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Medicinal plants have been used for the maintenance of human health since ancient
times in the form of food, spices, and traditional medicines [1–3]. Traditional plant-based
medicines serve as the primary healthcare systems in various countries even in recent
times [4,5]. Additionally, medicinal plants have also served as the one of the main sources
for the discovery of new therapeutic agents [3,6].

At present, various plant extracts and their isolated phytochemicals are screened
and evaluated for their diverse pharmacological activities related to both communicable
and non-communicable diseases. However, comparatively little focus is given to the
detailed mechanism of action of these agents on the molecular level. Molecular mechanism-
based studies are essential for the development of evidence-based traditional medicines as
well as for the development of isolated natural products as the lead candidates for novel
drug discovery.

This main focus of this Special Issue “Plant-based Bioactive Natural Products: In-
sights into Molecular Mechanisms of Action” is to cover the recent advances in science
related to the molecular mechanisms of action of natural products. A total of nine articles
were published under this Special Issue including seven original research articles and
two review articles.

Food by-products have been receiving great attention in recent years for their valoriza-
tion to obtain bioactive natural products that can contribute to sustainable development
and circular economy [7–9]. In this issue, López-Salas et al. [10] reported the potential of
artichoke by-products as a rich source of phenolic compounds. The authors optimized the
extraction condition for polyphenols using an advanced extraction technique, pressurized
liquid extraction (PLE), with ethanol–water mixture as solvent. Compounds were identi-
fied by using high-performance liquid chromatography (HPLC) coupled to electrospray
time-of-flight mass spectrometry (HPLC-ESI-TOF/MS) analysis.

Colone et al. [11] reported the potent antiproliferative activity of essential oil (EO)
obtained from the leaves of Vepris macrophylla against human breast adenocarcinoma cell
line SKBR3.

Lee et al. [12] reported the memory improving activity of 70% ethanol extract of
roots of Scrophularia buergeriana in model mice with beta-amyloid-induced memory loss.
The extract improved the memory impairment by reducing neurotoxicity and regulating
oxidative stress and inhibiting the apoptosis pathway. The authors further analyzed the
memory improving activity of the extract in scopolamine-induced neuronal impairment in
mice [13]. The extract was reported to inhibit the acetylcholinesterase activity and to exert
memory-improving effects through the phosphorylated cAMP response element-binding
(CREB) and brain-derived neurotrophic factor (BDNF) pathway.

Fruits of Terminalia chebula are used as crude drugs in many traditional medicine
systems around the world due to potent antioxidant, hepatoprotective and anti-diabetic
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activities [14]. Kim et al. [15] reported the anti-osteoarthritic activity of aqueous extracts of
Terminalia chebula fruit in interleukin-1β-induced human chondrocytes and monosodium
iodoacetate-induced osteoarthritis in model rats.

Jun et al. [16] reported the vascular inflammation preventive activity of liensinine,
a bisbenzylisoquinoline alkaloid found in Nelumbo nucifera. Liensinine showed potent
in vitro antioxidative and anti-inflammatory activity by attenuating inflammatory media-
tors in human vascular smooth muscle cells (VSMC).

Badger-Emeka et al. [17] reported the synergistic activity of cold pressed oil of Nigella
sativa with various β-lactam antibiotics against clinical isolates of methicillin-resistant
Staphylococcus aureus (MRSA).

Ullah et al. [18] reported a comprehensive review on the role of plant extracts and
their isolated phytochemicals against food-borne pathogens, one of the major causative
agents of food-borne illness worldwide.

Tundis et al. [19] reported an extensive review on the traditional uses, bioactive
chemical constituents and biological properties of various species of Vaccinium genus. The
authors also highlighted their potential uses in functional food and cosmetic markets.

This Special Issue has provided some new experimental data on bioactive natural
products and their detailed mechanisms of action for biological activities. Similarly, review
articles have provided state-of-the-art information on the related topics. I would like to
thank all the authors for submitting their manuscripts and the reviewers and editors for
their contribution to this Special Issue. Furthermore, I am also grateful to the handling
editors and staff of Applied Sciences for their support during the preparation and finalization
of this Special Issue.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Nowadays, the transformation activity of the food industry results in the generation
of a huge amount of daily discarded vegetables wastes. One of those undervalued by-products
are produced during the post-harvesting and processing process of artichokes. In the present
research, the potential of artichokes’ bracts and stalks have been evaluated as a natural source
of phenolic compounds which could be used as bioactive food ingredients, among others. In
this study, the bioactive composition of those wastes has been evaluated using recent advances
in extraction and analytical technologies, concretely, pressurized liquid extraction (PLE) followed
by high-performance liquid chromatography (HPLC) coupled to electrospray time-of flight mass
spectrometry (ESI-TOF/MS) analysis. To achieve this goal, first, the extraction process was evaluated
by a comparative study using GRAS (Generally Recognized As Safe) solvents (mixtures of ethanol
and water) at different temperatures (40–200 ◦C). The second step was to deeply characterize the
composition of individual polyphenols by HPLC-ESI-TOF/MS in order to establish a comparison
among the different PLE conditions applied to extract the phenolic fraction. The analysis revealed
a wide variety of phenolic-composition, mainly phenolic acids and flavonoids. The results also
highlighted that high percentages of ethanol and medium-high temperatures pointed out to be
useful PLE conditions for recovering this kind of phytochemicals, which could be used in different
applications, such as functional food ingredients, cosmetics, or nutraceuticals.

Keywords: artichoke by-products; phenolic compounds; HPLC-ESI-TOF-MS; PLE; GRAS

1. Introduction

Nowadays, consumption of fruit and vegetable is very widespread as they provide
health benefits. These benefits are partly due to the phenolic compounds that products
contain. Phenolic compounds are plant secondary metabolites, with a structure composed
of an aromatic ring linked to one or more hydroxyl substitutes. They are synthesized in
the normal plant growth and reproduction and, also, during stress conditions such as high
temperatures, hydric stress, ultraviolet radiation, or parasites [1]. These phytochemicals
are bioactive molecules with antioxidant, antithrombotic, anti-inflammatory, and antidia-
betic properties, among others [2–4]. Among phenolic compounds, simple phenols and
polyphenols can be distinguished. The first group includes phenolic acids (benzoic and
cinnamic acids) and benzoquinones, while flavonoids, stilbenes, lignans, tannins, and other
polymerized compounds are part of polyphenols group.

The current need of a sustainable food chain demands an implementation of a circular
economy approach in the processing industries. The major focus of this approach is
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to revalorize the discarding parts of vegetables due to their great contents in bioactive
compounds. This trend is supported by the potential of these food wastes, which could be
used for the production of valued products. In fact, peels, seeds, stems, or vegetable pulps
are considered raw materials to obtain bioactive ingredients with multiple applications,
mainly for the production of food ingredients, cosmetics, or nutraceuticals. Furthermore,
bioactive compounds of vegetable wastes have demonstrated antioxidant and antimicrobial
actions in developed food additives used for conservative purposes. Its formulation in
nutraceuticals with different presentations, such as syrups, capsules, pills or tablets, is very
common [5,6]. These applications are possible due to the content in phytochemicals of
these vegetable wastes with potent bioactive activities, such as phenolic compounds.

Artichoke (Cynara scolymus L.) is an herbaceous perennial plant belonging to Cynara
genus and Asteraceae family. Commonly known as globe artichoke, it is traditionally
consumed in the Mediterranean diet in different popular preparations. It can be consumed
fresh, canned, roasted, or baked, among others. Therefore, this vegetable is extensively cul-
tivated in Mediterranean countries such as Italy, France, Spain, Egypt, and Morocco. Their
cultivation is considered an important activity of the agro-economy of these countries [7,8],
indeed, the Mediterranean region has an annual production of about 770,000 tons. The
edible portion of this plant includes the receptacle of immature flowers and the inner bracts,
named “capitula” or heads. During the artichoke processing, the residues, principally exter-
nal leaves or stems, represent approximately 60–80% of the total harvested plant material,
which is translated in more than 460,000 tons of wastes generated annually. Nevertheless,
these by-products possess a great content of bioactive phenolic compounds, inulin, fibers,
and minerals [9–13]. This information highlighted the significance of the evaluation of
artichoke wastes for the extraction of bioactive compounds.

The artichoke is one of the most consumed plants of its genus due to its high nutritional
value, being rich in water, minerals, vitamins, and carotenoids. Despite its content in these
interesting compounds, it is the presence of bioactive compounds that has aroused greater
interest, especially phenolic compounds [14,15]. The interest in their phytochemicals has
been linked to various pharmacological activities exerted on humans. Thus, hepatoprotec-
tive, antioxidant, hypocholesterolemic, anticarcinogenic, antibacterial, or diuretic effects
have been described for artichoke. Therefore, the artichoke has been used for medicinal
purposes since antiquity, being considered a functional food [9,10,16,17].

Consequently, the re-valorization of food by-products as a bioactive source material
has experienced a great growth due to the economic and environmental benefits that it
produces. In the case of artichoke, recent studies based their research on external bracts,
leaves and floral stems by-products, which are considered the principal discarding parts of
the artichoke processing because they are not suitable for human consumption [18].

The main objective of this article was to explore the potential of artichoke by-products
generated in the food industry as a green and efficient source of phytochemicals with
many applications. For this purpose, the present research optimized the extraction of
the phenolic profile from artichoke bracts and stems, which were obtained as industrial
by-products, through an advanced extraction system and characterized the composition of
the obtained extracts by a powerful analytical platform. Thus, pressurized liquid extraction
(PLE) using water and ethanol as GRAS extraction solvents was chosen due to its great
potential to extract phenolic compounds in green and efficient processes from vegetable
matrices. Similarly, reversed-phase high-performance liquid chromatography coupled to
electrospray time-of-flight mass spectrometry (HPLC-ESI-TOF-MS) was selected for the
analytical characterization of the PLE extracts due to its great potential.

2. Materials and Methods

2.1. Reagents

The chemicals employed during the development of this study have analytical reagent
grade. Purified water used for extraction and analytical experiments was obtained from
a Milli-Q system from Millipore (Bedford, MA, USA). Moreover, ethanol used to obtain

6
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artichoke PLE extracts was purchased from VWR Chemicals (Radnor, PA, USA), whereas
sand and cellulose filters were from Fisher Chemicals (Waltham, MA, USA). The mobile
phases used for the analysis were prepared with formic acid and LC-MS-grade methanol
provided from Sigma–Aldrich (Steinheim, Germany) and Fisher Chemicals (Waltham, MA,
USA), respectively.

2.2. Plant Material

By-products such as bracts and stems were obtained from the industrial processing of
artichokes. The post-harvest processing of artichokes consists in a minimally blanching step
carried out in the same day of harvesting before peeling. This processing was performed
with water for 20 min at 98 ◦C. After blanching, the artichokes were pealed and the bracts
and stems were separated from the artichoke hearts. These by-products were frozen at
−45 ◦C and lyophilized for 24 h in a freeze-dryer (Vertis SP Scientific, Thermo Fisher
(Madrid, Spain).

2.3. Pressurized Liquid Extraction

PLE extracts from artichoke by-products were obtained with an accelerated solvent
extractor (ASE 350, Dionex, Sunnyvale, CA, USA) applying different combinations of tem-
perature and solvent composition (mixtures of ethanol and water in different proportions)
previously applied to food by-products. These conditions were selected to cover a wide
range of dielectric constant (from 19 to 59.1) [19,20].

Briefly, PLE static extractions were performed during 20 min under a pressure of
1500 psi. Thus, the tested ranges of instrumental parameters were as follow: 0–100% of
aqueous ethanol mixtures as extraction solvent and 40 to 200 ◦C as extraction temperature.

The experiments were performed with extraction cells of 33 mL filled with a homoge-
nous mixture composed of 4 g of artichoke sample plus 8 g of sand. This sample-sand ratio
(1:2, w:w) allows to perform the experiments avoiding technical problems (fundamentally
blockage of the lines of the PLE instrument) with the maximum amount of sample. The
solvents used in each PLE experiment were previously sonicated for 15 min in order to
eliminate the oxygen dissolved in the mixture, which could provoke a degradation of
compounds susceptible of oxidation.

The PLE process begins with a cell heat-up step previous to the extraction in order to
attain the pertinent extraction temperature. The duration of this phase is dependent of the
temperature set-point and established by the instrument (lasting from 5 to 9 min). Then,
the extraction step was carried out applying the corresponding conditions according to
Table 1.

Table 1. Experimental pressurized liquid extraction (PLE) conditions.

Experimental Condition
Temperature and Percentage of

Ethanol in the Extraction Solvent
Dielectric Constant

PLE 1 120 ◦C; EtOH 100% 19.0

PLE 2 176 ◦C; EtOH 85% 21.6

PLE 3 200 ◦C; EtOH 50% 26.0

PLE 4 63 ◦C; EtOH 85% 31.0

PLE 5 176 ◦C; EtOH 15% 33.4

PLE 6 120 ◦C; EtOH 50% 34.7

PLE 7 40 ◦C; EtOH 50% 48.0

PLE 8 120 ◦C; EtOH 0% 50.4

PLE 9 63 ◦C; EtOH 15% 59.1

The obtained extracts were immediately cooled at room temperature in an ice-bath.
The supernatants were separated after a centrifugation step of 15 min at 4 ◦C applying
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12,499 as relative centrifugal force (RCF). Then, they were completely evaporated under
vacuum at 35 ◦C in a Savan SC250EXP Speed-Vac (Thermo Scientific, Leicestershire, UK).
The dry extracts were stored refrigerated (−20 ◦C) avoiding light exposure until further use.

2.4. HPLC-ESI-TOF-MS Analysis

The analysis of the artichoke by-products PLE extracts was carried out by high-
performance liquid chromatography (HPLC) with a diode array detector (DAD) coupled
to time-of-flight mass spectrometry with an electrospray interface (ESI-TOF-MS). The
instrument was an Agilent 1200-RRLC system (Agilent Technologies, Palo Alto, CA, USA)
equipped with a vacuum degasser, a binary pump, an auto-sampler, a thermostatically
controlled column compartment, and a DAD detector. Mass detection was performed
using a micrOTOF II analyzer from Bruker Daltonik (Bremen, Germany). The extracts were
dissolved in aqueous ethanol (50:50, v/v) at 5 mg/mL and analyzed in triplicate. Before the
HPLC injection, the samples were filtered through a 0.45 μm syringe filters of regenerated
cellulose to avoid solid particles.

The separation occurs in an Agilent Zorbax Eclipse Plus C18 column (150 mm × 4.6 mm
id, 1.8 μm). The mobile phases consist of water with 0.1% formic acid (A) and methanol (B)
at a flow rate of 0.8 mL/min. The analytical method used an elution gradient according to
the following linear multi-step profile: 0 min, 5% B; 3 min, 50% B; 25 min, 75% B; 35 min,
100% B, 40 min, and 5% B plus 5 min of stabilization at initial conditions before the next
analysis. The analyses were carried out at 25 ◦C injecting 10 μL of sample in each run.

Detection was performed within a mass range of 50–1000 m/z operating in negative
ionization mode. In order to achieve a stable ionization, the flow rate from the HPLC was
split before the connection to the ESI interface (Agilent Technologies) until 125 μL/min.
Ultrapure nitrogen was used as drying and nebulizing gas with flows of 9.0 L min−1 and
2.0 bar, respectively. The operating parameters applied for the ionization and ion transfer
were: capillary voltage of +4.5 kV; drying gas temperature, 190 ◦C; capillary exit, −150 V;
skimmer 1, −50 V; hexapole 1, −23 V; RF hexapole, 100 Vpp; and skimmer 2, −22.5 V.

In order to recalibrate the mass spectra acquired during the analysis to achieve accurate
mass measurements with a precision better than 5 ppm, 10 mM sodium formate solution
was used as calibrant. This mixture is automatically injected at the beginning of each run
by means of a 74900-00-05 Cole Palmer syringe pump (Vernon Hills, IL, USA) directly
connected to the ESI interface, equipped with a Hamilton syringe (Reno, NV, USA). All data
acquisition and processing operations were controlled with HyStar 3.2 and Data Analysis
4.0 software, respectively (Bruker Daltonics GmbH, Bremen, Germany). The software
provides a list of possible elemental formulas using the Generate-Molecular Formula
Editor. This information provided by the analytical platform was used for identification
purposes together with the one reported in databases and bibliography.

2.5. Statistical Analysis

Data were statistically treated using Origin (Version Origin Pro 8.5, Northampton,
MA, USA). For these data, set one-way analysis of variance (ANOVA, Tukey’s test) at
a 95% confidence level (p ≤ 0.05) was performed to point out the differences in semi-
quantitative bioactive compounds contents found between PLE artichoke samples with
statistical significance.

3. Results

3.1. Identification of Phytochemical Compounds of Artichoke By-Products by HPLC-ESI-TOF-MS

The compounds were identified by the data provided by the HPLC-ESI-TOF-MS
instrument. Thus, for all the peaks detected in the chromatogram, a list of possible molecular
formulas was obtained with DataAnalysis 4.0 software. The identification was achieved com-
paring with the data previously reported in databases and literature for artichoke composition.

The bibliography search consulted for the tentative identification of the detected
compounds was composed by studies carried out on artichoke. Therefore, one of the
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studies reported the inflorescence of artichoke, which were lyophilized and extracted by
ultrasound-assisted extraction (UAE) using 80% methanol as solvent [21]. Other authors
evaluated the phenolic profile of the edible parts of artichokes (receptacle and internal
bracts) using a conventional procedure and mixture of solvents, concretely sonication in
methanol/water (70:30, v/v) [10,22]. Finally, another study was based on the study of the
chemical composition of artichoke by-products (leaves, floral stems, and bracts) applying
maceration with 80% methanol–water mixture able to obtain extracts enriched in polar
compounds [18].

Figure 1 shows a representative base peak chromatogram (BPC) of artichoke by-
products PLE extract obtained by HPLC-ESI-TOF-MS analyzed in negative polarity. More-
over, Figure 2 includes the extracted ion chromatograms and mass spectra of the major
phenolic compounds characterized in those extracts. Furthermore, Table 2 summarizes the
main peaks detected according to their elution order, including the information provided
by the MS spectrometer: experimental and theoretical m/z, error (ppm), molecular formula,
proposed compound, and the PLE condition in which each of them was detected. As
can be observed, a total of 23 compounds were detected, being 19 of them tentatively
identified. Despite the information provided by the analyzer and the effort made for their
identification, unfortunately four compounds remain unknown (listed as UK in Table 2).
The proposed compounds were tentatively identified as phenolic acids, flavones, and
derivatives (flavonoids), saponins, lipids, and other polar compounds. In the following
sections, the tentatively identification of these compounds has been described according to
these chemical sub-classes.

Table 2. Phenolic and other polar compounds characterized in Cynara scolymus L. PLE extracts analyzed by HPLC-time-of-
flight mass spectrometry with an electrospray interface (ESI-TOF/MS).

Peak
RT

(min)
Proposed Compound

Theoretical
m/z

Experimental
m/z

Molecular
Formula

Error
(ppm)

PLE
Experiment

1 2.14 Quinic acid 191.0561 191.0567 C7H12O6 −3.2 *

2 6.14 Chlorogenic acid 353.0878 353.0883 C16H18O9 −1.5 *

3 6.51 UK 1 375.0663 375.067 C25H12O4 −5.4 1,2,4,5,6,7,9

4 6.62 Rosamarinic acid 359.0772 359.0735 C18H16O8 10.5 1,4,5,6,7,8,9

5 7.36 Cynarin isomer 1 515.1195 515.1211 C25H24O12 −4.5 *

6 7.65 Luteolin-rutinoside 593.1512 593.1514 C27H30O15 −0.3 *

7 7.95 Luteolin-glucoside 447.0933 447.0919 C21H20O11 −4 *

8 8.08 Cynarin isomer 2 515.1195 515.1207 C25H24O12 −2.2 *

9 8.58 Apigenin-rutinoside 577.1563 577.1571 C27H30O14 −1.4 *

10 8.98 Apigenin-glucoside 431.0984 431.0965 C21H20O10 −3.1 *

11 10.27 UK 2 345.0405 345.0374 C20H10O6 9 *

12 11.62 UK 3 207.0663 207.0657 C11H12O4 2.7 1,2,3,5,6

13 13.40 Luteolin 285.0405 285.0412 C15H10O6 −2.5 1,3,4,5,6,7,8,9

14 15.95 Apigenin 269.0455 269.0459 C15H10O5 −6.8 *

15 20.65 Trihydroxy-octadecenoic
acid 329.2333 329.2331 C18H34O5 0.6 *

16 22.51 Dihydroxy-hexadecanoic
acid 287.2228 287.2229 C16H32O4 −0.3 1,3,4,5,6,7,8,9

17 23.15 Methylapigenin 283.0612 283.0607 C16H12O5 1.7 1,2,3,4,6

18 26.62 Cynarasaponin A/H
isomer 925.4802 925.476 C47H74O18 4.6 1,6,7,9
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Table 2. Cont.

Peak
RT

(min)
Proposed Compound

Theoretical
m/z

Experimental
m/z

Molecular
Formula

Error
(ppm)

PLE
Experiment

19 26.92 Cynarasaponin A/H
isomer 925.4802 925.478 C47H74O18 2.4 1,6,7,9

20 30.05 UK 4 205.1598 205.1606 C14H22O −3.8 2,3,4,5,6,7,8,9

21 31.10
Hydroxy-

octadecatrienoic
acid

293.2122 293.2111 C18H30O3 3.9 1,2,4,6,7,9

22 31.27
Hydroxy-

octadecadienoic
acid

295.2279 295.2286 C18H32O3 −2.6 *

23 33.19 Linolenic acid 277.2173 277.2170 C18H30O2 1.1 *

(*) Indicate that these compounds were identified in all the PLE extracts. For those compounds that were not identified in all the extracts,
the number of the PLE experiment in which they were detected was annotated. UK, unknown.

Figure 1. Base peak chromatogram (BPC) of representative pressurized liquid extraction (PLE) extracts of Cynara scolymus L.
by-products.

3.1.1. Phenolic Acids

Peak 2, with a precursor ion at m/z 353.0878 was identified as chlorogenic acid [21],
whereas peak 4, with m/z 359.0772 and a molecular formula C18H16O8, was proposed
as rosamarinic acid [22]. Moreover, peaks 5 and 8, which displayed a m/z 515.1195 and
retention times of 7.36 and 8.08 min, respectively, were identified as cynarin isomers, also
named “dicaffeoylquinic acid isomers” [21,22].

3.1.2. Flavonoids

With regard to flavonoids and its several sub-classes, only flavones and their deriva-
tives were detected in artichokes by-products. Thereby, peak 6, with m/z at 593.1512, was
tentatively identified as luteolin-rutinoside [18], while peak 7 with m/z at 447.0933 was
proposed as luteolin-glucoside (cymaroside) according to bibliographic data [10,21]. Fur-
thermore, the compound eluting at 8.58 min (peak 9) and displaying m/z 577.1563 was
considered as apigenin-rutinoside (isorhoifolin) [21]. In the same way, peak 10, detected at
8.98 min and m/z 431.0984, was tentatively assigned to apigenin-glucoside according to
the comparison of the molecular formula provided by the detector and literature data [21].
Similarly, peak 13 at m/z 285.0405 and molecular formula C15H10O6 along with peak 14 at
15.44 min and m/z 269.0455 were proposed according to the literature as luteolin [10,21] and
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apigenin [10,21], respectively. Finally, peak 17 with m/z 283.0612 was tentatively assigned
to methylapigenin [22].

Figure 2. Extracted ion chromatograms (EIC) and mass spectra of some phenolic compounds
characterized by HPLC-time-of-flight mass spectrometry with an electrospray interface (ESI-TOF/MS)
in artichoke by-products.

3.1.3. Saponins, Lipids, and Other Polar Compounds

Peak 1, with m/z at 191.0561, was proposed as quinic acid, a carboxylic acid commonly
found in artichoke [21].
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On the other hand, compounds belonging to saponins family correspond to peaks
18 and 19. They displayed a m/z 925.4802 and retention times of 26.62 and 26.92 min,
respectively. Both were identified as isomers of cynarasaponin A or H [21].

Lastly, several lipids were also found in these artichoke samples. Thence, hydroxy-
octadecatrienoic acid (peak 21) is a lipid previously identified in artichoke [21]. Trihydroxy-
octadecenoic acid (peak 15), hydroxy-octadecadienoic acid (peak 22), and linolenic acid
(peak 23) were also detected in the present analysis. All these lipids have been previously
identified in other vegetable PLE extracts, such as Morus nigra [23] and Prunus avium [24].
Similarly, dihydroxyhexadecanoic acid (peak 16) was identified in the present study as
well as in Symphytum officinale L. samples [25]. Although these plant matrices belong to
different species, both molecular formula and m/z generated by the software match with
data reported in the bibliography.

3.2. Extraction Yield and Extraction Efficiency

In this study, different PLE conditions were evaluated and compared in terms of
yield and recovery of individual phenolic compounds from artichoke by-products. The
extraction yield was expressed as weight of collected extract per dry plant material (w/w,
in grams) used in the extraction procedure. The extraction efficiency of individual com-
pounds was estimated by a semi-quantitative approach, measuring the peak areas of the
compounds identified in the chromatogram as expressed as mean ± standard deviation of
three consecutive injections. Table 3 includes the extraction yield and phenolic extraction
efficiency for the C. scolymus L. PLE extracts.

Table 3. Extraction yield and phenolic compounds recovery for C. scolymus L. obtained in each PLE condition. Yield (%),
individual phenolic compounds (peak area × E + 4). Value = mean ± standard deviation.

Experimental
Condition

Dielectric
Constant

Extraction
Conditions

Yield
Total

Phenolic Acids
Total

Flavonoids
Total

Phenolic Compounds

PLE 1 19.0 120 ◦C; EtOH
100% 7.4 ± 0.3 787 ± 25 488 ± 13 1274 ± 37

PLE 2 21.6 176 ◦C; EtOH 85% 50 ± 1 190 ± 10 94.1 ± 0.3 284 ± 10

PLE 3 26 200 ◦C; EtOH 50% 57 ± 2 285 ± 10 157 ± 1 442 ± 10

PLE 4 31.0 63 ◦C; EtOH 85% 10.5 ± 0.8 728 ± 24 365 ± 8 1092 ± 33

PLE 5 33.4 176 ◦C; EtOH 15% 45 ± 2 134 ± 4 43.9 ± 0.4 178 ± 4

PLE 6 34.7 120 ◦C; EtOH 50% 40 ± 2 343 ± 5 145 ± 2 489 ± 4

PLE 7 48.0 40 ◦C; EtOH 50% 19 ± 1 594 ± 16 253 ± 16 848 ± 17

PLE 8 50.4 120 ◦C; EtOH 0% 37 ± 2 302 ± 8 66 ± 1 368 ± 7

PLE 9 59.1 63 ◦C; EtOH 15% 25 ± 2 291 ± 18 75 ± 4 365 ± 22

Concerning the extraction yield, the obtained results in the different PLE experiments
are highly inconstant. Similar variations were observed in other PLE extracts from plants
such as black mulberry or sweet cherry stems, ranging from 11% to 48% or from 3% to
49%, respectively [23,25]. In general, it could be observed that the application of elevated
temperatures (above 170 ◦C) resulted in higher extraction yields. Indeed, PLE 3 (200 ◦C,
EtOH 50%), PLE 2 (176 ◦C, EtOH 85%), and PLE 5 (176 ◦C, EtOH 15%) were the extraction
conditions with the highest yield values (57 ± 2%, 50 ± 1%, and 45 ± 2%, respectively). This
fact could be explained by the increase in solvent diffusivity with increasing temperature,
which enhances the extraction of several components from vegetable matrices [26]. In
contrast to this observation, it could not establish a relationship between the percentage of
ethanol and extraction yield.
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Focusing on the individual recovery of phenolic compounds of each PLE condition, a
relationship between the extraction parameters (temperature and percentage of ethanol)
and the enhancement extraction of particular compounds could be revealed.

In this sense, regarding phenolic compounds, as described above, both sub-classes
of polyphenols (phenolic acids and flavonoids) identified in the samples were extracted
under all the PLE experiments. The individual areas of all compounds identified in
PLE extracts were also analyzed to evaluate significant differences among the different
PLE conditions. Figure 3 draws the peak area (mean value ± standard deviation) of the
individual compounds detected in each artichoke PLE extract as well as the total phenolic
acids and flavonoids (see Table S1).

Figure 3. Abundance of phenolic compounds characterized in each C. scolymus PLE extracts by HPLC-ESI-TOF-MS:
(A) individual phenolic acids, (B) total phenolic acids, (C) individual flavonoids, and (D) total flavonoids.

In regards to the total abundance of phenolic acids in the C. scolymus PLE extracts, it
could be observed that PLE 1 (120 ◦C, EtOH 100%), PLE 4 (63 ◦C, EtOH 85%), and PLE 7
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(40 ◦C, EtOH 50%) conditions showed the best recovery for this chemical sub-class. On
the contrary, PLE 5 (176 ◦C, EtOH 15%) and PLE 2 (176 ◦C, EtOH 85%) present the worst
extraction recoveries for this kind of substances. In light of these data, it can be concluded
that higher percentages of ethanol in aqueous mixtures and moderate to high extraction
temperature enhances the extraction of these compounds. On the contrary, very high
temperatures, such as in PLE 5 and PLE 2, seem to act to the detriment of the extraction of
phenolic acids.

Additionally, the individual behavior of phenolic acids was also monitored. Chloro-
genic acid was extracted in greater abundance by PLE 1 condition (with the highest per-
centage of ethanol, 100%), followed by PLE 4 (63 ◦C, EtOH 85%) and PLE 7 (40 ◦C, EtOH
50%) experiments, which presented similar abundances. In the case of rosamarinic acid, the
best extraction conditions were PLE 7 and PLE 4. Both experiments were performed with
low-intermediate temperatures and medium-high percentages of ethanol. In fact, higher
temperatures such as the applied in PLE 5 (176 ◦C, EtOH 15%) recovered this compound
in very low amount or could not extract rosamarinic acid from artichoke by-products, as
in PLE 2 (176 ◦C, EtOH 85%) and PLE 3 (200 ◦C, EtOH 50%). Finally, within the family
of phenolic acids, cynarin isomers showed different behavior over the tested extraction
conditions. PLE 1 run (120 ◦C, EtOH 100%) reported a high value of cynarin isomer 1 peak
area, while cynarin isomer 2 was not recovered in abundance. The same phenomena could
be described for PLE 4 (63 ◦C, EtOH 85%) and PLE 7 (40 ◦C, EtOH 50%).

On the other hand, the analysis of the total abundance of flavonoids in the artichoke
extracts indicated that PLE 1 (120 ◦C, EtOH 100%) was the best condition, followed by PLE
4 (63 ◦C, EtOH 85%) and PLE 7 (40 ◦C, EtOH 50%). All these runs applied intermediate
conditions within the range of temperature and percentage of ethanol as solvent combi-
nations. On the contrary, the conditions PLE 2 (176 ◦C, EtOH 85%), PLE 5 (176 ◦C, EtOH
15%), PLE 8 (120 ◦C, EtOH 0%), and PLE 9 (63 ◦C, EtOH 15%) reported a lower abundance
with respect to the other PLE extracts.

Analyzing individual flavonoids, the highest abundance of glycoside structures was
obtained under the conditions PLE 1 (120 ◦C, EtOH 100%) and PLE 4 (63 ◦C, EtOH 85%).
On further consideration, aglycon flavonoids as luteolin and apigenin showed the same
trend, being better extracted by the PLE 1 condition. The abundance of simple flavonoids,
luteolin and apigenin, was not increased as extraction temperatures raised. This fact
suggests that high temperatures did not generate the hydrolysis of glycoside forms over
the extraction process (luteolin-glucoside, apigenin-glucoside, luteolin-rutinoside, and
apigenin-rutinoside).

Taking into account all these results, a comparison of the extraction yield and phe-
nolic compounds recovery in each experimental PLE run showed important differences.
Although the high temperatures would improve the diffusivity of the solvent and break
component–matrix interactions, which increase the solubility of the analytes and conse-
quently enhance the extraction yields [27], it does not necessarily mean a greater recovery
of phenolic compounds. This fact seems to occur with artichoke by-products, which could
be related to different factors. Indeed, an excessive increase in temperature is demon-
strated to negatively affect the extraction of thermolabile compounds, such as phenolic
compounds [26].

In addition to the possible thermal degradation of compounds, different combinations
of solvent composition and temperature provide changes in the dielectric constant value,
which is crucial for the extraction recovery of the phytochemicals from natural sources.
In this way, special attention has to be paid to PLE 1 condition (120 ◦C, 100% EtOH) with
a dielectric constant value of 19. Despite this condition reported the lowest yield, the
recovery of phenolic compounds was higher compared to other PLE conditions. This
phenomenon has also been reported in other plant matrices extracted by PLE at the same
conditions (100% EtOH and 120 ◦C) [23].

Thereby, PLE 1 condition provided 2.6, 7.6, and 3.4 times higher recovery of phenolic
acids, flavonoids, and total phenolic compounds than PLE 8 (120 ◦C, EtOH 0%, dielectric
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constant 50.4), respectively. Analyzing individual phenolic compounds identified in both
PLE conditions, significant differences could be observed concerning the abundance of
all of them (see Table S2). A similar trend was observed when the yield and recovery of
phytochemical compounds of PLE 6 (120 ◦C, EtOH 50%, dielectric constant 34.7) were
compared to those obtained for PLE 1 (120 ◦C, EtOH 100%, dielectric constant 19.0). Thus,
the yield obtained for PLE 6 is 5.4 times higher than for PLE 1. Nevertheless, PLE 1
condition showed 2.6 times higher phenolic recovery than PLE 6.

Nonetheless, tt is important to remark that at dielectric constant values higher than 19,
minor differences were observed on the yield and recovery of phenolic compounds among
the experimental conditions. Indeed, PLE 8 (dielectric constant value, 50.4) obtained an
extraction yield 1.1 times higher than PLE 6 (dielectric constant value, 34.7). Moreover,
PLE 6 had 1.1, 2.2, and 1.3 times higher recovery of phenolic acids, flavonoids, and total
phenolic compounds than PLE 8, respectively, significant differences among all the charac-
terized phenolic compounds were found for PLE 8 and PLE 6, except for chlorogenic and
rosamarinic acids (Table S2).

Therefore, similar differences on the yield and phytochemical recovery were also
observed for PLE conditions where the same temperature was applied in combination with
different percentages of ethanol, which consequently provides different values of dielectric
constants. Some examples are: (a) temperature of 63 ◦C combined with 15% of ethanol (PLE
9, dielectric constant value 59.1) or 85% of ethanol (PLE 4, dielectric constant 31) and (b)
extractions at 176 ◦C using 15% EtOH (PLE 5, dielectric constant 33.4) or 85% EtOH (PLE 2,
dielectric constant 21.6). These results pointed out that at the same working temperature,
the recovery of phenolic compounds is improved when the solvent composition (% EtOH)
provides the lowest value of dielectric constant.

Nevertheless, despite this focus in the targeted extraction of individual compounds
provided by concrete PLE parameters, the total extraction yield should be considered if the
main purpose is to obtain the maximum quantity of extract with a particular compound.

4. Conclusions

In the present work, the efficiency of PLE extraction for the recovery of phytochemicals
from artichoke by-products was studied. The proposed extraction system by PLE obtained
9 extracts under different extraction conditions delimited by the technical limits of the
PLE extractor. The analytical characterization of these extracts allowed the detection
of 23 compounds, most of them were phenolic and other polar bioactive compounds
previously identified in artichoke samples. The individual phenolic compounds recovery
through the different PLE extraction conditions was estimated by considering the peak area
of each compound in the chromatogram (three replicates), which permits a comparison of
the same compound between extracts. This information could establish the best extraction
condition for each compound or family. The best PLE parameters, for both phenolic acids
and flavonoids, consist in high percentages of ethanol and medium-high temperatures.
In addition, it should be pointed into light that at the same temperature, the recovery of
individual phenolic compounds is improved when the solvent composition provides the
lowest value of dielectric constant.
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Abstract: Medicinal plants contain numerous bioactive molecules that synergistically provide ther-
apeutic benefits. We have devoted our attention to various EOs without toxicity to normal cells,
studying their activities against human cancer cells. In particular, we have studied the cytotoxicity
of Vepris macrophylla (Baker) I. Verd. EO. V. macrophylla is an evergreen tree of Madagascar where
is much appreciated as a source of traditional remedies. Its major volatile components are citral,
i.e., a mixture of neral and geranial, citronellol and myrcene. The antiproliferative activities of
V. macrophylla EO were studied against human breast adenocarcinoma cell line SKBR3. Cellular
metabolism was analyzed by MTT assay at different concentrations of EO and at different times of
incubation (24, 48 and 72 h). Moreover, morphological and ultrastructural analyses were performed
to study its antiproliferative effects against human adenocarcinoma cells, demonstrating the ability of
V. macrophylla EO, stored inside numerous intracellular vesicles, to damage both plasma membranes
and disorganize the cytoskeleton protein as actin filaments.

Keywords: Vepris macropylla; essential oil; citral; antiproliferative activity; fluorescence and scanning
electron microscopy; human breast cancer cell line

1. Introduction

Breast cancer is a major public health problem, representing the highest incidence
rate of death for women [1,2]. The interest in products of natural origin from plants
with different pharmacological activities that can be used in chemotherapy is increasingly
broad. Many natural compounds have shown anticancer activities [3]. The most famous
antineoplastic drug, paclitaxel, used for the treatment of breast cancer, was isolated from
the bark of Taxus brevifolia Nutt. [4]. Furthermore, among the natural products, there are
aloe-emodin, which is isolated from the root of Rheum palmatum L. and the leaves of aloe
vera. Numerous in vitro studies have demonstrated that aloe-emodin is able to reduce the
viability and proliferation of different human cancer cell lines, inducing apoptotic cell death
and inhibiting adhesion and the migration process [5,6]. Another compound is curcumin,
the active ingredient of turmeric, which is a polyphenolic compound with a broad range
of medicinal properties, such as antibreast-cancer activity. Curcumin is able to enhance
the effects of chemotherapeutic agents such as paclitaxel [3]. A natural stilbene and non-
flavonoid polyphenol, resveratrol is present in grapes, peanuts and red wine. This natural
product possesses anti-inflammatory, antioxidant, cardioprotective and anticancer proper-
ties [7]. Moreover, a synergistic effect has been reported by the combination of genistein
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and doxorubicin [8]. Additionally, rosemary (Rosmarinus officinalis L.) extract can increase
the activity of the anti-breast-cancer agents tamoxifen, trastuzumab, and paclitaxel [9].
Currently, one of the most interesting approaches in the fight against this tumor comprises
new therapeutic strategies using natural products in combination with synthetic drugs in
order to increase the therapeutic index of the drug and reduce the many undesirable side
effects caused by the doses used in typical chemotherapy protocols. After chemotherapy
or radiotherapy, a number of adverse effects in patients occur [10]. A natural flavonoid,
quercetin has anti-inflammatory and antioxidative effects. After high dose chemotherapy,
quercetin, administered in capsules of 250 mg (twice daily for four weeks), can reduce
oral mucositis events in patients with blood malignancy [11]. A combination of curcumin
and α-tocopherol regulates rat liver enzymes via inhibition of oxidative stress, revealing
protection against cisplatin-induced hepatotoxicity [12]. Naringenin, a natural flavanone
isolated from Thymus vulgaris L., has growth inhibitory and chemosensitization effects on
human breast and colorectal cancer [13]. Naringenin can reduce the nephrotoxicity induced
by daunorubicin treatment in rats [14]. Several drugs derived from natural products have
already received clinical approval, and many are currently undergoing in clinical trials.
To date, the Food and Drug Administration (FDA) has approved the administration of
resveratrol and quercetin [15].

Essential oils (EOs) are products obtained from vegetable raw material [16]. They
are complex, multicomponent systems composed of volatile small molecular weight com-
ponents, mainly terpenes and non-terpene components. EOs have been used for a long
time by various traditional medicine systems as antiseptic agents [17]. Nowadays, sci-
entific evidence is available showing that certain EOs have antimicrobial, antimycotic,
antiviral, antioxidant, immunomodulant and anticancer properties [18,19]. Some of these
characteristics are related to their functions in plants. Vepris macrophylla (Baker) I. Verd.
(Rutaceae) is a tree endemic to Madagascar, where it is known by many names, such as
itampody, ampodiberavina, mampodifotsy, mampody (evoking its euphoric properties)
(Figure 1) [20]. Indeed, the roots of V. macrophylla are traditionally used to manufacture
euphoric alcoholic beverages. In Malagasy ethnomedicine, each part of the plant has a
specific use. The root bark, grated and macerated in water, is administered as a drink to
treat nervous depression or apathetic states. Fruits are used to prepare steam baths during
convalescence periods following infectious diseases. The leaves are used to regulate the
coronary blood flow. [21–25]. The EO obtained from V. macrophylla leaves showed antimi-
crobial activities for the treatment of infectious diseases [26]. Furthermore, it was effective
against phytopathogenic fungi such as Phytophthora cryptogea and Fusarium avenaceum [27].

In our previous study, the V. macrophylla EO showed notable effects on human tumor
cells, notably breast adenocarcinoma and colon carcinoma cell lines, highlighting its cyto-
toxicity [26]. These results pushed us to further explore the effects of this EO on tumor cells.
Thus, in the present study, we evaluated the antiproliferative activity of V. macrophylla EO,
at different times and concentrations, on human breast cell line SKBR3.

Furthermore, the ultrastructural morphological alterations of SKBR3 cells were evalu-
ated by fluorescence and scanning electron microscopy analyses.
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Figure 1. Vepris macrophylla tree.

2. Materials and Methods

2.1. Plant Material and Essential Oil (EO) Extraction and Composition

The EO was obtained by hydrodistillation of V. macrophylla leaves, collected in the
east coast of Madagascar (Sahamamy/Analalava), using a portable alembic as reported in
Maggi et al. [26]. Following GC and GC-MS analysis the following major components were
detected in the EO chemical profile: geranial (33.2%), neral (23.1%), citronellol (14.5%), and
myrcene (8.3%).

2.2. Cell Culture

SKBR3 cell line from human breast cancer was obtained from American Type Culture
Collection (ATCC, Rockville, MD, USA) and was grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) medium with 10% fetal bovine serum (HyClone™ FBS (U.S.A. origin),
Characterized), 1% nonessential amino acids, 1% L-glutamine, 100 IU per mL penicillin,
100 IU per mL streptomycin, in a humidified atmosphere at 37 ◦C with 5% CO2.

2.3. Cell Viability Assay

MTT assay was utilized to evaluate cell viability. Briefly, cells were seeded for 24 h
in a 96-well plate (NunclNunclonTM, NuncGmbH & Co., Wiesbaden, Germany) with a
density of 1.2 × 104 cells/well. Then were treated with V. macrophylla EO at concentration
of 1.25; 2.5; 5 and 10 μg/mL for 24, 48 and 72 h. After the incubation period, 0.5 mg/mL of
MTT (Sigma, Deisenhofen, Germany) was added to each well for 2 h at 37 ◦C and the cells
were dissolved with 200 μL/well of dimethylsulfoxide (Merck, Darmstadt, Germany). The
absorbance of formazan was read at 570 nm on a scanning microtiter spectrophotometer
plate reader. The results were calculated as the percentage of viability in relation to the
untreated cells standardized to 100%. They are the mean ± SD of three separate experiments
done in triplicate.
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2.4. Immunfluorescence Microscopy

SKBR3 cells were grown for 24 h on 12 mm diameter coverslips and treated with
V. macrophylla EO for an incubation time of 24 and 48 h. Cells were then fixed with 4%
paraformaldehyde for 30 min and were permeabilized with 0.5% Triton X-100 (Sigma
Chemicals Co., St. Louis, MO, USA) for 5 min. For actin detection, cells were stained with
FITC-phalloidin (Sigma) at room temperature for 30 min. For nuclei detection, cells were
stained with Hoechst 33258 (Sigma-Aldrich, St. Louis, MO, USA; #861405) at 37 ◦C for
15 min. After the washing with PBS coverslips were mounted with glycerol-phosphate
and images were acquired with a Nikon Microphot fluorescence microscope (Nikon Instru-
ments, Melville, NY, USA) equipped with a Zeiss CCD camera (Carl Zeiss, Oberkochen,
Germany).

2.5. Scanning Electron Microscopy (SEM)

SEM analysis allowed the study of cell surface modifications induced by V. macrophylla
EO. Samples were grown for 24 h on glass coverslips and treated for 24, 48 and 72 h with V.
macrophylla EO with a concentration of 0.01; 0.1; 1.25 and 2.5 μg/mL. Then cells were fixed
in 2.5% glutaraldehyde in 0.2 M Na-cacodylate buffer for 2 h and postfixed with 1% (w/w)
OsO4 for 1 h. Subsequently, cells were dehydrated using an ethanol gradient. After the
passage in 100% ethanol, the samples were submitted to drying with CO2 (Critical point
dryer CPD 030, Bal-Tec AG, Lichtenstein) and gold coated by sputtering (SCD 050 Blazers
device, Bal-Tec). Samples were observed with a scanning electron microscope FE-SEM
Quanta Inspect F (FEI—Thermo Fisher Scientific; Eindhoven—The Netherlands).

2.6. Statistical Analysis

All data were repeated in at least three different experiments, and results are expressed
as the mean ± standard deviation. Statistical differences were determined using a one-way
ANOVA test and values with p < 0.05 being considered significant.

3. Results

3.1. Evaluation of Citotoxicity of V. macrophylla EO

MTT assay was used to study cell viability and consequently the proliferative capacity
of SKBR3 adenocarcinoma cells after treatment with V. macrophylla EO. This assay allows
to evaluate the toxicity of a substance, through the comparison of cell viability indices
obtained from treated cells compared to control. Figure 2 shows the results of the MTT assay
obtained from treatments at 24, 48 and 72 h at different concentrations of V. macrophylla EO
(1.25; 2.5; 5 and 10 μg/mL) on human breast adenocarcinoma cells SKBR3.

The results showed that V. macrophylla EO was able to reduce cell proliferation below
60%, even at the lowest concentrations (1.25 μg/mL) after 24 h of treatment. This trend
was also observed at longer times (48 and 72 h) for all other concentrations (2.5; 5, and
10 μg/mL).

3.2. Immunoflorescence Microscopy Observations

In the course of experimental analyses, we performed investigations by fluorescence
microscopy that allowed us to evaluate the morphological alterations of cells after treatment
with V. macrophylla EO at different times and concentrations.

After treatment with V. macrophylla EO, the SKBR3 cells were labeled both with
Hoechst 33258, which is used to highlight morphological-ultrastructural alterations in the
nucleus, and with FITC-phalloidin, to highlight changes in the cell cytoskeleton and actin
filaments, induced by different treatments with EO (Figure 3). The micrographs obtained
by fluorescence microscopy showed that at 1.25 and 2.5 μg/mL concentrations, the lowest
concentrations of EO, after 24 h of treatment, the nuclei still possessed a morphology
similar to those of the control cells, while the actin filaments of the cytoskeleton revealed
a significant rearrangement of their ultrastructures. Moreover, in some cells, there were
numerous vesicular structures, probably containing the same EO (Figure 4a,b, see arrow-
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heads). Images of cells treated with the same concentration of EO for an incubation time of
48 h revealed a reduction of nuclei diameters of the cells. Moreover, the morphologies of the
actin filament appeared altered, and numerous green fluorescence points were identified
exclusively around the nucleus (Figure 4c,d). This result reveals that V. macrophylla EO is
able to disorganize the actin filament network (see also Figure 3).

 

Figure 2. Evaluation of SKBR3 cell viability treated for 24, 48 and 72 h with different concentrations of EO obtained from
Vepris macrophylla leaves. Cell viability was calculated considering the control value and standardized to 100%. Data
represent mean ds (n = 3).

 
Figure 3. Images after double-cell staining with FITC-phalloidin (green) and Hoechst 33258 (blue) in
SKBR3 control cells.
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Figure 4. Immunofluorescence micrographs shown the morphological alterations on SKBR3 cells induced by Vepris
macrophylla EO after treatment with 1.25 (a,c) and 2.5 μg/mL (b,d) concentrations at two incubation times 24 h (a,b) and
48 h (c,d). Arrowheads indicate probably vesicles filled with EO.

Immunofluorescence observations of SKBR3 cells treated with 5 and 10 μg/mL, at
48 h, were in agreement with results obtained by MTT assay (see Figure 2), showing both
the same morphological alterations and numerous vesicles inside the cytoplasm of cancer
cells (Figure 5a,b, arrowheads).

 

Figure 5. Morphological alterations of SKBR3 cells after treatment with 5 (a) and 10 (b) μg/mL of Vepris macrophylla EO at
48 h. Arrowheads indicate probably vesicles filled with EO.

3.3. SEM Analysis

SEM observations of SKBR3 control cells at 24, 48 and 72 h showed numerous mi-
crovilli and random “ruffles” on the cell surface (Figure 6).
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a b c 1 μμm 

Figure 6. SEM images of SKBR3 control cells at 24, 48 and 72 h (a–c respectively).

After treatment with EO at different concentrations, cancer cells appeared very dam-
aged. Figures 7–9 show important ultrastructural alterations of SKBR3 cells. The mor-
phological alterations are clearly visible after only 24 h of treatment (Figure 7) with four
different concentrations of EO (0.01; 0.1; 1.25 and 2.5 μg/mL, respectively). Moreover, at
higher concentrations (1.25 and 2.5 μg/mL), SKBR3 cells appeared flat and adherent to
the substrate, probably due the effect on cytoskeletal actin disorganization, as also shown
by fluorescence microscopy analysis (Figure 4). When cells were treated with the lowest
concentrations of EO (0.01 and 0.1 μg/mL), at 48 h, the plasma membranes were entirely
destroyed (Figure 8a,b). Cells showed plasma membrane alterations like those observed
24 h after treatment with the highest concentration (2.5 μg/mL) of EO. Figure 8d shows
cells treated with 2.5 μg/mL for 48 h, in which the plasma membranes are completely
damaged. Finally, as a dose-dependent effect, after 72 h, these morphological alterations
were clearly visible in all SKBR3 cells treated with V. macrophylla EO (Figure 9a–c).

μ

a b 

c d 5 μm 

Figure 7. SEM micrographs of SKBR3 cells after 24 h of V. macrophylla EO incubation (0.01 (a), 0.1
(b), 1.25 (c) and 2.5 (d) μg/mL, respectively).
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a b 

c d 1 μμm 

Figure 8. SEM micrographs of SKBR3 cells after 48 h of V. macrophylla EO incubation (0.01 (a), 0.1 (b),
1.25 (c) and 2.5 (d) μg/mL, respectively).

a b 

c d 1μμm 

Figure 9. Micrographs of SKBR3 cells after 72 h of V. macrophylla EO incubation (0.01 (a), 0.1 (b), 1.25
(c) and 2.5 (d) μg/mL, respectively).
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Figure 10 shows immunofluorescence and SEM images of the SKBR3 cells with some
vesicles on and inside the cytoplasm (arrowheads). These structures, containing the stored
EO of V. macrophylla, could slow the release of EOs, enhancing both the antiproliferative
activity and alteration of cancer cell adhesion on the substrates by actin filaments.

μ

Figure 10. SKBR3 treated with Vepris macrophylla EO at 24 h with 1.25 μg/mL (a) fluorescence
microscopy and (b) scanning electron microscopy micrographs. Arrowheads indicate probably
vesicles filled with EO.

4. Discussion

EOs and some of their components exert antitumor activities against numerous cancer
models, such as colon [28], lung and liver [29], by affecting multiple pathways [30–33]. Di
Martile et al. [34] summarized studies showing the properties of EOs to induce in vitro and
in vivo cell death in melanoma models. They also indicated the use of EOs in clinical trials
with the reduction of the side effects in cancer patients. Moreover, frankincense, pine needle
and geranium EOs are also able to suppress tumor progression through the regulation of
the AMPK/mTOR pathway in breast cancer [35]. Several EOs also have chemopreventive
properties [34]. In eukaryotic cells, EOs can cause depolarization of mitochondrial mem-
branes and decrease their fluidity. In this way, EOs are able to induce severe damage in the
mitochondria, leading to cell death. Bhakkiyalakshmi et al. demonstrated that carvacrol, a
phenolic monoterpenoid, is able to cause cell death as apoptosis. This process is associated
with the production of free radicals that cause the rapid consumption of the intracellular
pool of antioxidants [36]. Another study by Arunasree et al. evaluated the mechanism of
action of carvacrol in the MDA-MB-231 cell line. This monoterpenoid induced cell death
via cytochrome C release after mitochondria permeabilization [37]. Moreover, we also
demonstrated the antitumoral activity of Tea Tree Oil (TTO), with an apoptotic effect on
melanoma cell lines [38]. In general, the cytotoxic effects of EOs in toto, or those of some of
their components, such as monoterpenoids [39], are due to their lipophilicity, which allows
them to cross membranes and destroy them [40,41].

Herein, the damage caused by V. macrophylla EO to the cell membranes of SKBR3 cells
can be attributed to its main component, citral, which is a mixture of the two monoterpenes,
neral and geranial. Citral is generally recognized as safe (GRAS) by the FDA, and is
commonly used as a flavoring agent in the EU. On the other hand, this compound is
endowed with antimicrotubule [42] and chemopreventive properties [43]. Several studies
have shown that citral is able to cause cell death to tumor cells and severely damage
cytoskeletal structures. On the other hand, other components occurring in the V. macrophylla
EO, including both major and minor constituents, may be involved in the overall synergistic
effect normally displayed by the EO [26]. Moreover, as demonstrated by other authors [44],
our results show that V. macrophylla EO significantly changes the cytoskeletal organization
of SKBR3 cancer cells, suppressing actin cytoskeletal rearrangement and destroying the cell
membrane thanks in part to its monoterpenoid activities. Furthermore, this EO significantly
decreased the proliferation and migration of human SKBR3 cells in a concentration and
time-dependent manner.
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5. Conclusions

In the present study, we examined the in vitro antitumoral activities of V. macrophylla
EO on the SKBR3 human adenocarcinoma cell line. The results demonstrated that this EO
is able to induce numerous ultrastructural alterations thanks its ability to both disorganize
the cytoskeleton and damage the plasma membrane. Thus, these results suggest a potential
use of V. macrophylla EO and its main components as a chemosensitizer in clinical practice.
Future studies should clarify the mechanism of action and biochemical process activated
by this EO. Other studies will be performed using fluorescence microscopy to study all
cytoskeletal proteins in order to assess whether these complexes will be used to reduce the
degree of invasiveness of human cancer cells by increasing their ability to adhere to the
substrate.
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Abstract: Scrophularia buergeriana (SB) Miq. (Scrophulariaceae) has been used to help cure swelling
and fever and has reported antioxidant and neuro-protective effects. However, few mechanism–based
studies have evaluated the memory-improving effects in a beta-amyloid induced memory loss model.
As a result of Scrophularia buergeriana extract (SBE) administration (30 and 100 mg/kg) for 28 days
significantly recovered beta-amyloid-induced amnesia in the passive avoidance test and improved the
impairment of spatial memory in the Morris Water Maze (MWM) task. Furthermore, SBE up-regulated
superoxide dismutase-1 (SOD)-1, SOD-2, glutathione peroxidase-1, and B-cell lymphoma (Bcl)-2
protein expression levels. Additionally, SBE downregulated Bcl-2-associated X protein, cleaved
caspase-9, cleaved poly (adenosine diphosphate-ribose) polymerase, and Aβ protein expression levels
and inhibited the phosphorylation of the tau protein of Aβ-treated mice hippocampus. These results
demonstrate that SBE improved memory impairment by reducing beta-amyloid induced neurotoxicity
and regulated oxidative stress, anti-apoptotic pathways.

Keywords: srophularia buergeriana; cognitive impairment; amyloid beta; tau phosphorylation;
oxidative stress; anti-apoptotic

1. Introduction

Alzheimer’s disease (AD) is one type of dementia and a progressive neuro-degenerative disease
featured by deposits of extracellular amyloid β (Aβ) peptide and flame-shaped neurofibrillary tangles
of hyper-phosphorylated tau protein, inducing neurotoxicity accompanied by cognitive impairment
and memory loss [1–4].

The Aβ plaque is composed of Aβ 1–40 and 1–42, major forms of Aβ found in the brains of AD
patients. The Aβ 1–42 protein is more neurotoxic and induces more oxidative damage than Aβ 1–40 [5].
An important factor in AD development is considered to be Aβ accumulation, since oxidative stress
is followed by Aβ cytotoxicity [1,6]. The overproduction of reactive oxygen species (ROS) induced
Aβ accumulation and oxidative stress damages cellular components resulting in structural damage,
functional disorder, and cell apoptosis [7].

Cells have an antioxidant defense system protecting them from ROS attacks using various
enzymes, such as superoxide dismutase (SOD), glutathione peroxidases (GPx), glutathione reductases
(GR) [8]. SOD is known as the first detoxification enzyme and the most powerful endogenous
antioxidant in the cell. It acts as a catalyst and converse of the superoxide (O2−) radical into ordinary
oxygen (O2) and hydrogen peroxide (H2O2), leaving the harmful superoxide anion less dangerous.
SOD requires a metal cofactor, such as copper (Cu), zinc (Zn) and manganese (Mn), for activity as a
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metalloenzyme [9]. Cu/Zn-SOD (SOD1), which is located in chromosome 21 and encoded in the SOD1
gene located on chromosome 21 and predominantly occurs in the cytosolic compartment. Mn-SOD
(SOD2), which is located in chromosome 6 and encoded in the SOD2 gene on chromosome 6, located in
the mitochondrial matrix. The reduction of SOD-1 triggers oxidative cellular DNA damage, and SOD-2
protects mitochondrial DNA against damage due to oxidative stress [10]. GPx plays an import role
in protecting cells from oxidative damage by converting hydrogen peroxide (H2O2) to H2O with
glutathione (GSH) as a substrate, after the oxidation of GSH to Glutathione disulfide (GSSG). GR is
known to maintain the reduced GSH level in redox cycle. Furthermore, it resists oxidative stress and
maintains a reducing environment inside the cell [11,12].

In addition, Aβ-mediated oxidative stress causes the hyper-phosphorylation of tau protein and
affects neurofibrillary tangle formation. The accumulation of neurofibrillary tangles directly correlates
with neuro-degeneration and cell death and is closely related to the severity of dementia [13,14].

Apoptosis is mediated by two major pathways, which are divided into extrinsic and intrinsic
pathways. Death receptors release several mitochondrial intermembrane proteins by passing death
signaling to mitochondria in the intrinsic pathway [15]. A common mitochondria-related apoptotic
pathway in neurons is regulated principally by the pro-apoptotic Bcl-2 protein family member, Bax.
On receipt of the death signal, Bax is translocated to the mitochondria and interacts with the Bcl-2
family to control the progression of apoptosis [16,17]. Bax activates down-stream effector caspases such
as caspase-9 and caspase-poly (ADP) ribose polymerase (PARP) in vitro, and in vivo by stimulating
cytochrome c release. Notably, Bcl-2 inhibits Bax-induced apoptosis [15,18,19].

Scrophularia buergeriana (SB) Miq. (Scrophulariaceae), called Hyun-Sam in Korea, is used
to help cure fever, swelling, constipation, pharyngitis, neuritis, and laryngitis as traditional
medicine. SB dried root contains various components such as E-harpagoside (CAS: 19210-12-9),
8-O-E-p-methoxycinnamoyl harpagide (MCA-Hg), E-p-methoxycinnamic acid (p-MCA, CAS: 830-09-1),
cinnamic acid (CAS: 140-10-3), and angoroside C (CAS: 115909-22-3), which displays neuro protective
activities [11]. In a previous study, the SB extract (SBE) demonstrated cognition-enhancing activity in a
scopolamine-induced short-term memory loss mice model [12]. However, investigation evaluating the
effects of SBE in a beta-amyloid induced memory loss model is lacking.

Therefore, we administrated 30 or 100 mg/kg SBE based on the previous study and evaluated
the effect of SBE on β-amyloid accumulation and tau phosphorylation. Furthermore, we investigated
the neuro-protective effects against Aβ caused neurotoxicity through antioxidant and anti-apoptotic
mechanisms in the Aβ 1–42 injected mice.

2. Materials and Methods

2.1. Sample Preparation

SBE was obtained from Nutrapharmtec co., Ltd., (Seongnam, Korea). SB dried roots were
extracted for 2–4 h at 70–90 ◦C with 70% ethyl alcohol and filter processed, concentrated, and dried.
The extraction process was performed with reference to previously described studies [11,12]. For the
in vivo study, the standardized SBE was dissolved in 0.5% carboxy-methylcellulose (CMC).

2.2. Experimental Animals

Male C57BL/6N mice (8 weeks old; Orient. Co. Ltd., Gyeonggi, Korea) were used after 7 days
adaptation period (20–26 ◦C; 12 h light cycle from 08:00 to 20:00; food, Doo Yeol Biotech, water ad
libitum). All studies were conducted according to the animal experiment ethical committee (permission
number: 2018-07-008) of ChemOn Inc (Yong in, Korea). The animals were cared based on the guidelines
provided by this committee. We monitored changes in body weight, food and water intake once a
week. To enhance the well-being of the animals, we provided hygienic and ensured proper breeding
and care to prevent disease.
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2.3. Aβ 1–42 Injection and Drug Administration

The experimental animals were grouped as follows: normal control group, Aβ 1–42 treated group,
and co-treated groups with Aβ 1–42 and the SBE (30 or 100 mg/kg/day). SBE was dissolved in 0.5% CMC
and orally administered for 4 weeks (Day 28). The passive avoidance test and Morris water maze (MWM)
were performed for 3 (Days 15–17) and 7 (Days 22–28) days. The Aβ peptide was dissolved in sterile
0.1 M phosphate-buffered saline (pH 7.4) and pre-incubated at 37 ◦C for 7 days. Zoletil® (Virbac, Carros,
France) and xylazine (Bayer, Leverkusen, Germany) (4:1, v/v) were used for mice to anesthetize and Aβ

1–42 was injected (5 μL/2.5 min, i.c.v.) using stereotax ic apparatus coordinates (Anterior/Posterior (AP),
−1.0 mm; Mediolateral/Lateral (ML), +1.0 mm; Dorsal/Ventral (DV), −2.5 mm).

2.4. Passive Avoidance Test

The passive avoidance test equipment (Twin County Med Associates, Hudson, NY, USA) was used
to perform passive avoidance experiments. This apparatus is divided into light and dark compartments
with a guillotine door in the middle. The bottom is gridded to administer an electric shock. The tests
were carried out for 3 days at the same time every day at 24 h intervals. For adaptation training,
the animals were placed in the shaded area for 2 min, and then placed back in the illuminated
area. When the animal moved into the shaded area, it was immediately placed in the illuminated
compartment (day 15). Twenty-four hours later (day 16), two training sessions were performed every
2 min. After 60 s of adaptation, the animals were allowed to move between the two compartments
freely for 120 s. However, on moving to the shaded area, the guillotine door was closed and a 0.20 mA
scrambled shock was applied for 2 s. The animals that failed to move were excluded from and 8 mice
per group participated in the experiments. On the last day of testing, (day 17), the animal was located
on the illuminated area and the guillotine door was opened. The time taken to move to the shaded
area was measured.

2.5. Morris Water Maze (MWM) Test

The MWM test was performed 22 days after the Aβ 1–42 peptide injection. The platform was
placed in one of the four designated release points in the water pool, allowing the animal a search time
of 60 s. The mice that found the platform were left on it for 30 s, but the mice that failed to find the
platform within 60 s were placed on the platform and allowed to rest for about 30 s. All mice tested
twice a day, and the position of the platform was randomly changed in the water pool. Using this
method, we measured the time taken to locate the platform by repeating the test for 7 consecutive days
(training: 2 days, behavioral test: 4 days, probe trial: 1 day). On the last 7 days (Day 28), a probe trial
was conducted. Here, 1 h after vehicle or drug administration, the platform was taken out of the pool,
and the number of times the mice passed the platform was measured for 60 s on Day 28. The entire
experiment plan is exhibited in Figure 1.

Figure 1. Experimental plan of this study.
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2.6. Preparation of Tissue Samples

The mice were anesthetized and sacrificed after behavioral tasks for biochemical studies.
The hippocampus was separated from the brain tissue and then immediately stored at −80 ◦C
until further assessment.

2.7. Glutathione Reductase (GR) Activity

GR enzyme activity was determined using the Glutathione Reductase Assay Kit (Abcam,
Cambridge, UK). Hippocampal tissues were homogenized in cold assay buffer, and centrifuged
at 10,000× g for 15 min at 4 ◦C. The separated supernatant from hippocampus was taken and kept
at −80 ◦C until further analysis. This assay is based on the reduction of glutathione by nicotinamide
adenine dinucleotide phosphate (NADP)H in the presence of GR. GR activity can be detected by
measuring the change in absorbance at 405 nm.

2.8. Western Blotting

Hippocampal tissues were homogenized with RIPA buffer and 1% protease inhibitor cocktail
(Roche, Mannheim, Germany) and the lysate was centrifuged at 10,000× g for 15 min at 4 ◦C.
The separated supernatant from hippocampus was taken, and protein concentrations were measured
using a BCA protein assay kit (Thermo, Waltham, MA, USA). The proteins were separated using 8%
or 12% SDS-PAGE and were then moved to polyvinylidene difluoride membranes (Millipore Corp.,
Bedford, MA, USA). The membranes were initially incubated to block with 5% non-fat skimmed
milk in Tris-buffered saline containing 0.1% Tween-20 for 30 min. Next, they were incubated with
specific primary antibodies against SOD-1, SOD-2, GPx-1, Aβ (1:1000; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), Bax, Bcl-2, cleaved Caspase-9, cleaved PARP, phospho-tau, tau, and β-actin
(1:1000; Cell Signaling Technology, Inc., Danvers, MA, USA) for 1 h at 23 ◦C. The membranes
were then incubated in the corresponding horseradish peroxidase-conjugated anti-rabbit, anti-mouse
immunoglobulin G (1:10000; GenDEPOT, Barker, TX, USA) for 1 h at 23 ◦C. The membrane was
detected using the ECL system (Atto, Tokyo, Japan). The intensity of the bands on the membrane was
detected by Image-Pro Plus software (6.0 Version; Media Cybernetics, Silver Spring, MD, USA)

2.9. Statistical Analysis

The experimental results are expressed as standard error of the mean (SEM) and were assessed
using the SPSS program (version 22.0, SPSS Inc., Chicago, IL, USA). Difference value of between
treatment groups were analyzed by Student’s t-test and one-way analysis of variance (ANOVA),
and performed following multiple comparisons correction using Dunnett’s post-hoc test using Origin
7.0 software (OriginLab, Northampton, MA, USA). p < 0.05 indicates that there is a statistical difference,
and p < 0.01 was considered statistically highly significant between mean values.

3. Results

3.1. Effects of the Scrophularia Buergeriana Extract (SBE) on the Passive Avoidance Test in Aβ 1–42 Treated Mice

To determine the effect of SBE on memory deficits, we conducted the passive avoidance test in the
Aβ-induced mouse model. Aβ-injected mice demonstrated a remarkable reduction in the time to move
from the illuminated compartment to the shaded area compared to normal mice (p < 0.01), implying
that the learning capacity was lowered. However, the step-through latency was dose-dependently
increased in mice administered with SBE 30 mg/kg (p < 0.05) and 100 mg/kg (p < 0.01) (Figure 2)
compared to Aβ-injected mice.
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Figure 2. Effects of Scrophularia buergeriana extract (SBE) on the step-through latency of passive avoidance
performance in Aβ 1–42 treated mice. The data are expressed as means ± standard error of the mean
(SEM) of independent experiments (n = 8). ## p < 0.01 vs. Control group; * p < 0.05 and ** p < 0.01 vs.
Aβ (1–42) group.

3.2. Effects of the SBE on the MWM Test in Aβ 1–42 Induced Memory Deficit Mice

To investigate the memory-enhancing effect of SBE, we next performed the MWM test in
C57BL/6 mice. Normal mice quickly located the platform during four consecutive behavioral tests.
The Aβ-injected group exhibited a significantly delayed escape latency compared to the normal
group from days 25–27. However, mice treated with SBE 30 mg/kg and 100 mg/kg demonstrated a
shortened escape latency from days 25–27 (Figure 3A). Furthermore, we observed that Aβ-injected
mice demonstrated significantly increased swim distances to find the platform compared to the normal
control mice (Figure 3B). We confirmed that SBE 30 mg/kg (p < 0.05) and 100 mg/kg (p < 0.01) on day 27
decreased the distance traveled to locate the platform. In the probe trials (Figure 3C), the Aβ-treated
mice reported a decreased number of crossings over the previous platform position against as the
control mice. The number of crossings was recovered by treatment with SBE 30 mg/kg (p < 0.05)
and 100 mg/kg (p < 0.01) compared to the Aβ-injected mice and the recovery was significant. Therefore,
we confirmed that SBE enhanced spatial recognition in the MWM test.

3.3. Effects of the SBE on Glutathione Reductase (GR) Activity in the Hippocampus

To evaluate the effects of SBE on GR activity of Aβ treatment mice, GR activity was measured
in the hippocampal tissue. GR activity was significantly reduced in mice treated with Aβ compared
with the normal group. However, mice treated with SBE 30 mg/kg (p < 0.05) and 100 mg/kg (p < 0.05)
significantly increased hippocampal GR activity compared to the Aβ-treated group. Furthermore,
the efficacy of SBE was comparable to the normal group mice (Figure 4).

35



Appl. Sci. 2020, 10, 7987

Figure 3. Effects of SBE on Aβ 1–42 induced memory impairment in the Morris water maze (MWM).
(A) The escape latency and (B) Swim distance was recorded across 4 days (Day 24–Day 27). (C) The
number of crossings in a probe trial performed on Day 28. The data are expressed as means ± SEM of
independent experiments (n = 8). # p < 0.05 and ## p < 0.01 vs. Control group; $ < 0.05 and $$ < 0.01 vs.
Control group; * p < 0.05 and ** p < 0.01 vs. Aβ (1–42) group.

Figure 4. Effects of SBE on glutathione reductase (GR) activity in the mouse hippocampus.
The hippocampus was lysed, and the supernatant was used to measurement GR activity. The results
were calculated as a unit of nicotinamide adenine dinucleotide phosphate (NADPH) oxidized per
protein and expressed as means ± SEM of independent experiments (n = 3). ## p < 0.01 vs. Control
group; $$ < 0.01 vs. Control group; * p < 0.05 vs. Aβ (1–42) group.
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3.4. Effects of the SBE on the Antioxidant Enzymes in Hippocampus of Aβ 1–42 Treated Mice

To investigate the effects of SBE on antioxidant enzymes in the hippocampus of Aβ treated mice,
the protein levels of SOD1, SOD2, and GPx-1 were evaluated. The protein levels of SOD1, SOD2,
and GPx-1 were markedly decreased in mice treated with Aβ against the control group. Furthermore,
treatment with SBE 30 mg/kg increased GPx-1 protein expression by 1.3-fold. In addition, SOD1, SOD2,
and GPx-1 protein levels were further increased in mice administered SBE 100 mg/kg by 4.2-, 1.7- and
2.9-fold, respectively, compared to the Aβ-treated group (Figure 5).

 
 

Figure 5. Effects of SBE on antioxidant protein expression levels in the hippocampus of memory-impaired
mice. (A) The expression of superoxide dismutase 1 (SOD1), SOD2, and glutathione peroxidase-1 (GPx-1)
were detected by Western blotting analysis. (B) The protein bands were quantified and calculated
using the relevant software. Protein expression levels were normalized on β-actin level. The data are
expressed as means ± SEM of independent experiments (n = 3). ## p < 0.01 vs. Control group; $ < 0.05
and $$ < 0.01 vs. Control group; ** p < 0.01 vs. Aβ (1–42) group.

3.5. Effects of the SBE on Apoptosis in the Hippocampus of Aβ 1–42 Treated Mice

To demonstrate the protective effect of SBE on Aβ-induced apoptosis, the protein expression levels
of Bax, Bcl-2, caspase-9, and cleaved PARP were analyzed in the hippocampal tissue. Aβ treatment
significantly increased the protein levels of Bax, cleaved Caspase-9, and cleaved PARP. Conversely,
the Bcl-2 protein levels decreased in the Aβ-treated group. Bcl-2/Bax are known as important proteins
related to apoptosis in the mitochondria. The Bax protein level was dose-dependently reduced with
SBE treatment by 31% and 51%, and SBE 100 mg/kg (p < 0.01) significantly increased the levels of
Bcl-2 and Bcl-2/Bax by 1.41- and 2.87-fold, respectively, compared to the Aβ-treated group in Figure 6.
SBE 30 mg/kg and 100 mg/kg significantly reduced the levels of cleaved caspase-9 by 61%, and 76%,
respectively, and reduced cleaved PARP by 33% and, 74%, respectively, compared to the Aβ treatment
group. Therefore, we confirmed that SBE exhibited a prominent neuro-protective effect.
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Figure 6. Effects of SBE on apoptotic protein expression levels in the hippocampus of memory-impaired
mice. (A) The expression of Bcl-2-associated X protein (Bax), B-cell lymphoma 2 (Bcl-2), cleaved
caspase-9 and cleaved poly (adenosine diphosphate (ADP)-ribose) polymerase (PARP) was detected by
Western blotting analysis. (B) The protein bands were quantified and calculated using the software.
Protein expression levels were normalized on β-actin level. The data are expressed as means ± SEM of
independent experiments (n = 3). ## p < 0.01 vs. Control group; $ < 0.05 and $$ < 0.01 vs. Control
group; ** p < 0.01 vs. Aβ (1–42) group.

3.6. Effects of the SBE on Aβ Accumulation and Hyper-Phosphorylation of Tau Proteins in Hippocampus of Aβ
1–42 Treated Mice

The pathological hallmarks of AD include Aβ accumulation and tau hyper-phosphorylation.
The hyper-phosphorylation of the tau protein, can contribute to neuronal degeneration. Using western
blot analysis, we confirmed that the Aβ injection promoted Aβ accumulation in the mouse hippocampus
(Figure 7). The administration of SBE 30 mg/kg (p < 0.01) and 100 mg/kg (p < 0.01) significantly
reduced Aβ accumulation in the hippocampus against as the Aβ injection group by 22% and 53%,
respectively (Figure 7B). Based on the protective effect of SBE on Aβ accumulation, we confirmed
the effect of SBE on tau phosphorylation in Aβ treated mice. Aβ treatment increased the tau protein
phosphorylation compared to the normal group, and treatment with SBE 30 mg/kg and 100 mg/kg
significantly attenuated Aβ induced hyper-phosphorylation of tau by 69% and 71%, respectively,
compared to the Aβ treatment group.
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Figure 7. Effects of SBE on amyloid-beta protein expression levels and phosphorylation of tau protein
levels in the hippocampus of memory-impaired mice. (A) The expression of amyloid-beta (Aβ)
and phospho (p)-tau was detected by Western blotting analysis. (B) The protein bands were quantified
and calculated using the software. Phosphorylation levels of the tau protein were normalized to those
of tau, and Aβ protein expression level was normalized on β-actin level. The data are expressed as
means ± SEM of independent experiments (n = 3). ## p < 0.01 vs. Control group; $$ < 0.01 vs. Control
group; ** p < 0.01 vs. Aβ (1–42) group.

4. Discussion

Previously, we reported that SBE extracts demonstrate potent anti-amnesic activity and
anti-apoptotic effects in a scopolamine-induced memory impairment mouse model and in the SH-SY5Y
cell line [11,12]. In vitro studies have shown that SBE treatment inhibited cell death induced by
glutamate. Furthermore, the in vivo study indicates that acute and prolonged treatment with SBE
demonstrates the highest anti-oxidant activity in the scopolamine-induced memory impairment
model. However, research on amyloid-beta, which affects in the development of AD, is insufficient.
The first report aimed to identify the neuro-protective activities, including amyloid-beta accumulation
prevention effects and related mechanisms of chronic SBE administration in the Aβ 1–42-induced
cognitive deficit mice model.

AD is a progressive, neurodegenerative disorder that causes damage to the brain and is characterized
by cognitive decline, and irreversible memory loss. Amyloid-beta peptides, and hyper-phosphorylated
tau protein comprising neurofibrillary tangles have been considered critical factors of pathological
hallmarks of AD [10]. Indeed, Aβ levels were higher in the brain of AD patients than normal aged brain
samples, indicating clinical signs such as spatial memory loss [20,21].

To assess cognitive deficits, passive avoidance and MWM tasks were performed to investigate
learning and memory skills. The passive avoidance task is used to confirm the memory function
by measuring the escape time from the space. The MWM task is the most widely used laboratory
behavioral test to assess hippocampal-dependent cognitive deficits and learning functions in mice
and rats [20,22,23]. Injection of Aβ 1–42 resulted in severe cognitive impairments and memory loss
in the passive avoidance test and MWM, as well as neurodegeneration. However, SBE treatment
dose-dependently increased the step-through latency in the passive avoidance task and decreased
escape latency and swim distance significantly for 4 days of MWM trials. This implied that SBE

39



Appl. Sci. 2020, 10, 7987

administration improves cognitive performance and ameliorates memory deficits, although not as
completely as the normal model that did not cause memory loss.

In the previous study, we have demonstrated that neuronal cell death and cognitive deficiency
due to oxidative stress are related to Aβ accumulation in the brain. [24]. Aβ is a known neuro-toxic
peptide that promotes oxidative stress and lipid peroxidation in the intermembrane and also causes
ROS generation by serving as a source of ROS [5,6,25]. The accumulation of Aβ may result
in an increased production of ROS, subsequently leading to neuronal death through apoptotic
pathways [25,26]. To prevent ROS generation and regulate the steady-state O2 concentration, cells
have anti-oxidant defense systems such as SODs, GR and GPx-1 enzymes [11,12,27]. Aβ 1–42 injection
attenuated hippocampal antioxidant enzyme activities and protein expression levels, the same as in
previous studies [28,29]. Nevertheless, we observed that the administration of SBE (30, 100 mg/kg)
could significantly enhance GR activity and SODs, GPx-1 protein levels in the Aβ 1–42-treated
mouse hippocampus.

The mitochondria are much more sensitive to oxidative stress and Aβ-mediated oxidative stress
increased mitochondrial dysfunction leading to apoptotic cell death. The accumulated Aβ triggers
neuronal death in the hippocampus by releasing caspase activators [24,29,30]. Aβ-induced apoptosis
is regulated by mediators such as caspases, Bcl-2, and Bax [10]. The proportion of Bax and Bcl-2
affects whether a cell undergoes or escapes apoptosis. The caspase pathway promotes apoptosis
and releases apoptosis-promoting factors when the Bax/Bcl-2 ratio is increased [20]. In our study,
SBE treatment significantly lowered Bax, cleaved caspase-9, and cleaved PARP protein expression
levels and upregulated Bcl-2 protein expression levels at the same time in mice hippocampal tissue.

Aβ injections increased the accumulation of Aβ and induced hyper-phosphorylation of the tau
protein in the brain. The brains of AD patients demonstrate abnormally phosphorylated tau, 4–8-fold
higher than normal brains [31]. In this study, the Aβ-injection increased the phosphorylated tau
protein expression levels about 4–5 times as against the normal control. We observed that the Aβ and
phosphorylated tau protein expression levels dose-dependently decreased in response to treatment
with SBE compared to the normal group.

However, this pre-clinical study has some limitations and we will confirm the anti-inflammatory
effects of SBE in a mouse model induced neuroinflammation and memory loss in a further study.
Further studies are also needed for immunohistochemical analysis and the effect of SBE in clinical trials.

Collectively, our results indicate that SBE treatment improved memory impairment through
reduction of Aβ accumulation and the regulation of oxidative stress, anti-apoptotic pathways, and tau
protein hyper-phosphorylation in the Aβ 1–42 memory impairment-induced hippocampal tissue.

5. Conclusions

This study demonstrated that SBE possesses antioxidant and neuroprotective effects against a
β-amyloid induced memory loss model. Amyloid beta generates oxidative stress as an early event in
AD and causes tau phosphorylation, mitochondria dysfunction and ROS generation. Consecutively,
it leads to apoptosis and neurodegeneration. SBE treatment ameliorates memory deficits and improves
learning and memory function. SBE also exhibited remarkable neuroprotective effects against Aβ 1–42
induced neurotoxicity via the apoptosis pathway (Figure 8). This study offers SBE at a dose of 100 mg/kg
which suggests the possibility of development as a health functional food for the improvement of
learning and memory impairment.
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Figure 8. The proposed mechanism by which SBE ameliorates learning and memory in mice following
an injection of amyloid-β 1–42 (Aβ 1–42).
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Abstract: We evaluated the effectiveness of Scrophularia buergeriana extract (Brainon) on cognitive
dysfunction and determined its underlying mechanisms in a scopolamine (SCO)-treated mouse
model of memory impairment. Brainon treatment for 28 days ameliorated the symptoms of mem-
ory impairment as indicated by the results of both passive avoidance performance and the Morris
water mazes. Brainon lowered acetylcholinesterase activity and raised acetylcholine levels in the
hippocampus. The treatment elevated the protein levels of brain-derived neurotrophic factor (BDNF)
and phosphorylated cAMP response element-binding (CREB). Additionally, the excessive generation
of SCO-induced reactive oxygen species (ROS) and subsequent oxidative stress were suppressed
by the enhancement of superoxide dismutase (SOD)-1 and SOD-2 proteins. mRNA levels of up-
regulated interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α, as well as the apoptotic
protein Bcl-2-associated X protein (Bax), cleaved caspase-9, and cleaved poly adenosine diphosphate-
ribose polymerase (PARP) expression after SCO injection were downregulated by Brainon treatment.
Collectively, these findings suggested that Brainon possesses anti-amnesic effects through the CREB-
BDNF pathway. Moreover, it exerted antioxidant, anti-inflammatory, and anti-apoptotic effects in
SCO-induced mice exhibiting cognitive impairment and memory loss.

Keywords: Scrophularia buergeriana; anti-amnesic effect; cholinergic neurotransmission; anti-oxidant;
anti-inflammation; anti-apoptotic

1. Introduction

The characterization of Alzheimer’s diseases (AD) represents amyloid β accumulation,
hyperphosphorylation of the tau protein, increased inflammation and oxidative stress
leading to neuronal death, which is accompanied by an impairment in memory and
cognitive abilities [1,2]. Moreover, a decrease in the neurotransmitter, acetylcholine (Ach),
in the AD brain is a crucial factor responsible for dementia [1].

Scopolamine (SCO) is a muscarinic receptor blocker and tropane alkaloid drug that in-
terrupts cholinergic nerve transmission, causing memory disability and cognitive deficits in
the central nervous system (CNS) [1,3–6]. Normal cholinergic activity in the CNS influences
hippocampal nerve regeneration and memory impairment via the cAMP response element-
binding protein (CREB)-brain-derived neurotrophic factor (BDNF) signaling [7]. SCO
administration causes cholinergic neuronal pathway dysregulation, including increased
acetylcholinesterase (AChE) activity, suppression of ACh release and impairment of the
memory circuit, and decreased CREB-BDNF levels. Moreover, the neuronal inflammatory
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cascade, oxidative stress generation, and neuron cell death, including cholinergic malfunc-
tion, are causative factors in patients with neurodegenerative disorders. The hippocampus
is susceptible to oxidative stress, and excessive oxidative stress induces memory deficiency
by damaging synaptic plasticity and causing inflammation and neuronal cell death [7,8].
SCO-treated mice showed oxidative stress-induced neuronal inflammation and apoptosis
in the brain [9]. Therefore, SCO injection of animals is utilized as a useful pharmacological
experimental model for cognitive degeneration and memory disorders in AD [2–5].

Scrophularia buergeriana Miquel (SB), belonging to the Scrophulariaceae family, is in-
digenous to Korea and also found abundantly in China and Japan. In traditional medicine,
dried SB roots have long been used to alleviate high fever, swollen skin, obstipation, pharyn-
gitis, neuro-inflammation, and throat infection [10]. SB roots have been found to contains
various components such as E-harpagoside, 8-O-E-p-methoxycinnamoyl harpagide (MCA-
Hg), E-p-methoxy-cinnamic acid (p-MCA), cinnamic acid, and angoroside C. Moreover, we
confirmed that Brainon exhibited significant neuroprotective effects against neurotoxicity
caused SH-SY5Y cells by glutamate [11]. We previously demonstrated that Brainon exerts
anti-amnesic effects via inhibition of amyloid beta accumulation and hyperphosphorylation
of tau protein in memory deficit mice by β-amyloid [12].

Therefore, we administrated 30 or 100 mg/kg Brainon based on the previous study [12]
and confirmed the cognitive-improving activities of Brainon using passive avoidance per-
formance and Morris water maze (MWM) task based on this research. To demonstrate the
potential mechanism of Brainon, we confirmed the CREB-BDNF signaling pathway, AChE
activity, and ACh levels in mice hippocampal tissue. Moreover, the anti-inflammatory and
antioxidant effects of Brainon, as well as its effects on neuronal death, were evaluated in
SCO-caused memory-impaired mice.

2. Materials and Methods

2.1. Preparation of Sample

Brainon was supplied by Nutrapharm Tech Co., Ltd., (Seongnam, Korea). SB roots
were dried and extracted using 70% EtOH. The resulting solution was filtered, concentrated,
and dried to yield Brainon extract (SB extract; SBE). The detailed process has been described
previously [11,12]. To dissolve the Brainon, we used 0.5% carboxy-methylcellulose (CMC)
and then applied for the in vivo study.

2.2. Animals

The experimental protocol and process were admitted by the Animal Care and Use
Committee (Permission number: 2019-05-003) of ChemOn Inc. (YoungIn, Korea). Eight-
week-old male C57BL/6N mice were offered (Orient Bio, Seongnam, Korea) and housed
under regulated conditions (temperature: 23 ± 3 ◦C, 12 h light/dark cycle, 55 ± 15%
humidity, lighting intensity 150–300 Lux). They freely utilized food and drinking water
and had an acclimation period for a week before the experiment started.

2.3. Design of Experiment

The experimental mice were randomized into 5 groups after 1-week adaptation (n = 8
per group): Normal group, SCO-treated group, SCO with Brainon (30 or 100 mg/kg/day).
Ginkgo Biloba Extract (GBE, 50 mg/kg/day), which was found to have an improving
effect on memory deficit [13,14], was used as a positive control agent. 0.5% CMC was used
to dissolve Brainon and GBE and administered (10 mL/kg/day) for 28 days via gastric
gavage. The passive avoidance test was performed for 3 days (days 15–17), whereas the
MWM task was performed for 7 days (days 22–28). Memory deficiency was caused by
SCO injection (1 mg/kg, i.p.) within 30 min following the oral administration of Brainon
and GBE extract. Behavior test was conducted for 30 min after the SCO injection.
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2.4. Step-Through Passive Avoidance Performance

The device (Twin County Med Associates, Hudson, NY, USA) for the passive avoid-
ance test consisted of two identical compartments, separated into light and dark areas
with an automated door and electric floor. Experiments were conducted at the same time
every day for 3 days. The mice were placed in the dark compartments for 120 s before
being moved back to the lit compartments. If the mice moved to a dark area, they were
immediately transferred back to the lit compartment (day 15). During the acquisition
trial (day 16), mice could move freely without lighting for 60 s for familiarization. After
adaptation training, they were permitted to enter the two compartments and move freely
for 120 s and, when moved to the dark area, a 0.20 mA scrambled shock was treated.
Animals that did not move were removed from the tests. On the retention trial (day 17),
the mice were located in the light section and the automated board was opened, and the
transfer time to the dark section was analyzed.

2.5. MWM Trial

To confirm the long-term spatial memory ability of the mice, an MWM test was
conducted from days 22 to 28. The MWM tasks consisted of a training session for 2 days
(days 22 and 23), a behavioral session for the following 5 days (days 24–27), and a probe
trial session for 1 day (day 28). Mice were allowed 60 s to find the hidden platform located
at one of the water pool’s release points. If the mice could not locate the platform, they were
manually located on the platform for 30 s. All mice were tested in two trials per day and
the platform location in the water pool was randomly altered between trials. Learning and
memory capabilities were confirmed by measuring the escape latency. The platform was
eliminated from the pool and probe trials were performed to confirm the spatial memory
ability by checking the platform crossing number of the mice for 60 s at day 28. Figure 1 is
a schematic of the experimental design.

Figure 1. Experiment process of scopolamine-treated memory deficiency in mice.

2.6. AChE Activity and Contents of ACh

The hippocampi were homogenized with cold phosphate-buffered saline and cen-
trifuged (1500× g) for 15 min at 4 ◦C. Centrifuged supernatant was gathered to confirm
AChE activity and ACh levels utilizing commercial kits (Abcam, Cambridge, UK), in
accordance with the manufacturer’s manuals.

2.7. Preparation of Total RNA and Quantitative RT-PCR

Mice hippocampi were pulverized, and the total RNA was isolated utilizing a RNeasy
Mini kit following the manufacturer’s manuals (Qiagen GmbH, Hilden, Germany). cDNA
synthesis was carried out utilizing a CellScriptTM All-in-One cDNA Master Mix (Cell-
Safe, Yongin, Korea) at 25 ◦C (5 min) and 42 ◦C (15 min). qPCR was conducted using a
QuantStudio 3 Real-time PCR device (Thermo Fisher Scientific Inc., Waltham, MA, USA).
The synthesized primers for PCR are shown in Table 1. Conditions of cycling were 95 ◦C
(10 min), followed by 50 cycles of 95 ◦C (15 s) and 72 ◦C (60 s). The target gene levels were

47



Appl. Sci. 2021, 11, 4286

determined by the comparative Ct method utilizing LightCycler 96 Software 1.1 (Roche
Diagnostics, Basel, Switzerland).

Table 1. Real-time PCR primer sequences.

Gene Primer Sequence

IL-1β
Forward 5′-ATG GCA GTT CCT GAA CTC AAC T-3′
Reverse 5′-CAG GAC AG TAT AGA TTC TTT CCT TT-3′

IL-6
Forward 5′-GAT GCT ACC AAA CTG GAT ATA ATC-3′
Reverse 5′-GGT CCT TAG CCA CTC CTT CTG TG-3′

TNF-α
Forward 5′-ATG AGC ACA GAA AGC ATG ATC CGC-3′
Reverse 5′-CCT CCT TAG CCA CTC CTT CTG TG-3′

GAPDH
Forward 5′-CGG TGC TGA GTA TGT CGT GGA GTC T-3′
Reverse 5′-GTT ATT ATG GGG GTC TGG GAT GGA A-3′

2.8. Extraction of Protein and Western Blot Analysis

The hippocampi were homogenized with RIPA reagent (DYNE Bio, Seongnam, Korea)
and the homogenates were centrifuged (10,000× g) for 15 min at 4 ◦C. Supernatant of
hippocampal tissue was harvested, and protein concentrations were quantified utilizing
a commercially available BCA protein assay kit (Thermo, Waltham, MA, USA). 30 μg of
total protein was electrophoresed on SDS-PAGE and moved onto membranes (Millipore
Corp., Bedford, MA, USA). For blocking, the membranes were kept for 1 h at 23 ◦C then
incubated with the first antibodies for SOD-1, SOD-2, GAPDH (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), Bax, Bcl-2, cleaved PARP, cleaved caspase-9, phosphor-CREB, CREB
(Cell Signaling Technology, Inc., Danvers, MA, USA), and BDNF (Abcam, Cambridge, UK)
at a 1:1000 dilution at 23 ◦C for 1 h. The incubated membranes were washed and further
reacted with second antibodies (1:1000; GenDEPOT, Barker, TX, USA) at 23 ◦C for 1 h. The
membranes were processed for detection using ECL solution (Atto, Tokyo, Japan) and the
band intensity was measured utilizing Image-Pro Plus (Media Cybernetics, Inc., Rockville,
MD, USA).

2.9. Statistical Analysis

Statistical analysis between groups was conducted using Student’s t-test and one-way
analysis of variance followed by multiple comparisons Dunnett’s post-hoc test utilizing
Origin 7.0 (OriginLab, Northhampton, MA, USA). Results are expressed as the means
± standard error of the mean. Significant differences between groups were considered
statistically significant at p < 0.05 and p < 0.01.

3. Results

3.1. Composition of Brainon

The marker compound in Brainon was confirmed by high-performance liquid chro-
matography (HPLC) analysis. Quantitative analysis of Brainon revealed that Angoroside
C content was determined at approximately 0.5% (Data not shown), and the optimized
Brainon was used for the following experiments.

3.2. Brainon Recovers Scopolamine-Treated Step-through Latency in the Passive Avoidance Test

To assess the effectiveness of Brainon on learning and fear-motivated memory, we
conducted the passive avoidance task. The SCO-injected group had a considerably shorter
step-through latency compared with Normal group (Figure 2). However, Brainon 30 and
100 mg/kg treatment considerably restored (p < 0.05) the scopolamine-caused cognitive
deficit and GBE 50 mg/kg administration also improved (p < 0.05) memory function when
comparison with SCO-injected group only.
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Figure 2. Effects of Brainon scopolamine-treated memory deficit in passive avoidance performance.
Values are represented as means ± SEM (n = 8). ## p < 0.01 vs. Normal group; * p < 0.05 vs.
SCO-treated group.

3.3. Brainon Improves SCO-Induced Spatial Memory Deficiency in the Morris Water Maze Task

To examine the effects of Brainon on the spatial memory impairment of mice, escape
latency, swim distance, and the platform crossing numbers were assessed in all test groups.
Figure 3A revealed that the escape latency of the SCO-treated group was significantly
prolonged for 4 days (days 24–27) compared to that in the Normal group (p < 0.01). In
contrast, 100 mg/kg Brainon and 50 mg/kg GBE shortened (p < 0.05) the escape latency on
days 26 and 27; 100 mg/kg Brainon also decreased (p < 0.05) the escape latency compared
to that in the SCO-treated group from day 25. Swimming distance to find the platform
in the MWM task showed similar results to those of the escape latency (Figure 3B). The
mice in the Brainon 30 (p < 0.05), 100 (p < 0.01), and GBE 50 (p < 0.05) mg/kg groups
swam shorter distances to locate the platform in comparison with the SCO-treated groups
on day 26. We confirmed that the dose of 30 mg/kg (p < 0.05) and 100 mg/kg (p < 0.05)
Brainon on day 27 reduced the swimming distance in mice when finding the platform.
In the probe trials (Figure 3C) on day 28, the platform crossing numbers of the mice in
the SCO-treated group was considerably lower comparison with that of the mice in the
Normal group (p < 0.01). On the other hand, administration with 30 and 100 mg/kg of
Brainon (p < 0.01) and 50 mg/kg GBE (p < 0.01) increased the platform crossing numbers
comparison with that observed in the SCO-injected group. Our results demonstrate that
Brainon administration enhanced spatial, learning, and memory functions in SCO-treated
memory-deficient mice.

Figure 3. Effects of Brainon scopolamine treated spatial memory deficiency in the MWM trial. (A) The escape latency (s)
and (B) swim distance of mice was investigated for 4 days (C) The platform crossing number was carried out on probe trial.
Values are represented as means ± SEM (n = 8). ## p < 0.01 vs. Normal group; * p < 0.05 and ** p < 0.01 vs. SCO-treated group.
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3.4. Brainon Decreases AChE Activity and Increases ACh Levels in SCO-Induced
Hippocampal Tissues

To evaluate the effects of Brainon on AChE and ACh levels, we determined AChE
activity and ACh levels in SCO-treated hippocampal tissue. Figure 4A shows that AChE
activity in the Normal group was lower than that of the SCO-treated group. Exposure
to 100 mg/kg Brainon (p < 0.01) and 50 mg/kg GBE (p < 0.01) considerably lowered
AChE activity comparison with that in the SCO-injected group. However, the ACh levels
were found to differ (Figure 4B). SCO treatment significantly downregulated ACh levels
in the hippocampus. On the contrary, treatment with 30 (p < 0.05) and 100 (p < 0.01)
mg/kg Brainon increased ACh levels in a dose dependent comparison with that in the
SCO-injected group.

Figure 4. Effects of Brainon on acetylcholinesterase (AChE) activity and acetylcholine (ACh) level in mice hippocampal
tissues. The hippocampal tissues were homogenized, and the supernatant was used for calculation of (A) AChE activity
and (B) ACh level. Values were calculated in units per mg protein are represented as means ± SEM (n = 3). ## p < 0.01 vs.
Normal group; * p < 0.05 and ** p < 0.01 vs. SCO-treated group.

3.5. Brainon Increases BDNF Protein Expression and CREB Phosphorylation Levels in
SCO-Induced Hippocampal Tissue

To demonstrate the effectiveness of Brainon on the memory-associated proteins in
SCO-treated cognitive impairment, we measured the BDNF expression and phosphory-
lated CREB levels using western blotting. Figure 5 shows that SCO treatment significantly
decreased the expression of BDNF and phosphorylated CREB in the hippocampus compar-
ison with that in the Normal group (p < 0.01). However, in the hippocampus, 100 mg/kg
Brainon (p < 0.01) and 50 mg/kg GBE (p < 0.01) prevented a decrease in BDNF protein
compared to that in the SCO-treated group. In addition, treatment with 30 (p < 0.01) and
100 (p < 0.01) mg/kg of Brainon increased the levels of phosphorylated CREB in a dose
dependent comparison to the hippocampal tissue in the SCO-injected group.

3.6. Brainon Upregulates the Expression of SOD-1 and SOD-2 in SCO-Induced
Hippocampal Tissue

To examine the effects of Brainon on antioxidant enzymes, we determined SOD-1
and SOD-2 levels in SCO-treated hippocampal tissue of mice. SCO treatment significantly
decreased SOD-1 and SOD-2 levels in comparison with that in the Normal group. However,
administration with 30 (p < 0.01) and 100 (p < 0.01) mg/kg Brainon increased SOD-1 levels
by 1.6- and 3.6-fold, respectively, whereas administration with 50 mg/kg (p < 0.01) of GBE
recovered the decreased SOD-1 levels 3.9-fold with SCO treatment. Furthermore, treatment
with 100 mg/kg (p < 0.01) Brainon and 50 mg/kg (p < 0.01) GBE also enhanced SOD-2
levels by 1.9- and 2.1-fold, respectively, in comparison with the mice in the SCO-injected
group (Figure 6).
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Figure 5. Effects of Brainon on CREB-BDNF pathway in the memory deficit mice hippocampal
tissues. (A) Brain-derived neurotrophic factor (BDNF) and phosphorylation of cAMP-response
element-binding protein (CREB) was measured via western blotting. (B) The protein band density
was determined using the software. Phosphorylation levels of the CREB protein were normalized
using the CREB, and BDNF protein was normalized using the GAPDH. Values are expressed as
means ± SEM (n = 3). ## p < 0.01 vs. Normal group; ** p < 0.01 vs. SCO-treated group.

Figure 6. Effects of Brainon on anti-oxidant related protein levels in the hippocampal tissues of memory deficit mice. (A)
Superoxide dismutase (SOD)-1, and SOD-2 protein expression were evaluated via western blotting. (B) The protein band
density was measured utilizing by the software. Protein was normalized using the GAPDH. Values are represented as
means ± SEM (n = 3). ## p < 0.01 vs. Normal group; ** p < 0.01 vs. SCO-treated group.

3.7. Brainon Decreases Interleukin (IL)-1β, IL-6, and Tumor Necrosis Factor (TNF)-α mRNA
Expression in SCO-Induced Hippocampal Tissue

The effects of Brainon on the expression of IL-1β, IL-6, and TNF-α mRNA in the
hippocampi of SCO-treated mice were confirmed using real-time qPCR (Figure 7). SCO
treatment significantly increased expression of IL-1β, IL-6, and TNF-α mRNA compared to
that in the Normal group (p < 0.01). Figure 7 shows that the expression of IL-1β mRNA
significantly decreased after treatment with 100 mg/kg Brainon (p < 0.01) and 50 mg/kg
GBE (p < 0.01) by 30% and 18%, respectively, compared to the SCO-injected group. In
comparison with the SCO-injected group, expression of IL-6 mRNA was reduced dose
dependently after treatment with 30 (p < 0.05) and 100 (p < 0.01) mg/kg Brainon by 25%
and 29%, respectively, and even further reduced by 35% after treatment with 50 (p < 0.01)
mg/kg GBE. Treatment with 100 mg/kg Brainon (p < 0.01) and 50 mg/kg GBE (p < 0.01)
considerably alleviated TNF-α mRNA expression by 22% and 28%, respectively, compared
to that in the SCO-injected group.
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Figure 7. Effects of Brainon on anti-inflammation related mRNA expression in the memory deficit mice hippocampal tissues.
Interleukin (IL)-1β, IL-6, and tumor factor necrosis (TNF)-α was evaluated by real-time qPCR. The levels of IL-1β, IL-6, and
TNF-α mRNA were normalized utilizing the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as control. Values are
represented as means ± SEM (n = 3). ## p < 0.01 vs. Normal group; * p < 0.05 and ** p < 0.01 vs. SCO-treated group.

3.8. Brainon Suppresses Apoptosis-Related Protein Levels in SCO-Induced Hippocampal Tissue

To demonstrate the effects of Brainon on SCO-induced apoptosis, we examined Bax,
Bcl-2, cleaved caspase-9, and cleaved-PARP protein expression in the mouse hippocampus.
As shown in Figure 8, SCO injection markedly upregulated protein levels of Bax, cleaved
caspase-9, and cleaved-PARP comparison with that in the Normal control group. On
the contrary, Bcl-2 protein levels downregulated in the SCO-treated group. Meanwhile,
treatment with 30 (p < 0.01) and 100 mg/kg Brainon (p < 0.01), and 50 mg/kg GBE
(p < 0.01) significantly prevented the SCO-caused increase in the expression of Bax and
cleaved-PARP proteins. Treatment with 100 mg/kg (p < 0.01) Brainon also decreased
the expression of cleaved-caspase 9 proteins but 50 mg/kg GBE did not reduce cleaved-
caspase 9. Furthermore, treatment with 100 mg/kg Brainon (p < 0.01) restored the SCO-
caused reduction in Bcl-2 protein expression in the hippocampi.

Figure 8. Effects of Brainon on cell death-related protein expression in the memory deficit mice hippocampal tissues.
(A) Bcl-2-associated X protein (Bax), B-cell lymphoma 2 (Bcl-2), cleaved caspase-9 and cleaved poly (adenosine diphosphate
(ADP)-ribose) polymerase (PARP) protein was analyzed using western blotting. (B) The density of the protein bands was
determined utilizing the software. Protein was normalized using the GAPDH. Values are represented as means ± SEM
(n = 3). ## p < 0.01 vs. Normal group; ** p < 0.01 vs. SCO-treated group.

4. Discussion

Dementia is a complex condition involving the disruption of cortical function along
with adverse effects on memory, reasoning, orientation, learning capacity, and emotional
stability. Progressive dementia is associated with AD, a prevalent neurodegenerative
disorder, characterized by excessive accumulation of neuritic plaques and neuronal loss,
including abnormal tau proteins and β-amyloid. A depletion of the neurotransmitter, ACh,
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occurs in patients with AD. Degeneration of the cholinergic neurons is also an crucial factor
that contributes toward the development of dementia [15].

In this study, mice were tested to a passive avoidance test and an MWM task in a spatial
memory trial to assess their learning abilities and memory deficits [6]. SCO treatment
significantly decreased cognitive function as reported in a previous study [16]. However,
Brainon treatment recovered the decreased step-through latency and reduced escape latency
and swim distance in passive avoidance performance and MWM trials, respectively.

ACh establishes synaptic connections between neurons; it plays an important role
in the CNS and is related to cognition and memory [17]. ACh is hydrolyzed by AChE.
Increased ACh levels resulting from AChE inhibition enhance learning and memory by
improving cholinergic deficiency [15,18]. Acting as a non-selective muscarinic cholinergic
receptor antagonist, SCO causes cholinergic dysfunction that leads to impaired learning
and memory. It is known that AChE inhibitors antagonize the effects of scopolamine
on spatial memory in the radial arm maze [19] in the Morris Water maze and in passive
avoidance tests [20,21]. This suggests a strong correlation between anti-AChE activity
and the ability to oppose these amnestic effects of scopolamine [22]. We administered
SCO to mice to induce cholinergic neurodegeneration alongside cognitive deficiency and
confirmed the decline in ACh levels and increase in AChE activity [23]. We discovered that
Brainon treatment significantly enhanced ACh levels and decreased AChE activity in the
hippocampi of SCO-injected mice.

SCO-induced neurodegeneration results in a decrease in cholinergic activity and
BDNF as well as the inhibition of phosphorylated CREB expression in the hippocampal
tissue [4]. High BDNF expression in the CNS, particularly in the hippocampus, is a
neurotrophic factor that modulates the growth and survival of neurons. BDNF enhances
synaptic plasticity and regulates memory formation by increasing the activity of enzymes
related to ACh synthesis [24]. CREB also leads to neuronal synaptic plasticity through the
expression of downstream targets of Bcl-2 and neuroprotective effectiveness against reactive
oxygen species (ROS)-caused cell toxicity [25,26]. Disturbance of phosphorylated CREB
indicates neurodegenerative disorders, such as AD as well as Huntington’s and Parkinson’s
disease [25,27]. In this study, we assessed the relevance of the CREB–BDNF signaling
mechanism in AD. Brainon upregulated BDNF protein levels as well as phosphorylated
CREB protein levels in the hippocampi comparison with those in the SCO-treated group.

ROS induces oxidative stress and is significant in the pathology of AD [9,28]. Excessive
oxidative damage induces neuroinflammation and results in neurotoxicity, contributing to
clinical symptoms of AD, including cognitive deficits [29,30] Antioxidant enzymes, such
as SOD-1 and SOD-2, play a protective role against oxidative stress by catalyzing the
conversion of superoxide anions to oxygen and hydrogen peroxide. Results from previous
studies show that ACh exerts a neuroprotective effect against oxidative stress by increasing
the expression of SOD, and that ACh levels are positively related with those of SOD [31,32].
In the present study, treatment with Brainon recovered the antioxidant defense system by
increasing SOD and ACh levels in the hippocampal tissues of SCO-induced mice.

ROS-caused oxidative stress is considerably correlated with neuroinflammation, which
exacerbates neurodegenerative disorders and contributes to the progression of AD. SCO
administration upregulated IL-1β, IL-6, and TNF-α levels in mouse hippocampi, and
these findings were consistent with the results from previous studies [33,34]. However,
Brainon suppressed the SCO-induced neuroinflammatory cytokines in the SCO-treated
mouse hippocampi. ROS, the primary cause of oxidative stress, is also responsible for the
initiation of apoptosis. It promotes the overexpression of the proapoptotic protein, Bax,
leading to cell death. The antiapoptotic protein, Bcl-2, which has effects opposite to those of
Bax, is regulated by CREB. Bax upregulation and Bcl-2 downregulation promote neuronal
cell death by increasing caspase activator release in the hippocampal tissue [12,35,36]. Our
results suggested that SCO activated Bax, cleaved caspase-9, and cleaved-PARP, while
downregulating protein expression of Bcl-2. Moreover, we found that Brainon alleviated
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the overexpression of Bax and the activation of cleaved caspase-9, cleaved-PARP, and on
the other hand increased protein expression of Bcl-2 in SCO-treated mice.

To summarize, Brainon was found to have an anti-amnesic effect, which could be
regulated by cholinergic activity and the CREB-BDNF signaling pathway, and by virtue of
its antioxidant, anti-inflammation, and anti-apoptotic properties.

5. Conclusions

In this study, we proved that Brainon effectively restored memory in the SCO-induced
mouse model by improving the function of the cholinergic system and CREB-BDNF path-
way. Brainon exerted antioxidant effects by inhibiting ROS generation and upregulating the
SOD proteins. Decreased ROS levels by Brainon treatment resulted in anti-inflammatory
effects by the downregulation of IL-1β, IL-6, and TNF-α, as well as anti-apoptotic effects
with decreased protein levels of Bax, cleaved caspase-9, and cleaved-PARP. This study
indicated that Brainon is a potential treatment option for patients with neurodegenerative
diseases. Moreover, it could potentially be developed as a safe healthcare supplement to
improve cognitive disorder and reverse memory loss.
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Abstract: Osteoarthritis (OA) is a general joint illness caused by the destruction of joint cartilage,
and is common in the population of old people. Its occurrence is related to inflammatory reactions
and cartilage degradation. AyuFlex® is an aqueous extract of Terminalia chebula fruit, and T. chebula
has been utilized extensively in several traditional oriental medications for the management of
diverse diseases. Pre-clinical and clinical research has shown its antioxidant and anti-inflammatory
effectiveness. Nevertheless, the mechanism underlying the anti-arthritic effects of AyuFlex® remains
unclear. In the current research, we proposed the ameliorating effects of AyuFlex® with respect to the
incidence of OA and described the latent signalization in interleukin (IL)-1β-treated chondrocytes
and MIA-incurred OA in a rat model. In vitro, AyuFlex® decreased oxidative stress and induction
of pro-inflammatory cytokines and mediators as well as matrix metalloproteinases (MMPs), while
also increasing the levels of collagen synthesis-related proteins. Mechanistically, we identified
that AyuFlex® disrupted nuclear factor kappa B (NF-κB) and mitogen-activated protein kinase
(MAPK) activation via the inhibition of NF-κB p65 and extracellular regulated protein kinase (ERK)
phosphorylation. The ameliorating effects of AyuFlex® were also observed in vivo. AyuFlex®

significantly inhibited the MIA-incurred increase in OA symptoms such as oxidative stress, cartilage
damage, and changes in cytokines and MMPs revelation in arthrodial cartilage. Therefore, our results
suggest that AyuFlex® attenuates OA progression in vivo, indicating that AyuFlex® can be suggested
as an excellent therapeutic remedy for the care of OA.

Keywords: Terminalia chebula fruit; osteoarthritis; AyuFlex®; cartilage collapse; MMPs;
inflammation response

1. Introduction

Osteoarthritis (OA) is a lingering joint illness accompanied by inflammation of the synovium and
cartilage degeneration, causing physical disability in the elderly. Functional foods and medicines have
been commonly utilized to care for OA, but pharmacological treatment of OA has limited effects [1,2].
Non-steroidal anti-inflammatory drugs (NSAIDs) are usually utilized for reducing inflammation and
pain in OA. However, a long-time consumption of NSAIDs adversely affects the gastrointestinal and
cardiovascular systems [3,4]. To this day, the etiology of OA is not obvious, and no effectual therapeutic
treatment has been developed for OA. Therefore, safer and more effective novel agents are needed for
the treatment of OA [1].
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The extracellular matrix (ECM) is mostly an organization of type I and II collagen, and aggrecan,
which are the main constituents of ordinary cartilage that support the arthrodial cartilage to adapt
to biomechanical forces during joint activity [5]. ECM is created and retained by the chondrocytes
and is controlled by SOX9, which encodes the main transcription factor for ECM homeostasis [6,7].
Many studies have shown that inflammatory reactions generally play an enormous role in the OA and
contributes to chondrocyte movement and phenotype and ECM degradation [7–9]. Overexpression of
pro-inflammatory cytokines like IL-1β and IL-6 are implicated in the etiology of OA by upregulating
the matrix metalloproteinases (MMPs) and triggering ECM collapse. In particular, IL-1β exerts
inflammatory reactions by considerably upregulating the production of pro-inflammatory factors,
and catabolic factors, for example, leukotriene B4 (LTB4), nitric oxide (NO), and MMPs to degrade the
ECM [10–12].

MAPK mechanisms have been revealed to play an apparent part in terms of OA biology such
as matrix composition and homeostasis of cartilage [13,14]. Additionally, NF-κB mechanisms are a
core controller of pro-inflammatory and catabolic factor production. When the NF-κB mechanisms
are activated, NF-κB p65 is phosphorylated in the cytoplasm and ultimately translocated to the
nucleus [15,16]. Practically, transitions in these mechanisms have been identified to play a crucial role
in articular chondrocyte function as well as form part of OA etiology and illness progression [17].

The fruit of Terminalia chebula Retz. (Fam. Combretaceae) has been widely utilized in Ayurvedic,
Iranian medicine, and Unani as a treatment for diverse diseases such as asthma, bleeding piles,
sore throat, vomiting, and gout [18–20]. Moreover, T. chebula has been widely known to exhibit
antioxidant effects by inhibiting ROS and NO production [21–24]. Clinical research has also proven
that oxidative stress and inflammation contribute to OA, low back pain (LBP), and motor-related
joint discomfort. The T. chebula fruit exhibits antioxidant efficacy and downregulates inflammatory
cytokines; however, its therapeutic effects warrant further investigation [25–29].

Meanwhile, recent preclinical and clinical studies have revealed that the standardized aqueous
extract of T. chebula fruit (AyuFlex®) could markedly suppress OA progression [25,30–35]. However,
the underlying mechanism, the anti-arthritic effect of AyuFlex®, remains obscure. Therefore, in our
study, we devised experiments to clarify the effectiveness and applications of AyuFlex®, and to evaluate
the protective effectiveness of arthrodial cartilage in IL-1β-treated chondrocytes and MIA-incurred OA
in a rat model.

2. Materials and Methods

2.1. AyuFlex® Preparation and Component Analyze

AyuFlex®, a water-soluble product derived from the edible fruits of T. chebula (Natreon Inc.,
New Brunswick, NJ, USA) [35], presents a phytochemical profile that includes ellagic acid as
standardized using high-performance liquid chromatography (HPLC). Dimethyl sulfoxide (DMSO)
was utilized to dissolve the AyuFlex® and was then diluted in chondrocyte culture medium for
in vitro studies.

2.2. Culture and Sample Processing of Primary Human Chondrocytes (HCHs)

Primary human chondrocytes (HCHs) were provided by PromoCell Bioscience Alive GmbH
(Heidelberg, Germany) and also retained in HCH culture medium complemented with fetal calf (FC)
serum in CO2 incubator. When 80–90% confluence was reached, HCHs were subcultured, and cells
of passage 1 were utilized for the experiment thereafter. HCHs was cultured in a 6-well plate at
1 × 105 cells per well. After 24 h, the HCH cells were exposed at each concentration of AyuFlex® (5, 10,
and 20 μg/mL) and in combination with IL-1β (10 ng/mL) in a humidified incubator for 24 h. HCHs
exposed with growth media including only DMSO served as the vehicle control (final concentration of
DMSO 0.1%).
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2.3. Cell Viability Analysis

Cell viability was conducted utilizing the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide (MTT) assay. HCHs were exposed with each concentration of AyuFlex® (5, 10, and 20 μg/mL)
during 24 h. The MTT reagent (5 mg/mL) was dispensed into each well, and the cells were maintained
in a humidified incubator for 3 h. The culture supernatants were suctioned from each well, and DMSO
was utilized to melt the formazan crystals. The optical density (OD) was analyzed at a wavelength of
570 nm utilizing microplate reader equipment (Tecan, Mannedorf, Switzerland).

2.4. Western Blotting

After lysing HCHs with CelLytic reagent (Sigma-Aldrich, St. Louis, MO, USA), the lysates were
kept at 4 ◦C and centrifuged at 10,000× g for 15 min. The content of the proteins was calculated by
utilizing a Bradford reagent (Bio-Rad Laboratories, Hercules, CA, USA). To separate, the proteins were
applied by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% gels and
then blotted to Immobilon-P membranes (Millipore, Bedford, MA, USA). The membranes were blocked
with 5% skim milk in tris-buffered saline comprising 0.1% Tween-20 (TBS-T) for 1 h at 23 ◦C, and next
with primary antibodies for β-actin, COL1A1, NF-κB p65, phospho-NF-κB p65, ERK, phospho-ERK
(1:1000; Cell Signaling Technology, Inc., Danvers, MA, USA), 5-LOX, IL-6, MMP-2, -3, and -13, aggrecan
(1:1000; Abcam, Cambridge, MA, USA), SOX9, COL2A1 (1:500; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), iNOS (1:1000; Invitrogen Life Technologies, Carlsbad, CA, USA), and leukotriene B4 (LTB4;
1:500; Enzo Life Sciences, Farmingdale, NY, USA) overnight at 4 ◦C. Following incubation with primary
antibodies, the membranes were reacted with the goat anti-rabbit or -mouse IgG(H+L)-horseradish
peroxidase (HRP) secondary antibodies for 1 h at room temperature (RT). Protein bands were detected
with the chemiluminescent (ECL) reagent (GenDEPOT, Barker, TX, USA), and the intensity of bands
was sensed utilizing a LuminoGraph chemiluminescent imaging instrument (Atto, Tokyo, Japan).
As control for normalization, β-actin was utilized. Bands on the membranes were quantified utilizing
the ImageJ program (developed at the NIH).

2.5. Animals

Sixty male Sprague-Dawley (SD) rats (6-week-old; 130-190 g) were offered from Samtako Bio, Inc.
(Osan, Korea). Whole animals were acclimated for seven days and normal animals were sorted out
for experiments. The experiment was progressed under optimal conditions (22 ± 2 ◦C and 12 h
light/dark cycles). Animals were free to consume sterile water and food. The study was conducted
in compliance following the national guidelines for the management and utilization of experimental
animals permitted by the Animal Ethics Committee (permission number: IV-RB-02-1910-21 of INVIVO
Co. Ltd. (Chungnam, Korea)). Once a week, alterations in body weight and alterations in water and
food consumption were observed.

2.6. Monosodium iodoacetate (MIA)-Incurred Osteoarthritis (OA) and Drug Administration

The left knee was shaved and then 50 μL of 0.9% sodium chloride including 3 mg monosodium
iodoacetate (MIA) was injected once into the synovial cavity utilizing an insulin syringe to induce
OA. After three days, the rats were randomly arranged to six groups, comprising eight rats each.
A non-MIA-stimulated control group was also used: (1) Non-MIA-stimulated control + Vehicle;
(2) MIA-stimulated control + Vehicle; (3) MIA + AyuFlex® 25 mg/kg; (4) MIA + AyuFlex® 50 mg/kg;
(5) MIA + AyuFlex® 100 mg/kg; and (6) MIA + Ibuprofen 20 mg/kg. The test substances were
homogenized in a carboxymethyl cellulose sodium salt (CMC-Na) of 0.5%. Then, the test substances
were administrated orally once a day for three weeks.
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2.7. Progression of OA and Hind Paw Weight-Bearing Distribution

After 0, 7, 14, and 21 days after treatment of the test substances, the whole rats were left free to
roam the cage, and the walking and knee joint swelling aspect, for instance, gait disorder was precisely
assessed in rats. Limping and swelling were categorized as: No change (0), Mild swelling (1), Moderate
swelling (2), and Severe swelling (3). All evaluations were performed by an identical proficient
evaluator, who blinded the type of test substance administered to the rats during the study period.

The normal balance of weight bearing capacity in the hind paws was impaired after OA occurrence.
Rats were cautiously located in the measurement chamber of the incapacitance meter tester (IITC Life
Science, Woodland Hills, CA, USA) to assess alterations in weight-bearing tolerance and the force
applied by each hind limb was averaged for 10 s. The following formula: % weight distribution of left
hind paw = weight on left hind limb/(weight on right hind limb + weight on left hind limb) × 100 was
used to analyze the percentage distribution of the left hind paw.

2.8. Histological Examination of Joints

To determine the effectiveness of AyuFlex® on knee joint cartilage atrophy, we evaluated the
histological alteration in a rat model with MIA-incurred OA. After euthanizing the animals at the end
of the experiments, the knee joint was incised, fixed with 10% formalin for 24 h at 4 ◦C, and decalcified
using 5% hydrochloric acid (Sigma-Aldrich, St. Louis, MO, USA) for four days. After removal of
calcification, acetone was utilized to dehydrate the specimens, which were then embedded in paraffin.
Paraffin-embedded knee joints were sliced 5 μm thick along the sagittal axis. Hematoxylin and Eosin
(H&E) and Safranin-O fast green staining (Sigma-Aldrich, St. Louis, MO, USA) were utilized to stain the
sliced sections. Whole stained sections were scanned utilizing the Motic EasyScan (Meyer Instrument,
Houston, TX, USA) and were assessed and graded on a 0-13 scale depending on the Mankin scoring
system by a double-blinded observer.

2.9. Cartilage Protein Expression

Cartilage tissue was excised and cleaned three times in cold PBS. Cartilage was frozen by liquid
nitrogen briefly and then pulverized. Protein was extracted with RIPA reagent (Tris-HCl of 50 mM,
pH 7.5; sodium chloride (NaCl) of 150 mM; ethylenediaminetetraacetic acid (EDTA) of 2 mM; Triton
X-100 of 1%; sodium deoxycholate of 0.5%; SDS of 0.1%; protease inhibitor of 0.1% (Roche, Mannheim,
Germany)) and then centrifuged at 10,000× g during 15 min at 4 ◦C. Protein concentration was
calculated by the same method as described above. The protein expression profiles of β-actin, 5-LOX,
LTB4, IL-6, MMP-2, -3, and -13, iNOS, SOX9, aggrecan, COL1A1, and COL2A1 were confirmed by
western blotting as described above.

2.10. Statistical Analysis

The results are presented as the means ± standard error of the mean (SEM) and were assessed with
the SPSS program (version 22.0, SPSS Inc., Chicago, IL, USA). Student’s t-test and one-way analysis
of variance (ANOVA) were utilized to compare different treatment groups, followed by multiple
comparisons correction through Dunnett’s post-hoc test utilizing Origin 7.0 software (OriginLab,
Northampton, MA, USA). The differences between mean values were regarded significant or intensely
significant if p < 0.05 and p < 0.01, respectively.

3. Results

3.1. Effects of AyuFlex® on Cell Viability in Primary Human Chondrocytes (HCHs)

The influence of AyuFlex® on the cell viability of HCHs was confirmed by using the MTT analysis.
AyuFlex® did not show cytotoxicity at any of the concentrations (5, 10, and 20 μg/mL) investigated in
this study (Figure 1).
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Figure 1. Effects of AyuFlex® on cell viability in primary human chondrocytes (HCHs). HCHs were
treated with each concentration of AyuFlex® (5, 10, and 20 μg/mL) for 24 h. Cell viability was evaluated
utilizing the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay.

3.2. AyuFlex® Repressed the Expression of iNOS, 5-LOX, LTB4, and IL-6 in IL-1β-Treated HCHs

To confirm the anti-inflammatory effects of AyuFlex®, HCHs were simultaneously treated with
each concentration of AyuFlex® (5, 10, and 20 μg/mL) and IL-1β (10 ng/mL) for 24 h. The protein
presenting of iNOS, 5-LOX, LTB4, and IL-6 was investigated by western blotting. IL-1β was revealed to
significantly induce the protein expression of iNOS, 5-LOX, LTB4, and IL-6 against the vehicle control.
In contrast, the expression of iNOS, 5-LOX, LTB4, and IL-6 in HCHs treated with a combination of
AyuFlex® and IL-1β decreased in the range of 14–46% (p < 0.01), 20–26% (p < 0.01), 44–58% (p < 0.01),
and 58–74% (p < 0.01), respectively (Figure 2).

Figure 2. AyuFlex® repressed the expression of iNOS, 5-LOX, LTB4, and IL-6 in IL-1β-treated HCHs.
HCHs were treated with IL-1β (10 ng/mL) single or in combination with AyuFlex® (5, 10, and 20 μg/mL)
for 24 h. Effects of AyuFlex® on the expression of iNOS (135 kDa), 5-LOX (78 kDa), LTB4 (36 kDa),
and IL-6 (25 kDa) in IL-1β-treated HCHs were analyzed. Protein bands were quantified utilizing
ImageJ. As a control for normalization, β-actin was utilized. ## p < 0.01, in comparison with the vehicle
control group. ** p < 0.01, in comparison with the IL-1β-treated control group.

3.3. AyuFlex® Diminished the Production of MMP-2, -3, and -13 in IL-1β-Treated HCHs

As MMPs play major roles in cartilage destruction, we appraised the effects of AyuFlex® on
MMP-2, -3, and -13 expression in IL-1β-treated HCHs by western blot analysis. Our results revealed
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that IL-1β considerably upregulated the expression of MMP-2, -3, and -13 contrasted with that in the
untreated- and vehicle control treated-HCHs. Treatment of HCHs with a combination of AyuFlex®

and IL-1β considerably reduced the protein expression of MMP-2, -3, and -13 in the range of 20–43%
(p < 0.01), 39–72% (p < 0.01), and 38–77% (p < 0.01), respectively (Figure 3).

Figure 3. AyuFlex® diminished the production of MMP-2, -3, and -13 in IL-1β-treated HCHs. HCHs
were treated with IL-1β (10 ng/mL) single or in combination with AyuFlex® (5, 10, and 20 μg/mL) for
24 h. The expression of MMP-2 (62, 72 kDa), MMP-3 (54 kDa), and MMP-13 (54 kDa) was detected by
western blot analysis. Protein bands were quantified utilizing ImageJ. As the control for normalization,
β-actin was utilized. ## p< 0.01, in comparison with the vehicle control group. ** p< 0.01, in comparison
with the IL-1β-treated control group.

Figure 4. AyuFlex® treatment attenuated the degradation of collagen synthesis-involved proteins
in IL-1β-treated HCHs. HCHs were exposed with IL-1β (10 ng/mL) single or in combination with
AyuFlex® (5, 10, and 20 μg/mL) for 24 h. The expression of SOX9 (65 kDa), aggrecan (110 kDa), COL1A1
(220 kDa), and COL2A1 (190 kDa) was determined by western blotting. Protein bands were quantified
utilizing ImageJ. As the control for normalization, β-actin was utilized. ## p < 0.01, in comparison with
the vehicle control group. ** p < 0.01, in comparison with the IL-1β-treated control group.
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3.4. AyuFlex® Treatment Attenuated the Degradation of Collagen Synthesis-Involved Proteins in IL-1β-
Treated HCHs

The effects of AyuFlex® on the expression of collagen synthesis-involved proteins in IL-1β-treated
HCHs was investigated using western blotting. The protein levels of SOX9, aggrecan, COL1A1,
and COL2A1 were assessed. As shown in Figure 4, IL-1β significantly reduced SOX9, aggrecan,
COL1A1, and COL2A1 expression in contrast with that in the vehicle control. As shown in Figure 4,
AyuFlex® treatment considerably upregulated the expression of SOX9, aggrecan, COL1A1, and COL2A1
compared to that in IL-1β-stimulated HCHs. Treatment with AyuFlex® (5, 10, and 20 μg/mL) increased
SOX9, aggrecan, COL1A1, and COL2A1 expression compared with that in the IL-1β-stimulated HCHs
(1.9–2.1-fold, p < 0.01; 1.9–2.3-fold, p < 0.01; 1.6–1.8-fold, p < 0.01; 4.7–11.1-fold, p < 0.01, respectively).

3.5. Effects of AyuFlex® on the NF-κB and MAPK Mechanisms in IL-1β-Treated HCHs

The impacts of AyuFlex® on IL-1β-triggered NF-κB and MAPK activation was confirmed
with western blotting. In Figure 5A,B, it was confirmed that IL-1β conspicuously triggered
phosphorylation of NF-κB p65 and ERK. In contrast, treatment with AyuFlex® alleviated this
IL-1β-induced phosphorylation of NF-κB p65 and ERK in HCHs (42–49% and 53–63%, respectively),
without affecting the total form of NF-κB p65 and ERK expression.

Figure 5. Effects of AyuFlex® on the NF-κB and MAPK mechanisms in IL-1β-treated HCHs. HCHs
were pretreated with AyuFlex® (5, 10, and 20 μg/mL) for 24 h and then incubated with IL-1β (10 ng/mL)
for 30 min. (A) The expression of NF-κB p65 (65 kDa) and phospho-NF-κB p65 (65 kDa) was examined
with western blotting. (B) The expression of ERK (42, 44 kDa) and phospho-ERK (42, 44 kDa) was
determined by western blotting. Western blot bands were quantified utilizing ImageJ. As the control
for normalization, β-actin was utilized. ## p < 0.01, in comparison with the vehicle control group.
** p < 0.01, in comparison with the IL-1β-treated control group.

3.6. Effects of AyuFlex® on Changes in the Body Weight of Rats with Monosodium Iodoacetate (MIA)-Incurred
Osteoarthritis (OA)

The effects of AyuFlex® on body weight in rats with MIA-incurred OA was investigated. The body
weight of all animals was measured once a week and the changes were recorded for three weeks.
No significant differences were observed between the six groups (Figure 6) for three weeks, and these
results demonstrated that the body weight was not influenced by AyuFlex®.
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Figure 6. Effects of AyuFlex® on changes in body weight of rats with monosodium iodoacetate
(MIA)-incurred osteoarthritis (OA). Body weight was evaluated once a week for three weeks and
the data are presented as the mean ± SEM (n = 8/group). A, AyuFlex®; I, Ibuprofen. No significant
difference was discovered between any of the groups.

3.7. Effects of AyuFlex® on Weight-Bearing Distribution in the Hind Paw for 21 Days in MIA-Incurred OA
in Rats

To confirm progression of OA, hind paw weight-bearing capabilities and the ratio of weight
distribution between the right (healthy) and left (MIA-incurred osteoarthritis) limbs was confirmed
utilizing an incapacitance meter tester at days 0, 7, 14, and 21. The ratio in the MIA control group on
day 7 was obviously lower than that in the normal control group, and this difference was endured until
day 21. However, the ratio of the weight distribution between the left and right limbs increased in the
AyuFlex® (26%, 36%, 40%) and ibuprofen (32%) groups in comparison with the MIA control group
on day 7. In particular, the weight distribution of the animals treated with AyuFlex® at 25 mg/kg
(42.60 ± 0.72), 50 mg/kg (45.50 ± 0.29), and 100 mg/kg (46.21 ± 0.77) returned to the normal level and
showed similar results to the ibuprofen (45.34 ± 0.74) group at day 21 (Table 1). Our results revealed
that AyuFlex® might alleviate OA-associated pain symptoms.

Table 1. Effects of AyuFlex® on weight-bearing distribution in the hind paw for 21 days in MIA-incurred
OA in rats. The results are expressed as the mean ± SEM (n = 8/group). A, AyuFlex®; I, Ibuprofen.
* p < 0.05, ** p < 0.01, in comparison with MIA-induced control group; ## p < 0.01, in comparison with
the non-MIA induced control group.

Treatment
Weight Bearing Distribution (%)

Day 0 Day 7 Day 14 Day 21

Normal Control 51.33 ± 0.95 49.91 ± 0.58 51.05 ± 0.75 48.80 ± 0.49
MIA Control 30.08 ± 2.86 ## 27.54 ± 3.47 ## 33.45 ± 1.18 ## 39.01 ± 1.31 ##

A 25 mg/kg 32.07 ± 2.40 34.84 ± 2.87 36.95 ± 3.17 42.60 ± 0.72 *
A 50 mg/kg 31.75 ± 2.70 37.63 ± 2.46 * 39.18 ± 1.41 ** 45.50 ± 0.29 **

A 100 mg/kg 30.56 ± 2.80 38.57 ± 2.31 * 40.57 ± 1.17 ** 46.21 ± 0.77 **
I 20 mg/kg 31.41 ± 3.45 36.45 ± 3.30 41.53 ± 1.20 ** 45.34 ± 0.74 **

3.8. Effects of AyuFlex® on Arthritis Index (AI) for 21 Days in MIA-Incurred OA in Rats

To assess OA-associated symptoms such as limping and swelling, we observed every animal on a
weekly basis. The MIA control group showed a high AI index including swelling and limping score
than all other groups, which gradually decreased over time (Table 2). Rats treated with AyuFlex® at
50 mg/kg and 100 mg/kg had noticeably downregulated the AI index after day 14 compared with those
treated with MIA (control group) (respectively, p < 0.01). Furthermore, AyuFlex® administered at
50 mg/kg and 100 mg/kg downregulated the AI index to a similar level as ibuprofen—the positive
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control—after day 14. We confirmed that the increased AI index due to OA was significantly reduced
by AyuFlex®.

Table 2. Effects of AyuFlex® on arthritis index (AI) for 21 days in MIA-incurred OA in rats. The results
are expressed as the mean ± SEM (n = 8/group). A, AyuFlex®; I, Ibuprofen. ** p < 0.01, in comparison
with the MIA-induced control group; ## p< 0.01, in comparison with the non-MIA induced control group.

Treatment
Arthritis Index

Day 0 Day 7 Day 14 Day 21

Normal Control 0.00 0.00 0.00 0.00
MIA Control 2.06 ± 0.34 ## 2.07 ± 0.30 ## 1.56 ± 0.06 ## 1.51 ± 0.12 ##

A 25 mg/kg 2.10 ± 0.19 2.05 ± 0.25 1.28 ± 0.14 1.08 ± 0.08 **
A 50 mg/kg 1.95 ± 0.20 1.50 ± 0.21 1.14 ± 0.07 ** 0.90 ± 0.04 **

A 100 mg/kg 2.00 ± 0.20 1.48 ± 0.26 0.99 ± 0.01 ** 0.91 ± 0.05 **
I 20 mg/kg 1.94 ± 0.21 1.61 ± 0.31 1.04 ± 0.08 ** 0.74 ± 0.12 **

3.9. Effects of AyuFlex® on the Expression of iNOS, 5-LOX, LTB4, and IL-6 in Arthrodial Cartilage

To indicate the impacts of AyuFlex® on OA-upregulated inflammation, the protein expression
of iNOS, 5-LOX, LTB4, and IL-6 was detected in the cartilage tissue. MIA-incurred OA enormously
increased the protein levels of iNOS, 5-LOX, LTB4, and IL-6 in comparison with that in the normal
control. The expression of iNOS, 5-LOX, LTB4, and IL-6 was significantly reduced in response to
AyuFlex® and ibuprofen than in response to the MIA-injected group. The 25 mg/kg AyuFlex®-treated
group mitigated the expression levels of iNOS, 5-LOX, LTB4, and IL-6 increased by MIA injection
(19%, 7%, 3%, and 35%, respectively). Treatment with 50 mg/kg AyuFlex® obviously decreased
(p < 0.01, for all conditions) the expression of iNOS, 5-LOX, LTB4, and IL-6 by 55%, 38%, 43%, and 39%,
respectively, with respect to the expression levels in the MIA-treated group. The 100 mg/kg AyuFlex®

significantly alleviated (p < 0.01, for all conditions) the iNOS, 5-LOX, LTB4, and IL-6 expression levels
to 67%, 32%, 34%, and 44%, respectively, of those observed in the MIA-treated group (Figure 7).

Figure 7. Effects of AyuFlex® on the expression of iNOS, 5-LOX, LTB4, and IL-6 in arthrodial cartilage.
The expression of iNOS (135 kDa), 5-LOX (78 kDa), LTB4 (36 kDa), and IL-6 (25 kDa) was measured by
western blotting. Protein bands were quantified utilizing ImageJ. As the control for normalization,
β-actin was utilized. The results are expressed as the mean ± SEM of independent experiments
(n = 3/group). A, AyuFlex®; I, Ibuprofen. * p < 0.05 and ** p < 0.01, in comparison with the MIA-induced
control group; ## p < 0.01, in comparison with the non-MIA induced control group.
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3.10. Effects of AyuFlex® on Joint Pathology in MIA-Incurred OA in Rats

To observe the morphological alterations and seriousness of the articular destruction in the joint
tissue, H&E and Safranin-O staining were conducted in rats with MIA-incurred OA. H&E staining
revealed that the MIA control group revealed serious alterations in the cartilage, synovial membrane,
and fibrous tissue. However, it was confirmed that administration with AyuFlex® and ibuprofen
effectually relieved the structural morphological alterations in arthrodial cartilage when it was
compared with the MIA (control group; Figure 8A). Additionally, we stained the proteoglycan layer
with safranin-O to confirm the cartilage breakdown (Figure 8B). In the MIA control group, normal
cartilage (red) was destructed and the proteoglycan layer was reduced. Conversely, the proteoglycan
layer was clearly visible in animals treated with AyuFlex® at 50 mg/kg, 100 mg/kg, and ibuprofen.
In addition, using the Mankin scoring system, the seriousness of OA lesions was scored as shown in
Figure 8C. The Mankin score was reduced in the AyuFlex® 100 mg/kg treated group by 60% and was
noticeably reduced in the AyuFlex® 50 mg/kg and ibuprofen 20 mg/kg treated groups by 64% and 71%,
respectively, compared with that in response to MIA (control group).

Figure 8. Effects of AyuFlex® on joint pathology in MIA-incurred OA in rats. (A) Knee joints were stained
with H&E and (B) Safranin-O, (C) and graded on a scale 0-13 scale using the Mankin scoring system.
(a) Normal Control group, (b) MIA Control group, (c) MIA + AyuFlex® 25 mg/kg, (d) MIA + AyuFlex®

50 mg/kg, (e) MIA +AyuFlex® 100 mg/kg, and (f) MIA + Ibuprofen 20 mg/kg. The results are expressed
as the mean ± SEM (n = 5/group). A, AyuFlex®; I, Ibuprofen. Scale bar = 300 μm. * p < 0.05 and
** p < 0.01 in comparison with the MIA-stimulated control group; ## p < 0.01, in comparison with the
non-MIA induced control group.

3.11. AyuFlex® Decreased the Production of MMP-2, -3, and -13 in Arthrodial Cartilage

To identify the effects of AyuFlex® on MMPs in the cartilage tissues of OA incurred rats, the protein
levels of MMP-2, -3, and -13 were evaluated. As shown in Figure 9, the injection of MIA considerably
upregulated MMP-2, -3, and -13 expression than the normal control group. The protein expression
of MMP-2, -3, and -13 was significantly reduced with AyuFlex® and ibuprofen treatment compared
with the MIA treatment (control group). When compared with the MIA-injected group, the 25 mg/kg
AyuFlex®-treated group reduced the expression levels of MMP-2, -3, and -13, by 0.1%, 14%, and 36%,
respectively. Treatment with 50 mg/kg AyuFlex® substantially decreased (p < 0.01, for all conditions)
the expression of MMP-2, -3, and -13, by 32%, 32%, and 48%, respectively, with respect to the expression
levels in the MIA-treated group. The 100 mg/kg AyuFlex® evidently downregulated (p < 0.01, for all
conditions) the MMP-2, -3, and -13 expression levels to 24%, 33%, and 52%, respectively, of those
observed in the MIA-treated group (Figure 9).
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Figure 9. AyuFlex® decreased the production of MMP-2, -3, and -13 in arthrodial cartilage.
The expression of MMP-2 (62, 72 kDa), MMP-3 (54 kDa), and MMP-13 (54 kDa) was determined by
western blotting. Protein bands were quantified using ImageJ. As the control for normalization, β-actin
was utilized. The results are expressed as the mean ± SEM of independent experiments (n = 3/group).
A, AyuFlex®; I, Ibuprofen. ** p < 0.01, in comparison with the MIA-induced control group; ## p < 0.01,
in comparison with the non-MIA induced control group.

Figure 10. AyuFlex® treatment attenuated the degradation of collagen synthesis-involved proteins
in arthrodial cartilage. The expression of SOX9 (65 kDa), aggrecan (110 kDa), COL1A1 (220 kDa),
and COL2A1 (190 kDa) was determined by western blotting. Protein bands were quantified utilizing
ImageJ. As the control for normalization, β-actin was utilized. The results are expressed as the
mean ± SEM of independent experiments (n = 3/group). A, AyuFlex®; I, Ibuprofen. * p < 0.05 and
** p < 0.01, in comparison with the MIA-induced control group; ## p < 0.01, in comparison with the
non-MIA induced control group.

3.12. AyuFlex® Treatment Attenuated the Degradation of Collagen Synthesis-Involved Proteins in
Arthrodial Cartilage

To investigate the impacts of AyuFlex® on the expression of collagen synthesis-involved proteins
in cartilage tissues of OA induced rats, the protein levels of SOX9, aggrecan, COL1A1, and COL2A1
were evaluated. As shown in Figure 10, injection of MIA considerably diminished SOX9, aggrecan,
COL1A1, and COL2A1 expression compared with that in the normal control group. When it was
compared with the MIA-injected group, the 25 mg/kg AyuFlex®-treated group upregulated the
expression levels of SOX9, aggrecan, COL1A1, and COL2A1 by 1.3-fold, 1.3-fold, 3.0-fold, and 1.1-fold,
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respectively. Treatment with 50 mg/kg AyuFlex® considerably upregulated (p < 0.01, for all conditions)
the expression of SOX9, aggrecan, COL1A1, and COL2A1 by 1.8-fold, 8.0-fold, 3.6-fold, and 1.9-fold,
respectively, with respect to the expression levels in the MIA-treated group. The 100 mg/kg AyuFlex®

significantly increased (p < 0.01, for all conditions) the SOX9, aggrecan, COL1A1, and COL2A1
expression levels to 1.7-fold, 8.0-fold, 4.2-fold, and 1.9-fold, respectively, of those observed in the
MIA-treated group (Figure 10).

4. Discussion

OA is one of the most general chronic degenerative joint illnesses in the population of old people,
which is featured by the destruction of the arthrodial cartilage. Over time, the subchondral bone
thickness and various inflammatory mediators are produced in the synovial membrane [36,37]. For this
reason, steroids and non-steroidal anti-inflammatory medications are mainly utilized to alleviate the
progression of arthritis. However, these anti-inflammatory drugs alleviate only joint pain and swelling
and have side effects when administered for a long time. Therefore, there is a need for efficacious and
safe medication that not only alleviates the symptoms of OA, but also delays the progression of the
disease [38].

The fruit of T. chebula has been utilized widely in a variety of traditional oriental medicine
for the therapy of different diseases. It exhibits significant bioactive effects such as antioxidant and
anti-inflammatory activities [18–29]. In many studies, T. chebula has been revealed to exhibit antioxidant
effects by inhibiting ROS and NO production [21–24]. Therefore, we investigated the anti-osteoarthritic
effects of a standardized aqueous extract of the T. chebula fruit (AyuFlex®) in IL-1β-treated chondrocytes
and in a rat model of MIA-incurred OA.

IL-1β, one of the most crucial inflammatory cytokines, is mainly utilized for OA research.
Chondrocytes stimulated by IL-1β provoke 5-LOX and iNOS, producing large amounts of LTB4 and
NO [39]. iNOS is a major nitric oxide synthase (NOS) enzyme and is responsible for synthesizing NO [40].
In addition, 5-LOX induces LTB4, which upregulates the induction and secretion of pro-inflammatory
cytokines such as IL-6 from the synovial membranes. The accumulated NO and LTB4 can stimulate cells
to synthesize and release MMPs that inhibit the production of type I and II collagen, eventually leading
to cartilage degradation [41–45]. Therefore, this inflammatory factor affects both bone absorption and
joint pain. In this study, we showed that AyuFlex® downregulated iNOS and 5-LOX expression in
chondrocytes stimulated by IL-1β. Furthermore, it was confirmed that AyuFlex® also inhibited LTB4

and IL-6 expression. These findings demonstrate that AyuFlex® inhibited LTB4 and IL-6 production,
and these results may be connected with the regulation of iNOS and 5-LOX expression, thereby
reducing the progression of OA.

Moreover, recent studies have explained that IL-1β remarkably upregulated the synthesis of
cartilage matrix-degrading enzymes, for example, MMPs. MMPs have been considered one of the
major enzymes that breakdown aggrecan and collagen in cartilage. Several studies have demonstrated
that the appearance of MMPs is upregulated in cartilage tissues of OA patients. MMPs are enzymes
that mediate the diverse role in tissue remodeling such as conversion, degradation, and destruction of
the ECM [46–49]. Therefore, drugs that can suppress MMP expression can be used for the treatment
of arthritis. Interestingly, our study showed that AyuFlex® prevents IL-1β-induced MMP-2, -3,
and -13 expression at the protein level in chondrocytes. Collagens and proteoglycans are the essential
constituent of the ECM. Most of the collagen in arthrodial cartilage is type I and II collagen, which
offers the tensile strength in tissue [50,51]. The main proteoglycan in arthrodial cartilage is aggrecan,
which offers structural support by keep moisture in the matrix. SOX9 is an indispensable transcription
factor for controlling the appearance of many cartilage ECM genes such as COL1A1 and COL2A1 [52].
Aggrecan and collagens I and II are synthesized and secreted by chondrocytes to prevent mechanical
destruction under normal circumstances. When cartilage destruction occurs, aggrecan and collagens
I and II undergo significant breakdown due to increased production of proteases. These conditions
promote the progression of OA [53]. Meanwhile, proteins related to matrix synthesis including
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aggrecan, SOX9, and collagens I and II were markedly inhibited by IL-1β. The results of the current
study show that AyuFlex® can inhibit the reduction of aggrecan, SOX9, and the collagen I and II levels
in IL-1β-stimulated chondrocytes. These results indicate that AyuFlex® suppresses MMPs due to
downregulation of oxidative stress and inflammation development by IL-1β.

MAPK and NF-κB are two major mechanisms in the onset of OA. Activated MAPK elevated
MMPs, and this mechanism is associated with cartilage destruction. The transcription factor NF-κB
triggers a variety inflammatory reaction in OA. Previous studies have also shown that NF-κB is
an crucial regulatory factor in the production of iNOS expression in chondrocytes [13–16]. As this
signaling pathway is closely related to OA, it is recognized as a promising target in OA. Many recent
studies have revealed that substances such as resveratrol and curcumin are activated as intracellular
signaling molecules during anti-inflammatory action through these various signaling pathways [54–57].
Therefore, the mechanisms of NF-κB and MAPK are very important in inhibiting OA progress and
we evaluated the efficacy of AyuFlex® in NF-κB and MAPK mechanisms based on these studies.
In our study, IL-1β conspicuously demoted the phosphorylation of ERK and NF-κB p65. In contrast,
this process could be reversed by AyuFlex® without affecting the total protein expression.

Taken together, AyuFlex® showed antioxidant, anti-inflammatory, and anti-degenerative effects
in OA in an in vitro model. However, in vitro studies are not sufficient to prove the therapeutic effect
of AyuFlex® on OA. Therefore, we confirmed the effects of AyuFlex® in protection against cartilage
destruction in a rat model with MIA-incurred OA.

MIA is known to inhibit glycolytic signaling in cells by obstructing with glyceraldehyde-
3-phosphatase activity and causes inflammation along with cartilage degeneration. Inflammatory
stimulation triggers the release of cytokine and its complex biochemical interaction with other mediators,
leading to OA and promoting illness symptoms, for example, pain, swelling, and stiffness [58–61].
MIA-incurred OA is an established model to affirm the anti-osteoarthritic effectiveness of candidate
therapeutic agents on OA pathology. Therefore, a rat model with MIA-induced OA has been used in
many studies associated with OA.

Weight bearing distribution is utilized for pain measurement and as an index of joint discomfort.
MIA injections reduce it in the affected limb, indicating joint pain [62,63]. In this study, it was found
that treatment with AyuFlex® and ibuprofen considerably upregulated the weight bearing distribution,
indicating symptoms of pain relief. In addition, after inducing MIA, general OA symptoms such
as swelling and limping in the knee joint were confirmed. In our present study, we discovered
that AyuFlex® and ibuprofen treatment protected against OA symptoms in rats with MIA-incurred
OA. These results indicate that the administration of AyuFlex® and ibuprofen showed a marked
improvement in OA symptoms and pain-related behavior.

Exacerbation of OA symptoms is accompanied by pain and joint destruction, which is related to
the expression of inflammatory cytokines [64]. Therefore, we confirmed the expression of iNOS, 5-LOX,
LTB4, and IL-6 proteins in cartilage tissues in rats with MIA-incurred OA to affirm the antioxidant
and anti-inflammatory effects of AyuFlex®. In our study, we confirmed that AyuFlex® treatment
reduced the MIA-triggered increase in cytokine levels, and these results indicate that AyuFlex® may
reduce the inflammatory response, and then the mediators can decrease cartilage damage. Therefore,
based on the in vitro and in vivo studies, the use of AyuFlex® can provide anti-inflammatory effects in
OA treatment.

Additionally, cartilage and proteoglycan damage were confirmed in rats with MIA-incurred
OA through H&E and Safranin-O staining of the arthrodial cartilage. AyuFlex® treatment markedly
inhibited MIA-induced synovial membrane damage and cartilage destruction. Moreover, it was
confirmed that the expression of MMP proteins such as MMP-2, -3, and -13 was increased by MIA in
cartilage tissue, whereas AyuFlex® treatment reduced MMP expression. These results indicate that
AyuFlex® suppresses MMPs due to downregulation of oxidative stress and inflammation development
by MIA. Therefore, based on in vitro and in vivo studies, it is suggested that the use of AyuFlex®

could inhibit the decomposition of cartilage by inhibiting MMPs in OA treatment. Arthrodial cartilage
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damage occurs because the main component of the extracellular matrix, proteoglycan, is degraded
by the MMPs. In the present study, we observed collagen synthesis-related proteins in the arthrodial
cartilage. We also confirmed that AyuFlex® reduced cartilage destruction through an increase in SOX9,
aggrecan, and collagen I and II levels in arthrodial cartilage. Furthermore, based on in vitro and in vivo
studies, AyuFlex® revealed collagen preserving properties shown by the significantly suppressed
MMPs and upregulated collagen synthesis-related proteins.

Therefore, in our research, AyuFlex® showed anti-osteoarthritic effects through the suppression
of NF-κB and MAPK mechanisms, which contribute to a further understanding of the effectiveness
of AyuFlex® on OA treatment. In addition, if there are additional studies such as in vivo studies of
MIA-induced rat models for ellagic acid, an indicator component of AyuFlex®, we believe that the
efficacy of AyuFlex® in the treatment of OA could be further demonstrated.

5. Conclusions

We report here for the first time that AyuFlex® inhibits oxidative stress, inflammation, and cartilage
degradation and improves cartilage regeneration through suppressing the phosphorylation of the
ERK and NF-κB p65 signaling pathways triggered by IL-1β in human chondrocytes. Moreover,
we discovered the anti-osteoarthritic effects of AyuFlex® in rats with MIA-incurred OA by reducing the
levels of oxidative stress, pro-inflammatory mediators, and pro-inflammatory cytokines. Additionally,
AyuFlex® decreased the expression of MMPs and suppressed the destruction of synovial membrane
and arthrodial cartilage, thereby suppressing the progression of OA. Furthermore, AyuFlex® revealed
collagen preserving properties as shown by the significantly upregulated collagen synthesis-related
proteins. These results from the in vitro and in vivo studies demonstrated that the biochemical actions
of AyuFlex® relieve pain by reducing oxidative stress, inflammation, and cartilage breakdown in
arthritis. These results from our study suggest that AyuFlex® could be used as a safe and effective
herbal formulation in the treatment of OA among the natural products.
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Abstract: Liensinine is a bisbenzylisoquinoline alkaloid found in various parts of the lotus (Nelumbo nu-
cifera Gaertn.) including seeds. In this study, we explored the preventive activity of liensinine on
vascular inflammation via attenuation of inflammatory mediators in macrophage and targeting
the proliferation and migration of human vascular smooth muscle cells (VSMC). Anti-oxidative
activity was evaluated by using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical scaveng-
ing assay method and measuring the peroxidation of serum lipid. Inflammatory markers were
studied by evaluating the release of nitric oxide (NO) and the protein levels of inducible nitric
oxide synthase (iNOS) and cyclooxygenase (COX-2) in macrophage cells (RAW264.7) and inter-
leukin (IL)-6 production in VSMC. Similarly, anti-proliferative activity in VSMC was evaluated by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The enzymatic activity of
matrix metalloproteinase (MMP)-9 in VSMC was evaluated by gelatin zymography. Liensinine pos-
sesses significant anti-oxidative activity as revealed by the DPPH assay and inhibition of serum
lipid peroxidation. Likewise, liensinine decreased NO generation in RAW 264.7 cells. In VSMC,
liensinine suppressed platelet-derived growth factor stimulated proliferation and tumor necrosis
factor-α (TNF-α) induced MMP-9 enzymatic activity as well as IL-6 expression. Our results revealed
the potential preventive effect of liensinine on vascular inflammation, suggesting it as a promising
compound for the prevention of vascular inflammation.

Keywords: vascular inflammation; liensinine; VSMC; macrophage; proliferation; migration

1. Introduction

Atherosclerosis is defined as a chronic vascular inflammatory disorder that progresses
with the lipid oxidation due to hypercholesteremia, diabetes mellitus, hypertension and
various other disorders [1]. Oxidized lipids induce the secretion of various cytokines and
recruit macrophages and T-lymphocytes at the site of a lesion [2]. Further, accelerated vas-
cular smooth muscle cell (VSMC) migration and proliferation contribute to atherosclerotic
plaque development [3,4]. It is also stimulated by oxidative stress, which produces different
inflammatory cytokines; tumor necrosis factor-A(TNF-A), interleukin-6 (IL-6) and growth
factor such as platelet-derived growth factor-BB (PDGF-BB). According to the previous
study, treatment of IL-6 to C57Bl/6 mice increased fatty streak cores by approximately
five times as revealed by oil red o staining of aortic sinus serial section, and increased the
release of inflammatory cytokine, IL-1β and TNF-Ain the plasma [5]. Moreover, TNF-Aand
PDGF-BB are already reported to stimulate the migration of human aortic VSMC from
media to the intima of blood vessels [6]. These migrated cells are extensively proliferated
under the influence of inducing agents like PDGF, TNF-Aand lipopolysaccharide (LPS) in
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the intimal layer of arteries forming atheroma [7–9]. Mitogen-activated protein kinases
(MAPKs), a family of serine-threonine kinases, regulate cell adhesion, migration and prolif-
eration on human aortic VSMC in response to external stimuli including TNF-A [10] and
PDGF-BB [11,12]. The role of matrix metalloproteinase (MMP) is well known due to their
function for disrupting matrices composed of gelatin or elastin, which could permit human
aortic VSMC migration by destroying the elastic lamina present between the intima and
media [13,14]. Vascular inflammation is a result of toxic insult by the mediators released by
the macrophage. Initially, monocytes normally circulating in the blood vessel are migrated
to tunica media due to endothelial dysfunction. At this site, they engulf the oxidized low-
density lipoprotein (ox-LDL) and become activated after changing the morphology from
macrophage to foam cell, as recognized by the accumulation of fatty streaks on lipid laden
molecules [15,16]. Activated macrophages release inflammatory mediators like nitric oxide
(NO) via the inducible nitric oxidase pathway, and prostaglandins via cyclooxygenase
pathway. Collectively, these endogenous inflammatory agents trigger the formation of a
necrotic core at the site of an atherosclerosis lesion [17,18].

Liensinine is a bisbenzylisoquinoline alkaloid found in various part of the lotus
(Nelumbo nucifera Gaertn.) including seeds (Figure 1). Liensinine and other bisbenzyliso-
quinoline alkaloids present in lotuses are reported as potent anticancer, anti-inflammatory,
antioxidant, cardiovascular protective and neuroprotective agents [19–21]. Traditionally,
the seed embryo of the lotus has been used as medicine in China for cardiovascular diseases,
nervous disorders and sleeplessness [22]. Previously, we reported the anti-atherosclerotic
activity of Nelumbo nucifera leaf extract and its alkaloid rich fraction through inhibition of
neointimal hyperplasia in rats and inhibiting VCMC proliferation and migration [12,23].
In the current study, we aim to determine the similarly beneficial activity of the liensinine
against vascular inflammation through anti-inflammatory, anti-proliferative, anti-migratory
and anti-oxidative activities.

Figure 1. The flower and seeds of Nelumbo nucifera and the chemical structure of liensinine.

2. Materials and Methods

2.1. Reagents

Liensinine (Cas number: 2586-96-1) was purchased from Sigma Aldrich. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and lipopolysaccharide
(LPS) were obtained from Sigma Aldrich (St Louis, MO, USA). PDGF-BB and TNF-α were
purchased from R & D systems (Minneapolis, MN, USA). All remaining common laboratory
chemical reagents or solvents were purchased from Sigma-Aldrich, South Korea.

2.2. Cell Culture

VSMC from human aorta obtained from ATCC, USA and RAW264.7 cells purchased
from Korean cell line bank (Seoul, Korea) were cultured in complete cell culture media
with Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal bovine serum (FBS), and 1%
antibiotics (penicillin + streptomycin) in a standard cell incubator with 5% CO2. The cells
were incubated in media with 0.1% FBS for 24 h to allow them to synchronize at G0 phase
for each assay. Liensinine was solubilized in dimethyl sulfoxide (DMSO) and diluted in a
serum-free medium for treatment of cells. The final % of DMSO while treating cells were
below 0.1%.
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2.3. DPPH Assay and Thiobarbituric Acid Reactive Substance (TBARS) Assay for Lipid
Peroxidation Assay

The anti-oxidant activity of liensinine was evaluated using a DPPH free radical scav-
enging assay and measurement of serum lipid peroxidation was carried out using TBARS
assay following the methods as described previously [11].

2.4. Proliferation Assay

PDGF-BB was used as a proliferation inducer in VSMC and % proliferation was mea-
sured by MTT colorimetric assay as described previously [24]. VSMC were treated with
liensinine 1 h before PDGF-BB and incubated for 24 h to allow proliferation. Freshly pre-
pared MTT in phosphate buffer saline was added and incubated for an additional 4 h.
The purple color formazan developed due to the reduction of MTT by viable VSMC were
dissolved with DMSO. Then, a colorimetric reading was taken by measuring absorbance at
540 nm with a microplate reader. The anti-proliferative effect of liensinine was evaluated
by comparison with the control group (treated with PDGF-BB) as 100%.

2.5. Gelatin Zymography

Gelatin zymography was carried out to examine the enzymatic activity of MMP-9 as
described previously [14]. Briefly, VSMC were seeded in 60 mm petri plates at the density of
1 × 106 cells. Liensinine was added at a predetermined concentration for 1 h and cells were
treated with TNF-α (100 ng/mL) for the next 24 h. The supernatant cell culture media was
collected and 30 μg of protein equivalent was used for electrophoresis in 10% SDS-PAGE
with 0.25% gelatin. Next, the gels were incubated in renaturating buffer (2.5% Triton X-100)
for half-an-hour and incubated again in developing buffer at 37 ◦C for 16–24 h. In order
to visualize the bands of MMP2 and MMP-9, gels were stained with 0.05% Coomassie
Brilliant Blue followed by incubation in destaining buffer. Photographs of the gel were
taken to observe the proteolysis of gelatin by MMP-2 and MMP-9.

2.6. Determination of IL-6 Release in TNF-α Stimulated VSMC

VSMC was pretreated with 1–30 μM of liensinine for 1 h and further treated with TNF-
α for the next 24 h. The level of IL-6 released by cells was measured in culture supernatant
using an ELISA kit of IL-6, according to manufacturer’s protocol.

2.7. Cell Viability/Cytotoxicity Assay, NO Release and Immunoblot of iNOS, and COX-2 Protein
Expression in RAW264.7 Cells

RAW264.7 cell viability or cytotoxicity assay was carried out using the MTT col-
orimetric assay as described in Section 2.4 (without any stimulant). The NO levels in
RAW264.7 cells were evaluated as mentioned previously [25]. Briefly, the cells were treated
with 1–20 μM of liensinine for 1 h, then induced with LPS at 1 μg/mL for the next 24 h.
The level of NO in culture supernatant was measured by mixing a 1:1 ratio (100 μL) of
supernatant: Griess reagent. The colored product was measured calorimetrically by read-
ing absorbance at 540 nm. For protein expression of iNOS and COX-2 in RAW 264.7 cells,
immunoblotting was carried out [26].

2.8. Statistical Analysis

Data analysis and graphs were prepared using SigmaPlot or Microsoft Excel. The data
are represented as mean ± standard error mean. Multiple groups were compared using
one-way analysis of variance (ANOVA) and Duncan’s post-hoc test. p-values of < 0.05 were
considered as statistically significant.

3. Results

3.1. Liensinine Scavenges DPPH Free Radicals and Inhibits Serum Lipid Peroxidation

Liensinine showed concentration-dependent DPPH free radical scavenging activity
as displayed in Figure 2a. The inhibitory concentration 50 (IC50) of liensinine was found
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to be 1.8 μg/mL. Figure 2b shows the measurement of serum lipid peroxidation. Liensi-
nine at concentrations of 30 and 40 μg/mL showed remarkable reduction of serum lipid
peroxidation in terms of TBARS value.

Figure 2. The antioxidant potency of liensinine. (a) 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical scavenging activity
(IC50 = 1.8 μg/mL and r2 = 0.94) (b) Serum lipid peroxidation inhibitory activity. N represents the normal group (without
copper sulphate). a p < 0.05 and b p < 0.01 vs. C (the control group; presence of copper sulfate only). n = 3 replicates.

3.2. Liensinine Inhibits VSMC Proliferation

PDGF-BB is a potent growth factor over-expressed in human coronary arteries during
atherosclerosis and restenosis [27]. Figure 3 shows the potent anti-proliferative activity of
liensinine against PDGF-BB stimulated VSMC proliferation. Liensinine, at a concentrations
of 20 and 30 μg/mL notably decreased the % cell proliferation to 67.16% and 47.02%,
respectively, vs. 100% of control (PDGF-BB only).

μ

Figure 3. The effect of liensinine on platelet-derived growth factor-BB (PDGF-BB) induced pro-
liferation of human vascular smooth muscle cells (VSMC). VSMC were pretreated with different
concentration of liensinine for 1 h followed by stimulation with 20 ng/mL of PDGF-BB for 24 h.
The effect on proliferation of VSMC was evaluated by MTT assay. a p < 0.05 and b p < 0.01 vs.
Control (only PDGF). n = 3 replicates.

3.3. Liensinine Inhibits MMP-9 Enzymatic Action

The degradation of the extracellular matrix by enzymatic action of MMPs (stimu-
lated by various mitogens) is responsible for VSMC migration. TNF-α is one such mi-
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togen/activator that stimulates MMP-9 enzyme activity in VSMCs [28]. The effect of
liensinine on the MMP-9 proteolytic degradation of gelatin in VSMCs is displayed in
Figure 4. The MMP-9 band was drastically increased by TNF-α (compared to without
TNF-α) and decreased concentration dependently by liensinine (compared to TNF-α).

 
Figure 4. The effect of liensinine on matrix metalloproteinase (MMPs) secretion in TNF-α stimulated VSMC. VSMC were
pretreated with different concentrations of liensinine and stimulated with TNF-α. The effect of liensinine on MMPs
proteolytic/enzymatic activity was observed by gelatin zymography. The photographs of the gel were taken after Coomassie
Brilliant Blue staining. n = 3 replicates.

3.4. Liensinine Inhibits IL-6 in VSMC

As shown in Figure 5, TNF-α significantly increased the IL-6 production in VSMC by
3-fold compared to the control (without TNF-α) while liensinine at a concentration of 10,
20, 30 μg/mL significantly inhibited the IL-6 release.

α 
μ

Figure 5. The effect of liensinine in IL-6 release in TNF-α stimulated VSMC. VSMC were pretreated
with different concentrations of liensinine and stimulated with TNF-α. The effect of liensinine on
IL-6 release was measured by IL-6 ELISA Kit. Liensinine concentration-dependently inhibited the
IL-6 release in VSMC. a p < 0.05 and b p < 0.01 vs. Control (only TNF-α). n = 3 replicates.

3.5. Liensinine Suppresses NO Production and Inhibit Protein Expression of iNOS and COX-2
in RAW264.7

First, we checked the cytotoxicity of various concentrations of liensinine in RAW264.7 cells.
Liensinine up to 20 μM did not exert any significant decrease in RAW264.7 cell viabil-
ity (Figure 6a). The 24 h treatment of cells with LPS increased the production of NO
(95.2 ± 9.8 μM) by approximately 3-fold compared to those without LPS treatment. Liensi-
nine showed inhibition of NO release in a concentration-dependent manner (Figure 6b).
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Consistent with NO production, there was an overexpression of iNOS (Figure 6c,d) and
COX-2 (Figure 6c,e) proteins after LPS treatment, while liensinine (5–20 μM) treatment
resulted in a notable reduction in protein expression.

Figure 6. The effects of liensinine on cell viability, nitric oxide (NO) release, and protein expression of iNOS and COX-2.
(a) Cytotoxicity/cell viability was done by MTT colorimetric assay. (b) The effect of liensinine on NO release was determined
by Griess reagent assay. (c) The expression of the inflammatory proteins iNOS and COX-2 was done by immunoblot. β-actin
was used as housekeeping/reference control to calculate relative fold change. (d) The fold change of iNOS. (e) The fold
change of COX-2. a p < 0.05 and b p < 0.01 vs. Control (only LPS). n = 3 replicates.
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4. Discussion

In our study, we have shown that liensinine inhibits the key features of vascular in-
flammation mediated by altered VSMC function due to PDGF and TNF-α, and macrophage
function by LPS (Figure 7). During vascular inflammation, toxic insults to the blood vessel
wall are mediated by oxidative stress, lipid peroxidation, and inflammation mediators
released by VSMC and activated macrophage facilitates atherosclerosis progression [29,30].
Under stressful conditions, our bodies generate free radicals such as superoxide anion,
which in turn convert NO to peroxynitrite. Peroxynitrite facilitates the oxidative modifica-
tion of cholesterol to produce enormous quantities of lipid peroxidation byproducts [18].
Blood/serum lipids such as low-density lipoprotein (LDL) are involved in the progres-
sion/pathogenesis of numerous diseases including atherosclerosis. Oxidized-LDL up-
regulates the scavenger receptors on macrophages followed by the increased engulfment
of ox-LDL and conversion of macrophages to foam cells characterized by accumulation
of fatty streaks [31,32]. Therefore, pharmacological intervention inhibiting serum lipid
peroxidation can slow down the process of vascular inflammation. We have previously
shown that alkaloid rich fractions of Nelumbo nucifera possess strong antioxidant activity
and suppress restenosis in a rat model [12]. As liensinine is one of the major alkaloids
presents in Nelumbo nucifera, we sought to investigate if an antioxidant effect is exerted by
liensinine. In our antioxidant activity assay, liensinine showed potent activity as revealed
by scavenging the DPPH free radical with IC50 of 1.8 μg/mL (Figure 2a) and significantly
inhibiting serum lipid peroxidation with 30 and 40 μg/mL concentrations of liensinine
(Figure 2b). The DPPH antioxidant activity of liensinine was even better than another
major alkaloid, neferine, with IC50 of 10.665 μg/mL (17.01 μM) [33].

 

Figure 7. The mechanism of action of liensinine to inhibit vascular inflammation: During the progression of vascular inflam-
mation, low density lipoprotein (LDL) is oxidized to ox-LDL by free radicals and these ox-LDL are engulfed/phagocytized
by macrophages. The macrophage converts its phenotype to activated foam cells distinguished by the accumulation of fatty
streaks of ox-LDL. These activated macrophages release numbers of inflammation mediators such as nitric oxide (NO), TNF-
α, inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX-2). Similarly, the intact vascular smooth cells (VSMC)
in the tunica media are activated by cytokines such as TNF-α and growth factor such as PDGF. VSMCs release cytokines
such as IL-6 and initiate proliferation mediated by PDGF and migration mediated by matrix metalloproteinase-9 (MMP-9)
enzymatic activity at the site of a lesion. Collectively, this process leads to vascular inflammation flowed by atherosclerosis.
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In physiological systems, atherogenesis is initiated in major arteries after endothelial
dysfunction triggered by oxidative stress, leading to significant changes in the perme-
ability of the vascular intimal layer and resulting in transportation of ox-LDL to the
vascular inner layer [34]. After endothelial cells are activated by atherogenic risk factors
such as ox-LDL, they overexpress cell adhesion molecules such as intercellular adhesion
molecules and vascular cell adhesion molecules to attract circulating cells including mono-
cytes and leukocytes. The transported ox-LDL are engulfed by scavenger receptors of
macrophages/monocytes [35]. Macrophages are activated after phagocytosis of ox-LDL
and in turn overexpress iNOS and COX-2 [17,36]. It is well established that high iNOS level
corresponds with a massive release of NO from macrophages and subsequent inflamma-
tory response [37]. Similarly, LDL also stimulates the production of various prostaglandins
through the COX-2 pathway, and these prostaglandins are known to be mitogenic, simulat-
ing cell proliferation [38]. Our results showed promising activity of liensinine to suppress
NO release from LPS-induced RAW264.7. The 25% reduction of NO by liensinine at a con-
centration of 20 μg/mL (Figure 6b) was comparable to 20 μM of neferine [33]. Furthermore,
liensinine also notably decreased the protein expression of COX-2 and iNOS. The trend of
iNOS and COX-2 inhibition shown by liensinine was similar to that shown by glucosamine
(a commercially available anti-inflammatory drug) at a concentration of 2.5 to 10 mM in
LPS-induced RAW264.7 cells [39].

IL-6 is a well characterized inflammatory mediator and it is released by VSMC after the in-
duction of potent stimulants such as TNF-α [40] and angiotensin II [41]. IL-6 is crucial in vascular
remodelling and it, along with ox-LDL, is a potential prognostic marker in predicting cerebral vas-
cular and cardiovascular disorders [42]. In our ELISA result (Figure 5), liensinine suppressed
the TNF-α induced IL-6 level in VSMC by approximately 50% at 30 μg/mL concentration.
During atherosclerosis, the vascular lumen is narrowed by a fibrous cap composed of
(among many other things) VSMC and extracellular matrix. Various growth factors and cy-
tokines produced by endothelial cells and inflammatory cells contribute to the proliferation
and migration of VSMC leading to fibrous cap formation [29,43,44]. Cytokines like PDGF
can induce proliferation of VSMC to a significantly high level, whereas TNF-α is known to
stimulate the migration of VSMC from tunica media to the site of a lesion by increasing
MMP-9 expression. MMP-9 is a key gelatinolytic enzyme responsible for the degradation
of the elastic lamina barrier of the extra cellular matrix [45,46]. In our previous publications,
we have shown that PDGF and TNF-α promote the proliferation and MMP-9-dependent
migration of VSMC [11,12,14]. In our result, liensinine inhibited the PDGF-BB induced pro-
liferation/growth of VSMC, revealing its potent anti-proliferating activity. At a 30 μg/mL
concentration of liensinine, the proliferation of VSMC was almost completely inhibited to
the level of the control (without PDGF) (Figure 3). The potent anti-proliferative activity of
liensinine at a concentration of 30 μg/mL is comparable to 50 μM of epigallocatechin-
3-O-gallate [47] and 20mM of carnosine [48]. Likewise, liensinine at a concentration
of 10, 20 and 30 μg/mL significantly attenuated the expression of MMP-9 induced by
TNF-α (Figure 4). We speculate that the notable inhibition of MMP-9 enzymatic activity by
Nelumbo nucifera leaf extract in our previous study, at a concentration of 250 μg/mL, was in
part exerted by liensinine [23]. Taken together, our results provide the mechanistic pathway
to attenuate the progression of atherogenesis via controlling vascular inflammation by
liensinine possibly by targeting VSMC proliferation, MMP-9 expression and inflammatory
mediators released by macrophages (Figure 7).

5. Conclusions

Our results showed that liensinine can effectively prevent the progression of atheroscle-
rosis by modulating the mediators of vascular inflammation via inhibiting the migration
and proliferation of VSMC as well as attenuating the release of inflammatory mediators
from RAW264.7. Our research is limited to an in vitro experiment, therefore further re-
search is necessary to explore the protective role of liensinine in the pathophysiology of
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atherosclerosis. It would be worth conducting an in vivo study in a pre-clinical animal
model of atherosclerosis and exploring the promising activity of liensinine.
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Abstract: Methicillin-resistant Staphylococcus aureus (MRSA) infection is detrimental to hospitalized
patients. With diminishing choices of antibiotics and the worry about resistance to colistin in syner-
gistic combined therapy, there are suggestions for the use of herbal derivatives. This investigation
evaluated the synergistic effects of Nigella sativa (NS) in combination with beta-lactam (β-lactam)
antibiotics on extreme drug-resistant (XDR) MRSA isolates. NS concentrations of 10, 7.5, 5.0, 2.5,
1.0, and 0.1 μg/mL, alone and in combination with β-lactam antibiotics, were used to determine
the antimicrobial susceptibility of MRSA isolates by the well diffusion method. Time–kill assays
were performed using a spectrophotometer, with time–kill curves plotted and synergism ascertained
by the fractional inhibitory concentration (FIC). Scanning and transmission electron microscopy
were used to gain insight into the mechanism of action of treated groups. Isolates were inhibited by
the NS concentrations, with differences in the zones of inhibition being statistically insignificant at
p < 0.05. There were statistically significant differences in the time–kill assay for the MRSA isolates.
In addition, NS combined with augmentin showed better killing than oxacillin and cefuroxime.
The mechanism of action shown by the SEM and TEM results revealed cell wall disruption, which
probably created interference that led to bacterial lysis.

Keywords: Nigella sativa; methicillin-resistant; Staphylococcus aureus; synergism; beta-lactam;
antibiotics

1. Introduction

The ongoing healthcare problems attributed to multidrug-resistant (MDR) bacterial in-
fections that are difficult to treat continue to plague healthcare systems globally. Methicillin-
resistant Staphylococcus aureus (MRSA), one bacterium causing such an infection, remains
a pathogen in various regions of the world [1]. Like all MDR bacterial infections, MRSA-
linked infections can be associated with extended patient hospitalization, high morbidity,
and mortality, especially in immunocompromised patients [1–3]. β-lactam antibiotics were
the preferred drugs for the treatment of infections resulting from methicillin-resistant
S. aureus. Vancomycin, a glycopeptide, still serves as the drug of choice in the treatment
of MDR S. aureus infections. However, the bacterium has developed resistance to the
β-lactams as well as vancomycin [4,5]. Thus, there is a decrease in the number of exoge-
nous antibiotics for treating drug-resistant infections [3]. With a diminishing number of
antimicrobials of choice, researchers have called for rationalization on the use of available
antibiotics. This is intended to help reduce the rate at which MDR and pan-resistant bacte-
rial superbugs are evolving to prevent the world from being taken back to the pre-antibiotic
era [6,7]. Other suggestions are to look into alternatives to antimicrobial treatment due to
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bacterial resistance to systemic monotherapy that has overtaken the rate of production of
new antibiotics [8]. One such alternative is the use of a combination of antibiotics [9]. It is
postulated that such combined therapeutic measures could lead to successful management
of patients with extreme drug-resistant (XDR) bacterial infections [10–12]. However, the
double and triple combined antibiotic therapies suggested by the researchers were all
colistin-based [13]. Presently, colistin is a last-line therapeutic option in the treatment of
difficult bacterial infections. Besides the toxicity of the drug, there is a growing resistance
to this last-line drug, as reported globally [14–17]. These reports necessitate the contin-
ued search for alternative antibiotic combinations that will exclude colistin in combined
therapeutic measures [18]. There are also suggestions that such antibiotic synergistic combi-
nations might not necessarily be the optimal options because it is thought that, as treatment
progresses, there will be diminishing strength in antibiotic synergism [19]. However, as
the problem of difficult-to-treat bacterial superbugs persists, the attention of researchers
is currently focused on the use of herbal derivatives with antimicrobial properties, with
suggestions that such plants could be synergistic enhancers [20,21]. It is thought that such
combined therapy can help with expanding the spectrum of antibiotics as well as being
less toxic while preventing the emergence of resistant bacteria strains [22].

Due to the expected significant advantages associated with phytotherapy, several
researchers are now looking into the effectiveness of combinations of conventional an-
timicrobials and plant derivatives with antimicrobial properties [22–24]. This is expected
to provide less toxic antimicrobial herbal alternatives that could be used as combined
therapies in the treatment of XDR bacterial infections. One such plant reported by re-
searchers in different regions of the world due to its impressive antimicrobial properties is
Nigella sativa (NS), or black cumin [25–27]. In our previous study, we combined N. sativa
with chloroquine in the treatment of malaria induced in mice with Plasmodium berghei [28].
The obtained results showed significant parasite clearance over a significant period, indicat-
ing that NS potentiated the effect of chloroquine when compared with chloroquine alone.
Middle Eastern and Far Eastern countries have used Nigella sativa oil as a natural remedy
or as a condiment/spice in food and food products from ancient times. As documented
earlier, there is abundant evidence that Nigella sativa oil has been used in combination
with synthetic medicines to treat various diseases due to its strong anti-inflammatory and
antioxidant properties [28]. Studies have shown that Nigella sativa essential oil contains
both volatile and nonvolatile bioactive compounds. It also contains alkaloids, saponins,
and terpenoids, which are reported to possess antimicrobial activity [27]. Thymoquinone
and thymol are the most reported active volatile constituents, possessing antitumor, anti-
histaminic, antidiabetic, antihypertensive, anti-inflammatory, and antimicrobial abilities.
Numerous studies have reported the antimicrobial and antiparasitic activities [28].

The present work therefore looks at a possible synergistic effect of N. sativa with
common antibiotics that show treatment failures with bacterial infections due to resistance
to these drugs. The use of N. sativa with the aforementioned antibiotics could enhance their
antimicrobial efficacy. This study aims at evaluating the synergistic effect of combining
N. sativa with oxacillin (OXA), augmentin (AUG), and cefuroxime (CEF) on different XDR
MRSA isolates, as well as looking into the possible mechanism of action of N. sativa on
the isolates.

2. Materials and Methods

2.1. Ethical Considerations

Approval for the research was given by the Deanship of Scientific Research (approval
number: 186388). MRSA clinical isolates were from routine hospital diagnoses for care
of patients. They were from the microbial bank at the College of Medicine, Medical
Microbiology division, of King Faisal University.
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2.2. Bacterial Isolates and Antimicrobial Susceptibility Determination

Six non-replicate clinical MRSA isolates from specimens of blood, sputum, pus, and
wound swaps were used for the investigation. They had been stored in the Microbank
of the Microbiology division of the College of Medicine, King Faisal University at a tem-
perature of −80 ◦C. They were cultured on blood agar and incubated aerobically at 37 ◦C
for 24 h. Isolates were identified with a Vitek compact 2 automated system (BioMerieux,
Marcy L’Etoile, France) using the Gram-positive ID cards according to the guidelines
of the manufacturer. The antimicrobial susceptibility and minimum inhibitory concen-
trations were determined using the AST-GN cards of the Vitek 2 compact automated
system (BioMerieux, Marcy L’Etoile, France). They were against the following antibiotics:
augmentin (AUG), benzyl penicillin (BENZ), oxacillin (OXA), cefuroxime (CEF), cefurox-
ime/axetil (CEF/AXE), clindamycin (CLD), amikacin (AK), imipenem (IMP), ciprofloxacin
(CIP), levofloxacin (LEVO), erythromycin (ERY), sulfamethoxazole/trimethoprim (SXT),
tigecycline (TG), tetracycline (TET), rifampicin (RIF), and gentamicin (GEN). Confirmation
of resistance against imipenem (IMP), tigecycline (TG), and amikacin was by disc diffusion
method (Oxoid Ltd., Basingstoke UK). All of the MRSA isolates had been confirmed by the
presence of the mecA gene.

2.3. Nigella sativa and MRSA Susceptibility Test

Nigella sativa (NS) black seed oil, a product of Al Hussan Food Products Factory,
Riyadh was purchased from a local herbal medicine shop in Al-Ahsa, Saudi Arabia. Ac-
cording to the manufacturer, it is 100% pure organic cold pressed oil. Undiluted and
diluted forms of the oil extract were used for the investigation. Oil extract was diluted
in 0.2% dimethyl sulfoxide (DMSO) to obtain concentrations of 1000 μg/mL, 750 μg/mL,
500 μg/mL, 250 μg/mL, and 100 μg/mL dilutions, representing 100%, 75%, 50%, 25%, and
10% concentrations. In these, 0.01 mL of each concentration was used to make the actual
concentrations 10, 7.5, 5.0, 2.5, and 1.0 μg/mL. The susceptibility of the isolates was tested
against these dilutions of NS by the well diffusion method. Mueller-Hinton agar (MHA)
was seeded with each bacterial isolate and spread out to cover the entire surface of the agar
using sterile cotton swabs, moistened with the bacterial suspension [29,30]. Seven evenly
distributed wells were punched into the MHA using a sterile cork borer of 6 mm diameter.
The six NS dilutions were introduced into the wells aseptically, while the seventh well,
serving as the control, was filled with an equal volume of 0.2% DMSO. All plates were
allowed to diffuse under room temperature for 1 h according to the recommendations of the
National Committee for Clinical Laboratory standards (NCCLS). All plates were incubated
aerobically at 37 ◦C for 24 h in an upright position. Experiments were carried out in three
replicates with zones of inhibition measured in millimeters (mm) 24 h post-incubation, and
the results are presented as means ± standard deviation.

2.4. Determination of Time–Kill Assay

The CLSI guidelines were used for the determination of the time–kill assay using a
nutrient broth (NB) [31]. MRSA bacteria strains 1, 4, and 5, which were randomly selected
from six phenotypically different isolates, were inoculated into tubes containing NB to form
a 5 × 105 CFU/mL bacteria suspension. They were each tested against combinations of NS,
OXA, AUG, and CEF and for the time–kill assay. Tubes contained NB, a bacterial strain,
and NS, while a second set had the bacterial strain, NB, NS, and one antibiotic. According
to the McFarland standard, all bacterial suspensions were diluted to about 106 CFU/mL
and incubated aerobically at 37 ◦C in an orbital shaker for 48 h. At hours 0, 1, 3, 6, 24, and
48, 2 mL of each suspension were drawn out from each tube and inoculated into blood agar.
The inoculum was spread out using sterile inoculating loops, with all plates incubated
aerobically at 37 ◦C for 24 h. The viability of the MRSA isolates was evaluated by counting
the bacterial colonies or noting the lack of microbial growth [3], while time–kill analysis
curves were plotted with synergism, defined as described earlier [32,33].

89



Appl. Sci. 2021, 11, 3206

2.5. Antimicrobial Synergistic NS and β-Lactam Antibiotics Assay

Bacterial strains were tested against the two concentrations of NS (7.5 μg/mL and
5.0 μg/mL) and each with the combination of the three β-lactam antibiotics to evaluate
the synergistic activity with oxacillin (OXA), augmentin (AUG), and cefuroxime (CEF).
The antimicrobial agents were used at their break points (OXA: 1 mg; AUG: 20/10 mg;
CEF: 30 mg). Synergistic assay on MRSA strains 1, 4, and 5 was accessed using a spec-
trophotometer (BOECO, Hamburg Germany) with the additive/synergy effect calculated
as earlier described [32,34,35]. Accordingly, the fractional inhibitory concentration (FIC) of
each agent was calculated using the following formula:

OD600 of wells of agent in combination with the drug.
OD600 of wells of agent alone.

2.6. Molecular Assay by SEM and TEM Microscopy

SEM and TEM imaging were performed to evaluate the treatment effects on both
the bacterial surface and within bacterial cells. The previously described method was
used for the preparation of MRSA bacterial samples for scanning electron microscopy
(SEM) [36]. Treated bacterial cultures as well as untreated samples that served as controls
were incubated in a shaker incubator at 37 ◦C for 24 h. The resulting samples were
centrifuged and prefixed in a 2.5% glutaraldehyde solution at 4 ◦C for 24 h, after which
they were rinsed in PBS and post-fixed with 100% acetone applied at the last stage. Gold
sputtering was used to obtain a layer 20 nm thick. The images were obtained with SEM
(JSM 6390 LA, JEOL, Tokyo, Japan) at a 15 KV accelerating voltage.

Preparation and observation of TEM microscopy samples is as described previously,
but with modifications [37,38]. Slices of selected MRSA bacterial samples were fixed by
immersion in 2.5% glutaraldehyde (GA) in a 0.1 M sodium cacodylate buffer with pH 7.4 at
a temperature of 4 ◦C for 1 h, then washed in cacodylate buffer. All bacterial samples were
double-fixed in 1% osmium tetroxide (OsO4) in a cacodylate buffer at room temperature
for 90 min. They were then dehydrated in acetone and embedded in Epon-Araldite (502 kit,
Pelco, CA, USA). Then, 500–1000 nm sections of bacteria samples were obtained in a Leica
EM UC6 (Wetzlar, Germany), ultra-microtome mounted on glass slides, stained with 1%
toluidine blue stain. For light microscopy observations, bacterial samples were further
dissected to 50-70 nm [37]. Staining of Epon-sectioned samples was carried out with the
Leica automated EM stain (0.5% uranyl acetate and 3% lead citrate). All samples’ sections
were scanned and examined using JEM 1011 (JEOL) electron microscope at 80 kv.

2.7. Gas Chromatography/Mass Spectrometry (GC/MS) Analysis

The extract of 100% pure organic cold pressed oil of Nigella sativa was analyzed by
gas chromatography/mass spectrometry (GC/MS), and data were recorded on a GCMS-
QP2010 Plus (Shimadzu Corporation, Kyoto, Japan). The column used was a RTX-5MS®

fused silica capillary (30 m × 0.25 mm i.d and 0.25 μm film thickness); the oven temperature
initially was held at 45 ◦C for 2 min and then increased to 280 ◦C at 4 ◦C/min. The carrier
gas was helium with a flow rate of 2.0 mL/min; the temperature of the injector and detector
were 250 and 300 ◦C, respectively, the split ratio was 1:30, and the injection volume was 1 μL.
The ionization energy for the mass spectrometer was 70 eV. Identification of components
was confirmed from the mass spectra library.

2.8. Statistical Analysis

Data are presented as the mean ± SD and the susceptibility analysis is presented
in percentages. GraphPad Prism version 8.0 (San Diego, CA, USA) statistical software
was used for statistical interpretation of the results. Two-way ANOVA, applying Tukey’s
multiple comparison test, was used to assess the statistical significance of zones of inhibition
of various concentrations of NS on the different MRSA isolates. Additionally, one-way
ANOVA, multiple comparison was used to compare the time–kill assay results and to
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determine the existence of any significant differences. Significance was taken to be p < 0.05
and p-values were calculated between groups.

3. Results

3.1. Antimicrobial Susceptibility of the MRSA Isolates

The MRSA isolates in this investigation were highly resistant to other antibiotics, with
the exception of tigecycline and gentamicin, with resistance of 17% and 33%, respectively
(Figure 1). The minimum inhibitory concentration (MIC) results are shown in Table 1.
Differences in antimicrobial susceptibility and MIC values show that the isolates differ
phenotypically. This difference is also seen in the antimicrobial susceptibility to the dilu-
tions of NS, as shown in Figure 2 for all the MRSA isolates. All the isolates were inhibited
by the various concentrations of NS, including the lowest concentration of 0.1 μg/mL, as
shown in Figure 2. The least effective of the NS concentrations against the MRSA isolates
was 0.1 μg/mL, which exhibited the lowest inhibitory effect among the isolates, with the
exception of MRSA 2. Overall, there was no specific pattern in antimicrobial inhibition,
as all the isolates responded differently to the NS dilutions. The mean zone of inhibition
for MRSA 5 and 6 was more with the 10 μg/mL NS concentration, while MRSA 2 and 3
were inhibited more by the 7.5 and 5.0 μg/mL NS concentrations. For all the isolates, a
comparison of differences in mean zones of inhibition between 10.0 μg/mL NS and 7.5, 5.0,
and 2.5 μg/mL was not found to be statistically significant.

Figure 1. Antimicrobial resistance of methicillin-resistant Staphylococcus aureus. Augmentin (AUG), benzyl penicillin
(BENZ), oxacillin (OXA), cefuroxime (CEF), cefuroxime/axetil (CEF/AXE), clindamycin (CLD), amikacin (AK), imipenem
(IMP), ciprofloxacin (CIP), levofloxacin (LEVO), erythromycin (ERY), sulfamethoxazole/trimethoprim (SXT), tigecycline
(TG), tetracycline (TET), rifampicin (RIF), and gentamicin (GEN).

However, comparisons of the mean zones of inhibition for all the isolates with a
10 μg/mL NS concentration and with 1.0 μg/mL as well as 0.1 μg/mL showed statisti-
cally significant differences, with p-values of 0.034 and 0.0001, respectively. Additionally,
comparisons of the mean zones of inhibition resulting from 7.5 μg/mL, when compared
with those resulting from the lower NS concentrations, were statistically similar to those at
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10.0 μg/mL NS. Differences in zones of inhibition between this 7.5 μg/mL NS concentration
and the 1.0 μg/mL were significant (p-value: 0.0012).

Table 1. Minimum inhibitory concentration of the MRSA isolates against tested antibiotics.

Antibiotic MRSA 1 MRSA 2 MRSA 3 MRSA 4 MRSA 5 MRSA 6

Augmentin ≤2 ≤2 ≤2 ≤2 ≤2 ≤2

Benzyl penicillin ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤0.25

Oxacillin ≥4 ≥8 ≥8 ≥4 ≥8 ≥4

Cefuroxime ≤1 8 2 8 ≤1 ≤1

Cefuroxime/Axetil 8 ≤1 ≥64 8 ≥64 2

Clindamycin ≤0.5 2 ≤0.5 ≥4 ≥4 ≥4

Amikacin ≥16 8 ≤4 ≥16 ≥16 ≥16

Imipenem ≤1 ≤1 ≤1 ≤1 ≤1 ≤1

Ciprofloxacin ≥8 ≥8 ≥8 ≥8 ≥8 ≥8

Levofloxacin ≥8 ≥8 4 ≥4 ≥8 ≥8

Erythromycin ≤0.25 ≥8 ≥8 ≥8 1 ≥8

Sulfamethoxazole/trimethoprim 8 16 16 8 16 16

Tigecycline ≤0.12 ≤0.12 ≤0.12 ≤0.12 ≤0.12 256

Tetracycline ≥32 ≥32 ≥32 ≥32 ≥32 ≥320

Rifampicin ≤1 ≤0.5 ≥4 2 ≥4 ≥4

Gentamicin ≥16 ≤4 ≤4 ≤4 ≤4 8

Figure 2. Showing the zones of mean ± SD inhibition of methicillin-resistant Staphylococcus aureus (MRSA), MRSA
1–6 bacterial isolates against Nigella sativa (NS) dilutions. Comparison of 10 μg/mL and other concentrations. * p-value: 0.034;
** p-value: 0.0001.
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MRSA 1 was the isolate that was most inhibited by the 5.0 μg/mL NS dilution. As
with the higher NS concentrations, differences in mean zones of inhibition were significant
when compared with those of the 1.0 and 0.1 μg/mL NS, with p-values of 0.045 and 0.0002,
respectively. For the 2.5 μg/mL NS concentration, statistical differences in inhibition zones
were significant when compared to the lower NS dilutions (Figure 2).

3.2. Time–Kill Kinetics

Results on the effect of NS alone, and NS in combination with oxacillin (OXA), aug-
mentin (AUG), and/or cefuroxime (CEF) are shown in Figure 3A-F. There were variations
in antimicrobial effects based on strains of MRSA, as well as the type of antibiotic tested.
A rapid rate of killing was seen more often with combinations of NS and antibiotics than
with NS alone.

Figure 3. Time–kill assay curves of 7.5 μg/mL concentration of Nigella sativa (NS) alone and in combination with antibiotics
against (A) MRSA 1, (B) MRSA 4, and (C) MRSA 5 bacterial isolates. (A) *** Represents significant values at p < 0.0039 for
NS + OXA, p < 0.0016 for NS + AUG and p < 0.0142 for NS + CEF; (B) *** Represents significant values at p < 0.0113 for
NS + OXA, p < 0.0061 for NS + AUG and p < 0.0053 for NS + CEF; (C) *** Represents significant values at p < 0.0179 for
NS + OXA, p < 0.0336 for NS + AUG and p < 0.0180 for NS + CEF. Time–kill assay curves of 5.0 μg/mL concentration of
Nigella sativa (NS) alone and in combination with antibiotics against (D) MRSA 1, (E) MRSA 4, and (F) MRSA 5 bacteria
isolates. (D) *** Represents significant values at p < 0.0408 for NS + OXA, p < 0.0200 for NS + AUG and p < 0.0494 for
NS + CEF; (b) * Represents significant values at p < 0.0331 for NS + OXA, p < 0.0083 for NS + AUG, and p < 0.0254 for
NS + CEF; (F) * Represents significant values at p < 0.0161 for NS + OXA, p < 0.0019 for NS + AUG and p < 0.0022 for
NS + CEF.
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In the combination of AUG with 7.5 μg/mL NS, the killing rate for MRSA 1 was more
rapid than in combinations of NS with CEF and OXA in a time-dependent fashion, as
shown in Figure 3A-C. Additionally, differences in these killing times were statistically
significant when compared with the control (7.5 μg/mL NS alone). However, for the MRSA
1 time–kill kinetics, although antibiotic combinations with NS displayed a significantly
difference in killing time, the time–kill kinetic curve between AUG and OXA did show a
statistically significant difference, indicating that time–kill with AUG was more rapid. The
results of the MRSA 5 time–kill assay showed significant differences between the NS and
antibiotic combinations and NS alone. The killing times for 0-24 h were markedly different
from those for 48 h. Additionally, AUG displayed more rapid killing with respect to CEF
and OXA. For this group of 7.5 μg/mL NS with antibiotic combination total killing was
seen within 24 h for MRSA 1 and 48 h for MRSA 4 and 5 (Figure 3A–C).

The time–kill assay of the 5 μg/mL NS and antibiotic combination is shown in
Figure 3D–F for the MRSA isolates 1, 4, and 5. The results showed complete killing for
MRSA 1 at 48 h with combinations as compared with the effect of NS alone. The killing
was rapid and statistically significant, with AUG showing a more rapid effect as compared
to the control. In MRSA 4, the killing was not total but again AUG displayed rapid killing
kinetics with CEF, with OXA showing similar rates of killing (Figure 3E). Additionally, for
MRSA 5, there was no total killing after 48 h. However, AUG displayed more rapid killing
compared to CEF and OXA. In addition, the antibiotic combinations’ time–kill kinetics
were statistically significant compared to NS alone.

3.3. Synergistic Effect of NS and β-Lactams with FIC Index Analysis

The results presented in Table 2 are those of the FIC index interpretation that defines
the time–kill assay synergistically for antibiotics and NS combinations. Combinations of
5.0 μg/mL NS with antibiotics on MRSA 1 displayed synergism. The best effect was with
AUG, while the worst was with OXA. Synergism was observed within 4 h on isolates that
exhibited extensive resistance to antibiotics. In MRSA 4, a similar pattern was observed,
except that synergistic effects were seen for AUG and CEF within 4 h, while with OXA, an
additive effect was mostly displayed. For MRSA 5, the combination of NS with CEF had
an additive effect compared with AUG and OXA, which displayed synergism within 8 h.
Overall, the study with 5 μg/mL combinations clearly indicates a synergistic effect.

Table 2. Fractional inhibitory concentration index synergy interpretation of different MRSA isolates measured at time
intervals for combinations of 5.0 μg/mL N. sativa and antibiotics.

Bacterial
Isolate/MRSA Type

Antibiotic Combination

Fractional Inhibitory Concentration Index

OutcomeTime (h)

2 4 8 12

MRSA 1 NS + OXA 0.4 0.5 0.7 0.7 Synergism/Additive Effect

NS + AUG 0.3 0.5 0.6 0.5 Synergism/Additive Effect

NS + CEF 0.4 0.5 0.7 0.6 Synergism/Additive Effect

MRSA 4

NS + OXA 0.5 0.6 0.7 0.8 Synergism/Additive Effect

NS + AUG 0.5 0.5 0.6 0.8 Synergism/Additive Effect

NS + CEF 0.5 0.5 0.7 0.7 Synergism/Additive Effect

MRSA 5

NS + OXA 0.5 0.5 0.5 0.8 Synergism/Additive Effect

NS + AUG 0.5 0.5 0.5 0.7 Synergism/Additive Effect

NS + CEF 0.7 0.6 0.6 0.7 Additive Effect

NS = Nigella sativa, OXA = oxacillin; AUG = augmentin; CEF = cefuroxime. The interaction was defined as synergistic if the FIC index was
less than or equal to 0.5, additive if the FIC index was greater than 0.5 and less than or equal to 1.0, indifferent if the FIC index was greater
than 1.0 and less than or equal to 2.0, and antagonistic if the FIC index was greater than 2.0.

94



Appl. Sci. 2021, 11, 3206

The synergistic time–kill assay, as interpreted with the FIC index for a 7.5 μg/mL NS
combination with antibiotics, is shown in Table 2. The combination of OXA, AUG, and
CEF antibiotics all displayed synergism, with AUG and CEF exhibiting the best synergism
up to 12 h. The pattern of synergistic effect on MRSA 4 was different, however. AUG had
the best effect, but only for 4 h, which was then followed by additive effects. In MRSA
5, NS OXA combinations only produced additive effects. However, synergism was only
observed for 2 h, as indicated in Table 2 for AUG and CEF combination. The overall FIC
index ranged from 0.05 to 0.7, indicating synergism and additive effects.

3.4. SEM and TEM Assay on Effect of Combined NS, Antibiotic Treatment

The structural appearance of MRSA treated with concentrations of NS and in combination
with antibiotics was analyzed using SEM. Figure 4A shows MRSA 4 clusters displaying
well-formed shapes, while bacterial cell surface disruption is seen in 4B after treatment with
5.0 μg/mL NS. In Figure 4C,D, cellular aggregation of bacteria and cell destruction is seen in
combined treatments of NS with oxacillin and augmentin. In Figure 4E,F, similar destruction
of bacteria cell surface and cellular aggregation were observed in the combined treatment
of MRSA 5 with 7.5 μg/mL NS, augmentin, and cefuroxime. Figure 5A–F represent TEM
monograph analysis of the different MRSA isolates with NS 5 and 7.5 μg/mL concentrations.
Figure 5A shows altered MRSA 5 cell membranes and dead bacterial cells after exposure to
5.0 μg/mL NS. The figure also shows disruption of bacterial cell division. Figure 5B also shows
MRSA 4 cell wall damage after exposure to 7.5 μg/mL NS with oxacillin, as well as vacuoles
created in the cytoplasm and perhaps the accumulation of NS within the cell. Figure 5C shows
dead bacteria cells and a damaged cell wall in MRSA 4 treated with 7.5 μg/mL and augmentin,
while Figure 5D displays MRSA 4 isolates treated with a combination of 7.5 μg/mL and
cefuroxime. Figure 5E shows the effects of MRSA 1 treated with 5.0 μg/mL NS plus oxacillin
and Figure 5F shows the effect on MRSA 1 treated with 5.0 μg/mL NS plus augmentin,
showing cell wall destruction (black arrows). These micrographs show that NS disrupts the
MRSA bacterial cell wall, thereby causing cell death. In combination with β-lactam antibiotics,
these effects were potentiated and can be described as a bactericidal effect.

TEM interpretation of combined treatment of NS and antibiotics is shown in Figure 6A–F.
The figure gives TEM monographs of the different MRSA bacterial isolates treated with a
combination of 7.5 μg/mL NS concentrations and antibiotics. Figure 6A shows damaged
MRSA 4 cell walls, disrupted bacterial replication, and cell death with oxacillin. The
figure also shows more cell death due to fewer cells, with similar observations seen with
MRSA 5 in Figure 6B. In combination treatments with augmentin on MRSA 1, Figure 6C
shows more cell deaths, while Figure 6D also displays cell death and the disruption of
cell division in MRSA 5. Additionally, the TEM images in Figure 6E show the effect of
treatments with 7.5 μg/mL NS in combination with cefuroxime led to MRSA 1 complete
and incomplete cell wall disrupted and bacterial cell death. Figure 6F shows complete
destruction by 7.5 μg/mL NS plus cefuroxime in MRSA 5. These effects clearly indicate
that the combinations were bactericidal.

3.5. Results of GC-MS Analysis

The GC-MS analysis of volatile compounds contained in N. sativa oil used in this
study showed that the major components were thymoquinone at 7.85%, p-cymene at 5.18%,
trans-anethole at 1.52%, and linalool at 1.12%, as presented in Table 3 and Figure 7.

Table 3. GC-MS data.

Com Pound Name Rt Area (%)

p-Cymene 9.841 5.18
Linalool 13.498 1.12

Thymoquinone 18.018 7.85
trans-Anethole 19.023 1.52

m-Thymol 19.872 0.71
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Figure 4. SEM micrographs of untreated, NS, and NS plus β-lactam antibiotics treated methicillin-resistant S. aureus
isolates. (A) Control methicillin-resistant Staphylococcus aureus (MRSA 4) without any treatment, showing clusters of bacteria.
(B) MRSA 4 treatment with 5.0 μg/mL Nigella sativa (NS), displaying surface alterations and destruction. (C) SEM of MRSA
4 treated with a combination of 5.0 μg/mL NS and oxacillin. (D) Augmentin combination with the same concentration
of NS, showing surface destruction of S. aureus. (E) MRSA 5 at 2700× magnification showing 7.5 μg/mL NS treatment in
combination with augmentin. (F) Combination treatment with cefuroxime and 7.5 μg/mL NS at 1800× showing MRSA
5 bacteria cluster surface destruction.
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Figure 5. TEM micrographs of methicillin-resistant Staphylococcus aureus (MRSA) treated with NS and NS plus β-lactam
antibiotics. (A) 5.0 μg/mL of NS at 25,000× showing MRSA 5 cell wall destruction (black arrow). (B) 5.0 μg/mL NS plus
oxacillin showing MRSA 4 cell death at 50,000× magnification (blue arrow). (C) MRSA 5 treated with NS 5.0 μg/mL plus
augmentin at 25,000× showing incomplete cell wall destruction (black arrow) and (D) MRSA 4 treated with 5.0 μg/mL NS
plus cefuroxime showing cell death (blue arrow) at 40,000× magnifications. (E) MRSA 1 treated with 5.0 μg/mL NS plus
oxacillin and (F) MRSA 1 treated with 5.0 μg/mL NS plus augmentin, showing cell wall destruction (black arrows) at a
magnification of 30,000×.
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Figure 6. TEM micrographs of methicillin-resistant Staphylococcus aureus (MRSA) treated with NS and NS plus β-lactam
antibiotics. (A) 7.5 μg/mL NS plus oxacillin at a magnification of 40,000×, showing incomplete destruction of MRSA
4 cell wall (black arrow) and (B) 7.5 μg/mL NS plus oxacillin, showing incomplete of destruction of MRSA 5 cell wall
(blue arrow). (C) MRSA 1 treated with 7.5 μg/mL NS plus augmentin, showing dead bacterial cells at a magnification of
30,000× (blue arrow). (D) MRSA 5 treated with 7.5 μg/mL NS plus augmentin, showing complete cell wall destruction.
(E) 7.5 μg/mL NS plus cefuroxime, showing incomplete (black arrow) and complete (blue arrow) destruction of MRSA
1 cell wall at a magnification of 80,000×. (F) Complete destruction by 7.5 μg/mL NS plus cefuroxime of MRSA 5 cell wall at
a magnification of 40,000× (blue arrow).
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Figure 7. Chromatogram of N. Sativa oil characterized by GC-MS analysis.

4. Discussion

The MRSA isolates examined here were extremely drug-resistant and fit into the clas-
sification of XDR, as they were resistant to aminoglycosides, β-lactams, fluoroquinolones,
macrolides, and tetracycline [39–41]. However, this study has shown that Nigella sativa
(NS), a naturally derived herbal product, inhibits the growth of these XDR MRSA isolates,
thereby confirming earlier findings. This suggests that NS derivatives could serve as possi-
ble alternatives in the management of extreme drug-resistant (XDR) MRSA isolates. The
inherent antimicrobial potential of NS derivatives had been reported as equally effective
as that of clinically available antibiotics [26,32,42]. All these reports demonstrated better
inhibition of MRSA isolates by NS as compared to commonly used antibiotics, as also seen
in the present study.

In this investigation, the isolates responded differently to various concentrations
of NS, as seen in the exhibited zones of inhibition. Additionally, although there were
differences among the isolates in zones of inhibition, all NS concentrations, including the
lowest concentration of 0.1 μg/mL, were able to hinder bacterial growth, a finding that is
similar to earlier reports [32,43]. Differences in zones of inhibition could be attributed to
phenotypic differences in the MRSA strains. However, that the lowest concentration of NS
exhibited growth inhibition against the isolates in this study points to its effectiveness as a
potential antimicrobial.

The study also shows the time–kill kinetics for the MRSA strains used in this study to
be more rapid in NS and β-lactam combined therapies than with NS alone. This suggests
the possibility of a combined additive effect or potentiation of NS to those of the antibiotics
that the MRSA isolates had previously been resistant to. These findings are in agreement
with earlier suggestions for the need to develop a synergistic herbal drug product that
could be suitable for use in combined therapeutic measures to combat the scourge of
bacterial resistance [44–46]. Phytotherapy combinations with proven synergistic efficacy
would not only have a multi-targeted mechanism of action but could be a main tool in
delaying, alleviating, or reducing resistance to existing antimicrobials [32,44]. Additionally,
our findings show NS synergistic activity in combination with OXA, AUG, and CEF against
XDR MRSA isolates, with the best effect seen in the NS-AUG combination as opposed
to NS-OXA and NS-CEF, similar to an earlier report [32]. This reported that, in NS β-
lactam synergism, there was a reversal in resistance to augmentin by MRSA, findings that
are similar to those of this investigation. An earlier report on the synergistic effects of
combining the by-products contained in the plant with conventional antimicrobial drugs
found improved effects compared to antimicrobials alone [47]. This might explain why
all NS β-lactam combinations were more effective than NS or the antibiotic alone. On
the other hand, that the combination of 0.5 mg/mL NS and β-lactam showed varying
results (Figure 3D-F), with complete killing seen with MRSA 1, suggests that differences
in bacterial strains could be a contributory factor, as had been reported previously [25].
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However, that there was better killing against the same MRSA 4 and 5 isolates (Figure 3E,F)
in the 7.5 μg/mL NS and antibiotic combinations could point to a dose-dependent NS
concentration, a view expressed earlier [32]. Molecular insight was gained by examining the
probable mechanism of action of NS alone and with β-lactam antibiotic combinations using
SEM and TEM techniques. A SEM micrograph analysis showed bacterial cell aggregation
without the usual well-defined clustering of S. aureus. This finding is consistent with
previous studies that reported the effect of antibiotics on bacterial cells [48,49]. NS alone
disrupted the bacterial cell surface and therefore caused destruction, which was evident in
the bacterial growth inhibition. However, in the combinations of NS with OXA and AUG,
where there was marked cellular aggregation/cell destruction, we can point to the possible
synergistic/additive effects of NS, as shown in the FIC results in Tables 2 and 3, all of which
created significant changes in the molecular ultrastructure that Gram-positive bacteria
such as MRSA use for survival. It could also mean that binding of β-lactam antibiotics to
penicillin binding protein (PBP) sites was significantly enhanced. Note that the isolates
used in this study exhibited marked antimicrobial resistance. The TEM micrograph analysis
also confirmed this view. It showed cell death and cell surface disruption, similar to the
ultrastructural changes in the MRSA isolates from a previous study with NS alone [32]. The
molecular structural changes seen in the TEM micrographs could also be due to interference
in the transportation or the synthesis of PBP by NS. Such cell wall destruction, either by
NS or in combination with β-lactam antibiotics, would be expected to remove the bacterial
protective barriers, thus leading to cell lysis, as shown by the TEM micrograph results.

Generally, the mode of action of augmentin as a β-lactam is that it leads to the
inhibition of bacterial cell wall peptidoglycan by binding and inhibiting PBPs [50]. It is
documented that antimicrobial resistance results from the activation of the Mec A gene
and its variants, which leads to the formation of penicillin-binding protein 2A (PBP2a),
which binds to β-lactams, thus creating resistance [50]. However, we noted that alkaloid
plant components, alone or when combined with conventional antibiotics, could have an
effect on bacterial acquired resistance, which could explain the NS and antibiotic combined
effects seen in this investigation [3].

N. sativa oil is rich in diverse volatile compounds involved in various biological
activities [51]. The GC-MS results confirmed that N. sativa essential oil is a good source of
bioactive components such as p-cymene, linalool, thymoquinone, transanethole, and m-
thymol, which have been evaluated by various reports and are considered to possess good
antimicrobial activity [51–54]. Earlier reports documented synergistic effects of the extracts
of black cumin with streptomycin and gentamicin against antibiotic sensitive S. aureus and
other bacterial isolates [55,56]. Thymoquinone was indicated to exert synergism with the
antibiotics against S. aureus [56]. Thus, thymoquinone an abundant component of N. sativa
is reported to be the bioactive compound with multiple pharmacological actions including
being a strong antimicrobial [55,57]. Additionally, as other reports show synergistic effects
when thymoquinone is combined with synthetic and natural compound, the present study
further confirms that the contents of N. sativa essential oil are potent at inhibiting bacterial
activity [54,58].

5. Conclusions

Our findings indicate that N. sativa had a bactericidal effect against XDR methicillin-
resistant Staphylococcus aureus, even at low concentration. NS synergistically improved the
efficacy of β-lactam antibiotics to which, ab initio, they had been resistant. The study also
showed, by SEM and TEM molecular analysis, that NS used bacterial cell wall disruption as
a possible mechanism of action. This appeared to have improved the binding of β-lactam
antibiotics to PBP, as evident in the destruction of the MRSA cell wall and lysis shown
in TEM micrographs. However, further studies will be needed to evaluate in detail the
nature of this binding and to what type of membrane protein in rapidly emerging resistant
bacterial strains.
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Abstract: Foodborne diseases are one of the major causes of morbidity and mortality, especially
in low-income countries with poor sanitation and inadequate healthcare facilities. The foremost
bacterial pathogens responsible for global outbreaks include Salmonella species, Campylobacter
jejuni, Escherichia coli, Shigella sp., Vibrio, Listeria monocytogenes and Clostridium botulinum. Among
the viral and parasitic pathogens, norovirus, hepatitis A virus, Giardia lamblia, Trichinella spiralis,
Toxoplasma and Entamoeba histolytica are commonly associated with foodborne diseases. The toxins
produced by Staphylococcus aureus, Bacillus cereus and Clostridium perfringens also cause these infections.
The currently available therapies for these infections are associated with various limited efficacy, high
cost and side-effects. There is an urgent need for effective alternative therapies for the prevention
and treatment of foodborne diseases. Several plant extracts and phytochemicals were found to be
highly effective to control the growth of these pathogens causing foodborne infections in in vitro
systems. The present review attempts to provide comprehensive scientific information on major
foodborne pathogens and the potential role of phytochemicals in the prevention and treatment of
these infections. Further detailed studies are necessary to evaluate the activities of these extracts and
phytochemicals along with their mechanism of action using in vivo models.

Keywords: foodborne diseases; giardiasis; herbal drugs; ethnobotany; toxoplasmosis

1. Introduction

Foodborne diseases are caused by consumption of microbial contaminated foods, herbs and
beverages as well as hazardous chemicals including heavy metals, mycotoxins, bacterial toxins as well
as fermentation byproducts like biogenic amines and ethyl carbamate [1–3]. Most these foodborne
diseases are caused by pathogenic bacteria, viruses and parasites and are of global public health
concern [4]. Each year about 600 million people are affected by foodborne diseases worldwide and
about 420,000 people die due to these illnesses [5–8]. The most common symptoms associated with
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pathogens-induced foodborne diseases are vomiting, abdominal pain, diarrhea, fever and chills that
may progress to severe complications such as life-threatening dehydration and hemolytic uremic
syndrome (HUS) [9]. The bacterial-induced foodborne diseases are caused by infections with Salmonella,
Campylobacter spp., Escherichia coli, Shigella, Vibrio, Listeria monocytogenes and Clostridium botulinum and
Clostridium perfringens [4]. The commonly reported viruses are Norovirus and Hepatitis A, while the
parasites involved are Cryptosporidium spp, Giardia lamblia, Trichinella spiralis, Cyclospora spp, Toxoplasma
canis and Entamoeba histolytica [10,11] The toxins produced by Staphylococcus aureus, Bacillus cereus and
Clostridium perfringens also prompt this debilitating disease [12]. Recently, there is a dramatic increase
in the outbreak of foodborne disease, part of which is due to the emergence of pathogens resistance
against current therapies and decontamination strategies [13]. Theses pathogens use food stuff as
carrier to get transferred from one host to another one [14]. The diseases caused by these pathogens
are a major public health concern and globally produce a social and economic impact.

The proper handling, use of cold chain and addition of chemical preservatives are currently
the mainstay to ensure the preservation and safety of food materials. However, the use of synthetic
preservatives is associated with a high occurrence of side-effects, thereby raising the demand for the
use of natural preservatives [15,16]. The main treatment options for foodborne diseases are systematic
treatments like antidiarrheal and antiemetic medications, use of oral rehydration salts and the use of
antibiotics [17]. However, the emergence of multi drug-resistant (MDR pathogens) is another global
issue that requires the discovery of alternative antimicrobial agents [18–20].

Medicinal plants play a vital role in the treatment and prevention of various diseases and their
promotion and there is growing interest in the search for new drugs from natural resources [21–26].
People living in many developing countries in Asia and Africa are mostly dependent on traditional
medicines for healing purposes due to their limited access to modern medical facilities. They also
have more cases of foodborne diseases because of their poor hygiene and exposure to contaminated
drinking water and food materials [27,28]. Various studies have regularly reported the antimicrobial
activities of traditional medicines from this part of the world. Medicinal plants offer a substantial
opportunity as they contain various bioactive chemical constituents (phytochemicals) that can act
as antimicrobial agents. Natural products are also reported to act as synergists along with many
modern drugs to combat MDR pathogens [29]. Thus, the exploration of these natural antimicrobials is
a hope to curtail foodborne diseases. Traditional medicines have long been used for treating diseases
caused by foodborne pathogens and various studies have shown their efficacy in the management of
foodborne diseases [30]. Recently, there is a greater interest in the naturally occurring preservatives
due to the side-effects associated with the use of artificial preservatives in foodstuffs. Crude plant
materials including extracts, essential oils and isolated components have been extensively evaluated to
prevent the invasion of pathogens responsible for food spoilage and therefore may limit the spread of
foodborne infections [31].

Plants/plant-derived products inhibit/modify the growth of bacteria by several mechanisms. These
may include, inhibiting the adherence of the pathogen to host cells [32], causing loss of osmoregulation
of microbe and loss of transmembrane electrochemical gradient, increasing NO production thus
causing lethal action [33], inhibition of synthesis of the cell wall, proteins and nucleic acids of the
pathogen [34]. This review summarizes the therapeutic effectiveness of medicinal plants and isolated
natural compounds against pathogens implicated in foodborne infections.

2. Materials and Methods

Published literature related to the role of phytochemicals in foodborne infections was collected
using different search engines like PubMed, Google Scholar, SciFinder, Scopus, Web of Science, EBSCO,
PROTA and JSTOR. Only in-depth, well designed (having control groups) studies reporting mechanistic
results and published in journals of good quality were included in the manuscript.
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3. Plant Extracts and Phytochemicals against Bacteria Causing Foodborne Diseases

3.1. Campylobacter Species

Campylobacter jejuni is a Gram-negative, non-spore-forming and non-fermenting bacteria. It is
one of the most common causes of foodborne diseases in the US and Europe. Humans are usually
infected by the ingestion of contaminated food, milk, water or interaction with animals [35]. Globally,
about 9.6 million people are infected by C. jejuni annually [36]. For the treatment of C. jejuni infection,
tetracyclines and fluoroquinolones are the drugs of choice; however, these days they are associated
with a high degree of antibiotic-resistance [37,38]. Alternatively, phytochemicals can be utilized as
they have the potential to combat foodborne diseases caused by C. jejuni. Dholvitayakhun et al.
reported the inhibitory activity of extracts of Adenanthera pavonina L., Moringa oleifera Lam. and
Annona squamosa L. against C. jejuni [39]. In these plants, among the flavonoids, kaempferol, quercetin
and rutin are present which possess strong antimicrobial properties [40]. Mammea africana Sabine
is used traditionally for the treatment of infections, stomach pain and skin ailments in Africa [41].
A coumarin, mammea A/AA was isolated by Canning et al. from Mammea africana and evaluated its
activity against C. jejuni. It was found to be very potent with a minimum inhibitory concentration
(MIC) value of 0.25 μg/mL [42]. Castillo et al. evaluated 28 plants against C. jejuni, out of which 21
were active. Of these 21 active plants, 4 plants including Artemisia ludoviciana Nutt., Acacia farnesiana
(L.) Willd. Opuntia ficus-indica (L.) Mill. and Cynara scolymus L. were most potent having minimal
bactericidal concentration (MBC) values of 0.5, 0.3, 0.4 and 2 mg/mL, respectively. They also tested the
anti-adherence activity of these 4 plants against C. jejuni, as adherence of the microbe to mucosal cells
is important for its virulence. The results proved that extracts were able to inhibit the attachment of
C. jejuni [32]. Another mechanism of C. jejuni pathogenicity is cell lysis, entry into the host cell and
production of a virulent cytotoxin, cytolethal distending toxin (CDT) [43]. Extracts of A. ludoviciana
and A. farnesiana were shown to prevent the production of CDT along with a decrease in cytoplasmic
pH and cellular ATP concentration and damages the bacterial cell membrane [44]. Moreover, motility
also contributes to the virulence of C. jejuni. The subinhibitory concentrations of natural compounds,
i.e., carvacrol (0.002%), trans-cinnamaldehyde (0.01%) and eugenol 0.01%) prominently decrease the
motility of C. jejuni. Furthermore, these natural compounds also reduce other virulence potentials of
this pathogen [45].

Several researchers have reported the potential antibacterial activity of essential oils (EO) of
various plants against C. jejuni that are commonly used in the traditional system of medicine. These
plants include Syzygium aromaticum (L.) Merr. & L.M.Perry [46,47], Citrus limon (L.) Osbeck and Citrus
bergamia Risso [48], tea tree oil, Leptospermum oil [49], coriander (Coriandrum sativum L.) [50], Daucus
carota L. [51], Cuminum cyminum L. [52], garlic (Allium sativum L.) [53], clove (Syzygium aromaticum),
thyme (Thymus vulgaris L.) [54], eucalyptus (Eucalyptus globulus Labill.), sage (Salvia officinalis L.),
rosemary (Rosmarinus officinalis L.), juniper (Juniperus communis L.), lavender (Lavandula officinalis Chaix),
Myrtus communis L., Laurus nobilis L., pine oil (Pinus brutia) [55], Juniperus excelsa M.Bieb. [56], Inula
helenium L [52], marigold (Calendula officinalis L.), ginger (Zingiber officinale L.), patchouli (Pogostemon
cablin), gardenia (Gardenia jasminoides (Blanco) Benth.), cedarwood (Cedrus atlantica (Endl.) Manetti ex
Carrière), carrot seed (Daucus carota L.), celery seed (Apium graveolens L.), mugwort (Artemisia vulgaris
L.), spikenard (Nardostachys jatamansi (D.Don) DC.), orange bitter oils (Citrus x aurantium subsp. amara
(Link) Engl.), etc [47].

Terminalia macroptera Guill. & Perr. has been used for treating various infectious diseases in West
Africa. Silva et al. subjected 100 clinical isolates of C. jejuni to the ethanolic extract of T. macroptera
and recorded a MIC value as low as 6.25 μg/mL, which was similar to that of co-trimoxazole, used as
the positive control, therefore suggests a therapeutic potential of T. macroptera in foodborne disease
caused by C. jejuni [57]. In South Africa, Samie et al. conducted a study on clinically isolated C. jejuni
from stool samples (n = 110) to find a complementary therapeutic remedy for this infection. They
tested extracts of 18 plants i.e., Annona sp., Bauhinia galpinii N.E.Br., Bridelia micrantha (Hochst.) Baill.,
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Carissa edulis (Forssk.) Vahl, Cissampelos torulosa E.Mey. ex Harv. & Sond., Elaeodendron transvaalensis
(Burtt Davy) R.H.Archer, Ficus sycomorus L., Lippia javanica (Burm.f.) Spreng., Momordica balsamina
L., Mucuna coriacea Baker, Peltophorum africanum Sond., Pouzolzia mixta Solms, Pterocarpus angolensis
DC, Rhoicissus tridentate (L.f.) Wild & R.B.Drumm., Sida alba L., Syzygium cordatum Hochst. ex Krauss,
Ximenia caffra Sond. and Zornia milneana Mohlenbr. on these isolated bacterial strain. All the extracts
were active, but potent activity was observed with the extracts of P. angolensis and L. javanica having
an MIC of 90 μg/mL [58]. The extract of Cryptolepis sanguinolenta (Lindl.) is used traditionally for
treating different infections in Guinea Bissau. An alkaloid cryptolepine has been isolated from this
plant. When tested on a collection of 106 clinical strains of C. jejuni by Paulo et al. in Portugal, it was
found to be very effective. They recorded MIC50 of this alkaloid was equal to that of ampicillin in
their study [59]. Jarriyawattanachaikul et al. in Thailand, evaluated 26 Thai plants against C. jejuni in
search of complementary therapy for infection caused by this bacterium. They found 7 active plants,
i.e., taew kaao (Cratoxylum formosum (Jacq.) Benth. & Hook.f. ex Dyer), golden shower (Cassia fistula L.),
mangosteen (Garcinia mangostana L.), ginger (Zingiber officinale Roscoe), garlic (Allium sativum L.), onion
(Allium cepa L.) and shallot (Allium ascalonicum L.), among which C. formosum possesses the strongest
antibacterial activity as observed from its MIC of 0.3 mg/mL [60]. A traditional beverage, kombucha,
showed strong activity against C. jejuni [61]. Black and green tea, which are the most widely consumed
beverages in the world also have confirmed antibacterial propensity against C. jejuni [62]. Aslim et al.
have obtained convincing results of the essential oil of Origanum minutiflorum O.Schwarz & P.H.Davis
against a ciprofloxacin-resistant strain of C. jejuni. [63]. Many Australians plants possess antimicrobial
properties and have been utilized by the native populations for centuries as traditional medicines for
GIT diseases. In a study by Kurekci et al., 109 plants from Australia were tested against C. jejuni. Most
of these plants were active as their MICs fall between 32 and 1024 μg/mL. Eucalyptus occidentalis Endl.
was the most active plant reported with MIC of 32 μg/mL [64].

3.2. Salmonella

Salmonella is a rod-shaped, Gram-negative, motile, non-spore-forming bacteria belonging to
family Enterobacteriaceae. Members of this genus are facultative anaerobes, oxidase negative
and catalase-positive bacteria [65]. Salmonella species exist everywhere in nature, however, the
gastrointestinal tracts of mammals, reptiles, birds and insects and environment polluted with humans
or animals’ excreta are the main reservoirs [66]. Their characteristic to survive and grow over a wide
range of temperature (2–54 ◦C) and pH (3.6–9.6) makes them difficult to control [67]. Salmonellosis,
which is an infection caused by Salmonella species is one of the leading causes of foodborne diseases [68].
Transmission to humans occurs via consumption of contaminated food, mostly of animal origins
such as milk, eggs and meat. The antibiotics ampicillin, chloramphenicol and co-trimoxazole were
once considered as the mainstay treatments for Salmonella infection but are largely replaced by
fluoroquinolones due to bacterial resistance to antibiotics. Recently, resistance to fluoroquinolones has
also emerged [69], thus necessitating the use of traditional medicines for Salmonella infections.

Extracts of Acacia nilotica L. have been tested against Salmonella species in which the extract
disrupted the cell wall of bacteria with consequent release of electrolytes and cellular constituents [70].
Another study conducted by Khan et al. in India has also confirmed the potential use of A. nilotica
against Salmonella. They recorded MIC as 9.75 μg/mL in their study [71]. Sugarcane bagasse has
also been tested for anti-Salmonella activity. It was found to be bacteriostatic and caused leakage of
electrolytes [72]. In South Africa, herbs are used as traditional medicine for the treatment of GIT
disorders, e.g., stomach pain, diarrhea, etc. Bisi-Johnson et al. conducted a comprehensive study
to scientifically prove the effectiveness of traditional plants for treating Salmonella infection. These
plants include Aloe arborescens Mill., Acacia mearnsii De Wild., Aloe striata Haw., Eucomis autumnalis
(Mill.) Chitt., E. comosa (Houtt.) Wehrh., Cyathula uncinulata (Schrad.) Schinz, Hydnora africana Thunb.,
Hermbstaedtia odorata (Bur ch. ex Moq.) T. Cooke, Hypoxis latifolia Wight, Psidium guajava L., Pelargonium
sidoides DC., Schizocarphus nervosus (Burch.) van der Merwe. Although most of the studied plants
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were active in the study, but A. arborescens, A. striata, C. uncinulata, E. autumnalis, E. comosa and
P. guajava were particularly potent. The Salmonella species used in this study was extended spectrum
beta-lactamase positive (ESBL) [73]. In another study from South Africa, the potent antibacterial
activity of medicinal was been reported which include Hypericum roeperianum Schimp. ex A.Rich.,
Cremaspora triflora (Thonn.) K.Schum., Heteromorpha arborescens (Spreng.) Cham. & Schltdl., Pittosporum
viridiflorum Sims, Bolusanthus speciosus (Bolus) Harms, Calpurnia aurea (Aiton) Benth., Maesa lanceolata
Forssk., Elaeodendron croceum (Thunb.) DC. and Morus mesozygia Stapf. All the plant extracts used
were active against Salmonella isolates, but Cremaspora triflora and Maesa lanceolata were very potent
having MIC of 0.12 and 0.13 mg/mL, respectively [74]. Entada abyssinica A.Rich. is traditionally used
in bacterial infections of the gastrointestinal tract (GIT). A total of 8 compounds were isolated from
this plant including flavonoids and terpenoids and tested for anti-Salmonella activity. Entadanin
was found to be the most potent compound having a MIC of 1.56 μg/mL [75]. Leea indica (Burm. f.)
Merr. from Saudi Arabia [76], Leea indica, Sclerocarya birrea (A.Rich.) Hochst. from South Africa [77,78],
Lawsonia inermis L. from Pakistan [79], Rhus succedanea L. from India [80], Achillea clavennae L., Achillea
holosericea Sm., Achillea lingulata Waldst. & Kit. and Achillea millefolium L. from Japan [81], Butomus
umbellatus L., Polygonum amphibium L. and two species of the genus Sparganium (S. erectum L. and
S. emersum Rehmann) from Turkey [82], Spathodea campanulata P.Beauv., Ficus bubu Warb., Carica papaya
L., Cissus aralioides (Welw. ex Baker) Planch., Piptadeniastrum africana (Hook.f.) Brenan, Hilleria latifolia
(Lam.) H.Walter, Gladiolus gregarious Welw. ex Baker and Phyllanthus muellerianus (Kuntze) Exell
from Cameroon [83,84], persimmon (Diospyros lotus L.), guava (Psidium guajava L.), sweetsop (Annona
squamosal Linn.) and Cichorium intybus L. from China [85,86], Anisophyllea laurina R. Br ex Sabine from
Guinea [87], Sambucus australis Cham. & Schltdl. from Brazil [88], Terminalia avicennioides Guill. &
Perr., Momordica balsamina, Combretum paniculatum Vent., Trema guineensis (Schum. & Thonn.) Ficalho,
Morinda lucida Benth. and Ocimum gratissimum L. from Nigeria [89] were reported to have strong
antibacterial activity against Salmonella species. It has been observed that EO disrupt and increase
the permeability of bacterial cell walls, therefore causing the release of intracellular organelles and
proteins. The end result is inactivation and death of the microbes as reviewed by Franklyne et al. [90].
Most of the spices contain EO and consumption of spices has additional health benefits. The common
spice ingredients like black pepper, fennel, coriander, cardamom are rich in EO [91].

Biosynthesized nanoparticles of metals (metals+ natural materials) are frequently reported to have
enhanced pharmacological activities. A newly emerged concept is nano-antibiotics [92], which use
plants mediated biogenic nanoparticles with improved antimicrobial, chemotherapeutic and biologic
properties [93,94]. Using this approach, several metals are reduced using aqueous extracts of medicinal
plants [95] and then used as antimicrobial agents with advanced drug delivery and therapeutic
outcomes [96]. Silver (Ag) nanoparticles of aqueous leaf extract of Eupatorium odoratum L. were shown
to have high anti-Salmonella activities than the aqueous leaf extract of E. odoratum and also AgNO3 [97].
Silver nanoparticles using the aqueous leaf extracts of Lippia citriodora (Palau) Kunth have also been
proved to be active against Salmonella species [98]. Other authors have also applied nanoparticles of
phytoconstituents against Salmonella and obtained potent antibacterial activity [99–101].

3.3. Escherichia coli

Escherichia coli (E. coli), Gram-negative rods, belongs to Enterobacteriaceae family. They represent a
vital part of human intestinal normal flora [102]. Enterohemorrhagic E. coli (EHEC) produces verotoxin
which causes gastrointestinal cramps and diarrhea [103]. The most prevalent serotype O157:H7
which can lead to HUS followed by neurological disorders and kidney failure. Consumption of
unhygienic foods including meat, unprocessed milk, fruits, vegetables can transmit the microbes [104].
This important pathogen involved in foodborne diseases was once highly responsive to fluoroquinolones
and beta-lactams, but now is resistant to these antibiotics [105]. Therefore, alternative strategies,
e.g., traditional medicines as such and compounds derived from such sources are used to treat foodborne
diseases caused by E. coli. Acacia nilotica (L.) Del has been found to disintegrate the cell wall of E. coli and
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release nucleic acids, proteins with a reduction in viable cell growth [70]. In an in vitro study by Elisha
et al., nine plants (Hypericum roeperianum Schimp. ex A.Rich., Cremaspora triflora (Thonn.) K.Schum.,
Heteromorpha arborescens (Spreng.) Cham. & Schltdl., Pittosporum viridiflorum Sims, Bolusanthus speciosus
(Bolus) Harms, Calpurnia aurea (Aiton) Benth., Maesa lanceolata Forssk., Elaeodendron croceum (Thunb.)
DC. and Morus mesozygia Stapf) were selected for antibacterial activity against E. coli. All were found
to be active against E. coli and thus could be used in the therapeutic management of E. coli infection.
The lowest MIC was observed for Maesa lanceolata as 0.04 mg/mL [74]. Wasabia japonica (Miq.) Matsum.
is an edible plant that grows at shady, humid and cool places in Japan, China, New Zealand and Korea,
and possesses many medicinal properties. This plant inhibits E. coli strain O157:H7 which is widely
responsible for diarrhea in foodborne diseases [106]. Punica granatum L. (pomegranate) is a well-known
fruit and is abundantly used throughout the world. It is widely used in traditional medicine for a variety
of indications including anti-angiogenic, anti-cancer and antimicrobial [107,108]. Pomegranate contains
a variety of phytochemicals (ellagitannins and gallotannins, catechins, procyanidins, flavonoids,
anthocyanins and anthocyanidins) [109]. Its antimicrobial activity against E. coli has been reported by
several researchers [110–112]. Traditional healers of the Limpopo province of South Africa use a variety
of medicinal plants for treating diarrhea [113]. Mathabe et al. performed antibacterial experiments to
scientifically validate the traditional use of plants against diarrhea/foodborne disease-causing bacteria,
i.e; E. coli. Their findings confirmed the potential action of Gymnosporia senegalensis (Lam.) Loes.,
Indigofera daleoides Harv., Ozoroa insignis Delile, Punica granatum L., Spirostachys africana Sond. and
Syzygium cordatum Hochst. ex Krauss in limiting E. coli infection [114]. Similarly, in Puerto Rico,
traditional medicines are used as an alternative therapy for GIT infections. Tamarindus indica L.,
Phyllanthus acidus (L.), Punica granatum L., Citrus aurantifolia (Chrism.) Swingle, Citrus aurantium L.
were active against E. coli [115].

3.4. Staphylococcus aureus

Staphylococcus aureus (S. aureus), a Gram-positive, coagulase producing facultative anaerobe is a
major cause of foodborne diseases and hospitalization [104]. In addition to causing clinical infections,
S. aureus also causes food poisoning (a foodborne disease). Individuals suffering from Staphylococcal
food poisoning are presented with diarrhea, abdominal cramps, nausea and profuse vomiting usually
between 1–8 h after food consumption [116]. This pathogen produces exoproteins that are heat stable
and are known as Staphylococcal enterotoxins (SEs). These toxins act as virulence factors [117] and are
mostly responsible for food poisoning and are grouped into five toxin groups designated classically
as SEA to SEE. Other Staphylococcal enterotoxins (SEG to SER and SEU) have also been described
recently [118–120]. Staphylococcal foodborne disease outbreak without harboring enterotoxins has also
been reported [121]. Traditional medicine is widely practiced in South Africa for treating GIT problems.
Bisi-Johnson et al. evaluated the anti–staphylococcal activity of plants used in traditional medicine for
GIT related problems including diarrhea and vomiting which are indication of food poisoning. They
found that the medicinal plants including Aloe arborescens Mill., Aloe striata Haw., Cyathula uncinulata
(Schrad.) Schinz, Eucomis autumnalis (Mill.) Chitt., Eucomis comosa (Houtt.) Wehrh., Hypoxis latifolia
Wight, Hermbstaedtia odorata (Burch. ex Moq.) T.Cooke, Scilla nervosa (Burch.) J.P.Jessop, Pelargonium
sidoides DC., Psidium guajava L. and Hydnora africana Thunb. possess strong antibacterial potential
towards S. aureus and validates the scientific evidence of the use of these plants for food poisoning
caused by S. aureus [73]. The plant extracts of Aristolochia indica, Cuscuta pedicellata, Melilotus indicus and
Tribulus terrestris fruit which are traditionally used in Pakistan for various ailments including diarrhea
have anti–staphylococcal activity [122]. From Togo, anti–staphylococcal activity has been reported
for Holarrhena floribunda (G.Don) T.Durand & Schinz [123], from Cameroon, for Vismia rubescens Oliv.,
Vismia laurentii De Wild [124,125], from South Africa, Chrysophyllum albidum G. Don-Holl., Terminalia
ivorensis A.Chev. [126,127], from Sudan, Combretum hartmannianum Schweinf., Combretum pentagonum
M.A.Lawson, Anogeissus schimperi Hochst. ex Hutch. & Dalziel and Terminalia arjuna (Roxb. ex DC.)
Wight & Arn. [128], from Egypt, clove (Syzygium aromaticum), cress (Lepidium sativum L.), lemongrass
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(Cymbopogon citratus (DC.) Stapf.), Oregano (Origanum vulgare L.), rosemary (Rosmarinus officinalis L.),
sage (Salvia officinalis L.) [129], from Algeria, Stachys guyoniana Noë ex Batt. and Mentha aquatic L.,
Centaurea diluta Ait. subsp. algeriensis, Ferula vesceritensis Coss. & Durieu ex Trab., Genista saharae Coss.
& Durieu and Zilla macroptera Coss. [130–132] and Clerodendrum myricoides (Hochst.) R. Br. ex Vatke
from Kenya, [133].

Juglone is a natural compound occurring in plants such as black walnut (Juglans nigra L.). This
compound has antibacterial property and inhibits S. aureus by binding to DNA and disrupts cell wall
synthesis, thus stressing the bacterial cells to increasing peroxidative environment [134]. Tetrandrine is
an alkaloid isolated from the radix of Stephania tetrandra S. Moore. It inhibits S. aureus by binding to the
peptidoglycan [135]. Fraxinus rhynchophylla Hance and its active constituent fraxetin is antibacterial to
S. aureus via inhibition of essential proteins synthesis. It also decreases the activity of topoisomerase
I and topoisomerase II [136]. Several researchers have reported active compounds from medicinal
plants that are active against staphylococcal bacteria [137–139]. Essential oils are also utilized against
S. aureus and studies have shown potential benefits of essential oils derived from Petroselinum crispum
(Mill.) Fuss, Cuminum cyminum L, white mustard (Sinapis alba L.), Chamaecyparis obtusa (Siebold &
Zucc.) Endl. [140–143].

3.5. Shigella

Shigella is a genus of Gram-negative bacteria. It has four species, S. flexneri, S. sonnei, S. dysenteriae
and S. boydii. These are rod-shaped, non-motile, non-spore forming and facultative anaerobic
bacteria [144]. They cause diseases commonly known as shigellosis, characterized by profuse watery
diarrhea, fever, abdominal cramps and also bloody dysentery. Ingestion of as low as 100 numbers
of these bacteria can cause foodborne disease. These bacteria attack the epithelial cells of the colon
of primates only. The resultant inflammation causes high intestinal motility and diarrhea which
even leads to dysentery [145]. The virulence of Shiga toxin is like that of verotoxin of E. coli,
which halts protein synthesis in the host cells [104,146]. In Iran, pomegranate (Punica granatum) is
commonly used to treat diarrhea. Mahboubi et al. reported that the the extracts of pomegranate
were active against Shigella [147]. Another study has reported the anti-Shigella activity of five plants,
e.g., Thymus vulgaris L., Thymus carmanicus Jalas, Zataria multiflora Boiss., Ziziphora clinopodioides
Lam. and Ziziphora tenuior L. Among these Thymus caramanicus and Zataria multiflora were found
comparatively more active having MIC values of 0.78 and 1.56 mg/mL, respectively [148]. In a
study by Vuuren et al. 23 traditionally used plants for various ailments including diarrhea, were
subjected to antibacterial activity against Shigella bateria. Although, all the plants had antibacterial
property, Acacia burkei Benth. (MIC 0.25 mg/mL), Acanthospermum glabratum (DC.) Wild (0.44 mg/mL),
Brachylaena transvaalensis Hutch. ex E.Phillips & Schweick. (0.5 mg/mL), Catharanthus roseus (L.)
G.Don (0.41 mg/mL), Chenopodium ambrosioides L. (0.5 mg/mL), Cissampelos hirta Klotzsch (0.38 mg/mL),
Gymnosporia senegalensis (Lam.) Loes. (0.63 mg/mL), Lippia javanica (0.5 mg/mL), Mangifera indica L.
(0.25 mg/mL), Melia azedarach L. (0.57 mg/mL), Psidium guajava L. (0.33 mg/mL), Sarcostemma viminale
(L.) R.Br. (0.5 mg/mL), Schotia brachypetala Sond. (0.58 mg/mL), Sclerocarya birrea (A.Rich.) Hochst.
(0.34 mg/mL), Syzygium cordatum Hochst. ex Krauss (0.43 mg/mL) and Terminalia sericea Burch. ex DC.
(0.04 mg/mL) were particularly potent [149]. Essential oils are also utilized for foodborne infections
caused by Shigella [150,151].

3.6. Listeria monocytogenes

Listeria monocytogenes (L. monocytogenes), a Gram-positive, non-spore-forming, facultative anaerobe
widely affecting food, meat, poultry and seafood [152]. This pathogen grows between 0.4 and
50 ◦C [104]. The virulence factors of L. monocytogenes include the production of beta hemolysin, catalase
and superoxide dismutase. It has been implicated in foodborne outbreaks [153]. This microbe can
survive refrigeration, high salt content and low pH [154]. These properties enable L. monocytogenes to
contaminate food even after food postprocessing [155]; L. monocytogenes being a foodborne pathogen is
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challenged with extracts and compounds derived from medicinal plants. In a study by Yoon et al. in
South Korea, 69 herbal extracts were tested for inhibition of L. monocytogenes. Psoraleae Semen and
Sophorae Radix extracts were found potent in their study [156]. Attachment of L. monocytogenes to
the human intestinal epithelium and its subsequent invasion results in listeriosis. Motility, lecithinase
and hemolysin production are the major virulence factors of this pathogen. The virulence factors,
i.e., motility, lecithinase and hemolysin production were also decreased. Furthermore, the expression
of the virulence genes was downregulated by cinnamaldehyde, carvacrol and thymol more than
3-folds [157,158]. The essential oils are reported to possess antilisterial activity. Essential oils of Zataria
multiflora Boiss. from Turkey [159], Carum copticum (L.) Benth. & Hook.f. ex C.B.Clarke from Iran [160],
Thymus capitatus (L.) Hoffmanns. & Link from Tunisia [161], Cymbopogon citratus D.C. Stapf. from
Brazil [162], Eryngium foetidum L. from Italy [163] have been reported to have the potential of inhibiting
L. monocytogenes.

3.7. Clostridium spp.

Clostridium botulinum (C. botulinum) is a Gram-positive, rod-shaped, motile, obligate anaerobe [164].
It is a spore-forming bacterium and produces a neurotoxin known as botulinum [165]. It causes a
foodborne disease known as foodborne botulism. This happens after ingestion of the preformed toxin
produced by C. botulinum. The major virulence factor is toxin production [166]. Seven types of toxins
have been identified. These are named as A–G. Among these, A, B and E toxin types are associated
with foodborne illness. The symptoms of foodborne botulinum are blurred vision, dry mouth, nausea,
vomiting, abdominal cramps and difficulty in swallowing [167,168]. Toosendanin, a natural compound,
prevents botulinum in animals [169].

C. perfringens, a Gram-positive, spore-forming bacteria has a widespread anaerobic environmental
distribution including soil, foodstuff and is part of human flora [170]. Extracts from traditionally
important medicinal plants including Psidium guajava L., Haematoxylum brasiletto H.Karst. and Euphorbia
prostrata Aiton were found highly effective against C. perfringens type A [171]. Likewise, essential
oils from Satureja montana L. tested against C. perfringens type A at a concentration of 1.56%, showed
inhibitory activity causing structural damage and cell lysis. Moreover, a synergistic effect between
NaNO2 and Satureja montana EOs was observed and the findings suggest the potential combined use of
savory essential oil and minimal amounts of the synthetic additive, NaNO2 to control C. perfringens [172].
The natural product, berberine demonstrated efficacy towards the C. perfringens disease based on
significantly decreased mortality and lesion scores at 1.0 mL/L, in vitro [173]. Extracts from several
plants Pueraria thunbergiana (Siebold & Zucc.) Benth., Astragalus membranaceus (Fisch.) Bunge, Eucommia
ulmoides Oliv., Coptis japonica (Thunb.) Makino, Akebia quinata (Houtt.) Decne. and Rhus chinensis Mill.
exhibited considerable activity against C. perfringens [174].

3.8. Bacillus cereus

B. cereus, a Gram-positive spore-forming bacterium, is frequently implicated in foodborne
infections. Among the pathogenic aspects of the bacterium is the production of tissue-damaging
exo-enzymes. The bacterium secretes toxins including hemolysins, phospholipases, emesis-inducing
toxins and proteases [175]. In the in vitro antibacterial assay against B. cereus, the extract of Dryopteris
erythrosora (D.C. Eaton) Kuntze exhibited an MIC of 0.0156 mg/mL, followed by Siegesbeckia glabrescens
(SG) Makino leaf (0.0313 mg/mL), Morus alba L. bark (0.0313 mg/mL), Carex pumila Thunb. root
(0.0625 mg/mL) and Citrus paradisi Macfad. seed (0.0625 mg/mL) extracts. The combined inhibitory
effects of extracts against B. cereus were also determined. A combination of D. erythrosora and C. pumila
extracts showed a partial synergistic inhibition, with a fractional inhibitory concentration index of 0.75.
The single and combined inhibitory activities of selected plant extracts against B. cereus in reconstituted
infant rice cereal were also investigated and showed the MICs of S. glabrescens, M. alba, D. erythrosora
and C. pumila extracts against B. cereus as 1.0, 2.0, 2.0 and 8.0 mg/mL, respectively [176]. The plant
extracts of Rhus coriaria L. and Hipiscus sabdariffa L. were investigated against six presumptive Bacillus
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cereus isolates that were isolated from 49 samples of food, soil, manure and eggshells in Amman, Jordan.
It was observed that the inhibition of the growth of bacteria was proportional to the increase in extract
concentrations. Complete inhibition of the growth was demonstrated at the highest concentrations.
The authors concluded that Rhus coriaria and Hibiscus sabdariffa have the potential to be used as food
preservatives against wider spectra of spoilage microorganisms in food [177].

3.9. Vibrio cholerae

V. cholerae, a Gram-negative curved rod from family Vibrionaceae has two major virulence factors
including cholera toxin, causing profuse rice-watery diarrhea and toxin-coregulated pilus that is
mediated in intestinal colonization [178]. Cholera caused by toxigenic V. cholerae is a major public
health problem particularly in less developed regions of the world with poor sanitation facilities [179].
The extracts of Ocimum basilicum L., Opuntia ficus-indica (L.) Mill., Acacia farnesiana (L.) Willd. and
Artemisia ludoviciana Nutt. were found active against V. cholera, with MBCs values ranging from
0.5–3.0-mg/mL [180]. Recently, solvent-based extracts from red chili, sweet fennel and white pepper
were reported to inhibit cholera toxin production. Further, capsaicin the active ingredient of chili
prevented the synthesis of cholera toxin in different strains of V. cholerae. Capsaicin declined the
expression of virulent genes (ctxA, tcpA and toxT) yet increased the expression of hns gene that transcribes
a global prokaryotic gene regulator (H-NS) [181]. Solvents based extracts from 32 Mexician plants
were evaluated for their inhibitory effects against V. cholera strains (O1, O139). Among these, Acacia
farnesiana and Artemisia ludoviciana ethanolic extracts were more effective with minimum Bactericidal
Concentrations of 4.0–7.0 and 4.0–6.0-mg/mL respectively [182]. In another study, the extracts of
Terminalia chebula Retz. and Syzygium cumini (L.) Skeels exhibited considerable activity against V. cholerae,
Aeromonas hydrophila and Bacillus subtilis, with MBCs (0.25–4 mg/mL). These results favor the use of
ethnopharmacological important plants in the management of diarrhea, especially those associated
with cholera [183].

4. Plant Extracts and Phytochemicals against Viruses Causing Foodborne Diseases

4.1. Norovirus

Norovirus is single-stranded, positive-sense RNA and non-enveloped virus which is also known
as winter vomiting bug [184]. It is a major cause of acute gastroenteritis affecting people of all ages.
The transmission of the virus occurs via contaminated food. After entry into the body, the virus
replicates in the intestines. It takes one to two days for symptoms to appear. The major symptom
reported is gastroenteritis [185]. Other symptoms include watery diarrhea, abdominal cramps, nausea
and vomiting. The infection is self-limiting, and recovery occurs within two to three days. There
is no specific treatment for norovirus infection. Supportive therapy includes maintaining fluid and
electrolyte balance [186]. A combination of juice and polyphenols from pomegranate is effective
for eradicating norovirus infection [187]. Chinese galls and pomegranate significantly reduces the
attachment of norovirus P protein to their receptors (human histo-blood group antigens) which is an
important step for this pathogen virulence. Along with other phytochemicals, tannic acid is responsible
for this blocking action [188]. Similarly, grape (Vitis vinifera L.) seed extract is used in GIT diseases and
has been proved to have potential anti-norovirus activity [189]. Allspice oil and lemongrass oil can
reduce viral infection by degrading the capsid of the virus [190]. Curcumin, a natural compound from
Curcuma longa L. and juice of mulberry (Morus alba L.) were tested for anti-noroviral activity and were
found to have good inhibitory activity on norovirus.

4.2. Astrovirus

Astroviruses are non-enveloped, positive-sense single-stranded RNA viruses causing GIT
disorders particularly pediatric diarrhea. The astrovirus capsid acts as enterotoxin and thus disrupts
gut epithelial barrier [191]; Achyrocline bogotensis (Kunth) DC. extracts were evaluated for their
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antirotavirus (RRV) and anti-astrovirus (Yuc8) activities. The nontoxic concentrations displayed
considerable antiviral potentials against both viruses. The activity can be attributed to the presence
of steroids, sterols, terpenes, phenols, flavonoids and sesquiterpene lactones [192]. Spirulina platensis
ethanolic extract was tested and revealed a considerable decline in vitro for infectious units of various
types of viruses including adenovirus (type 7), astrovirus (type 1), Coxsackievirus B4, rotavirus (Wa
strain) and adenovirus (type 40) [193]. Northern Nigerian plants have been investigated against
poliovirus, astrovirus, herpes simplex viruses and parvovirus. The obtained results showed that the
test samples showed considerable activity against viruses at 100–400 mg/100 mL dose [194].

4.3. Hepatitis-A Virus

The hepatitis A virus (HAV), a picornavirus is a widespread cause of hepatitis and is transmitted
via oral intake of contaminated food, water and blood transfusion [195]. Medicinal plants including
Alnus japonica (Thunb.) Steud. have revealed significant virucidal activity against HAV and at a
concentration of 50-μg/mL has reduced HAV titer by 3.43 ± 0.24 logs. Similarly, Artemisia annua L.,
Allium sativum L., Allium fistulosum L. and Agrimonia pilosa Ledeb. extracts exhibited 2.33 ± 0.43,
2.10 ± 0.41, 2.07 ± 0.60 and 2.03 ± 0.26-log reductions, respectively [196]. It has been observed that green
tea extract has a strong anti-HAV activity with a direct effect on the viral particles. Supplementing tap
water with the extract with continuous shaking every 15 min for 1 h caused a significant reduction in
the percentage of HAV plaque counts. There is a strong recommendation of supplementing water with
a small concentration of green tea extract that does not cause an observed change in its color and taste
for 1 h with persistent shaking before usage in endemic areas for HAV infections [197].

4.4. Rotavirus

Rotavirus infections represent the leading cause of dehydrating gastroenteritis among children
less than 5 years of age. Despite the worldwide vaccinations against rotavirus, it is still a major cause
of fatality (>200,000 deaths annually) especially in low-income countries [198]. These viruses usually
infect enterocytes, thus induce diarrhea via the decline in the absorptive capacity of enterocytes, increase
intestinal secretion stimulated by viral non-structural protein 4 and activation of the enteric nervous
system [199]. It has been observed that supplementation Nelumbo nucifera Gaertn., Aspalathus linearis
(Burm.f.) R.Dahlgren, Urtica dioica L., Glycyrrhiza glabra L. and Olea europaea L. extracts are effective in
the managment of rotavirus induced diarrhea [200,201]. Moreover, aqueous extracts from Nelumbo
nucifera, Urtica dioica, Aspalathus linearis, Glycyrrhiza glabra and Olea europaea leaves were reported to
exhibit substantial antiviral potentials with IC50 of <300μg/mL. Likewise, 18β-glycyrrhetinic acid and
luteolin isolated from G. glabra and A. linearis exhibited IC50 of 46μm and 116μm, respectively [201].
Rubia cordifolia L. extracts, isolated compounds including xanthopurpurin and vanillic acid were quite
effective against rotavirus and inhibited its multiplication by augmenting virus-mediated apoptosis in
MA-104 cells [202]. The antirotavirus activity of Bauhinia variegata L. was examined, which showed
antiviral activity against rotavirus in vitro with therapeutic index ranged from 0.2 to 23 and a reduction
in virus titers ranged from 0.25 log10 to 4.75 log10. These results demonstrated that B. variegata
has a potential for the pharmacotherapeutic management of rotavirus induced gastroenteritis [203].
The antiviral activity of different extracts from Calliandra haematocephala Hassk. leaves against rotavirus
(RV) infection was evaluated both in vitro and in vivo. C. hematocephala at non-cytotoxic concentrations
exhibited antirotavirus activities at a different magnitude of potency with therapeutic index ranging
from 1.3 to 32 and a reduction in virus titer ranging from 0.25 log10 to 5.75 log10. In the in vivo study,
oral administration of the methanol extract at 50 mg and 100 mg/kg/day significantly reduced mortality,
virus titers, duration and severity of diarrhea, as well as alleviation of lesion in the small intestine in
rotavirus infected mice [204]. The leaf of Japanese big-leaf magnolia (Magnolia obovate Thunb.) has
long been used as a natural packaging material for traditional foods in Japan. The extract significantly
inhibited cytopathic effects and mRNA expression of rotaviral proteins in SA11-infected MA104 cells
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and thus can be used as a medicine or food additive to prevent and ameliorate rotavirus-induced
diarrhea in individuals that may have difficulty in benefitting from the rotavirus vaccines [205].

5. Plant Extracts and Phytochemicals against Parasites Causing Foodborne Diseases

5.1. Giardia lambia

Giardiasis is a human parasitic infection most commonly transmitted through the ingestion of
infected food and is associated with significant morbidity [206]. The most common cause of giardiasis
is the protozoan, Giardia lamblia commonly called G. intestinalis and G. duodenalis. Several treatment
strategies are devised for its eradication which includes nutritional intervention, ingestion of probiotics
and phytotherapeutic agents [207]. Several natural products including Allium sativum, berberine and
flavonoid-rich herbs, Piper longum L., Butea monosperma (Lam.) Taub. and various isolated compounds
have been found effective in the eradication of giardiasis [208,209].

Natural products based therapeutics play a significant role in the treatment and management
of giardiasis, mediated through eradication of parasite and thus relieving the unwanted symptoms
of infection. Several herbs are extensively reported for their effectiveness in Giardia infections;
Allium sativum is a well-known household remedy against numerous human diseases including
microbial and parasitic infections [210]. In a study, Harris et al. reported the anti-giardial potentials of
crude A. sativum and its isolated compounds; A. sativum crude extract exhibited IC50 of 0.3-mg/mL
against Giardia intestinalis, whereas, the isolated compounds allyl mercaptan, diallyl disulfide, diallyl
sulfide, allyl alcohol and dimethyl disulfide showed IC50 values of 0.037, 0.1, 1.3, 0.007 and 0.2 mg/mL,
respectively [33].

Furthermore, the incubation of Giardia trophozoites in the presence of whole A. sativa exhibited
considerable decline in the parasite motility, flagellar movement and ultimate swelling of the trophozoite.
The mechanisms underlying these events involve the loss of osmoregulation of parasite and loss of
transmembrane electrochemical gradient. Microscopic studies revealed morphologic changes in the
ventral disc of the parasite which can be responsible for its inability to attached to its host cell [33].
In another clinical study, Soffar and Mokhtar administered fresh A. sativum distilled water extract
(5 mL) or 0.6 mg commercially available capsules to 26 children infected with G. lamblia for three days
and observed its beneficial effects against giardiasis [211]. The symptoms of giardiasis were effectively
subsided in all the groups of children with thirty-six hours of therapy and the stool examination
revealed complete eradication of parasite [211]. Allicin isolated from A. sativum is reported to mediate
its action against the parasite via inhibition of giardia’s cysteine proteases and inhibition of products
responsible for unwanted symptoms of giardiasis [212,213]. Moreover, A. sativa also increases the
mucosal nitric oxide (NO) production via stimulation of nitric oxide synthase, which subsequently
increases the liberation of NO from enterocytes and exhibits direct giardicidal effects [33].

Piper longum L. is a well-known folk medicine for the treatment of gastrointestinal disorders and
helminthesis [214]. In a study, Tripathi et al. investigated the giardicidal actions of crude extracts
of P. longum. Treatment with crude ethanolic extract (125 μg/mL) and aqueous extracts (250 μg/mL)
showed 100% lethality against Giardia lamblia. In an animal model of giardiasis, P. longum crude
ethanolic extract, aqueous extract and fruit powder at doses of 250, 450 and 900 mg/kg, respectively
significantly (75%) diminished the live trophozoites count in the intestinal mouse aspirates after
five days of therapy [215]. The two important gastroprotective herbs including Piper longum and
Butea monosperma have been combined in a traditional herbal formulation called Pippali rasayana
(PR). This formulation is very famous in folk medicine for the treatment of helminthesis and chronic
dysentery. In a study, Agarwal et al. reported the anti-giardial effects of PR formulation in an
animal model. The in vivo study revealed that PR administration in doses of 225, 450 and 900 mg/kg
exhibited 62%, 79% and 98% parasitic clearance, respectively. Moreover, PR significantly augmented
the macrophage phagocytic activity and macrophage migration index at all the tested doses. As the
PR formulation is inactive against the parasite in vitro, so it was proposed that the formulation may
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mediate its anti-giardial activity through boosting of host immune system and thereby increasing
clearance mechanisms [216]. To further explore the clinical significance of PR formulation, Agarwal et
al. extended the study and included fifty human subjects with all signs and symptoms of giardiasis
including cysts and Giardia trophozoites in the stool samples. The subjects were divided into two
groups; the treated group was maintained on PR (1 g T.D.S) for fifteen days, whereas the second group
served as a placebo control. After the completion of therapy, stool samples were analyzed for G. lamblia,
frequency of diarrhea and mucous content of the stool. In the treated group, 92% inhibition of Giardia
and a significant decline in diarrhea and mucous were observed. A boost in the cell-mediated immune
system indicated by a decline in leukocyte migration was also observed [217].

In a study, Miyares et al. evaluated the giardicidal potential of propolis in 136 subjects with
well-known symptoms of giardiasis. In the five days’ trials, propolis was administered in 20, 30%
solutions (adults) and 10% solution (children) and duodenal aspirates were evaluated for giardicidal
activity. Results of the study revealed 60% giardicidal activity for 30% solution and 40% giardicidal
activity for 20% solution in adults whereas, 52% giardicidal activity was observed in children after
administration of 10% solution. The standard drug, tinidazole exhibited a 40% efficacy [218]. Several
studies have confirmed the efficacy of berberine and berberine rich plants including Coptis chinensis
Franch., Berberis vulgaris L., Berberis aquifolium Pursh, Berberis aristata DC. and Hydrastis canadensis
L. in the management of gastrointestinal disorders like parasitic infestation and diarrhea [219,220].
Berberine is highly effective against Giardia trophozoites and mediates its beneficial effects via
morphologic changes in the trophozoites including changes in the shape of vacuoles, trophozoites
swelling and deposition of glycogen deposits [221]. Berberine hydrochloride at a dose of 5 mg/kg
showed a 68% decline in the stool–Giardia content and a significant decline in giardiasis symptoms in a
clinical study [222]. In a clinical trial, berberine administered in doses of 5, 10 mg/kg for 5–10 days
showed a 47%, 55%, 68% and 90% decline in the Giardia content in all the treated groups of children.
The standard drugs, furazolidone and metronidazole exhibited a 92% and 95% efficiency against
Giardia [223]. In vitro studies have revealed high efficacy of crude extracts from these plants in
comparison to pure berberine, which can be attributed to the synergistic interactions of berberine with
other isoquinoline alkaloids present in these plants [224]. Natural flavonoids including epicatechin,
quercetin, epigallocatechin, apigenin and kempferol, which are abundant in several natural products
like Quercus robur L., Hamamelis virginiana L. and Croton lechleri Müll.Arg. are extensively reported for
giardicidal potentials [225–227]. In a study, flavonoids and tannins rich plants including Origanum
vulgare L., Psidium guajava L., Mangifera indica L. and Plantago major L. showed high anti-giardial activity
in comparison to the standard drug, tinidazole [228]. Barbosa E et al. reported the antigiardial activity
of flavonoids isolated from Geranium mexicanum Kunth, Helianthemum glomeratum (Lag.) Lag. ex Dunal,
Cuphea pinetorum Benth. and Rubus coriifolius Liebm. Among the isolated compounds, kempferol,
tiliroside and epicatechin exhibited IC50 values of 2.057, 1.429 and 0.072 μmol/kg, respectively against
G. lambia [229].

5.2. Entamoeba histolytica

Amoebiasis is a ubiquitous gastrointestinal disorder most prevalent in less developed countries
with poor sanitation and socioeconomic status, affecting about 12% of global population [230]. It is
known to be the third leading cause of mortality [231–233]. The causative agent of amoebiasis is
Entamoeba histolytica, which is associated with typical symptoms of amoebic dysentery, abdominal
cramps, bloating or tenderness and stomachache [234,235]. Among the currently available
chemotherapeutics, metronidazole is an effective amoebicide, but is associated with unwanted
side-effects like carcinogenesis, mutagenesis, nausea and vomiting [236,237]. The stratagem of utilizing
natural drugs in antiamoebic therapy traces back to the pre-historic era. For instance, emetine
isolated from Cephaelis ipecacuanha (Brot.) A.Rich. is used as a front line anti-amoebic drug [238].
Currently, a large population is dependent on traditional therapeutics for the management of various
diseases [18,25,239]. Medicinal plant and herbal drugs represent an indispensable part of the traditional
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medicine practiced in many countries owing to low costs, frequent availability, biosafety and ancestral
knowledge [240–242]. Hence, in search of more effective drugs, traditionally used natural products
are of great importance. Several natural products and isolated compounds have been scientifically
validated for effective eradication of Entamoeba histolytica, for potential drug development. For instance,
bruceantin, a potent amoebicide from Brucea antidysenterica J.F.Mill. exhibited IC50 of 0.018 μg/mL [243],
parthenin from Parthenium hysterophorus L. [244], extracts and isolated compounds from Brucea javanica
(L.) Merr. fruits and Simarouba amara Aubl. [245] and alkaloids from Alstonia angustifolia Wall. ex
A.DC. roots [246] were extensively studied against E. histolytica. Cimanga et al. investigated the
effect of Morinda morindoides (Baker) Milne-Redh. leaves extracts and isolated compounds against
E. histolytica [247]. The crude methanolic extract and aqueous decoction showed significant anti-amoebic
action with IC50 values of 1.7 and 3.1 μg/mL, respectively. Among the isolated compounds, kempferol,
apigenin, luteolin, apigenin-7-O-glucoside and luteolin-7-O-glucoside exhibited IC50 values of 10.3,
12.7, 17.8, 22.3 and 37.4 μg/mL, respectively against E. histolytica.

Tona et al. evaluated forty-five Congolese plant extracts used in traditional medicine against E.
histolytica. Among the tested samples, Mangifera indica L., Rauwolfia obscura K.Schm., Carica papaya L.,
Euphorbia hirta L., Hymenocardia acida Tull., Jatropha curcas L., Maprounea africana Mull. Arg., Paropsia
brazzeana Baill., Psidium guajava L., Cryptolepis sanguinolenta (Lindl.) Schltr. and Quassia africana (Baill.)
Baill. were highly active with IC50 values of 7.81, 31.5, 7.81, 31.25, 31.25, 31.25, 31.25, 7.81, 7.81, 7.81 and
31.5 μg/mL, respectively [248]. In another study, Sohni et al. investigated the antiamoebic potentials
of an herbal formulation containing Zingiber officinale, Berberis aristata, Boerhavia diffusa L., Tinospora
cordifolia (Willd.) Miers and Terminalia chebula extracts. Among these plant extracts, Berberis aristata
and Tinospora cordifolia showed IC50 values of 100 and 1000 μg/mL, respectively. All these plants in a
combined formulation exhibited an IC50 of 1000 μg/mL. The herbal formulation was also tested against
some enzymes of E. histolytica including DNase, RNase, aldolase, alkaline, acid phosphatases and
α-amylase that are known to play a significant role in the virulence and invasiveness of the parasite.
Results confirmed various degrees of inhibition of these enzymes [249]. Owing to the traditional use of
Salvia polystachya Cav. for the treatment of dysentery in the Mexican traditional medicine, Calzada et
al. investigated various isolated compounds from Salvia polystachya against E. histolytica and G. lamblia
trophozoites. Among the tested compounds, Linearolactone was most active showing IC50 value of
22.9 and 28.2 mM against E. histolytica and G. lamblia, respectively. Whereas, polystachynes A, B and
D, exhibited modest antiprotozoal potentials with IC50 values ranging from 117.0–160.6 mM against
E. histolytica and 107.5–134.7 mM against G. lamblia [250].

In the search for new antiprotozoal drugs from natural products, Calzada et al. studied the
inhibitory effects of twenty-six traditional Mexican drugs against E. histolytica and G. lamblia. Among
the tested samples, Chiranthodendron pentadactylon Larreat., Annona cherimola Mill., Punica granatum,
Dichondra argentea Humb. & Bonpl. ex Willd., Chenopodium ambrosioides L. and Chrysactinia mexicana
A.Gray were most active showing IC50 values of 2.5, 14.8, 29.5, 38.3, 45.2, 45.3 μg/mL, respectively
against E. histolytica. Whereas, Dorstenia contrajerva L., Senna villosa (Mill.) H.S. Irwin & Barneby,
Ruta chalepensis L., Cocos nucifera L. and Chiranthodendron pentadactylon Larreat. exhibited IC50 values
of 23.3, 32.1, 37.8, 44.1, 44.2 μg/mL, respectively against G. lamblia [251]. In another study, the
same group investigated the antiprotozoal efficiency of crude extracts and isolated compounds from
the roots of Geranium mexicanum against E. histolytica and G. lamblia. Among the crude samples,
dichloromethane–methanol, ethyl acetate, fraction 13 (from ethyl acetate) and aqueous fractions
showed IC50 values of 79.2, 66.7, 51.5 and 221.6 μg/mL, respectively against E. histolytica and 100.4, 63.7,
59.7 and 215.9 μg/mL, respectively against G. lamblia. Among the isolated compounds, epicatechin,
catechin, β-sitosterol 3-O-β-D-glucopyranoside and tyramine revealed IC50 values of 1.9, 65.6, 82.2 and
54.2 μg/mL, respectively against E. histolytica and 1.6, 33.9, 61.5 and 68.9 μg/mL, respectively against G.
lamblia [252]. The antiprotozoal potential of another traditional plant, Rubus coriifolius and its isolated
compounds were investigated by Alanís et al. against E. histolytica and G. lambia. In the crude fractions,
dichloromethane–methanol was most active with IC50 values of 11.6 and 55.6 μg/mL, respectively
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against E. histolytica and G. lamblia. Whereas, the isolated compounds including epicatechin, catechin,
nigaichigoside, β-sitosterol-3-O-β-D-glucopyranoside, hyperin, gallic acid and ellagic acid exhibited
IC50 value of 1.9, 65.5, 111.9, 82.16, 143.6, 220 and 56.5 μg/mL, respectively against E. histolytica and 1.6,
34.0, 123.6, 61.5, 49.2, 70.3 and 24.9 μg/mL, respectively against G. lamblia [253].

5.3. Toxoplasma gondii

Toxoplasmosis is a parasitic infection caused by Toxoplasma gondii and transmitted from infected
pregnant women and contaminated food and is a major cause of foodborne hospitalization and
death [254]. Meat from various sources including pork, cattle, wild game meat, poultry meat, lamb if
not properly cooked and vegetables contaminated with oocysts, infected water and feces can cause
transmission of toxoplama infection [255]. Proper cleansing, cooking of meat and washing of fruits
and vegetables can significantly reduce the risk of toxoplasmosis. Immunocompromised and organ
transplant individuals are at more risk to develop this infection. Several toxoplasmosis outbreaks in
Korea are reported to be linked with the use of uncooked pork [256]. Toxoplasmosis is reported as a
major cause of neurologic infections in HIV infected individuals [257]. Toxoplasmosis is reported as the
second major cause of foodborne infections and the fourth major cause of hospitalization and deaths in
the United States [4]. In Greece, toxoplasmosis has been reported among the top five contributors of
foodborne infections, leading to major disabilities and deaths [258].

Several studies regarding the efficacy of natural products against toxoplasmosis have been
reported. In a study, Youn et al. reported the antiparasitic potentials of traditionally used plant
extracts against Toxoplasma gondii and Neospora caninum [259]. Solvent extracts of Sophora flavescens
Aiton, Torilis japonica (Houtt.) DC., Ulmus macrocarpa Hance, Sinomenium acutum (Thunb.) Rehder
& E.H.Wilson and Pulsatilla koreana (Yabe ex Nakai) Nakai ex T. Mori collected from South Korea
were tested. Among the tested herbs, T. japonica exhibited significant inhibitory potential against
T. gondii by inhibiting parasite proliferation from 54% to 99% at 19.5–156 ng/mL; S. flavescens extracts
restrain T. gondii growth by 27.2–98.7% at a concentration ranging from 39-ng/mL to 156 ng/mL.
Extracts from other plants including Pulsatilla koreana, U. macrocarpa and S. acutum showed moderate
antiparasitic activity against T. gondii. Wright et al. tested the effectiveness of isolated compounds from
Simarouba amara and Brucea javanica fruits against Toxoplasma gondii, E. histolytica and Giardia intestinalis.
Among the tested compounds, ailanthinone, bruceantin, bruceine B, bruceine C, bruceine D, brusatol,
glaucarubinone and quassin exhibited IC50 values of 0.0251, 0.0115, 0.75, 0.842, 7.56, 0.179, 0.374 and
111 μM, respectively [260].

In a study, Choi et al. tested methanolic extracts from fifteen traditional herbs against T. gondii.
Among the tested samples, Sophora flavescens, Zingiber officinale, Meliae Cortex, Acorus gramineus Aiton,
Dryopteris crassirhizoma Nakai and Glycyrrhiza glabra were potent and exhibited EC50 values of 0.20,
0.18, 0.77, 0.11, 0.15 and 0.13 mg/mL, respectively against Toxoplasma gondii [261].

5.4. Cryptosporidium

Cryptosporidium spp. belongs to the family, Cryptosporidiidae. The most common species that cause
human infection are the Cryptosporidium parvum and Cryptosporidium hominis. They can be transmitted
from animals, human-to-human, water, food, and tend to cause waterborne outbreaks. The clinical
manifestation in immunocompetent patients is self-limiting when compared to immunocompromised
individuals where it causes chronic diarrhea not responding to treatment [262]. Cryptosporidium spp.
are well recognized as causes of diarrheal disease and is increasingly identified as an important cause
of morbidity and mortality worldwide [263]. The ethanolic extract from olive (Olea europaea) pomace,
after oil pressing and phenol recovery, reproducibly inhibited Cryptosporidium parvum development
(MIC = 250–500 μg/mL, IC50 = 361 (279–438) μg/mL, IC90 = 467 (398–615) μg/mL) [264]. In an in vivo
study, the extract of Curcuma longa L. had the highest effect on Cryptosporidium oocysts shedding.
The inhibitory effect was observed at a rate of 100% on the 7th day of treatment at 750 mg/kg and
on the 5th day at 1000 mg/kg in the watery extracts. At a rate of 100% on the 4th day at 1000 mg/kg

118



Appl. Sci. 2020, 10, 4597

in alcoholic extracts [265]. Potential cryptosporicidal effects have been observed for blueberry with
its polyphenolic compounds, cinnamon with its phenolic compounds and onion with its flavonoids
and sulfide compounds, garlic with its allicin, mango with its mangiferin, olive pomace with its
oleuropein, pomegranate with its polyphenols and tannins and oregano with its carvacrol especially
against Cryptosporidium parvum and Cryptosporidium hominis [266]. The anti-Cryptosporidium efficacies of
various plant extracts were evaluated in four groups of age-matched neonatal Swiss albino mice. There
was a 100% reduction in Cryptosporidium oocyst excretion in stool and copro-DNA of O. europaea-treated
infected mice after 2 weeks. Thus, the plant of O. europaea is a promising natural therapeutic for
cryptosporidiosis [267].

A detailed list of antiprotozoal activity of important medicinal plant extract and phytochemicals
against foodborne parasites is provided in Table 1. Chemical structures of some of the plants derived
bioactive compounds are given in Figure 1.

Table 1. Summary of effects of plant extracts and phytochemicals against foodborne parasites.

Plant Source Part Used Effective against Mechanism/IC50 Reference

Allium sativum

Crude methanolic
eextract G. intestinalis

300 μg/mL
↓ Parasite motility
↓ Flagellar movement
↑Trophozoite swelling
↓Transmembrane

electrochemical gradient
↓ Osmoregulation

↑Morphologic changes in
the ventral disc

[33]

Allyl mercaptan
Diallyl disulfide
Diallyl sulfide
Allyl alcohol

Dimethyl disulfide

G. intestinalis

37 μg/mL
100 μg/mL
1300 μg/mL

7 μg/mL
200 μg/mL

[33]

Aqueous extract
commercial capsule G. lamblia ↓Giardiasis symptoms

↓Giardia stool content [211]

Allicin G. lamblia ↓ Cysteine proteases
↓ Giardia waste products [212,213]

Piper longum
Crude ethanolic extract
and aqueous extract of

fruit powder
G. lamblia 100% Lethality

↓ Trophozoites count [215]

Piper longum and Butea
monosperma

Pippali Rasayana
Formulation at 225, 450,

900 mg/kg
G. lamblia

62%, 79%, 98% Parasite
clearance

↑Macrophage phagocytic
action

↑Macrophage migration
index

↑Host immune system
↑Clearance of parasite

wastes

[216]

Pippali Rasayana
Formulation 1 g T.D.S G. lamblia

↑Giardia inhibition (92%)
↓Diarrhea frequency
↓Stool mucous content
↓Leukocyte migration

[217]

Coptis chinensis,
Berberis vulgaris,
Berberis aristata,

Berberis aquifolium,
Hydrastis canadensis

Crude extracts,
Berberine G. lamblia

↑Morphologic changes in
trophozoites

↑ Trophozoites Swelling
↑Glycogen deposition
↓Giardia stool content

[221–224]

Quercus robur,
Hamamelis virginiana,

Croton lechleri

Epicatechin, Quercetin,
Epigallocatechin,

Apigenin, Kempferol
G. lamblia ↑Giardia inhibition [225–227]

Origanum vulgare,
Psidium guajava,
Mangifera indica,
Plantago major

Flavonoids and tannins
rich crude extracts G. lamblia ↑Antigiardial activity [228]
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Table 1. Cont.

Plant Source Part Used Effective Against Mechanism/IC50 Reference

Geranium mexicanum,
Helianthemum

glomeratum, Cuphea
pinetorum and Rubus

coriifolius

Kempferol
Tiliroside

Epicatechin
G. lamblia

2.05 μmol/kg
1.42 μmol/kg
0.07 μmol/kg

[229]

Geranium mexicanum

Dichloromethane-methanol
extract

E. histolytica
G. lamblia

79.2 μg/mL
100.4 μg/mL

[252]

Ethyl acetate extract E. histolytica
G. lamblia

66.7 μg/mL
63.7 μg/mL

Aqueous extract E. histolytica
G. lamblia

221.6 μg/mL
215.9 μg/mL

Epicatechin E. histolytica
G. lamblia

1.9 μg/mL
1.6 μg/mL

Catechin E. histolytica
G. lamblia

65.6 μg/mL
33.9 μg/mL

β-Sitosterol 3-O-β-D-
glucopyranoside

E. histolytica
G. lamblia

82.2 μg/mL
61.5 μg/mL

Tyramine E. histolytica
G. lamblia

54.2 μg/mL
68.9 μg/mL

Rubus coriifolius

Dichloromethane-methanol
extract

E. histolytica
G. lamblia

11.6 μg/mL
55.6 μg/mL

[253]

Epicatechin E. histolytica
G. lamblia

1.9 μg/mL
1.6 μg/mL

Catechin E. histolytica
G. lamblia

65.5 μg/mL
34.0 μg/mL

Nigaichigoside E. histolytica
G. lamblia

111.9 μg/mL
123.6 μg/mL

β-Sitosterol 3-O-β-D-
glucopyranoside

E. histolytica
G. lamblia

82.16 μg/mL
61.5 μg/mL

Hyperin E. histolytica
G. lamblia

143.6 μg/mL
49.2 μg/mL

Gallic acid E. histolytica
G. lamblia

220.1 μg/mL
70.3 μg/mL

Ellagic acid E. histolytica
G. lamblia

56.5 μg/mL
24.9 μg/mL

Allium sativum Methanolic extract E. histolytica
G. lamblia

61.8 μg/mL
64.9 μg/mL

[251]

Aloysia triphylla Methanolic extract E. histolytica
G. lamblia

113.4 μg/mL
106.9 μg/mL

Annona cherimola Methanolic extract E. histolytica
G. lamblia

14.8 μg/mL
146.0 μg/mL

Artemisia absinthium Methanolic extract E. histolytica
G. lamblia

72.3 μg/mL
135.4 μg/mL

Artemisia ludoviciana Methanolic extract E. histolytica
G. lamblia

82.2 μg/mL
95.1 μg/mL

Bocconia frutescens Methanolic extract E. histolytica
G. lamblia

96.4 μg/mL
79.3 μg/mL

Cesalpinia pulcherrima Methanolic extract E. histolytica
G. lamblia

182.2 μg/mL
49.9 μg/mL

Carica papaya Methanolic extract E. histolytica
G. lamblia

153.0 μg/mL
128.8 μg/mL

Cocos nucifera Methanolic extract E. histolytica
G. lamblia

59.6 μg/mL
44.1 μg/mL

Chenopodium
ambrosioides

Methanolic extract
(Green plant)

Methanolic extract (Red
Plant)

E. histolytica
G. lamblia

45.2 μg/mL
106.5 μg/mL

Chenopodium murale Methanolic extract E. histolytica
G. lamblia

90.3 μg/mL
99.8 μg/mL

Chiranthodendron
pentadactylon Methanolic extract E. histolytica

G. lamblia
2.5 μg/mL

44.2 μg/mL

Chrysactinia mexicana Methanolic extract E. histolytica
G. lamblia

45.3 μg/mL
106.5 μg/mL
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Table 1. Cont.

Plant Source Part Used Effective Against Mechanism/IC50 Reference

Dorstenia contrajerva Methanolic extract E. histolytica
G. lamblia

47.1 μg/mL
23.3 μg/mL

Dichondra argentea Methanolic extract E. histolytica
G. lamblia

38.3 μg/mL
284.7 μg/mL

Geranium mexicanum Methanolic extract E. histolytica
G. lamblia

139.9 μg/mL
267.1 μg/mL

Hippocratea excelsa Methanolic extract E. histolytica
G. lamblia

233.2 μg/mL
72.7 μg/mL

Lippia alba Methanolic extract E. histolytica
G. lamblia

58.1 μg/mL
109.4 μg/mL

Lygodium venustum Methanolic extract E. histolytica
G. lamblia

178.4 μg/mL
74.3 μg/mL

Matricaria recutita Methanolic extract E. histolytica
G. lamblia

102.1 μg/mL
67.1 μg/mL

Ocimum basilicum Methanolic extract E. histolytica
G. lamblia

41.7 μg/mL
79.4 μg/mL

Punica granatum Methanolic extract E. histolytica
G. lamblia

29.5 μg/mL
198.5 μg/mL

Ruta chalepensis Methanolic extract E. histolytica
G. lamblia

61.9 μg/mL
37.8 μg/mL

Schinus molle Methanolic extract E. histolytica
G. lamblia

82.4 μg/mL
154.7 μg/mL

Senna villosa Methanolic extract E. histolytica
G. lamblia

133.1 μg/mL
32.1 μg/mL

Thymus vulgaris Methanolic extract E. histolytica
G. lamblia

90.9 μg/mL
68.7 μg/mL

Sophora flavescens Torilis
japonica, Ulmus

macrocarpa, Sinomenium
acutum

Pulsatilla koreana

Alcoholic extracts T. gondii

99.7%
99.9%
99.8%
99.7%
99.6%

[259]

Sophora flavescens
Meliae cortex

Acorus gramineus
Dryopteris crassirhizoma

Glycyrrhiza glabra
Zingiber officinale

Methanolic extracts T. gondii

0.20
0.77
0.11
0.15
0.13
0.18

[261]

Brucea javanica
Simarouba amara

Ailanthinone
Bruceantin
Bruceine A
Bruceine B
Bruceine C
Bruceine D

Brusatol
Glaucarubinone

Quassin

T. gondii

0.02 μM
0.01 μM

NT
0.75 μM
0.84 μM
7.56 μM
0.17 μM
0.37 μM
11 μM

[260]

Ailanthinone
Bruceantin
Bruceine A
Bruceine B
Bruceine C
Bruceine D

Brusatol
Glaucarubinone

E. histolytica

0.13 μM
0.03 μM
0.22 μM
0.63 μM
0.49 μM
0.06 μM
0.32 μM
1130 μM

[260]

Ailanthinone
Bruceantin
Bruceine A
Bruceine B
Bruceine C
Bruceine D

Brusatol
Glaucarubinone

G. intestinalis

45.44 μM
1.20 μM
8.84 μM

NT
NA
NA

6. I7 μM
12.42 μM

[260]

Brucea antidysenterica Bruceantin E. histolytica 0.01 μg/mL [243]
Brucea javanica,

Simarouba amara
Bruceantin E. histolytica 0.01 μg/mL [245]

Glaucarubol 5 μg/mL
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Table 1. Cont.

Plant Source Part Used Effective Against Mechanism/IC50 Reference

Morinda morindoides

Quercetin

E. histolytica

105.2 μg/mL

[247]

Quercetin-7,4-dimethylether 70.3 μg/mL
Quercetin-3-O-rutinoside 120.7 μg/mL

Quercetin-3-O-rhamnoside 93.2 μg/mL
Kempferol-3-O-rhamnoside 64.7 μg/mL
Kempferol-3-O-rutinoside 72.5 μg/mL
Kempferol-7-O-rhamnosyl-

sophoroside >125 μg/mL

Chrysoeriol-7-O-neohesperidoside >125 μg/mL
Apigenin-7-O-glucoside 22.3 μg/mL
Luteolin-7-O-glucoside 37.4 μg/mL

Kempferol 10.3 μg/mL
Apigenin 12.7 μg/mL
Luteolin 17.8 μg/mL

Gaertneroside 4.3 μg/mL
Gaertneric acid 7.1 μg/mL

Methoxygaertneroside 2.3 μg/mL
Epoxygaertneroside 1.3 μg/mL

Justicia insularis Leaves water extract E. histolytica >500 μg/mL

[248]

Draceana reflexa Leaves water extract E. histolytica 62.5 μg/mL
Costus afer Juice E. histolytica 125 μg/mL

Vitex madiensis Leaves water extract E. histolytica >500 μg/mL
Cissius areloides Leaves water extract E. histolytica >500 μg/mL
Datura arborea Leaves water extract E. histolytica 125 μg/mL

Morinda morindoides Leaves water extract E. histolytica 15.62 μg/mL

Nauclea latifolia Root-bark water extract
Laves water extract E. histolytica 125 μg/mL

>500 μg/mL
Heinsia pulchella Root-bark water extract E. histolytica 15.62 μg/mL

Crossopteryx febrifuga Laves water extract E. histolytica 125 μg/mL
Pteridium aquilinum Twigs water extract E. histolytica >500 μg/mL

Phytollaca dodecandra Laves water extract E. histolytica >500 μg/mL
Mangifera indica Stem-bark water extract E. histolytica 7.81 μg/mL
Rauwolfia obstura Root-bark water extract E. histolytica 31.5 μg/mL
Voacanga africana Root-bark water extract E. histolytica 62.5 μg/mL

Tithonia diversifolia Leaves water extract E. histolytica 62.5 μg/mL
Ceiba pentandra Stem-bark water extract E. histolytica 125 μg/mL

Dialum englerianum Stem-bark water extract E. histolytica 62.5 μg/mL

Carica papaya Immature seeds water extract
Mature seeds water extract E. histolytica 62.5 μg/mL

<7.81 μg/mL
Garcinia kola Stem-bark water extract E. histolytica 125 μg/mL

Tetracera poggei Leaves water extract E. histolytica >500 μg/mL
Alchornea cordifolia Leaves water extract E. histolytica 125 μg/mL
Bridelia ferruginea Root-bark water extract E. histolytica 62.5 μg/mL

Euphorbia hirta Leaves water extract E. histolytica 250 μg/mL

Hymenocardia acida Stem-bark water extract
Root-bark water extract E. histolytica 31.25 μg/mL

250 μg/mL
Jatropha curcas Leaves water extract E. histolytica 31.25 μg/mL

Maprounea africana Leaves water extract
Root-bark water extract E. histolytica 62.5 μg/mL

31.25 μg/mL
Cajanus cajan Leaves water extract E. histolytica >500 μg/mL

Paropsia brazzeana Root-bark water extract E. histolytica <7.81 μg/mL
Harungana

madagascariensis Stem-bark water extract E. histolytica 62.25 μg/mL

Sida rhombifolia Leaves water extract E. histolytica 62.5 μg/mL
Pentacletra macrophylla Stem-bark water extract E. histolytica 250 μg/mL

Myrianthus arboreus Leaves extract E. histolytica >500 μg/mL

Psidium guajava Leaves extract
Stem-bark water extract E. histolytica 62.5 μg/mL

<7.815 μg/mL
Ongokea gore Stem-bark water extract E. histolytica >500 μg/mL

Ryptolepis sanguinolenta Root-Bark water extract E. histolytica <7.815 μg/mL
Zingiber officinale Ethanolic extract E. histolytica >1000 μg/mL

[249]
Boerhavia diffusa Ethanolic extract E. histolytica >1000 μg/mL

Tinospora cordifolia Ethanolic extract E. histolytica 1000 μg/mL
Terminalia chebula Ethanolic extract E. histolytica >1000 μg/mL

Berberis aristata Ethanolic extract E. histolytica 100 μg/mL
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Table 1. Cont.

Plant Source Part Used Effective Against Mechanism/IC50 Reference

Salvia polystachya

Polystachyne A E. histolytica
G. lamblia

153.8 μg/mL
134.7 μg/mL

[250]

Polystachyne B E. histolytica
G. lamblia

117.0 μg/mL
107.8 μg/mL

Polystachyne D E. histolytica
G. lamblia

160.6 μg/mL
107.5 μg/mL

Linearolactone E. histolytica
Giardia lamblia

22.9 μg/mL
28.2 μg/mL

Kaempferol E. histolytica
G. lamblia

27.7 μg/mL
30.5 μg/mL

NT: not tested, NA: not active, ↑: Increase/activate, ↓: decrease/inhibit,↔: no effect/not modulate, CDT: cytolethal
distending toxin, EO: essential oils.

 

Figure 1. Chemical structures of some of the phytochemicals discussed in this manuscript.
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6. Mechanisms of Antimicrobial Activity

Various mechanisms have been reported for the antimicrobial activities of medicinal plants and
isolated natural antimicrobials. These natural products affect those pathways of macromolecular
metabolism which are proven targets for antibiotic intervention. Among the existing antibacterial
agents, it is clear that protein and cell wall biosynthesis are the targets of the widest variety of natural
products [34]. The pathways of macromolecular metabolism as antimicrobial targets of natural products
include inhibition of protein synthesis, inhibition of cell wall synthesis, disruption of membrane integrity,
inhibition of RNA synthesis, inhibition of DNA synthesis, dysfunction of microtubules, inhibition of
lipid synthesis, inhibition of cell division, dysfunction in ion uptake, reduction in protein secretion,
dysfunction of RNA processing and inhibition of DNA methylation. These mechanisms have been
investigated for the antimicrobial properties of medicinal plants and natural products including
Hemidesmus indicus (L.) R. Br. ex Schult., Leucas aspera (Willd.) Link, Plumbago zeylanica L., Tridax
procumbens (L.) L. [268], Syzygium cumini (L.) Skeels [269], Combretum albidum G.Don, Hibiscus acetosella
Welw. ex Hiern, Hibiscus cannabinus L., Hibiscus furcatus Willd., Punica granatum L. and Tamarindus
indica L. [270], 5,6,7-trihydroxyflavone (baicalein) [271], flavones [272], Hibiscus sabdariffa, Rosmarinus
officinalis, Syzygium aromaticum, Thymus vulgaris [273], linalyl acetate, (+)menthol, thymol [274],
Origanum vulgare [275], essential oils [276], caffeine [277], allspice oil, lemongrass oil, citral [278],
alkaloids [279], Boerhaavia diffusa [280], paeonol (PA) and 1,2,3,4,6-penta-O-galloyl-β-D-glucopyranose
(PGG) from Paeonia lactiflora Pall. [281], Aristolochia bracteolata Lam. [282], Rhizophora apiculate Blume,
Phyllanthus niruri L., Scutellaria baicalensis Georgi, Geum japonicum L. and Momordica charantia L. [283].
Plants being mixture of numerous compounds can act on several targets like, inhibition of bacterial cell
wall synthesis, protein synthesis and interference with microbial metabolic pathways. Hence, as a
whole, the activity of crude extracts may be due to more than one antibacterial mechanism. Further,
different compounds in the extract can act synergistically as well as can antagonize the effect of each
other depending upon their respective concentrations. Considering the presence of large number of
chemical compounds present in the extracts of medicinal plants, it is most likely that their antimicrobial
activity can be attributed to more than a single specific antimicrobial mechanism.

7. Persisting Challenges

However, many plant extracts and their isolated phytochemicals have been reported to show
potent activity against foodborne illness causing agents, there have not been detailed studies about
their mechanism using in vivo studies. As the systematic treatment, use of oral rehydration salts and
antibiotics are also of great concern for their use in foodborne illness in children and their efficacies [17],
alternative therapies like herbal extracts and compounds should be used with proper caution and with
the support of scientific evidence regarding the other dosage forms of these herbal products. Human
gut microbiota plays a vital role in sustaining gastrointestinal health via inhibition of pathogenic
microbes. The use of broad-spectrum antibiotics causes inhibition of normal flora beside pathogenic
bacteria, thus provide the opportunity to other pathogens and secondary infections emerge [284,285].
On the other hand, herbal products like tea and many herbs and vegetables are also reported to be
the source of foodborne microorganisms [286,287]. Herbal products contaminated with mycotoxins,
bacterial toxins, as well as bacterial strains are reported to cause foodborne infections. For instance,
herbs contaminated with Salmonella is a major cause of foodborne infections in North America and
Europe [286]. Subsequently, several approaches were adopted to decontaminate these products
including irradiation which effectively eradicate Salmonella, S. aureus, Comphylobacter sp., Listeria and
E. coli without affecting nutritional properties of these products [288].

Natural product research has broadly emerged into two major fields including ethnopharmacology
and toxicology. However, both strategies were successful regarding the discovery of numerous drugs
against several diseases, yet the development of antimicrobial agents from these sources is limited [289].
To augment the development of antimicrobial agents from the herbal source it is important to elucidate
exact molecular antimicrobial mechanisms of these products. This information will enable researchers

124



Appl. Sci. 2020, 10, 4597

not only to have better control of these microbes but will use modern technologies to synthesize more
potent and effective derivatives. Moreover, studies regarding the efficacy of these agents in combination
with other herbs and drugs is limited. For instance, a combination of several EOs in combined form
does not produce the synergistic antimicrobial effect and subsequently their use as a food preservative
is limited. These agents can also interact with food ingredients which significantly affect their quality.
Like, EOs beside their great beneficial effects has limited efficacy as a food preservative due to the
intense aroma and toxicity issues. EOs used as preservatives in food are reported to change organoleptic
properties of foodstuff and their higher doses can produce severe toxicological responses [290,291].

8. Conclusions

Foodborne diseases are one of the main causes of morbidity and mortality, especially in low-income
countries having poor sanitation and inadequate healthcare facilities. Several plant extracts and
phytochemicals including catechin, epigallocatechin, apigenin, kempferol, berberine, tiliroside and
quercetin were found to be highly effective to control the growth of these foodborne pathogens causing
infections in in vitro systems. Various mechanisms have been reported for the antimicrobial activities of
medicinal plants and they affect those pathways of macromolecular metabolism which are the proven
targets for antibiotic intervention. Medicinal plants can impact more than a single specific antimicrobial
target as they contain a large number of biochemical phytoconstituents. Once utilized, natural products
with antimicrobial properties can be effective for the prevention and treatment of foodborne diseases
and can increase the shelf life of food products. However, most of the studies covered in this review
are performed using in vitro assays. Further detailed in vivo studies for exploration of effectiveness
and mechanism of their activities are necessary. Along with that, most of these studies were performed
in the in vitro systems without the addition of food, simulated gastric and/or intestinal juice. Various
such factors may alter the activity of these extracts and compounds when used in complex biologic
systems such as in vivo and human studies. Future studies should also focus on the pharmacokinetic
and toxicological aspects of plant extracts and phytochemicals.
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Abstract: The genus Vaccinium L. (Ericaceae) includes more than 450 species, which mainly grow in
cooler areas of the northern hemisphere. Vaccinium species have been used in traditional medicine
of different cultures and the berries are widely consumed as food. Indeed, Vaccinium supplement-
based herbal medicine and functional food, mainly from V. myrtillus and V. macrocarpon, are used in
Europe and North America. Biological studies support traditional uses since, for many Vaccinium
components, important biological functions have been described, including antioxidant, antitumor,
anti-inflammatory, antidiabetic and endothelium protective activities. Vaccinium components, such as
polyphenols, anthocyanins and flavonoids, are widely recognized as modulators of cellular pathways
involved in pathological conditions, thus indicating that Vaccinium may be an important source of
bioactive molecules. This review aims to better describe the bioactivity of Vaccinium species, focusing
on anti-inflammatory and endothelial protective cellular pathways, modulated by their components,
to better understand their importance for public health.

Keywords: Vaccinium species; phytochemicals; berry; leaf; anti-inflammatory pathways; endothe-
lial dysfunction

1. Introduction

In recent years, Vaccinium species, mainly their fruits, have gained great attention for
their potential health benefits. Vaccinium L. (Ericaceae) is a morphologically various genus
of terrestrial or epiphytic shrubs and sub-shrubs, comprising approximately 450 species
across Europe, North and Central America, South East and Central Africa, and Asia [1].
Deciduous or evergreen dwarf shrubs, shrubs or small trees characterize the genus, and the
fruits of each variety are edible. The European flora comprises V. corymbosum (blueberry),
V. oxycoccos (cranberry), V. microcarpum, V. macrocarpon, V. vitis-idaea, V. uliginosum, V. myr-
tillus, V. arctostaphylos, and V. cylindraceum. V. corymbosum was imported by North America,
and now is cultivated in Europe for its big edible fruits [2]. V. myrtillus (bilberry) is a
woody dwarf shrub, present in the forests of the Northern Hemisphere. It needs acid and
well-drained soils for its growth, and it is considered to be an indicator of the biodiversity
of forests due to its abundance.

Fruits of several Vaccinium species have been extensively investigated for their chem-
ical profile. They are described as being a rich source of polyphenols and carotenoids.
Nevertheless, especially due to their high content of anthocyanins, these fruits are rec-
ognized for their bioactive properties, such as prevention or treatment of cardiovascular
diseases, diabetes, obesity, cancer, urinary tract infections, and aging diseases [3,4].

Polyphenols are the subject of increasing interest because of their potential beneficial
effects on human health [5–9]. In fact, several epidemiological studies suggested that long
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term consumption of foods rich in polyphenols offered protection against the develop-
ment of cardiovascular diseases, diabetes, cancers, and neurodegenerative diseases [5,6].
Polyphenols have been recognized due to their potent antioxidant activity and ability to
modulate key signalling pathways of several inflammatory cytokines and enzymes [5].
Therefore, beyond these modulatory roles, their antioxidant activity related to the capacity
to scavenge reactive oxygen species (ROS), or to activate cellular endogenous antioxi-
dant systems, may be of importance in countering the oxidative stress in inflammatory
diseases [5,6].

The antioxidant and anti-inflammatory activities of Vaccinum species are also reflected
in a protective role for vascular endothelium against cardiovascular diseases linked to
endothelial dysfunction [10,11].

The present review is designed to report the current knowledge on the plant species
that belong to the Vaccinium genus, their phytochemicals, and their potential biological
properties, with particular emphasis on their cardiovascular protective effects. Attention is
focused on the ability of Vaccinium species to revert endothelial dysfunction promoted by
increased oxidative stress and inflammatory status. All collected data have been obtained
from different databases such as PubMed, Scopus, Sci Finder, Web of Science, Science
Direct, NCBI, and Google Scholar.

2. Traditional Uses of Vaccinium Species

Vaccinium species are extensively used in traditional medicine. As reported in Table 1,
the fruits of V. myrtillus are used in Europe for the treatment of stomatitis, renal stones,
intestinal and liver disorders, as a remedy for fevers and coughs, and for their astringent,
tonic, and antiseptic properties [12,13]. The decoction and infusion of leaves are used in
south-eastern Europe to treat diabetes [14].

Table 1. Traditional uses of Vaccinium species.

Vaccinium Traditional Uses Part Used References

V. myrtillus Fevers and coughs Fruits [12]
Antidiabetic and anti-inflammatory diabetic Leaves [13,14]
Respiratory inflammations Leaves and fruits [15]
Stomatitis Fruits [12]
Eye inflammation Fruits [15]
Intestinal and liver disorders Fruits [12]
Hepatitis Fruits [15]
Digestive and urinary tract disorders Fruits [15]
Renal stones Leaves and fruits [12,15]
Antiseptic, astringent, tonic Fruits [13]
Anti-anemic Leaves and fruits [15]

V. vitis idaea Antipyretic Leaves and fruits [15]
Sore eyes, abscesses, toothache, thrush and snow blindness Fruits [16]
Colds, coughs and sore throats Fruits [17]
Anti-inflammatory properties in urinary tract Leaves [15]
Respiratory system infections Stems and leaves [18]
Frequent urination Fruits [16]
Urinary tract infection properties Fruits [15]
Kidney stones Fruits [15]
Anti-inflammatory Stems and leaves [18]
Wound healing, anti-rheumatic, anti-convulsant, diuretic and
anti-diabetic Leaves and fruits [15]

V. arctostaphylos Anti-hypertensive and anti-diabetic Leaves and fruits [19]

V. corymbosum Anti-diabetic, antioxidant, and anti-inflammatory Fruits [20,21]
Gastrointestinal disorders Fruits [22]
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In Macedonia and Kosovo, the juice of V. myrtillus fruits are employed as anti-anemic
agents, and to treat digestive and urinary tract infections, eye inflammations and hep-
atitis, while the infusions of leaves and fruits are used as lithontriptic and anti-anemic
treatments, and for respiratory inflammations [15]. V. vitis idaea berries are effective in
the traditional medicine of Cree Nation (Quebec) to treat frequent urination, sore eyes,
abscesses, toothache, thrush and snow blindness [16]. Among the Alaska Natives, berries
are also used to treat colds, coughs and sore throats [17]. From ancient times, stems and
leaves have shown anti-inflammatory properties and are known for treating respiratory
system infections in Chinese Traditional Medicine [18].

In Macedonia and Kosovo, an infusion of the leaves was used for their anti-rheumatic
properties, as well as anti-inflammatory effects in the urinary tract, while the fruit infu-
sion was useful for treating urinary tract infections and the presence of kidney stones.
Fruits and leaves are also used as diuretic, anti-rheumatic, antipyretic, anti-diabetic and
anti-convulsant medicines, as well as for wound healing [15]. V. arctostaphylos leaves
and fruits have been utilized as anti-hypertensive and anti-diabetic agents in Iranian
folk medicine [19]. In Quebec, V. corymbosum fruits have mainly been used to treat dia-
betes [20–22].

3. Phytochemicals of Vaccinium Fruits

Anthocyanins are present in the outer layer of fruits, together with polyphenolic
compounds, and a small content was found also in pulp and seeds. Environmental factors
can affect the content and composition of secondary metabolites in berries.

Growing conditions also affect the content of anthocyanins and other phenolic com-
pounds in the berries of wild and cultivated species [23]. Prior to berry ripening, proan-
thocyanidins, flavonols and hydroxycinnamic acids are the major phenolic compounds.
During the ripening process, flavonoid profiles vary, and anthocyanins accumulate in the
skin. High levels—and a wide variety—of anthocyanins provide the red, blue, and purple
colours that characterize berries of this genus.

Vaccinium berries have a well-deserved reputation as potential healthy products and
functional foods, supported by many studies, which have identified and quantified various
bioactive phytochemicals with known benefits for human health.

Many studies have demonstrated the benefits of anthocyanin-rich extracts of Vaccinium
species in the prevention of several diseases [24]. Nonetheless, it is important to note that
their efficacy is subject to their bioavailability. Once ingested, anthocyanins are metabolized
into various conjugates, which are metabolized into phenolic acid degradation products.
Accumulated evidence suggests synergistic effects between all possible metabolites to
explain their health-promoting properties.

An inter-individual and intra-individual variability in anthocyanins absorption, metabolism,
distribution, and excretion is also evident.

Six anthocyanidins (cyanidin, delphinidin, malvidin, pelargonidin, petunidin, and
peonidin), which are also the most common anthocyanidin skeletons in higher plants, have
been isolated from Vaccinium species [25]. To date, more than 35 anthocyanin glycosides
have been isolated from the genus Vaccinium.

In Vaccinium berries, mono, di, or trisaccharide derivatives of delphinidin, cyanidin,
peonidin, petunidin, and malvidin are common (Figure 1) [25]. The principal sugars are
glucose, galactose, xylose, rhamnose, and arabinose.
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R1 R2 R3

Cyanidin 3-O-arabinoside OH H Ara

Cyanidin 3-O-galactoside OH H Gal

Cyanidin 3-O-glucoside OH H Glc

Cyanidin 3-O-glucuronide OH H Glc A

Cyanidin 3-O-sambubioside OH H Xyl(1→2)Glc

Delphinidin 3-O-arabinoside OH OH Ara

Delphinidin 3-O-glucoside OH OH Glc

Delphinidin 3-O-galactoside OH OH Gal

Delphinidin 3-O-sambubioside OH OH Xyl(1→2)Glc

Delphinidin 3-O-xyloside OH OH Xyl

Malvidin 3-O-arabinoside OCH3 OCH3 Ara

Malvidin 3-O-galactoside OCH3 OCH3 Gal

Malvidin 3-O-glucoside OCH3 OCH3 Glc

Malvidin 3-O-xyloside OCH3 OCH3 Xyl

Peonidin 3-O-arabinoside OCH3 H Ara

Peonidin 3-O-galactoside OCH3 H Gal

Peonidin 3-O-glucoside OCH3 H Glc

Petunidin 3-O-arabinoside OH OCH3 Ara

Petunidin 3-O-galactoside OH OCH3 Gal

Petunidin 3-O-glucoside OH OCH3 Glc

Petunidin 3-O-xyloside OH OCH3 Xyl

Figure 1. Anthocyanins from Vaccinium species [25–36].

The fruits of V. myrtillus are characterized by the presence of different types of an-
thocyanins. In particular, cyanidin 3-O-galactoside, cyanidin 3-O-glucoside, cyanidin 3-
O-arabinoside, delphinidin 3-O-galactoside, delphinidin 3-O-arabinoside, delphinidin 3-O-
glucoside, malvidin 3-O-galactoside, malvidin 3-O-arabinoside, malvidin 3-O-glucoside,
petunidin 3-O-galactoside, petunidin 3-O-arabinoside, petunidin 3-O-acetylglucoside, pe-
onidin 3-O-galactoside, and peonidin 3-O-arabinoside were identified [26–31].

In V. myrtillus, cyanidin 3-O-xyloside, cyanidin 5-O-glucoside, cyanidin 3,5-O-diglucoside,
cyanidin 3-O-(6”-O-2-rhamnopyranpsyl-2”-O-β-xylopranosyl-β-glucopyranoside), cyani-
din 3-O-sambubioside, delphinidin 3-O-sambuobiside, and peonidin-3-glycoside have also
been identified [31–34].

Malvidin and delphinidin derivatives represent about 75% of the total anthocyanins
content of V. corymbosum fruits [35,36]. Cho et al. [29] reported percentages of 27–40% for
delphinidin, 22–33% for malvidin, 19–26% for petunidin, 6–14% for cyanidin, and 1–5%
for peonidin. Petunidin 3-O-glucoside has been also identified in V. corymbosum and V.
myrtillus [27,31]. The 3-O-galactosides and 3-O-arabinosides of cyanidin and peonidin are
the most abundant recognised anthocyanins in the fruits of V. oxycoccos [27,37,38].

Twelve anthocyanins, namely cyanidin 3-O-glucoside, delphinidin 3-O-glucoside
cyanidin 3-O-arabinoside, peonidin 3-O-arabinoside, peonidin 3-O-glucoside, peonidin
3-O-galactoside, delphinidin 3-O-arabinoside, delphinidin 3-O-galactoside, petunidin 3-
O-galactoside, petunidin 2-O-glucoside, malvidin 3-O-galactoside, and malvidin 3-O-
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glucoside, were isolated from the extract of the edible berries of V. vitis-idaea by a combina-
tion of chromatography techniques [39–44].

Delphinidin-3-O-xyloside, delphinidin-3-O-glucoside, malvidin-3-O-galactoside, malvidin-
3-O-glucoside petunidin-3-O-galactoside, petunidin-2-O-glucoside, malvidin-3-O-xyloside,
and petunidin-3-O-xyloside were isolated from V. arctostaphylos [45,46].

Except anthocyanins, to date, more than 50 other flavonoids (mainly flavanols and
proanthocyanidins) have been isolated and identified from the genus Vaccinium
(Figure 2) [25,28–31,40–44].

R1 R2 R3 R4 R5

Apigenin H H H H H

Apigenin 7-O-glucuronide H Glc A H H H

Chrysoeriol H H OCH3 H H

Hyperoside H H OH H O-Gal

Isoorientin Glc H H OH H

Isoquercitrin H H OH H O-Glc

Isorhamnetin H H OCH3 H OH

Isorhamnetin 3-O-galactoside H H OCH3 H O-Gal

Isorhamnetin 3-O-glucoside H H OCH3 H O-Glc

Isorhamnetin 3-O-xyloside H H OCH3 H O-Xyl

Kaempferol H H H H OH

Kaempferol 3-O-glucoside H H H H O-Glc

Kaempferol 3-O-glucuronide H H H H O-Glc A

Kaempferol 3-O-rhamnoside H H H H O-Rha

Laricitrin H H OCH3 OH OH

Laricitrin 3-O-glucuronide H H OCH3 OH O-Glc A

Luteolin H H OH H H

Myricetin H H OH OH OH

Myricetin 3-O-arabinoside H H OH OH O-Ara

Myricetin 3-O-galactoside H H OH OH O-Gal

Myricetin 3-O-glucoside H H OH OH O-Glc

Myricetin 3-O-glucuronide H H OH OH O-GlcA

Myricetin 3-O-rhamnoside H H OH OH O-Rha

Myricetin 3-O-xyloside H H OH OH O-Xyl

Quercetin H H OH H OH

Quercetin 3-O-arabinoside H H OH H O-Ara

Quercetin 3-O-glucoside 7-O-
rhamnoside

H Rha OH H O-Glc

Quercetin 3-O-glucuronide H H OH H O-Glc A

Quercetin 3-O--rhamnoside H H OH H O-Rha

Quercetin 3-O-robinobioside H H OH H O-Gal(6←1)Rha

Quercetin 3-O-xyloside H H OH H O-Xyl

Rutin H H OH H O-Glc(6←1)Rha

Syringetin H H OCH3 OCH3 OH

Syringetin 3-O-glucoside H H OCH3 OCH3 O-Glc

R1

Catechin-4,8-catechin H

Gallocatechin-4,8-catechin OH

R1 R2 R3

Catechin OH H H

Epicatechin H OH H

Epigallocatechin H OH OH

Figure 2. The main flavonoids identified in Vaccinium species [25,28–31,41].

Glycosides are usually O-glycosides, with the sugar moiety bound to the hydroxyl
group at the C-3 or C-7 position. The most common sugar moieties include D-glucose,
L-rhamnose, D-xylose, D-galactose, and L-arabinose [25].
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Quercetin is the most common flavonoid isolated from Vaccinium species [25]. It was
found in high quantities in V. uliginosum and V. myrtillus [29]; however, the richest source
of quercetin is V. oxycoccos with 20–40 mg/100 g fresh weight [38].

Several glycosides of myricetin and quercetin were identified in V. myrtillus. Different
studies reported the presence of myricetin 3-glucoside, myricetin 3-arabinoside, myricetin
3-O-rhamnoside, quercetin 3-O-arabinoside, quercetin 3-O-rhamnoside, quercetin 3-O-
galactoside, quercetin 3-O-glucoside, and quercetin 3-O-rutinoside [28–31]. Apigenin,
chrysoeriol, myricetin, myricetin-3-xyloside, quercetin 3-O-glucuronide, quercetin 3-O-
xyloside, isorhamnetin 3-O-glucoside [41], luteolin are other flavonoids described in V. myr-
tillus [47]. Kaempferol, isorhamnetin, laricitrin, syringetin, isorhamnetin 3-O-galactoside,
myricetin 3-O-glucuronide, laricitrin 3-O-glucoside, syringetin 3-O-glucoside [35,41,48],
kaempferol 3-O-glucoside, myricetin 3-O-galactoside, and isorhamnetin 3-O-xyloside are
also described [48].

The flavonoids identified in V. oxycoccos are mainly glycosides of quercetin and
myricetin, and to a lesser extent, of kaempferol [49]. Quercetin 3-O-galactoside is the
dominant compound, but at least 11 other glycosides are present in lower concentra-
tions [38].

Epicatechin is the dominant constitutive unit of V. oxycoccos, whereas catechin and
(epi)gallocatechins are present only in trace amounts [24,40].

The major flavonoids described in V. vitis idaea are kaempferol [41], quercetin [41,50],
myricetin, myricetin 3-O-glucoside [44], quercetin derivatives (bond to glucose, galactose,
glucuronide, rhamnose, arabinose, and xylose), kaempferol 3-O-rhamnoside, isorhamnetin
3-O-galactoside [40,51], isorhamnetin 3-O-glucoside, syringetin-3-O-glucoside, kaempferol
3-O-glucoside, and rutin [51].

The fruits of V. uliginosum are characterized by the presence of kaempferol, laric-
itrin [50], quercetin [50,52–54], myricetin [54], syringetin, quercetin 3-O-glucoside, quercetin
3-O-galactoside, quercetin 3-O-glucuronide, isorhamnetin 3-O-galactoside, isorhamnetin
3-O-glucoside, syringetin 3-O-glucoside, myricetin 3-O-galactoside, rutin [50,52], and
myricetin 3-O-glucuronide [48].

Sellappan et al. [55] described, in V. corymbosum, the presence of catechin, myricetin,
quercetin and kaempferol, but not the presence of epicatechin.

Seventeen phenolic acids were identified in some varieties of V. myrtillus (Figure 3) [56].
Sellappan et al. [55] found gallic, p-coumaric, ferulic, ellagic and caffeic acids as phenolic
acids in V. corymbosum produced in the state of Georgia (US). These results were confirmed
by Taruscio et al. [30] who analysed the phenolic acids composition of V. corymbosum and
V. oxycoccos. The two species have different compositions. In fact, V. corymbosum was
characterised by the presence of chlorogenic acid as a major phenolic acid, followed by
caffeic, ferulic, p-coumaric and traces of p-hydroxybenzoic acids, while p-coumaric acid
was the principal phenolic acid of V. oxycoccos, followed by ferulic, chlorogenic, caffeic and
p-hydroxybenzoic acids.

Other studies have reported p-coumaric, sinapic, caffeic, and ferulic acids as the main
hydroxycinnamic acids identified in V. oxycoccos [57–59]. Ellagic acid and ellagitannins
have not been detected in significant amounts [24].

Thirteen phenolic acids (gallic, protocatechuic, p-hydroxybenzoic, m-hydroxybenzoic,
gentisic, chlorogenic, p-coumaric, caffeic, ferulic, syringic, sinapic, salicylic, and trans-
cinnamic acids) were identified in V. arctostaphylos.

The dominant phenolic acids were caffeic and p-coumaric acids. The phenolic acid
concentrations are mostly lower in V. arctostaphylos in comparison to the other berries of
the Vaccinium genus [60].
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R1 R2

Caffeic acid OH OH

Ferulic acid OCH3 OH

Veratric acid OCH3 OCH3

R1 R2 R3 R4

Gallic acid H OH OH OH

Gentisic acid OH H H OH

p-Hydroxybenzoic acid H H OH H

Protocatechuic acid H OH OH H

Salycilic acid OH H H H

Syringic acid H OCH3 OH OCH3

Vanillic acid H OCH3 OH H

R1 R2 R3

p-Coumaric acid OH H H

Cinnamic acid H H H

3,4 dimethoxycinnamic acid OCH3 OCH3 H

2-caffeoylarbutin H H Glc-Arbutin

Caffeoylshikimic acid OH OH Shikimic acid

Figure 3. Main acids and phenolic acids in the Vaccinium genus [56–60].

Iridoids are a widespread group of monoterpenoids comprising a generally glycosy-
lated cyclopentan[c]pyran skeleton. They are specifically produced by several botanical
families and are a class of secondary metabolites that is characteristic of the Ericaceae.
Iridoids from the Vaccinium genus have been less studied than anthocyanins and other
phenolic compounds. However, iridoids have known human health benefits including
anti-inflammatory, anticancer, antimicrobial, antioxidant, antispasmodic, cardioprotec-
tive, choleretic, hepatoprotective, hypoglycaemic, hypolipidemic, neuroprotective, and
purgative activities [61–63].

The Figure 4 shows the main iridoids identified in Vaccinium species. These com-
pounds have often been identified in mixtures and have not always been isolated. The
stereochemistry of the asymmetric carbons of some of them has not been elucidated. Aspe-
ruloside, scandoside, and monotropein, and their derivatives, seem to be representative of
the genus [64,65].
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Figure 4. The chemical structures of the main iridoids isolated from Vaccinium species [64,65].

Heffels et al. [64] have tentatively identified, in V. uliginosum and V. myrtillus, 14 iridoid
glucosides, including vaccinoside, monotropein, p-coumaroyl-scandoside, deacetylaspe-
rulosidic acid (C6: (S)), scandoside (C6: (R)), p-coumaroyl-deacetylasperulosidic acid,
p-coumaroyl-monotropein, and p-coumaroyldihydromonotropein (C6-C7 hydrogenated).
V. oxycoccos juice showed the presence of two new coumaroyl iridoid glycosides, namely
10-p-trans- and 10-p-cis-coumaroyl-1S-dihydromonotropein [66].

Detection and isolation of iridoids from fruits is not straightforward. Surprisingly,
iridoid glycosides have not been identified in V. corymbosum [64,67,68], whereas scando-
side, geniposide, vaccinoside, and dihydromonotropein have recently been identified in
V. corymbosum extracts [65].

Ursolic acid, which showed to possess strong anti-inflammatory effects, is abun-
dant in V. oxycoccos, which also contains two rare derivatives of ursolic acid: cis-3-O-p-
hydroxycinnamoyl ursolic acid and trans-3-O-p-hydroxycinnamoyl ursolic acid [69].

Triterpenoids are the most predominant components in the cuticular wax of blueberry
fruits, together with the triterpene alcohols α-amyrin, β-amyrin, and lupeol [70].

Ursolic acid was the dominant triterpene in V. corymbosum (southern highbush blue-
berry) cultivars, whereas oleanolic acid was the most abundant in northern highbush
blueberry cultivars. Hentriacontan-10,12-dione was detected for the first time in V. corym-
bosum [70].

Malic, citric, and quinic acids are the non-volatile acids identified and quantified in V.
arctostaphylos and V. myrtillus species. It is interesting to note that the level of malic acid
in both berries increases gradually during maturation. In contrast, the level of citric and
quinic acids, as well as the total acid level, decreases towards ripening in both species [71].
Citric and malic acids are the main organic acids in V. oxycoccos [72]. In V. corymbosum, the
major acids (organic and phenolic) present are citric, malic, quinic, and chlorogenic acids.
The minor acids, acetic and shikimic acid are present and their contribution to the total
acid equivalents is 3.0% [73].

4. The Chemical Profile of Vaccinium Leaves

A body of scientific research studies proved the contribution of berries’ consumption
to the main targets of functional foods, such as health maintenance and reduced risk of
some chronic diseases. However, in addition to fruits, the leaves of the Vaccinium species
have also been used in traditional remedies (Table 1).

Leaves are considered to be by-products of berries’ cultivation. Their traditional use
against several diseases, such as inflammation, diabetes, and ocular dysfunction, has been
almost forgotten in recent times. The scientific interest regarding the leaves’ composition
and beneficial properties has grown, demonstrating that leaves may be considered to be
an alternative source of bioactive compounds. Analytical studies reveal that the chemical
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composition of leaves is similar to that of the fruits or even higher, indicating that they may
be used as an alternative source of bioactive compounds for the development of functional
foods, nutraceuticals, and/or food supplements.

Riihinen et al. [74] showed that red leaves of Vaccinium genus contain anthocyanins,
which are absent in green leaves. Both green and red leaves contain proanthocyanidins,
especially procyanidin. Teleszko and Wojdyło [75] analysed the phytochemical composition
of fruits and leaves of several Vaccinium species; among them, V. myrtillus leaves were the
first source of phenolic compounds, followed by V. oxycoccos leaves. The major polyphenolic
group was proanthocyanidins, followed by flavonols. Proanthocyanidins, flavan-3-ols,
phenolic acids and flavonols were in higher concentration than the respective fruits [76].

Proanthocyanidins were detected in small quantities in the leaves of V. vitis-idaea [41].
Ferlemi et al. [76,77] have detected proanthocyanidin B1/B2 and cinchonain in the leaves
of V. corymbosum. In the same year, Wang et al. [78] identified the presence of cyanidin
3-O-glucoside, cyanidin 3-O-glucuronide, and cyanidin 3-O-arabinoside in the methanolic
leaf extract of V. corymbosum, confirming that V. corymbosum leaves possess a higher total
anthocyanins content compared to V. virgatum and V. formosum leaves.

After proanthocyanidins, flavonoids are the most important classes of constituents of
Vaccinium leaves. Quercetin-3-O-glucuronide is the most abundant flavonoid (70–93% of to-
tal flavonoids) [79]. Other identified flavonoids in the leaves are quercetin-3-O-galactoside,
quercetin-3-O-(4”-3-hydroxy-3-methylglutaroyl)-α-rhamnoside, quercetin-3-O-arabinoside,
quercetin-3-O-glucoside, quercitrin, and quercetin, as well as three kaempferol glyco-
sides [41,79]. In addition, Hokkanen et al. [41] have detected several other bioactive
compounds in the leaves, such as flavan-3-ols, six different isomers of cinchonain, three
proanthocyanidins, and two coumaroyl iridoids.

Sidorova et al. [80] investigated the flavonoids present in V. myrtillus, and found
flavonoid C-glycosides and O-derivatives of apigenin and luteolin; the main ones are
apigenin-7-glucuronide, vitexin-2-O-rhamnoside, and isoorientin. Flavonoid glycosides are
represented mainly in quercetin derivatives, particularly rutin and quercetin-3-glucoside-7-
rhamnoside. Isorhamnetin-3-glucoside and kaempferol-3-glucuronide were also found in
the extract. Additionally, free aglycones were also present (myricetin, quercetin, luteolin
and kaempferol).

The main flavonols detected in the V. oxycoccos leaves were hyperoside and quercetin-
3-O-rhamnoside, together with quercetin-3-O-xyloside, quercetin-3-O-arabinoside and
procyanidin A2 [66].

The green leaves of V. vitis-idaea have similar phytochemical profiles to those of
V. myrtillus [41,79]. Ieri et al. [79] and Hokkanen et al. [41] have quantified the phenolic
compounds in methanolic and hydroalcoholic leaf extracts of V. vitis-idaea. In general, hy-
droxycinnamic acids and flavonoids were the most abundant compounds. In the methano-
lic extract, the content of flavonoids was higher than that of hydroxycinnamic acids, but in
the hydroalcoholic extract, the opposite was observed. In both extracts, the main acid was
2-O-caffeoylarbutin, which is not present in other Vaccinium leaves.

Other phenolic acids detected in the methanolic extract were chlorogenic, caffeic, p-
coumaric and caffeoyl-shikimic acids, together with the coumaroyl quinic acid isomers [41].
Moreover, V. vitis-idaea leaves were characterised by coumaroyl- and caffeoyl-hexose hy-
droxyphenols.

The most abundant flavonoid was quercetin-3-O-(4”-3-hydroxy-3-methylglutaroyl)-α-
rhamnoside, which represents 5–6% of total phenols in the hydroalcoholic extract and 32%
of the methanolic extract.

Rutin, hyperoside, and quercitrin were also detected in significant amounts in the
methanolic extract, while traces of four quercetin glycosides and kaempferol glycosides
were also found. Proanthocyanidins and coumaroyl iridoids were also identified [41].

Quercetin-3-O-glucoside, quercetin-3-O-rutinoside, kaempferol-3-O-glucoside, and
kaempferol-3-O-rhamnoside were identified in the leaves of V. arctostaphylos [45,81].
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The main flavonoids detected in the leaves of V. corymbosum were hyperoside, iso-
quercetin and rutin. Other flavonoids found were: myricetin [54], quercetin-3-O-
glucoside, quercetine-3-O-galactoside, quercetine-3-O-arabinoside [82], quercetin-3-O-
rhamnoside [35,82,83], myricetin-3-O-glucoside, quercetin-3-O-rutinoside [83], syringetin-
3-O-glucoside, and kaempferol-3-O-glucoside [35,83].

Several studies have demonstrated the role of collection time of Vaccinium leaves
in influencing their phenolic content [79]. In fact, contrary to the fruits, the flavonoid
content increases during the development of the leaves, while hydroxycinnamic acid con-
tent strongly decreases [84]. Previously, Riihinen et al. [74] have indicated that the red
leaves of V. corymbosum have higher quantities of quercetin and kaempferol, as well as of
ferulic, caffeic and p-coumaric acid, than green leaves. The main bioactive compounds of V.
myrtillus leaves are hydroxycinnamic acids, especially chlorogenic acid [41,79]; its concen-
tration ranges from 59 to 74% of the total hydroxycinnamic acids [79]. Sidorova et al. [80]
also reported the presence of rosmarinic acid, caffeoylquinic acid, p-coumaric and ferulic
acid. Hokkanen et al. [41] analysed the methanolic extract of V. myrtillus leaves and iden-
tified thirty-five compounds. Other than the abundant chlorogenic acid and its isomers,
caffeoyl-shikimic acid, feruloylquinic acid isomer, and traces of caffeic acid were found.

In addition, Neto et al. [85] have performed an HPLC-MS analysis of the phenolic
profile of V. oxycoccos leaves; the phenolic acids are mainly chlorogenic and neo-chlorogenic
acid, as well as 3-O- and 5-O-coumaroylquinic acids. Mzhavanadze et al. [86] reported the
isolation of caffeic, chlorogenic, neochlorogenic, 3- and 5-p-coumaroylquinic acids, and
3,5-dicaffeoylquinic acid from the leaves of V. arctostaphylos.

Continuing the investigation of the qualitative composition of the leaves, they have
isolated six phenolic substances: cryptochlorogenic (4-caffeoyl-quinic) acid, arbutin, ros-
marinic acid, caffeoylarbutin, 1-p-coumaroylgalactoglucose, and p-coumaroylarbutin.

Twenty different compounds, mainly phenolic acids and flavonols, were identi-
fied in the red dried leaves of V. corymbosum by Liquid Chromatography Electrospray
Ionization Tandem Mass Spectrometry (LC/ESI-MS/MS) and High-Performance Liquid
Chromatography-Diode-Array Detection (HPLC-DAD) [76,77]. Interestingly, these two
groups were in almost equal concentration in the crude extract (chlorogenic acid and
quercetin-3-O-galactoside); as in V. myrtillus leaves, the most abundant compound was
chlorogenic acid. LC-MS analysis showed the presence of quinic and caffeic acid.

Even though the triperpenes in the leaves comprised only the 4–6% of those in the
respective fruits, several compounds were identified in the diethyl ether leaf extract. The
principal compound was β-amyrin, followed by oleanane- and ursane-type triterpenes.
The triterpene oleanolic and ursolic acids were also identified [87].

Two coumaroyl iridoid isomers (trans- and cis- form) previously documented in V.
oxycoccos fruits were also reported in the leaves [66]. In V. vitis ideae coumaroyl, iridoids
were quantified in small concentrations [41]. The three iridoids found in the leaf extracts of
V. corymbosum are identical to those found in the fruit. However, it should be noted that
a fourth iridoid, vaccinoside (monotropein-10-trans-p-coumarate), was detected in fresh
leaves but not in dried leaves [65].

5. Biological Properties of Vaccinium Species

Many biological properties have been reported for extracts and derivatives of different
Vaccinium species, and the anti-inflammatory, antioxidant, anti-carcinogenic, cardiovascular
and neurodegenerative protective effects have been extensively described [11,88–90]. High
antioxidant activity has been demonstrated for V. corymbosum [76,91], V. oxycoccos [92],
V. myrtillus [93], and many others. This activity appears to be linked to cultivar, genotype,
growing site, cultivation techniques and conditions, processing, and storage.

Similarly, in different anti-inflammatory tests, Vaccinium exhibited high anti-inflammatory
activity [11]. High concentrations of anthocyanins (such as cyanidin, delphinidin and
malvidin) and flavonoids (such as astragalin, hyperoside, isoquercitrin, and quercitrin)
appear to be related to the anti-inflammatory and antioxidant activities ascribed to these
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berries [94,95]. Considering that berries of Vaccinium are edible, their consumption may be
helpful for the treatment of inflammatory illnesses.

In this review, we will focus on the activity of Vaccinium extracts and derivatives in
cardiovascular diseases, closely associated with the inflammation processes and oxidative
stress. The vascular endothelium occupies a catalogue of functions that contribute to the
homeostasis of the cardiovascular system. Endothelial cells (ECs) play a variety of roles,
including the control of tone regulation, blood coagulation and vascular permeability, and
local regulation of coagulative, immune and inflammatory stimuli [96].

Indeed, many cardiovascular diseases are either a direct or indirect result of a dys-
function of the endothelium that fails to maintain body homeostasis [97,98]. Endothelial
dysfunction (ED) is considered as a predictor of cardiovascular events, and it is charac-
terized by alterations in vascular tone and endothelial production of procoagulant and
prothrombotic factors [97,98].

Several risk factors including smoking, obesity, insulin resistance, diabetes, hyperc-
holesterolemia, and physical inactivity have been described for ED. In addition, ED occurs
with aging, as a consequence of senescence processes [99,100]. Vaccinium extracts have long
been used in traditional medicine and appear to be promising nutraceuticals to prevent
endothelial dysfunction and cardiovascular diseases.

5.1. Vaccinium and Diabetes

Several reports indicate a potential role of Vaccinium in the control of diabetes, and it
has been used in traditional medicine for centuries to ameliorate its symptoms [101–103].
Approximately 90% of the diabetic patients have type 2 diabetes that is characterized by
peripheral insulin resistance and by a reduction in the number and the activity of pancreatic
β-cells [104]. Anthocyanins from Vaccinium have potential in terms of lowering the risk of
developing various chronic diseases due to their ability to regulate energy metabolism as
well as through their anti-inflammatory and anti-oxidative effects [11]. Furthermore, antho-
cyanins inhibit the activities of α-glucosidase and pancreatic α-amylase, important targets
for some antidiabetic drugs [105–107]. Phenolic compounds affect key pathways of carbo-
hydrate metabolism and hepatic glucose homeostasis including glycolysis, glycogenesis,
and gluconeogenesis, which are usually impaired in diabetes.

In addition, Vaccinium extracts and derivatives protect pancreatic β-cells from glucose-
induced oxidative stress, increase insulin secretion, possess glucose-lowering effects, restore
glutathione concentration, inhibit DPP-4, enhance insulin response, and attenuate the
secretion of glucose-dependent insulinotropic polypeptide and GLP-1 [80,106,108,109].
Blueberry metabolites reduce the expression of inflammatory markers and restore the
glycosaminoglycan levels increased by high glucose in in vitro models of diabetic ECs [110].
Moreover, malvidin, a major anthocyanin present in blueberries, decreases reactive oxygen
species levels, increases the enzyme activity of catalase and superoxide dismutase, and
downregulates NADPH oxidase 4 (NOX4) expression in ECs exposed to high glucose
levels [111], indicating a protective role against diabetes-induced oxidative stress. In
similar models, this compound also reduces vascular endothelial growth factor (VEGF)
up-regulation, ICAM-1 expression, and NF-κB (p65) levels [112]. In addition, malvidin
has been shown to be able to restore PI3K and Akt levels, which are reduced by high
glucose [113].

These observations are also confirmed in the retina of diabetic rats, where blue-
berry anthocyanins reduce oxidative stress, vascular endothelial growth factor (VEGF)
and interleukin 1β (IL-1β) expression, and activate the Nrf2-related/heme oxygenase 1
(Nrf2/HO-1) signalling pathway [114], suggesting that Vaccinium anthocyanin may be help-
ful in inhibiting diabetes-induced retinal abnormalities and preventing the development of
diabetic retinopathy.
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5.2. Vaccinium and Atherosclerosis

Atherosclerosis is one of the major causes of cardiovascular diseases and is charac-
terized by the accumulation of lipids and fibrous plaques in the large arteries, which may
lead to heart attacks, strokes, and peripheral vascular diseases [115].

Cignarella et al. [116] tested a dried hydroalcoholic extract of V. myrtillus leaves show-
ing a lipid-lowering activity with decrease of 39% of the triglycerides in the blood of
dyslipidemic animals. Similarly, V. corymbosum berries decreased blood cholesterol lev-
els, thus reducing cardiovascular risk and promoting atherosclerosis prevention [117,118].
In addition, consumption of cranberry anthocyanins improved lipid profiles, increasing
HDL and decreasing LDL in rats, hamsters fed a high-fat diet and hypercholesterolemic
swine [119–121]. Wu et al. [122] showed that blueberries induce a regression of atheroscle-
rotic plaques in arteries. In this manuscript, the apolipoprotein-E deficient (apoE−/−)
mice were fed either a control diet or an enriched diet supplemented with 1% freeze-dried
wild blueberries for 20 weeks. The plaques, measured at two sites, were 39 and 58% smaller
in the mice fed blueberries compared to those fed the control diet, and these effects were
associated with the reduction in biomarkers of lipid peroxidation in the liver, such as F2-
isoprostane [122]. Similarly, Matziouridou et al. [123] showed that in Apoe−/− mice fed
either a low-fat diet or high-fat diet, with or without lingonberries, the size of the atheroscle-
rotic plaques, the total, HDL and LDL-VLDL blood cholesterol, and triglycerides, as well
as the hepatic gene expression of bile acid synthesis genes (cholesterol 7 α-hydroxylase
(Cyp7a1), sterol 12α-hydroxylase (Cyp8b1)) were reduced.

Although published animal studies primarily focused on the specific cardiovascular
disease risk factors or biomarkers, and the antioxidant and anti-inflammatory effects, of
Vaccinium and its derivatives, clinical data have also been published [10]. Indeed, good
results were also observed with cranberry juice in obese men, and hyper-triglyceridemic or
diabetic patients [24].

The molecular mechanisms of atheroprotective effects of Vaccinium are not completely
understood and are often associated with antioxidant and anti-inflammatory activities.
In fact, the protective activity in atherosclerosis development have been associated with
the reduction in oxidative stress, inhibition of inflammation, and regulation of cholesterol
accumulation and trafficking [10].

In apoE−/− mice, the treatment with 1% wild blueberries for 20 weeks modulated
gene expression and protein levels of scavenger receptors CD36 and SR-A, the principal
receptors responsible for the binding and uptake of modified LDL in macrophages [124].

CD36 and SR-A were found to be lower in peritoneal macrophages of blueberry-fed
mice, and fewer ox-LDL-induced foam cells were formed, probably through a mechanism
involving PPARγ [124]. In addition, Xie et al. [125] demonstrated that blueberry consump-
tion increased the levels of the cholesterol transporter ABCA1, indicating that blueberries
may facilitate cholesterol efflux and lowering cholesterol accumulation. Overall, it has
been shown that blueberry consumption increased PPARα, PPARγ, ABCA1 and fatty acid
synthase expression, while reducing SREBP-1 levels [10].

Although several sources of experimental evidence support the atheroprotective
effects of Vaccinium, further and more in-depth studies are needed to completely elucidate
the molecular mechanisms underlying this activity.

5.3. Vaccinium and Endothelial Dysfunction

Endothelial dysfunction is an early predictor of cardiovascular diseases, and it is well
known that oxidative stress and low grade of inflammation contributes to endothelial cell
activation, priming it for adhesion, infiltration, and immune cell activation [126].

In this context, data from the literature indicate that Vaccinium extracts and derivatives
may prevent or delay cardiovascular diseases due to their capability to revert endothelial
dysfunction. Very recently, Curtis et al. [127] showed that one cup of blueberries/day, for
six months, promotes 12–15% reductions in cardiovascular disease risk, demonstrating that
higher intakes of blueberries improve markers of vascular function and ameliorate lipid
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status. Similarly, the intake of blueberry acutely improved peripheral arterial dysfunction
in smoker and in non-smoker subjects [128,129], improved endothelial function over six
weeks in subjects with metabolic syndrome [130], and improved endothelium-dependent
vasodilation in hypercholesterolemic individuals through the induction of the NO-cGMP
signaling pathway [131].

In animal models, blueberry anthocyanin-enriched extracts were shown to be able to
increase Bcl-2 protein expression, as well as to decrease interleukin 6, malondialdehyde,
endothelin 1, and angiotensin II levels and to reduce Bax protein expression after rat
exposure to fine particulate matter [132]. Blueberry consumption was also able to protect
endothelial function in obese Zucker rats, through the attenuation of local inflammation in
perivascular adipose tissue (PVAT) [133]. In diabetic rats, the Vaccinium treatment decreased
markers of diabetic retinopathy, such as retinal VEGF expression and degradation of
zonula occludens-1, occludin and claudin-5 [134]. Finally, in experiments of hypoperfusion-
reperfusion in rats, the administration of the extract of Vaccinium myrtillus protected pial
microcirculation by preventing vasoconstriction, microvascular permeability, and leukocyte
adhesion [135].

The endothelium protective role of Vaccinium has also been reported in in vitro experi-
mental models. Human aortic endothelial cell (HAECs) treated with palmitate exhibited
elevated ROS levels, and increased expression of several markers of endothelial dysfunction
including NOX4, chemokines, adhesion molecules, and IκBα.

The effects of palmitate were ameliorated in HAECs previously treated with blueberry
metabolites [136]. In human umbilical vein endothelial cells (HUVEC), pterostilbene,
an active constituent of blueberries, is able to induce a concentration-dependent nitric
oxide release via endothelial nitric oxide synthase (eNOS) phosphorylation, mediated by
activation of the PI3K/Akt signaling pathway [137]. Similarly, blueberry anthocyanins
protect endothelial cells from oxidative deterioration by decreasing the levels of ROS
and Xanthine Oxidase -1 (XO-1) and increasing the levels of superoxide dismutase and
HO-1 [138].

6. Conclusions and Future Perspectives

The fruits and leaves of different Vaccinium species have been used for a long time
in the traditional medicine of different cultures to treat several diseases including renal,
gastrointestinal and liver disorders, respiratory system infections, cough, fever, diabetes,
and convulsions. Biological studies support traditional uses since many Vaccinium com-
ponents exhibit important biological properties, including antioxidant, antitumor, anti-
inflammatory, antidiabetic and endothelium protective activities. In particular, the high
antioxidant and anti-inflammatory activity of Vaccinium has been related to the high content
in polyphenols, anthocyanins, and flavonoids.

In addition, Vaccinium extracts appear to be safe and mostly lacking in side effects,
with the exception of a few case reports, without statistical significance, describing an
aspirin-like effect (increased bleeding) [139,140].

Herein, we reported the chemical composition of fruits and leaves of Vaccinium species
and provided an overview of their biological properties, focusing on the activity of Vac-
cinium extracts and derivatives in cardiovascular diseases and endothelial dysfunctions,
closely associated with inflammation processes and oxidative stress.

Many studies indicate that Vaccinium is an important source of bioactive molecules
that appear to satisfy all the requirements to develop drugs and nutraceuticals against
endothelial dysfunction, thus preventing cardiovascular disease onset and progression.
Well-designed and specific clinical trials are necessary in order to explore the intriguing po-
tential of Vaccinium in the treatment of metabolic syndrome and in cardiovascular protection.

In conclusion, as fruits and leaves of Vaccinium species represent a rich source of
phenolic compounds with a high biological potential, they can serve as commercial sources
of specific compounds or fractions for pharmaceutics, cosmetics and natural product
markets. However, because of the wide variety of constituents that characterizes the
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chemical profile of Vaccinium species, their possible interactions with other constituents,
and the complexity of their metabolism, further and more in-depth studies will be necessary
to better define and characterize the contribution of each single active component, possible
synergisms between the different compounds, and the molecular mechanisms underlying
their biological effects.
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