suppress the cytokine production by C. versicolor polysaccharides [78]. Furthermore, PSP has
been shown to rapidly lower temperature in rats by elevating the level of TNF« [99].

The correlation between TLR4 activation by PSP and anti-tumour potential was studied in mice.
This was substantiated from the fact that its anti-tumour effect and increased thymus index and spleen
index were evident in tumour-bearing C57BL/10] (TLR4*/*) mice but not in C57BL/10ScCr (TLR4")
mice [81]. PSK could also enlarge lymph nodes, activate dendritic cells, and stimulate T-cells to produce
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cytokines, including IFN-y, IL-2, and TNEF-« [84]. The methanol extract of C. versicolor also induced
a higher level of tumouricidal potential of peritoneal macrophage, as revealed by the study in mice
subjected to melanoma cancer [31].

The beneficial effect of PSK in combination treatment with docetaxel in prostate-carrying mice was
shown to be associated with immunostimulatory effects. In this case, the number of WBCs count under
the combination treatment was much more favourable than docetaxel alone [51]. The potentiation
effect of PSK in anti-HER2/neu mAb therapy of Neu transgenic mice with cancer was reported [87].
The potential application of PSP in potentiating radiation therapy has also been investigated where

increased lymphocyte and granulocyte counts in the blood and spleen tissues were observed [102].

Table 4. Inmunomodulatory effects related to cancer: in vivo studies.

Preparation Experimental Model Key Findings References
Partially prevents endotoxin tolerance
E . Pre-injection in LPS-treated th?OUgh maintaining febrile response; Jedrzejewski
xtract from Coriolus increases IL-6 and greater NF-«B
) . rats and PBMCs R . . etal. 2019
versicolor (Cov 1 strain) isolated—100 mg/kg, i activation in response to LPS stimulation [95]
& 1P ex vivo; enhances mitogenic effect of LPS )
and increases ROS generation.
Promotes the secretion of IL-2, —4, —6,
Glucan—home-made Sarcoma 180-bearing —10, —17A and IFN-« and -y; enhances Awadasseid
purification—[—6)-a-D-  mice—100 or 200 mg/kg for cytokine production associated with etal. 2017
Glep-(1—=]n.- nine days, subcutaneously T-helper Th2 and Th17 cells; effect [96]
dependent on IL-10.
When combined with acacia gum,
PSP C57BL/6 male increased total IgG titre levels (day 4) Sekhon et al.
mice—50 mg/kg, p.o. while decreasing IgM titre had no effect 2016 [97]
on IgA or IgE titre levels.
Combination treatment of (FRH + PBP)
Protei Fever-range hyperthermia  decrease IL-1p3, IL-6 and TNF-oo mRNA  Pawlikowska
rotein-bound . . R .
olysaccharides (PBP) (FBH) combined w1th PBP expression in peripheral blood etal. 2016
poly in rats—100 mg/kg i.p. mononuclear cells; see Table 3 for [78]
in vitro effect.
Male Wistar Incr-eases the duration of endotoxin Jedrzejewski
. fever; increases the blood level of IL-6 (3
PSP rats—100mg/kg, i.p. 2h Y . etal. 2015
before LPS or 14 h post-injection); effect inhibited by 98]
anti-IL-6 antibody (30 ug/rat).
Decreases the mean weights of tumors;
increases thymus index and spleen index
PSP 500 mg/kg/d by p.o. in mice relative in tumour-bearing C57BL/10] Wang et al.
for 25 days (TLR4*/*) mice but not in C57BL/10ScCr 2015 [81]
(TLR4™) mice; see Table 3 for
in vitro effect.
. Induces a rapid reduction in temperature;  Jedrzejewski
PSP Male Wistar rats—t'?O, 100 elevatesl?l"NF—oc level; anﬁ—TlETF—tx et al‘]2014
and 200 mg/kg, i.p- antibody abolish effect on temperature. [99]
Mouse mammary Increases IL-2, 6, 12, TNF-« and IFN-y
Aqueous extract carcinoma 4T1 tumor productions from the spleen Luo et al.
bearing mice—1 g/kg, p.o. lymphocytes; see Tables 1 and 2 for 2014 [23]
for 4 weeks other effects
Enlarges draining lymph nodes with
As an adjuvant to higher number of activated DC;
OVAp323-339 vaccine stimulates the proliferation of Engel et al
PSK in vivo—DC activation OVA-specific T-cells, and induces T-cells 20g13 184] :

1000 pg—one injection by
intradermal route

that produce multiple cytokines (IFN-y,
IL-2, and TNF-; see Table 3 for
in vitro effect.
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Table 4. Cont.

Preparation Experimental Model Key Findings References
Lower level of decrease in number of
PSK with docetaxel- mouse ~ white blood cells than docetaxel alone;
prostate tumor increases numbers of tumor-infiltrating
(TRAMP-C2) cells injected CD4+ and CD8+ T-cells; PSK with or
PSK orthotopically—docetaxel without docetaxel enhance mRNA Wenner et al.
(5 mg/kg) injected i.p. twice expression of IFN-y—no effect on 2012 [51]
weekly; PSK (300 mg/kg)  T-regulatory FoxP3 mRNA expression in
daily by oral gavage or tumors; augments the docetaxel-induced
combination for 11-13 days splenic natural killer cell cytolytic
activity against YAC-1 target cells.
Neu transgenic mice
received subcutaneous . .
implant of 1 million MMC Po'ter\tlates the anti-tumour e.ffect of Luetal. 2011
PSK anti-HER2/neu mAb therapy in neu-T
cells—100 mg/kg, p.o. . o [87]
X mice; see Table 3 for in vitro effect.
3 times per week for up to
4 weeks
C57BL/6 mice inoculated Peritoneal macrqphages cc.>llected
Methanol extract of . . 21 days after tumor implantation possess .
fruiti with syngeneic B16 tumor o . . Harhaji et al.
ruiting body of . stronger tumouristatic activity ex vivo
. L7 cells—50 mg/kg, i.p. for : 2008 [31]
Serbian origin 14 davs than those from untreated animals; see
y Tables 1 and 2 for other effects.
PSP—composed of 90% Acetic acid-induced
polysaccharides (74.6% writhing Decreased the number of acetic
glucose, 2.7% galactose, model—0.2-2 pmol/kg, i.p. acid-induced writhing by 92.9%; PSP
1.5% mannose, 2.4% in hot-plate test; itself induces a dose-dependent writhing Chan et al
fucose and 4.8% xylose) 2—4 pmol/kg, i.p. in acetic response; increased the release of PGE2, 2006 [1 OO].
and 10% peptides acid-induced writhing TNEF-«, IL-1p, and histamine in mouse
(18 different amino response; 0.05-4 umol/kg, peritoneal macrophages and mast cells
acids, mostly aspartic i.p. induction of writhing both in vivo and in vitro (1-100 uM).
acid and glutamic acid) response by itself.
Purified
polysaccharide Enhanced macrophage lysosomal
(CV-S2-Fr.) of Mouse peritoneal enzyme activity by 250%; enhances the Jeong et al.
C. versicolor obtained macrophage—100 pg/mL induction of NO production by 2006 [101]
by Sepharose CL-6B interferon-y (no effect by its own).
gel chromatography
"ljumour bea}r ne Increases natural killer cell, lymphocyte
mice—radjiation (8 .
. . and granulocyte counts in blood and Mao et al.
pPspP Gy/mouse) or with PSP, i.p. . .
. . spleen; no direct tumor reducing effect; 2001 [102]
5 days before implantation . .
see Table 1 for direct cytotoxic effect.
and for 10 days after
No effect on mitogenic response to Con
C57BL/6NIA mice—diets A, PHA or LPS, or on production of IL-1, Wu et al
PSP containing 0.1,0.50r 1.0%  IL-2, TL- 4 and PGE2; induced higher 199‘;5 ‘[’] gg]
PSP for 1 month delayed-type hypersensitivity response )
(1.0% PSP) in old but not in young mice.
Human tumour cells
Small polypeptide of (SMMU-7721 or LS174-T)  Increases WBC and IgG levels; decreases Yang et al.
about 10 Kd inculated into nude mice—2 the incidence of tumor mass. 1992 [48]

mg, i.p. for 2 weeks.

Abbreviations: Con A, concanavalin A; IEN-vy, interferon-y; LPS, lipopolysaccharide; NO, nitric oxide; PGE2,
prostaglandin E2; PHA, phytohemagglutinin; WBC, white blood cell.

4.3. Evidence of Immunotherapy Potential through Human Studies

Perhaps the most promising immunostimulatory effect of C. versicolor polysaccharides resides
on the reported promise in human cancer patients. In breast cancer patients, for example, PSP has
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been shown to upregulate cytokine genes for L-12, IL-6 and TNF-« in PBMCs [104]. A comprehensive
study with 349 gastric cancer patients receiving PSK (3 g/day) as adjuvant immunotherapy also
revealed a greatly improved 3-year recurrence-free survival (RFS) rates when patients were MHC class
I-negative [105]. A freeze-dried mycelial powder preparation of the fungus was also reported to show
the trend of increased lymphocyte counts when applied at 6 and 9 g/day doses [106]. Although only
9 women were involved in this experiment, dose-related increases in CD8* T-cells and CD19* B-cells
(not CD4* T-cells or CD16*56" NK cells) were reported. The application of PSK in gastric cancer
—(Stage II/I1I) studied using large group (138 patients)—further revealed a relapse-free survival rate
after post-operation or when compared to oral fluorinated pyrimidine anti-metabolites alone or in
combination [107]. The double-blind placebo-controlled randomised trial study by Tsang et al. [108]
employed 34 patients who had completed conventional treatment for advanced non-small cell lung
cancer. They showed that PSP capsules of 340 mg each, 3x daily for 4 weeks, could lead to an
improvement in blood leukocyte and neutrophil counts, serum IgG and IgM. Finally, Zhong et al. [109]
undertook a meta-analysis study on randomised controlled trials of C. versicolor along with others.
They reported that the treatment had a favorable effect on elevated levels of CD3 and CD4. Earlier
studies in human cancer patients also substantiate this argument [110-113].

5. Other Benefits of C. versicolor Polysaccharides

Given oxidative stress is a prominent feature in cancer patients and experimental animals
transplanted with tumours, the benefits of C. versicolor polysaccharides have also been tested
as antioxidants. In both rats bearing with Walker 256 fibrosarcoma and human cancer patients,
oral administration of PSK (daily dose of 3.0 g in humans and 50 mg/kg in rats) could normalise the
disease-associated oxidative stress [114]. The immunostimulatory effect of C. versicolor polysaccharides
has also been shown to be associated with increased superoxide dismutase (SOD) activities of
lymphocytes and the thymus [115]. It is also worth noting that C. versicolor polysaccharides have been
shown to ameliorate obesity [116] or experimental diabetes in rodents [117]. As anti-inflammatory
agents, they further showed their benefit in experimental animal models of osteoarthritis [118],
inflammatory bowel disease [119] or induction of analgesia [120]. Their organ protective effect was also
proven through experimental models of alcoholic liver injury [10] and diabetic cardiomyopathy [121].
Their immunomodulatory effect in cancer is also extended in defenses against bacteria, including
against intracellular parasites such as Neisseria gonorrhoeae [122].

While C. versicolor is regarded as an edible and medicinal mushroom, there is no report on sever
toxicity induced by the fungus in humans. Experiments in rats using the standardised water extract has
shown no mortality and signs of toxicity in acute and sub-chronic toxicity (up to 28 days) studies for
doses up to 5000 mg/kg (p.o.) [123]. Monoclonal antibody against PSK has been developed [124], and,
in principle, such antibodies could reduce the long-term use of the peptide-bound polysaccharides.
For the doses indicated in the various animal experiments and human studies indicated herein, the
toxicity of C. versicolor polysaccharides is not suggested as a concern.

6. General Summary and Conclusions

A great deal of attention has been given to medicinal mushrooms in recent years, with emphasis
to their polysaccharide-active components. Most of these fungi are highly exploited as commercial
products in far eastern countries such as Japan and China. In this regard, the edible mushroom
Dictyophora indusiata (Vent. Ex. Pers.) Fischer (Syn. Phallus indusiatus) as a source of polysaccharides
with main components as 3-(—3)-D-glucan with side branches of B-(1—6)-glucosyl units have
been established. Their chemistry, along with potential applications in cancer and immunotherapy,
inflammatory and CNS diseases, among others, have been reviewed [2]. Another excellent example of
the potential application of fungal polysaccharides in cancer therapy was demonstrated for Ganoderma
species, which is reviewed by Cao et al. [125]. Similarly, PSP, PSK as well as other polysaccharides
from C. versicolor have now been established to induce direct cytotoxicity to cancer/tumour cells. They
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also increase the release of cytokines such as TNF-o with direct implication to tumour cell killing.
The overall, anti-cancer pharmacology of these polysaccharides through a direct effect on cancer cells
and an indirect effect via immunostimulation is depicted in Figure 3.
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Figure 3. Anti-cancer potential of C. versivolor polysaccharides.
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Opverall, the polysaccharides of C. versicolor have been shown to induce direct cell growth inhibitory

effect and apoptosis in cancer cells. Cell cycle arrest, even in some cases at concentrations lower
than 100 pg/mL in vitro, has been observed. This moderate level of activity should be considered
significant since the active components are large molecular weight compounds or mixtures. Given
that carbohydrates taken through the oral route are subjected to hydrolysis by intestinal enzymes,
there is always a question of whether they could maintain their therapeutic value in vivo. Interestingly,
C. versicolor polysaccharides, including PSP and PSK, have been shown to demonstrate anti-cancer
effect in vivo following oral administration. The other well-established mechanism of the anti-cancer
effect by C. versicolor is via immunostimulant action, as evidenced by their ability to increase the
production of cytokines such as IL-12, which is Th1 related. Th-lymphocyte subsets, including Th1, Th2,
Th17 or Treg, mainly through the production of key cytokines and lymphocyte subsets (B-cells, CD4*
and CD8* T-cells, NK cells, and different stages of differentiated T-cells), have been extensively studied
for their response to C. versicolor polysaccharides. The further induction of cytokines such as IFN-y
in T cells was evident, which, together with TNF-¢, induce cancer/tumour killing. Other cytokines,
including IL-1 and IL-6, have been shown to be augmented by the polysaccharides. All these events
appear to enhance antibody production in T-cells while enhancing the activity of other mononuclear
cells, including monocytes/macrophages.

By interacting via the membrane Ig (B-cell antigen receptor) and TLR4, C. versicolor polysaccharides
have been shown to activate B-cells via the phosphorylation of ERK 1/2 and p38 MAPK [82]. In human
PBMCs, for example, PSP activates cells through TLRs family (e.g., TLR4, TLR5, TLR6 and TLR?) and
their adaptor proteins (e.g., TICAM2, HRAS, HSPA4, HSPA6, and PELI2) leading to genes activation for
key cytokines (including IFN-y, G-CSF, GM-CSF, IL-1«, IL-6) and NF-«kB and TRAF6 [89]. In the latter
case, it appears that PSP appears to involve the TRAM-TRIF-TRAF6 pathway of immunomodulation.
With TRAM acting as a bridge between TLRs (e.g., TLR4) and TRIF6, activation of mononuclear cells
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to orchestrate an inflammatory response has been well-established [126]. Other important cell surface
receptors for the polysaccharides include the TLR2, and Dectin-1, which are shown to be linked to
the immunogenic activity of PSK [80]. Dendritic cells being an important component of the immune
system, they appear to be the target for C. versicolor polysaccharides. For example, PSK as an adjuvant
to vaccines has been demonstrated to induce the production of cytokines (e.g., IL-12, TNF-«, and
IL6) in these cells both in vitro and in vivo [84]. Hence, the immunostimulatory effect coupled with
direct toxicity to cancer cells by C. versicolor polysaccharides implies application even more than an
adjuvant therapy. The evidence for signal transduction pathways, including that for TLR4 as well as
other cell surface recognition markers of the polysaccharides (e.g., Dectin-1 as a 3-glucan receptor), are
evolving current research. The structural moieties of the polysaccharides that attribute to the various
pharmacological effects also need further research.
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Abstract: Effects of isoquercitrin (IQ) on anaphylactic responses were examined in cardiovascular
systems of experimental animals. In pithed rats, IQ at 30 and 100 mg/kg (intravenous) significantly
blunted both the initial hypertensive and the ensuing hypotensive responses during anaphylaxis.
Death rate and tachycardia were also significantly inhibited after the same IQ doses in these rats.
In isolated guinea pig hearts, IQ infusion at 30-100 ug/mL markedly reduced anaphylaxis-related
coronary flow decrease, contractile force change, and heart rate responses (both tachycardia and
arrhythmia). Cardiac histamine and creatine kinase releases were similarly diminished by IQ during
anaphylaxis in the isolated guinea pig hearts. In two different isolated guinea pig vasculatures,
the pulmonary artery and mesenteric arterial bed, anaphylactic vasoconstriction was reduced by IQ
30 and 100 pg/mL. It was observed that IQ had a marked inhibitory effect on histamine release from
rat mast cells, and this mechanism was suggested as the major anti-anaphylactic mechanism. Direct
inhibition of histamine-induced muscle contraction did not seem to be relevant, but IQ treatment
successfully repressed intracellular calcium influx/depletion in mast cells. Overall, this study provided
evidence for the beneficial effect of IQ on cardiac anaphylaxis, thus suggesting its potential applications
in the treatment and prevention of related diseases.

Keywords: isoquercitrin; cardiovascular anaphylaxis; rats; guinea pigs; histamine

1. Introduction

Systemic anaphylaxis is a rare but a dramatic and fatal allergic disease with a prevalence of
0.05-2.0% in humans [1]. In anaphylaxis, cardiovascular systems play a critical role, both as a source
and a target of various anaphylactoid mediators released during this highly life-threatening episode [2].
Heart functions fail as a result of arrhythmia and coronary vessel constriction, and the systemic blood
vessels dilate, leading to worsened blood perfusion [3]. Appropriate pharmacological interventions
can lead to an improved prevention and better recovery from anaphylactic symptoms, and natural
substances can be good candidates to alleviate the damage arising from anaphylactic symptoms.

Flavonoids are plant-derived polyphenolic substances that are ubiquitously found in numerous
herbal medicines, and quercetin is one of the most extensively studied substance of all flavonoids for
its beneficial pharmacological activities [4]. However, quercetin (Q) occurs mostly as glycosides rather
than in its aglycone form in nature. Typically found examples are quercitrin (Q-3-O-rhamnoside),
rutin (Q-3-O-rutinoside), isoquercitrin (Q-3-O-glucoside), and hyperin (Q-3-O-galactoside).

Isoquercitrin (IQ) is frequently found in many plants including onions and numerous medicinal
plants [5,6]. IQ was reported to have a variety of pharmacological actions, including anti-oxidant [7],
anti-hypertensive [8], anti-cancer [9], and diuretic effects [10]. A few available studies hint the
possibility that IQ could exert anti-anaphylactic activity because this glycoside inhibited certain
biological processes known to be linked to allergic events [5,11].
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In contrast to a wide range of reported beneficial activities of quercetin flavonoids, only
limited information circumstantially suggests that IQ might be effective against allergic anaphylaxis.
Furthermore, there are almost no studies on the preventive effect of flavonoids against cardiovascular
anaphylaxis symptoms. In this study, the beneficial effect of IQ on ovalbumin (OVA)-induced cardiac
anaphylaxis was evaluated to provide evidence for its use on allergic anaphylaxis.

2. Materials and Methods

2.1. Test Substance and Reagents

The test substance IQ was purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA) (Product No.
00140585) and dissolved in the physiological buffers used in the in vitro experiments. For intravenous
administration of IQ in pithed rats, IQ was dissolved in dimethylsulfoxide (DMSO) (Product No.
472301) and then injected slowly for about 1 min. DMSO (> 99.9%) was used for vehicle treatment.
All other reagents were also purchased from Sigma-Aldrich Inc.

2.2. Experimental Animals

Rats (specific pathogen-free) and guinea pigs were purchased from Damul Science (Daejon City,
Korea) and maintained in rodent chambers at 21 + 1 °C and 55 + 2% relative humidity. Feeds and
drinking water were supplied ad libitum. All experimental protocols involving the use of animals
conformed to the NIH guidelines (Guide for the Care and Use of Laboratory Animals, 8th edition).
The Animal Care and Use Committee of the Institutional Review Board of Kyung Hee University
approved all animal experiments (confirmation number: KHUASP(SE)-12-036, date: 1 May 2016).

2.3. Cardiovascular Anaphylaxis in Pithed Rats

Male Wistar rats (220-250 g) were actively sensitized with 10 mg/head of OVA (turkey OVA,
Grade IV) (Product No. SAB4200702) injected intraperitoneally on day 1 and 2, once daily. On day
20, the rats were lightly anesthetized with ethyl ether and a tracheal cannula was placed for artificial
respiration (Harvard Apparatus, Holliston, MA, USA), which ran at 60 strokes/min and 1 mL/100 g
body weight rates. A pithing rod (round copper 12 cm long, 1.5 mm diameter) was inserted through
the right orbit, the brain, and down to the sacral region in the spinal cord. During this process,
the brain tissues were maximally destroyed [12]. The right common carotid artery and jugular vein
were respectively cannulated with PE-50 cannulae for cardiovascular monitoring and intravenous
drug administration. Test substance IQ (dissolved in DMSO) was bolus administered 10 min before
intravenous OVA injection (1 mg/rat). Cardiovascular parameters were recorded with a physiography
(Letica Polygraph 4006, Barcelona, Spain).

2.4. Anaphylaxis in Isolated Guinea Pig Hearts

Passively sensitized anaphylactic animal models were produced with male Hartley guinea pigs
weighing 300-350 g [13]. Anti-OVA serum was administered to naive guinea pigs, 24 hr before the
experiments. The guinea pigs were lightly anesthetized with ethyl ether and the hearts were rapidly
removed. An aortic cannula was placed and the heart was setup into a Langendorff heart apparatus
for coronary artery perfusion [14]. The hearts were perfused with Krebs-Henseleit solution (in mM,
NaCl 118, KC1 4.7, CaCl; 2.5, MgSO4 1.6, NaHCO5 24.9. KH,POy4 1.2, glucose 2.5, pH 7.4) under a
constant pressure of 60 cm H,O at 37 °C. The perfusion solution was continuously saturated with 95%
0,-5% CO; gas. Cardiac contractility was continuously monitored with a TRI201 isometric transducer
(Hugo-Sachs Electronik GmbH, March, Germany). Cardiac anaphylactic response was induced by
delivering 1 mg of OVA into the perfusion buffer. When testing the effect of IQ, the IQ-containing
buffer was infused to the heart for 10 min before anaphylaxis induction. Cardiac parameters were
recorded with a physiography (Letica Polygraph 4006). Coronary effluent was collected at 1-min
intervals for flow change monitoring and chemical analyses.
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2.5. Anaphylaxis in Isolated Guinea Pig Mesenteric Arterial Beds

Male Hartley guinea pigs were passively sensitized in the same manner as in the isolated heart
experiment. Under ether anesthesia, the animal was sacrificed by cervical exanguination and the
mesenteric vascular bed was exposed through a midline incision on the abdomen. A stainless cannula
was inserted into the superior mesenteric artery via the abdominal aorta. Blood remaining in the
mesenteric arterial bed was disposed by perfusing with 20 mL Krebs-Henseleit buffer containing
2000 TU of heparin. The whole arterial bed was carefully isolated, keeping the surrounding
arteriole-venule junctions intact [15]. The preparation was maintained in a 50-mL glass container at
37 °C, and continuously perfused with the Krebs-Henseleit buffer (saturated with 95% O,-5% CO,,
pH 7.4) at 5 mL/min rate. Perfusion pressure was monitored with a pressure transducer (Letica).
IQ was infused into the preparation 10 min prior to the OVA (1 mg) challenge.

2.6. Anaphylaxis in Isolated Guinea Pig Pulmonary Artery

From the same guinea pigs that were used for the mesenteric arterial beds, the pulmonary arteries
were isolated. Excised artery was cut into ring segments of 2-3 mm. The segments were suspended
using two stainless stirrups in a water jacked 10-mL organ bath maintained at 37 °C. Rings were
submerged in Krebs-Henseleit buffer (pH 7.4) saturated with 95% O,—5% CO,. Constant tension of 1.0 g
was applied to the rings and a TRI201 isometric transducer was connected for tension measurements.
OVA (1 mg) was applied to the bath to elicit anaphylactic contraction. IQ was exposed to the artery,
10 min prior to anaphylaxis.

2.7. Histamine Release in Rat Peritoneal Mast Cells

Naive male Wistar rats (250-300 g) were injected with 20 mL of phosphate-buffered saline (mM,
NaCl 137, KC1 2.7, CaCl, 1.8, MgCl, 1.1, NaH,POy 0.4, NaHCO;3 11.9, glucose 5.5, HEPES 1.0, pH 7.4).
The abdomen was gently massaged for a few minutes and the abdominal fluid was obtained. Mast cells
were isolated by centrifugation of the fluid (200 g, 5 min) and suspended at 1 x 10° cells/mL, following
Percoll density gradient method (Erenbeck and Svensson, 1980). The purity of the mast cells was
>97%, when determined by a toluidine blue staining. After stabilization at 37 °C, histamine release
was evoked by adding either 0.5 uM of compound 48/80 (Product No. C2313) or 1 uM of calcium
ionophore A23187 (Product No. C7522). Releases were terminated by freezing the cells following
15-min incubation, in the presence or absence of IQ.

2.8. Antagonism of IQ Against Histamine in Isolated Guinea Pig Guinea Trachea and Ileum

Naive male Hartley guinea pigs (350-380 g) were used to examine direct effects of IQ on
histamine-induced muscle contractions. The tracheal strip was composed of two rings excised with
3 mm width, opened, and sutured together with a silk thread. The preparation was suspended in a
15-mL organ bath maintained at 37 °C [15]. Ring strips were submerged in Krebs-Henseleit buffer
(saturated with 95% Oy-% CO,, pH 7.4) and a resting tension of 500 mg was applied. Distal portion of
the ileum was cut at 1.5 cm long and mounted in a 20-mL organ bath kept in the Tyrode’s solution
at 37 °C [16]. The solution was saturated with 95% O,-5% CO, and 1 g resting tension was applied.
Both muscles were exposed to IQ for 10 min, prior to histamine (1 uM) addition. Tension changes were
measured with a TRI201 isometric transducer and strip chart recorder.

2.9. Analysis of Histamine Concentration and Creatine Kinase Activity

Histamine concentrations in the buffers of heart perfusion and mast cell incubation were
performed [17]. The guinea pig heart perfusate was used directly for the histamine measurements.
However, the mast cell culture was centrifuged (2000 g, 5 min, 3 °C) to obtain the medium for the
released histamine. Mast cell pellets were boiled for 5 min and then used for intracellular histamine
measurements. Released histamine was conjugated with o-phthalaldehyde (Product No. P1378)
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to produce a fluorescent product, and the fluorescence signals were measured with a fluorometer,
at 360 nm excitation wavelengths and 450 nm emission wavelengths. The ratios were calculated from
the two values. Creatine kinase activity in the guinea pig heart effluent was assessed using creatine
phosphokinase from the rabbit muscle (Product No. C3755), as previously described [15].

2.10. Intracellular Calcium Level Measurement

The intracellular calcium was measured with the use of the fluorescence indicator Fura 2-AM
(Product No. F0888). HMC-1 cells (1 x 10° cells) were pre-incubated with Fura 2-AM for 45 min at 37 °C.
After being washed to remove the remaining Fura 2-AM, HMC-1 cells were treated with IQ (100 pg/mL)
or cromolyn sodium (100 pM) (Product No. 1150502) for 20 min. Intracellular calcium depletion was
measured by stimulation with 20 nM of phorbol 12-myristate 13-acetate (PMA) (Product No. P1585)
and 1 pM of calcium ionophore A23187 treatment. The intracellular calcium influx was measured by
applying calcium in the cell media. The signals were measured with excitation wavelengths of 340 and
380 nm, by a spectrofluorometer FluoroMax®-3 (Horiba Ltd., Kyoto, Japan).

2.11. Statistical Analysis

Data were expressed as mean + standard error. Statistical significance between groups was
analyzed with one-way analysis of variance, followed by Newman-Keul’s t-test. p-values of 0.05 were
used for the significance criteria.

3. Results

3.1. 1Q Alleviates Cardiovascular Anaphylaxis in Pithed Rats

By pre-treatment with IQ, a dose-related reduction in mortality was noted (Figure 1). A drastic
3.5-fold decrease was observed in 100 mg/kg of IQ when compared to the vehicle-treated control rats.
Figure 2 illustrates the effects of IQ on OVA-induced cardiovascular anaphylaxis in sensitized and
pithed rats. Administration of 30 and 100 mg/kg IQ, prior to the OVA challenge reduced all functional
cardiovascular changes, including the pressor response (Figure 2A), depressor response (Figure 2B),
and tachycardia (Figure 2C). However, 10 mg/kg dose did not influence the parameters.
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Figure 1. Effect of isoquercitrin (IQ) on mortality caused by cardiovascular anaphylaxis in pithed rats.
Male Wistar rats (n = 12 per group) were intraperitoneally sensitized with 10 mg/head of ovalbumin
(OVA) on day 1 and 2. Survival rate was observed for 20 days. DMSO was used as the control.

128



Biomedicines 2020, 8, 139

A Pressor response

Treatment (mg/kg)

B Depressor response

Treatment (mg/kg)
C Tachycardia
12017 g
a
100 -
£ 801 T
£
3 60
©
2 a0
7 2l
o v
Control 10 30 100
Treatment (mg/kg)

Figure 2. Effects of isoquercitrin (IQ) on cardiovascular anaphylaxis in the pithed rats. Male Wistar
rats (n = 12 per group) were intraperitoneally sensitized with 10 mg/head of OVA on day 1 and
2. (A) Pressor response, (B) depressor response, and (C) the tachycardia rate were measured in the
cardiovascular system of the pithed rats. DMSO was used as control. Different alphabets on the bars
denote significantly different means at p < 0.05.

3.2. 1Q Improves Cardiac Anaphylaxis in Isolated Guinea Pig Heart

As in vivo anti-anaphylactic effects were observed in rats, it was examined whether a similar
protective activity was also present at the heart levels. OVA-treated guinea pig heart was selected as
an ex vivo approach to evaluate the effect of IQ. In response to OVA, heart rate started to increase
(tachycardia) markedly but lasted briefly (< 1 min), then it turned into an irregular rate (arrhythmia),
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which rarely disappeared during the 20-min observation period (data not shown). Infusion of the
test substance IQ before the OVA challenge blunted these anaphylactic responses, i.e., coronary flow,
contractility, and tachycardia in a concentration-dependent manner (Figure 3A-C). However, the lowest
concentration (IQ 10 pug/mL) was ineffective in most parameters except on contractility changes. In the
coronary flow, IQ 10 ug/mL was temporally effective on the recovery phase of flow (8-16 min post-OVA,
Figure 3B). Arrhythmia onset time was not delayed by 1Q (Figure 3D), however its duration was
remarkably reduced by 30 and 100 pg/mL of IQ pre-treatment (Figure 3E).
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Figure 3. Effects of isoquercitrin (IQ) on cardiac anaphylaxis in isolated guinea pig hearts. (A) Coronary
flow change, (B) contractility change, (C) tachycardiac response, (D) onset, and (E) duration time of
arrhythmia were measured in OVA (1 mg)-treated isolated hearts from Hartley guinea pigs (1 = 10 per
group). DMSO was used as the control. Different alphabets on bars denote significantly different means
at p < 0.05. Statistical significance was not shown for clarity purpose in the coronary flow change and
contractility change.
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3.3. 1Q Ameliorates Anaphylaxis in Isolated Vasculatures of Guinea Pig Heart

Effects of IQ on anaphylactic responses were examined in sensitized isolated guinea pulmonary
artery and mesenteric arterial beds (Figure 4). In both preparations, vasoconstrictive responses
were monitored and the test substance IQ was effective in significantly blocking OVA-induced
vasoconstriction—tension increase in pulmonary artery (Figure 4A) and perfusion pressure increase in
mesenteric arterial beds (Figure 4B).
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Figure 4. Effects of isoquercitrin (IQ) on anaphylactic responses in isolated guinea pig blood vessels.
(A) Pulmonary artery tension and (B) pressure in mesenteric arterial bed were measured in isolated
blood vessels from the Hartley guinea pigs (1 = 7 per group). DMSO was used as the control. Different
alphabets on the bars denote significantly different means at p < 0.05.

3.4. 1Q Suppresses Histamine and Creatinine Release in Isolated Guinea Pig Heart and Rat Mast Cells

Concomitant with the functional changes that occurred during the anaphylactic event, histamine
and creatine kinase levels markedly increased over their baselines. These elevations were also bunted
by IQ in a concentration-dependent manner. Effects on creatine kinase activity by IQ was an indication
that IQ possessed preventive activities against the myocardial damage occurring in anaphylaxis.
As histamine concentration in the coronary effluent decreased by IQ in the isolated heart model, effects
of IQ on histamine release was directly examined in the purified rat mast cells. Compound 48/80
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(Figure 5C) or ionophore 23187 (Figure 5D) elicited histamine release and this release was significantly
reduced by IQ at 30 and 100 pg/mL (>50% inhibition).
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Figure 5. Effects of isoquercitrin (IQ) on histamine and creatinine kinase release. (A) Histamine and
(B) creatinine kinase release were measured in OVA (1 mg)-treated isolated hearts from Hartley guinea
pigs (n = 10 per group). Basal histamine and creatine kinase levels were 0-52 ng/dL and 0 IU/L during the
resting and the pre-challenge periods, respectively. (C) Compound 48/80 (0.5 uM)-induced and (D) A23187
(1 uM)-induced histamine release in rat peritoneal mast cells were measured (1 = 7 per group). DMSO was
used as control. Different alphabets on the bars denoted significantly different means at p < 0.05.

3.5. 1Q Did not Affect Direct Muscle Contraction by Histamine in Tissues Isolated from Guinea Pig

To examine if the test compound exerted direct inhibition on histamine, effects of IQ on
histamine-induced contraction were assessed in the trachea and ileum of guinea pigs (Figure 6A and
B). Surprisingly, IQ was not effective or were only marginally effective (significant inhibition with
100 pg/mL in trachea, p = 0.04) in influencing contractile responses in both of these muscle preparations.

3.6. IQ Stabilizes Mast Cells and Inhibits OVA-Stimulated Intracellular Calcium Release

Since IQ did not protect muscles from histamine stimulation but did inhibit histamine release,
we next evaluated its effect on intracellular calcium levels. As shown in Figure 7, positive control
cromolyn sodium inhibited calcium depletion caused by PMA + A23187 in HMC-1 cells. Similar results
were observed by pre-treatment with IQ, and in addition, both cromolyn sodium and IQ suppressed
calcium influx in mast cells as well.
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Figure 6. Effects of isoquercitrin (IQ) on histamine-induced muscle contractions. Histamine (1 uM)-induced
muscle contraction in (A) trachea and (B) ileum tissues were measured (1 = 5 per group). DMSO was
used as the control. Different alphabets on the bars denote significantly different means at p < 0.05.
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Figure 7. Effects of isoquercitrin (IQ) on PMA + A23187-induced intracellular calcium levels in HMC-1
cells. Intracellular calcium levels were measured for 300 s. PMA (20 nM) and A23187 (1 uM) was used
to stimulate the HMC-1 cells. DMSO was used as a control.

4. Discussion

Pithed rats in the anaphylaxis study showed an advantage in the assessment of the overall
cardiovascular changes under silent conditions, without the participation of compensatory reflex
adjustments [12]. Anaphylactic responses in this in vivo animal model were characterized as a brief
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increase in blood pressure (pressor response), followed by a gradual decline (depressor response) that
frequently led to death [12,15]. Heart rates increased (tachycardia) markedly and sustained at the
elevated levels for several minutes. When IQ was treated at 10, 30, and 100 mg/kg, the treatment did
not only decrease the overall mortality (Figure 1), but also alleviated pressure/depressor response and
tachycardia in pithed rats (Figure 2), suggesting a dose-dependent improvement on cardiac anaphylaxis.

When the antigen OVA was injected into pre-sensitized, isolated guinea pig hearts, immediate and
dramatic cardiac functional changes occurred [18]. Namely, the coronary flow diminished markedly
and the contractile force increased initially (in about 2 min post-OVA challenge in this study), then both
of these changes gradually returned to pre-challenge values. IQ pretreatment suppressed OVA-induced
anaphylactic responses, including coronary flow, contractility, tachycardia, and duration of arrhythmia
(Figure 3). These results clearly suggest the beneficial intervention of IQ during OVA-induced cardiac
anaphylaxis. Moreover, when sensitized isolated guinea pulmonary artery and mesenteric arterial
beds were used in the same manner as that of OVA treatment, IQ significantly reduced the tension
or perfusion pressure in these two isolated vasculatures (Figure 4). These data had a meaning that
it was possible to confirm the anti-anaphylactic activity of IQ at isolated blood vessel levels—the
isolated pulmonary artery as a representative large vessel and the mesenteric arterial bed as a capillary
blood vessel.

Dramatic functional changes in cardiac anaphylaxis were well-described [19] and such reactions
reflected the biological actions of endogenous mediators released from cardiac tissues [20]. By IQ
treatment of 10, 30, and 100 ug/mL in isolated guinea pig hearts and 30 and 100 pg/mL in primary
cultured rat mast cells, histamine release by OVA (guinea pig heart) or Compound 48/80 and A23187
(rat mast cell) were significantly suppressed (Figure 5). While the release of histamine, an important
anaphylactic mediator [19], was reduced by IQ at 10 pug/mL, this concentration failed to reduce
creatine kinase output in the coronary effluent. Such discrepancy might be explained by the fact that
histamine is not the only anaphylactic mediator in hearts [3]. However, in cardiovascular anaphylaxis,
histamine is known to play the most important role, although other mast cell-derived mediators
such as leukotrienes, platelet-activating factor, thromboxane A, and 5-hydroxytryptamine are also
involved [21,22]. Thus, it is not unreasonable to assume that IQ could inhibit the release of other
mediators in addition to histamine. Further study must evaluate the changes in such mediators in
order to verify the specific action mechanism of IQ besides histamine. Notably, IQ did not affect the
histamine-induced changes in guinea pig trachea/ileum (Figure 6), implying that most part of the
anti-anaphylactic activities can be ascribed to inhibition of mediator release. 1Q is known to directly
antagonize leukotriene Dy- and carbachol-induced tracheal muscle contractions but not those induced
by histamine [5].

Intracellular calcium is known to be the most important pathway of histamine release in mast
cells [23]. Thus, mast cell stabilizers such as cromolyn sodium or nedocromil [24] work by blocking
a calcium channel that is essential for the degranulation of mast cells. Since IQ treatment showed
beneficial effects in cardiac anaphylaxis but could not repress muscle contraction through direct
histamine treatment, another logical approach might be to check its effect on mast cell stabilization.
The results in Figure 7 indicate that IQ exerts such effect at a similar level to cromolyn sodium,
a widely used mast cell stabilizer [25]. Though a direct comparison on histamine-related anaphylaxis
was not provided, the data suggests that IQ possesses the potential efficacy as a conventionally
used medication for allergic responses. In addition, confirming the effect of IQ along with several
anti-anaphylactic agents (adrenalines, H1 antihistamine, glucocorticosteroid, etc.) [26] would provide
important information and might justify the application of 1Q.

This study demonstrated that IQ is active against cardiovascular anaphylaxis not only in the
whole animal, but also in isolated hearts or vessels. However, this study indeed had its own limitations.
The action mechanism of IQ seemed to be the inhibition of histamine, the most important anaphylactic
mediator, from mast cells although additional minor mechanism(s) are still unknown. There are some
reports that suggest the possibility that quercetin or quercetin glycosides could be anti-allergic [27-29].
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While most biological activities are attributable to the aglycone form quercetin, its glycoside IQ was
more potent than quercetin in some pharmacological effects [6,30]. Yet, because there are several
pathways in the upstream channel of histamine release, such as the Fc epsilon receptor pathway or
IgE and interleukins [31: Respir Med. 2012 Jan; 106(1):9-14.], extensive investigation regarding the
action mechanism of IQ must be carried out. Whether IQ regulated these signaling pathways was not
fully elucidated in this study but rather proved the sole fact that IQ suppressed histamine release from
mast cells and thus improved cardiac anaphylaxis. More importantly, effect on the mast cell-derived
mediators that drive allergic reactions after degranulation, besides histamine, should be confirmed as
well, before being accepted as an anti-anaphylaxis agent, at least provisionally.

In summary, as cardiovascular anaphylaxis is a highly detrimental allergic episode that could
result in fatal consequences in humans, exploring phytochemical candidates against this disease would
be meaningful. Being ubiquitously present in nature and widely consumed through diets, IQ deserves
further investigation for invention of a preventive measure against cardiovascular anaphylaxis.
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Abstract: Human gingival fibroblasts (GF) and human oral mucosa epithelial cells (EC) with an
inflammatory phenotype represent a valuable experimental paradigm to explore the curative activity
of agents to be used in oral mucositis. The role of cannabinoid receptor 2 (CB2) has not yet been
investigated in oral mucositis. The aim of this study was to evaluate the therapeutic potential of
-Caryophyllene (BCP), a CB2 agonist, in an in vitro model of oral mucositis. GF and EC were
stimulated with LPS (2 pg/mL) alone or in combination with BCP; a group of LPS challenged GF
and EC were treated with BCP and AM630, a CB2 antagonist. LPS increased the inflammatory
cytokines TNF-«, IL-13, IL-6 and IL-17A whereas it decreased the anti-inflammatory cytokine IL-13.
The upstream signals were identified in an augmented expression of NF-kB and STAT-3 and in
reduced mRNA levels of PPARy and PGC-1a. BCP blunted the LPS-induced inflammatory phenotype
and this effect was reverted by the CB2 antagonist AM630. These results suggest that CB2 receptors
are an interesting target to develop innovative strategies for oral mucositis and point out that BCP
exerts a marked curative effect in a preclinical model of oral mucositis which deserves to be confirmed
in a clinical setting.

Keywords: 3-Caryophyllene; CB2 receptors; inflammation; oral mucositis; periodontitis

1. Introduction

Oral mucositis (OM) is a clinical condition characterized by a marked inflammatory reaction that
results in erythematous lesions, ulcers, dysphagia and inability to afford and ensure a physiological
calories intake that ultimately leads to interrupting life-saving treatments in cancer patients [1-4].
Oral mucositis may also complicate and/or be a clinical manifestation of peri-implantitis a common
complication of dental implants, showing a prevalence of at least 20% in patients that have undergone
this surgical procedure [5-8]. As a direct consequence of this tremendous impact on public health,
there is an urgent need to identify the exact physiopathology of this condition in order to facilitate the
design of rational therapeutic strategies to cure this complication.

Indeed, the mechanism underlying oral mucositis has been, at least in part, clarified. Whatever the
triggering event, either DNA damage as in the case of chemotherapy/radiation therapy or infectious
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stimuli and progressive bone loss as in peri-implantitis [9,10], a common pathway converges in
an exaggerated production of reactive oxygen species (ROS) released by both epithelial cells and
gingival fibroblasts [11]. In fact, ROS boosts the translocation to the nucleus of Nuclear Factor Kappa
B (NF-«B) [12]. Once it reaches the nucleus, the transcription factor turns on genes that codify for
inflammatory cytokines such as Tumor Necrosis Factor (TNF-«), Interleukin 1 beta (IL-13) and IL-6;
moreover at the same time, it silences genes priming anti-inflammatory signals, in particular IL-13 and
the nuclear receptor called peroxisome proliferator-activated receptor gamma (PPAR-y) [13,14]. Indeed,
this NF-kB primed cytokine storm may be considered an important arm of the acute phase response,
but it has also been reported to have a key role in driving the second wave of the acute response in
mammals. This second step of the inflammatory cascade is a crucial phenomenon that, at least at
the beginning, is positive and reinforces the host immune and inflammatory response. The master
regulator of this second step of host response to inflammatory injury is the Signal Transducer and
Activator of Transcription (STAT) 3 [12]. STAT3 belongs to the seven-member family of proteins that
cause the transduction of hormonal information from the cell membrane to the nucleus. STAT3 primes
the formation of T helper 2 (Th2) cells that release a large number of Th2 derived cytokines including
IL-17A. Activation of STAT3 is induced by several hormones, being the best studied and analyzed the
components of the IL-6 group of cytokines. More specifically IL-6 has been shown to cause a robust
activation of STAT3, representing this molecular event either the triggering of the second phase and the
pathophysiological link between the first wave and the second wave of the host immune-inflammatory
reaction. However, if the second wave of the inflammatory response is not appropriately modulated, a
transition may occur into a maladaptive response that transforms acute inflammation into a chronic
inflammatory condition that is responsible for several disabling diseases.

Therefore, pharmacological modulation of either the first phase or the second phase of the host
inflammatory response is a rational strategy for the treatment of oral mucositis.

Relevant bioassays are therefore needed to facilitate the preclinical screening of candidate
molecules. In this context, human gingival fibroblasts (GF) and human oral mucosa epithelial cells (EC)
with an inflammatory phenotype represent a valuable experimental paradigm to explore the potential
curative activity of agents to be used in this clinical condition [15]. LPS boosts an inflammatory
cascade that plays a pivotal role in the pathogenesis of this unpleasant disease. Indeed, LPS belongs to
the pathogen associated molecular patterns (PAMPs) family, a group of molecules that orchestrate
an exaggerated immune-inflammatory response. Therefore, LPS stimulation of epithelial cells and
gingival fibroblasts is an appropriate model to study in vitro oral mucositis.

The endocannabinoid system has two classical receptors: the cannabinoid receptor of type
1 (CB1) and the cannabinoid receptor of type 2 (CB2). While the CB1 mediates the classical
psychotropic effects, the CB2 is expressed in the immune system and exerts anti-inflammatory
effects [16]. The endocannabinoid system, through the CB2 receptor, has a fundamental role in the
modulation of the inflammatory signals during pathological conditions such as osteoarthritis and
rheumatoid arthritis. CB2 receptor activation inhibits upstream and downstream molecules of the
inflammatory process. In addition, stimulation of the CB2 receptors exerts analgesic activity that
might be of clinical relevance in the management of patients suffering from oral mucositis. All these
experimental evidences clearly suggest that the type 2 cannabinoid receptor is strategical for a rational
innovative drug design. However, no study so far has investigated the hypothesis of targeting the CB2
receptor to modulate the inflammatory cascade that occurs in oral mucositis.

{3-caryophyllene (BCP) is a Food Drug Administration (FDA) approved natural compound that
engages cannabinoid CB2 receptors and causes anti-inflammatory and analgesic effects [17]. The aim
of this study was to evaluate the therapeutic potential of BCP in an “in vitro” experimental paradigm
of oral mucositis.
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2. Materials and Methods

2.1. Cell Cultures

Human primary gingival fibroblasts (atcc-pcs-pes201-018) and human oral mucosa epithelial cells
(cticc1.8.3 sk0251) were obtained from LGC Standards S.r.1 Milan, Italy and Clinisciences s.r.1. Rome,
Italy, respectively. Cells were put in culture in a medium made by DMEM, 10% fetal calf serum, 1%
antibiotic mixture and incubated at 37 °C with 5% of CO,. AM630 was put in the cell culture 2 h before
BCP. Cells and cell supernatants were collected following an incubation of 4 h with all the substances.

2.2. Treatments of Cells

GF and EC cells were cultured in six well culture plates at a density of 2.5 x 10° cells/well and
were challenged with LPS (2 pg/mL; Escherichia coli serotype 055:B5; Sigma-Aldric, Milan, Italy) alone
or with BCP (Sanherb Biotech Inc., China) at the dose of 10 ug/mL. A previous study showed that this
dose represents the IC50 of the biomolecule at least in the experimental paradigm of LPS stimulated
human chondrocytes and considering IL-1f3 as readout of this bioassay [18]. Furthermore, a set of LPS
challenged GF and EC cells were treated with BCP (10 ug/mL) and AM630 (100 nM; Sigma-Aldric,
Milan, Italy), an antagonist of the CB2 receptor. AM630 was added 2 h before BCP treatment. Cells
were harvested after a 4 h of incubation with several treatments.

2.3. MTT Assay

Cell viability was evaluated by MTT assay. GF and EC cells were grown and then treated
with LPS (2 pg/mL), LPS + BCP (10 pg/mL), LPS + BCP +AM®630 (100 nM), when it reached
confluence. In particular, LPS, LPS + BCP and LPS + BCP + AM360 were tested in a 96-well plate
at a density of 8 x 10* cells/well for 24 h to evaluate the cytotoxic effect. The tetrazolium dye
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma Aldrich, Milan, Italy) was
dissolved in sterile filtered PBS, and 20 uL of the mixture were added into each well 5 h before
the end of the 24 h of incubation. Medium was removed and the insoluble formazan crystals were
dissolved with dimethyl sulfoxide (DMSQO; 200 uL/well) following 5 h. The difference between the
values obtained at 540 and 620 nm of absorbance was used to calculate the average of replicates and to
evaluate cytotoxicity. Results were expressed as % of cell viability compared to untreated cells and
reported as means and SD.

2.4. Measurements of Cytokines by Enzyme-Linked Immunosorbent Assay (ELISA)

TNF-«, IL-1B, IL-13, IL-6 and IL-17A were measured in the cell supernatants. The cytokines
under investigation were evaluated using Enzyme-Linked Immunosorbent Assay (ELISA) kits (Abcam,
Cambridge, UK) in agreement with the instructions reported by the manufacturer. All the samples
were evaluated in duplicate and the obtained results were interpolated with the pertinent standard
curves. To evaluate the sample, the means of the duplicated sample were used and expressed in
pg/mL [19,20].

2.5. Real Time Quantitative PCR Amplification (RTqPCR)

Total RNA was extracted from GF and EC cells for RTqPCR using Trizol LS Reagent (Invitrogen,
Carlsbad, CA, USA). Two micrograms of total RNA was reverse transcribed in a final volume of 20 uL
using a Superscript VILO kit (Invitrogen). cDNA (1 uL) was added to the EvaGreen qPCR Master Mix
(Biotium Inc., Fremont, CA, USA) (20 pL per well). The final primer concentration selected to perform
the analysis was 10 uM. Samples were run in duplicate and (3-actin was used as an endogenous control.
Results were calculated using the 274CT method and expressed as n-fold increase in gene expression
using the CTRL group as the calibrator [21]. Primers used for targets and reference genes are listed in
Table 1.
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Table 1. Primer list.

Gene Sequence
B-actin Fw:5’ AGAGCTACGAGCTGCCTGAC3
Rw:5’ AGCACTGTGTTGGCGTACAG3’
TNF-a Fw:5’CAGAGGGCCTGTACCTCATC3’
Rw:5 GGAAGACCCCTCCCAGATAG3
IL-1B Fw:5' TGAGCTCGCCAGTGAAATGA3’
Rw:5’ AGATTCGTAGCTGGATGCCG3’
IL-13 Fw:5’CATGGCGCTTTTGTTGACCA 3’
Rw:5’ AGCTGTCAGGTTGATGCTCC3’
NF-xB Fw:5'CCTGGATGACTCTTGGGAAA3Z’

Rw:5'TCAGCCAGCTGTTTCATGTC3’
PPAR-y Fw:5’ TCGACCAGCTGAATCCAGAG3’
Rw:5'GGGGGTGATGTGTTTGAACTTG3’
PGC-1a Fw:5’CATGTGCAACCAGGACTCTGA3'
Rw:5 GCGCATCAAATGAGGGCAAT3’

STAT3 Fw:5’GAGCTGCACCTGATCACCTT3’
Rw:5’CCCAGAAGGAGAAGCCCTTG3
IL-6 Fw:5'TTCGGTCCAGTTGCCTTCTC3’
Rw:5'CAGCTCTGGCTTGTTCCTCASZ’
IL-17A Fw:5'CTGTCCCCATCCAGCAAGAGSZ

Rw:5’ AGGCCACATGGTGGACAATC3’

2.6. Statistical Analysis

Results were statistically analyzed calculating standard deviation (SD). Data are expressed as the
mean + SD and the values reported are the results of at least five experiments performed in duplicate.
All assays were repeated three times to ensure reproducibility. The different groups were compared
and analyzed using one-way ANOVA with a Tukey post-test for comparison between the different
groups. A p value < 0.05 was considered significant. Graphs were prepared using GraphPad Prism
(version 5.0 for Windows, San Diego, CA, USA).

3. Results

3.1. BCP Rewverts the Inflammatory Phenotype Induced by LPS in Gingival Fibroblasts and Oral Mucosa
Epithelial Cells

LPS challenge resulted in a marked expression of TNF-a and IL-1f with a concomitant reduced
mRNA of IL-13 in both gingival fibroblasts and oral mucosa epithelial cells (p < 0.0001 vs. CTRL;
Figure 1). To confirm the full induction of the inflammatory phenotype, we measured the mature
proteins in the cell supernatants. TNF-oc and IL-13 were markedly increased, while IL-13 significantly
diminished in the supernatants of GF and EC cells (p < 0.0001 vs. CTRL; Figure 2). BCP incubation in
LPS stimulated GF and EC cells suppressed the increased mRNA for the inflammatory cytokines TNF-«
and IL-1f3 and caused a marked enhancement in the expression of the message of the anti-inflammatory
cytokine IL-13 (p < 0.0001 vs. LPS; Figure 1). Overlapping results were observed when mature proteins
were used as readouts (p < 0.0001 vs. LPS; Figure 2). To dissect out the role of the CB2 receptors in
the effect of BCP, we performed experiments in which a specific antagonist of this receptor subtype
(AM630) was added in cell culture 2 h before BCP. Blockade of the CB2 receptor reverted the positive
effect of the biomolecule on the inflammatory phenotype (Figures 1 and 2).
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Figure 1. The graphs represent qPCR results of TNF-a (a), IL-1f3 (c), IL-13 (e) mRNA expression from
GF cells and TNF-« (b), IL-1p3 (d), IL-13 (f) mRNA expression from EC cells. Values are expressed as
the means and SD. * p < 0.0001 vs. CTRL; # p < 0.0001 vs. LPS.
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Figure 2. The graphs represent the levels of TNF-« (a), IL-1 (c) and IL-10 (e) in cell supernatants
from GF cells and TNF-« (b), IL-1p (d), IL-13 (f) levels in cell supernatants from EC cells. Levels of

cytokines were evaluated by immunosorbent assay (ELISA). Values are expressed as the means and SD.
*p <0.0001 vs. CTRL; # p < 0.0001 vs. LPS.

3.2. BCP Modulates Upstream Signals that Trigger the First Phase of the Inflammatory Response

The transcription factor NF-kB was markedly induced by the LPS challenge in both human
gingival fibroblasts and oral mucosa epithelial cells (p < 0.0001 vs. CTRL; Figure 3a,b). BCP treatment
in GF and EC cells suppressed the mRNA for the transcription factor and this effect was abrogated by
AMG630, a specific antagonist of CB2 receptors (p < 0.0001 vs. LPS; Figure 3a,b). LPS also produced a
diminished PPARy and PGC-1« expression in gingival fibroblasts (p < 0.0001vs. CTRL; Figure 3c,e)
and epithelial cells (p < 0.0001 vs CTRL; Figure 3d,f). BCP treatment prompted a marked enhancement
in the expression of both the nuclear receptor and its co-activator when compared to cell cultures

challenged with LPS alone (p < 0.0001 vs. LPS; Figure 3c—f). The antagonist of the CB2 receptor AM630
reverted the effects of BCP in GF and EC cells (Figure 3).
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Figure 3. The graphs represent the qPCR results of NF-kB (a), PPARY (c), PGClx (e) mRNA expression
from GF cells and NF-kB (b), PPARy (d), PGClax (f) mRNA expression from EC cells. Values are
expressed as the means and SD. * p < 0.0001 vs. CTRL; # p < 0.0001 vs. LPS.

3.3. BCP Halts the Second Phase of the Inflammatory Response in Gingival Fibroblasts and Oral Mucosa
Epithelial Cells

STAT-3 serves as a pathophysiological connection between the first and the second phase of the
acute inflammatory response. LPS stimulation prompted a robust increase in the message for this
upstream signal in both gingival fibroblasts and oral mucosa epithelial cells (p < 0.0001 Figure 4a,b). BCP
incubation markedly dampened STAT-3 expression in both GF and EC cells and CB2 receptors blockade
by AM630 cancelled the BCP effects (p < 0.0001 Figure 4a,b). IL-6 is released during the acute phase of
the inflammatory reaction and it is the cytokine that promotes the transition from the first phase to the
second wave of the acute inflammatory cascade. This step, if it is not adequately modulated, results in
a chronic inflammatory condition. BCP was able to decrease the IL-6 message and mature protein,
both markedly stimulated by LPS challenge in GF an EC cells (p < 0.0001 Figure 4c,d; Figure 5a,b).
Again, the pharmacological blockade of the CB2 receptor brought about by AM630 reverted the BCP
effects (p < 0.0001 Figure 4c,d; Figure 5a,b). Dysregulated activation of STAT-3 promotes an aberrant
production of IL-17A, a cytokine that orchestrates the accumulation of inflammatory cells as neutrophils
to the inflammatory scene. If the release is persistent, it may cause a negative remodeling of the
inflamed tissue, thus sustaining and maintaining a chronic inflammation scenario. LPS challenge
caused an elevation in both IL-17A mRNA and mature protein in both GF and EC cells (p < 0.0001
Figure 4c,f; Figure 5b,d). BCP incubation markedly reduced IL-17A expression and this effect was
abolished by AM630, a cannabinoid CB2 receptor antagonist (p < 0.001 Figure 4e,f; Figure 5c,d).
This experiment indicates that BCP efficiently interrupts the transition towards chronic inflammation.
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Figure 4. The graphs represent qPCR results of STAT3 (a), IL-6 (c), IL-17A (e) mRNA expression from
GF cells and STAT3 (b), IL-6 (d), IL-17A (f) mRNA expression from EC cells. Values are expressed as
the means and SD. * p < 0.0001 vs. CTRL; # p < 0.0001 vs. LPS.
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Figure 5. The graphs represent the levels of IL-6 (a), IL-17A (c) in cell supernatants from GF cells and
IL-6 (b), IL-17A (d) levels in cell supernatants from EC cells. Levels of cytokines were evaluated by

immunosorbent assay (ELISA). Values are expressed as the means and SD. * p < 0.0001 vs. CTRL;
#p <0.0001 vs. LPS.

3.4. BCP Does Not Affect Cell Viability

One hundred percent of viability was observed on control cells following 24 h. The incubation
with 3-caryophyllene did not affect GF and EC viability, thus demonstrating that this natural product

does not have a cytotoxic effect and does not affect cell viability. Furthermore LPS incubation did not
change cell viability (Figure 6a,b).
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Figure 6. The graphs show the cytotoxicity assay at 24 h in GF cells (a) and EC cells (b). Values are
expressed as the means and SD.

4. Discussion

In the present study we reproduced “in vitro” an experimental paradigm to mimic oral mucositis.
To this aim we primed with LPS human gingival fibroblasts and oral mucosa epithelial cells, two main
components of the periodontium. Both cell types acquired an inflammatory phenotype characterized
by a sustained inflammatory cascade that was orchestrated by the transcription factors NF-«B and
STAT3. Indeed, our experimental model is a slight modification of a previous published bioassay
for oral mucositis [15]. However, we used LPS to trigger the inflammatory phenotype instead of
recombinant cytokines, as in the previously published model [22].

LPS stimulation may have some theoretical advantages over cytokine stimulation: it may
reproduce more closely the clinical scenario where infective stimuli and micro-organisms, at least in
peri-implantitis, play an important role and may activate more efficiently the intracellular upstream
signals that regulate and coordinate the inflammatory storm. In agreement with this reasoning it has
been shown that in oral mucositis, pathogens are main participants in the triggering of the inflammatory
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cascade by engaging pathogen associated molecular patterns (PAMPs), such as the toll-like receptor
that is targeted by LPS [23].

Oral mucositis management is theoretically easy to accomplish, but practically hard to implement
in the clinical setting. Several therapeutics have been proposed for the treatment of oral mucositis:
they include local antiseptic and cytoprotective agents, laser therapy and cryotherapy as well as
pharmacological approaches such as anti-inflammatory drugs, recombinant cytokines and growth
factors. Among these curative strategies, keratinocyte growth factor-1 is the only medicine that has
received approval by the U.S. Food and Drug administration and by the European Medicine Agency
for the management of oral mucositis, but its use is restricted to “at-high-risk” population [24,25].
Phyto-therapy has been suggested as a rationale strategy in the management of oral mucositis [26-28].
In this context BCP may represent an interesting molecule. It is a bicyclic sesquiterpene obtained by
extraction from copaiba (Copaifera spp) and marijuana/hemp (Cannabis spp) that has gained the Food
Drug Administration (FDA) authorization in light of its interesting curative profile. The compound
has a long history of use in complementary therapy because of its ability to reduce inflammation and
to cause analgesia [29]. 3-caryophyllene engages with high affinity the cannabinoid CB2 receptors
which are mainly localized in the immune system and immune-derived cells [30]. Since BCP does not
bind the type 1 cannabinoid receptors, it is devoid of action at the Central Nervous System.

Several targets have been proposed to design a curative approach for oral mucositis, but so far,
no attempt has been carried out to explore the feasibility of positively modulating the CB2 receptor.
Our results suggest that BCP succeeded in turning off the inflammatory phenotype of GF and EC cells
that is the main pathophysiological hallmark of oral mucositis [31]. BCP reduced relevant inflammatory
cytokines such as TNF-a and IL-1 and augmented the expression of the anti-inflammatory IL-13.
The positive effects brought about by BCP were abrogated by a specific antagonist of the CB2 receptor,
thus clearly pointing out that this specific receptor subtype represents the mode of action of this
natural compound. Furthermore, the results unmask for the first time that the CB2 receptor has
potential for becoming a target candidate to allow an innovative drug design for medicines useful in
the management of oral mucositis. We also explored the first steps of the intracellular biomolecular
pathway that is modulated by the blockade of the CB2 receptor and we identified that the transcription
factor NF-kB is the upstream molecular signal that is targeted by this therapeutic strategy. This result
is of paramount importance: in fact, the transcription factor has been recognized as being one of the
main actors in the initiation of oral mucositis and therefore the strategy of the CB2 blockade is able to
intercept the very early event in the boosting of the inflammatory cascade. PPARYy is a nuclear receptor
that may be considered as an “atypical transcription factor” able to activate anti-inflammatory signals.
Indeed, pharmacological stimulation of PPARy exerts beneficial activity in oral mucositis [13,14].
In agreement with these findings we also investigated PPARy and its co-activator PGC-1«x and we found
that the expression of this intracellular signal was “downregulated” in our model of oral mucositis.
Interestingly stimulation of the CB2 receptor by BCP also caused an upregulation of this protective
intracellular signal, thus confirming previous studies suggesting the occurrence of a cross-talk between
CB2 and PPAR-y receptors [32].

Inflammation is a complex cascade of events that may lead to its resolution or, alternatively, to
its stalling into a chronic condition that renders the management of the clinical condition hard to
accomplish. The molecular events involved in this scenario are: an exaggerated production of IL-6 [33]
and the consequent activation of the transcription factor STAT3 [34] that primes the production and
release of several additional cytokines that sustain and maintain the inflammatory state. Among those
cytokines, IL-17A is of paramount importance in the context of oral disease. Elevated levels of IL-17A
have been measured in periodontal diseases characterized by high grade chronic inflammation [35,36].
In this clinical setting IL-17A orchestrates a coordinated recruitment of inflammatory cells that amplifies
the maladaptive mechanisms underlying the maintenance of a persistent inflammation. Interestingly,
BCP succeeded in counteracting this second wave of the host inflammatory response.

144



Biomedicines 2020, 8, 164

All these data, taken together highlight the great therapeutic potential of BCP for oral mucositis;
in fact it possesses a dual mechanism of action; inhibition of NF-«B and activation of PPAR-y that
amplifies its efficacy in the first phase of inflammation and later it halts, by inhibiting STAT3, the
second phase of the inflammatory response. Finally, it has been shown that BCP has an anti-cancer
effect [37] that may enhance the appropriateness of this treatment, at least for oral mucositis due to
chemotherapy or radiotherapy.

In conclusion, our data show for the first time that BCP has a marked efficacy in a preclinical
in vitro model of oral mucositis: this effect, in light of its high translational potential, deserves to be
confirmed in a clinical setting.
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Abstract: We previously showed that ergosterol has an inhibitory effect on bladder carcinogenesis.
In this study, we aimed to elucidate the molecular mechanism by which ergosterol inhibits bladder
carcinogenesis using a rat model of N-butyl-N-(4-hydroxybutyl)nitrosamine-induced bladder cancer.
The messenger ribonucleic acid (mRNA) expression level of the cell cycle-related gene cyclin D1 and
inflammation-related gene cyclooxygenase-2 in bladder epithelial cells was significantly increased
in the carcinogenesis group compared with the control group. In contrast, in ergosterol-treated
rats, these increases were significantly suppressed. Ergosterol did not affect the plasma testosterone
concentration or the binding of dihydrotestosterone to androgen receptor (AR). The mRNA expression
levels of 5x-reductase type 2 and AR were higher in the carcinogenesis group than in the control group
but were significantly decreased by ergosterol administration. These results suggest that ergosterol
inhibits bladder carcinogenesis by modulating various aspects of the cell cycle, inflammation-related
signaling, and androgen signaling. Future clinical application of the preventive effect of ergosterol on
bladder carcinogenesis is expected.

Keywords: ergosterol; cyclin D1; androgen receptor; 5x-reductase; bladder cancer

1. Introduction

Bladder cancer is one of the most common urological tumors. It mainly affects men, with
an incidence approximately 10 times higher in men than in women [1]. Approximately 70% of
bladder cancers are non-muscle-invasive, and transurethral resection (TUR) is a common treatment.
Although the prognosis after TUR is good and the 5-year survival rate is at least 95%, the high recurrence
rate is a clinical problem [2]. Treatment with anticancer agents [3,4] and bacillus Calmette-Guérin
(BCG) infusion [5,6] into the bladder are performed after TUR. However, these treatments impose both
a heavy burden on the patient and a large economic burden [7]. Therefore, a new preventive method
that can solve these problems is strongly desired.

We previously screened traditional Kampo medicines via a short-term carcinogenicity test to
identify preventive agents for superficial bladder cancer. Our results clarified that Choreito strongly
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inhibits the promotion of bladder carcinogenesis [8]. Choreito is composed of five crude drugs:
Polyporus sclerotium, Alisma rhizome, Poria sclerotium, Donkey glue, and aluminum silicate hydrate with
silicon dioxide. We clarified that among these components, Polyporus sclerotium has the strongest
inhibitory effect on bladder carcinogenesis [9] and that the ergosterol contained in Polyporus sclerotium
is the main active ingredient [10]. Furthermore, a long-term carcinogenicity test showed that when
ergosterol was orally administered to rats in a model of bladder cancer for 25 weeks, the incidence
of bladder tumors was decreased. In addition, experiments using castrated rats revealed that the
action of ergosterol may be due to the suppression of androgen signaling by the active metabolite
brassicasterol [11]. In this study, we aimed to elucidate the detailed molecular mechanism by which
ergosterol inhibits bladder carcinogenesis. In brief, we focused on genes whose expression fluctuates
from the early stage of bladder carcinogenesis and investigated the effect of ergosterol on the expression
of these genes. In addition, we evaluated the effect of ergosterol on androgen, a hormone that promotes
bladder carcinogenesis.

2. Experimental Section

2.1. Materials

Ergosterol and sodium saccharin (SS) were purchased from Wako Pure Chemicals (Osaka,
Japan). N-butyl-N-(4-hydroxybutyl)nitrosamine (BHBN) was purchased from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan). Concanavalin A (Con A), ax-methylmannoside (x-MM),
and dextran-coated charcoal (DCC) were purchased from Sigma-Aldrich Corp. (St. Louis, MO,
USA). An RNeasy Mini Kit was purchased from Qiagen (Valencia, CA, USA). A high-capacity
complementary deoxyribonucleic acid (cDNA) synthesis kit was purchased from Applied Biosystems
(Foster City, CA, USA). A testosterone enzyme immunoassay (EIA) kit was purchased from Cayman
Chemical (Ann Arbor, MI, USA). The [1,2,4,5,6,7->H] 5«-dihydrotestosterone (PH]-DHT; 121 Ci/mmol)
was purchased from GE Healthcare Bio-Sciences Corp. (Pittsburgh, PA, USA).

2.2. Animals

Male 5-week-old Wistar rats were obtained from Japan SLC, Inc. (Shizuoka, Japan). The care and
handling of the animals were in accordance with the Hoshi University (approval no. 08-111).

2.3. Short-Term Carcinogenicity Study

A short-term carcinogenicity study was performed according to a previous method
(Figure 1) [10,12]. In brief, rats were given an aqueous solution of 0.01% BHBN ad libitum for
one week as the initiator. For the next three weeks, the rats in the control group were fed a normal diet
alone, and those in the carcinogenesis and ergosterol-treated groups were fed a diet containing 5%
SS as the promoter. Ergosterol (15 ug/kg/day) was administered orally once daily for three weeks to
the rats in the ergosterol-treated group. The rats in the control and carcinogenesis groups received
purified water containing 0.18% Tween 80. After the treatment, the rats were anesthetized, after which
a blood sample was collected and the bladder was removed.

Initiation Promotion
0 1 2 3 4 (week)
| | | | |
Control | 0.01% BHBN l Control diet |
Carcinogenesis | 0.01% BHBN l 5% SS I
Ergosterol | 0.01% BHEN | 5% SS (ergosterol 15 ug/kg/day) |

Figure 1. Experimental design.
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2.4. Measurement of Plasma Testosterone Concentration

Blood samples were centrifuged (1000x g for 15 min at 4 °C), and the plasma was stored at —80 °C
until the assays were performed. Free testosterone was obtained by centrifugation (12,000 x g for
90 s at 37 °C) using an ultrafiltration device (Ultracel YM-30, Millipore Corporation, Bedford, MA,
USA). The plasma concentrations of total and free testosterone were enzymatically quantified using
the Testosterone EIA Kkit.

2.5. Con A Agglutination Assay

A Con A agglutination assay was performed as described previously with slight
modifications [13,14]. In brief, isolated cells from the removed bladders were collected by centrifugation.
The cell suspension was mixed with Con A, with or without x-MM. Cell aggregates were counted with
a hemocytometer.

2.6. Real-Time PCR

The expression levels of target genes were quantified using real-time RT-PCR analysis.
Epithelial cells were isolated from rat bladders by scraping, and RNA was extracted with the
RNeasy Mini Kit. The total RNA was reverse transcribed with high-capacity cDNA synthesis kit.
The forward and reverse primers for target genes are listed in Table 1. The conditions for PCR were
denaturation at 95 °C for 15 s, annealing at 56 °C for 30 s, and elongation at 72 °C for 30 s. The messenger
ribonucleic acid (mRNA) expression levels were normalized to 185 ribosomal Ribonucleic acid (rRNA)
expression levels.

Table 1. Primer sequences used for real-time PCR.

Gene Forward Reverse
Cyclin D1 CCAGCCGCAATGCTGTAG TTGGGACGCCTCAGCTAAG
COX-1 AAGGAGATGGCCGCTGAGTT AGGAGCCCCCATCTCTATCA
COX-2 GCTGATGACTGCCCAACTC GATCCGGGATGAACTCTCTC
5a-R1 GCTGTACGAGTACATTCGTC CCCTGATCAGAACCGGGAA
5a-R2 GGGAGCTCTAACCCAATTTC CCTCTTCAGATCATACCGTG
AR CCCTCCCATGGCACATTTTG TTGGTTGGCACACAGCACAG

185 rRNA GTCTGTGATGCCCTTAGATG AGCTTATGACCCGCACTTAC

2.7. Androgen Receptor (AR) Binding Assay

Maltose binding protein-fused human AR ligand-binding domain (MBP-hAR-LBD; Toyobo Co.,
Ltd., Tokyo, Japan), [*H]-DHT, and ergosterol or DHT were incubated at room temperature for 1 h.
After the addition of DCC solution and reaction on ice for 10 min, DCC was removed by centrifugation.
The supernatant was added to a liquid scintillation cocktail (Ultima Gold MV, PerkinElmer, Waltham,
MA, USA), and the radioactivity of [PH]-DHT was then measured in a liquid scintillation counter
(TRI-CARB 3100TR, PerkinElmer).

2.8. Statistical Analysis

All quantitative results are presented as the means + standard deviations (SDs). Means were
compared using analysis of variance (ANOVA) with correction for multiple comparisons using Tukey’s
test for multiple comparisons. A p value of <0.05 was considered the level of significance.

3. Results

3.1. Inhibitory Effect of Ergosterol on Bladder Carcinogenesis

The inhibitory effect of ergosterol on bladder carcinogenesis was examined in a short-term
carcinogenicity study using SS as the promoter [10,12] and evaluated in a Con A agglutination assay.
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The number of Con A-dependent aggregates was significantly higher in the carcinogenic group
than that in the control group. In contrast, the number of cell aggregates was significantly lower in rats
treated with ergosterol compared to the carcinogenesis group (Table 2).

From the above results, it was confirmed that ergosterol exhibits inhibitory effect against bladder

carcinogenesis, as in the previous reports [10,11].

Table 2. Inhibitory effect of ergosterol on bladder carcinogenesis.

Number of Con

e o
Group A-Dependent Aggregates Inhibition Rate (%)
Control 1+1 -

Carcinogenesis 11+3% -

Ergosterol 2+1# 90

The bladders were removed from rats in the control, carcinogenesis, and ergosterol-treated groups. Agglutination of
urinary bladder cells in each group was induced by Concanavalin A (Con A), with or without a-methylmannoside
(x-MM). Three assays, each on a pooled cell suspension from 2 rats, were carried out in each group of six rats. The data
are presented as the means + SDs. Tukey’s test, * p < 0.05 vs. the control group, # p < 0.05 vs. the carcinogenesis group.

3.2. The mRNA Expression Level of Cyclin D1 in Bladder Epithelial Cells

During bladder carcinogenesis, the proliferation of epithelial cells is accelerated due to cell cycle
dysregulation. Cyclin D1 is an important gene involved in cell cycle progression from G1 to S phase,
and overexpression of cyclin D1 has been observed in various cancers, including bladder cancer [15,16].
Therefore, we investigated whether the inhibitory effect of ergosterol on bladder carcinogenesis is
caused by a change in cyclin D1 expression.

The mRNA expression level of cyclin D1 in bladder epithelial cells in the carcinogenesis group
was significantly increased by approximately two-fold compared with that in the control group.
In contrast, cyclin D1 expression in the ergosterol-treated group was significantly lower than that in
the carcinogenesis group and was almost the same as that in the control group (Figure 2).

The above results suggest that the inhibition of bladder carcinogenesis by ergosterol may be due
to decreased expression of cyclin D1.
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Figure 2. The mRNA expression level of cyclin D1 in bladder epithelial cells. The bladders were removed
from rats in the control, carcinogenesis, and ergosterol-treated groups, and the mRNA expression
level of cyclin D1 was measured using real-time RT-PCR and normalized to those of 185 rRNA.
The data are presented as percentages of the mean value in the control group, which was set at 100%.
The data show the mean + SD from five rats per group. Tukey’s test, ** p < 0.01 vs. the control group,
#p < 0.05 vs. the carcinogenesis group.

3.3. The mRNA Expression Levels of Cyclooxygenase-1 (COX-1) and Cyclooxygenase-2 (COX-2) in Bladder
Epithelial Cells

Inflammation in the bladder is considered to be one of the factors responsible for bladder
cancer [17]. In general, when inflammation is induced, the expression of COX-2, the rate-limiting
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enzyme in prostaglandin E, (PGE;) production, increases. Although COX-1 expression was not
observed in bladder epithelial cells of rats in bladder cancer models, COX-2 expression was increased,
which is considered a factor in bladder carcinogenesis [18,19]. Therefore, we investigated whether the
change in COX-2 expression is involved in the inhibitory effect of ergosterol on bladder carcinogenesis.

The mRNA expression level of COX-1 in bladder epithelial cells in the carcinogenesis group was
almost the same as that in the control group. In addition, no changes in COX-1 expression due to
ergosterol administration were observed. On the other hand, the expression level of COX-2 in the
carcinogenesis group was significantly increased by approximately two-fold compared with that in
the control group. In contrast, the expression level of COX-2 in the ergosterol-treated group was
significantly lower than that in the carcinogenesis group (Figure 3).

The above results suggest that ergosterol decreases the expression of COX-2 and suppresses the
induction of inflammation.
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Figure 3. The mRNA expression levels of cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2)
in bladder epithelial cells. The bladders were removed from rats in the control, carcinogenesis, and
ergosterol-treated groups, and the mRNA expression levels of COX-1 and COX-2 were measured using
real-time RT-PCR and normalized to those of 18S rRNA. The data are presented as percentages of the
mean value in the control group, which was set at 100%. The data show the mean + SD from five rats
per group. Tukey’s test, * p < 0.05 vs. the control group, ## p < 0.01 vs. the carcinogenesis group.

3.4. Effect of Ergosterol on the Plasma Testosterone Concentration

Androgens have been reported to be involved in promoting bladder carcinogenesis [20]. Therefore,
we investigated whether the plasma concentration of testosterone was changed by the administration
of ergosterol.

In ergosterol-treated rats with BHBN-induced bladder cancer, the plasma concentrations of
total and free testosterone were almost the same as those in the carcinogenesis group (Figure 4A,B).
In addition, the ratio of the free testosterone concentration to the total testosterone concentration was
not changed by ergosterol administration (Figure 4C).

The above results indicate that ergosterol is unlikely to suppress androgen signaling by affecting
the blood testosterone concentration.
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Figure 4. Effect of ergosterol on the plasma testosterone concentration. Plasma was obtained from rats
in the control, carcinogenesis, and ergosterol-treated groups. The concentrations of total testosterone
(A) and free testosterone (B) were measured. The ratio of the free testosterone concentration to the total
plasma testosterone concentration was calculated (C). The data show the mean + SD from five rats

per group.
The mRNA Expression Levels of 5a-Reductase and AR in Bladder Epithelial Cells

After uptake by target tissues, testosterone is metabolized to DHT by 5a-reductase. DHT exerts
an androgenic effect by binding to AR [20,21]. Therefore, we investigated whether ergosterol alters the

expression levels of 5x-reductase and AR in bladder epithelial cells.

The mRNA expression level of 5x-reductase type 1 (5x-R1) in bladder epithelial cells was
significantly higher in the carcinogenesis group than in the control group. The expression level of
5x-R1 in the ergosterol-treated group showed a trend of being lower than that in the carcinogenesis
group. The expression levels of both 5x-reductase type 2 (5x-R2) and AR were significantly higher in
the carcinogenesis group than in the control group. Treatment with ergosterol significantly suppressed

these increases in expression (Figure 5).

The above results suggest that ergosterol may inhibit bladder carcinogenesis by decreasing the

expression of 5x-reductase and AR and suppressing androgen signaling.
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Figure 5. The mRNA expression levels of 5x-reductase and androgen receptor (AR) in bladder epithelial
cells. The bladders were removed from rats in the control, carcinogenesis, and ergosterol-treated
groups, and the mRNA expression levels of 5a-reductase type 1 (5x-R1), 5a-reductase type 2 (5a-R2),
and AR were measured using real-time RT-PCR and normalized to those of 185 rRNA. The data are
presented as percentages of the mean value in the control group, which was set at 100%. The data
show the mean + SD from five rats per group. Tukey’s test, * p < 0.05 vs. the control group,
## p < 0.01 vs. the carcinogenesis group.
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3.6. Effect of Ergosterol on the Binding Properties of AR and DHT

We investigated whether ergosterol competitively inhibits the binding of AR and DHT. Specifically,
ergosterol was added in the presence of AR and [®H]-DHT, and the extent of [*H]-DHT exclusion from
AR was evaluated.

DHT, used as the positive control, showed a concentration-dependent exclusion effect of [PH]-DHT
from AR. On the other hand, this exclusion effect was not observed with ergosterol (Figure 6).

The above results indicate that ergosterol is unlikely to inhibit the binding of AR and DHT to
suppress androgen signaling.

140 -

120 -

100 1 0/—‘/./.

80 | Ergosterol

60 -

40 -

Binding of AR to [*H]-DHT
(%)

20 4

0

0 10" 10 10° 10® 107 10° 10° 10*
Test sample concentration (M)

Figure 6. Effect of ergosterol on the binding properties of AR and dihydrotestosterone (DHT).
Maltose binding protein-fused human AR ligand-binding domain (MBP-hAR-LBD) and [1,2,4,5,6,7-3H]
5a-dihydrotestosterone ([3H]-DHT) were incubated with ergosterol or DHT. The radioactivity of
[*H]-DHT bound to AR was measured using a liquid scintillation counter. The data show the
mean + SD from five experiments.

4. Discussion

We previously demonstrated that ergosterol, a component of the traditional Kampo medicine
Choreito, strongly inhibits the promotion of bladder carcinogenesis [10] and that long-term
administration of ergosterol reduces the incidence of carcinogenesis [11]. In this study, we aimed to
elucidate the mechanism by which ergosterol inhibits bladder carcinogenesis.

Oral administration of ergosterol to rats in the BHBN-induced bladder carcinogenesis model
reduced the Con A-induced cell aggregation rate by 90% (Table 2). This result is similar to that
described in a previous report [10,11] and confirms that ergosterol exhibits inhibitory activity against
bladder carcinogenesis. Therefore, we conducted a mechanistic analysis in this rat model.

During carcinogenesis, the cell cycle is dysregulated and cell proliferation is accelerated. Cyclin
D1 is an important cell cycle mediator, and its expression has been reported to be increased in various
cancers, including bladder cancer [15,16]. The expression level of cyclin D1 in bladder epithelial cells
was significantly increased in the carcinogenesis group compared with the control group (Figure 2).
In the rat model used in this study, carcinogenesis is at an earlier stage than in other rat models
of bladder cancer in which increased expression of cyclin D1 has been reported [22,23]. Therefore,
cyclin D1 may be one of the important genes whose expression is altered very early in bladder
carcinogenesis. Ergosterol was found to suppress the increase in cyclin D1 expression observed in
the carcinogenesis group, reducing cyclin D1 expression to a level similar to that in the control group
(Figure 2). The above results suggest that suppression of cyclin D1 expression might be one of the
mechanisms by which ergosterol inhibits bladder carcinogenesis.

Inflammation is one of the factors that induces the promotion of cell proliferation [17]. The enzyme
COX-2 exhibits increased expression during inflammation and carcinogenesis and produces PGE,,
which has a promotive effect on cell proliferation [24,25]. COX-2 expression has been reported to be
increased in bladder epithelial cells during bladder carcinogenesis in rats [18,19] and humans [26,27] and
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that PGE; has been reported to be involved in the development of bladder cancer [28]. The expression
level of COX-2 in the carcinogenesis group was significantly increased compared to that in the
control group, and ergosterol suppressed this increase (Figure 3). The above findings suggest that
suppression of COX-2 expression might be one of the mechanisms by which ergosterol inhibits
bladder carcinogenesis.

Why does ergosterol suppress cyclin D1 and COX-2 expression? Activation of nuclear factor-kappa
B (NF-kB) is involved in mediating the increases in cyclin D1 and COX-2 expression during
carcinogenesis [29,30], and ergosterol has been reported to suppress NF-kB activation [31,32]. Therefore,
ergosterol may reduce the increase in cyclin D1 and COX-2 expression by suppressing the activation of
NF-«B. In the future, it will be necessary to investigate the protein expression levels of these genes
by Western blotting and immunohistochemistry and to clarify the inhibitory action of ergosterol on
NF-«B activity and its mechanism.

Testosterone is metabolized to the active metabolite DHT by 5a-reductase and then binds to AR
and exerts an androgenic effect. Flutamide, which has antiandrogenic activity, dose-dependently
decreases the incidence of carcinogenesis in the rat model of BHBN-induced bladder carcinogenesis [33].
In addition, the progression of bladder carcinogenesis is suppressed in AR knockout mice [34]. We,
therefore, investigated the effect of ergosterol on androgen signaling, which is important for bladder
carcinogenesis. Our findings indicated that ergosterol does not affect the blood concentration of
testosterone (Figure 4) or the binding of DHT to AR (Figure 6). On the other hand, ergosterol was
found to decrease the expression level of 5x-R2 in rat bladder epithelial cells (Figure 5). The 5x-R1
is distributed in androgen-independent tissues such as liver and skin, and 5x-R2 is distributed in
androgen-dependent tissues [35,36]. Therefore, we hypothesized that ergosterol reduces the expression
level of 5x-R2, which might contribute to the suppression of androgen signaling. In addition, ergosterol
was found to decrease AR expression in bladder epithelial cells (Figure 5). Therefore, ergosterol
reduces the metabolic conversion of testosterone to DHT by decreasing the expression level of 5x-R2
in the bladder and decreases the expression of AR in bladder epithelial cells, thereby weakening
androgen signaling. This finding suggests that the carcinogenesis is suppressed. It has been reported
that the expression level of AR is upregulated by DHT [37]. Therefore, it is thought that the key
to the suppression of bladder carcinogenesis due to ergosterol is the decrease in the expression of
5a-reductase, but there are many unclear points regarding its regulation mechanism. By investigating
the DHT concentration in the bladder cells, we believe that the involvement of 5x-reductase in the
suppressive action of bladder carcinogenesis by ergosterol will be clarified.

The results of this study clarified that ergosterol inhibits bladder carcinogenesis by modulating
various aspects of the cell cycle, inflammation-related signaling, and androgen signaling. Reports have
indicated that (1) high expression of cyclin D1 after TUR treatment shortens the time to recurrence in
humans [38], (2) COX inhibitors may have a suppressive effect on bladder cancer [39], and (3) patients
treated with antiandrogen therapy have a low rate of bladder cancer recurrence [40,41]. Although the
prognosis of bladder cancer is relatively better than that of other carcinomas, the recurrence rate is
very high. That is, bladder cancer repeatedly recurs, and when the disease progresses from superficial
cancer to invasive cancer, the prognosis is poor. Therefore, preventing recurrence is an important issue.
The action of ergosterol demonstrated in this study plays a very important role in preventing bladder
cancer recurrence. Future clinical application of this preventive effect is expected.
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Abstract: Hemocyanins are oxygen-transporting glycoproteins in the hemolymph of arthropods and
mollusks that attract scientific interest with their diverse biological activities and potential applications
in pharmacy and medicine. The aim of the present study was to assess the in vitro antitumor activity
of hemocyanins isolated from marine snail Rapana venosa (RvH) and garden snails Helix lucorum
(HIH) and Helix aspersa (HaH), as well the mucus of H. aspersa snails, in the HT-29 human colorectal
carcinoma cell line. The effects of the hemocyanins on the cell viability and proliferation were analyzed
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and the alterations
in the tumor cell morphology were examined by fluorescent and transmission electron microscopy.
The results of the MTT assay showed that the mucus and «-subunit of hemocyanin from the snail
H. aspersa had the most significant antiproliferative activity of the tested samples. Cytomorphological
analysis revealed that the observed antitumor effects were associated with induction of apoptosis
in the tumor cells. The presented data indicate that hemocyanins and mucus from H. aspersa have
an antineoplastic activity and potential for development of novel therapeutics for treatment of
colorectal carcinoma.

Keywords: hemocyanin; snail Rapana venosa; snail Helix lucorum; snail Helix aspersa; antitumor
activity; colorectal adenocarcinoma; apoptosis

1. Introduction

Neoplastic diseases are characterized as having high incidence and mortality and have significant
health and social impacts. Conventional anticancer treatment includes a combination of surgery,
radiation therapy, and chemotherapy [1]. However, traditional therapy has several drawbacks such as
multidrug resistance, low selectivity, and toxicity to healthy tissues associated with severe side effects.
Finding of selective and more efficient new drugs is one of the greatest challenges for pharmacology
and medicine. Today, an extensive research effort has been focused on screening of compounds
of natural origin with higher specificity and less adverse side effects [2]. In this context, bioactive
compounds isolated from mollusk species attract a significant interest as good drug candidates for
cancer therapeutic applications [3].

Numerous studies have indicated that hemocyanins, oxygen-carrying hemolymph metalloproteins,
have a significant immunostimulatory and anticancer activity [4-7]. Molluscan hemocyanins are
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glycoproteins with high molecular masses and complex quaternary and oligosaccharide structures.
They are usually composed of several structural subunits with approximate masses of 350-450 kDa,
each consisting of seven or eight globular functional units connected by linker peptide strands,
forming hollow cylinders [8]. The primary amino acid sequences of molluscan hemocyanins are
highly divergent from mammalian sequences, which results in strong activation of the immune
system. In addition, the carbohydrate moieties present in molluscan hemocyanins are considered
responsible for their high immunogenicity. The carbohydrate structures of hemocyanins have
been extensively studied in order to understand their organization, antigenicity, and biomedical
properties [9,10]. The carbohydrate component of hemocyanins have been reported to be up to 9% (w/w)
and contain diverse sugar moieties, including mannose, p-galactose, fucose, N-acetyl-p-galactosamine,
and N-acetyl-glucosamine residues, as well as xylose, which is not usually present in animal proteins [11].
Hemocyanins are characterized with the presence of numerous N-glycosylation sites and limited
number of O-glycosylation sites [12]. Due to these structural properties, hemocyanins stimulate the
mammalian immune system nonspecifically by interacting with macrophages, polymorphonuclears,
CD4+, and CD8+ cells and induce potent humoral and cellular immune response [11,13]. Moreover,
significant direct antitumor effects of hemocyanins have been established in various in vitro and in vivo
tumor models [4,14-16].

The present study aimed to assess the in vitro antitumor activity of hemocyanins isolated from
Helix aspersa, Helix lucorum, and Rapana venosa against colorectal carcinoma cell line HT-29 and to
investigate morphological and ultrastructural alterations in the tumor cells.

2. Materials and Methods

2.1. Materials

Membranes were purchased from Millipore Ultrafiltration Membrane Filters, regenerated
cellulose. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), ethidium bromide
(EB), and acridine orange (AO) were purchased from Sigma-Aldrich, Schnelldorf, Germany. All culture
reagents, Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, Schnelldorf, Germany),
fetal bovine serum (FBS; Gibso/BRL, Grand Island, NY), L-glutamine, penicillin, and streptomycin
(LONZA, Cologne, Germany) were used as received. The disposable consumables were supplied by
Orange Scientific, Braine-1’Alleud, Belgium. HT-29 cell line—human colorectal adenocarcinoma was
obtained from American Type Cultures Collection (ATCC, Rockville, MD, USA).

2.2. Isolation of the Hemocyanin and Isoforms from Snail Rapana Venosa

The hemolymph was collected from R. venosa marine snails living in the Black Sea after cutting
the foot muscles, and it was filtrated and centrifuged at 10,000 rpm and 4 °C for 20 min to remove
rough particles and haemocytesas [17]. The crude hemolymph extract was ultrafiltrated (using
membrane 100 kDa Millipore Ultrafiltration Membrane Filters) and the fraction above 100 kDa
containing predominantly native RvH was ultracentrifugatied at 22,000 rpm and 4 °C for 180 min
with rotor Kontron-Hermle A8.24 (centrifuge CENTRIKON). The sediment containing the native RvH
was solubilized at a concentration of about 10% in 50 mM Tris buffer (pH 7.5) and was purified by
gel filtration on column Sephadex G-200. Dissociation of native RvH was achieved by dialyzing the
protein against 0.13 M glycine/NaOH buffer, pH 9.6. The structural subunits RvH1 and RvH2 were
separated on an ion-exchange chromatography by a 16/10 Q Sepharose High Performance column
equilibrated with 50 mM Tris/HCl buffer and 10 mM EDTA (pH 8.5) with a linear gradient of 0.0-0.5 M
NaCl by FPLC system.

2.3. Isolation of the Native Hemocyanin and Isoforms from Snail H. Lucorum

The hemolymph was collected from the foot of garden snail H. lucorum and rough particles and
hemocytes were removed after filtration and centrifuged at 10,000 rpm and 4 °C for 20 min [18].
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After ultrafiltration of supernatant by membrane of 100 kDa (Millipore Ultrafiltration Membrane Filters,
Regenerated cellulose), we applied the fraction with molecular mass above 100 kDa, containing mostly
hemocyanin, to ultracentrifugation at 22,000 rpm and 4 °C for 180 min with rotor Kontron-Hermle
A8.24 (centrifuge CENTRIKON). The sediment with total hemocyanin was solubilized in concentration
of about 5% in 0.1 M sodium acetate buffer, pH 5.7.

The isoform (c-HIH was isolated after precipitation of native HIH during 4-5 days dialysis against
10 mM sodium acetate buffer (pH 5.1) at 4 °C and the buffer was renewed every 12 h. The c-HIH
was sedimented by centrifugation at 15,000 x g, at 4 °C for 30 min. The precipitate was dissolved in
100 mM sodium phosphate buffer (pH 6.5) and further purified by anion exchange chromatography on
a 16/10 Q Sepharose High Performance column using a linear NaCl gradient (0.0-0.5 M) in 50 mM
Tris—-HCI buffer, pH 7.8.

Both subunits, ap-HIH and ay-HIH, dissolved in the supernatant, were purified by gel filtration
chromatography on a Sephacryl S 300 column, were equilibrated and eluted with 50 mM Tris buffer
(pH 7.5), and further concentrated by ultrafiltration (100 kDa, Millipore Ultrafiltration Membrane
Filters, regenerated cellulose).

2.4. Isolation of the Native Hemocyanin and Mucus from Snail H. Aspersa

The native HaH was isolated after concenrtation of the hemolymph collected from the foot of garden
snail H. aspersa by ultrafiltration (using 100 kDa, Amicon PM membranes) [4]. After ultracentrifugation
at 22,000 rpm (rotor Kontron-Hermle A8.24, centrifuge CENTRIKON) and 4 °C for 3 h, the native HaH
was sedimented. After removal of the supernatant, the precipitated HaH was solubilized in 50 mM
Tris buffer (pH 7.5) containing 20 mM CaCl, and 10 mM MgCl, and further purified by gel filtration
chromatography on a Sepharose 6B column (90 X 2.4 cm).

2.5. Separation of H. Aspersa Hemocyanin Isoforms

Three isoforms (ap-HaH, an-HaH, and c-HaH) were separated after 4 days of dialysis against
10 mM sodium acetate buffer (pH 5.3) at 4 °C, renewed every 12 h. The isoform Bc-HaH precipitated
after centrifugation and solubilized in 0.1 M sodium phosphate buffer (pH 6.5), and was further
purified by gel filtration chromatography on a Sepharose 6B column and eluted with buffer of 50 mM
Tris-HCl, pH 7.5. Two a-isoforms («p.N) in supernatant were concentrated by ultrafiltration (Millipore
Ultrafiltration Membrane Filters, regenerated cellulose) and purified of FPLC-system by a 16/10 Q
Sepharose High Performance column using a linear NaCl gradient (0.0-1.0 M) in 50 mM Tris-HCl
buffer, pH 8.2.

The mucus was collected from the foot of H. aspersa snails that were grown in Bulgarian eco-farms.
After several steps of purification and homogenization, including filtration and centrifugation for
removal of rough particles, the crude mucus extract was obtained [19].

Mucus extract from H. aspersa was analyzed by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) with the molecular weight marker ranging from 250 kDa to 10 kDa
using a 5% stacking gel and 12% resolving gel, according to Laemmli method with modifications [20].
All tested hemocyanins and their isoforms were analyzed by 8% polyacrylamide gel electrophoresis
under native conditions, as described [21].

2.6. Cell culture and Cell Viability

HT-29 and Balb/c 3T3 cells were cultured in 75 cm? tissue culture flasks in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum, 2 mM glutamine, and the antibiotics penicillin
(100 U mL!) and streptomycin (100 pg mL1) at 37 °C and 5% CO, and 90% relative humidity.

Cell viability was assessed by MTT (methyl thiazol tetrazolium bromide) assay, as described
previously [22]. Briefly, cells were plated in a 96-well microtiter plate at a density of 1 x 10* cells
per well in a final volume of 100 uL DMEM medium. HT-29 cells were treated with six different
concentrations of the hemocyanin samples (31.25-1000 pg/mL) for 72 h. Parallel experiments with the
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same treatment and incubation regimen were performed on Balb/c 3T3 cells to assess the cytotoxic
activity of the tested samples in non-tumor cells. After treatment, the cells were incubated with MTT
dye at a concentration of 50 ng/100 uL for 3 h at 37 °C. The cells were thereafter lysed with DMSO/96%
ethanol (1:1 v/v) solution. Absorbance of the reduced intracellular formazon product was read at
570 nm in a microtiter plate reader (TECAN, Sunrise, Groedig/Salzburg, Austria).

2.7. Fluorescent Microscopy

The morphological alterations in HT-29 cells induced by the test samples that showed higher
cytotoxic activity were analyzed by fluorescent microscopy. HT-29 cells were cultured on 13 mm
diameter cover glasses in 24-well plates and were treated for 24 h with hemocyanins in concentrations
approximating the IC5, value established by the MTT test and concentrations lower and higher than
the ICs value. Cells treated with the standard anticancer drug doxorubicin were used as a positive
control for the experiments. Doxorubicine was applied at concentrations equal to the ICsy value
(2.7 pg/mL) established in our previous studies. The control and treated cells were stained by two
different methods.

2.7.1. Acridine Orange/Ethidium Bromide Double Staining

Acridine orange (AO) and ethidium bromide (EB) (live/dead) staining was performed as previously
described [23]. Briefly, cell preparations of HT-29 cells were stained with the fluorescent dyes AO
(5 ug/mL) and EB (5 ug/mL) in phosphate-buffered saline (PBS) and mounted on microscope slides.

2.7.2. DAPI Staining

The alterations in the nuclear morphology of the tumor cells induced by hemocyanins were
studied after staining with DNA binding dye 4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI).
The cells were fixed with methanol, incubated for 15 min in 1 pg/mL DAPI in methanol in the dark,
and mounted with glycerol on microscope slides.

Stained cells were visualized and examined under a fluorescence microscope (Leica DM 5000B,
Wetzlar, Germany).

2.8. Transmission Electron Microscopy (TEM)

Ultrastructural studies of cells exposed to bioactive compounds isolated from Helix aspersa at
cytotoxic doses (concentrations equal or close to their ICsy values) were processed according to routine
techniques for this type of assay. They were fixed for 1 h with 2.5% glutaraldehyde in 0.1 M pH 7.3
phosphate buffer, postfixed for 2 h in 1% OsOy, dehydrated, and included in Durcupan ACM Fluka.
Ultra-thin sections were prepared on Reichert Ultramicrotome and stained with 2% uranyl acetate and
2% lead citrate. For the TEM study, we used an Opton transmission electron microscope.

2.9. Statistical Analysis

Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc test
(GraphPad Prism software package). p < 0.05 was accepted as the lowest level of statistical significance.
Nonlinear regression (curve fit) analysis (GraphPad Prism) was applied to determine the concentrations
inducing 50% inhibition of the cell growth (ICs, values).

3. Results

3.1. Isolation of Bioactive Compounds from the Three Mollusk Species

Total hemocyanins from garden snails Helix aspersa and Helix lucorum (HaH-total, HIH-total),
their isoforms (subunits fc-HaH, a-HaH, Bc-HIH, and a-HIH), Helix aspersa mucus, and subunits
of Rapana venosa hemocyanin (RvH I and RvH II) were isolated and purified as previously
described [4,17,18]. Hemocyanins are freely dissolved in the hemolymph of species in Mollusca
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and Arthropoda as a major protein constituent (90-98%) of this fluid. Specific absorption coefficient
Ajzg nm = 1.413 rnL~rng’1-cm’1 for HaH was used for determination of the protein concentration [24].

The hemolymph was collected from R. venosa marine snails living in the Black Sea and garden
snails H. aspersa and H. lucorum after cutting the foot muscles [17-19]. The hemocyanins with molecular
mass ~ 8 MDa were isolated from the crude hemolymph extract after ultrafiltration using membrane
100 kDa. Native RvH was obtained after ultracentrifugation at 22,000 rpm and 4 °C for 180 min and
purified by gel filtration on column Sephadex G-200. After dissociation of native RvH by dialyzing the
protein against 0.13 M glycine/NaOH buffer (pH 9.6) two structural subunits RvH1 and RvH2 were
separated on an ion-exchange chromatography by a 16/10 Q Sepharose High Performance column
equilibrated with 50 mM Tris/HCI buffer and 10 mM EDTA (pH 8.5) with a linear gradient of 0.0-0.5 M
NaCl by FPLC system [17].

The native H. lucorum [18] and H. aspersa [4] hemocyanins are organized by three structural
subunits (fc-HaH, ap-HaH, and an-HaH) with molecular weight (MW) ~ 450 kDa. The Bc-isoforms
were precipitated from the hemolymph and further purified by gel filtration chromatography on a
Sepharose 6B column, and eluted with buffer 50 mM Tris-HCl, pH 7.5. After removal of fc-isoform,
both a-isoforms in supernatant were purified of FPLC-system by gel filtration chromatography on a
Sephacryl S 300 column, equilibrated and eluted with 50 mM Tris buffer, pH 7.5

The mucus collected from the foot of H. aspersa snails was purified after filtration and centrifugation
of the crude mucus extract [19].

The tested hemocyanins were analyzed by 8% native PAGE (Figure 1) [21] to confirm their
molecular masses and purity. As shown in Figure 1a, purity of total hemocyanin hemocyanins (line 2
of H. aspersa, line 5 of R. venosa, and line 8 of H. lucorum) and their structural subunits (lines 3, 4, 6, 7,
and 10) is about 90%. Line 9 shows two main bands that correspond to the two isoforms «N-HIH and
aD-HIH.
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Figure 1. (a) The 8% native gel electrophoresis of the tested hemocyanins with Coomassie Blue
G-250 dye: positions (1) standard ferritin (450 kDa); (2) total Helix aspersa hemocyanin; (3) two
a-isoforms of H. aspersa hemocyanin; (4) structural subunit fc-HaH; (5) total Rapana venosa hemocyanin;
(6) structural subunit RvH I; (7) structural subunit RvH II; (8) total Helix lucorum hemocyanin; (9) two
a-isoforms of H. lucorum hemocyanin; (10) structural subunit Bc-HIH. (b) The 12.0% SDS-PAGE analysis
visualized by staining with Coomassie Blue G-250: (1) molecular weights of standard proteins from
Bio-rad; (2) mucus extract from H. aspersa.

The 12% SDS-PAGE analysis of the mucus extract showed that the mucus is a complex mixture of
various biological substances such as antimicrobial peptides and proteins (Figure 1b, line 2).

3.2. Effects of the Isolated Bioactive Compounds on the Viability and Proliferative Activity of HT-29 Tumor Cells

The effects of the hemocyanin samples on the viability and proliferative activity of the colorectal
adenocarcinoma cells were assessed by MTT assay after 72 h of treatment (Figure 2).
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Figure 2. Antiproliferative effect of hemocyanins from H. aspersa (HaH-total) and its structural subunits
Bc-HaH and «-HaH; hemocyanin from H. lucorum (HIH-total) and its subunits fc-HIH and o-HIH;
subunits RvH I and RvH II of hemocyanin from R. venosa (RvH); mucus extract of Helix aspersa on
HT-29 colorectal carcinoma cell line. * p < 0.05; ** p < 0.01; *** p < 0.001

The results of the MTT assay showed that the total hemocyanins of H. aspersa and H. lucorum
did not significantly affect the viability of the colon carcinoma cells. However, the isolated structural
subunits a-HaH, Bc-HIH, and «-HIH of hemocyanins as well the mucus from snail H. aspersa induced
significant (p < 0.001 as compared to the untreated control) and dose-dependent reduction of the cell
viability and proliferation.

The pc-HaH subunitinduced the highest inhibition of cell viability at a concentration of 1000 p1g/mL
compared to the other tested subunits. Both subunits, RvH I and RvH II, of R. venosa hemocyanin
significantly reduced (p < 0.001) the cell viability only at higher concentrations (500 and 1000 pug/mL,
respectively). Of all tested samples, the subunits a-HaH and the mucus of snail H. aspersa showed the
highest in vitro antitumor activity against HT-29 colon carcinoma cells. On the basis of the results of
the MTT assay, we calculated the half-maximal inhibitory concentrations (ICsp) and compared them to
the IC5p determined by MTT assay on Balb/c3T3 cells (Table 1).
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Table 1. The half-maximal inhibitory concentrations (IC5y) of hemocyanins and their subunits isolated
from H. aspersa, H. lucorum, and R. venosa determined by MTT assay on HT-29 and Balb/c3T3 cells.

ICs Values (ug/mL) HT-29 Balb/c 3T3

HaH-total »>1000 934.1
Subunit fc-HaH 733.8 »1000
Subunits «a-HaH 235.3 514.6
HIH-total »>1000 »>1000
Subunit fc-HIH »>1000 »>1000
Subunits o-HIH »>1000 »>1000
Subunit RvH I »>1000 »>1000
Subunit RvH IT »>1000 »1000
Ha-mucus 415.7 825.1

The results showed that HT-29 cells were more sensitive to the aniproliferative and cytotoxic
effects of the tested samples than Balb/c3T3 cells.

3.3. Apotogenic Effects of the Isolated Bioactive Conpounds

3.3.1. Vital Double Staining of HT-29 Tumor Cells with Acridine Orange/Ethidium Bromide Acridin

For assessment of the apoptogenic potential of the selected samples, we examined the
morphological alterations in HT-29 tumor cells. For this purpose, tumor cells were treated with
three different concentrations of subunit x-HaH and H. aspersa. The changes in the cell morphology
induced by the hemocyanins were examined under fluorescent microscope after staining with AO/EB
(Figure 3).

Control cells were uniformly stained green and showed normal morphology and monolayer
growth characteristics of the tumor cell line (Figure 3a). The positive control substance doxorubicin
induced clearly pronounced apoptotic changes in the tumor cells (Figure 3b). Distinct dose-dependent
morphological changes were found in HT-29 cells treated with x-HaH and the mucus of H. aspersa.
The cell density of the monolayer was reduced and cells with intensive green fluorescence indicative of
early apoptotic chromatin condensation changes were observed in treated cell cultures. In addition,
late apoptotic cells with condensed chromatin, fragmented nuclei, and red-orange staining indicating
the loss of membrane integrity and entry of ethidium bromide into the cell were also present.
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Figure 3. Fluorescence microscopic images of acridine orange (AO)/ethidium bromide (EB)-stained
HT-29 colorectal carcinoma cells after treatment with bioactive compounds isolated from H. aspersa:
(a) control; (b) doxorubicin 2.7 pg/mL; (¢) subunit a-HaH 200 pug/mL; (d) subunit a-HaH 800 pg/mL;
(e) H. aspersa mucus 400 ug/mL; (f) H. aspersa mucus 800 pg/mL.

3.3.2. DAPI Staining of HT-29 Tumor Cells

Further, the alterations in the nuclear morphology of the HT-29 cells induced by subunits x-HaH
and the mucus were studied by fluorescent microscopy after staining with DNA-binding dye DAPI
(Figure 4).

The control HT-29 tumor cells showed typical morphology of the nucleus with homogenous blue
staining, and cells in mitosis phase were observed. The nuclei of the cells treated with the a-HaH
subunits and the mucus were irregular in shape, more brightly colored, and had intense condensation
of chromatin. Some treated cells showed nuclear fragmentation and formation of apoptotic bodies.
Mitotic figures were not found in cells exposed to hemocyanin and mucus.
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Figure 4. Fluorescence microscopic images of 4’,6-diamidine-2’-phenylindole dihydrochloride
(DAPI)-stained HT-29 colorectal carcinoma cells after treatement with bioactive compounds isolated
from garden snail Helix aspersa: (a) control; (b) Helix aspersa mucus 400 ug/mL; (c) subunit x-HaH 100
ug/mL; (d) subunit a-HaH 200 pg/mL.

3.4. Transmission Electron Microscopy

The ultrastructural alterations induced by the subunits x-HaH and the mucus from garden snail
H. aspersa in HT-29 tumor cells were examined by transmission electron microscopy (Figure 5).

Our TEM observations of HT-29 cells in the control culture showed bipolar elongated cells with
normal morphology (Figure 5a). The nucleus and the cytoplasm of the untreated cells had a normal
structure, were relatively electronically dense, and were without cellular inclusions. The nucleus
was more centrally located and several vesicles and the endoplasmic reticulum was peripherally
observed. The cells’ nuclei exhibited adenocarcinoma-specific appearance with prominent nucleoli.
The notable superficial cellular membrane protrusions/microvilli evenly distributed on the surface of
the plasmalemma are also typical for the carcinoma cells.

The ultrastructural aspects of the HT-29 cells treated with different test compounds showed
mild to more pronounced changes (Figure 5b). The subunits a-HaH and the mucus extract seriously
affected cell morphology. The lesions were mainly expressed in loss of polarity and rounded shapes.
Numerous cytoplasmic vesicles were observed, being dispersed throughout the cytoplasm along with
single electron-dense objects of a larger number and size (likely disorganization of the cytoskeleton
and vacuolization of the organelles along the apoptosis pathway). No nuclear fragmentation was
found after subunits” x-HaH exposure. The observed cells were also characterized by enlightened
nuclei and cytoplasm, budding to form apoptotic bodies including parts of the cytoplasm.

The cells treated with the Helix aspersa mucus showed changes similar to the enlightened nuclei
presented above, with separate small condensates of heterochromatin, focal perinuclear expansions
of the membrane space of endoplasmic reticulum, and abundant organelle vacuolization (Figure 5c).
The appearance of different electron-dense bodies and single autophagosomes or mitophagosome-like
structures in cells were observed. Rare nuclear fragmentation, formation of apoptotic bodies with
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parts of the cytoplasm, and vacuoles within them were found as serious morphological alterations.
In addition, extended nuclei were observed here, leading to changed nucleus—cytoplasm index.

4. Discussion

The search for novel, more effective, and safe antitumor medicines with natural origin is one
of the main trends of contemporary oncology research. In this respect, hemocyanin oligomeric
copper-containing glycoproteins that function as oxygen carriers in the hemolymph of mollusk and
arthropod species represent significant interest because they combine strong immunostimulating
activity and direct anticancer effects [5,6,25-27]. Among this class of compounds, the hemocyanin
obtained from Megathura crenulata, known as keyhole limpet hemocyanin (KLH), has been
most extensively studied and has found a number of biotechnological and medical applications.
Clinical studies have shown that KLH treatment significantly reduces the tumor recurrence of
patients with urinary bladder carcinoma [11]. It has also found an application as a bio-adjuvant and
protein carrier in experimental antiviral and anticancer vaccines [16,28,29]. Moreover, KLH has been
reported to induce significant reduction in the proliferation and viability of prostate cancer cells,
estrogen-dependent breast and estrogen-independent breast cancer cells, and Barrett’s esophageal
adenocarcinoma cells [14,30].

The diverse biological activities and increasing biomedical applications of KLH have led to
growing interest and a search of other hemocyanins with similar or more potent immunostimulatory
and antitumor properties. In the present study, the antitumor activity of total hemocyanins isolated
from H. aspersa, H. lucorum, and their subunits; subunits of R. venosa hemocyanin; and H. aspersa
mucus was examined in the HT-29 human colorectal carcinoma cell line. The results showed that the
total hemocyanins did not significantly affect the viability of the colorectal carcinoma cells, while the
isolated hemocyanin subunits induced a statistically significant decrease of the tumor cell growth.
Similarly, in a previous study, it was found that the subunits of H. lucorum hemocyanin induce
stronger inhibition of the tumor growth of bladder carcinoma CAL-29 cells as compared to the
effect of native HIH [26]. It could be supposed that the potent tumor inhibiting activity is due to
the specific oligosaccharide structures, which are more easily accessible in the isolated structural
subunits. In addition to hemocyanin subunits, the H. aspersa mucus also showed a significant anticancer
effect against HT-29 carcinoma cells. The bioactive compounds, structural subunits x-HaH, fc-HaH,
and mucus, isolated from garden snail H. aspersa, appeared to be the most active of all tested samples
in inhibiting the colon cancer cell growth. This result is in agreement with the data reported by
Matusiewicz et al., indicating that the application of extracts from lyophilized mucus and foot tissues
of H. aspersa decrease the viability of the colon cancer cell line Caco-2 [31].

The reduction of the viability the HT-29 cells induced by treatment with HIH subunits was
statistically significant with a clear dose dependency, but it was slightly weaker than those of HaH
subunits. The subunits of R. venosa hemocyanin showed an antitumor effect only at the higher tested
concentrations. Hemocyanins isolated from the land snail H. pomatia and marine snail R. thomasiana
were previously found to express strong immunostimulatroy action and to inhibit tumor cell growth in
a murine model of colon carcinoma [32]. These findings taken together with the results of the present
study demonstrate that the hemocyanins isolated from different mollusk species have significant
antitumor effects against colorectal carcinoma.

The tested bioactive substances, mucus and x-HaH from snail H. aspersa, which showed higher
antiproliferative activity in the MTT assay, were further used in morphological studies that aimed to
analyze the mechanisms that mediate their anticancer action and the nature of the cell death induced
in HT-29 carcinoma cells. The fluorescent and transmission electron microscopy studies revealed
typical apoptotic alterations in the cellular and nuclear morphology of the tumor cells treated with
the tested samples. Apoptotic cell death is an important biological mechanism that contributes to the
maintenance and integrity of multicellular organisms and an important factor in preventing cancer.
Thus, the ability to induce apoptosis in tumor cells is a desired property of the anticancer therapeutics.
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Our results are in line with the previously published data, indicating a significant proapoptotic
activity of molluscan hemocyanins in various tumor cell lines [4,33-35] and suggesting their potential
use in anticancer therapy.

Figure 5. Transmission electron microscopy images of HT-29 cells after treatment with bioactive
compounds isolated from Helix aspersa. (a) Control HT-29 cells with normal morphology: blue five-point
star-nucleolus. (b) HT-29 cells treated with the subunits x-HaH with affected cell morphology:
red four-point star—granules of highly condensed chromatin, thin blue arrow—numerous vacuoles,

thin orange arrow—electron-dense cytoplasmic structures. (c) HT-29 cells treated with the mucus of
Helix aspersa with impaired morphology: blue five-point star—nucleolus, red four-point star—granules
of highly condensed chromatin, thin blue arrow—numerous vacuoles, blue filled arrow—presence of
single autophagosomes or mitophagosome-like structures. TEM scale bar = 2 pm.

5. Conclusions

The tested hemocyanin samples isolated from garden snails H. aspersa and H. lucorum, marine snail
R. venosa, as well as the mucus from garden snail H. aspersa significantly decreased the cell viability
of HT-29 carcinoma cells. The mucus and «-HaH from snail H. aspersa were identified as bioactive
substances with higher antiproliferative activity against HT-29 carcinoma cells. The mechanism of their
antitumor activity includes the induction of apoptosis. In the combination with their already known
immunogenic effect, these findings support further studies of molluscan hemocyanins as potential
therapeutic agents against colorectal cancer.
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Abbreviations

AO

Acridine orange

ATCC 4’ 6-Diamidine-2’-phenylindole dihydrochloride
DMEM Dulbecco’s modified Eagle’s medium

LD Linear dichroism

DMSO Dimethyl sulfoxide

EB Ethidium bromide

HaH Helix aspersa hemocyanin

HIH Helix lucorum hemocyanin

KLH Keyhole limpet hemocyanin

MTT Methyl thiazol tetrazolium bromide

PBS Phosphate-buffered saline

RvH Rapana venosa hemocyanin

TEM Transmission electron microscopy
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Abstract: Resveratrol (Res) is a well-known natural product that can exhibit important
pharmacological activities such as antioxidant, anti-diabetes, anti-tumor, and anti-inflammatory.
An evaluation of its therapeutic effects demonstrates that this naturally occurring bioactive compound
can target different molecular pathways to exert its pharmacological actions. Transforming growth
factor-beta (TGF-f3) is an important molecular pathway that is capable of regulating different cellular
mechanisms such as proliferation, migration, and angiogenesis. TGF-f3 has been reported to be
involved in the development of disorders such as diabetes, cancer, inflammatory disorders, fibrosis,
cardiovascular disorders, etc. In the present review, the relationship between Res and TGF-f3 has been
investigated. It was noticed that Res can inhibit TGF-f3 to suppress the proliferation and migration
of cancer cells. In addition, Res can improve fibrosis by reducing inflammation via promoting
TGEF-p down-regulation. Res has been reported to be also beneficial in the amelioration of diabetic
complications via targeting the TGF-{ signaling pathway. These topics are discussed in detail in this
review to shed light on the protective effects of Res mediated via the modulation of TGF-f3 signaling.

Keywords: resveratrol; transforming growth factor-beta (TGF-f3); chronic diseases; fibrosis; cancer;
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1. Resveratrol

From immemorial times, plant-derived natural compounds have been under attention in the
treatment of different disorders such as inflammatory diseases, cancers, pulmonary diseases, metabolic
disorders, neurological disorders (NDs) including Alzheimer’s disease (AD) and Parkinson’s disease
(PD), infertility, and so on [1-10]. Phytochemicals can exhibit beneficial actions against diseases due to
their excellent pharmacological activities [11-14]. These benefits have resulted in extensive research
into finding new natural compounds and revealing their potential mechanisms of actions [15-17].
Resveratrol (Res) is a dietary phytochemical that has been reported to be efficacious treatment for
various ailments by targeting diverse molecular pathways [18-21]. The role of Res in the treatment of
chronic diseases was established in early 1990s when it was found that this phytochemical possesses
significant cardioprotective benefits [22]. This ascending trend toward Res research led to the revelation
of its significant biological and therapeutic activities. The first report about anti-tumor activity of Res
dates back to 1997, when Jang and his colleagues reported its inhibitory effect on leukemia [23].

Currently, Res can be derived from various plants including Arachis hypogea, Cassia sp.,
Eucalyptus sp., Morus rubra, and so on using a number of different isolation techniques [24].
High-performance liquid chromatography is the best strategy [25-28]. Over the past decades, Res has
been applied in the treatment of various diseases such as osteoarthritis [29-31], NDs [32], cancer [33-35],
diabetes [36], cardiovascular diseases [37], liver disorders [38], and so on. An increasing amount of
evidence is in agreement with the fact that Res affects different molecular pathways to exhibit its
protective effects [39—-41]. Hence, the identification of these targets can promote further studies for
investigating molecular pathways and the mechanisms of its therapeutic actions in depth. For instance,
anti-inflammation is one of the most important biological effects of Res treatment. To function as an
anti-inflammatory molecule, Res can effectively inhibit the activation of pro-inflammatory transcription
factors such as nuclear factor-kappaB (NF-kB). It seems that the anti-inflammatory actions of Res are
not only mediated via inhibitory actions on the NF-kB signaling pathway, but they also rely on its action
as a PARP-y agonist [42]. The anti-inflammatory activities of Res are also characterized by decreased
levels of interleukin (IL)-6, IL-8, and tumor necrosis factor-a (TNF-«), etc. [43]. The production of
pro-inflammatory lipid mediators from arachidonic acid can be mediated by the cyclooxygenase (COX)
pathway. A number of anti-inflammatory drugs have been developed based on their inhibitory effect
on COX-1 and COX-2 [44,45]. Res is capable of binding to the active site of COX-1 and thus causing
anti-inflammatory effects. In addition to targeting inflammation, Res attaches to the active site of
COX-2 to suppress cancer proliferation [46—49]. It is noteworthy that the inhibitory effect of Res on
COX has been noted to follow a dose-dependent kinetics [50].

Obesity is one of the challenges faced in today’s world. Res has demonstrated great potential
in reducing weight and exerting anti-obesity activity. Res changes white adipose tissue (WAT) into
brown adipose tissue (BAT), which in turn decreases weight and improves insulin resistance [51].
The inhibitory action of Res on lipid accumulation leads to its effect on cardiovascular disorders.
Res stimulates PARP-«/y to activate ATP binding cassette (ABC) transporter A1/G1-mediated cholesterol
efflux, resulting in a decrease in lipid accumulation and cholesterol levels. These effects can lead to
a significant amelioration of atherosclerosis [52]. Based on the effect of Res on amyloid-beta (A),
this plant-derived natural compound is of importance in treating NDs. For instance, Res is able to inhibit
inflammation and the microglial activation caused by A. This results in the alleviation of inflammation
(down-regulation of TNF-« and IL-6) and a diminution in apoptosis (caspase-1 down-regulation) [53].
The antioxidant activity of Res provides its protective effect during kidney injury. In rats exposed
to nicotine, an increase occurs in oxidative stress markers via the down-regulation of glutathione.
The administration of Res has been also correlated with improving the antioxidant defense system
that protects renal cells against oxidative injury [54]. A newly published study also demonstrates the
effect of Res on stem cells. Res can stimulate stem cell function to ameliorate pancreatic injury such as
fibrosis and apoptosis [55]. Overall, these reports exhibit that Res has diverse therapeutic effects that
have resulted in its extensive application in the treatment of various disorders [56-58]. In the current
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review, we specifically focus on the therapeutic effects of Res mediated by its regulatory action on the
transforming growth factor-f (TGF-(3) signaling pathway.

1.1. Resveratrol: Limitations and Applied Strategies

In spite of the excellent pharmacological activities of plant-derived natural compounds, very soon
it was found that a number of issues limit their efficacy in disease treatment. Increasing evidence
shows that phytochemicals are able to exert their therapeutic effects predominantly under in vitro
settings. However, when their efficiency is examined for in vivo experiments, a decrease occurs in
their therapeutic efficacy due to their potential poor bioavailability. The difficulty is more prominent
in clinical trials, leading to a limited application of phytochemicals in clinic. This holds also true for
Res, and various formulations of this agent have been tested to enhance its therapeutic capabilities.
Res has a lipophilic nature and can be dissolved in fruit or vegetable juices or given in capsule form.
The administration frequency of Res is variable from one to three times a day, and its reported doses
are at the range of 0.073 mg to 5 g [59,60]. The reports also demonstrated that the most efficient
strategy in promoting the bioavailability and protective effects of Res is using nanoparticles [61].
The encapsulation of Res by nanoparticles protects against degradation and improves its intestinal
absorption and blood circulation time [62-66]. These benefits lead to the promoted bioavailability of
Res and an improvement in its therapeutic effects [67,68]. It has been reported that loading Res on lipid
carriers can significantly increase its anti-tumor activity and cytotoxicity against breast cancer cells by
providing targeted delivery and enhancing its intracellular internalization [69]. Lipid nanocarriers
containing Res can be administered through the oral route. The oral administration of Res-loaded
lipid nanostructures is more beneficial in reducing the levels of pro-inflammatory cytokines and
induction of anti-inflammatory activity compared to Res alone [70]. The enhanced release of Res in the
intestine by nanoparticles is of importance in elevating its cytotoxicity against cancer cells [71]. Overall,
various studies reveal that nanostructures can be considered as potential delivery systems for Res and
fortunately, a significant number of studies have been performed in this field. The findings are in line
with the fact that these nano-based strategies can remarkably enhance both the bioavailability and
therapeutic capability of Res [72-74]. However, more studies are needed to design different effective
nanocarriers to facilitate an optimum delivery of Res.

1.2. Pharmacokinetics of Resveratrol: A Brief Explanation

Increasing evidence demonstrates that the dosage forms and conditions of patients can affect the
absorption of Res. However, the gastrointestinal (GI) tract is involved in the absorption of Res after oral
administration with a peak at plasma concentration after 30 min and 1.5-2 h [75-77]. The absorption
of Res undergoes an increase via grape consumption and using other forms such as micronized
form [78-82]. After absorption, Res can be distributed in different organs, such as the brain, liver,
intestine, and fat [83]. For metabolism, enterocytes and hepatocytes play the most important role after
oral administration. Notably, Res influx occurs through the passive diffusion and carrier-mediated
process [84,85]. The metabolism of Res also confirms its distribution in liver, so that it has been reported
that Res is a substrate of hepatic sulfotransferase and glucuronosyltransferase, and it extensively
accumulates in liver [86]. The interesting point is that metabolism of Res relies on dose. Low doses
(5-50 mg) of Res are bio-transformed into glucuronides, while high doses (more than 250 mg) are
bio-transformed into monosulfates [87-91]. Facial areas and urine are responsible for the elimination
of Res. It has been noted that the administration form of Res may affect its elimination, which can be
delayed when micronized Res is used [92-96].

1.3. Toxicity of Resveratrol

Similar to other compounds, plant-derived natural compounds have a number of drawbacks.
Although Res is safe and well-tolerated at normal doses, there are toxicities associated with the
application of high doses of Res [97]. The willingness toward using high doses of Res is due to its
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poor bioavailability, which restricts its therapeutic usage. Therefore, providing information about the
toxicity of Res is advantageous for directing further studies toward using normal and safe doses of
Res. It is worth mentioning that the toxicity of Res has been evaluated in both in vivo and clinical
trials. It appears that high doses of Res—as much as 3 g/kg/day in rats—may result in nephrotoxicity.
Although there are few studies that have demonstrated that Res can negatively affect liver and enhance
levels of liver enzymes such as aspartate aminotransferase, others have reported that it may not exhibit
any significant toxicity on the liver [98,99]. The administration of 750 mg/kg/day of Res for 3 months is
well-tolerated in rats [100]. Studies in humans show that Res is completely safe and only a few adverse
effects including blood electrolyte changes, nasopharyngitis, and erythematous rash can be observed
after the administration of 400 mg of Res. Headache, myalgia, epididymitis, and dizziness were other
commonly reported adverse effects of Res [101-103].

2. TGF-f3: Signaling Pathways and Pathological Role

2.1. Members and Receptors of TGF-f Family

There are three distinct members of TGF-f in mammals including TGF-f1, TGF-$2, and TGF-33
that are homologous in terms of structure, but they demonstrate different biological activities, temporal,
and spatial expression patterns [104-108]. The number of genes that can encode members of the TGF-f3
family are numerous, but a number of them can be mentioned as activin, nodal, bone morphogenetic
proteins (BMPs), and growth and differentiation factors (GDFs) [109]. The TGF-f signaling pathway
possesses a regulatory effect on different cellular events such as growth, survival, differentiation,
cell fate specification, angiogenesis, and so on [110-115]. TGF-f signaling is initiated by the attachment
of a ligand onto cell surface receptors, which in turn triggers a cascade that mediates the translocation
of TGF-$ into the nucleus. In humans, there are 12 cell surface receptors that are affected by
ligand, including type I receptors (ALK1-7) and type II receptors (TBRII, ActRII, ActRIIB, BMPRII,
and AMHRII) [116,117]. After attachment of a certain type of TGF-f3 into type Il receptors, these receptors
are stimulated, which subsequently phosphorylates the glycine-serine-rich domain (GS domain) of
type I receptors. In the canonical pathway of TGF-f3, type I receptors mediate the formation of Smad
complex via phosphorylation at carboxyl termini.

2.2. TGF-p Signaling Pathway

The TGF-$ gene encodes a pro-precursor peptide consisting of 390 amino acids that undergoes
proteolytic processing to produce mature TGF-f3. This mature TGF-f has two distinct sections including
amino-terminal and carboxy-terminal sections [118]. The amino-terminal fragment is known as latency
associated peptide (LAP) with non-covalent attachment into TGF-f3 [119,120]. The cleavage of LAP by
proteases or mechanical forces by cell surface integrins contributes to the release of mature and active
TGF-f [121,122]. The activated TGF-{ is a dimeric protein with disulfide bonds and molecular weight
of 25 kDa that can bind into cell surface receptors. As described above, then, the binding of a ligand
into a receptor leads to the phosphorylation of type I receptors by type II ones [123]. Then, TGF-RI
as a type I receptor can stimulate Smad2 and Smad3 via phosphorylation, resulting in the formation
of a complex with Smad4. This complex translocates into the nucleus to affect target genes such as
plasminogen activator inhibitor 1 (PAI1). Among them, only Smad4 and Smad3 can bind to DNA. It is
worth mentioning that the affinity of Smad3 and Smad4 for attachment to DNA is low and they need to
collaborate with other DNA-binding transcription factors to promote gene expression [124,125]. This is
the canonical pathway of TGF-f3, and there is another pathway, which is known as the non-canonical
pathway. In this pathway, activated receptors target different molecular pathways such as PI3K as well
as JNK, P38, extracellular signal-regulated kinase (ERK), and mitogen-activated protein kinase (MAPK).
For instance, PI3K can be activated by stimulated receptors to induce Akt/mTOR axis, resulting in the
stimulation of S6K and regulate protein translation (Figure 1) [106].
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Figure 1. A schematic presentation of transforming growth factor-beta (TGF-f) signaling pathways.
This pathway consists of two distinct modules: canonical signaling and non-canonical signaling.
Canonical signaling, as shown in the figure, is a result of the formation of a complex containing Smad2,
Smad3, and Smad4. Then, these molecules can translocate into the nucleus to trigger the expression of
genes that are responsible for the proliferation and metastasis of cancer cells. Non-canonical signaling is
Smad-independent and involves different signaling pathways such as PI3K/Akt, MAP3K7, Ras, and so
on. However, final aim of these two signaling pathways is to promote aberrant growth and malignancy
of cancer cells.

2.3. TGF-B in Cancer, Diabetes, and Other Pathological Events

A number of studies have highlighted that the abnormal expression of TGF-{3 may pave the road
for generating pathological events. The role of the TGF-f signaling pathway in cancer cells has been
extensively investigated. Increasing evidence demonstrates that TGF-§ mediates the migration and
invasion of cancer cells. For enhancing cancer cell metastasis, TGF-f3 induces epithelial-to-mesenchymal
transition (EMT), which significantly promotes the migratory ability of cancer cells [126]. Interestingly,
molecular pathways that negatively regulate the metastasis of cancer cells can reduce the expression of
TGE-p. It has been revealed that sirtuin 7 (SIRT7) can suppress the migration of cancer cells through
inhibiting TGF-f3 signaling via Smad4 degradation. Therefore, the Smad complex may be disrupted,
and its nuclear translocation can be inhibited [127]. In addition to metastasis, TGF-p signaling
induces angiogenesis, which is a mechanism that is vital for the proliferation and migration of cancer
cells. The stimulatory effect of TGF-ff on angiogenesis can be mediated via the phosphorylation of
Smad3 [128]. TGF- is able to stabilize the Nrf2 signaling pathway via p21 induction, thus leading to the
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chemoresistance of cancer cells [129]. Moreover, numerous studies are in agreement with the fact that
TGF- can act as a positive factor for the proliferation and migration of cancer cells, and a negative factor
for cancer prognosis. In addition to cancer, TGF-§3 contributes to the development of other malignancies.
Diabetes mellitus (DM) is a chronic metabolic disorder in which insulin resistance can be obtained and
glucose metabolism undergoes dysregulation [130,131]. Myocardial injury and fibrosis may result from
DM, and studies have demonstrated that TGF-§ is involved in this process. In DM, TGF-f3 activates
Smad? to facilitate its nuclear translocation. Then, an increase occurs in fibrosis, thereby providing
conditions for deteriorating DM. Mesenchymal stem cell-derived exosomes are able to improve DM
fibrosis via the inhibition of the TGF-f3/Smad?2 axis [132]. The TGF-[3/Smad3 axis may be also involved
in DM fibrosis. Thus, the stimulation of TGF-$ and the nuclear translocation of Smad3 provide
conditions for the development of renal fibrosis during DM. It has been found that the administration
of retinoic acid can alleviate DM-promoted fibrosis via the inhibition of TGF-f/Smad3 [133]. It is
noteworthy that a number of phytochemicals have shown potential in the regulation of the TGF-f3
signaling pathway, which is of immense importance for disease therapy [134,135]. In the present
review, we focus on modulation of the TGF-f3 signaling pathway by Res and its potential impact for
disease therapy [136-138].

3. Resveratrol and TGF-f Signaling Pathway

In this section, we will highlight the modulatory effects of Res on TGF- levels in different chronic
diseases. For example, Res can suppress the TGF-3 signaling pathway and its downstream targets such
as Smads. It can also reduce TGF-f3-mediated EMT in fibrosis. It has been reported that for the inhibition
of EMT, Res can down-regulate matrix metalloproteinase-9 (MMP-9), leading to the alleviation of
fibrosis. MicroRNAs (miRs) such as miR-31 can also be affected by Res in targeting TGF-{ in disease
therapy. The inhibitory effect of Res on the TGF-f3 signaling pathway can lead to the suppression
of intra-abdominal adhesion formation, since TGF-$ can enhance fibrin accumulation [139-149].
These modulatory effects of Res are discussed in the following sections.

3.1. Resveratrol and Fibrosis

Pulmonary fibrosis (PF) is a common disorder of the lung that is characterized with hypoxemia,
restrictive functional ventilatory disturbance, and chronic fibrosis. Clinical manifestations of PF
include wheezing, difficulties in breathing, and dry coughs [150]. The pathogenesis of PF is still not
completely understood, but it appears that the TGF-{ signaling pathway plays a significant role in PF
development [151]. Thus, the administration of Res may be an ideal strategy in the amelioration of PF,
and different molecular pathways may be involved. Normally, microRNA (miR)-21 can induce PF
via the activation of TGF-f3 signaling and providing Smad?7 nuclear translocation. TGF-3 provides a
positive feedback loop, so TGF-f3 enhances the expression of miR-21 and AP-1. The administration
of Res down-regulates the expression of miR-21 via inhibition of the MAPK/AP-1 axis. This leads to
a diminution in TGF-f expression and inhibition of Smad?7, resulting in the alleviation of PF [152].
Accumulating data demonstrate that during the inhibition of fibrosis, Res affects the TGF-f signaling
pathway via the modulation of miRs. Myocardial fibrosis (MF) is caused by the accumulation of
collagen fibers, enhanced collagen content, and alteration in collagen composition. Systolic and
diastolic functions of the heart can be negatively affected by MF [153]. TGF-f3 is one of the key
players regulating MF [154]. The TGF-f/Smad? axis can also contribute to the development of MF.
The administration of Res can up-regulate the expression of miR-17, which in turn remarkably reduces
levels of Smad?, leading to an improvement in MF [155].

In addition to PF and MF, renal fibrosis (RF) can arise as a result of the activation of the TGF-f3
signaling pathway. It has been reported that the inhibition of the TGF-f signaling pathway by natural
products such as bardoxolone and nimbolide is of importance in RF therapy [156,157]. It is worth
mentioning that Res can target the TGF-f signaling pathway, thereby causing an amelioration of RF.
In RF treatment, fibroblast-myofibroblast differentiation (FMD), EMT, and the proliferation of tubular
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epithelial cells (TECs) should be targeted. The administration of Res can disrupt Smad2/3 activation by
TGF-f and consequently suppress the proliferation of TECs, FMD, and EMT [158]. Increasing evidence
demonstrates that EMT may be involved in renal fibrogenesis, and its activation can facilitate the
development of RF [159-162]. Res is capable of suppressing EMT-mediated RF. It seems that TGF-31
functions as an upstream mediator of EMT, and Res suppresses EMT and RF through inhibiting
TGF-B1 [163]. In fact, in the stimulation of anti-fibrotic activity, Res affects the proliferation and survival
of fibroblasts. It has been shown that Res can stimulate apoptosis in fibroblasts and suppress their
growth as well. An investigation of the molecular pathways demonstrates that in targeting fibroblasts,
Res can suppress TGF-f and the Smad2/3/4 complex, and it can also upregulate Smad?7 [164].

It is worth mentioning that the anti-fibrotic activity of Res is dose-dependent, and using low
doses is preferred as compared to higher doses. An experiment has evaluated the role of dose in
the anti-fibrotic activity of Res. TGF-{3 induces fibrosis via formation of the Smad3/4 complex and
subsequent stimulation of EMT. The administration of Res has been correlated with the deacetylation
of Smad3 and Smad4 via sirtuin 1 (SIRT1). According to in vitro results, low doses of Res (5-20 mM)
effectively exerted anti-fibrotic activity, while high doses (more than 40 mM) did not demonstrate any
substantial anti-fibrotic activity. The in vivo findings are in line with in vitro results, so that low doses of
Res (less than 25 mg/kg) improve fibrosis, while high doses of Res (more than 50 mg/kg) deteriorated the
condition [165]. This study confirms the dose-related toxicity of Res. Overall, these studies demonstrate
that TGF-f3 can function as a key player in the development of fibrosis and Res can suppress the TGF-3
signaling pathway and its downstream targets such as Smads to alleviate fibrosis [166,167].

The TGF-f signaling pathway contributes to the development of fibrosis in different vital organs
of body such as the lung and heart. The interesting point to highlight is the possible epigenetic
regulation of TGF-f3 by miRs in the development of fibrosis. Res is capable of suppressing miR and
TGEF-p interaction in fibrosis therapy. MiR-17 and miR-21 are two important miRs that contribute to
the emergence of myocardial and pulmonary fibrosis via TGF-3 induction. The regulation of TGF-f3 by
miRs is suppressed upon Res administration. RF also occurs by the function of TGF-f and subsequent
induction of EMT. The TGF-3/EMT axis is inhibited by Res to alleviate RE. It is noteworthy that in
the amelioration of fibrosis, components of TGF-f3 signaling such as Smad?7 and Smad4 can also be
down-regulated. Therefore, TGF-§ is a versatile agent in the amelioration of fibrosis.

3.2. Resveratrol and Cancer Therapy

Accumulating data exhibit that the TGF-§ signaling pathway can regulate both the proliferation
and metastasis of cancer cells, and its inhibition is a promising strategy in cancer therapy [168-173].
Metastasis is an increasing challenge in the effective treatment of cancer. Cancer cells are able to migrate
into neighboring and distant tissues, demanding novel strategies in the inhibition of their metastasis.
EMT is one of the mechanisms that can promote invasion via the transformation of static epithelial
cells into migratory mesenchymal ones [174]. A number of different molecular pathways have been
recognized as regulators of EMT [175,176], and it has been found that TGF-f is capable of elevating
migration via EMT induction. In breast cancer, TGF-f3 can stimulate EMT via Smad2 and Smad3
activation, leading to an increase in N-cadherin and vimentin levels, and a decrease in E-cadherin levels.
The administration of Res suppresses the metastasis of breast cancer (under both in vitro and in vivo
conditions) via the inhibition of TGF-$1 and down-regulation of Smad2 and Smad3 [177]. TGF-B
also contributes to the migration and malignant behavior of lung cancer. In addition to breast cancer,
Res targets TGF-f3 to inhibit EMT in lung cancer. By suppressing levels of TGF-f3, Res down-regulates
the levels of vimentin and fibronectin, while it enhances E-cadherin levels, leading to an inhibition of
EMT and metastasis of lung cancer cells [178]. It is noteworthy that EMT induction enhances viability
via the stimulation of cancer stem cell markers such as Bmil and Sox2. By inhibition of the TGF-3/Smad
axis, Res not only inhibits EMT and migration, but also interferes with the proliferation and survival of
cancer cells [179]. So, Res can function as a potential modulator of EMT in cancer cells to negatively
affect their proliferation and metastasis.
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Accumulating data also show that Res is able to diminish levels of TGF-f that in turn, suppresses
the development of renal carcinoma [180]. These studies are in agreement with the fact that the
inhibition of TGF-3 by Res is of interest in suppressing tumor growth and metastasis [181]. Moreover,
a dual relationship has been found between TGF-f3 and programmed cell death-1 (PD-1). For instance,
PD-1 overexpression is associated with the induction of TGF-$, and TGF-f3 can regulate PD-1
expression [182,183]. This dual relationship is of importance in cancer therapy. Res can suppress the
proliferation of oral cancer cells via the down-regulation of TGF-{3 and subsequent inhibition of PD-1.
L-thyroxine as a thyroid hormone can also modulate the anti-tumor activity of Res via regulating the
TGE-f/PD-1 axis [179].

Overall, the regulation of TGF-f by Res in cancer is of importance in terms of suppressing both
migration and proliferation. The most well-known mechanism targeted by TGF-f is EMT, which can
promote cancer metastasis. In addition, TGF-$3 can activate the signaling pathways such as PD-1
and Sox2 to ensure the growth and survival of cancer cells. Upon Res administration, TGF-f and its
downstream targets are inhibited to pave the road for effective cancer therapy.

3.3. Resveratrol and Lung Injury

Injuries to vascular endothelium and alveolar epithelium by inflammatory factors can lead
to the emergence of acute lung injury (ALI) [184]. Infections are able to generate ALI and
among them, Pseudomonas aerogenosa, Candidate albicans, and staphylococcal enterotoxin B (SEB) are of
importance [185-187]. In the amelioration of SEB-mediated lung injury, Res can target the TGF-3
signaling pathway. Res can down-regulate the expression of miR-193a to inhibit TGF-32 and TGFBR3,
thus resulting in a decrease in levels of inflammatory cytokines and T cell infiltration [188]. The enhanced
level of TGF- has been associated with the development of asthma and lung injury [189]. In fact,
the administration of Res may alleviate lung injury and asthma via decreasing levels of TGF-f3 [190].
Chronic obstructive pulmonary disease (COPD) is one of the most common disorders of lung
tissue. Cigarette smoking is the most well-known reason for COPD [191]. Pulmonary inflammation,
airflow obstruction, and remodeling are features of COPD [192]. Chronic inflammation can result in
the development of COPD, and TGF-$3 has been found to play an important role in the pathogenesis of
this disease [193,194]. Therefore, based on the modulatory impact of Res on TGF-f3, the administration
of this naturally occurring compound can be advantageous in the amelioration of COPD. It was also
found that Res can decrease fibrotic response and inhibit mucus hypersecretion via the down-regulation
of TGF-f3 [195].

It seems that via the regulation of TGF-f3, Res is capable of reducing inflammation in lung and
preventing the development of pathological events such as ALI, COPD, and asthma. Interestingly,
Res inhibits inflammation via reducing the infiltration of cytokines and T cells. COPD is also emerged
via pulmonary inflammation and fibrosis. Based on the effect of Res on TGF-f3 and subsequent decrease
in fibrotic response and mucus hypersecretion, it can be beneficial in the treatment of COPD.

3.4. Resveratrol and Brain Injury

Cerebral hemorrhage is a leading cause of brain injury and vasospasm [196]. This malignancy
results in ischemic/reperfusion and the induction of apoptosis in cancer cells [197,198]. The TGF-
signaling pathway has been correlated with brain injury [199]. Interestingly, the administration of
Res was found to improve the blood-brain barrier (BBB) and inhibit apoptosis in neuronal cells.
These protective effects of Res were found to be mediated via the inhibition of TGF-f-mediated
ERK [200]. Moreover, it was found that exposing rats to alcohol is associated with an increase in levels
of cytokines such as TGF-f3. An administration of Res (10 and 20 mg/kg) can significantly improve
cognitive deficits and reduces brain injury via decreasing TGF-{3 levels [201]. So, the alleviation of
cognitive deficits and maintaining the integrity of BBB are functions of Res that can be mediated by
TGF-p modulation.
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3.5. Resveratrol and DM

During DM, microvascular complications can lead to hyperglycemia that accounts for the
emergence of diabetic nephropathy (DN). Interestingly, an enhanced level of oxidative stress,
renal polyol formation, protein kinase C induction, and activation of AMPK as well as the accumulation
of advanced glycation end-products (AGEs) are responsible for DN [202,203]. TGF-f1 is considered
as one of the potential pathways involved in the emergence of DN [204]. A combination of Res and
rosuvastatin (RSU) was found to be beneficial in the alleviation of DN via the down-regulation of
TGF-B1 [205]. The in vivo studies have also indicated that the administration of Res is a promising
strategy in alleviating DN. It was observed that Res could diminish urinary albumin excretion,
glomerular hypertrophy, and the deposition of fibronectin and collagen type IV to ameliorate DN.
Moreover, an investigation of molecular pathways demonstrated that Res can alleviate TGF-3 expression
as well as the phosphorylation of Smad2 and Smad3 for DN alleviation (Table 1, Figure 2) [206]. The most
important effect of Res during DN is reducing fibrosis, which can be mediated via TGF-{3 inhibition.
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Figure 2. Regulation of TGF-f signaling by Res and its association with therapeutic effects.
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4. Conclusions and Future Directions

Currently, extensive research is being performed for possible applications of natural products for
the therapy of chronic diseases, as these agents can regulate multiple molecular targets and transcription
factors [226-233]. In the present review, a comprehensive discussion of possible impact of Res on the
TGEF-f signaling pathway, which is one of the important cascades involved in the regulation of biological
mechanisms and the generation of pathological events, is provided. TGF-f acts as an upstream inducer
of EMT, and this not only enhances the metastasis of cancer cells, but also mediates fibrosis in
cells. Res inhibits TGF-B/EMT in suppressing both cancer and fibrosis. Through inhibiting TGF-3,
Res diminishes the accumulation of collagen and fibrin, and reduces organ adhesion. Interestingly,
Res dually targets both upstream (such as miRs) and downstream (Smads, PD-1, and EMT) medjiators
of TGF-f signaling in disease therapy. In addition to anti-tumor and anti-fibrotic activities, Res can
also exert neuroprotective, lung protective, and anti-diabetic effects via the down-regulation of TGF-§3,
which was also highlighted in this article. Moreover, to circumvent the issue of poor bioavailability,
the application of nanoparticles can enhance the modulatory effects of Res on the TGF-f3 signaling
pathway. Besides, genetic manipulations such as small interfering RNA (siRNA) can also be co-applied
for Res to promote its potential modulatory actions on TGF-f for therapeutic uses.

More studies are needed to find the optimal dose of Res in disease therapy via targeting TGF-{3.
Chemical modification of the Res structure and using nanoparticles can promote its efficacy in TGF-f3
regulation as well as its potential against various malignancies. More importantly, these findings are
more valuable when they are translated into clinic. So, clinical studies are vital to approve the results
of in vitro and in vivo experiments.
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Abbreviations

NDs neurological disorders

AD Alzheimer’s disease

PD Parkinson’s disease

TCM Traditional Chinese Medicine

Res resveratrol

NF-kB nuclear factor-kappaB

IL interleukin

TNF-« tumor necrosis factor-o«

WAT white adipose tissue

BAT brown adipose tissue

ABC ATP binding cassette

AR amyloid-beta

TGF-$ transforming growth factor-f3

GI gastrointestinal

CrC centrifugal partition chromatography
BMPs bone morphogenetic proteins
GDFs growth and differentiation factors
LAP latency associated peptide

PAI1 plasminogen activator inhibitor 1
EMT epithelial-to-mesenchymal transition
SIRT7 sirtuin 7
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DM diabetes mellitus

MMP-9 matrix metalloproteinase-9

PF pulmonary fibrosis

miR microRNA

MF myocardial fibrosis

RF renal fibrosis

EMD fibroblast-myofibroblast differentiation

TECs tubular epithelial cells

SIRT1 sirtuin 1

PD-1 programmed cell death-1

ALI acute lung injury

SEB staphylococcal enterotoxin B

COPD chronic obstructive pulmonary disease

BBB blood-brain barrier

DN diabetic nephropathy

ERK extracellular signal-regulated kinase

MAPK mitogen-activated protein kinase

AGEs advanced glycation end-products

RSU rosuvastatin
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Abstract: Drug-resistant bacteria pose a serious threat to human health worldwide. Current antibiotics
are losing efficacy and new antimicrobial agents are urgently needed. Living organisms are an
invaluable source of antimicrobial compounds. The antimicrobial activity of the most representative
natural products of animal, bacterial, fungal and plant origin are reviewed in this paper. Their activity
against drug-resistant bacteria, their mechanisms of action, the possible development of resistance
against them, their role in current medicine and their future perspectives are discussed. Electronic
databases such as PubMed, Scopus and ScienceDirect were used to search scientific contributions
until September 2020, using relevant keywords. Natural compounds of heterogeneous origins
have been shown to possess antimicrobial capabilities, including against antibiotic-resistant bacteria.
The most commonly found mechanisms of antimicrobial action are related to protein biosynthesis
and alteration of cell walls and membranes. Various natural compounds, especially phytochemicals,
have shown synergistic capacity with antibiotics. There is little literature on the development of
specific resistance mechanisms against natural antimicrobial compounds. New technologies such as
-omics, network pharmacology and informatics have the potential to identify and characterize new
natural antimicrobial compounds in the future. This knowledge may be useful for the development
of future therapeutic strategies.

Keywords: natural antimicrobial; antimicrobial resistance; polyphenols; future medicine; natural
origin; antibacterial compound; phytochemicals

1. Introduction

Antimicrobial resistance (AMR) and the inexorable advance of superbacteria poses a great threat
to human health worldwide. If this problem is not tackled, the antibiotics we have used with great
success so far could become substances unable to help us against infections caused by bacteria, going
back to a worrying pre-antibiotic era. According to data from the United Kingdom government [1],
10 million deaths could happen annually due to antibiotic resistance by 2050, becoming one of the
leading causes of death in the world (Figure 1).

This problem is known to scientists and institutions around the world, which are organizing to
establish protocols to address the problem of antibiotic-resistant microbes. Proof of this was the 2012
Chennai Declaration of India, in which international experts and representatives of medical entities met
to draw up action plans in the face of the inexorable advance of the superbugs [2]. Similar initiatives
have been promoted from private and public institutions worldwide.
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Figure 1. Leading causes of death in the world in 2016 (blue bars) and prognosis for antimicrobial
resistance (AMR) related deaths in 2050 (red bar).

Bacteria use their genetic plasticity to resist attack by antibiotics through mutations, acquisition
of genetic material, and alteration of the expression of their genome [3]. In this way, bacteria that
survive the attack of an antibiotic become the precursors of the next bacterial generations, further
aggravating the problem of resistance. Once antibiotic resistance genes are acquired, they can be
passed from one bacterium to another through division processes or by horizontal gene transfer [4].
Horizontal gene transfer processes can occur by transformation, transduction or conjugation with
other bacteria. These mechanisms can transfer antibiotic resistance to bacteria that have not been
subjected to antibiotic selection pressure, creating reservoirs of resistant bacteria in the environment [5].
In addition, the epistasis of the receptor bacteria plays a fundamental role in the process of acquisition
of resistance genes, determining whether these bacteria are capable of maintaining, accumulating and
propagating the genetic material [6].

Antibiotic resistance is an example of the enormous capacity for natural evolution and adaptation
of bacteria to different environments [7,8]. Although this process seems inevitable, humans have
accelerated it through various anthropogenic activities [9,10]. The causes behind the increase in
the number of antimicrobial-resistant bacteria in recent years include the misuse of antibiotics in
humans and animals, inadequate control of infections in hospitals and clinics or poor hygiene and
sanitation [9-11]. In addition to the causes mentioned, the problem worsens as there is a drought in
the discovery of new antibiotics. The increase in resistance rates in bacteria leads to a decrease in the
effectiveness of existing antibiotics, making research in this field unattractive to companies that decide
to invest in other types of fields with greater chances of success and benefits [12,13]. This concerning
trend can be observed in Figure 2.

In view of this scenario, research on alternative or complementary therapies to traditional
antibiotics has emerged strongly. Antimicrobial products of natural origin have been positioned as
compounds of great scientific interest due to their enormous chemical variety and intrinsic properties
that have promoted their study as a possible therapeutic tool in recent years.

202



Biomedicines 2020, 8, 405

PHENICOLS FLUOROQUINILONES

CARBAPENEMS

AMINOGLYCOSIDES

OXAZOLIDINONES

MACROLIDES LIPOPEPTIDES
Discovery
>
1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Resistance
identified

Figure 2. Approximate dates of discovery of new classes of antibiotics and identification of
bacterial resistance.

2. Methodology

Electronic databases such as PubMed, Scopus and ScienceDirect were used to search scientific
contributions until September 2020, using relevant keywords. Search terms included “natural
antimicrobial”, “antimicrobial resistance”, “polyphenols”, “future medicine”, “natural origin”,
“antibacterial compound”, “phytochemical” and their combinations. Literature focusing on the
antimicrobial activity of natural origin compounds against bacteria focusing on antibiotic-resistant
strains were identified and summarized.

The term “antimicrobial activity” is used throughout this work to refer to the process of killing or
inhibiting the growth of microbes. Usually, this activity is expressed as MIC (minimum inhibitory
concentration) values for a given agent. The methods to test microbial susceptibility compiled in this
work are in accordance with the guidelines of the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) and The Clinical and Laboratory Standards Institute (CLSI). Following the EUCAST
guidelines for the reproducibility and reliability of antimicrobial assays, broth dilution or microdilution
methods should be used to test microbial susceptibility [14].

3. Results

3.1. Use of Natural Products as Antimicrobials

Natural products (NPs) make up a heterogeneous group of chemical entities that possess diverse
biological activities with various uses in fields such as human and veterinary medicine, agriculture
and industry. Molecules from the secondary metabolism of animals, vegetables, bacteria and fungi
are classified as NPs, which are not crucial for the producer’s survival under laboratory conditions,
but which give him a clear advantage over his competitors in his native habitat [15]. Since the discovery
of penicillin, more than 23,000 new NPs have been characterized, many of which have proven to be
valuable tools in the field of pharmacology, herbicides, insecticides and more [16].

One of the main sources of antimicrobial NPs is plants. Plant organisms make up most of the
biosphere on planet Earth, whose biomass accounts for a percentage greater than 80% of the total
biomass [17]. Since their appearance, plants have survived, evolved and adapted to all types of
ecosystems and adverse conditions. This adaptive process has led them to develop complex and
effective defense systems against external aggressions: predators, abiotic stress and, of course, infections.
Being sessile organisms that cannot escape their threats, plants have developed a splendid chemical
arsenal in the form of secondary metabolites capable of coping with the most dangerous pathogens [18].
Humanity has made use of the medicinal properties of plants for thousands of years. There is evidence
that in the year 5000 BC. the Sumerians already used thyme for its beneficial health properties [19].
The Egyptian Ebers Papyrus dating from around 1500 BC already attributed medicinal properties to
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plants and spices such as aloe vera, castor bean, garlic, hemp, anise or mustard [20,21]. Other texts such
as the Atharva Veda, the Rig Veda and the Sushruta Samhita belonging to Indian Ayurveda, also spoke
of the pharmacological properties of plant substances such as turmeric or cannabis [22,23]. Current
technology allows us to study the bases of this ancestral knowledge and find therapeutic applications
adapted to our time, making plants a source of invaluable therapeutic potential.

Bacteria are another of the main sources of antimicrobial NPs with radical importance during
the 20th century. Most of the antibiotics used today in the clinic were discovered thanks to the
Waksman platform in the 1940s. Waksman and his students dedicated themselves to growing soil
microorganisms to detect and isolate antimicrobial substances. Through this method, they discovered
very important antibiotics such as neomycin or streptomycin, for which Waksman received the Nobel
Prize in 1952 for Physiology or Medicine [24]. Despite these successes, it should be noted that most
existing bacteria are not cultivable in the laboratory using traditional methods. We could find an
immense amount of opportunities for the isolation of new antibiotic compounds using a method like
Waksman'’s combined with new technologies not present decades ago. From this idea, the Small World
Initiative was born in 2012, a project in which students from all over the world collect soil samples and
look for antibiotic-producing microorganisms in them [25].

Many of the NPs with antibiotic activity have been isolated from bacteria, especially from the
genus actinomycetes. In the so-called “Golden Age” of the discovery of new antibiotics, which began
in the 40s of the twentieth century, natural products were the star. The isolation of streptomycin from
Streptomyces griseus in 1944 caused a worldwide surge in which numerous research groups struggled
to identify new NPs, especially from samples of soil bacteria. The media were very limited, both in
technology and in access to soil samples from remote places. However, another great milestone
occurred in 1952, when a sample of soil sent from Borneo allowed Streptomyces orientalis to grow,
from which vancomycin was extracted. Six years later, vancomycin was used in patients with great
success. Unfortunately, this prolific period of discovery of valuable compounds ended the appearance
and spread of bacteria resistant to these NPs, such as methicillin-resistant Staphylococcus aureus (MRSA)
or glycopeptide-resistant enterococci (GREs), since the compounds that worked in the past stopped
working with the desired efficiency [26], as observed in Figure 2.

In the 1990s, the pharmaceutical industry concentrated its efforts on other more sophisticated
methods of identifying antimicrobial compounds, such as high-throughput screening of synthetic
chemical libraries against specific therapeutic targets, many of them discovered from the Human
Genome Project. Currently, there is a renewed interest in the discovery of new NPs of different
sources since it has a much more advanced technology than that available during the “Golden Age”.
Advances in genomics, bioinformatics and mass spectrometry, among others, have elucidated that
many of the sources of classical NPs were surprisingly under-exploited and have an enormous and
unknown potential for the discovery of new NPs to be used for the discovery of present and tomorrow’s
antibiotics [15].

Given the existing problems in the field of antibiotics, in recent years alternative and complementary
therapies have emerged that make use of different strategies to deal with new generations of resistant
bacteria. The growing interest in this area is reflected in the ascending number of publications related
to natural antimicrobials available in the PubMed search engine over the past recent years (Figure 3).

As abovementioned, the molecules with antimicrobial function present in nature have been
molded by thousands of years of evolution to maintain their efficacy and selectivity, since they are a key
piece for the development of the life of any organism exposed to bacteria. Thanks to these processes of
continuous physicochemical adaptation driven by selective pressure, it has been demonstrated that
antimicrobial compounds of natural origin generally have a greater capacity for cell penetration, being
able to use active bacterial transporters and, in addition, passively pass through the cell membrane [27].
These and other properties that will be discussed below, make NPs a tool of great potential value for
the development of novel and effective antibiotic therapies against AMR bacteria.
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Figure 3. The number of research articles available in PubMed by searching “Natural Antimicrobial”
from 1998 to 2018. The red arrow represents a growing trend.

3.2. Main Classes of Natural Antimicrobial Products

NPs are extremely diverse in terms of their chemical structures, properties and mechanisms of action.
These agents can be classified according to their original source: animal, bacterial, fungal or vegetal.

3.2.1. Animal Origin

Animals have colonized virtually the entire planet Earth. For thousands of years, they have lived
closely with different kinds of bacteria and have faced not a few pathogenic microorganisms. Evolution
has shaped animal defense systems to deal with these microscopic threats. In recent years, attention
has been focused on identifying which molecules confer resistance and allow certain animals to live in
hostile environments with high pollution and pathogenic load, as is the case with certain insects such
as cockroaches.

Currently, animals, and especially insects, are one of the main sources of antimicrobial proteins
or peptides (AMPs). Since the discovery of AMPs in 1974, more than 150 new AMPs have been
isolated or identified, the majority being cationic peptides between 20 and 50 residues in length.
These molecules mainly have antimicrobial capacity mediated by disruption of the bacterial plasma
membrane, most probably by forming pores or ion channels [28]. Some AMPs also have shown
antifungal, antiparasitic or antiviral properties [29]. These AMPs can be divided into four subfamilies
with different structures and sequences: the x-helical peptides, such as cecropin, which has a broad
spectrum of antimicrobial activity against bacteria of both Gram-positive and Gram-negative bacteria;
cysteine-rich peptides, such as insect defensins, which are mainly active against Gram-positive bacteria;
proline-rich peptides, such as lebocins, which are active against both Gram-positive and Gram-negative
bacteria and some fungi; and finally glycine-rich peptides or proteins, such as attacin, which are
effective against Gram-negative bacteria and especially against Escherichia coli. These AMPs present
a promising basis for the development of medical therapies, however, additional work must be
developed to make them more powerful and stable [30]. Moreover, the intrinsic antimicrobial capacity
of AMPs can be enhanced by a fusion of peptides to create more potent hybrid ones, such as in the
case of attacin from Spodoptera exigua and a coleoptericin-like protein from Protaetia brevitarsis seulensis,
which, when fused, exhibited a greater antimicrobial capacity than its two original peptides [31].

The study of antimicrobial molecules existent in cockroaches (Periplaneta americana) has
revealed that extracts derived from its brain have a great antimicrobial capacity against MRSA
and neuropathogenic E. coli K1. Although not all the components of the extract could be accurately
identified, a great variety of molecules with known biological activity were found, such as isoquinolines,
flavanones, sulfonamides and imidazone among others. A hypothesis about the production of this
antimicrobial cocktail in the cockroach brain suggests that there could be a constitutive expression of
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these antimicrobials to protect the animal’s neural system, since it is the central axis of its survival and a
key piece to protect when it is lived in an environment of high pollution and exposure to pathogens and
even superbugs [32]. Another example of insect producing antimicrobial molecules against resistant
bacteria is Lucilia cuprina blowfly maggots. The extract obtained from excretions and secretions from
maggots showed mild bacterial growth inhibition. However, using subinhibitory concentrations of
this extract in combination with the antibiotic ciprofloxacin enhanced its activity, further delaying the
appearance of bacteria resistant to it. The properties of this extract, including the presence of defensins
and phenylacetaldehyde, make maggot debridement therapy a promising tool in the treatment of
MRSA-infected wounds acquired in hospital [33].

One of the most popular insect-related products worldwide is honey. In addition to its nutritional
properties and culinary values, it has antimicrobial capacity against Gram-negative bacteria, such as
E. coli or Pseudomonas aeruginosa, and against Gram-positive bacteria, such as Bacillus subtilis or S. aureus,
including MRSA. The key factors of honey’s antimicrobial activity appear to be the presence of HyO,,
bee defensin-1 and methylglyoxal. The diverse molecular composition of the different honey types
that depends on the producing species and the raw material used, exerts also different antimicrobial
activities and mechanisms [34]. Another substance produced by bees is propolis, a resinous substance
produced by honeybees from plant matter, such as buds or sap. This substance has been used since
ancient times, up to 3000 years BC in Egypt thanks to its various biological properties. The main
components responsible for its activity are flavonoids, terpene derivatives and phenolic acids, although
its composition is variable depending on the geographical area where it occurs. Ethanol extract of
propolis produced by Apis mellifera in Brazil has demonstrated significant antibacterial capacity against
S. aureus, E. coli and Enterococcus sp. [35]. Canadian propolis has also been shown to possess antibacterial
capacity against E. coli and S. aureus, being more effective against the latter [36]. Another product with
antimicrobial properties derived from honeybees is royal jelly. It is produced from the mandibular
salivary and hypopharyngeal glands of bees aged between 5 and 14 days. Its composition is based on
a complex mixture of carbohydrates, proteins, lipids, vitamins and minerals that varies with regional
conditions, season, bee’s genetics and postharvest storage conditions. Royal jelly shows antimicrobial
activity against both Gram-positive and Gram-negative bacteria, including MDR bacteria such as MRSA.
The compounds isolated from royal jelly with activity against Gram-positive bacteria are the peptide
royalisin [37], the peptide family of jelleines and 10-hydroxy-2-decenoic acid (10-HDA), also known
as queen bee acid [38]. Melittin, a major component from the venom of A. mellifera, has also shown
interesting antimicrobial activity, including in in vivo experiments with mice infected with MRSA [39].

Other animals that can live in contaminated environments and exposed to infections are reptiles,
such as snakes that are able to ingest rodents infected with germs and not develop a disease. Results
suggest that animals exposed to huge amounts of pathogens can be a valuable source of antimicrobial
molecules. However, to further study and identification of the key molecules responsible for the activity,
it is necessary to know if they would be candidates for drugs with real applicability in therapies [40].
There are studies in Black cobra (Naja naja karachiensis) that show that plasma lysates and certain organs
have a potent antimicrobial capacity against E. coli K1, MRSA, P. aeruginosa, Streptococcus pneumoniae,
Acanthamoeba castellanii, and Fusarium solani. Against E. coli K1, solutions containing 25% and 50% of
plasma from the blood of the Black cobra showed a bactericidal activity of 85% and 93% respectively
with respect to the effect of the antibiotic gentamicin. Against MRSA, concentrations of 25% and 50% of
plasma showed activity of 90% and 93%, respectively. Lung and gallbladder lysates also showed high
antimicrobial capacity against MRSA. Antimicrobial molecules can also be extracted from the venom
produced by certain species of snakes, such as cathelicidines or toxins. A cathelicidin-like antimicrobial
peptide (cathelicidin-BF) isolated from the venom of Bungarus fasciatus has shown high antimicrobial
activity, including drug-resistant bacteria [41]. Crotalus adamanteus toxin-II (CaTx-II) exerted a strong
antimicrobial effect against S. aureus, Burkholderia pseudomallei and Enterobacter aerogenes by causing
pores and damaging their membranes. Interestingly, this compound showed no cytotoxicity against
lung (MRC-5), skin fibroblast (HEPK) cells or treated mice [42].
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Molecules with great antimicrobial capacity have also been found in crustaceans, coming from
their immune system. The anti-lipopolysacchride factor of red claw crayfish Cherax quadricarinatus
has shown low minimum bactericidal concentrations (MBC) against Gram-negative Shigella flexneri
(MBC < 6 uM) and Gram-positive S. aureus (MBC < 12 uM), meaning a high antimicrobial capacity.
Studies showed that the mechanism of action of this compound does not appear to be related to the
bacterial plasma membrane alteration, requiring more studies to find its specific mechanism [43].

The venom of Vagjovis mexicanus, a mexican scorpion, has an AMP called vejovine, which presents a high
antimicrobial capacity against MDR Gram-negative bacteria with MIC values between 4.4 uM and 50 uM [44].

3.2.2. Bacterial Origin

Bacteria are the most prolific source of NPs with antimicrobial activity found so far, especially
those of the actinomycetes class. Their great diversity, competitiveness and colonization capacity have
led them to the development of secondary metabolites capable of giving them great advantages over
other bacterial species. As described in previous sections, the detection and isolation of these bacterial
antimicrobial NPs propelled medical science vertiginously in the middle of the last century. Some of
the most relevant are described below.

Some of the most important antimicrobial molecules produced by bacteria of the actinomyces class
are: vancomycin, baulamycin, fasamycin A and orthoformimycin. Vancomyecin is a naturally occurring
tricyclic glycopeptide extracted from Streptococcus orientalis that has reaped great success as an antibiotic
against Gram-positive bacteria, especially against threats that are resistant to other treatments such as
MRSA and penicillin-resistant pneumococci among others [45]. Vancomycin forms hydrogen bonds
with the terminal dipeptide of the nascent peptidoglycan chain during biosynthesis of the bacterial cell
wall. This union prevents the action of penicillin-binding proteins (PBPs), interrupting further wall
formation and finally activating autolysin-triggered cell rupture and cell death [46]. Another important
bacterial NP is produced by actinomyces is baulamycin, which is an isolated molecule of the marine
bacterium Streptomyces tempisquensis that can inhibit the biosynthesis of iron-chelating siderophores
in S. aureus (targeting staphylopherrin B) and Bacillus anthracis (targeting petrobactin), helping to
treat MRSA and anthrax infections, respectively. In addition, it was also able to inhibit the growth
of Gram-negative bacteria such as S. flexneri and E. coli, turning baulamycin and its derivatives into
potential broad-spectrum antibiotics [47]. Fasamycin A is a polyketide isolated from Streptomyces albus
that shows specific antimicrobial activity against Gram-positive bacteria such as vancomycin-resistant
Enterococci (VRE) and MRSA with MIC values of 0.8 and 3.1 pug/mL, respectively. This molecule targets
FabF in the initial condensation step of the elongation cycle from the lipidic biosynthetic bacterial
metabolism [48]. Orthoformimycin is a molecule produced by S. griseus which can inhibit bacterial
translation by more than 80% in the case of E. coli. Although the mechanism of action is not clear now,
one hypothesis is the decoupling of mRNA and aminoacyl-tRNA in the bacterial ribosome [49].

The actinobacteria class is also prolific in the production of antimicrobial molecules. One example is
kibdelomycin, which is a potent inhibitor of DNA synthesis that was isolated from Kibdelosporangium
sp., MA7385. Its complex structure and its infrequent function as an inhibitor of bacterial DNA gyrase
and IV topoisomerase make kibdelomycin the first bacterial type II topoisomerase inhibitor discovered
from natural sources in more than 60 years [50]. This molecule has a broad-spectrum antimicrobial
activity against aerobic bacteria, including antibiotic-resistant bacteria such as MRSA, with a MIC value
of 0.25 pug/mL. In addition, this molecule has a very low resistance development rate due to its structure
and way of binding with its target, at levels of other successful antibiotics such as ciprofloxacin [51].
Another example is pyridomycin, a molecule isolated from Dactylosporangium fulvum which has a
great antimicrobial capacity against mycobacteria, a bacterium that causes tuberculosis. This disease is
becoming relevant due to the appearance of bacteria resistant to the main antibiotics used for its treatment
such as the InhA inhibitor isoniazid. Pyridomycin acts on the cell wall of Mycobacterium tuberculosis by
inhibiting the production of mycolic acid by targeting NADH-dependent enoyl- (Acyl-Carrier-Protein)
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reductase InhA even in strains resistant to isoniazid. Pyridomycin showed minimum bactericidal
concentration (MBC) values between 0.62 and 1.25 pg/mL against M. tuberculosis [52].

In addition to the two classes mentioned above, there are other classes of bacteria such as
deltaproteobacteria, cyanophyceae or betaproteobacteria from which antimicrobial molecules have
also been isolated. Myxovirecin is a macrocyclic secondary metabolite isolated from myxobacteria
(deltaproteobacteria class) that possesses broad-spectrum antibacterial capacity. It seems to inhibit
the production of type II signal peptidase by blocking Lpp lipoprotein processing. Myxovirecin
showed very potent activity against E. coli DW37 with a MIC of 0.063 pg/mL [53]. Spirohexenolide
A is a natural spirotetronate originally isolated from Spirulina platensis of the cyanophyceae class
that shows antimicrobial activity against methicillin-resistant S. aureus by disrupting the cytoplasmic
membrane, collapsing the proton motive force [54]. Teixobactin is a naturally occurring molecule
produced by Eleftheria terrae of the betaproteobacteria class that possesses antibacterial capacity against
antibiotic-resistant pathogens in infection animal models. It acts by binding to the precursors of the
bacterial wall teicoic acid, causing the digestion of the cell wall by autolysins [55].

Lypoglycopeptides isolated from different bacteria show antimicrobial activity by inhibiting signal
peptidase type IB (SpsB), which is a membrane-localized serine protease that cleaves the amino-terminal
signal peptide from most secreted proteins. One example is actinocarbasin, a molecule isolated from
Actinoplanes ferrugineus strain MA7383. Moreover, this molecule enhances the activity of 3-lactam
antibiotics against MRSA, sensitizing it to those drugs. Arylomycin is another lipoglycopeptide with
bacterial type I signal peptidase inhibitory capacity which showed antibacterial activity witch MIC
values in the range of 4-64 uM against Gram-positive and 8-64 uM against Gram-negative bacteria.
Krisynomycin is also a lypoglycopeptide, isolated from Streptomyces fradiae strain MA7310, with the
capacity of inhibition of SpsB [56].

In addition to the natural bacteria molecules with direct antimicrobial activity, there are also
others capable of attacking the virulence factors caused by bacterial infections. Skyllamycins B and C
are cyclic depsipeptides isolated from marine bacterial fractions with P. aeruginosa biofilm inhibition
and dispersal activity. The ability to prevent the formation of biofilms or to disperse those already
formed is of great importance since these biofilms are one of the major causes of drug resistance in
nosocomial infections. These molecules do not possess a bactericidal capacity per se, but they are
effective in combination with antibiotics that are not able to act in the presence of biofilms, causing
them to recover their activity as in the case of azithromycin [57].

3.2.3. Fungal Origin

Fungi are eukaryotic-type living things, such as mushrooms, yeasts, and molds. Currently,
the existence of some 120,000 species of fungi has been accepted, however, it is estimated that the
number of different species of fungi present on earth could be between 2.2 and 3.8 million [58].
This relatively unexplored kingdom is a source of antimicrobial NPs and has great potential to be
studied in the future as new species are discovered and identified.

Aspergillomarasmine A is a polyaminoacid naturally produced by Aspergillus versicolor capable of
inhibiting antibiotic resistance enzymes in Gram-negative pathogenic bacteria, such as Enterobacteriaceae,
Acinetobacter spp., Pseudomonas spp. and Klebsiella pneumoniae. This compound has been used successfully
to reverse resistance in mice infected with meropenem-resistant K. pneumoniae thanks to the NDM-I
protein, making the bacterium sensitive to the antibiotic and ending the infection [59].

Mirandamycin is a quinol of fungal origin capable of inhibiting the growth of both Gram-negative
and Gram-positive bacteria, being more effective against the latter group, including antibiotic-resistant
strains such as MRSA or carbapenemase-producing K. pneumoniae. Its mechanism of action consists in the
inhibition of the bacterial metabolism of sugars, interfering with their fermentation and transport [60].

There is evidence of the antibacterial capacity of various fungal species against Gram-positive
bacteria. Extracts of Ganoderma lucidum, Ganoderma applanatum, Meripilus giganteus, Laetiporus sulphureus,
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Flammulina velutipes, Coriolus versicolor, Pleurotus ostreatus and Panus tigrinus demonstrated antimicrobial
activity in Kirby-Bauer assays against Gram-positive bacteria, such as S. auerus and B. luteus [61].

In recent times, molecules produced by various species of marine fungi have been studied,
especially those that cohabit with sponges or corals. Fungal compounds with activity against antibiotic
resistant bacteria have been isolated, such as lindgomycin and ascosetin, with MIC values of 5.1 uM
and 3.2 uM against MRSA, respectively. These molecules were isolated from the mycelium and the
Lindgomycetae spp culture broth from sponges found in the Baltic and Antarctic Sea [62]. Another
marine fungus capable of producing antimicrobial molecules is Pestalotiopsis sp., isolated from the coral
Sarcophyton sp. This fungus produces (+) -pestalachloride D, a chlorinated benzophenone derivative,
which has shown antibacterial capacity against E. coli, Vibrio anguillarum and Vibrio parahaemolyticus
with MIC values of 5, 10 and 20 uM, respectively [63]. Trichoderma sp. is a sponge-derived fungus from
which different aminolipopeptide classes, called trichoderins, have been isolated. These molecules
have a potent antimycobacterial capacity showing MIC values between 0.02 and 2.0 pg/mL against
Muycobacterium smegmatis, Mycobacterium bovis BCG, and M. tuberculosis H37Rv in different aerobic and
hypoxic conditions [64].

3.2.4. Plant Origin

Plants are a great source of biomolecules with various interesting properties for humans thanks to
their enormous diversity and proven safety for human health [65]. Being sessile organisms, evolution has
shaped its metabolism to produce certain molecules to cope with external aggressions and infections, since
they cannot flee or defend themselves [66]. The Dictionary of Natural Products lists approximately 200,000
secondary plant metabolites, of which 170,000 have unique chemical structures [67]. Some of the families of
molecules with antimicrobial capacity produced by plants are alkaloids, terpenoids, and polyphenols [68].

Plants that have been used in traditional medicine in various countries of the world for thousands
of years. They are currently being studied at the molecular and functional level, rediscovering their
properties and explaining their mechanisms of action.

Alkaloids have been shown to possess antimicrobial capacity against various bacterial species.
Although studies of the antimicrobial capacity of pure alkaloids are limited, there are several studies
on the antimicrobial activity of plant extracts that contain alkaloids as their main components.
Different extracts rich in alkaloids obtained from Papaver rhoeas have shown activity against S. aureus,
Staphylococcus epidermidis and K. pneumoniae, the main active component being roemerine [69].
Raw alkaloid-rich extracts of Annona squamosa seeds and Annona muricata root have also shown
moderate antimicrobial capacity against E. coli and S. aureus [70].

Terpenoids, along with other families of compounds, are part of plant essential oils, many of
which possess antimicrobial activity. Various in vitro studies affirm that terpenoids do not possess
significant antimicrobial activity per se [71]. However, they can contribute to the antimicrobial activity
of complete essential oils thanks to their hydrophobic nature and a low molecular weight that allow
them to disrupt the cell wall and facilitate the action of the rest of the active components [72].

Polyphenols are molecules present in plants with a function of defense against stress and have one
or more phenolic groups in their chemical structure as a common feature. There is abundant literature on
the antimicrobial capacity of polyphenols and extracts of plants rich in them that have bactericidal and
bacteriostatic capacity against many pathogens, both Gram-positive and Gram-negative. The potential
use of polyphenols as antimicrobials is widely studied to be applied in different areas such as
agriculture [73], food preservation [74] and medicine [75].

There are several subfamilies within the group of polyphenols according to their differentiated
chemical structures: flavonoids, hydrolyzable tannins, lignans, phenolic acids and stilbenes. In turn,
the flavonoid group can be subdivided into other subfamilies: anthocyanidins, flavanones, flavones,
flavonols and isoflavones [76]. Examples of flavonoids with antimicrobial activity are quercetin [77],
kaempferol [78], morin [79], myricetin [80] epigallocatechin gallate [81] or galangin [82] among many
others [76,83]. Other known polyphenols with good antimicrobial activity are punicalagin, which
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exerts both antibacterial and antibiofilm effect against S. aureus [80,84], and resveratrol, which has
antimicrobial activity against a wide range of bacteria [75].

The growing relevance of the study of polyphenols in the clinical setting is due to their
antimicrobial synergy between polyphenols and antibiotics for clinical use. Polyphenols in subinhibitory
concentrations enhance the action of an antibiotic against a bacterium that was originally resistant to
its effect. For example, kaempferol and quercetin, two flavonols with antimicrobial activity on their
own, have also shown to increase the efficacy of the rifampicin antibiotic against rifampicin-resistant
MRSA strains by 57.8% and 75.8%, respectively. The study authors blame this increase in the activity
to which these polyphenols are able to inhibit the catalytic activity of topoisomerases, inhibiting DNA
synthesis, with a mechanism similar to that of the ciprofloxacin antibiotic, with which they have also
shown to have a synergistic activity [85]. Epicatechin gallate (ECg), a flavanol, is capable of sensitizing
strains of MRSA against 3-lactam antibiotics such as penicillin or oxacillin. This polyphenol can bind
to the MRSA cytoplasmic membrane and cause large changes in its structure and reducing its fluidity,
decoupling the functioning mechanism of the enzyme PBP2a, which is the protein responsible for
resistance to -lactam antibiotics. In addition, ECg can reduce biofilm formation and protein secretion
associated with virulence factors [86]. (-)-Epigallocatechin gallate (EGCg) is another flavanol with a
great capacity to enhance the effect of antibiotics that acts mainly on the cell wall directly or indirectly
and on some virulence factors, such as the production of penicillinases [87].

Another example of synergy between polyphenols and antibiotics is the case of the combination
of catechin and epicatechin gallate extracted from Fructus crataegi and ampicillin, ampicillin/sulbactam,
cefazolin, cefepime, and imipenem/cilastatin antibiotics, which are usually ineffective against MRSA.
These combinations were effective against MRSA in both in vitro and in vivo assays using mice with
an established infection model. The authors stressed that the possible mechanism of action of the
combination of these two polyphenols to enhance the effect of antibiotics was the accumulation of
antibiotics inside the cell thanks to the inhibition of the efflux pump gene [88].

In addition to synergy with antibiotics, there are also studies that point to the synergy between
the polyphenols themselves, such as that between EGCg and quercetin against MRSA, attributed to a
co-permeabilization process that would facilitate the activity of the compounds inside of the cell [89].
Synergic activity has also been found between the polyphenols quercetin-3-glucoside, punicalagin,
ellagic acid and myricetin in different proportions and combinations against S. aureus CECT 59 [80].

Apart from the antimicrobial use of concrete molecules of plant origin, the use of complex extracts
made from different parts of plants is common and effective. Plant extracts have a great diversity in
their composition, since even from the same plant multiple completely different extracts can be obtained
varying the extraction conditions. Time, temperature, solvents, pressure and other parameters such as
the use of ultrasound or microwave have a huge impact on the final extract composition [90]. There is
numerous evidence of the antimicrobial activity of plant extracts [76,91] and the synergistic effect that
exists between different phytochemicals [80] when acting against different bacteria. An example of a
plant extract with potent activity against AMR bacteria are extracts from Lantana camara leaves against
clinical isolates of MRSA, Streptococcus pyogenes, VRE, Acinetobacter baumannii, Citrobacter freundii,
Proteus mirabilis, Proteus vulgaris and P. aeruginosa [92]. The ethanolic extracts of Anthocephalus cadamba,
Pterocarpus santalinus and Butea monosperma Lam. they have also demonstrated antimicrobial activity
against MDR clinical isolates of 10 different microbial species: S. aureus, Acinetobacter sp., C. freundii,
Chromobacterium violeceum, E. coli, Klebsiella sp., Proteus sp., P. aeruginosa, Salmonella typhi and Vibrio
cholerae [93,94]. In the case of B. monosperma Lam., antimicrobial activity was also found in the extract
made with hot water from leaf.

3.2.5. Summary

As a summary, Table 1 contains all the NPs mentioned above together with their producing
organism, type, target bacteria, mechanism of action, main use and references. Figure 4 shows the
main molecular targets of the most relevant antimicrobial NPs.
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Bacterial molecular targets of natural products of different sources
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Figure 4. Main known molecular targets of antimicrobial NPs described in this review.
3.3. Antibiotics and Plant Compounds Combinations to Get around AMR

The synergic combination of antibiotics and phytochemicals represents a promising strategy with
numerous clinical and developmental benefits. Some plant compounds have direct antimicrobial
activity against antibiotic-resistant bacteria, while others can sensitize resistant bacteria against
antibiotics, reversing the resistance as mentioned and exemplified in the previous section. Some of
these NPs can enhance the effect of antibiotics in different ways, such as facilitating their entry into
the cell by destabilizing the cytoplasmic membrane [153,154], inhibiting efflux pumps (EPs) [155]
or dispersing biofilms [156] among other mechanisms of action (Figure 4). Some of the synergistic
interactions between phytochemicals and antibiotics include increased efficiency, lower antibiotic doses,
reduced side effects, increased bioavailability and increased stability [157]. The multidimensional and
multifactorial activity of phytochemicals studied by network pharmacology is crucial for synergy with
clinical antibiotics, opening the door to many different potential combinations. Moreover, the use
of molecules that have already passed the relevant clinical controls, as in the case of antibiotics,
in combination with innocuous natural compounds facilitates the process of research and development
of new potential therapies [158].

There is clear evidence of NPs capable of inhibiting efflux pumps of AMR bacteria, specifically,
phytochemicals. These molecules can inhibit various efflux pumps in different pathogenic bacterial
species, both Gram-positive and Gram-negative. As an example, the NorA efflux pump of S. aureus
SA-1199-B has been effectively inhibited using baicalein plant molecules [159], capsaicin [160],
indirubin [161], kaempferol rhamnoside [162] and olympicin A [163]. NorA of S. aureus NCTC 8325-4
was inhibited using sarothrin [164]. Cumin demonstrated antimicrobial activity on its own and also
resistance modulation properties against MRSA by inhibiting LmrS efflux pump [155]. Plant molecules
inhibiting the ethidium bromide efflux pump (EtBr) have also been found: 1’-5-1"-acetoxyeugenol
acetate inhibits it in Mycobacterium smegmatis [165], catechol and catharanthine inhibits it in
P. aeruginosa [166,167] and galotannins inhibit it in MDR uropathogenic E. coli [168]. The Yojl
efflux pump of MDR E. coli has been shown to be inhibited by molecules such as 4-hydroxy—tetralone,
ursolic acid and its derivatives [169] and lysergol [170]. Berberine and palmatine inhibit MexAB-OprM
from clinical isolates of MDR P. aeruginosa [171]. There are also complete extracts of plants with EPs
inhibitory activity with clear synergistic effects with antibiotics in the treatment of MDR bacterial
infections. The extract made from Rhus coriaria seeds have shown an obvious synergistic effect with

215



Biomedicines 2020, 8, 405

oxytetracycline, penicillin G, cephalexin, sulfadimethoxine and enrofloxacin against MDR clinical
isolates of P. aeruginosa. This effect is mainly attributed to the inhibitory capacity of EPs of the
phytochemicals present in the extract [172]. The activity of these plant molecules as inhibitors of
microbial efflux pumps can act as restorers of antimicrobial susceptibility and open the door to
combined antibiotic treatments, since these could exert their action more easily by not being expelled
from the bacterial interior, allowing relive obsolete or discarded therapies due to this resistance
mechanism [173]. A catechin, (-)-epigallocatechin gallate (EGCg), has shown sensitizing activity in
S. aureus against tetracycline by inhibiting EPs such as Tet (K), increasing intracellular retention of the
antibiotic and enhancing its effect [174]. Stilbenes also act as EPs inhibitors against antibiotic-resistant
Arcobacter butzleri, reducing its resistance. Resveratrol and pinosylvin have also shown activity as
resistance modulators being able to even reverse the resistance completely [175].

There are studies that state that certain polyphenols, such as catechins, can enter deeply into
the structure of the lipid bilayer of bacterial membranes, causing significant thermotropic changes.
Lipophilic hydrocarbons present in plant extracts are known to destabilize the cellular structure
of the cytoplasmic membrane, increase its permeability and interact with hydrophobic portions
of proteins [176]. This could explain the potentiation in the effect of certain antibiotics against
resistant bacteria, as these compounds could increase antibiotic intake and interact with resistance
proteins, hindering their activity. Specifically, (-)-epicatechin gallate (ECg) has a great affinity for the
staphylococcal wall and its binding to it produces biophysical changes in it that are capable of dispersing
the biosynthetic machinery responsible for resistance to 3-lactam antibiotics [177]. This activity would
explain the restoration of the sensitivity of bacteria resistant to traditional antibiotics through the use of
polyphenolic compounds capable of interacting with bacterial membranes, as in the case of catechins
capable of sensitizing MRSA against oxacillin and other 3-lactam antibiotics thanks to its ability to
integrate and interact with the cell membrane [178,179].

Plant extracts are also capable of exert antimicrobial activity against AMR bacteria and synergize
with antibiotics. For instance, extracts of Duabanga grandiflora can restore MRSA's sensitivity to
ampicillin. The mechanism proposed by the researchers is that the components of this extract can
decrease the expression of the mecA gene that gives rise to the resistance protein PBP2a [180]. Extracts
of Acacia nilotica, Syzygium aromaticum and Cinnamum zeylanicum exhibited antimicrobial capacity
against a panel of AMR bacteria including clinical isolates and ATCC strains. Extract of A. nilotica
showed MIC values as low as 9.75 ug/mL against K. pneumoniae ATCC-700803, Salmonella typhimurium
ATCC-13311 and E. faecalis ATCC-29212 [181]. Extracts of Salvia spp. and Matricaria recutita have shown
great synergy with the antibiotic oxacillin [182]. The multifactorial and multi-target character of the
compounds that make up plant extracts can hinder the development of resistance by bacteria [80].
The molecular promiscuity of polyphenols, their multarget activity, the possibility of obtaining complex
extracts containing multiple different polyphenols, and their synergistic effect in combined use with
clinical antibiotics make natural antimicrobial compounds of plant origin ideal tools to be studied
from the point of view of network pharmacology in the future. The evidence found in the combination
studies between plant extracts and clinical antibiotics shows a synergistic enhancement that may be
key to the fight against AMR bacteria. Although the development of new synthetic antibiotics is
essential to continue the fight, the sensitization of resistant bacteria by phytochemicals is also crucial to
achieving effective and long-lasting therapies [158].

Infections caused by bacteria forming biofilms are extremely difficult to treat and are much
less susceptible to antibiotics [183,184]. One way to enhance the effect of an antimicrobial agent
is to disrupt the biofilm that certain resistant bacteria form. Studies on P. aeruginosa showed that
many natural products can inhibit biofilm formation or disrupt the previously formed biofilm:
alginate lyase [185], ursolic acid [186], zingerone [187], cranberry proanthocyanidins [188], casbane
diterpene [189], manoalide [190], solenopsin A [191], catechin [192], naringenin [193], ajoene [194],
rosmarinic acid [195], eugenol [196], bergamottin [197], emodin [198] and baicalein [199] among others.
These natural biofilm disrupting compounds could be a very valuable tool to be incorporated into joint
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therapies with traditional antibiotics when treating infections caused by AMR bacteria. For example,
cranberry proanthocyanidins enhanced the activity of gentamicin in an in vivo model of infection
using Galleria mellonella [188]. In addition, some of these compounds have intrinsic antimicrobial
activity on its own, which could further increase the potency of the treatment.

3.4. Development of Resistance to Natural Products

Historically, bacteria have managed to develop resistance to a greater or lesser extent against most
antimicrobial agents used in medicine. Nevertheless, the ability of bacteria to develop a resistance
mechanism against natural products is not well documented [200]. Due to the huge chemical and
structural diversity among antimicrobial products of natural origin, it is often stated the difficulty for
bacteria to avoid the action of NPs [201,202]. However, there are some recent studies that suggest
that bacteria can develop certain levels of resistance against plant compounds, especially enteric
bacteria [203]. The mechanisms of resistance behind these observations remain unknown and literature
on the subject is scarce.

There are multiple mechanisms by which a bacterium can get rid of the action of an antimicrobial
molecule: target alterations, expulsion or modification of the antibiotic, inactivation, reduced
permeability and biofilm formation among others [204]. These resistant mechanisms can be
spontaneously developed (mutations) or acquired (by transduction, transfection or conjugation
processes) as shown in Figure 5. Understanding the mechanism by which bacteria can circumvent
the action of antibiotics and how they acquire these capabilities is crucial to developing effective and
lasting therapies.

Antimicrobial Resistance Mechanisms Resistance Acquisition Mechanisms

Efflux pumps Q)(’p Transduction

Inactivating Conjugation

enzymes

Decreased uptake

Target alterations /=D Transformation

Figure 5. Antimicrobial resistance mechanisms and acquisition mechanisms in bacteria.

Depending on their properties, some products are more susceptible than others to the appearance
of bacteria resistant to them. Molecules that attack highly conserved targets are less conducive to the
appearance of bacteria with mutations in said targets that confer resistance to the antimicrobial in
question, since modifying one or more fundamental routes or targets can imply an unbearable fitness
cost for the bacteria [205].
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On the other hand, molecules against less conserved molecular targets are more likely to promote
the development of resistance mechanisms against them. Modification of less evolutionarily conserved
or non-essential targets is easier for bacteria to assimilate since they have greater flexibility to modify
the molecular target or adapt their metabolism without paying a high fitness cost. Although the
acquisition of antimicrobial resistance mechanisms is often accompanied by reduced fitness in the
absence of a selective environment, this loss of adaptive efficacy can be counteracted by compensatory
mutations or modifications in epistasis [206].

Thanks to the multifactorial nature of the molecular promiscuity of naturally occurring
antimicrobial compounds, bacteria experience difficulties in changing several molecular targets
simultaneously [80]. Multiple simultaneous molecular changes in a bacterium to overcome the action
of a multifactorial antimicrobial agent would very negatively affect its metabolism, that is, it would have
a high fitness cost potentially unacceptable for its development. Likewise, mutations that carry a high
fitness cost are less likely to persist in bacterial populations once the selective pressure disappears [207].
This cost would be higher if the molecular targets of the antimicrobial were highly evolutionary
conserved molecules or routes, since they would be more difficult to change while maintaining the
metabolic efficiency necessary for survival and competition with other living beings. Furthermore,
there are studies that affirm that many of the natural antimicrobial compounds attack macromolecular
structures such as the membrane or the bacterial wall and that this fact could hinder the appearance of
resistance, given that they are very difficult targets to vary as a whole [208,209].

Despite the multiple possible mechanisms for acquiring existing resistances, the use of new
technologies in NPs can help prevent their development. Based on new laboratory bacterial culture
techniques, it has been possible to identify and isolate interesting natural compounds such as teixobactin.
This molecule displays a mechanism of action that is capable of using the bacteria’s own machinery
to kill itself, in a similar way to how vancomycin, a really successful antibiotic, works. No resistant
mutants have been found against teixobactin. Theoretically, the generation of resistant mutants to
this compound is difficult, since its target is very conserved among the eubacteria, in addition to
being exposed in the outermost part of Gram-positive bacteria. In addition, as teixobactin is produced
by a Gram-negative bacterium, the molecule cannot re-enter the cell and exert its action due to the
presence of the outer envelope characteristic of Gram-negative bacteria. This fact is crucial in the
process of the eventual development of resistance, since the producing microorganism does not use a
different metabolic route to avoid the action of the antibiotic it produces. Thus, in the absence of an
intrinsic resistance mechanism in the producer, horizontal transfer of resistance genes to other species
susceptible to teixobactin cannot occur [55].

Vancomycin, discovered in 1958, enjoyed a period of 30 years in which no bacterium resistant to
its antibiotic action was identified, thanks to its potent and unusual mechanism of action. However,
during the last 20 years, S. aureus strains resistant to this antibiotic have been detected [210]. One of
the resistance mechanisms identified is the incorporation of D-Ala-D-lactate instead of the usual
D-Ala-D-Ala at the dipeptide termini of nascent peptidoglycan, considerably reducing its binding
affinity and formation disruption capacity of the bacterial wall. Other resistant strains identified
have a thicker cell wall with free D-Ala-D-Ala ends that can sequester vancomycin and removing
it from the place where the biosynthesis of the wall occurs [211]. Despite the emergence of these
and other resistance mechanisms, researchers are currently working on vancomycin derivatives that
have promising qualities that allow them to circumvent these resistance mechanisms and exert their
antibiotic action. An example of this is the discovery of a new vancomycin resistance mechanism
mediated by the activity of Atl amidase. This inhibition produces cellular morphological changes
that reduce the action of vancomycin on the main target in the biosynthesis of the wall, increasing the
tolerance of the pathogen against the antibiotic without any changes at the genetic level. The discovery
of this target opens the door to the design of derivatives of vancomycin with a reduced affinity for
Atl, resulting in greater efficacy against MRSA [46]. Another resistance mechanism found in S. aureus
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against vancomycin is based on the thickening of the bacterial wall, which slows the penetration of
vancomyecin into the bacteria [212].

A possible strategy to prevent or slow the appearance of antimicrobial-resistant bacteria is the
combined use of various agents that act against different molecular targets. In this way, the bacteria will
have to adopt different resistance mechanisms, which would imply a greater and less likely adaptive
cost. This hypothesis could support the use of plant extracts and essential oils in traditional medicine
used for millennia, since these may be composed of dozens of different phytochemicals with different
mechanisms of action. The combined activity of these molecules would hinder bacterial adaptation
and extend the therapeutic shelf life of antimicrobial plant extracts.

Although the idea of the difficulty of acquiring resistance against complex plant extracts is
widespread, some studies go in the opposite direction. It has been observed that certain antimicrobial
extracts used against enterobacteria isolated from geckos from various environments in India have
reduced effectiveness. The authors attribute this resistance to the variability and changing environment
that has shaped the isolates collected and used in the assay. They suggest that exposure of geckos to
medicinal plants may have caused a process of selecting the bacteria present in them, resulting in
strains more resistant to plant compounds [203]. Mechanisms of possible resistance are not mentioned.

3.5. New Methodologies to Find Antimicrobial Compounds against AMR Bacteria

Currently, there are many methodologies capable of having a very positive impact on the
discovery of new natural molecules with antimicrobial capacity against AMR bacteria. Some of these
methodologies are the use of -omics technologies, network pharmacology, synergy studies and in
silico trials.

Thanks to the -omics technologies, today it is known that genomes of bacteria such as actinomycetes
are much more complex than previously thought in the mid-twentieth century and that there are
multiple secondary metabolite gene clusters (SMGCs) that could produce new NPs. It is estimated that
under the conditions of the classic fermentation studies for NP isolation, less than 10% of the SMGCs are
active, which could be activated using genetic techniques and varying the culture conditions to reveal
potential new NPs hidden inside of the “biosynthetic dark matter” [213]. By combining the progressive
lowering of the massive sequencing of bacterial genomes and the advancement of the analysis and
prediction software it will be possible to identify new SMGCs and their products [214,215]. The discovery
and deepening of knowledge of NP-producing modular macroenzymes such as non-ribosomal peptide
synthetases and polyketyde synthetases open the door to new NPs production strategies based on
combinatorial biosynthesis [15]. Scientists now have greater access to soil samples and other potential
sources of NPs, which significantly increases the likelihood of finding new compounds. The use of
non-laboratory-dependent metagenomic techniques and the heterologous expression of DNA extracted
directly from complex samples will allow the identification and production of new NPs hitherto
unknown or impossible to produce [216].

Other new technologies such as molecular docking or virtual simulations open the door to the
effective discovery of new natural antimicrobial compounds unknown so far using computers [76,217].
In silico assays allow hundreds of thousands of molecules to be screened to efficiently select leaders,
greatly reducing the cost of new drug development processes. Prediction via molecular docking or
virtual simulation makes it possible to predict the interactions of a molecule with its target, obtaining
huge amounts of valuable information and allowing the screening of drug libraries in a short time if
the necessary computing capacity is available [218,219].

Emerging studies based on network pharmacology that expand the classic single-ligand-target
viewpoint provide excellent opportunities for the development of new antimicrobial compounds.
The study of the network pharmacology of phytochemicals based on their molecular promiscuity and
multi-target capacity can help to better understand their antimicrobial mechanisms of action and to
develop more effective therapies [220]. In turn, this point also has a positive impact on synergy studies
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between antibiotics and phytochemicals such as those described in the previous sections, and they are
currently showing such good results.

4. Conclusions and Future Perspectives

In conclusion, most NPs do not have sufficient therapeutic power to perform monotherapies based
on them against antibiotic resistant bacteria, however, their joint application in combination therapy
with traditional antibiotics could contribute to enhance their effect, reduce their dosage, side effects and
improve its pharmacokinetics and pharmacodynamics properties. Natural antimicrobial products offer
a promising avenue of study in the field of antibiotic development thanks to their unique properties,
natural availability and enormous chemical diversity. The prospects in the discovery of new NPs with
antibiotic activity are very positive. There is a tendency to revise the traditional sources of NPs that
offered such good results during the “Golden Age” [221]. The use of new technologies and applications
of non-existent knowledge during that age opens the door to the second era of massive discovery of
molecules with remarkable and novel biological activity against AMR bacteria.
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Abstract: Periodontitis is a dental disease that produces the progressive destruction of the bone
surrounding the tooth. Especially, lipopolysaccharide (LPS) is involved in the deterioration of
the alveolar bone, inducing the release of pro-inflammatory mediators, which cause periodontal
tissue inflammation. Luteolin (Lut), a molecule of natural origin present in a large variety of fruits
and vegetables, possess beneficial properties for human health. On this basis, we investigated the
anti-inflammatory properties of Lut in a model of periodontitis induced by LPS in rats. Animal model
predicted a single intragingival injection of LPS (10 ug/uL) derived from Salmonella typhimurium.
Lut administration, was performed daily at different doses (10, 30, and 100 mg/kg, orally), starting from
1 h after the injection of LPS. After 14 days, the animals were sacrificed, and their gums were
processed for biochemical analysis and histological examinations. Results showed that Lut (30 and
100 mg/kg) was equally able to reduce alveolar bone loss, tissue damage, and neutrophilic infiltration.
Moreover, Lut treatment reduced the concentration of collagen fibers, mast cells degranulation,
and NF-«B activation, as well as the presence of pro-inflammatory enzymes and cytokines. Therefore,
Lut implementation could represent valid support in the pharmacological strategy for periodontitis,
thus improving the well-being of the oral cavity.

Keywords: dental diseases; periodontitis; luteolin; flavonoids; lipopolysaccharide; anti-inflammatory

1. Introduction

Periodontal disease can be defined as an infectious—inflammatory process that affects anatomical
structures supporting the tooth: gums, periodontal ligament, cement, and alveolar bone [1,2].
Periodontitis is the leading cause of tooth loss in the adult population of industrialized countries;
thus, it represents a serious health problem that affects a great portion of the world’s population
(more than 50%). It is generally more frequent in adults and the elderly, but some forms can also affect
children and adolescents [3]. Predisposing factors are incorrect nutrition [4], cigarette smoking [5],
and certainly poor oral hygiene [6], as well as a possible hereditary component [7]. However, the process
of altering periodontal structures is always the consequence of the concurrent action of immunological
and microbial factors [2]. The oral cavity is colonized by more than 600 species of bacteria [8].
Some of them are beneficial to the health; however, when the balance in the microbial flora of the
oral cavity is altered, this can establish conditions that favor the onset of infection [9]. Specifically,
bacteria responsible for periodontitis hold lipopolysaccharides (LPS).
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LPSis one of the most important molecules involved in the development of periapical inflammation
and deterioration of the alveolar bone; the increase in its concentration causes the release of a variety of
pro-inflammatory mediators, including prostaglandins and cytokines, which cause periodontal tissues
inflammation through the activation of multiple pathways [10]. Inflammatory condition implicates the
stimulation of fibroblasts, the increase of collagen breakdown, and the rise of osteoclast activity [11,12].

Given the severity of the disease, it is certainly important to act promptly with effective therapy.
Currently, the most suitable drugs in the case of periodontitis are anti-inflammatory drugs of both
steroid and non-steroidal origin (NSAIDs) [13], as well as antibiotics [14] and antibacterial mouthwashes
containing chlorhexidine [15]; all of this should be combined with proper oral hygiene.

In the most advanced forms of periodontitis, surgical techniques are also required.

In addition to conventional drugs, natural compounds can also be a valuable aid,
providing additional support in the management of many inflammatory diseases.

Luteolin (Lut; 3’,4’,5’,7'-tetrahydroxyflavone) is a polyphenolic compound that belongs to
flavones [16]. It was originally isolated from thyme, dandelion, and sage leaves but is also present in
numerous foods, such as carrots, fennel, peppers, celery, and in officinal herbs like chamomile tea [17].
The attention to this compound is due to its multiple biological properties, especially to its antioxidant
and anti-inflammatory effects, as evidenced by numerous scientific studies [18,19]; in many in vitro and
in vivo models, Lut has been shown to inhibit several pro-inflammatory cytokines, including tumor
necrosis factor-alpha (TNF-o), and to modulate nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) pathway, thus demonstrating the ability of flavonoids to inhibit inflammatory
processes [20-22].

On these bases, the purpose of this work was to investigate the anti-inflammatory properties of
Lut on an animal model of periodontitis induced by LPS in rats.

2. Results

2.1. Effects of Lut Administration on Bone Destruction Induced by LPS in Gingival Tissues

In the LPS-induced periodontitis group (Figure 1B,F), the radiographic distance from the
cement—enamel junction (CE]) to the bone was considerably larger than the sham group (Figure 1A,F).
Treatment with Lut at a dose of 10 mg/kg (Figure 1C,F) has proved to be ineffective for decreasing this
distance, whereas the treatment with Lut at a dose of 30 (Figure 1D,F) and 100 mg/kg (Figure 1E,F)
has proved to be equally effective in decreasing the alveolar bone distance.

2.2. Effects of Lut Administration on Histological Damage and Neutrophilic Infiltration

Trough H/E staining the tissue integrity of each section was analyzed. No histopathological
alteration was found in sham-group rats (Figure 2A, and see histological score 2F). While, histological
examination of the LPS group revealed a significant increase in edema and tissue damage (Figure 2B,
and see histological score 2F) that was significantly reduced after Lut 30 mg/kg and Lut 100 mg/kg
administrations (Figure 2D,E, and see histological score 2F). Contrarily, rats treated with Lut 10 mg/kg
still showed considerable tissue damage (Figure 2C, and see histological score 2F).

Similar results were obtained from the myeloperoxidase (MPO) analysis, a marker for neutrophil
infiltration. In the LPS group were revealed increased levels of MPO, whereas the two higher doses of
Lut were able to markedly decrease the MPO expression; meanwhile rats treated with Lut 10 mg/kg
showed MPO levels almost equivalent to the LPS group. The sham group instead revealed minimal
expressions of neutrophilic infiltration (Figure 3).
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Figure 1. Luteolin (Lut) administration decreased the alveolar bone distance. Fourteen days after the
lipopolysaccharide (LPS) injection, the X-rays of the rats LPS-induce periodontitis showed a greater
distance from the cement—enamel junction (CE]) to the bone (B,F), compared to the sham group rats
(AF). Lut 30 mg/kg (D,F) and 100 mg/kg (E,F) were effective in reducing this distance, as opposed
to treatment with Lut 10 mg/kg which proved ineffective (C,F). Values reported in the box plot are
expressed as mean + SEM of 10 rats for each group. ™ p < 0.001 vs. sham; *# p < 0.01 vs. LPS group.
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Figure 2. Lut administration reduced histological damage LPS-induced periodontitis. No histological
damage was found in the gingivomucosal tissues from sham-group rats (A), see histological score
(F). Extensive damage, accompanied by edema, tissue injury, and inflammatory cells infiltration,
was assessed in LPS rats (B), see histological score (F). The administration of Lut 30 mg/kg (D), see
histological score (F) and 100 mg/kg (E), see histological score (F), reduced LPS tissue damage as
opposed to treatment with Lut 10 mg/kg which proved ineffective (C), see histological score (F). Data
are representative of at least three independent experiments; One-Way ANOVA test.”" p < 0.001 vs.
sham; ## p < 0.001 vs. LPS group. ND = not detectable.
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Figure 3. Lut treatment moderated neutrophilic infiltration. An increase in MPO levels was found
in LPS-induced periodontitis rats, compared to the sham group. Only the 30 and 100 mg/kg dosages
proved to be equally effective in reducing MPO levels. One-Way ANOVA test.”" p < 0.001 vs. sham;
### p < 0.001 vs. LPS group.

Based on these results, we decided to continue our experiments with the dose of 30 mg/kg of Lut
that possesses the same efficacy as the highest dose, 100 mg/kg, but with less toxicity.

2.3. Effects of Lut Treatment on Collagen Fibers

Masson’s staining allowed us to evaluate the development of fibrous connective tissue as a
repairing response to injury or damage. LPS injected rats (Figure 4B, and see fibrosis score 4D)
presented an increase of collagen formation in gingivomucosal tissue sections in comparison with the
sham group (Figure 4A, and see fibrosis score 4D). The increase in collagen fibers was considerably
decreased by Lut 30 mg/kg treatment (Figure 4C, and see fibrosis score 4D).
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Figure 4. Lut treatment reduced collagen formation. Masson’s trichrome stain presented an increase in
the concentration of collagen fibers in gingivomucosal tissues in the LPS group (B,D), compared to
the control group (A,D). Lut 30 mg/kg significantly attenuated collagen formation (C,D). One-Way
ANOVA test.”™ p < 0.001 vs. sham; * p < 0.01 vs. LPS group.

2.4. Effects of Lut Treatment on Mast Cell Degranulation

We investigated mast cell infiltration and their degranulation through toluidine blue staining.
There was no full-blown inflammatory state in the gingivomucosal tissues of the sham group,
as confirmed by the minimal presence of mast cells (Figure 5A,D). The group treated with LPS instead
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showed high levels of mast cell infiltration (as shown in Figure 5B,D); these elevated levels were
extensively reduced by Lut 30 mg/kg treatment (Figure 5C,D).

LPS+Lut30

3 sham
Il LPS
3 LPS+Lut 30 mg/kg

Mast cells (number/mm?)

Figure 5. Effects of Lut treatment on mast cell degranulation. Toluidine blue staining allowed mast cell
count. In gingivomucosal tissues of rats belonging to the LPS group, an increased number of mast cells
was identified (B,D), as compared to control group (A,D). Lut 30 mg/kg considerably reduced mast cell
infiltration (C,D). Yellow circles indicate the mast cells degranulated appeared in the tissue. One-Way
ANOVA test.”™ p < 0.001 vs. sham; ## p < 0.001 vs. LPS group.

2.5. Lut Treatment Modulated NF-«xB Pathway and Pro-Inflammatory Cytokines Production

To prove the anti-inflammatory effect of Lut, we investigated, through Western blot analysis,
its action on NF-kB pathway. The expression of NF-kB was found at basal levels in the sham group
(Figure 6B and densitometric analysis 6B1), elevated in the LPS group (Figure 6B and densitometric
analysis 6B1) and appreciably reduced by treatment with Lut 30 mg/kg (Figure 6B and densitometric
analysis 6B1). In relation to this, the protein levels of IkB-o (cytosolic protein associated with NF-«B)
confirmed the action of Lut in the NF-kB pathway. In fact, these levels appeared high in the sham
group (Figure 6A and densitometric analysis 6A1), significantly downregulated in rats injected with
LPS (Figure 6A and densitometric analysis 6A1) and remarkably restored in rats administered with
Lut 30 mg/kg (Figure 6A and densitometric analysis 6A1).

Furthermore, TNF-«, together with IL-6, plays a crucial role in establishing the inflammatory
state in periodontitis; therefore, they can be considered specific markers of the disease [23]. All of
these considerations led us to investigate the levels of cytokines previously mentioned. Samples from
the sham group exhibited minimal levels of both cytokines (Figure 6C,D, respectively); on the other
hand, such expressions were significantly increased in LPS-induced periodontitis rats (Figure 6C,D,
respectively). In contrast, treatment with Lut 30 mg/kg significantly reduced TNF-« and IL-6 levels
(Figure 6C,D, respectively).

2.6. Lut Treatment Decreased Pro-Inflammatory Enzymes Following LPS-Induced Periodontitis

The degradation of IkB-, accompanied, consequently, by the translocation of NF-«B in the
nucleus, involves the transcription of numerous proinflammatory genes, including the inducible
enzymes COX-2 and iNOS, which play a fundamental role in the inflammatory response.

Lut 30 mg/kg treatment had the ability to modulate the expression of both COX-2 (Figure 7B and
densitometric analysis 7B1) and iNOS (Figure 7A and densitometric analysis 7Al), compared to the
damage induced by LPS (Figure 6A and densitometric analysis 6A1; Figure 7A and densitometric
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analysis 7A1). However, the sham-operated group shown minimal expression of both pro-inflammatory
enzymes (Figure 6A and densitometric analysis 6A1; Figure 7A and densitometric analysis 7A1).
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Figure 6. Effects of Lut treatment on NF-«kB pathway and pro-inflammatory cytokines. Western blot
analysis demonstrated an increase in the degradation of IkB-« in the LPS group (A) and densitometric
analysis (A1) compared to the sham group (A) and densitometric analysis (A1). Lut 30 mg/kg has
proven to be truly effective in restoring these levels (A) and densitometric analysis (A1). NF-«kB was
significantly increased in the LPS group (B) and densitometric analysis (B1), as compared to the sham
group (B) and densitometric analysis (B1); Lut 30 mg/kg effectively decreased the levels of NF-«B
(B) and densitometric analysis (B1). The levels of TNF-« (C) and IL-6 (D) were significantly increased
in rats injected with LPS. The increases in levels of TNF-« and IL-6 were significantly attenuated in rats
administrated with Lut 30 mg/kg. Data are representative of at least three independent experiments.
One-Way ANOVA test. ™ p < 0.001 vs. sham; *## p < 0.001 vs. LPS group. * p < 0.01 vs. LPS group.
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Figure 7. Effects of Lut treatment on pro-inflammatory enzymes. Western blot analysis of iNOS (A) and
densitometric analysis (A1) and COX-2 (B) and densitometric analysis (B1) revealed minimal levels in
the sham group that conversely were increased in the LPS group. Treatment with Lut 30 mg/kg proved
effective to reduce COX-2 and iNOS expressions. Data are representative of at least three independent
experiments. One-Way ANOVA test. " p < 0.001 vs. sham; *## p < 0.001 vs. LPS group.
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3. Discussion

Periodontitis is one of the most common and most serious dental diseases that causes progressive
destruction of the bone surrounding the tooth; this condition, due to inflammatory processes of the
marginal gingiva, is debilitating for the patient, hence the need to intervene as soon as possible through
pharmacological therapy [24]. In recent years, the appreciation of natural compounds as a potential
innovative treatment for human health has grown considerably [25].

Lut is a molecule of natural origin that is present in a large variety of fruits and vegetables and
also in medicinal herbs; it has been shown to have great beneficial properties on human health [26-28].
Specifically, its anticancer properties are known, as shown by several studies [27,29], but it also has
anti-inflammatory [20] and antioxidant effects [30].

Previous evidence led us to investigate the properties of this compound in an experimental model
of periodontitis induced by LPS, in order to evaluate its potentiality.

One of the hallmarks of periodontitis is alveolar bone loss; this bone destruction is due to a process,
both immune and inflammatory, with which our body tries to counteract oral bacterial dysbiosis [31].
As demonstrated by our results, Lut had the ability to reduce alveolar bone loss caused by LPS injection.
The most significant results were obtained exclusively at the doses of 30 and 100 mg/kg of Lut, while,
at the dose of 10 mg/kg, alveolar bone loss was comparable to the LPS group.

The pathogenic developments of inflammatory periodontal diseases are originated by
subgingival plaque microflora and factors such as LPS derived from specific pathogens [31]. Locally,
this inflammatory condition promotes tissue damage, thus causing the morphological alteration of
the periodontium [32]. In particular, tissue damage is associated with the formation of edema and
inflammatory cell infiltration with clear damage to gingivomucosal architecture [12,33].

Lut administration at the two highest doses (30 and 100 mg/kg) was equally able to mitigate tissue
damage caused by LPS injection, as is visible from our histological analyses.

Neutrophils constitute the primary defense system in periodontal tissues [34]; in fact, in a healthy
oral cavity, populations of neutrophils tend to be para-inflammatory. On the contrary, the phenotypes of
pro-inflammatory neutrophils are present in periodontal disease [35]. Lut treatment, as demonstrated
by the MPO analysis, significantly reduced the presence of neutrophilic infiltration; this reduction was
equally significant at the doses of 30 and 100 mg/kg, while it was ineffective, once again, at the dose of
10 mg/kg.

Given the effectiveness of Lut 30 mg/kg in counteracting tissue damage, as already highlighted by
the H&E staining, we also assessed the effect of Lut treatment on collagen fibers through Masson’s
trichrome stain. In periodontitis, in fact, prolonged inflammation causes apical migration of junctional
epithelium on the root surface and activates collagen destruction; specifically, degradation of type I
collagen occurs in the connective tissue and periodontal ligament [33].

Our results clearly demonstrated that Lut 30 mg/kg was able to decrease the concentration of
collagen fibers in gingivomucosal tissues.

There is also a probable cross-talk between the increase in collagen fibers and the presence of
mast cell infiltration in periodontitis [36]. Mast cells are immune cells that stimulate the inflammatory
process [37] and therefore play a primary role in inflammation disease like periodontitis. Lut 30 mg/kg,
as evidenced by our results, significantly reduced the degranulation of mast cells in the inflamed
gingivomucosal tissues.

The intense inflammatory condition that characterizes periodontitis includes the involvement of
several pathways; in particular, the correlation between NF-kB and periodontitis is widely known,
as demonstrated by several clinical studies [38,39]. Lut 30 mg/kg decreased the levels of NF-«B and
increased the expression of the cytosolic protein IkB-«, as shown from Western blot analysis performed.
Furthermore, it is known that the translocation of NF-«kB in the nucleus promotes the transcription
of pro-inflammatory genes, upregulating the expression of pro-inflammatory proteins. Western blot
analysis showed that Lut administration also moderated the expression of two key enzymes of the
inflammatory cascade, namely iNOS and COX-2.
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Furthermore, the production of pro-inflammatory cytokines has also been related to periodontal
disease. Particularly, many clinical studies [33,40,41] have demonstrated the correlation between high
TNF-« and IL-6 expressions and periodontal disease, highlighting their involvement and crucial role
in the evolution of gingival inflammation. As shown by our results, treatment with Lut 30 mg/kg
decreased the expressions of both cytokines.

Persistent gingivitis in young patients represents, in fact, a risk factor for periodontal attachment
loss and for tooth loss in adulthood; inflammation of the gingival tissues represents not only the
precursor of periodontitis but also a clinically relevant risk factor for disease progression and tooth
loss [42].

Given the results obtained from this study through several methodological approaches, it is
possible to affirm that Lut has good anti-inflammatory capacities in counteracting the inflammatory
state caused by LPS-induced periodontitis. Therefore, Lut implementation could represent a valid
natural support in the pharmacological strategy for periodontitis, thus improving the well-being of the
oral cavity. Furthermore, Lut’s anti-inflammatory capabilities could open new perspectives in the field
of applicability of this natural compound also in products used for the prevention of inflammatory
processes of the oral cavity, like toothpaste and mouthwash; further experiments need to be carried out
in more in-depth studies, to confirm this preventive applicability.

4. Materials and Methods

4.1. Materials

Unless otherwise indicated, all materials were acquired from Sigma-Aldrich Company Ltd.
(St. Louis, Missouri, USA). All stock solutions were made in non-pyrogenic saline (0.9 % NaCl, Baxter,
Milan, Italy). All other chemicals were of the highest commercial grade available.

4.2. Animals

The study was performed on Sprague-Dawley male rats (Envigo, Milan, Italy), weighing 200-230
g. They were housed in a controlled environment (22 + 2 °C, 55 + 15 % relative humidity, 12 h light/dark
cycle), with food and water ad libitum, minimizing stress conditions.

Animal experiments complied with Italian regulations on the protection of animals used for
experimental and other scientific purposes (DM 116192), as well as EU regulations (OJ of EC L 358/1,
18th December 1986).

4.3. LPS-Induced Periodontitis

Periodontitis was induced as described by Reference [43] and reported below. After slightly
anesthetizing the animals with sodium pentobarbital (35 mg/kg), periodontitis was induced by a single 1
uL LPS (10 pug/uL) intragingival injection derived from Salmonella typhimurium (Sigma-Aldrich) in sterile
saline solution. The inoculation was made in the mesolateral side at the interdental papilla between
the first and the second molar. It was performed slowly, and the needle was kept in place for some
seconds after the injection, to guarantee that LPS was not lost through needle extraction. In addition,
the animals were weighed daily, in order to control regular food intake and their masticatory behavior.

4.4. Experimental Groups

Rats were randomly divided into several groups (n = 10 for each), as reported below:

Group 1: sham + saline: animals received a single intragingival injection of saline solution instead
of LPS (N = 10);

Group 2: LPS + saline: rats were subjected to LPS-induced periodontitis (N = 10);

Group 3: LPS + Lut 10 mg/kg: rats were subjected to LPS-induced periodontitis plus daily
administration of Lut (10 mg/kg) for 14 days, starting from 1 h after the injection of LPS (N = 10);
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Group 4: LPS + Lut 30 mg/kg: rats were subjected to LPS-induced periodontitis plus daily
administration of Lut (30 mg/kg) for 14 days, starting from 1 h after the injection of LPS (N = 10);

Group 5: LPS + Lut 100 mg/kg: rats were subjected to LPS-induced periodontitis plus daily
administration of Lut (100 mg/kg) for 14 days, starting from 1 h after the injection of LPS (N = 10).

For oral administration, Lut was dissolved in 0.5 mL ethanol (50% purity) and given to the rats by
oral gavage; the dosages of Lut were chosen on the basis of previous studies [44,45].

At the end of the experiment, 14 days after LPS injection, the animals were sacrificed, and the gums
removed by surgical procedure and processed for biochemical analysis and histological examinations.

4.5. Radiography

For each rat belonging to the five experimental groups, radiographic analyses were performed,
using an X-ray machine (Bruker MS FX Pro, Billerica, MA, USA). The X-ray tube was operated at
30 kW, with a current of 6 mA, for 0.01 s, and the source-to-sensor distance was 50 cm. At the end of
the experiment, through the radiographs, we estimated the dental alveolar bone level expressed as the
distance from the cement-enamel junction (CEJ) to the maximum coronal level of the alveolar bone
crest (CE] bone distance), using IMAGE ] processing software (Image ] software, National Institutes of
Health, Bethesda, MD, USA).

4.6. Histological Examination

Histological procedures were performed as previously reported by Reference [46] and described
below. Samples were fixed in 10% (w/v) PBS-buffered formaldehyde solution at 25 °C for 24 h,
after which they were dehydrated via an increasing scale of alcohols and xylene, included in paraffin,
and cut under the microtome to obtain sections of 7 micrometers. After being hydrated, tissue sections
were stained with Hematoxylin/Eosin (H&E, Bio-Optica, Milano, Italy). A histological injury score for
gingivomucosal tissue was determined, using a semiquantitative scale that measures the subsequent
morphological criteria: 0, normal gingivomucosal tissue; grade 1, minimal edema or infiltration;
grade 2, moderate edema and inflammatory cell infiltration without obvious damage to gingivomucosal
architecture; and grade 3, severe inflammatory cell infiltration with obvious damage to gingivomucosal
architecture. For H&E staining, the results were shown at 10x magnification (100 um scale bar). All the
histological studies were performed in a blinded fashion.

4.7. Myeloperoxidase Activity

Myeloperoxidase (MPO) is an enzyme contained in the azurophilic granules of polymorphonuclear
neutrophils and macrophages and is released in the extracellular liquid in the presence of inflammatory
states. Various studies have highlighted how MPO is related to oxidative stress and inflammatory
processes; its determination is, therefore, a useful biomarker for diagnostic purposes.

MPO activity was determined in gingivomucosal tissues as previously described by Reference [47].

Samples were homogenized in a buffer containing 0.5% hexadecyl-trimethyl-ammonium bromide
dissolved in 10 mM potassium phosphate buffer, pH 7, and centrifuged for 30 min, at 20,000 rpm at 4 °C.
Subsequently, the fraction “supernatant” was reacted with a solution of 1.6 vinM tetramethylbenzidine
and 0.1 mM H,O;. The rate of change in absorbance was measured spectrophotometrically at 650 nm.
MPO activity was measured as the quantity of enzyme degrading 1 mM of peroxide 1 min at 37 °C
and was expressed in units per gram weight of wet tissue.

4.8. Masson Trichrome Stain

Masson’s trichrome is a coloring particularly useful for highlighting connective tissue, collagen,
reticular fibers, and muscle fibers. Thus, to assess fibrosis degree, gingivomucosal sections were stained
with the Masson trichrome stain, according to the manufacturer’s instructions (Bio-Optica, Milan,
Italy). For Masson trichrome staining, the results were shown at 10x magnification (100 pm scale bar).
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4.9. Blue Toluidine Staining

To evaluate mast cell amount and their degranulation, gingivomucosal sections were stained with
toluidine blue (Bio-Optica, Milano, Italy). This basic dye colors the sections blue, highlighting the mast
cells that appear purple. The number of metachromatic stained mast cells was obtained by counting
five high-power fields for the section, using an Axiovision Zeiss (Milan, Italy) microscope and the
correlated AxioVision software (Carl Zeiss Vision, Jena, Germany). Data were reported as the mean
with standard deviation (SD). For toluidine blue staining, results were shown at 40x magnification
(20 um scale bar).

4.10. Western Blot Analysis for IxB-a, NF-xB, COX-2, and iNOS

Cytosolic and nuclear extracts of gingivomucosal tissues were prepared as previously described
by Reference [48].

In the cytosolic fraction, the expressions of kappa light polypeptide gene enhancer in B cells
inhibitor alpha (IkB-«), iNOS, and cyclooxygenase 2 (COX-2) were quantified.

In the nuclear fraction, the expression of NF-kB was quantified. Filters were blocked with 1x PBS,
5% (w/v) nonfat dried milk (PM), for 40 min, at room temperature, and then probed with following
antibodies: anti-IkB-o (1:500, Santa Cruz Biotechnology, Dallas, Texas, USA #sc1643), anti-NF-«B (1:500,
Santa Cruz Biotechnology, #sc¢8008), anti-Cox2 (1:500, Santa Cruz Biotechnology, #sc-1746), anti-INOS
(1:500, Santa Cruz Biotechnology, #s¢8310) in 1x PBS, and 0.1% Tween-20, 5% w/v nonfat dried milk
(PMT) at 4 °C, overnight. After that, the membranes were incubated with peroxidase-conjugated
bovine anti-mouse IgG secondary antibody or peroxidase-conjugated goat anti-rabbit IgG (1:2000,
Jackson ImmunoResearch, West Grove, Pennsylvania, USA) for 1 h, at room temperature. To ascertain
that blots were loaded with equal amounts of proteins, they were also incubated in the presence
of the antibody against GAPDH (cytosolic fraction 1:500; Santa Cruz Biotechnology) or lamin A/C
(nuclear fraction 1:500 Sigma-Aldrich Corp.), as described by Reference [49].

4.11. ELISA Assay for TNF- a and IL-6

ELISA assay was performed as described by Campolo M. et al. [50].

Gingivomucosal tissues were thawed on ice and homogenized in 300 uL lysis buffer (750 uL,
Pierce #87787, Thermo Fisher Scientific, Waltham, MA, USA) and then complemented with a protease
inhibitor cocktail (Sigma-Aldrich, Rehovot, Israel). Subsequently, the samples were homogenized and
centrifuged at 14,000 g for 10 min at 4 °C; supernatants were collected, aliquoted, and deposited at
—20 °C. Cytokines levels were measured by ELISA, according to the manufacturer’s instructions.

4.12. Statistical Analysis

All values are showed as mean + standard error of the mean (SEM) of N observations. N denotes
the number of animals employed. The experiment is representative of at least three experiments
performed on different days on tissue sections collected from all animals in each group. Data were
analyzed by one-way ANOVA, followed by a Bonferroni post hoc test for multiple comparisons.
A P-value of less than 0.05 was considered significant.
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Abstract: Autophagy is a vacuolar, lysosomal degradation pathway for injured and damaged protein
molecules and organelles in eukaryotic cells, which is controlled by nutrients and stress responses.
Dysregulation of cellular autophagy may lead to various diseases such as neurodegenerative disease,
obesity, cardiovascular disease, diabetes, and malignancies. Recently, natural compounds have come
to attention for being able to modulate the autophagy pathway in cancer prevention, although the
prospective role of autophagy in cancer treatment is very complex and not yet clearly elucidated.
Numerous synthetic chemicals have been identified that modulate autophagy and are favorable
candidates for cancer treatment, but they have adverse side effects. Therefore, different phytochemicals,
which include natural compounds and their derivatives, have attracted significant attention for use
as autophagy modulators in cancer treatment with minimal side effects. In the current review, we
discuss the promising role of natural compounds in modulating the autophagy pathway to control
and prevent cancer, and provide possible therapeutic options.

Keywords: autophagy; cancer; phytochemical; natural compound; treatment
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1. Introduction

Autophagy is triggered by the entrapment of abnormal intracellular proteins, invading
microorganisms, and damaged organelles with the formation of double-layer autophagosomes, in the
presence of nutrient stress, injury, and fasting [1,2]. Along with cellular energy stability, autophagy
contributes to the control of cellular quality, and destruction of abnormal proteins and damaged
organelles [3]. As a result, the origin and development of many diseases, such as neurodegenerative
disorders, cancer, and autoimmune diseases, can be explained by defective autophagy [4]. Multiple
data states a connection between the variety of diet and feedback to cancer medication [5]. It has been
established that sufficient consumption of dietary and medicinal plant-derived biochemical compounds
lowers the frequency of cancer mortality. This occurs due to the activation or balancing of various
cellular oncogenes. In different human disorders, including cancer, there is documented evidence of
reduction of autophagic regulation. Several lines of evidence have shown that cancer plays a critical
role in inhibiting or augmenting autophagic pathways [6]. In addition, this dual role of autophagy
has a significant therapeutic benefit against cancer [7]. The present report has established that natural
product-derived bioactive molecules, along with lysosomal inhibitors, including chloroquine (CQ) and
hydroxychloroquine (HCQ) are important regulators of autophagy signaling [8]. In addition, these
proactive molecules can regulate the process of autophagy both in vitro and in vivo by involving the
enzymes, transcription factors, and various intracellular communication pathways [9]. The autophagy
stimulation or prohibition process is vastly complicated and regulated, so it needs to be extensively
explored. However, emerging evidence has implicated that extreme or damaged autophagy might lead
to a unique type of cell death known as autophagic cell death [10]. Conversely, the proposal of using
natural compounds as anti-cancer and autophagy-modulating agents requires a better understanding
of their cellular and molecular mechanisms. The mechanism of action needs to be further addressed.

In this review, we compiled the cellular and molecular mechanisms involved in the dual role of
autophagy, as a tumor-suppressing as well as a tumor-augmenting phenomenon in cancer. Current
improvements in the use of natural bioactive compounds for cancer treatment by targeting autophagic
action have been consistently analyzed [11]. Given the vital role of autophagy in cancer prevention
and treatment, we closely reviewed different plant-derived biomolecules that may play a role in
modulating the autophagy-linked signaling pathways as well as contribute towards competent
treatment strategies against specific molecular aspects in cancer. In particular, administration of
naturally derived compounds have been considered to regulate autophagy modulation, which might
help improve our understanding of the mechanisms of natural compounds in the management and
treatment of autophagy-linked diseases and cancers.

2. Mechanisms of Autophagy Signaling Pathway

Autophagy is a sensitive and tightly mannered process that has multiple steps [12]. Proteins crucial
for autophagy were first reported in yeast and are termed as autophagy-related (Atg) proteins [1,13].
Multiple sequential molecular events take place to initiate the autophagy signaling cascade. First,
an Atgl/unc51-like kinase (ULK) complex kinase regulates the induction, and the BECN1/class III PI3K
complex initiates the nucleation of vesicles [14]. In addition, ubiquitin-like conjugation systems (Atg12
and Atg8/LC3B) control vesicle elongation as well as retrieval of lipids mediated by transmembrane
Atg9 and associated proteins, which involve other Atg proteins [15]. Lysosome-associated membrane
protein 2 (LAMP2) and RAS-related protein-7 (RAB7A) participate in the fusion between lysosomes and
autophagosome formation [16]. Finally, vesicle breakdown and degradation by lysosomal hydrolases
produce recyclable products [17] (Figure 1). Microtubule-associated protein 1 light chain 3-beta
(MAP1LC3B) and Atg5-Atgl12 complex pathways, which are ubiquitin-like pathways, are regulatory
for vesicle elongation and are encoded by the yeast Atg8 pathway, which has a human homologue [18].
Following the autophagy response, human Atg4 cysteine protease cleaves LC3B protein and thereby
produces the LC3B-I isoform [19]. Activated LC3B-I isoform causes the activation of Atg7 protein
through LC3B-I and is transported to the Atg3 before formation of the LC3B-II isoform by the
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phosphatidylethanolamine (PE) conjugation with the carboxyl glycine of LC3B-I protein [20]. As a
consequence, elevated synthesis and processing of LC3B shows promise and has been mentioned as a
key marker of autophagy [20]. In the degradation of matured autophagosomes through the enzymatic
action of lysosomal enzymes, small molecules are produced that are used for de novo protein synthesis,
helping in survival and maintenance of homeostasis [21].
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Figure 1. Molecular mechanism of autophagy signaling. Autophagy is generally initiated by a
deficiency of growth factors or nutrients that trigger AMPK or mTOR inhibition. This stimulates FIP200
and Atg13 associated ULK complex. After that phosphorylation of Beclin-1, it leads to the activation of
VPS34, which further initiates the formation of phagophore. Conjugation of Atg5-Atgl2 encompasses
Atg7 as well as Atg10 to form an Atg12-Atg5-Atg16 complex that also stimulates phagophores formation.
Atg5, in addition to Atg12, makes an Atgl6 complex, which acts as an E3-function concerning LC3-PE
assembly (LC3-II). This complex likewise initiates the formation of a phagophore. Specifically, LC3-II is
an autophagy marker that is ultimately interrupted via autolysosomes. Maturation of autophagosome
leads to fusion with lysosomes in association with several lysosomal proteins, finally leading to
degradation of cargo in addition to recycling of metabolites and nutrients.

3. Molecular Mechanism of Autophagy Signaling in Cancer Pathogenesis

Under healthy conditions, cells have an innate ability for autophagy mechanisms to defend against
malignant transformation [22]. Generally, autophagy is initiated by the induction of tumor-suppressing
proteins, and oncoproteins are reported to inhibit this action [23]. Therefore, autophagy can act in
both pro-survival and pro-death stages of tumor initiation and development [23]. The disturbed
autophagy pathway can contribute to tumor development, as it leads to accumulation of damaged
organelles and protein aggregates, which ultimately produce reactive oxygen species (ROS) and lead
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to genome instability [24]. Several researchers have reported that chemotherapeutics and avenues
for cancer treatment can be accelerated by altering autophagic signaling that result in tumor cell
death by inhibition of pro-survival and tissue specific apoptosis inducing factors [25]. Additionally,
autophagy has been described as having a dual function in the promotion as well as inhibition of
metastasis [26]. In the early stages, autophagy prevents metastasis, whereas in later stages it favors
metastatic activity [26]. However, poorly vascularized tumor cells may survive at low nutrient and low
oxygen levels through TGF-f3, and other signals that trigger autophagy [27]. Furthermore, autophagy
has directly regulated the metastatic cascade mainly through migration, invasion, and epithelial
to mesenchymal transition (EMT) of cancer cells [26,28]. The importance of autophagy at diverse
stages of tumorigenesis and metastasis is illustrated in Figure 2. It has been found that many cells
within the tumors such as immune cells, fibroblasts, and endothelial cells are surrounded by the
tumor microenvironment and have been acknowledged as an attractive target to reduce resistance to
anticancer treatment. Natural compounds from vegetables, spices, marine organisms, herbs, and fruits
have been reported to prevent or reverse multistage carcinogenesis as well as to prevent cancerous
cell proliferation [29]. Additionally, microRNAs (miRNAs), which control the expression of genes,
play an important role in diverse biological processes. It has been found that miRNA expression
dysregulation is highly related to cancer development [30]. Recently, several studies have shown that
natural compounds, such as paclitaxel (PTX), genistein, curcumin, epigallocatechin-3-gallate (EGCG),
and resveratrol exhibit pro-apoptotic or anti-proliferative properties that are controlled by miRNAs,
and lead to inhibition of cancer cell growth and proliferation, apoptosis induction, and improvement
of conventional cancer treatment and therapeutic efficiency [30]. However, these naturally occurring
compounds could be modulated by different signal transduction pathways through their connection
via cancer cells, tumor microenvironment, and miRNA. These are described later in this study.
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Figure 2. In cancer cells, autophagy exhibits a dual role in metastasis and invasion. Depending on the
stage and type of tumor cell, autophagy can prevent or stimulate cancer cell maintenance. In the early
stages of autophagy in primary tumors, metastasis has been suppressed via anti-metastatic elements in
addition to stimulation of tumor conservation along with progression by inducing cellular resistance
against TRAIL, a tumor necrosis factor-related apoptosis-inducing ligand, to induce apoptosis. Later,
in the course of invasion, tumor cells spread and enter lymphatic or blood vessels. Here, autophagy
shows a pro-metastatic function through cell protection from anoikis triggered via extracellular
matrix detachment.
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3.1. Autophagy Signaling Roles in Cancer Inhibition

Several studies have reported that autophagy inhibition via manipulated pharmacological
or genetic tools can be a possible chemotherapeutic option. Recently, scientists have focused
on the combined treatment of chemically synthesized autophagy inhibitors and traditional
chemotherapeutics [31]. Cancer cell sensitization with 3-methyladenine (3-MA), wortmannin, CQ,
LY294002, bafilomycin Al (Baf A1), and HCQ-like inhibitors of autophagy to chemotherapeutic drugs
have been reported to accelerate cell death pathway action [32,33]. In the abovementioned inhibitors,
some of them are preliminary stage inhibitors of autophagy, like wortmannin, LY294002, and 3-MA,
which block the autophagosomes formation, while others act on the basis of lysosomal action at
late stages [34]. Table 1 shows several valuable effects of natural compounds combined with some
autophagy inhibitors in different cellular cancer models. In breast cancer cells, the pro-survival
nature of cancer cells can be downregulated by LC3 via shRNA blocking and sensitization of the
carcinoma cells to apoptotic factors such as trastuzumab [35]. In leukemia, pro-survival function
with pharmacological inhibitors or RNAi can also block accelerated induced cell death by imatinib
mesylate [36]. Autophagy can sensitize and make cells susceptible to radiotherapy, such as HBL-100
cells, for radiotherapy treatment, and 3-MA leads to the inhibition of autophagy by imposing the
pro-death effects of therapy [37]. In BIF-1 knockout mice, there is impairment of autophagy in addition
to an increase in the rate of tumor formation, while mutations in UVRAG decrease autophagy along
with increased proliferation of colorectal cancer cells [38]. These reports propose that Beclin-1 acts as an
insufficient tumor-suppressor gene and fully incorporates the theory of tumor-suppressive autophagy
induction at early stages [39]. In the livers of mice, Atg gene deletion can lead to the formation of
multiple benign tumors. In systematic mosaic Atg5 and Atg7 deletion mice, these specific deletions
magnify the chance of tumor induction and lead to tumor development [40]. At early stages of cancer
formation, Atg4 suppresses tumor developing activity and Atg4c deficiency is proven to be more
easily identifiable in chemical carcinogen-induced fibrosarcoma. These reports help to understand the
suppressive roles of autophagy in cancer with genetic deletion of specific regions [41].

Table 1. Mechanism of action of combination of natural compounds and autophagy blockers,
3-methyladenine (3-MA), chloroquine (CQ), and bafilomycin A1 (Baf A1) in modulating autophagy
and apoptosis in various cancer cell models.

Natural . Combination with
Compound/Chemical Cell Model Molecular Mechanisms Autophagy Inhibitors References
180c—G1ycyrrhetm1c Neuroblastoma Autopha}gy anq apoptosis 'CQ combination [42]
acid induction induces cell death
Induction of apoptosis and Baf A1 combination
Resveratrol Glioblastomas autophagy via reduction of augments apoptotic [43]
ROS/MAPK pathway cell death
Curcumin Clioblastomas Induction of autophagy CQ comb}natlon rises [44]
and apoptosis apoptotic cell death
Cortical astrocytes CQ and Baf A1
Gintonin and glioblastoma Induction of autophagy ~ combination stimulates [45]
cells autophagy
PI3K/Akt inhibition and CQ combination
Quercetin U373MG cells causes apoptosis and increases apoptotic cell [46]
autophagy death
Human lung Induction of autopha 3-MA combination
Paclitaxel carcinoma A549 phagy enhances apoptotic cell [47]

cells

and apoptosis

death

249



Biomedicines 2020, 8, 517

Table 1. Cont.

Natural . Combination with
Compound/Chemical Cell Model Molecular Mechanisms Autophagy Inhibitors References
MIA PaCa-2 Autophagy and apoptosis CQ combination
Genistein human pancreatic phagy and apop stimulates apoptotic [48]
induction
cancer cell cell death
Non-small cell lung 62 and LC3 induces Combination of CQ
Honokiol cancer A549 and p . . X . [49]
H460 cells autophagy induction triggered apoptosis
Ginsenoside Neuroblastoma ROS-mediated autophagy Combination of CQ
Compound K SK-N-BE(2) and inhibition and apoptosis inhibit autophagy and [50]
P SH-SY5Y cells induction induces apoptosis
Neuroblastoma PIBK/AKT/mTOR pathway 3-MA combination
Oxyresveratrol SK-N-BE(2) and independent autophagy enhances apoptotic cell [51]

SH-SY5Y cells

and apoptosis

death

3.2. Autophagy Signaling Roles in Cancer Promotion

Autophagy induction is a possible anti-cancer mechanism in which cancer cells have a faulty or
altered apoptotic cell death pathway [52]. Consequently, autophagy induction along with autophagy
inhibition can induce apoptosis and exert anti-cancer effects [53]. Several inhibitors, such as Bcl-2,
EGFR, and mTOR, are currently used in cancer treatment [54]. Inhibitory molecules are known to be
effective against a variety of cancers, and some induce autophagy in breast cancers, gliomas, and lung
cancers through rapamycin, an inhibitor of mMTORC2 [54]. Another known inhibitor of the mTOR,
deforolimus (AP23573, MK-8669), is proposed to treat patients with relapsed or refractory hematologic
malignancies [55]. Another antibody against epidermal growth factor, cetuximab, can regulate
autophagic cell death in cancer cells by disrupting the interaction between Bcl-2 and Beclin-1 [56].
Several reports explain that the expression of the viral oncogenes Kirsten and Harvey RAS virus is
capable of autophagy induction in certain cells [22]. In pancreatic and colorectal cancer cells, elevated
levels of RAS mutations are reported to be correlated with higher autophagy rates, where increased
levels maintain cell proliferation in RAS-activated tumors and inhibition of autophagy results in
reduced cell proliferation, ultimately leading to tumor regression [57]. Lung cancers are also dependent
on autophagy, which is similar to the mechanism of RAS-driven cancers regulated by valine-to-glutamic
acid substitution at BRAF position 600 (BRAFV600E) [58]. In vivo studies have reported that deletion
of subunit FIP200 related to the ULK1 complex in autophagy initiation blocks the growth of breast
cancer and extends the life cycle of mice [59]. In addition, activated AMPK generated by ATP can also
trigger an autophagic event [60].

4. Natural Compound Triggers in Autophagy Modulation

A single therapeutic strategy and a combination modality can both be favorable for cancer treatment.
The various strategies include radiation therapy, immune or genetic therapy, and chemotherapy, all of
which create new diversions and avenues in the field of cancer treatment with adequate levels of
safety and accuracy [15,61,62]. Natural compounds are effective in the positive regulation of anticancer
activity, as they inhibit cellular proliferation, adjust the oxidative stress response, and manipulate
autophagic signaling and response [15,63]. This entire response of natural compounds is dependent on
the cell type. The role of several natural compounds that modulate different pathways of autophagy
signaling is illustrated in Figure 3.
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Figure 3. Key autophagy pathway and its regulators (natural compounds) for treating diverse cancers.
This figure is modified from Wang et al. [64]. Natural compounds activate autophagy by several
autophagic signaling targets and show a close relationship with cancer development and control.
Multiple signaling pathways are activated or inhibited by natural compounds to modulate cancer cells.

4.1. Inhibition of Autophagy by Natural Compounds for Cancer Therapy

Apigenin: Apigenin, a flavonoid found in vegetables and fruits, can initiate tumor cell death
through autophagy and apoptosis [65]. In combination with retinamide, N-(4-hydroxyphenyl), apigenin
suppresses autophagy and increases apoptosis in human neuroblastoma (NB) cells [66].

Genistein: Genistein, a nutritive natural compound, has been documented to repress autophagy
and induce apoptosis of human colon cancer HT-29 cells alone with downregulation of the PI3K/Akt
signaling pathway [67]. Another mechanism of action of genistein is that it also exerts an antiproliferative
effect on ovarian cancer cells through autophagy as well as apoptosis [67]. Genistein augments miR-451
expression and improves isoproterenol-mediated cardiac hypertrophy [68]. Furthermore, genistein
increases miR-1469 expression and prevents Mcl-1 expression in laryngeal cancer [69].

Indole-3-carbinol: Indole-3-carbinol, a natural compound collected from cruciferous vegetables,
usually inhibits the PI3K/Akt pathway along with blockage of autophagy signaling in human colon
cancer HT-29 cells [67].

Plumbagin: Plumbagin is obtained from Plumbago zeylandica L. root and has a prompt
antiproliferative activity through autophagic cell death, mediated via inhibition of AKT/mTOR
pathway in human cervical cancer cells [70].

4.2. Induction of Autophagy by Natural Compounds as Potential Cancer Therapy

Antroquinonol: Antroquinonol, produced from Antrodia Camphorata, shows anti-tumor activity
in various cancer cells [71]. Antroquinonol has been demonstrated to exhibit inhibitory effects on
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non-small cell lung cancer (NSCLC), as well as human pancreatic cancer, PANC-1 and ASPC-1,
via the PI3K/Akt/mTOR pathway [72]. The anti-proliferative effect of antroquinonol is related to
apoptosis, autophagic cell death, and rapid senescence of the pancreatic cells [72]. Several studies have
demonstrated that antroquinonol can be introduced for the treatment of neoplasms [73]. A proposed
clinical trial in metastatic pancreatic carcinoma is aimed at evaluating the anticancer activity of
antroquinonol in combination with nab-PTX and gemcitabine [74].

18x-Glycyrrhetinic acid: 18«x-Glycyrrhetinic acid (18-GA), a known gap-junction inhibitor, has been
shown to demonstrate anticancer properties in human NB cells [42]. 18-GA has been shown to induce
autophagy as well as apoptosis. Autophagy increases Atg5, Atg7, and LC3II along with degradation
of p62 (Figure 4). Furthermore, 18-GA, along with the autophagy inhibitor CQ, induces significant
cell death in NB cells. Moreover, the Bcl-2/Beclin-1 interaction in addition to the cleavage of Beclin-1
has been revealed by 18-GA in autophagy and apoptosis induced cell death. Caspase-3 siRNA and
pan-caspase inhibitor treatment have been demonstrated to prevent 18-GA-induced cellular cytotoxicity,
indicating that caspase-mediated apoptosis induction was observed in human NB cells [42].

[ —— Activation |
| —— Inhibition | ell Dea
\ J Downregulation |

Figure 4. 18x-Glycyrrhetinic acid-mediated cell death in human neuroblastoma cells. 18-GA induces
mitochondria-mediated apoptosis to alter mitochondrial membrane potential in a significant change in
with Bax/Bcl-2 ratio. Autophagy-related proteins Atg5/7, Beclin-1, LC3, and p62 were activated during
18-GA-mediated autophagic cell death. Beclin-1 contributes to autophagy in addition to apoptosis
induction in 18-GA-mediated cell death. Additionally, ROS and ER stress showed no changes during
18-GA treatment in SH-SY5Y and B103.

Celastrol: Celastrol, a popular natural medicinal compound triperine secreted from
Tripterygium wilfordii Hook, is a polyubiquitinated aggregate that degrades the autophagy substrate p62
in the human glioblastoma (GBM) cancer cells [75]. Celastrol-mediated cytotoxicity was not sensitized
by adjustment with autophagy inhibitors. Paraptosis-like cytoplasmic vacuolization can be induced by
celastrol and has been associated with autophagy and the initiation of apoptosis in PC-3, A549, and
HelLa cancer cells [76]. Celastrol can be used to treat fever, joint pain, and edema without causing any
side effects [77]. Recently, many research studies have identified celastrol as a neuroprotective agent
via a collaborative drug screen that can be used for the treatment of many neurodegenerative diseases.

Monanchocidin A: An active novel alkaloid, monanchocidin A, has been recently isolated from
Monanchora pulchra, a marine sponge [78]. Monanchocidin can initiate autophagy and lysosomal
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membrane permeabilization in tumor cells [78]. Many studies have demonstrated that monanchocidin
A can inhibit human urogenital cancers, including germ cell tumors, through autophagy signaling [79].

Paclitaxel: PTX, a natural medicinal compound isolated from Taxus brevifolia Nutt, shows a vast
range of effect against various types of cancer such as breast, endometrial, bladder, and cervical
cancer, by influencing the autophagy pathway [80]. The US Food and Drug Administration (FDA) has
approved PTX for the treatment of ovarian cancer and early stage breast cancer. The anticancer activity
of PTX is increased when PTX is combined with cisplatin or carboplatin, and the combined compound
can be used for the early treatment of advanced ovarian cancer [81]. It has been shown that PTX can
inhibit the initial stage of autophagy, along with apoptosis, under normoxic and hypoxic conditions in
human breast cancer cells [82]. PTX-initiated apoptosis was combined with the initiation of autophagy
in A549 lung cancer cells [47]. Treatment with PTX also initiated acidic vesicular organelle formation,
Beclin-1, Atg5, and LC3 expression, and the prevention of autophagy proceeds via PTX-mediated
cell death [83,84]. Autophagy can promote PTX-mediated cell death. In human breast cancer cells,
PTX prevents autophagy via an individual mechanism based on the cell-cycle phase [84].

Gintonin: Gintonin (GT), a novel ginseng-derived exogenous ligand of lysophosphatidic acid
(LPA) receptors, has shown to induce autophagy in cortical astrocytes [45]. GT intensely augmented
the autophagy marker LC3 via the G protein-coupled LPA receptor-mediated pathway. However,
GT-mediated autophagy was considerably decreased via autophagy inhibition 3-MA as well as
Beclin-1, Atg5, and Atg7 gene knockdown [15,45]. Notably, pretreatment with a lysosomotropic agent,
Baf Al and E-64d/peps A, GT significantly improved LC3-II levels in addition to the formation of
LC3 puncta (Figure 5). Furthermore, GT treatment improved autophagic flux, which influenced
lysosome-associated membrane protein 1 (LAMP1) in addition to degradation of the autophagy
substrate ubiquitinated p62/SQSTM1 protein in mouse cortical astrocytes [45].
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Figure 5. Gintonin (GT) activates autophagy in mouse cortical astrocytes. GT-mediated autophagy
was dependent on GPCR-LPA receptors. Pretreatment with an LPA receptor antagonist, Ki16425,
considerably decreased GT-mediated autophagy, while LPA agonist pretreatment, LPA 18:1, augmented
autophagy in astrocytes. Autophagy initiation proteins Atg5, Atg7, and Beclin-1 were found to be
activated in GT-mediated autophagy in astrocytes. Inhibition of autophagy by 3-MA, GT-mediated
autophagy was prevented. Pretreated with E-64d/pepstatin A and bafilomycin Al, GT additionally
improved LC3 puncta formation indicating enhanced autophagic flux in cortical astrocytes. GT treatment
increased acidic vacuole formation along with p62 protein accumulation during this autophagy process.

-elemene: 3-elemene, derived from Rhizoma Curcumae, is a natural terpenoid bioactive compound
that shows strong activity against various types of cancers [40]. In the human body, 3-elemene works
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against the PI3K/Akt/mTOR/p70S6K pathway that induces autophagy and apoptosis of human
NSCLCAS549 cells [85]. As (-elemene increases the antitumor effect, autophagy is prevented by the
interception with chlorochine [85]. In human renal-cell carcinoma 786-0 cells, 3-elemene is used for the
inhibition of the MAPK/ERK and P13K/Akt/mTOR signaling pathways to initiate defensive autophagy
and apoptosis [86].

Caffeine: In HeLa cells, the Akt/mTOR/p70S6K pathway initiates autophagy and apoptotic cell
death under the influence of caffeine that is routinely consumed in beverages [87].

Curcumin: Curcumin is a non-toxic toxic polyphenol with yellow pigment isolated from the
rhizome of Curcuma longa L. [88]. Curcumin-associated autophagy is considered to be a signal for
cellular death in various types of cancer cells in the human body. Nevertheless, in the human
body, curcumin can induce cellular differentiation and cellular survival by regulating the activities of
AKT-AMPK-mediated autophagy induction [89]. Thus, it prevents the growth of malignant glioma
cells in vitro and in vivo. Curcumin is used to induce non-apoptotic autophagy cell death in U87-MG
and U373-MG malignant glioma cells [90]. This activity is related to the G2/M phase cell cycle attack, the
prevention of the ribosomal S6 protein kinase pathway with the ERK1/ERK?2 activation pathway [90].
Curcumin is responsible for Atg apoptosis in mesothelioma and k562 long-standing myelogenous
leukemia cells by AKT/mTOR and NF-«B signaling pathways [91]. Curcumin can be used as an
effective therapeutic compound in cancer management and is well endured, as confirmed by preclinical
data in clinical experiments [88]. Curcumin has been found to suppress TGF-f3 expression, such
as p-SMAD2, TGF-$3, MMP-13, and NF-«kB tumor-promoting factors as well as metastatic active
adhesion molecules, such as intercellular adhesion molecule 1 (ICAM-1) and 1-integrin in stromal
fibroblasts and colorectal cancer cells [92]. In addition, MiR-1246 has been shown to be involved in
curcumin-induced radiosensitizing actions on bladder cancer cells by targeting p53 translation [93].

Tetrahydrocurcumin: Tetrahydrocurcumin (THC) is one of the strongest bioactive natural
metabolite derived from curcumin. THC effectively shows strong antioxidant, anticancer, and
cardioprotective properties [94]. The action of THC on autophagy was assessed by the decrease in the
PI3K/Akt-mTOR and MAPK signaling pathways and initiation of caspase-7 mediated apoptosis [95].

Oxyresveratrol: Oxyresveratrol (Oxy R), 4-[(E)-2-(3,5-dihydroxyphenyl) ethenyl] benzene-1,3-diol/
2,3,4,5-tetrahydroxy-trans-stilbene found in Morus alba, has been shown to activate autophagy and
apoptotic cell death in NB cells [51] (Figure 6). Oxy R-mediated autophagic cells were independent
of apoptotic cell death. The PI3K/AKT/mTOR and p38 MAPK pathways control Oxy R-induced cell
death in SH-SY5Y human NB cells [51].

Epigallocatechin-3-gallate: The activity of cisplatin and oxaliplatin-initiated autophagy was
promoted by EGCG in HT-29 and DLD-1 colorectal cancer cells, as identified by the multiplication
of LC3B-II protein and autophagosome organization [96]. EGCG initiated autophagy as well as
apoptosis in SSC-4 squamous cell carcinoma in combination with the upregulation of FAS, BAK,
BAD, IGF-IR, WNTIL, and ZEBI proteins along with downregulation of MYC, TP53, and CASP8
proteins [97]. The formation of autophagosomes is increased by EGCG. In hepatic cells, the processes
of lysosomal acidification and autophagic flux are also increased by EGCG in vitro, as well as
in vivo [98]. Remarkably, luteolin and EGCG combination repressed TGF-f-mediated demonstration
of myofibroblast phenotypes by reducing RhoA as well as ERK activation [99]. EGCG suggestively
repressed rat hepatic stellate cells proliferation through hindering expression of PDGF-f3 receptor
and tyrosine phosphorylation [100]. Furthermore, it has been found that EGCG attenuates uric
acid-mediated NRK-49 F cell injury by up-regulating miR-9, and successively by JAK-STAT as well
as NF-kB signaling pathway activation [101]. EGCG reduces carcinoma cell growth probably by
regulating miRNA expression, and may be a potential beneficial target for the prevention of cancers.
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Figure 6. Natural compound oxyresveratrol (Oxy R) stimulates apoptosis and autophagy-dependent
cell death. Oxy R activates autophagy through autophagy initiation Atg7 and Beclin 1 dependent
pathways. Atg7 knockdown prevents autophagy, but activates apoptotic cell death in SH-SY5Y cells.
Blockage of autophagy via 3-MA, Oxy R inhibits autophagic cell death. When apoptosis signaling is
inhibited by Z-DEVD-FMK caspase-3 inhibitor, Oxy R exhibits autophagic cell death.

Fisetin:  Fisetin (3,7,3’,4'-tetrahydroxyflavone), a flavonol and a member of flavonoid
polyphenols [102], is usually isolated from many vegetables and fruits [102]. Fisetin can function
as an inhibitor of the expression of PI3K/Akt/mTOR pathways and regulate autophagy in prostate
cancer and human NSCLC cells [103,104]. Fisetin has been found to inhibit the mTOR pathway and
induce autophagy in human prostate cancer cells [105]. In addition, the effects of fisetin on autophagy
are cell-type specific because fisetin inhibits autophagy in MCF-7 breast cancer cells and induces
caspase-7-mediated apoptosis [106].

y-Tocotrienol: Tocotrienols and the isoforms of vitamin E are differentiated on the basis of
their antioxidant, anti-inflammatory, and anticancer properties. y-tocotrienol induces endoplasmic
inflammation and autophagy-associated cell death [107]. Pretreatment with the autophagy inhibitors
3-MA or Bafl prevented the y-tocotrienol-initiated cytotoxicity [108]. Many other studies have
demonstrated that in mouse mammary cancer cells, the attachment of y-tocotrienol with oridonin
effectively initiated both autophagic and apoptotic effects [109]. The potency of autophagy cellular
markers was significantly enhanced by the attachment of y-tocotrienol with oridonin [110].
Simultaneously, this potency also improved the transformation of LC3-I to LC3-II, Atg3, Atg7,
Beclin-1, Atg5-Atg12, LAMP-1, and cathepsin-D.

Geraniol: Fruits, vegetables, and cereal grains contain geraniol, a secondary metabolite, that in
human PC-3 prostate cancer cells was shown to induce apoptosis and Atg cell death [111].

Seriniquinone: Seriniquinone is a medicinal compound derived from a marine bacterium of
the genus Serinicoccus. It exhibits effective anti-proliferative activity against melanoma cell lines by
activation of autophagocytosis [112].

Thymoquinone: Thymoquinone (TQ) is a key bioactive natural product isolated from black
cumin, Nigella sativa L. TQ is related to increased volumes of autophagic vacuoles, as well as LC3
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proteins, and enhances the combination of autophagosomes in the head and neck squamous carcinoma
cells [113]. TQ effectively reduced the growth rate of GBM cells in association with the lysosomal
inhibitor CQ, mostly causing apoptosis, and initiating autophagy [114]. LC3-II and p62 proteins
are enhanced by the expression of TQ [114]. It was also shown that TQ prevented the growth of
irinotecan-inhibited LoVo colon cancer cells by primarily activating apoptosis before autophagy [115].
Activation of the p38 and JNK MAP kinase pathways is related to TQ, which causes autophagic cell
death [115]. TQ-induced caspase and autophagic cell death were also related to mitochondrial outward
membrane penetrability [114].

Magnolol: Magnolol, isolated from Magnolia officinalis, exhibited anti-cancer and anti-tumor
activity by directing autophagy and apoptosis signaling pathways [116]. However, magnolol promotes
autophagy-mediated cell death in human non-small lung cancer H460 cells at high concentrations [117].
Additionally, in SGC-7901 human gastric adenocarcinoma cells, magnolol has been shown to repress
PI3K/Akt pathway and encourage death by inducing autophagy [118].

Polyphenol mulberry extract: Mulberry is derived from Morus Alba leaf, which modulates
the autophagy AMPK/PI3K/Akt pathway [119]. In Hep3B human hepatocellular carcinoma cells,
mulberry extract modulates autophagic or apoptotic cell death by the activation of the p53-dependent
pathway [120]. It has been found that in NB cells, Morus alba root extract initiates apoptosis through
FOXO-Caspase-3 dependent pathway [121].

Oblongifolin C: Oblongifolin C (OC), isolated from Garcinia yunnanensis Hu, is a strong autophagy
inhibitor [122]. Treatment with OC resulted in an augmented number of autophagosomes as well
as reduced SQSTM1/p62 and degradation [123]. OC showed anticancer effectiveness by improved
staining of LC3 puncta, SQSTM1, and cleaved CASP-3, along with decreased expression levels of
lysosomal cathepsins in an in vivo xenograft mouse model [122].

Naphthazarin: Naphthazarin repressed the Akt/PI3K pathway by activating autophagy and
apoptosis pathways and by inducing A549 lung cancer cell death [124].

Sulforaphane: Sulforaphane is derived from cruciferous vegetables, such as cauliflower, cabbage,
broccoli, and hoary weed [125]. In human prostate cancer PC-3 cells, sulforaphane has been shown to
prompt autophagosome formation as well as acidic vesicular organelle formation [126]. Sulforaphane
augmented the protein levels of LC3B-I in addition to encouraging LC3B-II processing. Exposure
to sulforaphane in tumor cells displayed LC3B-II puncta related to autophagosome formation [127].
It also disrupted BECN1/BCL-2 interaction, causing autophagy initiation through the release of BECN1.
Phosphorylated AKT-Ser473 levels decreased by sulforaphane in addition to simultaneous treatment
with autophagy inhibitors, 3-MA or CQ, and inhibited tumor cell growth and proliferation [128].
Sulforaphane initiation decreases oxidative stress in addition to misfolded protein accumulation [129].

Mollugin: A bioactive phytochemical, mollugin, sequestered from Rubia cordifolia L., showed
anticancer potential against numerous cancer cells [130]. Additional studies confirmed that the mTOR
and ERK pathways are involved in mollugin-prompted autophagy in addition to apoptosis [131].

Jujuboside B: Jujuboside B is a saponin found in the seeds of Zizyphus jujubavar Spinose. Itincreased
autophagy and apoptosis in human HCT-116 and AGS gastric adenocarcinoma cells in vitro and
successfully repressed tumor growth in a xenograft model of nude mice in vivo [132]. Furthermore,
jujuboside B activated p38/JNK-mediated autophagy induction through cytoplasmic vacuole formation
in addition to LC3-I/II conversion [132].

Cyclovirobuxine D: Cyclovirobuxine D (CVB-D) has been shown to activate autophagy in the
human MCEF-7 breast cancer cell line through the addition of autophagosomes as well as raised
LC3 puncta, along with augmented conversion of LC3-I to LC3-II [133]. However, CVB-D-mediated
autophagy induction and cell viability were blocked by 3-MA [133].

Polygonatum odoratum lectin: Polygonatum odoratum lectin (POL) has been shown to reveal
apoptosis-inducing and anti-proliferative properties in a wide range of cancer cells [134]. In human
breast cancer NSCLC A549 and MCEF-7 cells, POL prompted both autophagy and apoptosis [135].
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POL stimulated apoptosis by preventing the AKT/NF-«kB pathway, whereas augmented autophagy
through AKT-mTOR pathway suppression [135].

Resveratrol: Resveratrol, a polyphenol compound derived from berries, red grapes, and peanuts,
has been shown to facilitate cell death in a diverse variety of cancer cells through autophagy,
apoptosis, and necrosis [136,137]. In ovarian cancer cells, resveratrol has been found to activate
autophagic cell death [138]. However, resveratrol inhibited NF-«B stimulation in association with
augmented permeability of lysosomal in cervical cancer cells, demonstrating autophagic cell death [139].
Additionally, in HL-60 promyelocytic leukemia cells, it has been described that resveratrol-prompted
apoptosis increased LC3-1I levels in addition to dependency on mTOR pathway [140]. Meanwhile,
resveratrol-mediated apoptosis was related to reduced p53 and AMPK/mTOR autophagy signaling
pathwaysin renal carcinoma cells [141]. The antiproliferative action of resveratrol has been found in liver
myofibroblasts by preventing PDGEF signaling and decreasing EGF-dependent DNA synthesis [142].
Additionally, in retinal endothelial cells, resveratrol has been found to increase miR15a expression
under conditions of high glucose levels and decreased insulin signaling [143].

Quercetin: Quercetin, a bioflavonoid, is generally found in fruits, beverages, and vegetables.
In vitro and in vivo studies have shown that it exhibits antiproliferative activities in numerous tumors
conventionally related to its antioxidant properties [144].

Rottlerin: Rottlerin, a natural product sequestered from Mallotus philippinensis, repressed
PI3K/mTOR signaling in human pancreatic cancer stem cells, and activated autophagy-mediated
apoptotic cell death [145].

Angelicin: Angelicin, a psoralen, is derived from Angelica polymorpha and has been shown to
induce apoptosis [146,147] and autophagy [148]. Angelicin increased autophagy-related proteins Atg3,
Atg7 and Atgl2-5 with phosphorylation of mTOR [148,149].

Ursolicacid: A triterpenoid phytochemical, ursolic acid (UA), has been found to activate autophagy
by inducing LC3 in addition to p62 protein accumulation [150]. In HCT15 cells, UA repressed growth
by modulating autophagy in the JNK pathway [151]. However, UA induced cytotoxicity in addition to
repressing concentration-dependent TC-1 cervical cancer cells by controlling Atg5 and LC3-II, which
demonstrated its anticancer activity [150]. Furthermore, in MCF7 breast cancer cells, UA activated
autophagy under ER stress [152]. In PC3 prostate cancer cells, UA-induced autophagy was facilitated
by the Akt/mTOR and Beclin-1 pathways [153].

Polygonatum Cyrtonema Lectin: Polygonatum Cyrtonema Lectin (PCL) inhibits the PI3K-Akt
pathway in addition to prompting autophagy and apoptosis in cancer cells [154]. Although PCL
significantly prevented the growth of A375 human melanoma cells, normal melanocytes were not
affected [155]. Additionally, PCL has been found to stimulate both autophagy and apoptosis in A375
cells [156].

Silibinin: Silibinin, derived from Silybum marianum, has been shown to induce autophagic HT1080
cell death in human fibrosarcoma through diverse mechanisms, including inhibition of MEK/ERK and
PI3K/Akt pathways [157].

Plant extract induces autophagy: Several plant-derived extracts from Dioscorea nipponica Makino,
Melandrium firmum, marine algae, and natural flavonoids have been found to induce apoptosis and
autophagic properties [158-161]. Saussurea lappa ethanol extract has been investigated to activate
apoptosis in NB [162] and autophagy in LNCaP prostate cancer cells [163].

Ginsenoside Rkl: Ginsenoside Rk1, an NMDA receptor inhibitor [164], exhibited antitumor
and autophagy modulation activities in HepG2 cells. Rkl-prompted autophagy was recognized
through LC3-I to LC3-II conversion, which incorporated lysosomes into the autolysosome process [165].
However, the autophagy inhibitor, Beclin 1 siRNA or bafilomycin Al, and Rk1 combination boosted
autophagic activities in HepG2 [165].

Climacostol: In mouse B16-F10 melanoma cells, autophagosomes accumulate with dysfunctional
autophagic degradation. However, climacostol provides mechanistic insights and promotes
autophagosome turnover through the p53-AMPK pathway and activated p53 protein levels [166].
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5. Role of Natural Compounds in Autophagy Modulation of Neurodegenerative Diseases

Natural plant-derived compounds are able to modulate autophagy and can be used to develop
treatments for neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease (HD), Amyotrophic lateral sclerosis (ALS), Spinocerebellar ataxia (SCA),
and NB [167]. Oleuropein aglycone (OLE), a natural phenol, can protect the Af3-driven cytotoxicity
of neuronal cells by stimulating autophagy found in in vitro and in vivo examinations, thereby
easing A toxicity clearance of AD. [168,169]. Arctigenin, derived from Arctium lappa (L.), inhibits
Ap production by decreasing BACE1 and boosts AP clearance by increasing autophagy via
AKT/mTOR inhibition [170]. Another polyphenol, resveratrol, significantly represses A3 aggregation
via autophagy and shows antioxidant effects in AD [171-173]. Kaempferol, a flavone, increases
autophagy and encourages mitochondrial damage repair, protecting neuronal cells against death via
rotenone-induced toxicity in PD models [174]. Uncaria rhynchophylla contains alkaloids of oxindole
and was found to prompt Beclin-1-dependent as well as mTOR-independent autophagy, which
stimulated x-synuclein clearance in the Drosophila model of A53T, both wild-type and mutant [175].
Conophylline, Tavertaemontana divaricate-derived vinca alkaloid, has been shown to promote x-synuclein
degradation via the mTOR-independent pathway in MPP*-mediated neurotoxin [176]. Curcumin, a
polyphenol from Curcuma longa turmeric plant, has been shown to exhibit neuroprotective properties
against PD models via mTOR-dependent autophagy and preventing oxidative stress, inflammation,
and a-synuclein aggregation. [177]. Trehalose, resveratrol, and onjisaponin B improve autophagic
degradation of a-synuclein when treating MPTP-induced mice, in addition to stimulating AMPK
and sirtuin 1 protein [178,179]. A natural alkaloid, harmine, has been found to stimulate x-synuclein
removal by PKA-mediated PD pathogenesis of UPS activation [180]. Distinct AD, PD, and HD
neurodegenerative syndromes might be treated via natural compounds through modulation of
autophagy [1]. Nelumbo nucifera contains neferine, which has been shown to protect Htt mutant proteins
via autophagy triggering with the AMPK/mTOR pathway [181]. Aggregate-prone mutant Htt protein
has been removed by trehalose through an mTOR-independent autophagy pathway [182]. Berberine,
an isoquinoline alkaloid, has been shown to prevent mutant Htt protein accumulation and activate
autophagy in mouse and cell models of HD [183]. In particular, trehalose has been found to stimulate
mTOR-independent autophagy in superoxide dismutase mutant mice in the management of ALS
in vivo [184]. Trehalose and its analogs, such as lactulose and melibiose, have been determined to
substantially reduce the aggregation of abnormal ataxin-3 by stimulation of autophagy, which reduces
free radical production [185], indicating that natural compounds might be used as a therapeutic
approach to control SCA.

6. Effect of Natural Compounds on Solid Tumors and Lymphomas

Neuroblastoma, the most common extracranial solid malignant tumor of childhood, is the third
most common form of pediatric malignancy worldwide. Didymin, a dietary flavonoid glycoside,
has been found to be effective in NB treatment [186]. A Morus alba root extract compound, Oxy R,
has been shown to accumulate ROS as well as inducing autophagic and apoptotic cell death in NB
cells via the FOXO and caspase-3 induction pathways [51,121]. A psoralen compound angelicin
derived from Angelica polymorpha increases cytotoxicity in addition to inducing apoptosis through
anti-apoptotic proteins (Bcl-xL, Bcl-2, and Mcl-1) downregulation in SH-SY5Y human NB cells [146,147].
However, Saussurea lappa Clarke, Dioscorea nipponica Makino, and Melandrium firmum extracts have
been shown to have apoptotic and anti-proliferative effects in NB cells [158,162,187]. Additionally,
curcumin, propolis, quercetin, icariin, withaferin A, tetrandrine, and resveratrol have been used for
the treatment of aggressive GBM [188]. In addition, a combination therapy with temozolomide and
resveratrol substantially diminished the growth of GBM cells in a xenograft model [189]. Natural
compounds such as PTX, wortmannin, and beta-lapachone have been found to be involved in the
ARF/MDM2-MDMX/p53 signaling pathway in the human retinoblastoma (RB) Y79 cell line [190].
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Lymphoma is the most common type of blood cancer, and various natural compounds have been
used to treat lymphomas. Several natural compounds have shown anticancer effects on lymphomas
(Table 2). Nigella sativa Linn. containing TQ has been shown to induce apoptosis and ROS production
at 5 and 10 mM concentrations of 24 h treatment in ABC-DLBCL activated B cell lymphoma cell
lines [191]. It has been stated that fuxocanthinol induces apoptosis in addition to arrest in cell cycle
progression in lymphoma cells [192].

Table 2. Anticancer effects of natural cancers in the management of lymphomas.

Cellular/Animal . Effects and
Natural Compounds Models Concentrations/Doses Mechanisms References
. Activated B cell .
ThymF)qulnon'e from lymphoma cell 5.10 mM ROS productpn and [191]
Nigella sativa i apoptosis
ines
Resveratrol Neuroblastoma 30 uM Apopt0§ 'S 1eruct'{on [137]
and antiproliferation
Primary effusion Apoptosis inducti
Fuxocanthinol lymphomas 1.3-5 uM P Sp cl)ls 15 “{ ue IO? [192]
BCBL-1 and TY-1 and cell cycle arres
Caspase-3 dependent
Curcumin CHlZFi?ﬁ? phoma 5uM apoptosis and DNA [193]
damage
Caspase-3, 8,9
. Lymphoma U937 dependent apoptosis )
Peperobtusin A cells 25,50, 100 uM and p38 MAPK [194]
activation
Lymphoid
11(13)-dehydroivaxillin malignancies of Induction of NF-kB
(DHI) NHL cells 57,10 uM and apoptosis [195]
xenografts
. Induction of apoptosis,
Psilostachyin C Murine lymphoma 0.01-50 pg/mL necrosis, and ROS [196]

cell line BW5147 .
generation

Curcumin has been reported to induce antitumor effects on CH12F3 cell lines through DNA breaks
and apoptosis [193]. An extract from Peperomia tetraphylla, Peperobtusin A, has been found to induce S
phase cell cycle arrest and p38 MAPK-dependent apoptosis in U937 cells [194]. However, induction of
apoptosis, necrosis, and cell cycle arrest by psilostachyin C has been found in lymphoma BW5147 cell
lines [196]. In a xenograft mouse model, 11(13)-dehydroivaxillin (DHI) has shown antitumor activity
via the apoptosis pathway [195].

7. Therapeutic View of Autophagy in Heart/Cardiovascular Diseases

Autophagy has been shown to play a major regulatory role in cellular longevity [197] and
in heart/cardiovascular diseases towards maintaining homeostasis by conserving cardiac function
and structure [198] and determining a potential connection between ventricular fibrillation and
autophagy [199]. There is evidence suggesting that mitochondrial autophagy downregulation plays a
vital role in mitochondrial dysfunction, as well as heart failure, while re-establishment of mitochondrial
autophagy mitigates this heart dysfunction [200]. It has been revealed that cardiac myocytes are
reduced through autophagy inhibitor, 3-MA, with AMP-activated protein kinase (AMPK) activation
via inactivation of mTOR under glucose deprivation [201]. In addition, the autophagy-related gene,
Beclin-1, protected the heart in LPS-induced sepsis in a mouse model and targeted autophagy induction,
and therefore has an important role with therapeutic potential for treating cardiovascular diseases [202].
Under high glucose conditions, it has been found that heme-oxygenase-1 (HO-1) overexpression via
human HO-1 recombinant plasmid inhibited dysfunction of cardiac arrest, improving autophagy
levels. Numerous hemin concentrations induce HO-1, which affects endothelial cell mitochondrial
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dysfunction. Likewise, exposure to hemin further prompts mitophagy, although it is not adequate
to inhibit cell death [203]. It has been found that regulating Sirt3 concentration in myocytes via
proper autophagy expression in diverse stages of myocardial ischemia-reperfusion might effectively
decrease the morbidity of patients with myocardial infarction in the future [204]. Metformin has been
used to treat cardiotoxicity induced by doxorubicin via the autophagy pathway [205]. In contrast, a
non-selective -adrenergic agonist, isoproterenol, has been investigated for the treatment of autophagy
as well as cell death pathway induced cardiac injury such as necrosis or apoptosis induced cardiac
injury [206]. Currently, it is accepted that pharmacological approaches targeting autophagy and
apoptosis are useful in the treatment of coronary heart disease, therefore providing new favorable
therapeutic interventions in the future [207]. Hence, consideration of emerging molecular mechanisms
towards the understanding of autophagy has recently gained importance for regulating cellular systems
that can be used to prevent and treat cardiovascular disease [208].

8. Perspectives of Naturally Occurring Autophagy Modulators in Cancer Therapy

Despite anti-cancer drug development, natural compounds contribute to cancer and cancer stem
cell [209] suppressive action without any severe complications, and thus it is an emerging topic
with respect to autophagy. Natural compounds have also appeared as unique therapeutic agents for
cancer and drug repositioning via their impact on autophagy [210]. It is remarkable that the study
of cell fate by natural stimulators should be the focal point, although technological dissimilarities in
autophagy detection may affect the outcome. In addition, in vivo examination of natural stimulators of
autophagy in cancer therapy or prevention will be an emerging field of research in the future. Moreover,
studies on the effects of natural product-derived molecules on autophagy should be highlighted at the
translational level.

9. Conclusions and Future Directions

Cancer cells can convert and reuse necessary amino acids by imposing autophagic signaling
pathways, thereby ensuring their consistent growth and longevity. Accordingly, autophagy serves a
dual role in cancer—augmentation or hindrance—and can either boost or down-regulate cancer cell
proliferation. As a result, autophagy moderators can play the role of a promising novel therapeutic
approach towards cancer inhibition by helping overcome resistance against chemotherapy and
radiotherapy. Potential targets of autophagic progress and autophagosome formation in the initial
phase and lysosomal deterioration in the late phase have been considered. However, nTOR and AMPK
are the leading regulatory molecules of autophagy in upstream signaling pathways. These are also
known targets for natural compound derived modulators of autophagy. Therefore, using plant-derived
and semisynthetic components to target the regulation of the entire pathway can provide an opportunity
to design a powerful remedy for cancer patients.
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Abstract: Brain derived neurotrophic factor (Bdnf) is the most diffuse neurotrophin in the central
nervous system and it is crucial for the proper brain development and maintenance. Indeed, through the
binding to its high affinity receptor TRKB and the activation of different intracellular cascades, it boosts
cell survival, neurite growth and spine maturations mechanisms. Here, we evaluated if the chronic
oral treatment for 10 days with a phytosomal preparation containing Centella asiatica L. and Curcuma
longa L. could improve Bdnf levels in the prefrontal cortex of adult rats. Interestingly we found
an increased expression of Bdnf with main effect of the treatment on the mTOR-56 downstream
signaling pathway. Accordingly, we found an increase in the expression of eukaryotic elongation
factor (eEF2) with a shift towards the phosphorylated form thus increasing the transcription of
Oligophrenin-1, a protein carrying the upstream Open Reading Frame (uORF) which reduction is
paralleled by memory dysfunctions. These results show the ability of the phytosome to enhance
mTOR-56 regulated transcription and suggest the possibility to use this preparation in subjects with
impairments in neuroplastic mechanisms, memory and cognitive abilities.

Keywords: Centella asiatica L.; Curcuma longa L.; Bdnf; mTOR; protein synthesis; neuroplasticity;
botanicals

1. Introduction

Brain-Derived Neurotrophic Factor (Bdnf) is the most diffuse neurotrophin, involved in several
positive functions both during the development and at adulthood [1,2]. Indeed, it stimulates a plethora
of mechanisms involved in cell survival, neurite growth and spine maturations through the activation
of the high affinity receptor Tropomyosin Sensitive Receptor Kinase B (TRKB) that in turn activates
different downstream pathways [3].

Among these intracellular mechanisms, Bdnf can stimulate protein translation by triggering the
mammalian target of rapamycin (mTOR)-ribosomal protein (S6) signaling pathway thus boosting the
activity of several translation-related proteins such as the initiation and the elongation factors [3,4].
Interestingly, although protein synthesis mainly occurs close to the nucleus, it can also happen at
synaptic level improving neuroplasticity, memory and cognitive functions [5,6].

Protein synthesis is a complex process consisting of at least 3 steps: initiation, elongation and
termination [7]. The ratio between the total and the phosphorylated form of the elements involved in
the first two steps, namely eukaryotic initiation factors (eIF2) and eukaryotic elongation factors (eEF2),
determines the set of proteins to be translated. In particular, when the total form is more abundant
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than the phosphorylated one, the general translation is preferred while it has been demonstrated that
an increase of the phosphorylated form enhances the translation of peptides whose genes carry the
upstream Open Reading Frame (uORF) [8-10].

Considering the positive effects of Bdnf, it is not surprising that its alterations are associated
with different pathological conditions [11,12]. Hence, it has been demonstrated that different drugs
and phytochemicals lead to beneficial effects at molecular levels and improve memory and cognitive
functions by targeting Bdnf machinery [13-19].

However, the downstream mechanisms activated by Bdnf that may be responsible for the outcomes
of both chemical and natural compounds are not completely defined.

On these bases, the aim of this study was to determine the effect of the chronic administration
for 10 days of a phytosomal preparation containing Centella asiatica L. (Gotu kola, Asiatic pennywort)
and Curcuma longa L. (Turmeric) (50 mg/kg or 250 mg/kg) on Bdnf expression and on its high affinity
receptor TRKB. Furthermore, we assessed whether the increase in Bdnf signaling was paralleled by an
upregulation of de novo protein synthesis by focusing on the prefrontal cortex (PFC), a brain region
affected by the phytosome ingredients [15,16].

2. Material and Methods

2.1. Plant Material

The Phytosome® was provided by Indena S.p.A. and contained a purified and standardized
dry extract from leaves of Centella asiatica L. (C. asiatica) (19.6%) and Curcuma longa L. (C. longa)
rhizome extract (29.1% as total curcuminoid content). The percentage of C. asiatica L. asiaticoside in
the phytosome formulation, analyzed by HPLC, was 3.8% according to ARM/79-8031. Phytosome
is an innovative vesicular delivery system, where extracts are complexed with phosphatidylcholine,
aimed at improving the absorption and the bioavailability of the active compounds.

2.2. Animals

Adult male Sprague Dawley rats (Charles River, Calco, Italy) (10 weeks; 320-340 grams) were
habituated to the laboratory conditions for one week before starting the experiment, and they were
housed with food and water ad libitum with a 12 h light/dark cycle at constant temperature (22 + 2 °C)
and humidity (50 + 5%) conditions.

All animal procedures were conducted according to the authorization n 977/2017-PR (approved
on 11 December 2017) from the Italian Health Ministry in full accordance with the Italian legislation in
animal experimentation (DL 26/2014) and conformed to EU recommendations (EEC Council Directive
2010/63). All efforts were made to minimize animal suffering and to reduce the number of animals.

2.3. Treatment

After the habituation, rats were chronically treated by oral gavage (os) once a day for 10 consecutive
days with water (vehicle) or phytosomal preparation at 50 mg/kg or 250 mg/kg; composed by 20 mg/kg
or 100 mg/kg of C. asiatica L. extract plus 30 mg/kg or 150 mg/kg of C. longa L., respectively.

Two hours after the last administration, animals were anesthetized with isoflurane and then
suppressed with CO,. After decapitation, the PFC, defined as cingulate cortex (Cg) 1-3 and infralimbic
sub-regions (plates 6-10), was immediately dissected from 2 mm thick slices, according to the atlas of
Paxinos and Watson [20] and then stored at —80 °C for the subsequent molecular analyses.

274



Biomedicines 2020, 8, 544

2.4. Quantification of Triterpenes and Curcuminoids in Plasma by LC-MS/MS Analysis

Curcumin and C. asiatica triterpenes were simultaneously quantified, in the plasma of rats treated
with the phytosomal preparation containing C. longa and C. asiatica, by the LC-MS/MS method
reported in Sbrini et al., 2020 [15]. Resveratrol was used as internal standard. Curcumin glucuronide,
which is considered the most abundant curcumin metabolite in the blood, was also quantified.
The analytes and the internal standard were quantified by using the following mass transitions:
367/149 (curcumin), 543/367 (curcumin glucuronide), 533/487 (asiatic acid), 549/503 (madecassic acid),
1003.8/958 (asiaticoside), and 1019.9/973 (madecassoside), 227/185 (resveratrol).

2.5. RNA Preparation and Gene Expression Analysis by Quantitative Real-Time PCR

Total RNA was isolated by a single step of guanidinium isothiocyanate/phenol extraction by using
a PureZol RNA isolation reagent (Bio-Rad Laboratories, Segrate, Italy) according to the manufacturer’s
instructions and quantified by spectrophotometric analysis.

The samples were then processed for real-time polymerase chain reaction (RT-PCR) to assess
total Bdnf and of Bdnf long 3’ untranslated region (UTR), (primer and probes sequences are listed in
the Table 1). An aliquot of each sample was treated with DNase (Thermoscientific, Rodano, Italy) to
avoid DNA contamination. RNA was analyzed by TagMan qRT-PCR one-step RT-PCR kit for probes
(Bio-Rad laboratories, Italy). Samples were run in 384 well formats in triplicate as multiplexed reactions
with a normalizing internal control (36b4).

Table 1. sequence of forward and reverse primers and probes used in the real-time polymerase chain
reaction analyses and purchased from Eurofins MWG-Operon (Germany) (a) and from Life technologies,
which does not disclose the sequences (b).

(a) Gene Forward Primer Reverse Primer Probe
3604 TTCCCACTGGCTGAAAAGGT CGCAGCCGCAAATGC AAGGCCTTCCTGGCCGATCCATC
Total Bdnf AAGTCTGCATTACATTCCTCGA  GTTTTCTGAAAGAGGGACAGTTTAT  TGTGGTTTGTTGCCGTTGCCAAG
(b) Gene Accession Number Assay ID
Bdnf long 3'UTR EF125675 Rn02531967_s1

Thermal cycling was started with an incubation at 50 °C for 10 min (RNA retrotranscription) and
then at 95 °C for 5 min (TagMan polymerase activation). After this initial step, 39 cycles of PCR were
performed. Each PCR cycle consisted of heating the samples at 95 °C for 10 s to enable the melting
process and then for 30 s at 60 °C for the annealing and extension reactions. A comparative cycle
threshold (Ct) method was used to calculate the relative target gene expression.

2.6. Protein Extraction and Western Blot Analysis

Western blot was employed to measure mature BDNF (mBDNF), TRKB (pTRKB Tyr816 and
full-length), mammalian target of rapamycin (pmTOR Ser2448 and mTOR), ribosomal protein
(pS6 Ser240/244 and S6), PLC (pPLC Tyr783 and PLC), AKT (pAKT Ser473 and AKT), ERK1
(pPERK1 Thr202 and ERK1), ERK2 (pERK2 Tyr204 and ERK2), CAMP Responsive Element Binding
Protein (pCREB Ser133 and CREB), eukaryotic initiation factor 2 (pelF2 Ser51and elF2), eukaryotic
elongation factor 2 (peEF2 Thr56 and eEF2) and Oligophrenin-1 (OPHN-1) protein levels in the crude
synaptosomal fraction and in the whole homogenate (representative western blot bands of the proteins
measured are showed in Figure S1).

Tissues were homogenized, and proteins were extracted as previously described [21]. The protein
concentration of each sample was assessed according to the Bradford protein assay procedure (Bio-Rad
Laboratories) with albumin (Sigma Aldrich, Milano, Italy) as the calibration standard. The purity of
fraction was previously reported [22].
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Western blot was run in reducing conditions by using Tris-Glycine eXtended (TGX) precast gel
criterion (Bio-Rad Laboratories). All blots were blocked with 5% nonfat dried milk and incubated with
the appropriate primary and secondary antibodies, as specified in Table 2.

Immunocomplexes were visualized with Western Lightning Clarity ECL (Bio-Rad Laboratories)
and the Chemidoc MP imaging system (Bio-Rad Laboratories). Protein levels were quantified with
ImageLab (Bio-Rad Laboratories) and normalized versus 3-ACTIN.

Table 2. antibodies condition used in the western blot analyses. Over/Night (O/N); Room Temperature
(RT); Milk (M); Bovine serum albumin (BSA).

Protein Primary Antibody Secondary Antibody
mBDNF (14 KDa) 1:1000 M 3% (Icosagen) 4° O/N Anti-mouse 1:2000 M 3% 1 h RT
PTRKB Y816 (145 KDa) 1:1000 BSA 5% (Cell Signalling) 4°O/N Anti-rabbit 1:1000 M 3% 1 h RT

TRKB full length (145 KDa)
pmTOR Ser2448 (289 KDa)

mTOR (289 KDa)

pS6 Ser240/244 (32 KDa)
S6 (32 KDa)

pPLC Tyr783 (155 KDa)
PLC (155 KDa)

PAKT Ser473 (60 KDa)
AKT (60 KDa)

PERK1 Thr202 (44 KDa)

ERK1 (44 KDa)
PERK2 Tyr204 (44 KDa)
ERK2 (44 KDa)

PCREB Ser133 (43 KDa)
CREB (43 KDa)

pelF2 Ser51 (38 kDa)
elF2 (38 kDa)

peEF2 Thr56(95 KDa)
eEF2 (95 KDa)

OPHN-1 (91 KDa)
B-ACTIN (43 KDa)

1:750 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Santa Cruz
Biotechnology) 4° O/N

1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Santa Cruz
Biotechnology) 4° O/N

1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Cell Signalling) 4° O/N
1:1000 BSA 5% (Santa Cruz) 4° O/N
1:10,000 M 3% (Sigma-Aldrich) 45 min RT

Anti-rabbit 1:1000 M 3% 1 h RT
Anti-rabbit 1:5000 M 3% 1 h RT
Anti-rabbit 1:5000 M 3% 1 h RT
Anti-rabbit 1:2000 M 3% 1 h RT
Anti-rabbit 1:1000 M 3% 1 h RT
Anti-rabbit 1:1000 M 5%, 1 h RT
Anti-rabbit 1:1000 M 3% 1 h RT
Anti-rabbit 1:1000 M 3% 1 h RT
Anti-rabbit 1:1000 M 3% 1 h RT
Anti-rabbit 1:2000 M 3% 1 h RT

Anti-rabbit 1:5000 M 3% 1 h RT
Anti-rabbit 1:2000 M 3% 1 h RT
Anti-rabbit 1:5000 M 3% 1 h RT

Anti-rabbit 1:5000 M 3% 1 h RT
Anti-rabbit 1:5000 M 3% 1 h RT
Anti-rabbit 1:1000 M 3% 1 h RT
Anti-rabbit 1:1000 M 3% 1 h RT
Anti-rabbit 1:1000 M 3% 1 h RT
Anti-rabbit 1:1000 M 3% 1 h RT
Anti-mouse 1:1000 M 3% 1 h RT
Anti-mouse 1:10,000 M 3% 45 min RT

2.7. Statistical Analysis

All the data were checked for normality using the Kolmogorov-Smirnov test and the Shapiro-Wilk
tests and for homoscedasticity with the Brown-Forsythe test and Bartlett’s test. Normally distributed
and homoscedastic data were further analyzed using “IBM SPSS Statistics, version 26” with the
one-way analysis of variance (ANOVA). When appropriate, further differences were analyzed by the
Fisher’s protected least significance difference (PLSD) method. Moreover, non-parametric datasets,
belonging to Figure 1, were analyzed with Mann-Whitney nonparametric test. Significance for all tests
was assumed for p < 0.05.

Each experimental group consisted of 5-6 rats, and data are presented as mean + standard
error (SEM).
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Figure 1. Concentration of Curcumin (A), Curcumin glucuronide (B), Asiatic acid (C), Madecassic
acid (D), Asiaticoside (E) and Madecassoside (F) in the plasma of rats following the repeated oral
administration of the phytosomal preparation. Data are expressed in ng/mL as are represented as boxes
and whiskers graphs. ** p < 0.01, *** p < 0.001 vs. vehicle; Mann-Whitney nonparametric test.

3. Results

3.1. Quantification of Terpenes and Curcuminoids in Plasma by LC-MS/MS Analysis

To assess the plasmatic concentrations of the main compounds or their metabolites following
repeated oral administration, an analytical method to quantify simultaneously terpenes and
curcuminoids was set up. All compounds quantified reached concentrations in the ng/mL order and,
as expected, were more abundant in the plasma of rats treated with the higher dose (250 mg/kg).

Curcumin was present mostly as glucuronide, reaching concentrations 200-fold higher than the
corresponding free form (192 vs. 0.93 ng/mL, respectively) in rats treated with 250 mg/kg phytosome
(Figure 1A,B).

Terpenes quantification showed that the acid forms (Figure 1C,D) were found to be more abundant
than the corresponding glucosides (Figure 1E,F); asiatic acid reached the highest concentration
(9.2 ng/mL, corresponding to 19 nM).
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3.2. Phytosome Administration Increased Bdnf Levels in the PFC

Phytosome administration for 10 consecutive days significantly affected the expression of the
neurotrophin Bdnf in the rat prefrontal cortex. As shown in Figure 2A, we observed a significant
effect of the treatment (Fp.14 = 4.085 p < 0.05, one-way ANOVA) on the total form of Bdnf with the
lower dosage of phytosome that increased its mRNA levels (+38% p < 0.05 vs. vehicle, Fisher’s PLSD).
Similarly, also the pool of the long transcripts of Bdnf was significantly modulated by the treatment
(Fp-15 = 11.245 p < 0.01, one-way ANOVA). Indeed, the administration of phytosome at both 50 and
250 mg/kg significantly up regulated its mRNA levels (+58% p < 0.01 vs. vehicle; +53% p < 0.01 vs.
vehicle respectively; Fisher’s PLSD) (Figure 2B).

On the basis of the transcriptional results, we measured also the protein levels of the neurotrophin
and accordingly we found that both the dosages induced a significant increase (50 mg/kg: +183%
p <0.001 vs. vehicle; 250 mg/kg: +87% p < 0.05 vs. vehicle; Fisher’s PLSD) in mBDNF protein levels
in the crude synaptosomal fraction (Fp.14 = 15.740 p < 0.001, one-way ANOVA) (Figure 2D). On the
contrary, we did not observe any changes of mBDNF levels in the whole homogenate (Figure 2C).
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Figure 2. Analyses of total Bdnf, (A) Bdnf long 3’UTR (B) mRNA levels and mBDNF protein levels
in the whole homogenate (C) and crude synaptosomal fraction (D) of the PFC of rats treated with
phytosome 50 mg/kg or 250 mg/kg. Data are expressed as percent change of vehicle treated rats and are
represented in the histograms graphs as mean + SEM of 5-6 independent determinations. * p < 0.05,
**p <0.01, * p <0.001 vs. vehicle; one-way ANOVA with Fisher’s PLSD.

3.3. The Increase of mBDNF Protein Levels Was Paralleled by an Increased Activity of Its Receptor TRKB

In the whole homogenate, in line with our findings on mBDNF protein levels, we did not
observe any changes neither in the phosphorylated form nor in the total levels of the receptor TRKB
(Figure 3A,B), whereas in the crude synaptosomal fraction, phytosome administration positively
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affected both pTRKB Tyr816 and TRKB full length protein levels. Indeed, as revealed by the significant
effect of the treatment (Fy.14 = 5.873 p < 0.05, one-way ANOVA), the phosphorylated form was increased
in the crude synaptosomal fraction of rats treated with the lower dose of phytosome (+103% vs. vehicle
p < 0.01; Fisher’s PLSD), while we observed only a not significant increase with the higher dosage
(+45% p > 0.05 vs. vehicle; Fisher’s PLSD) (Figure 3C). Similarly, we found a significant effect of the
treatment on TRKB full length protein levels (Fp.1o = 6.284 p < 0.05, one-way ANOVA), that were
increased at both the dosages tested (50 mg/kg: +173% p < 0.01; 250 mg/kg: +135% p < 0.05 vs. vehicle;
Fisher’s PLSD) (Figure 3D).
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Figure 3. Analyses of pTRKB Tyr816 (A-C) and TRKB full length (B-D) protein levels in the whole
homogenate (A,B) and crude synaptosomal fraction (C,D) of the PFC of rats treated with phytosome
50 mg/kg or 250 mg/kg. Data are expressed as percent change of vehicle treated rats and are represented
in the histograms graphs as mean + SEM of 4-6 independent determinations. * p < 0.05, ** p < 0.01 vs.
vehicle; one-way ANOVA with Fisher’s PLSD.

3.4. TRKB Phosphorylation in Phytosome-Treated Animals Specifically Activated mTOR-S6 Intracellular
Signaling Pathway

The phosphorylation of the high affinity receptor TRKB produces the activation of different
intracellular signaling cascades as result of several stimuli thus producing a specific outcome in term
of brain plasticity [3].

In this study, we investigated some of these pathways uncovering that our experimental conditions
specifically affected the mTOR-5S6 signaling, which is well-known to control protein synthesis and cell
growth [23]. In particular, the phosphorylated form of mTOR in Ser2448 was upregulated by the higher
dose of phytosome (+79% p < 0.05 vs. vehicle; Fisher’s PLSD) (treatment effect: F»_1; = 3.016 p < 0.05,
one-way ANOVA) whereas we did not found changes in total mTOR protein levels (Figure 4A,B).
Therefore, as shown in Figure 4C, we observed a significant effect of the treatment on the ratio
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pmTOR/mMTOR (Fp.11 = 4.865 p < 0.05, one-way ANOVA), specifically in the animals treated with
phytosome 250 mg/kg (+27% p < 0.05 vs. vehicle; Fisher’s PLSD).

Similarly, the active form of S6 (pS6 Ser240/244) was affected (Figure 4D), as indicated by the
significant effect of the treatment (F,.;3 = 5.202 p < 0.05, one-way ANOVA) with the lower dose,
which significantly increased pS6 Ser240/244 protein levels (+97% p < 0.05 vs. vehicle; Fisher’s PLSD).
On the contrary, no changes were found on the total form of S6 (Figure 4E).

Accordingly, we observed a significant increase of the ratio between the activated form of S6 and
its total protein (Fp.13 = 5.650 p < 0.05, one-way ANOVA) due to the treatments (phytosome 50 mg/kg:
+97% p < 0.05; phytosome 250 mg/kg: +68% p > 0.05 vs. vehicle; Fisher’s PLSD) (Figure 4F).

Finally, the other pathways investigated were only partially modulated with changes restricted
to pAKT Ser473 (treatment effect: Fp.13 = 3.998 p < 0.05, one-way ANOVA), pAKT Ser473 and AKT
ratio (treatment effect: F;.14 = 5.705 p < 0.05, one-way ANOVA) and pERK2 Tyr204 (treatment effect:
Fj.14 =3.301 p > 0.05, one-way ANOVA) protein levels (results summarized in Table 3).

A pmTOR Ser2448 B mTOR C pmTOR-mTOR ratio
250 250 250
o) % = =
£ 200 1 % 200 % 200
2 N 2
£ 150 \ 2 150 ] £ 150 %
s < N b3 i~y
Z 100 1 g 100 1 \ % 100 x \\
2 5 3
§ % § % \ 5 %
3 3
: ., NI NN AN N
vehicle  SOmg/kg  250mg/kg vehicle  50mg/kg  250mg/kg vehicle  S0mgkg 250mg/kg
phytosome phytosome phytosome
D pS6 Ser240/244 E S6 F pS6-S6 ratio
250 250 250
o) ok ) = ®
S = e
2 200 = 200 £ 200 T
2 2 2
2 150 I 2 150 2 150 \Q§$§
H y 5 H
S 100 al \\ % 100 1 T 100 1 \
2 k] 2
2 g g
= & = s A \
vehicle  50mg/kg  250mg/kg vehicle  50mg/kg  250mg/kg vehicle 50mg/kg  250mg/kg
phytosome phytosome phytosome

Figure 4. Analyses of mTOR (A-C) and S6 (D-F) protein levels in the PFC of rats treated with
phytosome 50 mg/kg or 250 mg/kg. Data are expressed as percent change of vehicle treated rats and are
represented in the histograms graphs as mean + SEM of 3-6 independent determinations. * p < 0.05,
**p < 0.01 vs. vehicle; one-way ANOVA with Fisher’s PLSD.

280



Biomedicines 2020, 8, 544

Table 3. Analyses of PLC, AKT, ERK1, ERK2, CREB, eIF2 (phosphorylated and total) protein levels in
the PEC of rats treated with phytosome 50 mg/kg or 250 mg/kg. Data are expressed as percent change
of vehicle treated rats and are expressed as mean + SEM of 3-6 independent determinations. * p < 0.05
vs. vehicle; one-way ANOVA with Fisher’s PLSD.

Protein Vehicle P;)y;?;)kn; I;lslgﬁsgo/ll:;
pPLC Tyr783 100 + 10 76 £7 104 + 17
PLC 100 + 13 97 +£9 114 £ 15
pPLC-PLC ratio 100 +£5 94+7 92+£10
PAKT Ser473 100 + 13 200 +35* 203 + 34 %
AKT 100 + 28 115 £ 20 85+5
pAKT-AKT ratio 100 + 16 165 + 64 204 +31*%
pERK1 Thr202 100 + 21 96 + 15 106 + 24
ERK1 100 + 15 101 +13 81+11
pERK1-ERK1 ratio 100 + 8 127 +22 131 +£29
PERK2 Tyr204 100 + 20 142 +21 202 £37*
ERK2 100 + 13 97 +7 80+9
pERK2-ERK?2 ratio 100 + 46 110 + 18 187 + 49
PCREB Ser133 100 + 18 115 +27 87 +15
CREB 100 + 14 107 + 19 114 + 38
pCREB-CREB ratio 100 + 10 131 +24 118 £ 21
pelF2 Ser51 100 + 11 123 +23 118 £ 15
elF2 100 + 6 116 + 15 111+ 10
pelF2—elF2 ratio 100 + 10 104 + 11 105+ 9

3.5. Local Protein Synthesis Is Boosted by Phytosome Administration

mTOR together with S6 contributes to the control of the translational machinery [24]. In particular,
the phosphorylation of these two factors can trigger the translational initiation and the peptide
elongation thus increasing the protein synthesis and contributing to neuronal plasticity [25,26].

Here, we observed no effect of the treatment on the initiation process with unchanged eIF2 protein
levels (Table 3).

On the contrary, protein elongation process was modulated by phytosome administration.
In particular, we observed a significant effect of the treatment on peEF2 Thr56 protein levels (F,.14 = 7.044
p < 0.01, one-way ANOVA) with both doses increasing its protein levels (50 mg/kg: +259% p < 0.01
vs. vehicle; 250 mg/kg: +194% p < 0.05 vs. vehicle; Fisher’s PLSD) (Figure 5A); however, no changes
were observed for the total form of eEF2 (Figure 5B). Accordingly, the ratio peEF2/eEF2 (Figure 5C)
was significantly increased in treated rats (50 mg/kg: +207% p < 0.05 vs. vehicle; 250 mg/kg: +123%
p > 0.05 vs. vehicle; Fisher’s PLSD) (treatment effect: Fy_j3 = 4.944 p < 0.05, one-way ANOVA).

It has been demonstrated that a shift of the balance between the phosphorylated and the total
form of eEF2 towards the phosphorylated form leads to an increased translation of specific mRNA
containing the uORF sequence [10]; our results suggest that phytosome administration may enhance
the synthesis of new proteins containing the uORF in their sequence.

On this bases, we measured the expression of OPHN-1 that contains 2 uORF and, as shown
in Figure 5D, we observed an increase in the protein levels in rats treated with the lower dose
(+81% p > 0.05 vs. vehicle; Fisher’s PLSD) and a significant up-regulation due to the higher dose
administration (+143% p < 0.05 vs. vehicle; Fisher’s PLSD), despite the effect of the treatment was not
statistically significant (F.1; = 2.730 p > 0.05, one-way ANOVA).
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Figure 5. Analyses of eEF2 (A-C) and OPHN-1 (D) protein levels in the PFC of rats treated with
phytosome 50 mg/kg or 250 mg/kg. Data are expressed as percent change of vehicle treated rats and are
represented in the histograms graphs as mean + SEM of 4-6 independent determinations. * p < 0.05,
**p <0.01 vs. vehicle; one-way ANOVA with Fisher’s PLSD.

4. Discussion

In the present study, we provide evidence that the chronic administration of the phytosomal
preparation containing C. asiatica and C. longa positively affects neuroplastic mechanisms by increasing
the expression of Bdnf and the activation of the downstream pathways via TRKB receptor. Moreover,
we observed that the increase of the neurotrophin induced changes in the translation machinery with
an enhanced activation of proteins involved in cognitive and memory processes.

In particular, we measured the neurotrophin expression in the PFC of phytosome-treated rats
finding an increase of the total form of Bdnf and of the long 3’UTR pool of transcripts. Moreover, in
line with the preferential localization of Bdnf mRNAs carrying the long 3'UTR in the dendrites where
they are translated in case of demand [27], we observed an upregulation of mBDNF protein levels in
the synaptic fraction. These findings suggest that 10 days of phytosome administration may promote
neuroplastic mechanisms by increasing the production of trophic factors as, for example, mBDNE.
Accordingly, a similar effect was observed after the administration of a wide range of botanicals
as well as pharmacological pure compounds [14-19,28-30]. Interestingly, both the active principles
contained in the phytosome (terpenes from C. asiatica and curcumin from C. longa) may contribute to
the effects described in the present paper. Indeed, it has been previously reported that C. asiatica extract
up-regulates Bdnf thus improving memory performance [15,17]. Moreover, Wang R. and colleagues
showed in vitro protective effects of curcumin against glutamate excitotoxicity in rat cortical neurons,
the effect was accompanied by an increase in the Bdnf level and activation of TRKB [18]. Similarly, in
the same cell model, curcumin produced neuroprotective effects via mBDNF/TRKB-dependent MAPK
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and PI-3K cascades [19]; however, this is the first study investigating in vivo a combination of the two
botanicals in a phytosomal formulation.

Furthermore, we demonstrated that the increase of mBDNF protein levels induced by the treatment
was reflected by an increase of the phosphorylated and active form of TRKB receptor suggesting
that the higher amount of mBDNF produced is released from the synapses, being able to activate its
downstream pathways.

Notably, TRKB activation may set in motion different intracellular cascades [3,31] that can be
specifically modulated by several compounds [32,33].

To deeper investigate the mechanism of action of the phytosomal preparation, we analyzed the
activation of some pathways activated by an increased phosphorylation of the TRKB receptor finding
the most relevant effect on mTOR-S6 signaling via AKT and ERK phosphorylation. Interestingly,
ketamine, Glycyrrhiza glabra root extract as well as zinc administration induce a similar modulation on
this pathway that is accompanied by an antidepressant-like effect [34,35], thus suggesting a possible
antidepressant effect of the phytosomal preparation.

Finally, since protein translation is also controlled by mTOR complex [7] that in turn can be
boosted by increased levels of the neurotrophin [3], we measured the initiation and the elongation
factors protein levels, and we found an increase of peEF2 Thr56 with respect to the total form of the
protein due to phytosome administration. Interestingly, this shift toward the phosphorylated form,
able to increase the translation of specific proteins carrying the uORF sequence [36], was paralleled by
increased levels of OPHN-1. Notably, memory and cognitive alterations not only in animal models of
depression but also in humans with X-linked mental retardation are characterized by impairments
in OPHN-1 transduction and translation [6,37] supporting the possibility that chronic phytosome
administration, by increasing OPHN-1 translation, could induce an enhancement in brain mechanisms
crucially involved in cognitive processes.

5. Conclusions

In conclusion, our data support the use of phytosome preparation in ameliorating brain plasticity
through the activation of mBDNF-mTOR-S6 intracellular cascade and the transcription of specific
proteins involved in memory processes in the PFC. Hence, despite the necessity of further experiments
focused on evaluation of the animal behavior following phytosomal administration, this phytosomal
preparation could be used as supporting therapy in subjects characterized by memory and cognitive
disfunctions mainly related to alterations in frontal brain regions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/8/12/544/s1,
Figure S1: Representative western blot bands of the proteins measured.
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Abstract: Withaferin A (WA), a manifold studied, C28-steroidal lactone withanolide found in
Withania somnifera. Given its unique beneficial effects, it has gathered attention in the era of
modern science. Cancer, being considered a “hopeless case and the leading cause of death
worldwide, and the available conventional therapies have many lacunae in the form of side effects.
The poly pharmaceutical natural compound, WA treatment, displayed attenuation of various
cancer hallmarks by altering oxidative stress, promoting apoptosis, and autophagy, inhibiting cell
proliferation, reducing angiogenesis, and metastasis progression. The cellular proteins associated
with antitumor pathways were also discussed. WA structural modifications attack multiple signal
transduction pathways and enhance the therapeutic outcomes in various diseases. Moreover,
it has shown validated pharmacological effects against multiple neurodegenerative diseases by
inhibiting acetylcholesterinases and butyrylcholinesterases enzyme activity, antidiabetic activity by
upregulating adiponectin and preventing the phosphorylation of peroxisome proliferator-activated
receptors (PPARy), cardioprotective activity by AMP-activated protein kinase (AMPK) activation
and suppressing mitochondrial apoptosis. The current review is an extensive survey of various
WA associated disease targets, its pharmacokinetics, synergistic combination, modifications, and
biological activities.

Keywords: Withaferin A; anticancer; autophagy; chaperone

1. Introduction

Phytotherapy is the frequent therapeutic approach in complementary as well as in traditional
medicine since time immemorial. Itis utilized by 60% of the global population and has a vital role in the
health care system due to ease of availability and reduced cost compared with synthetic compounds.
The result of screening showed that many synthetic drugs are derived from natural origin, which is
now extensively used in pharmacological therapies [1]. Considering the importance and bringing
novel therapies into the market, the herbals have always been at the forefront of synthetic drugs with
complex molecular diversity and biological function variation.

Herbals are considered as natural chemical factories for manufacturing natural compounds
with structural diversity. The secondary metabolites from plant origin have gained renewed

Biomedicines 2020, 8, 571; doi:10.3390/biomedicines8120571 287 www.mdpi.com/journal/biomedicines



Biomedicines 2020, 8, 571

attention because they directly or indirectly interact with multiple cell components, mainly
lipids and proteins, thereby altering the functions of dysregulated cells [2]. The evaluation of
the phytopharmacological effect of potential herbal drugs is essential for drug discovery and
development [3-6]. Despite the considerable application of natural compounds in drug development,
it is assumed that plant-based sources are still unexplored and can be scrutinized for new therapeutic
approaches in the modern era. Artemisia annua can reveal the significance of this field (Quinhaosu)
derived artemisinin, the antimalarial drug known for its long history in Chinese traditional medicine
in the treatment of fevers. The anti-hypertensive agent reserpine is used to remedy snake bite in
Indian traditional medicine [7]. Today medicinal plants are evaluated and explored due to modern
technologies, including screening and functional assays [8]. There is an escalating demand for novel
therapies to treat diseases. There is a growing interest in naturally extracted herbal constituents as
targets for potential treatment.

In the Ayurvedic and Unani systems, over the last 3000 years, the genus Withania (family:
Solanaceae) has been used indigenously [9]. The distribution is seen widely in the dry regions of
the tropical and subtropical areas, extending from the Canary Islands to the Mediterranean region,
North Africa, and ending in Southeast/Southwest Asia. Its numerous therapeutic usages have gained
modern scientific attention and emerged in World Health Organization (WHO) monographs on
preferred medicinal plants. Withania Somnifera (Ashwagandha) belongs to the family Solanaceae.
It has local names like asgandh, punir (Hindi), Ghodakun, Ghoda (Gujrati), Ashwagandha (Bengali),
amukkura, amkulang (Tamil), Pulivendram (Telugu), etc. In Sanskrit, Ashwagandha means “horse’s
smell” probably arises from the smell of its root, bear a resemblance to that of a sweaty horse. WS is
also known commonly as Indian ginseng and Indian winter cherry. In Latin, somnifera is known
as “sleep making,” which means sedating properties, but it has adaptogenic properties or sexual
vitality strength [3]. Ashwagandha roots are constituted in numerous Ayurvedic, Siddha, and Unani
formulations [9].

This medicinal plant’s therapeutic applications include antidiabetic, anti-epileptic, anti-inflammatory,
anti-depressant, anti-arthritic, anticoagulant, antipyretic antioxidant, analgesic, regenerating,
rejuvenating, and promoting growth [10,11]. The primary chemical constituents include compounds
of varying chemical structures viz. flavonoids, withanolides, tannin, and alkaloids. Of these,
withanolides have steroidal lactone triterpenoids at C28 position assembled on a reorganized or
integral ergostane framework, of which C22 and C26 are in oxidized form resulting in the lactone ring
(six-membered) [11].

Reverse pharmacology approaches implicated WA as a bioactive compound having the maximum
pharmacological potential of Ashwagandha [12] (Figure 1). The analysis of the WA chemical structure
displayed 3 positions that may interact with target proteins. Alkylation reactions and nucleophilic site
binding reactions occurs through the A-ring at position C3 and the epoxide network in C24 (Figure 1).
These sites are most vulnerable for the nucleophilic attack and alkylation reaction; WA interacts
covalently with the target proteins [13].

Figure 1. Structure of Withaferin A.
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WA evidenced many pharmacological activities, including tumor preventive, antidiabetic,
anti-osteoporotic, anti-inflammatory, antiangiogenic effects, cell death inducing, radiosensitizing,
and Covid 19 infection. Although the research on molecular mechanisms by which WA
attains these pharmacological activities is still going on, various evidence has been indicated,
including macromolecules acylation or alkylation or covalent binding to the enzymatic site [13].

The current review is an extensive survey of various WA associated disease targets,
summarizing the pharmacokinetics, structural modifications, potential pharmacological activities,
and WA formulations, and evaluating also the available evidence to predict the potential targets.
More than 150 References, indexed in the most relevant data basis (MDPI, ESEVIER, PubMed, NCBI,
Springer, etc.) were found describing parts of our topic.

2. Pharmacokinetics and Bioavailability Studies of Withaferin A

Pharmacokinetic (PK) studies provide valuable information on bioactive compounds of
herbal drugs. PK analysis is based upon targeted or untargeted metabolites profiling following
the oral administration of a single chemical component of the crude drug. The estimation analysis on
mice plasma following oral administration of 1000 mg/kg W. somnifera root aqueous extract showed
0.4585 mg/kg of WA. The PK data displayed rapid oral absorption of WA with Ciyax, Tmax, and Ty
were 16.69 + 4.02 ng/mL, 20 min, 59.92 + 15.90 min, respectively. According to one of the studies
WA has one and half times more relative bioavailability than other withanolides in W. somnifera [14].
The permeability was measured and found that the probability (Peg) value of WA was 4.05 x 1075,
indicating highly impermeable [15]. The oral bioavailability was found to be 32.4 + 4.8% after
5 mg/kg intravenous and 10 mg/kg oral WA administration. The in vitro analysis indicated that WA
could transport across colorectal adenocarcinoma (Caco-2) cells, and it also shows the absence of a
P-glycoprotein substrate. The stability studies of WA in gastric fluid, liver microsomes, and intestinal
microflora solution showed similar results in male rats and humans with a half-life of 5.6 min.

Moreover, WA reduced quickly, and 27.1% left within 1 h [16]. PK and safety studies of WA
advanced stage of cancer were also seen. The phase I study on WA showed that formulation
at dose 4800 mg having equivalent to 216 mg of WA, was tolerated well without showing any
dose-limiting toxicity. The maximum dose received by cohort patients was four capsules of the WA
regimen (TID) [17]. Taken together, the data showed that the administration of WA in advanced
stage high grade osteosarcoma patients results in rapid oral absorption and has a good safety profile.
Moreover, Phase II clinical trials can be carried at the dose of 216 mg/day [17]. Thus, this natural
compound has enormous potential. So, novel targeted drug delivery strategies can be designed to
treat various human diseases.

3. Structural Modifications of Withaferin A

The pharmacological activity is enhanced by chemical modifications such as hydroxylation
or acetylation. Thus, the knowledge of the structure-function association may motivate new drug
development [18]. More significant bioactivity, chemoprotective potential, and stability are acquired by
alkylated (methyl or ethyl) secondary metabolites [19,20]. Mortalin is a chaperone that inactivates tumor
suppressor protein p53 and induces apoptosis deregulation by promoting carcinogenesis. Stimulation
of p53 through its complex abrogation with mortalin arrests cancer cell growth in various studies [21,22].
WA interferes with the interaction of mortalin with p53. The docking of 33-methoxy-Withaferin-A
with the binding domain of the mortalin substrate was done. Methylation of WA exerts a crucial
influence on its protein binding efficacy, resulting in chemotherapeutic potency attenuation besides
developing drug potency [23].

Another study showed that two WA conjugates, namely cysteine (CR-591) and glutathione
(CR-777) conjugates indicated neuroprotective properties in various neurodegenerative disorders.
A nanomolar dose of WA CR-777conjugate reversed mesencephalic neuron injury caused by
(I-methyl-4-phenylpyridinium (MPP+), alpha-synuclein (x-Syn), 6-hydroxydopamine (6-OHDA).
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Moreover, WA CR-777 conjugate maintains neurite integrity, and the overexpression of «-Syn
caused by 6-OHDA was reduced. These compounds activate the PI3K/mTOR pathway, which
downregulates the oxidative stress, suppresses the TAU phosphorylation, caspase three expression,
and aggregation of «-Syn exhibiting neuroprotective properties [24]. An analogue of WA, 2,
3-dihydro-3f-methoxy (3mWi-A) having $-methoxy group substitution showed no cell cytotoxicity
and at higher concentrations well tolerated. It has a protective action in normal cells against ultra-violet
(UV), oxidative and chemical stresses and through pro-survival signaling [25]. Another analogue,
2,3-dihydrowithaferin A-33-O-sulphate, showed a 35-fold increase in vitro cytotoxicity compared to
WA against various human cancer cell lines [26]. The different analogues of WA are shown in Figure 2.

CHs:
% d
c Gly—Cys—Gly

OH

Figure 2. Metabolites of Withaferin A (a) 2,3-dihydro-33-methoxy Withaferin A; (b) 2,3-Dihydrowithaferin
A-3p-O-sulphate; (c,d) cysteine and glutathione conjugates of Withaferin A.

4. Pharmacological Activities of Withaferin A

4.1. Anti-Cancer Activity

The anticancer activity on WA was commenced around the 1970s [27]. Since then, WA’s anticancer
activity was demonstrated in many cancer cells such as multiple myeloma, neuroblastoma, leukemia,
glioblastoma, ovarian, breast, colon head, and neck cancer [12]. The various molecular mechanisms
involved target cytoskeleton structure and proteasomal pathway by altering oxidative stress,
promoting apoptosis, and autophagy, inhibiting cell proliferation, reducing angiogenesis and metastasis
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progression. It regulates heat shock proteins, nuclear factor kappa B (NF-«B), and other oncogenic
events [28]. Here, we discuss the chemo-preventive effects of WA on multiple organs.

4.1.1. Breast Cancer

Breast cancer is a severe malignancy affecting thousands of women globally. More than
40,000 women in the United States alone are expected to have breast cancer in 2020 [29]. The onset
of breast cancer depends on the sex hormone estrogen, participating in tumor growth (by its
receptor nuclear estrogen receptor). The two types of estrogen receptor (ER) genes are involved
in tumor formation, namely ERx and ERf. In breast cancer, the critical role is played by ER«.
Thereby it is targeted by many pharmacological therapies. Endocrine treatment may reduce the tumor
progression by decreasing the endogenous estrogen levels or interfere with ERx stimulation (e.g., by
inhibiting enzyme aromatase). This results in tumor disappearance [30,31]. A study on mice with
breast cancer revealed WA cytoplasmic action through compacting DNA molecule and splitting the
enzyme poly-(ADP-ribose)-polymerase [32]. Another study has demonstrated that WA regulates
the signal transducer pathway and activates transcription 3, attenuates IL-6 in inducible (MCE-7
and MDA-MB-231), and constitutive (MDA-MB-231) cell lines. In MDA-MB-231and MCEF-7 cells
exposed, WA displayed downregulation of STAT3 transcriptional activity with/without stimulation
of interleukin 6 (IL-6) in both cells. The apoptosis was also triggered by WA and can impede cell
migration by regulating STAT 3, thus showing therapeutic effect [33]. Another study showed that
WA when investigated in mitochondrial dysfunction associated with reactive oxygen species (ROS)
generation, resulted in apoptosis of cells. The WA treatment decreases the oxidative phosphorylation
as well as also suppresses the activity of complex III. On treatment with WA, DNA impaired variant
mitochondrial Rho 0 cell line and 40 embryonic fibroblast-derived from Bax/Bak knockdown cells
displayed more resistance than wild-type cells [34]. WA suppresses human breast cells” proliferation by
decreasing the proliferating cell nuclear antigen (PCNA) expression [35]. WA enhances the vimentin
phosphorylation at serine-56 residue, thereby inhibiting the proliferation in 4T mouse mammary tumor
cells [36]. WA in DNA double-strand break (DSB) inhibits the single-strand annealing sub-pathway
(SSA) through heat shock protein (HSP90) downregulation [37]. To block autophagy flux, WA inhibits
lysosomal activity and induces apoptosis of breast cancer cells [38]. WA action leads to the aggregation
of autophagosomes (protein expressions associated with autophagy). The inadequate fuel recycling
and tricarboxylic acid substrate results due to the autophagic flux inhibition inducing phosphorylation
impairment. WA treatment decreases the lactate dehydrogenase (LDH) expression, increases AMP
protein kinase activation, and reduces adenosine triphosphate [39].

4.1.2. Ovarian Cancer

In human ovarian cancer cell lines (SKOV3 andCaOV3), WA arrest the G2/M phase cell cycle [40].
It downregulated the Notch-3/Akt/Bcl-2 signaling mediated cell survival, thereby causing caspase-3
stimulation, which induces apoptosis. Withaferin-A, combined with doxorubicin, and cisplatin at
suboptimal dose generates ROS and causes cell death [41-43]. In another study using the A2780 cell line,
Xenografting resulted in mortality decreased by WA. It reduces the cytosolic and nuclear levels of
NE-kB-related phospho-p65 cytokines in xenografted tumors [44]. Another study showed that ovarian
cancer xenografting induced cardiac cachexia, causing loss of the heart’s normal functioning, systolic,
and diastolic dysfunction. WA treatment improved heart weight and preserved systolic function,
but the partial improvement was seen in diastolic dysfunction. Tumor cells induce AT;R pathway
mediated pro-inflammatory markers and formation of MHCf isoform, which was ameliorated by
WA [45]. In nude mice, securin overexpression leads to cellular transformation and tumor development.
Knockout securin mice show no tumor development and reverse the cancer phenotype. WA alone or
with Cisplatin decreases the expression of securin and showing antitumor effects [46].
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4.1.3. Prostate Cancer

Initially, the pathogenesis linked with prostate tumors is an androgen; however, numerous
patients also progresses to androgen-independent (metastatic castration-resistant) [47]. The stem-like
characteristics are shown by androgen-independent PCa cells (mCRPC) DU-145 and PC-3),
whereas exhibited by androgen-dependent PCa cells (e.g., LNCaP) [48-50]. The side populating
cells of xenograft tissues and human PCa cell lines exhibited more epithelial-mesenchymal transition
(EMT) and comparably more violent than homologous bulk population cells [51]. Thereby, EMT is
very closely linked with the mCRPC formation. In prostate tumor cells, WA binds vimentin and
induces cell death, but no cell death was seen in normal fibroblasts. It raises the level of c-Fos
and ROS generation and decreases the FLIP level, probably resulting in cytoskeletal architecture
degradation. Thus, WA can be used as a pharmaceutical agent that effectively kills cancer stem
cells (CSCs). These CSCs are different from other cancer cells, as their presence within the tumor mass
mediates chemoresistance by regenerating tumors [52]. WA interacts directly with vimentin by causing
an alteration in cysteine residue (Cys328), forming an aggregation of vimentin filaments and together
with F-actin, causing disruption of vimentin cytoskeleton [53,54]. This is followed by alteration in cell
shape, reduced motility, and upregulated phosphorylation of vimentin at Ser38 [55].

The observations evidenced that WA can efficiently target metastatic tumor cells [36]. In cell
lines of pancreatic cancer, Panc-1, BxPc3, and MiaPaCa2, WA inhibit Hsp90 chaperone activity,
disrupting Hsp90 client proteins, thus showing antiproliferative effects [56]. Another study has shown
the efficacy of WA against the CaP iPten-KO model. The role of the metastatic process Akt pathway,
Pten deletion, mutation, EMT was seen commonly in metastatic prostate tumors. WA abrogated
HG-PIN formation and ameliorated the progression of the Pten-deficient tumor to adenocarcinoma.
WA inhibited PI3K/AKT pathway. The AKT-mediated Par-4 and FOXO3A proapoptotic proteins
were increased in Pten-KO mice supplemented with WA. Immunohistochemical analysis displayed
decreased pAKT expression and the f3-catenin and N-cadherin epithelial-to-mesenchymal transition
markers in WA-treated tumors control [57]. DNA damage response is initiated by Telomere shortening,
which results in senescence and apoptosis [58,59]. The cancer cells run away from the shortening
of telomere by enzyme telomerase [60,61]. In ALT cells, WA caused severe damage to telomere by
downregulation of shelterin proteins (TRF2 and POT1). It was observed that WA caused cytotoxicity
to ALT cells with no effect on telomere and telomerase activity length. By telomerase-independent
mechanisms, it kills TEP cells, as reported previously [62]. Another study showed that WA significantly
inhibited pAKT expression and facilitated FOXO3a/Par-4 mediated tumor inhibition in TRAMP
mice [63]. One of the critical sources of Cancer is mutations in the Wnt pathway that control cancer
hallmarks like metastasis and immune evasion [64-67]. Wnt signaling pathway hyperactivation
triggers the transformation of normal cells to malignant [68,69].

Interestingly, WA analog 3-azido WA can suppress the Wnt pathway indirectly and thus
prevent the transformation of Cancer [70]. WA and its metabolite 3-azido-WA also increase protein,
namely proapoptotic prostate cancer response-4 (PAR-4) in androgen-refractory prostate cancer
cells [71]. It modulates the 3-catenin phosphorylation in the Wnt pathway. In particular, an increased
amount of PAR-4 downregulates the Akt kinase activity induces the glycogen synthase kinase 3 beta
(GSKp) activation. This phosphorylates catenin is known to obstruct the Wnt signaling pathway [70].
Another study showed WA intraperitoneal administration (0.1 mg) resulted in significant suppression
of circulatory free fatty acid and fatty acid synthase expression, ATP citrate lyase, and carnitine
palmitoyl transferase 1A proteins in vivo prostate studies [72].

4.1.4. Colorectal Cancer

Another common cancer is colorectal cancer (CRC), the fourth leading cause of mortality
worldwide [73]. Despite the incredible progress of efficient chemotherapeutic agents, the drug
resistance occurred, determining the non-success of chemotherapy, with escalated toxicity to the
gastrointestinal tract, skin, and bone marrow [74,75]. In human colorectal cancer cells, WA generates
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ROS followed by the activation of Nrf2, HO-1, NQO1 pathways, and upregulating the expression of
the c-Jun-N-terminal kinase (JNK), the upstream regulator of Nrf2. This resulted in cell death induction
by blocking the disruption of tumor suppressor geneTAp73. WA induces in G2/M phase cell cycle
arrest in HCT116 and SW480 cells of colorectal cancer [76]. It delayed mitosis by interfering with the
proteasomal disruption of Mad2 and Cdc20, necessary constituents of the spindle complex [76].

Moreover, it decreased expression and proliferation of Notch-1 in human colon cancer cells [77].
In colorectal cancer, EMT causes AKT and Notchl activation. As EMT leads to this type of cancer,
therapies that target AKT/Notchl pathways and prevent metastasis are at the top of the current research
paradigm. The WA effect was studied on colitis regulated colon mouse model and other mouse
models of spontaneous intestinal carcinogenesis. WA effectively inhibits the development of intestinal
polyp and colon carcinogenesis; it showed also the downregulation of pro-survival signaling markers
(NF«kB, Notchl, and pAKT) and reduced the proliferative markers [78]. The chemoprotective action
on spontaneous and inflammatory colon carcinogenesis patterns was performed on transgenic mice
models; WA treatment demonstrated declined tissue inflammation and adenomas. In the molecular
analysis, WA down-regulates the expression of Notchl, pAKT, and NF-«B and other markers of
inflammation (interleukin-6 (IL-6), tumor necrosis factor alpha (TNF«), and cyclooxygenase-2) [79],
highlighting that this therapeutic agent has a vital role in colon carcinogenesis prevention. Thus, it can
be further explored for clinical utility.

4.1.5. Lung Cancer

In lung cancer cells (A549 and H1299), WA pre-treatment showed suppressed cell adhesion,
migration, and invasion. Using immunofluorescence, qRT-PCR, and western blot analysis, it was proved
that WA downregulated EMT induced by tumor growth factor beta 1 (TGFf31) and TNFx expression in
both cells. WA also suppresses Smad2/3 and NF-«kB phosphorylation and nuclear translocation [80]. In
another study on A549 cells, WA causes dose-dependent apoptosis. JC-1 staining of cells treated with
WA showed declined MMP and was accompanied by caspase-9 and caspase-3 activation, the apoptosis
leading players [81]. WA arrested the GO/G1 phase of lung cancer (A549) cells, which further
suppresses phosphatidyl inositol-3 kinase (PI3K)/Akt pathway and decrease the Bcl-2expression. WA
also displayed a dose-dependent decrease of metastatic lung nodules. WA is an effective anti-lung
cancer agent as well as also controls the growth of CSC. It also inhibits the spheroid formation in lung
cancer by suppressing the mTOR/STAT3 pathway [81].

4.2. WA-Responsive Proteins in Cancer

Carcinogenesis is a process with multiple stages that involve the deregulation of various
physiological and biochemical cascades that control cells” growth and survival and their apoptosis.
In this context targeting various signaling mediators that lead to tumor growth is advantageous
to be discussed. The electrophilic nature and its interaction with the nucleophilic group results in
inducing electrophilic stress, thereby it shows WA as a Michael addition electron acceptor. These
free radicals will cause damage to the mitochondria leading to its apoptosis. There is an increase
in the exogenous ROS levels dramatically during drug uptake or environmental stress, such as UV
radiation [82]. WA treatment forms ROS in various models of Cancer. WA interaction to Keap1 causes
increased NRF2 protein levels, which mediate the antioxidant protein expression protecting the cell
against the effect of oxidative damage [83].

Meanwhile, various proteins are targeted by WA from the anti-stress pathway and increasing
the ROS level. This augmented ROS level further activates antioxidant pathways and causing
ROS/cyto-protection imbalance. This finally decides the fate of cancer cells. WA treatment enhances
four oxidative stress response proteins that decrease the oxidative damage following WA treatment and
re-establish homeostasis. The upregulated proteins in oxidative stress response upon WA treatment
include heme oxygenase, one iron-sulfur, aldose reductase, and sepiapterin reductase. Various proteins
are downregulated glutathione peroxidase 1, phospholipid hydroperoxide [84,85].
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Following oxidative stress and activation of the ubiquitin-proteasome system (UPS) is activated
by the Nrf2 transcription factor to remove oxidized proteins and restore homeostasis. Targeting UPS
induces more proteotoxic stress in cancer cells. WA treatment upregulates five proteins related
to ubiquitin-proteasome includes beta type-1 (PSB1 human), Proteasome subunit alpha type-2
(PSA2 human), 26S proteasome regulatory subunit 10B, Ubiquitin carboxyl-terminal hydrolase
(UBP24 human), and Proteasome activator complex subunit-4 (PSME4 human). The WA-target proteins
that degrade include Proteasome subunit beta type-10 and type-5, AAA+ chaperone p97, USP24 human
isozyme L5 [86,87].

UPS is responsible for cellular removal of proteins, although cells also have an extra protein removal
system known as autophagy that disrupts cellular components and the deposited aggregates of protein
during UPS attenuation [88]. Autophagy is an adaptive cellular stress response. The treatment with
WA disrupts and block autophagy functions [38]. Therefore, autophagy markers that upregulate during
WA treatment include mitochondrial import receptor subunit TOM22 homolog, SNARE-associated
protein Snapin, ras-related protein Rab-24, tubulin beta chain, histone deacetylase 6, Annexin A4,
Tubulin Beta [89,90].

Another transcription factor known as heat shock factor-1 (HSF-1) regulates protein folding
and repair [91]. This factor induces stress and also binds with DNA and causes the stimulation
of heat shock response elements. WA has a potential antitumor activity, indicating very powerful
ER-stress causing properties, assumed from HSF1 reporter assay [92]. HSF1 is marked as a promising
WA binding target, further leading to the suppression of genes controlled by HSF-1, such as FKBP4
HSP13 and DJC10. The proteins exaggerated treatment with WA includes chaperone, ER-associated
degradation, and protein folding enzymes (isomerase and reductase). Proteins associated with
chaperone related protein unc-45 homolog A, heat shock 70 kDa protein 1A; 1B; 13, DnaJ homolog
subfamily A member 2, BAG family molecular chaperone regulator 2. The protein targeted by WA
and linked with the enzymatic activity of isomerase and reductase include Peptidyl-prolyl cis-trans
isomerase, Peptidyl-prolyl isomerase domain, NIMA-interacting 1, and WD repeat-containing protein 1.
Proteins that target ER-associated degradation include alpha-mannosidase protein 3, Homocysteine
inducible ER, AAA+ chaperone p97, transport and golgi organization protein 1 homolog [84]

At the time of weak cellular stress response initiated by WA, Protein translation must be restrained
to avoid new misfolded proteins” aggregation. WA has a role in protein translation machinery,
which increases eukaryotic translation initiation factor (IF) 2A, which inhibits cancer cells” proliferation.
However, subsequent interaction of WA with IF5A1 (the eIF5A regulon) and IF4B triggers cell death [93].

Moreover, WA also targets the cytoskeleton properties, which include Vimentin, annexin A2,
and B-tubulin. Vimentin (VIM) plays the leading role in holding and anchoring organelles by
making connections of the nucleus, mitochondria, and endoplasmic reticulum in the cytosol. Various
kinases have shown binding with vimentin such as ROKa, Raf-1, phosphorylated ERKs, PKCe [94-96].
Alternatively, vimentin interacts with 14-3-3 proteins that might obstruct signaling cascades that mediate
cell cycle progression, signal transduction, and apoptosis; it also binds with HSP90. Furthermore, there is
an enhanced vimentin expression in cancerous cells, and it is correlated with EMT, metastasis with poor
prognosis thereby resulting in reduced patient survival [54,97]. When binds with vimentin, it inhibits the
assembly and intermediate filament network and leads to eventual viability [98]. Annexin A2 (ANXAZ2)
is a calcium-dependent protein, supporting endocytosis, adhesion, and metastasis. It is present
abundantly in a broad range of cancers. WA, when binds to annexin A2 core domain, causes suppression
of actin polymerization and subsequent limit the migration of the cancer cells [99,100]. Literature also
reports that WA arrests the G2/M and G1/S transition cell cycle phase [32].

The targets identified are Dual specificity protein kinase TTK, Nucleoporin Nup43,
Protein phosphatase 1B SRRT human, WAPL human, NIPA human, MCMBP human [84]. WA also
disrupts of NFkB signaling pathways. It is an important pathway that is dysregulated in various
types of Cancer [101]. This suppresses the gene transcription of many downstream genes involved
in inflammation includes MCP1, Interleukin-1 (IL6), and IL8, etc. The proteins participated in
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NFkB signaling and downregulated by WA include nuclear factor NFkB p105 subunit, Transcription
factor p65, signal co-integrator one complex subunit 2, Coiled-coil domain-containing protein 22,
COMD3 human. NF-kB participates in the activation of proteins involved in cell growth, cell survival,
angiogenesis, and decrease vulnerability to apoptosis [84,102]. NF-kB driven proteins expression
stimulation is controlled tightly. Under quiescent conditions, it is an inactive form in the cytoplasm
with its inhibitor IkB, masking the nuclear localization process. Inflammatory mediators, and microbial
pathogens trigger specific cognate receptors and stimulate NF-kB. This event induces the stimulation
of the IkB-kinase (IKK) complex leading to its proteasomal degradation [102]. WA inhibited NF-kB
signaling, which includes chronic lymphocytic leukemia (CLL), acute myeloid leukemia (AML), and
multiple myeloma (MM) [13].

Cancer stem cells (CSC) are the self-renewal and tumor-initiating cells. The rising trend in the
failure of chemotherapeutic drugs and the reappearance of cancer has contributed to cancer stem
cells’ growth in growing tumors. The main priority is the eradication of these cancer stem cells in
modern endeavors of anticancer drug discovery. In the cells of pancreatic ductal adenocarcinoma
nestin overexpression, a stem cell marker rises cell motility and results in phenotypic changes,
whereas endogenous nestin knockdown decreases cell migration well as cells also retain its epithelial
phenotype. WA possesses anti-nestin activity, which suggests its potential in targeting pancreatic
CSC [103]. Another study reported [104] the suppression of mammosphere activity, the aldehyde
dehydrogenase 1 (ALDH1) activity, elevated CD44, and reduced CD24 levels in breast cancer cells
(MCF-7 and SUM159). This poly-pharmaceutical response rationalizes its anticancer mechanism.
Chemo proteomic approach shows WA binds and interacts with numerous proteins targeting various
protein signaling cascades of cancer. The various anticancer targets are shown in Figure 3.
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Figure 3. Withaferin A associated anticancer protein targets.

Oxidative Stress Response and Red Cell Proteins

WA was reported to induce ROS production causing oral and colon cancer cells apoptosis [105,106].
In cancer cells, WA induces G2/M cell cycle arrest, antiproliferation, apoptosis, mitochondrial membrane
depolarization, caspase activation, migration inhibition and phosphorylated histone H2A X based
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damage to DNA [107]. WA inhibits the activities of MMP-2, MMP-9, causing antioxidant gene
expression and activation of MAPK. In oral cancer cells N N-acetylcysteine (NAC) pre-treatment
suppressed the inhibitory migration alteration and various pathways activated following the WA
treatment proving that ROS plays a crucial role in inhibitory migration induced by WA [108].

Moreover, in tumor cells, the cell surface glycoproteins and glycolipids have changed composition
of carbohydrates causing aberrant cell-cell recognition, antigenicity, cell adhesion, and malignant cells
invasiveness [109]. Glycosyl residues present on the cell surface controls epithelial growth and cell
proliferation [110]. During carcinogenesis, the levels of plasma glycocongugates are elevated at the
expense of erythrocyte membranes with the depletion in epithelial cell surface carbohydrates [109].
The loss of erythrocyte membrane glycoproteins was due to increased degradation or due to increased
shedding into circulation or reduced synthesis. Neoplastic transformation causes increased levels
of plasma sialic acid through the secretion or shedding from the tumor cell [111,112]. As the tumor
mass grows, it may contribute to elevated fucose concentrations as a result of glycoproteins release
or due to host treatment causing cell damage. WA treatment protected the red blood cell membrane
integrity by maintaining glycocongugates level during carcinogenesis. Oxidative stress alters the
membrane bound enzymes, which is important for cell lysis [113]. It has been showed that any changes
in red cell fragility induces change in Na*/K*-ATPase activity [114]. Tumor bearing hamster’s red
blood cells were more fragile when compared with control hamsters. This increased fragility may be
due to their lipid content alteration and increased oxidative stress. WA significantly restored membrane
TBARS levels, Na*/K*-ATPase activity and osmotic fragility in red cell [115]. Human umbilical vein
endothelial cells (HUVECs) as well as endothelial cell line (EA.hy926) when treated with WA showed
increased heme oxygenase (HO-1) expression, an antioxidant gene. This gene is transcriptionally
regulated by NF-E2-related factor 2 (Nrf2) transcription factor which senses chemical alteration in the
cell and regulates transcriptional responses thus maintaining chemical homeostasis via antioxidant
gene expression. WA upregulates and increase the nuclear translocation of Nrf2, inducing HO-1
expression in endothelial cells thereby re-establish cell homeostasis [116].

4.3. Anti Diabetic Activity

Diabetes is a metabolic, endocrine disease where the glucose supply and utilization are
mismatched. The pathogenesis includes elevated oxidative stress, which disrupts the pancreas
histology and causes beta-cells destruction. Insulin-dependent or type I diabetes mellitus depends
totally on insulin replacement therapy as the therapeutic strategy. There are various parts and
parcel complications of diabetes, such as obesity, organ sepsis, and microvascular and macro-vascular
diabetic complications [117,118]. Another evidence reported that WA leads to potential alteration in
glucose metabolism and lipid profiles. In diabetic mice, it suppresses inflammation and stimulates
weight loss, contributing to elevated insulin sensitivity [119]. WA attenuated mouse hepatic steatosis,
although antidiabetic drug rosiglitazone has a beneficial effect on insulin sensitivity but does not show
improved liver and weight loss effects. Inflammatory mediators (TNF-«, IL6, and resistin) play a
significant role in obesity. They promote insulin receptor substrates 1 (IRS-1) phosphorylation that
negatively controls the signaling of insulin. They were significantly decreased by WA treatment.
Previous literature has shown the downregulation of insulin signaling gene expression (insr, pi3k irs1,
slc2a4, and irs2) in diabetes. WA treatment upregulated the mRNA expression of insr, insr, pi3k, and irs1
while treatment with rosiglitazone increased insr, irs1, and slc2a4 expression. WA insulin-sensitizing
potential seems to have occurred due to its anti-inflammatory action that indirectly affects insulin
signaling events, upregulating adiponectin, preventing the phosphorylation of PPARy [119]. The studies
reported attenuation of streptozotocin-induced type 1 diabetes by WA. Oxidative stress stimulates the
NE-«B axis, following inflammatory mediators” production that induces pancreatic islet cell destruction.
STZ induces alkylation of DNA that ultimately leads to the 3-cell dysfunction. Apoptotic morphological
changes occur by Caspase 3 upregulation, including DNA fragmentation, membrane blebbing, apoptotic
body formation, and cytoplasmic and nuclear condensation [120]. This results in the disruption of
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pancreatic insulin-secreting (3-cells, resulting in hyperglycemia [121,122]. WA intervention abrogates
nitrosative stress by lowering tissue nitrile levels. WA was considered as a potential molecule
to ameliorate TIDM by caspase three expression, reduction in fragmented DNA, decrease in the
concentration of TNF-«, and IL-6 [122]. In acute liver injury induced by acetaminophen, WA activates
the Keap1/Nrf2 pathway and mediates the hepatoprotective effect. The Nrf-2/NF«B signaling imbalance
leads to a cascade of oxidative stress causing liver damage [123]. Moreover, in another study, also
WA proved to be anti-inflammatory and antioxidant. It restores the impaired insulin resistance and
corrects the endothelial function [124]. Taken together, these results implicated that TNF-«, IL6, and
Nrf-2/NFkB are an essential target of WA.

4.4. Neuroprotective Activity

In the central nervous system (CNS), A3 accumulation contributes to neurodegeneration. WA 0.5-2
UM decreases the amyloid beta (A3) aggregation induced by Tat and cocaine with no cytotoxicity in
the cell cultures. WA treatment decreases cytoplasmic vacuoles and dendritic beading. Moreover, this
AP accumulation in an HIV patient’s brain contributes to cascades of neurological disorders that drive
aging or related dementias [125]. Moreover, WA is reported to block the acetylcholesterinases and
butyrylcholinesterases enzyme activity in in vitro assay.

The hydrolytic activity acetylcholinesterase disrupts neurotransmitter acetylcholine, thereby
forming choline and acetate. The role of butyrylcholinesterase still to be explored. As acetylcholine has
a significant role in cognitive diseases, acetylcholine’s upregulation ameliorates the cognitive deficits
in Alzheimer’s disease (AD) [126]. The neuroprotective ability of WA (50 mg/kg b.w) demonstrated a
resurge of dopamine (DA) and homo vanillic acid (HVA) in substantia nigra and striatum. The reduced
level of these catecholamines leads to motor deficits. The increased level of DA and HVA suggest
the neuroprotective potential of WA [127]. Traumatic brain injury (TBI) has increased morbidity and
mortality rates worldwide, making it a significant public health concern. WA significantly enhanced
neurobehavioral function and reduced histological alteration in tissues after injury; it reduces the
disruption in the blood-brain barrier and edema in the brain via decreasing apoptosis in endothelial cells.
WA attenuate the levels of neuroinflammatory mediators (TNF-«, IL-13, and IL-6). This regulation
regulating microglial activation can be used as a therapeutic regimen for recovery after traumatic brain
injury [128].

In AD, activation of microglia is achieved by interaction with A oligomers and A fibrils, which
causes an inflammatory reaction by stimulating NLRP3 and nuclear factor NF-«kB pathway inducing
the release of pro-inflammatory cytokines and chemokines [129,130]. By phagocytosis, A fibrils are
engulfed by microglia, and these fibrils are degraded by neprilysin and insulin-degrading enzyme.
In patients of AD, stimulation of NLRP3 and NF-kB pathway block the AP phagocytosis
causing increased A fibrils accumulation, thereby forming a self-perpetuating loop, resulting in
neuroinflammation [130]. NF-«kB expression was inhibited with WA'’s treatment, which plays a vital
role in the cascade of inflammatory cytokines. The downregulation of JAK and STAT and upregulation
of IKBKB and IKBKG was seen [131].

Leucine-rich repeat kinase 2 is a massive protein mutated in neurological patients with Alzheimer’s
disease and Parkinson’s disease (PD). This protein is stabilized by chaperone HSF90 and also with
co-chaperone Cdc37. When treated with WA, the N9 microglial cell line decreases the LRRK2 and
disrupts the HSP90, Cdc37, which results in destabilization and reduced concentration of LRRK2 [86].
A more beneficial anti-inflammatory role of WA was seen in transgenic mice with TAR-DNA binding
protein (TDP43). These mice have a neurodegenerative disease similar to amyotrophic lateral sclerosis
and indicate activated microglia with neurotoxic and pro-inflammatory phenotypes. TDP43 expression,
NF-kB subunit p65 expression, was found to be increased in the spinal cord. WA treatment improved
motor neuron deficits and decreased NF-kB dependent inflammation and thereby decreasing the
disease phenotype. WA (10 to 40 mg/kg ip) also displayed anxiolytic efficacy, as measured by increased
exploratory time in the open arm in the elevated plus-maze [132]. Altogether this data confirms that
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WA has enormous potential as a natural neurotherapeutic agent in ameliorating cognitive deficits
associated with AD, PD, ALS; thus, its application in other models of neurodegenerative diseases
deserves to be investigated.

4.5. Cardioprotective Activity

Myocardial infarction (MI) is a significant health problem globally and the leading cause of
death. WA 1mg/kg decreased the apoptotic cell death, upregulation of protein Bcl-2, and thereby
stimulating the mitochondrial antiapoptotic pathway. The in vivo study evidenced WA low dose
1 mg/kg, in mice has a beneficial effect against MI injury, but a higher dose of 5 mg/kg, in mice was
not at all protective and deteriorated cardiac cells. WA may affect the Bcl-2/Bax ratio, induced AMPK
activation suppressing mitochondrial apoptosis, and thus showed protective cardiac function. Thus,
WA has therapeutic usage in patients having cancer enduring cardiovascular system disorders [133].

Fibroproliferative disorders are a type of tissue injury linked with stimulation of collagen
synthesizing cells, inducing type I collagen synthesis and deposition [134]. This result due to collagen
I gene expression transcription and the escalated collagen I mRNAs half-life [135]. WA disrupts the
vimentin filament network in endothelial cells and astrocytes. Vimentin filaments interact and stabilize
the type I collagen. WA participates in the regulation of transcriptional and posttranscriptional type I
collagen and inhibits the stimulation of TGE, block activation of NF-kB.

Myocardial fibrosis is linked with the accumulation of collagen fibers in the cardiac
interstitium, seen in various cardiac disorders: myocardial infarction, hypertensive heart disease,
idiopathic interstitial cardiac fibrosis, hypertrophic cardiomyopathy, and decompensated congestive
heart failure. The fibrosis disrupts cardiac function resulting in heart failure [136-139]. The studies
also showed the antiplatelet, profibrinolytic, and anticoagulant WA (0.09 ug to 4.71 ug/mouse).
In TNF-« stimulated human umbilical vein endothelial cells, WA's effect was evidenced on the
plasminogen activator inhibitor type 1 (PAI-1/t) expressions and tissue-type plasminogen activator
(t-PA). WA blocked thrombin-catalyzed fibrin polymerization and also the platelet aggregation induced
by ferric chloride. WA increased bleeding time and also suppressed TNE-« induced PAI-1 synthesis
in vivo and ex vivo studies. Moreover, the PAI-1/t-PA ratio was reduced by WA [140]. Altogether,
these results evidenced that WA has cardioprotective potential; considering its safety and efficacy,
there is a need for clinical trials to support its therapeutic role in heart diseases.

4.6. COVID 19

The proper treatment of cancer patients with the potentially compromised immune system and
SARS-CoV2 infection is a serious issue faced by oncologists [141]. Data from four hot spots regions,
namely China, United States, Italy, and Spain, showed that patients are admitted to the intensive care
unit (ICU) and need mechanical ventilation for life support [142-145]. Covid 19 infection is associated
with life-threatening immune reaction, and there is a release of pro-inflammatory cytokines termed
as cytokine storm [146]. In a metastatic ovarian cancer model, WA decreases the pro-inflammatory
cytokines (IL-6, TNF«, IL-8, IL-18) [44]. The realm of possibility showed that WA reduces the cytokine
storm intensity due to its anti-inflammatory properties reported. Two research groups demonstrated
that withanolides (such as WA) can bind with the S protein receptor-binding domain of virus, thereby
inhibiting the viral binding with the host’s ACE2 receptor [147,148]. Another group indicated that WA
and withanone bind with coronavirus’s main protease, but WA has low a binding affinity compared
to an established inhibitor of N3 protease in docking scores [149]. WA treatment decreases the
angiotensin II receptor type 1 mRNA expression compared to control groups. Based on these findings
and previously reported studies, WA treatment was observed to alter lungs” ACE2 expression under
tumor-free and bearing states. No significant results in lungs ACE2 mRNA expression were there.
TMPRSS2 is involved in S protein priming, which causes the cleavage of S protein and thereby allowing
viral and cellular membranes fusion. SARS-COVID enters via interacting with angiotensin-converting
enzyme 2 (ACE2) WA bind at the catalytic site of TMPRSS2 and able to alter its allosteric site. Therefore,
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WA can be a potential therapeutic compound to prevent the COVID-19 spread by blocking ACE 2
expression and reducing pro-inflammatory cytokines [150].

4.7. Anti Hepatitis Activity

Nonalcoholic steatohepatitis (NASH) is known as the advanced form of nonalcoholic fatty liver
disorders that collectively results in the risk of liver cirrhosis and carcinoma [151,152]. Over intake of
fatty acidsleads to the formation of toxic lipids inducing inflammation, ER stress, hepatic oxidative stress,
and hepatic cell death [153]. Out of all the lipids, ceramides get accumulated in the blood and tissues.
WA decreases oxidative stress, displayed by its nuclear factor erythroid related factor 2 pathway and
heme oxygenase (HO-1) expression, thereby also ameliorating acetaminophen-induced liver injury.
WA 5 mg/kg improved pathologies associated with NASH, such as hepatic steatosis, fibrosis, and
inflammation. Various pathways involve kelch like ECH associated protein 1, glycogen synthase
kinase 3 [154]. These findings suggest that WA effectively protects cells from NASH, although further
studies are still required to know the exact mechanism. This could help in the repurposing of this WA
with its potential role in treating NASH.

4.8. Osteoporosis

Osteoporosis is a skeletal bone disorder characterized by an imbalance in bone resorption and
formation [155]. WA (5 and 10 mg/kg) upregulates the osteoblast-specific transcription factor expression,
promoting osteoblast proliferation and differentiation. WA down-regulates the inflammatory cytokines.
In osteoclast, also known as bone-resorbing cells, WA suppresses osteoclast number by downregulating
the expression of tartrate-resistant acid phosphatase (TRAP) and receptor activator of nuclear factor
kappa-B ligand (RANKL) and osteoprotegerin (OPG). Furthermore, WA also inhibits NF-kB signaling,
activated nuclear p65-subunit of NF-kB, and stabilizes RunX2. Thus, promoting the activity of
osteoblastic bone-forming cells [156]. These findings indicated that WA prevents osteoporosis by
downregulating TRAP and RANKL, thereby inhibiting osteoclast differentiation.

5. Formulations Prepared from Withaferin A

Dexamethasone and WA gold nanoparticles were able to inhibit the epithelial-mesenchymal
transition in tumor cells, preventing metastasis by inhibiting mouse melanoma tumors, thereby
reducing mice’s mortality rate Glucocorticoids receptor-dependent selective cytotoxicity occurs using
this metallic nanoparticle formulation [157]. In one study, mannosylated liposomes (ML) were used
for encapsulation of WA (adjuvant-induced) for targeting synovial macrophages in a rat model of
arthritis. With the help of confocal microscopy, ML-WA showed robust internalization of synovial
macrophages. Moreover, osteoprotegerin production was upregulated after the treatment, and there
was no degradation of cartilage and bone erosion. The study suggested, ML-WA has enormous
potential for reducing bone resorption and inflammation [158].

A new liposomal efficient drug delivery system was developed to target angiogenic endothelial
cells and CD13 positive cancer epithelial cells using homing peptide (NGR). NGRKC16-lipopeptide
liposomes are encapsulated with WA, which leads to the apoptosis of CD13-positive pancreatic cancer
cells and angiogenic endothelial cells. Therefore, reported WA-encapsulated liposomal formulation
could be used as a therapeutic strategy to treat aggressive pancreatic Cancer [159]. WA nano
vesicular system noisome formulation showed higher anticancer activity against HeLa cells in the
SRB assay followed by flow cytometry and comet assays. So, this study provides an opportunity to
use natural materials as cancer treatment agents [160]. Polycaprolactone implants embedded with
WA was prepared for controlled systemic release to overcome the problems associated with oral
bioavailability and decreasing the dose requirement. WA implant inhibits nearly 60% of lung cancer
in A549 cell xenografts, but no suppression of Cancer was there when the same dose was given
intraperitoneally [161]. WA formulation has proved beneficial in arthritis and Cancer, although this
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formulation still requires more process optimization for efficient clinical translation. This could also be
beneficial for pharmaceutical and translational researchers.

6. Synergistic Combination of Withaferin A

The radiosensitizing combination effect of WA and hyperthermia (HT) or radiotherapy (RT) was
studied (acute and fractionated) on B16F1 mouse tumors propagated in C57BL mice and Swiss albino
mice [42]. Fractionated radiotherapy with WA increased the complete response (CR) of both the tumors
synergistically compared to hyperthermia, further enhancing these effects. Therefore, when used with
radiotherapy, WA suggested being a promising radiosensitizer. WA and myricetin (MY) combination
act against the growth of pancreatic cancer. It decreased ICs of WA (2.19, 2.65, 3.93 folds) compared
to alone WA in PC cells (Panc-1, MiaPaca-2, BxPc-3). 1 uM of WA and 5 uM of MY, when combined,
induced an increase in caspase-3 activity by 4-fold as compared to alone treatment of WA (1 uM)
(2.3-fold) or MY (5 uM) (1.4-fold), which had shown less effect on the activity of caspase-3. As a whole,
WA and MY'’s synergism caused apoptosis in pancreatic cells [162].

The in vitro co-treatment efficacy of sorafenib (SO) and withaferin A was synergistically evaluated
against papillary and anaplastic thyroid cancers. Cell viability reduced significantly from 50% (alone
with each drug) to 19% (in combination). G2/M cell-cycle arrest caused by SO+WA combination in
anaplastic cells and induces apoptosis (PARP cleavage and inactivation of caspase-3), down-regulating
the client proteins like BRAF, Raf-1, and ERK when combined drugs were given. This research
provided an approach for maintaining anticancer efficacy with a combination of SO and WA [163].
Antiproliferative and apoptotic effects were evoked by co-treatment of WA and doxorubicin in many cell
lines of ovarian cancer (A2780, A2780/CP70, and CaOV3). This resulted in a reduced chemotherapeutic
dose of doxorubicin, and even the doxorubicin-induced side effects were also minimized. A significant
increment in the production of ROS by co-treatment resulted in damage to DNA and autophagy
induced (by increased expression of autophagy marker LC3B), also through caspase-3 cleavage cell
death induced. 70-80% reduction was examined in ovarian tumor cells growth xenograft of nude
mice generated by synergistic WA. There was a rise in autophagy as seen by LC3B autophagy marker
expression and via cleavage of caspase-3 inducing cell death. The combination regimen of WA and
cisplatin at suboptimal dose generates ROS and causes cell death [41]. The actions of this combination
is attributed by eradicating cells, revealing markers of cancer stem cells like CD34, CD44, Oct4, CD24,
and CD117 and downregulation of Hes, Hey, and Notch genes [42].

The synergistic effect of WA and oxaliplatin combination in vitro and in vivo studies on
human pancreatic cells was studied. This combination results in inhibition of proliferation and
caspase-regulated apoptosis. The dysfunction of mitochondria and PI3K/AKT inhibition generates
intracellular ROS through which the proapoptotic effect occurred synergistically. While in vivo
methodology evaluated high synergistic antitumor activity in PC xenografts [81]. Hence, a novel
pharmaceutical approach for pancreatic cancer treatment could be a cocktail of oxaliplatin and WA.

Effects of both DOXIL (liposomal preparation of doxorubicin) and WA, alone and in combination
form was investigated on cell lines of ovarian cancer (A2780) and tumor growth in SCID mice. In vitro
spheroids formation assay was used for studying the combinatorial effect of DOXIL and WA on the
tumorigenic function of ALDHI1 cells (A2780 isolated). Alone treatment of WA (dose-dependent)
inhibited both ALDH1 and Notch 1 gene expression, and DOXIL (200 nM) remained ineffective.
When treated in a combination of WA+DOXIL, ovarian cancer cell proliferation and ALDH1 protein
expression were inhibited with a significant synergistic effect. A robust significant reduction (60% to
70%) in the growth of the tumor, as well as complete metastasis inhibition, was seen in SCID mice
(with the ovarian tumor) when co-treated with DOXIL (2 mg/kg) and WA (2 mg/kg). Altogether, it was
determined that WA+DOXIL (co-treatment) could be a potable factor for ovarian cancer treatment [164].

Recently, researchers investigated the WA (alone) and the combination of Paclitaxel (PAC) and
WA on non-small cell lung cancer (NSCLC) cells growth, proliferation, migration, and invasion.
They deceived in vitro probable effects of PAC, Cis-Pt, and WA synergistically in H1299 and A549 cells.
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1:40, 1:100 and 10:1 were the combinations of ratios of PAC: WA, PAC: Cis-Pt, and Cis-Pt: WA
respectively for examining synergism and further found highly synergistic, showing greater sensitivity
of H1299 and A549 cells with co-treatment (PAC and WA). Colony formation, migration, the inversion
was inhibited with co-treatment of PAC+WA synergistically and cause apoptosis in H1299 and
A549 cells. It was demonstrated that WA targeted both drug-resistant and drug-sensitive NSCLC
cells along with PAC’s synergistic effects. Hence, the anticancer role of WA alone or with PAC
opposing human NSCLC cell lines was investigated, and PAC+WA combination on NSCLC provided
a therapeutic strategy [165].

A study found the antitumor effect of WA with 5-fluorouracil (5-FU) by modulating endoplasmic
reticulum (ER) stress feasible for cell death and inducing a significant effect antiproliferation. Autophagy
and apoptosis were induced by ER stress. Co-treatment of WA and 5-FU arrested GoM phase cell cycle
triggered due to phosphorylation of 3-catenin/Wnt signaling (essential proteins). The combination
treatment decreased the cell viability in colon cancer cells resulting in more robust efficacy and safe
toxicity profile [166]. In the recent outbreak of SARS-CoV-2 disease, an in-silico study reported the
antiviral role of within one-N combined with caffeic acid phenethyl ester and WA inhibits SARS-CoV-2
protease MP™ functional activity [149]. This study can lead to drug discovery for the treatment of the
COVID-19 pandemic. These synergistic combinations of WA reduce toxicity associated with synthetic
drugs and help design clinical chemotherapeutic strategy for human carcinoma.

7. Conclusions and Future Perspectives

This review has thrown light on WA pharmacokinetics, its structural modifications, and potential
pharmacological activities and formulations. The pharmacokinetics studies revealed that WA’s oral
absorption is rapid and can be used to design drug delivery systems targeting various diseases.
The molecule is attaining global attention as it is a promising anticancer compound with many other
therapeutic benefits, including AD, cardioprotective, neuroprotective, osteoporotic, and antiviral effects.
In the present review, WA regulates multiple antitumor pathways, including oxidative stress, promoting
apoptosis, autophagy, inhibiting cell proliferation, reducing angiogenesis progression, and metastasis
progression. Identifying new proteins with significant effects on tumor progression can target future
drug discovery of chemotherapeutic agents. The molecular roadmap of WA can also help us select
other anticancer compounds, and their synergistic combination can boost clinical efficacy.

The combined activities of WA with radiotherapy and other chemotherapeutic drugs and the
analogs of WA have shown beneficial therapeutic outcomes, thereby exploring disease-altering therapies.
Moreover, an additional novel target can be designed based on the target cascade of WA; this could
further have the potential for novel antitumor therapies. A single target drug develops escape
pathways and has more chances to develop resistance and disease relapse. WA acts on multi targets,
improves therapeutic outcomes, and overcome drug resistance.

Moreover, in-depth research on pharmacokinetics and bioavailability is needed to establish the
active dose of this compound. An extensive toxicological evaluation is needed to determine the safety
profile of WA. The tissue exposure of WA by pharmacodynamics biomarkers and even in vivo and
in vitro studies could be performed at the same time for significant outcomes. The review evidenced
that WA is a potential therapeutic approach that should be considered a potential therapeutic medicine.
Validated, planned, and comprehensively designed clinical trials are imperatively needed on various
cancers studies before conversion into the clinical realm.
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Abstract: Cisplatinis an effective chemotherapeutic agent, butits clinical use is frequently limited by its
nephrotoxicity. The pathogenesis of cisplatin-induced acute kidney injury (AKI) remains incompletely
understood, but oxidative stress, tubular cell death, and inflammation are considered important
contributors to cisplatin-induced renal injury. Kahweol is a natural diterpene extracted from coffee
beans and has been shown to possess anti-oxidative and anti-inflammatory properties. However, its
role in cisplatin-induced nephrotoxicity remains undetermined. Therefore, we investigated whether
kahweol exerts a protective effect against cisplatin-induced renal injury. Additionally, its mechanisms
were also examined. Administration of kahweol attenuated renal dysfunction and histopathological
damage together with inhibition of oxidative stress in cisplatin-injected mice. Increased expression
of nicotinamide adenine dinucleotide phosphate oxidase 4 and decreased expression of manganese
superoxide dismutase and catalase after cisplatin treatment were significantly reversed by kahweol.
Moreover, kahweol inhibited cisplatin-induced apoptosis and necroptosis in the kidneys. Finally,
kahweol reduced inflammatory cytokine production and immune cell accumulation together with
suppression of nuclear factor kappa-B pathway and downregulation of vascular adhesion molecules.
Together, these results suggest that kahweol ameliorates cisplatin-induced renal injury via its
pleiotropic effects and might be a potential preventive option against cisplatin-induced nephrotoxicity.

Keywords: cisplatin; coffee; kahweol; acute kidney injury; oxidative stress; apoptosis; necroptosis;
inflammation

1. Introduction

Cisplatin is a platinum-containing chemotherapeutic agent that has been widely used for the
treatment of various human cancers [1]. However, its clinical use is frequently limited due to its side
effects. Among them, acute kidney injury (AKI) is the most common dose-limiting side effect of cisplatin
treatment. Indeed, about a third of patients on cisplatin treatment suffer from the nephrotoxic side
effect [1]. However, no effective therapies for cisplatin-induced AKI are currently available. Thus, it is
essential to develop therapeutic agents for preventing nephrotoxicity, enabling high-dose chemotherapy
using cisplatin.

The pathophysiology of cisplatin-induced renal injury involves multiple mechanisms that are
incompletely understood. However, oxidative stress, tubular cell death, and inflammation are considered
important contributors to cisplatin-induced renal injury [1-3]. Among them, high levels of oxidative
stress are one of the hallmarks of cisplatin-induced renal injury. Numerous studies have reported
that cisplatin treatment is associated with increased generation of reactive oxygen species (ROS) and
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decreased expression of endogenous antioxidant enzymes [4,5]. High levels of oxidative stress can
induce tubular cell death [6]. Previous studies have shown that apoptosis of tubular epithelial cells
occurs in cisplatin-induced renal injury [1-3]. Apoptosis is a form of programmed cell death and is
mediated by caspases, which trigger cell death by catalyzing the specific cleavage of numerous essential
cellular proteins. In addition, necrosis, a non-programmed cell death, is also observed in kidneys of
rodents treated with cisplatin [1-3]. Recently, a novel type of programmed necrosis, called necroptosis,
has emerged as another important type of cell death in cisplatin-induced AKI [7,8]. Indeed, concomitant
use of inhibitors of apoptosis and necroptosis presented synergistic renoprotective effects against
cisplatin-induced renal injury [9]. Besides direct cellular damage, inflammatory responses are also
critical for cisplatin-induced renal injury [1-3]. During cisplatin-induced AKI, excessive amounts of
cytokines are produced and secreted from infiltrated pro-inflammatory cells and tubular epithelial
cells. Genetic or pharmacological suppression of tumor necrosis factor-oc (TNF-w) effectively protected
against cisplatin-induced renal injury in mice [10]. Because tubular epithelial cells also secrete a
variety of chemokines during cisplatin-induced AKI, pro-inflammatory cells, including neutrophils,
macrophages, and CD4* T cells, are infiltrated into damaged kidneys [11,12]. Excessive accumulation
of pro-inflammatory cells can induce additional tissue injury via the generation of cytokines and ROS.

Coffee is the most popularly consumed beverage all over the world after water. A number
of epidemiological studies have shown that coffee consumption is inversely proportional to the
risk of various human diseases such as cardiovascular disease, cancer, diabetes, and chronic liver
disease [13]. Coffee contains a variety of biologically active components. Among them, kahweol is
a natural diterpene extracted from coffee beans and has been shown to exhibit anti-oxidative and
anti-inflammatory activities [14]. Accumulating evidence suggests that the compound has a beneficial
effect on inflammatory conditions of various organs [15-17]. However, whether kahweol has a beneficial
effect against cisplatin-induced renal injury has not yet been clarified. The purpose of this study was to
evaluate the potential effects of kahweol on cisplatin-induced renal injury and to explore its mechanisms.

2. Materials and Methods

2.1. Animals Procedures

All animal experiments were performed in accordance with the Institutional Animal Care and Use
Committee of the Daegu Catholic University Medical Center (Approval number: DCIAFCR-200626-12-Y,
approval date: 6 June 2020). Male 7-week-old C57BL/6N mice were acquired from HyoSung Science Inc.
(Daegu, Korea) and kept at 20-24 °C and 55% humidity for 1 week. The mice were divided into 3 groups
(n = 8 per group): vehicle (Veh), cisplatin (CP), and cisplatin plus kahweol (CP+Kah). The CP group
was given a single intraperitoneal injection of cisplatin (20 mg/kg in 0.9% saline). An equal volume
of the vehicle was injected intraperitoneally into the Veh group. The CP+Kah group was given an
intraperitoneal injection of kahweol (20 mg/kg) daily for 4 consecutive days, starting from 1 day prior to
cisplatin injection. The doses of kahweol and cisplatin and the treatment protocol were selected based
on the results of previous studies [15,18]. Cisplatin was purchased from Sigma-Aldrich (St. Louis, MO,
USA) and kahweol was obtained from Abcam (Cambridge, MA, USA). All mice were sacrificed 72 h
after cisplatin injection.

2.2. Biochemical Analysis

Plasma creatinine and blood urea nitrogen (BUN) levels were analyzed using a creatinine assay kit
(BioAssay Systems, Hayward, CA, USA) and a BUN assay kit (Thermo Fisher Scientific, Waltham, MA,
USA), respectively, according to the manufacturer’s protocol. A creatinine value more than 0.5mg/dL [19]
or a BUN value more than 33 mg/dL [20] was considered as acute renal failure. Plasma TNF-« and
interleukin-6 (IL-6) levels were measured using standard quantitative sandwich ELISA kits (R&D
Systems, Minneapolis, MN, USA) according to the manufacturer’s protocol. Renal malondialdehyde
(MDA) levels were measured using a colorimetric/fluorometric assay kit (Sigma-Aldrich, St. Louis, MO,
USA) according to the manufacturer’s protocol. Renal levels of reduced glutathione (GSH) and oxidized
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glutathione (GSSG) were analyzed using a colorimetric detection kit (Enzo Life Sciences, Farmingdale,
NY, USA) according to the manufacturer’s protocol.

2.3. Histological Analysis, Immunohistochemical Staining, and Immunofluorescent Staining

Isolated kidney tissues were immediately fixed in 10% formalin and then dehydrated in graded
series of ethanol. After dehydration, the tissues were cleared in xylene and embedded in paraffin.
Thin sections (4 um) were mounted on glass slides and stained with hematoxylin and eosin (H&E) or
periodic acid-Schiff (PAS). The severity of tubular injury was scored semiquantitatively by estimating
the percentage of damaged area: 0, 0%; 1, <10%; 2, 11-25%; 3, 26-45%; 4, 46-75%; and 5, 76-100% [21,22].
Tubular injury was assessed in 5 arbitrarily chosen fields at x400 magnification per kidney sample.
For immunohistochemical staining, the sections were incubated with a primary antibody overnight and
then probed with a secondary antibody. The primary antibodies used for immunohistochemical staining
were as follows: anti-neutrophil gelatinase-associated lipocalin (NGAL; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-kidney injury molecule-1 (KIM-1; Abcam, Cambridge, MA, USA), anti-galectin-3
(Abcam, Cambridge, MA, USA), anti-CD4 (Abcam, Cambridge, MA, USA), or anti-4-hydroxynonenal
(4-HNE; Abcam, Cambridge, MA, USA) antibodies. Images were visualized and captured using a
confocal microscope (Nikon, Tokyo, Japan). The percentage of stained areas was determined in 5
arbitrarily chosen fields at X400 magnification per kidney sample using the i-Solution DT software
(IMTechnology, Vancouver, BC, Canada). The number of cells stained with anti-galectin-3 or anti-CD4
antibody was counted in 5 arbitrarily chosen fields at X400 magnification per kidney sample.

Lotus tetragonolobus lectin (LTL) is a well-known marker for detecting the proximal tubule brush
border [22]. The kidneys sections were stained with fluorescein isothiocyanate (FITC)-labeled LTL
(Vector Laboratories, Burlingame, CA, USA). Additionally, to identify neutrophils, the sections were
probed with anti-Ly6B.2 antibody (Abcm, Cambridge, MA, USA) and then incubated with a secondary
antibody. The percentage of stained areas or the number of cells stained with anti-Ly6B.2 antibody was
determined in 5 arbitrarily selected fields at X400 magnification per kidney sample. To stain nuclei,
4’ 6-diamidino-2-phenylindole (DAPI) was used.

2.4. Western Blot Analysis

Total proteins were extracted from kidney tissues with a lysis buffer and then loaded onto precast
gradient polyacrylamide gels (Thermo Fisher Scientific, Waltham, MA, USA). Separated proteins
were transferred from gels to nitrocellulose membranes. The membranes were probed with primary
antibodies against nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4), catalase, manganese
superoxide dismutase (MnSOD), cleaved caspase-3, cleaved poly(ADP-ribose) polymerase-1 (cleaved
PARP-1), receptor-interacting serine/threonine protein kinase 1 (RIPK1), RIPK3, mixed lineage kinase
domain-like protein (MLKL), p-MLKL, nuclear factor-«B (NF-kB) p65, p-NF-«B p65, intercellular
adhesion molecule-1 (ICAM-1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), followed
by incubation with horseradish peroxidase-conjugated secondary antibodies. Primary antibodies against
cleaved caspase-3, cleaved PARP-1, RIPK1, RIPK3, MLKL, p65, p-p65, and GAPDH were purchased
from Cell Signaling (Danvers, MA, USA). Primary antibodies against catalase, MnSOD, and p-MLKL
were acquired from Abcam. Anti-NOX4 antibody was obtained from Novus Biologicals (Littleton, CO,
USA), and anti-ICAM-1 antibody was purchased from Santa Cruz Biotechnology. GAPDH was used
as an internal control. The protein bands were visualized using enhanced chemiluminescence (ECL)
reagents (Thermo Fisher Scientific, Waltham, MA, USA). The signal intensity was analyzed using the
iBright™ CL1500 Imaging System (Thermo Fisher Scientific, Waltham, MA, USA).

2.5. Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from kidney tissues using the TRIzol reagent (Thermo Fisher Scientific,
Waltham, MA, USA). Reverse transcription was carried out using the RNA to cDNA EcoDry™ Premix
Kit (TaKaRa, Tokyo, Japan) according to the manufacturer’s protocol. Real-time RT-PCR reactions were
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performed using the Thermal Cycler Dice Real Time System III (TaKaRa, Tokyo, Japan) and the Power
SYBR Green PCR Master Mix (TaKaRa, Tokyo, Japan). Primers used in this study are listed in Table 1.
The internal reference gene was GAPDH.

Table 1. List of primers used in this study.

Gene Primer Sequence (5’ —3’) Accession No.

Forward: GAACCCAAGTTCCAAGCTCATT
Reverse: GGCACAAAGGTCCAGAAATCC

Forward: CAAGTACAACGCTGAGAAGCCTAAG
Catalase Reverse: CCCTTCGCAGCCATGTG NM_009804

Forward: AACTCAGGTCGCTCTTCAGC

NOX4 ! NM_015760

2
MnSOD Reverse: CTCCAGCAACTCTCCTTTGG NM_013671
Forward: GACGTGGAACTGGCAGAAGAG
3
TNF-oc Reverse: CCGCCTGGAGTTCTGGAA NM_013693
et Forward: CCAGAGATACAAAGAAATGATGG NM_031168

Reverse: ACTCCAGAAGACCAGAGGAAAT

. Forward: AGCTACCCATGGAACACGAC
E-selectin Reverse: ACGCAAGTTCTCCAGCTGTT NM_011345

Forward: CCCAGGTGGAGGTCTACTCA

15
VCAM-1 Reverse: CAGGATTTTGGGAGCTGGTA NM_011693
Forward: TTCACACTGAATGCCAGCTC
16
[CAM-1 Reverse: GTCTGCTGAGACCCCTCTTG NM_010493
GAPDE Forward: ACTCCACTCACGGCAAATTC ML 001289726

Reverse: TCTCCATGGTGGTGAAGACA

! Nicotinamide adenine dinucleotide phosphate oxidase 4. > Manganese superoxide dismutase. > Tumor necrosis
factor-«. 4 Interleukin-6. 5 Vascular cell adhesion molecule-1. ¢ Intercellular adhesion molecule-1. 7 Glyceraldehyde-
3-phosphate dehydrogenase.

2.6. TdT-Mediated dUTP Nick End Labeling (TUNEL) Assay

Apoptosis was assessed using a TUNEL assay kit (Roche Diagnostics, Indianapolis, IN, USA)
according to the manufacturer’s protocol. Nuclei were stained with DAPI. Images were visualized and
captured using a confocal microscope (Nikon, Tokyo, Japan). The number of cells stained with TUNEL
was counted in 5 randomly chosen fields at X400 magnification per kidney sample.

2.7. Statistical Analysis

Data are presented as mean + standard error of the mean (SEM) and analyzed with one-way
analysis of variance (ANOVA), which was followed by Bonferroni’s post hoc tests. A p value less than
0.05 was considered statistically significant.

3. Results

3.1. Kahweol Attenuated Cisplatin-Induced Kidney Injury

Mice were administered 20 mg/kg of cisplatin for inducing AKI. All mice survived until 72 h
after cisplatin injection. As shown in Figure 1A,B, cisplatin treatment increased plasma BUN and
creatinine levels, indicating the development of acute renal failure in cisplatin-injected mice. However,
administration of kahweol largely decreased the elevated levels of both markers of renal function
(Figure 1A,B).
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Figure 1. Effect of kahweol on plasma blood urea nitrogen (BUN) and creatinine levels in cisplatin-
injected mice. Mice were given an intraperitoneal administration with kahweol (20 mg/kg; Kah) daily
for 4 consecutive days, starting from 1 day prior to cisplatin injection. All mice were sacrificed 72 h
after cisplatin injection and the blood was collected. (A) BUN levels. (B) Plasma creatinine levels. n = 8
per group. *** p < 0.001 vs. the vehicle-treated control group (Veh). # p < 0.01 vs. the cisplatin-injected
group (CP).

Next, the effects of kahweol on cisplatin-induced histological changes were analyzed. H&E and
PAS staining showed that cisplatin-injected mice exhibited obvious histological injury, as reflected
by tubular dilation and cast formation (Figure 2A,B). These histological alterations were significantly
attenuated by kahweol (Figure 2A,B).

5 [ ven
Kk [ Qe
I CP+Kah

Tubular injury score

Figure 2. Histological features of the kidneys in all experimental groups. (A) Hematoxylin and eosin
(H&E) and periodic acid-Schiff (PAS) staining of kidney tissues. Scale bar = 40 um. Red arrows indicate
dilated tubules. Blue arrows indicate tubular cast deposition. (B) Tubular injury score. n = 8 per group.
#+p < 0.001 vs. Veh. # p <0.01 vs. CP.

Brush border loss in proximal tubules after cisplatin treatment was also demonstrated by LTL
staining (Figure 3A,B). However, the administration of kahweol significantly alleviated the brush
border loss (Figure 3A,B).

Further, expression of KIM-1 and NGAL, tubular injury markers, was examined using
immunohistochemical staining. Cisplatin treatment markedly increased renal expression of both
markers (Figure 4A-C). These changes with cisplatin treatment were reduced after administration of
kahweol (Figure 4A—C). Together, these results suggest that administration of kahweol ameliorated
functional and structural renal injury, especially tubular injury, after cisplatin treatment.
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Figure 3. Effect of kahweol on brush border in proximal tubules. (A) Lotus tetragonolobus lectin (LTL)
staining of kidney tissues. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI). Scale bar =
50 um. (B) Percentage of stained areas for LTL. 1 = 8 per group. *** p < 0.001 vs. Veh. ## p < 0.001 vs. CP.
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Figure 4. Effect of kahweol on tubular injury markers in cisplatin-injected mice. (A) Immunohistochemical
staining of kidney tissues for kidney injury molecule-1 (KIM-1) or neutrophil gelatinase-associated lipocalin
(NGAL). Scale bar = 50 pm. (B) Percentage of stained area for KIM-1. (C) Percentage of stained areas for
NGAL. n = 8 per group. **p < 0.001 vs. Veh. ## p < 0.001 vs. CP.
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3.2. Kahweol Inhibited Cisplatin-Induced Oxidative Stress

Oxidative injury is a hallmark of cisplatin-induced renal injury [1-3]. Previous studies have shown
that kahweol has anti-oxidant effects [23,24]. To investigate the effects of kahweol on oxidative stress
in kidney tissues of cisplatin-injected mice, the kidney sections were stained with anti-4-HNE antibody.
4-HNE is a by-product of lipid peroxidation and is widely used as a marker of oxidative stress [25,26].
As shown in Figure 5A,B, the percentage of the 4-HNE-stained area was markedly increased after
cisplatin treatment. Renal levels of MDA (Figure 5C) and GSSG (Figure 5D) were also increased in the
cisplatin-injected mice. However, these increases were significantly alleviated by the administration of
kahweol (Figure 5A-D). In addition, kahweol attenuated GSH depletion (Figure 5E) and a reduction of
GSH/GSSG ratio (Figure 5F) in the kidneys of cisplatin-injected mice.
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Figure 5. Effect of kahweol on cisplatin-induced renal oxidative stress. (A) Immunohistochemical
staining of kidney tissues for 4-hydroxynonenal (4-HNE). Scale bar = 100 um. (B) Percentage of stained
areas for 4-HNE. (C) Malondialdehyde (MDA) levels. (D) Oxidized glutathione (GSSG) levels. (E)
Reduced glutathione (GSH) levels. (F) GSH/GSSG ratio. n = 8 per group. ** p < 0.01 and *** p < 0.001
vs. Veh. # p < 0.05, # p < 0.01, and #* p < 0.001 vs. CP.

It has been shown that NOX4 is a major source of ROS in the kidney and plays a critical role
in kidney diseases including cisplatin-induced AKI [27,28]. Thus, we next evaluated the effects of
kahweol on NOX4 expression. Elevated mRNA (Figure 6A) and protein (Figure 6B,C) levels of NOX4
after cisplatin injection were largely reduced by kahweol. Further, decreased mRNA (Figure 6D) and
protein (Figure 6E,F) expression of antioxidant enzymes, catalase, and MnSOD after cisplatin injection
was also largely restored by kahweol.

3.3. Kahweol Suppressed Cisplatin-Induced Tubular Cell Death

Tubular cell apoptosis also plays a crucial role in cisplatin-induced renal injury [1-3]. Therefore, we
next examined the effects of kahweol on apoptotic death of tubular epithelial cells in cisplatin-injected
mice. A marked increase in the number of cells stained with TUNEL was observed after cisplatin
treatment (Figure 7A,B). However, kahweol inhibited the cisplatin-induced tubular cell apoptosis, as
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demonstrated by a reduction in the number of cells stained with TUNEL (Figure 7A,B). Increased
cleavage of caspase-3 and PARP-1 were also largely decreased by kahweol, indicating that kahweol
suppressed caspase-3 activation (Figure 7C,D).
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Figure 6. Effect of kahweol on oxidative stress-related enzymes in cisplatin-injected mice. (A) The
mRNA levels of nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4). (B) Western blotting
of NOX4. (C) Quantification of Western blot for NOX4. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control. (D) The mRNA levels of catalase and manganese superoxide
dismutase (MnSOD). (E) Western blotting of catalase and MnSOD. (F) Quantification of Western blots
for catalase and MnSOD. GAPDH was used as an internal control. n = 8 per group. *** p < 0.001 vs.
Veh. # p < 0.001 and ##* p < 0.001 vs. CP.
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Figure 7. Effect of kahweol on apoptotic cell death in cisplatin-injected mice. (A) TdT-mediated dUTP
nick end labeling (TUNEL) assay on kidney tissues. Scale bar = 50 um. To stain nuclei, DAPI was used.
(B) Number of positively stained cells. (C) Western blotting of the proteolytic cleavage of caspase-3
and poly(ADP-ribose) polymerase-1 (PARP-1) proteins. (D) Quantification of Western blots for the
proteolytic cleavage of caspase-3 and PARP-1. GAPDH was used as an internal control. n = 8 per
group. ** p < 0.01 and *** p < 0.001 vs. Veh. # p < 0.01 and ** p < 0.001 vs. CP.
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Emerging evidence has suggested that necroptosis, a programmed necrosis, also plays a critical
role in the pathophysiology of cisplatin-induced AKI [7,8]. To evaluate the effects of kahweol on
cisplatin-induced necroptosis, protein levels of RIPK1, RIPK3, and p-MLKL were analyzed by Western
blot analysis. Cisplatin treatment largely increased protein expression of RIPK1, RIPK3, and p-MLKL
in kidneys (Figure 8A,B). However, this change was significantly inhibited by kahweol (Figure 8A,B).
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Figure 8. Effect of kahweol on tubular cell necroptosis in cisplatin-injected mice. (A) Western blotting of
receptor-interacting serine/threonine protein kinase 1 (RIPK1), RIPK3, mixed-lineage kinase domain-like
protein (MLKL), and p-MLKL. (B) Quantification of Western blots for RIPK1, RIPK3, and p-MLKL.
GAPDH was used as an internal control. 1 = 8 per group. *** p < 0.001 vs. Veh. ## p < 0.001 vs. CP.

3.4. Kahweol Alleviated Cisplatin-Induced Inflammatory Responses

Accumulating evidence suggests that cisplatin treatment triggers an acute inflammatory response
by inducing the secretion of cytokines in immune cells [1-3]. Kahweol has also been known to
display anti-inflammatory effects [15-17]. Thus, we next examined the effects of kahweol on an
inflammatory response induced by cisplatin. Cisplatin treatment increased plasma levels of TNF-« and
IL-6 (Figure 9A,B), indicating cisplatin-induced systemic inflammation. Renal mRNA levels of these
cytokines were also markedly increased in cisplatin-injected mice (Figure 9C). However, these increases
were significantly attenuated by kahweol (Figure 9A-C). Because NF-«B plays an essential role in
the production of cytokines, we next examined the effects of kahweol on NF-«B signaling. Khaweol
significantly reduced the levels of phosphorylated NF-«B p65 in the kidneys of cisplatin-injected mice
(Figure 9D,E). Collectively, these results suggest that kahweol suppressed cisplatin-induced systemic
and local inflammation.
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Figure 9. Effect of kahweol on inflammatory cytokine production and nuclear factor-«B (NF-«kB)
signaling in cisplatin-injected mice. (A) Plasma tumor necrosis factor-o (TNF-«) levels. (B) Plasma
interleukin-6 (IL-6) levels. (C) The mRNA levels of TNF-o and IL-6. (D) Western blotting of p-NF-«B
p65. (E) Quantification of Western blot for p-NF-«B p65. GAPDH was used as an internal control. n = 8
per group. ** p < 0.001 vs. Veh. # p < 0.05 and #* p < 0.001 vs. CP.
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Previous studies have reported that increased accumulation of neutrophils, macrophages, and CD4*
T cells was observed in kidney tissues after cisplatin treatment [11,12]. As expected, cisplatin-injected
mice displayed an increase in the numbers of cells stained with anti-Ly6B.2 (Figure 10A,B) or
anti-galectin-3 (Figure 10C,D) antibody, compared with control mice. Interestingly, these changes were
significantly alleviated by kahweol (Figure 10A-D). It has been well known that vascular adhesion
molecules drive the recruitment of immune cells to inflamed tissues [2,3]. Thus, we next examined
their renal expression levels in all experimental groups. We found that renal mRNA levels of E-selectin,
vascular cell adhesion molecule-1 (VCAM-1), and ICAM-1 were markedly increased after cisplatin
injection, which was significantly reduced by kahweol (Figure 10E). Western blot analysis also confirmed
that increased ICAM-1 protein level after cisplatin injection was reduced by kahweol (Figure 10EG).
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Figure 10. Effect of kahweol on immune cell accumulation in cisplatin-injected mice. (A) Immunofluorescent
staining of kidney tissues for Ly6B.2. Scale bar = 50 pm. (B) Number of Ly6B.2-stained cells.
(C) Immunohistochemical staining of kidney tissues for galectin-3. Red arrows indicate positively
stained cells. Scale bar = 100 um. (D) Number of galectin-3-stained cells. (E) The mRNA levels of
E-selectin, vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1).
(F) Western blotting of ICAM-1. (G) Quantification of Western blot for ICAM-1. GAPDH was used
as an internal control. 7 = 8 per group. *** p < 0.001 compared with Veh. # p < 0.05, # p < 0.01 and
### p < 0,001 compared with CP.
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4. Discussion

Cisplatin-induced nephrotoxicity, such as AKI, is a major hurdle in the clinical use of cisplatin.
Because there has been no effective treatment for cisplatin-induced nephrotoxicity, the development of
novel preventive strategies for preventing cisplatin-induced AKI is important and urgent. Recently,
many researchers and pharmaceutical companies are paying much attention to the development
of new drugs using substances derived from plants [29]. Kahweol is a natural diterpene extracted
from coffee beans and has been shown to exhibit a therapeutic effect against several inflammatory
diseases [15-17]. However, whether kahweol has a beneficial effect on cisplatin-induced AKI remains
undetermined. In this study, we showed that administration of kahweol prevented the development
of renal dysfunction and histopathological abnormalities in cisplatin-injected mice. Especially, tubular
injuries were markedly attenuated by kahweol. Our findings suggest that kahweol has a renoprotective
effect against cisplatin-induced functional and structural injury.

High levels of oxidative stress are one of the hallmarks of cisplatin-induced renal injury [1-3].
Cisplatin treatment induces excessive ROS generation in kidneys, leading to apoptotic death of
tubular epithelial cells [6]. It has been shown that kahweol ameliorated liver injury induced by carbon
tetrachloride in mice mainly through suppressing oxidative stress [23]. Kahweol also protected human
dopaminergic neurons from oxidative stress-induced apoptosis [24]. In this study, we found that
kahweol significantly suppressed cisplatin-induced oxidative stress and resultant tissue injury. TUNEL
staining showed that a marked increase in tubular cell death after cisplatin treatment was significantly
attenuated by kahweol. Caspase-3 activation was also inhibited by kahweol, indicating that kahweol
attenuated cisplatin-induced apoptosis of tubular epithelial cells. Together, our findings suggest that
kahweol inhibited oxidative stress and thereby inhibited tubular cell apoptosis in cisplatin-induced
renal injury. In good agreement with these results, current evidence suggests that dietary antioxidants
such as capsaicin, curcumin, quercetin, and resveratrol exert a protective effect against cisplatin-induced
renal injury via inhibition of oxidative stress and apoptosis [30]. Importantly, these dietary antioxidants
potentiate the anti-cancer action of cisplatin. Kahweol has been also shown to induce apoptosis in
various types of cancer cells [31,32], indicating that the compound exerts different effects on normal
cells and cancer cells.

In this study, we also found that kahweol suppressed NOX4 expression in the kidneys of
cisplatin-injected mice. NOX4 is a major source of ROS in the kidney and plays a critical role in
cisplatin-induced AKI [27,28]. Therefore, it seems that kahweol-induced downregulation of NOX4
mainly contributed to the suppression of oxidative stress in cisplatin-injected mice. Previous studies also
have shown that cisplatin treatment reduced the expression and activity of antioxidant enzymes [5,33].
Consistent with these findings, we observed that mRNA and protein levels of MnSOD and catalase were
largely decreased in the kidneys after cisplatin treatment. Importantly, this change was significantly
inhibited by kahweol. Altogether, these findings suggest that kahweol inhibited cisplatin-induced
oxidative stress by modulating pro-oxidant and antioxidant enzymes.

Necroptosis is a programmed form of necrosis and plays an essential role in AKI [34]. RIPK1,
RPK3, and MLKL are key players in the process of necroptosis. Upon induction of necrosis, RIPK1
binds to RIPK3 and forms a multi-protein complex, leading to the phosphorylation and oligomerization
of MLKL [34]. Oligomerized MLKL translocate to the plasma membrane and induces the membrane
rupture and cell lysis. A previous study has demonstrated that cisplatin-induced renal injury was
significantly attenuated in RIPK3 or MLKL knockout mice compared to wild-type mice [7]. Recent
studies also reported that pharmacological inhibition of RIPK1 effectively attenuated necroptosis of
tubular epithelial cells and renal injury in cisplatin-injected mice [35,36]. Consistently, we observed
elevated renal expression of RIPK1, RIPK3, and p-MLKL after cisplatin injection. Interestingly, this
change was significantly inhibited by kahweol, suggesting that the compound has an anti-necroptosis
effect, in addition to the anti-apoptosis effect.

Inflammation also plays a crucial role in cisplatin-induced renal injury [1-3]. During cisplatin
treatment, excessive amounts of cytokines are produced and secreted from infiltrated pro-inflammatory
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cells and tubular epithelial cells. It has been demonstrated that genetic or pharmacological suppression
of TNF-« ameliorated cisplatin-induced AKI in mice [10]. In this study, we found that kahweol
significantly reduces plasma levels of TNF-« and IL-6 in cisplatin-injected mice. Renal levels of
cytokines were also decreased by kahweol. The compound also inhibited the NF-«B signaling pathway
that plays an important role in the production of cytokines. Consistent with our findings, previous
studies have shown that kahweol suppressed cytokine production and inflammatory responses
in animal models of several inflammatory diseases [15-17]. It has been also known that immune
cells, including neutrophils, macrophages, and CD4* T cells, are infiltrated into injured kidneys,
inducing additional damage [11,12]. In this study, we also observed that the number of neutrophils,
macrophages, and CD4" T cells were increased in the kidneys of cisplatin-injected mice compared to
control mice. Kahweol significantly suppressed the excessive accumulation of these cells. We also
found that increased expression of E-selectin, VCAM-1, and ICAM-1 after cisplatin injection was also
inhibited by kahweol. These vascular adhesion molecules are primarily expressed in endothelial
cells and promotes immune cell infiltration into the tissues [2,3]. In good agreement with our results,
previous studies have reported that cisplatin treatment induced upregulation of vascular adhesion
molecules in cisplatin-induced AKI [18,37]. Taken together, these results suggest that kahweol inhibited
immune cell accumulation presumably through downregulation of vascular adhesion molecules.
Further, when the plasma membrane ruptures during the necroptosis process, the contents of the cells
leak, causing and exacerbating the inflammatory response [34]. Therefore, the suppressive effects of
kahweol on cisplatin-induced necroptosis also may contribute, at least in part, to the inhibition of
inflammatory responses.

5. Conclusions

In conclusion, these results suggest that kahweol protects against cisplatin-induced AKI through
inhibiting oxidative stress, tubular cell death, and inflammation. Kahweol might be a potential
preventive agent against cisplatin-induced AKI, enabling the high-dose use of cisplatin. Our data
prompt clinical researchers to investigate the effect of kahweol against cisplatin-induced AKIin humans.
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Abstract: Intestinal epithelial barrier impairment plays a key pathogenic role in inflammatory bowel
diseases (IBDs). In particular, together with oxidative stress, intestinal epithelial barrier alteration is
considered as upstream event in ulcerative colitis (UC). In order to identify new products of natural
origin with a potential activity for UC treatment, this study evaluated the effects of plumericin,
a spirolactone iridoid, present as one of the main bioactive components in the bark of Himatanthus
sucuuba (Woodson). Plumericin was evaluated for its ability to improve barrier function and to
reduce apoptotic parameters during inflammation, both in intestinal epithelial cells (IEC-6), and
in an animal experimental model of 2, 4, 6-dinitrobenzene sulfonic acid (DNBS)-induced colitis.
Our results indicated that plumericin increased the expression of adhesion molecules, enhanced
IEC-6 cells actin cytoskeleton rearrangement, and promoted their motility. Moreover, plumericin
reduced apoptotic parameters in IEC-6. These results were confirmed in vivo. Plumericin reduced
the activity of myeloperoxidase, inhibited the expression of ICAM-1, P-selectin, and the formation
of PAR, and reduced apoptosis parameters in mice colitis induced by DNBS. These results support
a pharmacological potential of plumericin in the treatment of UC, due to its ability to improve the
structural integrity of the intestinal epithelium and its barrier function.

Keywords: plumericin; inflammatory bowel disease; intestinal epithelial cells; experimental colitis;
intestinal barrier; apoptosis

1. Introduction

Inflammatory bowel diseases (IBD), mainly including ulcerative colitis (UC) and
Crohn’s disease (CD), are complex chronic inflammatory conditions that can be debilitat-
ing and sometimes lead to life-threatening complications [1,2]. The IBD pathogenesis is
complex and multifactorial (e.g., environmental, infectious, immunological, psychological,
and genetic) [3].

UC is characterized by continuous colonic inflammation with loss of normal vascular
pattern, erythema, erosions, granularity, bleeding, friability, and ulcerations, with distinct
demarcation between inflamed and non-inflamed bowel [4]. The classical histological
changes in UC include decreased crypt density, crypt architectural distortion, irregular mu-
cosal surface, and heavy diffuse transmucosal inflammation and impairments in intestinal
epithelial barrier function [4].
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The intestinal epithelial barrier plays a pivotal role in maintaining intestinal homeosta-
sis. The epithelial layer, in conjunction with the mucosal layer and specialized cells, forms
a well-equipped, intricately regulated, and stringent barrier with continuous scrutiny by
immune cells to create an immune-silent environment [5]. The intestinal epithelial barrier
disruption allows the entry of pro-inflammatory molecules, such as pathogens, toxins, and
antigens, from the luminal environment into the mucosal tissues and circulatory system [6].
Thus, it contributes to the development of intestinal inflammation, as in IBD and in particu-
lar in UC [7]. In this scenario, intestinal epithelial cells (IECs) play a pivotal role responding
to microbial stimuli to reinforce the barrier function and participating in the coordination
of an appropriate immune and inflammatory response [8].

The single layer of IECs, forming the intestinal barrier, are sealed by the intracellular
junctions that modulate intestinal permeability by regulating the paracellular transport
of water and ions. Intracellular junctions also represent the first line of defense against
the entry of noxious agents that, once transported via the paracellular route, can initiate
local inflammation, and, once in the circulation, they can also promote systemic tissue
inflammation and damage [9-11]. Junctions’ barrier disruption and increased paracellular
permeability, followed by permeation of luminal pro-inflammatory molecules, can induce
activation of the mucosal immune system, contributing to sustained inflammation, tissue
damage during colitis, and other related complications [12-14]. The sustained inflammation
induces IECs apoptosis suggesting that TNF-mediated pathways play key roles in inducing
this programmed cell death [15].

Standard UC therapies including anti-inflammatory, immunosuppressive, and bio-
logical treatments are widely used, but due to the low remission rate and the severe side
effects of these therapies, there is increasing interest in new therapeutic interventions in
IBD patients [7,16,17].

Plant-derived natural products significantly contributed to drug discovery in the past
and still provide an effective source for lead structure identification [18]. In South America,
preparations of the stem bark and latex of the Amazonian tree Himatanthus sucuuba (Spruce
ex Miill. Arg.) Woodson (Apocynaceae) have been traditionally used as anti-inflammatory,
antitumor, analgesic, and antiulcer agents [19]. Plumericin, a major bioactive constituent
of H. sucuuba, is a spirolactone iridoid and has been shown to exhibit antiparasitic [20],
antimicrobial [21], and antifungal [22] activities. Plumericin has been shown to be a potent
NF-«B pathway inhibitor [23], to have antiproliferative properties in the vasculature [24],
and to reduce TNF-a-induced senescence of endothelial cells [25]. More recently this
natural compound has been reported to reduce inflammation and oxidative stress during
intestinal inflammation [26]. Thus, in order to further characterize the plumericin potential
in IBD, in this study, we evaluated its effect on intestinal barrier and apoptosis in a model
of intestinal inflammation both in vitro and in vivo.

2. Experimental Section
2.1. Reagents

Unless otherwise specified, all reagents and compounds were purchased from Sigma
Chemicals Company (Sigma, Milan, Italy).

2.2. Plant Material

Plumericin was isolated from the bark of H. sucuuba. Detailed description of the
phytochemical work including the isolation and identification of plumericin and other
compounds from H. sucuuba has previously been provided elsewhere [27]. Details about
the storage, stability, and purity of the plumericin have previously been described [26].

2.3. In Vitro Studies
2.3.1. Cell Culture

Intestinal epithelial cells, IEC-6 (CRL-1592), was purchased from the American Type
Culture Collection (ATCC). IEC-6 cell line, deriving from rat small intestinal crypt, was
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cultured using Dulbecco’s modified Eagle’s medium (4 g/L glucose) supplemented with
10% (v/v) fetal bovine serum, 2 mM L-glutamine, 1.5 g/L NaHCO3, and 0.1 U/mL bovine
insulin. Cells were grown at 37 °C in a humidified atmosphere of 5% CO,/95% air, and the
viability was monitored using phase contrast microscopy and trypan blue staining. Cells
were used at the 16-19th passage.

2.3.2. Establishment of An In Vitro IEC-6 Cell Model of Inflammatory Injury

In order to establish a cellular model of inflammatory damage, IEC-6 cells were plated
and, after 24 h of adhesion, at right confluence, were treated with plumericin (0.5-2 M)
for 1 h and then co-exposed to plumericin and two pro-inflammatory stimuli, such as
lipopolysaccharides from E. coli (LPS; 10 ug/mL) plus interferon-y (IFN; 10 U/mL) for
different times, based on the mediator to evaluate [28].

2.3.3. Measurement of Claudin-1, Occludin, E-Cadherin, Bax, Bcl-2, Bcl-xL and Caspase-3
Expression by Cytofluorimetry

IEC-6 cells were plated into 96-well plates (2.0 x 103 cells/well) and treated with
plumericin (0.5-2 uM), as previously indicated, for 24 h. For this analysis, IEC-6 cells
were then collected and washed with phosphate buffered saline (PBS). Fixing solution was
added to cells for 20 min and then IEC-6 cells were incubated in fix perm solution for a fur-
ther 30 min. Anti-Claudin-1 (Thermofisher Scientific, Waltham, MA, USA), anti-Occludin
(Thermofisher Scientific, Waltham, MA, USA), anti-E-cadherin (Cell Signaling Technology,
Dellaertweg, The Netherlands), anti-Bax (Santa Cruz Biotechnologies, Dallas, TX, USA),
anti-Bcl-2 (Santa Cruz Biotechnologies, Dallas, TX, USA), anti-Bcl-xL (Thermofisher Sci-
entific, Waltham, MA, USA), or anti-caspase 3 (Thermofisher Scientific, Waltham, MA,
USA) antibodies were then added for 1 h. The secondary FITC-conjugated antibody, in
fixing solution, was added to IEC-6 cells and cell fluorescence was then evaluated by a
fluorescence-activated cell sorter (FACSscan; Becton Dickinson, Milan, Italy) and analyzed
by Cell Quest software (version 4; Becton Dickinson, Milan, Italy), as formerly reported [29].

2.3.4. Immunofluorescence Assay for Cytoskeleton Analysis by Confocal Microscopy

To evaluate plumericin effects on cellular cytoskeleton, IEC-6 cells were seeded on
coverslips in 12 well plate (2.0 x 10° cells/well) and treated with plumericin (1 tM) alone
or in combination with LPS + IFN, for 24 h. Cells were fixed with 4% paraformaldehyde in
PBS for 15 min and permeabilized with 0.1% saponin in PBS for 15 min. Slides were then
incubated with FITC-conjugated anti-F-actin (Phalloidin-FITC, Sigma, Milan, Italy) at the
concentration of 1 mg/mL in PBS for 30 min. The slides were then washed three times with
PBS and DAPI was used for counterstaining of nuclei. Coverslips were finally mounted in
mounting medium and fluorescent images were taken under the Laser Confocal Microscope
(Leica TCS SP5, Wetzlar, Germany), as previously described [30].

2.3.5. Wound Healing Assay

In order to evaluate IEC-6 cellular migration a wound-healing assay was performed,
as previously reported [31]. TEC-6 cells (1.0 x 10° cells/well, 24-well plates) were allowed
to adhere for 24 h. After 100% of confluence, a mechanical scratch was induced at the
center of the IEC-6 monolayer by gently scraping cells with a sterile plastic p10 pipette
tip. Cells were then washed with PBS and treated with plumericin (0.5-2 uM) alone or
in combination with LPS + IFN for 24 h. After the scratch, IEC-6 cells were placed in a
humidified and equilibrated (5% v/v CO,) incubation chamber of an Integrated Live Cell
Workstation Leica AF-6000 LX at 37 °C for 24 h. A 10x phase contrast objective was used
in order to record cell movements, with a frequency of acquisition of 10 min. To determine
the migration rate of individual cells, we considered the distances covered from the initial
time to the selected time points (bar of distance tool, Leica AF software, 2.3.5 build 5379,
Leica, Wetzlar, Germany). For each scratch, at least three different positions were registered
and, to measure the migration distances, for each position, at least 10 different cells were
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randomly selected. GraphPad Prism 5 software (GraphPad, San Diego, CA, USA) was
used to perform the statistical analyses.

2.3.6. Analysis of Apoptosis

The anti-apoptotic activity of plumericin was analyzed by evaluating the percentage
of hypodiploid DNA, using propidium iodide (PI) staining by flow cytometry [32]. Briefly,
IEC-6 cells (3.5 x 10°) were grown in 24-well plates and allowed to adhere. Thereafter
cells were exposed to plumericin (0.5-2 uM) for 1 h and then co-exposed to plumericin
and LPS + IFN for further 24 h. Following treatment, culture medium was removed, cells
washed once with PBS, and then resuspended in 500 pL of a solution containing 0.1% (w/v)
sodium citrate and 50 pug/mL PI. Culture medium and PBS were centrifuged, and cell
pellets were pooled with cell suspension to retain both dead and living cells for analysis.
After incubation at 4 °C for 30 min in the dark, cell nuclei were analyzed with a Becton
Dickinson FACScan flow cytometer (FACSscan; Becton Dickinson, Milan, Italy) using the
CellQuest program (version 4; Becton Dickinson, Milan, Italy).

2.4. In Vivo Studies
2.4.1. Animals

Male CD1 mice (20-25 g, Harlan Nossan, Milan, Italy) were housed in a controlled
environment, maintained on a 12-h light/dark cycle, and received a standard rodent chow
and water, available ad libitum. The University of Messina Review Board for Animal Care
(OPBA) approved the study (650/2017-PR). Animal care was in conformity with current
legislation of the EU for the protection of animals used for scientific purposes (Directive
2010/63/EU).

2.4.2. Induction of Experimental Colitis

Colitis was induced by intrarectal administration of 2,4,6-dinitrobenzene sulfonic acid
(DNBS, 4 mg per mouse) [33]. In preliminary experiments, this dose of DNBS was found
to induce reproducible colitis without mortality. Mice were anesthetized by Enflurane.
Subsequently, DNBS (4 mg in 100 uL of 50% ethanol/50% saline, v/v) was injected into the
rectum through a catheter inserted 4.5 cm proximally to the anus. Vehicle alone (100 pL of
50% ethanol/50% saline) was administered in control experiments (control). Thereafter,
the animals were kept for 15 min in a Trendelenburg position. After colitis induction, the
animals were observed for 4 days. On day 4, the animals were weighed and anaesthetized
with chloral hydrate, and the abdomen was opened by a midline incision. The colon was
removed, freed from surrounding tissues, opened along the antimesenteric border, washed,
weighed, and processed for histologic and biochemical studies. Plumericin (3 mg/kg;
0.2% DMSO) was intraperitoneally (i.p.) administered.

2.4.3. Experimental Groups
Animals were casually divided into several groups (1 = 10 for each group):

e Control + vehicle group: Vehicle solution was given by i.p. administration each day
for 4 days;

e  Control + plumericin (3 mg/kg) group: Plumericin was administered i.p. each day for
4 days (data not shown);

e DNBS + vehicle group: DNBS was injected to the mice as described, subsequently,
vehicle solution was administered i.p. each day for 4 days; the first dose was injected
1 h after the injection of DNBS;

e DNBS + plumericin (3 mg/kg) group: DNBS was injected to the mice as described,
subsequently, plumericin (3 mg/kg) was given i.p. each day for 4 days; the first dose
was injected 1 h after the administration of DNBS.
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2.4.4. Immunohistochemical Localization of ICAM-1, P-Selectin and PAR

At 4 days after DNBS administration, colon tissues were fixed in 10% (w/v) PBS-
buffered formaldehyde and 7 um sections were prepared from paraffin embedded tissues.
After deparaffinization, endogenous peroxidase was quenched with 0.3% (v/v) HyO, in 60%
(v/v) methanol for 30 min. The sections were permeabilized with 0.1% (w/v) Triton X-100
in PBS for 20 min. Non-specific adsorption was minimized by incubating the section in 2%
(v/v) normal goat serum in PBS for 20 min. Endogenous biotin or avidin binding sites were
blocked by sequential incubation for 15 min with biotin and avidin (Vector Laboratories,
Burlingame, CA, USA), respectively. Colon tissue sections were incubated overnight with
anti-ICAM-1 (Santa Cruz Biotechnology, Dallas, TX, USA), anti-P-selectin 1 (Santa Cruz
Biotechnology), or anti-PARP (Santa Cruz Biotechnology). Colon sections were rinsed with
PBS and incubated with peroxidase-conjugated bovine anti-mouse immunoglobulin G
(IgG) secondary antibody or peroxidase-conjugated goat anti-rabbit IgG (Jackson Immuno
Research, West Grove, PA, USA). Specific labelling was detected with a biotin-conjugated
goat anti-rabbit IgG or biotin-conjugated goat anti-mouse IgG and avidin-biotin peroxidase
complex (Vector Laboratories, Burlingame, CA, USA). To verify the binding specificity
for all antibodies, control slices were incubated with only primary antibody or secondary
antibody. In these controls, no positive staining was detected. Immunohistochemical
images were collected using a Zeiss microscope and Axio Vision software. For graphic
display of densitometric analyses, the intensity of positive staining (brown staining) was
measured by computer-assisted color image analysis (Leica QWin V3, London, UK). The
percentage area of immunoreactivity (determined by the number of positive pixels) was
expressed as percent of total tissue area (red staining). Replicates for each experimental
condition and histochemical staining were obtained from each mouse in all experimental
groups. All immunohistochemical analyses were carried out by 2 observers blinded to the
treatment [34].

2.4.5. Myeloperoxidase Assay

Neutrophil infiltration in the colon was examined by measuring tissue myeloper-
oxidase (MPO) activity using a spectrophotometric assay with tetramethylbenzidine as
substrate, according to a previously published method [35]. After DNBS injection, colon
tissues were collected and weighed. Each piece of tissue was homogenized in a solution
containing 0.5% hexa-decyl-trimethyl-ammonium bromide dissolved in 10 mM potassium
phosphate buffer pH 7 and centrifuged for 30 min at 20,000 x g at 4 °C. An aliquot of the
supernatant was then allowed to react with a solution of 1.6 mM tetramethylbenzidine
and 0.1 mM hydrogen peroxide (H>O,). The rate of change in absorbance was measured
spectrophotometrically at 650 nm. MPO activity was described as the quantity of enzyme
degrading 1 umol of peroxide per min at 37 °C and was expressed in U/g wet tissue.

2.4.6. Bax and Bcl-2 Determination by Western Blot Analysis from Colon Tissue

Tissue samples from the terminal colon were suspended in extraction Buffer A con-
taining 0.2 mM PMSF, 0.15 uM pepstatin A, 20 uM leupeptin, 1 mM sodium orthovanadate,
homogenized at the highest setting for 2 min, and centrifuged at 1000x g for 10 min at
4 °C. Supernatants represented the cytosolic fraction. The pellets, containing enriched
nuclei, were re-suspended in Buffer B containing 1% Triton X-100, 150 mM NaCl, 10 mM
Tris-HCl pH 7.4, 1 mM EGTA, 1 mM EDTA, 0.2 mM PMSE, 20 uM leupeptin, and 0.2 mM
sodium orthovanadate. After centrifugation for 30 min at 15,000 g at 4 °C, the super-
natants containing the nuclear protein were stored at —80 °C for further analysis. The
following primary antibodies were used: anti-Bax (Santa Cruz Biotechnology), anti-Bcl-2
(Santa Cruz Biotechnology) at 4 °C overnight in 1 x PBS, 5% (w/v), non-fat dried milk,
and 0.1% Tween-20. After, membranes were incubated with peroxidase-conjugated bovine
anti-mouse IgG secondary antibody or peroxidase-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch, West Grove, PA, USA) for 1 h at room temperature. To ascertain that
blots were loaded with equal amounts of protein lysates, they were also incubated in the
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presence of the antibody against 3-actin (Santa Cruz Biotechnology). Signals were detected
with enhanced chemiluminescence detection system reagent according to manufacturer’s
instructions (Super Signal West Pico Chemiluminescent Substrate, Pierce, Altrincham,
UK). The relative expression of the protein bands was quantified by densitometry with
Bio-Rad ChemiDoc XRS + software and standardized to (3-actin levels. Images of blot
signals (8-bit/600-dpi resolution) were imported to analysis software (Image Quant TL,
v2003, Altrincham, UK), as previously reported [36].

2.5. Data Analysis and Statistical Evaluation

Data are reported as mean =+ standard error of the mean (SEM) of at least three
independent experiments. Each experiment was conducted in triplicate. For the in vivo
studies, N represents the number of animals used. In the experiments involving histology or
immunohistochemistry, the figures shown are demonstrative of at least three experiments.
Statistical analyses were performed using the variance test. Bonferroni’s test was used to
make multiple comparisons. A p-value of less than 0.05 was considered significant.

3. Results
3.1. Plumericin Increased Adhesion Molecules Expression in LPS + IFN-Stimulated IEC-6

Mucosal inflammation as observed in colitis compromises the epithelial barrier, re-
sulting in the exposure of lamina propria to luminal antigens and microbes that further
contribute to the inflammatory response and barrier defects [37]. Adhesion proteins play a
key role in maintaining the integrity of the intestinal epithelial barrier. However, several
studies have reported differential effects of inflammatory mediators on adhesion proteins
during IBD [38]. In order to assess plumericin’s ability to modulate the expression of adhe-
sion molecules, such as Claudin-1, Occludin, and E-cadherin, in inflammatory conditions,
we analyzed their expression by flow cytometry. Our results indicated that plumericin
(0.5-2 uM) significantly increased Claudin-1 (p < 0.001 vs. LPS + IFN; Figure 1a), Occludin
(p < 0.001 vs. LPS + IFN; Figure 1b), and E-cadherin (p < 0.001 vs. LPS + IFN; Figure 1c)
expression, in LPS + IFN stimulated IEC-6.

3.2. Plumericin Enhanced IEC-6 Cells Actin Cytoskeleton Rearrangement Induced by LPS + IFN

During the restitution of IECs, extensive reorganization of the actin cytoskeleton is
necessary. For this reason, confocal microscopy was used to examine the effect of plumericin
(1 uM) in normal and in inflammatory conditions on the assembly of actin stress fibres,
that play a crucial role in the remodeling, stretching, and migration of epithelial cells.
Untreated cells showed an intact actin cytoskeleton and its fibers traversing the cytosol.
Addition of LPS + IFN caused a weak reorganization of actin filaments characterized by
their redistribution to the cell subcortical compartment and subsequent cell. Moreover, in
the presence of LPS + IFN, plumericin produced a reversion of this effect (Figure 2).

3.3. Plumericin Promoted IEC-6 Motility

During colitis, intestinal wound healing is dependent on the precise balance of mi-
gration, proliferation, and differentiation of the epithelial cells adjacent to the wounded
area. In order to assess the effect of the plumericin on the reconstitution process at the
intestinal level, we carried out a wound-healing assay, to evaluate cellular migration, on
treated IEC-6 monolayers. Our results indicated that plumericin (0.5-2 uM) alone did
not significantly alter IEC-6 migration speed compared to untreated cells (p < 0.001 vs.
control; Figure 3a,c). However, in inflammatory conditions, plumericin demonstrated
significant improvement in the speed of IEC-6 migration, compared to LPS + IFN-treated
cells (p < 0.001 vs. LPS + IFN; Figure 3b,c).
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Figure 1. Effect of plumericin on adhesion molecules: Claudin 1 (a), Occludin (b), and E-cadherin (c) expression in LPS +
IFN-stimulated IEC-6, evaluated by flow cytometry. Values are expressed as mean &= SEM of mean fluorescence intensity.
##H# and ## denote, respectively, p < 0.001 and p < 0.01 vs. untreated cells; *** and ** indicate, respectively, p < 0.001 and
p <0.01 vs. LPS + IEN.
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Figure 2. Effect of plumericin (1 uM) on the actin stress fibers assembly in IEC-6 cells. Immunofluo-
rescence analysis was performed using immunofluorescence confocal microscopy. Scale bar = 10 pum.
Green fluorescence indicated the localization of actin stress fibers and blue fluorescence indicated the
localization of nuclei (DAPI). The MERGE indicates an overlap of the two fluorescences.
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Figure 3. Effect of plumericin alone and in presence of LPS + IFN on cellular migration, evaluated by wound-healing assay.
Pictures representing the wound repair, induced by mechanical scratch in IEC-6, from plumericin treatment alone (a) and in
combination with LPS + IEN (b). Bar = 150 um. (c) representing the quantitative analysis expressed as IEC-6 migration rate

after 24 h. Values are expressed as migration rate (um/h). ### indicates p < 0.001 vs. untreated cells; *** indicates p < 0.001
vs. LPS + IEN.

3.4. Plumericin Reduced LPS + IFN-Induced Apoptosis

In order to investigate the mechanisms underlying the gastroprotective effect of
plumericin, we evaluated apoptosis, by cytofluorimetric analysis of PI stained hypodiploid
nuclei. Our results indicated that plumericin (0.5-2 uM) significantly reduced LPS + IFN-

induced apoptosis in IEC-6 cells, at higher concentrations tested (Figure 4a; p < 0.001 vs.
LPS + IEN).
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Figure 4. Apoptosis detection by propidium iodide (PI) staining of hypodiploid nuclei (a), and effect on Bax (b), Bcl-2
(c), Bcl-xL (d), and Caspase-3 (e), after IEC-6 incubation with plumericin. Data are expressed as mean + S.E.M. of % of
hypodiploid nuclei or as mean of fluorescence intensity. ### and # denote, respectively, p < 0.001 and p < 0.05 vs. untreated
cells; ***,** and * denote, respectively, p < 0.001, p < 0.01, and p < 0.05 vs. LPS + IFN.

To further investigate the anti-apoptotic ability of plumericin, we evaluated the ex-
pression of Bax, a pro-apoptotic protein, and Bcl-2 and Bcl-xL, two anti-apoptotic proteins,
by cytofluorimetric analysis. Our results indicated that plumericin (0.5-2 uM) significantly
reduced Bax expression (p < 0.01 vs. LPS + IEN; Figure 4b) and increased Bcl-2 and Bcl-xL
expression in LPS + IFN-stimulated IEC-6 (p < 0.01 vs. LPS + IFN; Figure 4c,d), at higher
concentrations tested.

Plumericin’s anti-apoptotic ability was further demonstrated by evaluating caspase-3
expression, with flow cytometry. Our results have shown that plumericin significantly
reduced the expression of caspase-3, compared to LPS + IFN-treated cells (p < 0.01 vs. LPS
+ IEN; Figure 4e)
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3.5. Effect of Plumericin on ICAM-1 and P-Selectin Expression in DNBS-Induced Colitis

In this study, we also evaluated the intestinal expression of ICAM-1 and P-selectin
that contribute to cell recruitment during colon inflammation. Positive staining for ICAM-1
(Figure 5b) and for P-selectin (Figure 5e) was substantially increased in the vessels of
the lamina propria and submucosa as well as in epithelial cells of injured colon and in
infiltrated inflammatory cells in damaged tissues from DNBS-injected mice. Treatment with
plumericin (3 mg/kg; i.p.) reduced the staining for ICAM-1 (Figure 5c) and for P-selectin
(Figure 5f) in the colon tissues collected from DNBS-injected mice. No positive staining for
ICAM-1 and for P-selectin was observed in the colon tissues collected from control mice
(Figure 5a,d, respectively), as you can see from the densitometric analyses, respectively, in
Figure 5g,h.
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e D00,

DNBS CONTROL

DNBS+Plumericin
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0 @2
3 ©
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Figure 5. Effect of plumericin on ICAM-1 (a—c) and P-selectin (d-f) expression. (g,h) represent, respectively, densitometric
analysis expressed as percentage of total tissue area. Photographs are representative of all animals in each group and data
are means + S.E.M. of 10 mice for each group. ### denotes p < 0.001 vs. control; *** denotes p < 0.001 vs. DNBS.
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3.6. Plumericin Treatment Reduced MPO Activity in DNBS-Induced Colitis

DNBS intrarectally administration was characterized by an augmentation in MPO
activity, an indicator of neutrophil accumulating in the colon. This was consistent with
light microscopic observations showing the colon of vehicle-treated DNBS mice to contain
a large number of neutrophils. In contrast, plumericin (3 mg/kg, i.p.) significantly reduced
the degree of polymorphonuclear cell infiltration (determined as reduction in MPO activity)
in inflamed colon (p < 0.001 vs. DNBS; Figure 6).
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Figure 6. Effect of plumericin on myeloperoxidase (MPO) activity. Data are expressed as the mean
=+ S.E.M. of 10 mice for each group. ### denotes p < 0.001 vs. control group; *** denotes p < 0.001
vs. DNBS.

3.7. Effect of Plumericin Treatment on PAR Formation in Colitis Induced by DNBS

Immunohistochemistry for PAR, as an indicator of in vivo PARP activation, revealed
positive staining localized in the nuclei of inflammatory cells in colon tissues from DNBS-
injected mice (Figure 7b). Plumericin (3 mg/kg, i.p.) significantly reduced the extent of
PAR immunoreactivity in the colon (Figure 7c), four days after DNBS administration. No
positive staining for PAR was found in the colon tissues from control mice (Figure 7a), as
you can see from the densitometric analyses (Figure 7d).

3.8. Effect of Plumericin on Apoptotic Damage in DNBS-Induced Colitis

To test whether colon damage was also associated with apoptosis, four days after
DNBS, the appearance of proteic effectors of canonical mitochondrial apoptosis such as
pro-apoptotic (Bax) protein and anti-apoptotic (Bcl-2) protein, was investigated by Western
blot analysis. The balance of Bax levels was appreciably increased in the colon from mice
subjected to DNBS. On the contrary, plumericin treatment (3 mg/kg; i.p.) prevented DNBS-
induced Bax expression (p < 0.001 vs. DNBS; Figure 8a). Moreover, in the control groups, a
basal level of Bcl-2 was detected. In DNBS-injected mice, Bcl-2 expression was reduced,
but plumericin administration showed an increase in Bcl-2 expression (p < 0.001 vs. DNBS;
Figure 8b).
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Figure 7. Effects of plumericin treatment on PAR formation (a—c) in colitis induced by DNBS. These data are also visible
in graph of the percentage of total tissue area (d). Photographs are representative of all animals in each group. Data are
expressed as the mean £ S.E.M. of 10 mice for each group. ### denotes p < 0.001 vs. control; *** denotes p < 0.001 vs. DNBS.
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Figure 8. Bax (a) and Bcl-2 (b) expression was measured by Western blot. Densitometric analysis of protein bands was
normalized to the level of 3-actin. Data are representative of at least three independent experiments and are expressed as
mean + S.E.M. from 10 animals for each experimental group. A representative blot is shown and densitometric analysis is
reported. ### denotes p < 0.001 vs. control; *** denotes p < 0.001 vs. DNBS.
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4. Discussion

UC is a chronic progressive condition and impose significant multidimensional bur-
dens on patients and health care systems. At the turn of the 21st century, IBDs as UC
have become a global disease with accelerating incidence in newly industrialized countries
whose societies have become more westernized [1-4]. A great interest is focused on new
therapies that may be beneficial in treating these chronic diseases and the use of plant
products for treating UC has increased, as many of them are known to act on different
targets of the pathology process such as inflammation, oxidative stress, and intestinal
barrier function [39,40]. In this study, we focused the attention on the effect of plumericin,
an iridoid spironolactone isolated from H. sucuuba, on the management of the intestinal
barrier impairment and apoptosis during intestinal inflammation.

A “leaky gut” may be an initial event in the pathogenesis of IBDs and it may also
perpetuate chronic mucosal inflammation in UC flaring up uncontrollable inflammatory
signal cascades and the altered expression of intracellular junction proteins is observed in
patients with UC [41]. Epithelial tight junctions (TJs) and adherens junctions (AD]) forms a
selectively permeable seal between adjacent epithelial cells and define the limit between
the apical and basolateral membrane domain. Their impairment allows the passage of
pro-inflammatory molecules and can induce a mucosal immune system activation finally
resulting in a sustained inflammation and tissue damage [5,42]. Accordingly, in our exper-
imental model, we observe an impaired claudin-1, occludin, and E-cadherin expression
in LPS + INF treated IEC-6. Plumericin treatment was able to avoid this impairment,
reducing the decrease of these junction proteins expression in treated IEC-6 respect to the
pro-inflammatory stimulus.

The actin cytoskeleton is a master regulator of the assembly and remodeling of epithe-
lial junctions and establishment of tissue barriers. The interaction of intracellular junction
with the actin cytoskeleton is vital to the maintenance of junction structure and allow the
barrier integrity regulation by cytoskeleton [43]. During inflammation, it is known that a
reorganization of the apical junctions mediate epithelial barrier dysfunction and the actin
cytoskeleton plays a pivotal role in regulating junctional integrity and remodeling under
physiological and pathological states [44]. IEC-6 cells, when confluent, produce monolayers
that resemble normal small intestinal cells and show an organized actin cytoskeleton [45,46].
In our experiments, we found that plumericin ameliorated the marked reduction of actin
stress fibers and the corresponding increase of the cortical actin density observed in LPS +
IFN-treated IEC-6. Recent studies suggest that balanced actin filament turnover protects
epithelial barriers and attenuates tissue injury during mucosal inflammation in vivo [47].

A reorganization of the actin cytoskeleton is fundamental during IECs’ restitution.
The healing process is initiated by migration of intestinal epithelial cells residing near the
wounded area to the injury in order to fill up defects in the intestinal barrier. However, in
various intestinal diseases, the intestinal healing is impaired, leading to persistent mucosal
defects and potential consequences for the entire organism [48]. Thus, healing of the
inflamed mucosa is considered a key step to achieve clinical remission in UC [41,49,50]. By
means of a wound healing assay, we observed that plumericin improved cellular migration
speed in IEC-6, thus increasing the restitution process.

Apoptosis regulates the replacement rate of the epithelial cells, and an increase of
epithelial cell apoptosis, as occurs in IBD and in colitis in particular, disrupts mucosal
epithelial differentiation [51]. Our data indicate that plumericin inhibited the IEC-6 apop-
tosis. This effect was associated with a reduction in pro-apoptotic proteins, such as Bax,
and with an increase in antiapoptotic factors, such as Bcl-2 and Bcl-xL. Moreover, in
plumericin-treated IEC-6, a reduction in caspase-3 was also observed, thus further proving
the anti-apoptotic effect of plumericin.

In order to also confirm these effects observed in IECs in an in vivo model, we evalu-
ated the effect of plumericin in a model of DNBS-induced colitis in mice.

DNBS administration induced P-selectin expression on the endothelial vascular wall
and up-regulated the surface expression of ICAM-1 on endothelial cells. In plumericin-
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References

treated mice, we observed a lower expression of P-selectin and an up-regulation of ICAM-1,
without affecting constitutive levels of ICAM-1 on endothelial cells. The absence of an
increased expression of the adhesion molecule in the colon tissue in plumericin-treated
animals was associated with the reduction of leukocyte infiltration, as assessed by the
specific granulocyte enzyme MPO, which is also an oxidative stress marker.

ROS can cause DNA damage, leading to poly ADP ribose synthase activation and cell
death [52]. Plumericin inhibited the positive staining for PAR compared to the DNBS-group.
Epithelial cell damage in the inflamed colonic mucosa has been stated to involve the apop-
totic process. In the DNBS group, we observed a significant increase in the pro-apoptotic
protein Bax and a reduction in the antiapoptotic Bcl-2. Plumericin treatment induced
both an inhibition of Bax expression and a parallel increase in Bcl-2, thus contributing to
reducing the apoptotic process.

Plumericin shares its effects on these pathways with several other electrophilic com-
pounds of high pharmaceutical and nutraceutical interest including dimethylfumarate and
curcumin, which have also been reported to be effective on colitis [36,53,54]. This evidence
further supports the pharmacological potential of plumericin as an adjuvant in IBDs.

5. Conclusions

The results of this study provide evidence, both in vitro and in vivo, that support the
potential effect of plumericin on IBDs contributing to the maintenance of intestinal epithelial
barrier and to reducing apoptosis. These findings together with the anti-inflammatory and
antioxidant potential previously reported, strongly support the therapeutical potential of
plumericin both in the acute phase of colitis, mainly acting on inflammation and oxidative
stress, and also in the relapsing phase, where the restitution of intestinal barrier integrity
seems to play a pivotal role.
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