
mdpi.com/journal/life

Special Issue Reprint

Therapeutic Effects 
of Natural Products 
on Human Diseases

Edited by 
Seung Ho Lee



Therapeutic Effects of Natural
Products on Human Diseases





Therapeutic Effects of Natural
Products on Human Diseases

Seung Ho Lee

Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Novi Sad ‚ Cluj ‚ Manchester



Editor

Seung Ho Lee

Department of

Nano-Bioengineering

Incheon National University

Incheon

Korea, South

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Life (ISSN

2075-1729) (available at: www.mdpi.com/journal/life/special issues/1I6AUEYCF3).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-2284-3 (Hbk)

ISBN 978-3-7258-2283-6 (PDF)

doi.org/10.3390/books978-3-7258-2283-6

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.

www.mdpi.com/journal/life/special_issues/1I6AUEYCF3
https://doi.org/10.3390/books978-3-7258-2283-6


Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Seung-Ho Lee
Therapeutic Effects of Natural Products on Human Diseases
Reprinted from: Life 2024, 14, 1166, doi:10.3390/life14091166 . . . . . . . . . . . . . . . . . . . . . 1

Irshad Wani, Sushruta Koppula, Aayushi Balda, Dithu Thekkekkara, Ankush Jamadagni
and Prathamesh Walse et al.
An Update on the Potential of Tangeretin in the Management of Neuroinflammation-Mediated
Neurodegenerative Disorders
Reprinted from: Life 2024, 14, 504, doi:10.3390/life14040504 . . . . . . . . . . . . . . . . . . . . . . 5

So-Young Han and Dong-Soon Im
Evodiamine Alleviates 2,4-Dinitro-1-Chloro-Benzene-Induced Atopic Dermatitis-like
Symptoms in BALB/c Mice
Reprinted from: Life 2024, 14, 494, doi:10.3390/life14040494 . . . . . . . . . . . . . . . . . . . . . . 27

Ju-Hyun Lee and Dong-Soon Im
Magnolol Reduces Atopic Dermatitis-like Symptoms in BALB/c Mice
Reprinted from: Life 2024, 14, 339, doi:10.3390/life14030339 . . . . . . . . . . . . . . . . . . . . . . 38

Yeong-Geun Lee, Tae Hyun Kim, Jeong Eun Kwon, Hyunggun Kim and Se Chan Kang
Cytotoxic Effects of Ardisiacrispin A from Labisia pumila on A549 Human Lung Cancer Cells
Reprinted from: Life 2024, 14, 276, doi:10.3390/life14020276 . . . . . . . . . . . . . . . . . . . . . . 51

Carmen Valadez-Vega, Olivia Lugo-Magaña, Lorenzo Mendoza-Guzmán, José Roberto
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Therapeutic Effects of Natural Products on Human Diseases
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Incheon 22012, Republic of Korea; seungho@inu.ac.kr; Tel.: +82-31-835-8269

1. Introduction

Natural products have long served as potential sources of therapeutic drugs. Nu-
merous pathophysiological conditions, such as inflammation, cancer, viral infection, im-
munological disorders, and metabolic diseases, have been treated with concoctions or
concentrated extracts of natural products [1]. Although numerous drugs have been devel-
oped to treat the aforementioned conditions, many diseases still cannot be effectively cured
with existing drugs. In addition, discovering new drugs that cause little or no side effects
poses significant challenges. Natural products, which are compounds or substances derived
from living organisms, could provide answers to these problems because they contain vari-
ous components that can exhibit unexpected biological properties. Furthermore, individual
ingredients derived from natural sources are expected to have synergistic effects when
used in traditional medicine [2]. In the last 20 years, approximately one-third of the drugs
approved by the Food and Drug Administration have been developed from medicinal
plants and their derivates [3]. In addition, the use of various medicinal plant extracts as
prescription drugs has gradually expanded in developed countries [4–6]. Considering the
complex nature of disease progression, drugs containing a single active compound may be
ineffective. Natural products for which historical records of therapeutic efficacy are avail-
able afford significant advantages in terms of the development of innovative medicines,
and recent advances in scientific technologies that can be utilized in profiling analyses of
active components, computational prediction, and in vitro/in vivo disease models have
reduced the time required to develop innovative drugs based on natural products.

In this Special Issue of Life titled, “Therapeutic Effects of Natural Products on Human
Diseases”, we have gathered 11 research articles and four reviews that aim to enhance
our understanding of the therapeutic effects of various natural products. This Special
Issue highlights the previously undiscovered therapeutic effects of natural products against
various diseases.

2. Highlights from This Special Issue

Vilhelmova-Ilieva et al. evaluated the antiviral potential of Bulgarian propolis extracts.
In their study, propolis extracts from Bulgaria were found to be capable of attenuating the
attachment and entry of enveloped viruses into host cells, suggesting the potential of Bul-
garian propolis extracts for use as antiviral agents [7]. Al-Rajhi et al. found that the chemical
composition of laurel leaf extracts (LLEs) can be altered by moist heating. The moist-heated
LLEs exhibited enhanced antibiofilm activity. Additionally, the moist-heated LLEs showed
higher antioxidant activity and greater inhibitory effects against α-glucosidase and bu-
tyrylcholinesterase than LLEs prepared without moist heating. Furthermore, naringenin, a
constituent of LLEs, was suggested to serve as a functional component, as the feasibility
of molecular docking between naringenin and acetylcholinesterase 1E66 was predicted
using computational software, molecular environment 2019 (ver. MOE 2019.0102). These
findings suggest that moist-heated LLEs have potential as antibacterial, antioxidant, antidi-
abetic, and anti-Alzheimer’s disease agents [8]. Interestingly, the chemical constituents of
Lawsonia inermis extracts decreased with moist heating, resulting in diminished antiyeast
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and antioxidant properties. These results indicate that the effects of moist heating vary
depending on the natural product used [9].

Valadez-Vega et al. conducted an initial exploration of the therapeutic activity of
Bouvardia ternifolia (Cav.) Schltdl., a plant traditionally used to treat inflammation in
Mexico. Different parts of B. ternifolia (flowers, leaves, and stems) were extracted using
hexane, ethyl acetate, and methanol, respectively. Each extract exhibited varying biological
properties in terms of their antioxidant and anticancer activities. These findings suggest
that different parts of B. ternifolia contain distinct constituents that can be developed as
potential therapeutic agents [10].

Park et al. evaluated the antinociceptive effects of Dendrobii caulis, which is used as a
traditional tonic in China. They found that the oral administration of D. caulis effectively
attenuated paclitaxel-induced neuropathic pain. Additionally, vicenin-2, which has been
identified as a key component of D. caulis, can alleviate paclitaxel-induced neuropathic
pain by regulating the expression of the transient potential vanilloid 1 (TRPV1) receptor
in the spinal cord. These results suggest that D. caulis and vicenin-2 could be promising
candidates for the development of novel antinociceptive agents [11].

Son et al. investigated the protective effects of Sibjotang, a traditional Korean medicinal
formula, against cardiac hypertrophy. They found that administering Sibjotang to an animal
model of isoproterenol-induced cardiac hypertrophy effectively reduced the ratio of left
ventricular weight to body weight as well as the expression of cardiac hypertrophy markers
such as atrial natriuretic peptide and brain natriuretic peptide. These findings suggest the
potential of Sibjotang in managing cardiac hypertrophy and its associated heart failure [12].

Lee et al. identified the active compound in Labisia pumila leaves through spectroscopic
analyses, including nuclear magnetic resonance, infrared spectroscopy (IR), and mass
spectrometry. In this study, for the first time, ardisiacrispin A was identified as a functional
compound of L. pumila leaves that demonstrates anti-lung cancer efficacy [13].

The study by Shaikh et al. showed the inhibitory properties of two flavonoids, erioc-
itrin and silymarin, on 5α-reductase type II (5αR2) activity. Molecular dynamic simulations
between the two flavonoids and 5αR2 provided evidence that both flavonoids have strong
interactions with 5αR2. These results suggest the potential of these natural products as
strong anti-androgenic alopecia agents [14].

In this Special Issue, two natural products with anti-atopic dermatitis properties are
highlighted. Han et al. demonstrated the anti-atopic dermatitis activity of evodiamine,
an alkaloid found in Evodia fruits [15]. Additionally, magnolol, a major component of
Magnolia officinalis, was shown to have anti-atopic dermatitis effects by Lee et al. [16]. Both
natural products were able to improve atopic dermatitis-like symptoms in 1-chloro-2,4-
dinitrobenzene (DNCB)-treated BALB/c mice, suggesting their potential as anti-atopic
dermatitis agents.

Cho et al. have presented clinical evidence supporting the reliability of Cuban poli-
cosanol. A randomized, placebo-controlled, double-blind clinical study demonstrated that
consumption of policosanol (20 mg/day for 12 weeks) effectively protected liver function
and improved kidney function. These findings provide valuable insights for the potential
use of policosanol in the development of drugs aimed at reducing the toxicity of innovative
therapeutics [17].

The review articles cover the biological properties of several natural products and the
mechanisms underlying their therapeutic efficacy. Minniti et al. summarized the effects
of Mangifera indica L. (mango fruit), its by-products, and mangiferin on human health,
providing useful information regarding the results of clinical trials on M. indica L. or its
derivatives [18]. Gwanya et al. highlighted the therapeutic potential of Bowiea volubilis
subsp. Volubilis, commonly known as climbing or sea onion. The authors reviewed the
traditional uses of B. volubilis and provided insights into its phytochemical composition,
bioactive constituents, and therapeutic potential [19]. Phoswa et al. reviewed the effects and
underlying mechanisms of Amaranthus and Abelmoschus esculentus on oxidative stress in
the management of diabetes mellitus. The antioxidant properties and therapeutic potential
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of Abelmoschus esculentus summarized in this review may serve as key information for the
development of antidiabetic treatments [20].

Finally, Wani et al. reported the therapeutic potential of tangeretin, a polymethoxy
flavonoid, against neuroinflammation-induced neurodegenerative disorders. They summa-
rized its effects in various neurodegenerative disease models and provided an overview
of its physicochemical properties, pharmacokinetic profile, safety, and toxicity. This re-
view demonstrates the strong potential of using tangeretin as a natural agent to treat
neurodegenerative diseases [21].

3. Final Reflections

This Special Issue summarizes the biological properties of several natural products
and elucidates their therapeutic potential. These findings enhance our understanding of
the potential of natural products in meeting the growing demand for safe and effective
therapeutics against human diseases.
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Abstract: Neuroinflammation is the major cause of neurodegenerative disorders such as Alzheimer’s
and Parkinson’s disease. Currently available drugs present relatively low efficacy and are not capable
of modifying the course of the disease or delaying its progression. Identifying well-tolerated and
brain-penetrant agents of plant origin could fulfil the pressing need for novel treatment techniques
for neuroinflammation. Attention has been drawn to a large family of flavonoids in citrus fruits,
which may function as strong nutraceuticals in slowing down the development and progression of
neuroinflammation. This review is aimed at elucidating and summarizing the effects of the flavonoid
tangeretin (TAN) in the management of neuroinflammation-mediated neurodegenerative disorders.
A literature survey was performed using various resources, including ScienceDirect, PubMed, Google
Scholar, Springer, and Web of Science. The data revealed that TAN exhibited immense neuroprotective
effects in addition to its anti-oxidant, anti-diabetic, and peroxisome proliferator-activated receptor-γ
agonistic effects. The effects of TAN are mainly mediated through the inhibition of oxidative and
inflammatory pathways via regulating multiple signaling pathways, including c-Jun N-terminal ki-
nase, phosphoinositide 3-kinase, mitogen-activated protein kinase, nuclear factor erythroid-2-related
factor 2, extracellular-signal-regulated kinase, and CRE-dependent transcription. In conclusion,
the citrus flavonoid TAN has the potential to prevent neuronal death mediated by neuroinflam-
matory pathways and can be developed as an auxiliary therapeutic agent in the management of
neurodegenerative disorders.

Keywords: Citrus fruits; flavonoids; tangeretin; neuroinflammation; neurodegeneration; microglia;
anti-inflammatory; antioxidant

1. Introduction

The global economic impact of neurodegenerative illnesses is increasing considerably
as life expectancy increases [1]. The pathogenic pathways that cause neurodegenerative
diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and Amyotrophic lat-
eral sclerosis (ALS) are not fully understood. Several factors are at work, including genetic,
environmental, and endogenous impacts. Common pathogenic pathways include aberrant
protein dynamics, oxidative stress with reactive oxygen species (ROS), mitochondrial dys-
function, DNA damage, neurotrophin dysfunction, and neuroinflammatory processes [2].
Neuroinflammation is a defense mechanism that initially protects the brain by removing or
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reducing different pathogens [3]. This inflammatory reaction may be advantageous, stimu-
lating tissue repair and cleaning away cellular waste. Persistent inflammatory responses,
on the other hand, are detrimental and hinder regeneration [4]. Inflammatory activation
may persist due to endogenous (such as genetic mutations and protein aggregation) or
exogenous (such as infection, trauma, and medicines) reasons [5]. Further, it is well known
that microglia and astrocytes are engaged in persistent inflammatory responses that may
lead to neurodegenerative diseases [6]. Despite extensive pre-clinical investigations, the
outcome of stringent therapeutic strategies is poor.

Flavonoids, a group of natural chemicals with a polyphenolic structure, are present
in almost 9000 varieties of plants. Familiar sources of these phytochemicals include fruits,
tea, chocolate, vegetables, and many beverages [7,8]. Plant flavonoids are classified as
flavanones, flavanols, isoflavonoids, flavones, chalcones, and anthocyanins according of
their structural resemblance to two benzene rings joined by a heterocyclic ring and their
availability as glycosides, aglycones, or methylated derivatives [9,10]. Citrus plants are the
primary source of polymethoxyflavones (PMFs), flavones with two or more than 2 -OCH3
groups attached to the benzo-
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position, with one carbonyl group attached to the ring. Over 105 million metric tons of
Citrus are produced annually around the world, with oranges making up more than half of
that total.

Traditionally, Citrus peel, such as orange peel, is used by several countries in food, bever-
age, and cosmetic preparations, and to treat conditions like ringworm infections, stomach up-
sets, coughs, skin inflammation, changes in blood pressure, and muscle discomfort [11–14]. A
prominent component, in addition to terpenoids and other volatile oils, is PMFs, which are
abundant in Citrus peels [14]. Citrus flavonoids, especially methoxylated flavones [15,16],
have shown immense therapeutic potential [17]. The most popular Citrus-plant-derived
flavonoids include tangeretin (TAN), naringin, hesperidin, nobiletin, naringenin, and
hesperetin. Among these, TAN, found only in Citrus fruit peels such as C. aurantium
L., and C. reticulata Blanco species, is known to be used in traditional Chinese medicine,
wherein TAN is the principal active component [18]. Ethnopharmacological studies on TAN
have revealed numerous biological and functional properties, including antioxidant, anti-
carcinogenic, anti-inflammatory, anti-atherogenic, and hepatoprotective properties, as well
as actions on the neurological and proliferative fronts [19,20]. Pre-clinical studies have also
indicated that TAN possesses neuroprotective and cognitive-enhancing benefits in cellular
and in vivo experimental models including AD and PD [21–24]. Mechanistic-based studies
indicated that TAN is involved in the regulation of multiple oxidative and inflammatory-
related signaling pathways such as the inhibition of ROS, pro-inflammatory mediators,
the regulation of NF-κB, MAPKs and JNK, and AKT activation [25]. These investigations
indicated TAN’s potential role in regulating inflammatory-mediated signaling pathways.

Several studies have investigated the pharmacological importance and favorable bio-
logical activities of TAN in various disorders. Many reviews have explored the beneficial
effects of TAN in terms of renoprotection, its anti-tumor, antidiabetic, immunomodulatory
and antioxidant properties, and neuroprotection [7]. Further, the effects of TAN on the mod-
ulation of inflammation-mediated cancer-related pathways including PI3K/AKT/mTOR,
Notch, and MAPK signaling, suppressing cell proliferation and inducing autophagy in vari-
ous types of cancer cells, has also been addressed [10]. Although previous studies indicated
the beneficial role of Citrus-fruit-derived flavonoids, including TAN, in neuroprotection [26],
these studies mainly focused on the overall role of Citrus flavonoids in cholinergic regu-
lation, regulating N-methyl-D-aspartate (NMDA) receptor hypofunction, ischemic injury,
and oxidative stress signaling in toxin-induced models, with little emphasis on TAN and
its pathways in neuroinflammation [26]. In this review, we aimed to understand the recent
updates regarding the potential of TAN, its physiochemical characteristics, its safety profile,
its pharmacokinetic parameters and the underlying molecular mechanisms involved in
targeting neuroinflammation-mediated neurodegenerative disorders. The data for the
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review were collected using various literature resources, including ScienceDirect, PubMed,
Google Scholar, Springer, and Web of Science.

2. Chemistry and Sources of TAN

Natural O-methylated flavones, known as PMFs, primarily found in Citrus plants, are
well-known for their health-improving qualities. In Citrus plants and other natural sources
of PMFs, the enzyme O-methyltransferases is involved in manufacturing PMFs [27]. At
least two methoxy groups are present on the flavone skeleton in PMFs (Figure 1A). Among
the approximately 80 PMFs found in plants, TAN (Figure 1B) and nobiletin (Figure 1C)
are the two most common [27]. TAN, a polymethoxy-flavonoid (5,6,7,8,4′-pentamethoxy
flavone), is a low-molecular-weight (average mass 372.369 Daltons and molecular formula
C20H20O7) secondary metabolite that is a member of the flavonoid class of polyphenols.
The International Union of Pure and Applied Chemistry’s (IUPAC’s) name for TAN is
5,6,7,8-tetramethoxy-2-(4-methoxyphenyl)-chromen-4-one. Within the flavone structural
subclasses, apigenin (Figure 1D) is TAN’s most straightforward structural counterpart. The
presence of two aromatic rings (rings A and B), connected by a three-carbon chain that
cyclizes to form ring C, a double bond at the C2/C3 position, and the absence of oxygenation
at the C-3 position are the distinguishing structural characteristics of flavones. TAN is
most likely produced synthetically by methylating all the hydroxyl groups of its nearest
structural counterpart, i.e., Nortangeretin (5,6,7,8,4′-pentahydroxyflavone; Figure 1E) [26].
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and (E) nortangeretin.

The polymethoxylated flavonoids, including TAN, are widely distributed in citrus
fruits and notably rich in fruit peels. Numerous other, smaller-scale, natural sources of TAN
have been noted, including Fructus species [28]. TAN and other related polymethoxylated
flavonoids are frequently used for quality control of citrus juices due to their abundance in
citrus fruits and variable concentrations between species. TAN is currently primarily con-
sumed through the consumption of Citrus fruits. C. tangerina, C. sinensis, and C. aurantium
fruit peels are highly known for their high levels of TAN, as well as the 4′-methoxylated
derivatives of TAN and nobiletin. TAN, hesperidin, and beta-sitosterol have been extracted
from C. jambhiri fruit peel, TAN, hesperidin, and beta-sitosterol [29]. The Citrus fruit berg-
amot, C. bergamia, also contains TAN [30]. TAN has also been found in several different
types of Citrus species, including C. unshiu, C. reticulata, C. tachibana, C. depressa, C. paradisi
(grapefruit) [31], and C. poonensis [32]. The sources of TAN are summarized in Table 1.

Many laboratories have concentrated on developing extraction procedures for TAN
and related polymethoxylated derivatives due to the multiple pharmacological actions
of TAN and related compounds that have been identified in the last few decades. These
molecules have high lipophilicity, making it convenient to extract them using organic
solvents and supercritical CO2 [33]. A comprehensive synthetic strategy has also been
developed to create a consistent chemical supply of these compounds [34].
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Table 1. Naturally occurring sources of TAN from plants (* study discovered PMFs but not
explicitly TAN).

TAN Source Plant Part Reference

Citrus poonensis (C. poonensis) Peel [32]
C. exocarpium Rubram Exocarp [35]

C. reticulata Peel [36]
C. unshiu Peel [37]

C. depressa Hayata Peel [38]
Hura crepitans Leaves, bark, roots [39]

Fructus aurantia Fruit [28]
C. aurantifolia Peel, fruit pulp [40]
C. mitis Blanco Peel [41]
C. aurantium Peel [42]

C. reticulate Cv. Suavissima Fruit [43]
C. grandis Osbeck Leaves [44]

C. reticulata *, Citrus paradisi

Fruit [45]
C. clementina

C. sinensis
C. paradise

C. lumia Risso

C. ichangensis Swingle * Peel [43]

2.1. Physicochemical Properties of TAN

TAN has a melting point of 154 ◦C, and a solid, light yellow, needle-like appearance
with a 372 M + EI-MS m/z ratio [46]. TAN has hydrophilicity because of the polarity of
its pyran ring. All the additional functional groups that extend from the benzene rings
are CH3 groups, which give the cell membrane a high degree of permeability [7]. In
bergamot oil, TAN is highly soluble, especially at 60 ◦C or higher. It is insoluble in water
but soluble in methanol or ethyl acetate. The applications of TAN in pharmaceutical or food
science are limited by its poor water solubility and unpleasant taste [47,48]. The various
physicochemical properties of TAN are summarized in Table 2. The solubility and passive
permeability of TAN were found to be 19 µg/mL (low soluble) and 1.62 × 10−6 cm/s
(highly permeable) using LYSA and PAMPA methods [49,50].

Table 2. Physicochemical properties of TAN.

Properties Values

Physical Description Solid
HBDC 0
HBAC 7

BP 566 ◦C @ 760 mm Hg
MP 154 ◦C

Solubility 8.70 mg/L @ 25 ◦C
LogP 1.78

Abbreviations: HBDC: hydrogen bond donor count; HBAC: hydrogen bond acceptor count; BP: boiling point; MP:
melting point.

2.2. Metabolism and Pharmacokinetic Profile of TAN

The biotransformation of PMFs in vivo results in the production of metabolites and
has various pharmacological characteristics. The discovery and metabolism of these PMF
metabolites has attracted attention. The primary enzyme system involved in the metabolism
of PMFs is cytochrome P450 (CYP), which can catalyze the hydroxylation and demethy-
lation processes. It is believed that all Citrus species have the same metabolic process for
producing PMFs. The number and position of hydroxyl and methoxyl groups significantly
affect how PMFs are metabolized [14]. In an in vitro experiment, when TAN was incubated
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with Aroclor-induced rat liver microsomes, the three primary metabolites of TAN were
identified as 4′-dihydroxytangeretin (Figure 2A), 3′,4′-dihydroxylnobiletin (Figure 2B),
and 5,4′-dihydroxytangeretin (Figure 2C) [51]. However, four of the five metabolites in a
different in vitro metabolism study using human CYP were demethylated at position 4′,
with 4′-demethyltangeretin being the principal metabolite. It was interesting to note that
5,6-dihydroxylnobiletin (Figure 2D) was the second most abundant metabolite [52].
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Ten metabolites were found in an in vivo biotransformation investigation of TAN
using repeated gavage feeding on rats. Seven of the ten identified metabolites, includ-
ing the significant metabolites 4′-demethyltangeretin and 3′,4′-dihydroxylnobiletin, were
demethylated at position 4′. The second most typical location for demethylation was
position 6 of ring A. Therefore, it may be inferred that TAN position 4′ is the primary site
for demethylation, while position 6 is the secondary site. Additionally, the investigation
determined that glucuronate–sulfate conjugates make up 38% of the TAN metabolites that
are eliminated in the urine [53].

Since TAN demonstrates significant absorption and is consequently bioavailable, it
offers a particular advantage over other chemically identical flavones [54]. Furthermore,
the oral administration of TAN is safe [55]. Hung et al. [56] found the plasma level
of TAN to be 87 ± 0.33 µg/mL (Cmax) following oral treatment (50 mg/kg b.w.), with
Tmax and t1/2 values of 340 ± 48.99 and 342.43 ± 71.27 min, respectively. On the other
hand, the plasma concentration of TAN after intravenous (5 mg/kg b.w.) administration
was 1.11 ± 0.41 µg/mL, with Tmax and t1/2 values of 1.11 ± 0.41 and 69.87 ± 15.72 min,
respectively. After the oral and intravenous administration of TAN, the AUC values were
213.78 ± 80.63 and 78.85 ± 7.39 min µg/mL, and the absolute oral bioavailability was
27.11%. Additionally, only TAN concentrations of 0.0026 and 7.54% were found in the
urine and feces after oral dosing, indicating that it was eliminated as a metabolite. The
kidney had the highest concentration of TAN, followed by the lung, liver, spleen, and heart.
Furthermore, the stomach and small intestine had the highest concentration at 4 h, while the
cecum, colon, and rectum had the highest concentration at 12 h in the digestive tract [56].

In another investigation, when TAN was administered intravenously (10 mg/kg b.w.)
to rats, the Cmax was 2470 ± 557 ng/mL with a t1/2 value of 166 ± 42 min and was
rapidly cleared. When administered as suspension (50 mg/kg b.w.), poor bioavailability
was observed. However, an oral dose of 50 mg/kg body weight resulted in a Cmax of
65.3 ± 20.1 ng/mL and a Tmax value of 90–120 min. When TAN was prepared with methy-
lated β-cyclodextrin, the oral bioavailability improved (Cmax: 135 ± 46 ng/mL) and the
Tmax value reduced to 30–90 min. This formulation increased the absolute oral bioavail-
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ability twofold (6.02%). Additionally, this research revealed that TAN was stable (recovery
rates of 87–100%) under different storage settings [57]. Furthermore, this indicated that the
plasma concentration of TAN (50 mg/kg b.w.) was the highest at 30 min, at 4.5 µg/mL,
and declined to 0.65 µg/mL after 12 h following oral or i.p. administration [58].

2.3. Safety and Toxicity of TAN

TAN was used as a model compound for safety evaluations to examine the possibility
of oral toxicity since it is one of the most common PMFs obtained from natural sources. To
established TAN-induced acute oral toxicity in mice, doses of 1000, 2000, and 3000 mg/kg
of TAN in an oil solution were administered to mice via gavage. Fourteen days following
the injection, no fatalities were noted. However, daily, low-dose TAN administration led
to a U-shaped dose–response curve with liver changes. Thus, PMF (a component of the
human diet) may be employed safely under various circumstances [59].

In 2005, Vanhoecke et al. supported the results of earlier work by demonstrating the
safety of TAN when administered orally to experimental mice. One piece of evidence was
the absence of significant organ damage or a decline in function. These findings paved
the way for subsequent human safety assessments [55]. In another study, the potential
genotoxicity of TAN, determined by adding various concentration of PMF mixture to five
distinct bacterial strains in vitro, was evaluated. According to the results, no mutations
were found, regardless of whether ribosomal protein S9 was activated. The reported
results demonstrated a good safety profile for the PMF combination with no chance of
genotoxicity when using in vitro test methods [60]. However, the same group discovered
a statistically insignificant positive connection between rising PMF concentrations and
mice’s spleen weight in a separate investigation where mice were inoculated with sheep’s
red blood cells (SRBCs). There was no proof that the spleen weight changed in mice
without vaccination [61].

3. Neuroinflammation and Therapeutic Potential of TAN

Neuroinflammation-related neurodegenerative disorders such as PD and AD have
become a significant burden as the population ages. In addition to being a pathogenic
element causing many neurodegenerative illnesses, neuroinflammation is an essential
biological response to neuronal tissue dysfunction [62]. The severity and frequency of
neuroinflammation are the leading indicators of whether it will progress [63].

Microglia are the principal immune cells in the central nervous system (CNS), and
under physiological conditions, these act similarly to macrophages. They serve as the initial
line of immune defense for neurons, followed by tissue healing. But excessive microglial
activation can result in neuronal death, a hallmark of neurodegenerative disorders, due
to the ensuing robust cytokine production. Chronic or traumatic stresses, age-related mi-
croglial sensitization, and extended microglial activation are linked to neuroinflammation’s
pathological and destructive course [62,63]. Excessive cytokine production, which leads to
the elevation of various cytokine-regulated signaling systems involved in inflammation,
apoptosis, and autophagy, underlies the disturbed communication balance between the
brain and the immune system. One of these signaling systems is the nuclear factor-κB
(NF-κB) pathway, whose deregulation has already been connected to the pathophysiology
of PD and AD [64,65]. Further, it is well understood that the neurophysiological function
of the CNS is critically dependent on astrocytes. Astrocytes are a double-edged sword
in neurodegenerative disorders. When pathological alterations associated with neurode-
generative diseases increase, inflammatory responses stimulate astrocytes and convert
them into an activated state [66,67]. The presence of reactive astrocytes was observed in
AD and PD experimental models, wherein they released pro-inflammatory cytokines and
neuroinflammatory mediators such as TNF-α, IFN-γ, IL-1, and IL-6, leading to harmful
effects and directly contributing to neurodegeneration [67–69].

The mitogen-activated protein kinase (MAPK) family [70] and the phosphatidylinos-
itol 3-kinase (PI3K)/serine/threonine kinase (Akt)/mammalian target of the rapamycin
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kinase (mTOR) signaling cascade are two additional pathways regulating inflammatory
response and apoptosis, whose dysfunction is crucial in transforming neuroinflammation
from a biological course to a pathological response [71]. ROS, nitric oxide (NO), and
prostaglandins (PGs) are secondary messengers that activate these pathways and also act
as proinflammatory mediators.

On the one hand, increased ROS production from hyperactivated microglia induces
the release of cytokines [62]. On the other hand, cytokines promote the generation of ROS
in the mitochondria [72], which can act as secondary messengers to activate the NF-κB
and MAPK family pathways [73]. Oxidative stress may also lead to the expression of an
inducible isozyme of nitric oxide synthases (iNOS), resulting in excess NO that damages
cell proteins, ultimately leading to neuronal cell death [74]. Currently available and ad-
vised pharmacological treatments treat neuroinflammation as a concurrent pathology of
neurodegenerative illnesses like AD. The cyclooxygenase (COX) pathway is also a key
participant in neuroinflammation. It is interesting to note that the increased production of
prostaglandin E2 (PGE2), a highly potent neuroinflammatory mediator, is mediated by both
constitutive COX-1 and inducible COX-2 isoforms. The stimulation of stress-responsive
pathways, such as the NF-κB pathway, is related to COX-1 upregulation and microglia
activation, whereas the overexpression of COX-2 results in direct neuronal injury [62,75].

Given the various crosstalk across signaling cascades and the proinflammatory me-
diator’s interchangeable functions as an upstream activator and downstream effector in
inflammatory signal transduction, it is clear that the process of neuroinflammation is ex-
ceptionally complex. The pathogenic development of neuroinflammation is schematically
depicted in Figure 3.
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Figure 3. Schematic overview of pathologic neuroinflammation progression. Chronic or traumatic
stresses, age-related microglial sensitivity, and the protracted inflammation of neurons, which cause
the significant release of cytokines, significantly enhance the overall turnover rate of microglia.
Cytokines and secondary messengers such as ROS, PG, and NO interfere with nerve cells’ ability to
function normally. NF-κB, PI3K, and MAPK pathway failures are the first cause of progressive cell
degeneration. ROS: reactive oxygen species; PG: prostaglandins; NO: nitric oxide; NF-κB: nuclear
factor-kapa B; PI3K: phosphoinositide 3-kinase; MAPK: mitogen-activated protein kinase.

Currently available treatments for neuroinflammation include traditional anti-inflammatory
drugs [76–79], modulators of tumor necrosis factor (TNF-α)/NF-κB signaling [80–83], and
plant-based natural therapies [84]. The urgent need for novel treatment approaches in
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neuroinflammation, exacerbated by the steadily aging global population, has led to the
search for well-tolerated and brain-penetrant anti-inflammatory drugs of plant origin.
Thus, scientists are interested in a vast family of flavonoids that are present in edible fruits
because they have the potential to function as potent nutraceuticals that can delay the
onset and progression of illnesses associated with neuroinflammation. There is mounting
evidence that Citrus PMFs intervene in neurodegeneration and enhance brain functions,
which are traits of neuroprotective agents.

PMFs, particularly TAN, have drawn the attention of natural product scientists due
to their broad spectrum of bioactivities. Some of the bioactivities of PMFs include anti-
inflammatory, anti-cancer, and anti-photoaging properties, the thermogenesis of white and
brown adipose tissues, attenuation of the metabolic syndrome, skeletal muscle damage pre-
vention, control of the gut flora, and neuroprotective and anti-atherogenic qualities [85–93].

3.1. Effect of TAN in PD Models

PD, which affects about 1% of people over 60 and over 10 million people globally, is a
multisystem neurodegenerative disorder with the progressive loss of midbrain dopamine
(DA) neurons and subsequent dopaminergic deafferentation of the basal ganglia, which
results in recognizable motor disturbances like the slowing down of movement, rigidity of
the muscles, and resting tremors [94,95]. In the following section, we outline the available
literature and scientific studies on the potential of TAN against PD.

The first in vivo study to demonstrate that TAN can effectively cross the blood–brain
barrier and has a neuroprotective effect on the brain was studied by Dexter et al. at
the Department of Neuroinflammation, Imperial College of Science, London [21]. The
authors reported that the chronic administration of TAN (10 mg/kg/day for 28 days) led
to a marked increase in the levels of TAN in various brain regions of rats, including the
hypothalamus, hippocampus and striatum. Further, TAN improved striatal dopamine
depletion and reduced the 6-hydroxydopamine (6-OHDA)-induced decline in tyrosine
hydroxylase-positive (TH+) cells.

A previous report on an experimental PD model showed that TAN (50, 100, or
200 mg/kg body weight) treatment for 20 days after MPTP intoxication was induced
in rats significantly improved motor dysfunction, memory impairments, and cognitive
disabilities. Further, the altered levels of proinflammatory cytokines in MPTP-induced
rats were reversed by lowering the levels of inflammatory cytokines including interleukin
(IL)-1β, IL-6, and IL-2. TAN treatment recovered the dopaminergic neuronal degeneration
and hippocampus neuronal loss. The authors indicated that the positive effects of TAN
might be achieved through inhibiting the TNF-α, COX-2, and iNOS signaling pathways in
an MPTP-induced rat PD model [48].

In addition, after chronic 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine/probenecid
(MPTP/P) injections in mice, TAN increased the messenger ribonucleic acid (mRNA) levels
of unfolded protein response (UPR) target genes in dopaminergic neurons and astrocytes
and enhanced neuronal protection [96,97]. The data were convincing and in agreement
with previous studies suggesting that neuroprotective agents targeting neuroinflammatory
pathways in PD pathology were known to preserve the striatonigral integrity partially
mediated by activated astrocytes [98,99].

In a transgenic Drosophila PD model, abnormal activity patterns were observed in
flies, including a reduced climbing ability, an increased concentration of dopamine, and
disrupted antioxidative enzyme status, when compared with their respective controls.
However, when TAN (5, 10, and 20 µM) was provided in the diet of PD model trans-
genic flies for twenty-four days, the authors found that the altered climbing ability and
dopamine levels were better restored compared with the results obtained using similar
doses of L-Dopa, which was used as a standard. Further, the altered antioxidative defense
parameters were positively regulated with TAN treatment. These results indicate that TAN
is indeed able to reduce the PD symptoms in experimental models and could be further
clinically explored [100].
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An increased risk of incident epileptic seizures has been reported in individuals
with incident Parkinson’s, according to retrospective cohort research conducted in the
United Kingdom. When compared to individuals without PD who do not have any
seizure-provoking comorbidities, researchers discovered that PD patients with other brain
disorders or multiple seizure-provoking comorbidities had the highest chance of epilep-
tic seizures [101]. TAN treatment at 50, 100, or 200 mg/kg for 10 days in pilocarpine
(30 mg/kg)-induced mice was shown to downregulate the suppression of PI3K/Akt sig-
naling. The authors indicated that TAN alters neuronal apoptosis and ameliorates seizure
severity in epilepsy-induced rats by enhancing the PI3K/Akt signaling pathway, reducing
seizure-induced matrix metalloproteinases-2 (MMP-2) and matrix metalloproteinases-9
(MMP-9) activation, and lowering the level of apoptosis-inducing factor (AIF) in the nu-
cleus via blocking AIF translocation [102]. These data indirectly suggest that TAN might be
helpful in PD patients with epileptic seizure conditions.

3.2. Effect of TAN in AD Models

AD is a multifaceted, intricate CNS disorder that includes both neurodegeneration
and persistent neuroinflammation, along with a significant loss of memory and cognitive
functions. Although research on the beneficial effects of TAN in relation to AD and AD
pathology are limited, some of the published data indicate that it can play a positive role
in the management of AD pathology. In recent study by Shu et al. at the Institutes of
Biomedical Sciences, School of Medicine, Jianghan University, China, the effects of TAN
in an AD model of mice were evaluated [22]. The authors found that TAN treatment
(100 mg/kg body weight/day) significantly ameliorated the cognitive dysfunction and
reduced amyloid beta (Aβ) aggregation and synaptic loss in an APPswe/PSEN1dE9 trans-
genic (Tg) mice AD model. A mechanistic study revealed that TAN could inhibit β-secretase
in both in vitro and in vivo studies, proving TAN’s potential role in the management of
AD pathogenesis [22].

In a recent report, Prof. Hsu et al. [103], from the Department of Food Science,
National Ilan University, Taiwan, evaluated the effect of TAN and nobiletin against Aβ-
induced toxicity in primary rat neurons. TAN and/or nobiletin were used to treat primary
cortical neuron toxicity induced by Aβ1–42. The authors indicated that TAN (25 µM)
exhibited stronger neuroprotective effects when compared with nobiletin by attenuating
the free radical damage induced by Aβ, thereby reducing intracellular oxidative damage.
Additionally, TAN suppressed the Aβ1–42 monomer aggregation, indicating its potential as
a neuroprotective agent [103].

3.3. Effect of TAN on Ischemic Brain Injury Models

It is commonly known that ischemic stroke is caused by the brain damage brought
on through the blockage of the cerebral arteries after an extended period of ischemia.
Further, reports have suggested that citrus flavonoids influence cardiovascular function
and cerebral ischemia, making them especially pertinent in relation to neurodegenerative
disorders [104,105]. In human hepatocellular carcinoma cells (HepG2) subjected to hypoxic
conditions, TAN was shown to improve cell viability and decrease apoptosis. Further,
Lee et al. [18] from Kyungpook National University, Daegu, Republic of Korea, studied
the natural herb Aurantii immatri pericarpium, containing nobiletin and TAN as major
constituents, for its brain-protecting effects in a rat model of ischemia-reperfusion. The
authors indicated that TAN shielded the brain from damage by inhibiting apoptosis in
human hepatocellular carcinoma cells (HepG2) and ameliorating brain injury in an ischemic-
reperfusion model of rats [18].

Recently, Zhang et al., from the Department of Neurology, Huaihe Hospital of Henan
University, Kaifeng, China, proved that TAN protected human brain microvascular en-
dothelial cells (HBMECs) against oxygen–glucose deprivation (OGD) insult. TAN increased
the superoxide dismutase activity and HBMEC survival while decreasing ROS and MDA
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levels. These effects were produced via suppression of the neuroinflammatory JNK signal-
ing pathway [106].

In a much recent study, the effect of TAN on cognition and memory deficits in a
cerebral ischemia rat model was studied [24]. The authors indicated that the decrease in
cognitive and motor behavioral functions in bilateral common carotid artery occlusion
(BCCAO) and reperfusion injured rats was ameliorated by TAN. Further, TAN improved
the altered acetylcholine enzyme activity, oxidative enzyme status, inflammatory mediators,
and apoptotic biomarkers in BCCAO rats. The authors concluded that TAN has potential
neuroprotective effects against cerebral ischemia.

Further, considering the neuroprotective effects of TAN, Zan et al. [107], from the
School of Biomedical and Pharmaceutical Sciences, Guangdong University of Technology,
China, investigated the effects of TAN on cerebral ischemia reperfusion-induced neuronal
injury in vivo in a middle cerebral artery occlusion/reperfusion (MCAO/R) mice model
and oxygen–glucose deprivation and reoxygenation (OGD/R) injury in a hippocampal
HT22 cell in vitro model. The authors claimed that TAN significantly attenuated cerebral
ischemia and reperfusion (I/R) injury-induced neuronal absent in melanoma 2 (AIM2)
inflammasome activation-mediated brain damage and inhibited pyroptosis in mice. Further,
TAN regulated NRF2 signaling in hippocampal HT22 cells, indicating that TAN inhibits
AIM2 inflammasome activation by the regulating NRF2 pathway. These studies provide
strong insights into the therapeutic benefits of TAN in I/R-induced brain damage [107].
A summary of the established neuroprotective effects of TAN in experimental models of
neuroinflammation and neurodegeneration is provided in Table 3.

Table 3. Summary of established neuroprotective effects of TAN in experimental models of
neurodegeneration.

No. Model Experimental
Design/Dose Parameters Tested Mechanism Conclusion Ref.

1
6-OHDA-
induced PD
rat model

20 mg/kg/day
for 4 days; p.o.

TH+ cells and striatal
dopamine content

Reduced TH+ cells;
increased striatal
dopamine content

Neuroprotective
agent [21]

2 MPTP-induced
rat PD model

50, 100 or
200 mg/kg
body weight for
20 days

Rotarod, working
memory, object
recognition,
inflammatory
mediators, cytokines

Enhanced memory and
locomotion;
decreased COX-2,
iNOS, IL-1β, IL-6,
and IL-2

Neuroinflammation
and dementia
associated with PD

[48]

3
Transgenic
Drosophila
PD model

5, 10 and 20 µM
in diet for
24 days

Climbing ability,
dopamine levels,
antioxidant enzymes

Enhanced climbing
ability and dopamine
content; decreased
oxidative stress

Enhanced
behavioral pattern
and antioxidant

[100]

4
Pilocarpine-
induced
mice

50, 100, or
200 mg/kg for
10 days

Neuronal apoptosis
and seizure severity

Regulation of
PI3K/Akt signalling;
decreased
seizure-induced
MMP-2, MMP-9,
and AIF

Recovered
PD-associated
epileptic seizures

[102]

5

APPswe/
PSEN1dE9
transgenic AD
mice model

100 mg/kg
body
weight/day

Cognitive functions,
Aβ aggregation

Inhibited β-secretase
both in vitro and
in vivo

Anti-dementia
effect [22]

6 Aβ-induced rat
primary neurons 25 µM Oxidative damage,

Aβ aggregation

Reduced free radical
damage and
suppressed Aβ

neurotoxicity

Neuroprotective
effect [103]
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Table 3. Cont.

No. Model Experimental
Design/Dose Parameters Tested Mechanism Conclusion Ref.

7

HepG2 cells
in vitro and
ischemic-
reperfusion
rat model

100 µg/mL for
in vitro and
200 mg/kg
in vivo

Apoptosis and
cell viability

Inhibited apoptosis,
and reduced
brain injury

Neuroprotection
and ischemic
stroke protection

[18]

8 OGD insult in
HBMEC cells

2.5, 5 and
10 µM

Cell viability, ROS
levels, inflammatory
pathways

Reduced ROS levels;
ameliorated apoptosis;
regulated JNK signaling

Protects brain
injury and related
neurogenerative
diseases

[106]

9 Global cerebral
ischemia in rats

5,10, and
20 mg/kg, oral

Cognition and
memory, AchE, Ach
levels, ROS levels,
inflammation
markers

Increased memory and
cognition; attenuated
AchE and Ach
activities; inhibited
IL-6 and TNF-α,
mitigating apoptosis

Neuroprotection,
and antineuroin-
flammation

[24]

10

In vivo
MCAO/R mice
model and
OGD/R injury
in hippocampal
HT22 cell
in vitro

5, 10 and 20 µM
in vitro and
10 µM in vivo

Cell viability,
neuronal pyroptosis

Attenuated pyroptosis
and regulated
Nrf-2 signaling

Neuroprotective
effects [107]

11 LM mice model 5, 10 and
15 mg/kg

Cognitive functions,
novel object
recognition,
inflammatory
mediators

Recovered cognitio;
decreased ERK 1/2,
TNFα; and IL-1β
expression; modulated
RORα/γ target genes

Cognitive
deficiency and
related diseases

[23]

12

Potassium
dichromate
-induced brain
injury in rats

50 mg/kg;
orally, for
14 days

Behavioral indices,
ROS markers,
inflammatory
markers

Reduced ROS levels;
inhibited TNF-α and
IL-6; regulated Nrf2
signaling pathway

Neuroprotective
effect, anti-
neuroinflammation,
antioxidant

[108]

Abbreviations: 6-OHDA: 6-Hydroxydopamine, MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MMP:
matrix metalloproteinases; AIF: apoptosis-inducing factor; Aβ: amyloid beta; HepG2: human hepatocellular
carcinoma cells; HBMECs: human brain microvascular endothelial cells; OGD: oxygen–glucose deprivation; AchE:
acetylcholine esterase; Ach: acetylcholine; MCAO/R: middle cerebral artery occlusion/reperfusion; OGD/R:
oxygen–glucose deprivation and reoxygenation; LPS: lipopolysaccharide; LM: LPS plus midazolam; PD: Parkin-
son’s disease; AD: Alzheimer’s disease; ROS: reactive oxygen species; TNF-α: tumor necrosis factor-alpha;
IL: interleukin; Nrf-2: nuclear factor erythroid 2-related factor 2; TAN: tangeretin; TH+: tyrosine hydroxylase
positive; COX- cyclooxygenase; iNOS: inducible nitric oxide synthase; PI3K: phosphatidylinositol-3-kinase; AKT:
protein kinase B; JNK: c-Jun N-terminal kinase; ERK 1/2: extracellular-signal-regulated kinase 1/2; RORα/γ:
retinoic-acid-receptor-related orphan receptors α and γ.

3.4. Effect of TAN on Neurogenesis and Cognitive Functions

It is widely known that several neurodegenerative diseases dysregulate cAMP re-
sponse element (CRE) transcription [109]. Additionally, the cAMP/CREB/ERK/PKA sig-
naling pathway is vital for memory and learning [110]. In PC12D cells [111], and hippocam-
pus neurons [112], TAN increases nerve outgrowth and induces CRE-dependent transcrip-
tion. These data show that TAN may induce neuroprotection in neuronal cells through CRE-
mediated transcription coupled with the upstream cAMP/CREB/ERK/PKA pathway.

In a previous study from Wu et al. at the Institute of Molecular Rhythm and Metabolism,
Guangzhou University of Chinese Medicine, China, the authors explored the cognitive
enhancing properties of TAN in a delirious mice model by injecting mice with an LPS plus
midazolam (LM) model [23]. The impaired cognitive and attentional functions in delirium-
induced mice were challenged by the administration of TAN at various doses (5, 10, and
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15 mg/kg). Mice with LM-induced delirium exhibited decreased attentional and cognito-
behavioral functions and TAN significantly ameliorated these changes. Mechanistic studies
revealed that TAN functioned as an RORα/γ agonist, leading to enhanced memory and
cognition in LM-delirium mice. Further, the increased expression of neuroinflammatory
pathways, including ERK 1/2, TNF-α, and IL-1β, was reduced in LPS-stimulated microglia.
The authors suggest that TAN regulates the expression of RORα/γ-related genes such
as E4bp4 and Bmal1, thereby promoting enhanced cognition in mice with LM-induced
delirium, indicating the importance of TAN in preventing memory and cognitive deficits.

In a recent study, the effect of TAN on brain injury induced by chromium was
evaluated [108]. Potassium dichromate, a xenobiotic, was administered to Wistar rats
and the neuroprotective potential of TAN was explored. The altered inflammation and
oxidative stress parameters were studied. Potassium-dichromate-induced changes in the
brain’s MDA and GSH levels, as well as the increased levels of TNF-α and IL-6, were
significantly reversed in TAN-treated subjects. Furthermore, this study revealed that
TAN significantly reversed the potassium-dichromate-induced alterations in behavior and
cholinergic activities. The authors suggest that the mechanism involved in the potential
neuroprotective benefits exhibited by TAN might be the regulation of the Nrf2 and caspase-
3 signaling pathways [108]. A schematic diagram of the possible signaling pathways
involved in the neuroprotective benefits of TAN is shown in Figure 4.
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Figure 4. Signaling pathways involved in the neuroprotective benefits of TAN. PI3K: phosphoinosi-
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4. Other Supporting Mechanisms of TAN in Neurodegeneration
4.1. Antioxidant Effect of TAN

Numerous diseases or pathological changes, such as cancer and metabolic prob-
lems, are linked to oxidative damage, including neurodegenerative diseases [113–115].
Since the brain is more susceptible to oxidants than other organs, oxidative damage fre-
quently coexists with neurodegenerative disorders. In PD, increased monoamine oxidase
B (MAO-B) levels and impaired mitochondrial activity are linked to elevations in ROS
generation [116–118] and cellular damage [118,119], which are responsible for neurodegen-
eration and neuroinflammation [118,120]. Altered glutathione levels in the dopaminergic
neurons of transgenic mice provide more evidence for the hypothesis that oxidative stress
drives neuronal loss in PD [121].

In LPS-stimulated microglia, TAN exerts an antioxidant impact by reducing ROS
production while boosting heme oxygenase-1 (HO-1) expression [121] via the nuclear factor
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erythroid 2-related factor 2 (Nrf2) signaling pathway, which is one of the therapeutic targets
of PD [122]. It has recently been determined that moderate mitochondrial depolarization,
which prevents neurotoxic mitochondrial calcium overload during neural insults, repre-
sents a unique neuroprotective mechanism. Due to its inhibitory actions in (H2O2)-induced
mitochondrial calcium ion (Ca2+) accumulation, TAN significantly boosts HT-22 neuron
survival of H2O2-induced cell death in a dose-dependent manner, thus preventing neuronal
apoptosis [123]. Furthermore, TAN was shown to substantially inhibit ultraviolet B (UVB)-
induced ROS production in JB6 P+ cells; this ability could be used to restrict endogenous
ROS production [124].

In the kidney tissue, TAN significantly decreased lipid peroxides, and inflammatory
cytokines, further improving the levels of both enzymatic and nonenzymatic antioxi-
dants [125,126]. TAN effectively normalized the antioxidant enzymes SOD, CAT, GPx, and
GR in diabetic rats [127].

4.2. Anti-Inflammatory Effect of TAN

Inflammation is a typical physiologic reaction to tissue damage, microbial pathogen in-
fection, and chemical irritation. However, inflammatory mediators, including free radicals,
cytokines, and chemokines, will infiltrate the body and be produced in excessive amounts,
damaging cellular and tissue functions. PGE2 and COX-2 are created by the inducible
enzyme COX, which also plays a crucial role in the creation of PGE2 in inflammatory
areas and the unregulated NO produced by the iNOS. The CNS macrophages, known as
microglial cells, maintain the nervous system’s balance by removing damaged neurons and
preventing the spread of infection. This macrophage population produces cytokines that
cause inflammation, creating ROS as the first line of defense against microorganisms [128].
However, a pro-inflammatory and pro-oxidant condition sustained over time by chronic
microglia activation is harmful because it may speed up the neurodegenerative process via
neuroinflammation, as occurs in the case of AD and PD [129,130].

Chemokine fractalkine (CX3CL1), produced mainly by neurons, has recently been
suggested as a potential biomarker for PD [131]. The interaction between neurons and
glial cells is mediated by the G-protein-coupled receptor CX3CL1, a regulator of microglial
activity [131]. Additionally, older adults with PD have been reported to have peripheral
inflammation, which is indicated by an increase in the blood levels of IL-8 and MIP-1 and
reduction in the levels of IL-9 and MIP-1 [132].

Evidence suggests that the key signaling pathway for TAN’s neuroprotective benefits
might be via its anti-inflammatory properties. TAN showed a solid ability to suppress
neuroinflammation caused by microglial activation stimulated by lipopolysaccharide [97].
These results indicate that TAN inhibits the production of COX-2 and iNOS at the transcrip-
tional and protein levels in microglial cells. The production of proinflammatory substances,
including NO, IL-1, TNF-α, and IL-6, was also inhibited in a dose-dependent fashion. Thus,
IκB kinase and MAPKs may function separately or jointly to control TAN’s inhibition of
proinflammatory mediators [97]. MMPs are vital for many physiological tasks, including
proliferation, differentiation, cell motility, apoptosis, and host defense. Blood–brain barrier
(BBB) collapse, neuronal cell death, and peripheral immune cell infiltration in neuropatho-
logical illnesses, including AD, PD, and MS, are all unfavorable outcomes of abnormal
MMP expression. MMPs influence the development of neuroinflammatory diseases by
modulating TNF-α activation. TAN reduces MMPs, including MMP-3 and MMP-8, in
LPS-stimulated microglia, which aids its anti-inflammatory effects. A schematic diagram
of the possible anti-inflammatory mechanism of TAN is presented in Figure 5.
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Figure 5. TAN’s anti-inflammatory mechanisms. TAN reduces the production of proinflammatory
cytokines by controlling certain essential enzymes involved in the MAPK pathway and cell degranu-
lation. TAN also interferes with the formation of PGE2 generated by LPS and COX-2 and reduces
vascular permeability caused by histamine to prevent allergies. TAN: tangeretin; MAPK: mitogen-
activated protein kinases; PGE2: prostaglandin E2; COX: cyclooxygenase; LPS: lipopolysaccharide;
IL: interleukin; TNF-α: tumor necrosis factor-alpha; iNOS: inducible nitric oxide synthase; NF-κB:
nuclear factor-kappa B.

4.3. Diabetes-Mediated Neurodegeneration and TAN

The pathophysiology of Diabetes Mellitus (DM) and neurodegeneration is influenced
by environmental and genetic variations [133]. Some DM animal models have compa-
rable clinical traits to PD and AD animal models [133,134]. DM and neurodegeneration
have the characteristics of impaired glucose metabolism, insulin resistance, and mitochon-
drial dysfunction, which manifests before clinical diagnosis of neurodegenerative illness.
Other causes of the pathophysiology of both disorders include microbial dysbiosis, the
aggregation of misfolded proteins, persistent inflammation, and oxidative stress [135].
Dopaminergic neurons and insulin receptors coexist in the substantia nigra, supporting the
hypothesis that DM and PD are directly related. The reduced insulin signaling in the basal
ganglia correlates with dopamine depletion in the striatum [136]. DM is also associated with
a significant decline in cognitive function and the elevated susceptibility to dementia seen in
AD. Several common pathways, including apoptosis, neuron aging, lipid peroxidation, tau
phosphorylation, and brain shrinkage, are all adversely affected in DM-mediated AD. One
possible strategy to treat AD is to repurpose anti-diabetic agents as beneficial therapeutics
that may avert or lower the risk of cognitive decline and neurodegeneration [137,138].

Experimental studies in diabetic rats showed a decrease in plasma glucose and glyco-
sylated hemoglobin (HbA1c) levels, although the hemoglobin and insulin levels drastically
increased because of TAN. The liver’s major enzyme processes for glycolysis, glycogenoly-
sis, the pentose phosphate pathway, and glycogenesis were nearly fully recovered [139].
TAN decreased the capacity of cells to secrete insulin, reduced the amounts of ROS and the
messenger RNA in insulin 1 and 2, and enhanced the expression of SOD, CAT, and GPX
activities to prevent streptozotocin-induced apoptosis. TAN’s protective effects resulted
from its blocking the NF-κB signaling pathway [140].

In another study, Chen et al., investigated how TAN inhibits human renal mesangial
cells (MC) extracellular matrix production in response to high glucose levels. TAN sub-
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stantially boosted SOD activity while decreasing MC growth, ROS, and MDA levels. TAN
partially inhibited the ERK signaling pathway to provide these protective effects [141].
Based on these reports, we can conclude that TAN can aid in countering DM-mediated
neuroinflammatory responses and can provide therapeutic benefits in the management of
neurodegenerative disorders. The possible role of TAN in DM-mediated neuroinflamma-
tion is depicted in Figure 6.
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4.4. Peroxisome Proliferator Receptor-Gamma (PPAR-γ) Agonistic Effects of TAN

The nuclear receptor superfamily, which includes PPAR-γ, controls mitochondrial
activity and modifies lipid and glucose metabolism. PPAR-γ agonists, such as pioglitazone,
lower inflammation by preventing the production of IL-6 and TNF-α [142]. In the brains of
MPTP-treated monkeys, pioglitazone reduced inflammatory responses while maintaining
dopaminergic nigrostriatal function [143]. Additionally, pioglitazone treatment reduced
the glial activation and arrested the loss of dopaminergic neurons in the substantia nigra
(SN) of mice treated with MPTP [144,145]. In the SN of mice treated with MPTP, rosigli-
tazone, another PPAR-γ agonist, reversed the loss of dopaminergic neurons [146]. These
findings suggest the use of PPAR agonists as potential anti-inflammatory treatments to
slow the course of neurodegeneration. TAN suppressed UVB-induced COX-2 expression
and PGE2 production in human epidermal keratinocytes (HaCaT) cells through PPAR-γ
activation [147]. Further, Kim et al., Li et al., and Kurowska et al. have also reported on the
PPAR-agonistic activities of TAN in their studies; thus, these effects of TAN can halt the
progression of PD [148–150].

5. Limitations and Future Perspectives

One of the main issues with flavonoids is the length of time required for epidemio-
logical investigations due to the extensive exposure times, data collection, and analyses
of the presence and absence of flavonoids that are required. Due to their very low yield
(mg–gm per kg of plant weight) and the fact that they must be continuously extracted
from Citrus plants to avoid extinction, TAN’s production cost is another significant concern.
Such issues might be resolved by a targeted study on the production of flavonoids by mi-
crobes or any other natural sources. The purification procedure presents another significant
challenge because flavonoids generally tend to form tight complexes with other secondary
metabolites, vitamins, minerals, and fibers, making it challenging to separate them.

19



Life 2024, 14, 504

In order to improve the purity of the separated flavonoids and allow for shorter ex-
traction procedures with a lower cost, it is also necessary to create an effective purification
method. TAN’s low water solubility, as a result of its lipophilic makeup, is another serious
issue. To boost its bioavailability in the studied animal systems, future research should
concentrate on various targeted delivery methods, including the novel nano-emulsion-
based delivery systems. In addition, a detailed, pharmacokinetic, dosage regimen should
be established, as well as research on the safety issues and toxicity profile, and pre-clinical
research in various other neuroinflammatory animal models, to better understand the
intrinsic mechanisms of TAN. To the best of our knowledge and understanding, no pub-
lished clinical data are yet available on the impact of the chronic long-term intake of TAN
and its neuroprotective benefits. To close these gaps, a systematic research plan of action,
extending pre-clinical observations into clinical settings, is necessary to demonstrate TAN’s
neuroprotective potential. An illustrative diagram of the possible overall benefits of TAN
as a potential agent against neuroinflammation-mediated neurodegenerative disorders is
presented in Figure 7.
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neurodegenerative disorders; UPR: unfolded protein response; CRE: cAMP response element; DA:
dopamine; MMP: matrix metalloproteinases; AIF: apoptosis-inducing factor; IL: interleukin; iNOS:
inducible nitric oxide synthase; COX: cyclooxygenase; TNF-α: tumor necrosis factor-alpha; ROS:
reactive oxygen species; MDA: malondialdehyde; SOD: superoxide dismutase; HO: heme oxygenase;
CAT: catalase; GPx: glutathione peroxidase; GR: glutathione reductase; NF-κB: nuclear factor-kappa
B; ERK: extracellular-signal-regulated kinase; ↑: increase; ↓: decrease; ×: inhibited.

6. Conclusions

Based on the available literature and reported studies, TAN, one of the active flavonoids
present in Citrus species of plants, has the potential to prevent neuronal death in various
neurodegenerative diseases. Due to TAN’s excellent physiochemical and pharmacokinetic
profile, TAN is a promising candidate and can be used as an auxiliary therapy to prevent
or delay the progression of neuroinflammation-mediated neurodegenerative disorders.
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Abstract: Evodiamine is an alkaloid found in Evodia fruits, a traditional Chinese medicine. Preclinical
studies have demonstrated its anti-inflammatory and neuroprotective properties. The 2,4-dinitro-1-
chloro-benzene (DNCB) was used to test the effects of evodiamine on a chemically induced atopic
dermatitis-like model in BALB/c mice. Evodiamine significantly lowered serum immunoglobulin E
levels, which increased as an immune response to the long-term application of DNCB. Several atopic
dermatitis-like skin symptoms induced by DNCB, including skin thickening and mast cell accumu-
lation, were suppressed by evodiamine therapy. DNCB induced higher levels of pro-inflammatory
cytokines in type 2 helper T (Th2) cells (IL-4 and IL-13), Th1 cells (IFN-γ and IL-12A), Th17 cells
(IL-17A), Th22 cells (IL-22), and chemokines (IL-6 and IL-8). These increases were suppressed in
the lymph nodes and skin following evodiamine treatment. The results of our study indicate that
evodiamine suppresses atopic dermatitis-like responses in mice and may therefore be useful in
treating these conditions.

Keywords: Evodia rutaecarpa; atopy; evodiamine; dermatitis; eczema; anti-atopy

1. Introduction

Chronic atopic dermatitis is an inflammatory, pruritic skin condition characterized by
persistent skin inflammation that often occurs in families with other atopic diseases [1,2].
Various factors, including defects in skin barrier function due to structural protein formation
such as filaggrin, abnormal lipid metabolism, environmental factors, and genetic factors,
contribute to dysregulated immune responses [1,3]. Pediatric atopic dermatitis patients
comprise the majority (1–3% of adults and up to 20% of children) in most countries [4,5].
A hallmark of atopic dermatitis is the presence of widespread eczematous lesions [6].
Atopic dermatitis is often the first step in the development of other atopic diseases, such
as allergic rhinoconjunctivitis and/or bronchial asthma [7]. Although elevation of total
or allergen-specific immunoglobulin E (IgE) levels in the serum is not always observed
in all individuals, atopic dermatitis is characterized by type 2 immune responses and
consequently increased IgE levels [8,9]. In addition to the Th2 response, the Th1 and Th17
responses also play key roles in pathogenesis [10–12].

Current therapeutics include glucocorticoids as a first-line anti-inflammatory treat-
ment, topically applied to the skin for pruritus or new flares [5]. In adults, topical applica-
tion of tacrolimus and pimecrolimus is permitted for eczema treatment [13]. Since mast
cell mediators, such as tryptase and histamine, play important roles in pruritus induction
in atopic dermatitis, the application of mast cell stabilizers has also been considered [14].
However, owing to the side effects of long-term glucocorticoid use, alternative therapeutics
must be developed [15]. Traditional Chinese medicine can provide a variety of resources
for the development of new drugs for atopic dermatitis [16].

The dried, unripe fruit of Evodia rutaecarpa Bentham (Rutaceae) has been used to treat
epilepsy, emesis, dermatophytosis, dysentery, gastrointestinal disorders, and headaches [17].
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As alkaloidal compounds found in Evodia fruits, evodiamine and rutaecarpine have shown
a number of pharmacological properties in preclinical models, including anti-inflammatory,
anti-obesity, anti-bacterial, anti-cancer, anti-cardiovascular, anti-diabetic, insecticide, and
neuroprotective effects [17]. Shin et al. found that evodiamine and rutaecarpine inhibit the
production of pro-inflammatory cytokines in rat RBL-2H3 cells induced by immunoglobu-
lin E-antigen complexes, resulting in the antagonism of passive cutaneous anaphylaxis [18].
In mouse RAW 264.7 cells, evodiamine inhibited lipopolysaccharide-induced prostaglandin
E2 synthesis at concentrations of 1–10 mM [19]. Human A549 cells treated with evodi-
amine produced less monocyte chemoattractant protein-1 (MCP-1) after exposure to H1N1
and recruited fewer macrophages toward chemokine (C-C motif) ligand 5 (CCL5) and
MCP-1 [20]. A concentration-dependent inverse relationship has been observed between
evodiamine and endothelial cell cyclooxygenase 2 (COX-2) and nitric oxide synthase (iNOS)
expression under hypoxic conditions [21]. The release of calcitonin gene-related peptides
by evodiamine inhibits guinea pig heart anaphylaxis induced by bovine albumin [22].
According to Pearce et al., evodiamine is a new class of agonist of the rat transient receptor
potential subfamily V member 1 (TRPV1) [23]. However, its potency is about 3–19-fold
lower than that of capsaicin. In vivo studies have shown that evodiamine inhibits ovalbu-
min (OVA)-induced allergic asthma [24]. However, the efficacy of evodiamine in atopic
dermatitis has not yet been examined. This study aimed to explore whether evodiamine
acts as an anti-atopic agent and to investigate the mechanism of action of evodiamine in a
dinitrochlorobenzene-induced atopic dermatitis-like mouse model.

2. Results
2.1. Evodiamine Suppresses Atopic Dermatitis Symptoms in the Ears of Mice

According to Evodia fruits, evodiamine is a major alkaloid that exerts anti-inflammatory
effects on mast cells, macrophages, and lung epithelial cells; the cytokines tumor necrosis
factor-α (TNF-α) and IL-4 were suppressed in RBL-2H3 mast cells [18], prostaglandin E2
synthesis was inhibited in RAW 264.7 macrophages [19], and MCP-1 production was inhib-
ited in lung epithelial cells A549 [20]. Evodiamine was hypothesized to be a therapeutic
candidate for atopic dermatitis based on its anti-inflammatory effects, and we examined
its effect on 2,4-dinitro-1-chloro-benzene (DNCB)-induced atopic dermatitis responses in
mice. From days 7 to 48 after sensitization by DNCB intraperitoneal injection, DNCB were
topically challenged every other day [25]. Evodiamine and DEX were administered by
intraperitoneal injection 30 min before the DNCB challenge on day 19. Mice were sacrificed
on day 49 (Figure 1A).

Scaling, erythema, and erosions were observed in the ears after exposure to DNCB
(Figure 1B). Evodiamine-treated mice showed improvements in atopic dermatitis-like
symptoms, whereas DEX-treated mice showed more significant improvements, especially
swelling of the ears, a characteristic atopic dermatitis-like symptom. As shown in Figure 2A,
cutaneous hyperplasia is clearly visible. Evodiamine and DEX significantly reduced DNCB-
induced epidermal hyperplasia in response to DNCB (Figure 2A), which was measured
as the thickness of the ear (Figure 2B). The suppressive effects of evodiamine (20 mg/kg)
were equivalent to those of DEX (Figure 2B). In addition to acanthosis, an increase in
epidermal thickness was observed by hematoxylin and eosin (H&E) staining, as well as
exocytosis and increased immune cell accumulation (Figure 2A). By counting mast cells
using toluidine blue O staining, evodiamine-treated atopic dermatitis mice displayed a
significant suppression of immune cell accumulation (Figures 2A and 3A).
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Figure 1. Effect of evodiamine on DNCB-induced atopic dermatitis in the ears. Evaluation of the
effect of evodiamine on atopic dermatitis induced by DNCB in ears. (A) An outline of the protocol
for induction of atopic dermatitis and treatment with evodiamine. On day 0, DNCB was applied to
the skin to sensitize it. Following repeated DNCB challenges on days 7–48, atopic dermatitis-like
phenotypes were induced. In addition to DNCB, vehicles were applied topically to BALB/c mice,
while evodiamine and DEX were injected intraperitoneally 30 min before DNCB exposure (n = 5).
(B) A view of the ear in its entirety.
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Figure 2. Effect of evodiamine on ear thickness. These are representative histological findings from
cutaneous tissue sections taken on day 49. In order to stain the ear tissue, hematoxylin and eosin stain
was applied (A). Blue arrows indicated immune cells. A comparison of the ear thickness between the
groups was made in (B). Five mice were used for each group. Statistical significance: *** p < 0.001
vs. the vehicle-treated control group; ### p < 0.001, ## p < 0.01 vs. the DNCB-treated group. A
magnification of 200× was used.

In response to allergens, mast cells release pro-inflammatory cytokines and histamine,
which contribute to atopic dermatitis symptoms. Toluidine blue O staining revealed mast
cell infiltration of the dermis (Figure 3A). DNCB treatment resulted in a dramatic increase in
mast cell numbers and hyperplasia (Figure 3A). In evodiamine-treated mice, the number of
mast cells significantly decreased in a dose-dependent manner (Figure 3B). The number of
mast cells was significantly suppressed in mice treated with DEX, similarly to that observed
in mice treated with evodiamine (Figure 3B).
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Figure 3. Effect of evodiamine on mast cell count in the ears. In order to identify mast cells, the skin
was stained with toluidine blue O. (A) Histological findings on day 49 of representative cutaneous
tissue sections. Mast cells are indicated with red arrows. (B) The number of mast cells in the ear
tissues is shown in the histogram (n = 5). Statistical significance: *** p < 0.001 vs. the vehicle-treated
control group; ### p < 0.001, # p < 0.05 vs. the DNCB-treated group. A magnification of 200×
was used.

2.2. Evodiamine Suppresses Pro-Inflammatory Cytokine Expressions in the Ears of Mice

In atopic dermatitis pathogenesis, inflammatory cytokines of the Th2, Th17, Th1, and
Th22 subclasses, such as IL-4, IL-13, IL-17A, INF-γ, IL-12A, and IL-22, play important
roles [26–28]. In addition, the chemokines IL-6 and IL-8 attract inflammatory immune cells
to the site of an atopic dermatitis [26–28]. There was an increase in cytokine and chemokine
mRNA expression levels in the ear sections of atopic dermatitis-induced mice (Figure 4). In
this study, both evodiamine and DEX significantly reduced the elevated mRNA levels of
cytokines, particularly IL-13, IL-17A, IFN-γ, and IL-8 (Figure 4).
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Figure 4. Effect of evodiamine on pro-inflammatory cytokine expression in the ears. Based on mouse
ear tissue mRNA isolated from the ears of mice, qRT-PCR analysis of the Th2 cytokines IL-4 (A)
and IL-13 (B) cytokines, Th17 cytokine, IL-17A (C), and Th1 cytokine, INF-γ (D) and IL-12A (E),
Th22 cytokine, IL-22 (F), and chemokines IL-6 (G) and IL-8 (H) was conducted (n = 5). Statistical
significance: *** p < 0.001, ** p < 0.01, * p < 0.05 vs. the vehicle-treated control group; ### p < 0.001,
## p < 0.01, # p < 0.05 vs. the DNCB-treated group. Normalization was also performed by comparing
mRNA levels to GAPDH mRNA levels.
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2.3. Evodiamine Suppresses DNCB-Induced Immune Responses in Lymph Nodes

Next, the lymph nodes of the cervical region were examined for immune responses
(Figure 5A). This response was significantly suppressed (Figure 5B). Significant inhibition
was observed after treatment with 20 mg/kg evodiamine, but not as much as after DEX
treatment (Figure 5B).
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Figure 5. Effect of evodiamine on the size of lymph nodes. (A) Photographs were taken of the lymph
nodes to measure their morphological changes. (B) A measurement of lymph node weight was
also conducted (n = 5). Statistical significance: *** p < 0.001 vs. the vehicle-treated control group;
### p < 0.001 vs. the DNCB-treated group.

Additionally, DNCB-induced atopic dermatitis mice exhibited significantly increased
Th2 (IL-4 and IL-13), Th1 (IFN-γ), and Th17 (IL-17A) cytokine mRNA levels in the cervical
lymph nodes (Figure 6A–D). The treatment efficacy of evodiamine was shown by the
substantial suppression of the mRNA levels of cytokines, especially IL-17A (Figure 6C). In
summary, the findings of the current study indicate that evodiamine reduces lymph node
enlargement and the expression of inflammatory Th17 cytokines.
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Figure 6. Effect of evodiamine on the expression of pro-inflammatory cytokines in lymph nodes.
Based on mouse lymph node tissue mRNA isolated from the lymph nodes of mice, qRT-PCR analysis
of the Th2 cytokines IL-4 (A) and IL-13 (B) cytokines, Th17 cytokine, IL-17A (C), and Th1 cytokine,
IFN-γ (D) was conducted (n = 5). A normalization was also performed by comparing mRNA levels to
GAPDH mRNA levels. Statistical significance: *** p < 0.001, ** p < 0.01, * p < 0.05 vs. the vehicle-treated
control group; ## p < 0.01, # p < 0.05 vs. the DNCB-treated group.
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2.4. Evodiamine Suppresses Pro-Inflammatory Cytokine Expressions in the Ears of Mice

IgE is a key player in the pathogenesis of atopic dermatitis, despite the considerable
heterogeneity of the condition. A significant elevation in IgE levels is a key characteristic
of atopic dermatitis and is associated with disease severity. Therefore, ELISA was used to
test IgE levels in the serum obtained on day 49. The PBS group exhibited low serum IgE
levels (Figure 7). However, the DNCB challenge can easily elevate IgE levels. DNCB plus
evodiamine treatment significantly reduced IgE levels in a dose-dependent manner, but
the efficacy of evodiamine was lower than that in the DEX-treated groups (Figure 7).
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Figure 7. Effect of evodiamine on serum immunoglobulin E levels. Day 49 was the day on which
serum was collected from the animals. An enzyme-linked immunosorbent assay was used to measure
serum IgE levels (n = 5). Statistical significance: *** p < 0.001 vs. the vehicle-treated control group;
### p < 0.001, ## p < 0.01 vs. the DNCB-treated group.

3. Discussion

A chemically induced animal model was used to determine how evodiamine affects
atopic dermatitis, which is a chronic inflammatory skin condition. Based on previous
studies, the doses of evodiamine used in this study were determined to be between 10
and 20 mg/kg. This is the first study to demonstrate that evodiamine is effective against
atopic dermatitis, as indicated by the suppression of ear thickening, mast cell accumulation,
lymph node enlargement, IgE levels in the serum, and Th1/Th2/Th17/Th22 cytokines and
chemokines. It has previously been demonstrated that evodiamine (25 mM) suppresses
passive cutaneous anaphylactic symptoms in mice and exerts inhibitory effects on RBL-
2H3 mast cells in vitro [18]. By injecting exogenous IgE directly into the skin, the model
delivered antigen-specific IgE [29]. Therefore, the effect of a compound on the suppression
of anaphylactic cutaneous reactions can be evaluated without active immune responses
from antigen sensitization. Instead, the present atopic dermatitis model was induced by
sensitization and challenge with antigens, resulting in more relevant conditions similar
to in vivo atopic dermatitis. Similarly, Wang et al. [24] found that evodiamine (40 and
80 mg/kg) protected Sprague-Dawley rats from ovalbumin-induced asthma. In a rat model
of allergic asthma, evodiamine inhibited allergic responses, which is in agreement with the
results of our current study [24]. It was possible to observe the entire immune response to
ovalbumin-induced asthma due to both antigen sensitization and challenge. Evodiamine
reduced the thickness of the airway wall of the small bronchioles in the asthma group [24],
which was similar to the reduction in the thickness of the ear and lymph nodes in this study.
It was found that evodiamine caused downregulation of toll-like receptor-4, MyD88, nuclear
factor κ-light-chain-enhancer of activated B cells (NF-κB), and high mobility group box 1
(HMGB1) mRNA in lung tissues [24]. It would be worth investigating whether evodiamine
suppresses toll-like receptor 4 (TLR-4), myeloid differentiation primary response gene 88
(Myd88), NF-κB, and HMGB1 mRNA expression in the skin.

A primary mode of action of evodiamine may be its anti-inflammatory effect, as
evodiamine was found to have anti-inflammatory properties in mast cells, macrophages,
and lung epithelial cells [18–20]. Previous studies have shown that evodiamine inhibits
cytokine production in RBL-2H3 mast cells [18], prostaglandin E2 synthesis in RAW
264.7 macrophages [19], and the production of chemotactic MCP-1 in A549 lung epithelial
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cells [20]. In the bronchoalveolar lavage fluid and lung tissue, evodiamine inhibits IL-4,
IL-13, and IL-17 [24]. As a result of evodiamine treatment, TNF-α and IL-4 levels were
suppressed in RBL-2H3 mast cells [18]. Treatment of rutaecarpine, another indoloquina-
zoline alkaloid from the fruits of Evodia rutaecarpa, reduced plasma levels of IL-4 and IgE
but enhanced plasma IFN-γ levels, which is contrasting to our results [30]. Evodiamine
suppressed expression of pro-inflammatory COX-2 and iNOS as well as prostaglandin
E2 release under hypoxic conditions [21] and suppressed cardiac anaphylaxis in isolated
guinea-pig hearts [22].

This study indicated that evodiamine may have anti-inflammatory effects on several
immune cells that affect atopic dermatitis, as in allergic asthma models. Because of its
high binding affinity to TLR-4, evodiamine can be considered a molecular target of TLR-4,
since molecular docking studies of evodiamine with TLR-4 have shown its drug-binding
affinity [24]. Although TRPV1 is also considered a potential target of evodiamine for pain
perception [31], it is unlikely to be responsible for its anti-atopic dermatitis effects.

In addition to evodiamine, rutaecarpine also has anti-inflammatory properties [19]. A
previous study showed that rutaecarpine inhibited the COX-2-dependent generation of
prostaglandin D2 in bone marrow-derived mast cells and reduced carrageenan-induced
paw swelling [32]. Rutaecarpine treatment promoted macrophage immune training ac-
tivators, including fos-related antigen 2 (FOSL2), SWI/SNF-related, matrix-associated,
actin-dependent chromatin regulator subfamily a, member 4 (SMARCA4), and signal trans-
ducer and activator of transcription 3 (STAT3) [33], resulting in anti-inflammatory effects.
Furthermore, rutaecarpine reduced the symptoms of atopic dermatitis in mice carrying the
NC/Nga genotype [30].

We demonstrated the anti-atopic dermatitis effects of evodiamine in a murine model,
demonstrating that the effectiveness of evodiamine was caused by the inhibition of mast
cell accumulation in the skin, along with the inhibition of pro-inflammatory cytokines
(IL-17A, IL-4, IL-13, IFN-γ, and IL-12A) and chemokines (IL-8 and IL-6) in the lymph nodes
and epidermis. Based on the results of this study, evodiamine appears to have the potential
to treat atopic dermatitis.

4. Materials and Methods
4.1. Chemicals

The 2,4-dinitro-1-chloro-benzene (DNCB) and evodiamine (Cat No. E3531, purity:
≥98% in HPLC) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Mouse Strain

We purchased male, 7-week-old BALB/c mice from Daehan Biolink (Seoul, Republic
of Korea). Animal protocols were reviewed and approved by the Kyung Hee University-
Institutional Animal Care Committee (KHSASP-23-012). The mice were housed in two
per plastic cage under conditions of temperature at 22–24 ◦C, humidity at 60 ± 5%, and
alternating light/dark cycles. We provided standard laboratory chow and water ad libitum.

4.3. Induction of DNCB-Induced Atopic Dermatitis in BALB/c Mice

Eight-week-old BALB/c mice were randomized into five groups (n = 5): a vehicle-
treated control group, a DNCB-treated group, a DNCB-treated and evodiamine (10 mg/kg)-
administered group, a DNCB-treated and evodiamine (20 mg/kg)-administered group,
and a DNCB-treated and dexamethasone (DEX, 10 mg/kg)-administered group. To induce
atopic dermatitis-like symptoms, we used DNCB as previously described [34]. Dorsal skin
was shaved, and 300 µL of 1% DNCB in acetone/olive (3:1) was spread to the dorsal skin
on day 0, which is sensitization. On day 7, 200 µL of 0.3% DNCB was applied to both ears
every other day for up to 48 days. From day 19 until completion of the experiment, the
evodiamine/DNCB-treated group was administered evodiamine (10 or 20 mg/kg body
weight) by intraperitoneal injection 30 min prior to the challenge. The mice were sacrificed
on day 49.
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4.4. Total Immunoglobulin E (IgE) Levels in Serum

Total serum IgE levels were assessed using an ELISA kit (eBioscience, San Diego, CA,
USA). In brief, 96-well plates (NUNC, Penfield, NY, USA) were coated with eBioscience’s
IgE capture antibody (88-50460-88, San Diego, CA, USA) and incubated overnight at 4 ◦C.
After the washing, the plates were incubated at room temperature for 2 h with blocking
buffer. Standard IgE was serially diluted and added to the appropriate wells to generate a
calibration curve. Serum samples were added to each well. The plates were incubated at
room temperature for 2 h on a shaker, followed by two washes. Each well was incubated
with a biotinylated antibody designed to detect IgE (cat. 88–50460–88, eBioscience, San
Diego, CA, USA). The plates were shaken for 1 h at room temperature. Each well was
treated with avidin-horseradish peroxidase (HRP) after four washes. The incubation was
performed in a shaker at room temperature for 30 min. After washing the plates four
times, the substrate solution was applied, and the plates were incubated for 15 min at
room temperature. The absorbance was measured at 450 nm after the addition of the
stop solution.

4.5. Mast Cell Count in the Skin

Ear sections from mice in different experimental groups were analyzed after sacrifice
on day 49. A 10% formalin fixative was used along with a 30% sucrose solution to dehydrate
the ears, and an O.C.T. compound was used to embed the ears. To visualize mast cells
in the skin, eight micrometer sections were stained with toluidine blue O (cat. T3260,
Sigma-Aldrich, St. Louis, MO, USA). In each group, the tissues of five mice were examined.
After removing the O.C.T. compound from the sections, the toluidine blue O reagent was
added to the sections and soaked for 2 min. The sections were then rinsed, dehydrated, and
mounted on coverslips. The number of mast cells was counted by analyzing photographs
taken after toluidine blue O staining. Toluidine blue O staining was used to detect mast
cells. The mast cells were counted twice in 50 optical fields, and the average was used [34].

4.6. Histologic Analysis and Measurement of Ear Thickness

The ear skin of each mouse was excised on day 49. The ears from different groups were
fixed with neutral-buffered formalin (10%), dehydrated in a sucrose solution (30%), and
embedded in the O.C.T. compound. The sections (8 µm) were stained with hematoxylin
and eosin (H&E). For H&E staining, the sections were washed under running tap water
for 5 min and counterstained with a hematoxylin solution for 90 s. After washing under
running tap water, the sections were stained with eosin solution for 10 s, rinsed, dehydrated,
and coverslipped with Permount mounting medium. Ear thickness was determined using
H&E-stained photomicrographs. The average value was calculated by measuring five
measurements per mouse. ImageJ software (version 1.54g, National Institutes of Health,
Bethesda, MD, USA) was used to assess skin thickness by measuring the distance.

4.7. Quantitative Real-Time PCR

The expression levels of inflammatory markers in the ears of the mice were measured
using qRT-PCR. Total RNA in the lymph nodes and skin tissue was isolated using Trizol®

(Invitrogen, Waltham, MA, USA). The RNA was reverse transcribed into cDNA using
MMLV reverse transcriptase (Promega, Madison, WI, USA). Thunderbird Next SYBR qPCR
Mix was used for qRT-PCR on a CFX Connect Real-Time System (Bio-Rad, Hercules, CA,
USA). The PCR program consisted of a cycle at 95 ◦C for 4 min, 40 cycles at 95 ◦C for 30 s,
57 ◦C for 30 s, and the last at 95 ◦C for 30 s. With the help of CFX Maestro Software version
2.3 (Bio-Rad Laboratories, Hercules, CA, USA), the obtained data were analyzed using the
2−∆∆Ct method. The primer sequences are listed in Table 1. The results were normalized to
GAPDH gene expression levels [35].
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Table 1. Quantitative real-time PCR primers.

Mouse Primers Sequence

Il-6 forward 5′-TTC TTG GGA CTG ATG CTG GT-3′

reverse 5′-CTG TGA AGT CTC CTC TCC GG-3′

Il-8 forward 5′-AAC TCC TTG GTG ATG CTG GT-3′

reverse 5′-CCA GGT TCA GCA GGT AGA CA-3′

Il-12A forward 5′-GAA GCT CTG CAT CCT GCT TC-3′

reverse 5′-CAG ATA GCC CAT CAC CCT GT-3′

IFN-γ forward 5′-CAC GGC ACA GTC ATT GAA AG-3′

reverse 5′-GTC ACC ATC CTT TTG CCA GT-3′

Il-4 forward 5′-TCT CGA ATG TAC CAG GAG CC-3′

reverse 5′-CCT TCT CCT GTG ACC TCG TT-3′

Il-13 forward 5′-GCA GCA TGG TAT GGA GTG TG-3′

reverse 5′-AGG CCA TGC AAT ATC CTC TG-3′

Il-22 forward 5′-GTC AAC CGC ACC TTT ATG CT-3′

reverse 5′-GTT GAG CAC CTG CTT CAT CA-3′

Il-17A forward 5′-TCC AGC AAG AGA TCC TGG TC-3′

reverse 5′-AGC ATC TTC TCG ACC CTG AA-3′

Gapdh forward 5′-AGA ACA TCA TCC CTG CAT CC-3′

reverse 5′-CAC ATT GGG GGT AGG AAC AC-3′

4.8. Statistics

We expressed the results as the mean ± standard error of the mean (SEM) of five deter-
minations for each animal group. The statistical significance of differences was determined
by analysis of variance (ANOVA) and Tukey’s multiple comparison test. GraphPad Prism
software version 5 (GraphPad Software, Inc., La Jolla, CA, USA) was used for data analysis.
Statistical significance was accepted for p < 0.05: * p < 0.05, ** p < 0.01, and *** p < 0.001,
vs. the vehicle-treated control group; # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. the
DNCB-treated group.
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Abstract: In traditional Korean medicines, Magnolia officinalis is commonly included for the remedy
of atopic dermatitis, and magnolol is a major constituent of Magnolia officinalis. Its pharmacolog-
ical effects include anti-inflammatory, hepatoprotective, and antioxidant effects. Using BALB/c
mice repeatedly exposed to 1-chloro-2,4-dinitrobenzene (DNCB), magnolol was evaluated in atopic
dermatitis-like lesions. Administration of magnolol (10 mg/kg, intraperitoneal injection) markedly
relieved the skin lesion severity including cracking, edema, erythema, and excoriation, and signif-
icantly inhibited the increase in IgE levels in the peripheral blood. A DNCB-induced increase in
mast cell accumulation in atopic dermatitis skin lesions was reversed by magnolol administration, as
well as a rise in expression levels of pro-inflammatory Th2/Th17/Th1 cytokines’ (IL-4, IL-13, IL-17A,
IFN-γ, IL-12A, TARC, IL-8, and IL-6) mRNAs in the lymph nodes and skin (n = 5 per group). In
lymph nodes, magnolol reversed DNCB’s increase in CD4+RORγt+ Th17 cell fraction and decrease
in CD4+FoxP3+ regulatory T cell fraction. The results also showed that magnolol suppressed T cell
differentiation into Th17 and Th2 cells, but not Th1 cells. Magnolol suppresses atopic dermatitis-like
responses in the lymph nodes and skin, suggesting that it may be feasible to use it as a treatment for
atopic dermatitis through its suppression of Th2/Th17 differentiation.

Keywords: Magnolia officinalis; atopy; magnolol; dermatitis; magnolia; anti-atopy; atopic dermatitis

1. Introduction

Chronic inflammatory immune responses evoke atopic dermatitis, a skin disease [1].
Dysregulated immune responses are the leading cause, resulting from barrier defects, envi-
ronmental factors, and genetic defects [1]. Atopic dermatitis reportedly affects 13.5~41.9%
of the pediatric population, as per a global survey in 18 countries [2]. Widespread eczema-
tous lesions are a cardinal characteristic of atopic dermatitis [3]. As in other atopic diseases,
like allergic asthma, allergic rhinitis, and rhinoconjunctivitis, elevated IgE levels and type 2
immune responses are immunologic features of atopic dermatitis [4]. The Th2 response is
not the only factor involved in the pathogenesis of atopic dermatitis, as the Th1 and Th17
responses are also deeply involved in the chronic phase of atopic dermatitis [5–7].

Administration of Gwakhyangjeonggi-san, a traditional Korean medicine, suppresses
1-chloro-2,4-dinitrobenzene (DNCB)-induced atopic dermatitis-like symptoms in mice [8].
Another Korean medicine, Pyeongwee-San (KMP6), also has a suppressive effect against
atopic dermatitis in mice [9,10]. Gwakhyangjeonggi-san and KMP6 contain the cortex
of Magnolia officinalis, in percentages of 8.7% and 21.5%, respectively. Magnolol (5, 5′-
diallyl-2, 2′-dihydroxybiphenyl) is a main constituent in Magnolia obovata and M. offici-
nalis [11]. The percentages of magnolol in M. obovate and M. officialis were found to be 4.4%
and 2.6%, respectively [12]. The magnolol dosage was estimated to be 1.4 mg/kg since
Gwakhyangjeonggi-san contained 8.7% of M. officialis, and 0.6 g/kg of it was administered
in the atopic dermatitis study [8]. Similarly, because KMP-6 contains 21.5% of M. officialis,
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1 g/kg was orally treated in the atopic dermatitis study [9], the dose of magnolol was esti-
mated as 5.6 mg/kg. Therefore, three scientific references provided evidence of traditional
use of two Korean medicines, Gwakhyangjeonggi-san and KMP-6, for atopic dermatitis
therapy. Among the used plants, the bark of Magnolia officinalis is commonly included, and
magnolol is the active constituent of Magnolia officinalis.

Previously, we found that honokiol (3,5′-diallyl-4,2′-dihydroxybiphenyl), a positional
isomer of magnolol found in the bark of Magnolia officinalis, showed inhibitory activity on
atopic dermatitis [10]. By administering honokiol, DNCB-induced mast cell accumulation
and inflammation in skin tissues were significantly reduced [10]. Also, a significant re-
duction in inflammation-induced cytokines in skin and lymph nodes was observed after
honokiol administration in combination with DNCB treatment [10]. In the present study, we
investigated magnolol, a bioactive lignan found in the bark stripped from the roots, stems,
and branches of the Houpu magnolia [13], a traditional Chinese medicine [14]. Magnolol
has a variety of pharmacological effects, such as anti-anxiety, anti-cancer, anti-depressant,
anti-inflammatory, antioxidant, and hepatoprotective properties [11,13,15–20]. Magnolol
showed inhibitory effects on passive cutaneous anaphylactic reactions in mice [21] as well as
on ovalbumin-induced allergic asthma by regulating T cell cytokines [22,23]. Magnolia has
been commonly included in two traditional Korean herbal medicines (Gwakhyangjeonggi-
san and KMP6) for atopic dermatitis treatment [9,10,21], and magnolol is the major con-
stituent of Magnolia. However, it has not yet been explored in vivo whether magnolol
is effective against atopic dermatitis. In the present study, thus, we evaluated whether
magnolol could reduce atopic dermatitis symptoms using a murine DNCB-induced atopic
dermatitis model and investigated its mechanism of action.

2. Results
2.1. Magnolol Suppresses Atopic Dermatitis-like Symptoms in the Ears of Mice

Magnolia officinalis has been included in two Korean herbal medicine concoctions for
atopic dermatitis therapy [9,10,21], and magnolol is a major lignan found in the bark of
the Houpu magnolia, a traditional Chinese medicine. Here, we evaluated the efficacy of
magnolol against overall atopic dermatitis responses in a murine in vivo atopic dermatitis
model caused by DNCB. The sensitization and challenges were made with DNCB, and
magnolol or dexamethasone (DEX) was delivered 30 min before the DNCB treatment via
intraperitoneal injection. We sacrificed the mice on day 49.

As a result of DNCB, atopic dermatitis symptoms such as scaling, erythema, and
erosion in the ears were experienced (Figure 1A). As a result of magnolol treatment, atopic
dermatitis symptoms were ameliorated in the ears of DNCB-induced mice, as well as cuta-
neous hyperplasia, which is a key feature of atopic dermatitis-like lesions. For each treat-
ment group, we measured the average thickness of the skin. The ears of magnolol-treated
atopic dermatitis mice showed less swelling than their control counterparts (Figure 1A).
A high level of epidermal hyperplasia is observed in atopic dermatitis skin lesions, along
with an accumulation of immune cells. Hematoxylin and eosin (H&E) staining showed
the anti-atopic dermatitis effects of magnolol (Figure 1B). Histologically, the infiltration of
inflammatory cells into the dermis (exocytosis) and thickening of the epidermis (acanthosis)
were reproduced in atopic dermatitis mice. In magnolol-treated atopic dermatitis mice,
acanthosis and exocytosis were significantly suppressed (Figure 1B). Figure 1B shows a
significantly lower ear thickness in magnolol-treated atopic dermatitis mice than in control
atopic dermatitis mice. The measurement of ear thickness showed marked effects of mag-
nolol, which were similar to the effects of DEX-treated mice (positive control) (Figure 1C).
Figure 1D shows the chemical structure of magnolol.
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Figure 1. Effect of magnolol on 1-chloro-2, 4-dinitrobenzene [DNCB]-induced atopic dermatitis in 
ears of mice. (A) Photographs of the ears. (B) H&E staining. (C) Histogram of ear thickness. (D) 
Chemical structure of magnolol. *** p < 0.001 vs. the vehicle-treated group, ### p < 0.001, ## p < 0.01 
vs. the DNCB-treated group. A magnification of ×200 was used. 

The Th2 cytokines and IgE have a fundamental role in the pathogenesis of atopic 
dermatitis regardless of its high heterogeneity. A significant elevation in IgE levels is a 
cardinal character of atopic dermatitis and is linked with atopic dermatitis severity. There-
fore, IgE levels in the serum obtained on day 49 were assessed by ELISA. Figure 2 shows 
that the basal level of serum IgE in the PBS group was about 40 ng/mL. A DNCB challenge, 
however, readily led to an increase in IgE to approximately 140 ng/mL. DNCB plus 10 
mg/kg magnolol treatment, however, resulted in significant reductions in IgE levels com-
pared to DNCB alone. It should be noted, however, that magnolol was less effective than 
DEX (Figure 2). 

 
Figure 2. Effect of magnolol on the levels of serum immunoglobulin E. An ELISA was used to meas-
ure serum IgE levels. *** p < 0.001 vs. the vehicle-treated group, ### p < 0.001, # p < 0.05 vs. the DNCB-
treated group. 

Figure 1. Effect of magnolol on 1-chloro-2, 4-dinitrobenzene [DNCB]-induced atopic dermatitis in ears
of mice. (A) Photographs of the ears. (B) H&E staining. (C) Histogram of ear thickness. (D) Chemical
structure of magnolol. *** p < 0.001 vs. the vehicle-treated group, ### p < 0.001, ## p < 0.01 vs. the
DNCB-treated group. A magnification of ×200 was used.

The Th2 cytokines and IgE have a fundamental role in the pathogenesis of atopic
dermatitis regardless of its high heterogeneity. A significant elevation in IgE levels is
a cardinal character of atopic dermatitis and is linked with atopic dermatitis severity.
Therefore, IgE levels in the serum obtained on day 49 were assessed by ELISA. Figure 2
shows that the basal level of serum IgE in the PBS group was about 40 ng/mL. A DNCB
challenge, however, readily led to an increase in IgE to approximately 140 ng/mL. DNCB
plus 10 mg/kg magnolol treatment, however, resulted in significant reductions in IgE levels
compared to DNCB alone. It should be noted, however, that magnolol was less effective
than DEX (Figure 2).
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Figure 2. Effect of magnolol on the levels of serum immunoglobulin E. An ELISA was used to
measure serum IgE levels. *** p < 0.001 vs. the vehicle-treated group, ### p < 0.001, # p < 0.05 vs. the
DNCB-treated group.
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Mast cells are primarily involved in detrimental allergic disorders. Mast cell infiltration
into the dermis was determined in toluidine blue O staining (Figure 3A). A significant
increase in mast cell counts was observed following DNCB administration (Figure 3A).
However, a dose-dependent decrease in the numbers was shown in atopic dermatitis mice
treated with magnolol (Figure 3B). A similar decrease in mast cell numbers was shown in
atopic dermatitis mice treated with DEX (Figure 3B).
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Red arrows indicate mast cells. (B) Histogram of counts of mast cells (n = 5). *** p < 0.001 vs. the
vehicle-treated group, ### p < 0.001 vs. the DNCB-treated group. ×200 magnification.

Atopic dermatitis is defined as an immune disorder driven by Th2 cells and character-
ized by elevated levels of interleukin (IL)-4, IL-13, and IL-5. In addition, the inflammatory
pathogenesis of atopic dermatitis is influenced by Th1 and Th17 cytokines, interferons
(IFN)-γ, IL-12A, and IL-17A. Thus, we measured pro-inflammatory cytokines from three dif-
ferent types of cells, Th2 (IL-4 and IL-13), Th1 (IFN-γ and IL-12A), and Th17 (IL-17A) [24].
An increase in mRNA expression levels of five cytokines was observed in the ear sec-
tions of atopic dermatitis-induced mice (Figure 4A–E). Pro-inflammatory cytokine gene
expression was suppressed by magnolol or DEX (Figure 4A–E). As a chemokine, thymus
and activation-regulated chemokine (TARC) plays an imperative role in the homing of
skin-specific T cells [25], whereas IL-8 and IL-6 are involved in the recruitment of vari-
ous cells into atopic dermatitis skin [26]. Therefore, the levels of TARC, IL-8, and IL-6
mRNA expression were measured. Each was significantly elevated in the ears of atopic
dermatitis mice (Figure 4F–H). It was noted that both magnolol and DEX demonstrated a
significant suppression of TARC, IL-8, and IL-6 mRNA expression levels (Figure 4F–H).
Based on these results, magnolol appears to reduce the local inflammatory response caused
by DNCB. All of these findings suggest that there is a significant attenuation of atopic
dermatitis responses, hypertrophy, mast cell infiltration, and pro-inflammatory cytokine
levels following magnolol administration in response to DNCB.
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2.2. Magnolol Suppresses DNCB-Induced Enlargement of Lymph Node and Increases in mRNA
Expression of Pro-Inflammatory Cytokines

Next, immune responses were investigated in the cervical lymph nodes. DNCB
treatment enlarged the size of cervical lymph nodes (Figure 5), which was significantly
suppressed dose-dependently following magnolol administration (Figure 5). A stronger
suppression was observed in DEX-treated lymph nodes than in magnolol (Figure 5).
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Figure 5. Effect of magnolol on immune responses induced by DNCB in lymph nodes. (A) Sizes of
cervical lymph nodes. (B) Lymph node weight (n = 5). *** p < 0.001 vs. the vehicle-treated group,
### p < 0.001 vs. the DNCB-treated group.

Flow cytometry determined the proportion of CD4+RORγt+ Th17 cells and CD4+FoxP3+

Treg cells in cervical lymph nodes, as these cells play key roles in the pathogenesis of atopic
dermatitis, particularly in the chronic phase. In atopic dermatitis mice, CD4+RORγt+
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Th17 cell numbers in lymph nodes increased, which was reversed by magnolol treatments
(Figure 6A,C). As contrast, CD4+FoxP3+ Treg cells were decreased in atopic dermatitis
mice, and magnolol restoration of this decrease was found (Figure 6B,D). A DNCB-induced
increase in CD4+RORγt+ Th17 cell fraction was reversed by DEX administration in the
atopic dermatitis model but not a decrease in CD4+FoxP3+ Treg cell fraction (Figure 6C,D).
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Additionally, we found that the levels of mRNA expression of Th2 (IL-4 and IL-13),
Th1 (IFN-γ), and Th17 (IL-17A) cytokines were significantly increased in the cervical
lymph nodes of atopic dermatitis mice induced with DNCB, as shown in Figure 7A–D.
Figure 7A–D showed that magnolol treatment significantly suppressed the increased
mRNA levels of these cytokines, especially IL-4 and IL-17A. Aside from reducing lymph
node enlargement and suppressing inflammatory cytokines, magnolol reversed changes in
CD4+RORγt+ Th17 and CD4+FoxP3+ Treg cell proportions caused by DNCB.

2.3. Magnolol Suppresses T Cells Differentiation into Th17 and Th2 Cells

A DNCB-induced increase in IL-17A expression was markedly suppressed by mag-
nolol in the lymph nodes and skin, whereas a reduction in CD4+RORγt+ Th17 cell fraction
in lymph nodes was reversed by magnolol. Therefore, we investigated whether magnolol
could suppress the T cell differentiation into Th17 cells. As shown in Figure 8, magnolol
treatment of Th17 differentiation media significantly suppressed the differentiation into
IL-17A+ Th17 cells in a concentration-dependent manner in vitro (Figure 8A,B). Further-
more, we assessed the effects of magnolol on the differentiation into IFN-γ+ Th1 or IL-4+

Th2 cells and found that it did not affect IFN-γ+ Th1 cell generation (Figure 8C,D) but
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inhibited IL-4+ Th2 cell production (Figure 8E,F). In summary, magnolol treatment reduces
the differentiation into IL-4+ Th2 cells and IL-17A+ Th17 cells.
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since Magnolia officinalis is included in two traditional Korean herbal formulations for 
atopic dermatitis therapy (Gwakhyangjeonggi-san and KMP6) [9–11,21]. Previous studies 
revealed that magnolol contents in M. obovate and M. officialis were 4.4% and 2.6%, respec-
tively [10]. As M. officialis constitutes 8.7% and 21.5% of Gwakhyangjeonggi-san and 
Pyeongwee-San (KMP-6), respectively, 53.7 mg/kg and 5.6 mg/kg of magnolol were esti-
mated to be used in each atopic dermatitis experiment [9,10,21]. This study administered 
5 mg/kg and 10 mg/kg magnolol in response to previous findings that 25–55 μM of mag-
nolol inhibited lymphocytes and RBL-2H3 mast cells in vitro [21]. This study, for the first 
time, reports the anti-atopic efficacy of magnolol in a murine model. In the ears, mast cell 
accumulation and ear thickening were suppressed following magnolol treatment. In ad-
dition, magnolol treatment suppressed lymph node enlargement in magnolol-treated 
mice. Aside from suppressing serum IgE, magnolol decreased Th2/Th17/Th1 cytokines 
and chemokines in the ears and lymph nodes. An increase in CD4+FoxP3+ Treg cells and a 
reduction in CD4+RORγt+ Th17 cells in lymph nodes were observed in vivo following mag-
nolol administration. Magnolol’s suppressive effects on T cell differentiation into IL-17A+ 
Th17 cells in vitro may be responsible for the decrease in CD4+RORγt+ Th17 cells in the 
lymph nodes in vivo. 

Previous studies revealed that the contents of magnolol and honokiol in M. obovate 
were 4.4% and 1.17%, respectively, and in M. officinalis, 2.6% and 0.92%, respectively [10]. 
Considering that the contents of magnolol are higher than those of honokiol, magnolol 
may contribute mainly to the anti-atopic dermatitis efficacy of magnolia bark [27]. The 
potencies of magnolol and honokiol are quite similar in multiple parameters, including 

Figure 8. Suppressive effect of magnolol on T cell differentiation into Th17/Th1/Th2 cells. CD4+ T
cells isolated from splenocytes were cultured in each differentiation media for Th17, Th1, or Th2
cells for 5 days in plates precoated with antibody to mouse CD3. (A,C,E) Flow cytometry results for
(A) Th17 differentiation, (C) Th1 differentiation, and (E) Th2 differentiation. (B,D,F). Histograms of
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the cell percentage of (B) CD4+IL-17A+ cell population, (D) CD4+IFN-γ+ cell population, and
(F) CD4+IL-4+ cell population (n = 5). Double-positive cells are shown as the red-lined boxes.
*** p < 0.001 vs. the vehicle-treated group, ### p < 0.001, # p < 0.05 vs. the differentiation media-
treated group.

3. Discussion

A murine atopic dermatitis model was evaluated to determine the effect of magnolol,
since Magnolia officinalis is included in two traditional Korean herbal formulations for
atopic dermatitis therapy (Gwakhyangjeonggi-san and KMP6) [9–11,21]. Previous stud-
ies revealed that magnolol contents in M. obovate and M. officialis were 4.4% and 2.6%,
respectively [10]. As M. officialis constitutes 8.7% and 21.5% of Gwakhyangjeonggi-san
and Pyeongwee-San (KMP-6), respectively, 53.7 mg/kg and 5.6 mg/kg of magnolol were
estimated to be used in each atopic dermatitis experiment [9,10,21]. This study adminis-
tered 5 mg/kg and 10 mg/kg magnolol in response to previous findings that 25–55 µM of
magnolol inhibited lymphocytes and RBL-2H3 mast cells in vitro [21]. This study, for the
first time, reports the anti-atopic efficacy of magnolol in a murine model. In the ears, mast
cell accumulation and ear thickening were suppressed following magnolol treatment. In
addition, magnolol treatment suppressed lymph node enlargement in magnolol-treated
mice. Aside from suppressing serum IgE, magnolol decreased Th2/Th17/Th1 cytokines
and chemokines in the ears and lymph nodes. An increase in CD4+FoxP3+ Treg cells and
a reduction in CD4+RORγt+ Th17 cells in lymph nodes were observed in vivo following
magnolol administration. Magnolol’s suppressive effects on T cell differentiation into
IL-17A+ Th17 cells in vitro may be responsible for the decrease in CD4+RORγt+ Th17 cells
in the lymph nodes in vivo.

Previous studies revealed that the contents of magnolol and honokiol in M. obovate
were 4.4% and 1.17%, respectively, and in M. officinalis, 2.6% and 0.92%, respectively [10].
Considering that the contents of magnolol are higher than those of honokiol, magnolol
may contribute mainly to the anti-atopic dermatitis efficacy of magnolia bark [27]. The
potencies of magnolol and honokiol are quite similar in multiple parameters, including ear
thickness, mast cell accumulation in skin tissues, serum IgE levels, size of lymph nodes, and
inflammation-induced cytokines in the skin and lymph nodes [12]. The efficacy of magnolol
on IL-17A expression levels is higher than that of honokiol with a statistically significant
suppression by magnolol but not significant by honokiol [12]. Magnolol is an antioxidative
molecule [28] and possesses antibacterial and anti-inflammatory activities [9,15–20], which
could contribute to its anti-atopic dermatitis effects. Magnolol treatment suppressed sig-
nificantly a lipopolysaccharide-induced increase in pro-inflammatory mRNA expression
levels of TNF-α, MCP-1, NF-κB, and iNOS in the small intestine of rats [16]. Also, magnolol
ameliorated an injury of mastitis tissues and reduced lipopolysaccharide-induced phospho-
rylation of p38, ERK, JNK, IκBα, and p65 in mouse mammary epithelial cells [17]. Magnolol
significantly attenuated a lipopolysaccharide-induced lung injury via reducing immune
cells in the bronchoalveolar lavage fluid and NF-κB signaling pathways in mice [18]. In dex-
tran sulphate sodium-induced colitis mice, magnolol ameliorated disease activities index
and suppressed expression levels of IL-1β, IL-12, and TNF-α via the regulation of NF-κB
and peroxisome proliferator-activated receptor-γ pathways [19]. In imiquimod-induced
psoriasis-like animal models, magnolol significantly inhibited pro-inflammatory cytokine
expression [29], and it activated peroxisome proliferator-activated receptor-γ [30,31]. The
anti-inflammatory properties of magnolol are attributed to several mechanisms, includ-
ing redox-sensitive transcription factor NF-κB inhibition and PI3K/Akt signaling inhibi-
tion [29,32]. A reduction in eicosanoid mediator levels, including leukotrienes, as well as
nitric oxide, TNF-α, and IL-4 appears to be required for magnolol to exert its effect [20,28,33].
Therefore, magnolol exerts its anti-inflammatory effects in multiple animal models, includ-
ing acute lung injury, septic injury in ileum and mastitis, colitis, and psoriatic dermatitis,
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through suppressing NF-κB, peroxisome proliferator-activated receptor-γ pathways, and
the suppression of pro-inflammatory mediators including leukotrienes, TNF-α, IL-4, IL-1β,
IL-12, MCP-1, and iNOS.

Magnolol and magnolia bark extract inhibited the release of histamine from mast cells
as well [27]. Mechanistically, the suppressive effects of magnolol on mast cells could be re-
garded as a possible mode of action underlying its anti-atopic dermatitis effects in vivo [27].
The anti-inflammatory actions of magnolol in murine models of asthma and allergic rhinitis
have been demonstrated [22,23]. Furthermore, the suppressive effects of magnolol against
IgE-mediated passive skin anaphylaxis [21] firmly support the findings of our study. As
a mechanism of action of magnolol, we propose that magnolol possibly exerts its anti-
inflammatory effects by suppressing Th17/Th2 differentiation and reversing changes in
CD4+RORγt+ Th17 cell and CD4+FoxP3+ Treg cell populations in the lymph nodes. In the
present study, we did not check whether magnolol affected T cell differentiation into FoxP3+

Treg cells. Given that magnolol reversed the DNCB-induced decrease in CD4+FoxP3+ Treg
cell populations in the lymph nodes, magnolol may inhibit the suppressive effect of DNCB
or enhance the naïve T cell differentiation into FoxP3+ Treg cells. Therefore, it is neces-
sary to investigate whether magnolol affects T cell differentiation into FoxP3+ Treg cells.
In addition, it would be worth investigating how magnolol differentially regulate T cell
differentiation into each cell type. Considering the structural similarity between magnolol
and honokiol, a comparative study on the effects of honokiol on T cell differentiation could
help to elucidate the mode of action of magnolol.

Considering that magnolol was administered via intraperitoneal injection, it is worth
investigating if the topical application of magnolol is as effective as intraperitoneal admin-
istration. A previous study on the psoriasis model already applied magnolol topically,
and positive effects were observed [29], encouraging the topical application of magnolol.
Furthermore, 2-O-acetyl-2′-O-methylmagnolol was found to be a potent and safe candidate
for the treatment of cutaneous inflammation [34]. It was concluded that magnolol inhibited
mast cell accumulation in a murine atopic dermatitis model and that the efficacy was likely
due to the inhibition of pro-inflammatory cytokines in the skin (IL-17A, IL-4, IL-13, IFN-γ,
and IL-12A) as well as chemokines (TARC, IL-8, and IL-6) in lymph nodes and epidermis.
The anti-inflammatory properties of magnolol in the lymph nodes and epidermis may
result from the inhibition of differentiation into Th17/Th2 cells. As a conclusion, this study
suggests that magnolol is an active phytochemical with efficacy against atopic dermatitis
and is a potential therapeutic constituent of Magnolia officinalis for atopic dermatitis therapy.

4. Materials and Methods
4.1. Chemicals

1-Chloro-2, 4-dinitrobenzene (DNCB), DEX (cat no. D1756, purity: ≥95% in HPLC),
and magnolol (cat no. M3445, purity: ≥95% in HPLC) were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

4.2. BALB/c Mice

All experimental protocols for animal care and standard guidelines were performed
in accordance with the rules and regulations of the Animal Ethics Committee of Kyung
Hee University (KHSASP-22-407). In this study, Daehan Biolink provided 7-week-old male
BALB/c mice housed in a room maintained at 22–24 ◦C and 60 + 5% relative humidity. The
laboratory provided ad libitum chow and water.

4.3. Chemical-Induced Atopic Dermatitis Model and Magnolol Treatment

According to previous descriptions, DNCB causes atopic dermatitis-like symptoms [35].
The sensitization step was performed by spreading 1% DNCB on the dorsal skin on day 0,
and the challenge step was performed by applying 0.3% DNCB to the ears every other day
from day 7 through day 42. We randomly grouped mice into five groups (n = 5 per group):
(1) PBS-treated controls, (2) DNCB-treated mice, (3) DNCB + magnolol (5 mg/kg)-treated
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mice, (4) DNCB + magnolol (10 mg/kg)-treated mice, and (5) DNCB + dexamethasone
(10 mg/kg)-treated mice.

4.4. Serum Immunoglobulin E (IgE) Levels

Blood samples were collected from the mice on day 49. A centrifuge was used to
obtain serum samples at 4 ◦C for 10 min. Samples were stored at 80 ◦C until use. Serum
IgE levels were measured using sandwich ELISA with an IgE Mouse Uncoated ELISA Kit
(cat. 88-50460-88; Invitrogen) and a 96-well plate (cat. 442404; Thermo Scientific, Waltham,
MA, USA), according to the manufacturer’s instructions.

4.5. Mast Cell Count in the Skin

Detection of mast cells was facilitated by toluidine blue O staining. The counting of
mast cells twice in 50 optical fields was conducted, and an average was calculated [35].

4.6. Histological Analysis of the Skin

On day 49, the ear skin of mice was evaluated for the severity of dermatitis. The ear
tissues of mice were embedded in 10% formalin. After fixation, the ears were dehydrated in
a 30% sucrose solution and embedded in O.C.T. compound. Using ImageJ software version
5, we measured skin thickness in the sections (8 µm) stained with H&E.

4.7. Quantitative Real-Time PCR

A total RNA sample was isolated from lymph nodes and skin using TRIzol (Invitrogen,
Waltham, MA, USA). Promega’s MMLV reverse transcriptase was used to reverse transcribe
the RNA into cDNA. For qRT-PCR, a CFX Connect Real-Time system (Bio-rad, Hercules,
CA, USA) was used with Thunderbird Next SYBR qPCR Mix. There were 40 cycles of 95 ◦C
for 30 s and 57 ◦C for 30 s in the PCR program. The last cycle at 95 ◦C for 30 s followed the
cycle at 95 ◦C for 4 min. With the help of CFX Maestro Software version 2.3, the obtained
data were analyzed using the 2−∆∆Ct method. The primer sequences are listed in Table 1.
Using GAPDH gene expression as the standard, results were normalized [36].

Table 1. Quantitative real-time PCR primers.

Mouse Primers Sequence

Il-6 Forward 5′-TTC TTG GGA CTG ATG CTG GT-3′

Reverse 5′-CTG TGA AGT CTC CTC TCC GG-3′

Il-8 Forward 5′-AAC TCC TTG GTG ATG CTG GT-3′

Reverse 5′-CCA GGT TCA GCA GGT AGA CA-3′

Il-12A Forward 5′-GAA GCT CTG CAT CCT GCT TC-3′

Reverse 5′-CAG ATA GCC CAT CAC CCT GT-3′

IFN-g Forward 5′-CAC GGC ACA GTC ATT GAA AG-3′

Reverse 5′-GTC ACC ATC CTT TTG CCA GT-3′

TARC Forward 5′-AAT GTA GGC CGA GAG TGC TG-3′

Reverse 5′-CAT CCC TGG AAC ACT CCA CT-3′

Il-17A Forward 5′-AGC TGG ACC ACC ACA TGA AT-3′

Reverse 5′-AGC ATC TTC TCG ACC CTG AA-3′

Gapdh Forward 5′-AAC TTT GGC ATT GTG GAA GG-3′

Reverse 5′-GGATGCAGGGATGATGTTCT-3′

4.8. FACS Analysis

Cervical lymph nodes were separated, and single-cell suspensions were prepared
using collagenase type II (Gibco, Grand Island, NY, USA). FITC-labeled rat antibodies
against CD4 (cat. 11-0041-82, eBioscience) were used to stain single lymph node cells for
15 min at 4 ◦C to detect Th17 cell populations. It was then used to stain the permeabilized
cells with anti-RORγt or anti-FoxP3 APC-labeled rat antibodies at 22 ◦C for one hour after
fixation using IC fixation buffer. The cell sorting was performed on a CytoFLEX flow
cytometer (Beckman Coulter, Brea, CA, USA).
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4.9. Differentiation of Naïve T Cells into Th17/Th2/Th1 Cells

Naïve CD4+ T cells isolated from the spleens were differentiated into Th17, Th2, or Th1
CD4+ cells. Naïve CD4+ T cells in 12-well plates coated with anti-mouse CD3 were cultured
in X-VIVO 15 (Lonza, Basel, Switzerland) for Th17 differentiation; in RPMI1640 media
with recombinant mouse IL-12 (R&D 419-ML-010), recombinant human IL-2 (Peprotech
200-02), and anti-IL-4 (BioXcell BE0045) for Th1 differentiation; or in RPMI1640 media
with recombinant human IL-2 (Peprotech 200-02), recombinant mouse IL-4 (Peprotech
214-14), and anti-mouse IFN-γ (BioXcell BE0055) for Th2 differentiation for 3 days [37]. The
medium was replenished on day 3. The cells were collected on day 5 and analyzed for
each differentiation using flow cytometry. Magnolol (10 and 30 µM) was added to each
differentiation medium.

4.10. Statistics

A mean and standard error of mean (SEM) were calculated for all data (n = 5). An
analysis of statistical significance was performed using version 5 of GraphPad Prism
(GraphPad Prism). There was a p value of 0.05 set as the threshold for statistical significance.
* p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the vehicle-treated group, and # p < 0.05, ## p < 0.01,
and ### p < 0.001 vs. the DNCB-treated group or differentiation media-treated group.
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Abstract: Background: Lung cancer is the predominant cause of cancer-related fatalities. This
prompted our exploration into the anti-lung cancer efficacy of Labisia pumila, a species meticulously
selected from the preliminary screening of 600 plants. Methods: Through the strategic implementa-
tion of activity-guided fractionation, ardisiacrispin A (1) was isolated utilizing sequential column
chromatography. Structural characterization was achieved employing various spectroscopic methods,
including nuclear magnetic resonance (NMR), mass spectrometry (MS), and infrared spectroscopy
(IR). Results: L. pumila 70% EtOH extract showed significant toxicity in A549 lung cancer cells, with
an IC50 value of 57.04 ± 10.28 µg/mL, as well as decreased expression of oncogenes and induced
apoptosis. Compound 1, ardisiacrispin A, induced a 50% cell death response in A549 cells at a
concentration of 11.94 ± 1.14 µg/mL. Conclusions: The present study successfully investigated
ardisiacrispin A extracted from L. pumila leaves, employing a comprehensive spectroscopic approach
encompassing NMR, IR, and MS analyses. The anti-lung cancer efficacy of ardisiacrispin A and L.
pumila extract was successfully demonstrated for the first time, to the best of our knowledge.

Keywords: Labisia pumila; ardisiacrispin A; A549; natural product; triterpene

1. Introduction

Cancer obviously represents one of the biggest challenges to global human health [1].
Lung cancer is the predominant cause of cancer-related fatalities on a worldwide scale [2].
In 2020, lung cancers constituted 11.4% of newly diagnosed cancer cases, placing the lung as
the second most prevalent site of incident cancers, and the majority of cases, approximately
85%, were attributed to a group of histological subtypes collectively known as non-small-
cell lung cancer [2,3]. Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors
such as gefitinib and erlotinib are typically the first chemotherapy treatments for lung
cancer. Unfortunately, the prognosis of advanced and recurrent lung cancer remains
suboptimal, and standard treatments utilizing cytotoxic anticancer drugs demonstrate
limited therapeutic effectiveness [4]. In the current landscape of cancer management,
diverse treatment options such as chemotherapy, surgery, and radiotherapy exist [5,6].
Despite their efficacy, these therapeutic interventions are often associated with severe
side effects, posing a substantial risk to patients, or imposing exacting prerequisites for
their implementation.

Given the imperative to advance anti-lung cancer drug development, we conducted a
screening of potential candidates from a repository of plants within our institute (data not
presented). Labisia pumila (Myrsinaceae), grown in southeast Asia, emerged as a promising
anti-lung cancer candidate in our preliminary investigation [7]. Traditionally employed
for the maintenance of female reproductive health and postpartum care, this botanical
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specimen holds promise in anti-cancer applications. The investigation of this plant has
revealed a number of secondary metabolites, exhibiting phytoestrogenic, anti-bacterial,
anti-fungal, anti-oxidant, anti-carcinogenic, and anti-aging effects [7–9]. Historical uses
of this botanical entity include the enhancement of stamina and treatment for various
conditions, such as dysentery, rheumatism, gonorrhea, excessive flatulence, and cancers,
particularly those affecting the breast and uterus [10,11]. Despite the well-established anti-
cancer properties of L. pumila, limited information is available concerning its efficacy in the
context of lung cancer. Therefore, in the present study, the natural product, L. pumila, and
its active compound were rigorously investigated to assess their potential as a candidate
for lung cancer treatment.

2. Materials and Methods
2.1. Reagents and Instrumentation

The equipment and chemicals for isolation and structural elucidation of the anti-
cancer component were referred to in our previous investigations [11,12]. Briefly, SiO2
(Kieselgel 60, Merck, Darmstadt, Germany) and ODS (Lichroprep RP-18, 40–60 µm, Merck)
were used as resins for column chromatography (c.c.). The separated compound was
detected using a UV lamp (Spectroline Model ENF-240 C/F, Spectronics Corporation,
Westbury, NY, USA) following application on Kieselgel 60 F254 (Merck) and Kieselgel
RP-18 F254S (Merck) plates, subsequent to spraying with a 10% aqueous H2SO4 solution.
Nuclear magnetic resonance (NMR) spectra were recorded employing a Bruker Avance
600 (Billerica, MA, USA), and melting points were precisely determined using a Fisher-
John Melting Point Apparatus (Fisher Scientific, Miami, FL, USA). Deuterium solvents
for measurement of NMR and standard organic solvents for extraction were purchased
from Sigma Aldrich Co., Ltd. (St. Louis, MO, USA) and Daejung Chemical Ltd. (Seoul,
Republic of Korea), respectively.

Tryptic Soy Broth (TSB) was purchased from KisanBio (Seoul, Republic of Korea).
Doxorubicin, dimethyl sulfoxide (DMSO), and MTT [3-(4,53-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide)] were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Dulbecco’s modification of Eagle’s media (DMEM) with 4.5 g/L glucose, L-glutamine,
and sodium pyruvate, and RPMI1640 with L-glutamine were purchased from Mediatech
(Manassas, VA, USA). Fetal bovine serum (FBS), bovine calf serum (BCS), trypsin-EDTA,
and penicillin–streptomycin were purchased from Thermo Fisher Scientific (Waltham,
MA, USA).

2.2. Plants

In this study, a comprehensive set of 600 plant extract samples was sourced from the
International Biological Material Research Center (IBMRC, Cheongju, Republic of Korea).
Voucher specimens, uniquely identified by the codes KHU-BMRI-2017-001 through KHU-
BMRI-2017-600, were deposited at the Bio-Medical Research Institute, Yongin, Kyung Hee
University. The process for isolating potential anti-cancer candidates involved the extraction
of plant materials using 100% methanol (MeOH), and the extracts were subsequently
solubilized to a concentration of 10 mg/mL in dimethylsulfoxide (DMSO).

2.3. Isolation of the Anti-Cancer Component from L. pumila

Dried leaves of L. pumila (180 g), purchased from Malaysia, were chopped into small
pieces and subjected to extraction using 70% aqueous EtOH (3 L × 3) for 24 h at room
temperature. The EtOH extract (11 g), obtained through filtration and subsequent concen-
tration in vacuo, was reconstituted in 200 mL of H2O. Subsequent sequential extractions
were performed three times using n-hexane (150 mL), dichloromethane (DCM, 150 mL),
ethyl acetate (EtOAc, 150 mL), and n-BuOH (150 mL), resulting in distinct fractions: n-
hexane (LPH, 2.44 g), DCM (LPD, 1.07 g), EtOAc (LPE, 390 mg), n-BuOH (LPB, 930 mg),
and aqueous (LPA, 6.17 g) fractions. Among the fractions obtained, LPD (1.07 g), identi-
fied through activity-guided fractionation, underwent further fractionation using SiO2 cc
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(Ø 4 × 15 cm, CHCl3:MeOH:H2O = 50:3:1→30:3:1→20:3:1→10:3:1→7:3:1→5:3:1, 1 L of
each), resulting in the isolation of 21 fractions (LPD-1 to LPD-21). Fraction LPD-13 (82.0 mg,
elution volume/total volume (Ve/Vt) 0.644–0.751) underwent additional fractionation
employing ODS cc (Ø 1 × 5 cm, acetone: H2O = 1:3 → 3:1, 150 mL of each), yielding
6 fractions (LPD-13-1 to LPD-13-6). Ardisiacrispin A (1) was successfully isolated from
LPD-13-3 (40.0 mg) using TLC (SiO2) with elution in CHCl3: MeOH: H2O (5:3:1) within the
range of 0.160–0.220 and TLC (ODS) with acetone:H2O (1:1) within the range of 0.270–0.360.

Ardisiacrispin A (1): white amorphous powder; negative FAB/MS m/z 1059
[M-H]−; negative HR-FAB/MS m/z 1059.5375 [M−H]−(calculated for C52H83O22, 1059.5376);
melting point: 229–230 ◦C; IR (KBr, νmax, cm−1): 3415, 3455, 3570 (OH), 1710 (CHO);
1H-NMR (600 MHz, DMSO-d6, δH, J in Hz) 9.61 (1H, s, H-30), 5.36 (1H, d, J = 7.2 Hz,
H-glc′-1), 4.97 (1H, d, J = 7.8 Hz, H-glc′′-1), 4.96 (1H, d, J = 7.2 Hz, H-xyl-1), 4.76 (1H, d,
J = 5.2 Hz, H-ara-1), 4.58 (1H, br.d, J = 9.6 Hz, H-ara-5a), 4.48 (1H, br.dd, J = 11.4, 8.4 Hz,
H-glc′-6a), 4.44 (1H, ddd, J = 10.4, 7.8 Hz, H-xyl-5a), 4.44 (1H, dd, J = 9.6, 5.2 Hz, H-ara-2),
4.39 (1H, br.dd, J = 11.4, 8.4 Hz, H-glc′′-6a), 4.31 (1H, ddd, J = 11.4, 8.4, 4.8 Hz, H-glc’-6b),
4.26 (1H, ddd, J = 11.4, 8.4, 4.8 Hz, H-glc′′-6b), 4.23 (1H, m, H-ara-4), 4.22 (1H, dd, J = 7.8,
7.8 Hz, H-xyl-3), 4.21 (1H, m, H-16), 4.20 (1H, dd, J = 7.8, 7.8 Hz, H-glc′′-3), 4.17 (1H, m,
H-xyl-4), 4.13 (1H, dd, J = 8.4, 7.2 Hz, H-glc′-4), 4.11 (1H, dd, J = 9.6, 9.6 Hz, H-ara-3), 4.11
(1H, dd, J = 8.4, 7.8 Hz, H-glc′′-4), 4.02 (1H, dd, J = 7.8, 7.2 Hz, H-glc′-2), 3.96 (1H, dd,
J = 7.2, 7.2 Hz, H-glc′-3), 3.96 (1H, br.d, J = 8.4 Hz, H-glc′-5), 3.93 (1H, dd, J = 7.2, 7.8 Hz,
H-xyl-2), 3.83 (1H, br.d, J = 8.4 Hz, H-glc′′-5), 3.78 (1H, dd, J = 7.8, 7.8 Hz, H-glc′′-2), 3.77
(1H, br.d, J = 9.6 Hz, H-ara-5b), 3.52 (1H, ddd, J = 10.4, 4.2 Hz, H-xyl-5b), 3.51 (1H, d,
J = 7.8 Hz, H-28a), 3.16 (1H, dd, J = 12.0, 4.2 Hz, H-3), 3.16 (1H, d, J = 7.8 Hz, H-28b),
2.78 (1H, dd, J = 14.4, 4.2 Hz, H-19a), 2.50 (2H, dd, J = 13.2, 4.2 Hz, H-21), 2.14 (1H, br.d,
J = 10.8 Hz, H-15a), 2.10 (1H, t, J = 7.2 Hz, H-12a), 2.06 (1H, br.d, J = 14.4 Hz, H-19b), 1.99
(1H, overlapped, H-22a), 1.96 (1H, br.d, J = 12.0 Hz, H-2a), 1.79 (2H, overlapped, H-11),
1.79 (1H, dd, J = 12.0, 4.2 Hz, H-2b), 1.60 (1H, br.d, J = 12.6 Hz, H-1a), 1.53 (1H, overlapped,
H-22b), 1.50 (3H, s, H-27), 1.50 (1H, overlapped, H-15b), 1.40 (1H, overlapped, H-12b),
1.37 (1H, overlapped, H-6a), 1.36 (1H, dd, J = 14.4, 4.2 Hz, H-18), 1.26 (3H, s, H-26), 1.22
(1H, overlapped, H-6b), 1.20 (1H, overlapped, H-9), 1.18 (2H, overlapped, H-7), 1.17 (3H, s,
H-23), 1.03 (3H, s, H-24), 1.00 (3H, s, H-29), 0.81 (3H, s, H-25), 0.81 (1H, br.d, J = 12.6 Hz,
H-1b), 0.65 (1H, d, J = 10.8 Hz, H-5); 13C-NMR (150 MHz, DMSO-d6, δC) 207.4 (C-30),
105.7 (C-xyl-1), 104.1 (C-glc′-1), 104.0 (C-ara-1), 102.9 (C-glc′′-1), 88.3 (C-3), 85.6 (C-13),
83.7 (C-glc′′-2), 79.2 (C-ara-2), 78.1 (C-ara-4), 77.1 (C-glc′′-5), 76.9 (C-glc′-5), 76.8 (C-glc′-3),
76.2 (C-glc′′-3), 76.1 (C-16), 76.0 (C-28), 75.9 (C-xyl-3), 75.1 (C-glc′-2), 74.3 (C-xyl-2), 71.7
(C-xyl-4), 70.8 (C-ara-3), 70.7 (C-glc′-4), 70.2 (C-glc′′-4), 64.2 (C-ara-5), 62.8 (C-xyl-5), 61.3
(C-glc′′-6), 61.1 (C-glc′-6), 54.9 (C-5), 52.6 (C-18), 49.6 (C-9), 47.6 (C-20), 43.8 (C-14), 43.1
(C-17), 41.7 (C-8), 38.9 (C-4), 38.5 (C-1), 36.1 (C-10), 35.7 (C-15), 33.8 (C-7), 32.6 (C-19), 31.7
(C-22), 31.4 (C-12), 29.7 (C-21), 27.4 (C-23), 25.9 (C-2), 23.4 (C-29), 19.1 (C-27), 18.7 (C-11),
18.1 (C-26), 17.3 (C-6), 15.7 (C-24), 15.3 (C-25).

2.4. Cell Viability and Cytotoxicity Assay

A549 human cell lines, obtained from the Korean Cell Line Bank (KCLB), were
cultured in RPMI1640 supplemented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin [13]. The cells were cultivated in a humidified incubator at 37 ◦C with
a CO2 concentration of 5%. Cell viability was evaluated utilizing the MTT assay, with
seeding densities of 5 × 103 cells/well in a 96-well plate. Following a 24 h incubation
period, the culture medium was replaced, and the samples were subjected to experimental
treatments. After 24 h, the cells were stained using MTT solution in PBS, resulting in a final
concentration of 0.5 mg/mL. The cells were subjected to a 4 h incubation at 37 ◦C. Upon
completion of this incubation period, the supernatant was removed and 100 µL of DMSO
was added. Utilizing a microplate reader (Tecan, Switzerland), absorbance was measured
at 540 nm. The cell cytotoxicity rates were calculated based on the optical density readings,
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expressed as percentages relative to the vehicle control, and this procedure was repeated
for accuracy.

2.5. TaliTM Cell Cycle Assay

Human A549 cells were seeded in 6-well plates at a density of 1× 105 cells/well. After
24 h incubation, the culture medium was replaced, and the cells were subjected to specific
treatments. Following fixation, the cells were treated with the optimized TaliTM cell cycle
reagent (Thermo, Middlesex, MA, USA) and incubated in darkness for 30 min. The Tali®

image cytometer (Thermo, Middlesex, MA, USA) was employed for cell cycle analysis. The
acquired cell cycle data from the TaliTM image-based cytometer were analyzed both on the
instrument and through dedicated cell cycle modeling software.

2.6. Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM). The significance
of differences between groups was assessed using one-way analysis of variance (ANOVA).
Statistical significance was defined as p < 0.05.

3. Results and Discussion
3.1. Determination of the Anti-Cancer Agent and Its Optimal Extraction Condition

In pursuit of identifying a natural anti-cancer candidate agent, a pilot study was
conducted through cell viability assays to determine IC50 values in A549 cells. From an
extensive pool of MeOH extracts obtained from a diverse collection of over 600 plants,
L. pumila emerged as a potent anti-lung cancer candidate. Following this selection, a
systematic evaluation was carried out to establish the optimal concentration of the L. pumila
extract. The evaluation revealed the significant toxicity demonstrated by the 70% EtOH
extract in A549 lung cancer cells, with an IC50 value of 57.04 ± 10.28 µg/mL (Table 1).

Table 1. Cytotoxic effect (IC50, µg/mL) of L. pumila extract against A549 human lung cancer cells at
varying EtOH concentrations.

EtOH Concentration (%) IC50 (µg/mL)

10 <100
20 <100
30 <100
40 <100
50 <100
60 <100
70 57.04 ± 10.28
80 76.94 ± 5.56
90 80.91 ± 4.31

100 84.09 ± 8.65

3.2. Structural Evaluation of the Anti-Lung Cancer Component from L. pumila

The dried leaves of L. pumila were subjected to extraction using 70% aqueous EtOH,
and the resulting concentrate was fractioned into n-hexane (LPH), dichloromethane (LPD),
ethyl acetate (LPE), n-BuOH (LPB), and H2O (LPW) fractions. A series of activity-guided
fractionation steps, employing SiO2, ODS, and Sephadex LH-20 column chromatography
(c.c.) for the LPD fraction, led to the isolation of a singular triterpenoid saponin (1).
Elucidation of its chemical structure was achieved through a comprehensive analysis of
spectroscopic data, including mass spectrometry (MS), infrared spectroscopy (IR), and
NMR (both 1D and 2D).

Compound 1, a white amorphous powder (MeOH), showed IR absorbance bands
of hydroxyl (3415, 3455, and 3570 cm−1) and formyl groups (1710 cm−1). The molecular
formula of Compound 1 was determined to be C52H83O22 through negative fast atom bom-
bardment mass spectrometry (FAB/MS) m/z 1059 [M − H]− and negative high-resolution

54



Life 2024, 14, 276

FAB/MS m/z 1059.5375 [M − H]− (calcd for C52H83O22, 1059.5376). The 1H-NMR spec-
trum (600 MHz, DMSO-d6) showed proton signals due to six singlet methyls [δH 1.50 (3H,
s, H-27), δH 1.26 (3H, s, H-26), δH 1.17 (3H, s, H-23), δH 1.03 (3H, s, H-24), δH 1.00 (3H,
s, H-29), and δH 0.81 (3H, s, H-25)]; one formyl [δH 9.61 (1H, s, H-30)]; two oxygenated
methines [δH 4.21 (1H, m, H-16) and δH 3.16 (1H, dd, J = 12.0, 4.2 Hz, H-3)]; two oxygenated
methylenes [δH 3.51 (1H, d, J = 7.8 Hz, H-28a) and δH 3.16 (1H, d, J = 7.8 Hz, H-28b)]; three
methines [δH 1.36 (1H, dd, J = 14.4, 4.2 Hz, H-18), δH 1.20 (1H, overlapped, H-9), and δH
0.65 (1H, d, J = 10.8 Hz, H-5)]; and ten methylenes [δH 2.78 (1H, dd, J = 14.4, 4.2 Hz, H-19a),
δH 2.50 (2H, dd, J = 13.2, 4.2 Hz, H-21), δH 2.14 (1H, br.d, J = 10.8 Hz, H-15a), δH 2.10 (1H, t,
J = 7.2 Hz, H-12a), δH 2.06 (1H, br.d, J = 14.4 Hz, H-19b), δH 1.99 (1H, overlapped, H-22a),
δH 1.96 (1H, br.d, J = 12.0 Hz, H-2a), δH 1.79 (2H, overlapped, H-11), δH 1.79 (1H, dd,
J = 12.0, 4.2 Hz, H-2b), δH 1.60 (1H, br.d, J = 12.6 Hz, H-1a), δH 1.53 (1H, overlapped,
H-22b), δH 1.50 (1H, overlapped, H-15b), δH 1.40 (1H, overlapped, H-12b), δH 1.37 (1H,
overlapped, H-6a), δH 1.22 (1H, overlapped, H-6b), δH 1.18 (2H, overlapped, H-7), and δH
0.81 (1H, br.d, J = 12.6 Hz, H-1b)]. The proton signals indicated the aglycone of Compound
1 to be an oleanane-type triterpenoid possessing a formyl group. Also, four hemiacetals
[δH 5.36 (1H, d, J = 7.2 Hz, H-glc′-1), δH 4.97 (1H, d, J = 7.8 Hz, H-glc′′-1), δH 4.96 (1H, d,
J = 7.2 Hz, H-xyl-1), δH 4.76 (1H, d, J = 5.2 Hz, H-ara-1)]; fourteen oxygenated methines
[δH 4.44 (1H, dd, J = 9.6, 5.2 Hz, H-ara-2), δH 4.23 (1H, m, H-ara-4), δH 4.22 (1H, dd,
J = 7.8, 7.8 Hz, H-xyl-3), δH 4.20 (1H, dd, J = 7.8, 7.8 Hz, H-glc′′-3), δH 4.17 (1H, m, H-xyl-4),
δH 4.13 (1H, dd, J = 8.4, 7.2 Hz, H-glc′-4), δH 4.11 (1H, dd, J = 9.6, 9.6 Hz, H-ara-3), δH 4.11
(1H, dd, J = 8.4, 7.8 Hz, H-glc′′-4), δH 4.02 (1H, dd, J = 7.8, 7.2 Hz, H-glc′-2), δH 3.96 (1H,
dd, J = 7.2, 7.2 Hz, H-glc′-3), δH 3.96 (1H, br.d, J = 8.4 Hz, H-glc′-5), δH 3.93 (1H, dd,
J = 7.2, 7.8 Hz, H-xyl-2), δH 3.83 (1H, br.d, J = 8.4 Hz, H-glc′′-5), and δH 3.78 (1H, dd,
J = 7.8, 7.8 Hz, H-glc′′-2)]; and four germinal oxygenated methylene proton [δH 4.58 (1H,
br.d, J = 9.6 Hz, H-ara-5a), δH 4.48 (1H, br.dd, J = 11.4, 8.4 Hz, H-glc′-6a), δH 4.44 (1H, ddd,
J = 10.4, 7.8 Hz, H-xyl-5a), δH 4.39 (1H, br.dd, J = 11.4, 8.4 Hz, H-glc′′-6a), δH 4.31 (1H,
ddd, J = 11.4, 8.4, 4.8 Hz, H-glc′-6b), δH 4.26 (1H, ddd, J = 11.4, 8.4, 4.8 Hz, H-glc′′-6b), δH
3.77 (1H, br.d, J = 9.6 Hz, H-ara-5b), δH 3.52 (1H, ddd, J = 10.4, 4.2 Hz, H-xyl-5b)] signals
were observed as the proton signals of four hexoses. The coupling constants of the anomer
proton signals of three sugars (glc′-1, glc-′′-1, xyl-1; J = 7.8 or 7.2 Hz) and one sugar (ara-1;
J = 5.2 Hz) confirmed the axial–axial and axial–equatorial configurations of the anomer
hydroxyl groups, respectively.

The 13C-NMR data exhibited a total of 30 carbon signals corresponding to the agly-
cone along with 22 carbons derived from four hexoses, indicating Compound 1 to be a
triterpenoid with four hexoses. The 13C-NMR (150 MHz, DMSO-d6) spectrum showed
one formyl carbon signal, δC 207.4 (C-30); one oxygenated quaternary, δC 85.6 (C-13); one
oxygenated methylene, δC 76.0 (C-28); two oxygenated methines [δC 88.3 (C-3) and δC 76.1
(C-16)]; six quaternaries [δC 47.6 (C-20), δC 43.8 (C-14), δC 43.1 (C-17), δC 41.7 (C-8), δC
38.9 (C-4), and δC 36.1 (C-10)]; three methines [δC 54.9 (C-5), δC 52.6 (C-18), and δC 49.6
(C-9)]; ten methylenes [δC 38.5 (C-1), δC 35.7 (C-15), δC 33.8 (C-7), δC 32.6 (C-19), δC 31.7
(C-22), δC 31.4 (C-12), δC 29.7 (C-21), δC 25.9 (C-2), δC 18.7 (C-11), and δC 17.3 (C-6)]; and
six methyls [δC 27.4 (C-23), δC 23.4 (C-29), δC 19.1 (C-27), δC 18.1 (C-26), δC 15.7 (C-24),
and δC 15.3 (C-25)]. Based on the chemical shifts of the sugar carbon signals, we observed
four hemiacetals [δC 105.7 (C-xyl-1), δC 104.1 (C-glc′-1), δC 104.0 (C-ara-1), and δC 102.9
(C-glc′′-1)]; fourteen oxygenated methines [δC 83.7 (C-glc′′-2), δC 79.2 (C-ara-2), δC 78.1
(C-ara-4), δC 77.1 (C-glc′′-5), δC 76.9 (C-glc′-5), δC 76.8 (C-glc’-3), δC 76.2 (C-glc′′-3), δC 75.9
(C-xyl-3), δC 75.1 (C-glc′-2), δC 74.3 (C-xyl-2), δC 71.7 (C-xyl-4), δC 70.8 (C-ara-3), δC 70.7
(C-glc′-4), and δC 70.2 (C-glc′′-4)]; and four oxygenated methylenes [δC 64.2 (C-ara-5), δC
62.8 (C-xyl-5), δC 61.3 (C-glc′′-6), and δC 61.1 (C-glc′-6)]; these sugars were determined to
be two β-glucopyranoses, one α-xylopyranose, and one α-arabinopyranose, respectively.
The oxygenated methine resonances of aglycone (C-3), glucose (C-glc′′-2), and arabinose
(C-ara-2 and C-ara-4) were detected at lower magnetic fields (δC 88.3, δC 83.7, δC 79.2,
and δC 78.1) than the commonly detected chemical shift (δC 78, δC 75, δC 71, and δC 71).
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This discrepancy, attributed to glycosidation-induced shifts, provided conclusive evidence
confirming the precise positions of the glycosidic linkage.

In the gHMBC spectrum, one formyl [δH 9.61 (1H, s, H-30)] proton signal showed
cross-peaks with the quaternary carbon signal δC 47.6 (C-20), and oxygenated methylenes
[δH 3.51 (1H, d, J = 7.8 Hz, H-28a) and δH 3.16 (1H, d, J = 7.8 Hz, H-28b)] showed
cross-peaks with the oxygenated quaternary carbon δC 85.6 (C-13) and oxygenated me-
thine carbon δC 76.1 (C-16) signals. Furthermore, the four anomer proton signals of
two glucoses [δH 5.36 (1H, d, J = 7.2 Hz, H-glc′-1) and δH 4.97 (1H, d, J = 7.8 Hz, H-
glc′′-1)], one xylose [δH 4.96 (1H, d, J = 7.2 Hz, H-xyl-1)], and one arabinose [δH 4.76
(1H, d, J = 5.2 Hz, H-ara-1)] showed cross-peaks with four oxygenated methine carbon
signals [δC 88.3 (C-3), δC 83.7 (C-glc′′-2), δC 79.2 (C-ara-2), and δC 78.1 (C-ara-4)]. This
spectral evidence strongly suggests the positioning of arabinose at the C-3 of the agly-
cone, xylose at the C-glc′′-2 of the glucopyranose moiety, and the two glucoses at the
C-ara-2 and C-ara-4 of the arabinose moiety, respectively. Taken together, ardisiacrispin
A (3β-O-[α-L-xylopyranosyl-(1→2)-O-β-D-glucopyranosyl-(1→4)-[O-β-D-glucopyranosyl-
(1→2)]-α-L-arabinopyranosyl]-16α-hydroxy-13β,28-epoxyolean-30-al; 1) was identified as
the chemical structure of Compound 1 (Figure 1). Another study also investigated the
spectroscopic parameters of Compound 1 [14]. Compound 1 was isolated from the L. pumila
leaves for the first time in this study. Originally documented in 1987 from Ardisia crispa,
Compound 1 has been recognized for its cytotoxic efficacy against diverse cancer cell lines,
including NCI-H46; SF-268; MCF-7; melanoma WM793, HTB140, and A375 (skin panel);
prostate cancer Du145 and PC3 and normal prostate epithelial PNT2 (prostate panel); colon
cancer Caco2 and HT29; and HepG2 (gastrointestinal panel) liver cells [15–18].
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3.3. Regulation of Cell Cycle by L. pumila

Apoptosis, an intricate mechanism of programmed cell death inherent to multicellular
organisms, serves as a pivotal process for the elimination of undesirable and defective
cells [19]. This orchestrated cellular death not only facilitates the removal of superfluous
entities but also mitigates the risk of inciting undesirable inflammatory responses. Apopto-
sis is a ubiquitous phenomenon, actively participating during normal development and
cellular turnover, as well as extending to various pathological conditions.

The cell cycle, a highly conserved mechanism, orchestrates the replication of eukary-
otic cells. The regulation of cell death is intricately linked to genes governing cell cycle
progression. Cumulative evidence has underscored the impact of cell cycle manipulation
on modulating apoptosis reactions, contingent upon the specific cellular context [20,21].

Concentration-dependent reductions in the G0/G1, G2/M, and S phases were dis-
cerned in response to the L. pumila extract. Conversely, an elevation in the Sub G1 phase
was observed upon treatment with the L. pumila extract. It is well documented that an
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augmentation in the Sub G1 phase corresponds to the onset of apoptosis. Thus, the ob-
served elevation in the Sub G1 phase following treatment with the L. pumila extract can be
attributed to the induction of apoptosis (Figure 2).
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3.4. Evaluation of the Anti-Lung Cancer Efficacy of L. pumila and Ardisiacrispin A

Compound 1 induced a 50% cell death response in A549 cells at a concentration
of 11.94 ± 1.14 µg/mL (Figure 3). Natural products are inexpensive and relatively safe
compared with synthetics as extensive research studies have been conducted on the de-
velopment of anti-cancer candidates for decades [22,23]. In particular, compared with
dehydrocostuslactone (15 µg/mL) from Aucklandia lappa; resveratrol (2.04 ± 0.3 µg/mL)
from grape; isochaihulactone (7.37 ± 2.03 µg/mL) from Bupleurum scorzonerifolium, ixeri-
noside (29 µg/mL), and ixerin Z (25 µg/mL); and 3-hydroxydehydroleucodin (15 µg/mL)
from Ixeris sonchifolia, the compound we investigated in this study, ardisiacrispin A, re-
vealed a significant inhibition efficacy (11.94 ± 1.14 µg/mL) against A549 cells [23–26].
Although this compound has a lower inhibition effect than the synthetics vincristine
(1.81 ± 0.25 ng/mL) and paclitaxel (2.22 ± 0.43 ng/mL), L. pumila and ardisiacrispin A
are anti-lung cancer candidates thanks to their advantage of having no or minor adverse
effects [26].

Extracellular signal-regulated kinase (ERK) plays a crucial role in tumorigenesis [27].
ERK activity is associated with the promotion of apoptotic pathways, including the in-
duction of mitochondrial cytochrome C release, caspase-8 activation, permanent cell cycle
arrest, and autophagic vacuolization. The active state of ERK is characterized by its phos-
phorylated form [28–30]. Figure 4 demonstrates that the p-ERK/ERK ratio in ardisiacrispin
A-treated cells was lower than the normal control. In addition, L. pumila revealed a dose-
dependent decrease in the p-ERK/ERK ratio.
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4. Conclusions

The present study successfully extracted ardisiacrispin A (1) from L. pumila leaves,
employing a comprehensive spectroscopic approach encompassing NMR, IR, and MS
analyses. Compound 1 was isolated from L. pumila leaves for the first time in this study. L.
pumila and its active compound, ardisiacrispin A (1), demonstrated potential in suppressing
the proliferation and metastasis of lung cancer cells. This inhibitory effect is attributed
to the modulation of oncogenic signaling pathways related to EGFR and FGER in lung
cancer. Although further apoptosis studies are needed to investigate the involved apoptotic
pathways, this is the first report to demonstrate the anti-lung cancer efficacy of ardisiacrispin
A (1) and L. pumila extract, to the best of our knowledge. Consequently, these findings
underscore the feasibility of utilizing ardisiacrispin A (1) and L. pumila extract as anti-
lung cancer agents. To validate their efficacy as anti-lung cancer candidates, further
investigations encompassing the elucidation of the mode of action and preclinical trials
are imperative.
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Abstract: According to the available ethnobotanical data, the Bouvardia ternifolia plant has long been
used in Mexican traditional medicine to relieve the symptoms of inflammation. In the present study,
the cytotoxic effect of extracts obtained from the flowers, leaves and stems of B. ternifolia using
hexane, ethyl acetate (AcOEt) and methanol (MeOH) was evaluated by applying them to the SiHa
and MDA-MB-231 cancer cell lines. An MTT reduction assay was carried out along with = biological
activity assessments, and the content of total phenols, tannins, anthocyanins, betalains and saponins
was quantified. According to the obtained results, nine extracts exhibited a cytotoxic effect against
both the SiHa and MDA lines. The highest cytotoxicity was measured for leaves treated with the
AcOEt (ID50 of 75 µg/mL was obtained for MDA and 58.75 µg/mL for SiHa) as well as inhibition on
ABTS•+ against DPPH• radical, while MeOH treatment of stems and AcOEt of flowers yielded the
most significant antioxidant capacity (90.29% and 90.11% ABTS•+ radical trapping). Moreover, the
highest phenolic compound content was measured in the stems (134.971 ± 0.294 mg EAG/g), while
tannins were more abundant in the leaves (257.646 mg eq cat/g) and saponins were most prevalent in
the flowers (20 ± 0 HU/mg). Screening tests indicated the presence of flavonoids, steroids, terpenes
and coumarins, as well as ursolic acid, in all the studied extracts. These results demonstrate the
biological potential of B. ternifolia.

Keywords: antioxidant; Bouvardia ternifolia; anticarcinogenic; bioactive

1. Introduction

In Mexico, traditional medicine is still widely used, and such ancestral knowledge of
medicinal plants is passed from one generation to another. Although different plant parts
are used, depending on the species and the target ailment, leaves and flowers predominate
in the traditional recipes, some of which also require the stem or root. Throughout history,
herbal remedies have been employed to alleviate symptoms and enhance human health.
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Even today, in numerous regions worldwide, herbal therapy remains the primary, and at
times the sole, option [1].

Medicinal plants are consumed directly or can be prepared as infusions or homeopathic
remedies either as a complement to Western medicine or as a stand-alone treatment. While
medicinal plants have long been used by indigenous peoples across the globe, their value
is increasingly being recognized by the medical profession. Accordingly, evidence of
their effectiveness in treating skin conditions, hair loss, herpes, scabies, toothaches and
headaches, as well as diseases that weaken the circulatory, digestive, endocrine, nervous,
reproductive, respiratory and urinary systems, as well as diseases of cultural affiliation,
has grown considerably in recent decades [2,3].

In this context, the Rubiaceae family is particularly relevant, as it comprises approxi-
mately 650 genera and more than 13,500 species distributed throughout the world, many of
which are used in traditional medicine to alleviate headaches and pain during childbirth, as
well as lessen the symptoms of autoimmune diseases [4]. In Mexican traditional medicine,
the Bouvardia genus features most prominently, owing to its anti-inflammatory properties.
It can be either ingested or applied as an infusion or compress, to treat intoxication, colic,
diarrhea, erysipelas and insect bites, among other conditions [2,5,6]. The firecracker bush
or scarlet bouvardia, trumpet bush or clove bush is a 0.5 to 1.5 m. shrub with lustrous, oval,
dark green leaves and tubular, bugle-shaped, red flowers, 5 cm long, with the edge flared
into four segments. The flowers are arranged in clusters at the ends of numerous erect
branches [7].

Consequently, this genus has been subjected to a significant number of phytochem-
ical studies, the findings of which confirm the presence of peptide compounds, such as
bouvardin, as well as deoxy-bouvardin and its methylated derivatives, in different plant
components [8]. Some secondary metabolites, such as ursolic acid (triterpene) (UA), have
also been reported, and flavonoids (such as rutin, quercetin and kaempferol) have been
isolated from the aerial part [9,10] of the root, where triterpenes, oleanolic acid (OA) and
ursolic acid are also found in high concentrations [11].

The available data also indicate that B. ternifolia extracts and different compounds
isolated from the plant exhibit cytotoxic activity against some cell lines, causing cell cycle
arrest and the inhibition of protein synthesis. In traditional B. ternifolia medicinal practices,
the plant’s upper parts, encompassing the leaves, stems and flowers, are employed to
address conditions such as genital ulcers, dysentery, rabies, cold sweat pains, tumors,
fever, and joint pain, and are utilized as a fortifying agent. In addition, they have sedative,
analgesic and antispasmodic properties, and are applied for the treatment of snake, bee,
scorpion and spider bites [12].

Their cytotoxic effect on some malignant cell lines has also been demonstrated, along
with the enzymatic inhibition of acetylcholinesterase and anti-inflammatory, analgesic,
sedative and hepatoprotective activities. The evidence yielded by in vivo studies further
indicates that the B. ternifolia extracts can reduce inflammation of the pinna, as well as
impart a nootropic effect, thus protecting the nervous system [8,9,13,14]. The aim of the
current study was to analyze their antioxidant activity and anticarcinogenic effects on
breast cancer cell lines (MDA-MB-231) and cervical cancer cell lines (SiHa). Extracts of the
stems, leaves, and flowers of the plant Bouvardia ternifolia (Cav.) Schltdl. were evaluated
using three organic solvents.

2. Materials and Methods
2.1. Plant Material

The plant material required for the current study was collected in the town Epazoyucan
in Hidalgo State (north latitude 20◦, 01′ and 05′′, west longitude 98◦, 08′ and 03′′) and
all specimens were placed on absorbent paper for 20 days to dry at room temperature
(20–26 ◦C). The plant was submitted for identification to the herbarium of the Autonomous
University of the State of Hidalgo for classification under the accession number 010. Next,
the plant parts (flowers, leaves and stems) were separated and were ground in an electric
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grinder (analytical mill, 4301-00, Cole Palmer, Vernon Hills, IL, USA) until the powder
was sufficiently fine to pass through a 40-mesh. The samples were stored in bags to be
preserved until their utilization.

2.2. Extract Preparation

The required extracts were obtained from 148 g of flowers, 1450 g of leaves and 1.28 g
of ground stems via maceration for 15 days at room temperature in darkness with hexane,
ethyl acetate (AcOEt) and methanol (MeOH), followed by filtering on Whatman number
2 paper. The resulting samples were rotaevaporated to dryness (BÜCHI Walter Bath B-480)
at 40 ◦C (330, 240 and 337 mBar), after which the extracts were stored in opaque vials at
room temperature until use.

2.3. Antioxidant Capacity

ABTS•+ assay: The ABTS•+ assay was performed according to the methodology de-
scribed in the extant literature [15], using 2,2′ azinobis-(3-ethylbenzothiazoline)-6-sulfonic acid
(ABTS•+, Sigma Chemical Co., St Louis, MO, USA) and 6-hydroxy-2, 5, 7, 8-tetramethylcroo-
2-carboxylic acid (Trolox, Sigma Chemical Co., St Louis, MO, USA) as the standards. The
extracts from B. ternifolia were prepared at 100 mg/mL in ethanol. To determine the Trolox
concentration (TEAC), 900 µL of the ABTS•+ solution was added to 100 µL of the extract
and was reacted for 5 min in darkness, after which the absorbance was measured in a BioTek
Epoch spectrophotometer at λ = 734 nm. The results were reported as the percent entrapment
and Trolox equivalents in mg/g of the sample (TEAC mg/g) using Trolox as the standard.

DPPH assay: For the DPPH assay, the method developed by Schenk and Brown [16]
based on the reduction of the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH• Sigma Chemi-
cal Co., St Louis, MO, USA) was used. The extracts were prepared in ethanol at 100 mg/mL,
whereby 900 µL of DPPH• solution was added to 100 µL of each extract and the sample
was left to react in darkness for 60 min before reading the absorbance at λ = 734 nm (BioTek
Epoch instrument, Santa Clara, CA, USA). The results were reported as the Trolox equiva-
lent antioxidant capacity in mg/g of the sample (TEAC mg/g) using a calibration curve
with Trolox as the standard.

2.4. Phytochemical Analysis

Total phenol content: For total phenol determination, the spectrophotometric method
described by Singleton [17] was employed. Extracts from B. ternifolia were used. To
determine the total phenolic content, 100 µL of a 1 mg/mL sample from each extract,
500 µL of Folin’s solution and 400 µL of Na2CO3 were added. The reaction mixture was
allowed to react in darkness for 30 min and then measured at a wavelength of 765 nm using
a microplate reader (BioTek Epoch instrument). The results were reported in mg gallic
acid equivalents per gram of sample (mg EGA/g sample), using gallic acid as the standard
(Sigma Chemical Co., St Louis, MO, USA).

Tannin content: The extracts were prepared in methanol at a concentration of 4 mg/mL,
by shaking for 1 h. Then, 0.5 mL of the extract was mixed with 2.5 mL of a 0.5% vanillin
solution (Sigma Chemical Co., St. Louis, MO, USA). It was reacted for 45 min at room
temperature and the absorbance was measured at λ = 500 nm (BioTek Epoch instrument).
A calibration curve was performed using (+) catechin (Sigma Chemical Co., St. Louis, MO,
USA) as a standard and the results were expressed as mg CATE/g (milligram catechin
equivalents per gram of sample) [18].

Anthocyanin content: For determining the anthocyanin content, organic extracts
(0.3 mg/mL) were left to react in acidified ethanol (0.2%) overnight in darkness, after which
the samples were filtered and diluted in ethanol-HCl at 4 ◦C. The total content of monomeric
anthocyanins was quantified using the differential pH method (109), for which extract
solutions were prepared at a pH of 1 (KCl 0.1 M) and a pH of 4.5 (CH3COOH/CH3COO-).
Finally, the absorbance was measured in the λ = 515–700 nm wavelength range (BioTek
Epoch instrument) [19].
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Betalain content: The betalain content was determined using the spectrophotometric
method described by Elbe [20]. For this purpose, betalains were obtained from each B.
ternifolia extract in phosphate buffer at a pH if 6.5 (17 mg/mL), after which the samples
were vortexed and centrifuged at 5000 rpm for 15 min at 4 ◦C. Next, the supernatant was
filtered in Phenomenex 0.45 µm, and the absorbance was measured at λ = 538 and 483 nm
(Epoch-BioTek Instrument). The betacyanin and betaxanthin content was quantified using
the method described in the extant literature [21]. The betacyanin content was expressed as
mg betanin/100 g sample (mg BE/100 g), and the betaxanthin content was expressed as
mg vulgaxanthin-I/100 g sample (mg VE/100 g) [21].

Saponin content: To determine the saponin content, the extracts were subjected to the
methodology described by Valadez, extracted for 1 h from 10 mg of the extract sample
using 85:15 (%) methanol–water solution. The solvents were removed via evaporation, and
the extracted saponins were diluted in a NaCl solution. Employing a serial dilution method
with human erythrocytes type O in a U-shaped microtiter 96-well plate, the saponin-
containing solution underwent a 2-fold serial dilution. The volume of each sample in the
wells was adjusted to 50 µL with NaCl (0.9%), and the resulting diluted samples were
combined with 50 µL of a 4% erythrocyte suspension. The reaction mixture underwent a
1 h incubation at room temperature, and the maximum dilution demonstrating hemolysis
was subsequently observed. The analyses were conducted in triplicate, and the results
were quantified and reported as hemolytic units [22].

2.5. Cytotoxicity Assay

The assay was performed as described by Valadez-Vega [23]. The MDA-MB-231
(human breast adenocarcinoma) and SiHa (cervix squamous cancer cells) cell lines used for
this purpose were obtained from the American Type Culture Collection (ATCC, Rockville,
MD, USA). The cells were propagated in Dubelco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 0.1% antibiotic (a combination
of streptomycin and penicillin). Incubation was carried out at 37 ◦C in a humidified
atmosphere with 5% CO2. Passages between 10 to 25 were routinely employed for both cell
lines [24].

The analysis was performed using the colorimetric method described by Mosmann,
focusing on the mitochondrial functionality of the treated cells [25]. MTT assay is a
colorimetric test that utilizes a tetrazolium dye known as 3-(4,5-dimethylthiazol-2-yl)-2-5-
diphenyltetrazolium bromide (MTT) to assess the viability of cell lines. This assay relies
on the capacity of active mitochondria to facilitate the conversion of MTT into a solid
formazan, the amount of which can be quantified via spectrophotometric means. Prior to
the measurements, both cell lines were cultured in 96-well microplates (1 × 104 cell/well)
in a culture medium containing fetal bovine serum and antibiotics. After 24 h incubation,
the culture medium was removed and was replaced by the extracts in 0–2000 µg/mL
concentration. Following further 24 h incubation, the solution containing the cells was
replaced with MTT (5 mg/mL) and was incubated at 37 ◦C for 3 h. Then, the culture
medium was removed and 200 µL of dimethyl sulfoxide was added to each well to dissolve
the formazan compound produced by the cells. The absorbance of each well was measured
at λ = 540 nm (BioTek Epoch instrument) and the cell viability percentage was calculated
considering the blank as 100% viability.

2.6. Statistical Analyses

An ANOVA and Tukey’s test (p < 0.05) were conducted to determine the differences
between extracts in terms of the antioxidant capacity, scavenging capacity, phenol con-
tent, tannin content and saponin content. All statistical analyses were performed using
StatGraphics Centurion version 19.1 (StatGraphics, The Plains, VA, USA).
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3. Results
3.1. Antioxidant Capacity

The antioxidant capacity of the studied B. ternifolia extracts from flowers, leaves and
stems was evaluated by applying the ABTS•+ and DPPH• assays. The obtained findings
are depicted in Figure 1 and reported in Table 1, revealing significant differences between
these two approaches with respect to all three morphological parts (p < 0.005) with the
ABTS•+ assay consistently yielding greater values.
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Figure 1. Scavenging capacity of B. ternifolia extracts based on the findings yielded by ABTS•+ and
DPPH• assays based on 6.66 mg/mL extract concentration. The statistically significant differences
(p < 0.05) in values obtained from different plant parts based on the ABTS•+ and DPPH• assay are denoted
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Table 1. Antioxidant capacity of B. ternifolia extracts.

Solvent Parts of Plants

Antioxidant Capacity

DPPH• ABTS•+
mg TEAC/g

Methanol
Flowers 16.909 ± 0.040 a 22.166 ± 0.043 a

Leaves 23.142 ± 0.054 a 22.123 ± 0.043 a

Stems 18.875 ± 0.054 a 22.551 ± 0.043 a

Ethyl acetate
Flowers 11.168 ± 0.060 b 22.509 ± 0.043 a

Leaves 14.737 ± 0.040 b 22.08 ± 0.042 a

Stems 21.013 ± 0.045 b 22.737 ± 0.025 a

Hexane
Flowers 9.134 ± 0.040 c 12.165 ± 0.049 b

Leaves 12.522 ± 0.015 c 11.194 ± 0.042 b

Stems 10.866 ± 0.040 c 15.394 ± 0.042 b

ABTS•+ and DPPH• results are expressed as Trolox equivalent antioxidant activity (TEAC). The average of three
independent replicates ± standard deviation is reported and the a, b and c superscripts indicate statistically
significant differences (p < 0.05) across different plants depending on the solvent used.

3.2. Total Phenol, Tannin and Saponin Content

The total phenol, tannin and saponin content in the extracts obtained from the B.
ternifolia flowers, leaves and stems was determined using methanol, ethyl acetate and
hexane as solvents, and the findings are reported in Table 2.
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Table 2. The total phenol, tannin and saponin content in the extracts obtained from the B. ternifolia
flowers, leaves and stems.

Parts of Plant Solvent Phenols
(mg GAE/g)

Tannins
(mg CATE/g)

Saponins
(HU/mg)

Methanol 78.794 ± 0.294 a 43.721 ± 5.747 b 20
Flowers Ethyl acetate 37.618 ± 0.304 b 34.143 ± 4.619 a ND

Hexane 51.147 ± 0.284 c 37.974 ± 1.437 ab ND

Methanol 133.402 ± 0.34 a 134.717 ± 6.789 a ND
Leaves Ethyl acetate 71.441 ± 0.294 b 257.646 ± 27.201 b ND

Hexane 43.696 ± 0.170 c 32.706 ± 2.991 c ND

Methanol 117.324 ± 0.29 a 58.089 ± 2.488 a ND
Stems Ethyl acetate 134.971 ± 0.89 b 61.920 ± 3.616 a ND

Hexane 8.794 ± 0.09 c 32.706 ± 5.982 b ND
Total phenols are expressed in gallic acid equivalents (GAE), tannins are expressed in catechin equivalents (CATE)
and saponins are presented in hemolytic units per milligram (HU/mg). ND: Not detected. The average of
three independent replicates ± standard deviation is reported. The a, b and c superscripts indicate statistically
significant differences (p < 0.05) across different plants depending on the solvent used.

3.3. Cytotoxicity of the Extracts Obtained from the B. ternifolia Flowers, Leaves and Stems against
MDA and SiHa Cells

As shown in Figures 2 and 3, the extracts have a cytotoxic effect on the MDA and SiHa
cell lines, which is more pronounced in the SiHa case. As can be seen from the tabulated
results, while all extracts had a dose-dependent effect, the extracts from the leaves and
stems obtained using MeOH and AcOEt exhibited the highest cytotoxicity on the SiHa cell
line, while the lowest cytotoxicity was measured in the extracts from flowers and stems
obtained using hexane.

It can also be concluded from Figure 2A that the flowers extract in ethyl acetate had the
greatest cytotoxic effect on the SiHa cell line, while the leaf extract obtained using AcOEt
exhibited the highest inhibition of cell viability (Figure 2B) and the methanolic stem extract
showed the greatest effect on this cell line (Figure 2C).

The corresponding findings related to the MDA cell line are shown in Figure 3, reveal-
ing that the flower extract obtained with ethyl acetate has the greatest cytotoxic effect on
the SiHa cell line (Figure 3A), while the AcOEt- and MeOH-based extracts from the leaves
were the most effective in reducing cell viability (Figure 3B). On the other hand, the hexane
extract caused the greatest inhibition of cell viability at high concentrations (Figure 3C).

When the same tests were performed with the MDA cell line, the ethyl acetate extract
presented the greatest inhibition of cell viability irrespective of the concentration used.
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67



Life 2023, 13, 2319

Life 2023, 13, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 3. Cytotoxic effect of B. ternifolia extracts on the MDA cell line (A) Flowers, (B) Leaves and 
(C) stems in three different solvents. Cells were exposed for 24 h to different concentrations of ex-
tracts, and, after incubation, cell viability was measured using the MTT technique. All values are 
expressed as the mean ± standard deviation of three independent experiments. 

4. Discussion 
The results obtained in the present study indicate that the ABTS•+ method shows a 

greater scavenging capacity than DPPH• for the MeOH, AcOEt and hexane extracts from 

Figure 3. Cytotoxic effect of B. ternifolia extracts on the MDA cell line (A) Flowers, (B) Leaves and
(C) stems in three different solvents. Cells were exposed for 24 h to different concentrations of extracts,
and, after incubation, cell viability was measured using the MTT technique. All values are expressed
as the mean ± standard deviation of three independent experiments.

4. Discussion

The results obtained in the present study indicate that the ABTS•+ method shows a
greater scavenging capacity than DPPH• for the MeOH, AcOEt and hexane extracts from
different parts of the B. ternifolia plant. The ABTS•+ assay produced greater values when
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applied to the extracts: the ABTS•+ method was considered to show higher sensitivity
when applied to plant extracts containing hydrophilic, lipophilic and highly pigmented
antioxidant compounds compared to the DPPH method [26].

Mosquera, focusing on species belonging to the families Euphorbiaceae and Asteraceae,
found significantly higher scavenging percentages when MeOH extracts were tested in
DPPH• above 50%; similar results were found in this investigation (22.13–51.32%), where
a value of more than 25% is considered indicative of active antioxidants [27]. In general,
highly pigmented and hydrophilic antioxidants, such as those at the focus of the current
investigation, tend to have a better response in ABTS•+ assays than in DPPH• [28], sug-
gesting the presence of phenolic acids, flavonoids and other polyphenols that are closely
related to the antioxidant capacity [29,30]. Still, it is worth noting that the DPPH• technique
is more selective, as ABTS•+ does not react with flavonoids that lack hydroxyl groups in
the B-ring, or with aromatic acids that contain a single hydroxyl group [31]. Irrespective of
these differences, in the present study, the antioxidant capacity and the content of phenolic
compounds obtained using both methods correlated with the content of total phenolic
compounds [32].

When the ABTS•+ assay was adopted, the greatest amount of total phenols in the
AcOEt extracts from the B. ternifolia stems and MeOH from the leaves was measured,
along with the highest antioxidant activity, supporting the previous reports related to the
extracts of the same polarity of Palicourea guianensis [33]. As expected, AcOEt extracts
from B. ternifolia flowers and hexane from the stems presented a lower phenol content
and antioxidant capacity, as the total phenol content is closely related to the antioxidant
activity [34]. The chemical complexity of plant extracts makes it difficult to explain and
interpret antioxidant activity.

Due to the complexity of the oxidation–antioxidation processes, it is obvious that
no single test method is able to provide a complete picture of the antioxidant profile of a
sample under study [35].

The ABTS•+ establishing the relationship between the total phenol content and antiox-
idant activity was compared to DPPH•. As noted by Javanmardi et al. [36], the antioxidant
capacity of phenolic compounds mainly stems from their redox properties, which play an
important role in neutralizing free radicals at the cellular level. Accordingly, in several
members of the Rubiaceae family—such as Palicourea petiolaris wemh, Palicourea andaluciana
and Palicourea thyrsiglora—antioxidant activity has already been confirmed [27]. Given
the intricate nature of plant extracts, elucidating antioxidant activity remains a complex
task. It is evident that no single test method can comprehensively depict the complete
antioxidant profile of a given sample. The ABTS•+ assay proves to be particularly valu-
able in establishing the relationship between total phenol content and antioxidant activity,
surpassing the capabilities of the DPPH•method. This underscores the significance of the
redox properties of phenolic compounds in neutralizing free radicals at the cellular level,
as evidenced by previous studies in certain members of the Rubiaceae family. It is worth
noting that, as of now, there are no existing reports on the total phenols in species of the
genus Bouvardia.

In the present study, the MeOH and AcOEt leaf extracts contained a higher amount of
tannins, 134.71 and 257.64 mg CATE/g, respectively. These values are lower than those
reported for Simira mexicana and Randia echinocarpa leaf extracts, namely 7.58 and 1.06 mg
CATE/g, respectively. However, phenol content is not indicative of tannin production,
as phenols can give rise to other compounds such as phenolic acids, stilbenes, lignans,
phenolic alcohols and flavonoids [37,38].

Tannins are found in all organs or parts of the plant (stems, wood, leaves, seeds and
domes) and can contribute to 2–7% of the fresh weight of the plant, depending on the
species, climate, soil, temperature and other factors [38].

In the present study, when the saponin assay was employed, only the MeOH extract
obtained from flowers showed hemolytic activity at 20 HU/mg, which was expected as
saponins are amphipathic and glycosidic in nature. Accordingly, they can be found in
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solvents of higher polarity [39,40]. Previously, Giraldo and Ramírez reported that extracts
with higher polarity have a higher saponin content for Palicourea guianensis (Rubiaceae)
leaves, supporting the findings reported in this work [33]. On the other hand, in the
250–370 nm and 500–545 nm wavelength ranges, the anthocyanin quantification method
failed to provide any evidence of these compounds [41].

Several factors can influence anthocyanin degradation, including temperature, light,
solvents, storage time and pH [21]. Therefore, the absence or low amount of betalains in
the studied extracts is expected given that these compounds have only been observed in
families of the order Caryophyllales, and Bouvardia belongs to the order Gentianales [42].

Compounds derived from plants, along with their semisynthetic and synthetic coun-
terparts, constitute a prominent reservoir of pharmaceuticals for treating human diseases.
Within the realm of cancer therapy, a key focus lies in identifying plant proteins that exhibit
robust cytotoxic activity while maintaining low toxicity, and that exert diverse mechanisms
of action on tumors. The cell viability results revealed the greater cytotoxic effect of B.
ternifolia leaf and stem extracts compared to flower extracts irrespective of the solvent
used or the cell line. Still, the MeOH leaf extract had the greatest cytotoxic effect on the
MDA-MB-231 cell line, whereas the SiHa cell line was more susceptible to the cytotoxicity
of the MeOH and AcOEt leaf extracts. On the other hand, the AcOEt extracts from the
flowers and leaves and MeOH extract from the stems were the most inhibitory to the
viability of the SiHa cell line.

Currently, no cytotoxicity studies on B. ternofolia have been reported; however, Ru-
pachandra and Sarada studied= the seeds of Borreria hispida, a member of the Rubiaceae
family, which revealed that the seeds have cytotoxic activity against lung (A549) and
cervical (HeLa) cancer cell lines [43].

Within the Rubaceae family, Thai noni/Yor (Morinda citrifolia Linn.) were extracted
using several methods and evaluated against human cancer cell lines: KB (human epider-
moid carcinoma), HeLa (human cervical carcinoma), MCF-7 (human breast carcinoma) and
HepG2 (human hepatocellular carcinoma) cell lines, as well as a Vero (African green mon-
key kidney) cell line, employing the MTT colorimetric method, and the dichloromethane
extract of the leaves had a higher inhibitory effect on the HeLa cells [44].

However, as the cytotoxic activity of B. ternifolia on the cervical carcinoma cell line
SiHa has never been reported, direct comparisons of the results obtained in this work are
not possible.

In the MDA-MB-231 cells, the greatest inhibition of viability was achieved by the
hexane extracts from flowers and stems and AcOEt extracts obtained from leaves. In
other studies, the cytotoxic activity of Chiococca alba, Hamelia patens extracts showed no
cytotoxic activity in Hep-G2 and MDA-MB-231 cells, while Posokeria latifolia extracts yielded
10.56% inhibition [45]. The ID50 of AcOEt and MeOH leaf extracts (with the values of 75.66
and 72.87 µg/mL, respectively) reflected higher cytotoxic activity. Similar results were
observed for compounds isolated from the branches and leaves of Heinsa crinita, indicating
cytotoxic activity in HL-60, SMMC-7721, A-549, MCF-7 and SW-480 cells, with ID50 in the
3.11–20.12 µg/mL range [46].

MeOH extracts from the leaves and branches of Pavetta indica L. were shown by Nguyen
et al. to exhibit a cytotoxic effect on MDA-MB-231 cells, whereby ID50 = 25.2 µg/mL was
measured at 24 h. Likewise, extracts from the bark of Hymenodictyon excelsum, belonging to
the Rubiaceae family, had significant cytotoxic effects on both MCF-7 and MDA-MB-231 cells,
with an ID50 of 80 and 440 µg/mL, respectively [47].

In previous studies, Morinda citrifolia Linn extract in ethyl acetate also showed a
cytotoxic effect on MCF-7 and MDA-MB-231 cells with an ID50 of 25 and 35 µg/mL, as
well as increased apoptosis in these cell lines, while it arrested the cell cycle in the G1/S
phase in MCF-7 and G0/G1 in MDA-MB-231 -MB-231 [43]. According to the prior analyses
of bouvardin (BVB), deoxybouvardin and its methylated derivatives, which have already
been identified and isolated from B. ternifolia, are capable of inducing the proliferation of
Chinese hamster ovary (CHO) cells, in which BVB reduced the ability to pass through the
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cell cycle [13]. Furthermore, BVB is effective in inhibiting protein synthesis in leukemia
(P388) and melanoma (B16) cells [48].

For future investigations, it is proposed to explore the specific bioactive compounds
within the extracts demonstrating cytotoxic effects, employing techniques such as chro-
matography and spectroscopy to isolate and identify these compounds. Additionally,
mechanistic studies on cytotoxicity should be conducted to elucidate the pathways through
which the identified compounds exert cytotoxic effects on SiHa and MDA-MB-231 cancer
cell lines. This may involve the application of molecular biology techniques to investigate
phenomena like cell cycle arrest, apoptosis, or autophagy induction. Finally, the transition
from in vitro studies to in vivo experiments is needed to validate the observed cytotoxic
effects in cell lines. Animal models must be utilized to assess the safety, bioavailability and
efficacy of B. ternifolia extracts within a more complex biological context.

5. Conclusions

The observed cytotoxic effects of the studied extracts exhibited distinct characteristics
in comparison to the findings reported by other researchers, particularly evident in their
significant impact on both cell lines. The variability in outcomes could potentially be
attributed to differences in the concentration and composition of secondary metabolites
present in the Bouvardia ternifolia plant.

The phytochemical analyses conducted revealed the presence of saponins, tannins and
phenolic compounds. Notably, extracts from the leaves exhibited the highest concentrations
of tannins and phenols, suggesting a potential influential role in cellular viability.

It is noteworthy that this study represents the inaugural exploration utilizing SiHa
and MDA-MB-231 cell lines to assess the cytotoxic effects of Bouvardia ternifolia, thus
contributing novel insights to Mexican traditional medicine. Furthermore, this research
lays the groundwork for future investigations, both biological and phytochemical, aimed
at comprehensively understanding the therapeutic potential and chemical constituents of
this plant species.
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Abstract: Cardiac hypertrophy is developed by various diseases such as myocardial infarction,
valve diseases, hypertension, and aortic stenosis. Sibjotang (十棗湯, Shizaotang, SJT), a classic
formula in Korean traditional medicine, has been shown to modulate the equilibrium of body fluids
and blood pressure. This research study sought to explore the impact and underlying process of
Sibjotang on cardiotoxicity induced by DOX in H9c2 cells. In vitro, H9c2 cells were induced by
DOX (1 µM) in the presence or absence of SJT (1–5 µg/mL) and incubated for 24 h. In vivo, SJT was
administrated to isoproterenol (ISO)-induced cardiac hypertrophy mice (n = 8) at 100 mg/kg/day
concentrations. Immunofluorescence staining revealed that SJT mitigated the enlargement of H9c2
cells caused by DOX in a dose-dependent way. Using SJT as a pretreatment notably suppressed
the rise in cardiac hypertrophic marker levels induced by DOX. SJT inhibited the DOX-induced
ERK1/2 and p38 MAPK signaling pathways. In addition, SJT significantly decreased the expression
of the hypertrophy-associated transcription factor GATA binding factor 4 (GATA 4) induced by
DOX. SJT also decreased hypertrophy-associated calcineurin and NFAT protein levels. Pretreatment
with SJT significantly attenuated DOX-induced apoptosis-associated proteins such as Bax, caspase-3,
and caspase-9 without affecting cell viability. In addition, the results of the in vivo study indicated
that SJT significantly reduced the left ventricle/body weight ratio level. Administration of SJT
reduced the expression of hypertrophy markers, such as ANP and BNP. These results suggest that SJT
attenuates cardiac hypertrophy and heart failure induced by DOX or ISO through the inhibition of the
calcineurin/NFAT/GATA4 pathway. Therefore, SJT may be a potential treatment for the prevention
and treatment of cardiac hypertrophy that leads to heart failure.

Keywords: heart failure; heart diseases; apoptosis; H9c2 cell; isoproterenol

1. Introduction

Heart failure is a disease caused by insufficient blood supply to the body due to cardiac
dysfunction and is well known as a leading cause of morbidity and mortality worldwide [1].
Cardiac remodeling has characteristics of heart failure, including myocardial hypertrophy,
fibrosis, and progressive ventricular expansion [2]. Cardiac hypertrophy is developed
by various diseases such as myocardial infarction, valve diseases, hypertension, and
aortic stenosis [3]. Cardiac hypertrophy is well known for its characteristics including the
thickening of heart muscles and is associated with chronic heart failure [4]. It is established
that hypertrophy and apoptosis in cardiomyocytes occur in the progression of heart failure
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and arrhythmias [3]. Therefore, myocardial hypertrophy is one of the most frequent causes
of heart failure and is a critical sign of a negative prognosis.

Doxorubicin (DOX), the most potent and widely used anthracycline, has been used
to treat malignancies like leukemias, lymphomas, soft tissue sarcomas, and other solid
tumors [5]. Anthracyclines have been known to induce cancer cell death by a variety of
mechanisms including inhibition of the topoisomerase II enzyme, damage to cell mem-
branes, and generation of free radicals [6–8]. In addition, anthracyclines have been shown
to modulate various signaling pathways including the apoptosis pathway [9]. However,
the anti-neoplastic application of DOX is limited by its side effects, which result in car-
diac hypertrophy, fibrosis, and cell death [10–12]. DOX-induced cardiotoxicity has been
attributed to apoptosis, oxidative stress, mitochondrial impairment, DNA strand breaks,
sarcomere structural alterations, and calcium overloading [13,14].

In the mammalian heart, cardiomyocytes and cardiac fibroblasts account for 90% of
the cells in the myocardium. Cardiomyocytes are key cells not only in the maintenance
of cardiac structure but also in the contraction function of heart. The contraction function
of heart is associated with cytoskeletal structures, which act in myosin-based contractile
systems [15,16]. Stress fibers, a key component of cytoskeletal structures, are seen in almost
all prominent cardiovascular disorders such as hypertension, cardiac fibrosis, cardiomy-
opathy, valvular heart diseases, and heart failure [17]. Stress fibers are contracted under
stress and are composed of a filamentous actin (F-actin). In addition, it is well established
that stress fiber formation is discovered in cardiac hypertrophy [18].

Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) are major hor-
mones produced by the heart, and these hormones play a role in regulating the heart and
blood pressure [19,20]. Previous studies have demonstrated the clinical utility of ANP
and BNP in the assessment of the severity of heart failure, particularly left ventricular
systolic dysfunction [21,22]. Functionally distinct, the two types of cardiac MHC isoforms,
alpha-myosin heavy chain (α-MHC) and beta-myosin heavy chain (β-MHC), are expressed
influenced by developmental processes and hormonal factors [23]. The expression ratio
of these two isoforms can vary in conditions like heart failure or cardiac hypertrophy [24].
The increased expression of β-MHC can serve as an early sensitive indicator of cardiac
hypertrophic response [25]. Myosin light chain-2v (MLC-2v), a ventricular myosin light
chain, is essential for the formation of thick filaments in heart muscle cells and is linked to
inherited hypertrophic cardiomyopathy [26,27].

MAPK (Mitogen-Activated Protein Kinase) is an important kinase family responsible
for mediating various signals within cells. Among this family, ERK1/2 (Extracellular Signal-
Regulated Kinase 1/2) primarily plays a role in transmitting signals related to cell growth,
division, and survival. It was established that the ERK1/2 MAPK pathways participate
in hypertrophic signaling in cardiac myocytes [28,29]. ERK1/2 MAPK is stimulated by
diverse neurohumoral triggers and by the stretching of cardiac myocytes, both in cultured
cells and in vivo [30]. Previous studies have demonstrated that ERK1/2 also plays a role
in the regulation of GATA4 phosphorylation, a transcription factor [31]. In the heart,
p38 MAPK is a part of a crucial signaling pathway involved in cellular stress responses
and inflammation reactions. p38 MAPK is activated by various external signals, such
as cellular stress, cytokines, and cardiac damage. Activation of p38 MAPKs is necessary
for the binding of GATA4 to the BNP gene induced by hypertrophic agonists and is
sufficient for GATA-dependent BNP gene expression [31,32]. GATA4, a transcription factor,
serves as a key regulator of cardiac genes in normal cardiac development and pathological
hypertrophy [33]. In cardiac myocytes, GATA4 is primarily phosphorylated in response to
agonist stimulation through the MEK1-ERK1/2 pathway, while the JNK1/2 or p38 MAPK
pathways have weaker effects [34]. Furthermore, GATA4 controls the expression of various
genes, encompassing α-MHC, β-MHC, cardiac troponin-C, ANP, and BNP [35]. Excessive
calcium accumulation increases the activation of calcineurin which also dephosphorylates
the nuclear factor of activated T cells (NFAT) and triggers its translocation from the cytosol
to the nucleus causing hypertrophy [36,37]. The nuclear factor of activated T cells (NFAT)
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is a transcription factor family that mediates various intracellular signaling pathways. The
NFAT family comprises several members (NFAT1, NFAT2, NFAT3, NFAT4, and NFAT5),
each having specific functions in different cell types and tissues. NFAT is primarily activated
through pathways associated with calcium signaling and plays crucial roles in various
cellular functions, notably in cell activation, differentiation, and survival [36]. Among them,
NFAT3 (NFATc4) is expressed especially in the heart. The Calcineurin–NFAT (Calcineurin–
Nuclear Factor of Activated T-cells) pathway is one of the primary regulatory mechanisms
for cardiac hypertrophy, modulating the expression of specific genes that influence the size
and function of cardiac cells. In particular, the activation of this pathway promotes the
increased expression of cardiac hypertrophy-related genes such as SKA (skeletal α-actin),
β-MHC, and BNP [38,39].

In response to apoptotic stimuli, pro-apoptotic members of the Bax and the Bcl-2
family are activated on the mitochondria to induce the release of cytochrome c. Released
cytochrome c results in the formation of the apoptosome and the apoptosome activates
caspase-9, which leads to the activation of caspase-3. This process leads to the same type of
apoptotic response as observed for the extrinsic pathway [40–42].

In traditional Korean medicine, various herbal prescriptions have been used for the
treatment of heart diseases. Sibjotang (SJT, Shizaotang in Chinese, Jyusoto in Japanese) was
recorded in a traditional Chinese medical book named “Shanghan Lun” and a traditional Ko-
rean medical book named “Donguibogam”. SJT has been recorded to be used extensively for
symptoms accompanied by edema. SJT is composed of four component herbal medicines:
Euphorbia kansui, Euphorbia pekinensis, Daphne genkwa, and Ziziphus jujube. Recently, SJT has
been known to have anti-inflammatory, anti-tumor, and anti-allergy effects [43]. In a previ-
ous study, compounds of SJT were identified as salvianolic acid B, rosmarinic acid, apigenin
7-O-β-glucuronide, apigenin, and yankanin by analysis of 1D and 2D NMR. Additionally,
it is reported that SJT increased the positive inotropic effect in rabbit atria [44]. However,
research on whether SJT improves cardiac dysfunction caused by cardiac hypertrophy has
not yet been conducted. This study investigated the protective effect of SJT on cardiac
hypertrophy through the regulation of the calcineurin/NFAT/GATA4 pathway.

2. Materials and Methods
2.1. Chemicals and Materials

Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), 0.05% trypsin-
EDTA, antibiotic-antimycotic, and Alexa Fluor™ 488 Phalloidin (A12379) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Doxorubicin (sc-280681), primary
antibody p38 (1:1000; sc-7972), ERK1/2 (1:1000; sc-135900), p-ERK1/2 (1:1000; sc-7383),
p-GATA4 (1:500; sc-377543), Bcl-2 (1:500; sc-7382), Lamin B1 (1:2000; sc-374015), and β-
actin (1:2000; sc-47778) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA);
p-p38 (1:1000; #9211), JNK (1:1000; #9252), p-JNK (1:1000; #9251), NFAT3 (1:1000; #2188),
Caspase-9 (1:1000; #9502), Caspase-3 (1:1000; #9665), Bax (1:1000; #2772), and α-tubulin
(1:1000; #2144) were purchased from Cell signaling technology (Danvers, MA, USA);
Calcineurin (1:1000; 610259) was purchased from BD Bioscience (San Jose, CA, USA).

2.2. Preparation of Sibjotang

SJT consists of four herbs, Euphorbia kansui, Euphorbia pekinensis, Daphne genkwa, and
Ziziphus jujube. The botanical ingredients Euphorbia kansui, Euphorbia pekinensis, Daphne
genkwa, and Ziziphus jujube were sourced from the Herbal Medicine Cooperative Association
in Iksan, Jeonbuk, Korea. Reference samples of SJT, labeled as HBG132, were cataloged
and stored at the Herbarium of the Professional Graduate School of Oriental Medicine at
Wonkwang University, located in Iksan, Korea. The manufacturing method follows the
regimen based on a Sanghanlun scale. Euphorbia kansui, Euphorbia pekinensis, and Daphne
genkwa were scored the same weight of 37.5 g and Ziziphus jujube was scored as 85 g. The
dried pre-SJT herb (500 g) was subjected to extraction using 2000 mL of distilled water at a
temperature of 100 ◦C for a duration of 4 h. Post-extraction, the mixture was passed through
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Whatman No. 5 filter paper and later centrifuged at a speed of 3000 rpm for a period of
10 min at a temperature of 4 ◦C. The supernatant was then condensed using a rotary
vacuum evaporator (Model N-11, manufactured by Tokyo Rikakikai, Tokyo, Japan). Finally,
the concentrated extract was freeze-dried using a lyophilizer (PVTFD10RS, IlsinBioBase,
Yangju, Republic of Korea) and retained at −70 ◦C until required. The powdered form
of Sibjotang was dissolved in PBS at a 1000-fold higher concentration before being used
in in vitro experiments and prepared as a stock solution. For instance, to achieve a final
concentration of 5 µg/mL for STJ treatment, we prepared a stock solution of SJT with a
concentration of 5 mg/mL.

2.3. HPLC Fingerprinting Analysis of SJT

HPLC fingerprinting analysis of the SJT and its authentic standards (apigenin, api-
genin 7-O-β-glucuronide, rosmarinic acid, and salvianolic acid B) was conducted using a
Shimadzu Prominence LC-20A series system (Shimadzu Co., Kyoto, Japan) coupled with a
photodiode array (PDA) detector and an analytical column (SunFire C18, 250 × 4.6 mm,
5 µm, Waters, Milford, MA, USA). The SJT and its standard solution were analyzed using
a sequential gradient mobile phase system of 0.1% (v/v) aqueous formic acid (mobile
phase A) and 0.1% (v/v) formic acid in acetonitrile (mobile phase B), namely, 10% B (ini-
tial), 50% B (25 min; hold for 5 min), and 10% B (40 min; hold for 10 min). The flow
rate was 1.0 mL/min and the injection volume was 10.0 µL. The column thermostat and
auto-sampler were maintained at 40 ◦C and room temperature, respectively. The chromato-
graphic data were processed by the LabSolutions software (version 5.117, Shimadzu Co.).
Each standard stock solution for quantitative determination was prepared at 1.0 mg/mL
using methanol. The SJT solution for quantitative analysis was dissolved in 70% (v/v)
methanol at a concentration of 100 mg/10 mL and then subjected to ultrasonic extraction
for 1 h. To quantify two components (apigenin 7-O-β-glucuronide and salvianolic acid B),
the prepared SJT solution was diluted 10-fold and then analyzed.

2.4. Cell Culture

The rat-derived H9c2 cardiomyocytes (CRL-1446) were purchased from the American
Type Culture Collection (Manassas, VI, USA). Cells were cultured in DMEM supplemented
with 1% penicillin-streptomycin antibiotic-antimycotic mixture, 2 mM glutamine, 1.5 g/L
sodium bicarbonate, 3.5 g/L glucose, and 10–15% fetal bovine serum (FBS). Culturing
was maintained in a humidified incubator at 37 ◦C with 95% air and 5% CO. When
cell confluence reached approximately 80–90%, cells were detached using Trypsin-EDTA
solution, and the culture medium was replaced every three days.

2.5. Cell Viability Assay

Cytotoxicity was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. H9c2 cells were seeded in a 96-well culture plate at a density
of 1 × 104 cells per well. They were then cultured in serum-free DMEM with various
concentrations of SJT for 24 h. Subsequently, 10 µL of MTT solution (0.5 mg/mL) was
added to each well, and the plates were incubated for an additional 4 h at 37 ◦C. After
that, the MTT solution was removed and 100 µL of dimethyl sulfoxide (DMSO, Amresco
Inc., Dallas, TX, USA) was added to each well. The absorbance of the solubilized formazan
was measured at 595 nm using a spectrofluorometer (F-2500, Hitachi, Tokyo, Japan). The
absorbance served as an indicator of cell viability, with it being standardized to cells
cultured in the control medium, which were deemed to be 100% alive.

2.6. Animals and Treatment

Male ICR mice (23–25 g) were purchased from Chengdu Da Shuo Experimental
Animal Co., Ltd. (Chengdu, China). The mice were bred in standard plastic cages with a
controlled temperature (22 ± 3 ◦C) and a 12:12 light–dark cycle, and they were provided
with free access to food and water in the animal facility. The experiment was carried out
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by caring for three animals in a cage dedicated to animals. SJT pretreatment (100 mg/kg)
was administered for 7 days, then ISO (30 mg/kg body weight) dissolved in saline was
injected subcutaneously for 7 consecutive days. The doses administrated were comparable
to those used in mice studies when normalized by body surface area. The control and
treatment groups were randomly divided into groups, and the order of randomization
was determined by randomization by the researcher with all animals placed in large cages.
Control group: fed normal diet and subcutaneous injection of PBS (n = 6). ISO group:
normal diet and subcutaneous injection of ISO (30 mg/kg·day, n = 6). SJT 100 group:
normal diet, SJT treatment 100 mg/kg·day, and subcutaneous injection of ISO (n = 6). PRO
group: normal diet, propranolol treatment 10 mg/kg·day, and subcutaneous injection of
ISO (n = 6). The number of animals used in the experiment was 24. The ratio of heart weight
to body weight was used as an index of cardiac hypertrophy. Mice were anesthetized with
4% isoflurane using an N2O & O2 flowmeter system (Harvard Apparatus, Small Animal
Ventilator, Harvard, MA, USA) mounted on an Anesthesia Tabletop Bracket. The abdominal
artery was then incised to sacrifice the animals. All management and use of experimental
animals were conducted in accordance with the guidelines of the National Institute of
Health and were approved by the Animal Experimental and Utilization Committee of
Wonkwang University School of Medicine (approval number: WKU 20-115). Animal
cages were repositioned twice a week to minimize potential confounding factors such as
treatment and measurement order or animal/cage location. One researcher conducted one
analysis, and the experiment was conducted at the same time with the minimum required
time. Information on group assignments, etc., at different stages of the experiment (during
assignment, conduct of experiment, evaluation of results, and data analysis) was known
only to the research director and was not disclosed at the time of analysis. All animals
used in the experiment were subjected to the study after a one-week adaptation period. All
research procedures were randomized and designed to generate groups of equal size using
blinded analysis methods.

2.7. Cell Size and Stress Fiber Formation

H9c2 cells were plated in a 6-well plate at a density of 4.5 × 105 cells per well and
grown at 37 ◦C. To assess the full effect of SJT, it was incubated in serum-free media for
14 h before processing. H9c2 cells were treated with SJT (1, 5 g/mL), and 30 min later, they
were treated with DOX. After Doxorubicin treatment, they were incubated for 24 h or an
appropriate time for each experiment. H9c2 cells were fixed with a 3.7% formaldehyde
solution in PBS buffer for 10 min at room temperature. The cells were then permeabilized
with 0.1% Triton X-100 for 5 min at room temperature and incubated in PBS containing
1% BSA for 30 min at 37 ◦C. To visualize F-actin, the cells were stained with phalloidin-
Alexa488 (A12379, Thermo Fisher, Waltham, MA, USA) for 20 min at room temperature.
Fluorescent images of the fixed samples were acquired using an inverted microscope,
specifically the EVOS M5000 Cell Imaging System (Thermo Fisher Scientific, Waltham,
MA, USA).

2.8. Immunocytochemical Stain

H9c2 cells were cultured in a 6-well plate at a density of 4.5 × 105 cells per well at
37 ◦C. The cells were incubated in serum-free media for 14 h before processing SJT. The
cells were treated with SJT (5 g/mL), and 30 min later, they were treated with Doxorubicin.
After Doxorubicin treatment, they were incubated for 24 h. H9c2 cells were fixed with
3.7% formaldehyde solution in PBS buffer for 10 min at room temperature. Cells were
permeabilized in 0.1% Triton X-100 for 5 min at RT and incubated in PBS containing 1%
BSA for 30 min at 37 ◦C. Cells were stained with primary antibody overnight at 4 ◦C to
visualize phospho-GATA4 (1:500; sc-377543). After washing, the corresponding secondary
antibody was labeled with Alexa Fluor 488 (1:500; Molecular Probes, Eugene, OR) for 1 h at
RT. Fluorescent images of fixed samples were acquired on an inverted microscope, using
an Eclipse Ti-U inverted microscope (Nikon, Minato, Tokyo, Japan).
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2.9. RNA Isolation and Real-Time PCR

Total cellular RNA was extracted using TRIzol reagent (Ambion, Carlsbad, CA, USA).
cDNA synthesis was performed using the extracted mRNA through a reverse transcription
reaction using the SimpliAmp Thermal Cycler (Life Technologies, Carlsbad, CA, USA).
The sequences of primers and probes were as follows: ANP (forward: 5′-GCT CGA GCA
GAT CGC AAA AG-3′, reverse: 5′-GAG TGG GAG AGG TAA GGC CT-3′), BNP (forward:
5′-AGC CAG TCT CCA GAA CAA TCC A-3′, reverse: 5′-TGT GCC ATC TTG GAA TTT
CGA-3′), β-MHC (forward: 5′-CAG AAC ACC AGC CTC ATC AA-3′, reverse: 5′-CCT CTG
CGT TCC TAC ACT CC-3′), α-tubulin (forward: 5′-GAC CAA GCG TAC CAT CCA GT-3′,
reverse: 5′-CCA CGT ACC AGT GCA CAA AG-3′). Real-Time PCR was conducted using
the Step-One Real-Time PCR System, initiating with a denaturation step at 95 ◦C for 10 min,
followed by 40 cycles of 15 s at 95 ◦C and 60 s at 60 ◦C (Product No. 4376600, Applied
Biosystems, Foster City, CA, USA). Each RNA sample was assessed three times. The
resulting mRNA abundance data were normalized against α-tubulin mRNA abundance.
Melting curve analysis was performed on PCR products, and the relative mRNA expression
was determined using the 2−∆∆Ct method. GAPDH was employed as the internal reference
gene, and the mean Ct values were normalized to GAPDH.

2.10. Western Blot Analysis

Briefly, an average of 0.13 g of heart tissue was chopped and ground using a glass
homogenizer on ice, followed by mixing it with 500 µL of RIPA buffer for 30 min on ice. The
solution was then centrifuged at 13,000× g for 30 min at 4 ◦C, and the resulting supernatant
was collected. H9C2 cells were cultured in a 100 mm dish at a density of 2.5 × 106 cells
per well at 37 ◦C. They were treated with SJT (5 µg/mL), and 30 min later, they were
treated with Doxorubicin. Doxorubicin treatment was followed by a 24 h incubation of
the cells or until the necessary expression occurred. Protein lysis was performed using
WSE-7420 EzRIPA Lysis buffer (EzWestLumi plus, ATTO Technology, Amherst, New York,
NY, USA), supplemented with Protease Inhibitor and Phosphatase Inhibitor. The cell
lysate (containing 30 µg of protein) was separated using 10% SDS-polyacrylamide gel
electrophoresis (PAGE) and transferred onto a nitrocellulose membrane. The membrane
was blocked with 5% BSA powder in TBS-T buffer (10 mM Tris-HCl, pH 7.6, 150 mM
NaCl, 0.05% Tween-20) for 1 h, following the supplier’s recommendation. It was then
incubated with an appropriate primary antibody in a recommended dilution solution. After
washing, the primary antibody was detected using a horseradish peroxidase-conjugated
secondary antibody against rabbit IgG (A120-101P) and mouse IgG (A90-116P), and the
bands were visualized using an enhanced chemiluminescence system (EzWestLumi plus,
ATTO Technology, Amherst, New York, NY, USA). The protein expression levels were
determined by analyzing the captured signals on the nitrocellulose membrane using a
Chemi-doc image analyzer (iBright FL100, Thermo Fisher Scientific, Waltham, MA, USA).

2.11. Preparation of Cytoplasmic and Nuclear Extracts

Nuclear extraction followed the manuals for NE-PER Nuclear and Cytoplasmic Ex-
traction Reagents (Thermo Scientific™, Waltham, MA, USA). For cell culture preparation,
adherent cells were harvested using trypsin-EDTA and centrifuged at 500× g for 5 min,
while suspension cells were collected by centrifugation at 500× g for 5 min. After washing
with PBS, 1–10 × 106 cells were transferred to a 1.5 mL microcentrifuge tube, pelleted at
500× g for 2–3 min, and the supernatant was carefully removed. Then, ice-cold CER I was
added to the cell pellet, and the procedure for Cytoplasmic and Nuclear Protein Extraction
was followed using the reagent volumes specified in the reagent manual. In this extraction
process, the cell pellet was vigorously vortexed, incubated on ice, and mixed with CER
II before centrifugation to obtain the cytoplasmic extract. The insoluble pellet fraction
containing nuclei was suspended in ice-cold NER, vortexed intermittently, and centrifuged
to yield the nuclear extract. Both extracts were stored at −80 ◦C until further use.
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2.12. Histopathological Analysis

For histopathological analysis, the hearts were randomly selected from each group
and euthanized using isoflurane. Samples were collected from the hearts of other groups
and fixed in 10% saline solution for 24 h. The samples were then washed with tap water,
dehydrated using a series of alcohol dilutions, cleared in xylene, and embedded in paraffin
at 56 ◦C for 24 h in a hot water oven. Paraffin wax tissue blocks were prepared for sectioning
at a thickness of 4 µm using a microtome. The generated tissue sections were collected on
glass slides, deparaffinized, stained with hematoxylin and eosin, and examined using an
optical microscope (EVOS™ M5000, Thermo Fisher Scientific, Bothell, WA, USA).

2.13. Statistical Analysis

All experiments were repeated at least three times and statistical analyses were per-
formed with the t-test. Results were expressed as mean ± standard error (S.E.), and data
were analyzed using one-way analysis of variance followed by Student’s t-test to determine
any significant differences. p < 0.05 was considered as a statistically significant difference.

3. Results
3.1. HPLC Fingerprinting Analysis of SJT

The typical three-dimensional HPLC chromatogram of SJT is shown in Figure 1.
The authentic standards (apigenin, apigenin 7-O-β-glucuronide, rosmarinic acid, and
salvianolic acid B) were already known to be isolated from each single extract of SJT. Au-
thentication of these four constituents in SJT was performed by comparison of retention
time and the specific absorption spectra pattern in between peaks of authentic standards
and SJT. The four peaks observed in the SJT chromatogram and its standards apigenin,
apigenin 7-O-β-glucuronide, rosmarinic acid, and salvianolic acid B perfectly matched in
the parallel chromatogram. Moreover, the specific UV absorption spectra pattern of SJT
and its four standards showed the same patterns in the 190–400 nm wavelength range
with maximum and minimum absorption at those spectral scanning ranges. Therefore,
the four major peaks observed in the SJT chromatogram were identified as rosmarinic
acid, apigenin 7-O-β-glucuronide, salvianolic acid B, and apigenin. The calibration curve
was measured in the ranges of 0.63–10.00 (apigenin), 1.25–20.00 µg/mL (apigenin 7-O-β-
glucuronide), and 2.50–40.00 µg/mL (rosmarinic acid and salvianolic acid B). The calibra-
tion curves for rosmarinic acid, apigenin 7-O-β-glucuronide, salvianolic acid B, and api-
genin were y = 29622.35x − 5060.67, y = 37934.35x − 1671.49, y = 12314.68x − 3764.01, and
y = 77610.17x− 2204.89, respectively, and the coefficients of determination were all > 0.9999.
Quantification of these four constituents in SJT sample was monitored at 290 nm (salvianolic
acid B), 330 nm (rosmarinic acid), and 335 nm (apigenin 7-O-β-glucuronide and apigenin).
Four constituents (apigenin, apigenin 7-O-β-glucuronide, rosmarinic acid, and salviano-
lic acid B) were detected at concentrations of 1.74, 6.26, 10.71, and 0.38 mg/lyophilized
g, respectively.

3.2. Effect of SJT on DOX-Induced H9c2 Cell Death

MTT assays were performed to evaluate the cytotoxic effect of SJT on H9c2 cells. As
shown in Figure 2, SJT did not alter cell viability at the range of 1–5 µg/mL (>90% cell
viability). However, incubation with 10–50 µg/mL SJT significantly decreased cell viability.
Thus, SJT was experimented with at a non-cytotoxic concentration (less than 10 µg/mL)
in H9c2 cells (Figure 2A). Treatment with DOX for 24 h resulted in decreased cell viability
in H9c2 cells. Pretreatment with SJT was observed to alleviate cell damage and cell death
(Figure 2). Cell viability was assessed using the MTT assay and normalized to the untreated
group, presented as a percentage (the control group was considered 100% cell viability).
Elevated cell viability was achieved with a high-dose SJT treatment (p < 0.001) compared to
the Model (DOX only) group (Figure 2B).
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Figure 1. Three-dimensional HPLC chromatogram of SJT.

Figure 2. Effect of SJT on DOX–induced H9c2 cell death. (A) Cells were treated with concentrations
(0–50 µg/mL) of SJT for 24 h. (B) H9c2 cells were exposed to doxorubicin (1 µM) while treated with
or without SJT at concentrations of 1, 2, and 5 µg/mL for 24 h. Cell viability was measured by Cell
Cytotoxicity Assay. The data are expressed as a percentage of basal value and are the means ± S.E of
five independent experiments. *** p < 0.001, ** p < 0.01 vs. control, ### p < 0.001, # p < 0.05 vs. DOX.

3.3. Effect of SJT on DOX-Induced Cardiac Hypertrophy in H9c2 Cells

Immunofluorescence assays were performed to determine the effect of SJT on cell
stress fiber formation using the antibody against F-actin. The results determined that the
DOX-increased cell size was completely abolished by pretreatment with SJT (Figure 3A).

To evaluate the effects of SJT on hypertrophy induced by DOX, H9c2 cells were
pretreated for 30 min with 1–5 µg/mL SJT prior to 1 µM DOX exposure. As shown in
Figure 3B, MLC-2v and β-MHC protein expressions induced by DOX were inhibited by
SJT. In addition, SJT significantly inhibited ANP, BNP, and β-MHC mRNA expressions in
DOX-induced H9c2 cells (Figure 3C).
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Figure 3. Effect of SJT on DOX–increased cardiac hypertrophy in H9c2 cells. (A) H9c2 cells were
pretreated with SJT (2, 5 µg/mL) for 30 min and then stimulated with doxorubicin (1 µM) for 24 h.
Cells were stained with Alexa Fluor™ 488 Phalloidin F-actin. Cell size was quantified by measuring
the surface area of the cells. (B) Effect of SJT on DOX–induced hypertrophic protein expression. The
protein levels of MLC–2v and β–MHC were determined by Western blot analysis. (C) ANP, BNP,
and β–MHC mRNA expressions were analyzed using Real–Time PCR. The data are expressed as a
percentage of basal value and are the means ± S.E of three independent experiments. *** p <0.001 vs.
control, ### p < 0.001, ## p < 0.01, # p < 0.05 vs. doxorubicin.

3.4. Effect of SJT on DOX-Induced Phosphorylation of p38 and ERK1/2

The activation of MAPK signaling pathways is known to be important in cardiac
hypertrophy. In this study, we investigated the effect of SJT pretreatment on the activa-
tion of MAPK signaling during cardiac hypertrophy, focusing on JNK, ERK1/2, and p38.
Among these signaling factors, DOX stimulation led to the activation of phospho-p38.
However, pretreatment with SJT completely attenuated the DOX-induced increase in p38
phosphorylation. Similarly, DOX induced the phosphorylation of ERK1/2, but this increase
was attenuated by pretreatment (Figure 4A). Stimulation with DOX significantly enhanced
the phosphorylation of ERK1/2 in H9c2 cells, and this increase was significantly reduced
by pretreatment with SJT (Figure 4B). However, no activation of JNK MAPK was observed
following DOX stimulation (Figure 4C).
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Figure 4. Effect of SJT on DOX–induced phosphorylation of p38 and ERK. H9c2 cells were pretreated
with SJT (1–5 µg/mL) for 30 min and then treated with doxorubicin (1 µM) for 1 h. (A) p38, (B) ERK,
and (C) JNK MAPK protein expressions were analyzed using Western blot analysis. p38, ERK, and
JNK protein levels were used as loading controls. *** p < 0.001, * p < 0.05 vs. control, ### p < 0.001,
## p < 0.01, # p < 0.05 vs. DOX.

3.5. Effect of SJT on DOX-Induced Calcineurin/NFAT/GATA4 Pathway

GATA4, an important transcription factor related to cardiac hypertrophy, promotes
cardiac hypertrophic marker proteins including ANP, BNP, and β-MHC. This result deter-
mined whether DOX-induced hypertrophy was associated with p-GATA4 using Western
blot analysis and immunostaining. SJT inhibited the DOX-induced phosphorylation pro-
tein expression of GATA4 in H9c2 cells (Figure 5A). To confirm the consistency with the
results of the Western blot analysis, immunofluorescence staining was performed using
the phosphor-GATA4 antibody. Nuclei were stained with DAPI (blue) and p-GATA was
stained with Alexa Fluor 488. As a result, DOX increased p-GATA4 phosphorylation in
the nucleus, but phosphorylation was significantly decreased in the case of treatment
with SJT (Figure 5B). In addition, SJT inhibited DOX-induced calcineurin expression in a
dose-dependent manner (Figure 5C).
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As shown in Figure 6A, DOX enhanced calcineurin protein expression, whereas it 
was inhibited by SJT. In addition, NFAT3 levels were also enhanced in DOX-induced 
H9c2 cells. However, this elevation was significantly attenuated by SJT. Therefore, these 
results suggest that SJT improves cardiac hypertrophy by regulating the calcineu-
rin/NFAT/GATA4 pathway. 

Figure 5. Effect of SJT on DOX–induced GATA–4 and Calcineurin. H9c2 cells were pretreated with
SJT (1–5 µg/mL) for 30 min and then treated with DOX (1 µM) for 90 min and 24 h. (A) The protein
levels of phosphorylated GATA–4 were determined by Western blot analysis. (B) Immunofluorescent
images of p–GATA–4 nuclear translocation under the laser scanning confocal microscopy are shown
(magnification. 400×). Nuclei were stained with DAPI (blue) and p–GATA–4 was stained with Alexa
Fluor 488 (green) (immunofluorescence, 200×). (C) Calcineurin protein expression was analyzed
using Western blot analysis. The results are expressed as the mean ± SE values of three experiments.
*** p < 0.001, ** p < 0.01 vs. control, ### p < 0.001, ## p < 0.01 vs. DOX.

As shown in Figure 6A, DOX enhanced calcineurin protein expression, whereas it was
inhibited by SJT. In addition, NFAT3 levels were also enhanced in DOX-induced H9c2 cells.
However, this elevation was significantly attenuated by SJT. Therefore, these results suggest
that SJT improves cardiac hypertrophy by regulating the calcineurin/NFAT/GATA4 pathway.
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Figure 6. Effect of SJT on DOX–induced NFAT expression. H9c2 cells were pretreated with SJT
(1–5 µg/mL) for 30 min and then treated with DOX (1 µM) for 90 min and 24 h. (A) NFAT–3 protein
expressions were analyzed using Western blot analysis. (B) Effect of SJT on nuclear translocation
of NFAT–3 was confirmed in H9c2 cells exposed to DOX. The results are expressed as the mean
± SE values of three experiments. *** p < 0.001, ** p < 0.01 vs. control, ### p < 0.001, ## p < 0.01,
# p < 0.05 vs. DOX.

3.6. Effect of SJT on DOX-Induced Cardiac Apoptosis

To clarify the effect of SJT on apoptosis in H9c2 cells exposed to DOX, we performed
Western blot analysis in H9c2 cells. DOX induced cleaved caspase-3, cleaved caspase-9, and
Bax protein expression, whereas SJT inhibited DOX-induced cleaved caspase-3, cleaved
caspase-9, and Bax protein expression (Figure 7A–C). In addition, DOX decreased Bcl-2
protein expression, whereas pretreatment of SJT increased DOX-inhibited Bcl-2 protein
expression (Figure 7D). Based on these results, it can be inferred that SJT may improve
cardiac hypertrophy-induced heart failure by enhancing the attenuation of DOX-induced
cardiac apoptosis through the modulation of apoptosis-related factors.

3.7. The Effect of SJT on Cardiac Hypertrophy in ISO-Treated Mice

To identify whether SJT has a protective effect on cardiac hypertrophy, we pretreated
mice with SJT (100 mg/kg/day) and then co-administered ISO (30 mg/kg/day). As shown
in Figure 8A,C, the SJT group had reduced heart size and left ventricle/body weight
ratio compared to the control group (p < 0.05). In addition, heart morphology was also
ameliorated by administration of SJT (Figure 8B). We next examined the effects of TGW on
the expression of ANP and BNP, which are markers of cardiac hypertrophy. As shown in
Figure 8D, in the ISO group, there was a significant increase in the protein expression of
cardiac hypertrophic markers in the left ventricle tissue. The SJT group had significantly
reduced ISO-increased ANP and BNP protein expression. These results showed that
administration of SJT (100 mg/kg/day) inhibited cardiac hypertrophy in ISO-treated mice.
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Figure 8. Effect of SJT on ISO–induced cardiac hypertrophy. Effect of SJT on heart size (A) and left
ventricular/body weight (B) in ISO–induced ICR mice. (C) Images of the whole hearts of animal
models. (D) Effect of SJT on cardiomyocyte hypertrophy markers in left ventricular tissues. Mice were
infused with PBS (control), ISO, propranolol 30 mg/kg·day with ISO (PRO), and SJT 100 mg/kg·day
with ISO (SJT–100). Data are expressed as mean ± SE. There are 6 experimental cases. * p < 0.05
vs. Control, ## p < 0.01, # p < 0.05 vs. ISO. BW, body weight; LVW, left ventricular weight; Iso,
isoprenaline; PRO, propranolol.

4. Discussion

Cardiac hypertrophy develops as an adaptive response to various diseases such as
myocardial infarction and hypertension and leads to deterioration of cardiac function
and chronic heart failure [3,4]. SJT has anti-tumor, anti-inflammatory, and anti-allergy
effects [43]. Among the compounds of SJT, salvianolic acid B, rosmarinic acid, and apigenin
attenuate cardiac hypertrophy, ischemia, myocardial infarction, and arrhythmias [30,45,46].
However, the effect of SJT in cardiac hypertrophy has been unclear. Therefore, this study
has demonstrated for the first time that SJT blocks the cardiac hypertrophy induced by
DOX, through the inhibition of the Calcineurin/NFAT/GATA4 pathway.

Stress fibers, commonly known as F-actin and α-actinin, are primarily composed
of bundled actin filaments and serve as the contractile system based on actomyosin in
cells [15]. Dysregulation of stress fiber formation is commonly observed in nearly all major
cardiovascular disorders, including hypertension, myocardial syndrome, heart failure, and
cardiac remodeling after myocardial infarction [17]. In the present study, immunofluores-
cence staining revealed that pretreatment with SJT reduced the DOX-induced cell surface
area by decreasing stress fiber formation (F-actin). A previous study has shown that cardiac
hypertrophy was attenuated by reducing stress fiber formation [18]. Therefore, these results
suggest that SJT decreases cell surface area through attenuating stress fiber formation.

The release of ANP and BNP, cardiac hypertrophic biomarkers, occurs during the
development of cardiac hypertrophy [47]. In addition, one of the typical characteristics
of cardiac hypertrophy is an increase in the expression of β-MHC and MLC-2v [48,49].
This result was examined to find out whether SJT has an inhibitory effect on the mRNA
expression of ANP, BNP, and β-MHC as well as the protein expression of β-MHC and
MLC-2v. These results showed that pretreatment with SJT reduced the expression of ANP
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and BNP in DOX-treated H9c2 cells. In addition, the DOX-induced expression of β-MHC
and MLC-2v was inhibited by pretreatment with SJT. The results of this study demonstrated
that SJT has an inhibitory effect on the DOX-induced expression of ANP, BNP, β-MHC,
and MLC-2v in H9c2 cells. These results suggest that SJT may have a potential role in
cardiac hypertrophy.

Evidence has suggested that the MAPK family including ERK1/2, p38, and JNK
plays pivotal roles in the development of cardiac hypertrophy [50,51]. This result showed
that SJT significantly inhibited the DOX-induced phosphorylation of p38 and ERK1/2. A
previous study has shown that the ERK1/2-GATA4 and p38-GATA4 pathways induced by
Angiotensin II are associated with cardiac hypertrophy in neonatal rat cardiomyocytes [52].
Thus, to investigate the anti-hypertrophic effect of SJT on DOX-treated H9c2 cells, this
study examined the protein expression of p-GATA4. The results of this study revealed that
SJT reduced the DOX-induced phosphorylation of GATA4, which has been identified to
have an important role in the transcription of the hypertrophic gene. These results suggest
that SJT alleviates cardiac hypertrophy by inhibiting the DOX-induced MAPK (p38 and
ERK1/2)-GAPA4 pathway.

The Calcineurin/NFAT pathway is one of the key signaling pathways associated with
cardiac hypertrophy. Calcineurin, serine-threonine phosphatase, promotes dephosphory-
lation and translocation of the nuclear factor of activated T cells (NFAT) to the nucleus,
leading to cardiac hypertrophy [36]. This study sought to find out whether SJT modulates
the expression of Calcineurin and NFAT3 induced by DOX. These data showed that SJT
inhibited the DOX-induced expression of Calcineurin and NFAT3 in H9c2 cells. These
results suggest that SJT may have a significant protective effect against cardiac hypertrophy
by regulation of the calcineurin/NFAT3/GATA4 signaling pathway.

As hypertrophic stimuli persist, cardiomyocytes undergo a loss of cell viability and the
disruption of cardiac structure, ultimately leading to heart failure [53]. Numerous experi-
mental studies have revealed that the activation of caspases is a molecular characteristic of
apoptosis and they play a crucial regulatory role in the apoptotic cascade [54]. Caspase-9
acts as the initiating enzyme in the mitochondrial apoptotic pathway, while caspase-3 serves
as the key effector caspase, which is activated through cleavage by caspase-9 [55]. Thus,
this result was performed to determine the expression of the cleaved form of caspase-9 and
caspase-3, which is the active form in H9c2 cells. The protein expression of cleaved caspase-
9 and cleaved caspase-3 induced by DOX was significantly reversed by pretreatment with
SJT. These results indicate that SJT may have a significant protective effect against cardiac
hypertrophy by regulating the apoptosis signaling pathway.

This study indicated that SJT attenuated DOX-induced stress fiber formation and
regulated the DOX-enhanced MAPK-GATA4, calcineurin-NFAT3, and apoptosis pathway.
In addition, SJT alleviated the expression of cardiac hypertrophic biomarkers, the ANP, BNP,
β-MHC, and MLC-2v levels induced by the hypertrophy model. In conclusion, these data
provide the first piece of evidence that SJT may play an important role in the prevention
of cardiac hypertrophy and apoptosis. The findings imply that SJT could be a promising
intervention for cardiac hypertrophy and its associated heart failure. The protective effects
of SJT, as a traditional herbal medicine, offer valuable insights for the development of novel
therapeutic strategies in managing heart failure.
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Abstract: Paclitaxel-induced neuropathic pain (PINP) is a serious adverse effect of chemotherapy.
Dendrobii caulis (D. caulis) is a new food source used as herbal medicine in east Asia. We examined
the antinociceptive effects of D. caulis extract on PINP and clarified the mechanism of action of
transient receptor potential vanilloid 1 receptor (TRPV1) in the spinal cord. PINP was induced in
male mice using multiple intraperitoneal injections of paclitaxel (total dose, 8 mg/kg). PINP was
maintained from D10 to D21 when assessed for cold and mechanical allodynia. Oral administration
of 300 and 500 mg/kg D. caulis relieved cold and mechanical allodynia. In addition, TRPV1 in
the paclitaxel group showed increased gene and protein expression, whereas the D. caulis 300 and
500 mg/kg groups showed a significant decrease. Among various substances in D. caulis, vicenin-2
was quantified by high-performance liquid chromatography, and its administration (10 mg/kg, i.p.)
showed antinociceptive effects similar to those of D. caulis 500 mg/kg. Administration of the TRPV1
antagonist capsazepine also showed antinociceptive effects similar to those of D. caulis, and D. caulis
is thought to exhibit antinociceptive effects on PINP by modulating the spinal TRPV1.

Keywords: Dendrobii caulis; Dendrobium officinale; paclitaxel; transient receptor potential vanilloid 1

1. Introduction

Chemotherapy can cause peripheral neuropathic pain, leading to discontinuation
or dose reduction [1]. Highly effective anticancer drugs, such as oxaliplatin, vincristine,
cisplatin, and paclitaxel, can cause peripheral neuropathic pain [2,3]. Paclitaxel, discovered
and isolated from Taxux brevifolia [4,5], is an anticancer drug used for breast, lung, and
ovarian cancer [6]. Although various side effects such as bone marrow toxicity, myalgia,
and arthralgia have been reported, chronic and acute peripheral neuropathy is one of the
most serious side effects [7]. Although the prevalence of paclitaxel-induced neuropathic
pain (PINP) is 60% [8], PINP treatment remains unsatisfactory despite numerous studies.
Furthermore, no specific drugs are available for treatment or prevention [9].

D. caulis is a widely recognized traditional tonic in China, used not only as a supple-
ment for patients but also in food, and is native to China and southeast Asian countries [10,11].
D. caulis is the dried stem of Dendrobium officinale (D. officinale). Fengdou (the twisted dried
stem part) and its powder are sold in their representative forms in the market and used in
various ways, such as making soups, medicinal liquor, and teas [12]. Although there are no
reports on D. caulis, several studies have reported curative effects of D. officinale. Adminis-
tration of 200 mg/kg D. officinale improved intestinal barrier function and strengthened
the antitumor immune response in a colorectal cancer mouse model [13]. Additionally, in
an acute colitis model, administration of 200 mg/kg of polysaccharide from D. officinale
alleviated liver damage by increasing antioxidant enzyme activity and downregulating the
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tumor necrosis factor-α (TNF-α) signaling pathway [14]. In a rat model of type 2 diabetes,
administration of 160 mg/kg improved oxidative stress, inflammation, and liver lipid
accumulation [15]. Studies have shown that the glucomannan fraction of D. officinale atten-
uates intestinal damage in colitis mice and regulates intestinal mucosal immunity [16]; in
cell studies, it is regulated through the toll-like receptor 4/nuclear factor kappa-light-chain-
enhancer of activated B cell (TLR4/NF-kB) signaling pathways in gastric epithelial cells
(GES-1) [17].

Chemical analysis of D. caulis has shown that flavonoids, phenols, and polysaccharides
are the major compounds isolated from the stem [18]. Flavonoids are important compounds
in D. caulis and have potential anticancer, anti-inflammatory, and antioxidant properties. In
particular, D. caulis is rich in flavonoid C-glycosides [18], and as a result of high-performance
gel permeation chromatography analysis, a total of 26 compounds were identified, of which
14 flavonoids including rutin and vicenin-2 were reported as major substances [19].

Members of the transient receptor potential (TRP) family exist in ion channels at the
terminals of nociceptors which act as molecular transducers, where many stimuli depolarize
neurons [20,21]. TRP channels constitute a unique superfamily of ion channels and are
related to the voltage-gated Ca2+, K+, and Na+ superfamily. The transient receptor potential
vanilloid receptor (TRPV) subfamily consists of channels involved in thermosensitivity and
nociception (TRPV 1-4) and channels involved in Ca2+ uptake/reuptake (TRPV 5–6) [22].
Among TRP channels, the most studied is TRPV1. TRPV1 is expressed in sensory ganglia
such as the dorsal root ganglia (DRG), vagal and trigeminal ganglia, and in small sensory
Aδ- and C fibers which contain various neuropeptides such as calcitonin-related peptide
and substance P [23–28]. TRPV1 is also found in central nervous system and non-nervous
tissues such as the kidney, mast cells, smooth muscle, bladder, and lung [29–32].

Members of the transient receptor family of TRP channels reportedly contribute to
PINP induction [33,34]. TRPV4 and transient receptor potential cation channel subfam-
ily melastatin member 8 (TRPM8) showed sensitivity in the DRG neurons involved in
PINP, whereas TRPV1 was considered a mediator of allodynia [35–37]. Additionally, oral
administration of HC-030031, a selective TRPA1 antagonist, has been reported to be re-
sponsible for the mechanical hypersensitivity observed in neuropathic and inflammatory
pain models [38]. On the other hand, in humans, when TRPV1 is activated in muscles,
patients treated with paclitaxel experience cramping or deep pain [39]. TRPV1 activation
is closely related to what chemotherapy-induced neuropathy patients experience [40,41].
In patients, TRPV1 activation causes a burning sensation [42] in skin nociceptors and
pain in deep tissue nociceptors [43]. Paclitaxel sensitizes and activates TRPV1 function,
and TRPV1 antagonists exert analgesic effects in chemotherapy-induced neuropathy [34].
Similarly, cisplatin or bortezobim treatment increased the expression of TRPV1 in the spinal
cord and dorsal root ganglion of mice [44,45]. Paclitaxel interacts directly with TRPV1
channels to acutely stimulate signaling and also produce long-term channel desensitization
changes [46]. Parallel studies have shown that oxaliplatin also sensitizes TRPV1, which is
mediated by the G-protein-coupled receptor G2A [47].

In the present study, we investigated the effects of D. caulis extract on PINP. Subse-
quently, changes in the gene and protein expression of TRPV1 in the spinal cord caused
by paclitaxel were confirmed. In addition, the effect of D. caulis and vicenin-2, its active
ingredient, on TRPV1 was demonstrated, and their antinociceptive effect on PINP was
evaluated.

2. Materials and Methods
2.1. Animals

Six-week-old male C57BL/6J mice were purchased from Daehan Biolink (Daejeon,
South Korea). The mice were kept under controlled conditions for one week to adapt. The
lighting cycle was adjusted to 12 h light/12 h dark, and constant temperature (23 ± 2 ◦C)
and humidity (65 ± 5%) were maintained. After adaptation, six animals were randomly
assigned to each group. During the experimental period, the mice were provided with a
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standard diet and freely available water. All experimental protocols were approved by
the Kyung Hee University Animal Care and Use Committee (approval NO. KHUASP-23-
223, 12 April 2023). In total, 80 mice were used and all experiments were conducted in
accordance with the guidelines of the International Association for the Study of Pain [48].

2.2. Dendrobii caulis Extract Preparation

Dried D. caulis was purchased from Xiuzheng Pharmaceutical Group Co., Ltd.
(Hangzhou, China). D. caulis was extracted by 25% ethanol and reflux extraction for
6 h at 80 ◦C. The extract was concentrated under reduced pressure at 60 ◦C after filtering
the residue through filter paper. The extract was dried using an evaporator and then frozen
using a lyophilizer to obtain the extract powder. D. caulis was diluted in phosphate-buffered
saline (PBS) and administered orally or intrathecally to mice (Specimen N. KWJ-0003).

2.3. Paclitaxel, D. caulis, Vicenin-2, and Capsazepine Administration

Paclitaxel (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in a 1:1 mixture of
Cremophor EL (Sigma-Aldrich) and ethanol at a concentration of 6 mg/mL. Paclitaxel
was diluted to 0.2 mg/mL in PBS, and 200 µL was intraperitoneally administered to
mice. In the vehicle group, the same volume of a 1:1 solution of Cremophor EL and
ethanol was administered via the same route. Paclitaxel and vehicle solutions were injected
intraperitoneally four times every other day (D0, 2, 4, and 6) at a dose of 2 mg/kg (Figure 1).
The D. caulis extract was administered orally using a sonde (Jungdo-BNP, Seoul, Republic
of Korea) at different doses (100, 300, and 500 mg/kg in distilled PBS). Vicenin-2 (Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in 10% dimethyl sulfoxide (DMSO) and
100 µL was administered intraperitoneally at doses of 1 and 10 mg/kg. In the intrathecal
injection administration experiment, 10 µg/mouse of capsazepine, a TRPV1 antagonist,
was dissolved in 10% DMSO, and D. caulis was dissolved in doses of 0.1 and 1 mg/mouse
in PBS, and the administered volume was 5 µL. D. caulis, vicenin-2, and capsazepine
were administered between D10 and D21, the period when pain was maintained, and a
behavioral assessment was conducted 1 h after administration.
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Figure 1. The effect of multiple intraperitoneal paclitaxel injections in mice. Schedule of behavior tests
conducted to assess the cold and mechanical allodynia after paclitaxel injection (A). Antinociceptive
effect evaluation time progress (B).

2.4. Behavioral Tests

The acetone drop and von Frey filament methods were used to measure paclitaxel-
induced cold and mechanical allodynia. Before the assessment, the mice were placed in
a chamber made of steel wire for 30 min for acclimatization. The acetone drop method
evaluated behavior by spraying 10 µL of acetone on the hind paw. The numbers of
withdrawals, flinches, and licking reactions were recorded for 30 s [49]. The results show
the average value of the ‘of Response’ measured [50,51]. To summarize the mechanical
allodynia method, the mechanical allodynia test was started by selecting a strength of 3.22
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among several von Frey filaments. The filament was pressed against the mid-plantar part
of the hind paw for 2–3 s until it bent. If there was a pain response to the stimulation, a
filament of strength one level lower was applied. If there was no pain response, pressure
was applied using a filament with strength one level higher [52]. The pain response was
marked with an X, otherwise, it was marked with an O. The ‘50% threshold value’ in
the result refers to Chaplan’s calculation and Dixon’s up-down method [53,54]. After the
behavioral evaluation, the mice were anesthetized with isoflurane. The mouse heart was
perfused with PBS to wash the entire tissue, and lumbar spinal cord sections 4–5 were
extracted. PCR and Western blotting were performed on the extracted tissues.

2.5. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total ribonucleic acid (RNA) was extracted from spinal tissues using an RNA extrac-
tion kit (AccuPrep, Bioneer, Daejeon, Republic of Korea). RNA samples were quantified
using Nanodrop (Thermo Scientific, Waltham, MA, USA), and RT-PCR was performed on
samples with an OD260/OD280 ratio higher than 2.0. cDNA was synthesized by incubating
0.5 µg of total RNA with the cDNA synthesized kit (Maxime RT Premix, Intron Biotech-
nology, Seongnam-Si, Republic of Korea), according to the protocol. qPCR amplification
of cDNA was performed using a real-time SYBR kit (SensiFAST SYBR, Bio-Rad, Hercules,
CA, USA) and CFX Real-Time PCR (Bio-Rad, Hercules, CA, USA). The real-time PCR
condition was as follows: one cycle of 95 ◦C for 5 min, followed by 40 cycles of 95 ◦C
for 20 s, 57 ◦C for 20 s, and 72 ◦C for 20 s. The primer sequences used were as follows:
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) forward 5′-GTC GTG GAG TCT ACT
GGT GTC TTC-3′ and reverse 5′-GTC ATC ATA CTT GGC AGG TTT CTC-3′, and transient
receptor potential vanilloid 1 (TRPV1) forward 5′-GGC TGT CTT CAT CAT CCT GCT
GCT-3′ and reverse 5′-GTT CTT GCT CTC CTG TGC GAT CTT GT-3′. GAPDH was used to
normalize the amount of RNA in each sample, and a specific detection threshold (Ct) was
selected to calculate the fluorescence produced by amplification. Relative gene expression
compared to the control was quantified using the 2−∆∆Ct method [55] with the average Ct
value of each gene, and the expression value of the reference group was expressed as 1.

2.6. Western Blot

Western blotting was performed to analyze the protein expression of the TRPV1
receptor. Radioimmunoprecipitation assay buffer was added to liquefy the tissue, which
was then centrifuged at 13,000 rpm for 10 min, and the supernatant was used for Western
blotting. The protein concentration in the supernatant was quantified using a protein assay
kit (Bradford protein assay kit, Bio-rad, Hercules, CA, USA). Then, 20 µg of protein was
loaded to sodium dodecyl sulfate–polyacrylamide gel electrophoresis, following which
the protein bands were transferred to nitrocellulose membrane. After blocking with 5%
non-fat skim milk in tris-buffered saline with tween 20 buffer, the blocked membrane was
incubated with primary antibodies overnight at 4 ◦C. Actin and TRPV1 proteins were
detected using rabbit polyclonal anti-actin antibodies (1:1000, cat. PA1-183, Invitrogen,
Waltham, MA, USA) and rabbit polyclonal anti-TRPV1 (1:1000, cat. NB100-1617, Novus
Biologicals, Littleton, CO, USA), respectively. The membrane was washed with PBS-T
and then further incubated with secondary antibody (horseradish peroxidase-conjugated
anti-rabbit antibody,1:5000, cat. 31460, Thermo Scientific, Waltham, MA, USA) for 2 h at
room temperature. Protein bands were detected using a chemiluminescence detection kit
(D-Plus ECL Femto System, Hwaseong, Republic of Korea) and Davinch-Chemi software
(Young-Hwa Science, Daejeon, Republic of Korea).

2.7. HPLC Analysis of Rutin and Vicenin-2 in D. caulis Extract

D. caulis was analyzed using high-performance liquid chromatography (HPLC) with a
UV detector (Agilent 1260, Santa Clara, CA, USA). The conditions for the rutin, vicenin-2,
and D. caulis extract analyses are listed in Table 1. Stock solutions of rutin and vicenin-2
were prepared in methanol. The rutin and vicenin-2 standard were purchased from Sigma-
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Aldrich (St. Louis, MO, USA) and Chemface (Wuhan, China), respectively. For both rutin
and vicenin-2, five dilutions were prepared and analyzed. A total of 100 mg of D. caulis
was ultrasonically extracted (4 ◦C, 60 min) using 1 mL of ethanol. After centrifuging (4 ◦C,
13,000 rpm, 30 min) the diluted solution, the supernatant was filtered through a 0.4 µm
filter and used for analysis.

Table 1. Analytical conditions of HPLC for the rutin and vicenin-2 analysis.

Conditions

Treatment Rutin Vicenin-2

Column Ymc-Triart C18 Ymc-Triart C18

Flow rate 1.0 mL/mL 1.0 mL/mL
Injection volume 10 µL 10 µL

UV detection 275 nm 335 nm
Run time 30 min 48 min

Rutin Vicenin-2 Flow

Time (min) Aceto
-nitrile

0.1% Phos-
phoric

acid
Time (min) Aceto

-nitrile

0.1% Phos-
phoric

acid
mL/min

0 20 80 0 15 85 1.0
15 20 80 5 15 85 1.0
18 100 0 35 25 75 1.0
23 100 0 37 10 90 1.0
25 20 80 42 10 90 1.0
30 20 80 48 15 85 1.0

2.8. The Effect of Vicenin-2 on Caco-2 Cell and RAW 264.7 Cell Lines Measured by
3-(4,5-Dimethyl Thazolk-2-yl)-2,5-Diphenyl Tetrazolium Bromide (MTT) Viability Assay

Cell viability was evaluated in RAW 264.7 and Caco-2 cells obtained from the Korea
Cell Line Bank (ATCC). Raw 274.7 cell lines were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS), and Caco-2 cell lines were
grown in Eagle’s minimum essential medium (MEM) supplemented with 10% FBS. Cultures
was kept in a humidified atmosphere with 5% CO2 at 37 ◦C. The viability of cells were
measured using the MTT assay. In a 96-well plate, 1 × 104 cells, suspended to 200 µL of
growth medium, were seeded for 24 h. After incubation, each concentration of vicenin-2
previously dissolved in DMSO was treated for 24 h. To evaluate the viability, the medium
was discolored for an MTT working solution and incubated for 1 h at 37 ◦C. The formazan
formed in the MTT assay was dissolved in DMSO and the optical density was measured at
540 nm using a microplate reader. The results were expressed as a percentage based on the
control (untreated cells) group.

2.9. Statistical Analysis

The statistical analysis and graph work were performed using Prism GraphPad (ver-
sion 9.0., Graphpad Software Inc., Boston, MA, USA). All data are presented as mean ± SD.
Statistical analyses were performed using an unpaired t-test for the data shown in paclitaxel-
induced pain experiment, whereas the data in D. caulis, vicenin-2 and antagonist adminis-
tration experiments were analyzed using a paired t-test. In addition, statistical analyses
were performed using one-way ANOVA followed by Tukey’s test for gene and protein
expressions and cell viability analysis. A level of p < 0.05 was considered significant.

3. Results
3.1. Multiple Paclitaxel Injections Induce Cold and Mechanical Allodynia

Several studies have reported that multiple paclitaxel injections induce cold and
mechanical allodynia in mice [56–58]. Paclitaxel was injected four times (D0, 2, 4, and 6,
total 8 mg/kg), and the vehicle (1:1 ratio of Cremophor EL to ethanol) was administered
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to the control group. Significant pain was induced in both cold allodynia results obtained
using the acetone drop method and mechanical allodynia results obtained using the von
Frey filament method (Figure 2A,B). The results showed that paclitaxel injection increased
the response to cold pain and decreased the threshold for mechanical stimulation from D10
to D21. All subsequent behavioral assessments were evaluated between D10 and D21.
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istered intraperitoneally at 2 mg/kg every 2 days (D0, D2, D4, and D6), and cold and mechanical 
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Figure 2. Pain assessment via multiple administrations of paclitaxel in mice. Paclitaxel was admin-
istered intraperitoneally at 2 mg/kg every 2 days (D0, D2, D4, and D6), and cold and mechanical
allodynia were evaluated using the acetone drop method and the von Frey filament method. Behav-
ioral assessment was conducted on D0, D10, D15, D17, and D21. Behavioral changes observed in the
mice were recorded, calculated, and expressed as cold (A) and mechanical allodynia (B). The black
circle, white circle, black square, white square, and black triangle represent D0, D10, D15, D17, and
D21, respectively. N = 6 for each group; **** p < 0.0001 vs. control group with unpaired t-test.

3.2. Single Oral Administration of D. caulis in Cold and Mechanical Allodynia

The 25% ethanol extract D. caulis (100, 300, and 500 mg/kg) was orally adminis-
tered to mice at different doses to confirm its antinociceptive effects on PINP. Behavioral
changes were recorded 1 h after D. caulis administration. Cold and mechanical allodynia
induced by paclitaxel were significantly alleviated in the D. caulis 300 and 500 mg/kg group
(Figure 3A,B). When the results obtained one hour after the injection of PBS or 100 mg/kg,
300 mg/kg, or 500 mg/kg of D. caulis were analyzed by using one-way ANOVA, the F and
p values in ANOVA interaction were F = 44.81, p < 0.0001 and F = 56.92, p < 0.0001 for cold
and mechanical allodynia, respectively.
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Figure 3. Effect of oral administration of D. caulis on cold and mechanical allodynia (A,B). Behavioral
assessments were performed before D. caulis administration and 1 h after administration via gavage
at concentrations of 100, 300, and 500 mg/kg. PBS was used as a vehicle for D. caulis and D. caulis or
PBS was orally administered. The black circle, white circle, black square, and white square represent
PBS control group, D. caulis 100 mg/kg group, 300 mg/kg, 500 mg/kg group, respectively. N = 6 for
each group; ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. control group with paired t-test.

3.3. Gene Expression of TRPV1 Channel Using qRT-PCR

TRPV1 gene expression was confirmed in spinal cord lumbar sections 4–5 from
paclitaxel-treated mice. In the paclitaxel-administered group, the expression of TRPV1 in-
creased by approximately 123.73% compared with that in the control group. In contrast, the
TRPV1 expression which increased with paclitaxel was significantly decreased by 44.68%
and 43.77% in the D. caulis 300 and 500 mg/kg groups, respectively (Figure 4A).
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Figure 4. Effect of 300 and 500 mg/kg of D. caulis on TRPV1 expression of paclitaxel-induced
neuropathic pain in the spinal cord. TRPV1 levels of gene expression (A), a representative pro-
tein analysis image (B), and analyzed relative intensity of TRPV1 protein (C). N = 6 per group.
**** p < 0.0001 vs. control, and # p < 0.05 and #### p < 0.0001 vs. paclitaxel + PBS with one-way
ANOVA followed by Tukey’s multiple comparison test.
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Western blotting was performed to elucidate the effect of D. caulis on TRPV1 protein
expression in paclitaxel-induced pain, and the results were consistent with those of the PCR.
Similar to the PCR results, TRPV1 protein expression increased by 40.6% after paclitaxel
administration and significantly decreased by 13.4% and 28.6% at 300 and 500 mg/kg of
D. caulis, respectively (Figure 4B,C).

3.4. Identification and Quantification of Rutin and Vicenin-2 in D. caulis

HPLC analysis was conducted to identify rutin and vicenin-2 as the major components
of D. caulis. The retention times of rutin and vicenin-2 were approximately 12 and 10 min,
respectively (Figure 5A–D). Rutin was not detected, and the UV spectrum and retention of
vicenin-2 and vicenin-2 standard solution were consistent. The calibration curve of rutin
and vicenin-2 showed linearity in the detector over a range of six concentrations (6.25,
12.5, 25, 50, and 100 µg/mL). The rutin regression equation was y = 17.07092x + 14.48396
and RSQ = 0.99989. The vicenin-2 regression equation was y = 9.23568x + 5.89275 and
RSQ = 0.99994. The content of vicenin-2 in D. caulis was approximately 0.245%.
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Figure 5. Quantification and identification of vicenin-2 in D. caulis by high-performance liquid
chromatography (HPLC). HPLC chromatograms of rutin standard (A) and D. caulis extract for rutin
analysis (B), and vicenin-2 standard (C) and D. caulis extract for vicenin-2 analysis (D). Black, blue,
and red arrows on peaks indicate representative rutin standard, vicenin-2 standard, and vicenin-2
in D. caulis, respectively. Retention time and absorbance unit are shown on the X-axis and Y-axis,
respectively.
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3.5. Administration of Vicenin-2 Alleviates Paclitaxel-Induced Pain

Vicenin-2, a major component of D. caulis, has been confirmed to exert an antinoci-
ceptive effect on PINP. To evaluate the dose-dependent antinociceptive effect of vicenin-
2 on PINP, vicenin-2 was intraperitoneally administered to mice at two concentrations
(1 and 10 mg/kg). Behavioral responses were recorded before and 1 h after administration
of vicenin-2 in the pain-induced mice. The behavioral assessment showed that cold and
mechanical allodynia were greatly alleviated in the 10 mg/kg vicenin-2 administration
group (Figure 6). When the results obtained one hour after the injection of PBS or 1 mg/kg
or 10 mg/kg of vicenin-2 were analyzed by using one-way ANOVA, the F and p values in
ANOVA interaction were F = 20.76 and p < 0.0001 and F = 53.50 and p < 0.0001 for cold and
mechanical allodynia, respectively.
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Figure 6. Effects of vicenin-2 on paclitaxel-induced neuropathic pain in mice (A,B). All groups
received multiple injections of paclitaxel (total 8 mg/kg). Doses of 1 and 10 mg/kg of vicenin-2 were
injected intraperitoneally in mice. PBS was used as a vehicle for vicenin-2. The black circle, white
circle, and black square represent PBS control group, Vicenin-2 1 mg/kg group, and 10 mg/kg group,
respectively. N = 6 for each group; *** p < 0.001 and **** p < 0.0001 vs. control group with paired t-test.

3.6. D. caulis Mimics the Role of TRPV1 Antagonist

The TRPV1 antagonist capsazepine and D. caulis were administered intrathecally, and
their antinociceptive effects were compared. In the groups administered with paclitaxel
and PBS, there was no change in the pain response even after 1 h. When 1 µg/mouse of
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capsazepine, a TRPV1 receptor antagonist, was injected intrathecally, cold and mechanical
allodynia were significantly alleviated (Figure 7). In addition, D. caulis showed excellent
antinociceptive effects when administered intrathecally at 1 mg/kg/mouse, with no signifi-
cant difference from the antinociceptive effect of capsazepine (Figure 7). When the results
obtained one hour after the injection of PBS, 1 µg of capsazepine, or 0.1 mg or 1 mg of
D. caulis were analyzed by using one-way ANOVA, the F and p values in ANOVA interac-
tion were F = 17.09 and p < 0.0001 and F = 26.50 and p < 0.0001 for cold and mechanical
allodynia, respectively.
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human colonic carcinoma Caco-2 cells and non-cancerous RAW 264.7 cells. The cytotoxic 
effects of vicenin-2 on the viability of the two cell types are presented as the percentage 
viabilities of three dependent experiments (Figure 8). Vicenin-2 showed a significant cy-
totoxic effect on Caco-2 cells in concentrations of 75 µM and 100 µM (decreased to 91.10% 
and 91.05%, respectively). However, vicenin-2 was not cytotoxic in non-cancerous RAW 
264.7 cells up to a concentration of 100 µM. 

Figure 7. Effects of intrathecal injection of capsazepine and D. caulis on paclitaxel-induced neuropathic
pain in mice (A,B). All groups received multiple injections of paclitaxel (total 8 mg/kg). Doses of
1 µg of capsazepine and 0.1 and 1 mg of D. caulis were injected intrathecally in mice. PBS was used as
a vehicle for D. caulis. The black circle, white circle, black square, and white square represent PBS
control group, Capsazepine 1 µg, D. caulis 0.1 mg, and 1 mg group, respectively. N = 6 for each group;
**** p < 0.0001 vs. control group with paired t-test.

3.7. Evaluation of Cell Viability of Vicenin-2 in Caco-2 and RAW 264.7 Cells

To evaluate the cytotoxic effect of vicenin-2, in vitro studies were conducted using
human colonic carcinoma Caco-2 cells and non-cancerous RAW 264.7 cells. The cytotoxic
effects of vicenin-2 on the viability of the two cell types are presented as the percentage
viabilities of three dependent experiments (Figure 8). Vicenin-2 showed a significant
cytotoxic effect on Caco-2 cells in concentrations of 75 µM and 100 µM (decreased to 91.10%
and 91.05%, respectively). However, vicenin-2 was not cytotoxic in non-cancerous RAW
264.7 cells up to a concentration of 100 µM.
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Figure 8. Evaluation of the cytotoxic effect of vicenin-2. The chemical structure of vicenin-2 (A). The
effect of 10 different doses of vicenin-2 on the viability of RAW 264.7 and Caco-2 cells (B) and their
morphologies (C,D). Data were expressed as the mean value ± SD of three independent experiments.
N = 3 for each group; * p < 0.05 vs. control group with one-way ANOVA followed by Tukey’s multiple
comparison test.

4. Discussion

Although paclitaxel has excellent efficacy, only a few injections can cause serious
neuropathy, which reduces the patient’s quality of life and may lead to treatment dis-
continuation. Several analgesic agents are used, but they also induce side effects which
limit their wide use [59–61]. In this study, 100, 300, and 500 mg/kg D. caulis was orally
administered to paclitaxel-treated mice. In mice treated with paclitaxel, the pain levels
of cold and mechanical allodynia increased significantly and decreased in the D. caulis
300 and 500 mg/kg groups. Vicenin-2, the active ingredient of D. caulis, was subjected to
qualitative and quantitative analyses using HPLC and showed a significant antinociceptive
effect at 10 mg/kg. Vicenin-2 did not cause significant cell death in non-cancerous Caco-2
cells up to 50 µM. To determine whether D. caulis exhibits an antagonistic effect on TRPV1,
capsazepine and D. caulis were injected intrathecally, and the same antinociceptive effect
was confirmed. In this study, all experiments were conducted in male mice only as some
papers have reported that paclitaxel-induced neuropathic pain is not sex specific [57,62]. In
addition, no significant difference in body weight change was observed between the sexes
after paclitaxel injection [63].
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Increased TRPV1 expression in the dorsal horn of the spinal cord has been studied in
various types of pain, such as paclitaxel-induced pain (4 mg/kg), sciatic nerve injury, and
diabetes-induced neuropathy [64–66]. In this study, TRPV1 expression increased in lumbar
4–5 of the spinal cord after paclitaxel administration (total 8 mg/kg), and this upregulation
was reduced by D. caulis. Furthermore, intrathecal injections of the TRPV1 antagonists
capsazepine showed similar analgesic effects to D. caulis. Although in this study, the direct
effect of D. caulis or vicenin-2 on TRPV1 have not been assessed, Kang et al. [67] have
reported that 1 h after the intrathecal administration of capsazepine, a significant decrease
in TRPV1 protein expression was shown in the spinal cord, suggesting that D. caulis may
have exerted TRPV1 antagonist-like effects.

Furthermore, early clinical studies have reported that TRPV1 antagonists (AMG-517,
3 mg/kg) increase core body temperature and reduce heat pain recognition in healthy
subjects [68]. Preclinical studies have shown that TRPV1 antagonists (XEN-D0501, 5 mg/kg
and ABT-102, 4 mg/kg) can block heat hypersensitivity to many proinflammatory agents
(e.g., complete Freund’s adjuvant and carrageenan) [69,70]. Preclinical studies using
surgical nerve injury models have also reported that TRPV1 expression is altered under
chronic pain conditions.

In rodent and human studies, the presence of the TRPV1 protein and mRNA has
been confirmed in the spinal cord, hippocampus, hypothalamus, locus coeruleus, striatum,
and cerebellum [29]. Focusing on the spinal cord, TRPV1 channels were positive in the
presynaptic (from the central terminal of sensory neurons) and postsynaptic regions (from
dendrites of spinal cord dorsal horn neurons) and were particularly prominent in areas I
and II of the superficial laminae, the first relay regions of the pain sensory pathway [71].
In a study on rhizotomy, a spinal nerve root cutting surgery, histology showed that the
postsynaptic TRPV1 expression level was highly dependent on peripheral input, indicating
that spinal TRPV1 expression and function can be dynamically regulated in a sensory
state. In addition, TRPV1 expression was confirmed in the spinal cord and central nervous
system even after rhizotomy, suggesting that TRPV1 receptor proteins show a broad and
individual distribution pattern in the central nervous system and that TRPV1 receptors
exist in brain regions [72,73]. The antinociceptive effects of TRPV1 antagonists have been
studied in several pain models. As reported in these studies, capsazepine, SD-705498, and
JNJ-17203212 modestly alleviated osteoarthritic and bone cancer pain related to neuropathic
pain [74–76]. These results suggest that TRPV1 plays a central role in pain transmission in
the spinal cord.

The composition of D. caulis was studied using HPLC with electrospray ionization
multistage mass spectrometry (HPLC-ESI-MS). The structures of 1 lignan, 6 phenolic acids,
and 12 flavonoids have been identified in D. caulis [19]. Rutin and vicenin-2 are the major
components of D. caulis. Rutin has attracted attention as a new antioxidant [77], and
vicenin-2 has exhibited anticancer activity by inhibiting the growth of prostate cancer (DU-
145, PC-3, and LNCaP cells) cells in vivo and in vitro [78,79] and by inducing apoptosis in
HT-29 human colon cancer cells [80]. In addition, vicenin-2 has shown an anti-inflammatory
effect by suppressing the protein signaling pathway triggered by TGFβ and inducing H23
cell death through PI3K/Akt/mTOR signaling [81,82]. Vicenin-2 is a major flavonoid
component of D. caulis [78], and academic consensus suggests that flavonoids can cross the
blood–brain barrier (BBB) and reach the central nervous system [83]. Therefore, it has been
suggested that vicenin-2 may have a direct effect on the brain and may be used preventively
or therapeutically for diseases such as neuropathy.

However, no previous studies have investigated the antinociceptive effects on neuro-
pathic pain induced by anticancer drugs. In this study, rutin was not detected, and vicenin-2
was detected at 0.245%. It has been reported that D. caulis varies greatly depending on
the harvesting region [84]. Although D. caulis and vicenin-2 showed analgesic effects in
this study, it cannot be certain that the analgesic effect is entirely dependent on vicenin-2.
This is because natural extracts contain many phytochemicals. To confirm the indepen-
dent effect of vicenin-2, studies should be performed using the Ca2+ imaging technique in
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the TRPV1 overexpression system (e.g., transfected HEK 293 cells) or TRPV1 knock-out
mouse. By carefully reviewing the literature relevant to our study, we have found that
downregulation of TRPV1 also affects the Ca2+ current [85]. This suggests that the gene
and protein expression changes demonstrated in our study may also be related to the Ca2+

current evoked by spinal TRPV1.
In evaluating the cytotoxicity of vicenin-2 in this study, no cytotoxicity was observed

up to 100 µM in non-cancerous cell lines, and toxicity was observed at 75–100 µM in cancer
cell lines. In addition, it was reported that vicenin-2 has no cytotoxicity in human dermal
fibroblast cells and human umbilical vein endothelial cells up to 400 µM and 100 µM,
respectively [80,86]. On the other hand, in human colorectal adenocarcinoma cells (HT-29),
which are cancer cells, significant cytotoxicity was observed starting at 25 µM [80]. To date,
no adverse effects have been reported for D. caulis or vicenin-2. A limitation of this study
was the lack of safety data regarding the oral use of D. caulis. There is still a lack of safety
data owing to limited research, and additional in vivo and cellular studies are needed to
confirm its safety. In addition, calcium imaging and electrophysiological studies should be
conducted to better understand the correlation between D. caulis and TRPV1 channels.

5. Conclusions

D. caulis, the stem of D. officinale, is an important herbal medicine and a natural health
food. Collectively, these results suggest that D. caulis exerts its antinociceptive effect on
PINP by modulating the activity of TRPV1, and the effective substance is vicenin-2. This
study provided new insights into the mode of action based on the pharmacological effects
of D. caulis. Although several biological effects of D. caulis have been studied, to the best
of our knowledge, this is the first study to suggest an antinociceptive effect of D. caulis
on anticancer drug-induced neuropathic pain. This suggests that it may be a potentially
beneficial ingredient in medicines and food.
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Abstract: Mango and its by-products have traditional medicinal uses. They contain diverse bioactive
compounds offering numerous health benefits, including cardioprotective and metabolic properties.
This study aimed to explore the impact of mango fruit and its by-products on human health, em-
phasizing its metabolic syndrome components. PUBMED, EMBASE, COCHRANE, and GOOGLE
SCHOLAR were searched following PRISMA guidelines, and the COCHRANE handbook was uti-
lized to assess bias risks. In vivo and in vitro studies have shown several benefits of mango and
its by-products. For this systematic review, 13 studies met the inclusion criteria. The collective
findings indicated that the utilization of mango in various forms—ranging from fresh mango slices
and mango puree to mango by-products, mango leaf extract, fruit powder, and mangiferin—yielded
many favorable effects. These encompassed enhancements in glycemic control and improvements
in plasma lipid profiles. Additionally, mango reduces food intake, elevates mood scores, augments
physical performance during exercise, improves endothelial function, and decreases the incidence
of respiratory tract infections. Utilizing mango by-products supports the demand for healthier
products. This approach also aids in environmental conservation. Furthermore, the development
of mango-derived nanomedicines aligns with sustainable goals and offers innovative solutions for
healthcare challenges whilst being environmentally conscious.

Keywords: Mangifera indica L.; by-products; antioxidant; anti-inflammatory; diabetes; obesity;
cardiovascular disease

1. Introduction

Mangifera indica L., popularly known as mango, is one of the most common tropical
fruits of the genus Mangifera, which comprises around 30 species of fruit trees in the
Anacardiaceae family. It originates from Malaysia and India, has been domesticated and
cultivated for more than 4000 years, and is produced in more than 100 countries, including
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Pakistan, China, Philippines, Thailand, Nigeria, Israel, Italy, Spain, Mexico, and Brazil,
with India as the world’s largest producer. Due to its enormous popularity, pleasant flavor,
and excellent nutritional value, it ranks fifth in production among perennial fruit trees
worldwide and second among the most commercialized tropical fruits, with a production
of more than 40 million tons in 2021 [1–3].

Various parts of the mango, such as its fruits, flowers, leaves, roots, and peels, have
been commonly used to treat multiple diseases. Its fruits are also rich in vitamin C and
amino acids. The fruits, leaves, peels, and seeds are rich in phytochemicals, including
polyphenols, terpenoids, carotenoids, and phytosterols. These bioactive compounds pro-
vide several health benefits, including anti-inflammatory, immunomodulatory, antibacterial,
antiviral, antifungal, and anticancer effects [2–7]. Figure 1 shows the main parts of the tree.
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Mangoes contain ascorbic acid, gallic acid, protocatechuic acid, chlorogenic acid, and 
vanillic acid as the major phenolics. Mango pulp contains sugars; vitamins (such as 
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Mangoes contain ascorbic acid, gallic acid, protocatechuic acid, chlorogenic acid,
and vanillic acid as the major phenolics. Mango pulp contains sugars; vitamins (such as
ascorbic acid and carotenoids); polyphenols such as xanthonoids (mangiferin); flavonoids
such as catechins, kaempferol, rhamnetin, quercetin, and anthocyanins; tannins such as
gallotannins; and phenolic acids and derivatives thereof, such as ellagic acid, gallic acid,
protocatechuic acid, methyl gallate, and propyl gallate [8].

Among the most significant phenolic compounds contained in mango peels, mangiferin
(1,36,7-tetrahydroxyxanthone-C2-β-D-glucoside) is found in various amounts and forms.
Although the primary source of this phenolic compound is Mangifera indica, it is also found
in other species (Anacardiaceae, Gentianaceae, and Iridaceae families). Mangiferin has been
investigated for its potential as a health promotion agent. It can exhibit antioxidant, anti-
inflammatory, immunomodulatory, antibacterial, and anti-obesity effects. Due to these
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effects, it is a promising adjuvant therapeutic to chronic disorders such as cardiovascu-
lar, renal, and pulmonary diseases; neurodegenerative disorders; obesity; diabetes; and
metabolic syndrome [2,9–11]. Table 1 shows the main bioactive compounds of mango and
its by-products.

Besides its consumption in natura, mango is used to prepare many food products such
as jellies, liqueurs, juice, nectar, and vinegar. Furthermore, it is used in the pharmaceutical
and cosmetic industries to produce herbal medicines and cosmetics [12,13]. This vast range
of uses leads to a substantial economic and environmental impact regarding the generation
of by-products, including leaves, peel, seeds, bark, and extracts (from leaves, peel, and
bark) [14–16].

These by-products exhibit several bioactive compounds beneficial to human health,
including vitamins (A, B, C, and E) and other antioxidants such as mangiferin, benzophe-
nones (iriflophenone 3-C-glucoside), anthocyanins, phenolic acids, gallic acid, coumarin,
quercetin, and flavonoids [12,17–24].

Since mango and its by-products have a lot of versatility in terms of the presence of
bioactive compounds and can therefore contribute to the prevention and treatment of health
conditions, the aim of this study is to investigate the effects of mango, mangiferin, and its
by-products on cardiometabolic and other health conditions. Only two other systematic
reviews have investigated the impact of mango on human health. Zarasvand et al. [25]
investigated the effects of the mango plant on type 2 diabetes mellitus; however, they
did not investigate the impact on metabolic syndrome, a condition closely related to
hyperglycemia. Lum et al. [26] investigated the effects of mangiferin only on memory
impairment. For this reason, and to the best of our knowledge, this is the first systematic
review addressing the effects of mango, mangiferin, and by-products on human health,
with an emphasis on metabolic syndrome, which is a risk condition for the development of
cardiovascular diseases, which are among the leading causes of death in the world.

Table 1. Main bioactive compounds of M. indica and their effects on human health.

Phytochemical Structure Actions Ref.
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Antioxidant, anti-inflammatory,
antidiabetic, and antiproliferative [32,33]

2. Materials and Methods

This review involved two sections: the first was based on the application of M. indica
by-products in the food industry. The second part involved a systematic review of the
health effects of the mango plant and its derivatives. The strategies for searching and
including clinical trials were based on the following aspects:

2.1. Focal Question

The focused question was “Can M. indica L. have beneficial effects on health?”.

2.2. Language

Only studies in English were selected.

2.3. Databases

This review included studies in MEDLINE–PubMed, COCHRANE, EMBASE, Google
Scholar, and Science Direct databases. The mesh terms used were M. indica, mango,
mangiferin, human health, antioxidant, anti-inflammatory, obesity, diabetes, metabolic
syndrome, and cardiovascular disease.

The use of these descriptors helped identify studies related to mango and its health
effects. We followed PRISMA (Preferred Reporting Items for a Systematic Review and
Meta-Analysis) guidelines [34,35] to perform the search for clinical trials. Moreover, we
also consulted in vivo and in vitro studies to help in the discussion section.

2.4. Study Selection

Conferences, abstracts, letters to editors, and other sources were evaluated but not
included. The inclusion criteria were only human interventional studies, and the exclusion
criteria were reviews, studies not in English, editorials, case reports, and poster presentations.
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2.5. Search and Selection of Relevant Articles

The PICO (Patients, Intervention, Comparison, and Outcomes) format was used to
perform the systematic review, and the flow diagram shows the selection of the randomized
clinical trials (Figure 2) and the inclusion and exclusion processes.
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2.6. Quality Assessment

We examined the Cochrane Handbook for the systematic review of interventions to
evaluate the bias risks related to the selection of randomized clinical trials.

3. Results

Figure 2 shows the study selection according to PRISMA (Preferred Reporting Items
for a Systematic Review and Meta-Analysis) guidelines [34,35].

The selection of the included clinical trials is shown in Figure 2, and the results of the
selected articles are found in Table 2. Twelve clinical trials were found. The risk of bias
for these studies is shown in Table 3. Thirteen studies were included in this review. The
findings of these studies revealed that the utilization of mango in different forms, including
fresh mango slices, mango puree, mango by-products, mango leaf extract, fruit powder,
and mangiferin yielded several positive effects. These effects encompassed improvements
in glycemic control and plasma lipid levels, such as reductions in triglycerides, LDL choles-
terol, and total cholesterol, as well as an elevation in HDL cholesterol. Additionally, mango
consumption was associated with decreased appetite and food intake, enhanced mood
scores, improved physical performance during exercise, enhanced endothelial function,
and a reduced incidence of respiratory tract infections.
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Table 2. Clinical trials showing the effects of M. indica L. or its derivatives on human health.

Study Type and Patients Interventions Results Side Effects Ref.

• Interventional study;
• 23 overweight and obese

adults, including 15 men
and 8 women, 18–55 y;

• San Diego, United States.

Participants received 100 kcal of
mango snacks

After 45 min of ingestion, significant ↑ in
cholecystokinin (p ≤ 0.05) and adiponectin (p ≤ 0.05)

levels. Additionally, participants reported ↓ hunger and
an increase in feelings of satiety. Interestingly, no
significant differences were found in the levels of

satiety hormones, including leptin, ghrelin, and peptide
YY, among the interventions. The consumption

improved postprandial glycemic responses.

Not mentioned by
the authors. [8]

• Randomized crossover
clinical trial;

• 27 overweight/obese
patients (16 men and
11 women) without gluten
allergies, non-smokers,
non-pregnant, and
non-lactating;

• United States.

The individuals were divided
and analyzed in two phases: for

12 weeks, they were offered
100 Kcal of fresh mango/day; for

another 12 weeks, they were
given 24 g of LFC/day.

Fresh mango: ↓ glycemia (p = 0.004) in weeks 4–12.
There were no significant modifications in insulin

levels. ↓ LDL-c, and additionally a slight increase in
adiponectin. ↓ AST and PCR and ↑ total antioxidant

capacity. LFC: ↑ TG levels and basal insulin,
↓ adiponectin at the end of the 12 weeks. ↑ PCR but no

significant change in total antioxidant capacity.
For both interventions, there were no significant
differences in HbA1C values, anthropometry, or

blood pressure.

Not mentioned by
the authors. [36]

• Interventional trial;
• 31 overweight women,

25–45 y (no history of
diabetes, hypertension,
cardiovascular, or liver
diseases);

• Pakistan.

Over a period of 84 days,
21 subjects were administered 1 g

of mango peel powder 2x/d,
30 min before each meal.

10 subjects received no treatment.

The mango group showed a decrease in weight gain
and an increase in antioxidant levels. ↓ Urea, creatinin,
TG, TC, and LDL-c. ↑ HDL-c levels when compared to
the control group. The mango group also experienced a

decrease in appetite compared to the control group.

Not mentioned by
the authors. [37]

• 39 participants: group
1/healthy weight was
divided into two
subgroups: one subgroup
consumed a combination
of raspberry and mango,
and the other subgroup
consumed a combination
of passion fruit and mango.
Group 2/obesity
completed both
subgroups;

• United Kingdom.

Group A received 162 g of
raspberry and 114.2 g of mango

in each meal, while group B
received 150 g of passion fruit

and 114.2 g of mango in
each meal.

The average glycemic index for raspberry/mango was
higher in the healthy weight group compared to the

obesity group. The blood glucose levels of participants
with a healthy weight were significantly ↑ after

consuming raspberry and mango compared to the
non-energy meal. The blood glucose levels in the obese

group were significantly ↑ throughout the
raspberry/mango arm at 15 and 120 min postprandial

compared to the NE meal. ↓ postprandial blood glucose
levels when compared to consuming the whole fruit.

Not mentioned by
the authors. [38]

• Randomized, double-blind,
parallel-group trial with
controlled intervention;

• 65 patients, 6–8 y (upper
respiratory and
gastrointestinal tract
infections);

• Mexico.

The treated group received 2 g of
mango by-product (peel and

pulp) mixed in 50 mL of water,
while the control group received
flavored water daily for a period

of 2 months.

↓ incidence of diarrhea, nasal congestion, dry cough,
gastrointestinal tract infections, and abdominal

inflammation. The JBP group showed ↑ counts of red
blood cells, hemoglobin, hematocrit, platelets, and

neutrophils compared to the control group. The control
group experienced ↑ lymphocyte count compared to

the treated group.

Not mentioned by
the authors. [39]

• Double-blind trial;
• 48 healthy participants,

18 men and 30 women,
18–45 y;

• Spain.

1 h before running and every
8 h/24 h (after running), the
participants ingested either a

placebo or 140 mg of Zynamite®

(mangiferin-rich mango leaf
extract) with 140 mg of quercetin.

A single dose of 140 mg of Zynamite combined with a
similar amount of quercetin attenuated pain and

muscle damage caused by running and accelerated the
recovery of muscle performance. This analgesic effect

may have been mediated by the free-radical scavenging
properties of Zynamite and quercetin, since free

radicals have been implicated in nociception.

Not mentioned by
the authors. [40]

• Two double-blind,
placebo-controlled,
randomized crossover
clinical trial;

• 38 participants, including
16 men and 16 women,
18–40 y;

• South Africa.

The participants received 500 mg
of MLE at either 60 min (study 1)

or 90 min (study 2).

In the first study, MLE improved all mood state profile
scores, with a significant improvement in the “fatigue”

score. In the second study, there was a trend toward
faster reaction time in the MLE group compared to the
placebo. The Profile of Mood States (POMS) score for
“depression” improved in the caffeine group. In both

studies, MLE caused significant changes in cortical
brain electrical activity during cognitive challenges,

distinct from the attenuated spectral changes induced
by caffeine.

Not mentioned by
the authors. [41]

• Double-blind, crossover,
counterbalanced design;

• 12 healthy and physically
active men, 21.3 ± 2.1 y;

• Spain.

The placebo group received
capsules containing 500 mg of

maltodextrin, while the treatment
group received capsules

containing 50 mg and 100 mg of
luteolin, along with 100 mg and

300 mg of mangiferin, for
15 days.

The supplementation improved exercise performance,
facilitated muscular oxygen extraction, and improved

cerebral oxygenation without increasing VO2
compared to the placebo.

Not mentioned by
the authors. [42]
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Table 2. Cont.

Study Type and Patients Interventions Results Side Effects Ref.

• Monocentric, randomized,
placebo-controlled,
3-armed, double-blind trial
with a parallel design;

• 75 healthy participants,
42 men and 33 women,
40–70 y, non-smokers;

• Switzerland.

The participants were assigned to
three groups: the first group
received 100 mg of a 100%

mango fruit powder, the second
group received 300 mg of the

fruit powder, and the third group
received a placebo/4 weeks.

The reactive hyperemic microcirculatory flow increased,
particularly in the 100 mg group. The group that
consumed 300 mg showed ↓ postprandial blood

glucose compared to the placebo. The ingestion of
300 mg significantly improved postprandial endothelial

function in individuals with impaired endothelial
function following high-dose glucose ingestion.

Not mentioned by
the authors. [43]

• Monocentric, randomized,
double-blind, crossover
trial;

• 10 healthy women,
40–70 y;

• United States.

The participants consumed
100 mg followed by 300 mg or
300 mg followed by 100 mg of
Careless™ (mangiferin) in a

single dose.

After 6 h: ↑ cutaneous blood flow over time with both
100 mg (54% above baseline, p = 0.0157) and 300 mg

(35% above baseline, p = 0.209) of Careless™. The
reactive hyperemia response was slightly improved 3 h
after ingestion compared to the pre-test with 30 mg of

Careless™.

Not mentioned by
the authors. [44]

• Randomized, double-blind,
placebo-controlled trial;

• 97 overweight patients
with hyperlipidemia;
52.1 ± 7.2 y;

• China.

The subjects consumed a daily
dose of 150 mg of mangiferin or a

placebo/12 weeks.

↓ TG and FFA in the mangiferin supplementation
group. ↓ HOMA-IR and total serum fatty acids, SFA,
MUFA, PUFA, total serum n-3 fatty acids, and total

serum n-6 fatty acids compared to the control group.
↑ HDL-c, L-carnitine, β-hydroxybutyrate, and

acetoacetate levels.

No side effects or
changes in liver

enzymes or renal
variables were

observed.

[45]

• Clinical trial;
• 30 patients (gender not

specified; 30–69 y);
• India.

Group A followed diet and
medication; group B: diet,

medication, and mango-leaf
powder (1–2 teaspoons in 150 mL
of water, taken 2x/d on an empty

stomach); and Group C: diet,
medication, and a placebo.

After approximately 1 month, both group A and group
B showed significant reductions in both fasting and
postprandial blood sugar levels. However, group C

showed only a slight reduction in blood sugar levels.

Not mentioned by
the authors. [46]

Abbreviations: ↑: increase; ↓: decrease; AST: aspartate aminotransferase; FFA: free fatty acids; HbA1C: glycated
hemoglobina; HDL-c: high-density lipoprotein cholesterol; HOMA-IR: homeostatic model assessment of insulin
resistance; JBP: mango juice by-product; LDL-c: low-density lipoprotein cholesterol; LFC: low-fat cookies; MLE:
mango leaf extract; MUFA: monounsaturated fatty acids; NE: nutrient extracted fruit; PCR: c-reactive protein;
PUFA: polyunsaturated fatty acids; SFA: saturated fatty acids; TC: total cholesterol; TG: triglycerides; VO2: oxygen
consumption.

Table 3. Descriptive table of the biases in the included randomized clinical trials.

Study Question
Focus

Appropriate
Randomization

Allocation
Blinding

Double
Blind

Losses
(<20%)

Prognostics or
Demographic
Characteristics

Outcomes
Intention
to Treat

Analysis

Sample
Calculation

Adequate
Follow-Up

[8] Yes No Yes No Yes No Yes Yes No Yes

[36] Yes Yes Yes No Yes No Yes Yes No Yes

[37] Yes Yes Yes No Yes No Yes Yes No Yes

[38] Yes Yes Yes No Yes No Yes Yes No Yes

[39] Yes No Yes Yes Yes No Yes Yes No Yes

[40] Yes No Yes Yes Yes No Yes Yes No Yes

[41] Yes Yes Yes No Yes No Yes Yes No Yes

[42] Yes No Yes Yes Yes No Yes Yes No Yes

[43] Yes Yes Yes Yes Yes No Yes Yes No Yes

[44] Yes Yes Yes Yes Yes No Yes Yes No Yes

[45] Yes Yes Yes Yes Yes No Yes Yes No Yes

[46] Yes No Yes No Yes No Yes Yes No Yes

4. Discussion
4.1. M. indica By-Products

Mango by-products include bark, leaf, peel, and seed/kernel. For instance, about
15–25 million tons of mango peels are produced yearly, leading to harmful environmental
effects. The phytocompounds found in these by-products can represent a fantastic source
of bioactive compounds.

Leaves and bark present almost 20 flavonoids and four new benzophenones. As exam-
ples, it is possible to cite mangiferin, gallic acid, ascorbic acid, quercetin-3-O-β-d glucoside,
and protocatechuic acid, which play powerful antioxidant and anti-inflammatory roles [47].
Other bioactive compounds are functional lipids, unsaturated fatty acids, sterols, and solu-
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ble (starches and rhamno-galacturonans) and insoluble (hemicellulose and lignin) dietary
fibers. The extract produced from the bark is traditionally used to treat hyperglycemia,
anemia, diarrhea, cancer, and many other conditions [24,48–50]. The leaves are used in
traditional medicine to treat hyperglycemia, obesity, dyslipidemia, cancer, and infectious
and inflammatory conditions [12,51]. The most phenolic compounds in the leaves are
mangiferin, quercetin, ellagic acid, and syringic acid. Peels are also a good mangiferin
source; this compound can be considered heat-stable and pharmacologically active. The
actions of mangiferin can include antiinflammation, antioxidant, anti-obesity, anti-type
2 diabetes, antitumor, and immunomodulatory effects [52,53].

Peels are a relevant source of dietary fiber (36–78 g/100 g of dry weight), and mango
peel powder can be applied in the production of bakery and pasta products, beverages,
snacks, ice cream, and meat products [54]. Peels also contain ascorbic acid, tocopherol,
carotenoids, phenolic compounds, gallic acid, and derivatives [55–58]. Mango peel extracts
play a significant role in exhibiting 2,2-diphenyl-1-picrylhydrazyl (DPPH) free-radical
scavenging capacity and, consequently, can prevent or combat oxidative stress both in
food products and in the human body. Polyphenols extracted from peels can be a natural
substitute for artificial antioxidants on functional food or dietary supplements [59].

Kernels contain cellulose, starch, and pectin and can be used as an important dietary
fiber source. The kernel phytocompounds include catechin, gallotannins, flavonoids, and
benzophenones. Other phytocompounds are functional phytosterols, sesquiterpenoids,
fatty acids, and tocopherols [48,55,56,60,61].

4.2. M. indica and Health Effects: Results from Clinical Trials

Table 2 summarizes the main findings of the included studies. Pinneo et al. [8] focused
their research on analyzing the effect of mango consumption on biochemical parameters
and satiety responses. However, the study has a limitation because it measures satiety
hormones at only 45 min after consumption, as each hormone may have a different time
curve. More frequent blood collections with a longer time window could provide a more
accurate picture of the responses.

Rosas et al. [36] found that consuming fresh mango significantly reduces blood glucose
levels and LDL-c levels. This is a very interesting study; however, it has several limitations:
the small sample size, the authors only used one dose of fresh mango, and the optimal dose
cannot be determined.

According to Arshad et al. [37], the use of mango peel powder can improve lipid
profiles in obese women. They also found important antioxidant activity, suggesting that
mango peels have a considerable potential to control oxidative stress and dyslipidemia in
obese individuals. Although they present promising results, there are important limitations:
the small sample size and the inclusion of only women, which reduce the possibility of
spoiling results.

Alkutbe et al. [38] studied the combination of nutrient extraction from two fruits,
raspberry and passion fruit, combined with mango. They demonstrated that the combi-
nations of mango/raspberry and mango/passion fruit can reduce the glycemic index in
individuals with a healthy weight and in obese individuals. However, some limitations
can be cited: the authors did not measure polyphenol content, including piceatannol (other
authors have shown they can vary according to their country of origin) and factors such as
insulin responses and changes in other hormones such as gastric inhibitory polypeptide
(GIP) or glucagon-like peptide-1 (GLP-1). Only blood glucose responses after the intake of
test meals were analyzed. Furthermore, healthy-weight individuals participated in only
one of the two arms of the study.

Anaya-Loyola et al. [39] found that by-products of mango juice (peel and pulp) did
not prevent or eliminate upper respiratory and gastrointestinal infections. At the end of
the study, the children still experienced some infection, but there was a low occurrence
of gastrointestinal diseases and upper respiratory tract infection symptoms. Although
the results are interesting, this study has some limitations: mango bioavailability was not
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evaluated, so the amount of bioavailable mango polyphenols is unclear; only children were
included, so the findings may not be extended to other age groups; and the juice by-product
was investigated in a single dose.

Martin-Rincon et al. [40] investigated supplementation with mango leaf extract (Zynamite®)
in combination with quercetin and found that the polyphenols enhanced performance and
muscle pain recovery, regardless of oral contraceptive intake. However, this study had
limitations, such as the small sample size. Additionally, the diet during the assessment was
not standardized, and the polyphenol content of the participants’ habitual diets had not
been determined.

López-Ríos et al. [41] investigated the neurocognitive activity of mangiferin. The findings
indicated significant spectral modifications in brain electrical activity. Although psychometric
tests did not show significant modifications (except for reaction times across all groups), the
study provides valuable evidence that mango leaf extract has no adverse effects on blood
pressure, pulse, or heart rate variability. It is important to note that this study is limited in
nature, being an exploratory investigation with a small number of participants.

Gelabert-Rebato et al. [42] showed the impact of mango leaf extract, rich in mangiferin,
combined with luteolin on sprint exercise performance and muscle oxygen extraction
capacity in active men. Although the results demonstrated promising effects of the extract
on exercise performance, oxygen extraction, and cerebral oxygenation, the study was
limited by its small sample size and the lack of an evaluation of oxidative stress biomarkers.

Buchwald-Werner et al. [43] conducted a study investigating the long-term consump-
tion of a commercial powdered M. indica product (Careless™) on microcirculation and
glucose metabolism. The researchers deemed these findings promising, indicating a modest
beneficial effect of M. indica fruit preparation on microcirculation, endothelial function, and
glucose metabolism by the end of the study. Some limitations can be cited for this study.
The age range of the patients included was wide; the table with socio-demographic data
does not make it clear how many men and women took part in the study.

Gerstgrasser et al. [44] observed the effects of Careless™ (mangiferin) on microcircula-
tion. The results showed promising and beneficial effects in healthy women. These findings
suggest that Careless™ may have potential therapeutic applications for individuals with
microcirculation alterations and endothelial dysfunction. However, due to the small sample
size, these findings cannot be extended to a larger number of patients.

In a study conducted by Na et al. [45], the effects of mangiferin on serum lipid profiles
and free fatty acid concentrations were examined in overweight and dyslipidemic patients.
Their findings suggest that mangiferin may improve lipid metabolism in individuals with
these conditions. However, due to the broad age range included in the study, the findings
may have limitations.

Patnaik [46] observed the effectiveness of mango leaves in controlling diabetes. Al-
though this study is interesting, some limitations must be noted. Firstly, a questionnaire
was used to evaluate the patients’ anthropometric and biochemical parameters, limiting
the reliability of the results. Furthermore, the sample was small (30 patients divided into
three groups).

4.3. Antioxidant Effects of M. indica L.

Oxidative stress is related to the development or worsening of different metabolic
conditions such as obesity, hyperglycemia, dyslipidemia, and cardiovascular disease. When
considering M. indica L.’s antioxidant properties, it is essential to emphasize its phytochemical
compounds [62]. The most relevant polyphenols with antioxidant activity in the mango fruit
are the class of flavonoids (catechins, quercetin, kaempferol, rhamnetin, anthocyanins, and
tannic acid) and the class of xanthones, which includes mangiferin (C2-b-d-glucopyranosyl-
1,3,6,7-tetrahydroxyxanthone) [63]. Mangiferin can be obtained from the roots, bark, leaves,
and fruits of M. indica L. and presents anticancer, antimicrobial, antiatherosclerotic, an-
tiallergenic, anti-inflammatory, high iron-chelating, analgesic, and immunomodulatory
properties as well as the capacity to reduce ROS production [62,64].
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Moreover, the administration of mangiferin to diabetic nephropathy rats reduced
serum levels of advanced glycation end products and enhanced antioxidant enzymes,
including superoxide dismutase and glutathione peroxidase [65]. Also, another study
involving the use of mangiferin in diabetic rats identified increased liver levels of the
following antioxidant enzymes: superoxide dismutase, catalase, and glutathione peroxi-
dase [66].

Furthermore, according to a study developed by Sferrazzo et al. [67], M. indica L.
has proven to be a great example of an antioxidant source that stabilizes free radicals,
contributing to minimizing oxidative stress. This experimental analysis using mango leaf
extract (MLE) obtained from Sicilian mango (Lentini, Italy) has shown that the polyphenol
derivatives of that extract present antioxidant activity. This activity was confirmed by using
MLE treatment in humans, reducing the gene expression of pro-inflammatory enzymes
and cytokines such as IL-1β, IL-6, TNFα, and COX2.

In rats, a study identified the antioxidant activity of the MLE on several oxidative
stress systems induced by H2O2 related to antispasmodic activity spasmolytic. The results
showed that chronic intake with MLE reduced lipid peroxidation in the small intestine
and counteracted the ROS effects, protecting tissues from oxidative damage [68]. Figure 3
provides an illustration depicting the potential antioxidant effects of mangiferin. This
bioactive compound may plausibly interact with Nrf2, as supported by prior research
findings [69].
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Figure 3. This scheme illustrates the potential antioxidant efficacy of mangiferin. This bioactive
agent shows its effectiveness by potentially interacting with the nuclear factor erythroid 2-related
factor 2 (Nrf2) pathway. This interaction initiates a series of events that activate cellular defense
mechanisms against oxidative stress. The multifaceted actions of mangiferin in scavenging reactive
oxygen species and enhancing endogenous antioxidant systems make it a compelling candidate for
therapeutic interventions in oxidative stress-related disorders.

4.4. Anti-Inflammatory Effects of M. indica L.

As an oxidative stress, inflammation is related to obesity, hyperglycemia, dyslipidemia,
metabolic syndrome, and cardiovascular diseases. As mango fruit and by-products possess
many bioactive compounds, they can be considered to prevent inflammatory processes.
A study developed by Sferrazzo et al. (2022) evaluated the anti-inflammatory activity of
mango leaf extract (MLE) using macrophages treated with lipopolysaccharide (LPS) as
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an in vitro model. The use of LPS caused an increase in pro-inflammatory genes such as
cyclooxygenase-2 (COX-2), interleukin-6 (IL6), interleukin-1β (IL-1β), and tumor necrosis
factor-α (TNF-α), which was downregulated to regular levels by the use of MLE. The extract
also caused a reduction in pro-inflammatory cytokines genes, IL-1β, IL-6, and COX-2 in
hepatic stellate cells treated with LPS [67].

Mango pulp is an excellent source of polyphenols, most of them derived from gallic
acid and galloyl-polyphenols such as mono-galloyl glucose and gallotannins (hexa-to nona-
O-galloyl-glucoses). The anti-inflammatory properties of gallotannins and their associated
metabolites (such as gallic acid and 4-O-methylgallic acid) are related to the reduction of
pro-inflammatory cytokines, intracellular adhesion molecule 1 (ICAM-1), nuclear factor
kappa B (NF-κB), and vascular cell adhesion molecule 1 (VCAM-1). Also, gallic acid can
reduce inflammation responses in intestinal epithelial cells by reducing pro-inflammatory
cytokines such as IL-1, IL-6, IL-17, and TNF-α and inducing anti-inflammatory cytokines
such as IL-4 and IL-10. In addition, mango stem bark extract also showed anti-inflammatory
activity by inhibiting TNF, prostaglandin E2 (PGE2), and nitric oxide (NO) [70].

Phospholipases A2 (PLA2) are a family of enzymes that regulate the arachidonic acid
pathway; this, by the action of cyclooxygenase and lipoxygenase, liberates pro-inflammatory
mediators such as leukotrienes, thromboxanes, prostacyclins, and prostaglandins. It has
been proved that the aqueous stem bark extract of M. indica L. can suppress inflammation
processes by inhibiting inflammatory PLA2 belonging to group IA, i.e., NN-XIa-PLA2
(a purified PLA2 enzyme obtained from Naja naja venom). The extract inhibited both
in vitro and in situs PLA2 activity and dose-dependently inhibited the in vivo edema-
inducing activity of NN-XIa-PLA2. Also, oral extract administration reduced mice ear
edema induced by arachidonic acid and phorbol myristate acetate [71]. Figure 4 depicts
the potential anti-inflammatory properties associated with mangiferin.
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4.5. Metabolic Effects of M. indica L.

Diabetes is considered one of the leading causes of death worldwide. Mango by-product
consumption has potential value in treating risk factors for diabetes [21,25,72,73]. A study
showed the hypoglycemic effect of the MLE in male normoglycemic and diabetic rats and
observed a significant decrease in glycemia, surpassing the effects of glibenclamide. The
extract maintained long-term hypoglycemic actions effectively and significantly improved
insulin sensitivity in an animal model.

A study performed with human HepG2 and HL-7702 hepatocytes was evaluated
under a high glucose level and submitted a mangiferin derivative compound: 1,3,6,7-
tetrapropylene acyloxy-ketone (TPX). The results showed augmented glycogen synthesis
and inhibition of gluconeogenesis. This evaluation of the article occurs due to the regulation
of GSK3β, G6Pase, and PEPCK. Energy homeostasis and hepatic insulin resistance were
also improved due to actions in AMPK and PI3K/AKT. These results are promising for the
treatment of insulin-resistance-related diseases, including metabolic-associated fat liver
diseases and diabetes [74].

Noh et al. [75] conducted a study examining the effects of mangiferin on glycemia and
obesity both computationally and in C57BL/6 mice subjected to a high-fat diet. Their in sil-
ico model revealed mangiferin’s capacity to bind with inflammatory biomarkers associated
with macrophages and autophagy proteins. In vivo experiments demonstrated significant
reductions in body weight and glucose and lipid metabolism improvements, as well as
decreased insulin resistance in obese subjects. Furthermore, mangiferin decreased Kupffer
cells and macrophages within adipose tissue and inhibited TNF-α and NF-κB expression
in the same tissue. Additionally, it enhanced the liver’s expression of fibroblast growth
factor 21. In a separate investigation, Apontes et al. [76] administered 400 mg of mangiferin
(derived from bark extract) per kilogram of diet to mice for five weeks. The outcomes
demonstrated heightened glucose and pyruvate oxidation and increased ATP production
without impacting fatty acid oxidation. This redirection of fuel utilization appeared to
safeguard carbohydrates. The authors speculated that mangiferin has the potential to
enhance carbohydrate metabolism. Another study by Saleem et al. [77] explored the ef-
fectiveness of mango leaf extract in diabetic Swiss albino mice. Their findings exhibited
lowered postprandial glycemia and an improved lipid profile.

Irondi et al. [78] examined the impact of M. indica seed flour on diabetic Wistar rats sub-
jected to a high-fat diet. Following this, the rats were provided diets enriched with flour or
were administered metformin for 21 days. The inclusion of the flour led to enhancements in
fasting glycemia, liver glycogen levels, glycosylated hemoglobin, and lipid profile, as well
as reductions in hepatic and pancreatic malondialdehyde. Additionally, it resulted in favor-
able alterations in markers of liver function, including plasma aspartate aminotransferase,
alanine aminotransferase, and alkaline phosphatase levels in diabetic rats.

Besides diabetes, the global prevalence of obesity has been a growing concern for
public health officials worldwide. Obesity is a complex and multifactorial condition
influenced by genetics, environment, lifestyle, and socioeconomic factors. The prevalence
of obesity is indeed particularly high (>25% of adults) in several regions, including the
Americas, the Middle East, and Pacific Island communities [79].

Some signaling pathways contribute to pro-obesity and anti-obesity mechanisms
within the body. Pro-obesity mechanisms encompass insulin resistance, inflammation in
adipose tissue, and the process of adipogenesis. Conversely, anti-obesity mechanisms
involve signaling pathways and processes that aim to counteract these pro-obesity mech-
anisms [80,81]. In this way, Taing et al. [82] and Fang et al. [81] concluded that extracts
from M. indica peel effectively hinder adipogenesis in vitro in a dose-dependent manner by
suppressing mitotic clonal expansion, genes linked to mitochondrial biogenesis, and fatty
acid oxidation in 3T3-L1 adipocytes via AMP-activated protein kinase (AMPK) signaling.

In addition to obesity, dyslipidemia frequently co-occurs, raising concerns about its
potential implications, notably in terms of cardiovascular diseases, which continue to
be the leading cause of global mortality [83]. Several studies have been conducted on
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mangoes to investigate their effects on cholesterol profiles and their potential relevance to
cardiovascular health.

Various compounds present in M. indica leaves may have a twofold impact: firstly,
by blocking enzymes responsible for the de novo synthesis of cholesterol, and secondly,
by competing with cholesterol absorption [84]. Furthermore, in male Wistar rats, a stan-
dardized mango leaf extract demonstrated a more significant cholesterol-reducing effect
compared to atorvastatin. This effect was attributed to three key molecules: iriflophenone
3-C-β-d-glucoside, mangiferin, and 3β-taraxerol [85]. In hyperlipidemic rats, a methanolic
extract from mango leaves containing a significant amount of mangiferin with a bioaccessi-
bility of 12% successfully decreased blood lipid levels [86].

In another study, Wistar rats underwent ischemia injury followed by reperfusion.
The control group exhibited significant cardiac dysfunction, elevated serum cardiac injury
markers, increased lipid peroxidation, and a notable decrease in tissue antioxidants. How-
ever, pretreatment with mangiferin effectively restored the balance between oxidants and
antioxidants in the heart tissue, preserved cell membrane integrity, and reduced levels of
pro-inflammatory cytokines, pro-apoptotic proteins, and transforming growth factor beta
(TGF-β). Additionally, mangiferin significantly reduced the phosphorylation of p38 and
c-Jun N-terminal protein kinase (JNK) while enhancing the phosphorylation of extracellular
signal-regulated protein kinases 1 and 2 (ERK1/2), indicating its role in modulating the
mitogen-activated protein kinase (MAPK) signaling pathway [87].

From the perspective of microcirculation, M. indica fruit preparation (Careless™) was
administered in healthy women. It triggered the activation of evolutionarily conserved
metabolic sensors, namely sirtuin 1 and adenosine monophosphate-activated protein
kinase. These sensors have been recognized as pivotal in regulating microcirculation and
maintaining endothelial function. At the same time, an in vitro test in primary human
umbilical vein endothelial cells promoted endothelial nitric oxide synthase activation [44].

5. Conclusions

Incorporating mango into one’s diet has been shown to enhance glycemic control,
regulate plasma lipid levels, increase satiety, and improve endothelial function. The
collective findings from the included studies indicate that the utilization of mango in
various forms—ranging from fresh mango slices and mango puree to mango by-products,
mango leaf extract, fruit powder, and mangiferin—yield many favorable effects. These
encompass enhancements in glycemic control and improvements in plasma lipid profiles,
including reductions in triglycerides, LDL cholesterol, and total cholesterol, alongside
increased HDL cholesterol levels. Additionally, mango consumption is correlated with
diminished appetite and reduced food intake, elevated mood scores, augmented physical
performance during exercise, improved endothelial function, and a decreased incidence
of respiratory tract infections. Despite the health benefits, further standardized clinical
trials are imperative to establish the optimal administration, dosage, and intervention
duration for mango and its derivative by-products. It is also crucial to investigate further
the potential risks associated with their use.

The utilization of mango by-products aligns with the current trend and expanding
market demand for improved, healthier products. Nutraceutical items could be more
affordable, making them accessible to low-income populations. Additionally, this approach
contributes to reducing environmental harm, a critical factor in ensuring humanity’s
sustainable presence on the Earth.

In light of this current landscape and alignment with the Sustainable Development
Goals, there is a pressing need to promote the active development of nanomedicines derived
from mangoes. This innovative approach holds tremendous potential for addressing
various healthcare challenges. We can pioneer groundbreaking therapeutic approaches
while safeguarding the environment by harnessing the distinctive attributes of mango-
derived compounds at the nanoscale.
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Abstract: Androgenic alopecia (AGA) is a dermatological disease with psychosocial consequences
for those who experience hair loss. AGA is linked to an increase in androgen levels caused by an
excess of dihydrotestosterone in blood capillaries produced from testosterone by 5α-reductase type II
(5αR2), which is expressed in scalp hair follicles; 5αR2 activity and dihydrotestosterone levels are
elevated in balding scalps. The diverse health benefits of flavonoids have been widely reported in
epidemiological studies, and research interest continues to increase. In this study, a virtual screening
approach was used to identify compounds that interact with active site residues of 5αR2 by screening
a library containing 241 flavonoid compounds. Here, we report two potent flavonoid compounds,
eriocitrin and silymarin, that interacted strongly with 5αR2, with binding energies of −12.1 and
−11.7 kcal/mol, respectively, which were more significant than those of the control, finasteride
(−11.2 kcal/mol). Molecular dynamic simulations (200 ns) were used to optimize the interactions
between compounds and 5αR2 and revealed that the interaction of eriocitrin and silymarin with
5αR2 was stable. The study shows that eriocitrin and silymarin provide developmental bases for
novel 5αR2 inhibitors for the management of AGA.

Keywords: androgenic alopecia; androgen; dihydrotestosterone; 5α-reductase type II; natural compounds

1. Introduction

Androgenic alopecia (AGA), also known as male pattern baldness, is a common
type of hair loss. Hair is an essential bodily structure that protects the scalp, enhances
human individuality, and serves a variety of purposes such as insulation, attractiveness,
and tangibility [1]. AGA is caused by an androgen hormone imbalance, stress, hereditary
diseases, malnourishment, 5α-reductase type II (5αR2) overactivity, thyroid dysfunction,
drug addiction, and aging [2]. The testicles mainly produce androgens in the form of
testosterone, which is then converted to dihydrotestosterone (DHT) by 5αR2. DHT inter-
acts with androgen receptors in vulnerable scalp-based hair follicles and activates genes
responsible for follicular shrinkage, thus causing AGA [3]. The absence of AGA in men
with congenital impairment of 5αR2 demonstrates the relevance of DHT as an etiologic
factor of this disorder [4]. Individuals with a genetic deficiency in the 5αR2 enzyme do
not develop AGA. Furthermore, 5αR2 has been found in hair follicles on the scalp, with
balding scalps exhibiting elevated levels of both 5αR2 activity and DHT concentrations.
Overall, these findings support the rational use of inhibitors targeting 5αR2 as a therapeutic
approach for treating AGA in men [5].
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For many years, the treatment of AGA has been a point of contention in clinical
dermatology. Many treatments for baldness are now available, including bioengineered
hair transplants [6], hair follicle regeneration using rearranged stem cells [7], and medicinal
treatment with the synthetic drugs minoxidil or finasteride [8,9]. Minoxidil stimulates hair
growth by shortening the telogen phase and accelerating the transition to the anagen phase.
It has also been demonstrated to expand hair follicles. In the treatment of androgenetic
alopecia, minoxidil is still a significant advancement [10]. Finasteride is commonly used to
treat androgen-dependent hair diseases such as androgenetic alopecia. This medicine is
an orally given selective 5-alpha-reductase inhibitor used to treat androgenetic alopecia [11].
However, these drugs have been reported to have severe dermatological side effects, which
include reduced libido, irritation, itching, erythema, and depression [12]. Hence, there
is a pressing need for the development of a novel pharmaceutical agent that effectively
stimulates hair growth while minimizing any potential adverse effects.

New drug development is one of the most important tasks of biomedical research
from scientific and economic perspectives. However, despite the advancements made
in informatics and computational biology, as well as parallel increases in drug devel-
opment productivity, drug development has been sluggish due to heavy dependence on
synthetic small molecules as a source of innovation. Computer-Aided Drug Design (CADD)
has emerged as a highly effective technique for identifying promising lead compounds
and advancing prospective pharmaceutical medicines addressing a wide range of disor-
ders [13–15]. Currently, a variety of computational techniques are being used to identify
interesting lead entities from large compound repositories. The application of CADD tech-
niques in the context of drug development is progressing steadily. A prevalent trend in
modern drug design revolves around the rational engineering of effective treatments with
multi-targeting properties, improved efficacies, and reduced side effects, particularly with
regard to toxicity considerations [16]. Natural products are a huge, diversified source of
bioactive substances, and some have been utilized in traditional medicine for hundreds
of years, which distinguishes them from synthetic small molecules [17]. The numerous
health benefits of flavonoids, as described in epidemiological studies, have attracted the
attention of the scientific community. These compounds are abundant in nature, particu-
larly in fruits and vegetables, and possess diverse physical, chemical, and physiological
properties. Several flavonoids have been well studied for their medicinal effects, which
include antibacterial, hepatoprotective, antioxidant, anti-inflammatory, enzymatic activity
modulation, anticancer, and antiviral activities [18]. Here, we aim to identify novel natural
5αR2 inhibitors using a computational approach, with the objective of finding a potential
treatment for AGA.

2. Materials and Methods
2.1. Preparation of 3D Structure of 5αR2

The crystal structure of 5αR2 in complex with finasteride (PDB ID: 7BW1; resolution:
2.80 Å) was obtained from a protein data bank [19]. After removing water molecules and
heteroatoms, including the co-crystallized ligand (finasteride), the clean structure of 5αR2
was prepared using the ‘prepare protein’ tool of the Discovery Studio 2021 (DS) and saved
in monomer and .pdb format.

2.2. Retrieval and Preparation of Flavonoid Library

The unique collection of 241 flavonoid compounds was obtained from Selleck Chemi-
cals (https://www.selleckchem.com (accessed on 13 December 2022)) in .sdf format. These
compounds were minimized, prepared with DS, and converted to ‘pdbqt’ format for
docking analysis.

2.3. Structure-Based Virtual Screening

The preeminent methodology used for the discovery of novel lead compounds in
the field of drug development involves the physical evaluation of large chemical libraries
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against a specific biological target, also known as high-throughput screening. A complemen-
tary strategy, known as virtual screening (VS), entails the computational evaluation of large
chemical repositories to identify molecules that exhibit complementarity to structurally
characterized targets; compounds predicted to exhibit favorable binding characteristics
are then subjected to experimental validation [20,21]. Receptor-based methodologies, also
known as structure-based techniques, are intended to elucidate the interaction dynamics
between a ligand and its receptor. Their primary goal is to distinguish between ligands with
strong affinities for the target protein and those with weaker affinities. The possession of
a three-dimensional target configuration is a critical requirement for carrying out a receptor-
based VS initiative. This can take the form of a crystalline X-ray structure, an NMR-derived
structure, or even a structure inferred through homology modeling. The dominance of
receptor-based methodologies over ligand-based methodologies is growing, owing to the
increasing availability of resolved three-dimensional structures of target proteins for re-
search purposes. Structure-based VS anticipates the location and orientation of a ligand
when it interacts with a protein [22]. In the present study, AutoDock Vina 1.1.2 [23] and
AutoDock 4.2.5.1 [24] were used for VS and molecular docking studies to identify binding
conformations with the lowest binding energies (BEs). Finasteride was used as a positive
control for VS, and X, Y, and Z coordinates were set at −20.40, 17.50, and 45.54, respectively.

2.4. Physiochemical and Toxicity Prediction

The SwissADME web server was used to assess the predicted physiochemical and
pharmacokinetic properties of the top two compounds (eriocitrin and silymarin) [25], and
ProTox-II, an open-access web server, was used to predict their toxicities [26]. ProTox-II
combines molecular similarity, pharmacophore, and machine learning models to predict
toxicity endpoints, such as hepatotoxicity, immunotoxicity, carcinogenicity, mutagenicity,
and cytotoxicity.

2.5. Molecular Dynamics (MD) Simulations

Studying the intramolecular dynamics of proteins can reveal hidden biological func-
tions and intricate mechanisms. GROMACS2019.6 [27] was used to study the stabilities of
5αR2-eriocitrin, 5αR2-silymarin, and 5αR2-finasteride (control) complexes. MD simulation
was carried out for 200 nanoseconds (ns) using the GROMOS96 43a1 force-field param-
eter [28]. The protein topology file was generated using the gmx tool, while the ligand
topology file was created using the Swiss Param server. Subsequently, the TIP3 water
model was employed, and a solvent box was generated at a distance of 10 Å. To achieve
system equilibrium, counter ions such as Na+ and Cl− (5αR2-eriocitrin; Na+ (0), Cl− (10),
5αR2-silymarin; Na+ (0), Cl− (10), and 5αR2-finasteride; Na+ (0), Cl− (10)) were introduced,
while preserving a salt concentration of 150 mM. The solvation of the protein was accom-
plished using the Simple Point Charge (spc216) water model. Using the energy-grps in
the MDs parameters (mdp) file, the particle-mesh Ewald method was utilized to study
interactions between 5αR2 and eriocitrin, silymarin, and finasteride. To achieve system
equilibration, the NPT and NVT ensembles were employed at a temperature of 310 K and
pressure of 1 bar. The GROMACS analysis module was utilized to examine trajectories by
plotting graphs for Root Mean Square Deviation (RMSD), Root Mean Square Fluctuation
(RMSF), Radius of Gyration (Rg), Solvent Accessible Surface Area (SASA), and H-bonding.

3. Results and Discussion

5αR2 is involved in the pathophysiology of AGA, and thus, 5αR2 inhibitors are con-
sidered crucial for the development of anti-baldness therapies. Accordingly, we screened
241 flavonoids against the active pocket of 5αR2 and identified 11 compounds whose
BEs were superior to those of the finasteride (Table 1). These 11 compounds were further
evaluated for their interactions with the active site residues of the 5αR2 using Pymol and
DS in 2D and 3D view. Through a comprehensive examination of the interactions and
thorough investigation of both two-dimensional and three-dimensional interactions, it was
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determined that eriocitrin and silymarin exhibited the most substantial interaction with
5αR2, as established by visual inspection and interaction analysis.

Table 1. BE of top-screened flavonoid compounds.

S. No. Compound Name Binding Energy (kcal/mol)

1. Eriocitrin −12.1

2. Obacunone −11.8

3. Oroxin_B −11.7

4. Silymarin −11.7

5. Hesperidin −11.7

6. Baicalin −11.6

7. Diosmin −11.6

8. Scutellarin −11.6

9. Methyl-Hesperidin −11.6

10. Narirutin −11.6

11. Isosilybin −11.6

12. Finasteride (positive control) −11.2

Figure 1A depicts finasteride, eriocitrin, and silymarin in the 5αR2 binding pocket. The
low BE of eriocitrin and silymarin with 5αR2 provided the contributions of H-bonds and
van der Waals interactions. Eriocitrin had a BE of −12.1 kcal/mol (Table 1) and interacted
with several key residues of 5αR2, viz., Leu11, Tyr33, Gly34, Ala49, Trp53, Gln56, Glu57,
His90, Tyr91, Arg94, Tyr98, Asn102, Arg103, Gly104, Tyr107, Arg114, Gly115, Phe118,
Cys119, Phe129, Asn160, Asp164, Leu167, Asn193, Phe194, Glu197, Trp201, Phe216, Phe223,
Leu224, and Arg227. Of these, the Gln56, Tyr91, Arg94, Asn102, Asn160, and Asp164
residues formed H-bonds with eriocitrin, while Tyr107, Leu111, Arg114, Phe118, Phe219,
Cys119, Phe216, Trp201, His90, Glu197, Asn193, Tyr98, Leu167, Arg103, Gly104, Ala49,
Arg227, Phe194, Tyr33, Trp53, Gly34, Leu224, Phe223, and Gly115 residues were involved
in van der Waals interactions (Figure 1B).

Silymarin had a BE of −11.7 kcal/mol (Table 1) and interacted with the Tyr33, Lys35,
Trp53, Glu57, Tyr91, Arg94, Tyr98, Arg103, Gly104, Tyr235, Pro181, Leu167, Asn160, Asp164,
Arg168, Leu170, Arg171, Tyr178, Arg179, Asn193, Phe194, Glu197, Phe219, Ser220, Phe223,
Leu224, and Arg227 residues of 5αR2. The Lys35, Glu57, Asn160, Asp164, Leu167, and
Asn193 residues formed H-bonds with silymarin, while Ser220, Phe219, Tyr91, Arg94,
Phe194, Tyr235, Pro181, Arg179, Leu170, Arg171, Arg168, Gly104, Arg103, Tyr33, and
Trp53 residues were involved in van der Waals interactions (Figure 1C). The structures of
eriocitrin, silymarin, and finasteride are shown in Table 2.

Finasteride, a 5αR2 inhibitor, reduces serum and scalp DHT levels by inhibiting
testosterone to DHT conversion and is often used to treat AGA [29]. Clinical studies on
men with alopecia revealed that finasteride administration reduced DHT levels in the scalp,
promoting hair growth and confirming the role of DHT in the underlying pathophysiology
of AGA [30]. In order to obtain a comprehensive understanding of the interacting residues
between 5αR2 and the eriocitrin and silymarin, an interaction analysis was conducted on
the co-crystallized ligand finasteride (PDB ID: 7BW1) and 5αR2 corresponding residues
by redocking the finasteride with 5αR2. The results revealed that the Leu20, Leu23, Ala24,
Ser31, Tyr33, Trp53, Gln56, Glu57, Tyr91, Arg94, Tyr98, Tyr107, Leu111, Arg114, Gly115,
Phe118, Asn160, Asp164, Asn193, Phe194, Glu197, Trp201, Phe216, Phe219, Ser220, Fhe223,
and Leu224 residues of 5αR2 were essential for the interaction with finasteride (Figure 1D).
Remarkably, the Trp53, Glu57, Tyr91, Arg94, Tyr98, Asn160, Asp164, Asn193, Phe194,
Glu197, Phe223, and Leu224 residues were identified as the common interacting residues
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of 5αR2 with eriocitrin and silymarin, as well as finasteride (Figure 1B–D), representing
that these compounds bind at the same site of 5αR2 as finasteride.
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Table 2. Structures of eriocitrin, silymarin, and finasteride and interacting residues of 5αR2.

Compounds Structure No. of H-Bond H-Bonds Interacting
Residues Van der Waals Interactions

Eriocitrin
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6
Gln56, Tyr91, Arg94,

Asn102, Asn160,
and Asp164

Tyr107, Leu111, Arg114,
Phe118, Phe219, Cys119,
Phe216, Trp201, His90,
Glu197, Asn193, Tyr98,

Leu167, Arg103, Gly104,
Ala49, Arg227, Phe194, Tyr33,

Trp53, Gly34, Leu224,
Phe223, and Gly115

Silymarin
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Finasteride
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Glu57, Arg94, Arg114,

Asn160, Asp164,
Glu197, and Ser220

Asn193, Leu224, Tyr91,
Phe194, Phe216, Phe219,

Ala24, Leu20, Ser31, Tyr107,
Tyr33, Gly115, and Gln56

A higher negative BE of a compound with the target enzyme indicates a stronger
interaction with its amino acid residues in the catalytic pocket, and the dissociation rate of
such compounds from the target enzyme will be slower [31–33]. Interestingly, eriocitrin
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and silymarin had higher (negative) BEs than finasteride (control), revealing that these
compounds have a strong interaction with 5αR2.

Silymarin is derived from Silybum marianum (L.) gaernt (the milk thistle), while Citrus
limon is a rich source of eriocitrin. The pharmacological effects of these compounds have
been well explored, especially their hepatoprotective, antioxidant, anticancer, anti-diabetic,
anti-inflammatory, and cardioprotective activities [34,35], and accumulated evidence in-
dicates these compounds are suitable therapeutics. We predicted the physicochemical
properties and toxicities of eriocitrin and silymarin (Tables 3 and 4) and showed that both
compounds possess acceptable selected parameters. The physicochemical parameters of
the selected compounds were evaluated, including the number of heavy atoms, proportion
Csp3, number of rotatable bonds, number of hydrogen bond donors and acceptors, molar
refractivity, and TPSA. In addition, the lipophilicity, water solubility, and pharmacokinetics
of these compounds were evaluated, and their estimated values are shown in Table 3.

Table 3. Estimated physicochemical properties of silymarin, eriocitrin, and finasteride.

Properties Compound Name

Physicochemical Properties Eriocitrin Silymarin Finasteride (Control)

MW 596.53 482.44 372.54

Heavy atoms 42 35 27

Aromatic heavy atoms 12 18 0

Fraction Csp3 0.52 0.24 0.83

RB 6 4 3

HBA 15 10 2

HBD 9 5 2

Molar Refractivity 136.94 120.55 113.18

TPSA 245.29 155.14 58.20

Lipophilicity

iLOGP 1.95 2.79 3.32

XLOGP3 −1.35 1.9 3.03

WLOGP −1.78 1.71 3.43

MLOGP −3.24 −0.4 3.46

Silicos-IT Log P −2.1 1.92 3.20

Consensus Log P −1.3 1.59 3.29

Water Solubility

ESOL

Log S −2.5 −4.14 −3.86

Solubility (mg/mL) 1.87 × 100 3.46 × 10−2 5.13 × 10−2

Class Soluble Moderately soluble Soluble

Ali

Log S −3.3 −4.78 −3.92

Solubility (mg/mL) 2.98 × 10−1 7.99 × 10−3 4.50 × 10−2

Class Soluble Moderately soluble Soluble

Silicos-IT

LogSw 0.1 −4.5 −4.54

Solubility (mg/mL) 7.56 × 102 1.53 × 10−2 1.07 × 10−2

class Soluble Moderately soluble Moderately soluble
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Table 3. Cont.

Properties Compound Name

Physicochemical Properties Eriocitrin Silymarin Finasteride (Control)

Pharmacokinetics

GI absorption Low Low High

BBB permeant No No Yes

Pgp substrate Yes No Yes

inhibitor

CYP1A2 No No No

CYP2C19 No No No

CYP2C9 No No No

CYP2D6 No No No

CYP3A4 No Yes No

log Kp (cm/s) −10.9 −7.89 −6.42

Table 4. Toxicity predictions for silymarin, eriocitrin, and finasteride.

Classification Target
Prediction Probability

Silymarin Eriocitrin Finasteride
(Control) Silymarin Eriocitrin Finasteride

(Control)

Organ toxicity Hepatotoxicity IA IA IA 0.78 0.8 0.98

Toxicity endpoints

Carcinogenicity IA IA IA 0.72 0.91 0.61

Immunotoxicity A A A 0.97 0.99 0.99

Mutagenicity IA IA IA 0.69 0.88 0.81

Cytotoxicity IA IA IA 0.77 0.64 0.79

Tox21-Nuclear receptor
signaling pathways

AhR A IA IA 0.99 0.83 0.99

Androgen
Receptor (AR) IA IA IA 0.95 0.98 0.87

AR-LBD IA IA IA 0.99 0.99 0.99

Aromatase IA IA IA 0.8 0.99 0.97

Estrogen Receptor
Alpha (ER) IA IA IA 0.71 0.95 0.93

ER-LBD IA IA IA 0.96 0.99 0.98

PPAR-Gamma IA IA IA 0.97 0.98 0.98

Tox21-stress response
pathways

nrf2/ARE IA IA IA 0.92 0.99 0.97

HSE IA IA IA 0.92 0.99 0.97

MMP IA IA IA 0.73 0.97 0.93

p53 IA IA IA 0.91 0.9 0.97

ATAD5 IA IA IA 0.94 0.99 0.99

(IA = Inactive; A = Active).

Further, the toxicity assessment of the selected compounds, eriocitrin and silymarin,
was assessed by ProTox-II. To estimate a wide range of toxicity endpoints, the ProTox-II
methodology employs a comprehensive computational strategy that integrates molecular
similarity, pharmacophores, fragment propensities, and machine-learning models. This
platform predicts toxicity based on chemical compounds that have been confirmed us-
ing various experiments. The web server provides confidence levels for the results and
permits similarity comparisons. The predicted lethal dose 50 (pLD50) of eriocitrin was
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determined to be 12,000 mg/kg, placing it in Toxicity Class six. This classification suggests
that eriocitrin exhibits no toxicity. The average similarity between the predicted and actual
toxicity statistics for eriocitrin was determined to be 98.6%, while the prediction accuracy
was found to be 72.9%. On the other hand, the pLD50 of silymarin was estimated to be
2000 mg/kg, which placed it in the ‘harmful if swallowed’ category and Toxicity Class four.
The average similarity between predicted and experimental toxicity was 76.44%, and the
prediction accuracy was 69.26%. Toxicity endpoints for silymarin and eriocitrin, such as
acute toxicity, hepatotoxicity, cytotoxicity, carcinogenicity, mutagenicity, and immunotox-
icity, were within acceptable ranges (Table 4). Furthermore, there was no hepatotoxicity
observed in both compounds.

Subsequently, MD simulations were conducted on the docked complexes of the afore-
mentioned compounds with the 5αR2 enzyme, encompassing a duration of 200 ns. The
primary objective of these simulations was to evaluate the stability of the docked com-
plexes. MD simulations primarily aid in the understanding of conformational stability,
a phenomenon that has a significant impact on the efficacy of therapeutic compounds in
inhibiting target proteins. These simulations, on the other hand, demonstrate their utility
by providing insights into interaction dynamics, including bonding events and stability pat-
terns over time. RMSD is a metric utilized to evaluate protein stability, where lower RMSD
deviations indicate greater stability. 5αR2-control, 5αR2-eriocitrin, and 5αR2-silymarin
had RMSD average values of 0.45, 0.36, and 0.35 nm, respectively, and the RMSD plot
revealed that 5αR2-eriocitrin and 5αR2-silymarin complexes had greater binding stability
than the 5αR2-control complex. The bound structure of the 5αR2-control complex exhibited
high deviation from its initial conformation, whereas the catalytic pocket of 5αR2 formed
stable interactions with eriocitrin and silymarin. Furthermore, ligand RMSDs showed that
5αR2-eriocitrin exhibited a high deviation, whereas the 5αR2-control and 5αR2-silymarin
complexes exhibited low deviations. It showed that the eriocitrin molecule did not tightly
interact in the catalytic pocket of 5αR2 and therefore showed higher deviation in the pocket
of the enzyme (Figure 2A–C).

Life 2023, 13, x FOR PEER REVIEW 9 of 14 
 

 

 

Figure 2. MD simulation studies of docked complexes. RMSD plot (A), average RMSD plot (B), 

RMSD plots of ligands in the 5αR2 catalytic pocket (C), and corresponding RMSF plots (D). Black, 

red, and cyan indicate finasteride, eriocitrin, and silymarin, respectively. 

The average fluctuation of all residues throughout the simulation and the RMSD of 

5αR2 during the binding of 5αR2-control, 5αR2-eriocitrin, and 5αR2-silymarin was plot-

ted as a function of 5αR2 residue numbers. Consistent fluctuations in the catalytic pocket 

were observed in the backbones of 5αR2-silymarin and 5αR2-control, possibly due to ori-

entation differences, while the 5αR2-eriocitrin complex exhibited high fluctuation in the 

130–140 residue region of 5αR2 (Figure 2D), agreeing with the ligand RMSD which 

showed high deviation due to high fluctuations in the catalytic pocket of 5αR2. Notably, 

the 5αR2-silymarin complex demonstrated the least fluctuation overall. 

Rg plots were used to obtain the compactness profiles of the complexes. The 5αR2-

control, 5αR2-eriocitrin, and 5αR2-silymarin complexes had average Rg values of 1.79, 

1.82, and 1.76 nm, respectively, and the Rg plots showed that 5αR2-eriocitrin and 5αR2-

control complexes were less compact than the 5αR2-silymarin complex. These findings 

suggest that silymarin binding to 5αR2 increased enzyme stability, as evidenced by the 

reduced Rg compactness and little effect on the 5αR2 structure (Figure 3A), and that si-

lymarin was more stable in the catalytic pocket of 5αR2. On the other hand, eriocitrin in-

duced alteration in the conformational structure of the enzyme, and therefore, less com-

pactness was shown by 5αR2. 

Figure 2. MD simulation studies of docked complexes. RMSD plot (A), average RMSD plot (B), RMSD
plots of ligands in the 5αR2 catalytic pocket (C), and corresponding RMSF plots (D). Black, red, and
cyan indicate finasteride, eriocitrin, and silymarin, respectively.
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The average fluctuation of all residues throughout the simulation and the RMSD
of 5αR2 during the binding of 5αR2-control, 5αR2-eriocitrin, and 5αR2-silymarin was
plotted as a function of 5αR2 residue numbers. Consistent fluctuations in the catalytic
pocket were observed in the backbones of 5αR2-silymarin and 5αR2-control, possibly due
to orientation differences, while the 5αR2-eriocitrin complex exhibited high fluctuation in
the 130–140 residue region of 5αR2 (Figure 2D), agreeing with the ligand RMSD which
showed high deviation due to high fluctuations in the catalytic pocket of 5αR2. Notably,
the 5αR2-silymarin complex demonstrated the least fluctuation overall.

Rg plots were used to obtain the compactness profiles of the complexes. The 5αR2-
control, 5αR2-eriocitrin, and 5αR2-silymarin complexes had average Rg values of 1.79, 1.82,
and 1.76 nm, respectively, and the Rg plots showed that 5αR2-eriocitrin and 5αR2-control
complexes were less compact than the 5αR2-silymarin complex. These findings suggest
that silymarin binding to 5αR2 increased enzyme stability, as evidenced by the reduced
Rg compactness and little effect on the 5αR2 structure (Figure 3A), and that silymarin was
more stable in the catalytic pocket of 5αR2. On the other hand, eriocitrin induced alteration
in the conformational structure of the enzyme, and therefore, less compactness was shown
by 5αR2.
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Figure 3. Rg plot of complexes (A), SASA plot (B), number of H-bonds formed with ligands (C), and
MSD plot (D). Black, red, and cyan indicate finasteride, eriocitrin, and silymarin, respectively.

SASA provides a measure of the surface area of proteins which interact with solvent
molecules. Average SASA values for 5αR2-control, 5αR2-eriocitrin, and 5αR2-silymarin
complexes were plotted during the 200 ns simulation, and their SASA values were 128.50,
125.20, and 116.25 nm2, respectively (Figure 3B). SASA analysis showed that surface expo-
sure was reduced when silymarin and eriocitrin were bound, while the control compound
increased the surface area of solvent accessibility. Thus, 5αR2-eriocitrin and 5αR2-silymarin
were found to interact less with the solvent than the 5αR2-control.

H-bonds represent highly precise interactions between the inhibitor and the target.
These interactions are crucial in determining the stability of the complex formed by the
target and inhibitor. To evaluate the stabilities of the ligand–target complex, H-bond analysis
was conducted during 200 ns simulations of 5αR2-control, 5αR2-eriocitrin, and 5αR2-
silymarin in a solvent environment. Finasteride and silymarin were found to form two
to four H-bonds with 5αR2, whereas eriocitrin formed two to six H-bonds (Figure 3C). In
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addition, the mean square displacement (MSD) of atoms from a set of original 5αR2 complex
coordinates was computed (Figure 3D). The displacement of atoms from a set of beginning
sites in the complexes 5αR2-control, 5αR2-eriocitrin, and 5αR2-silymarin was calculated,
with 5αR2-silymarin having the greatest MSD value. The first two eigenvectors were
projected in 2D. During the simulations, the 5αR2-control and 5αR2-eriocitrin exhibited
a decreased diversity of conformation during simulation; however, the 5αR2-silymarin
complex exhibited a greater diversity of conformations. This demonstrates that the 5αR2-
silymarin complex was efficiently equilibrated and stable during the simulation (Figure 4A).
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Further, GROMACS analysis modules were used to calculate the Gibbs’ free energy
(GFE) landscape and project the respective first (PC1) and second (PC2) eigenvectors
(darker blue shades indicate lower energy levels). During the simulations, ligand binding
to 5αR2 caused fluctuations in the global minima of 5αR2, as observed in the GFE contour
maps. 5αR2-control and 5αR2-silymarin had similar projections, whereas 5αR2-eriocitrin
had different global minima, indicating that the global minima of eriocitrin had changed
during simulation (Figure 4B–D).

Over the years, various potential 5αR2 inhibitors have been explored, and some have
been synthesized. Furthermore, potent 5αR2 inhibitors have consistently been found to
bind strongly to 5αR2 [36]. Finasteride and dutasteride are currently being used to treat
AGA [37,38], but both have been associated with adverse effects like impotency and sexual
dysfunction [38,39]. Thus, there is an urgent need to identify natural 5αR2 inhibitors with
no side effects. Natural products and traditional medicines are extremely important, and
their derivatives have long been recognized as valuable reservoirs of therapeutic agents
and structural variability. A wide range of pharmaceutical agents currently on the market
have their origins in natural reservoirs. Natural products have long been used to identify
potential developmental leads [40–44], and in this study, we found that natural flavonoids,
namely, eriocitrin and silymarin, stably interact with 5αR2, which implies their potential as
therapeutic agents for treating AGA.
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4. Conclusions

The involvement of 5αR2 in the pathophysiological mechanisms of AGA establishes
the necessity of 5αR2 inhibitors in the advancement of therapeutic interventions for AGA.
VS has been routinely employed to identify new drug leads. In the present study, in silico
methodologies, viz., molecular docking-based VS, toxicity prediction, and MD simulation,
were used to identify potential nontoxic 5αR2 inhibitors in a natural flavonoid library.
Eriocitrin and silymarin were found to interact strongly with 5αR2 and form stable com-
plexes and could be potential future anti-baldness drug candidates. However, further
experimental research is needed to optimize them as 5αR2 inhibitors.
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Abstract: Bowiea volubilis subsp. volubilis is primarily used to address human respiratory infections,
coughs, and colds due to its diverse pharmaceutical properties. Notably, the plant contains alkaloids
that exhibit notable antifungal, antibacterial, and cytotoxic properties. Additionally, the presence of
saponins, with recognized antioxidant and anticancer attributes, further contributes to its medicinal
potential. Steroid compounds inherent to the plant have been associated with anti-inflammatory
and anticancer activities. Moreover, the bulb of B. volubilis has been associated as a source of various
cardiac glycosides. Despite these therapeutic prospects, B. volubilis remains inedible due to the
presence of naturally occurring toxic substances that pose risks to both animals and humans. The
review focuses on a comprehensive exploration concerning B. volubilis ethnobotanical applications,
phytochemical properties, and diverse biological activities in relation to in vitro and in vivo applica-
tions for promoting human health and disease prevention. The aim of the study is to comprehensively
investigate the phytochemical composition, bioactive compounds, and potential medicinal properties
of Bowiea volubilis, with the ultimate goal of uncovering its therapeutic applications for human
health. This review also highlights an evident gap in research, i.e., insufficient evidence-based re-
search on toxicity data. This void in knowledge presents a promising avenue for future investigations,
opening doors to expanded inquiries into the properties and potential applications of B. volubilis in
the context of human diseases.

Keywords: Bowiea volubilis; climbing onion; ethnobotanical uses; human health applications

1. Introduction

The rise in antibiotic-resistant pathogens has led to higher mortality rates for infectious
diseases [1]. In the quest to explore a safer and eco-friendly therapeutic treatment for human
diseases and ailments, the utilization of plant-based remedies has been well-documented
in historical records through the fabrics of cultural traditions and knowledge [2]. Bowiea
volubilis stands as a suitable candidate in the ongoing battle against antibiotic resistance
and emerging infectious diseases. Although B. volubilis is used for various purposes, its
primary application is in traditional medicine for treating respiratory infections, coughs,
and colds. The plant contains various phytochemical compounds that are responsible for its
medicinal properties. For example, the plant contains alkaloids, which have been reported
to have antifungal, antibacterial, and cytotoxic activities [3]. Other compounds include
saponins, which have been reported to have antioxidant and anticancer properties [4], and
steroid compounds, including sitosterol and stigmasterol, which have been reported to
have anti-inflammatory and antitumor properties [5]. In addition, flavonoid compounds
such as luteolin, quercetin, and kaempferol, as well as phenolic compounds such as gallic
acid, caffeic acid, and chlorogenic acid, have been reported to have antioxidant, anti-
inflammatory, and anticancer properties [6].
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Bowiea volubilis Harv. ex Hook.f. subsp. volubilis, commonly known as climbing onion
or sea onion, is a plant species belonging to the family Asparagaceae. This plant species is
native to Southern Africa, specifically South Africa, Zimbabwe, Mozambique, Botswana,
and Namibia. In South Africa, B. volubilis grows in rocky areas, on cliffs, and on the edges
of dry forests with a dry climate at elevations ranging from sea level to around 1500 m
in various parts of the country, such as the Namaqualand, Drakensberg Mountains, and
Gauteng Province [7–10].

This perennial herbaceous bulb-like plant consists of several distinctive parts, each
with its own specific characteristics and uses [11]. The bulbous part of the stem is the most
used plant part as it is traditionally used as a medicinal plant in many African cultures.
The plant has long, narrow, green leaves that grow in a spiral pattern around the stem.
The stem of B. volubilis is long, thin, and twining and is used as a support structure for the
plant, allowing it to climb and reach for sunlight. The plant produces small, greenish-white
flowers that are arranged in an umbel, which are not widely used but play a role in the
plant’s pollination [12,13].

Environmental stressors pose a serious threat or detrimental effects on many plants [14].
B. volubilis, however, is an extremely adaptive plant that can tolerate a range of environmen-
tal stresses, including drought, heat, and poor soil conditions. Its ability to survive in harsh
conditions is partly due to the specialized bulbous part of its stem, which stores water for
extended periods. Studies have shown that the plant can mobilize various physiological
mechanisms to cope with environmental stressors [15]. As such, in recent years, it has been
used as a bioindicator of land restoration efforts in arid and semi-arid regions of Southern
Africa [16].

While there is limited evidence-based research on its use for human consumption,
there are studies suggesting the use of B. volubilis as a potential feed supplement for ru-
minants [17] due to its high content of saponins, which have been shown to have positive
effects on rumen fermentation and nutrient utilization [18,19]. However, further investi-
gation is necessary to establish the optimal dosage and potential hazards connected with
administering this plant to domesticated animals.

The preparation of B. volubilis for treatment depends on the plant part used and the
type of treatment required. These different preparation methods can ultimately affect the
bioactive compounds’ content and influence the therapeutic effects of the plant. For in-
stance, the bulb of B. volubilis is commonly used to treat a wide range of illnesses, including
respiratory infections, gastrointestinal disorders, and skin diseases, and can be prepared
in different ways, including boiling, drying, and grinding into a fine powder [20,21]. The
leaves and stems of B. volubilis are used to treat various ailments, including hypertension,
fever, and arthritis. They can be prepared by crushing or boiling, while the stems are
commonly used in decoctions or infusions [22].

Even though there are numerous modern therapeutic options available worldwide,
most of the global population, particularly those in rural areas, still heavily rely on herbal
medicines for their health and well-being. Over 4000 plant species in South Africa, both
threatened and non-threatened species, are utilized for their medicinal benefits [23]. This
paper seeks to focus on the plant’s role in addressing human health issues, bridging the gap
between traditional knowledge and modern scientific understanding by providing a com-
prehensive analysis of B. volubilis medicinal potential, drawing from ethnopharmacological,
ethnobotanical, phytochemical, and toxicological perspectives. By achieving these aims,
the research paper aims to contribute to the broader understanding of traditional herbal
medicine’s relevance in modern healthcare, especially in regions where herbal remedies
continue to play a vital role in supporting human health.
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2. Methodology

High-quality global search engines such as Google Scholar, Scopus, ScienceDirect, and
PubMed were used to screen, collect, review, and analyse previous research information in
order to compile this current review. Keywords such as Bowiea volubilis, climbing onion,
ethnobotanical uses and human health applications, Bowiea volubilis, climbing onion, and
toxicity were used in the search engines to discover relevant research papers. Afterward,
the abstracts were pre-screened before studying the full documents (Figure 1). Finally, the
results were analysed to provide new insights into the plant’s impact on human health and
its potential application in disease management.
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3. Description, Distribution, and Habitat of B. volubilis

Bowiea vobulis is a succulent plant with a big, globose, green bulb that grows up
to 15 cm in diameter, grows half buried in the ground, and sends up a twining, green-
branched stem [8], as shown in Figure 2. The bulb is covered by thin branches that can wrap
around anything for support [12]. It has six-petalled, half-inch wide, star-shaped, greenish-
yellow flowers that develop from the top of the branches between January and February
in its natural habitat and in summer in the Northern Hemisphere [13]. These green floral
appendages are modified leaf petioles called cladophylls, which, like most true leaves,
fall off with age and stress [8]. Since this plant does not have leaves, its photosynthesis is
carried out by the stems [13]. The growth season of this plant is winter; during summer,
Bowiea volubilis goes through a vegetative rest period [12].
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B. volubilis is native to the grasslands and thickets of the eastern regions of South
African Cape, such as the Eastern Cape, and it extends northwards all through sub-Sahara
Africa (Zimbabwe, Zambia, Tanzania, and Uganda) to as far north as Kenya [8]. It has also
been recorded in Mozambique, Malawi, and Angola. In South Africa, this plant is spread
out in five (Eastern Cape, KwaZulu Natal, Gauteng, Mpumalanga, and North West) of
the nine provinces [13]. In these regions, B. volubilis grows in low and medium altitudes
along the mountain ranges, where it is hidden in thick river valleys, under bush clumps,
and between boulder screes, where it is partially exposed to wet and dry conditions of
summer [8].

4. Traditional Use of B. volubilis

The bulb of B. volubilis is extensively used medicinally as muthi (traditional medicine
prescribed by herbalists or traditional healers (inyanga)), and native people of Southern
Africa employ it for spiritual application, as they hold a profound place within the tradi-
tions of South Africa’s traditional healers [24,25]. The indigenous people value its magical
abilities as they can use them to make warriors brave and unstoppable, protect travellers,
and find love [15,24,26–30]. In addition to its magical uses, the ingestion of medicine
from this bulb is also used as an antidote to poison associated with sorcery [15,29]. The
stems and leaves of B. volubilis are commonly used for decoction due to their bright green
colour and deciduous climbing nature. Several studies conducted found that numerous
tribes use it as a painkiller to treat backaches, headaches, muscle pain, and pelvic pain in
women [10,15,29,31–39]. In addition, reports indicate that B. volubilis is used as a blood pu-
rifier in the Limpopo and Western Cape provinces of South Africa, respectively [40,41]. The
bulb also treats cancer in the Limpopo Province of South Africa [40]. Several ethnobotanical
surveys have shown that the B. volubilis bulb relieves gastrointestinal problems [42–45].
Cimi and Campbell [46] report that the plant is used to treat kidney problems in Makhanda
(former Grahamstown). The use of this plant for urinary tract infections has been reported
by Philander [23], Cock [47], and Coopoosamy and Naidoo [48]. In Eswatini (former
Swaziland), the bulb is cut into pieces, boiled for five minutes, and the concoction is used
to treat scabies [49]. Mixing roasted bulbs with water is also used as a purgative by the
Bhaca, Mfengu, and Mpondo tribes in South Africa [37,50,51]. In Transkei, a decoction of
the bulb is used to treat stomach-related problems [43]. Even sexually transmitted diseases
are healed using B. volubilis [37,50,51]. Ramarumo et al. [40] report that the plant is used
as an anthelmintic. Madikizela et al. [52] list B. volubilis as one of the plant species used
to treat tuberculosis in Pondoland, South Africa. B. volubilis is used as a topical medica-
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tion for various skin or mucous membrane diseases [23,38,40,45,48], as well as infection
of the eye [23,36,47,48]. Furthermore, liver problems are managed using B. volubilis [36].
Certain problems associated with pregnancy and childbirth are treated with medicines
made from the bulbs of B. volubilis [23,35,48,53,54]. With respect to reproductive health,
B. volubilis is used to facilitate delivery, terminate pregnancies, and treat impotence in
men [30,39,44,47]. It also shows that various inflammation-associated diseases are treated
with B. volubilis [23,34].

5. Phytochemistry of B. volubilis

The bulb of Bowiea volubilis has long been known to be a source of several cardiac
glycosides [42,55]. Cardiac glycosides are steroidal compounds that have proved to be
fruitful in developing potential drugs for congestive heart failure [21]. Cardiac glycosides
have long been isolated and characterized in B. volubilis [56–58]. These compounds consist
of an aglycone or genin, which is bound to one or two sugar molecules [36,59]. Conversely,
the aglycone contains an unsaturated lactone ring with either a 5-membered ring known
as cardenalide or a 6-membered ring known as bufadienolide [60]. The cardiac glycoside
has two classes of compounds that differ in the structure of the aglycone bovogenin A and
structurally related bufadienolides [55]. A number of bufadienolides glycosides that are
specific to B. volubilis have been isolated [61]. These include bovoruboside, sciliburoside,
sciliguacoside, scillicyanoside, scilliphaeoside, bovuside A, glucobovuside, bovogenin E,
and bowieasubstanz G [42]. Figure 3 presents the six phytochemical compounds of Bowiea
volubilis. The bufadienolides present in the bulb were fractioned and characterized by
LC-MS. The other bufadienolides were identified by means of thin-layer chromatography
(TLC) [60], FAB-MS, NMR, and C-NMR [15].

The sugar moieties of cardiac glycosides often contain unusual 2-deoxy sugar that
influences their structure, pharmacological properties, and side effects [21]. In the case of
cardiac glycoside ingestion, enzymes in the body hydrolyse the glycosidic bonds, which
result in the release of bioactive steroidal compounds and sugar moieties [58]. The primary
pharmacological action of the cardiac glycoside is to inhibit the Na+/K+ ATPase pump
and increase the intracellular Ca2+ levels pumped out of the cell by Na+/Ca2+ exchanger
during diastole [62]. As a consequence, the intracellular Ca concentration rises, thereby
inducing positive inotropy [36,42,58].

Alkaloids, which are prominently present within B. volubilis, have been extensively
investigated for their diverse biological activities [63]. Notably, they have demonstrated
efficacy in combating fungal and bacterial infections, as well as exhibiting cytotoxic ef-
fects [64]. Saponins, a class of glycosides that are known for their multifaceted health-
related attributes [65], are also notably present in B. volubilis. These compounds, with their
antioxidant and anticancer properties, contribute significantly to the plant’s therapeutic
potential [66]. Furthermore, the inclusion of steroids, such as sitosterol and stigmasterol,
further enhances B. volubilis medicinal repertoire [67]. These steroids are associated with
noteworthy anti-inflammatory and antitumor capabilities, reinforcing the plant’s prospec-
tive health benefits [68]. Additionally, the presence of flavonoids, a group of phenolic
compounds acclaimed for their biological significance, adds another dimension to B. volu-
bilis potential therapeutic prowess. Notably, flavonoids are recognized for their antioxidant
and anti-inflammatory attributes, both of which contribute to the plant’s overall health-
promoting effects [69]. Within B. volubilis, the occurrence of specific flavonoid compounds
such as luteolin, quercetin, and kaempferol further contributes to its diversified thera-
peutic potential [70]. Moreover, phenolic compounds, including constituents like gallic
acid, caffeic acid, and chlorogenic acid, further enhance B. volubilis therapeutic appeal [71].
Renowned for their antioxidant, anti-inflammatory, and anticancer activities [72], these
compounds provide a robust foundation for the plant’s potential role in mitigating various
health-related concerns.
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6. Biological Activity of B. volubilis
6.1. Antibacterial Activity of B. volubilis

Evidence exists on the extensive use of B. volubilis to traditionally treat and cure var-
ious ailments caused by pathogenic bacteria [16,50,73]. The frequent use of B. volubilis
to treat pelvic pain, rash, liver infections, jaundice, and sexually transmitted infections
has been recorded, leading one to assume that the plant has high anti-pathogenic activ-
ity [36,37,42,50]. However, studies have shown that ethanol, dichloromethane (DCM),
ethyl acetate, water, and n-hexane extracts of B. volubilis perform poorly against bacterial
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pathogenic activity [16,37,50,55]. The activity of B. volubilis against bacteria such as Bacillus
subtilis, Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, Oligella ureolytica, Ure-
aplasma urealyticum, Neisseria gonorrhoeae, and Gardnerella vaginalis, which are implicated in
the development of skin infections and on rare occasions pneumonia and meningitis as
well as urogenital infections, is documented [74,75]. Masondo et al. [55] investigated the
antimicrobial activity of botanically grown and muthi market-sourced B. volubilis against
B. subtilis, S. aureus, K. pneumoniae, and E. coli. The results reported the Minimum Inhibitory
Concentration (MIC) values, with the highest MIC observed in ethanol extracts against
S. aureus as well as DCM extracts against K. pneumoniae and E. coli. In another study,
Stafford et al. [16] indicated that MIC showed the highest MIC of 6.25 mg/mL against
Bacillus subtilis. Greater activities were reported by Buwa and Van Staden [50], with a MIC
value of 12.5 mg/mL for ethanol extracts in all strains, while the water solvent exhibited
3.125 mg/mL and the ethyl acetate extract showed no activity. Un-remarkable antibac-
terial activity of B. volubilis bulb and leaf tissue was also reported by Van Vuuren and
co-workers [37]. Methanol, water, and DCM extracts against Oligella ureolytica, Ureaplasma
urealyticum, Neisseria gonorrhoeae, and Gardnerella vaginalis showed MIC values ranging
between 1.5 and 4.0 mg/mL for the CH2Cl2:MeOH (1:1 DCM and methanol) extracts and
greater than 16.0 for the water extract.

6.2. Antifungal Activity of B. volubilis

In this current research, many studies have been reviewed on screening B. volubilis
plants for their antifungal activity. B. volubilis water extracts exhibited strong inhibitory
effects with a MIC value of 6.25 mg/mL against Candida albicans [58]. In another study, a
water extract of a muthi market-sourced (MM) bulb tested against C. albicans showed a MIC
result of 1.56 mg/mL, which was the best compared to the rest of the MIC values of other
extracts [55]. Aremu et al. [42] demonstrated the activity of B. volubilis leaf water extracts
against C. albicans. The results showed a distinguished MIC value of 0.5 mg/mL [42].
Discovering that bulbs can be substituted with leaves was a good indication that this plant
will be available in the future. It is worth noting that, for an extract to be considered a good
antifungal drug, there should be minimal drug resistance, low toxicity or minimal side
effects, stability, good bioavailability, and most importantly, broad spectrum and efficacy.
In addition, it has been stated that it is better for the extract to be fungicidal rather than
fungistatic [9,73]. It is a well-established fact that B. volubilis plant extracts are significantly
more effective against plant-pathogenic fungi compared to bacteria, as reported by multiple
studies. Even in the early years of research, a study was conducted on 13 extracts, and only
5 extracts suppressed fungal growth, proving that, indeed, plant-pathogenic fungi are more
resilient to plant extracts than plant-pathogenic bacteria [19,50,76].

6.3. Anti-Inflammatory Activity of B. volubilis

Several studies have proven that medicinal plants, including B. volubilis are an excellent
source of anti-inflammatory agents [55,57]. A study conducted by Stafford et al. [16]
revealed that B. volubilis water extracts exhibited greater performance compared to ethanol
extracts when assessing the anti-inflammatory potential using cyclooxygenase (COX-1
and -2) inhibitory assays. The non-polar solvent extracts of both botanical garden-grown
(BG) and muthi market-sourced (MM) B. volubilis bulbs showed significant inhibitory
activity of greater than 70%. In the same study, it was further proven that the majority
(75%) of BG extracts showed a higher percentage of inhibition compared to the MM (50%)
extracts with regards to COX-1 inhibition. The inhibitory activity of the water extracts of
both BG and MM bulbs against COX-2 enzymes was too small to show any activity at
all, and it was found that the MM water extracts had far better COX-1 inhibitory activity
compared to the BG bulbs. Results from Masondo et al. [55] showed that there was a
higher COX-2 inhibition compared to COX-1 when focusing on the MM ethanol extract. An
assessment of the effectiveness of various Bowiea volubilis bulbs extracts on the inhibition of
cyclooxygenase (COX) was conducted, and it was proven that these extracts showed a high
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success in vitro COX assays as compared to other anti-inflammatory related enzymes, such
as 5-lipoxygenase [42]. The effectiveness of B. volubilis was then confirmed against pain
and anti-inflammatory-related illnesses as the above information was considered as further
proof [44,55]. The variation of the results in which weak activity can be obtained may be
due to the fact that the active compound(s) in certain extracts may be present in inadequate
quantities [57,77].

6.4. Antiviral Activity of B. volubilis

Among various biological activities documented for B. volubilis, there is accumulating
evidence of this plant species’ antiviral activities. In one study, the methanolic extract of
B. volubilis bulbs was investigated for its antiviral activity against herpes simplex virus
type 1 (HSV-1) [78]. The study found that the extract exhibited notable antiviral activity
against HSV-1 in vitro, exhibiting an IC50 value of 0.34 mg/mL [78]. Another in vitro study
also recorded the antiviral activity of B. volubilis crude extract against dengue virus type
2 (DENV-2) [79]. This study found that the extract exhibited antiviral activity at an EC50
value of 64.4 µg/mL against the test strain. However, the study also reported that the
extract was cytotoxic at high concentrations, indicating that further research is needed
to determine the safety and efficacy of the extract for use as an antiviral agent [79]. The
crude extract of B. volubilis has also been evaluated for antiviral activity against the HIV-1
strain in another study [80]. Using a peripheral blood mononuclear cell (PBMC)-based
assay, the study found that the extract exhibited significant antiviral activity against HIV-1
in vitro, reducing viral replication by up to 70% at a concentration of 50 µg/mL [80]. On
the other hand, Feng et al. [81] investigated the antiviral activity of extracts from the bulb of
B. volubilis against the respiratory syncytial virus (RSV). The study found that the extracts
exhibited significant antiviral activity against RSV, with the most active extract showing an
IC50 value of 0.13 µg/mL [81].

While B. volubilis has been traditionally used in some cultures for medicinal purposes,
there is insufficient scientific research specifically focused on its antiviral properties. Nev-
ertheless, the findings documented thus far are promising and suggest that this species
can be utilized, amongst other products, as an antiviral agent. Viral infection outbreaks
in humans are becoming formidable pandemic threats [82], so there is an essential need
for novel and natural antiviral agents. However, it is important to note that the antiviral
activity of natural products is a complex and dynamic field of research, and the efficacy
and safety of using B. volubilis or its extracts for antiviral purposes have not been fully
established [78–81]. Further research, including in vitro and in vivo studies, is needed to
adequately assess the antiviral properties of B. volubilis and its mechanism of action against
specific viruses. Figure 4 and Table 1 summarizes bio-compounds that are associated
with specific activities. Scientific validation of its diverse uses in traditional medicine
has been demonstrated via antimicrobial, anti-inflammatory, and toxicity assays. The
anti-inflammatory activity is promising; however, the available studies reveal usually low
antibacterial activity, especially with bulb extracts. Bowiea volubilis includes cardiac glyco-
sides and related chemicals, according to phytochemical screens; information on additional
types of compounds is not yet available.

Table 1. Biological properties of B. volubilis with its associated bio-compounds and activity levels.

Plant Part Extraction Solvent Bioactive
Compounds

Biological
Properties Activity Level Ref.

Bulb Water N/A Antifungal >25 mg/mL [12]
Bulb Water N/A Antibacterial >16.0 mg/mL [37]
Bulb Methanol N/A Antibacterial 1.4–4.0 mg/mL [37]

Bulb, leaves Cardiac glycosides Anti-inflammatory [38]

Leaf Petrolium ether Glycosides of
bovogenin A Antifungal 0.5 mg/mL [42]

Bulb Water N/A Antibacterial >12.5 mg/mL [50]
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Table 1. Cont.

Plant Part Extraction Solvent Bioactive
Compounds

Biological
Properties Activity Level Ref.

Bulb Ethanol N/A Antibacterial 3.125 mg/mL [50]
Bulb Ethyl acetate N/A Antibacterial No value [50]
Bulb Water extract Cardiac glycoside Antibacterial [54]

Bulb Ethanol Cardiac glycoside Antifungal 3.13 mg/mL (BG) and
12.50 mg/mL (MM) [55]

Bulb Ethanol Cardiac glycoside Antibacterial 1.56–6.25 mg/mL [72]
Bulb Petroleum ether Cardiac glycoside Antifungal 12. 50 mg/mL (BG and MM) [73]

Bulb Dichloromethene
(DCM) Cardiac glycoside Antifungal 12.50 mg/mL (BG and MM) [73]

Bulb Water Cardiac glycoside Antifungal 3.13 mg/mL (BG) and
1.56 mg/mL (MM) [73]

Bulb Petroleum ether

Cardiotoxic
glycosides of the

bufadienolide
group

Anti-inflammatory COX-1 = 100% (MM) [73]

Bulb Petroleum ether

Cardiotoxic
glycosides of the

bufadienolide
group

Anti-inflammatory COX-2 = 100% (BG) [73]

Bulb Methanol extract N/A Antiviral IC50 = 0.34 mg/mL [78]
Bulb Aqueous extracts N/A Antiviral IC50 = 0.13 µg/mL [81]
Bulb Ethanol Prostaglandin Anti-inflammatory COX-1 = 100% [83]
Bulb Water Cardiac glycosides Anti-inflammatory COX-1 = 45% [83]

BG: botanical garden-grown, MM: muthi market-sourced.
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7. Toxicological Data of B. volubilis

The administration of traditional medicine is not well-documented, and it is roughly
passed on by word of mouth from experienced healers to trainers or parents to children.
This has led to the healthcare system ignoring this form of medication. Bowiea volubilis is
rated as the top-selling traditional plant with a conservation status that is now vulnera-
ble [55], which demonstrates the intensive use of the indigenous plant for medical relief. It
is important to evaluate the safe levels of classified chemical responses to characterize expo-
sure’s toxic effects and health. Generally, plants respond by defensive modification against
herbivores and microorganisms by producing toxins, cytotoxins, and metabolic toxins that
affect the central nervous system, brain, kidney, liver, heart, and lungs in humans and
animals [73]. B. volubilis is highly poisonous and toxic to humans and animals due to the
production of cardiac glycoside, a phytochemical aglycone (steroid) or polycyclic steroid
compound linked to one or more sugar molecules by a glycosidic bond [42,61]. The poi-
sonous effects of the climbing onion were reported as early as 1915, and human and animal
post-mortems suggested death due to toxicity caused by cardiac glycoside compounds.

The toxicity of medicinal plants may be indirect (consumption by mistake, or incorrect
selection or recommendation) or direct (misuse, overdose, incorrect preparations) [6].
Numerous studies suggest that cardiac glycoside compounds are the main contributor
to toxicity at certain levels, with accumulative effects over time [55]. Ndhlala et al. [73]
further emphasized that the growth stage and/or part of the plant, route and amount
of administration, solubility of the compound, frequency of intoxication, and age and
susceptibility of the victim all influence the severity of the toxicity. Cardenolides and
bufadienolides are two compounds of cardiac glycoside listed by [61], while [42,55] argue
that the cardiac glycoside compound groups are bovogenin A and bufadienolides. The
varying cardiac glycosides, bovogenin A, bufadienolides, and cardenolides are associated
with the toxicity effect caused by B. volubilis consumption. The cardiac glycoside inhibits
the Na+/K+ ATPase pump, which increases intracellular Na+ concentration and, in turn,
increases the intracellular Ca+ level, resulting in a positive inotropic effect [42,61]. The
acquisition of toxicological information on B. volubilis is critical to our society, especially to
our traditional society that depends on and trusts in medicinal plants. This study assesses
the safety administration of medical plants by dosage evaluation and, most importantly,
the risk assessment of the medicinal plant.

In the study conducted by Emamzadeh-Yazdi et al. [84], in vitro cytotoxicity assay
(XTT colourimetric) using Vero cells (kidney epithelial cells of African monkey) and HEK
293 cells (human embryonic kidney) exposed to fresh and dry B. volubilis ethanol extract
both showed toxicity (quite toxic). The fresh and dry ethanol extract exhibited toxicity on
Vero cells with toxicity activity at IC50 of 50 µg/mL (quite toxic), while on HEK 293 cells,
the dry ethanol extract yielded IC50 = 23.34 µg/mL (IC50 < 50 µg/mL; quite toxic) and
the fresh ethanol extract exhibited IC50 = 28.83 µg/mL (IC50 < 50 µg/mL; quite toxic).
Another in vitro cytotoxicity study conducted by Fasinu et al. [85] investigated the effect
of B. volubilis aqueous extract on metabolic enzyme activity in HLM cells (Human liver
microsomes). The results showed toxic activity. The in vitro cytotoxicity assay revealed
that the extract on enzyme CYP1A2 exhibited toxicity activity at IC50 of 92.5 µg/mL
(IC50 < 50 µg/mL quite toxic), while the extract on enzyme CYP2C9 was non-toxic, and
the extract on enzyme CYP2C19 displayed toxicity activity at an IC50 of >1000 µg/mL
(non-toxic). However, the extract on enzyme CYP3A4 revealed toxicity activity at an IC50
of 8.1 µg/mL of IC50 ≤ 20 µg/mL highly toxic). More in vivo studies are necessary to
evaluate the toxicity activity of B. volubilis; it is still of utmost importance to generate
sufficient toxicological data that will give an overview in terms of risk assessment, safety,
and dosage evaluation. Studies report anecdotal reports on the toxicity of a plant, but no
substantial evidence-based research is available. It is essential to acknowledge anecdotal
reports but also to stress the lack of scientific evidence when discussing the toxicity of
a plant like B. volubilis. Despite this, B. volubilis is ranked among the top 10 medicinal
plants sold in South Africa and has displayed potential antiviral effects that might be
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used to treat human diseases. Natural compounds isolated from B. volubilis can show
promising antiviral activity in laboratory studies; translating these findings into effective
treatments for human diseases is a complex process. Rigorous scientific research, including
preclinical and clinical trials, is necessary to establish the safety and efficacy of any potential
treatments; nonetheless, it is a suitable candidate.

8. Bowiea volubilis as a Potential Therapeutic Drug: Addressing the Major Challenges
toward Human Diseases

Respiratory infections encompass a range of diseases that affect the respiratory system,
which includes the lungs, airways, and other related structures. These infections arise
from diverse pathogens, encompassing viruses, bacteria, and fungi [86]. The manifestation
of symptoms and associated effects vary depending on the precise infectious agent, with
certain respiratory infections posing considerable challenges for effective treatment. Respi-
ratory infections can lead to various complications, especially if not properly managed or
treated. In the realm of medical intervention, challenges in treating respiratory ailments
are notable due to multifaceted factors that encompass various dimensions. The rise of
antibiotic-resistant strains of bacteria complicates the efficacy of conventional treatment
strategies [87]. This phenomenon is particularly relevant in bacterial respiratory infec-
tions like pneumonia, where traditional antibiotics might exhibit diminished effectiveness.
In underdeveloped countries, access to proper healthcare remains a challenge [88]. The
presence of alkaloids and scillaren-type cardiac glycosides has been reported across all
parts of B. volubilis, as indicated by research conducted by Mulholland et al. [89]. Cardiac
glycosides, in particular, are known to act by selectively and effectively inhibiting Na+/K+-
ATPase. The observed inhibitory effect on cytochrome P450 (CYP) enzymes in B. volubilis
can be attributed to its alkaloid content, which serves as substrates for human CYPs. A
separate study by Salminen et al. [90] highlighted the inhibitory potential of structurally
similar alkaloids from plants on major human drug-metabolizing CYPs, including CYP3A4,
CYP2D6, and CYP2C19.

The review conducted by Smith et al. [91] offers a comprehensive analysis of region-
ally relevant herbal medicine utilization, with a specific focus on remedies that have been
advocated for COVID-19 treatment. Notably, within this context, Bowiea volubilis emerges
as a viable and promising candidate. The study’s findings shed light on the potential role of
B. volubilis within the framework of herbal medicine’s response to the ongoing COVID-19
pandemic. The identification of B. volubilis as a suitable candidate underscores its signifi-
cance and merits further exploration in the pursuit of effective and holistic approaches to
address respiratory ailments, including those associated with COVID-19. The utilization of
Bowiea volubilis in the context of respiratory infections holds significance due to its potential
therapeutic properties that have been traditionally recognized and are increasingly being
explored through scientific investigation. While the scientific evidence is still evolving, the
recognition of Bowiea volubilis as a potential therapeutic agent for respiratory infections
underscores the need for continued research and exploration to establish its efficacy, safety,
and potential integration into healthcare practices.

Coughs and colds are prevalent respiratory illnesses characterized by symptoms
such as nasal congestion, sore throat, sneezing, and coughing. While primarily caused
by viral infections, bacterial infections, and environmental factors can also contribute to
their onset. These conditions often result in discomfort, impaired daily functioning, and
increased healthcare utilization [92,93]. The management of coughs and colds revolves
around alleviating symptoms and preventing complications. Traditional medicinal plants
have been explored for their potential to provide relief from these ailments. Bowiea volubilis,
known for its ethnobotanical uses, has drawn attention due to its bioactive compounds
with potential therapeutic properties.
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Gastrointestinal disorders encompass a diverse range of conditions that affect the
digestive tract, including the stomach, intestines, liver, gallbladder, and pancreas. These
disorders can manifest with symptoms such as abdominal pain, bloating, diarrhea, consti-
pation, nausea, and vomiting. The causes of gastrointestinal disorders vary and can include
infections, inflammation, dietary factors, genetic predisposition, and lifestyle choices [94,95].
Managing these disorders requires a multifaceted approach that addresses both symptom
relief and underlying causes. Traditional medicinal plants like Bowiea volubilis have been
explored for their potential to alleviate gastrointestinal symptoms and promote digestive
health [96]. Research into the effects of B. volubilis on gastrointestinal disorders is still
emerging. Investigating its potential impact on inflammation, gut motility, and microbial
balance could provide insights into its suitability as a complementary or alternative ther-
apeutic option [97]. While there is a potential role for Bowiea volubilis in gastrointestinal
health, it is important to emphasize the need for comprehensive research to establish its
effectiveness, safety, and appropriate usage.

Cancer is a complex and multifaceted disease characterized by uncontrolled cell
growth and the potential to invade other tissues and organs [98,99]. Despite significant
progress in cancer research and the development of various anti-cancer drugs, the effec-
tiveness can be limited due to factors such as drug resistance, adverse side effects, and
incomplete tumor eradication. Additionally, cancer cells can evolve by developing mech-
anisms to evade the effectiveness of drugs, leading to treatment resistance and disease
recurrence [100]. In this context, the exploration of medicinal plants as alternative or com-
plementary treatments for cancer has gained attention. Bowiea volubilis, with its historical
use in traditional medicine, presents a unique opportunity for investigation. The plant’s
bioactive compounds, including alkaloids, saponins, and cardiac glycosides, have shown
potential in various therapeutic contexts, including anti-inflammatory, antioxidant, and
anti-cancer activities [101]. Research into the potential of B. volubilis as an alternative or
adjunctive treatment for cancer is still in its early stages. Studies on its cytotoxic effects,
potential mechanisms of action, and interactions with existing anti-cancer drugs could
shed light on its role in cancer management. However, it is important to note that rigorous
scientific investigation, including preclinical and clinical trials, is needed to establish its
safety, efficacy, and appropriate usage.

Skin conditions impact a substantial portion of the global population, ranging from
30% to 70%, making them a prevalent cause for seeking medical attention in general med-
ical practice [102]. Over 3000 distinct skin diseases, encompassing both short-term and
long-lasting forms, affect people across various age groups and social backgrounds [103].
Moreover, skin diseases can have a significant impact on quality of life due to visible
symptoms, discomfort, and social stigma. Furthermore, skin disorders encompass a wide
spectrum of ailments that impact the integrity, visual attributes, and operational capabilities
of the skin. These afflictions can stem from genetic predispositions, environmental catalysts,
immune reactions, infections, and lifestyle influences. Gaining insight into the scientific
facets of skin diseases entails delving into their fundamental origins, manifestations, and
intricacies [104]. In line with this, inflammation serves as a pervasive characteristic shared
by numerous dermatological disorders. Conditions such as eczema, psoriasis, and acne
are marked by immune reactions that precipitate inflammatory processes, giving rise to
manifestations of redness, irritation, and pruritus [105]. The skin microbiome, consisting of
diverse microorganisms, plays a role in skin health. The implications for wound healing
and protection against potential pathogens or environmental conditions highlight the cru-
cial role of skin homeostasis. Imbalances in the microbiome can contribute to conditions
such as acne [106]. B. volubilis is reported to contain various bioactive compounds, in-
cluding alkaloids, saponins, and flavonoids, that could contribute to its anti-inflammatory
properties. This potential anti-inflammatory effect could have implications for managing
various inflammatory skin conditions, as well as other disorders characterized by inflam-
mation. The potential of Bowiea volubilis in combatting skin pathogens is of interest due
to its reported bioactive constituents that could exhibit antimicrobial properties. These
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properties could make B. volubilis a candidate for addressing skin infections caused by
various pathogens, including bacteria, fungi, and other microorganisms. However, it is
important to note that scientific research on its effectiveness and safety for treating skin
diseases is limited.

Sexually transmitted diseases (STDs), also referred to as sexually transmitted infec-
tions (STIs) encompass a group of infections caused by various pathogens that are typically
transmitted through sexual activity. These infections result in overgrowth of opportunistic
bacterial microflora causing pelvic pain, vaginal discharge, penile discharge, genital ulcers,
and other symptoms and indicators of STIs, in some cases, infertility [107,108]. As of 2020,
the World Health Organization (WHO) approximated a total of 374 million new infections
attributed to the four most prevalent STIs: chlamydia (129 million), gonorrhea (82 million),
syphilis (7.1 million), and trichomoniasis (156 million) [109]. Recent models indicate that
sub-Saharan Africa and the Western/Eastern Pacific regions bear a disproportionate burden
of 75% of global STI control costs [109]. Despite the fact that antimicrobial resistance is
a global public health problem, front-line practitioners often underestimate the effect of
antibiotic-resistant STIs [110]. Medicinal plants have garnered attention as potential sources
of alternative or complementary treatments for STDs. These plants contain bioactive com-
pounds that exhibit antimicrobial, anti-inflammatory, and immunomodulatory properties,
which could contribute to their effectiveness against STD-causing pathogens [111]. The
potential role of B. volubilis in managing STDs is an area that requires thorough scientific
investigation. Traditional knowledge might suggest its historical use in addressing STDs
such as B. volubilis as a suitable alternative [112]. Drawing from the findings, it is shown
that B. volubilis exhibits potential antifungal, antibacterial, and antiviral properties that
might be useful in the treatment of STDs as well as other health complications (Table 2).

Table 2. An overall summary of the health benefits of B. volubilis.

Lungs, airways, and other related structures
Pneumonia
COVID-19Respiratory infections

Coughs and colds, nasal congestion, sore
throat, sneezing, and coughing.

Gastrointestinal disorders

Digestive tract, including the stomach,
intestines, liver, gallbladder, and pancreas

Abdominal pain, bloating, diarrhoea,
constipation, nausea, and vomiting

Cancer
Skin conditions Eczema, psoriasis, and acne

Sexually transmitted diseases (STDs) Antifungal, antibacterial, and antiviral
properties

9. Conservation Statues of B. volubilis

In South Africa, most of the medicinal plants, including B. volubilis, are collected from
the wild, and they are decreasing at an alarming rate because of extensive exploitation [12,53].
According to herbalists, B. vobulis is rated one of the top six medicinal species to have
become scarce because of over-exploitation. This is particularly worrying if the harvestable
part of the plant is a non-renewable part, such as the bulb, rhizome, and bark. In B. volubilis,
the most used part is the bulb [28]. Studies have shown that bulbous medicinal plants,
including B. volubilis, are at risk of going extinct because of threats like over-exploitation,
habitat destruction, human settlement, and agricultural expansion [40]. This has led to this
plant being categorized as a vulnerable species in the International Union for Conservation
of Nature’s (IUCN) Plant Red Data list [38]. A vulnerable species is a species whose
population has declined by 30 to 50% and the cause of its decline is known [26]. It has been
estimated that the population of this plant has declined by 30% in the last 30 years, and the
number of individual bulbs in the muthi market has decreased tremendously [40]. Together
with Siphonochilus aethiopicus (Schweinf.), B.L. Burtt, and Eucomis autumnalis (Mill.) Chitt.,
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Bowiea volubilis is among the top three traded medicinal plants in South Africa assigned as
being rare [53].

Various conservation strategies have been described for medicinal plants. These
include in situ and ex situ conservation strategies [12]. In situ conservation is described
as the conservation of the threatened species in the plant’s natural habitats, with the
aim of maintaining and recovering a viable population of that species in the natural
environment [38]. Ex situ, on the other hand, is concerned with the conservation of a
threatened species outside the plant’s natural habitat [33]. With this strategy, the threatened
species is cultivated and naturalized to ensure their continued survival and sometimes to
produce large quantities of planting material for use in drug development [12]. The ex situ
conservation is the one that has been proposed for B. volubilis [53]. To assist with the ex situ
conservation of B. volubilis, it has been proposed that these plants be cultivated from seeds
with seed coats that are acid scarified [100]. Other researchers proposed that B volubilis be
grown from vegetative propagules using bulb scales [12]. However, it has been reported
that seed and bulb scale propagation are both too slow at multiplying the needed plant
material [40]. They turned to the micropropagation technique with tissue culture and found
that it had saved the population of B. volubilis [56]. Through this technique, thousands
of plantlets that can be used in the cultivation of this species have been produced [12].
Although the cultivation of medicinal plants is recognized as a conservation strategy that
can provide additional or alternative stocks, concerns have been raised about the potency of
their active ingredients [53]. Moreover, traditional healers believe that cultivated medicinal
plants are less potent than the ones collected from the wild [40].

10. Conclusions

Human diseases pose a significant and ongoing concern for global public health.
The diverse range of diseases that affect individuals and populations worldwide can
have far-reaching implications on various aspects of society, including healthcare systems,
economies, and quality of life. Medicinal plants play a significant role in the management of
various human diseases due to their diverse array of bioactive compounds and therapeutic
properties. These plants have been used for centuries across cultures and traditions to
alleviate symptoms, promote healing, and support overall well-being. Bowiea volubilis
holds a significant place as a recognized and widely traded medicinal plant in Southern
Africa. The findings of this investigation underscore its substantial potential, encompassing
antifungal, anti-inflammatory, antibacterial, and cytotoxic attributes. Consequently, the
therapeutic spectrum of B. volubilis positions it as a promising contender for addressing
conditions linked to pain, microbial infections, and inflammation-driven ailments. Notably,
the scientific landscape also indicates its historical application in treating conditions such as
infertility, skin disorders, cystitis, headaches, and sexually transmitted diseases. B. volubilis
has been of interest due to its potential applications in addressing various aspects of hu-
man health and disease. Our findings outline various human diseases such as respiratory
infections, cough and colds, gastrointestinal disorders, cancer, skin conditions, and sexually
transmitted diseases. In regard to this, scientific research is essential to validate its effective-
ness and safety in treating specific diseases. In conclusion, this study serves as a catalyst
for new avenues of drug development aimed at addressing the challenges posed by human
diseases and improving overall health outcomes. With the plant being threatened in the
wild, conservation strategies aimed at continuously making this plant available for future
use are only limited to cultivation of the plant ex situ conservation. Therefore, further
research is needed to explain the specific conservation measures that can be taken to protect
the B. volubilis population, especially in light of its potential contributions to medicine and
our understanding of human diseases. The unique chemical compounds found within
B. volubilis have demonstrated promising pharmacological properties, and their potential
applications in treating or preventing various human diseases remain largely untapped.
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Abstract: Lawsonia inermis, known as henna, has traditionally been utilized in cosmetics and folk
medicine because of their valuable health effects. A lack of information about the processes that
increase or decrease release, as well as the biological activities of constituents of natural origin, is
an important pharmacological problem. This investigation evaluates the influence of moist heat on
the flavonoid and phenolic contents of henna powder and their biological activities. HPLC analysis
reflected the existence of 20 and 19 compounds of flavonoids and phenolics in the extract of unpre-
treated henna by moist heat (UPMH) and pre-treated henna by moist heat (PMH). Several compounds
such as chlorogenic acid, ellagic acid, rutin, rosmarinic acid, kaempferol, and pyrocatechol occurred
with high concentrations of 57,017.33, 25,821.09, 15,059.88, 6345.08, 1248.42, and 819.19 µg/mL UPMH
while occurred with low concentrations of 44,286.51, 17,914.26, 3809.85, 5760.05, 49.01, and 0.0 µg/mL,
respectively in PMH. C. albicans, C. tropicalis, and G. candidum were more affected by UPMH with
inhibition zones of 30.17 ± 0.29, 27 ± 0.5, and 29 ± 1.5 mm than PMH with inhibition zones of
29 ± 0.5, 25.33 ± 0.58, and 24.17 ± 0.29 mm, respectively. UPMH henna exhibited less MIC and
MFC against the tested yeasts than PMH. Moreover, UPMH henna showed good wound healing,
where the rat of migration, wound closure %, and area difference % were 14.806 um, 74.938 um2, and
710.667% compared with PMH henna 11.360 um, 59.083 um2, 545.333%, respectively. Antioxidant
activity of UPMH and PMH henna. Promising antioxidant activity was recorded for both UPMH
or PMH henna with IC50 5.46 µg/mL and 7.46 µg/mL, respectively. The docking interaction of
chlorogenic acid and ellagic acid with the crystal structures of G. candidum (4ZZT) and C. albicans
(4YDE) was examined. The biological screening demonstrated that the compounds had favorable
docking results with particular proteins. Chlorogenic acid had robust behavior in the G. candidum
(4ZZT) active pocket and displayed a docking score of −7.84379 Kcal/mol, higher than ellagic acid’s
−6.18615 Kcal/mol.

Keywords: anti-yeast; moist heat; Lawsonia inermis; healing; phenolic; flavonoid; molecular docking

1. Introduction

Lawsonia inermis (Lythraceae family) is commonly recognized as henna and is native to
subtropical areas of North Africa and Asia. Traditionally, it has been utilized as a dandruff-
fighting and a controller for fungi when functional to the hair, feet, and hands, besides
coloring of skin, hair, and nails was attributed to henna [1,2]. Several pharmacological
properties were associated with henna extract, such as alleviating and ameliorating wound
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healing, antifungal, antibacterial, antioxidant, nootropic, hepatoprotective, anti-ulcer, anti-
cancer, anti-inflammatory, and anti-cancer activity. However, the leaves of this plant
represent the most valuable part, but roots, stem, and bark have been utilized in ethno
medicine conventional medicine for over nine centuries [3,4].

Species of Candida are pathogenic yeast forming mucocutaneous and systemic com-
plaints in humans, particularly in diabetes patients, transplant recipients, xerostomia,
malignancy, malnutrition, and lowly oral hygiene (immunocompromised patients) [5,6].
Several species of Candida become resistant to antifungal compounds [7]. Therefore, there is
a requisite for novel compounds to fight pathogenic yeasts with greater efficiency and low
toxicity. Yiğit [3] tested the paste of L. inermis extract against several clinical Candida isolates
including Candida albicans, C. parapsilosis, C. glabrata, C. tropicalis, C. krusei, C. kefyr with
different levels of inhibition, where the inhibition zone was more than 20 mm against 35.4%
of the isolates, and was up to 15 mm against 38.0%, while the rest of isolates were resistance
to the extract of L. inermis. As reported by Samadi et al. [8], henna extract can be applied to
treat oral cavity infections resulting from C. albicans because of the promising anti-candidal
activity of the extract, with 2.8 mg/ mL as the minimum inhibitory concentration. Besides
Candida spp., the henna leaves extract reflected a fungicidal effect against filamentous fungi,
including Penicillium ochrochloron, P. funiculosum, Aspergillus flavus, A. ochraceus due to the
presence of apigenin 5-glucoside in the extract [9]. Trichophyton spp. Curvularia spp. and
Geotrichum spp. were affected by henna leaf extract because of the existence of terpenes,
aliphatic compounds, and flavonoids [10].

Different extraction solvents (chloroform, ethanol, and methanol) and methods (hot
sequential extraction) were applied to evaluate the biological activities of L. inermis [11].
Despite the use of natural materials since the beginning of humanity, and even the demand
for them is increasing daily, there is a big gap between how to apply, the correct extraction
methods, and pre-treatments to evaluate its effects on the type and quantity of active
ingredients. In the present investigation, moist heat was applied to the powder of henna
before the extraction process and its biological activities.

Some plants, such as Laurus nobilis, were subjected to microwave, and high tempera-
ture of oven up to 120 ◦C [12]. Also, Al-Rajhi et al. [13] studied the effect of moist heat on
the phenolic and flavonoid contents of L. nobilis, where moist heat induced the release of
constituents and increased its biological activities. To date, numerous studies have reported
the biological activities of henna using several extraction solvents, but few, if any, investiga-
tions have assessed the phytochemical characterization and biological effect of pre-treated
henna by moist heat. Therefore, the current investigation aimed to study the effect of moist
heat on henna before extraction, anti-yeast and antioxidant activity, and healing properties.
Also, the molecular docking interaction of the most detected constituents of henna extract
with some tested yeasts.

2. Materials and Methods
2.1. Chemical Used

Methanol, acetonitrile, and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were obtained from
Sigma-Aldrich (Steinheim, Germany). Potato dextrose agar (PDA) medium was obtained
from Oxoid Ltd., Basingstoke, Hampshire, UK.

2.2. Henna Source and Its Pre-Treated with Moist Heat

Dried henna leaves were obtained from the company of Abnaa Sayed Elobied Agro-
Export, P.O. Box 10725, Khartoum, Sudan. The plant was validated by Prof. Marei A.
Hamed, Prof. of the plant. The sample of leaves was kept under herbarium number SH
4325 in the Faculty of Science, Al-Azhar University, Egypt. The leaves were ground by
a mill, and then passed via a 40-mesh sieve. The powder of Sudanian Henna was used
in the current investigation. Henna powder (250 g) was autoclaved for 10 min at 100 ◦C,
then cooled at room temperature (25 ◦C) and became pretreated by moist heat (PMH). At
the same time, 250 g of henna was kept without pre-treatment by moist heat (UPMH) at
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30 ◦C for 10 min with a humidity of 32%. The PMH and UPMH henna powders were
extracted by mixing with 600 mL of methanol on the magnetic stirrer for 12 h. For removing
any remains of the powders, the mixture at 5000 rpm for 10 min was centrifuged. Via
rotary evaporator, the supernatant was concentrated to get a known weight, followed by
re-dissolved in 0.5 mL of dimethyl sulfoxide (DMSO) [13].

2.3. Assessment of Phenolic and Flavonoid Constituents by HPLC

UPMH and PMH henna extract were subjected to HPLC (Agilent 1260 series) for
phenolic and flavonoid constituents’ detection. The separation process was performed via
Zorbax Eclipse Plus C8 column (4.6 mm × 250 mm i.d., 5 µm). The flow rate of the mobile
phase (MP) of water (W) and acetonitrile containing 0.05% trifluoroacetic acid (A) was
0.9 mL/min. The MP was automated sequentially in a linear gradient in the flowing order:
0 min (82% W); 82% W from 0–1 min; 75% W from 1–11 min; 60% W from 11–18 min; 82%
W from 18–24 min. The ultraviolet (UV) detector was adopted at 280 nm and 330 nm for
phenolic and flavonoid constituents’ detection, respectively. The solution of tested samples
was injected in volume 5 µL with the column maintained at 40 ◦C. The input data of
standard molecules of phenolic and flavonoids was used for the quantitative determination
of the extract’s compounds [14].

2.4. Anti-Yeast Activity of UPMH and PMH Henna Extracts

The anti-yeast activity of the henna extracts was assessed according to Al-Rajhi et al. [15]
with some modification via cup-plate agar diffusion technique against Candida albicans (ATCC
10231), Geotrichum candidum (RCMB 027016), and Candida tropicalis. The tested yeasts were
standardized (Corresponding to 0.5 McFarland scale), sowed in molten sterile Sabouraud
dextrose agar medium, and poured into petri dishes. After solidification, via sterile cork borer
(6 mm radius), four cups were cut and removed. Via automatic microlitre pipette, 100 µL of
20 µg/mL of each extract was injected in each cup, and then kept in the refrigerator at 4 ◦C
for 30 min to allow the extract to diffuse through the agar layer. Followed by the incubation
at 35 ◦C for 48 h. The visualized inhibition zones were recorded using a calibrated ruler
in millimeters.

2.5. Evaluation of Minimum Inhibitory Concentration of UPMH and PMH Henna Extracts

The extract of henna, including the unpre-treated and pre-treated henna powders,
was tested to detect minimum inhibitory concentration against tested yeasts. According
to the CLSI M27-A3 standard manner. For each species of yeasts, a dilution was prepared
in an equivalent to 0.5 McFarland. A dilution of each extract was prepared (1 mg/mL).
Using 96-well plates, 100 µL of RPMI 1640 broth adjusted at pH 7 using a buffer of MOPS
were transferred into each well. 100 µL of each extract was mixed with RPMI in wells of
1st column, and then serial dilution was performed. From the suspensions of tested yeast,
100 µL (0.5 McFarland) were added to each well, and wells without yeast cell suspensions
were used as a negative control. Followed by incubation for one day at 34 ± 2 ◦C. The lowest
concentration of extract that gave 50% declined growth was defined as MIC compared to
the controls. The antifungal nystatin was used as a positive control, while the solvent of
the extraction (methanol) was used as a negative control, respectively.

2.6. Estimation of Minimum Fetal Concentration (MFC) of UPMH and PMH Henna Extracts

To assess the MFC, 50 µL of the clear homogenized well suspension (devoid of visual
growth) was cultivated using Sabouraud Dextrose Agar plates, followed by incubation
for 48 h at 35 ◦C. The lowest dose of the extract affected growth inhibition (99.9%) com-
pared to growth at control (without treatment) was MFC. The count of each yeast colony
(CFU/mL) at different doses was compared with the count of each yeast colony at control
(without treatment).
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2.7. Antioxidant Activity of UPMH and PMH Henna Extracts

The 1,1-diphenyl-2-picrylhydrazyl free radical (DPPH), developed by Elansary et al. [9]
with minor modifications, was used to study the antioxidant scavenging activity. Various
dilutions (1 mL) containing different concentrations of the plant extracts were combined
with 1 mL of 0.2 mM DPPH dissolved in methanolic. Using a Helios spectrophotometer
(Unicam, Cambridge, UK), the absorbance at 520 nm was measured following a 30-min
incubation time at 25 ◦C. The same process was used in a blank experiment to create a
solution devoid of the tested plant extract, and the absorbance was recorded. The percent
inhibition of each solution’s free radical-scavenging activity was then determined using the
following equation:

% inhibition =

(
Absorbance of blank − Absorbance of extract

Absorbance of blank

)
× 100

Antioxidant activity was itemized as IC50, which is the amount of the tested extracts
needed to result in a 50% drop in the initial DPPH concentration.

2.8. Healing Properties of UPMH and PMH Henna Extracts

A multiwell plate was used for scratch wound examination. The plate was coated with
an extracellular matrix substrate of 10 µg/mL fibronectin. Followed by incubation at 37 ◦C
for 2 h. Then, the unbound extracellular matrix was removed and washed with phosphate-
buffered saline. The growing cells from a dish containing tissue culture were detached
with trypsin. The cells were developed on the scratch wound assay plate, followed by
incubation to permit cells to spread and to obtain a confluent monolayer. The monolayer
cell, including the confluent monolayer, was scraped using a pipette tip. Once scratched,
slightly wash the monolayer of cells to remove separated cells. Then, replace with fresh
medium containing tested extracts. The plate was incubated at 37 ◦C in the incubator of cell
culture for 24–48 h. After the end of the incubation period, the cell monolayer was washed
using phosphate-buffered saline. Then, the cells were fixed for 15 minutes using 3.7%
paraformaldehyde. The cells were stained for 10 min using crystal violet (1% in ethanol).
Then, the cell culture was examined using a phase-contrast microscope [16]. The following
analysis was calculated according to the following equations:

Rat of migration (RM) =
Wi − Wf

t
× 100

where, Wi = average of initial wound width (um), Wf = average of final wound width (um),
t = time span of the assay in hours

Wound clouser % =
At0 − At∆t

At0
× 100

where, At0 = intial wound area, At∆t = wound area after n hours

Area difference % = intial area − final area

2.9. Molecular Docking Investigation

Docking studies were carried out using the MOE (Molecular Operating Environment)
software 2019.0102 program.

Ligand preparation: Chemical structures of substrate molecules (chlorogenic acid and
ellagic acid) were drawn using ChemDraw Ultra 15.0, and this structure was saved as MDL
files (“.sdf”) for MOE to show. These structures were optimized by adding hydrogens, and
energies were minimized with parameters (gradient: 0.05, Force Field: MMFF94X).

Preparation of receptor structure: The G. candidum and C. albicans models were pre-
dicted through homology modeling. The best model was selected for docking analysis. This
model is subjected to 3D protonation and energy minimization using parameters (gradient:
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0.05, Force Field: MMFF94X + Solvation). The minimized structure was used as the receptor
protein for Docking. The protein molecules utilised throughout our investigation were
obtained from Protein Data Bank (http://www.rcsb.org/pdb accessed on 23 September
2015) using PDB codes (4ZZT) and (4YDE), respectively for G. candidum and C. albicans.

Docking Run: The MOE docking program with default parameters was used to bind
the selected ligands with receptor proteins and to find the correct conformation of the
substrate. Free energy of binding of the ligand from a given pose was estimated by MOE
London dG scoring function. The top five poses were determined using hydrogen bonds
with lengths under 3.5 Å and binding free energies (S, kcal/mol) between substances and
amino acids that are part of proteins. Additionally, the RMSD and RMSD-refine fields were
used to compare the results pose-with-pose in the co-crystal ligand position and before and
after amendment, respectively.

2.10. Statistical Analysis

Standard deviation was calculated from the average three replicates of the obtained
results via Microsoft programs of Excel version 365 and SPSS v.25. For variance analysis,
one-way ANOVA, besides the test of post hoc Tukey, were applied to values analysis with
a parametric distribution. The confidence interval was set to 95%, and the border of the
accepted error was set up to 5%.

3. Results and Discussion
3.1. Flavonoid and Phenolic Contents of Unpre-Treated and Pre-Treated Henna by Moist Heat

The effect of moist heat was evaluated on the contents of flavonoid and phenolic
in Henna extract, as well as its anti-yeast properties and other biological activities were
performed (Figure 1). From HPLC analysis, the extract of unpre-treated henna by moist heat
(UPMH) reflected the existence of 20 compounds, while the extract of pre-treated henna by
moist heat (PMH) reflected the existence of 19 compounds of flavonoids and phenolics with
different retention times, area, area %, and concentrations (Figures 2 and 3 and Table 1).
Chlorogenic acid, ellagic acid, gallic acid, rosmarinic acid, and rutin represent the highest
concentrations in both UPMH and PMH henna extracts. The results indicated that the
concentrations of the most detected compounds decreased in PMH henna extract compared
to UPMH. For example, the concentrations of chlorogenic acid, ellagic acid, rutin, rosmarinic
acid, kaempferol, and pyrocatechol were 57,017.33, 25,821.09, 15,059.88, 6345.08, 1248.42,
and 819.19 µg/mL in UPMH, while become 44,286.51, 17,914.26, 3809.85, 5760.05, 49.01,
and 0.0 µg/mL in PMH henna extract On the other hand, quercetin, naringenin, gallic acid,
and coumaric acid concentrations were 96.76, 133.45, 9349.90, and 270.56 µg/mL in UPMH
while becoming 1269.47, 2146.89, 32,349.91, and 402.02 µg/mL in PMH henna extract,
respectively. Some studies reported that the effect of moist heat induced the discharge of
extract constituents, unlike the current study. For example, Juániz et al. [17] found that
phenolic constituents of vegetables liberated more if they were pretreated with heat due to
cell wall destruction by heat. The decrease of most compounds in pre-treated henna extract
or missing compound (pyrocatechol) indicated that these compounds are unstable at high
temperatures or heat-sensitive and, at the same time, may easily oxidize and transform
into other compounds. This explanation may match with Khoddami et al. [14]. While the
concentration of some compounds increased, it may be due to high temperature causing
the destruction of plant cell walls, causing the release of internal compounds. Another
clarification of this phenomenon is that some phenolic and flavonoid constituents exist in
an insoluble form. Heat may break these constituents, leading to the discharge of these
bound constituents.
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Previously, Routray and Orsat [18] revealed that some phenolic ingredients were de-
graded when the natural plant extracts were exposed to the high power of the microwave.
Dezashibi et al. [19] found that ultrasound of henna extract increments the phenolic con-
stituents. Moreover, the content of total phenolic was affected by storage temperature and
period. Other reports indicated that rises in temperature from 40 to 80 ◦C caused rises in
total phenolic content [20]. Effects of boiling, microwaving, and boiling were reported on
the content of ascorbic acid, β-carotene, and vitamin E in some plants, where visualized
changes were observed [21].

3.2. Anti-Yeast Activity of Unpre-Treated and Pre-Treated Henna by Moist Heat

From the anti-yeast activity experiment, the extract of UPMH henna reflected signifi-
cantly more inhibitory action with inhibition zones, 30.17 ± 0.29, 27 ± 0.5, and 29 ± 1.5 mm
against C. albicans, C. tropicalis, and G. candidum compared with extract of PMH henna with
inhibition zones, 29 ± 0.5, 25.33 ± 0.58, and 24.17 ± 0.29 mm, respectively (Table 2 and
Figure 4). Moreover, the MIC and MFC of the extract of UPMH henna were less than the
extract of PMH henna against all tested yeasts but with different degrees of sensitivity.
Both types of extracts exhibited the highest anti-yeast activity than standard antifungal
agents. According to the MIC and MFC, G. candidum was more sensitive, followed by
C. albicans and C. tropicalis. The calculated index of MFC/MIC (≤2) indicated the cidal
properties of both extracts. L. inermis showed anti-yeast activity but with different levels of
inhibition depending on several factors, such as solvent extract, as mentioned previously by
Suleiman and Mohamed [22], where the extraction by ethanol exhibited similar activity to
nystatin, but the petroleum ether extract reflected more activity. Also, differences between
the activities may be due to the region, the plant’s development, climatic changes, soil
fertilizers, and the tested fungal population. Petroleum ether and ethanol extract of henna
at 10 mg/mL demonstrated 26.3- and 25.3-mm inhibition zones against Saccharomyces cere-
visiae 22.7-and-17 mm inhibition zones, respectively, against C. albicans. The inhibitory
potential of the extract by the two types of solvents was more than that observed by the
nystatin but did not give antifungal action against Pichia fabianii [22]. Kouadri [23] recorded
strong anti-C. albicans activity of Saudi henna with an inhibition zone of 26 mm with a
low MIC of 3.12 mg/mL due to several biologically active constituents. In vivo study, the
henna (4%) was formulated as a vaginal cream, which showed promising management
for infection caused by C. albicans in female rats. Moreover, it gave a similar effect to the
antifungal agent (clotrimazole) [24].

Table 2. Anti-yeast activity, MIC, MFC, and MFC/MIC index of UPMH, PMH henna extracts, positive
control (Nystatin) and negative control (solvent used).

Mean Inhibition Zone (mm) MIC (µg/mL) MFC (µg/mL) MFC/MIC Index

UPMH PMH +ve C −ve C UPMH PMH UPMH PMH UPMH PMH

C. albicans 30.17 ±
0.29 a

29.00 ±
0.50 b

26.0 ±
1.32 c 0.0 15.63 ±

0.09 a
15.64 ±
0.07 b

31.23 ±
0.03 a

31.25 ±
0.25 a 1.99 1.99

C. tropicalis 27.0 ±
0.50 a

25.33 ±
0.58 b

25.17 ±
0.76 b 0.0 62.50 ±

1.00 a
125.33 ±

1.53 b
125 ±
3.0 a

249.67 ±
1.53 b 2.0 1.99

G. candidum 29.0 ±
1.50 a

24.17 ±
0.29 b

27.0 ±
1.00 c 0.0 7.83 ±

0.35 a
15.62 ±
0.02 b

7.8 ±
0.20 a

15.62 ±
0.04 b 0.99 1.0

Different higher letters for each species within a row (between UMH, MH, and +ve C in case inhibition zone
or between UMH and MH in case MIC or between UMH and MH in case MFC) reveal significant differences
(p ≤ 0.05).
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3.3. Healing Properties of Unpre-Treated and Pre-Treated Henna by Moist Heat

There is a difference between the healing properties of the extract of UPMH and PMH
henna, where the extract of UPMH henna provides reliable healing compared to the extract
of PMH henna and control (cells without treatment) (Table 3 and Figure 5). The greatest
common data resulting from the assessment of wound healing is the gap closure rate,
which determines the rapidity of the cells’ collective motion. Rat of migration (RM), wound
closure % and area difference % were 14.806 um, 74.938 um2, and 710.667% using extract of
UPMH henna; 11.360 um, 59.083 um2, 545.333% using extract of PMH henna, compared
to control cells, 11.554 um, 58.903 um2, and 554.667%, respectively with significant differs
(Table 3). Daemi et al. [25] demonstrated that the healing process was accelerated by henna
via minimizing tissue inflammation and increasing the uptake of glucose. An ointment
containing henna extract shows a promising effect in managing episiotomy wounds [26].
El Massoudi et al. [27] explained the healing properties of henna. They mentioned that
henna is richneed with different active molecules such as flavonoids, saponins, polyphenols,
and others, which are vital in lowering oxidative stress and accelerating wound healing.

Table 3. Healing properties of the extract of UPMH and PMH henna extract.

Treatment
At 0 h At 24 h At 48 h

RM um
Wound
Closure
% um2

Area Dif-
ference

%Area Width Area Width Area Width

Control
(without treatment)

885 884.081 737 736.024 381 380.021

11.554 a 58.903 a 554.667 a

937 936.009 737 736.000 377 376.021

959 958.052 741 740.219 361 360.355

945 944.008 837 836.038 337 336.095

959 958.000 849 848.021 413 412.000

965 964.000 843 842.086 453 452.004

Mean

941.667 940.692 790.667 789.731 387 386.083

931 930.002 813 812.089 249 248.008
Extract of

UPMH henna
953 952.034 819 818.002 281 280.007 14.806 b 74.938 b 710.667 b

945 944.172 823 822.01 249 248.129
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Table 3. Cont.

Treatment
At 0 h At 24 h At 48 h

RM um
Wound
Closure
% um2

Area Dif-
ference

%Area Width Area Width Area Width

943 942.034 837 836.117 183 182.176

971 970.132 749 748 229 228.000
Extract of

UPMH henna
947 946.008 763 762.042 235 234.034 14.806 b 74.938 b 710.667 b

Mean

948.333 947.397 800.667 799.71 237.667 236.726

Extract of
PMH henna

913 912.020 845 844.009 305 304.105

11.360 c 59.083 c 545.333 c

923 922.020 887 886.009 255 254.031

919 918.035 839 838.01 337 336.381

947 946.002 885 884.274 447 446.000

917 916.020 885 884.081 479 478.004

919 918.002 847 846.002 443 442.018

Mean

923 922.017 864.667 863.731 377.667 376.757

Higher letters for the treatments within a column reveal significant differences (p ≤ 0.05).
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Figure 5. Images of scratch test illustrated the effect of UPMH and PMH henna extract by moist heat
on the wounding area at 0 and 48 h.
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3.4. Antioxidant Properties of Unpre-Treated and Pre-Treated Henna by Moist Heat

The antioxidant activity of UPMH and PMH henna by moist heat was recorded in
Table 4, compared with standard (Ascorbic acid). Generally, henna extract of either UPMH
or PMH exhibited promising DPPH scavenging %. However, the extract of UPMH henna re-
flected more activity than the extract of PMH henna with IC50 5.46 µg/mL and 7.46 µg/mL,
respectively, compared with the IC50 value of ascorbic acid 2.52 µg/mL. The low activity of
antioxidants for the PMH henna may be due to a low concentration of active compounds, as
mentioned in HPLC analysis, due to exposure to moist heat. From Table 4, the antioxidant
potential increments with the increasing dosage of the tested extracts with concentration-
dependent liner. Réblov [28] studied the antioxidant activity of several phenolic acids
under stress of temperature. For instance, vanillic acid was effective at 90 ◦C, while gallic
and caffeic acids presented antioxidant potential at 150 ◦C. In in vivo investigation, henna
protected them from oxidative stress and possessed hepatoprotective properties in Wistar
rats [29]. Çubukçu et al. [30] reported that treatment by heat had harmful effects on the
antioxidant activities of some plants, such as garlic and onion, while freezing enhanced the
antioxidant properties of garlic and had negative effects on onion.

Table 4. Antioxidant activity of unpre-treated (UPMH), pre-treated (PMH) henna extract by moist
heat and ascorbic acid.

Concentration (µg/mL)
DPPH Scavenging %

UPMH PMH Ascorbic Acid

1000 98.5 a 97.7 a 99.3 ab

500 95.0 a 94.5 a 96.3 b

250 90.8 a 90.1 a 94.8 b

125 83.2 a 82.6 a 91.9 b

62.50 75.6 a 74.4 a 84.2 b

31.25 69.1 a 66.5 b 76.1 c

15.63 61.7 a 59.3 b 67.6 c

7.81 53.3 a 50.9 b 60.4 c

3.90 45.5 a 41.5 b 52.1 c

1.95 37.8 a 33.2 b 43.7 c

0.0 0.0 0.0 0.0

IC50 5.46 µg/mL 7.46 µg/mL 2.52 µg/mL
Different higher letters at each concentration within a row (between UPMH, PMH, and ascorbic acid) reveal
significant differences (p ≤ 0.05).

3.5. Molecular Docking of Chlorogenic Acid and Ellagic Acid with 4ZZT Protein of G. candidum
and 4YDE Protein of C. albicans

In the current decade, molecular docking has attracted the attention of several investi-
gators in drug design, development, and discovery. Structure-based computer modeling
of ligand-receptor interactions is widely used in modern drug development. To identify
conformational changes that vary with the environment and to characterize the interaction
of the molecule with the protein with which it interacts inside the body, molecular docking
calculations are commonly used in structure-based drug design investigations.

Chlorogenic and ellagic acids were docked using MOE (Molecular Operating Envi-
ronment) in a vital trial to get insight into the potential pathways through which these
compounds exert their antibacterial action. Both target proteins interact effectively with
inhibitor compounds. The docking results of compounds’ interaction with the crystal struc-
tures of G. candidum (4ZZT) and C. albicans (4YDE) (4YDE code of the farnesyltransferase
enzyme, and 4ZZT code of the enzyme cellobiohydrolase enzyme, which represent one
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of the virulence factors in yeast cells) revealed that chlorogenic acid was found the most
promising than ellagic acid. Chlorogenic acid revealed substantial binding interactions
within the (4ZZT) active site with a binding score of −7.84379 Kcal mol−1 according to five
conventional hydrogen bonds between GLU 217 and O 19 with 2.80 Å, GLN 175 and O 17
with 2.97 Å, HIS 228 and O 19 with 3.24 Å, TRP 380 and C 1 with 3.19 Å, and TRP 371 and
6-ring with 3.61 Å. Also, ellagic acid outlined four significant interactions with active site
residues of G. candidum (4ZZT) between GLU 217 and O 20 with 2.67 Å, THR 226 and O 22
with 3.20 Å, ARG 399 and O 24 with 3.08 Å, and ARG 251 and 6-ring with 4.09 Å.

Similarly, ranked the inhibitor compounds with C. albicans (4YDE) showed similar
behavior and adopted direct H-donor and H-acceptor bonds with active site residues.
Chlorogenic acid highlighted a binding score of −5.69876 Kcal mol−1, and exhibited sev-
eral key interactions with (4YDE) with ASP 527, ASP 569, and LYS 512 via C 26, O 40, and O
23, respectively. While ellagic acid had a binding score of −4.5145 Kcal mol−1, and only one
donor interaction between the O 20 atom and the ASP 527 amino acid residue, it demon-
strated reduced effectiveness to (4YDE). The 2D and 3D docking interactions are given in
Figures 6–9, and the obtained results are shown in Tables 5–8. Several reports confirmed
the biological activities of drugs theoretically via molecular docking interaction [31–36].
The most potent constituent in henna (3a, 4a-Dihydroxy-a-tetralone) was docked with
sterol 14-demethylase protein of Staphylococcus aureus, which reflected a docking score of
−7.196 kcal mol−1 [37]. Alteration of yeast cells from the yeast shape to filamentous shape
is linked with pathogenicity [38]. Therefore, the inhibitors of these enzymes (4YDE and
4ZZT) are potentially therapeutic against infection caused by yeasts.

Table 5. Docking scores and energies of chlorogenic acid and ellagic acid with the crystal structure of
C. albicans (4YDE).

Mol S Rmsd_Refine E_Conf E_Place E_Score1 E_Refine E_Score2

Chlorogenic acid −5.69876 1.6749115 −2.57228 −41.8448 −11.4368 −30.2837 −5.69876
Chlorogenic acid −5.65288 1.729309 −2.45688 −57.55 −12.6225 −28.5364 −5.65288
Chlorogenic acid −5.58586 1.9682481 14.59859 −48.7804 −12.7552 −28.076 −5.58586
Chlorogenic acid −5.44998 1.4506954 9.080463 −45.4938 −11.5779 −26.7653 −5.44998
Chlorogenic acid −5.41043 2.7580004 3.998731 −46.4482 −12.3195 −27.2703 −5.41043

Ellagic acid −4.5145 4.868453 14.66806 −16.8034 −6.74256 −25.2636 −4.5145
Ellagic acid −4.23481 3.9006364 16.43244 −48.9339 −7.72468 −19.8999 −4.23481
Ellagic acid −4.2133 4.5235729 14.63135 7.640516 −6.31675 −19.1073 −4.2133
Ellagic acid −4.11208 3.4813149 14.97426 −26.417 −8.96398 −18.4696 −4.11208
Ellagic acid −4.08451 2.8578191 14.7638 −21.7358 −6.67745 −16.6032 −4.08451

Table 6. Docking scores and energies of chlorogenic acid and ellagic acid with the crystal structure of
G. candidum (4ZZT).

Mol S Rmsd_Refine E_Conf E_Place E_Score1 E_Refine E_Score2

Chlorogenic acid −7.84379 1.9669101 0.067377 −99.6069 −12.9229 −50.3995 −7.84379
Chlorogenic acid −7.25803 1.8288656 12.89607 −99.626 −13.0726 −46.7111 −7.25803
Chlorogenic acid −7.23898 2.5565467 5.357535 −91.2855 −12.8967 −46.316 −7.23898
Chlorogenic acid −7.23589 2.2799456 14.8198 −101.412 −13.962 −45.1973 −7.23589
Chlorogenic acid −7.12938 1.8402419 12.1299 −83.0073 −13.2714 −44.543 −7.12938

Ellagic acid −6.18615 0.88734156 15.62339 −92.791 −13.3693 −39.0664 −6.18615
Ellagic acid −6.08951 1.0905997 17.58312 −94.3595 −13.0066 −37.9829 −6.08951
Ellagic acid −6.08205 1.4268098 15.37853 −85.0092 −12.7316 −33.7174 −6.08205
Ellagic acid −6.07779 1.5727613 16.8008 −94.8967 −12.7112 −34.4453 −6.07779
Ellagic acid −6.07731 2.3918681 15.11539 −88.7238 −13.13 −34.386 −6.07731
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Table 7. Interaction of chlorogenic acid and ellagic acid with the crystal structure of C. albicans
(4YDE).

Mol Ligand Receptor Interaction Distance E (kcal/mol)

Chlorogenic acid
C 26 OD1 ASP 527 (B) H-donor 3.48 −0.5
O 40 OD2 ASP 569 (B) H-donor 2.94 −2.0
O 23 NZ LYS 512 (B) H-acceptor 3.18 −0.8

Ellagic acid O 20 OD1 ASP 527 (B) H-donor 2.84 −5.0

Table 8. Interaction of chlorogenic acid and ellagic acid with the crystal structure of G. candidum
(4ZZT).

Mol Ligand Receptor Interaction Distance E (kcal/mol)

Chlorogenic acid

O 19 OE2 GLU 217 (A) H-donor 2.80 −3.8
O 17 NE2 GLN 175 (A) H-acceptor 2.97 −1.1
O 19 NE2 HIS 228 (A) H-acceptor 3.24 −1.7
C 1 6-ring TRP 380 (A) H-pi 3.91 −0.6

6-ring 5-ring TRP 371 (A) pi-pi 3.61 −0.0

Ellagic acid

O 20 OE2 GLU 217 (A) H-donor 2.67 −6.2
O 22 OG1 THR 226 (A) H-donor 3.20 −1.2
O 24 NH1 ARG 399 (A) H-acceptor 3.08 −2.4

6-ring NH2 ARG 251 (A) pi-cation 4.09 −3.2

4. Conclusions

The obtained results indicated that pre-treated henna powder with moist heat provided
undesirable findings, where several phenolic and flavonoid compounds were decreased
as exposure to moist heat. Moreover, the anti-yeast, antioxidant, and healing properties
of un-pretreated henna were acceptable compared to pretreated henna by moist heat. In
the search for new bioactive analogues, chlorogenic acid and ellagic acid exhibited good
potential for G. candidum and C. albicans inhibition. According to docking data, chloro-
genic acid performed the best interaction with the crystal structure of G. candidum (4ZZT),
and the results can be utilized to guide future experimental studies. This investigation
recommended the application of henna without any cocked process.
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Abstract: The use of medicinal plants in the management of diabetes mellitus (DM) is extensively
reported. However, there is still very limited information on the role of these plants as markers of
oxidative stress in DM. This current review evaluated the effect of Amaranthus spinosus, Amaranthus
hybridus, and Abelmoschus esculentus on markers of oxidative stress in rodent models of DM. Current
findings indicate that these plants have the potential to reduce prominent markers of oxidative
stress, such as serum malondialdehyde and thiobarbituric acid-reactive substances, while increasing
enzymes that act as antioxidants, such as superoxide dismutase, catalase, glutathione, and glutathione
peroxidase. This may reduce reactive oxygen species and further ameliorate oxidative stress in DM.
Although the potential benefits of these plants are acknowledged in rodent models, there is still
a lack of evidence showing their efficacy against oxidative stress in diabetic patients. Therefore,
we recommend future clinical studies in DM populations, particularly in Africa, to evaluate the
potential effects of these plants. Such studies would contribute to enhancing our understanding of the
significance of incorporating these plants into dietary practices for the prevention and management
of DM.

Keywords: antioxidants; diabetes mellitus; Amaranthus; Abelmoschus esculentus; oxidative stress

1. Introduction

Diabetes mellitus (DM) is a chronic, life-threatening disease that has caused more than
6.7 million deaths worldwide [1]. This condition affects approximately 537 million adults
(20–79 years old) [1]. According to the International Diabetes Federation, the number of
people living with diabetes is predicted to reach 643 million by 2030 [1]. There are three
commonly known types of DM: type 1 diabetes mellitus (T1DM), type 2 diabetes mellitus
(T2DM), and gestational diabetes mellitus (GDM). T2DM is considered the most common,
and it affects [2] at least 95% of the diabetic population [3]. In 2021, the prevalence of T2DM
was reported to be 10.5% [4], and most of the population is from low- and middle-income
countries (LMICs) [1].

Diabetic patients in LMICs face many challenges, which include a lack of aware-
ness and knowledge about the disease, difficulty accessing health care systems, including
medications, and inadequate diabetes management strategies, which likely result from
a poor socio-economic background [5]. Biological risk factors associated with DM in-
clude older age, increased body mass index (BMI), obesity, stress, physical inactivity, and
chronic inflammation due to other infectious diseases [6–8]. DM is associated with health
complications such as cardiovascular diseases, kidney diseases, vision impairment, and
neurological conditions [9]. Oxidative stress has been reported to play a major role in the
pathophysiology of DM-related complications [10].

In 2021, it was documented that DM caused at least 966 billion USD in health ex-
penditure, with 9% of total spending on adults [1]. Low- and middle-income countries
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already have overwhelming health burdens resulting from other common diseases such as
tuberculosis and the human immunodeficiency virus [11]. Therefore, healthcare systems
in place must implement efficacious medicines that are less toxic and cost-effective in the
management of DM.

While medical and pharmacological drugs are currently available for managing DM,
these are still associated with severe side effects in different individuals, increased compli-
cations, and a rising mortality rate in DM. For instance, using sodium-glucose cotransporter
2 inhibitors increases the risk of hypotension, diabetic ketoacidosis, kidney injury, and bone
fractures [12]. Regrettably, prolonged use of glucophage is linked to cobalamin deficiency,
increasing the risk of additional complications, including anemia, in T2DM patients [13].
Given the mentioned drawbacks of pharmaceutical medications, there has been a burgeon-
ing interest in the utilization of functional foods and herbal remedies for the treatment
and management of DM. This interest is partly attributable to their inherent properties.
Numerous studies have highlighted the antioxidant characteristics of medicinal plants in
the treatment and management of DM.

For instance, our team recently found the potential beneficial effects of Corchorus
olitorius and curcumin in a rodent model of obesity and DM and T2DM, respectively [14,15].

Interestingly, functional fruits have also demonstrated potential benefits, especially
on oxidative stress in DM [16]. Although there are rising calls for more research support
for medicinal plant use in the treatment and management of DM [11], there is still limited
clinical evidence to support their efficacy, especially in DM. Moreover, evidence from
previous preclinical studies has not focused on common markers of oxidative stress. In
this study, we aim to gather evidence from preclinical studies evaluating the effect of
Amaranthus hybridus, Amaranthus spinosus, and Abelmoschus esculentus in DM primarily
due to their beneficial properties and safety profile [17], with the main focus on various
biomarkers of oxidative stress. Therefore, this review will highlight and document the
potential benefits of these selected medicinal plants in DM.

2. Oxidative Stress and Diabetes Mellitus

Oxidative stress occurs as a result of an imbalance between the production and clear-
ance of reactive oxygen species (ROS) [18] and contributes to the pathogenesis and patho-
physiology of DM [19,20]. DM is a metabolic disorder characterized by increased blood
glucose levels resulting from insulin resistance and impaired insulin secretion [21].

In DM, several factors contribute to oxidative stress, including hyperglycemia, dyslipi-
demia, insulin resistance, and inflammation. Hyperglycemia and hyperlipidemia can lead
to increased cellular oxidative stress through mitochondrial electron leak or incomplete fatty
acid oxidation, the formation of advanced glycation end products (AGEs), lipid hydroper-
oxides, and induced free fatty acids (FFA), diacylglycerol (DAG), and ceramides. Lipid
peroxidation has been identified as one factor that leads to DM development [22,23]. This
occurs when there is uncontrolled high blood glucose and free fatty acids, which in turn acti-
vate DAG and protein kinase C (PKC) [24–26]. Activation of PKC induces the inflammatory
response by promoting the secretion of endothelin 1 (ET-1), vascular cell adhesion molecule
(VCAM-1), intercellular adhesion molecule (ICAM-1), nuclear factor kappa-light chain
enhancer of activated β cells (NF-κβ), and NADPH oxidase [27–29]. Notably, NADPH
oxidase activation mediates ROS generation through superoxide [30,31]. Excessive ROS
production damages cells, resulting in a pronounced inflammatory response [32]. Hence, it
is comprehensible why diabetes is frequently linked to inflammation [32–35]. Conversely,
catalase (CAT), an active enzyme, functions as an antioxidant by catalyzing the conver-
sion of hydrogen peroxide into water and oxygen [36]. Nevertheless, diminished CAT
activity results in oxidative stress in the pancreatic beta cells, which contain numerous
mitochondria. This excess production of reactive oxygen species (ROS) ultimately leads
to dysfunction in β-cells and the onset of diabetes [18]. Therefore, this would subject
the cells or organs to oxidative stress by allowing the accumulation of harmful oxidants
and free radicals. Reactive oxygen species can also increase insulin resistance, leading to
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further hyperglycemia [37–41]. This occurs when caloric intake exceeds energy expenditure,
thereby causing an increase in citric acid cycle activity. This subsequently leads to excess
mitochondrial NADH (mNADH) and ROS [42]. Inflammation, which is common in DM,
can also contribute to oxidative stress by activating immune cells that produce ROS [43].
Several studies have indicated that oxidative stress can contribute to the development of
diabetic complications such as neuropathy, retinopathy, and nephropathy [43–46]. There-
fore, controlling oxidative stress may be an important DM management strategy [44]. This
can be achieved through lifestyle modifications such as regular exercise, a healthy diet,
and smoking cessation [47]. Antioxidant supplements such as vitamin C, vitamin E, and
alpha-lipoic acid may also be beneficial in reducing oxidative stress [48]. Some medicinal
plants, such as Amaranthus spinosus, Amaranthus hybridus, and Abelmoschus esculentus, have
been shown to have antioxidant effects.

3. Amaranthus Species

Amaranthus, a herbaceous plant native to Central America, has been cultivated for
centuries due to its valuable properties [49]. It has spread to various nations, successfully
established itself, and naturalized in numerous regions across the globe [50]. In Africa, it
is esteemed as a traditional food plant, thus providing a valuable source of nutrition. All
parts of the plant, including seeds, roots, leaves, and stems, are recognized for their edible
and medicinal attributes [51]. In addition, Amaranthus is affordable and cost-effective [52],
making it significant in improving nutrition, ensuring food security, and alleviating poverty,
especially in low- and middle-income countries [53]. Amaranthus has been recognized as a
superfood, making it an interesting plant for further exploration in research [54]. Among the
various Amaranthus species, the common ones include Amaranthus thunbergii, A. greazican,
A. deflexus, A. hypochondriacus, A. viridis, A. spinosus, and A. hybridus. This pivotal plant
possesses an abundance of vital nutrients, making it a rich source of essential nutrients,
including vitamins and minerals [54]. These micronutrients have been extensively studied
for their crucial role in promoting optimal well-being. More interestingly, Amaranthus
has been reported to possess various compounds, including amino acids such as lysine,
arginine, histidine, leucine, cysteine, phenylalanine, isoleucine, valine, threonine, and
methionine [55].

The Amaranthus plant also contains important active compounds that promote its
activities [56–58] (Figure 1). The use of Amaranthus in the public interest extends beyond its
nutritional benefits to its therapeutic properties, especially in the management of cholesterol
and blood glucose levels in DM [59,60]. While many studies reporting on the therapeutic
properties of Amaranthus in DM have focused on inflammatory markers [61–63], only
a limited number of studies have explored its benefits in alleviating oxidative stress in
DM. The present study will review studies reporting the potential benefits of Amaranthus
spinosus and hybridus on markers of oxidative stress in DM. This will help to improve
current knowledge on the importance of consuming these plants, especially in diabetic
individuals, in order to manage the condition and in non-diabetic individuals to prevent
the risk of developing DM.
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Figure 1. Some of the active compounds present in Amaranthus.

3.1. Amaranthus spinosus

As presented in Table 1, Amaranthus spinosus has been shown to alleviate oxidative
stress. Amaranthus spinosus has been shown to reduce hyperglycemia-associated oxidative
stress significantly in rodent models of obesity [64]. A study by Kumar et al. (2011) reported
that methanol extract of Amaranthus spinosus at a dose of 200 and 400 mg/kg for 15 days
had antioxidant effects against DM [65]. This was demonstrated by a reduction in the
serum level of malondialdehyde (MDA) concomitant with the increased activity of enzymes
that act as antioxidants, such as glutathione (GSH) and catalase (CAT), in alloxan-induced
diabetic rats. Furthermore, the same study showed an increase in total thiols. Similar
findings were observed by Mishra et al. (2012), whereby Amaranthus spinosus leaf extract
(ASEt) at doses of 250 and 500 mg/kg for 21 days reduced oxidative stress and improved
pancreatic cell function in diabetic rats [66]. These positive impacts were demonstrated by a
significant increase in superoxide dismutase (SOD), CAT, GSH, and glutathione peroxidase
(GPx). An increase in antioxidant enzymes observed after Amaranthus treatment shows its
potential as an antioxidant remedy (Figure 2). Therefore, this suggests that this plant could
play an important role in alleviating oxidative stress.
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Figure 2. Overview showing the impact of Amaranthus on oxidative stress in diabetic rats. Admin-
istration of Amaranthus in diabetic rats ameliorates oxidative stress by reducing malondialdehydes
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3.2. Amaranthus hybridus

Similarly, Amaranthus hybridus has been reported to have anti-oxidative stress effects
in DM [67]. Amaranthus hybridus ethanol leaf extract (AHELE) has been identified to have
a nephron protective effect against oxidative damage in streptozotocin (STZ)-induced
diabetic rats [68]. In a study by Balasubramanian et al. (2016), this was indicated by
a significant reduction in the marker of lipid peroxidation, thiobarbituric acid reactive
substances (TBARS) (p < 0.001), and a significant increase in antioxidant markers such as
superoxide dismutase (SOD) (p < 0.001) and CAT (p < 0.01). In support of their findings,
they also discovered that AHELE possessed both nephroprotective and hepatoprotective
effects by reducing the levels of MDA in the liver and kidneys of STZ-induced diabetic
rats [68]. Therefore, the evidence from rat models of diabetes induced by STZ or alloxan
indicates the potential of the Amaranthus plant as an anti-oxidative stress agent (Figure 2,
Table 1). MDA is an end-product of fatty acid peroxidation [69], and its high level is an
indication of lipid peroxidation [70]. During lipid peroxidation, lipids are degraded in the
cell membrane, thus leading to cell damage [69,71]. Lipid peroxidation has been identified
as one of the factors leading to the development of DM [22,23].

4. Abelmoschus esculentus

Abelmoschus esculentus L. is also known as okra and belongs to the Malvaceae plant
family. Although this plant is found in Africa, it is widely distributed in Asia, America,
and Southern Europe [72]. The fruit, seeds, roots, leaves, flowers, and pods of Abelmoschus
esculentus contain vital bioactive chemicals that contribute to this plant’s beneficial ef-
fects [73,74] (Figure 3). For example, the seed contains oligomeric catechins and flavonol
derivatives [74–76]. The root contains carbohydrates and flavonol glycosides [77], while the
leaves contain minerals, tannins, and flavonol glycosides [78]. The pod contains carotene,
folic acid, thiamine, riboflavin, protein, fiber, calcium, iron, zinc, niacin, vitamin C, ox-
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alic acid, and amino acids [79–81]. These compounds mediate the various functions that
Abelmoschus esculentus possesses. Such potential benefits include but are not limited to
anti-hyperglycemic, anti-inflammatory, and antioxidant effects [82–84].
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4.1. Antioxidant Effect of Abelmoschus esculentus

The antioxidant properties of Abelmoschus esculentus have been revealed by previous
research [83–86], and this is attributable mainly to its active compounds, such as polyphe-
nols and flavonoids [87] (Figure 3). Polyphenols mediate antioxidant activity by reducing
MDA and increasing SOD, GPx, and catalase activity [77,78,82,84–93]. Some of the ac-
tive polyphenol compounds include isoquercetin, quercetin, quercetin-3-O-gentiobioside,
quercetin-3-O-glucoside, protocatechuic acid, and rutin. All these phenolic compounds
exhibit free radical scavenging and ferric-reducing properties [92] and further inhibit the
activities of α-glucosidase and α-amylase [94]. Specifically, the Abelmoschus esculentus seeds
are excellent sources of phenols, including procyanidin B1 and B2, which facilitate the free
radical scavenging activities of 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2′-casino-bis
(3-ethylbenzothi azoline-6-sulfonic acid (ABTS) [90,95,96].

4.1.1. Effect of Abelmoschus esculentus on Oxidative Stress in Animal Models of
Diabetes Mellitus

Mice and rats have been used for decades to mimic DM observed in humans, primarily
to explore the beneficial effects, toxicity, and desirable doses of different compounds against
various metabolic disorders [97]. Oxidative stress is implicated in the progression of insulin
resistance into DM due to the increased production of free radical molecules. These ROS
molecules (hydrogen peroxide, superoxide anion, and hydroxyl radicals) are generated
by the partial reduction of oxygen molecules [98]. However, when these molecules are
excessively produced in the body, they cause damage to cellular proteins, membrane lipids,
and nucleic acids and reduce lifespan [99,100].

Several biomarkers have been widely considered predictors of oxidative stress; these
include SOD, MDA, CAT, GPx, and GSH. The existing research suggests that Abelmoschus
esculentus has antioxidant potential, partly due to its high phenolic and flavonoid con-
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tent. For instance, two groups recently demonstrated a very high content of phenols and
flavonoids in Abelmoschus esculentus mucilage and seed peel, respectively [101,102]. In
contrast, other studies showed an increased half-maximal inhibitory concentration (IC50)
in Abelmoschus esculentus extracts and mucilage compared to vitamin C [101,103]. This
suggests the reduced antioxidant capability of Abelmoschus esculentus. IC50 refers to the
number of antioxidant compounds necessary to scavenge 50% of the initial DPPH radicals.
The compound’s increased effectiveness in scavenging DPPH radicals results in a reduced
IC50 value, indicating an ideal level of antioxidant activity for the compound [104]. The
summarized effect of Abelmoschus esculentus in rodent models of diabetes is presented in
Table 2. Although the potential benefits are acknowledged, different studies have contra-
dictory findings, with others showing negative results on oxidative stress markers. Below,
we outline the effects of Abelmoschus esculentus on various markers of oxidative stress.

4.1.2. Abelmoschus esculentus on Oxidative Stress with a Focus on ROS

In general, the evidence supports using Abelmoschus esculentus treatment as a possible
antioxidant in at least three preclinical studies (Table 2). These studies revealed a signif-
icant (p < 0.05) reduction in the levels of ROS in a rodent model of DM and, therefore,
an attenuation of oxidative stress [105–107]. Elevated ROS levels are associated with ox-
idative stress and organ damage [18]. Therefore, the potential of Abelmoschus esculentus
to reduce these excess ROS may be of importance in reducing organ and tissue damage
in diabetes mellitus. Abelmoschus esculentus potential to reduce ROS is associated with
its high polyphenols, flavonoids, and vitamin C content as they scavenge free radical
molecules, thus alleviating oxidative stress [79–81]. These compounds accomplish this
activity by transferring hydrogen atoms to unstable ROS molecules, stabilizing them, and
subsequently preventing any cell, tissue, or organ damage [108,109]. Similarly, Abelmoschus
esculentus is rich in quercetin and catechin, which have antioxidant properties [74–76].
These compounds reduce NADPH oxidase activity, reducing ROS production and further
oxidative stress [110,111].

4.1.3. Abelmoschus esculentus on Oxidative Stress with a Focus on SOD

SOD is an antioxidant enzyme that protects cells against ROS if it is upregulated in the
body [112]. In a model of DM, the central feature is oxidative stress, which exacerbates the
condition. The administration of antioxidants, however, seems important as they reduce
oxidative stress by increasing SOD levels. For example, as presented in Table 2, Abelmoschus
esculentus is significantly (p < 0.05) associated with an increased SOD [96,106,113,114].
SOD is a crucial antioxidant that defends the body’s organs and cells from oxidative
damage. Therefore, an increase in SOD in the body is important to help break down
potentially harmful oxygen molecules in cells. An improvement of antioxidant status
by Abelmoschus esculentus extract, as demonstrated by a significant increase in SOD, is
commendable and thus may be relevant to attenuating oxidative stress (Figure 4). Such an
effect of okra may further lead to ameliorating secondary complications associated with
oxidative stress. However, other studies showed a significant (p < 0.05) decrease in SOD
following the administration of Abelmoschus esculentus [91,102,115,116]. This suggests the
limitation of Abelmoschus esculentus as an antioxidant; reduction of SOD in hyperglycemia
or overproduction of ROS may subject the cells to damage and subsequently to apoptosis.

4.1.4. Abelmoschus esculentus on Oxidative Stress with a Focus on CAT Activity

CAT is an active enzyme involved in the catalysis of hydrogen peroxide into water and
oxygen [36]. However, due to reduced CAT activity, beta cells of the pancreas that contain
many mitochondria undergo oxidative stress by producing excess ROS that leads to β-cells
dysfunction and, ultimately, diabetes [18]. Interestingly, evidence presented in Table 2
showed that Abelmoschus esculentus treatment in rodent models of diabetes significantly
increases CAT activity [91,95,105,106,113,115,117]. This suggests that Abelmoschus esculentus
may ameliorate oxidative stress, further reduce complications of DM, or prevent DM in
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non-diabetics (Figure 4). Although the potential benefits of Abelmoschus esculentus on
CAT activity have been noted in DM rodent models, another group of researchers has
reported contradictory findings, as shown by significantly reduced CAT activity [116]. This,
disappointingly, suggests a limited beneficial impact of Abelmoschus esculentus in improving
the activity of CAT enzymes in diabetic models and, thus, its limited efficacy in reducing
oxidative stress.
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Figure 4. Potential mode of action of Abelmoschus esculentus in rodent models of diabetes. In a nutshell,
oral administration of Abelmoschus esculentus ameliorates oxidative stress in rodent models of diabetes
induced by either alloxan monohydrate or a high-fat diet coupled with streptozotocin. ROS: reactive
oxygen species (https://prove.es/en/unknown-but-really-healthy-vegetable-called-okra/ (accessed
on 25 July 2023)).

4.1.5. Effects of Abelmoschus esculentus on Oxidative Stress: Focusing on MDA and TBARS

Additional oxidative stress markers include MDA, TBARS, lipid hydroperoxides (LH),
and 4-hydroxy-2-Nonenal (4-HNE), the end products of lipid peroxidation. However,
among these markers, MDA is widely studied and is regarded as an ideal marker of ox-
idative stress [118]. MDA seems to be elevated in DM, thus increasing the likelihood of
developing complications associated with oxidative stress. It is assumed that the reduction
of these markers can substantially alleviate oxidative stress and associated complications.
Interestingly, preclinical evidence gathered in Table 2 showed Abelmoschus esculentus promis-
ing potential in reducing MDA amongst rodent models of DM [91,95,105,106,113,115,117].
Disappointingly, evidence from a preclinical model of GDM reported by Tian [113] showed
different findings, which suggest the limitation of Abelmoschus esculentus in alleviating
oxidative stress in GDM. Although the results were unfavorable, we believe this is due
to insulin resistance occurring in the late stage of pregnancy and different pathophysi-
ological mechanisms between GDM and DM, thus limiting the antioxidant potential of
Abelmoschus esculentus [119]. Consistently, TBARS, a derivative of thiobarbituric acid and
MDA, increases in response to oxidative stress [120]. Notably, an increased level of TBARS
is observed in T1DM and T2DM, signifying oxalate toxicity induced by lipid peroxida-
tion [121,122]. However, existing evidence showed a significant decrease in TBARS levels
following Abelmoschus esculentus treatment in rodent models of DM [95,107]. Therefore, this
reduction would suggest Abelmoschus esculentus potential for attenuating oxalate toxicity
and a further reduction in oxidative stress.
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4.1.6. Abelmoschus esculentus on Glutathione and Glutathione Peroxidase

GSH is a group of enzymes that protect the body from oxidative stress by reducing
lipid hydroperoxides and free hydrogen peroxide [124,125]. The general overview of the
effect of Abelmoschus esculentus on markers of GPx and GSH is outlined in Table 2.

However, a decrease in its activity subjects the cells or organs to oxidative stress by
allowing the accumulation of harmful oxidants and free radicals. Therefore, antioxidant
compounds that increase the activity of GSH and GPx can be used as an alternative therapy
to ameliorate oxidative stress and protect the cells from oxidative damage (Figure 4). Our
current review found contradictory reports from various rodent models of DM induced
by STZ or alloxan monohydrate. Of interest was that several studies reported a signifi-
cant increase in the activity of GSH [91,95,105,106,115,123]. Additionally, Tian et al. [113]
and Aleisa et al. [115] have reported a noteworthy augmentation in the activity of GPx,
further substantiating the potential of Abelmoschus esculentus and its constituents as antioxi-
dant agents.

In contrast to the aforementioned encouraging discoveries, other research-
ers [91,95,105,106,115,116,123] have recently identified a notable decline in GSH levels
after administering Abelmoschus esculentus treatment to rodent models with diabetes. This
once again highlights a potential limitation of Abelmoschus esculentus as an antioxidant.
Abelmoschus esculentus ability to regulate oxidative stress seems to be attributable to its high
content of phenols, flavonoids, and associated minerals, as presented in Figure 3.

5. Limitations

The current review has several limitations; for instance, the evidence gathered here is
primarily from preclinical studies, with mainly mice and rats used for such experimentation.
Additionally, the majority of models of diabetes presented here were primarily developed
by using the administration of either STZ or alloxan monohydrate, with a few using HFD
to induce diabetes. It is commonly known that these two drugs cause pancreatic damage,
and the model developed through their administration mimics that of T1DM, while HFD
resembles that of T2DM seen in humans. Since the pathogenesis of these conditions differs,
the interpretation may be skewed toward T1DM, as most studies have induced diabetes
through drug intervention. While evidence from the preclinical studies supports the use of
both Amaranthus and Abelmoschus esculentus as herbal treatments for DM against oxidative
stress, it is still not clear as to which part of these plants is more beneficial, as some studies
used leaves, seeds, and pods.

The exact dose or form by which these plants are administered is also not specified,
as a powder has been used to prepare the extract or given to rodents as a food-powder
mixture. Although other clinical studies have been conducted on Abelmoschus esculentus in
diabetic populations, ranging from randomized controlled trials to quasi-experiments, such
studies did not focus on oxidative stress or related markers [126]. Moreover, regarding
Amaranthus, only one trial has been conducted in diabetic patients, and the results are
promising [127]. However, since then, clinical evidence has been scarce. Lastly, Amaranthus,
and Abelmoschus esculentus have been proven effective in reducing diabetes. However, to
the best of our knowledge, no studies have been conducted using a combined treatment of
both of these plants in diabetic models or clinical trials. As the evidence reviewed here is
derived from preclinical studies, it is important to note that in some cases, the evidence
from experimental studies is not fully translatable to humans due to different physiological
systems and functions.

6. Conclusions and Recommendations

The study discussed the effects of different parts of Amaranthus and Abelmoschus
esculentus, highlighting their potential as alternative remedies to attenuate oxidative stress
in diabetes models. Current evidence on the recommended dosages for these plants has
proven these plants to be considered safe in the management of DM. Both plants are rich
in carbohydrates, proteins, fatty acids, vitamins, fiber, minerals, and other bioactive phy-
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tochemicals that promote good health and are less expensive, making them economically
affordable natural antioxidants. Evidence exploring the efficacy and safety of Abelmoschus
esculentus in diabetes on other markers exists [17,101], but studies in this population still
lack exploration of oxidative stress. While the potential benefits of Amaranthus have been
extensively explored in diabetic models, there is limited evidence in clinical trials, espe-
cially on oxidative stress. The preclinical evidence gathered in this review revealed that
Amaranthus treatment in diabetes could ameliorate hyperglycemic-associated oxidative
stress (Figure 2). Remarkably, our summarized evidence also demonstrated that the ad-
ministration of Abelmoschus esculentus to diabetic rodents also attenuates oxidative stress
(Figure 4). Although there have been limited clinical trials involving Abelmoschus esculentus
in diabetic populations [126], its potential benefits are widely recognized within the broader
research community, and its safety has been confirmed. However, since there are currently
no trials investigating the effects of these plants on oxidative stress, it is recommended
that future trials be conducted, especially in African countries where the prevalence of
DM is high. Therefore, we plan to explore oxidative stress with well-designed and ad-
equately powered clinical studies. Therefore, future studies may be necessary to fully
understand its efficacy, optimal dosage, and impact on oxidative stress. These studies
should be well-designed and adequately powered, focusing on diabetic patients.
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109. Kaźmierczak-Barańska, J.; Boguszewska, K.; Adamus-Grabicka, A.; Karwowski, B.T. Two Faces of Vitamin c—Antioxidative and
pro-Oxidative Agent. Nutrients 2020, 12, 1501. [CrossRef]

110. Mhya, D.H.; Mohammed, A.; Dawus, T.T. Investigation of NADPH-Oxidase’s Binding Subunit(s) for Catechin Compounds
Induce Inhibition. Eur. J. Adv. Chem. Res. 2023, 4, 10–18. [CrossRef]

111. Chen, X.; Touyz, R.M.; Park, J.B.; Schiffrin, E.L. Antioxidant Effects of Vitamins C and E Are Associated with Altered Activation
of Vascular NADPH Oxidase and Superoxide Dismutase in Stroke-Prone SHR. Hypertension 2001, 38, 606–611. [CrossRef]

112. Karmakar, A.; Das, A.K.; Ghosh, N.; Sil, P.C. Chapter2.7 Superoxide Dismutase. In Antioxidants Effects in Health; Nabavi, S.M.,
Silva, A.S., Eds.; Elsevier: Amsterdam, The Netherlands, 2022; pp. 139–166. ISBN 978-0-12-819096-8.

113. Tian, Z.-H.; Miao, F.-T.; Zhang, X.; Wang, Q.-H.; Lei, N.; Guo, L.-C. Therapeutic Effect of Okra Extract on Gestational Diabetes
Mellitus Rats Induced by Streptozotocin. Asian Pac. J. Trop. Med. 2015, 8, 1038–1042. [CrossRef]

114. Tyagita, N.; Utami, K.P.; Zulkarnain, F.H.; Rossandini, S.M.; Pertiwi, N.P.; Rifki, M.A.; Safitri, A.H. Okra Infusion Water Improving
Stress Oxidative and Inflammatory Markers on Hyperglycemic Rats. Bangladesh J. Med. Sci. 2019, 18, 748–752. [CrossRef]

115. Aleissa, M.S.; AL-Zharani, M.; Alneghery, L.M.; Hasnain, M.S.; Almutairi, B.; Ali, D.; Alarifi, S.; Alkahtani, S. Comparative Study
of the Anti-Diabetic Effect of Mucilage and Seed Extract of Abelmoschus Esculentus against Streptozotocin-Induced Diabetes in
Rat Model. J. King Saud. Univ. Sci. 2022, 34. [CrossRef]

116. Uadia, P.O.; Imagbovomwan, I.O.; Oriakhi, K.; Eze, I.G. Effect of Abelmoschus Esculentus (Okra)-Based Diet on Streptozotocin-
Induced Diabetes Mellitus in Adult Wistar Rats. Trop. J. Pharm. Res. 2020, 19, 1737–1743. [CrossRef]

117. Abbas, A.Y.; Muhammad, I.; Abdulrahman, M.B.; Bilbis, L.S. Antioxidant Effect of Ex-Maradi Okra Fruit Variety (Abelmuscus
esculentus) on Alloxan-Induced Diabetic Rats. Trop. J. Nat. Prod. Res. 2020, 4, 105–112. [CrossRef]

118. Mas-Bargues, C.; Escrivá, C.; Dromant, M.; Borrás, C.; Viña, J. Lipid Peroxidation as Measured by Chromatographic Determination
of Malondialdehyde. Human Plasma Reference Values in Health and Disease. Arch. Biochem. Biophys. 2021, 709, 108941. [CrossRef]
[PubMed]

119. Ruszała, M.; Pilszyk, A.; Niebrzydowska, M.; Kimber-trojnar, Ż.; Trojnar, M.; Leszczyńska-gorzelak, B. Novel Biomolecules in the
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Abstract: Propolis is a natural mixture of resins, wax, and pollen from plant buds and flowers,
enriched with enzymes and bee saliva. It also contains various essential oils, vitamins, mineral salts,
trace elements, hormones, and ferments. It has been found that propolis possesses antimicrobial,
antiviral, and anti-inflammatory properties. We have studied the antiviral activity of six extracts
of Bulgarian propolis collected from six districts of Bulgaria. The study was conducted against
structurally different viruses: human coronavirus strain OC-43 (HCoV OC-43) and human respiratory
syncytial virus type 2 (HRSV-2) (enveloped RNA viruses), human herpes simplex virus type 1 (HSV-1)
(enveloped DNA virus), human rhinovirus type 14 (HRV-14) (non-enveloped RNA virus) and human
adenovirus type 5 (HadV-5) (non-enveloped DNA virus). The influence of the extracts on the internal
replicative cycle of viruses was determined using the cytopathic effect (CPE) inhibition test. The
virucidal activity, its impact on the stage of viral adsorption to the host cell, and its protective effect
on healthy cells were evaluated using the final dilution method, making them the focal points of
interest. The change in viral infectivity under the action of propolis extracts was compared with
untreated controls, and ∆lgs were determined. Most propolis samples administered during the viral
replicative cycle demonstrated the strongest activity against HCoV OC-43 replication. The influence
of propolis extracts on the viability of extracellular virions was expressed to a different degree in the
various viruses studied, and the effect was significantly stronger in those with an envelope. Almost
all extracts significantly inhibited the adsorption step of the herpes virus and, to a less extent, of
the coronavirus to the host cell, and some of them applied before viral infection demonstrated a
protective effect on healthy cells. Our results enlarge the knowledge about the action of propolis and
could open new perspectives for its application in viral infection treatment.

Keywords: propolis extracts; antiviral activity; virucidal activity; viral adsorption; human coronavirus;
human respiratory syncytial virus; herpes simplex virus; human rhinovirus; human adenovirus

1. Introduction

Propolis (bee glue) is a hydrophobic substance with sticky consistency produced by
European honeybees (Apis mellifera L.), serving as a building and defensive material in
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their hives. Bees use propolis to smooth the internal walls of the hive, fill up cracks, repair
and seal up the cells of the honeycomb, and embalm dead invaders inside the hive, thus
removing the unpleasant smell and the microflora accompanying their decomposition and
protecting the bee colony from infections [1,2]. In order to produce propolis, the worker
bees collect resins from flowers and leaf buds of various plant species. Thereafter, they
transport the material to the hive and mix it with beeswax and saliva secreted by their
salivary glands. Some recent studies have revealed that the number of chemical compounds
identified in propolis has reached 850. They form a heterogeneous mixture, which includes
mainly polyphenolic compounds like flavonoids (quercetin, galangin, chrysin), aromatic
acids and esters, aliphatic acids and esters, volatile compounds, waxy acids, carbohydrates,
alcohols, aldehydes, ketones, steroids, enzymes, micro- and macronutrients, amino acids,
vitamins, essential oils, pollen, and organic matter [3]. The physicochemical properties,
phytochemical composition, and biological activities of propolis vary widely, which de-
pends on the botanical source and the climatic characteristics of the geographic region from
which it originates [4].

Propolis is one of the most valuable bee products, which has been used by humans
for thousands of years as a remedy in folk and traditional medicine due to the lack of
toxicity and the remarkable therapeutic properties. It has been found that the unique
phytochemical composition of propolis determines its diverse pharmacological activities,
such as antibacterial, antifungal, antiviral, antioxidant, immunomodulatory, antiparasitic,
anti-allergic, anti-inflammatory, anticarcinogenic, anaesthetic, hepatoprotective, gastropro-
tective, anti-ulcerogenic, antidiabetic, astringent and other health beneficial effects [5,6].

Viral outbreaks are widely spread and represent an important problem for the health
sector. The application of non-toxic natural products without adverse effects as alterna-
tives of chemotherapeutics is essential for the therapy of viral infections. In this respect,
propolis has shown great promise to be used as a potentially effective antiviral agent [7].
It has been reported to possess inhibitory activity against both DNA and RNA viruses.
Amoros et al. (1992) [8] investigated the in vitro antiviral effect of propolis on herpes sim-
plex virus type 1 and 2 (HSV-1 and HSV-2), adenovirus type 2, vesicular stomatitis virus
and poliovirus type 2. The obtained results demonstrated that propolis had remarkable
activity against poliovirus and herpes viruses, while vesicular stomatitis virus and aden-
ovirus were less susceptible. Serkedjieva et al. (1992) [9] evaluated the in vitro antiviral
activity of Bulgarian propolis on H3N2 and H1N1 influenza viruses and stated that propolis
inhibited viral replication. Years later, the anti-influenza virus activity was confirmed by
Kujumgiev et al. (1999) [10], who investigated the inhibitory effect of propolis extracts
on avian influenza virus A/strain Weybridge (H7N7). Other studies reveal the antiviral
potential of propolis against herpes simplex virus (HSV-1 and HSV-2) [11], coronavirus
2 (SARS-CoV-2) [12], varicella zoster virus [13], infectious bursal disease virus (IBDV),
Reovirus [14] and canine distemper virus [15].

In the present study, the antiviral activity against structurally different viruses of six
Bulgarian propolis extracts collected from six districts of Bulgaria was determined.

2. Materials and Methods
2.1. Host Cell Lines

The human colon carcinoma (HCT-8) cells were obtained from the American Type
Culture Collection (ATCC) based in Manassas, VA, USA. The HCT-8 [HRT-18] cell line
(ATCC-CCL-244, LGC Standards) was cultured in RPMI 1640 growth medium (ATCC-
30-2001), supplemented with 10% horse serum (ATCC-30-2021), 0.3 g/L L-glutamine
(Sigma-Aldrich, Darmstadt, Germany), and an antibiotic mixture of 100 IU penicillin and
0.1 mg streptomycin/mL (both from Sigma-Aldrich) at 37 ◦C with a constant supply of
5% CO2.

Madin–Darbey bovine kidney (MDBK) cells were provided by the National Bank for
Industrial Microorganisms and Cell Cultures in Sofia, Bulgaria. These cells were grown
in DMEM growth medium (Gibco, Grand Island, NY, USA) with 10% fetal bovine serum
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(Gibco BRL, USA), 10 mM HEPES buffer (AppliChem GmbH, Darmstadt, Germany), and
antibiotics (100 IU/mL penicillin, 100 µg/mL streptomycin). The incubation occurred in a
HERA cell 150 incubator (Heraeus, Hanau, Germany) at 37 ◦C with a 5% CO2 atmosphere.

The human epithelial type 2 (HEp-2) cells, derived from human laryngeal carci-
noma, were obtained from the National Bank for Industrial Microorganisms and Cell
Cultures in Sofia, Bulgaria. These cells were cultured in DMEM growth medium (Gibco,
Grand Island, NY, USA) with 10% fetal bovine serum (Gibco, BRL, USA), 10 mM HEPES
buffer (AppliChem GmbH, Darmstadt, Germany), and antibiotics (100 IU/mL penicillin,
100 µg/mL streptomycin). They were maintained in a HERA cell 150 incubator (Heraeus,
Hanau, Germany) at 37 ◦C with a humidified atmosphere of 5% CO2.

Lastly, the human cervical epithelioid carcinoma cells (HeLa Ohio-I) were generously
provided by Dr D. Barnard from Utah State University, Logan, UT, USA. These cells were
cultured in DMEM growth medium (Gibco, Grand Island, NY, USA) with 10% fetal bovine
serum (Gibco, BRL, USA), 10 mM HEPES buffer (AppliChem GmbH, Darmstadt, Germany),
and antibiotics (100 IU/mL penicillin, 100 µg/mL streptomycin) at 37 ◦C with a 5% CO2
atmosphere in a HERA cell 150 incubator (Heraeus, Hanau, Germany).

2.2. Viruses

Human coronavirus OC-43 (HCoV-OC43) (ATCC: VR-1558) strain was cultured in
HCT-8 cells using RPMI 1640 medium supplemented with 2% horse serum, 100 U/mL
penicillin, and 100 µg/mL streptomycin. After 5 days of infection, cell lysis was performed
through two freeze and thaw cycles, and the virus was titrated following the Reed and
Muench formula. Both virus and mock aliquots were stored at −80 ◦C, as outlined in our
previous study [16]. The infectious titer of the stock virus was found to be 106.5 CCID50/mL.

Herpes simplex virus type 1, Victoria strain (HSV-1), obtained from Prof. S. Dundarov
at the National Center of Infectious and Parasitic Diseases in Sofia, was replicated in
confluent monolayers of MDBK cells using a maintenance solution Dulbecco’s modified
Eagle medium (DMEM) from Gibco BRL, Paisley, Scotland, UK, supplemented with 0.5%
fetal bovine serum (Gibco BRL, Scotland, UK), and antibiotics (100 IU/mL penicillin,
100 µg/mL streptomycin). Following incubation at 37 ◦C in a 5% CO2 incubator, the viral
yield was frozen at −80 ◦C [16]. The infectious titer of the stock virus was determined to be
108.5 CCID50/mL.

Human rhinovirus type 14 (strain 1059) (HRV-14) used for the experiments was
purchased from the American Type Culture Collection (Manassas, VA, USA). HRV-14
stocks were prepared in HeLa Ohio-I cells using a maintenance DMEM medium with 2%
fetal bovine serum and antibiotics (100 IU/mL penicillin, 100 µg/mL streptomycin). After
incubation at 33 ◦C in a 5% CO2 incubator, the recovered virus was frozen at −80 ◦C. The
stock virus titer was determined to be 103.5 CCID50/mL.

Human respiratory syncytial virus type 2 (Long; HRSV-2), kindly provided by the
Regional Center for Hygiene and Epidemiology, Plovdiv, Bulgaria, was grown in HEp-2
cells using DMEM maintenance medium (Gibco, BRL) containing 10 mmol/l HEPES buffer
(Gibco, BRL), 0.5% fetal calf serum (Gibco BRL), and antibiotics (100 IU/mL penicillin,
100 µg/mL streptomycin). Following incubation at 37 ◦C in a 5% CO2 incubator, the viral
yield was frozen at −80 ◦C. The infectious viral titer was determined to be
104.5 CCID50/mL.

Human adenovirus type 5 (HadV-5), kindly provided by the District Center for Hy-
giene and Epidemiology, Plovdiv, Bulgaria, was replicated in HEp-2 cells in the presence of
DMEM (Gibco, BRL) maintenance medium containing 10 mmol/L HEPES buffer (Gibco,
BRL), 0.5% fetal calf serum (Gibco BRL), and antibiotics (100 IU/mL penicillin, 100 µg/mL
streptomycin). The resulting amount of virus was frozen at −80 ◦C. The infectious viral
titer was determined to be 105.0 CCID50/mL.
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2.3. Raw Propolis Material

Six fresh propolis samples collected from beekeepers at the end of the active bee-
keeping season (August–October) in six locations in Bulgaria were used in the study
(Table 1). The samples were stored in plastic containers at room temperature in darkness
until analysis.

Table 1. Origin of the propolis samples.

Propolis Sample (PS) Town/Village Municipality District GPS Coordinates

PS1 Silistra Silistra Silistra 44◦07′ N 27◦17′ E
PS2 Simitli Simitli Blagoevgrad 41◦54′ N 23◦08′ E
PS3 Gorna Malina Gorna Malina Sofia 42◦41′ N 23◦42′ E
PS4 Shumen Shumen Shumen 43◦16′ N 26◦55′ E
PS5 Vladimir Radomir Pernik 42◦26′ N 23◦05′ E
PS6 Cherven breg Dupnitsa Kyustendil 42◦18′ N 23◦10′ E

2.4. Reference Compound

Remdesivir (GS-5734, RDV, REM, Veklury®) (Gilead Science Ireland UC) was initially
dissolved in double distilled water to a concentration of 150 mg/mL and then diluted in
RPMI nutrient medium to the required concentrations.

Acyclovir {ACV, [9-(2-hydroxyethoxymethyl)-guanine]} was kindly provided by the
Deutsches Kresforschung Zentrum, Heidelberg, with a stock concentration of 3 mM solution
in DMSO. Then, falling dilutions were made in DMEM medium to the required concentration.

Ribavirin (1-(β-D-ribofuranosyl)-1H-1,2,4-triazole-3-carboxamide), kindly provided
by Prof. R. W. Sidwell, Utah State University, Logan, USA, was dissolved directly into the
DMEM medium.

2.5. Preparation of Propolis Extracts

The raw propolis samples were finely ground using a blender (Bosch, Germany). The
propolis extracts were prepared by weighing 1 g of sample and pouring 10 mL of 70%
ethanol (Sigma-Aldrich, Merck, Germany) in a plastic tube. Next, the samples were left
at room temperature for 72 h in darkness and periodically shaken on vortex V-1 (Biosan,
Latvia) during the extraction period. The obtained extracts were filtered through filter
paper and then stored at 4 ◦C for further analyses [17].

2.6. Total Phenolic Content

The total phenolic content (TPC) was determined by the standard method using a Folin–
Ciocalteu reagent (Sigma-Aldrich, Merck), 1 mL of which was mixed with 0.8 mL of 7.5%
sodium carbonate (Sigma-Aldrich, Merck) and 0.2 mL of the tested propolis extract. Then,
the mixture was kept at room temperature for 20 min (in darkness), and the absorbance
was measured at 765 nm (Camspec M107, Spectronic-Camspec Ltd., UK) against a blank
(distilled water). The results were presented as mg equivalent of gallic acid (GAE)/g
propolis [18].

2.7. Total Flavonoid Content

The total flavonoid content (TFC) was determined according to the standard proce-
dure [18]. An aliquot of 1 mL of the tested propolis extract was mixed with 0.1 mL of 10%
Al(NO3)3, 0.1 mL of 1 M CH3COOK, and 3.8 mL of distilled water. The sample was left at room
temperature for 40 min, and then the absorbance was measured at 415 nm using quercetin as
a standard. The results are expressed as mg quercetin equivalents (QE)/g propolis.

2.8. Antioxidant activity

DPPH radical scavenging assay. The reaction mixture containing 2.85 mL of DPPH
reagent (2,2-diphenyl-1-picrylhydrazyl) and 0.15 mL of the tested propolis extract was
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incubated at 37 ◦C for 15 min. The reduction of absorbance was measured at 517 nm against
a blank (methanol). The antioxidant activity was expressed as mM Trolox® equivalents
(TE)/g propolis [18].

Ferric-reducing antioxidant power (FRAP) assay. The FRAP reagent was freshly
prepared with 300 mM acetate buffer with pH 3.6, 10 mM 2,4,6-Tris(2-pyridyl)-s-triazine
(TPTZ) in 40 mM hydrochloric acid, and 20 mM Iron (III) chloride hexahydrate in distilled
water in a ratio of 10:1:1. The reaction mixture (3 mL of FRAP reagent and 0.1 mL of
the propolis extract) was incubated at 37 ◦C for 10 min, in darkness. The absorbance
was measured at 593 nm against a blank (distilled water). The antioxidant activity was
expressed as mM TE/g propolis [18].

2.9. Cytotoxicity Assay

A confluent monolayer of cell culture in 96-well plates (Costar®, Corning Inc., Ken-
nebunk, ME, USA) was subjected to treatment with 0.1 mL/well of the support medium,
either without the tested propolis extracts or with varying decreasing concentrations of the
extracts. The cells were then incubated under specific conditions similar to those used for
subsequent virus experiments: 33 ◦C with 5% CO2 for 5 days (for HCT-8), 33 ◦C with 5%
CO2 for 2 days (for HeLa Ohio-I), and 37 ◦C with 5% CO2 for 2 days (for MDBK and HEp-2
cells). After the designated incubation period, the propolis extracts were removed, and the
cells were washed before being incubated with neutral red (NR) dye at 37 ◦C for 3 h. The
concentration of the test sample that reduced cell viability by 50% compared to untreated
controls was defined as the 50% cytotoxic concentration (CC50). Each sample was tested in
triplicate, with four wells per replicate.

The maximally tolerated concentration (MTC) of the extracts, which is the concentra-
tion at which they do not affect the cell monolayer, was also determined. The methodology
is described in more detail in our previous study [16].

2.10. Antiviral Activity Assay

To assess the antiviral activity of propolis extracts, the cytopathic effect inhibition
(CPE) test was employed. A 96-well plate with a confluent cell monolayer was infected
with 100 cell culture infectious doses of 50% (CCID50) in 0.1 mL. After 2 h of adsorption
at 33 ◦C (for HCoV OC-43 and HRV-14), 2 h of adsorption at 37 ◦C (for HRSV-2) and 1 h
of adsorption at 37 ◦C (for HSV-1 and HadV-5) unattached virus was removed, and the
tested extract was added at different concentrations, and the cells were incubated for 5 days
at 33 ◦C (for HCoV OC-43); 2 days at 33 ◦C (for HRV-14) or 2 days at 37 ◦C (for HRSV-2,
HSV-1 and HadV-5) and in the presence of 5% CO2. The cytopathic effect was determined
using a neutral red uptake assay, and the percentage of CPE inhibition for each test sample
concentration was calculated using the following formula:

% CPE = [OD test sample − OD virus control]/[OD toxicity control − OD virus control] × 100

where ODtest sample is the mean of the ODs of the wells inoculated with the virus and
treated with the test sample at the corresponding concentration, ODs virus control is the
mean of the ODs of the virus control wells (no compound in the medium). OD control for
toxicity is the mean of the ODs of the wells not inoculated with the virus but treated with the
corresponding concentration of the test compound. The 50% inhibitory concentration (IC50)
is defined as the concentration of the test substance that inhibits 50% of viral replication
compared to the viral control. The selectivity index (SI) is calculated from the CC50/IC50
ratio [16].

2.11. Virucidal Assay

Preparations were made with a total volume of 1 mL containing virus (104 CCID50)
and the tested propolis extract at its maximum permissible concentration (MTC) in a 1:1
ratio. In parallel, a sample was created with untreated virus diluted 1:1 with DMEM
medium. Both the control and experimental samples were incubated at room temperature
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for various time intervals (15, 30, 60, 90, and 120 min). Using the endpoint dilution method
of Reed and Muench (1938) [19], the residual infectious virus content in each sample and
the ∆lgs compared to untreated controls were then determined.

2.12. Effect on Viral Adsorption

To initiate the experiments, twenty-four well plates were chilled to 4 ◦C and then
inoculated with 104 CCID50 of either HCoV OC-43 or HSV-1, depending on whether HCT-8
or MDBK monolayers were used, respectively. Concurrently, the monolayer was treated
with the tested propolis extracts at their maximum permissible concentration (MTC) and
kept at 4 ◦C during the virus adsorption time. The virus and propolis extract were removed
at different time intervals, which varied for the two types of viruses (15, 30, 45, and
60 min for HSV-1, and 15, 30, 60, 90, and 120 min for HCoV OC-43). Subsequently, the cells
were washed with PBS and covered with maintenance medium before being incubated at
37 ◦C (for HSV-1) or 33 ◦C (for HCoV OC-43) in the presence of 5% CO2 for 24 h. After
three cycles of freezing and thawing, the infectious viral titer of each sample was determined
and compared to the viral titer of the control for the respective time interval. The ∆lgs
(logarithmic differences) were then calculated. Each sample was prepared in quadruplicate
for reliable data analysis.

2.13. Pre-Treatment of Healthy Cells

Previously grown monolayers of MDBK or HCT-8 cells in 24-well cell culture plates
(CELLSTAR, Greiner Bio-One) were exposed to the propolis extracts at their maximum
permissible concentration (MTC). The samples were then incubated at 37 ◦C for different
time intervals of 15, 30, 60, 90, and 120 min. After the designated time, the extracts were
removed, and the cells were washed with PBS before being inoculated with the respective
virus strain (1000 CCID50 in 1 mL/well). For HCoV OC-43, the virus adsorption lasted for
120 min, and for HSV-1, it was 60 min. Afterwards, any unadsorbed virus was removed,
and the cells were covered with a support medium. Subsequently, the samples were
incubated at 33 ◦C (for HCoV OC-43) or 37 ◦C (for HSV-1) in the presence of 5% CO2 for
24 h. Following this incubation period, the samples were subjected to triplicate freezing
and thawing, and the infectious virus titers were determined. ∆lg (logarithmic differences)
were calculated by comparing the viral titer of the treated samples to the viral titer of the
control (untreated with extract) for the respective time interval. Each sample was prepared
in quadruplicate for accurate and reliable analysis.

2.14. Statistical Analysis

Data on cytotoxicity and antiviral effects were analysed statistically. The values of
CC50 and IC50 were presented as means ± SD. The differences’ significance between the
cytotoxicity values of propolis extracts and the reference substances, as well as between the
effects of the test products on the viral replication, was performed by Student’s t-test, with
p-values of <0.05 were considered significant. The final data sets were analysed with the
Graph Pad Prism 4 software.

3. Results

From the studies carried out so far on the composition of various types of propo-
lis, it has been established that its composition includes about 850 ingredients. The
main compounds that contribute to its biological activities are polyphenols and espe-
cially flavonoids [3]. Therefore, we focused our attention on the ingredients contained
in the propolis extracts we studied. The propolis extracts presented in this manuscript
were selected after an initial screening selection. Eighty propolis extracts from different
territories of Bulgaria were studied. Of all the extracts, these six showed the highest content
of polyphenols and flavonoids, as well as the most distinct antioxidant activity. Table 2
presents the results of total phenolic content (TPC) and total flavonoid content (TFC) of
the six propolis extracts. Of the studied samples, PS6 showed the highest amount of TPC
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(256.1 ± 0.56 mg GAE/g propolis), and PS5 demonstrated the lowest (151.7 ± 0.32 mg
GAE/g propolis). Comparing the obtained data for TFC, the highest value was re-
ported for PS2 (124.1 ± 2.23 mg QE/g propolis) and the lowest for PS6 (74.6 ± 0.15 mg
QE/g propolis).

Table 2. Total phenolic content (TPC), total flavonoid content (TFC) and antioxidant activity of the
ethanolic propolis extracts.

Propolis
Sample

TPC,
mg GAE/g

TFC,
mg QE/g

Antioxidant Activity

DPPH,
mM TE/g

FRAP,
mM TE/g

PS1 216.9 ± 0.28 78.3 ± 0.38 873.2 ± 14.50 867.5 ± 60.00

PS2 * 168.0 ± 0.63 124.1 ± 2.23 1201.4 ± 26.23 715.3 ± 6.12

PS3 243.1 ± 0.28 87.9 ± 0.11 1106.9 ± 43.50 1000.1 ± 37.50

PS4 230.8 ± 0.30 77.0 ± 0.50 1083.3 ± 34.80 978.9 ± 17.50

PS5 * 151.7 ± 0.32 87.0 ± 2.01 1016.3 ± 22.20 645.3 ± 11.25

PS6 256.1 ± 0.56 74.6 ± 0.15 1133.5 ± 23.22 1085.0 ± 22.50
* The result is presented in our previous study [20].

Antioxidant activity results were evaluated by two methods. The DPPH assay showed
the highest antioxidant activity in PS2, while PS1 had the lowest antioxidant potential of
the studied propolis extracts. According to the FRAP method, PS6 possessed the highest
antioxidant activity, and PS5 showed the lowest value by the same method (Table 2).

In order to avoid the negative influence of toxic concentrations of the propolis extracts
when conducting the antiviral experiments, the cytotoxicity they exert on the cells was
determined in advance. The effect of the extracts on the cells was determined against the
four cell lines on which the antiviral experiments were carried out in the next step (HCT-8,
MDBK, HEp-2 and HeLa Ohio cells). Against MDBK, HEp-2 and HeLa Ohio cell lines,
cytotoxicity was measured after two days of incubation with the extracts, as this is the
time interval at which antiviral experiments are determined for the respective viruses. To
achieve a good cytopathic effect with HCoV OC-43, a longer time of 5 days was required.
Therefore, cytotoxicity with the HCT-8 cell line was also measured on day 5.

From the experiments performed, it can be seen that, in general, the highest cytotoxicity
was reported for the HCT-8 cell line, most likely because the exposure time was the longest.
From the rest of the cell lines, where the effect was measured for the same time interval,
the extracts showed the weakest cytotoxicity against the HeLa Ohio cell line, close but
slightly higher toxicity in MDBK cells, and the most sensitive to the action of propolis
extracts from the cells tested turned out to be HEp-2. The weakest cytotoxicity was shown
by the extracts PS4, PS3 and PS1 against HeLa Ohio cells, as well as PS1 and PS3 against the
MDBK cell line. As a general effect on the four cell lines, PS6 showed the highest toxicity.
When comparing the cytotoxicity of the tested samples to the reference substances used,
it is noticed that they are less toxic than Ribavirin but demonstrate several times higher
cytotoxicity compared to Acyclovir and Remdesivir (Table 3).

Once the non-toxic concentration range of the propolis samples was identified, their
impact on the internal replicative cycle of the virus was studied at concentrations below
the CC50. In general, the influence of the extracts is strongest for the herpes virus and to a
slightly lesser extent for the coronavirus and the rhinovirus. The effect was weakest with
adenovirus, and almost in the same range was the inhibition reported with RSV-2. The
highest selective index (SI) of all propolis samples showed PS4 against HSV-1 (SI = 45.3)
and HCoV OC-43 (SI = 43.3). PS2 also showed significant activity against HSV-1 replication
(SI = 32.9). The distinct activity was also demonstrated by PS1 (SI = 28.7) applied to the
replication of HRV-14 and PS2 (SI = 26.6), affecting HCoV OC-43. The substances PS4
(SI = 22.3) for HRV-14 and PS6 (SI = 21.7) for HSV-1 have similar activity. Significantly
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lower was the influence of PS2 (SI = 10.0) on HRV-14; PS5 (SI = 8.9) in HSV-1; and PS 1 and
PS2 with SI between 7.5 and 8.6 for RSV-2 and HAdV-5 (Table 4).

Table 3. In vitro assessment of cytotoxicity of the propolis extracts.

Propolis
Sample

Cytotoxicity (µg/mL)

HCT-8 MDBK HEp-2 HeLa Ohio

CC50 MTC CC50 MTC CC50 MTC CC50 MTC

PS1 58.0 ± 8.2 ** 10.0 120.0 ± 6.7 ** 32.0 56.5 ± 2.1 * 30.0 158.0 ± 7.2 ** 70.0

PS2 48.0 ± 4.5 ** 10.0 72.5 ± 3.8 ** 10.0 68.2 ± 3.3 * 30.0 77.7 ± 2.9 * 35.0

PS3 62.6 ± 5.2 ** 10.0 104.7 ± 7.3 ** 32.0 57.0 ± 2.5 * 30.0 174.0 ± 6.5 ** 70.0

PS4 52.0 ± 3.6 ** 10.0 73.5 ± 3.2 ** 10.0 67.7 ± 2.9 * 30.0 190.0 ± 7.0 ** 70.0

PS5 59.8 ± 7.3 ** 10.0 71.8 ± 4.7 ** 10.0 62.5 ± 2.4 * 30.0 77.0 ± 2.5 * 35.0

PS6 57.0 ± 6.5 ** 10.0 66.2 ± 5.7 ** 10.0 59.4 ± 1.5 * 20.0 58.0 ± 2.0 * 30.0

Acyclovir nd nd 291.0 ± 9.4 ** nd nd nd nd nd

Remdesivir 250.0 ± 4.3 nd nd nd nd nd nd nd

Ribavirin nd nd nd nd 14.0 ± 0.5 nd 34.0 ± 0.5 nd

nd—no data; * p < 0.05; when comparing the value of each propolis extract with the corresponding reference
substance for the given cell line; ** p < 0.001 when comparing the value of each propolis extract with the
corresponding reference substance for the given cell line.

Table 4. In vitro antiviral activity of the propolis extracts.

Propolis
Sample

Antivirus Activity (µg/mL)

HCoV OC-43 HSV-1 HAdV-5 RSV-2 HRV-14

IC50
(µg/mL) SI IC50

(µg/mL) SI IC50
(µg/mL) SI IC50

(µg/mL) SI IC50
(µg/mL) SI

PS1 - - - - 7.5 ± 0.2 ** 7.5 6.7 ± 0.3 ** 8.4 5.5 ± 0.2 ** 28.7

PS2 1.8 ± 0.3 * 26.6 2.2 ± 0.3 * 32.9 8.2 ± 0.3 ** 8.3 7.9 ± 0.3 ** 8.6 7.8 ± 0.2 ** 10.0

PS3 - - - - - - 47.0 ± 2.2 ** 1.2 7.0 ± 0.1 ** 2.8

PS4 1.2 ± 0.1 * 43.3 1.4 ± 0.02 * 45.3 - - 44.0 ± 2.4 ** 1.5 8.5 ± 0.3 ** 22.3

PS5 10.2 ± 0.9 5.8 8.2 ± 1.2 ** 8.9 - - 46.0 ± 1.8 ** 1.4 - -

PS6 10.8 ± 0.7 5.2 3.3 ± 0.8 ** 21.7 - - - - - -

Acyclovir nd nd 0.33 ± 0.03 881.8 nd nd nd nd nd nd

Remdesivir 12.5 ± 0.9 200.0 nd nd nd nd nd nd nd nd

Ribavirin nd nd nd nd 0.2 ± 0.01 70.0 0.3 ± 0.01 46.6 0.5 ± 0.02 68.0

-, lack of inhibition of viral replication; nd—no data; * p < 0.05; when comparing the value of each propolis extract
with the corresponding reference substance for the given virus strain; ** p < 0.001, when comparing the value of
each propolis extract with the corresponding reference substance for the given virus strain.

Having assessed the effect of the investigated propolis samples on the replication of
structurally diverse viruses, the subsequent phase of our research involved examining
the impact of the extracts on the vitality of extracellular virions. The results from the
experiments showed a stronger effect on enveloped viruses compared to non-enveloped
ones. The effect was monitored at different time intervals, and, in general, a dependence
of the effect on the exposure time was noticed. With a longer exposure, the inhibition
of virus particles increased. The most significant was the effect of PS5 (∆lg = 2.25) at 90
and 120 min on HCoV OC-43 virions, with a similar effect on HSV-1 and, to a less extent,
on HRSV-2. A distinct effect of ∆lg = 2.0 in HCoV OC-43 was also demonstrated by PS4
and PS6, whose influence on HRSV-2 was less pronounced, respectively, ∆lg = 1.6 and
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∆lg = 2.0 at the longest interval of 120 min. PS6 was the only one of the six investigated
extracts which exhibited a significant effect (∆lg = 1 = 8) at 120 min on HRV-14. PS1 also
exerted a suppressive effect on extracellular HSV-1, even at a contact duration interval of
30 min; compared to HCoV OC-43 virions, the effect was weaker (∆lg = 1.75) (Tables 5 and 6).

Table 5. Virucidal activity of enveloped viruses.

Propolis
Sample

∆lg
HCoV OC-43 HRSV-2 HSV-1

15
min

30
min

60
min

90
min

120
min

15
min

30
min

60
min

90
min

120
min

15
min

30
min

60
min

90
min

120
min

PS1 1.25 1.25 1.25 1.75 1.75 0.0 0.0 0.5 1.0 1.0 1.0 1.75 1.75 2.0 2.0

PS2 1.0 1.25 1.5 1.5 1.5 0.2 0.2 0.6 1.5 1.5 1.0 1.0 1.5 1.5 1.5

PS3 0.5 0.5 1.0 1.5 1.5 0.2 0.2 0.7 1.2 1.6 1.0 1.0 1.25 1.25 1.25

PS4 0.5 1.0 1.5 2.0 2.0 0.3 0.3 0.7 1.4 1.6 1.0 1.0 1.5 1.5 1.5

PS5 1.25 1.25 1.25 2.25 2.25 0.3 0.3 0.9 1.5 2.0 1.0 1.0 1.5 1.75 2.25

PS6 1.0 1.25 1.25 2.0 2.0 0.2 0.2 0.9 1.7 2.0 1.0 1.0 1.5 1.5 1.75

70% etanol 5.75 5.75 5.75 5.75 5.75 4.5 4.5 4.5 4.5 4.5 4.75 4.75 4.74 4.74 4.74

Table 6. Virucidal activity of non-enveloped viruses.

Propolis
Sample

∆lg

HAdV-5 HRV-14

15 min 30 min 60 min 90 min 120 min 15 min 30 min 60 min 90 min 120 min

PS1 0.0 0.0 0.5 1.0 1.0 0.0 0.0 0.1 1.4 1.6

PS2 0.0 0.0 0.7 1.0 1.0 0.0 0.0 0.0 1.2 1.5

PS3 0.0 0.0 0.5 1.0 1.0 0.0 0.0 0.3 1.2 1.6

PS4 0.0 0.0 0.8 0.8 1.2 0.0 0.0 0.2 1.3 1.5

PS5 0.0 0.0 0.4 0.8 0.8 0.0 0.0 0.2 1.3 1.3

PS6 0.0 0.0 0.6 0.8 1.0 0.0 0.0 0.0 1.5 1.8

70% etanol 5.0 5.0 5.0 5.0 5.0 3.2 3.2 3.2 3.2 3.2

Having determined the effect of propolis extracts on extracellular virions and virus
replication in the cell, the next step in our research was to follow the effect of the extracts on
the adsorption step of the virus to the cell. The experiments were carried out with the two
viruses for which we obtained the most distinct activity so far—HSV-1 and HCoV OC-43.
The influence was again followed at different time intervals depending on the duration of
viral adsorption (up to 60 min for the herpes virus and up to 120 min for the coronavirus).
All extracts demonstrated varying degrees of influence on this stage of viral reproduction.
The inhibition of the process was more pronounced in HSV-1 compared to HCoV OC-43.
The strongest effect on HSV-1 was shown by PS5 and PS6 (∆lg = 2.25) 30 min after exposure,
and the influence of PS6 was significant as early as 15 min (∆lg = 1.75). The effect of PS2,
PS3 and PS4 (∆lg = 2.0) was also significant at 30 min and remained unchanged until the
last investigated time interval of 60 min. PS1, although to a less extent, also affected the
adsorption stage of the virus with a decrease in the viral titer with ∆lg = 1.75.

When tracking the adsorption of HCoV OC-43 to the HCT-8 cells, a significantly
weaker influence of the extracts was observed, and at a slightly longer contact period—at
90 or 120 min. Here, the influence of PS4 is most significant per 120 min (∆lg = 2.25).
Additionally, a distinct effect at 120 min of ∆lg = 1.75 was demonstrated by PS1, PS2 and
PS5. PS3 and PS6 showed weak activity towards the adsorption of HCoV OC-43 (Table 7).
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Table 7. Influence of the extracts on the stage of adsorption of HSV-1 and HCoV OC-43 to sensitive cells.

Propolis
Sample

∆lg

HSV-1 HCoV OC-43

15 min 30 min 45 min 60 min 15 min 30 min 60 min 90 min 120 min

PS1 1.5 1.75 1.75 1.75 1.0 1.0 1.0 1.5 1.75

PS2 1.5 2.0 2.0 2.0 1.0 1.0 1.0 1.25 1.75

PS3 1.5 1.75 2.0 2.0 0.75 1.0 1.0 1.25 1.5

PS4 1.5 2.0 2.0 2.0 0.75 0.75 1.0 1.75 2.25

PS5 1.25 2.25 2.25 2.25 1.5 1.5 1.5 1.75 1.75

PS6 1.75 2.25 2.25 2.25 1.5 1.5 1.5 1.5 1.5

After assessing the influence of propolis extracts on various stages of viral reproduc-
tion and vitality, we investigated whether these substances provided a protective effect
on healthy cells, guarding them against subsequent viral infections. The experiments
were once again conducted using the MDBK and HCT-8 cell lines, along with the viral
strains HSV-1 and HCoV OC-43. The results revealed that none of the extracts signifi-
cantly protected HCT-8 cells from HCoV OC-43 infection, with the maximum decrease
in viral titer being ∆lg = 1.0. However, in the case of MDBK cells, the effect was notably
stronger. The most pronounced protection was observed with PS3 after 15 min of treatment
(∆lg = 2.0), and this effect further increased to ∆lg = 2.25 after 120 min. Similar protection
was shown by PS4, but the effect was significant at 30 min. PS2 also has a strong influence,
which maintains the same activity during all monitored time intervals (∆lg = 2.0). The
other three propolis extracts: PS1, PS5 and PS6, showed weak protective effects on sensitive
healthy cells (Table 8).

Table 8. Protective effect of pre-treatment of extracts on healthy cells and subsequent virus infection.

Propolis
Sample

∆lg

HSV-1 HCoV OC-43

15 min 30 min 60 min 90 min 120 min 15 min 30 min 60 min 90 min 120 min

PS1 1.25 1.25 1.25 1.25 1.25 0.5 0.5 0.5 1.0 1.0

PS2 2.0 2.0 2.0 2.0 2.0 0.5 0.5 0.5 1.0 1.0

PS3 2.0 2.0 2.0 2.0 2.25 0.5 0.5 0.5 1.0 1.0

PS4 1.0 2.0 2.0 2.0 2.25 0.5 0.5 0.5 1.0 1.0

PS5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

PS6 1.0 1.0 1.0 1.0 1.25 0.5 0.5 0.5 0.5 0.5

4. Discussion

In some viruses that cause respiratory, intestinal, skin, and sexually transmitted infec-
tions in humans, antiviral agents have been developed that significantly reduce the severity
of symptoms and shorten the recovery period. However, therapy failure is increasingly
observed due to the selection of therapy-resistant mutants [21]. This is a major reason for
the intensive search for new, unconventional antiviral agents closer to the cell components,
are low toxic, cause fewer side effects, and can serve as an alternative to the currently used
antiviral therapeutics.

In recent decades, more and more data have been accumulated from the study of the
various biological activities of propolis. One of its benefits is the impact on developing
viral infections [22,23]. The exact mechanisms by which its influence is carried out are still
not sufficiently studied. Two main directions of its action have been established: (1) direct
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interaction with the virus or on stages of its replication [13,23–27] and (2) stimulation of the
immune system to overcome infection [28–30].

The mechanism and strength of the antiviral effect of propolis are determined by the
multitude of substances included in its composition, which is determined by the geograph-
ical location and the season of the year in which it was obtained [30]. In the temperate
zones of Europe, North America and Asia, where the predominant source is poplar tree
species, most often black poplar (Populus nigra), propolis contains mainly flavanones and
flavones and smaller amounts of phenolic acids and their esters [31]. Propolis flavonoids
show antiviral activity against DNA and RNA viruses [32] and immunomodulatory ac-
tion [30]. Over 150 types of flavonoids have been found in different types of propolis [33].
Propolis from tropical countries contains mainly complex phenolic compounds such as
prenylated para-coumaric acids, prenylated flavonoids, caffeoylquinic acid derivatives and
lignans [34].

Some studies show that propolis can affect virus replication [28] by reducing the
synthesis of viral RNA transcripts in cells and thus reducing the number of coronavirus
particles [13] or by inhibiting Varicella zoster virus DNA polymerase [27]. Another potential
mechanism of inhibition of viral replication is the proven inhibitory activity of Sulawesi
propolis compounds against the enzymatic activity of SARS-CoV-2 main protease [25].

Much research has shown that in contact with the viral particle, propolis destroys the
ability of the pathogen to enter the cell [28,35,36]. Virus particles with altered morphology
were observed, suggesting possible damage to viral envelope proteins. Virions were also
found in an electrodense layer formed around the cell membrane. This has been suggested
to affect the entry of the virus into the host cell and disrupt its replication cycle [37].

Basically, viruses are divided into two groups—enveloped and non-enveloped. Non-
enveloped viruses are covered with specific viral proteins (capsomeres) (forming the viral
capsid), which can be the target of the action of various substances outside the cell. In most
cases, these proteins are stable and difficult to influence. Among the viruses we use with
such a structure are human rhinovirus type 14 (HRV-14) and human adenovirus type 5
(HadV-5). In enveloped viruses, there is another shell on top of the capsid, which com-
prises lipids and proteins. This envelope is much more sensitive to the action of different
substances, so it has been experimentally shown that when the same substance acts on an
enveloped and a non-enveloped virus, the effect on the enveloped virus is significantly
stronger. Among the enveloped viruses used in our study are: human coronavirus strain
OC-43 (HCoV OC-43), human respiratory syncytial virus type 2 (HRSV-2), and human
herpes simplex virus type 1 (HSV-1). Our studies on the virucidal activity of propolis
extracts prove the observation described above.

After entering the host cell, each type of virus has its specific viral enzymes, thanks
to which it manages to build many of its structural components and assemble them into
new virus particles that leave the host cell. These specific viral enzymes differ in a number
of characteristics from cellular ones and are putative targets for attack by structural com-
ponents contained in propolis extracts. As a result of such an interaction, the processes of
transcription, translation and replication of viral components and/or their assembly and
exit from the host cell are disrupted.

Our results were in agreement with other scientific publications on this topic. We used
different experimental setups, each adding the propolis extracts at different stages of the
viral infection cycle. In a similar way, the data obtained by other researchers were close
to ours, proving a significant influence of propolis on extracellular virions, especially in
enveloped viruses, as well as on the stage of viral adsorption on susceptible cells [35,36,38].
A more detailed study of the specific mechanism of action will take place after a more
detailed study of the chemical composition of the samples.

We obtained similar results in our previous study of Canadian propolis [39], where we
demonstrated an effect on virions and the adsorption stage of Herpes simplex virus types 1
and 2 to MDBK cells. In the present study with the Bulgarian propolis, an influence on the
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viral replicative cycle was also found in some of the samples, which is clearly due to the
differences in the composition of the propolis due to their different geographical origin.

The main belief among human society is that propolis acts on the immune system
and thus helps the body overcome various infectious diseases. Our research proves that
propolis also has an inhibitory effect on various viruses, directly damaging their structure
or affecting stages of their replication.

We also introduced a new research setup where we treated the still healthy cells with
the propolis extracts and determined the degree of protection that propolis shows on the
cell membrane from subsequent viral infection. Our results reconfirm the data obtained by
other teams who used a similar experimental methodology and found that the application
of 0.5 mg/mL EEP two hours before infection in MDBK cells caused a reduction in the
number of Aujeszky’s disease virus formed plaque compared to the other treatments used
or to the infected and untreated culture [37].

This proves that if propolis is used prophylactically, it could significantly protect
healthy cells in our body from viral invasion. In combination with its already proven an-
tiviral and immunomodulating activities, its application, especially in periods of epidemics,
would reduce morbidity and shorten the recovery period.

5. Conclusions

The present study once again confirms our previously reported data on the antiviral
activity of propolis. The study of the activity against the replication of structurally distinct
viruses showed a different degree of inhibition in individual propolis samples. In direct
contact of the propolis extracts with the virus particles, it was found that the effect was
stronger for enveloped viruses, which is most likely the result of the interaction of the
components included in the composition of propolis with the viral proteins of the envelope,
necessary for attachment and entry into the cell, resulting in inactivation of the virus. The
data accumulated so far on the activity of propolis present it as a promising candidate for
inclusion in the prevention and treatment of many infectious diseases. Still, it is necessary
to expand the knowledge of its mechanism of action for its more complete application.
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Abstract: It is worth noting that laurel (Laurus nobilis L.) contains several pharmacologically and
nutritionally active compounds that may differ according to the pretreatment process. The current
study is designed to clarify the effect of moist heat on the phenolic and flavonoid constituents and anti-
Helicobacter pylori, antioxidant, antidiabetic, and anti-Alzheimer’s activities of laurel leaf extract (LLE).
Unmoist-heated (UMH) and moist-heated (MH) LLEs showed the presence of numerous flavonoid
and phenolic constituents, although at different levels of concentration. MH significantly induced
(p < 0.05) the occurrence of most compounds at high concentrations of 5655.89 µg/mL, 3967.65 µg/mL,
224.80 µg/mL, 887.83 µg/mL, 2979.14 µg/mL, 203.02 µg/mL, 284.65 µg/mL, 1893.66 µg/mL, and
187.88 µg/mL, unlike the detection at low concentrations of 3461.19 µg/mL, 196.96 µg/mL,
664.12 µg/mL, 2835.09 µg/mL, 153.26 µg/mL, 254.43 µg/mL, 1605.00 µg/mL, 4486.02 µg/mL,
and 195.60 µg/mL using UMH, for naringenin, methyl gallate, caffeic acid, rutin, ellagic acid,
coumaric acid, vanillin, ferulic acid, and hesperetin, respectively. Chlorogenic acid, syringic acid,
and daidzein were detected in the UMH LLE but not in the MH LLE, unlike pyrocatechol. The
anti-H. pylori activity of the UMH LLE was lower (23.67± 0.58 mm of inhibition zone) than that of the
MH LLE (26.00 ± 0.0 mm of inhibition zone). Moreover, the values of MIC and MBC associated with
the MH LLE were very low compared to those of the UMH LLE. Via MBC/MIC index calculation,
the UMH and MH LLEs showed cidal activity. The MH LLE exhibited higher anti-biofilm activity
(93.73%) compared to the anti-biofilm activity (87.75%) of the MH LLE against H. pylori. The urease
inhibition percentage was more affected in the UMH LLE compared to the MH LLE, with signifi-
cant (p < 0.05) IC50 values of 34.17 µg/mL and 91.11 µg/mL, respectively. Promising antioxidant
activity was documented with a very low value of IC50 (3.45 µg/mL) for the MH LLE compared
to the IC50 value of 4.69 µg/mL for the UMH LLE and the IC50 value of 4.43 µg/mL for ascorbic
acid. The MH LLE showed significantly higher (p < 0.05) inhibition of α-glucosidase and butyryl-
cholinesterase activities, with IC50 values of 9.9 µg/mL and 17.3 µg/mL, respectively, compared
to those of the UMH LLE at 18.36 µg/mL and 28.92 µg/mL. The molecular docking of naringenin
showed good docking scores against acetylcholinesterase 1E66 and butyrylcholinesterase 6EMI, indi-
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cating that naringenin is an intriguing candidate for additional research as a possible medication for
Alzheimer’s disease.

Keywords: Laurus nobilis L.; anti-Helicobacter pylori; antioxidant; antidiabetic; anti-Alzheimer; naringenin

1. Introduction

There is still debate regarding the biological activities of many natural extracts and
how to use them in the right way, as well as the methods of extracting them to release
large quantities of active substances. In the current investigation, the Laurus nobilis plant
was used due to the importance of this plant in human life. L. nobilis, belonging to the
lauraceae family, is a plant commonly dispersed in the Mediterranean Region and some
other countries, such as Algeria, Turkey, Greece, Portugal, Morocco, Spain, Mexico, Italy,
Greece, Morocco, U.S.A., and Belgium [1].

This plant, also known as sweet bay, bay, Roman laurel, bay laurel, and daphne, is
aromatic and evergreen; is utilized as a cooking spice in several countries, including Western
and Asian countries; and is applied in traditional medicine as a stimulant, an antiseptic, a
stomachic digestive, and a sudorific asset. Some studies reported the biological activities
of L. nobilis extracts as well as L. nobilis essential oils (EOs); for instance, Sakran et al. [2]
revealed the antimicrobial activities of an ethanol extract of L. nobilis against Escherichia coli,
Salmonellae typhi, and Staphylococcus aureus, with different levels of inhibition zones and
minimum inhibitory concentrations (MICs). The antifungal and antioxidant activities of
L. nobilis flower EOs were documented [3,4].

L. nobilis leaf EOs were applied for food preservation to prevent microbial contamina-
tion, and da Silveira et al. [5] evaluated the effect of Yersinia enterocolitica and E. coli on the
quality of fresh Tuscan sausage stored at 7 ◦C for 14 days and supplemented with L. nobilis
leaf EOs. Moreover, Marques et al. [6] preserved seafood, meat, and some agricultural
products via the addition of L. nobilis leaf EOs because of their antimicrobial and antioxidant
properties. The antagonistic potential of L. nobilis leaf extract was documented against
Proteus vulgaris and Staphylococcus saprophyticus in fresh lamb meat [7]. Therefore, lamb
meat’s shelf life increased from 1 to 3 days at room temperature and from 6 to 13 days at
refrigeration temperature as a result of spraying fresh lamb meat with 10% (v/v) L. nobilis
leaf extract.

Other previous studies reported that L. nobilis extract was utilized as an additive in
cosmetic and food products due to the existence of aromatic and flavor constituents [8,9].
Pharmacological effects such as immune-modulating and cytotoxic effects were also at-
tributed to L. nobilis extract [3]. The activity of L. nobilis extract may depend on several
factors, such as the extracted organ of the plant and the used solvent. Fidan et al. [10]
reported that L. nobilis leaf EO exhibited antimicrobial activity against nearly all tested
bacteria as well as fungi, while only S. aureus from the tested microorganisms was inhibited
when using twig EOs.

In the present study, the impact of moist heat on the phenolic and flavonoid con-
stituents as well as some of the biological activities of L. nobilis leaf extract was investigated.
The effects of other processes on L. nobilis extract had been studied; for example, drying
via air and a microwave was effective regarding the chemical contents and antimicro-
bial activity of L. nobilis EOs [11]. Similarly, Khodja et al. [12] studied the effects of two
kinds of drying approaches, microwave-assisted drying ranging from 180 to 900 W and
drying via air and an oven at temperatures ranging from 40 ◦C to 120 ◦C, on the total
phenolic content and antioxidant activity of L. nobilis leaf extract. Extraction methods,
such as hydro-distillation, hydro-steam distillation, ohmic-assisted hydro-distillation, and
microwave-assisted hydro-distillation, had been experimented with and evaluated to
study their effects on the yield, antioxidant activity, and chemical composition of L. nobilis
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EOs [13], which indicated that microwave-assisted hydro-distillation gave higher quantities
of oxygenated monoterpenes.

Helicobacter pylori is one of the most common chronic bacterial pathogens of human be-
ings at all age stages. Numerous illnesses of the upper gastrointestinal tract, such as gastric
inflammation and gastric and duodenal ulcers, have been associated with H pylori [14,15].
Gastritis development and peptic ulceration are caused by ammonia release from H. pylori
urease that acts as virulence and colonization factors. However, while the antimicrobial
activity of L. nobilis leaf extract has been studied extensively on several microorganisms,
there is limited research on H. pylori. As mentioned previously, H. pylori was inhibited
by L. nobilis leaf extract with an inhibition zone of 24 mm at 200 mg/mL [16]. Secondary
metabolites of the plant have been recommended as possible alternatives for the treatment
of H. pylori as well as other microbes [17–22]. Alzheimer’s disease (AD) is a chronic neu-
rodegenerative disease that is considered one of the most common health issues in the
world, and its prevalence is increasing among the elderly population [23]. Investigators
have continued to develop and discover bioactive substances of a natural origin in the
creation of novel drugs for efficient treatment as a result of the continuous rise in the
incidence of neurological disorders in humanity. AD is associated with acetylcholine deple-
tion in the brain, which is due to acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) catalytic activities [24], thereby making AChE and BChE potential targets for drug
design in the management of AD. Most published reports have explained the biological
activities of different fresh or dried organs of L. nobilis extract, but without considering the
effect of moist heat on plant constituents. There is scarce information about the impact
of moist heat on the biological activities of L. nobilis extract. Therefore, in this investiga-
tion, we present the effects of moist heat on the chemical constituents of L.nobilis, and its
anti-H. pylori, antioxidant, antidiabetic, and anti-Alzheimer’s activities

2. Materials and Methods
2.1. Chemical Used

Acetonitrile (molar mass: 41.053 g·mol−1, density: 0.786 g/cm3 at 25 ◦C, solubility in
water: miscible, and purity: 99.5%), dimethylsulfoxide (DMSO) (molar mass: 78.13 g·/mol,
density: 1.1004 g/cm, solubility in water: miscible, and purity: 99%), 2,2-diphenyl-1-
picrylhydrazyl (DPPH) (molar mass: 394.32 g/mol, density: 1.4 g/cm3, solubility in water:
insoluble, and purity: 99.13%), methanol (molar mass: 32.04 g/mol, density: 0.792 g/cm3,
solubility in water: miscible, and purity: 99.85%), and Mueller–Hinton agar were purchased
from Sigma-Aldrich (Steinheim, Germany).

2.2. Sample Collection and Effect of Moist Heat

Air-dried leaves of laurel (Laurus nobilis L.) were collected from a supermarket in
Saudi Arabia. The identification of the plant was achieved by the taxonomist Prof. Marei A.
Hamed from the Botany and Microbiology Department, Faculty of Science, Al-Azhar
University, Egypt. The laurel leaves were washed with distilled water to remove any dust
particles and then re-dried in air. The re-dried air leaves were divided into two parts: the
first part was kept at it was for 15 min at room temperature and then used for unmoist-
heat (UMH) treatment, while the second part, at the same time, was autoclaved at 80 ◦C for
15 min and used for the moist heat (MH) treatment. This was followed by the extraction
of each part using methanol. The UMH and MH laurel leaf extracts (LLEs) (200 g for
each) were grinded and then mixed with 500 mL of methanol with a magnetic stirrer for
1 day. The mixture was centrifuged for 10 min at 5000 rpm. The obtained supernatant was
concentrated utilizing a rotary evaporator, completely concentrated to obtain 5 g of crude
extract, re-dissolved in DMSO, and then kept at 4 ◦C for further investigations.

2.3. HPLC Analysis of Phenolic and Flavonoid Contents of UMH and MH LLEs

Phenolic and flavonoid compound identification of the UMH and MH LLEs was
carried out utilizing an Agilent Series 1260 device (Agilent, Santa Clara, CA, USA) for High-
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Performance Liquid Chromatography (HPLC). The HPLC device consisted of a quaternary
HP pump (series 1200), an auto-sampling injector, a solvent degasser, the 1100 ChemStation
software (DFAR 252.227-7014), an Eclipse C18 column (4.6 mm, 250 mm i.d., 5 µm, and
40 ◦C) and an ultraviolet (UV) detector adjusted to 280 nm for phenolic acids and to
330 nm for flavonoids, correspondingly. Separation of flavonoid was performed by uti-
lizing 50 mM of H3PO4 (pH of 2.5) (solution A) and acetonitrile/acetic acid (40/60, v/v)
(solution B) as the mobile phases in the gradient, in the following subsequent stages: iso-
cratic elution 95%/5% (A/B) for 0–5 min; in the gradient linear from 95%/5% (A/B) to
50%/50% (A/B) for 5–55 min; isocratic elution 50%/50% (A/B) for 55–65 min; and in the
gradient linear from 50%/50% (A/B) to 95%/5% (A/B) for 65–67 min, with 0.7 mL/min
of the mobile phase as the flow rate. The following solvent system was utilized for the
separation of phenolic acids, consisting of 2.5% aqueous acetic acid (A), 8% aqueous acetic
acid (B), and acetonitrile (C) in the following subsequent stages: 5% B at 0 min, 10% B at
20 min, 30% B at 50 min, 50% B at 55 min, 50% B and 50% C at 60 min, 100% B at 100 min,
and 100% C from 110 min to 120 min. The solvent flow rate was 1 mL/min of solvent. A
total of 5 µL of the separated compounds was injected into the HPLC device. Quantitative
detection of the separated compounds was calculated according to the data of standard
compounds. The solution of standard stock of flavonoid and phenolic compounds was
prepared at different dilutions (10–80 µg/mL) in methanol solvent, followed by injection
into the HPLC device [25].

2.4. Total Phenolic and Flavonoid Content Detection

The UMH or MH LLE was added to Folin–Ciocalteau’s reagent (10% v/v), and then
Na2CO3 (7.5%) was added to the reaction mixture, followed by incubation for 40 min at
45 ◦C. At 765 nm, the absorbance was measured to determine the total phenol content,
which was expressed as mg of gallic acid equivalent (GAE)/g of dry weight of the extract.
On the other hand, the total flavonoid content was determined via the addition of the
extract to 0.5 mL of methanol, 500 µL of 10% aluminum chloride, 50 µL of 1 M potassium
acetate, and 1.4 mL of distilled water. This was followed by incubation for 30 min at 25 ◦C.
At 415 nm, absorbance was measured to determine the total flavonoid content, which was
expressed as mg of quercetin equivalent (QE)/g of dry weight of the extract.

2.5. Anti-H. pylori Activity of UMH and MH Extracts of L. nobilis Leaves

The agar-well diffusion method using Mueller–Hinton (MH) medium was used to test
the UMH and MH LLEs against H. pylori based on standard 2 of McFarland’s turbidity. An
inoculum of H. pylori was seeded onto the surface of the M-H-containing agar using a sterile
cotton swab. The agar wells were then drilled using a sterile 6 mm drill and filled with
100 µL of each extract at 100 mg/mL. Some wells were filled with 10% dimethylsulfoxide
(DMSO) as a negative control and others with 0.05 µg/mL clarithromycin as a standard
control. All plates were refrigerated at 4 ◦C for 30 min in order to allow the samples to
spread before the growth of H. pylori began. The plates containing the inoculums were
incubated in a GasPak™ anaerobic system “Oxoid” under suitable conditions, including a
microaerobic environment at 37 ◦C, and an incubation time of 72 h. The zones of inhibition
that appeared were then measured in millimeters [14].

2.6. Assay of Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC)

Mueller–Hinton broth was used as the micro-dilution broth to determine the MICs of
the UMH and MH LLEs against H. pylori. Various serial dilutions of the UMH and MH
LLEs were prepared, ranging from 0.98 to 1000 µg/mL. A 96-well polystyrene microtiter
plate was used, and 200 µL of each dilution of the UMH and MH LLEs was dispensed per
well. Fresh H. pylori inoculum was prepared in sterile NaCl (0.85%) to achieve the required
McFarland turbidity of 1.0. A total of 2 µL of tested organisms was inoculated into each
well to give a final dose of 5 × 104 colony-forming units/mL. The plates were incubated
at 37 ◦C for 72 h. The MIC was then visually assessed to determine how effectively the
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overall growth of the tested microorganisms was inhibited. Each micro-plate containing an
inoculum of H. pylori without the UMH and MH LLEs was utilized as a positive control,
while the micro-plates containing the UMH or MH LLE without H. pylori were used as a
negative control [26]. The MBC was detected from the micro-dilution plates utilized for
the MIC test. Aliquots (10 µL) of each well without visible growth were transferred to
Mueller–Hinton agar plates and incubated at 37 ◦C for 72 h. The lowest concentration of
the UMH and MH LLEs that fully inhibited H. pylori growth on the plates is known as the
MBC. To characterize whether the UMH and MH LLEs had bacteriostatic or bactericidal
abilities, the MBC/MIC ratio was recorded. If the MBC/MIC ratio of any extract is no more
than four times the value of the MIC, the extract is called a bactericidal agent [27].

2.7. Anti-Biofilm Activity of UMH and MH LLEs

In 96-well polystyrene flatbottom plates, the impact of the UMH and MH LLEs on
the development of H. pylori biofilms was assessed. In brief, 300 µL of freshly inoculated
trypticase soy yeast broth (TSY) with a final concentration of 106 CFU/mL was aliquoted
into each well of a microplate and cultivated in the presence of previously calculated
sub-lethal doses of MBC (75, 50, and 25%). As the controls, wells with the medium
and those with methanol and no extracts were employed. For 48 h, the plates were
incubated at 37 ◦C. After incubation, the supernatant was removed, and free-floating
H. pylori cells were completely cleaned from each well using sterile distilled H2O. The
plates were then allowed to air dry for 30 min, and the biofilm that had developed was
stained for 15 min at room temperature using a 0.1% crystal violet aqueous solution.
Following incubation, the extra stain was washed away with sterile distilled H2O. Finally,
the attached dye to H. pylori cells was solubilized via the addition of 250 µL of ethanol (95%)
to each well, and then absorbance was measured using a microplate reader at a wavelength
of 570 nm after 15 min of incubation. The biofilm inhibition % was recorded using the
following formula:

Biofilm inhibition % = 1− (
Absorbance of extract− absorb. Blank
Absorbance of control− bsorb. Blank

)× 100

Absorbance of the media only represents the blank sample, absorbance of H. pylori
from the treatment represents the extract, and absorbance of H. pylori without any treatment
represents the control [28].

2.8. Urease Inhibition by UMH or MH LLE

The reaction mixture solution was composed of 850 µL of urea, the UMH or MH
LLE (up to 1000 µg/mL), and 100 mM of phosphate buffer (pH of 7.4) to reach a total
value of 985 µL. The reaction mixture started via the addition of urease enzyme (15 µL)
and was then measured by determining the concentration of ammonia at 60 min, utilizing
500 µL of solution A (composed of 0.5 g of phenol and 2.5 mg of sodium nitroprusside
dissolved in 50 mL of distilled H2O) and 500 µL of solution B (composed of 250 mg of
NaCl and 820 µL of 5% NaOCl hypochlorite dissolved in 50 mL of H2O) for 30 min at
37 ◦C. Uninhibited urease activity was taken as 100% of the control activity. According to
the Berthelot spectrophotometric method, absorbance was measured at 625 nm, and then
the urease inhibition percentage was recorded using the following formula:

Urease inhibition % = 1− (
Absorbance of extract or positive control

Absorbance of enzyme as control
)× 100

The concentration that stimulates an inhibition value halfway between the minimum
and maximum responses of the extract (IC50) was detected by checking the inhibition
influence of different concentrations of the extract in the test. Urease inhibition was
recorded using hydroxyurea as the standard compound [29].
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2.9. DPPH Radical Scavenging Activity for Antioxidant Activity Assessment of UMH and MH LLEs

The capacity of the LLEs to scavenge free radicals was evaluated using the
1,1-diphenyl-2-picrylhydrazyl (DPPH) assay. Briefly, 50 µL of the extract solution in
water (1.95 to 1000 µg/mL) was combined with 2950 µL of a 60 M solution of DPPH in
methanol. After giving the mixture a good shake, it was left to stand at room temperature for
30 min. Then, using a Varian 50 Bio spectrophotometer, absorbance was determined at
517 nm. A higher free radical scavenging capacity of the reaction mixture was indicated by
a lower absorbance value. A standard antioxidant (ascorbic acid) was applied in this exper-
iment. The following equation was used to determine the ability of the extracts to scavenge
DPPH radicals:

DPPH scavenging (%) =
C0− LE 1

C0
× 100

where C0 means the absorbance of the control reaction, while LE1 means the absorbance
of the LLEs. The concentration of the LLEs required to inhibit 50% (IC50) of DPPH free
radicals was recorded using a log dose–inhibition curve [30].

2.10. Assay of α-Glucosidase Inhibition by UMH and MH LLEs

The LLEs were evaluated for α-glucosidase inhibitory potential according to the ap-
proach presented by Pistia-Brueggeman and Hollingsworth [31] with minor modifications.
The reaction mixture containing 50µL of each extract at different concentrations, ranging
from 1.97 to 1000µg/mL, was mixed with the α-glucosidase (10µL of 1 U/mL) enzyme
solution. Phosphate buffer (125µL of 0.1 M at a pH of 6.8) was added to the reaction mix-
ture, and the mixture was then incubated at 37 ◦C for 20 min. At the end of the incubation
period, 20µL of 1 M p-nitrophenyl-α-D-glucopyranoside (pNPG) as a substrate was added
to start the reaction, followed by incubation for 30 min. Then, 50µL of 0.1 N Na2CO3 was
added to terminate the reaction. Absorbance at 405 nm was measured via a Biosystm
310 plus spectrophotometer. The α-glucosidase inhibition % was calculated using the
following formula:

α−Glucosidase inhibition % = (
OD BLANK−OD extract

OD BLANK)
)× 100

One unit of enzyme can be expressed as the quantity of α-glucosidase required for
the formation of p-Nitrophenol (one µmol) from p-NPG per min. This concentration is
requisite to prevent 50% of the enzyme activity (IC50) and is calculated utilizing a regression
equation obtained through plotting the concentration (1.97–1000µg/mL) and inhibition
(%) for different concentrations.

2.11. Butyrylcholinesterase Inhibition Assay

Butyrylcholinesterase (BTchI) inhibition was assayed according to the Ellman method
with some modifications [32,33]. The buffer and solutions for BChE were freshly made.
This involved preparing 0.022 M S-butyrylthiocholine iodide (BTchI) solution (7.0 mg of
BTchI was dissolved in 1 mL of water) and 0.44 U/mL of BChE solution (2.9762 mg of
BChE enzyme was dissolved in 6.746 mL of buffer at a pH of 8.0). To achieve a final
concentration of 1000 µg/mL, each LLE was first dissolved in DMSO and then in distilled
water to obtain a concentration of 44 mg/mL. The BChE inhibition assay was determined
via measuring absorbance using a microplate reader; 200 µL of the buffer, 5 µL of BChE
enzyme, 5 µL of Ellman’s reagent 5,5′-dithiobis-2-nitrobenzoic acid (DTNB), and 5 µL of
the LLE at a concentration of 40 mg/mL were combined and kept in a solution for 15 min at
30 degrees Celsius in a temperature-controlled water bath. The enzymatic reaction was then
started by adding 5 µL of the BTchI substrate solution to the mixture. Absorbances were
measured at 410 nm utilizing the microplate reader at 45 s intervals 13 times at a controlled
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30 ◦C. Using the following formula, the measured absorbance was used to determine the
enzymatic inhibition:

Butyrylcholinesterase inhibition (%) = 100−
[(

R extract
R max

)]
× 100

where R extract means the change rate in the absorbance of the test containing the LLE
(∆abs/∆time), while R max means the maximum change rate in the absorbance of the blank
sample without any inhibitor.

2.12. Molecular Docking Investigation

The crystal structures of acetylcholinesterase (PDB code 1E66) and butyrylcholinesterase
(PDB code 6EMI) proteins were downloaded from the protein data bank (https://www.
rcsb.org/, accessed on 30 March 2021). Naringenin was docked via the MOE 2019 software.
Both receptor and compound creation and optimization were carried out using the soft-
ware’s default method for structural optimization. Hydrogen atoms were added after the
elimination of all water molecules around the proteins. Then, naringenin optimized its
shape with the lowest binding energy while using the MMFF94x force field to achieve this
optimization. Alpha-site spheres were created using the site finder in the MOE module.
The five best binding configurations with flexible molecular rotation were created using the
DFT-optimized structure of naringenin. The free binding energy (S, in kcal/mol), which
represents the binding affinity, was ranked using hydrogen bonds that developed between
the proteins and naringenin. Validation was performed by re-docking naringenin into the
binding pocket and measuring the root-mean-square deviation (RMSD) between positions.

2.13. Statistical Analysis

The outcomes are presented as mean ± SD (standard deviation), and the results were
taken as the average of three replicates. The statistical analysis was performed using the
computer programs Microsoft Excel version 365 and SPSS v.25 (Statistical Package for the
Social Sciences version 25.00). Quantitative data with parametric distribution between the
different treatments were analyzed utilizing one-way analysis of variance (ANOVA) and
Tukey’s post hoc test, at 0.05 probability level.

3. Results and Discussion
3.1. Phenolic and Flavonoid Characterization of LLEs

This study examined the influence of moist heat on the phenolic and flavonoid con-
tents of LLE compared to air-dried LLE, as well as anti-H. pylori, antioxidant, antidiabetic,
and anti-Alzheimer’s activities (Figure 1). The LLE, either unmoist-heated (UMH) or moist-
heated (MH), was enriched with several flavonoid and phenolic compounds (Table 1 and
Figures 2 and 3). Naringenin, methyl gallate, catechin, and ellagic acid were the most de-
tected compounds with the highest concentrations, while apigenin and cinnamic acid were
detected with the lowest concentrations in either the UMH or MH LLE. Surprisingly, sig-
nificantly high (p < 0.05) concentrations of 3967.65 µg/mL, 224.80 µg/mL, 887.83 µg/mL,
2979.14µg/mL, 203.02µg/mL, 284.65µg/mL, 1893.66 µg/mL, 5655.89 µg/mL, 51.22 µg/mL,
95.03 µg/mL, 547.19 µg/mL, and 187.88 µg/mL were detected for methyl gallate, caf-
feic acid, rutin, ellagic acid, coumaric acid, vanillin, ferulic acid, naringenin, cinnamic
acid, apigenin, kaempferol, and hesperetin in the MH LLE, compared to their concentra-
tions of 3461.19 µg/mL, 196.96 µg/mL, 664.12 µg/mL, 2835.09 µg/mL, 153.26 µg/mL,
254.43 µg/mL, 1605.00 µg/mL, 4486.02 µg/mL, 43.25 µg/mL, 88.55 µg/mL, 206.95 µg/mL,
and 195.60 µg/mL, respectively, in the UMH LLE. These results indicated that moist heat
promoted the release of phenolic and flavonoid compounds. Juániz et al. [34] reported
that heat treatments of vegetables increased the concentration of phenolic constituents and
proposed that thermal damage of cell walls and sub-cellular compartments throughout the
cooking process stimulates the discharge of constituents. However, chlorogenic acid was
detected at a high concentration of 1157.51 µg/mL, besides syringic acid and daidzein, in
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the UMH LLE, but it was not detected in the MH LLE. These disappeared compounds might
be unstable under heat treatment or might have transformed into other compounds. Therefore,
pyrocatechol was detected at a concentration of 868.77 µg/mL only in the MH LLE but not
in the UMH LLE. Table 1 shows the total contents of phenolic compounds and flavonoids in
the UMH and MH LLEs. The present findings showed that the UMH LLE contained less total
phenolic content (1.87 ± 0.33 mg GAE/g) and total flavonoid content (0.68 ± 0.10 mg QE/g)
than the MH LLE (2.65 ± 0.17 mg GAE/g and 1.05 ± 0.10 mg QE/g, respectively).
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Previously, Routray and Orsat [35] mentioned that exposure of natural extracts to
higher microwave power resulted in the degradation of some phenolic constituents. Do-
broslavić et al. [36] found the presence of variable amounts of 29 phenolic and flavonoid
compounds in LLE, with the most abundance being quercetin glycosides and kaempferol.
Moreover, they noticed that temperature increases from 40 to 80 ◦C resulted in higher total
phenolic content. Higher total phenolic content was obtained as a result of exposure of
L. nobilis to boiling water for 3 h, compared to the amount obtained at room temperature
after 72 h [37]. In another report, Bulut Kocabas et al. [38] noticed that the total pheno-
lic content of L. nobilis leaves exposed to heated water at 80 ◦C for 45 min was 10-fold
more than that obtained at room temperature for 24 h, with apigenin and its glycosides
representing the most detected flavones in the LLE [39]. But in our study, apigenin was
detected at a low concentration. Four phenolic compounds, including gallic acid, coumaric
acid, pyrogallol, and resorcinol, were detected in the L. nobilis extract via HPLC [40]. Alejo-
Armijo et al. [39] mentioned that various phenolic compounds, such as flavonoids, tannins
(proanthocyanidins), phenolic acids, and lignans, were associated with LLE, particularly
flavonoids, which represent the most abundant constituents with a variety of identified
compounds. Fidan et al. [10] mentioned that the differences in chemical constituents in
L. nobilis are perhaps due to the dissimilar genotypes, the planted and climatic conditions
where the plants were cultivated, and the extraction process [10].

3.2. Anti-H. pylori Activity

The UMH LLE exhibited anti-H. pylori activity but less than the MH LLE, with inhibi-
tion zones of 23.67 ± 0.58 mm and 26.00 ± 0.0 mm, respectively (Table 2 and Figure 4). The
inhibitory potential of both UMH and MH LLEs was good compared to the positive control
that showed an inhibition zone of 20.33 ± 0.58 mm against H. pylori. Our results were con-
sistent with previous findings [16], where acetone and hexane extracts of L. nobilis inhibited
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H. pylori with inhibition zones of 24 mm and 26 mm, respectively. Dobroslavić et al. [41]
demonstrated the antimicrobial activity of LLE. The presence of numerous flavonoid and
phenolic compounds in the LLE is one of the main reasons for the anti-H. pylori activity.
For instance, ellagic acid [42], naringenin [43], and ferulic acid [15] exhibited anti-H. pylori
activity. Several investigations have shown that flavonoids play a critical role in inhibiting
the spread of H. pylori [15,44,45]. The MH LLE showed greater inhibitory activity than the
MH LLE, which might be related to the fact that the most analyzed compounds via HPLC
were detected at the highest concentration compared to the fresh extract. It is very clear that
the MIC and MBC values of the MH LLE were significantly (p < 0.05) lower (1.9 µg/mL)
than the MIC and MBC values of 7.8 µg/mL of the UMH LLE (Table 2). Via the calculation
of the MBC/MIC index, it is obvious that both UMH and MH LLEs possess cidal activity
due to the MBC/MIC index being one (Table 2). The biofilm formation of H. pylori was
more affected by the MH LLE than the UMH LLE. The anti-biofilm activity increment with
an increase in MBC concentrations of the MH and UMH LLEs. In the same line, it was
observed that the anti-biofilm activity of the MH LLE was higher than the UMH LLE; for
instance, the anti-biofilm activity was 93.73 and 87.75% at 75% for the MH LLE’s MBC and
the UMH LLE’s MBC, respectively (Figure 5A). The anti-biofilm activity of the MH and
UMH LLEs was also indicated by the change in the color of stained H. pylori biofilm in the
microtiter plate, which was dependent on anti-biofilm activity (Figure 6B).

3.3. Urease Inhibition

In the stomach, H. pylori uses urease enzyme to neutralize and protect itself from
acidic conditions via ammonia production, and the activity of urease is necessary for
H. pylori colonization. Urease inhibition represents one mechanism that determines the
anti-H. pylori activity of antimicrobial compounds. In the present study, urease inhibition
was documented using both the MH and UMH LLEs with different inhibition percentages
depending on the concentration of the extracts. Unlike the results of anti-H. pylori activity,
MIC, MBC, and anti-biofilm activity, which were more affected by the MH LLE, urease
inhibition was more affected by the UMH LLE compared to the MH LLE (Figure 6). For
instance, at 1.95, 62.5, 250, and 500 µg/mL, urease inhibition was 20.2, 56.0, 71.0, and
85.9% in the UMH LLE, while it was 3.1, 43.6, 62.5, and 83.0%, respectively, in the MH
LLE. A lower significant (p < 0.05) value of IC50 (34.17 µg/mL) was recorded in the UMH
LLE compared to the IC50 (91.11 µg/mL) of the MH LLE. These results can be explained
by the possibility of the presence of another mechanism of anti-H. pylori activity, such as
inhibition of DNA gyrase, N-acetyltransferase, and dihydrofolate reductase associated with
the presence of compounds in the extract, or that the mechanism of the compounds in the
UMH LLE may differ from the mechanism of the compounds in the MH LLE. Hydrox-
yurea was applied as a standard compound for urease inhibition, which showed an IC50 of
37.5 µg/mL. Surprisingly, the obtained IC50 value of the MH LLE was less (34.17 µg/mL)
than that of hydroxyurea. This outcome suggests the capability of this extract to be applied
as a promising extract to manage illnesses of the gastrointestinal tract alone or in com-
bination with authorized drugs for anti-H. pylori treatment. As mentioned in the results
of the HPLC analysis, naringenin was the main detected compound in both the MH and
UMH LLEs, and this compound at a concentration of 300 µg/mL showed urease inhibi-
tion (34%) of H. pylori [44]. According to Biglar et al. [46], L. nobilis extract was tested against
H. pylori growth and exhibited an attractive value of IC50 (48.69 µg/mL) for urease inhibition.

3.4. Antioxidant Activity

The presence of many flavonoid and phenolic compounds in the LLEs made us expect
antioxidant activity, but not to the extent noted in Table 3, suggesting that the flavonoid
and phenolic constituents present in the LLEs have a high level of hydroxylation, which
is manifested in their high ability to provide protons and, therefore, stabilize DPPH. The
antioxidant activity measured via DPPH scavenging % increased with an increase in extract
concentration up to 1000 µg/mL of the UMH and MH LLEs, giving values of 95.5% and
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97.1%, respectively (Table 3). Papageorgiou et al. [47] reported that the extracted phenolic
acids of LLE reflected antioxidant activity. The present results showed that the antioxidant
capacity of the MH LLE was higher than that of the UMH LLE, but with a slight difference.
Not surprisingly, the IC50 (3.45 µg/mL) of the MH LLE was less than the IC50 value
(4.69 µg/mL) of the UMH LLE, but the most surprising thing is that it is less than the
IC50 value (4.43 µg/mL) of ascorbic acid. LLE, because of its wide presence of bioactive
molecules, is an excellent source of antioxidant potential for pharmaceutical and cosmetic
applications [41]. Our investigation on the antioxidant activity of LLE was consistent with
many studies using UMH LLE [36,40,48], but there were no reported studies about MH LLE.
The efficacy of conventional heat-reflux extraction (CRE), ultrasound-assisted extraction
(UAE), and microwave-assisted extraction (MAE) was studied to evaluate the antioxidant
activity of LLE, and the highest antioxidant capacity was obtained via CRE [41].

3.5. Antidiabetic Activity

α-glucosidase activity inhibition is considered a successful strategy for controlling
the level of blood sugar and regulating food-related hyperglycemia. In our investigation,
both the MH and UMH LLEs were effective inhibitors of glucosidase in a dose-dependent
manner (Figure 7). However, the MH LLE showed the highest inhibitory activity to-
ward this enzyme compared to the UMH LLE, particularly at low concentrations of up to
31.25 µg/mL; for instance, at 1.95, 7.81, and 31.25 µg/mL using the MH LLE, glucosidase
inhibition was 26.9, 48.4, and 55.9%, while using the UMH LLE, α-glucosidase inhibition
was 16.6, 38.4, and 58.7%, respectively. The values of IC50 of the two extracts were promis-
ing, but from the present findings, the IC50 of the MH LLE was significantly (p < 0.05)
more promising (9.9 µg/mL) compared to the IC50 of the UMH LLE (18.36 µg/mL). These
results may be because of the presence of some compounds in the UMH LLE. Accord-
ing to a study performed by Khan et al. [49], the lipid and glucose profiles of diabetic
patients were improved because of treatment with powdered L. nobilis leaves in capsule
form. In another study, L. nobilis (bay laurel) extracted with different solvents inhibited
α-glucosidase metabolic activity [50]. Our finding endorses the utilization of LLE, particu-
larly MH, for further investigations to identify their potential for regulating type II diabetes.
Earlier investigations have shown that several natural plants contain rich constituents with
valuable inhibitory potential toward α-glucosidase. According to a previous study [51],
quercetin and rutin could inhibit glucosidase via binding with alpha-glucosidase to form
a new complex. A recent report showed that catechin and quercetin displayed signif-
icant inhibitory potential toward α-glucosidase with different IC50 values of 12.78 and
92.87 µg/mL, respectively, while some compounds such as gallic acid and ellagic acid
displayed moderate α-glucosidase inhibitory capacity, with IC50 values of 102.35 and
222.80 µg/mL, respectively [52].

3.6. Anti-Alzheimer’s Activity

In the current study, inhibition of butyrylcholinesterase (BChE) was recorded as a
result of exposure to the LLEs (Figure 8). This enzyme is used as a marker of Alzheimer’s
disease (AD) development. Recently, Falade et al. [53] reported that L. nobilis may be
considered a promising agent for the nutraceutical management of AD. Figure 8 shows
that the inhibition of BChE activity increases with an increase in both the UMH and MH
LLEs up to 100 µg/mL, with inhibition of 82.3 and 88.5%, respectively. The MH LLE has
the best inhibitory potential for BChE, with an IC50 of 17.3 µg/mL, compared to the UMH
LLE, with an IC50 of 28.92 µg/mL, at all concentrations used; these results may be related
to the high concentrations of the most detected compounds in the MH LLE as recorded
in the HPLC analysis. Inhibition of two enzymes, namely BChE and acetylcholinesterase
(AChE), was observed (100% inhibition) as a result of exposure to 30 µg/mL of L. nobilis
extract, with IC50 values of 4.76 ± 0.36 µg/mL and 4.21 ± 0.50 µg/mL, respectively [53].
In vivo, phytoconstituents of L. nobilis had inhibitory action against BChE and AChE in
scopolamine-induced rats [54].
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Table 1. Identified phenolic and flavonoid compounds in moist-heated (MH) and unmoist-heated
(UMH) laurel leaf extracts, with the total phenolic and flavonoid contents.

Compound

UMH Laurel Leaf Extract MH Laurel Leaf Extract

Retention
Time Area Area (%) Conc.

(µg/mL)
Retention

Time Area Area (%) Conc.
(µg/mL)

Gallic acid 3.34 332.50 7.68 1435.58 3.339 325.41 6.79 1405.00

Chlorogenic acid 3.97 169.05 3.90 1157.51 4.169 0.00 0.00 0.00

Catechin 4.53 266.21 6.15 3296.24 4.516 260.61 5.44 3226.94

Methyl gallate 5.44 1268.23 29.30 3461.19 5.427 1453.81 30.34 3967.65

Caffeic acid 6.22 51.22 1.18 196.96 6.199 58.46 1.22 224.80

Syringic acid 6.57 83.73 1.93 283.90 6.528 0.00 0.00 0.00

Pyrocatechol 6.72 0.00 0.00 0.00 6.660 120.75 2.52 868.77

Rutin 8.02 114.38 2.64 664.12 8.002 152.91 3.19 887.83

Ellagic acid 8.53 305.87 7.06 2835.09 8.517 321.42 6.71 2979.14

Coumaric acid 9.04 97.16 2.24 153.26 9.003 128.70 2.69 203.02

Vanillin 9.77 116.26 2.69 254.43 9.750 130.07 2.71 284.65

Ferulic acid 10.31 469.84 10.85 1605.00 10.307 554.34 11.57 1893.66

Naringenin 10.68 744.04 17.19 4486.02 10.673 938.07 19.58 5655.89

Daidzein 12.24 10.24 0.24 31.64 12.312 0.00 0.00 0.00

Quercetin 12.80 110.03 2.54 757.79 12.782 60.99 1.27 420.02

Cinnamic acid 14.12 46.96 1.08 43.25 14.102 55.61 1.16 51.22

Apigenin 14.68 23.27 0.54 88.55 14.655 24.97 0.52 95.03

Kaempferol 15.12 53.38 1.23 206.95 15.298 141.13 2.95 547.19

Hesperetin 15.75 67.11 1.55 195.60 15.731 64.46 1.35 187.88

Total phenol 1.87 ± 0.33 mg GAE/g 2.65 ± 0.17 mg GAE/g

Total flavonoid 0.68 ± 0.10 mg QE/g 1.05 ± 0.10 mg QE/g
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Table 2. Inhibitory activity, MIC, and MBC of MH and UMH LLEs against H. pylori.

Mean Inhibition Zone (mm) MIC (µg/mL) MBC (µg/mL) MBC/MIC Index

UMH MH Control Negative UMH MH UMH MH UMH MH

23.67 ± 0.58 26.00 ± 0.0 20.33 ± 0.58 0.0 ± 0.0 7.8 ± 0.1 1.9 ± 0.17 7.8 ± 0.35 1.9 ± 0.1 1.0 1.0
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Figure 4. Antimicrobial activity of UMH (A) and MH (B) laurel leaf extracts (1, negative control;
2, positive control; 3 and 4, two wells of the plant extract).

3.7. Molecular Docking of Naringenin with Acetylcholinesterase and Butyrylcholinesterase

The technology of molecular docking is an effective approach to imagine the interac-
tion among ligands of micromolecular size and receptors of macromolecular size, allowing
the detection of probable binding sites and the ligands’ steric conformations. Thus, in the
current investigation, a molecular docking technique was employed to predict a potent
ligand (naringenin) that could inhibit acetylcholinesterase 1E66 and butyrylcholinesterase
6EMI. The investigation also aimed to gain a better understanding of how the inhibitor
interacts with the protein binding sites. The investigation was conducted using naringenin,
and the RMSD values (Figures 9 and 10) were found to be 0.978201 Å and 0.733427 Å
for docking with acetylcholinesterase 1E66 and butyrylcholinesterase 6EMI, respectively,
demonstrating that the MOE-Dock approach is trustworthy for docking this inhibitor and
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that our docking method is valid for the investigated inhibitor. The binding interactions
with (1E66) revealed that the ligand forms strong hydrogen bonding interactions through
O 29 and O 30 with TYR 70 and HIS 440 residues at a distance of 2.81 Å and 2.82 Å, respec-
tively. Moreover, it is observed that naringenin binds well with butyrylcholinesterase 6EMI
via O 29 through the TRP 430 residue in the active pocket of the protein. An analysis of
the binding interactions (Tables 4 and 5) illustrated the binding of naringenin with 1E66
and 6EMI proteins and the formation of several hydrogen bonds. Naringenin achieves
favorable binding to both target proteins with negative scores of −6.78716 Kcal/mole and
−6.14549 Kcal/mole. All docking scores and energies are presented in Tables 6 and 7.
Molecular docking interactions were performed in other studies to support the biological
activities of several natural constituents [30,55,56]. Recently, several phytoconstituents
were docked against AChE and BChE [54].
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Table 3. DPPH scavenging % of ascorbic acid, MH LLE, and UMH LLE.

Concentration
(µg/mL)

Ascorbic Acid UMH LLE MH LLE

DPPH Scavenging % DPPH Scavenging % DPPH Scavenging %

1000 97.0 ±0.004 95.5 ± 0.003 97.1 ± 0.006

500 94.2 ± 0.001 93.3 ± 0.001 94.7 ± 0.001

250 90.0 ± 0.004 87.6 ± 0.005 90.3 ± 0.003

125 83.1 ± 0.004 81.7 ± 0.002 85.2 ± 0.005

62.50 76.4 ± 0.004 75.6 ± 0.003 77.7 ± 0.003

31.25 69.3 ± 0.002 68.9 ± 0.003 71.0 ± 0.006

15.63 62.5 ± 0.003 61.80.003 64.5 ± 0.004

7.81 55.2 ± 0.002 54.6 ± 0.004 57.8 ± 0.004

3.90 48.3 ± 0.002 47.6 ± 0.003 50.5 ± 0.007

1.95 40.2 ± 0.002 39.9 ± 0.004 42.1 ± 0.002

0 0.0 ± 0.000 0.0 ± 0.000 0.0 ± 0.000

IC50 4.43 µg/mL 4.69 µg/mL 3.45 µg/mL
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Table 4. Docking scores and energies of naringenin with the crystal structure of acetylcholinesterase 1E66.

Mol rseq mseq S rmsd_refine E_conf E_place E_score1 E_refine E_score2

Naringenin 1 1 −6.78716 0.978201 −39.4713 −76.5186 −13.1741 −36.5393 −6.78716
Naringenin 1 1 −6.67799 1.277979 −34.1638 −68.3821 −12.2916 −36.1206 −6.67799
Naringenin 1 1 −6.62979 1.202798 −40.401 −90.799 −12.9332 −38.2054 −6.62979
Naringenin 1 1 −6.58196 0.838779 −33.5025 −72.8311 −12.7582 −35.0069 −6.58196
Naringenin 1 1 −6.55275 1.554429 −39.5703 −71.615 −12.3801 −32.3347 −6.55275

Table 5. Docking scores and energies of naringenin with the crystal structure of butyrylcholinesterase 6EMI.

Mol rseq mseq S rmsd_refine E_conf E_place E_score1 E_refine E_score2

Naringenin 1 1 −6.14549 0.733427 −39.739 −86.8222 −11.8804 −26.7900 −6.14549
Naringenin 1 1 −6.02164 1.344088 −38.5364 −65.6819 −11.5795 −26.8067 −6.02164
Naringenin 1 1 −5.88513 0.995142 −39.3925 −65.6398 −11.7741 −26.4780 −5.88513
Naringenin 1 1 −5.81087 1.068273 −37.007 −80.6394 −12.5956 −27.5993 −5.81087
Naringenin 1 1 −5.74699 1.258355 −37.1225 −74.7382 −12.0082 −24.9304 −5.74699

Table 6. Interaction of naringenin with the crystal structure of acetylcholinesterase 1E66.

Mol Ligand Receptor Interaction Distance E (kcal/mol)

Naringenin O 29 O TYR 70 (A) H-donor 2.81 −2.7
O 31 O HIS 440 (A) H-donor 2.82 −3.3

Table 7. Interaction of naringenin with the crystal structure of butyrylcholinesterase 6EMI.

Mol Ligand Receptor Interaction Distance E (kcal/mol)

Naringenin O 29 5-ring TRP 430 (A) H-Pi 4.03 −0.6

4. Conclusions

To the best of our knowledge, there are no previous reports on the relation between the
effects of moist heat and the contents of flavonoid and phenolic compounds, anti-H. pylori,
antioxidant, antidiabetic, and anti-Alzheimer’s activities of LLE. In the present investi-
gation, moist heat was effective in improving the release and the yield of flavonoid and
phenolic compounds, which was accompanied by increases in their biological activities.
The molecular docking study led to the discovery of significant ligand interactions with
regard to the target protein’s binding site. The main detected compound (naringenin) in
the LLEs was docked molecularly with acetylcholinesterase and butyrylcholinesterase
as indicators of Alzheimer’s disease development. As a result of our investigation, we
concluded that naringenin, which was theoretically examined here, exhibited good docking
scores and binding interactions. Therefore, naringenin may be an effective therapeutic can-
didate, and their effectiveness against acetylcholinesterase (1E66) and butyrylcholinesterase
(6EMI) may be boosted. LLE under the effect of moist heat is an excellent base for releasing
more valuable compounds with potential applications in the pharmacological and food
industries. Although natural extracts have been documented as brilliant substitutes for
synthetic drugs, pharmacological utilization is challenging due to the diversity and compli-
cation of bioactive constituents present in such extracts. Therefore, the special influences of
natural extracts at the level of cell therapy need to be better and more deeply investigated
to complement the deficiencies in in vitro investigations in future studies.
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Abstract: Policosanol consumption has been associated with treating blood pressure and dyslipidemia
by increasing the level of high-density lipoproteins-cholesterol (HDL-C) and HDL functionality.
Although policosanol supplementation also ameliorated liver function in animal models, it has not
been reported in a human clinical study, particularly with a 20 mg doage of policosanol. In the
current study, twelve-week consumption of Cuban policosanol (Raydel®) significantly enhanced
the hepatic functions, showing remarkable decreases in hepatic enzymes, blood urea nitrogen, and
glycated hemoglobin. From the human trial with Japanese participants, the policosanol group (n = 26,
male 13/female 13) showed a remarkable decrease in alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) from baseline up to 21% (p = 0.041) and 8.7% (p = 0.017), respectively. In
contrast, the placebo group (n = 26, male 13/female 13) showed almost no change or slight elevation.
The policosanol group showed a 16% decrease in γ-glutamyl transferase (γ-GTP) at week 12 from
the baseline (p = 0.015), while the placebo group showed a 1.2% increase. The policosanol group
exhibited significantly lower serum alkaline phosphatase (ALP) levels at week 8 (p = 0.012), week 12
(p = 0.012), and after 4-weeks (p = 0.006) compared to those of the placebo group. After 12 weeks of
policosanol consumption, the ferric ion reduction ability and paraoxonase of serum were elevated
by 37% (p < 0.001) and 29% (p = 0.004) higher than week 0, while placebo consumption showed no
notable changes. Interestingly, glycated hemoglobin (HbA1c) in serum was lowered significantly in
the policosanol group 4 weeks after consumption, which was approximately 2.1% (p = 0.004) lower
than the placebo group. In addition, blood urea nitrogen (BUN) and uric acid levels were significantly
lower in the policosanol group after 4 weeks: 14% lower (p = 0.002) and 4% lower (p = 0.048) than
those of the placebo group, respectively. Repeated measures of ANOVA showed that the policosanol
group had remarkable decreases in AST (p = 0.041), ALT (p = 0.008), γ-GTP (p = 0.016), ALP (p = 0.003),
HbA1c (p = 0.010), BUN (p = 0.030), and SBP (p = 0.011) from the changes in the placebo group in
point of time and group interaction. In conclusion, 12 weeks of 20 mg consumption of policosanol
significantly enhanced hepatic protection by lowering the serum AST, ALT, ALP, and γ-GTP via a
decrease in glycated hemoglobin, uric acid, and BUN with an elevation of serum antioxidant abilities.
These results suggest that improvements in blood pressure by consumption of 20 mg of policosanol
(Raydel®) were accompanied by protection of liver function and enhanced kidney function.
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1. Introduction

Liver damage is associated with many diseases with metabolic disorders or acute
and chronic infections, which can be linked with life-threatening events [1,2]. Although
the warning signs of liver diseases are jaundice, vomiting blood, and abdomen swelling,
but most liver diseases often show no symptoms until they have progressed to significant
damage [3]. Many blood biomarkers, such as liver aspartate aminotransferase (AST),
alanine aminotransferase (ALT), γ-glutamyl transferase (γ-GTP), and alkaline phosphatase
(ALP) have been used clinically [4,5] to monitor liver function for regular check-ups. Many
liver diseases are caused by viral infections, inherited genetic factors, obesity, exposure to
xenobiotics, and misuse of alcohol [6]. On the other hand, except for infections and genetic
factors, liver damage, including fatty liver changes, is intimately associated with lifestyle,
such as lack of exercise [7], alcohol consumption [8], and frequent use of drugs [9]. In
particular, underlying diseases, such as diabetes, hypertension, and coronary heart disease,
are risk factors for liver damage in middle-aged populations [10,11].

Many functional foods, such as milk thistle, ginseng, licorice, and turmeric, have been
developed and marketed to protect against liver damage and enhance hepatic functions,
such as lowering the serum AST and ALT levels [12]. In the Republic of Korea, 13 kinds of
herbal and fermented extracts have been registered in the Ministry of Food and Drug Safety
(MFDS) for hepatic health, https://www.foodsafetykorea.go.kr/portal/healthyfoodlife/
functionalityView.do?viewNo=13 (accessed on 22 February 2023). On the other hand,
their recommended dosage is too high, approximately 300 mg (Pinitol)–3150 mg (Rubus
coreanus extract powder) per day, suggesting low efficacy. The common concerns of herbal
medicine or folk medicine were associated with causing hepatotoxicity due to the hidden or
unidentified ingredients and adulterants in the extracts, as summarized previously [13,14].
Therefore, to avoid herb-induced liver injury (HILI) and drug-induced liver injury (DILI),
it is necessary to develop new agents to improve the hepatic functions without liver and
kidney toxicity.

Because liver damage is closely associated with the progression of metabolic syn-
drome [15], including hypertension, diabetes, and dyslipidemia, improvement of the
diabetic parameters and kidney functions should be accompanied by improvements in
hepatic functions. Many studies to develop nutraceuticals to protect against liver damage
could not focus only on lowering the AST, ALT, and γ-GTP levels without comparing the
glycated hemoglobin and kidney function parameters. In a Chinese and Japanese study,
dyslipidemia and nephrolithiasis were correlated to have a co-incidental risk factor of being
overweight, hypertension [16], and glycated hemoglobin [17].

Cuban policosanol (Raydel®) consumption (10–20 mg/day) for 8–12 weeks was as-
sociated with the treatment of prehypertension [18,19] and dyslipidemia [20] via raising
HDL-C and enhancing HDL functionality in randomized human studies in healthy Ko-
rean participants. Long-term clinical studies for 24 weeks also showed that policosanol
consumption exerted an anti-glycation activity and antioxidant activity to protect HDL and
LDL [21], which made a good agreement with the protection of apoA-I and apo-B from pro-
teolytic degradation from in vitro studies [22,23]. Furthermore, in vitro and in vivo studies
showed that reconstituted HDL containing Cuban policosanol exerted potent antioxidant,
anti-glycation, and anti-inflammatory activities [18–23] with cholesterol efflux ability [19].
Recently, the reconstituted HDL-containing Cuban policosanol displayed a larger particle
size with potent anti-glycation activity to protect apoA-I and antioxidant activity to protect
LDL, while three reconstituted HDLs, each containing Chinese policosanol, did not [24].
These in vitro potentials of policosanol to enhance the HDL functionality are linked with
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the in vivo efficacy in a human clinical study to improve blood pressure and dyslipidemia
in healthy Korean and Japanese participants [18–21,25].

A recent clinical study with healthy middle-aged Japanese participants showed that
12 weeks of policosanol (Raydel®) consumption significantly improved blood pressure,
hepatic parameters, BUN, and HbA1c with enhanced HDL functionalities [25]. These results
suggest that the efficacy of policosanol consumption in hypertension and dyslipidemia
might be associated with the protection of liver function by improving HDL functionalities
and kidney function parameters.

A desirable therapeutic agent should simultaneously protect against liver and kidney
damage by improving fatty liver disease and hypertension without adverse effects. Based
on the previous study, this study analyzed the effects of policosanol consumption on hepatic
parameters, such as AST, ALT, γ-GTP, and ALP, as well as kidney parameters, HbA1c, uric
acid, and blood urea nitrogen during 16 weeks, including 12 weeks of consumption and
four weeks post-consumption.

2. Materials and Methods
2.1. Policosanol

Raydel® policosanol tablet (10 mg/tablet, two tablets for total 20 mg per day), which
was manufactured with Cuban policosanol at Raydel Australia (Thornleigh, Sydney, Aus-
tralia), was obtained from Raydel Japan (Tokyo, Japan). Cuban policosanol was defined as
genuine policosanol with a specific ratio of each ingredient [26]: 1-tetracosanol (C24H49OH,
0.1–20 mg/g); 1-hexacosanol (C26H53OH, 30.0–100.0 mg/g); 1-heptacosanol (C27H55OH,
1.0–30.0 mg/g); 1-octacosanol (C28H57OH, 600.0–700.0 mg/g); 1-nonacosanol (C29H59OH,
1.0–20.0 mg/g); 1-triacontanol (C30H61OH, 100.0–150.0); 1-dotriacontanol (C32H65OH,
50.0–100.0 mg/g); and 1-tetratriacontanol (C34H69OH, 1.0–50.0 mg/g).

2.2. Participants, Study Design, and Analysis

Healthy male and female volunteers with normal lipid levels and normal blood
pressure were recruited nationwide in Japan via newspaper and internet advertisements
between September 2021 and May 2022, as described in the preceding paper [25]. The
inclusion criteria were LDL-C levels in the normal range (120–159 mg/dL) and age between
20 and 65 years old. The exclusion criteria were as follows: (1) maintenance treatment for
metabolic disorder, including dyslipidemia, hypertension, and diabetes; (2) severe hepatic,
renal, cardiac, respiratory, endocrinological, and metabolic disorder disease; (3) allergies;
(4) heavy drinkers (more than 30 g of alcohol per day); (5) taking medicine or functional
food products that may affect the lipid metabolism, including raising HDL-C or lowering
LDL-C concentration, and lowering triglyceride concentration; (6) current or past smoker;
(7) women in pregnancy, lactation, or planning to become pregnant during the study period;
(8) person who had more than 200 mL of blood donation within one month or 400 mL of
blood within three months before starting this clinical trial; (9) a person who participated
in another clinical trial within the last three months or currently is participating in another
clinical trial; (10) those who consumed more 2000 kcal per day; and (11) others considered
unsuitable for the study at the discretion of the principal investigator. The study was
approved by the Koseikai Fukuda Internal Medicine Clinic (Osaka, Japan, IRB approval
number 15000074, approval date on 18 September 2021).

As shown in Figure 1A, this study was a double-blinded, randomized, and placebo-
controlled trial with a 12-week treatment period. The selected participants were healthy
male and female volunteers (n = 52, average age 52.1 ± 1.3 years old) with a sedentary
lifestyle and without hypertension or any complaint of endocrinological disorder. All
participants had unremarkable medical records without illicit drug use or a past history
of chronic diseases. All participants received advice to avoid excess food (1800 kcal and
1500 kcal for men and women, respectively, per day), cholesterol (600 mg per day), alcohol
drinking (<30 g and <15 g of ethanol for men and women, respectively, per day), and
smoking, both direct and indirect, which can interfere with liver and kidney metabolism.
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Figure 1. Study design and participant allocation for analysis (A) and visiting schedule of partici-
pants (B). AM, anthropometric measurements; yo, years old.

After allocating the participants into two groups, they were directed to take two
tablets per day containing policosanol 10 mg/tablet (Raydel®) or a placebo. The tablet
for the policosanol group included policosanol (10 mg/tablet), hydroxypropyl cellulose,
carboxymethyl cellulose, maltodextrin, lactose, and crystalline cellulose. The tablet for the
placebo group contained maltodextrin (10 mg/tablet) instead of policosanol. The blood
parameters of all participants who completed the program were analyzed after 12 weeks of
consumption and four weeks post-consumption (Figure 1B).
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2.3. Anthropometric Analysis and Blood Analysis

The blood pressure was measured using an Omron HEM-907 (Kyoto, Japan) with
three measurements with the average recorded. The height, bodyweight, and body mass
index (BMI) were measured individually using a DST-210N (Muratec KDS Co., Ltd., Ky-
oto, Japan).

After fasting overnight, blood samples were collected in ethylenediaminetetraacetic
acid (EDTA)-coated tubes and centrifuged at 3000× g for 15 min at 4 ◦C for the plasma
assays. The samples were subjected to 19 blood biochemical assays by BML Inc. (Tokyo,
Japan): total protein, albumin, aspartate transferase (AST), alanine aminotransferase (ALT),
gamma-glutamyl transpeptidase (γ-GTP), creatinine, glucose, uric acid, blood urea nitrogen
(BUN), lactate dehydrogenase (LDH), total bilirubin, glycated hemoglobin (hemoglobin
A1c, HbA1c), and high sensitivity C-reactive protein (hsCRP). The protocol of human blood
donation was conducted according to the guidelines of the Declaration of Helsinki and
approved by the Koseikai Fukuda Internal Medicine Clinic (Osaka, Japan), with the IRB
approval number 15000074.

2.4. Ferric Ion Reducing Ability Assay

The ferric ion-reducing ability (FRA) was determined using the method reported by
Benzie and Strain [27]. Briefly, the FRA reagents were prepared freshly by mixing 20 mL of
0.2 M acetate buffer (pH 3.6), 2.5 mL of 10 mM 2,4,6-tripyridyl-S-triazine (Fluka Chemicals,
Buchs, Switzerland), and 2.5 mL of 20 mM FeCl3·6H2O. The antioxidant activities of serum
were estimated by measuring the increase in absorbance induced by the ferrous ions
generated. Freshly prepared FRA reagent (300 µL) was mixed with serum as an antioxidant
source. The FRA was determined by measuring the absorbance at 593 nm every two min
over a 60 min period at 25 ◦C using a UV-2600i spectrophotometer.

2.5. Paraoxonase Assay

The paraoxonase-1 (PON-1) activity in serum toward paraoxon was determined by
evaluating the hydrolysis of paraoxon into p-nitrophenol and diethylphosphate, which was
catalyzed by the enzyme [28]. The PON-1 activity was determined by measuring the initial
velocity of p-nitrophenol production at 37 ◦C, as determined by the absorbance at 415 nm
(microplate reader, Bio-Rad model 680; Bio-Rad, Hercules, CA, USA).

2.6. Data Analysis

All analyses in the Tables were normalized using a homogeneity test of the variances
through Levene’s statistics. Nonparametric statistics were performed using a Kruskal–
Wallis test if not normalized. For Table 1, repeated measure ANOVA was used to compare
the score changes in the hepatic parameters, renal parameters, and SBP between the two
groups during the same period. The differences in the placebo or policosanol groups
over the follow-up time were analyzed to compare in point of time and group interaction.
Significant changes between the baseline and follow-up values within the groups were
assessed using a paired t-test.

For Supplemental Tables S1–S5, comparisons between the policosanol and placebo
with respect to BP, anthropological assessments, hematological data in blood, protein data
in serum, and inflammatory assessments were analyzed using an analysis of covariance
(ANCOVA) with the independent variable as the baseline and treatment. As a post hoc
analysis, the Bonferroni test was used to determine the significance of the differences in the
continuous variables to identify the differences between the two groups. Spearman rank
correlation analysis was carried out to find a positive or negative association. The statistical
power was estimated using the program G*Power 3.1.9.7 (G*Power from the University of
Düsseldorf, Düsseldorf, Germany). All tests were two-tailed, and the statistical significance
was p < 0.05. The data were analyzed using the SPSS software version 29.0 (IBM, Chicago,
IL, USA).

236



Life 2023, 13, 1319

3. Results
3.1. Improvements in Hepatic Functions and Kideny Functions in the Policosanol Group

At baseline (week 0), all subjects showed a normal range of each parameter in blood
and serum data without any difference between the policosanol group and the placebo
group, as summarized in the Supplemental Table S1. However, after 12 weeks of consump-
tion, the policosanol group showed significantly lower AST, ALT, γ-GTP, and ALP than
those of the placebo group in a time-dependent manner, particularly at week 12 and after
4 weeks, as shown in Table 1.

Table 1. Repeated measures ANOVA of blood parameters with hepatic functions, biliary systems,
and kidney functions between placebo group and policosanol (PCO) group during 16 weeks ¶.

Variables Groups Week 0 Week 4 Week 8 Week 12 Post 4 Weeks Sources F p ‡

Mean ±
SEM

Mean ±
SEM

Mean ±
SEM

Mean ±
SEM Mean ± SEM

AST
placebo 20.1 ± 1.0 20.4 ± 1.1 20.3 ± 1.2 20.9 ± 1.2 22.3 ± 1.5 Time ×

Group 2.715 0.041PCO 20 mg 20.8 ± 1.6 19.8 ± 0.8 19.1 ± 0.7 18.6 ± 0.8 18.6 ± 0.8 *
p † 0.724 0.312 0.196 0.017 0.008

ALT
placebo 18.2 ± 1.7 19.1 ± 1.9 19.7 ± 2.5 18.8 ± 1.8 20.4 ± 2.1 Time ×

Group 3.954 0.008PCO 20 mg 21.5 ± 3.3 18.7 ± 1.2 17.4 ± 0.9 17.1 ± 1.6 15.8 ± 1.0
p † 0.367 0.176 0.124 0.041 0.001

ALT/AST
(ratio)

placebo 0.88 ± 0.06 0.92 ± 0.07 0.91 ± 0.06 0.88 ± 0.06 0.90 ± 0.06 Time ×
Group 3.404 0.010PCO 20 mg 0.98 ± 0.06 0.94 ± 0.04 0.91 ± 0.04 0.89 ± 0.05 0.84 ± 0.04

p † 0.258 0.256 0.112 0.145 0.001

γ-GTP
placebo 26.2 ± 3.6 28 ± 3.9 26.9 ± 4.1 27.8 ± 4.3 30.0 ± 5.2 Time ×

Group 3.312 0.016PCO 20 mg 28.7 ± 4.3 27.4 ± 3.3 24.2 ± 2.7 24.1 ± 2.7 23.7 ± 2.5
p † 0.666 0.128 0.039 0.015 0.011

ALP
placebo 64.8 ± 3.9 66.0 ± 3.5 66.7 ± 4.2 66.1 ± 3.8 67.0 ± 3.8 Time ×

Group 4.240 0.003PCO 20 mg 69.0 ± 2.6 69.3 ± 2.3 66.6 ± 2.3 65.9 ± 2.5 65.7 ± 2.1
p † 0.414 0.958 0.012 0.012 0.006

HbA1c

placebo 5.48 ± 0.05 5.48 ± 0.06 5.35 ± 0.05 5.45 ± 0.07 5.46 ± 0.06 Time ×
Group 7.129 0.010PCO 20 mg 5.46 ± 0.05 5.42 ± 0.05 5.30 ± 0.04 5.42 ± 0.05 5.34 ± 0.04

p † 0.791 0.230 0.250 0.599 0.004

BUN
placebo 13.6 ± 0.6 14.5 ± 0.7 14.0 ± 0.7 14.2 ± 0.7 14.8 ± 0.7 Time ×

Group 2.944 0.030PCO 20 mg 13.4 ± 0.4 13.4 ± 0.6 13.3 ± 0.5 12.8 ± 0.6 12.6 ± 0.6 *
p † 0.767 0.193 0.411 0.053 0.002

Uric acid
(mg/dL)

placebo 5.1 ± 0.3 5.0 ± 0.3 4.9 ± 0.3 5.1 ± 0.3 5.2 ± 0.3 Time ×
Group 1.437 0.241PCO 20 mg 5.2 ± 0.2 5.0 ± 0.3 5.0 ± 0.3 5.1 ± 0.2 5.0 ± 0.2 *

p 0.859 0.528 0.708 0.418 0.048

SBP
(mmHg)

placebo 112.0 ± 2.1 114.7 ± 2.5 105.9 ± 3.1 110.4 ± 2.2 115.7 ± 2.2 Time ×
Group 3.359 0.011PCO 20 mg 114.0 ± 3.1 111.0 ± 3.3 104.0 ± 2.8 104.7 ± 2.9 107.4 ± 2.6 *

p † 0.586 0.045 0.231 0.004 0.001

¶ Data are expressed as the mean ± SEM. Estimated statistical power was 99.8% from the selected participants
in both group (n = 52) based on calculations using the program G*Power 3.1.9.7 (G*Power from the University
of Düsseldorf, Düsseldorf, Germany). The participants meet the inclusion criteria and were instructed to avoid
alcohol drinking (<30 g and <15 g of ethanol for men and women, respectively, per day), and smoking, both
direct and indirect. p † indicates whether the ANCOVA is statistically significant. p ‡ indicates whether the
repeated measures ANOVA is statistically significant. *, Statistically significantly different mean value by inde-
pendent t-test between the placebo group and policosanol 20 mg group. AST, alanine transaminase; ALT, alanine
aminotransferase; γ-GTP, gamma-glutamyl transferase; ALP, alkaline phosphatase; HbA1c, glycated hemoglobin;
BUN, blood urea nitrogen; SBP, systolic blood pressure; PCO, policosanol.

Repeated measures ANOVA revealed that there were significant differences in serum
AST, ALT, ALT/AST (ratio), γ-GTP, and ALP between the placebo and policosanol groups
in a time-dependent manner. The policosanol group significantly lowered the hepatic
function parameters, especially in week 12 and after 4 weeks of consumption in terms of
time and group interaction. The diabetic marker (HbA1c) and kidney function parameters
(BUN and uric acid) were also significantly decreased in the policosanol group in a time-
dependent manner (Table 1). Repeated measures ANOVA revealed that HbA1c and BUN
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showed significant differences between the placebo and policosanol groups in terms of
time and group interaction.

As shown in Table 1, serum AST levels were 11% (p = 0.017) and 17% (p = 0.008) lower
in the policosanol group than the placebo group at week 12 and after 4 weeks, respectively.
The policosanol group also exhibited significantly lower AST in a time-dependent manner:
up to 17% decrease at week 16 (p † = 0.008) compared to week 0, as shown in Table 1 and
Supplemental Figure S1. Serum ALT levels were 9% (p † = 0.041) and 23% (p † < 0.001) lower
in the policosanol group than the placebo group at week 12 and after 4 weeks, respectively.
Repeated measures ANOVA revealed that policosanol group showed significantly lower
AST (p ‡ = 0.041) and ALT (p ‡ = 0.008) than the placebo group, as shown in Table 1.

Interestingly, although the two groups had similar alcohol consumption of 9–10 g of
ethanol/day during the 16 weeks, γ-GTP was 10% (p † = 0.039), 14% (p † = 0.015), and 23%
(p † = 0.011) lower in the policosanol group than those of placebo group at week 8, week
12, and after 4 weeks, respectively, in a time-dependent manner, as shown in Table 1 and
Supplemental Figure S2. The serum alkaline phosphatase (ALP) level was decreased in the
policosanol group in a time-dependent manner during the 16 weeks: approximately 4.8%
lower than week 0 (p † = 0.006), while the placebo group showed a 3.3% increase from week
0 to week 16 (Table 1). The policosanol group showed significantly lower ALP at week
8 (p † = 0.012), week 12 (p † = 0.012), and after 4 weeks (p † = 0.006) compared with those
of the placebo group, although both groups showed a normal range of ALP during the
16 weeks. At week 16, the policosanol group showed a 2.1% lower ALP level (p † = 0.006)
than that of the placebo group, but policosanol group showed a 6.5% higher level than the
placebo group at week 0. Repeated measures ANOVA revealed that the policosanol group
showed significantly lower γ-GTP (p ‡ = 0.016) and ALP (p ‡ = 0.003) than placebo group as
shown in Table 1.

These results suggest that liver function is protected by policosanol consumption
for 12 weeks: lowered serum levels of hepatic enzymes, AST, ALT, γ-GTP, and ALP, in
the policosanol group. Interestingly, the hepatic protection effects of policosanol were
maintained at post-4 week consumption.

3.2. Improvements in Kidney Functions in the Policosanol Group

As a kidney function parameter, the blood urea nitrogen (BUN) decreased in the
policosanol group in a time-dependent manner with up to a 6% decrease (p † = 0.002)
from weeks 0 to 16, while the placebo group showed a 9% increase from week 0 to 16
(Table 1 and Supplemental Figure S3A). The policosanol group also exhibited a 15% lower
BUN (p † = 0.002) than the placebo group at week 16. Repeated measures ANOVA of BUN
showed that the policosanol group showed a significant difference (p ‡ = 0.030) from the
placebo group in the point of time and group interaction (Table 1). On the other hand,
uric acid was also decreased in the policosanol group in a time-dependent manner: 4%
lower than week 0 and the placebo group at week 16 (p † = 0.048), as shown in Table 1 and
Supplemental Figure S3B. Although repeated measures ANOVA showed no significant
difference (p ‡ = 0.241) in the group and time interactions during the 16 weeks between the
two groups, the policosanol group showed a significant difference between week 0 and
16 (after 4 weeks of consumption) compared to the placebo group. The other parameters
for kidney functions, such as electrolytes, inorganic phosphorus (P), calcium (Ca), sodium
(Na), potassium (K), and chloride (Cl), were similar in both groups, which fell in the normal
range, as listed in Supplemental Table S2. These results suggested that the policosanol
consumption induced enhancement of kidney function via a decrease of BUN and uric acid
without impairment of electrolyte metabolism in kidney.

3.3. Decrease of ALT/AST Ratio and SBP in the Policosanol Group

The ALT/AST ratio decreased gradually and significantly in the policosanol group
from 0.98 ± 0.06 at week 0 to 0.86 ± 0.05 at week 16 and after four weeks of consumption,
while the placebo group did not show a change around 0.88~0.90 during the 16 weeks,
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as shown in Table 1 and Supplemental Figure S4A. Repeated measures ANOVA showed
that there was a significant difference (p = 0.010) in the ALT/AST ratio between the two
groups in the group and the time interactions during the 16 weeks (Table 1). The SBP
decreased gradually and significantly to an 8.2% reduction in the policosanol group from
114.0 ± 3.1 mmHg at week 0 and to 104.7 ± 2.9 mmHg at week 12, as shown in Table 1 and
Supplemental Figure S4B. On the other hand, the placebo group did not show a notable
change in the SBP during 16 weeks—-approximately 112–115 mmHg. Repeated measures
ANOVA showed a significant difference (p = 0.011) in the SBP between the two groups
in the group and time interactions during the 16 weeks (Table 1). These results suggest
positive correlations between the decrease in the ALT/AST ratio and SBP.

There was no age difference (approximately 52.1 ± 1.3 years old) between the poli-
cosanol group (n = 26, M13/F13) and the placebo group (n = 26, M13/F13) during the
consumption period. Although there was no difference in SBP between the groups at week
0, the policosanol group showed a 6.2% (p = 0.005) and 7.2% (p = 0.004) lower SBP than
that of the placebo group at week 12 and week 16 (after 4 weeks), respectively, as shown
in Supplemental Table S3. The policosanol group also exhibited a significantly lower SBP
time-dependent manner: up to a 5.2% (p = 0.004) and 7.2% (p < 0.001) decrease in the SBP
at week 12 and week 16, respectively, compared with week 0 (Supplemental Table S1).
Although the policosanol group showed a significant decrease in the SBP at week 12 and 16,
after 12 weeks of consumption, the SBP remained in the normal range without an abrupt
decrease below hypotension (<90 mmHg).

The DBP and pulse rate were similar in both groups at approximately 63–69 mmHg
and 68–73 bpm, respectively, in the normal ranges during the 16 weeks. Interestingly, the
policosanol group showed 2% lower body weight (p = 0.031) and BMI (p = 0.022) than the
placebo group only at week 4. The two groups showed no difference with normal ranges of
total serum protein, albumin, creatinine, glucose, and lactate dehydrogenase (LDH) levels,
which were similar to the group during the 16 weeks (Supplemental Tables S3–S5). These
results suggest that policosanol consumption caused an improvement in the BP without
significant impairment of the protein and carbohydrate metabolism in the liver and kidney,
as shown in Table 1 and Supplemental Tables S2–S5. Except for the decrease in SBP in the
policosanol group, there was no difference in DBP, pulse rate, body weight, or BMI between
the placebo and policosanol groups during the 16 weeks.

Overall, these results suggest that the consumption of policosanol caused several
beneficial effects to protect liver functions (lowering AST, ALT, and γ-GTP), hepatobiliary
systems (lowering ALP), and kidney functions (lowering BUN, uric acid, and HbA1c)0.
These beneficial activities contributed to the enhancement of the liver function and kidney
function, which are connected to the decrease in SBP, without impairment of electrolyte
metabolism. These results suggest that policosanol consumption may prevent or attenuate
the incidence of liver disease, kidney disease, and diabetes, which can explain why blood
pressure improves.

3.4. Enhancement of the Antioxidant Abilities of Serum

As shown in Figure 2A, at week 12, the policosanol group showed a 37% increase in
the ferric ion reduction ability (FRA) around 118 µM of ferrous equivalents than that of
week 0 (p < 0.001). In contrast, the placebo group did not change (63–70 µM of ferrous
equivalents). The paraoxonase (PON) activity was elevated 29% in the policosanol group
to approximately 116 µU/L/min at week 12 compared with week 0 (p = 0.004). In contrast,
the placebo group did not change: it was approximately 88–90 µU/L/min (Figure 2B).
These results suggest that the consumption of policosanol for 12 weeks was linked with the
enhancement of the serum antioxidant abilities, such as FRA and PON.
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Figure 2. Antioxidant abilities of serum from each group between week 0 and 12. The data are
expressed as the mean ± SD from three independent experiments with duplicate samples. FRA
and PON activity in each group between week 0 and week 12 were compared using a paired t-test.
(A) Comparison of the ferric ion reduction ability (FRA). FRA was expressed as the concentration of
vitamin C (mM), equivalent to reducing the amount of ferric ion (µM) per hour. (B) Comparison of
the paraoxonase (PON) activity. PON activity was expressed as the initial velocity of p-nitrophenol
production per min (µU/L/min) at 37 ◦C during 60 min incubation.

3.5. Changes of Hematological Data and Serum Protein Data

As shown in Supplemental Table S4, the policosanol and placebo groups showed
a normal range of numbers in white blood cells (WBC), hematocrit (Hct), and platelets
(Plt) between during the 16 weeks. These results suggest that there was no difference in
complete blood count between the two groups without indication of leukemia, anemia,
or thrombocytosis. Although the mechanism is unclear, a mild increase in RBC number
and Hb number was associated with an enhancement of oxygen carrying ability. Other
hematologic parameters, mean corpuscular volume (MCV), mean corpuscular hemoglobin
(MCH), and mean corpuscular hemoglobin concentration (MCHC) were similar in both
groups within normal range during 16 weeks (Supplemental Table S4). These results
suggest that policosanol consumption did not impair the red blood cell size and volume
parameters; all values were in the normal range without risk of anemia.

Interestingly, the glycated hemoglobin (HbA1c) level was significantly lower in the
policosanol group, even though the policosanol group showed a higher hemoglobin (Hb)
level than the placebo group during 16 weeks (Supplemental Figure S5A). At week 16, the
policosanol group showed a 2.2% lower HbA1c level (p = 0.004) than the placebo group, as
shown in Table 1 and Supplemental Figure S5B. During the 16 weeks, repeated measures
ANOVA of HbA1c showed that the policosanol group showed a significant difference
(p = 0.010) from the placebo group in point of time and group interaction, as shown in
Table 1. These results suggest that policosanol consumption inhibited glycation in blood
proteins, particularly hemoglobin, in a time-dependent manner at week 16 after four weeks
of consumption. These decreases in glycated hemoglobin were closely associated with
the decrease in SBP (r = 0.197, p = 0.161) by policosanol consumption, but the mechanism
is unclear.

As shown in Supplemental Table S5, the placebo group and policosanol group showed
normal levels of total protein and albumin in the blood, around 7.0–7.1 g/dL and 4.3–4.4 g/dL,
respectively, without any difference between the groups during the 16 weeks. Lactate
dehydrogenase (LDH) and creatinine showed normal ranges around 155–168 mg/dL and
0.71–0.77 mg/dL, respectively, in both groups without any difference between the groups.
The acute inflammatory parameter, hsCRP, was no different between the groups within
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the normal range around 0.03–0.22 mg/dL during the 16 weeks, suggesting that there
were no remarkable infections or autoimmune inflammatory responses such as rheumatoid
arthritis. Overall, these results suggest that policosanol consumption did not impair protein
synthesis and nutritional metabolism in liver and kidney functions.

4. Discussion

Patients with dyslipidemia are frequently associated with nonalcoholic fatty liver
disease (NAFLD) accompanied by impairment of hepatic functions: elevation of hepatic
parameters including AST, ALT, ALP, and γ-GTP [29,30]. Therefore, lowering the hepatic
parameters has been recognized as a potent efficacy of nutraceuticals to protect against
liver damage in NAFLD [31]. The blood biomarkers level of liver health should be checked
regularly to diagnose the progression of liver damage or diseases, such as fatty liver
disease, hepatitis, and cirrhosis, particularly in middle-aged populations. Globally, NAFLD
and metabolic syndrome have increased rapidly [32], particularly due to the westernized
transition, and are more prevalent in middle-aged populations (45–65 years old) to exhibit
hypertension, dyslipidemia (low HDL-C and high triglyceride), diabetes, and chronic
kidney disease to impair the quality of life [33]. More importantly, improving the serum
lipid profile by increasing HDL-C and decreasing the TG and glucose levels in middle-aged
adults was associated with an enhancement of cognition and lower Alzheimer’s disease
risk [34].

In the middle-aged Japanese participants, the consumption of Cuban policosanol
lowered blood pressure and glycated hemoglobin by raising HDL-C with an improvement
in the HDL quality and functionality [25]. The current results also revealed the policosanol
group to have a 2.2% lower HbA1c level than the placebo group during the 16 weeks in
point of group and time interaction (p ‡ = 0.010), and a 2.2% decrease in HbA1c from baseline
(Supplemental Figure S5 and Supplemental Tables S1 and S4). Glycated hemoglobin is
a risk factor for cardiovascular diseases, all-cause mortality [35], and hypertension [36].
Therefore, lowering HbA1c by policosanol consumption might help alleviate cardiovascular
mortality because HbA1c is a reliable risk factor for all-cause mortality and cardiovascular
mortality in nondiabetic and diabetic populations [37]. Indeed, in vitro tests and human
clinical studies showed that Cuban policosanol exhibited potent anti-glycation activity
against fructation [22–24] and less glycation extent of apoA-I in HDL [21] and apo-B in
LDL/VLDL [25]. A comparison study with various origins of policosanol showed that
Cuban policosanol inhibited glycation by protecting apoA-I from proteolytic degradation.
In contrast, three Chinese policosanols did not inhibit fructose-mediated glycation [24].
The in vitro anti-glycation activities of Cuban policosanol agreed with in vivo protection of
apoA-I with less multimerization of apoA-I from human studies with Korean [20,21] and
Japanese participants [25].

Although a few of results look similar and overlap with the preceding report [25],
however, there are many different points between the preceding paper and current paper.
In the previous paper, change in blood pressure, glycated hemoglobin, AST, ALT, and
γ-GTP were reported via analysis of covariance between week 0 and week 12 without data
from repeated measures ANOVA of a 4 week interval. The preceding paper [25] focused
mainly on improvement of lipid profile, lipoprotein properties, HDL and LDL quality, and
HDL functionality.

The current study is very different from the preceding paper [25] in terms of its longer
analysis period and different parameters of repeated measures ANOVA. In the current
study, 16 weeks of total data were analyzed by repeated measures ANOVA with blood
pressure, glycated hemoglobin, liver function, and kidney function parameters. However,
the preceding paper [25] showed total 12-week data, which was analyzed by ANCOVA
with the independent variables as baseline (week 0) and treatment (week 12) in each group.

Many efficacy studies with functional foods have focused only on the lowering effects
of AST and ALT and γ-GTP, without comparing ALP, glycated hemoglobin, and kidney
function parameters, such as blood urea nitrogen (BUN) and uric acid. ALP is a diagnostic
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marker of cholestatic hepatitis and hepatic fibrosis in patients with nonalcoholic steato-
hepatitis [37] and an independent predictor for hepatic disease-related death [38]. BUN is
elevated in patients with nonalcoholic fatty liver disease [39] and is positively associated
with the elevation of HbA1c in the older population [40]. In addition to protecting against
liver function, enhancing kidney function and blood pressure is more desirable to prevent
NAFLD and metabolic syndrome in middle-aged populations.

High serum ALT and AST were associated with a high risk of hypertension and
increased BP in young Chinese populations [41]. A clinical study with Korean subjects
suggested that AST, ALT, and γ-GTP were positively associated with SBP and DBP from
correlation analysis of the liver enzyme and cardiovascular factors [42]. As shown in
Supplemental Figures S1 and S4 a decrease in AST, ALT, and AST/ALT ratio all correlate
well with a decrease in BP in the policosanol group. Interestingly, among four liver enzymes
(AST, ALT, γ-GTP, and ALP), only ALT was negatively associated with the serum apoA-I
level (r = −0.028, p = 0.010) and HDL-C (r = −0.224, p < 0.001) and positively associated
with the apo-B level (r = 0.114, p = 0.022) and SBP (r = 0.148, p = 0.002) from the clinical
observations [42]. A recent randomized and double-blinded clinical study with Japanese
participants also showed that 12 weeks of policosanol consumption resulted in an increase
in apoA-I, a decrease in ALT, and a decrease in SBP [25]. Overall, these reports strongly
suggest that enhancing the HDL quantity and quality were related to protecting against
liver function and preventing hypertension.

The current results agree well with previous reports, which showed the hepatopro-
tective activity of policosanol with antioxidant activity. Policosanol (25 and 100 mg/kg)
protected against acute liver injury, carbon tetrachloride (CCl4)-induced hepatic injury
in rats, and a model of hepatotoxicity in which the process of lipid peroxidation [43].
Oral supplementation (100 mg/kg) of policosanol alleviates CCl4-induced liver fibrosis by
lowering AST, ALT, ALP, and γ-GTP [41]. The hepatoprotection activity was also linked
with the reduction of serum levels of interleukin (IL-6), tumor necrosis factor (TNF-α),
and malondialdehyde (MDA) [44]. Without fatty liver change, interestingly, serum AST
and ALT were decreased significantly by policosanol supplementation for eight weeks in
hyperlipidemic zebrafish [45]. In spontaneously hypertensive rats (SHR), eight weeks of
feeding the policosanol resulted in a remarkable lowering of the BP with a lowering of the
serum CRP [46]. The zebrafish and SHR also significantly decreased fatty streak lesions,
inflammatory cell infiltration, and reactive oxygen species [45,46]. These ameliorations
of the fatty liver changes agreed with another report that showed policosanol alleviated
hepatic lipid accumulation in mice models by regulating bile acids metabolism [47]. In
the same context, policosanol attenuated cholesterol synthesis via AMP-activated protein
kinase (AMPK) in hepatoma cells [48] and hypercholesterolemic rats [49]. Overall, the
policosanol consumption ameliorated the fatty liver change and lowered the AST and ALT
levels in human and various animal models.

A new therapeutic agent with identified active ingredients was developed to protect
against liver and kidney damage with a relatively lower dosage (<20–100 mg/day) without
adverse effects. On the other hand, the almost registered ingredients of functional foods in
MFDS of Korea have a higher dosage (e.g., 3150 mg/day of Rubus coreanus Extract) and
many unknown and unidentified ingredients, which can help induce HILI and DILI [50,51].
Moreover, heavy metal contamination of registered herbal supplements and synthetic drugs
as common adulterants in herbal products are frequently associated with high morbidity
and mortality from HILI [52,53].

As far as we know, this paper is the first report to show that short-term (12 week)
consumption of 20 mg of policosanol resulted in improved liver functions and kidney
functions simultaneously by lowering the serum AST, ALT, γ-GTP, ALP, HbA1c, BUN,
and SBP in a time- and group-dependent manner. These enhancements can explain why
policosanol supplementation ameliorated fatty liver change, inhibited the inflammatory
response and ROS production in hepatic tissue, and lowered BP in animal and human
studies, as reported previously [21–25].
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In conclusion, 12 weeks of 20 mg consumption of policosanol (Raydel®) protected
liver function and enhanced kidney functions, and improved blood pressure (SBP) from
randomized, placebo-controlled, and double-blinded trials with healthy Japanese participants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life13061319/s1, Figure S1. Graphical expression of change in
the parameters in hepatic function, serum AST (A), and ALT (B), during the 16 weeks between
the policosanol and placebo group. AST, Aspartate transaminase; ALT, Alanine aminotransferase.
*, p < 0.05 versus placebo; **, p < 0.01 versus placebo; ***, p < 0.001 versus placebo from the analysis of
covariance (ANCOVA) model with the independent variable as the baseline and treatment. p ‡ value
in blue font indicates the significance of time and group interaction during 16 weeks from repeated
measurement ANOVA. Figure S2. Graphical expression of change in the parameters in hepatic
function, serum γ-GTP (A) and ALP (B), during the 16 weeks between the policosanol and placebo
group. γ-GTP, Gamma-glutamyl transferase; ALP, Alkaline phosphatase. *, p < 0.05 versus placebo
from the analysis of covariance (ANCOVA) model with the independent variable as the baseline
and treatment. p ‡ value in blue font indicates the significance of time and group interaction during
16 weeks from repeated measurement ANOVA. Figure S3. Graphical expression of change in the
parameters of the kidney functions, blood urea nitrogen (A), and uric acid (B), during the 16 weeks
between the policosanol and placebo group. BUN, blood urea nitrogen. *, p < 0.05 versus placebo;
**, p < 0.01 versus placebo from the analysis of covariance (ANCOVA) model with the independent
variable as the baseline and treatment. p ‡ value in blue font indicates the significance of time
and group interaction during 16 weeks from repeated measurement ANOVA. Figure S4. Graphical
expression of change in the hepatic parameters, ALT/AST ratio, (A) and SBP (B) during the 16
weeks between the policosanol and placebo group. *, p < 0.05 versus placebo; **, p < 0.01 versus
placebo; ***, p < 0.001 versus placebo from the analysis of covariance (ANCOVA) model with the
independent variable as the baseline and treatment. p ‡ value in blue font indicates the significance
of time and group interaction during 16 weeks from repeated measurement ANOVA. Figure S5.
Graphical expression of change in the blood hemoglobin (A) and glycated hemoglobin (B) contents
during the 16 weeks between the policosanol and placebo groups. Hb, hemoglobin; HbA1c, glycated
hemoglobin. *, p < 0.05 versus the placebo from the analysis of covariance (ANCOVA) model with the
independent variable as the baseline and treatment. p ‡ value in blue font indicates the significance
of the time and group interaction during 16 weeks from repeated measurement ANOVA. Table S1.
Comparison of baseline (week 0) data between placebo and policosanol 20 mg group ¶. Table S2.
Parameters for kidney function test. Table S3. Change in the blood pressure and anthropological
data between placebo group and policosanol (PCO) group during 16 weeks ¶. Table S4. Changes
in the hematologic data in blood between placebo group and policosanol (PCO) group during 16
weeks ¶. Table S5. Serum proteins, glucose, and inflammatory parameters between placebo group
and policosanol (PCO) group during 16 weeks ¶.
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