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Plant-Derived Natural Products and Their Biomedical
Properties: Recent Advances and Future Directions

Charalampia Amerikanou 1 and Efstathia Papada 2,*

1 Department of Nutrition and Dietetics, School of Health Science and Education, Harokopio University,
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2 Division of Medicine, University College London, London WC1E 6JF, UK
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Nature has always been a source of inspiration and innovation to humanity. Through-
out history, plants have provided us with not only sustenance but also a vast array of
medicines, materials, and resources. In recent decades, there has been intense research
interest in harnessing the biomedical potential of plant-derived natural products. To this
end, the evolution of several methods for the extraction, isolation, and chemical characteri-
zation of plant-derived natural products has substantially contributed to the identification
of their potential therapeutic properties. In this Special Issue, we explore recent advances
in plant-derived natural products and their biomedical properties via intriguing in vitro
and in vivo research articles and literature reviews.

Recently, Lantzouraki et al. showed that the extracts of two Artemisia species, Artemisia
arborescens and Artemisia inculta Delile, from the Greek island of Crete exhibit an interesting
profile of secondary metabolites [1]. More specifically, a high phenolic and terpenoid
content and safe metal levels were reported in the aqueous–glycerolic extract of these
two species. Furthermore, this extract offered a higher antioxidant potential compared
to decoctions and methanolic extracts, suggesting its potential use not only in the food
industry but also for dermocosmetic and pharmacological applications, given that glyc-
erol increases the transdermal delivery of active substances [1]. On a similar note, the
chemical compositions of different extracts of another Mediterranean plant have been
evaluated. Ouahabi et al. determined the fatty acid content in the n-hexane extract and
the phenolic content in the methanolic extract of the leaves of Moroccan Pistacia lentiscus
(mastic tree), with the main component being linoleic acid in the first case and catechin
in the second [2]. The extracts also exhibited significant antioxidant, antimicrobial, and
antifungal activity, with in silico analyses revealing some interesting interactions between
the identified components of the extracts and specific enzymes. An example interaction is
between catechin and enoyl-acyl carrier protein reductase (FabI), a native E. coli enzyme,
with potential inhibitory activity, supporting the potential use of mastic tree and its extracts
in drug development [2]. Euonymus laxiflorus Champ. (ELC), a Vietnamese medicinal
plant already known for its antioxidant and antidiabetic activity, has been investigated
for its anti-acetylcholinesterase effect, an important mechanism for the management of
Alzheimer’s disease [3]. Interestingly, the ELC trunk bark extract featured a high phenolic
and flavonoid content, and its in vitro anti-acetylcholinesterase activity was comparable to
that of berberine chloride, a known acetylcholinesterase inhibitor. The compounds with
the highest concentration included chlorogenic acid, epigallocatechin gallate, epicatechin,
apigetrin, and quercetin, while docking-based simulations revealed their potential drug
properties due to their significant binding energy to acetylcholinesterase [3].

Several animal studies have also emerged regarding the exploitation of the biomedical
properties of plant-derived natural products. Recently, a rat model of diet-induced obesity
was used to explore the effect of alcoholic and aqueous extracts of Jatropha tanjorensis (JT)
and Fraxinus micrantha (FM) leaves on parameters related to metabolic syndrome [4]. A
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reduction in weight gain, food intake, serum glucose, and lipid profile was observed in rats
treated with the extracts compared to the control high-fat-fed rats. Interestingly, the levels
of antioxidant enzymes increased significantly after treatment with JT extract and showed
similar levels to those achieved after treatment with orlistat, a common medicine used in
obesity management [4]. Another study on rats investigated the gastroprotective effects of
Eurycoma longifolia Jack (ELJ), a popular traditional herbal medicine of Southeast Asia [5].
The oral administration of a high dose of ELJ (1200 mg/kg) in carrageenan-induced rat
paw edema showed a similar anti-antinociceptive and anti-inflammatory activity to aspirin
(300 mg/kg) and reduced the rectal temperature of yeast-infected rats, suggesting central
antipyretic effects. Finally, in the same animal model, treated with acidified ethanol for the
development of gastric ulcers, different ELJ extract doses prevented gastric ulcer formation,
demonstrating its gastroprotective properties [5].

Ocimum sanctum (Tulsi) is a well-known medicinal herb, commonly used in the
Ayurvedic system for anxiety, cough, diarrhea, fever, vomiting, and other ailments [6].
Yadav et al. explored whether its extract administration to mice with a photothrombotic-
ischemic-stroke-like injury could show an effect on their brain and the lipidomic profile of
the brain and plasma. Untargeted lipidomic profiling with the Q-Exactive Mass Spectrome-
ter revealed 77 upregulated and 33 downregulated lipid species in the brains of untreated
lesioned mice compared to those treated with Tulsi. The most interesting finding was the
increased presence of lysophosphatidylcholine (LPC) (16:1) in the brain of Tulsi-treated
mice. This lysophospholipid is a major component of membranes, which implicates it in
immune regulation after cerebral ischemia in rats, and it has also been found in Tulsi ex-
tract, suggesting a neuroprotective effect [6]. Another study evaluated the anticarcinogenic
effects of hesperetin (HES), a naturally occurring flavone in Citrus aurantium L. (Rutaceae)
fruit peel, alone and in combination with capecitabine (CAP), a chemotherapeutic drug, on
1,2 dimethylhydrazine (DMH)-induced colon carcinogenesis in Wistar rats [7]. The results
showed that treatment with HES and/or CAP prevented histological cancerous changes in
combination with a decrease in colon-Ki67 expression and serum carcinoembryonic antigen.
Additionally, treatments with HES and/or CAP induced a significant reduction in serum
lipid peroxides, and an increase in serum reduced glutathione, as well as the enhancement
of colon-tissue superoxide dismutase, glutathione reductase, and glutathione-S-transferase
activities. Interestingly, an increase in the mRNA expression of the anti-inflammatory IL-4,
as well as the proapoptotic protein p53, in the colon tissues of the DMH-administered rats
treated with HES and/or CAP was reported [7].

The therapeutic effects of aqueous extract (BCAE) and ethanolic extract (BCEE) ob-
tained from the aerial parts of Brocchia cinerea (Delile) were evaluated by Agour and
colleagues [8]. Firstly, the total polyphenol content (TPC), total flavonoid content (TF),
and condensed tannin content (CT) were determined, and the results showed that BCEE
had the highest content of polyphenols, flavonoids, and tannins. In vitro, DPPH, FRAP,
and TAC were used to evaluate antioxidant efficacy, and BCEE demonstrated a strong
antiradical activity against DPPH and a medium iron-reducing potential, while BCAE
inhibited the growth of the antibiotic-resistant bacterium P. aeruginosa. The analgesic
power was evaluated in vivo using the abdominal contortion model in mice, and the
anti-inflammatory activity was assessed via the carrageenan-induced edema model in
rats, while wound healing was evaluated in an experimental second-degree-burn model.
BCAE exhibited significant pharmacological effects and analgesic efficacy and also con-
tributed to the re-epithelialization of wounds [8]. Salamatullah investigated the chemical
composition, as well as the antioxidant, anti-inflammatory, and analgesic properties, of
a polyphenol-rich fraction from Withania adpressa Coss. ex Batt [9]. High-performance
liquid chromatography (HPLC) was applied and revealed bioactive phenols including
epicatechin, apigenin, luteolin, quercetin, caffeic acid, p-coumaric acid, and rosmarinic
acid. This fraction showed anti-free-radical potency and a good total antioxidant capacity.
In a rat model, the polyphenol-rich fraction strongly alleviated the inflammatory effect of
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carrageenan injected into the plantar fascia of rats and showed a good analgesic effect after
heat stimulation.

Apart from the new research in vitro, and in vivo in animal models, several researchers
around the world have attempted, through literature reviews, to gather and critically
evaluate the current evidence on the biomedical properties of various plant-derived natural
compounds. A recent review evaluated plagiochilins, a series of seco-aromadendrane-type
sesquiterpenes isolated from leafy liverworts of the genus Plagiochila [10]. Currently, a
total of 24 plagiochilins and many derivatives have been isolated and characterized, but
there are limited studies on their pharmacological properties. Interestingly, plagiochilins A
and C have demonstrated notable antiproliferative activity against cultured cancer cells
by inhibiting the termination phase of cytokinesis. However, these compounds should be
further evaluated for their antiproliferative potential [10]. Another recent review compiled
the evidence regarding the biomedical properties of mogrol, a triterpene found in the
fruits of the traditional Chinese medicinal plant Siraitia grosvenorii, and also highlighted
the current research gaps and pointed out directions for future work [11]. Research has
shown that mogrol could act as a therapeutic candidate with multiple pharmacological
properties, including, but not limited to, neuroprotective, anticancer, anti-inflammatory,
and antidiabetic effects. Although the molecular mechanisms behind these activities might
involve several important targets, including AMPK, TNF-α, and NF-κB, there is still a gap
in the literature concerning the exact mechanisms and targets [11].

Juglans regia Linn., a tree accounting for around 88% of the total walnut production glob-
ally, has been evaluated for the phytochemical content of its various components, including
the bark, leaves, and fruit. Bhat and colleagues reviewed the scientific literature on the antimi-
crobial, antioxidant, antifungal, and anticancer properties of various compounds isolated from
different solvents and different parts of J. regia and suggested that synthetic analogues and
various extracts should be further assessed in a concentration-dependent manner to increase
our understanding of these promising properties [12]. Last but not least, Davila and Papada
critically evaluate the relevant evidence around the use of plant-derived natural products in
the management of inflammatory bowel disease, with a specific focus on the clinical evidence
so far for curcumin, Mastiha, Boswellia serrata, and Artemisia absinthium. As the results from
human trials with relatively small sample sizes are very limited, the authors highlight the
need to prioritize clinical trials focusing on phytochemical bioavailability, optimal doses, and
safety data, which are essential for the inclusion of plant-derived natural compounds in the
management pathways of chronic inflammatory conditions [13].

In conclusion, the research findings in this Special Issue, summarized above, shed
further light on our knowledge and understanding of the effects of various plant-derived
natural compounds on health and disease. In order for these compounds to be considered
for use in established therapeutic regimes for chronic and acute pathological conditions, it
is crucial to gain further insights into their exact mechanisms of action, interactions with
drugs and nutrients, dosages, and safety considerations.

Author Contributions: Conceptualization, E.P.; Writing—original draft preparation, C.A. and E.P.;
Writing—review and editing, C.A. and E.P. All authors have read and agreed to the published version
of the manuscript.
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Abstract: Background: Currently, the use of medicinal plants has increased. Artemisia species have
been used in several applications, including medicinal use and uses in cosmetics, foods and beverages.
Artemisia arborescens L. and Artemisia inculta are part of the Mediterranean diet in the form of aqueous
infusions. Herein, we aimed to compare the secondary metabolites of the decoctions and two
different extracts (methanolic and aqueous-glycerolic) of these two species, as well as their antioxidant
capacity and trace metal levels. Methods: Total phenolic, total flavonoid, total terpenes, total
hydroxycinnamate, total flavonol, total anthocyanin contents and antioxidant/antiradical activity
were determined, and GC/MS analysis was applied to identify and quantify phenolics and terpenoids.
Trace metals were quantified with ICP-MS. Results: Aqueous-glycerolic extracts demonstrated higher
levels of total secondary metabolites, greater antioxidant potential and higher terpenoid levels than
decoctions and methanolic extracts. Subsequently, the aqueous-glycerolic extract of a particularly
high phenolic content was further analyzed applying targeted LC-MS/MS as the most appropriate
analytic tool for the determination of the phenolic profile. Overall, twenty-two metabolites were
identified. The potential contribution of infusions consumption to metal intake was additionally
evaluated, and did not exceed the recommended daily intake. Conclusions: Our results support the
use of these two species in several food, cosmetic or pharmaceutical applications.

Keywords: Artemisia arborescens; Artemisia inculta; phenolic compounds; terpenes; trace metals;
antioxidant capacity

1. Introduction

To meet their treatment needs, nowadays most people rely on traditional herbs, and
60% of medicines in pharmacies are derived from medicinal plants [1]. The use of medicinal
plants and their associated formulations is becoming more common throughout the world
due to the fact that they are available, safe, effective and the subject of valuable traditional
knowledge that can be used to prevent and treat a variety of diseases [2–4]. On the other
hand, several high-priced medications that are routinely used have unpredictable and
serious side effects. Thus, as a consequence of the increasing demand for new therapeutic
strategies worldwide, it is crucial to investigate botanical plants in terms of their potential
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for safe treatments methods. For example, it has been established that bioactive phyto-
chemical compounds detected in several botanic species could be used to prevent and treat
diseases linked with oxidative stress, such as diabetes, cardiovascular diseases, different
forms of cancer, rheumatoid arthritis or Alzheimer’s disease [5].

Artemisia is a plant genus of the Asteraceae family with hundreds of species, mainly
found in the drier climates of the Northern Hemisphere, with several culinary, beverage,
aromatic and industrial uses [6]. For instance, on the island of Crete, Greece, Artemisia
arborescens L. or Arboreus absinth and Artemisia inculta Delile constitute part of the Mediter-
ranean diet in the form of aqueous infusions. Artemisia species are of great importance
in traditional medicine, mentioned even in ancient sources for the treatment of fever,
dysentery and hemorrhoids, as an antispasmodic or for calming of children [7]. In re-
cent years, Artemisia species have attracted considerable research interest because of their
chemical composition and biological activities [8]. The 2015 Nobel Prize in Physiology or
Medicine was awarded to Professor Youyou Tu for her key contribution to the discovery
of artemisinin, a new class of antimalarial drugs that have saved millions of lives and
represents one of the significant contributions of China to global health. Different classes
of secondary metabolites have been detected among the 260 Artemisia species, including
lignans, sesquiterpenoids, flavonoids, coumarins, glycosides, caffeoylquinic acids, sterols
and polyacetylenes [9,10]. Additionally, different species of Artemisia exhibit neuropro-
tective, antidepressant, cytotoxic, digestive and antimicrobial activities [11–14] as well as
nephroprotective [15] or hepatoprotective [16] properties. Added to the above, the use
of Artemisia species in cosmetic products has increased significantly, mostly due to their
antibacterial or antioxidant properties [11].

The aforementioned significant health benefits of Artemisia species promote an increase
in the consumption, and several other uses, of this plant. However, particular attention
should be paid to the metal content of the plant material used, since certain metals’ gradual
accumulation in vital organs, combined with their incomplete excretion from the human
organism, poses a serious health risk [17,18]. Among the metals most frequently examined
in the literature, also studied here were Co, Fe, Mn and Zn, representing essential nutrients;
Cr, Cu and Ni, which are essential, albeit exerting toxicity only at elevated concentrations;
and Cd and Pb, being exclusively toxic with no beneficial properties even at low levels.

The research of Artemisia species from the island of Crete, Greece, the southernmost
point of Europe, is limited. To the best of our knowledge, this is the first study that evaluates
the main phytochemical compounds of A. arborescens and A. inculta from Crete following
different extraction methodologies, as well as their antioxidant activities and trace metals.
Additionally, another novelty lies in the proposed aqueous-glycerolic method as it yields
products with high secondary metabolite contents, antioxidant capacity and acceptable
levels of trace elements in terms of toxicity.

2. Materials and Methods

2.1. Chemicals, Standards and Solvents

Ferric chloride hexahydrate (FeCl3 6H2O) of analytical grade was supplied from Acros
Organics (Morris Plains, NJ, USA), and aluminum chloride (AlCl3) from Fisher Scien-
tific (Princeton, NJ, USA). Gallic acid, Folin–Ciocalteu’s phenol reagent, rutin (quercetin
3-O-rutinoside), ascorbic acid, 2,2′-diphenyl-1-picrylhydrazyl (DPPH•) free radical, p-
(dimethylamino)-cinnamaldehyde (DMAC), (+)-catechin, Trolox 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid and 2,4,6-tripyridyl-s-triazine (TPTZ) were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA). Standard phenolic compounds—
namely, 3,4,5-trihydroxybenzoic acid, trans-4-hydroxycinnamic acid, 3,4-dihydroxycinnamic
acid, vanillin and quercetin—were purchased from Alfa Aesar (Karlsruhe, Germany),
while (±)-naringenin and (±)-catechin were obtained from Sigma-Aldrich (Steinheim,
Germany). Cinnamic acid, 4-hydroxybenzoic acid, nitric acid 65% supra pure and hydro-
gen peroxide 30% supra pure were purchased from Merck KGaA (Darmstadt, Germany),
2,6-di-tert-butyl-4-methylphenol was purchased from Acros Organics (Geel, Belgium) and
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2-(4-hydroxyphenyl) ethanol was purchased from Fluka Analytical (Merck KGaA, Darm-
stadt, Germany). All solvents used were of GC, HPLC or MS grade and were purchased
from Sigma Aldrich Co. (Gillingham, UK), Fisher Chemical (Loughborough, UK) and
Merck KGaA (Darmstadt, Germany). Glycerol purchased from Oleon Corporate M&S
(Ertvelde, Belgium) and used for extractions was 99 % pure. Formic acid of MS grade was
purchased from LGC Standards (Wesel, Germany).

2.2. Sampling and Preparation

The plant material used in this study consisted of the aerial parts of A. inculta Delile
and A. arborescens, which were provided by the Mediterranean Plant Conservation Unit, The
Mediterranean Agronomic Institute of Chania (M.A.I.Ch., Chania, Crete, Greece), where
voucher specimens were deposited (A. inculta: 9493 MAIC; A. arborescens: 9504 MAIC). The
aerial parts, composed of foliage and stems, of A. arborescens and A. inculta were collected
from the Almyrida area (Apokoronas region of Chania regional unit, Crete, Greece) and
the island of Gavdos (regional unit of Chania, Crete, Greece), respectively. In particular, the
different samples from the experts of M.A.I.Ch. were collected from fully grown shrubs
during in October 2014 and October 2015 (mean values of temperature and daily rainfall in
Almyrida area were 19.9 ◦C, 4.23 mm and 20.8 ◦C, 3.30 mm in October 2014 and October
2015, respectively; the corresponding data for Gavdos island were 16.0 ◦C, 2.56 mm in
October 2014 and 16.3 ◦C, 3.11 mm in October 2015).

Stems of plant samples were discarded, while flowering tops and leaves were carefully
washed in cold distilled water, drained and left to dry at room temperature in a dry dark
chamber for 7 days. Dried samples were grounded to a fine powder in a mechanical grinder
and stored in the dark at 4 ◦C until their further use within 4 months post-collection.

2.3. Preparation of Samples

Each sample of A. arborescens and A. inculta obtained from the two samplings was
homogenized separately. Methodologies followed for the preparation of herbal decoctions
or methanolic and aqueous-glycerolic extracts were identical for the two species, while
each procedure was carried out in triplicate. All Artemisia samples prepared as indicated
below were stored at −80 ◦C in darkness until analysis.

2.3.1. Decoctions

Decoctions were prepared by adding 3 g of dried herb to 200 mL [1:67 (w/v) material
to solvent ratio] of bottled natural mineral water in a glass (Pyrex) boiling pot. The mixture
was placed on a preheated heating plate, left at boiling temperature for 3 min, then at
room temperature for 2 min, and finally filtered by a Buchner funnel under vacuum. An
appropriate amount of water was added to maintain the final volume of 200 mL. Decoctions
were freeze-dried for 120 h in a Cryodos freeze dryer (Telstar Industrial, Barcelona, Spain)
and the dry residue was weighed. Furthermore, the residue of total salts per volume of the
mineral water used was determined after freeze-drying for the correction of extractable
yield values. Freeze-dried decoctions were stored at −80 ◦C in darkness and appropriately
diluted prior to analysis (3 g dry residue of decoction per 200 mL distilled water).

2.3.2. Herbal Extracts

For the methanolic extracts, a classical extraction procedure was performed with a
1:100 (w/v) material to solvent ratio as follows. Approximately 0.5 g of dried herb was
macerated in 50 mL of methanol, and the mixture was left in darkness under constant
stirring at room temperature for 24 h. The crude extracts were then centrifuged at 3600 rpm
for 10 min, and the supernatants were collected and evaporated to dryness using a rotary
evaporator at 40 ◦C. Each dry residue was separately redissolved in 10 mL of methanol and
the solvent was evaporated to dryness once more using a centrifugal concentrator (Speed
Vac, Labconco Corporation, Kansas City, MO, USA) at 40 ◦C. Finally, the dried extracts
were redissolved in 2 mL of methanol using an ultrasonic bath. The concentrated samples
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were preserved in the dark at −80 ◦C and diluted to a final concentration of 1 g of extract
dry residue per 100 mL of methanol for further analysis.

The glycerol–water extracts were prepared as described by Shehata et al. [19] with
minor modifications. One (1) gram of dried plant sample was mixed with 125 mL of
glycerol–water 9:1 (w/v) mixture, and the extraction took place on a magnetic stirrer hot
plate at 80 (±1) ◦C, under continuous stirring for 160 min. The extracts were then cooled in
a water bath at room temperature, centrifuged at 3500 rpm for 30 min, and the supernatants
were collected for further analysis.

2.4. Determination of Total Phenolic Content

Total phenolic content (TPC) of each sample preparation was determined by applying
a micro method of Folin–Ciocalteu’s colorimetric assay, based on the procedure described
by Karakashov et al. [20]. Briefly, in a 1.5 mL tube, 20 μL of sample, standard solution
or blank was added to 780 μL of distilled water and 50 μL of Folin–Ciocalteu reagent,
mixed thoroughly and then allowed to stand for 1 min. Subsequently, 150 μL of saturated
(20% w/v) aqueous sodium carbonate solution was added, and the mixture was vortexed
and allowed to stand at room temperature in darkness for 60 min. The samples were
transferred to a 96-well plate, and the absorbance was measured at 750 nm using an ELISA
microplate reader (Power Wave XS2, Microplate Spectrophotometer, BioTekInstruments,
Winooski, VT, USA). The TPC was expressed as mg of caffeic acid equivalents (CAE) per
gram of dried Artemisia sp. using a standard curve within a range of 40–1000 mg·L−1 caffeic
acid in assay solution (y = 0.0007x − 0.0129, R2 = 0.998).

2.5. Determination of Total Flavonoid Content (TFC)

For estimating the total flavonoid content (TFC) of decoctions or extract samples of
the two Artemisia species, a previously published protocol was applied with some mod-
ifications [21]. In detail, an aliquot of 25 μL of sample was mixed with 30 μL of sodium
nitrite (NaNO2) aqueous solution 5 % (w/v), and the derived solution was incubated in
300 μL of ethanol–water 1:1 (v/v) for 5 min at room temperature. Afterwards, 150 μL
of aluminum chloride hexahydrate solution (AlCl3·6H2O) 2% (w/v) in water was added
and allowed to stand at room temperature for 5 min. After the addition of 200 μL of
sodium hydroxide (NaOH) 1 M aqueous solution, the mixture was adjusted to a final
volume of 1 mL with ethanol–water 1:1 (v/v). The absorbance was measured at 510 nm
using a 96-well plate and an ELISA microplate reader, while the total flavonoid con-
centration was expressed as mg catechin equivalents (CE) per gram of dried Artemisia
species. The range of the concentrations for catechin was 20–1000 mg·L−1 in assay solution
(y = 0.0003x + 0.0048, R2 = 0.998).

2.6. Determination of Phenolic Classes

The methodology employed by Galanakis et al. [22] was performed to determine
different phenolic classes in the extracts and decoctions of Artemisia sp., namely, hydrox-
ycinnamates, flavonols and anthocyanins. In short, 1 mL of each sample and 1 mL of
aqueous ethanol (95% v/v) containing 0.1% (v/v) hydrochloric acid were mixed to a final
volume of 10 mL with 2% (v/v) hydrochloric acid. The absorbance of the mixture was
measured at 320, 360 and 520 nm to determine total hydroxycinnamate content (THCC) as
mg of caffeic acid equivalents (CAE) per gram of dried Artemisia sp., total flavonol content
(TFnolC) as mg of quercetin equivalents (QE) per gram of dried plant and total anthocyanin
content (TAC) as μg of cyanidin equivalents (CNE) per gram of dried plant, respectively.
Concentration ranges and equations of the corresponding standard curves of the above-
mentioned determinations were as follows: caffeic acid, 5–20 mg·L−1 of assay solution,
y = 0.0686x − 0.0100 (R2 = 0.998); quercetin, 5–20 mg·L−1 of assay solution,
y = 0.0444x − 0.0290 (R2 = 0.999); cyanidin chloride, 40–300 μg·L−1 of assay solution,
y = 0.0009x − 0.0153 (R2 = 0.990).
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2.7. Determination of Total Terpenes

A colorimetric assay method based on Fan and He [23] was used to estimate the
content of total terpenic compounds (TTC). For each sample preparation, 200 μL were
evaporated to dryness in a boiling water bath. The dry residue was re-diluted with 0.3 mL
(5% w/v) vanillin in glacial acetic acid and 1 mL of perchloric acid solution. The mixture
was heated for 45 min at 60 ◦C and then cooled in an ice-water bath to ambient temperature.
The absorbance of assay solutions was measured at 548 nm following the addition of
5 mL glacial acetic acid. Ursolic acid was used as the standard compound within a range of
3–30 mg·L−1 of the assay solution (y = 0.0298x − 0.0664, R2 = 0.988). The TTC of extracts
and decoctions was expressed as mg of ursolic acid equivalents (UAE) per gram of dried
Artemisia plant.

2.8. Assessment of Antioxidant Activity

The antioxidant activity was assessed by measuring the radical-scavenging activity
and reducing antioxidant potential of Artemisia decoctions and extracts.

The antiradical power of tested Artemisia preparations was assessed as described in
a previous study [24]. The DPPH assay provides an evaluation of the samples’ potency
to scavenge the 2,2′-diphenyl-1-picrylhydrazyl free radical, which was depicted as the
concentration of Trolox equivalents (TE) per gram of dry herb, using a standard curve
ranging from 0.050 to 1.2 mM of Trolox (y = 0.31504x + 0.00161, R2 = 0.993). The absorbance
was recorded at 515 nm twice, i.e., at 5 and 30 min, where the absorbance was stabilized at
a minimum value.

The antioxidant power of Artemisia decoctions and extracts was evaluated based on
the reduction of iron from ferric to ferrous form when being complexed with 2,4,6-tris(2-
pyridyl)-s-triazine (TPTZ). Ferric Reducing/Antioxidant Power (FRAP) assay was carried
out according to a previously published work [25]. For the construction of the standard
curve (y = 0.0.83601x + 0.04754, R2 = 0.999), 10–500 μM of standard solutions of L-ascorbic
acid were prepared. The absorbance for samples, blanks and standards was measured until
stabilization to a peak value at 620 nm, and the results were expressed as mg of L-ascorbic
acid equivalents (AAE) per gram of dry herb.

In addition, inhibition of copper-induced lipid oxidation in total serum solubilized
in phosphate buffer saline (PBS), using lag time as a criterion for antioxidative potency,
was evaluated as a more biologically relevant assay to assess the antioxidant activity of
the Artemisia samples. Venous blood was collected under sterile conditions from healthy
humans, and serum was obtained after centrifugation at 3000 rpm at 4 ◦C for 10 min directly
after collection. The study of the kinetics of copper-induced oxidation in 12-fold diluted
serum was performed by monitoring the absorbance of lipid oxidation products at 245 nm
using an ELISA reader (PowerWaveXS2, Microplate Spectrophotometer, BioTek, Winooski,
VT, USA). At time point 0, CuSO4 was added in the serum (20 μL) to a final concentration
of 10−5 M in PBS. Copper-induced oxidation of lipids in serum leads to the formation of
conjugated dienic hydroperoxides that absorb at 245 nm. The kinetics of oxidation was
analyzed in terms of the lag time prior to oxidation and was expressed in seconds.

2.9. GC/MS Analysis of Phenolic Compounds and Terpenoids

Gas chromatography/mass spectrometry (GC/MS) analysis of phenolic and terpenic
compounds was performed. An Agilent (Wallborn, Germany) HP series GC 6890N coupled
with a HP 5973 MS detector (EI, 70 eV), split–splitless injector and an HP 7683 autosampler
were used for the determination of phenolic and terpenic compounds of Artemisia decoc-
tions and methanolic or hydroglycerolic extracts. An aliquot (1 μL) of the silylated samples
was injected into the gas chromatograph at a split ratio of 1:20. Separations were achieved
on a HP-5 MS capillary column (30 m × 0.25 mm × 250 μm), employing high purity helium
at 0.6 mL/min as the carrier gas. The injector and transfer line temperatures were kept at
250 and 300 ◦C, respectively, and the oven temperature was kept initially at 70 ◦C for 5 min,
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then raised to 70–130 ◦C at 15 ◦C /min, then 130–160 ◦C at 4 ◦C/min, kept at 160 ◦C for
15 min and finally raised to 160–300 ◦C at 10 ◦C/min and kept at 300 ◦C for 15 min.

A selective ion monitoring (SIM) GC/MS method was applied for the detection of
17 phenolic compounds, 1 stilbene, 4 terpenic compounds and the internal standard based
on the ±0.05 RT presence of target and qualifier ions of commercial standard compounds
at the predetermined ratios. The target and qualifier ions used for the identification of
compounds under concern are presented in Table S1. Identification of chromatographic
peaks was made by comparing the retention times and ratios of two or three fragment ions
of each phenolic or terpenic compound with those of commercial reference standards [26].
Quantification was carried out by constructing reference curves for each compound, based
on a series of 9 standard mixtures of the phenolic and terpenic compounds containing the
same quantity of internal standard as that of samples. Serving as the internal standard was
3-(4-hydroxyphenyl)-1-propanol.

2.10. Targeted LC-MS/MS Profiling of Phenolic Compounds in Glycerolic Extracts

Liquid chromatography–mass spectrometry (LC-MS) was employed for further inves-
tigation of phenolic compounds in the aqueous-glycerolic extracts of Artemisia sp. samples,
as previously described [24,27]. HPLC-PDA-ESI-MS/MS paired with an in-house multiple
reaction monitoring (MRM) spectral library was employed. Phenolic compound separation
was carried out using a Thermo Scientific Surveyor Plus HPLC-PDA-ESI-MS/MS system
(San José, CA, USA). The platform comprises a Thermo Scientific Surveyor HPLC Pump
Plus, a Thermo Scientific Surveyor Autosampler Plus Lite and an LCQ FLEET mass spec-
trometer equipped with an Electrospray Ionization (ESI) Probe and an Ion Trap analyzer.
Data were processed using the Xcalibur software program (version 2.1).

Prior to LC-MS analysis, the extracts were diluted as 1:2 (v/v) with a mixture of
MeOH-H2O 7:3 (v/v). The chromatographic separation of phenolics was carried out using
a Finnigan Surveyor system and a Hypersil Gold Column (3 mm, 2.1 × 100 mm, Thermo,
Palo Alto, Santa Clara, CA, USA) protected with a security guard cartridge (Hypersil Gold,
3 mm, 10 × 2.1 mm i.d.). The gradient mobile phase consisted of solvent A [water—0.5%
(v/v) formic acid] and solvent B (acetonitrile). The flow rate was 0.3 mL·min–1 and the
injection volume was 5.0 μL. The gradient elution program was initially 5% B, linear 5–9% B
at 4 min, linear 9–15% B at 8 min, linear 15–18% B at 11 min, held constant for 1 min, linear
18–50% B at 15 min, held constant for 2 min, purging with 100% B during 6 min and
re-equilibration of the column for 10 min.

Mass spectrometric analysis of sample solutions was operated in negative electrospray
ionization (ESI) mode, and different collision energies were applied for tandem MS analysis.
Mass spectrometer parameters for negative ion mode were as follows: source voltage,
4.0 kV; capillary voltage, −18 V; capillary temperature, 300 ◦C; sheath gas flow, 50 (arbitrary
units); sweep gas flow, 20 (arbitrary units); full max ion time, 300 ms; and full micro scans,
3. MRM experiments were performed by specifying the deprotonated parent ion of each
targeted compound for MS/MS fragmentation and the fragment ions were recorded. For
the identification of each compound, the parent ion from the negative ionization mode
as well as the characteristic fragments deriving from the fragmentation were used. Data-
dependent scans for MS/MS analyses were carried out with the following conditions:
collision energies, 15, 25, 30, 35 (arbitrary units); width, 1.00; repeat count, 2; repeat duration,
0.5 min; exclusion size list, 25; exclusion duration, 1.00 min; exclusion mass width, 3.00;
and scanned mass range (m/z), 100–1600. The acquired MS/MS data were then compared
with the in-house spectral libraries for the identification of the secondary metabolites. The
identification was scored based on the similarity of fragmentation patterns between the
acquired and the library spectra. The criteria we selected included MS2/MS3 fragment
peak intensity ratios and isotope peak intensity ratios, among others. This acquisition
scheme allowed the identification and characterization of not only the major (poly)phenolic
compounds present in the studied extracts but also several low-level molecules [28–30].
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2.11. Trace Metals Determination

All materials contacting the samples were soaked in dilute HNO3 (Merck, Darmstadt,
Germany) and rinsed thoroughly with ultrapure water of 18.2 MΩ cm (Millipore, Bedford,
MA, USA). Class A volumetric glassware was used for preparing all solutions required.
For trace metals determination, samples of both plants and prepared decoctions were
wet-digested by adding HNO3 65% supra pure (Merck) and H2O2 30% supra pure (Merck).
Digestion was performed by a microwave digestion system (Anton Paar Multiwave GO
Plus, Graz, Austria) and digested samples were subsequently diluted to a final volume
of 25 mL [31]. The measurement of trace metals was carried out by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS), employing a Thermo Scientific ICAP Qc (Waltham,
MA, USA) instrument, in a single collision cell mode, with kinetic energy determination
(KED) using pure He. Matrix-induced signal suppressions and instrumental drift were
corrected by internal standardization (45 Sc, 103 Rh).

Calculation of limits of detection (LODs) was performed by multiplying the standard
deviation of seven replicate samples prepared at an approximately low concentration by
3.14 [32]. Calculated LODs in μg g−1 referring to dry weight were equal to 0.003 for Cd,
0.004 for Co and Ni, 0.02 for Cr, Cu and Mn, 0.05 for Fe, 0.008 for Pb and 0.04 for Zn.
For quality assurance purposes, a procedural blank was included in samples’ analyses,
in which no analytes were detected. For the verification of the accuracy and precision of
the method, the certified reference material ERM®-CD281 (rye grass) was analyzed, with
calculated metal recoveries ranging between 90 and 110%.

Metal extractability from the herb towards the aqueous infusion was calculated from
their corresponding metal contents, while also considering the solid residue per cup of
infusion and the amount of 3 g of the plant used for infusion preparation:

% Extraction Efficiency (EE) = 100 × (Metal content infusion × Solid residue
per cup)/(Metal content plant tissue × 3)

3. Results and Discussion

3.1. Secondary Metabolites

Table 1 represents the analytical data for total phenolic, total flavonoid, total hydrox-
ycinnamate, total flavonol, total anthocyanin and total terpenic contents of the decoctions
and methanolic and aqueous-glycerolic extracts of A. arborescens and A. inculta. It is
well-known that the three fundamental classes of bioactive compounds of Artemisia are
flavonoids, phenolic acids and terpenes [33]. In total, in our samples, aqueous-glycerolic
extracts of both species had higher levels of the above secondary metabolites compared
to decoctions and methanolic extracts. The content of total (poly)phenolic compounds of
the aqueous-glycerolic extracts of A. arborescens and A. inculta has been investigated before,
being dependent on the concentration of glycerol and the liquid-to-solid ratio [19]. Different
methanol, ethanol and acetonitrile extracts of A. absinthium contained TPC ranging from
659 to 1033 mg gallic acid equivalents/100 g dm (dry matter), and TFC ranging from 259 to
392 mg catechin equivalents/100 g dm [34]. Singh et al. [35] reported that TPC and TFC
were higher in ethanolic extracts of A. absinthium compared to aqueous and chloroform
extracts, suggesting the organic solvent (ethanol) is ideal to extract bioactive phenolic
compounds. In our study, the aqueous-glycerol extract exhibited the greater potential to
possess more polyphenols and terpenes.

In the study by Bourgou et al. [36], ethyl acetate fractions of A. herba-alba showed higher
quantity of TPC (87.5 mg gallic acid equivalents /100 g dm) and TFC (96.5 mg QE/g dm)
compared to the water fraction (TPC = 40 mg gallic acid equivalents/100 g dw,
TFC = 60.6 mg QE/g dm).

11



Life 2023, 13, 1416

Table 1. Secondary metabolites detected in A. arborescens and A. inculta extracts.

A. arborescens A. inculta

Decoction Methanolic
Aqueous-
Glycerolic

Decoction Methanolic
Aqueous-
Glycerolic

TPC (mg CAE·g−1 dm) 8.29 ± 0.27 d 7.3 ± 1.1 d 32.82 ± 0.50 b 9.74 ± 0.15 c 10.80 ± 0.90 c 36.0 ± 2.5 a

TFC (mg CE·g−1 dm) 6.05 ± 0.17 c 4.48 ± 0.37 d 19.57 ± 0.76 a 6.04 ± 0.72 c 7.0 ± 1.3 c 16.77 ± 0.36 b

THCC (mg CAE·g−1 dm) 0.0985 ± 0.0035 e 0.095 ± 0.017 d,e 0.310 ± 0.010 b 0.1117 ± 0.0012 d 0.1257 ± 0.0050 c 0.338 ± 0.013 a

TFnolC (mg QE·g−1 dm) 0.0859 ± 0.0025 e 0.100 ± 0.016 d,e 0.293 ± 0.015 b 0.0988 ± 0.0015 d 0.1383 ± 0.0048 c 0.370 ± 0.013 a

TAC (μg CNE·g−1 dm) 0.651 ± 0.032 d 1.424 ± 0.028 b 2.680 ± 0.082 a 0.462 ± 0.011 e 0.764 ± 0.058 c 2.61 ± 0.14 a

TTC (mg UAE·g−1 dm) 0.229 ± 0.029 d 1.859 ± 0.160 a 0.374 ± 0.021 c 0.215 ± 0.021 d 1.857 ± 0.346 a 0.438 ± 0.024 b

Total phenolic content was expressed as caffeic acid equivalents (CAE), total flavonoid content as catechin
equivalents (CE), total hydroxycinnamate content as caffeic acid equivalents (CAE), total flavonol content as
quercetin equivalents (QE), total anthocyanin content as cyanidin equivalents (CNE), and total terpenic content as
ursolic acid equivalents (UAE) on a dry material basis for the decoctions, methanolic (MeOH), and glycerolic
extracts of A. arborescens and A. inculta. Values are presented as mean (±standard deviation) (n = 3). TPC: total
phenolic content, TFC: total flavonoid content, THCC: total hydroxycinnamate content, TFnolC: total flavonol
content, TAC: total anthocyanin content, TTC: total terpenic content, dm: dry matter. a–e Means per row denoted
by a common superscript letter are not significantly different according to Tukey’s test at 5% level of significance.

3.2. Antioxidant Properties

The aqueous-glycerol extract exhibits greater antioxidant potential compared to
decoctions and methanolic extracts, as shown in Table 2. More specifically, scaveng-
ing/antiradical activity, as assessed by DPPH assay, antioxidant power as assessed by
FRAP assay and inhibition of copper-induced lipid oxidation in total serum were higher
in the aqueous-glycerol extract. Several studies have proven the antioxidant properties
of leaf extracts and essential oil of Artemisia species and have linked these effects with
their components [37–40].

Table 2. Antioxidant potential of A. arborescens and A. inculta extracts.

A. arborescens A. inculta

Decoction Methanolic
Aqueous-
Glycerolic

Decoction Methanolic
Aqueous-
Glycerolic

Antiradical activity
(mg TE·g−1 dm)

5.18 ± 0.50 e 7.524 ± 0.039 d 30.9 ± 1.2 a 5.68 ± 0.21 e 8.23 ± 0.40 c 27.8 ± 1.1 b

FRAP
(mg AAE·g−1 dm) 3.45 ± 0.14 e 5.36 ± 0.44 c 21.77 ± 0.70 a 2.92 ± 0.25 e 4.31 ± 0.47 d 18.19 ± 0.27 b

TSO (sec) 1107.7 ± 8.1 f 627.8 ± 366.3 a 2007.25 ± 171.25 f 2120 ± 493.8 b 1400.3 ± 377.2 f 3850.25 ± 320.25 c

a–f Means per row denoted by a common superscript letter are not significantly different according to Tukey’s test
at 5% level of significance. Values are presented as mean (±standard deviation) (n = 3). TE: Trolox equivalents,
FRAP: Ferric Reducing/Antioxidant Power, TSO: total serum oxidizability.

3.3. GC-MS Profiling

GC-MS analysis provided the composition of the predominant phenolic and terpenoid
compounds in the studied Artemisia preparations (Table 3). In total, 22 compounds were
identified. Most phenolic compounds were detected at higher levels or appeared only in
the methanolic extract, whereas terpenoids were detected at higher levels or presented only
in the aqueous-glycerol extract. Comparing the two species, a great variation was observed,
with some phenolic compounds being higher in the methanolic extract or the aqueous-
glycerol extract of A. arborescens or A. inculta, and some others being higher in the decoctions
of both species. Ursolic acid was higher in A. inculta and in aqueous-glycerol extracts
compared to methanolic ones, and oleanolic acid was higher in aqueous-glycerol extracts
compared to methanolic ones, but higher in A. inculta compared to A. arborescens only in
the aqueous-glycerol extract. Ursolic and oleanolic acids have been isolated from A. indica,
showing modulatory effects on γ-Aminobutyric acid (GABA-A) receptors, demonstrating
anxiolytic activity in mouse models, with no signs of acute toxicity [41]. Additionally,
ursolic acid isolated from the methanolic extracts of A. capillaris inhibited the growth of
both susceptible and resistant strains of Mycobacterium tuberculosis, exhibiting promising
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results against tuberculosis [42]. It is noteworthy that erythrodiol and uvaol, well-known
for their antioxidant and anti-inflammatory activities [43,44], were identified only in the
aqueous-glycerol extracts. To the best of our knowledge, this is the first time these two
terpenoids are identified in an Artemisia extract.

Table 3. Composition of A. arborescens and A. inculta extracts samples assessed by GC-MS (expressed
as μg per g of dry material).

Phenolic Compounds
Molecular

Formula

A. arborescens A. inculta

Decoction Methanolic
Aqueous-

Glycerolic
Decoction Methanolic

Aqueous-

Glycerolic

Caffeic acid C9H8O4 94.6 ± 7.5 d 121.9 ± 9.0 c 39.1 ± 4.5 e 382 ± 12 a 289.6 ± 6.7 b 19.1 ± 3.0 f

Chlorogenic acid C16H18O9 537.1 ± 8.9 e 5754 ± 70 a 1669.2 ± 1.3 d 2332 ± 179 c 5052 ± 56 b 285 ± 19 f

Chrysin C15H10O4 nd 3.89 ± 0.05 b nd nd 6.51 ± 0.13 a nd
p-Coumaric acid C9H8O3 1.52 ± 0.13 d 2.97 ± 0.32 c nd 37.78 ± 0.26 b 43.2 ± 3.5 a nd

Ferulic acid C10H10O4 16.26 ± 0.59 b 2.54 ± 0.16 d 1.64 ± 0.05 e 25.3 ± 1.4 a 16.8 ± 1.4 b 3.94 ± 0.06 c

Gallic acid C7H6O5 nd 0.94 ± 0.02 a nd nd 0.67 ± 0.06 a nd
p-Hydroxybenzoic acid C7H6O3 7.89 ± 0.16 c 1.16 ± 0.10 e 3.82 ± 0.46 d 45.4 ± 2.6 a nd 23.99 ± 0.42 b

p-Hydroxyphenylacetic
acid

C8H8O3 nd 0.39 ± 0.05 b nd nd 0.44 ± 0.03 b 5.17 ± 0.68 a

Kaempferol C15H10O6 nd 1.15 ± 0.11 b nd nd 3.19 ± 0.18 a nd
Naringenin C15H12O5 nd 3.07 ± 0.28 c nd 15.84 ± 0.25 b 40.1 ± 2.7 a 36.5 ± 2.4 a

Phloretic acid C9H10O3 nd nd 1.70 ± 0.09 a nd 0.49 ± 0.01 b 1.02 ± 0.02 c

Protocatechuic acid C7H6O4 8.73 ± 0.80 b 6.44 ± 0.33 b,c nd 21.2 ± 1.0 a 5.51 ± 0.61 c nd
Quercetin C15H10O7 nd 7.21 ± 0.31 c nd 14.93 ± 0.89 b 23.04 ± 0.54 a nd

Resveratrol C14H12O3 nd 0.36 ± 0.04 b 1.62 ± 0.09 a nd 0.24 ± 0.03 b nd
Sinapic acid C11H12O5 nd nd 30.1 ± 3.0 nd nd nd
Syringic acid C9H10O5 6.47 ± 0.51 b 2.96 ± 0.29 c 6.34 ± 0.47 b 10.39 ± 0.26 a 5.84 ± 0.37 b 7.38 ± 0.13 b

Tyrosol C8H10O2 nd 0.05 ± 0.01 b nd nd 0.14 ± 0.01 a nd
Vanillic acid C8H8O4 6.66 ± 0.70 d 2.20 ± 0.21 f 3.06 ± 0.17 e 21.1 ± 1.1 a 13.96 ± 0.44 b 9.18 ± 0.58 c

Total Phenolic
Compounds

679 ± 19 e 5911 ± 81 a 1756 ± 10 d 2906 ± 199 c 5502 ± 72 b 392 ± 27 f

Terpenoids

Erythrodiol C30H50O2 nd nd 487.8 ± 14 a nd nd 420 ± 30 a

Oleanolic acid C30H48O3 nd 8.54 ± 0.86 c 242.6 ± 18 b nd 7.14 ± 0.68 c 480 ± 45 a

Ursolic acid C30H48O3 nd 14.24 ± 0.93 c 35.2 ± 5.0 b nd 15.58 ± 0.63 c 82.4 ± 7.9 a

Uvaol C30H50O2 nd nd 712.9 ± 18 a nd nd 584 ± 42 b

Total Terpenoids nd 22.8 ± 1.8 b 1478 ± 56 a nd 22.7 ± 1.3 b 1568 ± 126 a

nd: Not detected. a−f Means per row denoted by a common superscript letter are not significantly different
according to Tukey’s test at 5% level of significance. Values are presented as mean (±standard deviation) (n = 3).

3.4. HPLC-MS Profiling in Hydro-Glycolic Extracts

Based on the results reported for the majority of spectrophotometric assays, the
glycerolic extracts were further analyzed by applying LC-MS as it is more suitable for
the determination of a wider range of polar and semi-polar compounds, which are often
present in plant glycerolic extracts [45]. Under this perspective, we proceeded with a
targeted LC-MS method to separate and detect individual (poly)phenolic compounds in
the glycerolic extracts of Artemisia in order to further investigate the phytochemical profile
of the studied glycerol extracts. Tandem mass spectrometry (MS/MS) and built-in MRM
spectral libraries were employed to confirm the identity of the compounds.

Table 4 demonstrates the phenolic compounds identified in the aqueous-glycerolic
extracts of A. arborescens and A. inculta. Chlorogenic acid, isorhamnetin, kaempferol-3-O-
glucoside and kaempferol-3-O-rutinoside were common in the composition of extracts
from both Artemisia species. Slimestad et al. [46] identified chlorogenic acid, the ester
of caffeic and quinic acid, in both leaves and stalks of A. annua, while the antimicrobial
potency of extracts from wormwood (A. gmelinii) against Gram-positive bacteria and Can-
dida spp. was partially attributed to chlorogenic acid, which dominated the ethanolic
preparation from the aerial parts of the plant [47]. High yields of chlorogenic acid from
sweet wormwood (A. annua) and tarragon (A. dracunculus) were obtained in ethanolic
fractions that elicited strong radical-scavenging activity [48]. Further, isorhamnetin, nat-
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urally contained in Hippophaerhamnoides and Ginkgo biloba [49], was also detected in
A. Annua [50]. This O-methylated flavonol can protect against atherosclerosis [51], also
displaying significant anti-tumor activity [52]. Several kaempferol glycosides were also re-
ported in infusions from the aerial parts of A. copa Phil. [53] while kaempferol-3-O-glucoside
(astragalin) and its aglycone flavonol, i.e., 3,4′,5,7-tetrahydroxyflavone, were predominant
in A. annua [50]. Kaempferol is a common dietary flavonoid that exhibits antioxidant and
anti-inflammatory effects [54].

Table 4. Phenolic compounds identified in Artemisia spp. aqueous-glycerolic extracts with HPLC-
ESI(–)-MS/MS(MRM) analysis.

Phenolic Compound
Molecular
Formula

[M–H]—(m/z) 1,2 MS 2 Product Ions
(m/z)

A. arborescens A. inculta

Caffeic acid hexoside C15H18O9 341.11 179, 161, 135 +
Chlorogenic acid C16H18O9 353.15 217, 191 + +

Dihydrokaempferol
3-O-glucoside C21H22O11 449.09 287 +

Dihydrokaempferol-3-O-
rhamnoside
(Engeletin)

C21H22O10 433.00 269, 179, 151 +

Procyanidin B2 C30H26O12 577.24 425 +
Ellagic acid C14H6O8 301.06 301, 257, 229, 185 +

Ellagic acid-O-hexoside C20H16O13 463.11 301, 300, 283, 257,
229 +

Gallic acid derivative not defined 243.27 169, 225, 151, 139,
125 +

Hexose ester of
protocatechuic acid C13H15O9 314.77 153 +

p-Hydroxybenzoic acid C7H6O3 137.06 93 +
Isorhamnetin C16H12O7 315.20 300, 301 + +

Kaempferol-3-O-glucoside
(Astragalin) C21H20O11 447.24 285, 255, 327 + +

Kaempferol-3-O-rutinoside
(Nictoflorin) C27H30O15 593.26 285 + +

Phlorizin C21H24O10 435.20 297, 273, 167 +
Pyrogallol C6H6O3 125.06 106, 97, 81 +

Quercetin-3-O-glucuronide
(Miquelianin) C21H18O13 477.26 301 +

Quercetin-3-O-glucoside C21H20O12 463.19 301 +
Quercetin-O-xyloside C20H18O11 433.19 301 +

Syringaldehyde C9H10O4 181.12 166 +
Syringetin-3-O-glucoside C23H24O13 507.25 345 +

Syringetin-hexoside C23H24O13 507.25 345, 327, 315 +
Valoneic acid bilactone C21H10O13 469.04 425, 407 +

1 Ions with relative abundance greater than 10% are shown; 2 [M–H]–: parent ion derived from molecular mass
under negative electrospray ionization conditions; a positive identification for a phenolic compound in the
glycerolic extracts is marked with the plus sign symbol (+).

Notably, the phenolic profile, as determined by LC-MS, greatly differentiated between
the two Artemisia species. A total of 14 phenolic targets were present in A. arborescens
glycerol extract, while dihydrokaempferol 3-O-glucoside, procyanidin B2, hexose ester of
protocatechuic acid, p-hydroxybenzoic acid and quercetin-O-xyloside were among others
that were not detected in A. inculta. Other researchers have reported simple phenolic com-
pounds and flavonoids found in A. arborescens solvent fractions, namely p-coumaric and caf-
feic acids, chrysosplenol-D, casticin, eupatin, cirsilineol, chrysosplenetin and artemetin [55].

According to our results reported in Table 4, A. inculta glycerolic fraction investigation
hit 12 positive results corresponding to MRM mass spectra of (poly)phenolic compounds
included in the in-house library, such as caffeic acid hexoside, dihydrokaempferol-3-O-
rhamnoside, ellagic acid, quercetin-3-O-glucoside and syringetin-hexoside. There is rather
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limited published data so far on the (poly)phenolic profile of A. inculta. However, a study
by Younsi et al. [56] indicated chlorogenic acid and 1,4 dicaffeoylquinic acid as the major
phenolic constituents in a methanolic extract from A. inculta leaves and flowers, while
apigenin-6-C-glycosyl flavonoids and caffeoylquinic acids were also present. A recent
study revealed that caffeic acids and C-glycosyl flavonoids, such as myricetin, prevail in
the (poly)phenolic composition of different extracts from the specific Artemisia species [57].
Furthermore, Mohammed et al. [58] reported on significant levels of hydroquinone and
4-hydroxybenzoic acid in A. inculta extracts demonstrating antibacterial activity. To the
best of our knowledge, ellagic acid, a hydroxybenzoic acid dimer, has not been previously
reported in A. inculta; however, it was a main phenol in A. aucheri [59], while an ellagic acid
derivative was detected in A. argentea L’ Hér alcoholic extract [40]. Ellagic acid is abundant
in various fruits such as pomegranate, strawberry, raspberry and blackberry. It is also found
in nuts such as walnuts, certain trees such as oak and birch and some medicinal plants and
herbs, including Terminalia chebula and Eucalyptus globulus [8]. Ellagic acid is considered
a prominent bioactive compound due to its potential health-promoting properties. It has
been shown to possess several properties such as antioxidant [60], anti-inflammatory [61]
and cardioprotective activities [62].

3.5. Trace Metals

Levels of detected trace metals in A. arborescens and A. inculta samples are presented
in Table 5. The samples differed in terms of their Cd, Co, Cr, Mn, Ni and Pb contents, with
A. arborescens demonstrating higher concentrations in both the herbal tissue and infusion
samples. The concentrations of Cu, Fe and Zn were comparable between the two species.
Among the trace metals examined, Fe, Mn and Zn were present at higher levels in both
the herbal tissues and corresponding infusions of A. arborescens and A. inculta samples. Fe,
which is an essential element, represents the principal component in several enzymes and
proteins and plays a crucial role in the transportation of oxygen to the tissues of the human
body through hemoglobin [63], varied between 44.8 and 228 μg g−1. Mn, which is also
classified among essential elements, participates in enzymes and contributes to oxidative
stress response [64], bone formation and metabolism of amino acids, cholesterol and carbo-
hydrates [65], varied between 27.8 and 101 μg g−1. Zn, which enhances body immunity
and protection against several diseases, maintaining a crucial role in many enzymes and
participating in metabolic reactions [66], was measured from 33.8 to 56.1 μg g−1.

Table 5. Levels of trace metals in dry herbal tissues and prepared infusions (μg g−1) of A. arborescens
and A. inculta and extraction efficiency (% EE) of metals from the herb to the infusion.

Cd Co Cr Cu Fe Mn Ni Pb Zn

A. arborescens

Herbal tissue 0.621 ± 0.056 0.295 ± 0.027 2.42 ± 0.03 9.38 ± 1.02 228 ± 25 87.9 ± 10.0 22.6 ± 1.9 0.676 ± 0.056 56.1 ± 6.0

Infusion 0.254 ± 0.021 0.554 ± 0.049 1.12 ± 0.14 16.4 ± 1.88 44.8 ± 5.2 101 ± 11 41.9 ± 5.1 0.298 ± 0.031 52.6 ± 4.8
% EE 13.0 59.7 14.8 55.6 6.2 36.6 29.1 14.0 29.8

A. inculta

Herbal tissue 0.064 ± 0.007 0.117 ± 0.011 0.781 ± 0.063 10.1 ± 0.9 175 ± 18 28.6 ± 3.4 1.47 ± 0.12 0.174 ± 0.016 33.8 ± 2.9
Infusion 0.059 ± 0.006 0.156 ± 0.013 1.04 ± 0.12 21.1 ± 1.9 45.8 ± 5.7 27.8 ± 2.2 4.77 ± 0.51 0.303 ± 0.036

% EE 24.6 35.5 35.5 41.3 7.0 26.0 36.5 46.6 42.4

Cd: cadmium, Co: cobalt, Cr: chromium, Cu: copper, Fe: iron, Mn: manganese, Ni: nickel, Pb: lead, Zn: zinc.

Comparatively lower concentrations were measured for Ni (1.47–41.9 μg g−1) and
Cu (9.38–21.1 μg g−1), which, although essential, may exhibit a toxic impact when de-
tected at elevated concentrations. Despite the relatively limited data available, a beneficial
role of Ni in physiological processes of animal species has been demonstrated, together
with potential carcinogenic effects accompanying exposure to nickel compounds [67]. Cr
concentrations measured in Artemisia tissue and infusion samples analyzed herein were
equal to 0.781–2.42 μg g−1. Even lower levels were detected for Co (0.117–0.554 μg g−1),

15



Life 2023, 13, 1416

which is closely associated with the physiological role of vitamin B12 in the production and
maintenance of red blood cells.

A relatively low content of the toxic elements Cd (0.059–0.621 μg g−1) and Pb (0.174–
0.676 μg g−1) was determined in Artemisia tissue and infusion samples. Classified by the
International Agency for Research on Cancer (IARC) as “carcinogenic to humans” [68] and
ranked by the EU in category 1 [69], Cd has been characterized as responsible for renal
tubular dysfunction, bone fragility and reproductive disorders following prolonged oral
exposure. Concerning Pb, its well-demonstrated toxicity threatens both young children,
with the central nervous system representing the target organ, as well as adults with the
manifestation of chronic kidney disease and cardiovascular dysfunctions. The maximum
permissible levels in raw plant materials, set at 0.3 μg g−1 for Cd and 10 μg g−1 for Pb by
the World Health Organization [70], were exceeded only in the case of Cd measured in the
A. arborescens tissue sample (0.621 μg g−1).

Values detected in A. arborescens are similar to those reported for various other
Artemisia species (in μg g−1 per dry weight of herb) for Cd (0.05–0.75), Cu (5.9–16.9),
Fe (79.1–209.3), Mn (47.7–75.2) and Zn (35.2–58.6), whereas they were lower for Pb (1.25–
2.08) [71]. Begaa et al. [72] reported similar values for Co (0.27–0.30) and Cr (0.74–1.50) for A.
campestris and A. herba-alba, while reporting lower values for Zn (13–18) and higher values
for Fe (617–631). Values comparable to these of the present work were recently presented
by Ait Bouzid et al. [73] for A. herba-alba samples as follows: Cd (0.02 ± 0.01), Cu (6.6 ± 0.5),
Fe (499 ± 40), Mn (80.3 ± 6.5), Pb (1.50 ± 0.03) and Zn (22.5 ± 1.8). As regards other herbal
species consumed in the form of infusions, comparable levels (in μg g−1 per dry weight of
herb) of Cd (0.01–0.39), Cr (0.27–2.45) and Ni (2.70–13.41) as well as significantly higher
levels of Cu (7.73–63.71) and Pb (0.48–10.57) were detected in a Chinese tea [74]. Similar
results (in μg g−1) for Cd (0.16–0.68), Cu (4.19–9.49), Fe (79.4–522) and Pb (0.73–1.51) were
reported by Kalny et al. [75] for Taraxacum officinale (dandelion), Betula sp. (birch) and
Crataegus sp. (hawthorn), commonly used for tea preparation.

Herbal infusions are taken orally and ingested in our digestive system. The element
fraction actually retained in the human body following consumption is determined by the
levels of elements extracted in the infusion. The extraction efficiency of trace elements is
further dependent on the plant species, the organic matrix composition of the infusion
prepared and element incorporation therein, in the form of either different covalent species
or coordination complexes. In addition to the trace elements content of the initial herbal
tissue, the corresponding infusion provides, hence, valuable information [76]. Although
the species of Artemisia examined differed in the extractability order of trace elements
transferred from the herbal tissue towards the infusion, Cu was significantly extracted in
both cases (55.6 and 41.3% for A. arborescens and A. inculta, respectively) followed by Co
(59.7 and 35.5%), Zn (29.8 and 42.4%), Cr (14.8 and 35.5%), Mn (36.6 and 26.0%), Ni (29.1
and 36.5%) and Pb (14.0 and 46.6%) which migrated moderately, while Cd (13.0 and 24.6%)
and Fe (6.2 and 7.0%) were poorly extracted (Table 5). According to Matsuura et al. [77]
differences characterizing the extraction efficiencies of transition metals are difficult to
explain, being related to their ionic and covalent features.

To estimate the contribution of Artemisia infusion consumption to metal intake, a daily
consumption of 2 cups (200 mL per cup) and a body weight of 65 kg were assumed. Metal
concentrations expressed per cup for A. arborescens and A. inculta were, respectively, equal
to 0.239 and 0.047 for Cd, 0.523 and 0.125 for Co, 1.06 and 0.833 for Cr, 15.5 and 12.6 for Cu,
42.3 and 36.7 for Fe, 95.6 and 22.3 for Mn, 19.5 and 1.60 for Ni, 0.281 and 0.242 for Pb and
49.6 and 42.9 for Zn. Potential intake of inadequate Fe levels might be responsible for a
gradual reduction of Fe stores, further leading to Fe deficiency, a threat mainly to women.
A Recommended Daily Intake (RDI) for Fe was set at 8–18 mg·day−1 [78]. Due to a lack of
adequate data, no upper limit (UL) has been set for Mn so far, while its Adequate Intake
(AI) was set at 5–5.5 mg·day−1 [79]. For Zn the RDI was set at 8–14 mg·day−1; however,
due to the negative impact an excessive Zn intake might provoke, its UL has been set at
5–40 mg·day−1 [79]. For Fe, Mn and Zn, a 2-cup daily consumption of Artemisia infusions
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contributed to less than 3% of the corresponding lower bounds. Regarding the potentially
toxic metals examined, a Tolerable Daily Intake (TDI) for Ni was recently established equal
to 13 μg·kg−1 bw·day−1 [80] and due to lack of adequate evidence, EFSA [78] adopted a
TDI of 300 μg kg−1 bw·day−1 for Cr. Based on the classification of Co(II) compounds as
“possibly carcinogenic to humans” [81], a TDI equal to 1.6–8 μg·kg−1 bw·day−1 was set [82].
In all cases of Ni, Co and Cr, daily consumption contributed to an intake not exceeding 5%.
A Provisional Tolerable Weekly Intake (PTWI) of 2.5 μg·kg−1 bw·week−1 has been set for
Cd by EFSA [83], while, due to Pb toxicity, a PTWI has been set at 25 μg·kg−1 bw·week−1

in 1986 by JECFA. The latter is a health guidance value that, however, has been withdrawn
and not replaced so far [84]. In both cases, Artemisia infusions contributed at a percentage
not exceeding 2%.

4. Conclusions

The results of our study highlight the potential use of the investigated Artemisia species
not only in the nutrition and food industry, but also in the development of dermo-cosmetic
applications, as glycerol is well known for its ability to increase the transdermal delivery
of active substances. The latter should be seen from the perspective of the increased
consumer demand for plant-derived substances in cosmetology, as well as for more green
and sustainable products in general.
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Abstract: The mastic tree, scientifically known as Pistacia lentiscus, which belongs to the Anac-
ardiaceae family, was used in this study. The aim of this research was to analyze the chemical
composition of this plant and assess its antioxidant and antibacterial properties using both labo-
ratory experiments and computer simulations through molecular docking, a method that predicts
the binding strength of a small molecule to a protein. The soxhlet method (SE) was employed to
extract substances from the leaves of P. lentiscus found in the eastern region of Morocco. Hexane and
methanol were the solvents used for the extraction process. The n-hexane extract was subjected to gas
chromatography-mass spectrometry (GC/MS) to identify its fatty acid content. The methanolic ex-
tract underwent high-performance liquid chromatography with a diode-array detector (HPLC-DAD)
to determine the presence of phenolic compounds. Antioxidant activity was assessed using the DPPH
spectrophotometric test. The findings revealed that the main components in the n-hexane extract were
linoleic acid (40.97 ± 0.33%), oleic acid (23.69 ± 0.12%), and palmitic acid (22.83 ± 0.10%). Catechin
(37.05 ± 0.15%) was identified as the predominant compound in the methanolic extract through
HPLC analysis. The methanolic extract exhibited significant DPPH radical scavenging, with an
IC50 value of 0.26 ± 0.14 mg/mL. The antibacterial activity was tested against Staphylococcus aureus,
Listeria innocua, and Escherichia coli, while the antifungal activity was evaluated against Geotrichum
candidum and Rhodotorula glutinis. The P. lentiscus extract demonstrated notable antimicrobial effects.
Additionally, apart from molecular docking, other important factors, such as drug similarity, drug
metabolism and distribution within the body, potential adverse effects, and impact on bodily systems,
were considered for the substances derived from P. lentiscus. Scientific algorithms, such as Prediction
of Activity Spectra for Substances (PASS), Absorption, Distribution, Metabolism, Excretion (ADME),
and Pro-Tox II, were utilized for this assessment. The results obtained from this research support the
traditional medicinal usage of P. lentiscus and suggest its potential for drug development.

Keywords: P. lentiscus; GC/MS; HPLC-DAD; antioxidant activity; antibacterial activity; antifungal
activity; extract; molecular docking
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1. Introduction

The Anacardiaceae family encompasses the Pistacia genus, which comprises various
plant species of notable significance in their food, medicinal, and ornamental properties [1].
The genus includes around 20 species, ranging from evergreen or deciduous trees, shrubs,
and small trees, standing between 5 and 15 m in height [2,3]. Pistacia is widely distributed
across regions such as Africa, Southern Europe, Asia, and North America. It mainly
thrives in the Mediterranean region, where favorable humidity conditions exist for its
growth [4]. Pistacia trees are dioecious, meaning they have male and female flowers growing
on different trees [5]. Recently, the pharmaceutical industry has been interested in the
ethnomedicinal and biological potentials of the Pistacia genus [1]. While the phytochemical
composition of the genus has been widely studied, new research has been focusing on the
therapeutic effects of its extracts for enhancing health [6–14].

The mastic tree, or P. lentiscus, is a shrub species belonging to the Pistacia genus. This
evergreen bush has a characteristic scent and green leaves, growing in Mediterranean
and Middle Eastern regions and reaching heights between 1 and 8 m [15]. Since ancient
times, mastic tree extracts have been employed in folk medicine for their anti-inflammatory,
antiseptic, and disease-treating properties, such as treating gastralgia and dyspepsia [16].
The aerial part of the mastic tree has been utilized as a stimulant and diuretic to treat
hypertension [17]. Mastic tree products are widely used in the food industry due to their
secondary metabolites, such as flavonoids, polyphenols, and phenolic acids. Recently,
mastic tree extracts have been reported to exhibit antioxidant activity [17–20], and their use
in cosmetic products has also been documented [21]. Additionally, this species has been
shown to display antihepatotoxic, antibacterial, and antiproliferative properties in colon
cancer cells [16,22,23].

This investigation aimed to analyze the chemical constituents of P. lentiscus leaves
(Figure 1) from the eastern region of Morocco. Furthermore, the extracts’ potential bi-
ological activities were assessed, explicitly focusing on the methanolic’s antimicrobial
(antibacterial and antifungal) properties and antioxidant potential as measured by the
DPPH free radical scavenging assay method. In addition, computational methods (molecu-
lar docking) were employed to investigate the principal compounds and their interactions,
seeking to elucidate the underlying mechanisms.

Figure 1. Leaves of P. lentiscus.

2. Materials and Methods

2.1. Chemicals and Reagents

N-hexane and methanol were purchased from Merck (Darmstadt, Germany). 1,1-
Diphenyl-2-picrylhydrazyl (DPPH•), Phenolic standards: Catechin, 4-hydroxybenzoic acid,
p-Coumaric acid, naringin, quercetin, p-Coumaric acid, and luteolin were purchased from
Merck and Carl Roth GmbH (Karlsruhe, Germany). All other chemicals used were of
analytical grade.
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2.2. Collection of Plant Material

Leaves of P. lentiscus were collected in March 2019 from Ahfir, located in the eastern
region of Morocco. Subsequently, the leaves were meticulously cleansed and rinsed multi-
ple times with distilled water, followed by air-drying in a well-ventilated location shielded
from light and direct sunlight for 48 h. After that, lyophilization was carried out, and the
leaves were ground into powder before extraction.

2.3. Soxhlet Extraction

A Soxhlet extraction apparatus consisting of a condenser, a Soxhlet chamber, and an
extraction flask was used. In the extraction flask, 32 g of powder from dried mastic leaves
were placed into an extraction thimble with 300 mL of the selected solvent (hexane and
methanol). The period for the Soxhlet extractions experiments was chosen to be the time
needed for the solvent to become colorless. After evaporation under vacuum, the extracts
obtained were named HEPL and MEPL, respectively.

2.4. Determination of Extraction Yield

The extracts were stored in a refrigerated environment for preservation purposes. The
extraction yield, expressed as a percentage, was calculated by dividing the weight of the
obtained extract (M extract) by the weight of the dried initial sample (M dry matter) used for
the extraction process. This calculation was carried out following the formula specified in
the corresponding equation:

Extraction yield (%) =

[
M extract (g)

M dry matter (g)

]
× 100

2.5. Fatty Acid GC-MS Analysis of P. lentiscus Extracts

A modified version of the Fatty Acid GC-MS Analysis of P. lentiscus Extracts to an-
alyze the fatty acid content of the hexane extract of P. lentiscus protocol as described by
Loukili et al. [24] was employed. The BPX25 capillary column coupled to a QP2010 MS
from Kyoto, Japan, was utilized in identifying and separating the fatty acids. Pure helium
gas was the carrier gas at a constant flow rate of 3 mL/min. The temperature of the in-
jection, ion source, and interface was maintained at 250 ◦C, while the temperature of the
column oven was gradually increased from 50 ◦C to 250 ◦C at a rate of 10 ◦C/min. The
ionization of sample components was performed in the EI mode (70 eV) with a mass range
scanned of 40–300 m/z. The extract, diluted in n-hexane, was injected in a split mode
with a volume of 1 μL, and the sample was analyzed in triplicate. The compounds were
identified by comparing their retention times with authentic standards and their mass
spectral fragmentation patterns with those stored in databases or on the National Institute
of Standards and Technology (NIST). LabSolutions software, version 2.5, was utilized for
data collection and processing.

2.6. Identification of Phenolic Compounds by HPLC-DAD

The HPLC/DAD Waters Corporation USA was employed to analyze the methanol
extract. The separation module of the liquid chromatography (Waters; e2695) was coupled
with a diode array detector (Waters 2998; PDA), and Empower software was used for
data processing. A mobile phase gradient mode was applied on the AC18 column (5 μm,
4.6 mm × 250 mm), and the resulting chromatogram was captured using wavelengths
in the 254–300 nm range. The mobile phase was composed of solvent A (ultrapure wa-
ter/acetic acid, 2% v/v) and solvent B (acetonitrile) with varying compositions over time:
0–5 min: 95% A and 5% B; 25–30 min: 65% A and 35% B; 35–40 min: 30% A and 70%
B; 40–45 min: 95% A and 5% B. The sample (20 μL) was injected, and the flow rate was
set at 0.9 mL/min. Standard polyphenolic compounds like catechin, p-Coumaric acid,
4-hydroxybenzoic acid, Coumaric acid, quercetin, luteolin, and naringenin were utilized to
identify the peaks by matching their retention times and UV spectra.
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2.7. Antioxidant Activity
2.7.1. Determination of Antioxidants by DPPH Radical Scavenging Activity

The objective of the present investigation was to evaluate the antioxidant potential
of the methanolic extract derived from the foliage of P. lentiscus. The antioxidant activity
was determined using the DPPH radical scavenging assay, wherein ascorbic acid was used
as a reference compound. In brief, 0.8 mL of the sample or standard solution at different
concentrations (0.5, 0.4, 0.3, and 0.1 mg/mL) was mixed with 2 mL of DPPH• solution
(4 mg of DPPH• dissolved in 200 mL of ethanol) and then mixed manually. Following this,
the samples were kept in the dark at room temperature for 30 min, and their absorbance
was measured at λ of 517 nm with a reference blank. This procedure was performed in
triplicate to ensure reproducibility, and the reduction in DPPH• absorbance was recorded.
Subsequently, the percentage of DPPH• radical scavenging inhibition by the sample was
calculated using the following equation:

Inhibition (%) =

[
(Ab − As)

Ab

]
× 100

The determination of the extract concentration leading to 50% inhibition (IC50) involved
the plotting of the inhibition percentage against the extract concentration on a graph. The
absorbance of the blank (Ab) and that of the positive control or sample (As) were utilized in
this process.

2.7.2. β-Carotene Bleaching Assay

The antioxidant activity of P. lentiscus extracts was evaluated using the β-Carotene
Bleaching assay. The emulsion was prepared by dissolving 2 mg of β-carotene, 20 mg of
linoleic acid, and 200 mg of Tween 80 in 10 mL of chloroform. The solution was evaporated
at 40 ◦C under a vacuum, and 100 mL of distilled water was added while stirring vigorously.
The emulsion was mixed with either the extract or a reference antioxidant (BHA) at a
concentration of 1 mg/mL in separate test tubes to evaluate the antioxidant activity. The
absorbance at 470 nm was measured using a 96-well microplate reader at two different
times: immediately after adding the emulsion (t0) and after 2 h. The volume of the emulsion
used was 0.2 mL.

2.8. Antimicrobial Activity
2.8.1. Bacterial Strains

In this investigation, three bacterial strains, namely Escherichia coli (ATCC 10536),
Staphylococcus aureus (ATCC 6538), and Listeria innocua (ATCC 49.189) were utilized as
model organisms to assess the effectiveness of P. lentiscus extract as a bacterial growth
inhibitor. The bacterial strains were obtained from the Microbiology and Microbial Biotech-
nology Laboratory of the Faculty of Science in Oujda, Morocco. The Mueller Hinton agar
medium was used to cultivate bacterial cultures, which were kept at 37 ◦C for 24 h. The
concentration of bacterial cells was determined to be 106 cells/mL using a UV-visible
spectrophotometer at a wavelength of 620 nm before assessing the inhibitory effects of the
P. lentiscus extract.

2.8.2. Agar-Diffusion Method

To qualitatively evaluate the antimicrobial efficacy of the substance against microbial
strains, the agar diffusion method, a widely accepted technique for assessing susceptibil-
ity to various microbial strains, was used. The National Clinical Laboratory Standards
Committee’s guidelines were adhered to while carrying out the method. This method
efficiently evaluates a substance’s capacity to inhibit bacterial strains’ proliferation [25].
The process included the addition of prepared bacterial inoculum to Petri dishes containing
agar growth medium (MHA), where wells were made using a Pasteur pipette filled with
50 μL of the extract being tested. These plates were then incubated at 37 ◦C for 48 h, and
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the size of the inhibitory zone was measured to determine antimicrobial activity. Each test
was conducted in triplicate to ensure the results’ accuracy.

2.8.3. Determination of MIC and MBC

In assessing the effectiveness of antimicrobial agents, the determination of minimum
inhibitory concentration (MIC) is critical. The present study utilized the resazurin microtiter
assay to evaluate the MIC of P. lentiscus extract [26]. In this assay, a colorimetric indicator
called resazurin is employed. It is reduced by metabolically active cells, which results
in a color shift from blue to pink. Each well of a 96-well microplate contained different
concentrations of the antimicrobial agent, and a standardized inoculum of the test bacteria
was added to each well during the assay. The microplates were then incubated at 37 ◦C
for 24 h and added resazurin to each well. A further 4–6 h of incubation occurred until a
color change was observed. The MIC was determined as the lowest concentration of the
antimicrobial agent that resulted in no color change, indicating the absence of viable bacteria.
Controls were included in each microplate to confirm the accuracy of the results. The MBC
was determined by inoculating a volume of 3 μL was taken from the negative wells as
a sample, which was plated onto Mueller Hinton Agar medium plates and incubated at
37 ◦C for 24 h. The extract’s lowest concentration that did not result in bacterial growth
determined the MBC. The experiment was repeated in triplicate to ensure reproducibility.

2.9. Antifungal Activity
2.9.1. Selection of Fungal Strains for Antifungal Activity Testing Using P. Lentiscus Extract

In this study, two distinct fungal strains, namely Rhodotorula glutinis (ON 209167) and
Geotrichum candidum, were selected to evaluate the antifungal potential of P. lentiscus extract.
The strains were obtained from the Microbiology and Biotechnology Laboratory of the
Faculty of Sciences in Oujda, Morocco.

2.9.2. Agar Diffusion Method

Culture conditions for the two fungal strains, G. candidum and R. glutinis, were opti-
mized before testing the antifungal activity of P. lentiscus extract. G. candidum was cultured
on potato dextrose agar medium for seven days at 25 ◦C, and the resulting spore concentra-
tion was adjusted to 2 × 106 spores/mL using the Thoma cell hemocytometer. R. glutinis,
on the other hand, was cultured on Yeast Extract Peptone Dextrose for 48 h at 25 ◦C, and the
cell concentration was measured and adjusted to 106 cells/mL. To test the antifungal activ-
ity of the P. lentiscus extract, the agar diffusion method, as used for bacteria, was employed
with a slight modification in the culture medium (Yeast Extract Glucose). This method
is widely used for testing susceptibility to different fungal strains and was performed
according to the guidelines established by the National Clinical Laboratory Standards
Committee [25].

2.9.3. Determination of MIC and MBC

The determination of MIC is crucial in evaluating the efficacy of antifungal agents.
In this investigation, the resazurin microtiter test was utilized to determine the MIC of
P. lentiscus extract [27]. The test was carried out in 96-well microplates, each containing a
concentration range of 16% to 0.25%. A standardized inoculum of the fungal strain was
added to each well, followed by incubation at 25 ◦C for 48 h. After incubation, resazurin
was added, and the microplates were further incubated for 2 h until a color change from
blue to pink was observed. The MIC was defined as the lowest concentration of the
antifungal agent that did not result in a color change, indicating the absence of viable fungi.
Positive and negative controls were included in each microplate to confirm the accuracy
of the results. The MBC was determined by inoculating a 3 μL sample from the negative
wells onto YEG and PDA medium plates, which were then incubated at 25 ◦C for 48 to 72 h.
The MFC corresponded to the extract’s lowest concentration, which did not result in any
observable growth.
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2.10. ADME and Toxicity Prediction

To determine the pharmacokinetic characteristics of the compounds being studied,
this research assessed their profile in terms of Absorption, distribution, metabolism, and
excretion (ADME). Computational tools, like SwissADME and pkCSM web servers, were
utilized to forecast these characteristics. The examination assessed various physical and
chemical traits of the compounds, their similarity to drugs, and their pharmacokinetic
properties. These properties included their capacity to penetrate cell membranes, interact
with transporters and enzymes responsible for drug absorption and elimination, and their
metabolic stability [28–30]. Moreover, the toxicity levels of the molecules were estimated
using the Protox II online tool [30]. This tool employs a statistical algorithm that compares
the chemical structure of a substance to a vast database of toxic compounds to predict
the probability of the substance causing harmful effects or toxicity to both humans and
other living organisms. By utilizing the Protox II tool, significant details concerning the
toxicity class, LD50 values, and toxicological endpoints like immunotoxicity, mutagenicity,
cytotoxicity, hepatotoxicity, and carcinogenicity were obtained. As a result, these advanced
computational techniques and instruments provided valuable comprehension of the poten-
tial therapeutic uses and risks of toxicity associated with the identified compounds.

2.11. PASS Prediction

To evaluate the pharmacological activity and potential toxicity risks of the primary
chemical constituents present in Artemisia species’ essential oils, we employed a set of
sophisticated computational methods and tools [31]. Our methodology comprised the
utilization of the PASS (Prediction of Activity Spectra for Substances) technique, which
involves a statistical calculation that compares the chemical composition of a particular
compound with an extensive database of bioactive compounds. This process allows for the
forecast of the biological outcomes of these compounds, including enzyme inhibition, re-
ceptor binding, and alteration of metabolic pathways [32,33]. With the use of this approach,
it becomes possible to predict the probability of a substance exhibiting specific activities.
The first step involved converting the substances to SMILES format through ChemDraw.
The converted compounds were then analyzed using the PASS web application, which
provides insight into the possible activity (Pa) and inactivity (Pi) of drug-like compounds
before the evaluation.

2.12. Molecular Docking Analysis

To explore the possible therapeutic characteristics of P. lentiscus extract, we employed
molecular docking techniques to anticipate the antioxidant, antibacterial, and antifungal fea-
tures of the seven phytocompounds present in the extract (Figure 2, Table 1). Our research
approach was based on established methods previously described in the literature [34–39].
We acquired the three-dimensional (3D) configurations of the molecules from PubChem in
March 2023 and converted them into a “pdb” file via the PyMol program. To examine how
these plant compounds interact with specific proteins, we acquired the protein structures
from the Protein Data Bank website using their distinctive PDB IDs. The protein struc-
tures were subjected to standard procedures, including the removal of inhibitors, water
molecules, and ions and the addition of polar H-bonds and Kollmann charges to improve
the accuracy of the protein structures. For automated docking experiments, we used
AutoDock Vina v1.5.6 software and AutoGrid to generate grid maps that displayed the
interaction energy between the ligands and target proteins during the docking process [40].
We expanded the search space grid box to enhance the accuracy of the docking procedure
(Table 2). The ligand complex binding energies (ΔG) were denoted in Kcal/mol, and
we created two-dimensional (2D) diagrams with the Discovery Studio 4.1 program. The
interactions were then subject to further analysis.
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Figure 2. The molecular structure of the components found in P. lentiscus samples.

Table 1. Characteristics of the chosen small molecules for the docking study and their
drug-likeness properties.

Molecules
MW *

(g/mol) TPSA (Å2)
H-Bonds Rotatable

Bonds

Lipinski’s
Rule of Five
(Violations)

Ghose Filter
(Violations)

Veber Filter
(Violations)Acceptors Donors

Catechin 290.27 110.38 6 5 1 Yes Yes Yes

4-
Hydroxybenzoic

acid
138.12 57.53 3 1 1 Yes

No (3 violations:
MR < 40,

MW < 160, number
of atoms < 20)

Yes

p-Coumaric acid 164.16 57.53 3 1 2 Yes Yes Yes

Naringin 580.53 225.06 14 8 6

No
(3 violations:
MW > 500, N
or O > 10, NH

or OH > 5.)

No (4 violations:
MW > 480,

WLOGP < −0.4,
MR > 130, number

of atoms > 70)

No
(1 violation:
TPSA > 140)

Quercetin 302.24 131.36 7 5 1 Yes Yes Yes

o-coumaric acid 164.16 57.53 3 1 2 Yes Yes Yes

Luteolin 286.24 111.13 6 3 1

No
(3 violations:
MW > 500, N
or O > 10, NH

or OH > 5.)

No (4 violations:
MW > 480,

WLOGP < −0.4,
MR > 130, number

of atoms > 70)

No
(1 violation:
TPSA > 140)

* MW: molecular weight; MR: molar refractivity.
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Table 2. Molecular modeling targets and grid box characteristics.

Proteins/PDB IDs Native Ligand
Grid Box Size (x, y,
z)/Center (x, y, z)

Reference

DNA Gyrase Topoisomerase II
(E. coli)/1KZN Clorobiocin (40, 40, 40)/(19.528,

19.500, 43.031) [38]

Enoyl-Acyl Carrier Reductase
Protein/3GNS Triclosan (40, 40, 40)/(−14.280,

0.562, −21.462) [35,36]

Cytochrome P450 14
Alpha-Sterol

Demethylase/1EA1
Fluconazole (40, 40, 40)/(17.702,

−3.978, 67.221) [39,41]

N-Myristoyl Transferase/1IYL Fluconazole (40, 40, 40)/(−11.256,
49.991, 1.040) [39,41]

Lipoxygenase/1N8Q Protocatechuic Acid (40, 40, 40)/(22.455,
1.293, 20.362) [42]

CYP2C9/1OG5 Warfarin
(12.387, 11.653,

11.654)/(−19.823,
86.686, 38.275)

[42]

3. Results

3.1. Extraction Yield

The extraction yields of P. lentiscus extracts are presented in Table 3. To extract dried
leaves of P. lentiscus, the efficiency of various solvents was examined, and the findings
demonstrate that methanol (17.5 ± 0.05%) had the highest yield among the solvents tested.
In contrast, hexane exhibited a low extraction yield (6.37 ± 0.13%).

Table 3. Extraction yield.

Extracts
Yield (%)

This Work Literature

HEPL 1 6.37 ± 0.13 2.00 ± 0.10

MEPL 2 17.5 ± 0.05 13.10 ± 0.91
1: Hexanic extract of P. lentiscus leaves (HEPL), 2: Methanolic extract of P. lentiscus leaves (MEPL).

3.2. Fatty Acid Analysis

The hexanoic extract from dried mastic leaves of P. lentiscus was analyzed by Gas
chromatography coupled with mass spectrometry (GC–MS) to identify the profile of volatile
compounds (Figure 3). The results are given in Table 4. The research findings showed that
P. lentiscus contains a variety of fatty acids, with a notably high concentration of C18 USFA
and C16 SFA (Figure 4), such as C18:2, C18:1, and C16:0. Specifically, the analysis identified
six compounds, including C18:2 linoleic acid (making up 40.9% of the fatty acids), C18:1
oleic acid (23.6%), C16:0 palmitic acid (22.8%), C14:0 myristic acid (6.3%), D-Limonene
(3.56%), and 10-methyl-Heptadecanoic acid (1.29%) like are shown in Table 4.

3.3. HPLC-DAD Analysis

The phytochemical study of the methanolic extract obtained from P. lentiscus was
assessed using HPLC/DAD (high-performance liquid chromatography/diode-array de-
tector). To determine the components within the extract, their retention times and UV
spectra were compared to those of the corresponding standards. Figure 5 presents the
HPLC chromatogram, which shows the identified polyphenolics, while Figure 6 exhibits
the chemical structure of the main components found in the extract.
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Figure 3. Chromatogram GC/MS of hexanic extract from P. lentiscus. (1) D-Limonene, (2) Myris-
tic Acid (C14:0), (3) Palmitic Acid (C16:0), (4) Oleic Acid (C18:1), (5) Linoleic Acid (C18:2), and
(6) 10-methyl-Heptadecanoic acid.

Table 4. Chemical composition of hexane extract from P. lentiscus. a: Unsaturated Fatty Acids (UFA);
b: Saturated Fatty Acids (SFA); c: ratio UFA/SFA.

Compounds TR (min) HEPL (%)

D-Limonene 9.870 3.57 ± 0.12

Myristic Acid (C14:0) 20.392 6.39 ± 0.15

Palmitic Acid (C16:0) 22.608 22.84 ± 0.20

Oleic Acid (C18:1) 24.433 23.70 ± 0.13

Linoleic Acid (C18:2) 24.600 40.97 ± 0.11

10-methyl-Heptadecanoic acid 24.625 1.29 ± 0.01

UFA a 64.670

SFA b 30.516

UFA/SFA c 2.120

Figure 4. Main compounds of hexanic extract: (a) linoleic acid (C18:2), (b) palmitic acid (C16:0).

The methanolic extract was found to contain several phenolic compounds, detectable
at 254 nm as shown in Table 5. These compounds’ highest concentration was catechin,
accounting for approximately 37% of the total compounds detected. Other notable com-
pounds present were 4-hydroxybenzoic acid and Coumaric acid, which accounted for
around 17% of the total, followed by naringin at 8.9%, p-Coumaric acid at 7.1%, quercetin
at 6.7%, and luteolin at 4.8%.

3.4. Antioxidant Activity

To assess the antioxidant potential of both the methanolic extract of P. lentiscus and
the standard (ascorbic acid), the DPPH radical scavenging assay and β-carotene bleaching
assay were conducted. The first test measures the reduction of the DPPH radical, which is
reflected in a change in color from purple (DPPH•) to yellow (DPPH-H) upon adding an
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antioxidant. The test used a spectrophotometer to measure the absorbance at 515 nm, while
the second test, the β-carotene bleaching assay, is used to evaluate a substance’s antioxidant
capacity. In this assay, β-carotene is mixed with linoleic acid and exposed to oxidative
conditions. Antioxidants within a test substance can prevent or slow the degradation of
β-carotene and linoleic acid, which results in a decreased rate of color fading, indicating a
higher antioxidant capacity. The outcomes of the assay are presented in Table 6.

Figure 5. HPLC profile of the methanolic extract of P. lentiscus.

Figure 6. Most abundant compounds detected of P. lentiscus leaves methanolic extract.

Table 5. Phenolic compound of methanolic extract of P. lentiscus leaves.

Compounds TR (min) MEPL (%)

Catechin 6.077 37.045 ± 0.15

4-hydroxybenzoic acid 8.527 17.763 ± 0.21

p-Coumaric acid 10.418 7.107 ± 0.10

Naringin 11.965 8.914 ± 0.09

Quercetin 14.539 6.739 ± 0.06

Coumaric Acid 15.473 17.589 ± 0.11

Luteolin 16.978 4.839 ± 0.02

Based on current research, the methanolic extract derived from P. lentiscus leaves exhibited
potent free radical scavenging ability, as indicated by its IC50 value of 0.26 ± 0.13 mg/mL. This
value is comparable to that of the reference standard, ascorbic acid, which had an IC50 value
of 0.15 ± 0.11 mg/mL. These findings align with those reported by Zitouni et al. [43], who
reported an IC50 value of 0.166 mg/mL for P. lentiscus from Algeria, and by Hemma et al. [44],
who reported an IC50 value of 0.121 ± 0.001 mg/mL. Additionally, the extract demonstrated
high β-carotene bleaching activity with an IC50 value of 0.19 ± 0.26 mg/mL, similar to the
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reference antioxidant BHA. In contrast, the hexanic extract exhibited IC50 values higher
than the reference antioxidants, ascorbic acid, and BHA.

Table 6. Antioxidant activity of methanolic extract of P. lentiscus.

Antioxidant Activity
DPPH β-Carotene

Inhibitory Concentration 50 (μg/mL)

HEPL 0.58 ± 0.73 0.64 ± 0.5

MEPL 0.26 ± 0.13 0.19 ± 0.26

Ascorbic Acid 0.15 ± 0.11

BHA 0.09 ± 0.15

3.5. Antibacterial Activity

The objective of this study was to investigate the antibacterial effects of P. lentiscus,
a medicinal and aromatic plant, on Gram-positive bacteria (Staphylococcus aureus and
Listeria innocua) and a Gram-negative bacterium (Escherichia coli). The diameters of the
inhibition halos surrounding the discs were measured using a graduated ruler (Table 7) to
determine the aortograms, and the minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of the extract were assessed using the microdilution
technique. The study revealed that P. lentiscus extracts had different antibacterial properties
against the bacterial strains tested, with growth inhibition zone diameters ranging from
7 to 20 mm. Staphylococcus aureus exhibited the largest inhibition zone diameter (IZ) of
20 mm, while E. coli exhibited the smallest IZ of 7 mm. Specifically, a concentration of 2%
was shown to be effective against Staphylococcus aureus. In addition, the extract inhibited
the growth of Listeria innocua at concentrations of 4% and 8%.

Table 7. Exploring the MIC and the MBC concentrations of P. lentiscus extract.

Bacterial Strains

Inhibition Zone (mm) P. lentiscus Extract

P. lentiscus
Extract

Gentamicin
(1 mg/mL)

MIC (%) MBC (%) MBC/MIC

S. aureus 20.00 19.50 2 4 2

L. innocua 15.00 21.50 4 8 2

E. coli 07.00 20.50 >16 >16 -

3.6. Antifungal Activity

The extract exhibited moderate antifungal activity against the tested fungal species,
with growth inhibition zones of 22 mm and 12 mm observed for R. glutinis and G. candidum,
respectively (Table 8). The extract demonstrated a minimum inhibitory concentration value
of 8% and a minimum fungicidal concentration of approximately 16% against G. candidum.

Table 8. Exploring the MIC and the MFC concentrations of P. lentiscus extract against fungal strains.

Fungi Strains

Inhibition Zone (mm) P. lentiscus Extract

P. lentiscus
Extract

Cycloheximide
(1 mg/mL)

MIC (%) MFC (%) MFC/MIC

G. candidum 12.00 23.00 8 16 2

R. glutinis 22.00 21.00 >16 >16 -

3.7. Physiochemical and ADME Prediction Analysis

The results of the molecular analysis and the drug-likeness analysis of the chosen
molecules are summarized in Table 9. The properties listed include molecular weight
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(MW), topological polar surface area (TPSA), hydrogen bond donors (H-Bonds), hydrogen
bond acceptors, and the number of rotatable bonds. Additionally, the table shows whether
the molecules violated Lipinski’s rule of five [45], Ghose filter [46], and Veber filter [47].
Overall, the chosen small molecules have a range of properties, and some violate certain
drug-likeness filters. Catechin, quercetin, and o-Coumaric acid have good drug-likeness
properties as they do not violate any of the filters.

Table 9. Pharmacokinetic properties of the identified compounds in P. lentiscus extract.

Prediction 1 2 3 4 5 6 7

ADME Prediction
Absorption Parameters

Bioavailability score 0.55 0.85 0.55 0.17 0.55 0.85 0.55

Water Solubility (log mol/L) −3.117 −1.877 −2.378 −2.919 −3.221 −1.56 −3.294

Caco-2 Permeability −0.283 1.151 1.21 −0.658 −0.057 1.158 0.286

Intestinal Absorption (%) 68.82 83.96 93.49 25.79 75.34 91.11 82.17

Distribution

Class of solubility Soluble Soluble Soluble Soluble Soluble Soluble Soluble

Log Kp (cm/s) −7.82 −6.02 −6.26 −10.15 −7.05 −5.86 −6.25

VDss (log L/kg) 1.027 −1.557 −1.151 0.619 −0.03 −0.406 −0.173

BBB Permeability No Yes Yes No No Yes No

Metabolism

CYP2D6, and CYP3A4 Substrate No No No No No No No

CYP2D6, and CYP3A4 Inhibitors No No No No No No Yes

Excretion

Total Clearance
log (mL/min/kg) 0.183 0.593 0.662 0.318 0.484 0.746 0.568

Renal OCT2 Substrate No No No No No No No

In contrast, naringin and luteolin violate multiple filters and are less likely to be
considered potential drugs. 4-Hydroxybenzoic acid violates the Ghose filter but is accepted
by the Lipinski and Veber filters. The molecular weight of the molecules ranges from
138.12 g/mol for 4-hydroxybenzoic acid to 580.53 g/mol for naringin, with the majority of
molecules having a molecular weight of less than 350 g/mol. The TPSA values range from
57.53 Å2 for 4-hydroxybenzoic acid and p-Coumaric acid to 225.06 Å2 for naringin, with
the majority of molecules having TPSA values less than 140 Å2.

Table 9 presents the pharmacokinetic properties of identified compounds in P. lentiscus
extract, which could provide insights into their potential use as therapeutic agents. The
table includes absorption parameters, such as bioavailability score, water solubility, Caco-2
permeability, and intestinal absorption; distribution parameters, such as solubility class,
skin permeation (log Kp), the Volume of Distribution at steady-state (VDss), and Blood–
Brain Barrier (BBB) permeability, metabolism parameters such as CYP2D6 and CYP3A4
substrate and inhibitor, and excretion parameters such as total clearance and renal Organic
Cation Transporter 2 (OCT2) substrate. In terms of absorption parameters, the bioavailabil-
ity score ranges from 0.17 to 0.85, indicating that some compounds may be well absorbed
while others may have lower bioavailability (Figure 7). The Caco-2 permeability values
suggest that most of the compounds have moderate to high permeability, with one com-
pound having low permeability. The intestinal absorption percentages range from 25.79%
to 93.49%, with most compounds having high absorption rates. Regarding distribution
parameters, all compounds are soluble, and the log Kp values suggest that they are likely
to distribute into tissues. The VDss values suggest that some compounds may have limited
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tissue distribution while others may distribute widely. Additionally, BBB permeability indi-
cates that most compounds are likely to cross the BBB. The metabolism parameters suggest
that none of the compounds are substrates or inhibitors of CYP2D6 or CYP3A4, which are
important enzymes involved in drug metabolism. Finally, the excretion parameters suggest
that most compounds are eliminated primarily via hepatic clearance, with total clearance
values varying from 0.183 to 0.746 mL/min/kg. None of the compounds are substrates of
renal OCT2. Overall, these results provide insight into the pharmacokinetic properties of
the identified compounds in P. lentiscus extract, which could be useful for predicting their
potential efficacy and safety in various applications.

Figure 7. Bioavailability radars of P. lentiscus extract’s molecules. (1) Catechin, (2) 4-Hydroxybenzoic
acid, (3) p-Coumaric acid, (4) naringin, (5) quercetin, (6) o-Coumaric acid, (7) luteolin.

The BOILED-Egg model is based on the molecule’s lipophilicity (WLOGP) and polarity
(TPSA), which are two essential characteristics that play a critical role in determining a
molecule’s behavior in the body [48]. The BOILED-Egg model visually represents these
characteristics, with the white area indicating molecules likely to be absorbed by the
intestines and the yellow area indicating high potential for the molecule to penetrate the
blood–brain barrier. In a recent study on P. lentiscus phytocompounds, the BOILED-Egg
model was used to evaluate their potential to be absorbed by the intestines and penetrate the
blood-brain barrier (Figure 8). Three compounds, 4-Hydroxybenzoic acid, p-Coumaric acid,
and O-Coumaric acid, have a high ability to be absorbed by the intestines and penetrate the
BBB while also being non-substrates of the P-glycoprotein (P-GP), which is a protein that
can prevent certain molecules from entering the brain. On the other hand, compounds 1,
5, and 7 (catechin, quercetin, and luteolin, respectively) were found to have a poor ability
to penetrate the brain endothelial cells. P-GP was found to be able to transport catechin
as a substrate, meaning it may have difficulty entering the brain due to P-GP’s actions.
However, the other two compounds were identified as non-substrates of P-GP, indicating
they may still have some potential to penetrate the blood-brain barrier. One compound,
naringin (4), was found to be out of range due to its high TPSA value. This indicates that
naringin may not be an effective candidate for penetrating the blood–brain barrier due to
its high polarity.

3.8. Toxicity Prediction Using Pro-Tox II Webserver

The Pro Tox-II server was used to examine the toxicity profile of chemicals derived
from P. lentiscus, and Table 10 provides a summary of the results. Based on the findings,
none of the chemicals derived from P. lentiscus were found to have the potential to induce
hepatotoxicity or cytotoxicity., indicating that they were all rather safe to use. Four of the
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studied substances, notably p-Coumaric acid, quercetin, o-Coumaric acid, and luteolin, were
shown to be possibly carcinogenic in terms of their ability to induce cancer. Nonetheless,
it was found that the likelihood of their occurrence was less than 0.68, indicating a negli-
gibly low propensity to cause cancer. Contrarily, the immunotoxicity of naringin (4) was
determined with a prediction probability of 0.99, demonstrating the substance’s potential
to cause immunotoxicity. Regarding the mutagenicity of the tested compounds, only two
compounds, quercetin (5) and luteolin (7), were identified as being potentially mutagenic
with a probability of 0.51. These findings highlight the importance of assessing natural
compounds’ safety and toxicity profiles before utilizing them for various applications,
particularly in medicine and the food industry, to ensure their safe and effective use.

Figure 8. Boiled-egg model of the identified molecules in P. lentiscus extract. (1) Catechin,
(2) 4-Hydroxybenzoic acid, (3) p-Coumaric acid, (5) quercetin, (6) o-Coumaric acid, (7) luteolin.
Remark: naringin (4) was found to be out of range.

Table 10. The toxicological characteristics of compounds derived from the methanolic extract
of P. lentiscus leaves were evaluated using Pro-Tox II. (1) Catechin, (2) 4-Hydroxybenzoic acid,
(3) p-Coumaric acid, (4) naringin, (5) quercetin, (6) o-Coumaric acid, (7) luteolin.

Predicted LD50 (mg/kg) Class
Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity

Predi. * Prob. Predi. Prob. Predi. Prob. Predi. Prob. Predi. Prob.

1 10,000 VI In. 0.72 In. 0.51 In. 0.96 In. 0.55 In. 0.84

2 2200 V In. 0.52 In. 0.51 In. 0.99 In. 0.99 In. 0.86

3 2850 V In. 0.52 Ac. 0.50 In. 0.91 In. 0.93 In. 0.81

4 2300 V In. 0.81 In. 0.80 Ac. 0.99 In. 0.73 In. 0.66

5 159 III In. 0.69 Ac. 0.68 In. 0.87 Ac. 0.51 In. 0.99

6 2850 V In. 0.52 Ac. 0.50 In. 0.91 In. 0.93 In. 0.81

7 3919 V In. 0.69 Ac. 0.68 In. 0.97 Ac. 0.51 In. 0.99

* Predi.: Prediction, Prob: Probability, In.: Inactive, Ac.: Active.
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3.9. PASS Prediction and Molecular Docking Analysis
3.9.1. PASS Prediction

Prediction of Activity Spectra for Substances (PASS) involves a series of algorithms
that utilize structural data about the molecule to predict its activity against a wide range
of biological targets, including enzymes, receptors, and ion channels [49,50]. By utilizing
a vast database of known active and inactive chemicals, statistical models are developed
that can accurately predict the activity of newly developed compounds [49]. In the early
stages of drug discovery, PASS analysis is a widely used tool to prioritize compounds for
further testing and to guide the design of new compounds with optimal activity profiles. As
depicted in Table 11, PASS predicted activity (P act) and predicted inactivity (P ina) values
for seven different compounds, namely catechin, 4-Hydroxybenzoic acid, p-coumaric acid,
naringin, quercetin, o-Coumaric acid, and luteolin, were assessed across three categories of
biological activity, namely antioxidant, antibacterial, and antifungal. For the antioxidant
activity, it appears that compounds 1, 4, 5, and 7 (catechin, naringin, quercetin, and luteolin)
have relatively high P act values (above 0.75), suggesting they may have antioxidant activity.
Compounds 2, 3, and 6 (4-Hydroxybenzoic acid, p-Coumaric acid, and o-Coumaric acid)
have lower P act values, indicating a lower likelihood of antioxidant activity. For the
antibacterial and antifungal activities, the predictions revealed a potent antifungal activity
for compound (4) Naringin with a P act = 0.816.

Table 11. PASS prediction of the identified phytocompounds. (1) Catechin, (2) 4-Hydroxybenzoic
acid, (3) p-Coumaric acid, (4) naringin, (5) quercetin, (6) o-Coumaric acid, (7) luteolin. P act: probable
activity; P ina: probable inactivity.

Prediction
1 2 3 4 5 6 7

PASS Prediction (P act/P ina)

Antioxidant 0.810/0.003 0.320/0.020 0.553/0.005 0.851/0.003 0.872/0.003 0.553/0.005 0.775/0.004

Antibacterial 0.320/0.053 0.384/0.034 0.343/0.045 0.669/0.005 0.387/0.033 0.343/0.045 0.388/0.033

Antifungal 0.552/0.023 0.384/0.053 0.451/0.039 0.816/0.004 0.490/0.032 0.451/0.039 0.520/0.027

3.9.2. Molecular Docking Results

Molecular docking is a commonly used methodology employed mainly in drug design
that is based on molecular structure. Its development in the 1980s has been instrumental in
drug discovery, as it enables the prediction of small-molecule ligand placement in target
binding sites and can help stabilize ligand–receptor complexes through the investigation of
molecular events, such as ligand-protein binding [51,52].

The docking scores, represented as binding energies (in kcal/mol), of the seven identi-
fied compounds from P. lentiscus against six proteins with antibacterial, antifungal, and
antioxidant properties are shown in Table 12. The docking scores of the native ligands
are also provided as a reference point. A heat map is used to visualize the data, with red
indicating a stronger binding affinity than the native ligand, yellow indicating a similar
affinity, and green indicating a weaker affinity.

Molecular docking can help stabilize ligand–receptor complexes. In this study, we
have used molecular docking to investigate how P. lentiscus extract components work.
The resulting binding affinity values indicate whether the molecule has a higher or lower
affinity for the target compared to a known inhibitor. The interactions of these components
have been investigated with specific enzymatic proteins, including lipoxygenase-3 (PDB
ID: 1N8Q) [53,54] and cytochrome P450 (PDB ID: 1OG5) [53,55], which are known target
receptors for antioxidant chemicals. For proteins known to have bactericidal/bacteriostatic
activity, DNA Gyrase Topoisomerase II and Enoyl-Acyl Carrier Protein Reductase were
selected as therapeutic targets (PDB IDs: 1KZN and 3GNS, respectively) [36,38,53]. Fur-
thermore, the investigation focused on two proteins associated with antifungal activity,
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namely Cytochrome P450 14 alpha-sterol Deme-thylase (PDB ID: 1EA1) and N-Myristoyl
transferase (PDB ID: 1IYL) [53].

Table 12. Heatmap displaying the docking scores (affinity values in kcal/mol) of components from
P. lentiscus.

N◦ Compounds

Antibacterial Proteins Antifungal Proteins Antioxidant Proteins

1KZN 3GNS 1EA1 1IYL 1N8Q 1OG5

Docking Scores (Kcal/mol) *

- Native Ligand −9.6 −6.2 −5.8 −5.8 −6 −6.6
1 Catechin −8.3 −7.1 −6.6 −7 −6.3 −8.3
2 4-Hydroxybenzoic acid −5.6 −5.5 −4.5 −4.7 −5.4 −5.3
3 p-coumaric acid −5.8 −5.3 −4.6 −5.4 −5.7 −6.2
4 Naringin −9.3 −8.1 −9.1 −7.7 −5.6 −7.8
5 Quercetin −8.3 −7 −7.1 −7.1 −8.3 −8.8
6 o-coumaric acid −6.1 −5.7 −4.7 −5.6 −6.3 −5.9
7 Luteolin −8.9 −7.2 −7.3 −7.2 −6.3 −8.8

* Each column is assigned a color scale ranging from red, which represents the docking score of the native ligand
(ΔG), to green, which represents a higher binding affinity than the native ligand (ΔG + 4 kcal/mol). The midpoint
is represented by the color yellow.

The bacterial enzyme DNA gyrase topoisomerase II (PDB: 1KZN) is ubiquitously
present in all bacterial species and regulates the topological state of bacterial DNA. In
this study, we identified the enzyme DNA gyrase topoisomerase II, which consists of two
subunits, GyrA and GyrB, as the target protein for binding. The compounds extracted
from P. lentiscus exhibited weak binding affinity with this protein, except for naringin,
which demonstrated a binding score ranging from −5.6 to −9.3 kcal/mol, with a score of
−9.3 kcal/mol. When protein 1KZN was docked with its natural ligand clorobiocin, the
outcome demonstrated strong inhibitory potential, as evidenced by the docking score of
−9.6 kcal/mol. The ligand established two conventional H-bonds with the amino acid
residues of the active site, THR165, and ASP73, which was mentioned in the reference [53].
Our docking analysis revealed the presence of four potent inhibitors of FabI activity (PDB
ID: 3GNS), namely quercetin, catechin, luteolin, and naringin, with binding scores of −7,
−7.1, −7.2, and −8.1 kcal/mol, respectively, compared to triclosan, a well-known FabI
inhibitor, with a score of −6.2 kcal/mol.

The formation and upkeep of bacterial cell membranes require fatty acid biosynthesis,
which involves a sequence of enzyme-catalyzed reactions that transform fundamental
components into long, unsaturated fatty acids, constituting a significant part of these
structures. The final stage of this process is the reduction of the double bond in an in-
termediate molecule referred to as an enoyl-acyl carrier protein (ACP) derivative [56].
The enzyme FabI, also known as enoyl-ACP reductase, is responsible for facilitating the
reduction process in the final stage of fatty acid biosynthesis. It plays an essential role in the
elongation phase of this process, which is necessary for the cycle’s completion [57]. FabI
has been identified in crystal structures of various bacteria, including Escherichia coli and
Staphylococcus aureus [58].

The N-terminal glycine of various proteins in eukaryotic organisms is bound by N-
Myristoyl Transferase (NMT), which utilizes myristoyl-CoA as a substrate and attaches
myristate fatty acid [59]. NMT is essential for various crucial biological processes, including
cell death, signal transduction, and the proliferation of fungal pathogens [60]. The study
revealed that catechin, naringin, quercetin, and luteolin are potent inhibitors of the second
lipoxygenase member, CYP2C9, with binding affinity values lower than −6.6 kcal/mol, the
value of the ligand warfarin.

The biosynthesis of sterols in fungi depends heavily on the enzyme CYP51s, also
referred to as Cytochrome P450 14α-Sterol Demethylase. This enzyme is responsible for
producing intermediary compounds required for the formation of ergosterol, making it
a critical component of the process [61]. Due to its indispensable role in the formation of
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sterols, CYP51s have become a prime aim for antifungal drugs. In this study, molecular
docking analysis was carried out using the crystal structure of CYP51s (with a PDB ID of
1EA1) as a basis. The results of the analysis indicate that the molecules quercetin, catechin,
luteolin, and naringin possess strong inhibitory potential with docking scores of −7.1, −6.6,
−7.3, and −9.1 kcal/mol, respectively.

The current study also shows that the same four molecules, quercetin, catechin, lute-
olin, and naringin, exhibit potent inhibitory potential against NMT, with binding affini-
ties higher than that of Fluconazole, a known antifungal drug with a docking score of
−5.8 kcal/mol.

Lipoxygenases are a group of enzymes that use a redox mechanism to catalyze the
oxidation of polyunsaturated fatty acids, producing hydroperoxide, which is an oxygen-
centered radical that can be involved in the development of severe diseases.

In this study, two proteins were selected, namely lipoxygenase (1N8Q) and cytochrome
P450 (1OG5). The study identified catechin, O-Coumaric acid, luteolin, and quercetin as
potent inhibitors of lipoxygenase (PDB ID: 1N8Q), with binding affinity scores of −6.3,
−6.3, −6.3, and −8.3 kcal/mol, respectively, compared to the inhibitor Protocatechuic Acid,
which had a docking score of −6.0 kcal/mol.

4. Discussion

In this research, extracts were prepared from the leaves of P. lentiscus. Several
studies [62,63] have confirmed that the yield depends on the polarity of the solvent used,
which is consistent with our study. In line with Ariana Bampouli et al.’s study [64], our
results demonstrate that hexane is not an appropriate solvent for extracting metabolites
from mastic tree leaves due to its low extraction efficiency. On the other hand, ethanol
or methanol as solvents led to significantly higher yields. Generally, non-polar solvents
like hexane extract non-polar compounds like carotenes, terpenes, and lipids, while po-
lar compounds like phenolic compounds are typically extracted using water, ethanol, or
methanol [65].

The chemical composition of H.E was determined by gas chromatography-mass
spectrometry (GC-MS). The primary compound detected in the P. lentiscus extract was
linoleic acid, which is a precursor for arachidonic acid biosynthesis and serves as a substrate
for synthesizing eicosanoids. According to previous research, linoleic acid has potential
cholesterol-lowering effects and can be beneficial for the skin, making it a widely used
ingredient in the cosmetic industry [66,67]. The P. lentiscus extract is rich in unsaturated
fatty acids (UFA), specifically C18:1 (MUFA) and C18:2 (PUFA), accounting for around
64.67% of its content. These levels suggest that the extract is resistant to oxidation and
could serve as a valuable source of MUFA and PUFA in the diet. MUFA is essential for its
nutritional implications and impact on the extract’s oxidative stability. Previous studies
have shown that a diet high in MUFA may be a healthier alternative to a low-fat diet, as it
can lower blood cholesterol levels, modulate immune function, decrease the susceptibility
of LDL to oxidation, and enhance the fluidity of HDL [68]. Furthermore, including PUFA
in the diet is crucial for the structure and function of membrane proteins, such as receptors,
enzymes, and active transport molecules [69].

The major phenolic compounds of the M.E were determined through HPLC analysis. It
revolves around the presence of catechins as major compounds. Catechins are flavan-3-ols,
a natural polyphenolic compound belonging to the flavonoid family, found in numerous
plants. These compounds possess various biochemical properties and exhibit antioxidant
activity, which can prevent diseases such as cancer, cardiovascular, and neurodegenerative
diseases by reducing oxidative stress [70].

The antioxidant activity was analyzed using two methods (the DPPH radical scav-
enging method and the β-carotene bleaching assay). The potent scavenging activity of the
methanolic extract from P. lentiscus leaves is believed to be attributed to its high concen-
tration of phenolic compounds, particularly catechin. The present discovery corresponds
with the investigation conducted by Luo and colleagues [71], where they proposed that
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dissimilarities in the number of phenolic compounds among diverse plant species can
elucidate the discrepancies in their antioxidant activity.

The antibacterial and antifungal activities of P. lentiscus methanolic extract were ana-
lyzed. The antibacterial potency of extracts from medicinal and aromatic plants depends
on the diversity of the molecules present [72]. These results suggest that moderate concen-
trations of the extract may efficiently inhibit the growth and spread of the tested bacterial
strains. The antibacterial activity of P. lentiscus is attributed to its chemical composition,
particularly the presence of phenolic compounds [73]. Catechin, the primary compound
found in this plant, is thought to be responsible for the antibacterial effects [74], while
naringin and other compounds can also contribute to the activity against Gram-positive
bacteria [75]. The activity of the extract against Gram-negative bacteria is comparatively
lower than that against Gram-positive bacteria due to the differences in the composition
of their cell walls. In Gram-positive microorganisms, the resistance is attributed to the
presence of a hydrophilic barrier that hinders diffusion through the outer cell membrane.
However, in Gram-negative bacteria, the inhibition of activity is primarily based on the
direct interaction between the extract’s hydrophobic components and the phospholipids
present in the cell membrane. This interaction can lead to structural damage and complete
rupture of the cell membranes [50].

The growth-inhibitory properties of P. lentiscus extract against these fungi are at-
tributed to its chemical composition. The antifungal potential of plant-derived substances
has been widely investigated through in vitro studies [76]. This moderate activity is a result
of several factors acting together to achieve the antifungal effect. The extract’s chemical
composition and its richness in bioactive constituents are considered to be important de-
terminants of antifungal activity. Notably, the presence of flavonoids is responsible for
the extract’s antifungal properties by disrupting the fungal cell membrane, degrading the
mitochondrial function, inhibiting electron transport, and altering mitochondrial ATPase
activity [77]. On the other hand, the extract was found to be inactive against molds, such as
R. glutinis, which could be attributed to the inherent resistance of molds to the components
present in the sample.

A drug needs to exhibit high selectivity and minimal side effects [78]. However,
despite being effective, many potential treatments do not make it through the later stages
of testing due to their high rate of attrition caused by unavoidable side effects [78]. These
side effects can arise due to the complexity of the biological system and can be difficult
to predict. To reduce the risk of drug candidate failure, in silico studies can be conducted
to assess drug-likeness and ADME properties of potential molecules [45,46]. After the
initial screening process, the identified molecules undergo a thorough analysis to determine
their drug-like properties and ADME profiles. This comprehensive analysis can help to
identify potential issues and minimize the risk of a drug candidate failing in the later stages
of testing.

Lipinski’s rule of five is a widely used rule to predict drug-likeness, and violations
of this rule suggest that the molecule may have poor Absorption or permeation in the
body. The Ghose and Veber filters are other commonly used filters to predict drug-likeness.
Among the molecules listed, catechin, 4-Hydroxybenzoic acid, p-Coumaric acid, quercetin,
and o-Coumaric acid have good drug-like properties, with no violations of any filters.
These molecules may have the potential for drug development. Naringin and luteolin have
multiple violations of drug-likeness filters, indicating that they may have poor pharma-
cokinetic properties and are less likely to be developed as drugs. However, it is important
to note that the results of these filters are not absolute and do not entirely rule out the
possibility of these molecules being developed as drugs.

The BOILED-Egg model is an effective and convenient tool to evaluate the potential for
a substance to be absorbed by the intestines and to penetrate the blood–brain barrier [48].
It was able to provide valuable insights into the potential of P. lentiscus phytocompounds to
be absorbed by the intestines and penetrate the BBB, which can be useful for further drug
development and therapeutic applications.
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Prediction of Activity Spectra for Substances (PASS) is a computational approach
extensively utilized in drug research to predict the biological activity of chemical com-
pounds [49]. The results of this analysis indicate that some compounds have relatively
modest to high P act values for one category but not for the other, which may suggest that
any noticed biological activity may be attributed to a potential synergy.

Molecular docking, a widely used methodology in drug design, was employed in this
study to investigate the interactions between the components of P. lentiscus extract and
specific enzymatic proteins. The binding affinity values obtained from the docking analysis
provided insights into the potential inhibitory activity of the compounds. For DNA Gyrase
Topoisomerase II, most compounds from P. lentiscus showed weak binding affinity, except
for naringin, which demonstrated strong binding affinity. The natural ligand clorobiocin
exhibited potent inhibitory potential, establishing two conventional H-bonds with the
amino acid residues of the active site. In the case of Enoyl-Acyl Carrier Protein Reductase
(FabI), four compounds from P. lentiscus, namely quercetin, catechin, luteolin, and naringin,
showed potent inhibitory activity, suggesting their potential as FabI inhibitors. These
compounds displayed higher binding scores compared to the well-known FabI inhibitor
Triclosan. N-Myristoyl Transferase (NMT) inhibition was observed with catechin, naringin,
quercetin, and luteolin, indicating their potential as inhibitors for this enzyme. These
compounds exhibited higher binding affinities than the antifungal drug Fluconazole.

The results also revealed the strong inhibitory potential of quercetin, catechin, luteolin,
and naringin against Cytochrome P450 14α-Sterol Demethylase (CYP51s), an enzyme cru-
cial for sterol biosynthesis in fungi. These compounds displayed significant binding scores,
indicating their potential as antifungal agents targeting CYP51s. Lastly, lipoxygenase-3
(1N8Q) inhibition was observed with catechin, O-coumaric acid, luteolin, and quercetin,
suggesting their potential as lipoxygenase inhibitors. These compounds showed higher
binding affinities compared to the inhibitor Protocatechuic Acid. Overall, the results of
this study highlight the potential of the identified compounds from P. lentiscus extract
as inhibitors for enzymes involved in antibacterial, antifungal, and antioxidant activities.
Further investigations and experimental validations are warranted to confirm their efficacy
and suitability as therapeutic agents.

5. Conclusions

Our research aims to improve the extracts derived from P. lentiscus in the Ahfir region
of eastern Morocco. Through the analysis of the hexanic extract using GC/MS, we have
identified linoleic acid as the major fatty acid compound, comprising approximately 40% of
the extract. The unsaturated fatty acid to saturated fatty acid ratio is 2.12%, indicating a high
content of unsaturated fatty acids, which are valuable in the food industry. The chemical
composition of the methanolic extract was determined using HPLC-DAD, revealing that
catechin is the predominant compound, accounting for around 37% of the extract. The
methanolic extract demonstrated antioxidant activity close to that of ascorbic acid when
assessed using the DPPH radical scavenging method. However, as these extracts are
crude and contain various compounds, purified compounds may exhibit comparable
activity to ascorbic acid. Our findings indicate that P. lentiscus extracts possess significant
antimicrobial properties, as demonstrated by both in vitro and in silico assays, suggesting
their potential as a phytomedicine. The in silico assays supported the experimental data
and provided insights into the molecular interactions between the tested drugs and specific
enzymatic proteins, indicating substantial binding affinities. In conclusion, our research has
shown that the studied products exhibit excellent antioxidative and antibacterial properties,
positioning them as potential candidates for various biotechnological applications.
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Abstract: Alzheimer’s disease (AD) is the most common form of dementia, which is recorded as a
global health issue. Natural acetylcholinesterase inhibitors (AChEIs) are considered a helpful therapy
for the management of symptoms of patients with mild-to-moderate AD. This work aimed to investi-
gate and characterize Euonymus laxiflorus Champ. (ELC) as a natural source of AChEIs compounds
via in vitro and virtual studies. The screening parts used, including the leaves, heartwood, and
trunk bark of ELC, revealed that the trunk bark extract possessed the highest activity, phenolics and
flavonoid content. The in vitro anti-Alzheimer activity of ELC trunk bark was notably reclaimed for
the first time with comparable effect (IC50 = 0.332 mg/mL) as that of a commercial AChEI, berberine
chloride (IC50 = 0.314 mg/mL). Among various solvents, methanol was the most suitable to extract
ELC trunk bark with the highest activity. Twenty-one secondary metabolites (1–21) were identified
from ELC trunk bark extract, based on GCMS and UHPLC analyses. Of these, 10 volatile compounds
were identified from this herbal extract for the first time. One phenolic (11) and seven flavonoid
compounds (15–21) were also newly found in this herbal extract. Of the identified compounds,
chlorogenic acid (11), epigallocatechin gallate (12), epicatechin (13), apigetrin (18), and quercetin (20)
were major compounds with a significant content of 395.8–2481.5 μg/g of dried extract. According
to docking-based simulation, compounds (11–19, and 21) demonstrated more effective inhibitory
activity than berberine chloride, with good binding energy (DS values: −12.3 to −14.4 kcal/mol)
and acceptable RMSD values (0.77–1.75 Å). In general, these identified compounds processed drug
properties and were non-toxic for human use, based on Lipinski’s rule of five and ADMET analyses.

Keywords: Alzheimer; acetylcholinesterase inhibitors; Euonymus laxiflorus Champ.; bioactive
compounds; medicinal plants

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia. This disease has
been recorded as a global health issue, with the number of patients worldwide reaching
approximately 50 million; the number of cases of AD may double every 5 years, and it
is estimated to reach 152 million by 2050 [1,2]. AD significantly affects individuals, the
families of the patients, and the global economy, with the annual incurred costs estimated
to reach about USD 1 trillion worldwide [1]. Up to date, no therapies may completely cure
AD. However, some current therapies may significantly help to manage the symptoms,
provide temporary relief, and increase the quality of life of patients with AD [3]. Among
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the therapies, the utilization of herbs for the management of AD has been considered since
they are natural sources of bioactive compounds and are less toxic [4–10].

Vietnam, a tropical country, has been ranked as the sixteenth most biodiverse world-
wide, with more than 10,000 herbal species recorded and 4000 species in use as traditional
medicine [11]. Thus, studies based on the investigation of the biological effects and chemi-
cal profiles of medicinal plants from Vietnam have received increasing interest in recent
years [12–17]. However, only a few studies and new records of herbs with potential anti-
Alzheimer effects of this biodiverse area have been reported [15–17]; as such, the discovery
of medicinal plants with biological activities related to Alzheimer’s drugs from Vietnam
has been received with great interest.

Euonymus laxiflorus Champ. (ELC), a medicinal plant, is wildly grown in Vietnam,
India, Cambodia, Myanmar, and China [12,14,18]. ELC has been found to be a rich source of
bioactivities, including antioxidant and anti-nitric oxide (anti-NO) properties [19], a potent
anti-enzyme targeting anti-diabetes, such as anti-α-glucosidase and anti-α-amylase [12,14],
and a significant reduction in the blood glucose of normal and diabetic rats with fewer or no
side effects [20,21]. Some target compounds of α-glucosidase, α-amylase, antioxidant, and
the anti-NO effect were purified and identified in our earlier works [13,19,22]. However,
no data are available on anti-acetylcholinesterase (AChE) targeting anti-Alzheimer, as well
as the concerning constituents of this herb.

As a part of our ongoing objective to investigate novel bioactivity and the active
constituents of the herbal ELC for the development of this herb as a natural and functional
food and/or as drugs, in this investigation, we collected this herb from Dak Lak province
of Vietnam and determined the bioactivities. This study is the first to report the anti-AChE
activity of ELC. Further screening of the most active part used, including the heartwood,
trunk bark, leaves of ELC, and the chemical profiles, the interaction of active molecules
toward the targeting enzyme acetylcholinesterase, as well as Lipinski’s rule of five and
ADMET-based pharmacokinetics and pharmacology analyses via computational study are
also presented in this study. All steps of our work are summarized in Scheme 1.

Scheme 1. A schematic of this study. (A) The samples of Euonymus laxiflorus Champ. (B) were
collected for screening extraction solvents and functional part used. (C) The most bioactive extract
was investigated for its chemical profiles, (D) then the virtual study was conducted for the prediction
of active compounds and drug discovery.
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2. Materials and Methods

2.1. Materials

The samples of some parts used, such as leaves, heartwood, and trunk bark of ELC,
were collected in Yok Don National Park, Dak Lak Province, Vietnam, in 2022. The dried
herbal parts were packed in PE bags and stored at −30 ◦C before extraction. Acetyl-
cholinesterase and berberine chloride were acquired from Sigma Aldrich (St. Louis, MO,
USA). The highest-grade solvents and common chemical agents available were used in
this study.

2.2. Chemical Methods
2.2.1. Preparation of Herbal Extracts

Herbal extracts were prepared using the previously reported process [12,13]. The
herbal samples were extracted using different solvents, including methanol, butanol, ethyl
acetate, n-hexane, and water. The solvent was mixed with the plant sample for 24 h in a
ratio of 100 mL/10 g in a conical glass flask using a shaker; then, the solution was filtered
via a filter paper (no. 1, Whatman International Ltd., Maidstone, UK) at room temperature.
The sample residues were further extracted twice with 200 mL using the same solvent
with the same conditions described above. These three solutions were combined and
concentrated at 60 ◦C under a vacuum using a rotary evaporator (IKA, Staufen, Germany).
The extracts were stored at −30 ◦C before further use [12,13].

2.2.2. Gas Chromatography-Mass Spectrometry (GCMS) Analysis

The herbal extract was dissolved in methanol (MeOH), then purified by solid-phase
extraction using the QuEChERS method. For further analysis, GC (Thermo Trace GC Ultra,
USA) and ITQ900 (Thermo, Waltham, MA, USA) were conducted. A TG-SQC capillary
column (30 m × 0.25 mm × 0.25 μm) was utilized for the GCMS analysis. Helium (99.999%),
a carrier gas, was set at a constant flow rate of 1 mL/min. The sample solution (1 μL) was
injected in a split ratio of 10:1. The temperature of the injector and the ion source were
set at 250 and 230 ◦C, respectively. The temperature program of the oven was set at 70 ◦C
(isothermal for 2 min) and increased up to 280 ◦C with an increasing speed of 15 ◦C/min,
ending with a 10 min isothermal at 280 ◦C. MS data were at 70 eV, a scanning interval
time of 0.5 s, and for fragments from 50 to 650 Da. The compounds were identified via
comparison with reported compounds using compounds data of the Mass Spectra Library
(NIST 17.L and Wiley).

2.2.3. UHPLC Analysis

The herbal extracts were dissolved in MeOH at 10 mg/mL and then filtered using a
0.45 μm polyvinylidene fluoride membrane filter (Millipore Sigma, Billerica, MA, USA).
An amount of two microliters of the extract solution was injected into the UHPLC system
(Thermo Ultimate 3000). The constituents in the sample were separated via a column
(Hypersil GOLD aQ, 3 μm, 150 × 2.1 mm), which was maintained at a temperature of 30 °C.
A mobile phase consisting of MeOH and 0.1% phosphoric acid in water was used, and
the mobile phase program was set at 5% MeOH (0.0–0.5 min), 5–30% MeOH (0.5–8.0 min),
30–45% MeOH (8.0–13 min), 45–65% MeOH (13.0–18.0 min), 65–95% MeOH (18.0–22.0 min),
and 95–5% MeOH (22.0–23.0 min). The flow was set at 0.2 mL/min, and the constituents
were detected at 265 nm.

2.3. Enzyme Inhibition Assay

AChE was used to carry out the inhibitory assay using Ellman’s method [23] with
modifications. A 0.05 M phosphate buffer, pH 8.0, was used in this protocol. Additionally,
60 μL of the herbal extract was mixed with the same volume of 0.5 mM enzyme solution
and 120 μL of phosphate buffer, and kept at 25 ◦C for 15 min in a flat-bottom 96-well plate.
Agent 5, 5′-dithiobis-2-nitrobenzoic acid (DTNB, 30 μL of 0.003 M) and 40 μL of 0.002 M
acetylthiocholine iodide (ATCI) were added into the mixture to start the reaction. The
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reaction was maintained at 25 ◦C for 10 min before the absorbance was measured at the
wavelength of 415 nm. For the control group, 60 μL of phosphate buffer was used instead
of 60 μL of the herbal extract solution and the same condition was used for the calculation
of enzyme inhibition activity using the following equation:

AChE inhibition (%) = (AC − AE)/AC × 100,

where AE is the absorbance value measured at 415 nm of the reaction containing herbal
extract and enzyme, while AC is the absorbance value at 415 nm of the reaction containing
enzyme and phosphate buffer instead of the herbal extract. The samples and berberine
chloride (commercial AChE inhibitor) were dissolved in dimethylsulfoxide and eluted at
various concentrations using a 0.05 M phosphate buffer and then used for the tests.

2.4. Virtual Study Methods
2.4.1. Docking Simulation

Virtual analysis was conducted using the MOE-2015.10 software to predict the active
metabolite-concerning inhibition against the targeting enzyme. This virtual protocol was
performed following the three typical steps mentioned in the previous reports [24,25].

� Preparation of protein structure: The structure data of enzyme AChE were obtained
from the Research Collaboratory for Structural Bioinformatics Protein Data Bank for
the preparation of their three-dimensional structures through the use of MOE-2015.10.
The most active sites on the enzyme were found using the site finder function of the
MOE software. A virtual pH 7 was used for the preparation of enzyme structure.

� Preparation of ligand structures: The structures of identified compounds (ligands)
from the herbal extracts and commercial inhibitors were prepared using the Chem-
BioOffice 2018 software and further optimized using the MOE software. The following
parameters were required to prepare the structure of ligands: virtual pH 7, force field
MMFF94x; R-Field 1:80; cutoff, rigid water molecules, space group p1, cell size 10, 10,
10; cell shape 90, 90, 90; gradient 0.01 RMS kcal·mol−1A−2.

� Docking ligands into enzymes and the obtained out-put data: The prepared ligands
were docked into the active site of AChE using the MOE software. As major out-put
for analysis, DS value, RMSD value, linkage types, compositions of amino acids, and
the linkages’ distances were harvested.

2.4.2. The Lipinski Rule of Five and ADMET Analyses

The online software accessed at (http://www.scfbioiitd.res.in/software/drugdesign/
lipinski.jsp (accessed on 15 May 2023)) was utilized for the Lipinski Rule of Five per-
formance. A web tool called SwissADME (http://www.swissadme.ch/ (accessed on
15 May 2023)) was used for the prediction of some pharmacokinetic parameters of AD-
MET. The out-put data of theoretical interpretations of pharmacokinetic parameters have
been previously described [26] and used as a public reference online, accessed at
(http://biosig.unimelb.edu.au/pkcsm/theory (accessed on 15 May 2023)).

3. Results and Discussion

3.1. New Records of the Potential Anti-Acetylcholinesterase Effect of Euonymus laxiflorus Champ

To evaluate ELC as a source of anti-Alzheimer drugs, the ELC trunk bark (ELCTB) was
extracted with methanol, butanol, ethyl acetate, n-hexane, and water, and then tested for
their inhibition against AChE, a key enzyme in the discovery of anti-Alzheimer drugs [27].
The biological effect was recorded and shown under the IC50 value, which is the sample
concentration that reduces 50% of enzymatic effect; the lower the value a sample yields,
the greater the effect it displays. The results are shown in Table 1, and Figure A1 shows
that the MeOH extract of ELCTB could most efficiently inhibit AChE with a low IC50 value
(0.323 mg/mL), comparable to that of a commercial inhibitor compound, berberine chloride
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(IC50 = 0.314 mg/mL). This meOH extract was also found to inhibit AChE with a high max
inhibition value of 97.0%, while other extracts showed a max effect of less than 80.1%.

Table 1. Acetylcholinesterase inhibitory effect of ELC trunk bark extracted by various solvents.

No.
ELCTB Extracted by

Various Solvents
IC50 (mg/mL) Max Inhibition (%)

1 Methanol extract 0.323 ± 0.021 97.0 ± 2.3%

2 Butanol extract 0.781 ± 0.042 80.1 ± 2.4%

3 Ethyl acetate extract 1.232 ± 0.098 65.2 ± 3.1%

4 n-Hexane extract 1.530 ± 0.101 57.3 ± 1.5%

5 Water extract 0.662 ± 0.032 79.1 ± 2.6%

6 Berberine chloride 0.314 ± 0.032 98.2 ± 1.8%

To screen for the most functional part to be used, the heartwood, trunk bark, and
leaves of ELC were also extracted by meOH and used for the activity tests. The trunk bark
MeOH extract showed the most AChE inhibitory activity with the smallest IC50 values
of 0.336 mg/mL (Table 2 and Figure A2). This part used was also rich in total content of
polyphenol (567.3 GAE/g dry extracts) and flavonoid (335.2 QE/g dry extracts). Thus, the
MeOH extract of the trunk bark was further examined.

Table 2. Acetylcholinesterase-inhibitory activity, the total content of polyphenol, and flavonoid of
different parts of Euonymus laxiflorus Champ.

Parts Used of Euonymus
laxiflorus Champ.
Extracted by MeOH

IC50

(mg/mL)

Total Content of
Polyphenol (mg

GAE/g Dry Extracts)

Total Content of
Flavonoid (mg QE/g

Dry Extracts)

Heartwood MeOH
extract 1.326 ± 0.103 107.2 ± 22.1 98.0 ± 7.8

Trunk bark MeOH extract 0.336 ± 0.029 567.3 ± 27.2 335.2 ± 10

Leaves MeOH extract 0.981 ± 0.045 227.2 ± 15.1 101.3 ± 8.9

Berberine chloride 0.327 ± 0.031 - -

Recently, ELCTB has been found showing several medical effects, including antiox-
idant, anti-NO, anti-α-glucosidase, anti-α-amylase, and antidiabetic effects, and ELCTB
has also been used by folks for the treatment of several diseases [12,14,19–21]. However,
the potential AChE inhibitory effect of ELC was newly recorded in this study; as such, the
findings herein contributed to enriching the catalog of medical effects of this plant.

Clinical trials using herb extracts in AD treatment were conducted in some works.
Some herbal extracts in China achieved good effects in clinical trials for treating demen-
tia [28]. Ginkgo biloba extracts were trialed widely in AD treatment and trials were conducted
for almost 3–6 months [29]. In the Ginkgo One Tablet A Day (GOTADAY) trial, the dose of
the one-daily drug containing 240 mg of G. biloba extract showed a significant improvement
in neuropsychiatric symptoms and cognition for dementia patients [30]. Overall, other
reports of this herb showed non-potential or unreliable effects in trials [29]. Furthermore,
a patient group using a high dose of Panax ginseng recorded significant results based on
clinical dementia rating and Alzheimer disease assessment scale when compared with the
control [31]. In Iran, Salvia officinalis extract was tested with a fixed dose of 60 drops/day
for mild-to-moderate Alzheimer’s patients in a 4-month period. It supported improved
cognition after 16 weeks of treatment; however, some of its side effects need further confir-
mation [32]. Based on some of the above literature, using herb extracts as AD treatment
agents is also considered a promising orientation. ELC extracts can also be suggested as a
potential source for in-depth trials. This herb was demonstrated non-toxic for normal cells
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and mouse models and it has also been used as a traditional medicine by ethnic minorities
in Vietnam for a long time [22].

3.2. The Chemical Profile of the MeOH Extract of Euonymus laxiflorus Champ. Trunk Bark

GCMS and UHPLC analyses were used for the identification of the chemical profile of
ELCTB MeOH extract. Based on GCMS analysis using compounds data from the MS Library
(NIST 17.L and Wiley), 10 volatile compounds (symbolized as 1–10) in ELCTB were detected
and identified (Figure 1, Table 3), including 3-hydroxydecanoic acid (1) [33], propane, 1,1-
dipropoxy- (CAS) (2), (2-(2-butoxyisopropoxy)-2-isopropanol (3), p-xylene (4) [34], styrene
(5) [35], oxalic acid, heptyl propyl ester (6) [36], sulfurous acid, isobutyl pentyl ester (7) [37],
2-phenylethyl allyl ether (8), 12-hydroxyalliacolide (9) [38], and 7-ethyl-quinoline (10).
Of these volatile compounds, 3-hydroxydecanoic acid (1) was found as a major volatile
compound in ELCTB extract in a significantly high amount (48.63% area), followed by
p-xylene (4), styrene (5), oxalic acid, heptyl propyl ester (6), 12-hydroxyalliacolide (9), and
7-ethyl-quinoline (10) with recoded area in the range of 4.14–11.63%; other volatiles were
present in a minor amount (0.38–2.91% area). The GC profiles of these volatile compounds
are presented in Figure A3.

Figure 1. The volatile compounds detected from the methanol extract of ELC trunk bark via
GCMS analysis.

Based on the application of UHPLC using commercial compounds as standards,
one phenolic (symbolized as 11) and ten flavonoid compounds (symbolized as 12–21)
were detected and identified (Figure 2), including chlorogenic acid (11) [39], epigallocat-
echin gallate (EGCG) (12) [40], epicatechin (13) [41], epicatechin gallate (14) [42], vitexin
(15) [43], isovitexin (16) [44], rutin (17) [45], apigetrin (18) [46], myricetin (19) [47], quercetin
(20) [48], and apigenin (21) [49]. The contents of these compounds were determined and
are presented in Table 4. Among these compounds, a high yield of apigetrin (18) was
found in the ELCTB extract at 2481.525 μg/g of dried extract. Chlorogenic acid (11),
EGCG (12), epicatechin (13), and quercetin (20) were detected with a significant content of
395.808–576.809 μg/g of dried extract, while the content of other compounds, 14–17 and 21

was lower at 23.197–184.798 μg/g of dried extract. The UHPLC profiles of these identified
compounds are presented in Figure A4.
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Table 3. The volatile compounds in the MeOH extract of ELC trunk bark identified by GCMS analysis.

ID Compd Compds RT (min) % Area

1 3-Hydroxydecanoic acid 3.40 48.63

2 Propane, 1,1-dipropoxy- (CAS) 4.77 2.91

3 (2-(2-butoxyisopropoxy)-2-isopropanol 4.88 2.62

4 p-Xylene 5.16 11.63

5 Styrene 5.56 8.53

6 Oxalic acid, heptyl propyl ester 7.45 4.62

7 Sulfurous acid, isobutyl pentyl ester 9.19 2.58

8 2-Phenylethyl allyl ether 10.28 0.38

9 12-Hydroxyalliacolide 12.76 8.04

10 7-ethyl-Quinoline 13.91 5.92

Figure 2. Flavonoid and phenolic compounds detected from the methanol extract of ELC trunk bark
by UPLC.
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Table 4. The content of phenolic compounds contained in the methanol extract of ELC trunk bark by
UPLC.

ID Compd Compds RT (min)
Content μg/g of

Dried Extract

11 Chlorogenic acid 13.700 395.808

12 EGCG 14.198 402.680

13 Epicatechin 14.760 576.809

14 Epicatechin gallate 16.230 79.513

15 Vitexin 17.785 23.197

16 Isovitexin 19.180 63.884

17 Rutin 19.603 61.581

18 Apigetrin 20.442 2481.525

19 Myricetin 20.882 221.843

20 Quercetin 22.830 487.600

21 Apigenin 24.772 184.798

Regarding the chemical profiles of ELC, a total of 36 compounds were previously puri-
fied and their chemical structures elucidated [13,19,21,22,27,50]. Of these, six compounds
were first purified in ELC stems and leaves collected from Taiwan by Kuo et al., 2003 [50].
Recently, we isolated and identified chemical structures of 30 phenolics from the methanol
extract of ELC trunk bark collected from the Central Highland of Vietnam [13,19,21,22,27].
However, there are no data on volatile compounds contained in the ELCTB identified
through GCMS analysis so far. Thus, this work is the first to report the application of
UHPLC in the detection and determination of major phenolic and flavonoid compounds
contained in the extract of this herbal species. One phenolic compound, chlorogenic acid
(11), and seven flavonoids including vitexin (15), isovitexin (16), rutin (17), apigetrin (18),
myricetin (19), quercetin (20), and apigenin (21) in ELC extract are reported for the first time.
Thus, the experimental data of this work contributed to enriching the chemical profiles
of ELC.

3.3. Insight into the Interactions and Energy Binding Bioactive Compounds toward Targeting
Enzyme—Acetylcholinesterase via Docking Study

The active compounds, the interaction and binding energy of the bioactive inhibitors
toward AChE were predicted through the docking study using the MOE-2015.10 software.
The data of AChE protein structure was obtained from the Worldwide Protein Data Bank.
The most active site (on AChE for docking ligands) was found using the site finder function
of the MOE software. Based on the out-put data of MOE, 25 binding sites on AChE were
determined. The sizes, residues, and 3D structures of these binding sites were mapped and
are presented in the Appendix A (Table A1). The ligands may bind to various sites on the
enzyme; however, only the most active site was chosen to be presented and discussed in
detail. Based on the site finder function of MOE, and the pre-screening results, binding site
1 is suggested as the most active binding site for further investigation. This active site was
found (Figure 3a) to contain 39 residues. To determine whether binding site 1 was covered
by the catalytic site of enzyme or not, the CASTp3.0 server was used in the prediction
of the AChE catalytic site, which has the volume and the surface area of 904.278 Å3 and
529.676 Å2, respectively (Figure 3b, Table A2). Figure 3 indicated that binding site 1 was not
located in the catalytic site. Thus, all these inhibitors show a high possibility of no binding
to the catalytic site of AChE.
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Figure 3. The 3D structure of the most active binding site 1 of acetylcholinesterase (a) was found
using MOE-2015.10, and the 3D structure of the catalytic site of acetylcholinesterase (b) found by
utilization of the CASTp3.0.

In the virtual study, RMSD and DS are important parameters to determine whether
a compound (ligand/inhibitor) may bind to the target protein and inhibit its enzymatic
activity [51,52]. For a successful binding, when a ligand interacts with a target protein
with an RMSD value less than 2.0 Å, the binding is considered to be significant and widely
accepted for further virtual analysis [51]. As shown in Table 5, all the identified com-
pounds (1–21) interacted with AChE with low RMSD values in the range of 0.63–1.75 Å,
while the interaction of the commercial inhibitor berberine chloride had an RMSD value
of 1.65 Å. This result suggested the successful binding of all the ligands to the target
protein with acceptable RMSD values. For virtual evaluation of effective inhibition, DS was
commonly used. When a compound binds to the target enzyme with a DS value less than
−3.20 kcal/mol, it is proposed as an enzyme inhibitor [52]. In comparison, the lower the
DS value an inhibitor has, the greater is its inhibitory effect. As summarized in Table 5, all
the compounds could bind to AChE with DS values greater than −6.3 kcal/mol, indicating
that they may be possible AChE candidates. The commercial inhibitor berberine chloride
showed high inhibition against AChE, with a DS value of −12.1 kcal/mol. Compared with
the commercial inhibitor, eleven compounds (1–10, 20) exhibited weaker AChE inhibition
(DS value in the range of −6.3 to −11.0 kcal/mol) than berberine chloride (22). Other com-
pounds (11–19 and 21) demonstrated higher activity than berberine chloride (22) with low
DS values of −12.3 to −14.4 kcal/mol. Overall, the order of inhibition of the AChE protein
by active compounds was as follows: 17 > 13 > 18 > 16 > 14 > 11 = 19 > 15 > 12 > 21 > 22

(commercial inhibitor) > 20 > 9 > 7 > 1 > 3 > 2 > 8 > 6 > 10 > 4 > 5. The result of the
in vitro test and virtual analysis could nearly fit and corroborate each other, indicating that
the meOH extract of ELC trunk bark showed a high effectiveness against AChE, due to
harboring various major active compounds (11–19,21).
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Table 5. The RMSD and DS values of ligands (L) binding with AChE.

Compounds (Ligands)
Symbols of

L-AChE
RMSD

(Å)
DS

(kcal/mol)

3-Hydroxydecanoic acid 1-AChE 0.82 −10.1

Propane, 1,1-dipropoxy-(CAS) 2-AChE 0.63 −9.6

(2-(2-butoxyisopropoxy)−2-isopropanol 3-AChE 1.72 −9.8

p-Xylene 4-AChE 1.57 −6.5

Styrene 5-AChE 0.93 −6.3

Oxalic acid, heptyl propyl ester 6-AChE 1.11 −8.8

Sulfurous acid, isobutyl pentyl ester 7-AChE 0.81 −10.3

2-Phenylethyl allyl ether 8-AChE 1.68 −8.9

12-Hydroxyalliacolide 9-AChE 1.40 −10.6

7-ethyl-Quinoline 10-AChE 0.82 −8.6

Chlorogenic acid 11-AChE 1.50 −13.1

EGCG 12-AChE 1.24 −12.5

Epicatechin 13-AChE 1.75 −14.3

Epicatechin gallate 14-AChE 1.52 −13.3

Vitexin 15-AChE 1.18 −12.8

Isovitexin 16-AChE 1.09 −13.8

Rutin 17-AChE 1.29 −14.4

Apigetrin 18-AChE 1.03 −13.9

Myricetin 19-AChE 0.77 −13.1

Quercetin 20-AChE 1.51 −11.0

Apigenin 21-AChE 1.26 −12.3

Berberine chloride 22-AChE 1.65 −12.1

To investigate the interaction of ligands and AChE, the detailed binding at the active
site were recorded, as presented in Table 6 and Figure 4. The active inhibitor compounds
(11–19, 21) and commercial inhibitor (22) were examined. Rutin (17) demonstrated the
highest inhibition against AChE by interacting with four amino acids, including His400,
Glu199, Trp84, and Asp72 of this enzyme, resulting in the creation of seven linkages (4 H-
donor, 2 H-pi, 1 pi-H). Among these, this ligand (17) was found to interact with His400
and Asp72 and formed one H-donor linkage and one pi-H linkage, respectively, while it
interacted with Glu199 and Trp84 to create two linkages (H-donor), and three linkages
(2 H-pi, 1 pi-H), respectively. This was followed by epicatechin (13), which showed efficient
inhibition against AChE at a low DS value (−14.3 kcal/mol) by binding and interacting with
this enzyme through four amino acids, Ser81, Asn85, Ser200, and Glu199, to generate four
H-donor linkages. The next five compounds (11, 14, 16, 18, and 19) could also bind tightly
to AChE with DS values lower than −13.1 kcal/mol by interacting with five, seven, two,
two, and two amino acids to form five, seven, four, three, and four linkages, respectively.
The binding of apigetrin (18) to AChE was through the least interaction (three linkages) but
possessed the best binding energy (DS value of −13.9 kcal/mol), while other ligands had
greater interaction with AChE (four to seven linkages) but showed weaker bind energies
(DS values in the range of −13.1 to −13.8 kcal/mol). These results indicated that the DS
values may be independent of the number of interactions between the ligand and the
enzyme. The next three ligands (12, 15, and 21) also showed a slightly higher binding
effect to AChE than the commercial inhibitor (22). These compounds, 12, 15, and 21, could
bind to AChE by interacting with two, four, and three amino acids and generated four,
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four, and three linkages, respectively, while the commercial inhibitor (22) binds to AChE
through only one amino acid, forming only one linkage. Among the prominent amino
acids contained in the binding site, Glu199 had an important role in the interaction with all
the above-mentioned ligands (11–19, and 21). This amino acid (Glu199) was bound to the
ligands 11, 13, 14, 15, 20, and 21 to generate one H-donor linkage (binding linkage energy
in the range of −0.6 to −5.8 kcal/mol) with each ligand, while it interacted with ligands 12,
17, and 18 to generate two H-donor linkages (binding linkage energy in the range of −0.5
to −3.8 kcal/mol) with each ligand. Especially, Glu199 was found to bind with ligands 16

and 19, and for each ligand, up to three H-donor linkages (binding linkage energy in the
range of −1.1 to −4.0 kcal/mol) were formed.

These potential molecules were further investigated in their frontier molecular or-
bitals. The data of the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of these compounds are presented in Figure 5. These molecular
structures showed their low EHOMO values in the range of − 5.65 to − 8.65 eV. This indicates
their significant electronic stability (commonly accepted under − 5 eV). In the previous
investigation [53], theoretical complexes of the tetrylone family with EHOMO values of
− 3 to− 7 eV were also found as highly stable. It has been evidenced that all structures
possess an insulation-to-semiconduction energy gap (3.2 eV < EG < 9 eV), showing good
intermolecular binding capability toward protein structures [54], and this was further ex-
plained based on the super-exchange theory [55,56] and the electron hopping model [57]. In
this study, the energy gap values of the inhibitors were found in the range of 3.77 to 5.61 eV;
as such, they have potential intermolecular binding capability toward the targeting enzyme.

Based on RMSD, DS values and some data of frontier molecular orbitals recorded, some
secondary metabolites (compounds 11–19, 21) contained in the methanol extract of ELC
trunk bark may be suggested as potential candidates of AChE inhibitors. However, some
works summarized by Pagadala et al. [58] indicated unreliable binding affinity predictions
using docking studies. Several reports also indicated some drawbacks of the docking
study [59–61]. Thus, further works should be performed, including purifications of active
compounds and testing activity via in vitro, in vivo, and clinical trials for development of
these compounds to be drugs.

3.4. Lipinski’s Rule of Five and ADMET-Based Pharmacokinetics and Pharmacology

Lipinski’s rules have been applied to evaluate the drug-likeness of compounds; the five
rules include “molecular mass must be less than 500 Da (rule 1), high lipophilicity with LogP
value < 5 (rule 2), hydrogen bond donors < 5 (rule 3), hydrogen bond acceptors < 10 (rule 4),
and the molar refractivity should be between 40–130 (rule 5)”. A compound is considered to
have drug-likeness properties and has a high possibility of being a drug when it satisfies at
least 2/5 of Lipinski’s rules. As presented in Table 7, all the identified compounds complied
with five of Lipinski’s rules, except compound 2, which complied with four of Lipinski’s rules.
Thus, these compounds have a high probability of successfully being developed as a drug.

The ADMET properties of these compounds and commercial inhibitors were also com-
pared, and the data are presented in Appendix A (Figures A3 and A4). In general, these
compounds in the MeOH extract of ELCTB also showed good ADMET properties in the
required allotted limitation. In addition, all the active inhibitor compounds (11–19 and 21) and
the commercial inhibitor (22) were not toxic for human use. Furthermore, the evidence of safety
on normal cells of some compounds was indicated via in vitro or in vivo tests. Chlorogenic
acid was recorded to affect cancer cells without normal cell influence [62]. EGCG was found as
toxic on HuCC-T1 cancer cells but safe on the viability of 293T normal cells [63]. In another
report, EGCG from green tea at 40–200 microM caused a significant death for some tumor cell
lines, but only 1% of the WI38 normal cells growth was affected in the same condition [64].
Epicatechin and Epicatechin gallate were discovered to cause death for various cancer cells
but had no effect on normal cells in some reports [65–68]. Vitexin has a non-effect on bronchial
epithelial 16HBE normal cells [69]. Rutin, Apigetrin, and Myricetin all are potential and safe
adjuvant chemotherapeutic agents with trivial toxicity and side effects via in vivo and clinical
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trials [70–72]. The scientific proof also demonstrated that Quercetin and Apigenin have no or
low effects on normal cells [71,73]. Almost phenolics in this study were showed safe for normal
cells. However, the safe evidence for all compounds detected still needs to be performed
continually in further research via in vitro, in vivo, and clinical trials.

Table 6. The docking results of ligands (L) binding with acetylcholinesterase (AChE).

L-AChE
Complex

Linkages Number
Amino Acids Interacting with the Ligands
[Distance (Å)/E (kcal/mol)/Linkage Type]

11-AChE 5 linkages (2 H-donor,
2 H-acceptor, 1 pi-H)

Tyr70 (2.75/−2.5/H-donor); Glu199
(3.42/−0.6/H-donor); Gly119
(2.78/1.6/H-acceptor); Ser200
(2.68/−1.2/H-acceptor); Asn85
(4.66/−0.6/pi-H)

12-AChE 4 linkages
of H-donor

Ser81 (2.79/−3.7/H-donor); Ser81
(3.18/−2.6/H-donor); Glu199
(3.60/−0.5/H-donor); Glu199
(2.8/−5.0/H-donor)

13-AChE 4 linkages
of H-donor

Ser81 (2.77/−2.8/H-donor); Asn85
(3.10/−1.0/H-donor); Ser200
(2.78/5.6/H-donor); Glu199
(2.99/−2.1/H-donor)

14-AChE 7 linkages
(4 H-donor, 1 H-pi, 2 pi-pi)

His440 (2.59/−1.5/H-donor); Glu199
(2.87/−2.7/H-donor); Tyr70
(2.60/−2.5/H-donor); Asn85
(2.56/−1.9/H-donor); Phe330
(3.91/−1.1/H-pi); Trp84 (3.92/−0.0/pi-pi);
Tyr334 (3.74/−0.0/pi-pi)

15-AChE 4 linkages (2 H-donor,
1 H-acceptor, 1 H-pi)

Asp72 (3.29/−1.0/H-donor); Glu199
(2.84/−4.3/H-donor); Ser200
(2.62/−1.1/H-acceptor); Phe330
(4.32/−1.3/H-pi)

16-AChE 4 linkages
(3 H-donor, 1 H-pi)

Glu199 (3.17/−1.1/H-donor); Glu199
(2.61/−3.5/H-donor); Glu199
(2.89/−4.0/H-donor); Trp84
(3.55/−0.8/H-pi)

17-AChE 7 linkages
(4 H-donor, 2 H-pi, 1 pi-H)

His400 (2.75/−2.2/H-donor); Glu199
(3.00/−2.0/H-donor); Glu199
(2.90/−3.0/H-donor); Trp84
(3.31/−0.9/H-donor); Trp84
(4.02/−0.9/H-pi); Trp84 (4.10/−0.6/H-pi);
Asp72 (3.57/−0.8/pi-H)

18-AChE 3 linkages
of H-donor

Glu199 (3.04/−2.7/H-donor); Glu199
(2.92/−3.8/H-donor); Asp72
(2.88/−1.5/H-donor)

19-AChE 4 linkages
of H-donor

Tyr70 (2.98/−2.1/H-donor); Glu199
(2.81/−1.4/H-donor); Glu199
(2.80/−2.1/H-donor); Glu199
(2.84/−1.5/H-donor)

20-AChE 3 linkages (1 H-donor,
1 H-acceptor, 1 pi-H)

Glu199 (2.75/−5.8/H-donor); His440
(3.02/−1.5/H-acceptor); Gly118
(3.77/−0.7/pi-H)

21-AChE 3 linkages (1 H-donor,
1 H-acceptor, 1 pi-H)

Glu199 (2.76/−5.8/H-donor); His440
(3.04/−1.1/H-acceptor); Gly118
(3.74/−0.7/pi-H)

22-AChE 1 H-pi Tyr121 (4.50/−0.7/H-pi)

58



Life 2023, 13, 1281

Figure 4. Cont.
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Figure 4. Insight into interactions of ligand–acetylcholinesterase (AChE) at the binding site on AChE
(ligand: 11–22).
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Figure 5. HOMO and LUMO of compounds 11–22 analyzed by DFT at level of theory B3LYP/6–31G.
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Table 7. The result of Lipinski’s Rule of Five of the compounds identified in the methanol extract of
ELC trunk bark (1–21), and berberine chloride (22).

ID
Compd

Mass
(Dalton)

Hydrogen
Bond Donor

Hydrogen
Bond

Acceptors
LogP

Molar
Refractivity

1 187.0 1 3 0.848 49.01
2 160.0 0 2 22.576 46.56
3 190.0 1 3 2.284 52.32
4 106.0 0 0 2.303 35.92
5 104.0 0 0 2.33 36.53
6 230.0 0 4 2.45 60.97
7 209.0 1 3 2.787 56.26
8 162.0 0 1 2.432 51.16
9 187.0 1 3 0.848 49.01
10 157.0 0 1 2.797 51.210
11 157.0 0 1 2.797 51.121
12 353.0 5 9 −1.981 79.89
13 458.0 8 11 2.233 108.92
14 290.0 5 6 1.546 72.62
15 442.0 7 10 2.528 107.26
16 432.0 7 10 −0.066 103.53
17 432.0 7 10 −0.066 103.53
18 610.0 10 16 −1.879 137.50
19 432.0 6 10 −0.107 103.54
20 318.0 6 8 1.717 75.72
21 302.0 5 7 2.011 74.05
22 270.0 3 5 2.420 70.81

Lipinski’s
rules ≤500 ≤5 ≤10 ≤5 40–130

4. Conclusions

This is the first report of AChE inhibition of the MeOH extract of ELCTB. From this
extract, 21 secondary metabolites (1–21) were identified, including 10 volatile compounds
(1–10), 1 phenolic (11), and 10 flavonoids (12–21). Of these, compounds 1–11, 15, 16, 17, 18,
19, 20, and 21 were detected for the first time in this herbal extract. Compounds (11–19

and 21) exhibited greater effective inhibitory activity than the commercial inhibitor with
good binding energy and acceptable RMSD values. The Lipinski rule of five and ADMET
analyses indicated that the identified compounds possessed drug properties and were
non-toxic for human use. The finding of this study indicates that ELC is a rich source of
bioactive compounds that have the potential to be used as anti-Alzheimer drug candidates.
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Appendix A

Figure A1. AChE inhibitory activity (%) of Euonymus laxiflorus Champ. trunk bark extracted by various.

Figure A2. AChE inhibitory activity (%) of different parts of Euonymus laxiflorus Champ.

63



Life 2023, 13, 1281

Figure A3. GC profile volatile compounds identified from the MeOH extract of Euonymus laxiflorus
Champ. trunk bark.

3 

Figure A4. High-performance liquid chromatography finger printings of the MeOH extract of
Euonymus laxiflorus Champ. trunk bark.
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Table A1. The detail data of catalytic site prediction of extracellular domain of AChE found via using
the CASTp3.0 server.

Name of Protein Surface Area (SA) Å2 Volume (SA) Å3

Electrophorus electricus AChE
(1EEA) 529.676 904.278

Amino acids located at the active site of 1EEA: PRO229 ASN230 CYS231 PRO232 TRP233 SER 235
VAL236 SER237 GLU240 ARG244 LEU282 PRO283 PHE284 SER286 ARG289 PHE290 VAL293
ILE296 SER304 LEU305 GLU306 PRO361 HIS362 HIS398 CYS402 PRO403 HIS406 TRP524 ASN525
GLN526 LEU 528 PRO529 LEU532 ASN533

Figure A5. Mapping the binding sites on AChE. The 3D structure of binding sites from the front surface
(A) and back surface (B) of AChE. The 3D structure of 25 binding sites on AChE (named 1–25).
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Table A2. The detail size and residues of 25 binding sites of acetylcholinesterase was found using
MOE-2015.10.

SITE SIZE Residues

1 202

1:(GLN69 TYR70 VAL71 ASP72 GLN74 SER81 TRP84 ASN85 PRO86
TYR116 GLY117 GLY118 GLY119 TYR121 SER122 GLY123 SER124
LEU127 TYR130 GLU199 SER200 TRP233 TRP279 LEU282 PHE284
ASP285 SER286 ILE287 PHE288 ARG289 PHE290 PHE330 PHE331
TYR334 GLY335 HIS440 GLY441 TYR442 ILE444)

2 39 1:(ASN230 PRO232 GLU306 ASP397 HIS398 CYS402 PRO403 HIS406
TRP524 ASN525 PRO529)

3 32 1:(LYS325 ASP326 ARG388 ASP389 ASP392 ASP393 ILE401 PHE422
GLU434 TRP435 ARG517)

4 20 1:(PRO232 GLU240 ARG244 LEU282 PRO283 PHE284 ASP285 SER286
ARG289 PRO361 HIS362)

5 20 1:(ARG349 PHE352 TYR375 THR376 ASP377 ASP380 ASP381 LYS386
ASN387 GLY390 LEU391)

6 27 1:(CYS402 MET405 HIS406 ASN409 LYS410 GLN500 ARG515 LEU516
ARG517 VAL518 CYS521 VAL522 ASN525 GLN526)

7 19 1:(ALA36 GLU37 PRO38 PRO39 MET43 ARG46 ARG47 PRO48 GLU49
LEU95 ARG149)

8 17 1:(ARG468 TYR472 SER487 GLU489 SER490 GLU508 PRO509 MET510)

9 22 1:(ARG47 GLY166 ASN167 LEU171 ARG174 SER212 PRO213 GLY214
ASP297 GLU299 PHE300)

10 19 1:(THR412 GLY415 ASN416 GLY417 THR418 LEU494 PHE495 THR496
THR497)

11 16 1:(GLU461 ALA464 LEU465 ARG468 ASN506 THR507 GLU508 PRO509)

12 24 1:(PRO39 ARG44 CYS67 GLN68 SER91 GLU92 CYS94 TYR148 ARG149
VAL150 PHE153)

13 12 1:(GLN68 GLN69 TYR70 TYR121 VAL150 GLY151 ALA152 PHE153
LEU274 ILE275 GLU278)

14 18 1:(GLU82 MET83 ASN85 ASN87 LEU127 ASP128 VAL129)

15 17 1:(GLN69 TYR70 VAL71 GLN272 ILE275 ASP276)

16 19 1:(LEU450 PRO451 LEU452 VAL453 LYS454 LEU456 ASN457 TYR458
THR459 ALA460 GLU463)

17 23 1:(ASP128 VAL129 ASN131 LYS133 TYR134 LEU450 VAL453 GLU455
LEU456)

18 20 1:(TYR375 THR376 ASP377 LYS386 ASP389 GLY390 ASP393 ARG517
MET520)

19 12 1:(LEU31 GLY32 TRP58 ASN59 ALA60 SER61 THR62 TYR63 PRO64)

20 21 1:(GLN318 ASN416 GLY417 TYR419 THR479 GLY480 ASN481 LEU494)

21 41 1:(MET83 VAL129 ASN429 LEU430 VAL431 TYR442 GLU445 LEU450
LEU456 TYR458)

22 7 1:(LYS11 SER12 LYS51 TRP179 ASP182 ASN183)

23 12 1:(GLN374 GLN519 MET520 VAL522 PHE523 PHE527)

24 17 1:(ASN42 GLU163 GLU260 ILE263 HIS264 ARG267)

25 16 1:(ARG47 PRO48 LEU171 ARG174 MET175 GLN178 LEU218)
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Abstract: The accumulation of body fat due to an imbalance between calorie intake and energy
expenditure is called obesity. Metabolic syndrome increases the risk of heart disease, type 2 diabetes,
and stroke. The purpose of this study was to determine the effect of Jatropha tanjorensis (J.T.) and
Fraxinus micrantha (F.M.) leaf extracts on high-fat diet-induced obesity in rats. Normal control, high-
fat diet (HFD) control, orlistat standard, and test groups were created using male Albino Wistar rats
(n = 6 per group) weighing 190 ± 15 g. Except for the control group, all regimens were administered
orally and continued for 6 weeks while on HFD. Evaluation criteria included body weight, food
intake, blood glucose, lipid profile, oxidative stress, and liver histology. High-Performance Thin Layer
Chromatography (HPTLC) analysis was performed using a solvent system (7:3 hexane: ethyl acetate
for sitosterol solution and Jatropha tanjorensis extracts and 6:4 hexane: ethyl acetate: 1 drop of acetic
acid for esculetin and Fraxinus micrantha extracts). There were no deaths during the 14 days before
the acute toxicity test, indicating that aqueous and ethanolic extracts of both J.T. and F.M. did not
produce acute toxicity at any dose (5, 50, 300, and 2000 mg/kg). The ethanolic and aqueous extracts
of J.T. and F.M. leaves at 200 and 400 mg/kg/orally showed a reduction in weight gain, feed intake,
and significant decreases in serum glucose and lipid profile. As compared to inducer HFD animals,
co-treatment of aqueous and ethanolic extract of both J.T. and F.M. and orlistat increased the levels of
antioxidant enzymes and decreased lipid peroxidation. The liver’s histological findings showed that
the sample had some degree of protection. These results indicate that ethanolic samples of J.T. have
antidiabetic potential in diabetic rats fed an HFD. The strong antioxidant potential and restoration of
serum lipid levels may be related to this. Co-treatment of samples JTE, JTAQ, FME, FMAQ and orlistat
resulted in an increase in antioxidant enzymes and reduction in lipid peroxidation as compared to
inducer HFD animals. We report, for the first time, on using these leaves to combat obesity.

Keywords: Jatropha tanjorensis; Fraxinus micrantha; HPTLC; anti-obesity activity; high-fat diet model;
histological

1. Introduction

With more than 312 million clinically obese people worldwide, obesity is one of the
most serious public health problems of the 21st century [1]. One of the hallmarks of obesity
is the accumulation of fat in adipose tissue and other internal organs [2–4]. Many chronic
diseases can be caused by obesity, including type 2 diabetes, heart disease, hyperlipidemia,
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atherosclerosis, certain cancers, and osteoarthritis [5]. Obesity, along with high social and
health costs, increases morbidity and mortality worldwide. As a result, several attempts
are being made to find anti-obesity drugs worldwide [6–8].

Consumers are drawn to naturally derived anti-obesity products due to the widespread
belief that anything natural should be more effective and safer than traditional treatments.
Sibutramine, orlistat, and rimonabant in particular have been associated with numerous
serious side effects, including gastrointestinal problems and serious cardiovascular side
effects [9]. Therefore, the current search for new anti-obesity drugs derived from natural
sources due to their favorable pharmacological profile and low side effects has become the
current strategy [10]. In wet forest areas of West Africa, Jatropha tanjorensis J. L. Ellis & Saroja
(Euphorbiaceae) are typical weeds found in crops, shrub shoots, roadsides, and disturbed
areas [11]. As a hybrid, it is a perennial herb with an intermediate phenotype between Jat-
ropha curcas and Jatropha gossypifolia [12,13]. Catholic Vegetable, Jatropha, Hospital Too Far,
and Jana Ifaya are just some of the common names [14,15]. In veterinary medicine, as well
as in traditional and folk medicine, all parts of the plant, including the seeds, leaves, and
bark, are used regardless of whether they are used fresh or in decoction form. According to
early research, the antioxidant minerals phosphorus, selenium, zinc, and vitamins C and
E are found in abundance in the Jatropha tanjorensis plant [16]. Phytochemical analysis of
Jatropha tanjorensis leaves has revealed the presence of biologically active constituents such
as alkaloids, flavonoids, tannins, cardiac glycosides, anthraquinones, and saponins [17,18].
The leaves of the plant have been widely used in tonics and soups originally from Nigeria
and are known to increase blood volume. An infusion of Jatropha tanjorensis leaves is taken
orally in southwestern Nigeria to treat symptoms of diabetes. The antidiabetic activities
of the J.T. ethanolic extracts (JTE), namely JTE chloroform, JTE ethylacetate, JTE aqueous,
have been evaluated [19]. The antibacterial and anti-inflammatory effects of leaf extracts in
hexane, chloroform, and methanol are different [20].

The leaves and stems of Jatropha curcas and Jatropha tanjorensis have been studied from
morphological and anatomical points of view [18,21]. Acute and subacute toxicity and
microscopic examination of Jatropha tanjorensis leaves have been described [22], as well as
the antibacterial activity of aqueous leaf extracts [23]. A versatile temperate deciduous tree
species of the Himalayas of outstanding medicinal potential and ethnobotanical importance
is Fraxinus micrantha, Lingelsh (also known by its native name Angu, English name Ash and
surname Oleaceae). Fraxinus micrantha is one of the ashes found in Asia, mainly in India
and Nepal. It can be found in the Indian states of Himachal Pradesh and Uttar Pradesh [24].

Since ancient times, Fraxinus micrantha has been researched for both its medicinal
and economic benefits. The inner bark infusion is used locally by Dharchula, Himalayan
residents to cure liver enlargement, jaundice, and other liver ailments [25]. Due to the
presence of numerous glycosides, including fraxin, and an active diuretic agent called
coumarin glycoside, Fraxinus species have been employed in folk medicine for their
purgative and diuretic effects. Additionally, the leaves and the bark are used to cure cystitis,
rheumatoid arthritis, constipation, and itchy scalps [26]. The discovery of the secoiridoid
glucosides, which are significant metabolites in the genus of the family Oleaceae, has led to
an increase in interest in the phytochemistry of Fraxinus in recent years [27].

Because of their similarity to human obesity and associated metabolic effects, the
animal model of diet-induced obesity is one of the most widely used and reliable models
for obesity research. The result is increased food intake, weight gain, body fat accumulation,
impaired lipid profile, lack of antioxidant stability, and increased insulin resistance parame-
ters [28,29]. Therefore, this study aimed to evaluate the effects of alcoholic and aqueous
extracts of Jatropha tanjorensis and Fraxinus micrantha leaves on high-fat diet-induced obesity
in rats.
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2. Materials and Methods

2.1. Plant Material

Fresh leaves of Jatropha tanjorensis were collected from near Coimbatore, India, while
the leaves of Fraxinus micrantha were collected in May from Nainital, Kumaun, Himalayas,
India. Both drugs were identified from Vital Herbs, Uttam Nagar, Delhi. The leaves were
dried at a constant weight in the air at room temperature, and then the leaves were crushed.

2.2. Chemical Reagents

All chemicals used in this study were obtained from the Hi Media Laboratories Pvt.
Ltd. (Mumbai, India), Sigma-Aldrich Chemical Co. (Milwaukee, WI, USA), SD Fine-Chem.
Ltd. (Mumbai, India), and SRL Pvt. Ltd. Chlorpheniramine maleate and clonidine were
obtained from Unichem, Ltd. (Alchem, Mumbai). Only analytical grade compounds were
used in the study.

2.3. Extract
2.3.1. Ethanol Extract

A total of 150 gm of powdered leaves of F.M. and 50 gm of dry powder leaves of J.T.
were placed in a Soxhlet device with a thimble. An organic solvent was used for extraction,
i.e., ethanol, for 8–10 h and the temperature of the mantle heater was adjusted to 40–60 ◦C.
After the extraction process, the sample extract was filtered and concentrated to dryness.
Extracts were collected in sealed containers [30]. Yields of all extracts were calculated.

2.3.2. Water Extract

Coarse powder of leaves (150 g of J.T. and 50 g of F.M.) was boiled in distilled water
for 15 min. After leaving this at room temperature for 15 min, it was filtered through a
muslin cloth. The resulting solution was boiled again to obtain a thick concentrated extract.
After drying, the extract was collected in a sealed container [31]. Extraction yields of all
extracts were calculated.

2.4. High-Performance Thin Layer Chromatography (HPTLC)

HPTLC was performed on silica gel 60 F254 100 × 100 mm plates (Merck) with hexane:
ethyl acetate (7:3 v/v) as mobile phase for the standard (β-sitosterol) solution (2–10 μL) and
J.T. (0.2–0.3 μL); and hexane: ethyl acetate: 1 drop of acetic acid (6:4 v/v) as mobile phase
for the standard (esculetin) solution (1–4 μL) and F.M. (1–3 μL). These were applied to the
plate as 8 mm bands. Application of the sample was performed with CAMAG-Linomat 5
Automated spray on a band applicator equipped with a 100 μL syringe and operated with
the settings: band length 8 mm, application rate 150 nL /s, application volume 0.20 μL,
distance between track 14.4 mm, distance from the plate side edge 15.0 mm and solvent
front position 70 mm. CAMAG TLC visualizes 2 and was used densitometrically to scan
the bands. The scanner operating parameters were set to mode absorption/reflection at
an optimized wavelength of 254, 366 nm, and in the visible range. Integration parameters
were set to gauss (legacy) with sensitivity 0.1, separation 1, and threshold 0.1.

2.5. HFD-Induced Obesity

Albino Wistar rats weighing 190 ± 15 g obtained from the breeding farm of the
Pinnacle Biomedical Research Institute (PBRI), Bhopal, were selected. They were then
divided into groups of 6 with controlled temperature and humidity (25 ± 2 ◦C, 55–65%).
Rats were provided regular rodent chow and unlimited water. Adult male Wistar rats were
acclimated to laboratory conditions for 2 weeks.

All studies were conducted indoors without background noise. Each study set used a
different group of rats (n = 6). The Institutional Animal Ethics Committee (IAEC) of the
Pinnacle Biomedical Research Institute (PBRI) approved animal studies by Bhopal, India
(Reg. No. 1824/PO/ERe/S/15/CPCSEA). The protocol approval reference number is
PBRI/IAEC/10-09-22/012. A normal control group (NC) of 6 rats was randomly divided
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and fed a typical diet. Afterwards, animals in different experimental groups were given
sufficient food and water along with a high-fat diet for 6 weeks. The high-fat content was
obtained by mixing coconut oil with vanaspati Indian ghee in a ratio of 3:1 (v/v). Rats were
fed daily at a dose of 3 mL per kg of body weight.

2.6. Acute Toxicity Studies

J.T. and F.M.’s acute toxicity investigation was completed according to the Organisation
for Economic Cooperation and Development (OECD) guidelines [32]. Four treatment
groups with dosages of 5 mg/kg, 50 mg/kg, 300 mg/kg, and 2000 mg/kg body weight
were included in the test groups. Using an appropriate intubation canula or a specifically
developed oral needle, the test drug was gavaged in a single dose. Before dosing, animals
were fasted for three hours (only food was withheld for 3 h but not water). The animals
were closely monitored for behavioral changes, mortality, and appearance starting in the
first four hours, then occasionally over the next twenty-four hours, and finally daily for a
period of two weeks up to fourteen days [33].

2.7. Experimental Design

Wistar rats were divided into control and preventive groups with at least six animals each.
Group I: normal control; rats were administered saline/vehicle.
Group II: HFD Control; animals were fed a standard granulated diet with an HFD of

3 mL daily for 6 weeks.
Group III: Standard Medication Treatment; animals were fed a standard granular diet

with 3 mL of HFD daily for 6 weeks. After 3 weeks of the study, 30 mg/kg/day of orlistat
was administered after 3 weeks of HFD, and this continued for the remaining 3 weeks; this
was regarded as the standard group.

Group IV: Animals were fed a standard granular diet with an HFD of 3 mL daily for
6 weeks. After 3 weeks of the study, HFD was fed for 3 weeks, then JTAQ 200 mg/kg/day
was administered and continued until the remaining 3 weeks; this was considered a
treatment group.

Group V: Animals were fed a standard granulated diet with an HFD of 3 mL daily for
6 weeks. After 3 weeks of the study, HFD was fed for 3 weeks, then JTAQ 400 mg/kg/day
was administered and continued until the remaining 3 weeks; this was considered a
treatment group.

Group VI: Animals were fed a standard granular diet with 3 mL of HFD daily for
6 weeks. After 3 weeks of the study, 200 mg/kg/day of JTE was administered after 3 weeks
of HFD and continued for the remaining 3 weeks; this was considered a treatment group.

Group VII: Animals were fed a standard granulated diet with an HFD of 3 mL daily
for 6 weeks. After 3 weeks of study, 400 mg/kg/day of JTE was administered after 3 weeks
of HFD and continued for the remaining 3 weeks; this was considered a treatment group.

Group VIII: Animals were fed a standard granulated diet with an HFD of 3 mL daily
for 6 weeks.

After 3 weeks of the study, 200 mg/kg/day of FMAQ was administered after 3 weeks
of high-fat diet food, and continued until the remaining 3 weeks; this was considered a
treatment group.

Group IX: Animals were fed a standard granulated diet with an HFD of 3 mL daily for
6 weeks. After 3 weeks of the study, HFD was fed for 3 weeks, and FMAQ 400 mg/kg/day
was administered, and continued until the remaining 3 weeks; this was considered a
treatment group.

Group X: Animals were fed a standard granulated diet with an HFD of 3 mL daily for
6 weeks. After 3 weeks of the study, HFD was fed for 3 weeks, and FME 200 mg/kg/day
was administered, and continued until the remaining 3 weeks; this was considered a
treatment group.

Group XI: Animals were fed a standard granular diet containing 3 mL of an HFD for
6 weeks. After 3 weeks of the study, HFD was fed for 3 weeks, then PME 400 mg/kg/day
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was administered and continued until the remaining 3 weeks; this was considered a
treatment group.

2.8. Study Parameters

Body weight, blood glucose, lipid profile, oxidative stress, and liver histology were
investigated as variables. After animals were sacrificed at the end of the study, blood
parameters and oxidative stress markers were examined. Then, the liver was washed
thoroughly with ice-cold saline and Tris-HCl buffer (0.1 M, pH 7.4) for antioxidant assay.
Total cholesterol (TC) and triglyceride (TG) levels were assessed using a commercial assay
kit (SPAN Diagnostics Ltd., Surat, India) according to the manufacturer’s instructions.
High-density lipoprotein (HDL) levels were measured using the HDL test kit (Reckon
Diagnostics Pvt. Ltd.,. Baroda, India). The Friedewald equation was used to calculate the
concentration of LDL [34].

2.8.1. LDL Level

Serum LDL level (mg/dl) = total cholesterol − (HDL level + VLDL level)

2.8.2. Oxidation Markers
Superoxide Dismutase (SOD)

The red formazan dye reduction process produces superoxide radicals, which are
detected by the superoxide dismutase assay kit using a tetrazolium salt. One unit (U) of
SOD activity is the amount of enzyme required to demonstrate 50% superoxide radical
dismutation. In a nutshell, 0.1 mL of sample was introduced together with 1.2 mL of buffer
containing 0.052 M sodium pyrophosphate, 186 μM phenazine methosulphate, 300 μM
nitroblutetrazolium, and 0.2 μM NADH, with 90 s of incubation time at 30 ◦C. Glacial acetic
acid, 0.1 mL, was added and then we added 4.0 mL of n-butanol and stirred. After 10 min
of standing time, the butanol layer and centrifuge were separated. At 560 nm, the reduction
was measured, and the percentage of SOD inhibition in comparison to the control was
calculated. Unit U/mg tissue was used to determine and express one unit of SOD [35].

Malondialdehyde (MDA)

Through the measurement of thiobarbituric acid reactive material, liver peroxidation
was discovered (TBARS). In a nutshell, 0.2 mL of an aliquot had 0.2 mL 8.1% SDS, 1.5 mL
20% acetic acid, and 1.5 mL 8% TBA added to it (made up to a volume of 4 mL with distilled
water). Using a glass ball as the condenser, this was heated in a water bath for 60 min, then
cooled and made up to a volume of 5 mL. Then, 5 mL of butanol: pyridine was added
(15:1). The mixture was centrifuged at 3000 rpm for 10 min after being vortexed for 2 min.
Then we removed the top layer of the mixture, and then used a UV-Vis Spectrophotometer
to measure the pink product’s absorbance at 532 and 600 nm wavelengths (Systronic-2202).
The difference in absorbance was measured and contrasted with that of standard solutions
of varying concentrations of malonaldehyde tetramethyl acetal. Nmol MDAm/g tissue
was used to express MDA activity [36].

Reduced Glutathione (GSH)

Through a linked reaction with GR, the glutathione peroxidase test kit indirectly
assesses GPx activity. Glutathione becomes oxidized when hydroperoxide is reduced by
GPx; this oxidized glutathione is then recycled to its reduced state by GR and NADPH. The
absorbance falls as NADPH is converted to NADP+ through oxidation. A total of 10% by
weight of tissue homogenate in a pH 7.4 phosphate buffer solution, 1.5 mL of 20% TCA
and 1.5 mL of 1 mM EDTA were combined with 0.2 mL of homogenate and left to sit for
15 min. Then it received 10 min of centrifuging at 2000 rpm. The supernatant (400 L) was
collected, and the supernatant was transferred to a fresh tube containing 1.8 mL of Elman’s
reagent (0.1 mM 5,5′-dithiol bis-2-nitrobenzoic acid produced in 0.3 M phosphate buffer,
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pH 7 with 1% sodium citrate solution; keep at 0–4 ◦C in the dark). Distilled water was used
to maintain volumes of up to 2 mL. At 412 nm, the absorbance was measured [37].

2.8.3. Histopathology

Liver samples were immersed in a 10% formalin solution for histological analysis.
These tissues were prepared, dehydrated with different concentrations of alcohol, washed
with toluene, and immersed in molten paraffin wax for specified times. Freshly melted
paraffin wax was used to pour the treated fabric and then the wax was allowed to harden.
To demonstrate the general structure of the tissue, sections were produced at 3 μm thickness,
dried on a hot plate for 15 min, and then stained with hematoxylin and 1% eosin aqueous
solution. Stained glass slides were dehydrated in alcohol of varying strength, then purified
in xylene and embedded in Canadian balsam. Sections were examined up close using a
×10 objective.

2.9. Statistical Analysis

Data are presented as mean standard deviation (n = 6). Results were statistically tested
using a one-way analysis of variance (ANOVA) followed by Bonferroni’s t-test. When
comparing the two groups, the significance level was p < 0.05.

3. Results

To achieve the real yield of extraction, the crude extracts produced after each successive
Soxhlet extraction and decoction technique were concentrated in a water bath by entirely
evaporating the solvents. The percentage yields of the resultant extracts were determined
to be 2.20 and 0.83% for J.T. and 10.0 and 12.6% for F.M. in various solvents such as ethanol
and water. At 254 and 366 nm, the J.T. ethanolic extract HPTLC chromatogram data
were examined. Six spots were seen in the extract, and their Rf values were 0.45, 0.38,
0.28, 0.22, 0.19, and 0.01. Figures 1 and 2 show that the standard (-sitosterol) Rf value
was 0.33. Analysis of the F.M. extract HPTLC chromatogram results was carried out at
254 and 366 nm. The chromatogram showed nine spots for the extract at 0.8, 0.76, 0.65,
0.55, 0.40, 0.24, 0.08, 0.04, and 0.06 and one spot for the standard at 0.08 (esculetin). The
outcomes demonstrated that esculetin was present in the F.M. extract (Figures 3 and 4).
No deaths occurred throughout the 2 weeks of the acute toxicity research, proving that
the administration of Sample-JT and FM did not, at any dose, produce toxicity (5, 50,
300 and 2000 mg/kg). None of the treatment groups experienced any discernible weight
loss throughout the 14-day observation period. The rats showed no indication of any
abnormalities. Test samples JT and FM did not significantly alter the parameters tested (5,
50, 300, and 2000) such as urine, convulsions, tremors, changes in skin color, etc.

Therefore, based on the most recent findings from an acute toxicity study, the final
doses chosen for further research were 1/10th and 1/5th of 2000 mg/kg bw. At the
beginning of the trial, the mean body weights of the seven experimental groups were
comparable. The initial body weights (i.e., initial body weights) of the healthy control rats
in Group I were normal, and they continued to be so for the next six weeks of the trial.
After the trial, HFD-treated rats (Group II) showed a significantly higher body weight
than the healthy control group (Group I) (p < 0.05). After receiving treatment with test
samples JTAQ, JTE, FMAQ, and FME for six weeks, the changes in body weight to normal
body weight were significantly (p < 0.05) maintained. However, compared to the HFD
control group, therapy with the common medicine orlistat (30 mg/kg, p.o.) once daily
for six weeks dramatically reduced body weight and feed intake. When compared to the
HFD control group, once-daily treatment for six weeks with JTAQ, JTE, FMAQ, and FME
significantly reduced body weight and feed intake (Tables 1 and 2).
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Figure 1. Chromatogram obtained from separation of J.T extract and visualized under UV light of
wavelength 254 nm.

 

Figure 2. Chromatogram obtained from the separation of J.T extract and visualized under UV light
of wavelength 366 nm.
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Figure 3. Chromatogram obtained from the separation of F.M extract and visualized under UV light
of wavelength 254 nm.

 

Figure 4. Chromatogram obtained from the separation of F.M extract and visualized under UV light
of wavelength 366 nm.
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Table 1. Food intake in normal control, inducer, standard, and test samples JTAQ, JTE, FMAQ, and
FME (200 and 400 mg/kg) treated groups.

Group
No.

Treatment 0 Week 3 Week 6 Week

1. Normal Control (Vehicle treated) 12.16 ± 0.820 13.33 ± 0.982 15.14 ± 0.864
2. HFD induced only 13.52 ± 1.306 17.70 ± 1.170 23.06 ± 1.582
3. HFD + Standard Orlistat (30 mg/kg) 12.33 ± 1.034 NS 14.10 ± 1.119 ** 16.07 ± 1.169 **
4. HFD + JTAQ (200 mg/kg) 12.33 ± 0.977 NS 14.71 ± 0.872 * 18.25 ± 1.249 **
5. HFD + JTAQ (400 mg/kg) 13.37 ± 1.338 NS 15.85 ± 1.611 NS 18.50 ± 1.149 **
6. HFD + JTE (200 mg/kg) 11.54 ± 1.288 NS 13.47 ± 1.459 ** 15.57 ± 1.688 **
7. HFD + JTE (400 mg/kg) 12.10 ± 1.229 NS 14.08 ± 1.314 ** 16.28 ± 1.854 **
8. HFD + FMAQ (200 mg/kg) 11.89 ± 1.092 NS 15.35 ± 1.317 NS 19.59 ± 1.166 **
9. HFD + FMAQ (400 mg/kg) 12.45 ± 0.932 NS 15.53 ± 0.911 NS 18.72 ± 1.948 **
10. HFD + FME (200 mg/kg) 13.06 ± 1.721 NS 15.50 ± 1.377 NS 18.52 ± 1.205 **
11. HFD + FME (400 mg/kg) 10.99 ± 0.976 * 12.82 ± 0.641 ** 14.09 ± 0.748 **

One-way ANOVA followed by the Bonferroni test, with values reported as MEAN ± SD at n = 6, * p < 0.050,
** p < 0.001, and NS p > 0.001 compared to group HFD treated.

Table 2. Variations in body weight in normal control, inducer, standard, and test samples JTAQ, JTE,
FMAQ, and FME (200 and 400 mg/kg).

Group No. Treatment 0 Week 3 Week 6 Week

I. Normal Control (Vehicle treated) 202.58 ± 5.218 207.33 ± 5.354 214.50 ± 4.505
II. HFD induced only 207.37 ± 5.845 215.03 ± 6.267 223.74 ± 7.090
III. HFD + Standard Orlistat (30 mg/kg) 195.53 ± 4.398 * 199.64 ± 4.052 * 206.60 ± 3.706 **
IV. HFD + JTAQ (200 mg/kg) 199.26 ± 4.707 NS 206.63 ± 2.763 NS 213.68 + 2.633 *
V. HFD + JTAQ (400 mg/kg) 195.98 ± 4.796 * 201.33 ± 4.134 * 208.72 ± 3.824 **
VI. HFD + JTE (200 mg/kg) 202.94 ± 2.464 NS 208.60 ± 2.643 NS 215.16 ± 2.639 NS

VII. HFD + JTE (400 mg/kg) 208.97 ± 3.941 NS 214.45 ± 4.110 NS 221.66 ± 4.718 NS

VIII. HFD + FMAQ (200 mg/kg) 194.25 ± 4.502 * 200.67 ± 4.110 * 210.82 ± 4.944 *
IX. HFD + FMAQ (400 mg/kg) 206.46 ± 1.965 NS 213.00 ± 1.965 NS 220.50 ± 2.664 NS

X. HFD + FME (200 mg/kg) 206.00 ± 6.693 NS 212.03 ± 5.748 NS 219.74 ± 6.053 NS

XI. HFD + FME (400 mg/kg) 199.21 ± 8.699 NS 205.53 ± 7.311 * 213.00 ± 6.870 *

One-way ANOVA followed by the Bonferroni test, with values reported as MEAN ± SD at n = 6, * p < 0.050,
** p < 0.001, and NS p > 0.001 compared to group HFD treated.

Throughout the trial, the serum glucose levels of the HFD control group significantly
increased. The HFD control group (Group II) demonstrated increased blood glucose, indica-
tive of impaired glucose tolerance, whereas HFD animals receiving treatment with orlistat,
JTE, and FME (Group III) demonstrated decreased blood glucose levels in comparison
to the HFD-treated group, except JTAQ, FMAQ treated animals, which displayed less
effective outcomes (Table 3). When compared to normal control rats, the HFD inducer
group (Group II) showed a two-fold rise in the level of TGs (Group I). When compared to
the HFD inducer group (Group II), the serum TG concentrations of the rats in Group IV-XI
treated for 6 weeks with JTAQ, JTE, FMAQ, and FME decreased, respectively (p < 0.05).
As compared to the HFD inducer group (Group II), TC levels were also affected in Group
IV-XI treated rats (JTAQ, JTE, FMAQ, and FME) and decreased dose-dependently (p < 0.05).
Additionally, JTE and FME treatment for six weeks in HFD rats (Groups VII and XI) resulted
in significant (p < 0.05) reductions in LDL (44.53 ± 6.396 and 58.06 ± 7.510, respectively),
in comparison to the HFD inducer group (99.65 ± 3.879) (Group II). When compared to
control rats, the HFD inducer group (Group II) showed a drop (15.69 ± 0.667) in HDL
(Group I). Contrarily, administration of JTAQ, JTE, FMAQ, and FME at 200 and 400 mg/kg
raised HDL levels in HFD rats (Table 4). As compared to the normal control group, there
was a significant drop in reduced glutathione (GSH), superoxide dismutase (SOD), and
an increase in malondialdehyde (MDA) in the HFD control group. When compared to
the HFD control group, the once-daily oral dose of orlistat for six weeks combined with
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HFD significantly enhanced the levels of GSH and SOD with a decrease in MDA. Ad-
ditionally, compared to the HFD control group and comparable to standard medication
(orlistat) treatment, the once-daily treatment with JTAQ, JTE, FMAQ, and FME (200 and
400 mg/kg, p.o.) for six weeks dramatically reduced the levels of GSH and SOD with
a drop in MDA. Distribution of the test sample JTAQ, JTE, FMAQ, and FME inactivity
demonstrates that JTAQ, JTE, FMAQ, and FME at 200 and 400 mg/kg had free radical
scavenging activity, which may operate favorably against pathological changes brought
on by the presence of O2– and OH– (Table 5). Histology of the liver sections from normal
control animals showed normal hepatic cells with well-preserved cytoplasm, a prominent
nucleus and nucleolus, and a well-brought-out central vein. The liver sections of Group
2 animals showed hepatic cells with severe toxicity, degeneration, edema and necrosis of
hepatocytes with hemorrhage (h) and destruction of hepatic sinusoids. Induced rats treated
with JTAQ, JTE, FMAQ, and FME had livers that were intensely affected by fatty changes,
sinusoidal feathery degeneration and necrosis, congestion in the central vein with fibrous
tissue proliferation, ballooning, and severe hepatocyte degeneration, whereas rats treated
with JTE had livers that more closely resembled normal hepatic structure (Figure 5).

Table 3. Variations in blood glucose level after 0, 3, and 6 weeks of the treatment period.

Group No. Treatment 0 Week 3 Week 6 Week

I. Normal Control (Vehicle treated) 91.16 ± 6.911 92.83 ± 7.083 94.66 ± 5.610
II. HFD induced only 193.33 ± 11.003 248.16 ± 12.922 286.83 ± 9.174
III. HFD + Standard Orlistat (30 mg/kg) 188.50 ± 16.706 NS 159.83 ± 8.886 ** 118.00 ± 4.690 **
IV. HFD + JTAQ (200 mg/kg) 211.00 ± 5.831 NS 267.66 ± 9.026 NS 200.66 ± 5.715 **
V. HFD + JTAQ (400 mg/kg) 200.50 ± 7.232 NS 233.50 ± 9.138 NS 161.00 ± 13.161 **
VI. HFD + JTE (200 mg/kg) 205.50 ± 13.576 NS 228.16 ± 9.239 NS 169.33 ± 11.911 **
VII. HFD + JTE (400 mg/kg) 209.16 ± 14.634 NS 189.16 ± 6.014 ** 123.16 ± 4.309 **
VIII. HFD + FMAQ (200 mg/kg) 207.08 ± 7.619 NS 253.03 ± 9.826 NS 211.03 ± 7.593 **
IX. HFD + FMAQ (400 mg/kg) 192.66 ± 12.628 NS 226.00 ± 14.615 * 161.33 ± 10.033 **
X. HFD + FME (200 mg/kg) 209.83 ± 8.183 NS 250.33 ± 17.294 NS 193.00 ± 14.993 **
XI. HFD + FME (400 mg/kg) 192.83 ± 16.167 NS 209.83 ± 10.028 ** 156.83 ± 5.776 **

One-way ANOVA followed by the Bonferroni test, with values reported as MEAN ± SD at n = 6, * p < 0.050,
** p < 0.001, and NS p > 0.001 compared to group HFD treated.

Table 4. Variations in lipid profile in normal control, inducer, standard and test samples JTAQ, JTE,
FMAQ, and FME (200 and 400 mg/kg).

Group
No.

Treatment TC TG HDL LDL

I Normal Control (Vehicle treated) 100.22 ± 2.751 86.21 ± 0.967 52.81 ± 4.489 30.16 ± 6.473
II HFD induced only 153.66 ± 2.934 191.57 ± 8.099 15.69 ± 0.667 99.65 ± 3.879
III HFD + Standard Orlistat (30 mg/kg) 93.14 ± 2.631 ** 90.35 ± 1.723 ** 46.66 ± 7.242 ** 28.41 ± 8.784 **
IV HFD + JTAQ (200 mg/kg) 130.74 ± 2.673 ** 111.22 ± 12.938 ** 37.87 ± 3.529 ** 70.61 ± 3.597 **
V HFD + JTAQ (400 mg/kg) 112.92 ± 2.000 ** 102.14 ± 2.177 ** 40.90 ± 7.519 ** 51.58 ± 7.774 **
VI HFD + JTE (200 mg/kg) 119.48 ± 3.752 ** 94.42 ± 2.529 ** 35.75 ± 5.100 ** 64.84 ± 7.082 **
VII HFD + JTE (400 mg/kg) 107.14 ± 1.718 ** 100.94 ± 2.298 ** 42.42 ± 6.867 ** 44.53 ± 6.396 **
VIII HFD + FMAQ (200 mg/kg) 111.74 ± 1.706 ** 137.54 ± 17.086 ** 23.03 ± 2.969 NS 61.20 ± 4.256 **
IX HFD + FMAQ (400 mg/kg) 135.81 ± 0.947 ** 120.35 ± 9.360 ** 26.66 ± 4.833 NS 85.07 ± 6.331 *
X HFD + FME (200 mg/kg) 140.25 ± 2.105 ** 122.49 ± 3.921 ** 28.18 ± 7.862 * 87.57 ± 7.555 NS

XI HFD + FME (400 mg/kg) 111.74 ± 1.706 ** 115.36 ± 2.530 ** 30.60 ± 8.246 * 58.06 ± 7.510 **

One-way ANOVA followed by the Bonferroni test, with values reported as MEAN ± SD at n = 6, * p < 0.050,
** p < 0.001, and NS p > 0.001 compared to group HFD treated.
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Figure 5. (A) Group I: Normal control (vehicle-treated), (B) Group II: HFD induced, (C) Group III:
Standard orlistat treated, (D) Group IV: JTAQ 200 mg/kg, (E) Group V: JTAQ 400 mg/kg, (F) Group
VI: JTE 200 mg/kg, (G) Group VII: JTE 400 mg/kg, (H) Group VIII: FMAQ 200 mg/kg, (I) Group IX:
FMAQ 400 mg/kg, (J) Group X: FME 200 mg/kg, (K) Group XI: FME 400 mg/kg.
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Table 5. Variations in oxidative markers (SOD, LPO and GSH).

Group No. Treatment SOD (Unit/mg Tissue)
LPO (nmol
MDA/mg Tissue)

GSH (nmol/mg
Tissue)

I Normal Control (Vehicle treated) 78.85 ± 10.362 12.06 ± 0.703 6.67 ± 0.475
II HFD induced only 13.46 ± 5.990 39.74 ± 0.825 0.85 ± 0.024
III HFD + Standard Orlistat (30 mg/kg) 81.93 ± 10.578 ** 17.35 ± 0.241 ** 6.61 ± 0.245 **
IV HFD + JTAQ (200 mg/kg) 66.29 ± 4.608 ** 20.86 ± 0.948 ** 4.93 ± 0.107 **
V HFD + JTAQ (400 mg/kg) 77.95 ± 8.697 ** 18.25 ± 0.675 ** 4.32 ± 0.227 **
VI HFD + JTE (200 mg/kg) 84.44 ± 10.905 ** 18.70 ± 0.452 ** 4.92 ± 0.010 **
VII HFD + JTE (400 mg/kg) 106.76 ± 4.690 ** 14.83 ± 0.475 ** 5.02 ± 0.045 **
VIII HFD + FMAQ (200 mg/kg) 48.05 ± 9.998 ** 23.22 ± 1.045 ** 3.05 ± 0.052 **
IX HFD + FMAQ (400 mg/kg) 51.44 ± 2.728 ** 22.71 ± 0.747 ** 4.05 ± 0.627 **
X HFD + FME (200 mg/kg) 56.22 ± 7.715 ** 24.59 ± 0.492 ** 3.93 ± 0.979 **
XI HFD + FME (400 mg/kg) 60.41 ± 8.517 ** 21.88 ± 0.825 ** 4.01 ± 0.599 **

One-way ANOVA followed by the Bonferroni test, with values reported as MEAN ± SD at n = 6, ** p < 0.001,
compared to group HFD treated.

The present study reveals that co-treatment of samples JTE, JTAQ, FME, FMAQ
and orlistat resulted in an increase in the antioxidant enzymes and reduction in lipid
peroxidation as compared to inducer HFD animals. The fact that the extracts were seen to
significantly lower serum total lipids, total cholesterol, and LDL cholesterol suggests that
it can be used in hyperlipidemia. As compared to other extracts, the ethanolic extract of
Jatropha tanjorensis (JTE) leaves exhibits a promising role in the control of high-fat-induced
obesity and explains the traditional use of Jatropha tanjorensis leaves to treat cardiac
diseases [38]. In future research, we are planning to conduct GC-MS analysis, isolation and
purification of various active ingredients present in the plants responsible for various kinds
of pharmacological activities.

4. Conclusions

Significant progress has been made in the literature linking crude extracts and bioactive
scaffolds from edible and medicinal plants to obesity. Up to this point, there have been
many reports on the anti-obesity properties of various extracts and constituents of Jatropha
tanjorensis and Fraxinus micrantha. In this work, we investigated the anti-obesity effect of
ethanolic and aqueous extracts of Jatropha tanjorensis and Fraxinus micrantha leaves as we
continue to focus on the anti-obesity potential of these plants. The present study claims
that, compared to other extracts, the ethanolic extract of Jatropha tanjorensis (JTE) leaves
exhibits a promising role in the control of high-fat-induced obesity. The present study
provides scientific evidence and support for the traditional use of Jatropha tanjorensis leaf
extract for the treatment of obesity.
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Abstract: Tongkat ali (Eurycoma longifolia Jack) (ELJ) is a plant in the Simaroubaceae family. Its roots
are used in traditional Thai medicine to treat inflammation, pain, and fever; however, the antiulcer
abilities of its ethanolic extract have not been studied. This study examined the anti-inflammatory,
antinociceptive, antipyretic, and gastroprotective effects of ethanolic ELJ extract in animal models and
found that ELJ effectively reduced EPP-induced ear edema in a dose-dependent manner and that a
high dose of ELJ inhibited carrageenan-induced hind paw edema formation. In cotton-pellet-induced
granuloma formation, a high dose of ELJ suppressed the increases in wet granuloma weight but
not dry or transudative weight. In the formalin-induced nociception study, ELJ had a significant
dose-dependent inhibitory impact. Additionally, the study found that yeast-induced hyperthermia
could be significantly reduced by antipyretic action at the highest dose of ELJ. In all the gastric ulcer
models induced by chemical substances or physical activity, ELJ extracts at 150, 300, and 600 mg/kg
also effectively prevented gastric ulcer formation. In the pyloric ligation model, however, the effects
of ELJ extract on gastric volume, gastric pH, and total acidity were statistically insignificant. These
findings support the current widespread use of Eurycoma longifolia Jack in traditional medicine,
suggest the plant’s medicinal potential for development of phytomedicines with anti-inflammatory,
antinociceptive, and antipyretic properties, and support its use in the treatment of gastric ulcers due
to its gastroprotective properties.

Keywords: Eurycoma longifolia Jack; extract; anti-inflammatory; antinociceptive effect; antipyretic
effects; gastroprotective activity; gastric ulcer; Thai traditional medicine

1. Introduction

Inflammation is a complicated response of living tissues to injury, one which can
significantly affect health and lifestyle [1]. For decades, inflammation has been treated
with anti-inflammatory medications, primarily non-steroidal anti-inflammatory drugs
(NSAIDs), although several side effects of those medications have been reported, including
nausea, vomiting, dyspepsia, stomach pain, ulcers, and bleeding [2]. One anti-inflammatory
drug, cyclooxygenase-2 (COX-2) selective inhibitors, has been linked to cardiovascular
side effects [3], prompting the search for suitable alternatives to these often-prescribed
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drugs in foods and herbs [4,5]. In addition to reducing the risk of adverse effects of
long-term exposure to anti-inflammatory drugs, another desirable objective is to identify
natural ingredients that not only do not cause gastric ulcers, but which can also reduce
their incidence.

Eurycoma longifolia Jack (ELJ), also known as tongkat ali, is an herbaceous plant be-
longing to the Simaroubaceae family which possesses several therapeutic properties. The
therapeutic pharmacological effects of ELJ are attributed to the presence of numerous
bioactive chemicals, including quassinoids, tirucallanes of the triterpene type, squalene
derivatives, eurycomalactone, and bioactive steroids [6]. Various biologically active com-
pounds found in ELJ roots, stems, and leaves, and even in bark, are linked to various
pharmacological effects [7]. In the Thai medical tradition, the roots of ELJ have antipyretic
properties extracted by boiling 1 handful of dried roots (weighing 8–15 g) with drinking
water before breakfast and dinner twice daily [8,9]. In addition, ELJ root extracts have been
used as analgesic and anti-inflammatory treatments [10,11]. Furthermore, root preparations
of ELJ have been used to treat various illnesses, including malaria, fever, impotence, and
loss of sexual desire [12–14]. In previous studies, the analgesic activity of ELJ was evaluated
using the hot plate and acetic acid tests in mice, and its anti-inflammatory effect was demon-
strated in carrageenan-induced paw edema in mice [15]. Notably, it is a component in the
Chantaleela recipe, which in Thai traditional folk medicine is prescribed for fever relief
and as an anti-inflammatory [14,16]. Apart from antipyretic effects and anti-inflammatory
uses, it has been shown that “Radix” herbal remedies made from Althaea officinalis L.,
including ELJ, can successfully protect gastric mucosa against ethanol-induced gastric
lesions [17]. Although ELJ roots have been used in Thai traditional medicine, particularly
in the Chantaleela formula, which has exhibited efficacy as an antipyretic treatment [16],
there have been limited animal investigations on the anti-inflammatory, antipyretic, or
gastroprotective effects of ELJ.

To investigate the therapeutic characteristics traditional medicine has attributed to
this medicinal plant, we studied the anti-inflammatory and antinociceptive effects of the
ethanolic root extract of Eurycoma longifolia Jack (ELJ) in vivo on experimental animals. As
various non-steroidal anti-inflammatory medicines (NSAIDs) frequently produce mucosal
lesions in human stomachs, we also investigated the gastroprotective effect of ELJ extracts
using models of gastric ulcers.

2. Materials and Methods

2.1. Chemicals and Reagents

Aspirin, phenylbutazone, morphine, and prednisolone were purchased from Schering
(Bangkok) Ltd., Bangkok, Thailand. Absolute ethanol, carrageenan, ethyl phenylpropiolate
(EPP), scopoletin, umbelliferone, cimetidine, and indomethacin were obtained from Sigma
Chemical Company (St. Louis, MO, USA). All other chemicals were of analytical grade.

2.2. Extract Preparation

Eurycoma longifolia Jack (ELJ) was obtained from Vejpong-Osot Drug Store in Bangkok,
Thailand. Associate Professor Dr. Noppamas Soonthornchareonnon conducted the species
identification, including comparing the ELJ preparation to an authentic sample of the crude
drug at the Faculty of Pharmacy Plant Museum, Mahidol University, Bangkok, Thailand,
and evaluating its properties in accordance with Thai Herbal Pharmacopoeia methods,
e.g., organoleptic examination, extractive values, % loss on drying, total ash, and acid
insoluble ash [18]. To prepare an ethanolic extract of ELJ, 5 kg of dried ELJ was macerated
in 18 L of 95% ethanol for 5 days, then filtered through Whatman No. 1 filter paper (Sigma-
Aldrich, St. Louis, MO, USA) and concentrated at 40 ◦C using a rotary evaporator (EYELA,
Tokyo, Japan). The root extract of Eurycoma longifolia Jack yielded a weight-to-weight ratio
of 1.80%.
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2.3. Phytochemical Constituents of E. longifolia as Determined by TLC

The chemical constituents of the ethanolic ELJ extracts were investigated using a
modified Tung et al. approach, utilizing thin-layer chromatography (TLC) [19]. The ELJ
extract was spread on aluminum plates precoated with silica gel 60 GF (254) (Merck, Darm-
stadt, Germany), and dichloromethane:methanol (95:5) was used for the mobile phase. The
reference standards were scopoletin and eurycomalectone. After development, the TLC
plates were placed in a drying chamber. Components were detected under 254 nm and
366 nm UV light, and the plate was then sprayed with 10% KOH, anisaldehyde-sulfuric
acid, anisaldehyde-sulfuric acid, and a natural product spraying reagent. The migration dis-
tances of unidentified points were compared to standard compounds using Rf values, which
were determined as follows: Rf = spot migration distance/solvent migration distance.

2.4. Identification of Phytochemicals by High-Pressure Liquid Chromatography (HPLC)

As in previous studies, each sample was analyzed using high-performance liquid
chromatography (HPLC) [20,21]. Briefly, a Spheri-5 RP18 column, 220 mm × 4.6 mm i.d.
(Perkin-Elmer®, Waltham, MA, USA) HPLC column, was used. Mobile phases consisted
of methanol and water (content 0.02% phosphoric acid) (23:77) with isocratic systems at a
1.2 mL/min flow rate. A quantum of 20 μL of each sample was injected into the column,
with a flow rate of 1.0 mL/min, and monitored with a diode array detector at 345 nm; the
column temperature was kept at 23–25 ◦C.

2.5. Animals

Male Sprague-Dawley rats weighing 180 and 200 g, bred by the National Laboratory
Animal Center, Mahidol University, Nakhon Pathom, Thailand, were used in this study.
Standard animal care was maintained throughout the study period in accordance with
the laws and regulations governing animal care and use. The room was kept at 25 ± 1 ◦C
and 60% humidity, with a 12-h day/night interval. Food and water were provided ad
libitum throughout the study. After transfer to the animal room, all animals received at
least 1 week of care before the experiment began. All animal studies were approved by
the Research Ethics Committee for Animal Studies (Study code: 0003/2008), Faculty of
Medicine, Thammasat University, Pathum Thani, Thailand.

2.6. Test Substance Administration

In each animal experiment, the control group received the same route and volume
of vehicles as the test group. In the ear edema model, 20 μL/ear of ELJ extracts and a
reference drug (ibuprofen) were applied topically to the ears of rats. A total of 5 mL/kg
body weight of ELJ extracts and reference drugs (aspirin, morphine, and prednisolone)
were administered by oral gavage to the other models.

2.7. Anti-Inflammatory Activity
2.7.1. Ethyl Phenylpropiolate (EPP)-Induced Ear Edema

To investigate the topical anti-inflammatory impact of ELJ extracts, a modified version
of the method reported by Brattsand et al. (1982) [22] was used. Thirty male Sprague-
Dawley rats weighing 40–60 g were randomly assigned into five groups of six rats each. EPP
was dissolved in acetone and topically administered to the inner and outer surfaces of both
ears at a dose of 1 mg/ear. The acetone (vehicle control), ELJ extracts (1, 2, and 4 mg/ear),
or ibuprofen (1 mg/ear) were applied to the ear immediately before EPP administration.
The ear thickness was measured with digital vernier calipers beforehand, and at 15, 30, 60,
and 120 min after edema induction. The test substances’ ear edema inhibition was then
determined. The percentage of inhibition was calculated by comparing the increase in ear
thickness of each test group to that of its control group.

89



Life 2023, 13, 1465

2.7.2. Carrageenan-Induced Hind Paw Edema in Rats

Thirty-six rats weighing 100–120 g were divided randomly into six groups (6 rats per
group). On the plantar side of the right hind paw of the rats, carrageenan (0.05 mL, 1% w/v
in NSS) was injected intradermally. Aspirin (300 mg/kg, p.o.) or ELJ extracts (300, 600, and
1200 mg/kg) were administered 1 h before carrageenan administration. The edema of the
right hind paw was measured beforehand, and at 1, 3, and 5 h after carrageenan injection
using a plethysmometer (model 7150, Ugo Basile, Italy) [23]. The degree of decrease in the
difference in paw edema volume between the left (without carrageenan) and right (with
carrageenan) hind paws were used to determine the anti-inflammatory activity of the ELJ
extracts (mL). The percentage of inhibition was estimated by comparing each test group’s
decreased paw thickness to that of the corresponding control group.

2.7.3. Cotton-pellet-induced Granuloma Formation in Rats

Twenty-four rats weighing 200 to 250 g were divided randomly into four groups of
six each. Two sterile cotton pellets (19–21 mg) were implanted subcutaneously, one on each
side of the rat’s abdomen, while the rats were under anesthesia. Each group of rats then
received distilled water (0.5 mL/100 g, p.o.), aspirin (300 mg/kg/day, p.o.), prednisolone
(5 mg/kg/day, p.o.), or ELJ extract (1200 mg/kg/day, p.o.) daily for 7 days. On the eighth
day, the rats were anesthetized, and the implanted pellets were dissected. The pellets’ wet
and dry weights (dried at 60 ◦C for 18 h) were determined. The granuloma inhibition and
transudative weight were calculated. The thymus gland dry weight and the animals’ body
weight were also measured [24].

2.8. Formalin-Induced Nociception Model

The formalin test was conducted using Swiss albino mice following the procedures
described above [25]. The behavior of the mice after receiving an intraplanar injection of
20 mL 2.7% formalin (1% formaldehyde) in saline into the ventral surface of the right hind
paw was observed. The licking reaction time during the first five minutes following the
injection was recorded as the neurogenic or initial response; the licking reaction during the
period 20–30 min after injection was recorded as the late or inflammatory pain response.
One hour before the formalin injection, the mice were administered either ELJ extracts (300,
600, or 1200 mg/kg) or saline solution (10 mL/kg) orally (by gavage). As an indicator of
nociception, the duration of the animals’ licking of the injected paw was measured with a
chronometer after formalin injection and placement in 20-cm-diameter glass cylinders. The
data were analyzed using the following equation to determine the mean percent inhibition
of licking response (PIL).

PIL =
Licking response time (control)− Licking response time (treated)

Licking response time (control)
× 100

2.9. Antipyretic Activity

Thirty male rats weighing 180–200 g, randomly divided into five groups of six rats
each, were subjected to the yeast-induced hyperthermia model, following Mizui et al. [26].
A 12-channel electronic thermometer (LETICA, model TMP 812 RS, Panlab S.L., Cornellà
de Llobregat, Spain) was used to determine rectal temperatures at baseline. To induce
hyperthermia, yeast was injected subcutaneously (1 mL/100 g body weight, 25% brewers’
yeast w/v in NSS). After 18 h, rectal temperatures were measured again. Dosages of 5%
Tween 80, aspirin (300 mg/kg), or ELJ extracts (75, 150, or 300 mg/kg) were administered
orally to rats with a temperature increase of greater than 1 ◦C. Rectal temperatures were
measured at 30, 60, 90, 120, and 180 min after treatment, and again after 18 h.
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2.10. Gastric Ulcer Models

All gastric ulcer experiments were performed in 12 h fasted rats. Water ad libitum
was allowed up to 1 h before drug administration. For each experiment, 30 rats were
randomly allocated into 5 groups of 6 rats each as follows: group 1 received sterile water
(control), group 2 received standard treatment (100 mg/kg of cimetidine), group 3 received
150 mg/kg of ELJ extract, group 4 received 300 mg/kg of ELJ extract, and group 5 received
600 mg/kg of ELJ extract. The rats were monitored for symptoms and any adverse effects.
The rats were also given a high dose of ELJ extract (600 mg/kg) daily for 14 days to
investigate whether ELJ could cause a gastric ulcer.

2.10.1. Ethanol/Hydrochloric Acid (EtOH/HCl)-Induced Gastric Lesions

The gastric ulceration ethanol evaluation was conducted using an acidified solution, as
modified from a published methodology [27], using thirty rats (6 rats per group). One hour
after oral administration of the test drugs, 0.1 mL of EtOH/HCl solution (consisting
of 60 mL of absolute ethanol, plus 12.5 mL of HCl and 27.5 mL of water) was orally
administered to the rats in all groups. After one hour, the rats were sacrificed, using
thiopental sodium induction, before evaluating gastric lesions. An incision was made along
the greater curvature of the stomach, exposing the gastric mucosa. The size of the gastric
ulcers was measured in millimeters (mm) under a 10-x microscope. The size of the lesions
was converted to an ulcer index (UI), using the following formula:

UlcerIndex(UI) =
Sum of the total length of lesions in each group

Number of rats in that group
(1)

Then, the percentage of gastric ulcer inhibition (% inhibition) of each test drug was
estimated using the following formula:

%Inhibition =
UIc − UIt

UIc
× 100 (2)

where UIc is the “ulcer index of the control group” and UIt is the “ulcer index of the
test group”.

2.10.2. Indomethacin-Induced Gastric Lesions

Indomethacin is known to cause significant adverse reactions, including petechial
hemorrhage, inflammatory lesions, and erosions of the stomach mucosa [28–30]. A dose of
30 mg/kg indomethacin suspension in 5% Tween 80 was administered intraperitoneally
to each of the animals in all groups. Five hours later, the rats were sacrificed to determine
gastric lesions. Ulcer indexes and % inhibition of gastric ulcers were calculated.

2.10.3. Restraint Water Immersion Stress-Induced Gastric Lesions

Water immersion and stress-induced gastric lesions in rats, a combination of physical
and psychological stressors, resulted in lesions that mimicked those caused by sepsis,
trauma, or surgery [31,32]. After the rats had been fasted for 48 h without food and 1 h
without water, they were randomly divided into 5 groups of six each, and the test drugs
were administered orally. One hour after drug administration, the rats were placed in
stainless steel cages that fit only one animal per cage, with the head upright for 5 h, and the
cages immersed in a cold-water tank (20 ± 2 ◦C). The water level was maintained at the
rats’ chest level. The rats were then sacrificed, and the gastric lesions were measured. The
ulcer indexes and % inhibition were compared between groups.
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2.11. Pylorus Ligation

One hour after drug administration, general anesthesia was administered to each rat.
Laparotomy and pyloric ligation were performed, followed by skin closure [33]. Five hours
later, the animals were sacrificed. Their stomach and gastric contents were removed. After
being centrifuged at 2500 rpm for 5 min, the gastric juice was tested for total volume and pH,
as well as total acidity in the supernatant. Quantifying the total acidity of gastric juice was
performed by titration with 0.1 N NaOH to an endpoint of pH 7.4 using phenolphthalein
as the indicator to determine the amount in ml and μEq per 100 g body weight of the rat
each hour. Gastric ulcers were measured at their greatest length (mm), and then UI and
percentage of ulcer inhibition were calculated.

2.12. Statistical Analysis

One-way analysis of variance (ANOVA) and the post hoc least significant difference
(LSD) test were used to compare the data between groups using GraphPad Prism 9.0 soft-
ware (GraphPad Software, Inc., San Diego, CA, USA). Data are shown as mean ± standard
error of the mean (SEM). p-values less than 0.05 were considered statistically significant.

3. Results

3.1. Specification of E. longifolia Jack by TLC and HPLC Determinations

Screening for phytochemicals was performed on the root ELJ in accordance with
the protocol for the standard method. The saponin, the terpenoids, and an unidentified
blue-colored compound were found in the tested sample. The results of their respective
quality tests, which were conducted according to the 2018 Thai Herbal Pharmacopoeia, are
shown in Table 1.

Table 1. Physical and chemical properties of the root of E. longifolia Jack.

Test Result

Foreign matter (%w/w) Not found
Hexane extractive (%w/w) 0.66

Dichloromethane extractive (%w/w) 0.94
Ethanol extractive content (%w/w) 1.51
Water extractive content (%w/w) 10.57

Loss on drying (%v/w) 9.58
Total ash (%w/w) 2.54

Acid-insoluble ash (%w/w) 0.90
Chemical composition saponin, terpenoids

Scopoletin and eurycomalectone were selected as reference standards, and their Rf
values were measured, as represented in Figure 1. Scopoletin was seen as spots under
254 and 366 nm UV light in 10%KOH, an anisaldehyde–sulfuric-acid reagent with UV at
366 nm, and a natural product spraying reagent with Rf = 0.40. While under 254 nm UV
light and with an anisaldehyde–sulfuric-acid reagent, eurycomalectone appeared as a spot
with Rf = 0.50. The ethanolic extract of ELJ resulted in a blue band with Rf = 0.40 under 254
and 366 nm UV light, 10%KOH, an anisaldehyde–sulfuric-acid reagent with UV at 366 nm,
and natural product spraying, suggesting the presence of scopoletin. Unlike the standard
eurycomalectone, the ethanolic extract ELJ exhibited bands under 366 nm UV light, 10%
KOH, and a natural product spraying reagent with Rf = 0.52. Consistent with the previous
study, it was reported that scopoletin and eurycomalectone are components of an ethanolic
extract of E. longifolia Jack [34,35].
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Figure 1. TLC chromatogram of 95% ethanolic extract of Eurycoma longifolia Jack: TLC chromatogram
of ethanolic extract of Eurycoma longifolia Jack (1), scopoletin (2), and eurycomalectone (3), observed
under (A) UV at 254 nm, (B) UV at 366 nm, (C) 10%KOH, (D) anisaldehyde–sulfuric-acid reagent,
(E) anisaldehyde–sulfuric-acid reagent with UV at 366 nm, and (F) natural product spraying reagent.

Apart from TLC, scopoletin was also seen as a clear peak in HPLC, and the amount
of it in the ELJ extract was then quantitatively compared to the standard (Figure 2A) and
umbelliferone with a well-separated retention time from scopoletin was used as an internal
standard to correct for volume errors (Figure 2B). According to HPLC analysis, scopoletin
accounted for 12.590 μg/mL of the ELJ extract, which was determined to be 0.252% w/w
of crude extract. The result implies that scopoletin in TLC results were consistent with
HPLC analyses. Therefore, the presence of scopoletin and eurycomalectone in our study
on the analyzed ELJ extracts was consistent with the previous research. In the future, the
TLC technology could be paired with mass spectrometry for the identification of chemical
components that have been separated.

Figure 2. The HPLC of scopoletin of ethanolic ELJ extract (A) compared to standard (B). Umbellif-
erone used as an internal standard, with a retention time well-separated from the scopoletin, was
mixed with scopoletin to correct for volume errors.
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3.2. EPP-Induced Ear Edema

As indicated in Figure 3, EPP applied topically to the ears of rats caused ear edema
after 15 min. The maximal effect lasted one hour and then progressively diminished. All
treatments, including ELJ extracts and phenylbutazone, significantly decreased ear edema
formation with equivalent inhibition percentages at all evaluation time points.

Figure 3. Effects of ELJ extract and phenylbutazone on EPP-induced ear edema in rats. Values are
expressed as mean ± SEM (n = 6). Control: treated with acetone. * Significantly different from its
control group, p > 0.05. C, Control. PBZ, phenylbutazone (1 mg/kg).

3.3. Carrageenan-Induced Hind Paw Edema

Figure 4 shows the inhibitory effect of oral treatment of ELJ extracts on carrageenan-
induced paw edema in rats. The injection of carrageenan caused edema of the hind
paw within 1 h, with the maximum effect occurring after 3 h. Only ELJ extract at a
high dose (1200 mg/kg) and aspirin (300 mg/kg) effectively prevented hind paw edema
formation at all assessment time points, with the greatest inhibition at 1 h after carrageenan
administration. This inhibitory impact of ELJ extracts appeared to be dose dependent.

Figure 4. Effects of ELJ extracts and aspirin on carrageenan-induced hind paw edema in rats. Values
are expressed as mean ± SEM (n = 6). Control: treated with acetone. * Significantly different from its
control group, p > 0.05. C, Control. ASP, Aspirin (300 mg/kg).
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3.4. Cotton-Pellet-Induced Granuloma Formation

Aspirin (300 mg/kg/day) and ELJ extract (1200 mg/kg/day) tended to reduce tran-
sudative weights and granuloma weights, as shown by their granuloma inhibition of 4%
and 25%, respectively, except for prednisolone (5 mg/kg/day), which significantly reduced
from those of control groups, as shown by their granuloma inhibition of 37%. (Table 2). As
shown in Table 3, the body weight gain and dry thymus weight did not differ substantially
between the prednisolone, aspirin, and ELJ extract groups.

Table 2. Effects of ELJ extract, prednisolone, and aspirin on transudative weight, granuloma weight,
and percentage of granuloma inhibition on cotton-pellet-induced granuloma formation in rats.

Groups
Dose

(mg/kg)
Granuloma Wet

Weight (mg)
Granuloma Dry

Weight (mg)
Transudative
Weight (mg)

Granuloma Weight
(mg/mg Cotton)

GI (%)

Control - 450.0 ± 27.0 81.8 ± 4.4 368.2 ± 23.4 3.1 ± 0.2 -
Prednisolone 5 291.0 ± 12.4 * 58.6 ± 2.4 * 232.5 ± 10.9 * 1.9 ± 0.1 * 37
Aspirin 300 415.8 ± 33.1 79.5 ± 4.9 336.3 ± 30.1 3.0 ± 0.2 4
ELJ extract 1200 347.4 ± 25.6 * 66.2 ± 3.0 * 281.2 ± 21.7 2.3 ± 0.3 25

Values are expressed as mean ± SEM (n = 6). Control: treated with acetone. * Significantly different from its
control group, p > 0.05.

Table 3. Effects of ELJ extract, prednisolone, and aspirin on dry thymus weight with reference to
cotton-pellet-induced granuloma formation in rats.

Groups
Dose

(mg/kg)

Body Weight (g) Dry Thymus Weight
(mg/100 g)Initial Final Gain

Control - 387.50 ± 13.34 394.17 ± 11.06 6.67 ± 3.07 21.91 ± 1.97
Prednisolone 5 365.00 ± 9.83 353.33 ± 10.14 * −11.67 ± 6.54 * 17.24 ± 1.79
Aspirin 300 360.83 ± 12.74 361.67 ± 11.38 * 0.83 ± 4.36 16.96 ± 1.27
ELJ extract 1200 383.33 ± 3.80 380.00 ± 5.16 −3.33 ± 4.22 16.99 ± 1.82

Values are expressed as mean ± SEM (n = 6). Control: treated with acetone. * Significantly different from its
control group, p > 0.05.

3.5. Formalin-Induced Nociception Model

In the formalin test, the control group’s average licking duration was 67.8 s in the
early phase and increased to 93.8 s in the late phase (Table 4). All treatments (aspirin,
morphine, and ELJ extracts) significantly inhibited the paw licking in both phases in a
dose-dependent manner. In the early phase, the percentage inhibition of paw licking by
ELJ extracts at 300, 600, and 1200 mg/kg were almost the same, accounting for 34%, 38%,
and 43%, respectively. However, in the late phase, maximum inhibition was recorded for
aspirin (100%), followed by morphine (98%) and ELJ extracts ranging from 88–97%, which
was comparable to standard.

Table 4. Effects of ELJ extract, prednisolone, and aspirin on dry thymus weight with reference to
cotton-pellet-induced granuloma formation in rats.

Groups

Dose Early Phase Late Phase

(mg/kg) Licking Time (s)
% Inhibition of

Licking Response
Licking Time (s)

% Inhibition of
Licking Response

Control - 67.8 ± 4.5 - 93.8 ± 7.1 -
Aspirin 300 45.0 ± 5.3 * 34 0.0 ± 0.0 * 100
Morphine 10 0.0 ± 0.0 * 100 1.5 ± 1.5 * 98
ELJ extract 300 44.8 ± 5.0 * 34 11.2 ± 9.5 * 88

600 41.8 ± 3.3 * 38 4.8 ± 3.4 * 95
1200 38.7 ± 3.2 * 43 3.2 ± 3.2 * 97

Values are expressed as mean ± SEM (n = 6). Control: treated with acetone. * Significantly different from its
control group, p > 0.05.
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3.6. Antipyretic Activity

As shown in Table 5, the rectal temperature of all mice was increased 18 h after
the baker’s yeast injection. Aspirin at 300 mg/kg and ELJ extract at 1200 mg/kg dose
significantly reduced hyperthermia at all time points (Table 5).

Table 5. Effects of ELJ extracts and aspirin on yeast-induced hyperthermia in rats.

Groups
Dose

(mg/kg)

Rectal Temperature (◦C)

Baseline
18 h after

Yeast Injection

Time after Drug Administration (min)

30 min 60 min 90 min 120 min

Control - 37.98 ± 0.22 39.20 ± 0.23 39.17 ± 0.30 39.03 ±0.23 39.08 ± 0.21 39.03 ± 0.22
Aspirin 300 38.03 ± 0.21 39.07 ± 0.20 38.30 ± 0.25 * 37.98 ± 0.22 * 37.87 ± 0.18 * 37.75 ± 0.20 *
ELJ extract 300 38.03 ± 0.23 39.23 ± 0.09 39.02 ± 0.15 38.85 ± 0.17 38.85 ± 0.17 38.83 ± 0.20

600 37.88 ± 0.16 39.23 ± 0.10 38.83 ± 0.20 38.60 ± 0.13 38.65 ± 0.10 38.73 ± 0.07
1200 38.07 ± 0.15 39.00 ± 0.13 38.30 ± 0.27 * 38.18 ± 0.25 * 38.27 ± 0.27 * 38.08 ± 0.31 *

Values are expressed as mean ± SEM (n = 6). Control: treated with acetone. * Significantly different from its
control group, p > 0.05.

3.7. Anti-Ulcerogenic Activities of ELJ Extract in Gastric Ulcer Models

Administration of ELJ to rats at the highest dose (600 mg/kg) for 14 days did not result
in the development of stomach ulcers (Figure 5). The anti-ulcerogenic effect of ELJ extract
was investigated using three gastric ulcer models. The EtOH/HCl-acid-induced gastric
lesions model results in the most severe gastric mucosal injury in several hemorrhagic areas
in the glandular part of the stomach. Administration of both ELJ extracts at 150, 300, and
600 mg/kg and cimetidine at 100 mg/kg appeared to reduce stomach lesions compared to
the induction group. In comparison to the EtOH/HCl-acid-induced gastric lesions model,
the indomethacin and restraint water immersion stress models produced fewer spots and
less damage to the stomach glandular mucosa. In both models, stomach mucosal damage
was reduced after treatment with either ELJ extract or cimetidine. In addition, there was no
evidence of harm to the stomach in the group that received only ELJ extract.

Figure 5. Evaluation of the effect of Eurycoma longifolia Jack (ELJ) extract at 150, 300, and 600 mg/kg
and cimetidine at 100 mg/kg on the gastric surface in rats, comparing three different models of
gastric ulcers to the control group. The black arrows represent the typical necrotic bands or spots and
small erosions that can develop into gastric ulcers.
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3.7.1. Effect of ELJ on the EtOH/HCl-Induced Gastric Ulcer in Rats

In the EtOH/HCl-acid-induced gastric lesions model, ELJ extract at 150, 300, and
600 mg/kg demonstrated gastric ulcer inhibition levels of 55, 60, and 62%, respectively
(Supplementary Table S3). The ulcer indexes were dramatically reduced compared to the
control group after treatment with 150, 300, and 600 mg/kg of ELJ extract (Figure 6). Fur-
thermore, ELJ extract had identical ulcer indexes and inhibition percentages at higher doses
of 300 and 600 mg/kg. Additionally, cimetidine was found to have a more pronounced
effect on reducing gastric ulcers than did ELJ extract, suggesting that treatments with ELJ
extract may help reduce and prevent gastric lesions induced by EtOH/HCl.

Figure 6. Effects of ELJ extract, control, and cimetidine in a rat model of EtOH/HCl-acid-induced
gastric lesions. Ulcer indexes are mean ± S.E.M. (n = 6). * Significantly different from the control
group, p < 0.05; # Significantly different from the cimetidine group, p < 0.05.

3.7.2. Effect of ELJ and Cimetidine on Indomethacin-Induced Gastric Ulcer in Rats

With an ulcer index of 9.30 ± 0.59 mm, the indomethacin-induced damage to the
gastric glandular mucosa of the control group was evident (Supplementary Table S4). To
the contrary, at all doses, rats treated with either cimetidine or ELJ exhibited dramatically
reduced gastric lesions. At a dose of 600 mg/kg, ELJ inhibited gastric ulcers by a maximum
of 93%, whereas cimetidine inhibited ulcers by 95% (Figure 7).

3.7.3. Effect of ELJ on Restrained Water Immersion Stress-Induced Gastric Ulcer in Rats

ELJ extract at doses of 150, 300, and 600 mg/kg and cimetidine at a dose of 100 mg/kg
significantly reduced gastric ulcer formation induced by restrained water immersion stress
in the rats (Figure 8). The percentage of inhibition from cimetidine at a dose of 100 mg/kg
and ELJ extract at doses of 150, 300, and 600 mg/kg were 95, 71, 89, and 89% in the
restrained water immersion stress-induced gastric lesions model (Supplementary Table S5).
These findings suggest that ELJ extract might have the ability to reduce the severity of
chemically and physiologically induced gastric ulcers.
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Figure 7. Effect of ELJ and cimetidine on indomethacin-induced gastric ulcers in rats. Ulcer indexes
are mean ± S.E.M. (n = 6). * Significantly different from the control group, p < 0.05; # Significantly
different from the cimetidine group, p < 0.05.

Figure 8. Effects of ELJ extract, control, and cimetidine in a rat model of the restrained water
immersion stress-induced gastric lesions. Ulcer indexes are mean ± S.E.M. (n = 6). * Significantly
different from the control group, p < 0.05; # Significantly different from the cimetidine group, p < 0.05.

3.8. Pylorus Ligation Model

None of the doses of ELJ extract reduced the gastric acid’s secretory rate or total acidity,
or increased the intragastric pH in the pylorus ligation rat model (Table 6). Conversely,
the secretory rate and total acidity in rats receiving 100 mg/kg of cimetidine decreased
significantly compared to the controls.
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Table 6. Effects of ELJ extract, control, and cimetidine in the pylorus ligation rat model.

Group Gastric Volume (mL)
Secretory Rate
(mL/100 g/5 h)

pH
Total Acidity

(mEq/100 g/5 h)

Control 3.25 ± 0.35 1.54 ± 0.19 1.95 ± 0.32 29.20 ± 2.65
Cimetidine 100 mg/kg 2.37 ± 0.16 0.87 ± 0.05 * 5.06 ± 0.79 * 13.30 ± 2.35 *
ELJ extract 150 mg/kg 3.43 ± 0.39 1.18 ± 0.17 1.87 ± 0.10 27.02 ± 4.83
ELJ extract 300 mg/kg 3.05 ± 0.43 1.07 ± 0.13 2.31 ± 0.28 27.42 ± 3.25
ELJ extract 600 mg/kg 3.38 ± 0.24 1.26 ± 0.15 2.03 ± 0.42 34.76 ± 5.61

All values are mean ± S.E.M. (n = 6). * Significantly different from the control group, p < 0.05.

4. Discussion

Presently, medical herbs are commonly used in the context of food additives for health
maintenance, and plant products have also been increasingly found in the market, because
herbs contain several natural materials, including phenolic acids and flavonoids, that are
used in the treatment of diseases [36,37]. E. longifolia leaf decoctions are used to wash away
itches, while its root bark is used to treat gastric ulcers, diarrhea, and fever. Additionally,
its roots are utilized as an appetite stimulant and nutritional supplement [38]. Numerous
investigations on the bioactivity of this plant have been conducted; however, the anti-
inflammatory, antinociceptive, and antipyretic activities of ethanolic E. longifolia Jack (ELJ)
and its protective efficacy against gastric ulcers have not been investigated. The present
study focuses on ELJ’s antiulcer potential in animal models.

Apart from extraction, ethanol is commonly used to screen for phytoconstituents in
plant extracts because of the ease with which it penetrates the cellular membrane, thus
gaining access to intracellular targets [39]. Additionally, plants used in ethanolic extraction
contain phytochemicals such as phenolic acids and flavonoids, which may be directly
comparable to other solvents (e.g., hexane, ethyl acetate, or acetone), and ethanol can
be used effectively to treat industrial waste [40]. Extraction methods increase composite
amounts depending on the solvent used and the extraction process [41]. In 2010, Huang
and Chang reported that ethanol may offer a higher yield [42]; in this study, we therefore
chose to use ethanol for extraction.

From the chemical pattern of the effect of ELJ extract on TLC and HPLC, which was
found in this study, we now qualify the efficacy of herbs using a control model approach
following the Thai Herbal Pharmacopoeia (THP) formula [18] to generate the monograph
of this plant. TLC studies have demonstrated that our ELJ extract contains scopoletin,
while phytochemical screening revealed the presence of phenolics, tannins, flavonoids,
and terpenes [43]. In addition to promoting wound healing, these compounds have been
demonstrated as displaying antioxidant properties. In fact, the antioxidant activity of ELJ
extract is positively correlated with flavonoid contents [44]. TLC fingerprints of the ELJ
extract (Figure 1) were compared with the reference markers, such as scopoletin. Compared
to eurycomalectone, the chromatographic pattern of the ELJ extract was noticeably weaker.
Thus, eurycomalectone in ELJ extract contained fewer chemical elements than did the other
samples, indicating that it was less effective. This discrepancy could have been caused by
differences in the environmental conditions under which the plants were grown, or by the
age of the plants when they were picked, among other factors [45]. The scopoletin TLC
pattern resembles the ELJ extract pattern which we have observed in this study (Figure 1).
Along with the first two components of ELJ (scopoletin and eurycomalectone), quassinoids
are another crucial component that has been shown to protect against gastric ulcers in rats
with pylorus ligation and indomethacin-induced gastric lesions [46]. The fractionation
approach should be investigated further to study phytochemicals and active substances.
In addition, other quassinoids, such as eurycolactone A, B, D, E, and F, process anti-
inflammatory properties, while both eurycolactone and eurycomanol regulate signaling
pathways involved in cell development, cell death, and inflammation [47,48].

In a previous study of an aqueous extract of Eurycoma longifolia Jack (ELJ) on repro-
ductive functions in the rat [49], the effective dose range for ELJ was 200–800 mg/kg of
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body weight. This range of ELJ extracted by methanol or water has been used in various
investigations [50,51]. The gastroprotective efficacy of ELJ extract administered at a dose
of 100 mg/kg, compared to that of the standard drug cimetidine (100 mg/kg), for the
prevention of development of acute gastric ulcers was investigated in restrained rats [52].
Based on that study, a dose range of 150–600 mg/kg body weight was selected as a safe and
efficacious concentration for the ELJ administration to rats in this study. Due to its safety,
the European Food Safety Authority (EFSA) classifies ELJ as a new food in Europe, and a
12-month chronic toxicity effect in rats at 250, 500, and 1000 mg/kg bodyweight per day
revealed no toxicity for ELJ extract [53]. Moreover, Thailand Traditional Medicine has used
it for years to treat malaria [14,16]. These results indicate that ELJ extract is safe for both
animals and humans. Using various animal models, this study could demonstrate, for the
first time, the anti-antinociceptive of Eurycoma longifolia Jack, but not the anti-inflammatory
and analgesic activities.

ELJ has been a procedure widely used to screen and assess the anti-inflammatory
activity of test compounds using the EPP-induced ear edema mode [22]. EPP triggers
the release of pro-inflammatory mediators, including histamine, serotonin, kinins, and
prostaglandins, resulting in an acute inflammatory response that causes vascular alterations,
including vasodilation and an increase in vascular permeability, resulting in the creation of
ear edema [54,55]. This study used phenylbutazone as a reference drug to inhibit cyclooxy-
genase (COX) [56]. Those pro-inflammatory mediators, as well as both phenylbutazone and
ELJ extracts, effectively reduced EPP-induced ear edema. This indicates that the potential
mechanism of action of ELJ extracts may involve the suppression of the production of these
pro-inflammatory mediators.

Injecting carrageenan into the plantar surface of the hind paw induces an initial
inflammatory reaction that results in a biphasic phase of paw edema, and it is a well-
established model for testing the anti-inflammatory efficacy of various treatments [57,58].
During the first phase following carrageenan injection (0–2.5 h), kinins, serotonin, and
histamine are released. The second phase (2.5–6 h) is characterized by the release of
bradykinin, NO, and PGs, which are associated with the elevation of COX-2 and nitric oxide
synthase (iNOS) activities, as well as oxygen-derived free radicals, in addition to neutrophil
infiltration and activation in the injured areas [58,59]. For our current study, only an oral
treatment with a high dose of either ELJ (1200 mg/kg) or aspirin (300 mg/kg) significantly
reduced the production of carrageenan-induced rat paw edema during all measurement
periods, demonstrating the recipe’s ability to modify the intensity of inflammation.

Cotton-pellet-induced granuloma formation, whose responses can be classified into
three stages, is commonly used to examine the anti-inflammatory effects of test compounds
on chronic inflammation [57]. The initial or transudative phase, which occurs 0–3 h fol-
lowing cotton pellet implantation, is characterized by fluid leaking from blood vessels
due to increased vascular permeability. The second or exudative phase occurs 3–72 h after
cotton pellet implantation, and is characterized by protein leaking from the bloodstream
around the granuloma due to the significant increase in vascular permeability. The final
or proliferative phase, lasting 3–6 days, is characterized by the development of granulo-
matous tissues resulting from the continual release of pro-inflammatory mediators [24,60].
According to Swingle and Shideman (1972), the weight of the fluid in the granuloma is
correlated with the transudative component. In contrast, the weight of the dry pellet is
associated with the amount of granuloma tissue deposited. In terms of therapy, steroids
can decrease both the transudative and proliferative stages significantly, whereas NSAIDs,
such as aspirin, can reduce these effects only moderately [61]. The present study showed
that, although ELJ extract was unable to reduce transudative weight or suppress granuloma
formation effectively, these effects were more pronounced when compared to aspirin but
less pronounced when compared to prednisolone. Furthermore, the thymus’ weight and
overall weight gain were unaffected by the ELJ extract. Thus, it appears improbable that
ELJ extract has a steroid-like action. Taken together, these data suggest that ELJ extract
can reduce chronic inflammation with an effect superior to that of aspirin but inferior
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to that of prednisolone. However, the mechanical effects of the ELJ extract need to be
further explored.

The formalin test is a suitable and exhaustive model for testing the antinociceptive
efficacy of pharmaceuticals. The early neurogenic pain phase is caused by the direct
stimulation of nociceptors, whereas the late inflammatory pain phase is caused by the
release of pro-inflammatory mediators [62]. In this investigation, all ELJ extract treatments
significantly inhibited paw licking responses in both phases (Table 4). This finding indicated
that ELJ extracts have analgesic efficacy through reducing early neurogenic pain and, in
particular, late inflammatory pain. The percentage inhibition of licking response in the
late phase was higher than in the early phase for all treatments, with comparable effects to
aspirin, possibly due to decreased production or preferred inhibition of pro-inflammatory
mediators such as prostaglandin, adenosine, and histamine in peripheral tissue.

It is generally believed that yeast-induced hyperthermia is caused by the activation of
endogenous pyrogen and the consequent synthesis of pro-inflammatory mediators, which
then act on the hypothalamus and drive prostaglandin E2 (PGE2) synthesis in the preoptic
area of the anterior hypothalamus thermoregulatory centers [63,64]. The inhibition of
prostaglandin synthesis could be a mechanism of antipyretic action comparable to that
of acetaminophen and aspirin [65], and the inhibition of prostaglandin can be achieved
by decreasing the activity of the cyclooxygenase enzyme. Several mediators contribute to
fever, and their suppression is responsible for the antipyretic effect [66]. Only a high dose
of ELJ extract (1200 mg/kg) effectively reduced the rectal temperature of yeast-infected
rats. Thus, it can be hypothesized that the ELJ extract contained pharmacologically active
components that could inhibit prostaglandin release. This result led to the hypothesis that
ELJ extract could exert central antipyretic effects.

Since the undesirable gastrointestinal side effects of existing anti-inflammatory medi-
cations are major downsides, patients and physicians will welcome new anti-inflammatory
drugs that could help avoid these problems, such as ELJ, an extract derived from a flower-
ing plant Eurycoma longifolia Jack (Tongkat ali) of the family Simaroubaceae, which is native
to Indonesia, Myanmar, Laos, and Thailand [6]. Most NSAIDs used to treat inflamma-
tion and pain also result in stomach ulcers [2]. We administered ELJ extract to rats for
fourteen days, after first investigating its impact on gastric ulcers in rats. It was found
that EJL extract could not be the cause of gastric ulcers. Subsequently, rats administered
150 to 600 mg/kg of ELJ extract were examined to determine whether it could prevent
gastrointestinal tract ulcers.

Acidified ethanol can be administered orally, and is known to cause intracellular
oxidative stress in the gastric mucosa, as well as disrupt gastric mucus, which can perturb
superficial epithelial mucosa, cause cellular necrosis, and cause a gastric ulcer [67]. More-
over, the EtOH/HCl model showed that hydrochloric acid induces gastric ulcer formation
via direct irritation of the gastric mucosa, while ethanol decreases gastric mucous produc-
tion, endogenous glutathione, mucosal blood flow, and prostaglandins [68,69]. The results
of this study show that rats given ELJ extract at doses of 150, 300, and 600 mg/kg had
considerably lower ulcer indexes than did the controls. According to previous research,
an aqueous extract of E. longifolia includes significant amounts of superoxide dismutase
(SOD) and hydroxyl radical scavenging capabilities. SOD is an antioxidant that plays
a crucial role in preventing oxidative stress. Thus, it is probable that the antioxidative
impact of ELJ extract contributes to the reduction of acidified-alcohol-induced gastric ulcer
formation. These findings are comparable with studies of the cimetidine group, indicating
that ELJ extract exhibits gastroprotective activity. However, the mechanism of ELJ extract’s
antioxidant activity in relation to the EtOH/HCl-induced gastric ulcer model should be
explored for further.

The use of NSAIDs such as indomethacin typically causes gastric ulcers by disrupting
the natural gastric mucosal barrier of hydrophobic mucous and bicarbonates. Inhibition of
the cyclooxygenase-1 (COX-1) enzyme disturbs cytoprotective prostaglandin synthesis [70].
Additionally, indomethacin can cause direct damage to the mucosa by uncoupling the
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mitochondrial oxidative phosphorylation, which leads to an increase in the formation of
reactive oxygen species (ROS) [71]. The anti-ulcerogenic effects were confirmed in the
indomethacin-induced gastric lesion model. At different dosages of ELJ extract, the ulcer
indexes were statistically significantly lower than those of the controls. At a high dose of
ELJ extract (600 mg/kg), the ulcer index of treated rats was non-inferior to the 100 mg/kg
group of cimetidine-treated rats.

When experimental rats are exposed to cold water, stress can induce vagal overactivity,
thereby increasing gastric acid secretion, while decreasing gastric mucosal blood flow,
leading to gastric ulcer formation [72]. As demonstrated in the restrained water immersion
stress-induced gastric lesion model, the ulcer indexes of the ELJ-treated groups were
significantly lower than that of the non-ELJ-treated group and were almost the same as that
of the cimetidine-treated group.

In addition to the EtOH/HCl and indomethacin-induced peptic ulcer models, macro-
scopic and microscopic characteristics are critical for elucidating cellular mechanisms. Both
models give total scores generated from similar partial evaluation scores at the macroscopic
level (size, number, and site of hemorrhagic lesions). When anti-ulcerative treatments were
studied macroscopically, gastric lesions were decreased, most notably with cimetidine and
ELJ extract at a high doses (600 mg/kg). In both animal models, anti-ulcerative medicines
significantly reduced the depth of mucosal erosion [73,74]. However, the microscopic
evaluation score, which includes erosion depth, the severity of hemorrhage, inflammation,
and apoptosis, should be investigated further to identify the possible mechanisms of action
of the ELJ extract.

Pyloric ligation is a surgical model used to determine anti-secretory activity. Ligating
the pylorus causes intraluminal HCl accumulation, which aggressively damages the gastric
mucosa [75]. In this study, gastric acid output was examined in all groups, but only the
animals in the cimetidine group showed a significant reduction of gastric acid secretory
rates and total acidity. ELJ extract did not decrease the volume of gastric acid or increase the
intragastric pH. Scopoletin, a purified compound found in ELJ extract, has been shown to
have a preventative effect against the development of esophagitis [76]. In the present study,
however, it is probable that the concentration of scopoletin in ELJ extract at 12.590 g/mL was
insufficient to suppress gastric acid secretion and total acidity (Table 6). Moreover, obtaining
enough scopoletin to use in each experiment was problematical, because the amount of
ELJ extract available was limited. Cimetidine is an antagonist of histamine-2 receptors
(HH2R) that controls gastric acid secretion by parietal cells. Thus, the results indicate that
the anti-ulcerogenic activity of ELJ extract is not related to its anti-secretory activity.

A previous study of a product containing ELJ as a primary constituent on gastro-
protective effects and gastrointestinal antioxidants discovered that this product could
prevent gastric ulcers in the EtOH-induced gastric lesion model, but could not reduce
MDA (malondialdehyde) levels or gastric acid [17]. As previous research on ELJ has been
inconclusive, additional study of its protective efficacy against gastric ulcers is needed.
The present study investigated the gastroprotective effects of ELJ using three types of
gastric ulcers induced in rats by means of acidified ethanol, indomethacin, and restraint
water immersion, respectively. In all gastric ulcer models, ELJ extract at concentrations
of 150, 300, and 600 mg/kg effectively prevented gastric ulcer formation. The efficacy of
ELJ extract at 600 mg/kg was roughly comparable to that of cimetidine at 100 mg/kg,
accounting for 62%, 93%, and 82% in the EtOH/HCl-induced, indomethacin-induced, and
restrained water immersion stress-induced gastric lesions models, respectively. In contrast,
the efficacy in the cimetidine-treated groups was superior to that of ELJ at 75%, 95%, and
92%. In the pyloric ligation model, however, the effects of ELJ extract on gastric volume,
gastric pH, and total acidity were not statistically significant, indicating that ELJ extract has
potent anti-gastric properties, but has no effect on gastric pH or acidity.

This non-clinical investigation was conducted to examine the gastroprotective effects
(i.e., inflammation, fever, and pain) of ELJ extract in vivo using animal models. Some
clinical studies have shown that ELJ extract is safe to use, and may even be effective
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in the induction of immunomodulation by ingestion of capsules containing 200 mg of a
standardized E. longifolia water-soluble TA (Tongkat Ali) root extract, without inducing
toxicity in blood parameters or biochemical analyses [77]. Even though there have been
only a few clinical studies on ELJ extract, it is anticipated that the results of this study could
lead to future clinical trials to investigate the action of ELJ extract and establish possible
mechanisms for its gastric-ulcer protection ability.

5. Conclusions

The present study demonstrates that ethanolic extract of Eurycoma longifolia Jack extract
(ELJ) exerts dose-dependent anti-inflammatory and antinociceptive action against formalin-
induced nociception, whereas only a high dose of ELJ extract has antipyretic activity.
This study provides scientific evidence, in the preclinical phase, of the pharmacological
activity of E. longifolia extract in its anti-inflammatory, antinociceptive, antipyretic, and
gastroprotective activities and supports its use, without causing gastric ulcers, in gastric
ulcer treatment. For these reasons, ELJ extract should be regarded as having advantages
over some NSAIDS. Prior to promotion of routine clinical use, additional preclinical studies
of its attributes, e.g., short- and long-term pharmacological activities and toxicity, are
needed to evaluate the safety ELJ extract.
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Abstract: Stroke-like injuries in the brain result in not only cell death at the site of the injury but also
other detrimental structural and molecular changes in regions around the stroke. A stroke-induced
alteration in the lipid profile interferes with neuronal functions such as neurotransmission. Preventing
these unfavorable changes is important for recovery. Ocimum sanctum (Tulsi extract) is known to have
anti-inflammatory and neuroprotective properties. It is possible that Tulsi imparts a neuroprotective
effect through the lipophilic transfer of active ingredients into the brain. Hence, we examined alterations
in the lipid profile in the cerebral cortex as well as the plasma of mice with a photothrombotic-ischemic-
stroke-like injury following the administration of a Tulsi extract. It is also possible that the lipids
present in the Tulsi extract could contribute to the lipophilic transfer of active ingredients into the
brain. Therefore, to identify the major lipid species in the Tulsi extract, we performed metabolomic
and untargeted lipidomic analyses on the Tulsi extract. The presence of 39 molecular lipid species was
detected in the Tulsi extract. We then examined the effect of a treatment using the Tulsi extract on the
untargeted lipidomic profile of the brain and plasma following photothrombotic ischemic stroke in a
mouse model. Mice of the C57Bl/6j strain, aged 2–3 months, were randomly divided into four groups:
(i) Sham, (ii) Lesion, (iii) Lesion plus Tulsi, and (iv) Lesion plus Ibuprofen. The cerebral cortex of the
lesioned hemisphere of the brain and plasma samples were collected for untargeted lipidomic profiling
using a Q-Exactive Mass Spectrometer. Our results documented significant alterations in major lipid
groups, including PE, PC, neutral glycerolipids, PS, and P-glycerol, in the brain and plasma samples
from the photothrombotic stroke mice following their treatment with Tulsi. Upon further comparison
between the different study groups of mice, levels of MGDG (36:4), which may assist in recovery, were
found to be increased in the brain cortexes of the mice treated with Tulsi when compared to the other
groups (p < 0.05). Lipid species such as PS, PE, LPG, and PI were commonly altered in the Sham and
Lesion plus Tulsi groups. The brain samples from the Sham group were specifically enriched in many
species of glycerol lipids and had reduced PE species, while their plasma samples showed altered PE
and PS species when compared to the Lesion group. LPC (16:1) was found in the Tulsi extract and was
significantly increased in the brains of the PTL-plus-Tulsi-treated group. Our results suggest that the
neuroprotective effect of Tulsi on cerebral ischemia may be partially associated with its ability to regulate
brain and plasma lipids, and these results may help provide critical insights into therapeutic options for
cerebral ischemia or brain lesions.

Keywords: lipidomic profile; Tulsi; Ocimum sanctum; ischemic stroke; photothrombotic ischemia;
medicinal plant
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1. Introduction

Cerebral ischemia is one of the leading causes of all human strokes [1]. It results
in neuronal death, primarily in the ischemic region, and neuronal degeneration in the
penumbral region [2]. It is the first leading cause of disability and the second leading cause
of mortality worldwide, accounting for about 6,000,000 deaths annually [3]. The World
Health Organization (WHO) speculates that there will be over 7.8 million stroke-linked
deaths per year by 2030 [4]. A stroke occurs due to an inadequate supply of oxygen to parts
of the brain, either due to a disrupted supply of blood (ischemic stroke) to some parts of
the brain or sometimes due to a sudden breach in a blood vessel in the brain (hemorrhagic
stroke). So, if the blood supply in part of the brain is interrupted, it results in neuronal
death and neuronal degeneration, due to which symptoms of cerebral ischemia can be seen
in the body.

Many published studies have reported a link between dyslipidemia and stroke [5–7].
Dyslipidemia, mostly hyperlipidemia, is an abnormal amount of blood lipids. An increase
in blood lipid levels could be a predisposing factor for the pathogenesis of stroke, mainly
ischemic stroke. Previous reports in the literature have suggested a strong association
between stroke and lipid metabolism [8–11]. Lipid profile assessments in brain anomalies
could be helpful as lipids are considered the main constituents of the brain. Lipids com-
prise 60% of its dry weight and represent the second-most abundant tissue in the brain
after adipose tissue [12]. They are essentially required for maintaining the physiological
functions of the neurons and also aid in their structural development. Thus, understanding
the dynamics of lipid molecules through lipidomics could help interpret altered brain
functions in stroke. Although significant advances have been made in understanding
stroke pathogenesis in recent years, studies focusing on brain and plasma lipidomics have
been limited [13–15].

Ayurvedic medicine is one of the ancient systems of medicine [16] in which many
natural and herbal compounds are used to cure human diseases because of their medicinal
properties. One such plant, Ocimum sanctum (Tulsi), has been very well known as a medici-
nal herb since ancient times. It has many medicinal properties and has been reported to
possess minimal to zero adverse side effects [17,18]. Ocimum sanctum, commonly known as
holy basil or “Tulsi”, is called the “Elixir of Life” for its healing powers and is frequently
used as a medicinal agent in the Ayurvedic and Siddha medical systems to ameliorate
numerous body ailments [19–21]. Tulsi has been used for decades for its potential to treat a
number of diseases, including anxiety, cough, asthma, diarrhea, fever, dysentery, arthritis,
eye diseases, otalgia, indigestion, hiccups, vomiting, gastric, cardiac, and genitourinary
disorders, back pain, skin diseases, ringworm, insect, snake, and scorpion bites, and
malaria [22–25], due to its broad spectrum of pharmacological activities. It has been found
to have diverse protective effects, including hepato-protective, immuno-modulatory, anti-
ulcer, anti-diabetic, anti-hypercholesterolemic, nerve tonic, chemo-protective, nootropic,
antitussive, anti-inflammatory, wound healing, anti-tumorigenesis, anti-convulsant, an-
thelmintic, anti-bacterial, anti-anxiety, and anti-stress activities [26–30].

However, thus far, the effects of Tulsi treatments on cerebral ischemia are limited [31].
The oral administration of an aqueous extract of Tulsi for 15 days before MCAO demon-
strated a marked reduction in infarct size, reduced neurological deficits, and suppressed
neuronal loss in MCAO rats [31]. Pretreatment with a methanolic extract of Tulsi for
7 days significantly prevented cerebral-hypoperfusion-induced functional and structural
disturbances and was useful in the treatment of cerebral reperfusion injury and cerebrovas-
cular insufficiency states [27]. Tulsi has demonstrated anti-inflammatory effects in animal
models of acute and chronic inflammation [32]. Additionally, nanostructured lipid carriers
of a Tulsi leaf extract were shown to inhibit both the Cox-1 and Cox-2 enzyme pathways,
highlighting the potent anti-inflammatory potential of Tulsi and its compounds [33]. Tulsi
was shown to be useful for the management of experimentally-induced cognitive dysfunc-
tions in rats [32]. The effect of Tulsi treatment following ischemia on alterations of the
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lipid profile of the brain and plasma is not known. Also, there is a lack of information on
whether there are changes in the lipid species in the brain with the progression of stroke.

In the current study, lipidomic profiles of the brain and plasma samples of animals
that had undergone photothrombotic stroke were evaluated following treatment with
Tulsi. Lipid changes in the brain cortex and plasma of mice were analyzed using liquid
chromatography coupled with mass spectrometry (LC-MS). Lipid changes associated with
a change in stroke pathophysiology due to the healing effect of Tulsi were identified and
reported. In addition, the change in brain lipid composition was correlated to that seen
in the plasma samples of lesioned animals that were treated with Tulsi. The identified
lipids could be used as a clinical indicator of brain recovery and could also be exploited as
therapeutic targets.

2. Material and Methods

2.1. Animals

For this study, 24 male mice of the C57Bl/6j strain aged 2–3 months were procured
from the animal house of the National Brain Research Centre, Gurgaon, India. All the
experimental procedures were duly approved by the Institutional Animal Ethics Committee
(IAEC) of the National Brain Research Center. Animals were housed in standard cages
with dimensions of 44 × 29 × 16 cm (LXWXH). They were maintained under controlled
environmental conditions with a temperature maintained at 22 ± 1 ◦C, relative humidity
between 45 and 55%, a 12:12 h light-dark cycle, and 12–15 air changes per hour as specified
in CPCSEA (Committee for the Purpose of Control and Supervision of Experiments on
Animals, GOI) guidelines. Pelleted feed procured from Altromin, Germany, and autoclaved
water were provided ad libitum to all the animals.

2.2. Experimental Groups

The animals were randomly divided into four groups: (i) Sham; (ii) PTL only; (iii) PTL
plus Tulsi; (iv) PTL plus Ibu.

Sham animals (n = 8) were the controls for the experiment. They underwent all surgical
procedures similar to all other animals but were not subjected to Photothrombotic Lesion
(PTL). They were anesthetized, and the skin above the skull was incised. The skull was
exposed, and subsequently, the skin was sutured. An antibiotic cream, Neosporin, was
applied to the wound. Brains and plasma from four animals in this group were used for
lipidomic analyses. The brain sections of four animals were used as controls for determining
the extent of PTL lesions using cytochrome oxidase staining.

PTL-only animals (n = 8) were subjected to PTL. Animals in this group had focal
unilateral photothrombotic lesions made by exposing the cortex to laser for 10 min after
injecting Rose Bengal red dye (I.V). Four animals from this group were used for the
brain and plasma lipidome analyses. Brain sections from four animals were analyzed for
cytochrome oxidase to determine the extent of the lesion.

PTL plus Tulsi (n = 4) animals were subjected to PTL, and for seven days post-PTL,
Tulsi leaf extract was orally administered to them. Tulsi ethanolic extract (Batch Number
U/1443/17-18) was purchased from M/S Saiba Industries PVT. Ltd., Mumbai, India. The
extract was dissolved in sterile water at a concentration of 60 mg/mL. Each animal was
given oral gavage of 500 mg/kg body weight daily. We selected the dosage based on studies
showing beneficial effects at this concentration [34–36]. Studies examining the toxicity of
Ocimum sanctum [37,38] have shown no adverse effects at this concentration.

PTL plus Ibuprofen animals (n = 4) were subjected to PTL, and subsequently, for seven
days, they were given a 100 mg/kg oral dose of Ibuprofen (Cipla) oral syrup [39,40].

2.3. Photothrombotic Lesion (PTL)

The surgical area was sterilized using 70% alcohol and betadine, and all surgical
instruments were sterilized by autoclaving before the surgery. Animals were anesthetized
with a mixture of ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body weight)
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given through the I/P route. The photothrombotic cortical lesion was made in mice’s brains
as described by Watson et al. (1985) [41] with few modifications. The head of the animal
was firmly secured on the stereotaxic apparatus by inserting the ear bars carefully into the
external meatus to avoid any damage to the eardrum, and a midline incision was made
from eye level down to the neck using a scalpel. Skin retractors were applied to keep the
skull exposed. The Bregma and lambda were the landmarks for stereotaxic coordinates.
The somatosensory cortex, 0.7 mm posterior from the bregma and 2.8 mm lateral to the
midline (2.5 mm diameter), was marked with a marker pen. An area of about 2.5 mm in
diameter, which includes a large part of the somatosensory cortex according to the mouse
brain atlas by Franklin and Paxinos [42] on the left hemisphere, was marked. A sterilized
black plastic paper with a hole of 2.5 mm diameter was placed on the skull such that the
hole was above the marking of the somatosensory cortical region while the other regions
were covered. The body temperature of the animals was maintained at 37 ± 0.5 ◦C during
the surgery with the help of a heating pad.

Rose Bengal solution 20 mg/kg was given as a slow intravenous injection through
the tail vein. All sources of light in the room were turned off. A green laser (532 nm laser
irradiation, 50 mW/cm2) was switched on for 10 min. Following laser exposure, the skin of
the head region was sutured. The mouse was removed from the stereotaxic apparatus and
placed on a heating pad (pre-warmed) until it became fully awake. It was then returned to
its home cage.

2.4. Cytochrome Oxidase Reaction

The four animals with sham control and the four animals with PTL were given
saline for seven days post-lesion. On the eighth day, the animals were perfused transcar-
dially with PBS (NaCl (80 gm), KCl (2 gm), Na2HPO4 (11.4 gm), and KH2PO4 (23.2 g) in
900 mL of water and then forming a volume of 1 L, pH-7.4) to clear the blood and then
with 4% paraformaldehyde in PBS (PFA) to fix the tissues. The brains were removed and
postfixed for 24 h in 10% sucrose in a PFA solution at 4 ◦C. The brains were cryoprotected
by sequentially allowing them to sink in 20% sucrose in PBS, followed by 30% sucrose in
PBS at 4 ◦C. The forebrain was cut into 30 μm thick sections on a sliding microtome. Every
sixth section was reactive for cytochrome oxidase. The sections were washed three times
with PBS at room temperature and then immersed in freshly prepared cytochrome oxidase
staining solution (in 30 mL of 0.1 M phosphate buffer, sucrose (5 g), cytochrome C (Sigma,
St. Louis, MO, USA; 25 mg), and DAB (Sigma; 20 mg) were dissolved, and the volume of
solution was made up to 50 mL with phosphate buffer). The sections were incubated for
5 h at 37 ◦C. The sections were then washed twice with PBS, mounted on gelatin-coated
glass slides, air dried, and coverslipped with DPX mounting medium. The sections were
observed under a light microscope and imaged. Figure 1 shows sections from the brains of
sham control animals (Figure 1A) and PTL animals (Figure 1B). In Figure 1B, the cortical
region where the photothrombotic lesion was done appears pale, suggesting that cells in
the area are dead, as indicated by the absence of cytochrome oxidase activity.

2.5. Sample Collection and Preparation

Twenty-four hours following the last treatment dose, samples were collected for
lipidome analyses. Blood (600 μL) from the heart of each animal was collected after
cervical dislocation and kept on ice. The animals were then decapitated, and the lesioned
hemisphere was rapidly removed and flash-frozen in liquid nitrogen. Blood samples were
centrifuged at 3000 rpm for 15 min at 4 ◦C, and plasma (the supernatant) was collected.
Both brain and plasma samples were stored at −80 ◦C until lipid extraction. Figure 2A
shows the schematic diagram of the procedure for untargeted lipidomic analyses of the
brain and plasma.
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Figure 1. Photomicrograph showing brain sections that were reacted for cytochrome oxidase from
(A) a sham control mouse and (B) a PTL mouse. The lesioned area, indicated by the arrow, shows a
region with inactive cells.

(A) 

(B) 

Figure 2. (A) The overall scheme for the untargeted lipidomic analysis of brain and plasma.
(B) Workflow to perform lipidomic analysis.

111



Life 2023, 13, 1877

Brain (cortex) and plasma samples were prepared for lipidomic analysis as described
in Sharma N et al., 2022 [43]. Briefly, 100 μL brain/plasma samples were added to a
chloroform: methanol (2:1) mixture and homogenized. After that, the samples were cen-
trifuged at 13,000 rpm for 10 min to extract the dissolved lipids (supernatant). Each
sample was then vacuum-dried. These dried samples were reconstituted in 100 μL of a
65:30:5:5 standard solution consisting of acetonitrile (65%): isopropanol (30%): water (5%):
internal and external standards (5%). Using an ultra-high-performance liquid chromato-
graphic system, they were subjected to reverse-phase chromatography in the C18 column
(Thermo Scientific™25003102130: 3 μm, 2.1 mm, 100 mm). Mobile phase A was 0.1% formic
acid, and mobile phase B was 100% acetonitrile. The sample processing flow chart is shown
in Figure 2B.

2.6. Mass Spectrometry

For performing mass spectroscopy, a 10 μL sample was passed through the column,
which was directed into the heated electrospray ionization (HESI) source of a Q-Exactive
mass spectrometer (Thermo Scientific, San Jose, CA, USA), and analysis was carried out in
both positive and negative ionization modes in two independent runs. The HESI source
parameters were as follows: The spray voltage was set to 3.7 kV in positive ionization mode
and −3.1 kV in negative ionization mode. The heated capillary temperature was maintained
at 360 ◦C, and the sheath and auxiliary gas flow were set to 15 and 10 (arbitrary units),
respectively. All the samples were pooled together and spiked with internal standards
(Dinose b: 1 mg/mL; MCPA: 1 mg/mL; Dimetrazole: 1 mg/mL) and external standards
(Cholesterol: 0.1 mg/mL; Colchicine: 4 mg/mL; Impramine: 2 mg/mL; Roxithromycin:
2 mg/mL; Amiloride: 1 mg/mL; Atropine: 2 mg/mL; 2-aminoanthroceae: 370.5 mg/mL;
Prednisolone: 2 mg/mL) to make dilutions of 1:1, 1:2, 1:4 and 1:8 which were operated
as QC for the higher-energy collisional dissociation (HCD) MS/MS experiment. This
study used metabolite internal and external standards to attain analytical sensitivity for
the MS/MS experiments. In MS/MS mode, the isolation width was set to m/z 1.5, the
normalized collision energy was 32%, and the mass resolution was set at 17,500 FWHM at
m/z 200.

Mass Spectrometry for Metabolomics of Tulsi Extract

Mass spectrometry for metabolomics of Tulsi extract was performed using a 100 μL
sample of plant extract and chilled methanol in a 1:4 ratio (400 μL methanol). The sample
was incubated at −20 ◦C for 10 h or overnight. After incubation, the sample was cen-
trifuged at 13,000 rpm for 10 min, and the supernatant was taken and discarded in the
pellet. The supernantant was freeze dried completely, and the dried sample was recon-
stituted in 100 μL of 90:5:5 reconstitution buffer (90% water, 5% acetonitrile, 5% external
standard and internal standard). The sample was run for mass spectrometry as described by
Sharma et al. [43].

Composition of internal standards (Dinose b: 5 μg/mL; MCPA (2 methyl-4-
chlorophenoxy acetic acid): 5 μg/mL; Dimetrazole: 5 μg/mL, AMPA: 5 μg/mL) and
external standards (Dihydrostreptomycin: 20 μg/mL; Colchicine: 0.5 μg/mL; Impramine:
0.5 μg/mL; Roxithromycin: 10 μg/mL; Amiloride: 10 μg/mL; Atropine: 1 μg/mL; 2-
aminoanthroceae: 1 μg/mL; Prednisolone: 1 μg/mL; Metformin: 1 μg/mL; Ethylmalonic
acid: 3 μg/mL).

2.7. Software Analysis

Lipid features were identified using LipidSearch 4.0 software (Thermo Scientific, San
Jose, CA, USA). The feature identification and quantitation parameters used are mentioned
in Supplementary File S2.
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2.8. Statistical Analysis

Annotated lipid features were subjected to different statistical software platforms.
First, missing value imputation was applied to data in which half of the minimum positive
value was estimated for lipids that were undetected in the samples. Subsequently, data
were filtered based on non-parametric relative standard deviation (MAD/median) and
subjected to log normalization and Pareto-scaled using the Metaboanalyst 5.0 server “http:
//metaboanalyst.ca” (17 October 2022) [44]. Unpaired (two-tail) Student’s t-test and the
Mann–Whitney U test were performed for comparison of two groups. For more than
two groups, one-way ANOVA (analysis of variance), and the Kruskal–Wallis test were
performed. PCA, PLS-DA, heat map, random-forest analysis, and other statistical analyses
were performed. Venn diagram analysis was utilized to understand the correlation between
brain and plasma lipid profiles, and p-values of <0.05 using Benjamini-Hochberg correction
were considered statistically significant.

3. Results

This study examined the effect of oral administration of Tulsi for seven days on the
lipid profile of the cerebral cortex of the brain and the plasma of mice with ischemic lesions
induced by photothrombosis. Untargeted lipidomic analysis was performed on the cerebral
cortex of the brain and also on the blood plasma. We have analyzed changes associated with
lipid molecules in the lesioned brain cortex of mice following oral administration of Tulsi for
seven days. One of the study’s objectives was to determine whether the changes induced
by Tulsi were similar to those induced by a known anti-inflammatory drug, Ibuprofen,
which was also administered orally for seven days. A comparison of lipid profiles between
animal groups with sham, PTL, PTL plus Tulsi, and PTL plus Ibuprofen-treated animals
was performed to determine whether treatment with Tulsi could restore the normal lipid
profile in lesioned animals.

3.1. Tulsi Modulates Lipidomic Signature in the Lesioned Cortical Hemisphere of Mice with
Photothrombotic Ischemic Stroke-like Lesion

Untargeted lipidomic analysis was performed on cerebral cortex samples. The cerebral
cortex of the left hemisphere of all the experimental animals was used for lipidomic
profiling. Figure 3A illustrates the different types of comparisons done on the lipids of
the cerebral cortex of experimental and sham-lesioned animals. Figure 3B demonstrates
the results of PLS-DA analysis, highlighting the similarities and differences of the brain
lipidome amongst the four study groups, i.e., sham, PTL, PTL plus Tulsi, and PTL plus Ibu.

The score plot with PC1 (29.8%) and PC2 (9.1%) clearly distinguished each group.
Compact and distinct clustering was seen for Sham, PTL, PTL plus Ibu, and PTL plus Tulsi.
The PTL plus Tulsi-treated mice group was distinctly positioned as compared to other
groups; this observation suggested a critical role for Tulsi in the modulation of brain lipid
profiles. Hierarchical clustering analysis was performed to better illustrate the differences
in the lipid profile of the brain amongst the four groups (Figure 3C). A visual comparison of
the lipids of the different groups in the heat map suggested that the PTL plus Tulsi animals
have similarities in many of the upregulated as well as downregulated lipid species with
PTL plus Ibu.

Hierarchical clustering analysis also showed that the lipidomic profile of the mice’s
brains in the PTL plus Tulsi group was strikingly similar to that of the sham-operated group.
These results again reconfirm that treatment with Tulsi normalizes the brain lipidomic
profile. Multi-group random forest analysis of different lipid groups from the cortex of the
four groups of animals identified 15 lipid species ranked by mean decrease in accuracy
(Supplementary Figure S1).
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(E) 

Figure 3. (A) The schematic representation of different comparisons (sham, PTL, PTL plus Tulsi,
and PTL plus Ibu) for the brain and plasma is denoted by comparisons 1, 2, 3, and 4. (B) PLS−DA
score plot of lipid species in the ipsilateral hemisphere of the brain cortex of the sham, PTL, PTL plus
Tulsi, and PTL plus Ibu. (C) A heatmap showing the expression patterns of identified differential
lipids in the brain from different comparison groups. Upregulated lipids are shown in red, while
downregulated lipids are shown in green. (D) Relative abundance of different lipid groups in the
ipsilateral hemisphere of the brain cortex of the Sham, PTL, PTL plus Tulsi, and PTL plus Ibu. (E) The
common and unique upregulated and downregulated lipids are identified through the Venn diagram
in the ipsilateral hemisphere of the brain cortex.

Additional comparisons of alterations in the lipid profiles of the brain were performed
between Sham vs. PTL, PTL vs. PTL plus Tulsi and PTL vs. PTL plus Ibu (Supplementary
Figures S2–S10). A volcano map comparison (Supplementary Figure S2) of the lipids of
brain samples from the sham vs. PTL group revealed 32 upregulated lipid molecules and
65 downregulated lipid molecules (log2 FC = 1.5 and p < 0.05). The PLS-DA analysis with a
component variance of 17.8% (component 1) and 19.2% (component 2) separated the lipids
from Sham and PTL into two distinct clusters (Supplementary Figure S3A). The VIP score
from PLS-DA of lipid species in the brain of Sham vs. PTL has identified 35 lipid species
(Supplementary Figure S3B). The heat map showed the differential upregulation and
downregulation of lipids in the brains of Sham and PTL mice (Supplementary Figure S4A).
Random forest modeling between lipid groups in the brain of Sham vs. PTL has identified
15 lipid species ranked by mean decrease in accuracy (Supplementary Figure S4B).

Treatment with Tulsi induced changes in the lipid composition in the brain of lesioned
mice (PTL plus Tulsi) compared with PTL mice. Volcano map (Supplementary Figure S5)
shows significant alteration of 110 lipid species (77 upregulated and 33 downregulated;
log2 FC = 1.5 and p < 0.05). Segregation and distinct clustering of the PTL plus Tulsi group
from the PTL groups were evident from PLS-DA analyses based on the component variance
of 36.1% (PC1) and 14.3% (PC2), indicating significant differences in lipid composition
between the two groups (Supplementary Figure S6A). The VIP score plot showed 35 lipid
species that were highly modulated between PTL plus Tulsi and PTL groups (Supplemen-
tary Figure S6B). The upregulated and downregulated lipids in the brain of PTL plus Tulsi
vs. PTL mice displayed in the heat map also showed that the lipids were differentially
altered (Supplementary Figure S7A). Random forest modeling identified 15 species of lipids
ranked by mean decrease in accuracy that differentially modulated brain lipid composition
between PTL plus Tulsi and PTL (Supplementary Figure S7B).

We determined whether treatment with the non-steroidal anti-inflammatory drug
Ibuprofen can affect the lipidome profile in the brains of mice with PTL by comparing
PTL plus Ibu vs. PTL using the Volcano Map (Supplementary Figure S8). There were
significant changes in 488 lipid species (306 upregulated and 182 downregulated; log2
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FC = 1.5 and p-value < 0.05). PLS-DA revealed that the lipids from the brain of PTL plus
Ibu mice form a distinct cluster well separated from the PTL cluster with a component
variance of 47.1% (PC1) and 12.5% (PC2) (Supplementary Figure S9A). The plot presenting
the VIP score showed the 35 most modified lipid species (Supplementary Figure S9B). A
heat map of the lipids in the brains of PTL plus Ibu and PTL mice showed that there was
differential regulation of lipid species such that the lipids that were downregulated in
the PTL condition were upregulated in the PTL plus Ibu brains (Supplementary Figure
S10A). Random forest modeling showed 15 species of lipids ranked by mean decrease in
accuracy that differentially modulated brain lipid composition between PTL plus Ibu and
PTL (Supplementary Figure S10B).

We also determined the relative abundance of lipid groups in the brains of the four
groups of mice, i.e., Sham, PTL, PTL plus Tulsi, and PTL plus Ibu. (Figure 3D; Supplemen-
tary Table S1). When we examined the lipid profile of the cerebral cortex, we found that
16 groups were abundant in the brains of the four groups of mice. The relative abundance
of these 16 lipid groups was compared among the brains of four different groups of mice to
determine the effects of different treatments on lipid metabolism in the brain.

The sham group exhibited the highest number of lipid species compared to the P-
ethanolamine group. The relative abundance of phosphatidyl-choline, neutral glycerolipid,
phosphatidyl-serine, phosphatidyl-glycerol, and phosphatidyl-inositol was also high in the
brains of the four groups of animals. The results showed that the highest representation of
13 lipid groups was in the brains of sham group animals. This suggested that the normal
brain lipid profile was different from that of lesioned animals. When comparing the brains
of the PTL mice to the sham mice, it was found that the relative abundance of all 13 lipid
groups was lower in the PTL group. This indicated that the PTL significantly affected lipid
metabolism in the brain.

When comparing the brains of the PTL plus Ibu mice to the PTL mice, it was found
that the relative abundance of 13 lipid groups was increased in the PTL plus Ibu mice.
However, the relative abundance of most lipid groups was still lower than that of the sham
mice. This suggests that ibuprofen treatment was ineffective in fully restoring the normal
lipid profile in the brains of lesioned animals. On the other hand, when comparing the
brains of the PTL plus Tulsi mice to the PTL mice, it was found that the relative abundance
of all 13 lipid groups was higher in the PTL plus Tulsi mice. In fact, all 13 lipid groups
that were highest in the brains of sham mice were also higher in the brains of PTL plus
Tulsi mice compared to PTL or PTL plus Ibu mice. This indicated that treatment with
Tulsi effectively restored the normal lipid profile in the brains of lesioned animals. The
significance of these observations was that Tulsi might possess the ability to reverse the
deleterious effect of a lesion on the lipidome profile in the ischemic brain.

3.2. Comparison of Lipidome in Photothrombotic Ischemia-Induced Brain of Mice Treated with Tulsi
vs. Ibuprofen

In order to find out the crucial lipids that were altered in photothrombotic lesions by
Tulsi or Ibuprofen treatment, we used a Venn diagram (Figure 3E) to find out the lipid
species that were commonly modulated in the brains of sham, PTL, PTL plus Tulsi, and
PTL plus Ibu groups.

Venn analysis of upregulated lipids between sham/PTL, PTL/PTL plus Tulsi, and
PTL/PTL plus Ibu showed only one lipid species, monogalactosyldiacylglycerol (36:4),
to be commonly upregulated between these groups (Figure 3E: Supplementary Table S3).
Its presence in response to the lesion and treatment with Tulsi or Ibuprofen indicated
that a significant increase in MGDG (36:4) lipid might play a role in the transition from
pathological to physiological conditions in brain samples. This lipid could be an important
marker to determine the injury-induced reaction in the brain.

When the 77 lipid species that were upregulated in brains of PTL /PTL plus Tulsi
were compared with the 306 lipid species upregulated in PTL/PTL plus Ibu there were
13 common upregulated lipid species, dimethyl-phosphatidylethanolamine (18:1/14:0),
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phosphatidyl-ethanolamine (16:0/22:4), sphingomyelin (d44:7), phosphatidylcholine (17:0),
phosphatidyl-ethanolamine (43:10), monogalactosyl-monoacylglycerol (14:2), di-galactosyl-
diacylglycerol (42:9), phosphatidylinositol (28:5), phosphatidylserine (8:0e/21:6), lyso-
phosphatidylcholine (16:1), phosphatidyl-ethanolamine (39:6), di-galactosyl-diacylglycerol
(45:9) and diglyceride (42:5e) (Figure 3E: Supplementary Table S3).

When downregulated lipid species were compared between PTL/PTL plus Tulsi
(33 lipid species) and PTL/PTL plus Ibu (182 lipid species), we found three common
lipid species, diglyceride (4:0/20:5), phosphatidyl-ethanolamine (35:0p), and di-galactosyl-
diacylglycerol (42:14), were downregulated (Figure 3E: Supplementary Table S4). These
common upregulated and downregulated lipid species in the brains of Tulsi as well as
Ibuprofen-treated mice suggested that both Tulsi and Ibuprofen might have similar effects
on altering the lipidome of the ischemic brain. These results were also indicative that
perhaps Tulsi acts as an anti-inflammatory agent similar to Ibuprofen.

3.3. Effect of Tulsi in Modulating Lipidome Signature of Plasma in Mice with Photothrombotic
Ischemic Lesion of the Cerebral Cortex

Untargeted lipidomic analysis was performed on plasma samples to identify markers
of ischemic lesion and recovery, and other different types of comparisons were done on the
plasma lipids as described for the brain (Figure 3A). PLS-DA analysis was performed to
determine whether there were any significant differences in the plasma lipidomic profiles
of different groups of mice. The results showed that there was significant variance in the
plasma lipidomic profile of different comparison groups, as indicated by the component
variances of PC1 (20.3%) and PC2 (9.9%) (Figure 4A).

(A) 

Figure 4. Cont.
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Figure 4. (A) PLS−DA score plot of lipid species in the plasma lipid samples of the sham, PTL, PTL
plus Tulsi, and PTL plus Ibuprofen. (B) A heatmap showing the expression patterns of identified
differential lipids in the plasma from different comparison groups. Upregulated lipids are shown
in red while downregulated lipids are shown in green. (C) Relative abundance of different lipid
groups in the plasma lipid samples of the sham, PTL, PTL plus Tulsi, and PTL plus Ibuprofen.
(D) The common and unique upregulated and downregulated lipids were identified through the
Venn diagram in the plasma samples of mice.

This suggested that the different treatments significantly affected plasma lipid
metabolism. Furthermore, the plasma lipidomics of the PTL plus Tulsi group was found
to be similar to the sham group, which was consistent with the findings from the brain
groups. This indicates that treatment with Tulsi was effective in restoring normal lipid
metabolism not only in the brain but also in the plasma of lesioned animals. We employed
hierarchical clustering analysis to explore the potential relationship between the lipids in
the different groups.

The heat map showed apparent differences in the top 50 lipid species (Figure 4B). The
visual comparison suggests that lipid species in both PTL plus Tulsi and PTL plus Ibu have
similar profiles. Volcano map of plasma samples (log2 FC= 1.5 and p-value < 0.05) of PTL
group mice vs. sham group mice showed significant upregulation of 39 lipid molecules and
downregulation of 56 lipid molecules (Supplementary Figure S11). Comparison of plasma
lipids between PTL vs. PTL plus Tulsi using the volcano map analysis (log2 FC = 1.5 and
p < 0.05) showed significant upregulation of 34 lipid species and downregulation of 39 lipid
species (Supplementary Figure S14). While the volcano map analysis (log2 FC = 1.5 and
p < 0.05) between PTL vs. PTL plus Ibu showed significant alterations in 201 lipid species
(94 up- and 107 down-regulated; log2 FC = 1.5 and p < 0.05; Supplementary Figure S17).

PLS-DA score plots for PTL vs. Sham (component 1 = 20.8%, component 2 = 18%;
Supplementary Figure S12A), PTL vs. PTL plus Tulsi (component 1 = 27.4%, component
2 = 18.5%; Supplementary Figure S15A) and PTL vs. PTL plus Ibu (component 1 = 34.7%,
component 2 = 17.7%; Supplementary Figure S18A) showed that these groups were distinct
from each other. The VIP score of the relative concentration of lipid species in plasma
of Sham vs. PTL (Supplementary Figure S12B), PTL vs. PTL plus Tulsi (Supplementary
Figure S15B), and PTL vs. PTL plus Ibu (Supplementary Figure S18B) showed that several
lipids were differentially regulated in the comparison groups. These differential alterations
were further seen when heat map generated from hierarchical clustering analysis was
examined between the PTL vs. Sham (Supplementary Figure S13A), PTL vs. PTL plus
Tulsi (Supplementary Figure S16A), PTL vs. PTL plus Ibu (Supplementary Figure S19A).
Using Random Forests analysis, the lipid species with significant alterations and ranked by
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the mean decrease in classification accuracy have been identified between PTL vs. Sham
(Supplementary Figure S13B), PTL vs. PTL plus Tulsi (Supplementary Figure S16B), PTL
vs. PTL plus Ibu (Supplementary Figure S19B).

Relative abundance of lipids in the plasma of the Sham, PTL, PTL plus Tulsi, and
PTL plus Ibu mice by arranging lipids into different groups (Figure 4C; Supplementary
Table S2). Similar to the brain, a total of 16 lipid groups were found with high relative
abundance in the plasma. Among the 16 groups, P-ethanol amine was highest in plasma
samples of sham, PTL, PTL plus Tulsi, and PTL plus Ibu mice. P-inositol was also present
in moderately high abundance in the plasma of all four groups of mice.

The abundance of these two lipid groups was found to be highest In the sham group
and reduced in the plasma of the PTL group. Interestingly, treatment with Tulsi was found
to increase the abundance of P-ethanol amine and P-inositol groups, as well as neutral
glycerolipids, P-serine, P-glycerol, and P-choline. Similarly, treatment with Ibuprofen also
increased the abundance of these lipid groups, except P-glycerol. However, the relative
abundance was found to be higher after treatment with Tulsi as compared to Ibuprofen.
Furthermore, compared to the sham and lesion groups, there was a very high abundance
of neutral glycerolipids, P-serine, cardiolipin, and P-choline in the plasma of Tulsi as well
as Ibuprofen-treated mice. This suggested that treatment with Tulsi or Ibuprofen may have
a significant impact on plasma lipid composition, which may have important implications
for various physiological processes.

Venn analysis (Figure 4D) showed the upregulation of 39 lipid species and the down-
regulation of 56 lipid species in sham vs. PTL, and 95 upregulated and 107 downregulated
lipid species in the plasma of PTL vs. PTL plus Ibu mice. In the plasma of PTL vs. PTL
plus Tulsi, there were 34 upregulated and 39 downregulated lipid species (Figure 4D;
Supplementary Tables S7 and S12). There are two common lipid species, PS (46:4) and
PC (38:4), that are upregulated, and six common lipid species, PI (33:3/23:2), PE (44:11),
PC (27:2), PE (4:0/19:5), PG (32:4), and PE (42:3), in the plasma of PTL vs. PTL plus Tusli
and PTL vs. PTL plus Ibuprofen, which suggested that both Tulsi and Ibuprofen could be
having a similar effect on these lipid species (Figure 4D; Supplementary Tables S5 and S6).

3.4. Integration of Brain and Plasma Lipidomic Analysis

Although there were lipid species that were commonly altered in the plasma of both
Tulsi- and Ibuprofen-treated animals, it may be possible that this could be indicative of
a generalized reaction to either Tulsi or Ibuprofen. Hence, a comparative analysis of
upregulated and downregulated lipid species in the brain and plasma of lesioned animals
treated with Tulsi vs. Ibuprofen was performed. When sham vs. PTL conditions were
compared between brain and plasma, there were 28 unique lipid species in the brain and
37 in the plasma, as well as two commonly upregulated lipid species, TG (8:0/24:6/24:7)
and PS (8:0p/8:0) (Figure 5A; Supplementary Table S7). Analysis between PTL plus Tulsi
and the PTL group showed only PE (10:0p/9:0) was commonly upregulated in the brain
and plasma, though the brain and plasma showed 76 and 33 uniquely expressed lipid
species, respectively (Figure 5B; Supplementary Table S9). A comparison of PTL plus Ibu
and PTL only groups for the brain and plasma lipidome showed 11 lipid species commonly
up-regulated. We also found 295 lipid species that were up-regulated and specific to the
brain and 83 lipid species that were up-regulated and specific to the plasma (Figure 5C;
Supplementary Table S11).
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Figure 5. (A) Venny of upregulated lipid species in the brain and plasma between the Sham group
and the PTL group. (B) Venny of upregulated lipid species in the brain and plasma between the PTL
group and the PTL plus Tulsi group. (C) Venny of upregulated lipid species in the brain and plasma
between the PTL group and the PTL plus Ibu group.

We have also analyzed the lipid species that were down-regulated in different groups.
PTL as compared to sham showed significant down-regulation of lipid species: 63 in
brains and 54 in plasma. The commonly downregulated lipid species were PE (45:10) and
PE (42:3p) (Figure 6A, Supplementary Table S8). Interestingly, there were no commonly
downregulated lipid species between PTL plus Tulsi and the PTL group. However, in
lesioned animals treated with Tulsi, a significant reduction was seen for 33 lipid species in
the brain and 39 lipid species in plasma (Figure 6B; Supplementary Table S10).
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Figure 6. (A) Venny of downregulated lipid species in the brain and plasma between the Sham group
and the PTL group. (B) Venny of downregulated lipid species of the brain and plasma between the
PTL group and the PTL plus Tulsi group. (C) Venny of downregulated lipid species of the brain and
plasma between the PTL group and the PTL plus Ibu group.

Finally, a comparison of PTL plus Ibuprofen vs. PTL groups showed LPE (18:0) and
PE (39:2) were commonly downregulated. A total of 180 lipid species were downregulated
in the brain and 105 lipid species in plasma samples (Figure 6C; Supplementary Table S12).

3.5. Untargeted Lipidomic and Metabolomics of Ocimum sanctum

The extract of Tulsi leaves contains a diverse array of constituents that are known to
possess potential biological activity. These bioactive compounds found in Tulsi extract
are known for their various pharmacological properties and may contribute to the plant’s
medicinal benefits. In the present study, we performed phytochemical screening of Tulsi
extract. The standard protocol for phytochemical screening was employed to confirm
the presence of metabolites and active compounds in the extract of Tulsi. Analysis of the
ethanolic extract revealed the major presence of ursolic acid, alpha-curcumene, aesculin
(esculin), coumarin, and p-cymene (Figure 7A), along with various other phytoconstituents
in the extract of Tulsi, as listed in Supplementary Table S13.
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(C) 

Figure 7. (A) Phytoconstituents in Tulsi extract. (B) A sunburst of different lipid molecules obtained
in the Tulsi extract. (C) The common and unique lipids were identified through the Venn diagram in
the Tulsi extract, brain cortex, and plasma samples of mice.

Untargeted lipidomic analysis was also performed on the Tulsi extract to correlate
the effect of Tulsi treatment on the lipidomic profiling of the brain and plasma after its
treatment. We have obtained a total of 39 lipid molecules from the Tulsi extract (Figure 7B,
Supplementary Table S14).

Further, to find out lipids commonly found in tulsi extract, brain tissue, and plasma of
the study group, we used a Venn diagram (Figure 7C) to find out lipid species that were
modulated by Tulsi in the brain and plasma of mice from the PTL plus Tulsi group. Venn
analysis showed eight lipid species were common with PTL plus the Tulsi group of the
brain and plasma. These eight common lipid species were lyso-di-methyl phosphatidyl
ethanolamine (16:0), lyso-phosphatidyl choline (16:0), lyso-phosphatidyl choline (18:0), lyso-
phosphatidyl choline (18:1), lyso-phosphatidyl choline (18:2), lyso-phosphatidyl choline
(18:3), lyso-phosphatidyl glycerol (18:3), monoglyceride (18:4). Venn analysis between
lipid species of Tulsi and lipid species in the brain of PTL plus Tulsi has found three
common lipids: lyso-phosphatidyl choline (16:1), lyso-phosphatidyl glycerol (16:0), and
lyso-phosphatidyl methanol (16:0). Whereas Venn analysis of Tulsi lipids with plasma
lipids of PTL plus Tulsi also found three common lipids: lyso-phosphatidic acid (18:2),
lyso-phosphatidyl choline (20:0), and lyso-phosphatidyl inositol (18:2).

LPC (16:1) was found in Tulsi extract and found to be significantly increased in the
brains of the PTL plus Tulsi-treated group. This finding provides valuable insights into the
potential therapeutic effects of Tulsi extract in promoting healing and repair processes in
the brain.

Our results show that lipidomic profiles in mouse models of ischemic injury in the
brain and plasma were altered and distinct. These results also suggest that the alterations
in some of the lipids seen with treatment with Tulsi or Ibuprofen were present in both
the brain and plasma. These lipids might play a significant role in the recovery processes
following ischemic injury. Importantly, the presence of these lipids in the circulatory system
could help in the prognosis and evaluation of recovery.
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4. Discussion

Tulsi is well known for its neuroprotective action; in addition, the effect of ibuprofen
on amelioration of brain lesions is also well known [45–48]. In the current pilot study, the
lipidomic landscape of photothrombotic ischemic lesions in a mouse model was studied.
We also examined the effect of the Tulsi treatment following a photothrombotic ischemic
lesion on the modulation of the lipidomic profile of the brain and plasma in the mouse
model. The alterations in lipidome profile with Tulsi treatment were compared to treatment
with a non-steroid anti-inflammatory drug, Ibuprofen.

Our objective was to see whether changes in the brain and plasma lipidomic profiles
could be attributed to the changes in the lesion status in the mouse model of ischemic
stroke following treatment with Tulsi.

It has been shown in the past that oral administration of Tulsi to rats with MCAO
(middle cerebral artery occlusion) markedly reduced the infarct size, reduced neurological
deficits, and suppressed neuronal loss [31]. The potential of Tulsi in the management of
experimentally induced cognitive dysfunctions in rats has been determined [49]. However,
there was no data available about the effect of Tulsi on brain and plasma lipidomic profiles
in ischemic stroke. This study represents the first untargeted lipidomic profiling of the brain
and plasma to obtain information about the treatment effects of Tulsi after the manifestation
of ischemia in the cerebral cortex of the brain.

Previous findings revealed that there is a strong relationship between lipid profiles
and ischemic stroke [10]. Our comparison of sham and PTL mice in brain and plasma also
showed a concordant effect with changes in the lipidomic profile, suggesting the effect
of stroke upon the lipid species. We found the distinct lipidomic profile of the mouse
model with the lesion, which, on treatment with either Tulsi or ibuprofen, showed apparent
changes in the lipidomic profile that were systemic and evident even in the plasma samples.

Ischemic brain injury releases free radicals in the form of hydroxyl radicals, radical
superoxide anion, and nitric oxide (NO). During ischemic-stroke injury, R.O.S. are primar-
ily produced in the mitochondria [50,51]. While excessive ROS formation secondary to
reperfusion injury was attenuated by Tulsi [27]. Several active compounds present in Tulsi
contribute to its anti-inflammatory activity [52–56]. Our study showed that after treatment
with Tulsi, there was a change in the brain and plasma lipidomic profiles, which could
possibly be one of the reasons for the decrease in lesion size seen post-treatment with Tulsi
in previous studies [31].

Next, we classified the lipid species into groups to broadly understand the lipid groups
involved in the treatment of photothrombotic ischemia with Tulsi. In the brain, lipid groups
such as P-ethanol amine, P-choline, neutral glycerolipids, glycoglycerolipids, and others
were significantly reduced in the lesion but surged after Tulsi treatment. On the other
hand, in plasma, P-choline, neutral glycerolipids, P-serine, and P-glycerol were significantly
increased compared to sham or lesion groups, which could be due to the systemic effect of
Tulsi, which was administered orally to the mice. Increases in P-ethanol amine, P-choline,
or P-glycerol were already known to have anti-inflammatory functions [57–63].

Further analysis between different comparison groups of the brain identified monoglac-
tosyl diacylglycerol (MGDG) species that assist in the recovery process [64], which was
found to be increased with the treatment of Tulsi or ibuprofen. The increased levels of
MGDG (36:4) may be attributed to oral treatment with Tulsi or ibuprofen. Previous stud-
ies have found that MGDG has strong anti-inflammatory [65–68] and anti-proliferative
activities [69]. It has been shown earlier that MGDG also has an inhibitory effect on cancer
cells [70]. This was in concurrence with our results, which showed that the overall level of
MGDG (36:4) was increased in the animals after the treatment with Tulsi and ibuprofen,
though these observations require further study.

Lipid species of phosphatidyl serine (PS), phosphatidyl ethanolamine (PE), lysyl-
phosphatidylglycerol (LPG), and phosphatidyl inositol (PI) have shown common expres-
sion in sham and lesion plus Tulsi, which indicated the association of Tulsi with an increase
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in these lipids in the brain. These lipid groups were reported to perform several metabolic
pathways that were found altered in disease conditions [71,72].

Further, we integrated the brain and plasma lipidomes in different comparison groups
to attain site-specific or common alteration. The brain of Sham was found to be enriched
explicitly in many species of glycerol lipids and to have reduced P-ethanol amine species,
while in plasma, most of the altered lipid species belong to P-ethanol amine and P-serine
compared to the lesion. These results were concordant with the literature [13,14,73,74].
The significant lipids that changed following treatment with Tulsi belong primarily to
P-ethanolamine, while downregulated brain lipids were mainly composed of phosphatidyl
serine. Phosphatidylserine is required for healthy nerve cell membranes, myelin, and
cognitive functions [75,76]. Phosphatidylethanolamine was also found to be significantly
altered in an ibuprofen-treated photothrombotic ischemia animal model. All this suggests
that changes in phosphatidyl ethanolamine and phosphatidyl serine were induced due to
treatment with Tulsi or ibuprofen and may be associated with lesion regression. It can also
be considered for systemic representation of site-specific injury or improvement.

Metabolomic analysis of Tulsi leaf extract has provided robust evidence confirming the
presence of several important phytoconstituents. Notably, ursolic acid, alpha-curcumene,
aesculin (Esculin), coumarin, and p-Cymene have been identified as significant compo-
nents in the Tulsi extract, as supported by existing literature. [77,78]. The identification
and confirmation of these phytoconstituents, alongside other metabolites in Tulsi extract
through metabolomic analysis, provide scientific support for the traditional uses and health-
promoting effects associated with Tulsi. These findings expand our understanding of the
chemical composition of Tulsi and pave the way for further exploration of its therapeu-
tic applications. It was reported in the literature that the leaf extract of Tulsi contains a
higher concentration of ursolic acid [79]. Ursolic acid has several medicinal properties
such as analgesic, anti-inflammatory, anti-atherosclerotic, anti-cancer, anti-diabetic, anti-
epileptic, hepato-protective, anti-hyperlipidemic, anti-fertility, anti-platelet aggregation,
anti-tuberculosis, and anti-HIV activities [80–85]. Ursolic acid, derived from Ocimum sanc-
tum, has been recognized for its potent anti-inflammatory properties. The administration of
Ursolic acid has been shown to reduce brain edema and neurological insufficiencies after
TBI induction in a murine model [86]. Ursolic acid has significantly helped in reducing
intercellular adhesion molecule-1 (ICAM-1), toll-like receptor 4 (TLR4), nuclear factor-κB
(NF-κB) P65, interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6),
inducible nitric oxide synthase (iNOS), and matrix metalloproteinase-(MMP)-9 in a sub-
arachnoid hemorrhage brain injury model in rats [87,88]. In the MCAO model in rats,
administration of ursolic acid helped decrease neurological deficits along with reduced
levels of proinflammatory cytokine concentrations (IL-1β, TNF-α, and IL-6), TLR4, and
inactivated NF-κB [89]. It also suppressed the activity of cyclooxygenase-2 (COX-2), an
enzyme involved in the synthesis of inflammatory prostaglandins [89]. Ursolic acid, being
the active constituent of Tulsi, may be responsible for its anti-inflammatory action, as
numerous studies have highlighted the anti-inflammatory effects of ursolic acid, making it
a promising therapeutic agent for various inflammatory conditions.

Untargeted lipidomic analysis of the Tulsi extract has shown the presence of 39 impor-
tant lipid molecules, which may help in regulating the perturbed lipidomic of the brain and
plasma and might be responsible for the recovery process in various disease ailments. LPC
(16:1), an important lipid in Tulsi extract, was found to be upregulated in the brains of PTL
after treatment with Tulsi. Lysophosphatidylcholine (LPC) was considered an important
membrane constituent implicated in signaling and immune regulation [90]. It was reported
in the literature that the level of LPC was altered in the brain following both focal and global
cerebral ischemia in rats and mice [13,91–94]. LPC is secreted from apoptotic cells, which
play a role in the inflammatory reaction mediated by microglia [95]. The observed elevation
of LPC (16:1) suggested a potential involvement of Tulsi lipids in the recovery process
following brain lesions. Therefore, targeting LPC (16:1) might be a potential therapeutic
method for brain ischemia. However, further studies are needed to fully elucidate the
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mechanisms underlying the role of Tulsi lipids, including LPC (16:1), in brain recovery. The
current pilot study aimed to generate preliminary data and valuable insights that would
guide future research. The findings from this study provided valuable insights into the
potential therapeutic effects of Tulsi extract in promoting healing and repair processes in
the brain and plasma. However, considering the intricate nature of stroke and its multi-
faceted pathophysiology, it is crucial to go beyond the identification of lipidomic changes.
Establishing a clear correlation between lipidomic changes and the overall improvement
or deterioration of stroke outcomes is essential. Hence, a future larger-scale study with
a more substantial sample size along with examining and assessing the correlation be-
tween inflammatory markers, neurological function, infarct size measurement, functional
recovery, anti-inflammatory markers, neurotransmitters, and the mechanisms of action of
treatments should be planned to gain comprehensive insights into stroke management and
treatment efficacy.

5. Conclusions

Nowadays, lipidomic-based studies have become an important tool for obtaining
lipidomic snapshots. In the present study, we have performed metabolomics and untar-
geted lipidomic analysis of the Tulsi extract to see the presence of lipid molecules and
various other metabolites in the extract and further correlated the effect of treatment of
the Tulsi extract after a photothrombotic lesion on the modulation of lipidomic profiling
in the brain and plasma. This approach will provide insights into the roles of specific
lipids and help establish a therapeutic solution for human stroke and related disorders.
Our study found the deregulation of various lipid species as a characteristic feature of the
mouse model of an ischemic stroke lesion. We also reported that brain and plasma lipids
were altered in animals with stroke-like lesions following treatment with Tulsi extract.
Specifically, lipid species such as Phosphatidyl Serine (PS), Phosphatidyl Ethanolamine
(PE), Lysyl-phosphatidylglycerol (LPG), and Phosphatidyl Inositol (PI) were increased after
treatment with Tulsi. Notably, the cortex of mice treated with Tulsi showed an upregulation
of Monogalactosyldiacylglycerol (36:4). One intriguing finding was the significant increase
of LPC (16:1), present in Tulsi extract, in the brains of the PTL plus Tulsi-treated group. Our
study suggested that significant changes in the lipidomic profile in the brain and plasma
caused by either Tulsi or Ibuprofen may help ameliorate brain injury. The change in the
brain and plasma lipidomic profile induced by Tulsi could be relevant to the reduction of
lesion seen after Tulsi treatment in previous stroke studies; however, further validation
with various stroke-related measures is needed to draw more robust conclusions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/life13091877/s1, Figure S1: Random Forest from mice brains of different
groups identified 15 different lipid features and ranked by the mean decrease in classification ac-
curacy. Figure S2: The volcano map showed the differential lipids expression level in the mice
brain of sham vs PTL groups (log2 FC = 1.5 and p-value < 0.05 considered significant). Upregulated
lipids are shown by red color dots while downregulated lipids are shown by blue colored dots.
Figure S3: (A): Partial Least Squares-Discriminant Analysis (PLS-DA) plot of lipid species in mice
brain of sham vs PTL groups revealing the component variance 19.2% and 17.8%. (B): VIP score of
lipid species in PLS-DA in the mice brain of sham vs. PTL groups. The colored boxes on the right
side represent the relative concentration of the corresponding lipid species. Red indicates high and
blue indicates low. Figure S4: (A): Heatmap of the expression of identified differential lipids in the
mice brain between sham vs PTL groups. The colored boxes on the right side represent the relative
concentration of the corresponding lipid species. Red indicates high and green indicates low. (B):
Random Forest from mice brains of sham vs PTL groups identified 15 different lipid features and
ranked by the mean decrease in classification accuracy. Figure S5: The volcano map showed the dif-
ferential lipids expression level in the mice brain of PTL vs. PTL plus Tulsi groups (log2 FC = 1.5 and
p-value < 0.05 considered significant). Upregulated lipids are shown by red color dots while down-
regulated lipids are shown by blue colored dots. Figure S6: (A): Partial Least Squares - Discriminant
Analysis (PLS-DA) plot of lipid species in mice brain of PTL vs. PTL plus Tulsi groups revealing
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the component variance 36.1% and 14.3%. (B): VIP score of lipid species in PLS-DA in the mice
brain of PTL vs. PTL plus Tulsi groups. The colored boxes on the right side represent the relative
concentration of the corresponding lipid species. Red indicates high and blue color indicates low.
Figure S7: (A): Heatmap of the expression of identified differential lipids in the mice brain between
PTL vs. PTL plus Tulsi groups. The colored boxes on the right side represent the relative concentra-
tion of the corresponding lipid species. Red indicates high and green indicates low. (B): Random
Forest from mice brains of PTL vs. PTL plus Tulsi groups identified 15 different lipid features and
ranked by the mean decrease in classification accuracy. Figure S8: The volcano map showed the
differential lipids expression level in the mice brain of PTL vs. PTL plus Ibu groups (log2 FC = 1.5 and
p-value < 0.05 considered significant). Upregulated lipids are shown by red color dots while down-
regulated lipids are shown by blue colored dots. Figure S9: (A): Partial Least Squares - Discriminant
Analysis (PLS-DA) plot of lipid species in mice brain of PTL vs. PTL plus Ibu groups revealing the
component variance 47.1% and 12.5%. (B): VIP score of lipid species in PLS-DA in the mice brain of
PTL vs. PTL plus Ibu groups. The colored boxes on the right side represent the relative concentration
of the corresponding lipid species. Red color indicates high and blue indicates low. Figure S10: (A):
Heatmap of the expression of identified differential lipids in the mice brain between PTL and PTL plus
Ibu groups. The colored boxes on the right side represent the relative concentration of the correspond-
ing lipid species. Red indicates high and green indicates low. (B): Random Forest from mice brains of
PTL vs. PTL plus Ibu groups identified 15 different lipid features and ranked by the mean decrease in
classification accuracy. Figure S11: The volcano map showed the differential lipids expression level in
the mice plasma of sham vs PTL groups (log2 FC = 1.5 and p-value < 0.05 considered significant). Up-
regulated lipids are shown by red color dots while downregulated lipids are shown by blue colored
dots. Figure S12: (A): Partial Least Squares - Discriminant Analysis (PLS-DA) plot of lipid species in
mice plasma of sham vs. PTL groups revealing the component variance 20.8% and 18%. (B): VIP score
of lipid species in PLS-DA in the mice plasma of sham vs PTL groups. The colored boxes on the right
side represent the relative concentration of the corresponding lipid species. Red color indicates high
and blue color indicates low. Figure S13: (A): Heatmap of the expression of identified differential
lipids in the mice plasma between sham vs PTL groups. The colored boxes on the right side represent
the relative concentration of the corresponding lipid species. Red indicates high and green indicates
low. (B): Random Forest from mice plasma of sham vs. PTL groups identified 15 different lipid
features and ranked by the mean decrease in classification accuracy. Figure S14: The volcano map
showed the differential lipids expression level in the mice plasma of PTL vs PTL plus Tulsi groups
(log2 FC = 1.5 and p-value < 0.05 considered significant). Upregulated lipids are shown by red color
dots while downregulated lipids are shown by blue colored dots. Figure S15: (A): Partial Least
Squares-Discriminant Analysis (PLS-DA) plot of lipid species in mice plasma of PTL vs PTL plus Tulsi
groups revealing the component variance 27.4% and 18.5%. (B): VIP score of lipid species in PLS-DA
in the mice plasma of PTL vs PTL plus Tulsi groups. The colored boxes on the right side represent the
relative concentration of the corresponding lipid species. Red indicates high and blue indicates low.
Figure S16: (A): Heatmap of the expression of identified differential lipids in the mice plasma between
PTL vs. PTL plus Tulsi groups. The colored boxes on the right side represent the relative concentration
of the corresponding lipid species. Red indicates high and green indicates low. (B): Random Forest
from mice plasma of PTL vs. PTL plus Tulsi groups identified 15 different lipid features and ranked
by the mean decrease in classification accuracy. Figure S17: The volcano map showed the differen-
tial lipids expression level in the mice plasma of PTL vs PTL plus Ibu groups (log2 FC = 1.5 and
p-value < 0.05 considered significant). Upregulated lipids are shown by red color dots while down-
regulated lipids are shown by blue colored dots. Figure S18: (A): Partial Least Squares-Discriminant
Analysis (PLS-DA) plot of lipid species in mice plasma of PTL vs. PTL plus Ibu groups revealing the
component variance 34.7% and 17.7%. (B): VIP score of lipid species in PLS-DA in the mice plasma
of PTL vs. PTL plus Ibu groups. The colored boxes on the right side represent the relative concen-
tration of the corresponding lipid species. Red indicates high and blue indicates low. Figure S19:
(A): Heatmap of the expression of identified differential lipids in the mice plasma between PTL vs.
PTL plus Ibu groups. The colored boxes on the right side represent the relative concentration of the
corresponding lipid species. Red indicates high and green indicates low. (B): Random Forest from
mice plasma of PTL vs. PTL plus Ibu groups identified 15 different lipid features and ranked by
the mean decrease in classification accuracy. Table S1: Table showing relative abundance of lipid
groups in the mice brain among the Sham group, PTL group, PTL plus Tulsi group and PTL plus
Ibu groups. Table S2: Table showing relative abundance of lipid groups in the mice plasma among
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the Sham group, PTL group, PTL plus Tulsi group and PTL plus Ibu groups. Table S3: Venny brain
upregulated lipid species among the Sham group, PTL group, PTL plus Tulsi group and PTL plus
Ibu groups. Table S4: Venny brain downregulated lipid species among the Sham group, PTL group,
PTL plus Tulsi group and PTL plus Ibu groups. Table S5: Venny plasma upregulated lipid species
among the Sham group, PTL group, PTL plus Tulsi group and PTL plus Ibu groups. Table S6: Venny
plasma downregulated lipid species among the Sham group, PTL group, PTL plus Tulsi group and
PTL plus Ibu groups. Table S7: Venny of upregulated lipid species of brain and plasma between the
Sham group and PTL group. Table S8: Venny of downregulated lipid species of brain and plasma
between the Sham group and PTL group. Table S9: Venny of upregulated lipid species of brain and
plasma between PTL group and PTL plus Tulsi group. Table S10: Venny of downregulated lipid
species of brain and plasma between PTL group and PTL plus Tulsi group. Table S11: Venny of
upregulated lipid species of brain and plasma between PTL group and PTL plus Ibuprofen group.
Table S12: Venny of downregulated lipid species of brain and plasma between PTL group and PTL
plus Ibuprofen group. Table S13: Phytoconstituents in the Tulsi extract. Table S14: List of Lipid
molecules obtained from Tulsi extract. Supplementary document File S2.
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Abstract: Colon cancer is a major cause of cancer-related death, with significantly increasing rates
of incidence worldwide. The current study was designed to evaluate the anti-carcinogenic effects
of hesperetin (HES) alone and in combination with capecitabine (CAP) on 1,2 dimethylhydrazine
(DMH)-induced colon carcinogenesis in Wistar rats. The rats were given DMH at 20 mg/kg body
weight (b.w.)/week for 12 weeks and were orally treated with HES (25 mg/kg b.w.) and/or CAP
(200 mg/kg b.w.) every other day for 8 weeks. The DMH-administered rats exhibited colon-mucosal
hyperplastic polyps, the formation of new glandular units and cancerous epithelial cells. These
histological changes were associated with the significant upregulation of colon Ki67 expression and
the elevation of the tumor marker, carcinoembryonic antigen (CEA), in the sera. The treatment of
the DMH-administered rats with HES and/or CAP prevented these histological cancerous changes
concomitantly with the decrease in colon-Ki67 expression and serum-CEA levels. The results also
indicated that the treatments with HES and/or CAP showed a significant reduction in the serum levels
of lipid peroxides, an elevation in the serum levels of reduced glutathione, and the enhancement of the
activities of colon-tissue superoxide dismutase, glutathione reductase and glutathione-S-transferase.
Additionally, the results showed an increase in the mRNA expressions of the anti-inflammatory
cytokine, IL-4, as well as the proapoptotic protein, p53, in the colon tissues of the DMH-administered
rats treated with HES and/or CAP. The TGF-β1 decreased significantly in the DMH-administered rats
and this effect was counteracted by the treatments with HES and/or CAP. Based on these findings,
it can be suggested that both HES and CAP, singly or in combination, have the potential to exert
chemopreventive effects against DMH-induced colon carcinogenesis via the suppression of oxidative
stress, the stimulation of the antioxidant defense system, the attenuation of inflammatory effects, the
reduction in cell proliferation and the enhancement of apoptosis.

Keywords: colon carcinogenesis; 1,2 dimethylhydrazine; hesperetin; capecitabine

1. Introduction

Colorectal cancer (CRC) is the third and second most prevalent cancer in males and
females, respectively, around the world. It accounts for 10% of all malignancies and is
thought to be the cause of approximately 600,000 deaths each year [1,2]. There are numerous
risk factors linked to the development of CRC, including exogenous risk factors such as
obesity, lack of physical exercise, nicotine use, moderate-to-excessive alcohol consumption,
hypertension, increased blood lipids and colonization by Streptococcus gallolyticus, as well
as endogenous risk factors, such as a personal or family history of colon polyps and
hereditary CRC, inflammatory bowel illness, type 2 diabetes, hereditary nonpolyposis
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colon cancer (CC) and Cowden’s disease [3,4]. Although CC is frequently discovered in
the late stages when the symptoms become clear, the early detection of cancer can save the
lives of patients [5].

The most commonly used CC animal model is the 1-dimethylhydrazine (DMH)-
induced animal model [6]. Colon tumors produced by DMH, a powerful colon carcinogen,
resemble human CC in many ways, including how they react to several promotion- and
prevention-related drugs [7]. A number of pathogenic alterations, including the creation of
aberrant cryptic foci, occur as a result of DMH-induced CC in a multi-step process [8].

Oxidative stress due to the excessive production of reactive oxygen species (ROS) is
a cellular state that overrides the antioxidant defense mechanisms of cells. Many studies
have demonstrated a substantial correlation between oxidative stress and the development
or advancement of a number of human diseases, including cancer [9–11]. Chronic oxidative
stress has been connected to cancer in epidemiological studies [12], proving its role in
the development of cancer. The function of ROS in tumor genesis, development and
progression is supported by a large body of experimental evidence [13–15]. Reactive
oxygen species are created during typical cellular metabolism. Although ROS generation is
essential for healthy cell-signaling pathways, excessive ROS can harm mitochondrial and
genomic deoxyribonucleic acid (DNA), causing mutations in molecules, as well as DNA
damage [16].

Apoptosis is a tightly controlled physiological process of cell death that eliminates
unneeded, severely damaged, mutant, ageing and/or unrepairable cells while maintaining
the integrity of the remaining cells and the organism as a whole [17,18]. Apoptosis imbal-
ance, which can involve levels of apoptosis that are either excessively high or excessively
low, may contribute to the pathogenesis of a variety of illnesses, including cancer, ischemia,
neurodegeneration and autoimmunity [19]. Apoptosis is triggered by toxic carcinogens
or mutagenic substances, viral infections and UV light. Extracellular or intracellular cues
can commit cells to undergoing apoptosis, which involves activating the caspase family
through intrinsic and extrinsic mechanisms [20,21].

The versatile cytokine known as transforming growth factor-beta (TGF-β) was shown
to have both physiological and pathological uses. The three main TGF-family isoforms,
TGF-β1, TGF-β2 and TGF-β3, exhibit various biological functions [22,23]. Interestingly,
only the promoter region of TGF-β1 can be activated directly by reactive oxygen species
(ROS), involving different trans-activating proteins, such as plasmin; due to its multiple
regulatory sites [24], this highlights its pleiotropic nature in carcinogenesis, fibrogenesis,
immunomodulation, cell proliferation and cell differentiation [25,26].

Many biological processes, including death, differentiation and proliferation, have
been intensively examined in relation to the molecular pathways of TGF-β signaling [27].

Particularly in cancer, TGF-βsignaling results in many downstream effects in a context-
dependent manner. It has two functions: one as a tumor suppressor in pre-malignant cells
and the other as a tumor promoter in cancer cells [28]. Through acquired mutations, cancer
cells are able to deactivate the tumor-suppressive elements of TGF-β/Smad signaling,
whilst tumor-suppressive effects can selectively apply pressure on pre-malignant cells [29].

Surgery and chemotherapy are the key components of the current clinical treatment
for CC. Nonetheless, finding new and more potent medications for the treatment of CC
is urgently needed due to the development of side effects and the emergence of drug
resistance [30].

Capecitabine (CAP) is a fluoropyrimidine-based chemotherapeutic drug used to treat
a variety of malignancies, including colon, colorectal and breast cancer [31]. As an an-
timetabolite, it causes cell-cycle arrest and apoptosis by blocking DNA polymerase. It has
estrogenic properties, cytotoxicity, toxicity and teratogenic properties [32,33]. Additionally,
CAP and its metabolites have inter-individual variability in their pharmacokinetic charac-
teristics; this is most likely due to variations in the activity of enzymes involved in CAP
metabolism [34,35]. Cytotoxic medications not only kill cancer cells but also harm healthy
cells. This toxic reaction has led to concern regarding drug dose and has become a factor
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influencing patients’ quality of life. Bone-marrow suppression, gastrointestinal problems
and hair loss are among the most prevalent adverse effects [36].

Citrus aurantium L. (Rutaceae) fruit peel contains a naturally occurring flavone called
hesperetin (HES), a phytoestrogen with anti-tumor effects [37]. Hesperetin has been shown
to apply a cytotoxic mechanism against a variety of cancer cells, including those from
breast cancer [38], pancreatic cancer [39], prostate cancer [40], glioblastoma [41], liver can-
cer [42], kidney cancer [43], colon cancer [44], lung cancer [45], oral cancer [46], esophageal
cancer [47], osteosarcoma [48], ovarian cancer [49], thyroid [50], leukemia [51] and others.

The aim of this study was to investigate the potential of the promising effects of HES
on colon carcinogenesis, both alone and in combination with CAP, on DMH-induced colon
carcinogenesis in rats.

2. Materials and Methods

2.1. Drugs and Chemicals

The HES (3′,5,7-trihydroxy-4′-methoxy flavanone) and DMH were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and stored at 2–4 ◦C. The CAP was obtained from
the Roche Company and stored at 20–25 ◦C. Carcinoembryonic antigen (CEA)-enzyme-
linked immunosorbent assay (ELISA) kit was supplied by R&D Systems (Minneapolis,
MN, USA). The primary antibody for TGF-β1 was obtained from ABclonal Technology
(Wuhan, China). All other chemicals used in the experimental procedures and assays were
of analytical grade.

2.2. Animals and Treatment

Fifty adult male Wistar rats with body weight (b.w.) of approximately 100 ± 20 g
were obtained from the National Research Center, Doki and Giza, Egypt. They were kept
under observation for two weeks prior to the experiment to exclude any with infections at
the time at which the study began. The chosen animals were housed in polystyrene-well
aerated cages at normal atmospheric temperature (25 ± 5 ◦C) and humidity (55 ± 5%) and
under a 12-h light/dark cycle. During the study period, the rats were provided with water
and a normal basal diet. All animal procedures were in accordance with the guidelines
and recommendations of the Experimental Animal Ethics Committee for Use and Care
of Animals, Faculty of Science, Beni-Suef University, Egypt (ethical approval number
BSU/FS/2018/17).

The experimental animals were randomly allocated into five groups (with ten ani-
mals in each), as follows: Group 1 served as a normal control, in which rats were orally
administered equivalent volumes of saline (0.9% NaCl) each week for 12 weeks and 1%
carboxymethylcellulose (CMC) every other day during the last 8 weeks; the rats in Group
2, the DMH-administered group, were orally given DMH (20 mg/kg b.w.) [52] dissolved
in saline (0.9% NaCl) each week for 12 weeks and the equivalent volume of 1% CMC
every other day during the last 8 weeks; the rats in Group 3, the DMH-administrated
group treated with HES, were orally given DMH as described for Group 2 and orally
treated with HES (25 mg/kg b.w.) [53] dissolved in 0.1% CMC every other day for 8 weeks,
starting from the 5th week of the DMH administration; the rats in Group 4, the DMH-
administered group treated with CAP, were orally given DMH as described for Group 2
and orally treated with CAP (200 mg/kg b.w.) [54] dissolved in 0.1% CMC every other day
for 8 weeks, starting from the 5th week of the DMH administration; and the rats in Group 5,
the DMH-administered group treated with HES and CAP combination, were orally given
DMH as described for Group 2 and orally treated with HES (25 mg/kg b.w.) and CAP
(200 mg/kg b.w.) dissolved in 0.1% CMC every other day for 8 weeks, starting from the
5th week of the DMH administration (Figure 1).
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Figure 1. Experimental design.

2.3. Blood and Colon Sampling

After 12 weeks, the animals were given inhalation anesthesia, blood samples from
the jugular vein were taken and colon-tissue samples were removed for biochemical,
histological and molecular investigations. The animals were then decapitated and dissected.
After allowing the blood samples to clot, the sera were separated using centrifugation at
3000 r.p.m. for 15 min. The obtained sera were collected into sterilized tubes and stored
at −30 ◦C. Half gram of each frozen colon was homogenized in 10 mL 0.9% NaCl to
yield 1% homogenate (w/v), and then centrifuged at 3000 r.p.m. for 15 min at 4 ◦C; the
supernatant was separated and kept at −30 ◦C until it was used for the determinations of
oxidative-stress and antioxidant-defense parameters. Other pieces from the colon of each
rat were gathered on 10% neutral buffered formalin for histological evaluation and others
were stored at −70 ◦C in sterilized Eppendorf tubes for RNA isolation and real-time PCR
(RT-PCR) analysis.

2.4. Biochemical Investigations

The serum levels of CEA were estimated using ELISA kits (R&D Systems, Minneapolis,
MN, USA), as per the manufacturer’s instructions.

Serum levels of lipid peroxides (LPO) were estimated according to the method de-
scribed by Preuss et al. [55]. In brief, the proteins were precipitated by adding 0.15 mL
76% trichloroacetic acid (TCA) to 1 mL serum. In order to develop the color of the isolated
supernatant, 0.35 mL of thiobarbituric acid (TBA) was added. After 30 min of incubation
in an 80 ◦C water bath, a faint pink color developed and was detected at 532 nm. Mal-
ondialdehyde (MDA; 1,1,3,3-tetramethoxypropane) was used as standard. Serum level
of reduced glutathione (GSH) content was estimated according to the method described
by Beutler [56] by adding 0.5 mL 5,5′-dithiobis(2-nitrobenzoic acid), known as Ellman’s
reagent (a color-developing agent) and phosphate-buffer solution (pH 7) to the serum
after protein precipitation. The yellow color developed in samples and GSH standard was
measured at 412 nm against blank.

The activities of glutathione reductase (GR), glutathione-S-transferase (GST) and su-
peroxide dismutase (SOD) were determined in colon homogenates using the methods
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presented by Goldberg [57], Mannervik and Guthenberg [58] and Marklund and Mark-
lund [59], respectively. The colon-GR activity was determined by mixing 40 μL of colon-
homogenate supernatant with 1 mL substrate (2.2 mmol/L oxidized glutathione) dissolved
in buffer (250 mmol/L potassium phosphate; pH 7.3). A volume of 200 μL 0.17 mmol/L
NADPH (nicotinamide adenine dinucleotide reduced form) was added and the mixture
was incubated in an incubator at 37 ◦C. The GR activity was calculated from the formula:
activity (U/L) = 4983 × ΔA nm/min. To determine colon GST activity, 250 μL mM 1-chloro-
2,4-dinitrobenzene (CDNB) was added to a Wasserman tube that contained 250 μL sample,
250 μL GSH solution (4 mM) and 250 μL phosphate buffer (pH 7.3). The developed color
was measured after 10 min of incubation at 25 ◦C at 430 nm. Colon-SOD activity was
determined based on the inhibition of auto-oxidation of pyrogallol by the enzyme. The
process was dependent on the presence of superoxide ions. The amount of enzyme that
caused a 50% inhibition in the extinction changes in 1 min compared to the control was
regarded as one unit of the enzyme. Briefly, 50 μL of pyrogallol (10 mM) was added to
1 mL of the colon-homogenate supernatant in the presence of Tris buffer (pH 8). The initial
absorbance was measured after adding pyrogallol and at 10 min. The inhibition of the
yellow color at 430 nm and the enzyme activity were calculated.

2.5. Ribonucleic Acid (RNA) Isolation and Reverse Transcriptase–Polymerase Chain Reaction
(RT-PCR) Analysis

The total RNA was separated from the colon tissues based on the method described
by Chomczynski and Sacchi [60], using a Qiagen tissue-extraction kit (USA). The isolated
RNA was quantified at 260 nm and transcribed into cDNA using My Taq One-Step RT-
PCR Kit (Bioline, Meridian Bioscience, Memphis, TN, USA) in the presence of specific
primers (LGC Biosearch Technologies, Petaluma, CA, USA) of proliferator marker (Ki67),
interleukin-14 (IL-4), proapoptotic protein 53 (p53) and β-actin (Table 1). The resultant
PCR products were analyzed following electrophoresis in 1× Tris-Borate-EDTA buffer (pH
8.3–8.5) on 1.5% agarose gel stained with ethidium bromide. A gel-documentation system
was used to visualize the electrophoretic pattern. The relative values of gene expression
were normalized to that of β-actin.

Table 1. Primer sequences used in qRT-PCR analysis.

Gene Sequence (5′–3′) References

Ki67
F: 5d CTTTGCGCCATGCTGAAACT3′

R: 5d ATGACGACCTGGAACATCGG3′ Yanai et al. [61]

IL-4
F: 5d GGAACACCACGGAGAACG3′
R: 5d GCACGGAGGTACATCACG3′ Zhou et al. [62]

p53
F: 5d CAGCGTGATGATGGTAAGGA3′

R: 5d GCGTTGCTCTGATGGTGA3′ Ahmed et al. [63]

β-actin
F: 5d TCACCCTGAAGTACCCCATGGAG3′

R: 5d TTGGCCTTGGGGTTCAGGGGG3′ Ahmed et al. [63]

2.6. Histopathological Studies

Colon pieces of each rat were fixed in 10% neutral buffered formalin for 24 h before
dehydration in an ascending series of alcohol concentrations, clearing in xylene and embed-
ding in paraffin wax. The paraffin-wax blocks with the tissues were prepared by cutting
5 μm sections. Next, the tissue sections were processed for staining using hematoxylin and
eosin (H & E) [64] and the examination was conducted using an electric-light microscope.

2.7. Immunohistochemistry

For the immunohistochemical investigations, colon sections (4 μm thick) were mounted
onto positive-charged slides (Thermo Fisher Scientific, Pittsburgh, PA, USA) and immunos-
taining was conducted according to the methods described by Ahmed and Ahmed [65].
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Briefly, the sections were incubated in 3% H2O2 solution for 15 min following deparaffiniza-
tion, rehydration, antigen retrieval and sealing. Next, they were blocked and incubated
with TGF-β1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) (1:200 dilution)
at 4 ◦C overnight. After washing with phosphate-buffered saline, the sections with the
peroxidase-labeled secondary antibody (1:200 dilution) were incubated for 30 min. The
bound antibody complex was visualized by the reaction of 3,3-diaminobenzidine (DAB)
substrate and counterstaining with hematoxylin. This method was applied according to
the instructions of ABclonal Inc. Company, Wuhan, China. The immunohistochemically
stained sections were examined by a light microscope at high power (×400). The positive
reaction appeared brown in color. The integrated intensities of the TGF-β1 response were
measured using the ImageJ program.

2.8. Statistical Analysis

The results were expressed as mean ± standard error (SE), which equals SD/
√

n (n
represents the number of animals). All statistical comparisons were made by one-way
ANOVA test followed by Duncan’s method for post hoc analysis using Statistical Package
for the Social Sciences (SPSS) version 22 for Windows (New York, NY, USA) [66]. Symbols
a, b, c and d were used to indicate significance between groups for each parameter. The
means, which had different symbols, were statistically significant at p < 0.05.

3. Results

3.1. Effect of HES and CAP on Serum CEA Level

The oral intake of DMH induced a significant (p < 0.05) elevation in the serum levels
of CEA when compared to the normal control rats. BY contrast, the treatment of the DMH-
administered rats with HES and CAP, both individually and in combination, produced
a significant improvement (p < 0.05) in the serum levels of CEA in comparison with the
DMH-administered control (Table 2); the combinatory effect seemed to be the most potent.

Table 2. Effects of HES and CAP on serum CEA levels in DMH-administered rats.

Groups CEA (ng/mL)

Normal control 1.90 ± 0.07 a

DMH control 12.83 ± 0.65 d

DMH + HES 5.01 ± 0.29 bc

DMH + CAP 6.01 ± 0.35 c

DMH + HES + CAP 4.17 ± 0.15 b

Data are presented as the mean ± SE (n = 6). Means with different superscript symbols (a–d) are significantly
different at p < 0.05.

3.2. Effect on Oxidative-Stress and Antioxidant-Defense Markers
3.2.1. Effects of HES and CAP on Serum Levels of LPO and GSH

The DMH-administered rats exhibited a significant (p < 0.05) increase in their serum
LPO levels compared to the normal control rats. The oral supplementation of HES and CAP,
both individually and in combination, significantly (p < 0.05) and successfully prevented
the LPO elevation when compared to the DMH-administered control group (Table 3).

By contrast, the serum level of GSH was significantly (p < 0.05) decreased in the DMH-
administered rats compared to the normal control rats. The supplementation of HES alone
and/or in combination with CAP to the DMH-administered rats significantly (p < 0.05)
prevented the depletion of the serum GSH level when compared to the DMH-administered
control (Table 3).
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Table 3. Effects of HES and CAP on serum LPO and GSH levels in DMH-administered rats.

Groups LPO (nmol/mL) GSH (μmol/L)

Normal control 6.04 ± 0.8 a 4.30 ± 0.23 d

DMH control 18.10 ± 0.4 c 1.23 ± 0.15 a

DMH + HES 13.65 ± 0.62 b 3.83 ± 0.26 cd

DMH + CAP 15.00 ± 1.07 b 2.71 ± 0.10 b

DMH + HES + CAP 15.55 ±1.15 b 3.69 ± 0.06 c

Data are presented as the mean ± SE (n = 6). Within the same column, means with different superscript symbols
(a–d) are significantly different at p < 0.05.

3.2.2. Effects of HES and CAP on Colon SOD, GR and GST Activities in
DMH-Administered Rats

The data presented in Table 4 exhibit a significant (p < 0.05) decrease in the colon-
homogenate activities of the SOD, GR and GST in the DMH-administered group compared
with those of the normal control. By contrast, supplementation with the CAP and HES both
alone and in combination prevented the depletion of SOD, GR and GST activities (p < 0.05).
The effect of HES and CAP in combination on the colon GR and GST activities seemed to
be the most potent.

Table 4. Effects of HES and CAP on colon SOD, GST and GR activities in DMH-administered rats.

Groups SOD (U/g) GR (U/g) GST (U/g)

Normal control 19.8 ± 0.82 c 90.21 ± 4.25 b 632.11 ± 4.71 bc

DMH control 3.77 ± 0.21 a 36.38 ± 5.08 a 254.26 ± 28.17 a

DMH + HES 10.71 ± 0.24 b 134.54 ± 13.73 c 608.95 ± 10.40 b

DMH + CAP 11.44 ± 0.20 b 166.18 ± 13.49 cd 651.09 ± 7.82 bc

DMH + HES + CAP 11.46 ± 0.07 b 185.36 ± 15.94 d 658.58 ± 7.24 c

Data are presented as the mean ± SE (n = 6). Within the same column, means with different superscript symbols
(a–d) are significantly different at p < 0.05.

3.3. Effects of HES and CAP on the mRNA Expressions of Ki67, IL-4 and p53

The DMH-supplemented rats exhibited a significant (p < 0.05) increase in the mRNA
expressions of colon Ki67 in comparison with the normal control rats. The treatment with
HES alone and in combination with CAP resulted in a significant (p < 0.05) decrease in the
mRNA expression of ki67 (Figure 2); the effects in the three treated groups were more or
less similar.

Figure 2. Effects of HES and CAP on Ki76-mRNA expressions in colon tissues of rats given DMH.
Data are presented as mean values ± SE with results from 3 independent biological repeats. Means
with different symbols (a,b) are significantly different at p < 0.05.
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As illustrated in Figure 3, the administration of DMH significantly (p < 0.05) down-
regulated the mRNA expression of IL-4 in comparison with the normal control rats. By
contrast, the treatment with HES alone and in combination with CAP suppressed the
expression (p < 0.05) of IL-4, but the effect was not significant (p > 0.05) with CAP alone
when compared with the DMH-administered group.

Figure 3. Effects of HES and CAP on IL-4 (B)-mRNA expression in colon tissues of rats given DMH.
Data are presented as mean values ± SE with results from 3 independent biological repeats. Means
with different symbols (a–c) are significantly different at p < 0.05.

The colon-p53-mRNA expression was significantly downregulated in the DMH-
administered rats. The treatment of the DMH-administered rats with HES alone and
in combination with CAP significantly (p < 0.05) suppressed the p53 mRNA expression; the
effect of HES seemed to be the most potent (Figure 4).

Figure 4. Effects of HES and CAP on p53-mRNA expression in colon tissues of rats given DMH. Data
are presented as mean values ± SE with results from 3 independent biological repeats. Means with
different symbols (a–e) are significantly different at p < 0.05.
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3.4. Histopathological Changes

The histological architectures of the colon from the normal rats, DMH-administered
rats and DMH-administered rats treated with HES and CAP alone or in combination
are shown in Figure 5. The colon sections of the normal control rats showed normal
histological architectures with typical histological structures of the digestive tube, including
the mucosa, submucosa, muscularis and serosa/adventitia (Figure 5A). The colons of the
DMH-administered rats (Figure 5B) exhibited changes, such as hyperactivation of the
mucosal glands and hyperplastic polyps, hyperplastic activity of the mucosal glands and
the formation of new glandular units, hyperplasia of the epithelial cells and cancerous
epithelial cells. The submucosa showed oedema. These alterations were amended in
the DMH-administered group treated with HES (Figure 5C), CAP (Figure 5D) and their
combination (Figure 5E). The colons of these groups exhibited focal mucosal inflammatory-
cell infiltration and submucosal oedema. Submucosal inflammatory-cell infiltration was
also observed, as shown in Figure 5E.

 

Figure 5. Colon-section photomicrographs of DMH-administered rats treated with HES and CAP,
displaying marked improvement in colon architecture. (A) Normal control group (CMC), in which
the colon has digestive tube with typical histological structures: mucosa (MU), submucosa (SM),
muscularis (MS) and serosa/adventitia. (B) DMH-administered group, in which the mucosae
showed proliferation into the surface epithelial cells (hyperplasia, HY) and cancerous epithelial cells
(CCs). Submucosa showed oedema (O). Inflammatory cells (IF) were also observed (H & E × 100).
(C–E): DMH-administered groups treated with HES (C), CAP (D) and their mixture (E) showed focal
mucosal inflammatory cell (IF) infiltration and submucosal O (H & E × 100).

3.5. Effects of HES and CAP on Immunohistochemically Detected TGF-β1

Immunohistochemical staining was used to detect the expressions of the TGF-β1 in
the colon tissues of the DMH-administered rats and to evaluate the effects of HES and CAP
alone or in combination on DMH-induced colon carcinogenesis. As shown in Figure 6A,B,
the colon tissues of the rats in the DMH control group revealed a marked decrease in the
number of TGF-β1-positive cells (Figure 6B) compared to the normal controls (Figure 6A).
The DMH-administered rats treated with HES and CAP, both individually and in combina-
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tion (Figure 6C–E), exhibited an increased expression of TGF-β1 when compared to the
DMH-administered control.

Figure 6. Photomicrographs of rat-colon sections showing the immunohistochemical staining of TGF-
β1 in different groups. (A) Normal group, showing moderate immunohistochemical staining of TGF-
β1 (↑). (B) DMH-administered group, showing weak immunohistochemical staining of TGF-β1 (↑).
(C) DMH-administered group treated with HES, showing strong immunohistochemical staining of
TGF-β1 (↑). (D) DMH-administered group treated with CAP, showing strong immunohistochemical
staining of TGF-β1 (↑). (E) DMH-administered group treated with CAP and HES, showing moderate
immunohistochemical staining of TGF-β1 (↑). (F) Results of image analysis of immunohistochemical
staining area percent of TGF-β1 of normal, DMH-administered control and DMH-administered
groups treated with HES and/or CAP. Means with different symbols (a–c) are significantly different
at p < 0.05.

As depicted in Figure 6F, the DMH control group showed a significant decrease
(p < 0.05) compared with the normal control group. By contrast, the DMH groups treated
with HES and CAP, both individually and in combination, showed strong significant
immunohistochemical reactions (p < 0.05) of TGF-β1 compared to the DMH control group.
The treatments with HES and CAP individually were more potent than the treatment with
their combination.

4. Discussion

Colorectal cancer is the third most frequent cancer in the world and a leading cause
of cancer-related death [67]. Despite the availability of new and innovative medicines,
systemic therapy remains the treatment of choice for >25% of patients with metastatic
disease [68]. However, the treatment of CRC with chemotherapy results in cytotoxicity
and agent resistance [69]. It is thus critical to identify and develop novel compounds with
anticancer properties and lower toxicities.

Long-term exposure to DMH has been linked to the development of colon cancer [70].
Azoxymethane (AOM), a metabolite of DMH, is procarcinogen that must undergo metabolic
activation in order to produce DNA-reactive byproducts. A reactive metabolite of DMH
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and AOM called methylazoxymethanol (MAM) rapidly produces the methyldiazonium
ion, which can alkylate macromolecules in the liver and colon [71–73].

Hesperetin has a long list of pharmacological and biological activities, including an-
tioxidant, anti-cancer, anti-inflammatory and cardiovascular protection [74,75]. Moreover,
HES is also known for its significant therapeutic effects and low levels of toxicity for mam-
mals [76,77]. Hence, the present study was conducted to test the effects of HES, both alone
and in combination with CAP, for the treatment of colon cancer induced by DMH in rats.

Tumor markers can be utilized as prospective screening techniques and are commonly
employed for the early detection of cancer [78]. For example, CEA is a tumor-antigen
glycoprotein that is used as a specific index to diagnose people with colon cancer, as
patients with advanced cancer conditions have high levels of CEA [79]. The current study
found that giving DMH to rats resulted in a significant increase in the serum levels of
CEA when compared to control rats. As a strong carcinogen, the DMH caused damage
to the colons, followed by instability in colon-cell metabolism, resulting in a number of
variations in the levels of CEA, which is a marker of colon function [80]; these results were
in agreement with those obtained by Abdel-Hamid et al. [81]. On the other hand, the
administration of HES alone or in combination with CAP significantly reduced the serum
levels of CEA.

Oxidative stress is caused by an increase in ROS production and a decrease in antiox-
idant status [82]. It is one of the primary causes of carcinogenesis due to cell harm [83].
Both in vivo and in vitro, the most important process of free-radical production is lipid
peroxidation, which has harmful effects on the membrane system and can destroy cells [84].
Lipid peroxidation can cause structural and functional membrane changes, as well as
protein oxidation and the production of oxidation products, such acrolein, crotonaldehyde,
MDA and 4-hydroxy-2-nonenal (HNE), which are all powerful carcinogens [85,86].

The flavoprotein oxidoreductase, GR, is responsible for the conversion of oxidized glu-
tathione (GSSG) to its reduced form (GSH), a key component in the ascorbate-glutathione
cycle that scavenges H2O2 [87,88]. Furthermore, GSH is a low-molecular-weight intracellu-
lar antioxidant, which serves as a first line of defense. Along with GSH-dependent enzymes
such as GST and GR, it detoxifies free radicals produced endogenously, thus performing a
crucial protective role [89]. Superoxide dismutase antioxidants are characterized as first-
line-defense antioxidants as they act quickly to reduce superoxide radicals [90]. The past
findings are in accordance with the results of this investigation, which found that DMH
administration resulted in a high serum level of LPO and a low level of serum GSH, in
addition to pronounced antioxidant depletion, evidenced by significant decreases in the
activities of SOD, GR and GST in colon tissues; this was in contrast to HES administration,
either alone or in combination with CAP, due to its antioxidant nature [91–93]. The HES
also reduced colon oxidative stress, as evidenced by the lower colon MDA levels and higher
colon GSH levels. According to Parhiz et al. [94], HES has been proven to have antioxidant
properties. It works as an antioxidant in two different ways. The first is direct radical
scavenging, which involves neutralizing ROS, such as superoxide anions, hydroxyl radicals
and peroxynitrite radicals [95]. The second is an increase in antioxidant-defense biomarkers,
such as catalase (CAT), SOD, glutathione peroxidase (GPx), GST and GSH [96,97]. In our
study, CAP potentiated the effects of HES on GR and GST-antioxidant-enzyme activities
in DMH-administered rats. The improvement in the antioxidant-defense systems in the
DMH-administered rats due to the treatment with HES and CAP was associated with the
return of the colon histological features to near normal levels with the absence of cancer
cells; this led us to suggest that the suppression of oxidative stress and the enhancement
of the antioxidant defense system may have an important role in producing the anticar-
cinogenic effects of HES and CAP in DMH-induced colon carcinogenesis in Wistar rats
(Figure 7).
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Figure 7. Schematic diagram showing the anticarcinogenic effects of HES and CAP against DMH-
induced colon carcinogenenesis via suppression of oxidative stress, inflammation and cell prolif-
eration, as well as induction of cell apoptosis and enhancement of the antioxidant defense sys-
tem. HES: hesperetin; CAP: capecitabine; DMH: 1,2-dimethylhydrazine; ROS: reactive oxygen
species; IL-4: interleukin-4; p53: tumor suppressor protein 53; LPO: lipid peroxides; GSH: glu-
tathione; SOD: superoxide dismutase; GR: glutathione reductase; GST: glutathione-S-transferase;
Ki67: proliferator marker.

The anti-inflammatory cytokine, IL-4, is emitted by T cells, mast cells, basophils and a
subset of natural killer cells [98]. Many functions of activated macrophages are inhibited
by IL-4, including the release of reactive oxygen intermediates [99]. It inhibits the synthesis
of TNF-α and IL-1 by macrophages [100] and increases the expression of the IL-1 receptor
antagonist. It also increases the activity of macrophage 15-lipoxygenase, which may limit
the production of the proinflammatory leukotriene B4 [101]. The present investigation
showed a significant decrease in the level of IL-4 mRNA due to the DMH administration,
while the expression of this interleukin was increased in the rats administered DMH and
treated with HES, both alone and in combination with CAP. Thus, both HES and CAP in
DMH-administered rats have potent anti-inflammatory actions, in addition to their efficient
antioxidant activities (Figure 7).

The above findings were reinforced by the immunohistochemistry analysis of TGF-
β1. A multifunctional cytokine, TGF-β1 influences signaling cascades in tumor cells
by regulating the entry of inflammatory/immune cells and cancer-associated fibroblasts
into the tumor microenvironment. It can inhibit NF-κB activation by interacting with
Smad7 [102], inhibiting proinflammatory TNF-α signals as a major modulator of TGF-β1
signaling [103]. The immunohistochemical analysis of TGF-β1 showed this to be evident in
this investigation and indicated that HES alone increased the expression of TGF-β1 and,
when combined with CAP, restored the expression of TGF-β1 to normal. In gastrointestinal-
tumor development and progression, TGF-β signaling has a dual role, acting as both a
tumor suppressor and a tumor promoter (Figure 7) in a stage- and context-dependent
manner [104,105]. Furthermore, TGF-β signaling functions as a tumor suppressor by
encouraging cell-cycle arrest and death during the early stages of tumor development.
On the other hand, TGF-β has been demonstrated to enhance tumor-cell proliferation,
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epithelial–mesenchymal transition and stem-like activity during tumor progression, as
well as inflammation and angiogenesis. The transition of TGF-β’s activity from tumor-
suppressive to tumor-promoting may be a result of the accumulation of mutations in
TGF-β-signaling=pathway components during tumor growth [105]. In the present study,
the significant decrease in colon-TGF-β1 expression was associated with a significant
increase in the cell-proliferator marker, Ki67 and a decrease in the proapoptotic mediator,
p53 in DMH-induced colon cancer. The treatment of the DMH-administered rats with
HES and CAP significantly increased the expression of colonic TGF-β1, along with a
concomitant decrease in colonic Ki67 and increase in p53. Therefore, TGF-β1 may act as a
tumor suppressor under these conditions (Figure 7).

The loss of apoptosis in cancer cells is a critical event in the progression of cancer.
Apoptosis is controlled by pro- and anti-apoptotic factor families. Pro-apoptotic (p53 and
Bax) and anti-apoptotic genes are involved in cellular growth and apoptosis [106,107]. Cell
growth, DNA damage repair and apoptosis are all regulated by the p53 protein [108]. The
enhanced malignancy of several major human cancers, including CRC, is associated with an
increase in p53 accumulation in the cytoplasm, where the p53 protein is not functional [109].
When compared to normal control rats, those given DMH, in the current study, had colonic
cancerous lesions and a significant decrease in the level of colonic p53, which was in
agreement with the findings of Gadelmawla et al. [110]. In the present study, the expression
of p53 in the colons of the rats given DMH and treated with HES and CAP was high,
particularly in the group administered HES. Thus, the induction of apoptosis, as evidenced
by the elevated proapoptotic protein, p53, may be involved in the mechanisms of the
anticancer actions of HES and CAP (Figure 7).

The proliferation of the cells has been linked to an increased risk of cancer [111].
Furthermore, Ki67 is widely used in pathological investigations to assess cell proliferation
in a variety of cancers [112–114]. Although Ki67 is expressed at low levels in benign tumors,
it is detected at high levels in a variety of malignant lesions and is closely linked to distant
metastasis, resulting in a poor patient prognosis. The current investigation found that the
Ki67 expression was much higher in the rats given DMH only than in the healthy control
rats, which was consistent with the findings of Tong et al. [115]. The treatments used in this
study evoked a significant successful lowering of Ki67 expression, preventing additional
harm. Thus, the anticancer effects of HES and CAP in the DMH-administered rats may be
attributed to their antiproliferative action secondary to the increase in TGF-β1.

5. Conclusions

Hesperetin, alone or in combination with CAP, exhibited powerful anti-inflammatory,
antioxidant and anti-proliferative effects, as well as the amplification of apoptotic actions,
thus preventing DMH-induced colon carcinogenesis. The combinatory effect was the most
potent in improving the altered serum CEA levels and colon GR and GST activities in the
DMH-administered rats. Nevertheless, with the exception of these effects, HES does not
add further potential to the anticarcinogenic effects of CAP. Further studies are required to
assess the effects of HES alone or in combination with CAP on human CC xenografts and
clinical studies are also required to assess the safety and efficacy of these agents in human
beings. An important limitation of this study was its focus on the effect on apoptotic protein
p53 only and the lack of measurements of other apoptotic mediators, such as caspase-9 in
the intrinsic pathway, caspase-8 in the extrinsic pathway and caspase-3, which is a common
mediator in both pathways. Thus, further studies are required to assess the effects on
mediators other than p53 to elucidate the full effects on the intrinsic and extrinsic pathways
of apoptosis.
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CRC: colorectal cancer; CC: colon cancer; DMH: 1,2-dimethylhydrazine; ROS: reactive oxygen
species; DNA: deoxyribonucleic acid; TGF-β: transforming growth factor-beta; CAP: capecitabine;
HES: hesperetin; CEA: carcinoembryonic antigen; ELISA: enzyme-linked immunosorbent assay; b.w.:
body weight; CMC: carboxymethylcellulose; LPO: lipid peroxides; MDA: malondialdehyde; GSH:
reduced glutathione; GR: glutathione reductase; GST: glutathione-S-transferase; SOD: superoxide dis-
mutase; Ki67: proliferator marker; IL-4: interleukin 4, p53: proapoptotic protein 53; RNA: ribonucleic
acid; RT-PCR: reverse transcriptase–polymerase chain reaction; MAM: methylazoxymethanol.
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Abstract: The plant Brocchia cinerea (Delile) (B. cinerea) has many uses in traditional pharmacology.
Aqueous (BCAE) and ethanolic extracts (BCEE) obtained from the aerial parts can be used as an
alternative to some synthetic drugs. In vitro, DPPH, FRAP and TAC are three tests used to mea-
sure antioxidant efficacy. Antibacterial activities were determined against one Gram positive and
two Gram negative strains of bacteria. The analgesic power was evaluated in vivo using the abdomi-
nal contortion model in mice, while carrageenan-induced edema in rats was the model chosen for the
anti-inflammatory test; wound healing was evaluated in an experimental second degree burn model.
The results of the phytochemical analysis showed that BCEE had the greatest content of polyphenols
(21.06 mg AGE/g extract), flavonoids (10.43 mg QE/g extract) and tannins (24.05 mg TAE/g extract).
HPLC-DAD reveals the high content of gallic acid, quercetin and caffeic acid in extracts. BCEE
has a strong antiradical potency against DPPH (IC50 = 0.14 mg/mL) and a medium iron reducing
activity (EC50 = 0.24 mg/mL), while BCAE inhibited the growth of the antibiotic resistant bacterium,
P. aeruginosa (MIC = 10 mg/mL). BCAE also exhibited significant pharmacological effects and anal-
gesic efficacy (55.81% inhibition 55.64% for the standard used) and the re-epithelialization of wounds,
with 96.91% against 98.60% for the standard. These results confirm the validity of the traditional
applications of this plant and its potential as a model to develop analogous drugs.

Keywords: analgesic activity; antibacterial; antioxidant; traditional medicine; wound healing

1. Introduction

Plants have several pharmacological properties which are linked to the presence of
various bioactive compounds, including among others, terpenoids, phenolic acids and
flavonoids [1]. Several species of plants have been proposed as phytomedical to treat
several diseases [2,3]. The family Asteraceae, or Composite, with the common names
asters, daisies or sunflowers, contains a number of genera frequently used for therapeutic
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purposes. Species in this family contain a wide range of phenolic phytochemicals, essential
oils, steroids and terpenoids [4].

Since ancient times, plants have been a source of substances used in the treatment of
skin wounds. These can be burns caused by heat, electricity, cold, radiation and chemi-
cals [5]. Wound healing requires a complex, orderly and dynamic process that proceeds
through the following stages: coagulation, inflammation, proliferation and remodeling [6].
For a patient with burns, microorganisms can penetrate into the tissues under the skin,
developing chronic and systemic complications [7,8]. Excessive reactive oxygen species
also have a negative role on the healing process [9]. Phytochemicals (alkaloids, terpenes,
polyphenols, saponins and essential oils) can optimize the healing process through their
antimicrobial, anti-inflammatory and antioxidant activities [6]. Phytochemicals are in-
creasingly sought after as alternatives to synthetic drugs. In addition to their targeted
effects, synthetic drugs cause adverse side effects to the human body. Well-known classes
of drugs may result in certain levels of nephrotoxicity and hepatotoxicity [10]. Nonsteroidal
anti-inflammatory drugs are among the medications used to treat pain, fever and inflam-
mation; however, these drugs can cause significant toxicity [11]. According to previous
works, several species belonging to the Asteraceae family have been studied for their healing
effect [12–14], but the species B. cinerea has not yet been evaluated.

In the Saharo-Sindian region, herbaceous plants constitute a large proportion of plants
used in traditional medicine. B. cinerea is traditionally used for treatment of colic, diarrhea,
cough, rheumatism, digestive disorders, urinary tract infections, lung infections, fever and
headaches [15]. Extracts of this species are also used for their antimicrobial and insecticidal
activities. Essential oil of B. cinerea can be used as a biopesticide during integrated pest
management against the cowpea weevil, Callosobruchus maculatus [16]. Exposure to either
of the two extracts of B. cinerea, ethyl ether or ethyl acetate, for 24 h was active against
the mosquito vector of malaria, Anopheles labranchiae, with the LC50s ranging from 28 to
325 ppm [17]. The dichloromethane extract obtained from the aerial parts of B. cinerea
shows antibiotic activity against the enteric bacterium, Enterococcus faecalis [18]. Extracts of
B. cinera in n-butanol, ethanol, ethyl acetate and petroleum ether at 70% show antimicrobial
activity against the bacteria Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa),
Staphylococcus aureus (S. aureus) and Klebsiella pneumoniae [19]. The aqueous extract of
B. cinerea inhibited two species of fungi of the genus Fusarium that affect yields of wheat [20].

B. cinerea has antipyretic effects and reduces fever [21]. The administration of an
extract obtained from the dry plant material of B. cinerea reduced fever in rats in groups
treated with 0.2 and 0.4 g/kg of their body mass (bm). Extracts of B. cinerea can be used for
treatment of pain, which is defined as a rather uncomfortable physical sensation caused by
disease or injury [22].

The present study characterized phytochemically the extracts from the aerial parts of
B. cinerea, collected from the city of Akka, by the determination of their total polyphenol
content (TPC), total flavonoid content (TF) and condensed tannins (CT) content by the
use of chromatography and by high performance liquid chromatography, coupled with a
diode-array detector (HPLC-DAD). To evaluate their pharmacological potential, in vivo
analgesic activity, anti-inflammatory activities and, for the first time, their wound healing
potential were characterized. Furthermore, in vitro antioxidant and antibacterial capacities
were tested by various methods.

2. Materiel and Methods

2.1. Preparation of BCAE and BCEE

The plant studied (Figure 1) was collected during the second week of February 2021
in the city of Akka, Tata province in southeastern Morocco (latitude: 29.40538437◦ N (29 N
3253121,303 m N), longitude: 8.27052042◦ W (29 N 570773,258 m E), elevation: 569,000 m)).
The sample was identified by the botanist Professor Bari Amina (Faculty of Sciences, Dhar
El Mahraz, University of Sidi Mohamed Ben Abdellah, Fez), the voucher specimen was
BC0019220211. In the preparation of the extracts (BCEE and BCAE), 100 g of the powder of
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the aerial parts (ground by a Waring® blender, New Hartford, CT, USA) was macerated
in 1 L of ethanol (Sigma-Aldrich, St. Louis, MO, USA) at 70% for 48 h, while the aqueous
extract was prepared by infusion (100 g of the powder in 1 L of boiling water). The filtrates
were dried at 37 ◦C until the total removal of the solvent and then stored at 4 ◦C [23].

 

Figure 1. Aerial parts of B. cinerea in the flowering stage.

2.2. Characterization of Phytochemicals
2.2.1. Quantification of Total Polyphenol Content (TPC)

A volume of 500 μL of Folin reagent diluted 1/10 was added to 100 μL of the diluted
sample. After 4 min, 400 μL of 75 mg sodium carbonate/mL was added to the reaction
mixture. After 2 h incubation at laboratory temperature, the optical density was measured
at 760 nm in a spectrophotometer. The concentrations of the total polyphenols were
calculated by comparison to the calibration range equation established with Gallic acid
(y = 5.3922x + 0.0122; R2 = 0.9933), expressed as milligram of Gallic acid equivalents per
gram of extract (mg GAE/g extract) [24].

2.2.2. Quantification of Total Flavonoids (Fl)

Flavonoids in extracts of B. cinerea were quantified by use of previously described
methods [25] with slight modifications. A volume of 1.5 mL of the extract was added to
1.5 mL of AlCl3 (2%). The absorbance was measured after 30 min of incubation in the
dark spectrophotometrically at 430 nm and compared to a blank and a standard curve
(Y = 13.998X + 0.1133; R2 = 0.99). The total flavonoids were expressed as mg quercetin
equivalents per g extract (mg QE/g extract).

2.2.3. Quantification of Condensed Tannins (CT)

Concentrations of condensed tannins (CT) in extracts of B. cinerea were determined
by spectrophotometry according to the previously described methods [26]. One hundred
(100) μL of the extract was mixed with 500 μL of Folin–Ciocalteu and 1 mL of sodium
carbonate (7.5%). After 30 min of incubation in the dark, the absorbance was measured at
760 nm. The concentrations of condensed tannins of the studied extracts were expressed as
milligrams of tannic acid equivalence (TAE) per g of extract (mg TAE/g extract) according
to an external standard curve (y = 5.615x − 0.0005; R2 = 0.9871).

2.2.4. HPLC-DAD Analysis
Chemicals and Standard Preparations

The molecules used as the standards in this analysis were: caffeic acid, gallic acid,
rutin, vanillin, quercetin, catechin, arbutin, rosmarinic acid, luteolin and furilic acid (Sigma-
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Aldrich, Roedermark, Germany). Methanol was the solvent used to prepare the standards
at 100 ppm.

HPLC-DAD Conditions

In the reverse phase chromatographic analysis, a Shimadzu HPLC system with an
analytical column (C18) SGE 250 × 4.6mm SS Exsil ODS 5 μm was used. A gradient mode
separation was completed by using two solvents (X (water/acetic acid) (97.5: 2.5, v/v);
Y (methanol/acetonitrile) (50: 50, v/v)), the injection volume was 20 μL and the flow rate
was 1 mL/min. Wavelengths used for detection ranged from 200 to 800 nm. The elution
gradient was: at 0 min (5% X, 95% Y); at 6.25 min (30% X, 70% Y); at 12.5 min (35% X,
65% Y); at 16.25 min (70% X, 30% Y); at 17.5 min (100% X, 0% Y); at 18.75 min (5% X,
95% Y) [27].

2.3. In Vitro Antioxidant Activity
2.3.1. Trapping of Free Radicals by 2,2′-Diphenyl 1-Picrylhydrazyl Radical (DPPH)

The antioxidant potency of the extracts was measured as a hydrogen donor or free
radicals, using stable 2,2’-diphenyl 1-picrylhydrazyl radical 4 mg DPPH/100 mL in 10 test
tubes; 100 μL of the various concentrations of the aqueous extract, ethanolic extract and
quercetin was added to 750 mL of the DPPH solute on [28]. After 20 min in the dark at room
temperature, the absorbance was measured at 517 nm. Quercetin was used as the standard
solution. The percentage of DPPH radical inhibition was calculated (Equation (1)).

Inhibition% = (Ab − Aa/Ab)× 100 (1)

where Ab is the absorption of control (−) and Aa is the absorption of the extract.

2.3.2. Ferric Reducing Antioxidant Power Assay (FRAP)

The ferric reducing power of the extracts was determined by the previously described
methods [29]. Briefly, 200 μL of defined concentrations of the extracts was mixed with
500 μL of the phosphate buffer (0.2 M, pH 6.6) and 500 μL of potassium ferricyanide
[K3Fe(CN)6] 1%. The resulting solution was incubated at 50 ◦C for 20 min, the mixture
was acidified with 500 μL of 10% trichloroacetic acid (TCA), 0.5 mL of the supernatant was
mixed with 500 μL of distilled water and 100 μL of Fe Cl3 (0.1%) and the absorbance was
measured spectroscopically at 700 nm.

2.3.3. Quantification of Total Antioxidant Capacity (TAC)

A total volume of 0.25 mL of a known concentration was added to 2.5 mL of the
reagent solution (sulfuric acid (0.6 mol/L); sodium phosphate (28 mmol/L) and ammonium
molybdate (4 mmol/L)). The mixtures were incubated in a water bath at 95 ◦C for one h
and 30 min. After incubation, mixtures were cooled to laboratory temperature. An optical
density measurement was made without a wavelength at 695 nm. The expression of the
total antioxidant capacity of BCEE and BCAE was made by equivalents in mg of ascorbic
acid per gram of extract (mg AAE/g extract) [30].

2.4. Antibacterial Activity
2.4.1. Tested Strains

The antibacterial activities of the aqueous and ethanolic extracts of B. cinerea were
evaluated against three bacterial strains, including the Gram-negative (E. coli (ATB:97)
BGM and pseudomonas aeruginosa, as well as the Gram-positive Bacillus subtills, which were
provided by the Bacteriology Laboratory of the Centre Hospitalier Universitaire Hassan II
of Fez, Morocco.
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2.4.2. Disk Diffusion Method

The antibacterial efficacies and potencies of BCAE and BCEE were performed by
adaptations of previously published methods [31]. Petri dishes containing a nutrient broth
were inoculated with the three bacterial strains. Whatman paper discs (6 mm diameter)
were placed on the surface of the inoculated media and impregnated with 0.02 mL of the
extract diluted in DMSO at 100 mg extract/mL [32]. The inoculated Petri dishes were
incubated at 37 ◦C, and the inhibition diameter measurement was performed after 24 h.

2.4.3. Determination of the Minimum Inhibitory Concentration

The minimum inhibitory concentrations of the B. cinerea extracts against the three
bacterial strains were revealed using the microdilution method according to the previously
described methods [33]. After 24 h of incubation at 37 ◦C, the MIC endpoint was determined
by the direct observation of the growth in the wells and by using the colorimetric method
(TTC 0.2% (w/v)) [34,35].

2.5. Pharmacological Activities
2.5.1. Animal Handling and Housing

In order to characterize anti-inflammatory potency, analgesic and wound healing
activity, male mice (0.032 to 0.045 kg) and male rats (0.12 to 0.14 kg) were obtained from the
Department of Biology, Faculty of Sciences Dhar El-Mahraz, Sidi Mohamed Ben Abdellah
University, Fez, Morocco. The animal housing conditions were: day/night photoperiod
(~12/12 h); temperature (28–32 ◦C); humidity (50–55%). The animals were given free
access to food and water, adapted and handled with ethics committee approval (July
2020/LBEAS-08 and 25 February 2021).

2.5.2. Wound Healing Test
Formulation of Ointment

Ointments were prepared from aqueous and ethanolic dry extracts of the aerial parts
of B. cinerea at 10% in Vaseline® by gentle trituration until the mixture was homogenized.
The resulting ointments (Figure 2) were packed in hermetically sealed jars and stored
until use.

 
2

Figure 2. Ointment from BCEE (1) and BCAE (2).

Burn Wound Induction

Wound induction was performed by burning the dorsal area, using the methods
described in previous work [36] with slight modifications. Twenty Wistar rats divided into
four groups were used: a negative control group (Vaseline® treatment), a second group
treated with a healing ointment (Madecassol® at 1%), a third group and a fourth group
treated with the BCAE and BCEE ointments, respectively. An electric tensioner was used
to shave the dorsal area of the rats, then an intraperitoneal anesthesia (pentobarbital at
50 mg/kg) was conducted before the induction of the burn (placement of a 1.7 cm diameter
aluminum rod heated in boiling water on the burn induction area for 10 s). The treatment
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over the three weeks was performed by the daily covering of the burned dorsal surfaces
with the prepared ointments. Photographs were taken of the wound surfaces using a digital
camera with the presence of a graduated ruler. The images obtained were analyzed using
ImageJ software in order to measure contraction rate of the wound surfaces (Equation (2)).

WC (%) = [(WS0 − WSSD)/WS0]× 100 (2)

where WC is the wound contraction, WS0 is the size of the wound on the first day and
WSSD is the wound size on each specific day.

2.5.3. Carrageenan-Induced Inflammation of the Right Rat Paw

Evaluation of anti-inflammatory power of BCEE and BCAE (extracts obtained from the
aerial parts of B. cinerea) was carried out according to the protocol described [37]. Twenty
Wistar rats divided into four groups were used in this test: one group received BCEE
500 mg/kg orally, a second group received BCAE 500 mg/kg, a negative control group
received 0.9% NaCl and a positive control group received Indomethacin® (10 mg/kg). A
measurement of the circumference of the right paw, of each rat was carried out before the
injection of the suspension of carrageenan (1%), then measurements of the circumferences
of the paws were carried out after the third, fourth, fifth and sixth hour of the injection. An
equation was used to calculate the percentage of inflammation inhibition (Equation (3)).

PI% = [(Ct − C0) Control − (Ct − C0) treated/(Ct − C0) Control]× 100 (3)

where C0 is the mean circumference of the paw before injection and Ct is the mean circum-
ference of the paw after a carrageenan injection at a given time.

2.5.4. Analgesic Activity

Four batches, each containing five mice of different weights (32 to 45 g) were used in
this study. BCAE, BCEE and the reference drug (Tramadol®) were administered orally to
the mice at a dose of 500 mg/kg, bm. The control mice received only physiological water
(NaCl 0.9%). After 1 h 30 min, a 0.5% acetic acid solution was injected intraperitoneally
(10 mL/kg). Subsequently, 5 min after the acetic acid injection, nociception was assessed
for 30 min by counting the number of abdominal contortions [38] (Equation (4)).

PI% = ((Mn − Mt)/Mn)× 100 (4)

where Mn is the mean number of abdominal contractions (negative control group) and
Mt is the average number of abdominal contractions (group treated with the extracts or
standard compound).

2.5.5. Statistical Analyses

The results were analyzed with the one-way ANOVA test (GraphPad Prism software
version 8), and p < 0.05 showed statistical significance. The results are expressed as
mean ± SD.

3. Results and Discussion

3.1. TPC, Fl, CT and HPLC-DAD Analysis

The yield obtained by maceration using ethanol (27.34%) was greater than that ob-
tained by diffusion in water (17.50%). The concentrations of TPC, Fl and CT in the extracts
of B. cinerea extracts were determined (Table 1). The concentrations of phenolic compounds
were greater in the ethanolic extract than in the aqueous extract (21.06 and 13.09 mg of
GAE/g extract, respectively, for BCEE and BCAE). These extracts are characterized by the
presence of large amounts of condensed tannins expressed by mg tannic acid equivalents/g
extract; this amount was 24.05 mg in the ethanolic extract. The analysis of BCAE and BCEE
by HPLC-DAD allowed the detection of four phenolic compounds (gallic acid and caffeic
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acid in BCAE; gallic acid, rosmarinic acid and quercetin in BCEE) (Table 2 and Figure 3).
Even if there are molecules that are not revealed, the above mentioned compounds were
among the main molecules of the B. cinerea extracts.

Table 1. Concentrations of total phenolic content (TPC), total flavonoids (Fl) and condensed tannins
(CT) in extracts of B. cinerea.

TPC: mg GAE/g of Extract Fl: mg QE/g of Extract CT: mg TAE/g of Extract

BCAE 13.09 ± 0.13 9.86 ± 0.41 17.07 ± 0.36
BCEE 21.06 ± 0.04 10.43 ± 0.13 24.05 ± 0.24

Table 2. Compounds identified in B. cinerea extracts and chromatographic retention times (RT).

Phenolic Compounds RT (min) DO (nm)

Gallic acid 4.69 280
Caffeic acid 7.777 300

Rosmarinic acid 8.300 320
Quercetin 9.403 370

  
BCAE (1: Gallic acid; 2: Caffeic acid) BCEE (1: Gallic acid; 2. Rosmarinic acid; 3: Quercetin) 

Figure 3. Chromatograms of BCAE and BCEE obtained by HPLC-DAD analysis.

The compositions of TPC, Fl and CT in the extracts of B. cinerea were variable. Ac-
cording to Chlif et al. (2022) [39], the aqueous extract obtained from the aerial parts of
B. cinerea contains 23.03 mg of GAE/g extract, 11.69 mg of QE/g extract and 6.41 mg of
TAE/g extract. Previous studies have found methanolic extracts in TPC, expressed as
mg GAE/g of dry matter (dm), Fl, expressed as mg QE/g of dm and condensed tannins,
expressed as mg cyanidin equivalent/g of dm, which were 2.95, 44.58 and 1.44, respec-
tively [40]. In another study, the contents were 22.22 mg GAE/g of dm, TPC 3.93/g of
dm and 8.61 catechin equivalents/g of dm for Fl and proanthocyanides, respectively [41].
Among the main phenolic compounds revealed by HPLC-ESI MS in a methanolic ex-
tract of the aerial parts of B. cinerea are luteolin-4’-O-glucoside, 3,5-dicaffeoylquinic acid,
4,5-dicaffeoylquinic acid, 3,4-dicaffeoylquinic acid, cryptochlorogenic acid and chloro-
genic acid [42]. The hydroalcoholic extract of the aerial parts of B. cinerea contains other
phenolic compounds (flavonoid compounds), including chrysospenol-D, chrysosplenetin,
oxyayanin-B, axillarin, 3-methylquercetin, pedaletin, isokaempferid, apigenin, luteolin,
6-hydroxyluteolin and others [43]. The remarkable differences in polyphenols between the
studied extracts and other extracts reported in the bibliography are strongly explained by
the intervention of several factors, among which are the geographical situation and the
climate of the harvesting station. The content of phytochemicals, including polyphenols,
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varies under the action of water deficit (drought stress); this factor leads to differences in
the accumulation of polyphenols in the different organs of several plant species [44–46].

3.2. Antioxidant Activity (TAC, DPPH and FRAP Tests)

Extracts of B. cinerea (BCEE and BCAE) showed a remarkable antioxidant capac-
ity, (Table 3). The BCEE extract showed a higher total antioxidant capacity than BCAE,
5.312 ± 0.217 mg of AAE/g extract and 2.832 ± 0.148 mg of AAE/g extract, respectively.
BCAE was very active against the DPPH radical (IC50 = 4.9 × 10−2 mg/mL), but this
antiradical power was less than that obtained using Quercitin (7.9 × 10−4 mg/mL). BCEE
was the least active against DPPH. Moreover, results of the FRAP assay revealed that
BCEE has a moderate ability to reduce iron, while BCAE appeared to be inactive. The
richness of BCEE in polyphenolic compounds with high antioxidant power could explain
the obtained results.

Table 3. Antioxidant activity of extracts of B. cinerea.

TAC
(mg AAE/g Extract)

FRAP
(EC50 mg/mL)

DPPH
(IC50 mg/mL)

BCEE BCAE BCEE BCAE Quercitin BCEE BCAE Quercitin
5.312 ± 0.217 2.832 ± 0.148 0.248668 - 0.007295 0.144 0.049 0.000799

Comparing the results obtained in other studies, the methanolic extract of B. cinerea has
a total antioxidant capacity of 17.190 ± 1.273 mg ascorbic acid equivalents/g of dm, while
this extract has a DPPH free radical scavenging effect (EC50 = 462.19 mg antioxidant/g
DPPH), hydroxyl radical scavenging (EC50= 0.66 ± 0.12 mg/mL) and iron reducing capacity
(IC50 = 1.174 ± 0.05 mg/mL) [41]. Pure polyphenolic compounds isolated from the aerial
parts of B. cinerea exert antioxidant activity assessed by the use of the DPPH assay; IC50s
are expressed as (μM): luteolin-4’-O-glucoside (30.25), 4,5-dicaffeoylquinic acid (31.49),
3,5-dicaffeoylquinic acid (23.84), 3,4-dicaffeoylquinic acid (30.25), neochlorogenic acid
(11.0) and chlorogenic acid (10.5) [47]. In addition, the essential oil of Cotula cinerea (a
synonym of B. cinerea) showed antioxidant activity measured by different assays DPPH,
PRAP, B-carotene and ABTS with an IC50 (mg/mL) of 1.1 ± 0.15, 2.7 ± 0.09, 0.63 ± 0.16
and 0.91 ± 0.52, respectively [48].

3.3. Antibacterial Activity of BCAE and BCEE

Extracts obtained from the aerial parts of B. cinerea exhibited antibacterial activity
against both gram-negative and gram-positive bacteria (Table 4 and Figure 4). BCEE was
more active against B. subtills with a zone of inhibition of 23.16 mm, while BCAE was active
against the gram-negative bacteria P. aeruginosa (the diameter of the zone of inhibition
was 18.66 mm); the MIC values for both the prevalent bacteria were 10 mg/mL. However,
E. coli was resistant to the extracts used in this study. The MIC values obtained by using
streptomycin against the strains used were 25 ± 1.63 and 2.81 ± 0.095 mg/mL, respectively,
for E. coli and B. subtilis, while P. aeruginosa was resistant to this antibiotic [16].

Table 4. Antibacterial activity of B. cinerea extracts.

Zone of Inhibition (mm) CMI mg/mL

P. aeruginosa E. coli B.subtils P. aeruginosa E. coli B.subtils

BCEE - - 23.16 ± 0.76 - - 10 ± 0.0
BCAE 18.66 ± 1.6 - - 10 ± 0.0 - -
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Figure 4. Photos showing the antibacterial effect of extracts of B. cinerea.

Compared with the results of previous studies, aqueous extracts obtained from aerial
parts, leaves and flowers of B. cinerea showed potent activity against gram-positive bacteria
(S. aureus and S. faecalis) with MICs ranging from 0.78 to 12.5 mg/mL [39]. Alternatively, the
gram-negative bacteria, E. coli and K. pneumoniae, were moderately sensitive to the extracts
tested, with MICs ranging from 3.13 to 50 mg/mL, with the exception of P. aeruginosa,
which showed resistance to extracts of the various parts of B. cinerea. Enterococcus faecalis, a
gram-positive bacterium, was inhibited by a dichloromethane extract of the aerial parts of
B. cinerea [18]. In another study, the inhibition zones obtained against S. aureus by using
B. cinerea extracts were 12 ± 5.20 mm and 11.67 ± 3.79 mm for the n-butanol and ethyl ac-
etate extracts, respectively, whereas the hydroalcoholic extract showed weak antimicrobial
activity against the tested strains [19].

Part of the antimicrobial activity exhibited by the extracts obtained from the aerial parts
of B. cinerea is the result of the antibacterial effect of some phenolic compounds revealed in
the studied extracts. Gallic acid may be involved in disrupting the integrity of the mem-
branes of bacterial strains, modifying hydrophobicity, permeability and surface charge [49].
Rosmarinic acid exhibits antimicrobial activity against gram-positive strains. Thus, the low-
est blocking concentration against S. aureus was 0.8 mg/mL, and the methicillin-resistant
S. aureus strain was blocked by a concentration of 10 mg/mL [50]. Caffeic acid and other
phenylpropanoids have inhibited the growth of certain bacterial strains, including S. aureus,
E. coli, Listeria monocytogenes and Bacillus cereus [51]. Quercitin can inhibit bacterial growth;
its ability to inhibit D-Ala-D-Ala ligation in bacterial cells gave it a bacteriostatic activ-
ity [52]. According to Ferreira et al. (2013) [53], in the majority of cases, hydroxybenzoic
acids exerted weak antibacterial effects compared to hydroxycinnamic acids.

3.4. Pharmacological Activities
3.4.1. Wound Healing Activity of B. cinerea Extracts

Wound healing ability of B. cinerea extracts was examined in the Wistar rat burn model.
The rate of wound healing in the different groups was different (Figure 5), and the images
showing the healing process are shown in Figure 6. The BCAE-based pomade treatment
showed a higher rate of healing compared to that obtained by BCEE or by the negative
control (Vaseline treatment). At the end of the third week of treatment, the BCAE-based
pomade resulted in a very remarkable healing rate (96.91%) close to that of the positive
control (98.60%) (p value < 0.05), whereas this healing rate was only 90.86% in the negative
control group.

To our knowledge, this is the first study to report on the healing activity of extracts of
B. cinerea, which have not been reported among the 12 species belonging to the Asteraceae
family—species that are part of medicinal plants widely used in the treatment of wounds
in the Mediterranean region [54]. An evaluation of the healing activity of a plant species be-
longing to the asteraceae family and using the same burn model with an extract of Ditrichia
viscosa shows a remarkable wound contraction (99.28%) after 21 days of treatment [27].
The healing efficacies of some species of asteraceae can be attributed to their antibacterial
effects, which provide protection of the microenvironment and damaged wound tissue
against pathogenic bacterial strains [55].
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Figure 5. % of wound contraction using B. cinerea extracts and standard treatment (Indomethacin).
(Dunnett’s multiple comparisons test relative to the control: ** p < 0.01; *** p < 0.001).

 Day 1 Day 7 Day 14 Day 21 
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BCEE 

    

Control (-) 
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Figure 6. Images of the healing process in treated rats.
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3.4.2. Anti-Inflammatory Activity

The anti-inflammatory efficacy and potency of the studied extracts was less than that
of the positive control of Indomethacin (Figure 7). Despite its richness in different phenolic
types, BCAE has minimal anti-inflammatory efficacy with the greatest % inhibition of
8.1% observed during the sixth hour. BCEE exhibited greater anti-inflammatory efficacy
than BCAE. The percentage of inhibition obtained using BCEE varies between 12.82% and
21.62% during the 3 h of measurement (p value < 0.01).

Figure 7. Anti-inflammatory activity of B. cinerea extracts and the standard compound (Dunnett’s
multiple comparisons test relative to the standard: ** p < 0.01).

There are few studies on the anti-inflammatory efficacy or potency of extracts of
B. cinerea. At a dose of 400 mg/kg bm, aqueous extracts of fresh and dry aerial parts of
B. cinerea inhibited inflammation by 47.73% and 50.01%, respectively, 5 h after a carrageenan
injection, compared to the standard drug, Indomethacin (55.26%) [21]. In another study,
the measurement of the anti-inflammatory effect using murine macrophage-like RAW
264.7 cells and quantified by nitric oxide (NO) production shows that the infusion and
hydroethanolic extracts revealed a weaker inhibition of NO production, with EC50 values
of 122 ± 6 and 105 ± 9 μg/mL, respectively [56]. Iluteolin, apigenin, kaempferol and
caffeoylquinic acid derivatives are known to have a potent anti-inflammatory effect [57,58].

3.4.3. Peripheral Analgesic Activity

BCAE exerts remarkable analgesic activity with a percentage of inhibition of
51.60 ± 15.18%, while BCEE exerts weak activity with a percent of inhibition of 34.33 ± 6.60%.
BCEE also shows low analgesic activity compared to Tramadol (55.64 ± 13.83%) with
a significant difference (Figure 8). BCAE exhibited analgesic activity, similar to that of
Tramadol with no significant difference.

The results of a recent study found that a dose of 400 mg/kg, bm of aqueous extracts
of fresh and dry aerial parts of B. cinerea were effective at inhibiting spasms caused by the
injection of acetic acid (0.6%) by 50.71% and 45.51%, respectively [21]. Alternatively, it
has been reported that the use of n-butanol, ethyl acetate and ethyl ether extracts induced
a percentage of inhibition of constriction of 40.21%, 50% and 62.49%, respectively [59].
The analgesic efficacies of extracts of fresh and dry aerial parts of B. cinerea could be
related to an alteration of the biosynthesis of the prostaglandins by the inhibition of the
cyclooxygenase [21].
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Figure 8. Analgesic efficacy of extracts of B. cinerea and the standard compound, Tramadol (Bartlett’s
statistic (corrected): p value = 3031; are SDs significantly different: no).

4. Conclusions

The chemical composition of extracts of B. cinerea is consistent with its use as a
traditional pharmacological treatment. The application of BCAE and BCEE on rats and
mice demonstrated the ability of the aqueous extract to minimize abdominal contortions
and to increase the rate of re-epithelialization of burn-induced wounds. The healing power
revealed by this study, through the use of the aqueous extract of B. cinerea, promotes the
application of this extract in the development of treatments that combine the use of modern
products and practices with herbal healing agents. Moreover, the results of the antioxidant
activities showed that the ethanolic extract is recommended as an antioxidant agent due to
its high content of polyphenols, flavonoids and tannins. Thus, this work provides useful
results for further pharmacological studies and the design of new drugs based on the
species of B. cinerea.
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Withania adpressa Coss. ex Batt
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Abstract: The current work was undertaken to investigate the chemical composition, antioxidant,
anti-inflammatory, and analgesic properties of a polyphenol-rich fraction from Withania adpressa
Coss. ex Batt. After being extracted, the polyphenol-rich fraction was chemically characterized
through use of high-performance liquid chromatography (HPLC). Antioxidant potency was assessed
through the use of 2,2-diphenyl-1-picrylhydrazyl (DPPH) and total antioxidant capacity (TAC).
Inflammatory and analgesic properties were assessed in vivo through the use of carrageenan and
heat stimulus assays, respectively. Chromatographic analysis of polyphenol-rich fraction revealed
the presence of potentially bioactive phenols including epicatechin, apigenin, luteolin, quercetin,
caffeic acid, p-coumaric acid, and rosmarinic acid. The polyphenol-rich fraction showed interesting
anti-free-radical potency with a calculated IC50 value of 27.84 ± 1.48 μg/mL. At the highest dose
used (1000 μg/mL), the polyphenol-rich fraction scored good total antioxidant capacity with a
calculated value of 924.0 ± 28.29 μg EAA/mg. The polyphenol-rich fraction strongly alleviated the
inflammatory effect of carrageenan injected into the plantar fascia of rats resulting in inhibition up
to 89.0 ± 2.08% at the highest tested dose (500 mg/kg). The polyphenol-rich fraction showed a
good analgesic effect wherein the delay in reaction time to a thermal stimulus caused by 500 mg/kg
had a highly similar effect to that induced by Tramadol used as a positive control. The findings of
the current work highlight the importance of polyphenol-rich fractions from W. adpressa Coss. ex
Batt. as an alternative source of natural antioxidant, inflammatory, and analgesic drugs to control
relative diseases.

Keywords: plants; natural products; free radicals; inflammation; medicinal; caffeic acid

1. Introduction

It is well known that plants have been utilized for medical reasons, cosmetic purposes,
and as a dietary component all over the globe for hundreds of years [1,2]. The presence of
phytochemicals in herbs, especially secondary metabolites, is the most important factor
contributing to their beneficial characteristics [3]. Higher plants synthesize these organic
molecules, which, in most instances, are not required for growth and development but
are instead formed in reaction to biotic and abiotic environmental conditions [4]. In
plants, secondary metabolites consist of terpenoids, alkaloids, and flavonoids, which have
been scientifically shown to be promising bioactive agents with antioxidant, antibiotic,
anti-inflammatory, anti-aging, and antitumor properties [5–7]. Depending on the use,
plants may be used fresh, dried, or processed into essential oils or crude extracts [7]. The
compounds responsible for particular biological potential in a plant have been examined in
many studies [8].

Diets high in antioxidants have been shown to protect humans against degenerative
illnesses including cancer and cardiovascular disease [9]. To avoid the oxidative degrada-
tion of foodstuffs caused by free radicals, natural antioxidants tend to be favored by users
in the food business over synthetic antioxidants, according to recent research [10]. Free
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radicals have the potential to generate cytotoxic effects and tissue lesions, as well as DNA
damage. The human body requires antioxidant agents in order to fight itself against free
radicals. These antioxidant agents are found in fruits and vegetables and almost all plants.
Because of their secondary metabolites, plants are able to supply potent antioxidant agents
that help to manage and alleviate the effects of free radicals [11].

Inflammatory disorders are growing more widespread throughout the globe [12].
Inflammation may be triggered by several factors, including physical injury, ultraviolet
irradiation, microbial invasion, and immunological responses. Sclerosis, inflammatory
bowel disease, chronic asthma, and psoriasis are among disorders that may be caused by
inflammation cascades. Inflammation is also involved in the development of chronic fatigue
syndrome [13,14]. The disadvantages of clinically utilized anti-inflammatory medications
include the presence of side effects as well as the high expense of treatment [12]. Traditional
remedies and natural products may be used as an alternative to these treatments, and they
hold significant promise in the discovery of bioactive lead compounds into therapeutics for
the treatment of inflammatory illnesses. Traditional remedies and phytopharmaceuticals
have been utilized for the treatment of inflammatory and other illnesses for many years [12].

W. adpressa Coss. ex Batt (Solanaceae), which is a herb commonly known by its
name Winter Cherry, grows in North Africa and the Mediterranean basin; it has been
shown to have pharmacological properties, including anti-tumor, immunomodulatory,
anti-convulsant, and anti-stress properties. Importantly, diseases such as conjunctivi-
tis, inflammation, anxiety, nervous system diseases, bronchitis, ulcers, liver disease, and
Parkinson’s disease have been treated with plants in the genus of Withania for a long
time [15]. Previous reports showed that the gnus withania possesses many phenols, notably
glycowithanolides and withanolides, as well as volatile chemicals [16].

The current study was conducted to investigate the chemical composition, antioxidant,
anti-inflammatory, and analgesic properties of a polyphenol-rich fraction from leaves
W. adpressa Coss. ex Batt.

2. Materials and Methods

2.1. Plant Material

From the Sahara area (29.7519◦ N, 7.9756◦ W) in March 2021, W. adpressa Coss. ex Batt
was collected. Following the confirmation of the plant’s identity by a botanist, it was placed
in the University Herbarium under the reference A2/WDBF21. Consequently, the leaves
were washed and dried for seven days in the dark and a well-ventilated environment
before being extracted.

2.2. Extraction of Phenols

The extraction of phenols was successfully conducted by using maceration as previ-
ously described [17]. To summarize, a total of 100 g of W. adpressa leaves was macerated
with 300 mL of methanol. Following that, the solvent was removed through the use of a
rotary evaporator at decreased pressure and low temperature to obtain the concentrated
extract. The obtained extract was solubilized in 500 mL of distilled water before extracting
it three times further through the use of liquid–liquid extraction using 200 mL of each of
the following solvents: hexane, chloroform, and ethyl acetate. Following that, the ethyl
acetate layer was evaporated at decreased pressure using a rotary evaporator, which was
used to remove the solvent. The residue was dissolved in 300 mL water once more and
freeze-dried in order to obtain a polyphenol-rich fraction [12].

2.3. HPLC Analysis

The polyphenol-rich fraction was phytochemically characterized using the HPLC
as described by Amrati [17], with minor modifications. The HPLC system was used for
separation and identification of compounds. Polyphenol and standard samples were
filtered using a 0.2 m membrane filter to eliminate particle residues before being injected.
After that, a volume of 5 mL of polyphenol extract was injected over a C18 ZORBAX
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Eclipse column at an injection rate of 0.7 mL/min and a column temperature of 30 ◦C.
Acidified water (acetic acid 0.1%) (A) and acetonitrile (B) were utilized as the mobile phase
in this experiment, and the reaction was allowed to proceed for 65 min. Compounds
were recognized by comparing their spectra to those of reference compounds under the
same conditions.

2.4. In Vitro Antioxidant Activity of Polyphenol-Rich Fraction

In the current work, assessment of the antioxidant activity of polyphenol-rich extract
was carried out through the use of DPPH and molybdate in triplicate assays.

2.4.1. Antioxidant Power of Polyphenol-Rich Fraction Using DPPH Assay

This test was performed according to the methodology described by Kuramasamy et al. [18].
Briefly, 1000 μL of a methanolic DPPH (0.2 mM) solution was combined with the polyphenol-
rich fraction (0–1 mg/mL). The obtained mixture was then held at room temperature for
30 min in the darkness, and the absorbance was measured at 517 nm. A blank solution
consisting of 1000 μL of DPPH solution and 1000 μL of methanol was used to serve as a
negative control. The blank solution, as well as samples and positive controls (quercetin
and BHT), was produced under identical working conditions. Next, a spectrophotometer
was used to quantify the absorbance decline, and the inhibition percentage was determined
through the use of the following formula:

Inhibition (%) = [1 − (sample/control)] × 100

2.4.2. Total Antioxidant Capacity of Polyphenol-Rich Fraction

A reagent was prepared by mixing H2SO4, (0.6 M), Na2PO4 (28 mM), and ammonium
molybdate (4 mM) to measure the total antioxidant capacity of the polyphenol-rich fraction.
Briefly, one milliliter of reagent was added to 0.1 mL of the polyphenol-rich fraction at
various concentrations (0.2, 0.5, and 1 mg/mL). Thereafter, a blank solution composed of
1 mL reagent and 0.1 mL methanol was incubated in a water bath set to 95 ◦C for 90 min.
Next, the absorbance was measured at 695 nm. The results were expressed in mg ascorbic
acid equivalent per gram of dry extract (μg EAA/mg) [19].

2.5. Animal Material

Male rats weighing between 100 and 150 g were during the two-week acclimatization
period; the animals were housed in cages with five rats each and maintained at 22 ◦C with
a 12 h light–dark cycle. The method used in the present study complied with the globally
recognized Guide for the Care and Use of Laboratory Animals. The animals were given
unrestricted access to food and water at all times [20].

2.6. Anti-Inflammatory Activity

The anti-inflammatory activity of the polyphenol-rich fraction was assessed as de-
scribed in earlier work. Animals were divided into groups of five rats each, of which two
groups served as negative and positive controls, which received 0.9% saline and Diclofenac
(1%), respectively, while other groups served as treatments, which received the polyphenol-
rich fraction. Ninety minutes after local applications or one hour after oral administration
of the polyphenol-rich fraction at different doses (200, 400, and 500 mg/kg), the plantar
fascia of the right hind leg of rat was injected with 0.1 mL of carrageenan intradermally. The
circumference of the applied sample was measured before the injection of carrageenan and
then after every hour from the third hour until the sixth hour after the administration of
carrageenan. The following formula was used to compute the % inhibition of inflammation:

% inhibition= [((St − S0) control − (St − S0) sample)/((St − S0) control)] × 100
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2.7. Analgesic Activity

The animals were divided into groups of five rats each, of which two groups served
as negative and positive controls, which received 0.9% saline and Tramadol, respec-
tively. Each animal was individually placed in an enclosed space on a glass surface
(L × W × H = 10 × 20 × 14). After 10 min of adaptation, rats received oral administration
of polyphenol-rich fraction before being subjected to the heat stimulus (50 ◦C) onto the
plantar surface of each hindpaw. The increase in temperature under the plantar fascia of the
right hind leg resulted in rat movement. The delay in reaction time to the thermal stimulus
was recorded.

2.8. Statistical Analysis

Data were expressed in means with standard deviations of triplicate tests using Graph-
Pad Prism software (version.7). Normality of distributions was tested by the use of Shapiro–
Wilk’s test, whilst the homogeneity of variances was checked by the use of Levene’s test.
Analysis of variance (ANOVA) was performed, with Tukey’s HSD test as a post hoc test for
multiple comparisons. A significant difference was considered at p < 0.05.

3. Results

3.1. Chemical Characterization

The chemical characterization of the polyphenol-rich fraction from leaves of W. adpressa
allowed the identification of seven major compounds including flavonoid compounds;
epicatechin, apigenin, luteolin, and quercetin; phenolic acids; caffeic acid and p-coumaric
acid; and polyphenols derived from hydroxycinnamic-acid-like rosmarinic acid (Figure 1,
Table 1). The chemical composition of different extracts from the genus Withania has been
widely investigated. Notably, Jain et al. (2012) revealed that extracts from Withania somnifera
and Withania coagulans possessed alkaloids; isopelletierine, anaferine, and saponins with
an additional acyl group; sitoindoside VII and VIII; withanolides with glucose at carbon
27; withanolides; and withaferines [21]. Matsuda and co-authors (2001) showed that W.
somnifera possessed withanolide glycosides and withanosides [22]. The genus Withania
possessed various fatty acids; octacosan; oleic and stearic fatty acids; steroids; and oleanolic
acid as reported in earlier work [23].

Figure 1. Chromatographic analysis of polyphenol-rich fraction using HPLC.
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Table 1. Chemical structure of major compounds identified in polyphenol-rich fraction using HPLC.

RT Identification Compound Standard Use Concentration in μg/mg Molecular Structure

31.91 Caffeic acid Cafeic acid 71.28

34.76 Coumaric acid p-coumaric acid 30.46

36.09 Epicatechin Epicatechin 40.53

37.41 Chrysoeriol-7-
diglucuronide Luteolin 33.62

42.78 Acacetin-7-diglucuronide Apigenin 34.20

43.35 Quercetin-3-O-
glucuronide Quercetin 64.25

45.19 Rosmarinic acid Rosmarinic acid 39.81
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3.2. Antioxidant Activity

The antioxidant activity of the polyphenol-rich fraction using the DPPH method, as
represented in Figure 1, showed that the polyphenol-rich fraction exhibited good antioxi-
dant activity in a dose-dependent manner. From this figure, it can be seen that increasing
the concentration of the polyphenol-rich fraction increased the inhibition percentage of
DPPH free radicals, i.e., 10 and 100 μg/mL of the polyphenol-rich fraction inhibited
42% and 72%, respectively (Table 1). The polyphenol-rich fraction recorded an IC50 value of
27.84 ± 1.48 μg/mL, which can be considered important when compared to that obtained
with BHT (13.42 ± 0.87 μg/mL) and quercetin (14.27 ± 0.59 μg/mL) (Table 2). Antioxidant
capacity evaluated by the use of ammonium molybdate showed that the polyphenol-rich
fraction possessed important antioxidant capacity as shown in (Figure 2b). From this figure,
it can see that 1000 μg/mL of the polyphenol-rich fraction recorded antioxidant capacity in
the order of 924.0 ± 28.29 μg EAA/mg and 500 μg/ml recorded antioxidant capacity in the
order of 387.1 ± 25.45 μg EAA/mg (Figure 2b).

Table 2. Antioxidant power of polyphenol-rich fraction tested by the use of DPPH bioassay.

Samples
Anti-Radical Activity by the DPPH Method

IC-50 in μg/mL
10 μg/mL 100 μg/mL 1000 μg/mL

Polyphenol-rich fraction 42% 72% 91% 27.84 ± 1.48

Quercetin 46% 87% 94% 14.27 ± 0.59

BHT 48% 89% 96% 13.42 ± 0.87

Figure 2. Antioxidant activity of polyphenol-rich fraction by the use of DPPH (a) and ammonium
molybdate (b). The graphs have the same letter do not present a significant difference.

The results of antioxidant activity showed that the polyphenol-rich fraction possessed
excellent antioxidant power, which can be explained by its richness in phenols with an-
tioxidant power such as epicatechin, apigenin, luteolin, quercetin, caffeic acid, p-coumaric
acid, and rosmarinic acid (Figure 1). Previous work on caffeic acid (phenolic acid) revealed
an inhibition percentage of DPPH radicals in the order of 93.9% (DPPH), even at a low
concentration (20 μg/mL) [24]. This antioxidant power may be due to the richness of
polyphenol-rich fractions in polyphenols, which could react with free radicals, whether
separately or in synergy, resulting in an antioxidant effect [25]. Catechin and epicatechin
contained in the polyphenol-rich fraction are the predominant compounds with antioxidant
power as reported in earlier work [26]. Our findings are in agreement with those reported
by El Moussawi and co-authors who showed that the genus Withania possessed antioxidant
potency, particularly Withania frutescens, which revealed an anti-free-radical activity of the
order of 477.65 μg EAA/mg [27].
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3.3. Anti-Inflammatory Activity of Polyphenol-Rich Fraction

The anti-inflammatory activity of the polyphenol-rich fraction was studied by mea-
suring the amount of edema induced by carrageenan in rats. The results are presented
in Figure 3, which shows the percentage of anti-inflammatory evolution of edema as a
function of time. From this table, it can be seen that the polyphenol-rich fraction given to
mice via oral administration alleviated the inflammatory effect of carrageenan injected into
the plantar fascia of the right posterior leg of rats within three hours following injection,
resulting in inhibition of 13.02 ± 1.27 % at 400 mg/kg and 18 ± 1.20% at 500 mg/kg. The
anti-inflammatory effect increased progressively and reached a maximum inhibition after
six hours of post-treatment, which reached 57.32 ± 2.05% at 200 mg/kg, 69.46 ± 2.13% at
400 mg/kg, and 89. 0 ± 2.08% at 500 mg/kg, while the positive control (Diclofenac 1%)
inhibited edema by 91.51 ± 2.41% (Figure 3). The pretreatment of rats with the different
doses of polyphenol-rich fraction induced a strong inhibition of inflammation at the sixth
hour when compared to Diclofenac used as a drug reference.

Figure 3. The anti-inflammatory activity of polyphenol-rich fraction at different doses (200, 400,
and 500 mg/Kg) and Diclofenac (1%). p ≤ 0.05 (*); p ≤ 0.005 (**); p ≤ 0.001 (***); ns: no
significant difference.

Carrageenan injection triggers an increase in the levels of cyclooxygenase 2 (COX-2)
mRNA synthesis, resulting in an increased concentration of this enzyme, which peaks
at 1 h [28]. This is accompanied by an increase in the synthesis of prostaglandins (PGs),
mainly prostaglandin E2 (PGE2) (maximum at 2 h) which is mainly involved in certain
pain and inflammation processes [29]. This feature helps explain why non-steroidal anti-
inflammatory drugs (NSAIDs), such as aspirin, have no effect at 1 h. This delay is due to
their mechanisms of operation, namely the inhibition of PGs by simultaneously stimulating
the two enzymes COX-1 and COX-2, for which the inhibition curve consolidates after 3 h,
reflecting the stabilization of the mediators [30]. As for steroidal anti-inflammatory drugs
(AIS) such as dexamethasone, their action is apparent from the first hour, thanks to their
direct interaction with DNA, whose effect is associated with the action of several molecular
pathways including pro-inflammatory cytokines, phospholipase, and COX, mainly through
the nuclear transcription factor NF-kB [30,31].

In the present work, the anti-inflammatory effect of the polyphenol-rich fraction by
the carrageenan-induced edema test showed interesting results, whereby the inflammation
was reduced by 89% at 500 mg/kg. These results are in agreement with those reported
by Elmoussaoui et al. [29], who revealed 82.20% ± 8.69 as a percentage of inhibition
induced by 450 mg/kg Withania frutescens extract [29]. These results could be explained by
various polar phenolic compounds identified by HPLC in polyphenol-rich fractions such as
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epicatechin, apigenin, luteolin, quercetin, caffeic acid, p-coumaric acid, and rosmarinic acid.
Other phytoconstituents in the genus Withania, particularly tannins, mucilages, alkaloids,
coumarins, and free quinone, could be also responsible for the anti-inflammatory activity
investigated in the present work. These compounds can act by preventing the synthesis of
prostaglandins through cyclooxygenase [14,17,32,33].

Withania somnifera exerted an anti-inflammatory role by repressing the expression of
certain cytokines including tumor necrosis factor-(TNF-) α, interleukin-(IL-) 8 and 1, nitric
oxide, and reactive oxygen species. Leukocyte adhesion and migration, as well as cell
adhesion molecules, the production of IL-6 and TNF-a, and the activation of NF-k (nuclear
factor kappa-luminous chain-enhancer of activated B-cells), were successfully blocked
by withaferin A, one of the active components in W. somnifera. [18,20]. In addition, this
compound blocked the activation of PMA-induced phosphorylation of the transcription
factor p38, extracellular-regulated kinases (ERK 12), and the transcription factor c-Jun N
terminal kinase (c-Jun N-terminal kinase) (JNK) [18,21].

3.4. Analgesic Activity of Polyphenol-Rich Fraction

Regarding analgesic activity, Figure 4 provides the result of the paw withdrawal test
performed using the plantar thermal hyperalgesia model. The results showed that the paw
withdrawal latency of the animal treated with the polyphenol-rich fraction was significantly
higher than that of the negative control group which received only 0.9% NaCl physiological
solution. The delay in reaction time to the thermal stimulus was directly related to the
increase in doses of the sample. Notably, the delay in reaction time for 400 mg/kg and
500 mg/kg was 35.51 ± 1.04 s and 39.64 ± 1.17 s, respectively, while the delay in reaction
time for the negative control group was 12.38 ± 1.28 s. Rats treated with Tramadol (1%),
the reference analgesic, had a longer delay in reaction time to the thermal stimulus than
the groups treated with the different doses of the polyphenol-rich fraction, which was
42.68 ± 0.78 s.

Figure 4. Analgesic activity of polyphenol-rich fraction. p *** ≤ 0.001.

The results show that the delay in reaction time to the thermal stimulus caused
by 500 mg/kg of the polyphenol-rich fraction had a similar effect to that induced by
the drug used as a positive control. This result can be considered a strong indication
of the analgesic effect of the plant extract. The analgesic effect of the polyphenol-rich
fraction can be explained by the property of phytochemicals identified using HPLC without
excluding other phytochemicals in the genus Withania such as withanolides, withaferin
A, withanolide F, coagulin L, and nicotiflorin, which are known to possess a notable anti-
nociceptive property [34–38]. All these results are in agreement with those reported by
Moussaoui et al. (2020) who revealed an important analgesic effect of the methanolic extract
of Withania frutescens leaves at the dose of 450 mg/kg using the acetic acid method [29]. In
addition, the current study was in accordance with Kumar et al. (2015), who demonstrated
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that Withania somnifera extract significantly increased the potency and time of the pain
threshold as well as the potency and time of pain tolerance compared to placebo, reflecting
a significant analgesic effect [39,40]. The analgesic effect presented here can be explained by
the fact that phenols exhibited a central anti-nociceptive effect via the activation of opioid
receptors whose activation results in a decrease in the release of pain mediators such as
substance P [5,22].

4. Conclusions

The current work highlighted the antioxidant, anti-inflammatory, and analgesic prop-
erties of chemically characterized polyphenols from Withania adpressa Coss. This study
concluded that polyphenols from Withania adpressa Coss. possess a potential for being used
as an alternative reservoir of natural antioxidant, inflammatory, and analgesic drugs to
control relative diseases. Even though the outcome of the present work is highly interesting,
further pre-clinical and clinical investigations on nonhuman primates and humans will be
required before any possible use of polyphenol-rich fractions as a natural drug.
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Abstract: The present analysis retraces the discovery of plagiochilins A-to-W, a series of seco-
aromadendrane-type sesquiterpenes isolated from diverse leafy liverworts of the genus Plagiochila.
Between 1978, with the first isolation of the leader product plagiochilin A from P. yokogurensis, and
2005, with the characterization of plagiochilin X from P. asplenioides, a set of 24 plagiochilins and
several derivatives (plagiochilide, plagiochilal A-B) has been isolated and characterized. Analogue
compounds recently described are also evoked, such as the plagiochianins and plagicosins. All these
compounds have been little studied from a pharmacological viewpoint. However, plagiochilins A
and C have revealed marked antiproliferative activities against cultured cancer cells. Plagiochilin A
functions as an inhibitor of the termination phase of cytokinesis: the membrane abscission stage. This
unique, innovative mechanism of action, coupled with its marked anticancer action, notably against
prostate cancer cells, make plagiochilin A an interesting lead molecule for the development of novel
anticancer agents. There are known options to increase its potency, as deduced from structure–activity
relationships. The analysis shed light on this family of bryophyte species and the little-known group
of bioactive terpenoid plagiochilins. Plagiochilin A and derivatives shall be further exploited for the
design of novel anticancer targeting the cytokinesis pathway.

Keywords: anticancer agents; aromadendrane; bryophytes; cytokinesis inhibitor; Plagiochila species;
plagiochilins

1. Introduction

Bryophytes are non-vascular plants which include thalloid and leafy liverworts,
mosses and hornworts. These three lineages form a unique part of the vegetation. They
are small-sized, structurally simple diversified plants able to adapt to most ecosystems on
Earth [1,2]. Bryophytes and tracheophytes (non-vascular and vascular plants, respectively)
derive from an ancestral land plant and diverged during the Cambrian, some 500 million
years ago [3]. Bryophytes are collectively divided into three main groups: Bryophyta
(mosses), Marchantiophyta (liverworts) and Anthocerotophyta (hornworts). They repre-
sent the second-largest group of land plants after angiosperms. Liverworts are particularly
abundant, with some 7300 extant species [4]. The first representations of liverworts date
from late antiquity [5].

Leafy (or scaly) liverworts are particularly abundant and diversified (order: Junger-
manniales). They grow commonly on moist soil or damp rocks (such as thallose liverworts).
In 2016, a worldwide checklist for liverworts and hornworts included 7486 species in
398 genera representing 92 families from the two phyla [6]. The genus Plagiochila (Plagiochi-
laceae) represents one of the largest groups of leafy liverworts, with more than 500 species
distributed worldwide and a broad geographical amplitude, mostly in the humid trop-
ics [7]. World Flora Online refers to 556 accepted names of Plagiochila species and more
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than 950 species including synonyms and unchecked species [8]. Another recent study
refers to 1600 validly published Plagiochila names [9].

Despite their number and high adaptative capacities, the medicinal use of bryophytes
remains relatively limited, probably because of their small size, lack of conspicuous organs
such as colored fruits and flowers, and the difficulty of identification. There are, however,
species with medicinal properties, such as Conocephalum conicum (L.) Dumort., Polytrichum
commune and Marchantia chenopoda L. [10]. In the genus Plagiochila, a few species have also
been used ethnomedicinally, such as P. beddomei Steph. used in the form of paste by tribe
Melghat Region (India) for treating skin diseases [11,12] and P. disticha (Lehm. & Lindenb.)
Lindenb used traditionally in Peru to treat rheumatism or to regulate menstruation [13].

Diverse bioactive products have been isolated from Plagiochila species, including
antitumor agents [14], antifungal molecules [15,16], insecticidal compounds [17] and an-
timicrobial products [18]. Most of the isolated bioactive compounds are terpenoids such as
the antifungal products plagicosins A-N, or alkaloids such as plagiochianins A-B from the
Chinese liverworts P. fruticosa Mitt. and P. duthiana Steph., respectively [18,19]. However,
the leading product isolated from Plagiochila species is without doubt the sesquiterpenoid
plagiochilin A, first isolated from several Plagiochila species in the 1970s, together with its
congeners plagiochilins B and C, and precursors plagiochilide and plagiochilal [20]. Over
the past 43 years, different analogues have been isolated leading to a series of 24 derivatives,
designated plagiochilins A-to-X, and related compounds (Figure 1). The present review
deals the identification of these compounds and their pharmacological properties. Informa-
tion about their mechanism of action is often very limited, but important observations have
been made, leading to the identification of potential targets for some of these compounds,
in particular for the leader product plagiochilin A (Figure 2).

Several scientific databases (mostly PubMed, Science Direct and Scopus) and internet
search engines (Google, Bing) were used to execute a systematic search of the existing
literature, considering all publications published up until January 2023, without any lan-
guage restriction. Databases were queried using specific keywords such as “bryophytes”,
“Plagiochila”, “natural products”, “aromadendrane”, and “plagiochilin”. The articles were
searched using a Boolean logic operator (and/or/not) combined with Medical Subject
Headings (MeSH) terms and keywords. The relevance of the collected articles was deter-
mined (individual expertise), and then the data were extracted and analyzed.

Figure 1. History of plagiochilins discovery. The 24 plagiochilins (A–W) have been identified and
structurally characterized aver a period of 30 years. They are produced by several Plagiochila species,
such as those indicated (a non-exhaustive list).

182



Life 2023, 13, 758

Figure 2. Structures of the 24 plagiochilins (A-to-W).

2. Discoveries of the Plagiochilins

It all started in 1978 (Figure 1) when Asakawa and coworkers reported the isolation of
the sesquiterpene plagiochilin A from P. yokogurensis Stephani, as the epoxide counterpart
of plagiochilide (Figure 3) [21]. The two products with a seco-aromadendrane skeleton
have been found also in P. fruticosa [22]. The aromadendrene scaffold is not rare in plants.
Aromadendrene is an antibacterial product found in the medicinal plant Lophostemon
suaveolens [23] and in the common hop (Humulus lupulus ‘Nordbrau’) [24], for example.
However, epoxide derivatives with an aromadendrene scaffold are quite rare. A compound
designated aromadendrene oxide (an epoxide derivative) has been isolated from the plants
Tetradenia riparia (Hochst.) Codd, (Lamiaceae) and Kickxia aegyptiaca (L.) N. (Plantaginaceae)
and shown to display antibacterial effects [25,26]. The 2,3-seco-aromadendrane unit is
typical of Plagiochila species (Figure 3). The terpenoids plagiochilin A from P. yokogurensis
and plagicosin G from P. fruticosa [18], and the alkaloids plagiochianins A and B from
P. duthiana are all seco-aromadendrane derivatives [19] (Figure 3).

Following the isolation of plagiochilin A from P. yokogurensis, Asakawa and coworkers
discovered a variety of seco-aromadendrane-type sesquiterpenoids from several Plagiochila
species, including plagiochilins C, D, E and F in P. asplenioides, plagiochilins A and C in
P. semidecurrens [27] and related products in other Plagiochila species, such as P. fructicosa,
P. ovalifolia, and P. porelloides [28]. Notably, they identified plagiochilins A and B from
P. hattoriana [21] and from P. pulcherrima [29], followed with plagiochilin C from both P. oval-
ifolia and P. asplenioides. They also identified plagiochilins D, E and F from P. asplenioides,
together with a few related compounds such as furanoplagiochilal, plagiochilal A-B and
plaigiochilide [28] (Figure 3). Similarly, plagiochilins A and B have been identified from
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P. semidecurrens [30] and P. diversifolia [31]. Plagiochilin A was found also in P. elegans,
together with isoplagiochilide [32].

Figure 3. Structures of the aromadendrane and 2,3-seco-aromadendrane scaffolds (with the num-
bering scheme), and other products isolated from Plagiochila species and structurally related to
the plagiochilins.

The species P. porelloides has afforded 2,3-secoaromadendrane-type sesquiterpene
esters derived from plagiochilin D [33]. Seco-aromadendrane-type sesquiterpenoids are
considered as chemosystematic markers in the Plagiochilaceae [34]. In the early 1980s,
studies were essentially concerned with the isolation of the compounds and their structural
characterization. Nevertheless, the insecticidal activity of plagiochilin A was evidenced
early on, notably its capacity to inhibit the feeding of the army worm Spodoptera exempta
(Fabricius, 1775) [35]. Plagiochilin A exhibits a strong pungent taste; it can be converted
into plagiochilal B and furanoplagiochilal upon exposure to human saliva [36].

Plagiochilin G was isolated subsequently from P. ovalifolia, together with plagiochilins
H and I from P. yokogurensis [37]. Plagiochilin H is a close analogue of plagiochilin C,
whereas plagiochilins G and I are structurally close to plagiochilins A-B (Figure 2). P. ovalifo-
lia provides a rich source of seco-aromadendrane sesquiterpenoids, notably ester derivatives
of plagiochilin A endowed with cytotoxic properties [38]. From this species, the isolation
and structural characterization of plagiochilins C and N were reported, together with
the derivative acetoxyisoplagiochilide [39,40]. Later, a total synthesis of plagiochilin N
was proposed from the natural precursor santonin, a common anthelmintic sesquiterpene
lactone readily available [41] (Figure 3). It is a long and difficult synthesis (16 steps), useful
to confirm the stereochemistry of plagiochilin N [42] (Figure 4). Plagiochilin N is the only
compound in the series for which a total synthesis has been proposed. All the other pla-
giochilins are natural products. There is a need for efficient syntheses of compounds related
to plagiochilin A. Plagiochilins J and K have been isolated from P. fruticosa in 1991, together
with the sesquiterpene dialdehyde plagiochilal B which is considered as the precursor for
these two plagiochilins [43]. Plagiochilins L and M were described four years later, but
they derive from a totally distinct liverwort species, Heteroscyphus planus, which is however
chemically similar to Plagiochila species. It contained also plagiochilin C. Plagiochila and
Heteroscyphus belong to two families of the same sub-order (Lophocoleineae). The presence
of these compounds may be more widespread between the species. The two compounds

184



Life 2023, 13, 758

L and M bear the seco-aromadendrane skeleton typical of the product family [44]. Pla-
giochilin M has been isolated also from the andine species Plagiochila tabinensis Steph. [45].

Figure 4. The total synthesis of plagiochilin N has been achieved from sesquiterpene lactone santonin
(in fact from O-acetylisophotosantonin (2), obtained by photochemical rearrangement of santonin).
The total synthesis included 16 steps. Only selected key intermediates are shown here. See [42] for
the detailed synthesis which confirmed the stereochemistry of the compound.

Then, five other plagiochilins (O-P-Q-R-S) were discovered from a diethyl ether ex-
tract of the Colombian liverwort P. cristata (O-P-Q), from the P. ericicola (R) and from a
dichloromethane extract prepared from an axenic culture of P. adianthoides (S) [46]. Pla-
giochilin P can also be found in P. asplenioides [47]. The species P. cristata and P. ericicola
also contained plagiochilins C and H which are both structurally close to plagiochilin O,
whereas plagiochilin R is a close analogue to plagiochilin B (Figure 2). Plagiochilins T and
U were disclosed two years later, isolated from a specimen of P. carringtonii collected in
Scotland [48]. They correspond to C-13 oxidation products derived from plagiochilin C
(Figure 1). This particular Plagiochila species, a leafy liverwort officially named Plagiochila
carringtonii (Balf. ex Carrington) Grolle (commonly called Carrington’s Featherwort) is
well distributed in Scotland and Ireland [49]. It is distinct from the species P. atlantica also
abundant in the West of Scotland and which was shown to contain plagiochilin C and a
structurally close product designated atlanticol (Figure 3) [50] (not to be confused with an-
other product also called atlanticol, an alkaloid from the Rutaceae Spiranthera atlantica [51]).
Compound plagiochilin V has been rarely mentioned. It is cited in a single publication
about the species P. porelloides from Changbai mountain in China [52]. This species has
been used to isolate 2,3-secoaromadendrane-type esters derived from plagiochilin D [32].
It has been used recently as a model to study desiccation tolerance [53]. To our knowledge,
the chemical structure of plagiochilin V, proposed 25 years ago, has not been confirmed.
The series ends up with plagiochilins W-X, both isolated from a sample of P. asplenioides
collected in Germany, together with the acetylated hemiacetal plagiochilin H [54].

Altogether, the plagiochilins represent a series of 24 natural products isolated from di-
verse Plagiochila species between 1978 and 2005 [55–57]. A few other 2,3-seco-aromadendrane
derivatives were isolated subsequently but named differently, such as plagicosin G with a
phenylpropanoyloxy side chain (Figure 3), isolated from P. fruticosa [18]. The majority of
these plagiochilin compounds has been structurally characterized, but pharmacologically
neglected. In rare cases, individual properties have been reported, as described below.

3. Pharmacological Properties and Mechanism of Action of the Plagiochilins

3.1. Pharmacological Properties of Plagiochilins A and C

The pharmacological effects of the plagiochilins have been rarely investigated. Nev-
ertheless, a few types of bioactivities have been reported with plagiochilins A and C. The
data in Table 1 illustrate the potential of the two compounds, but there is no systematic
study comparing activities of all compounds, or activities of a given compound across
multiple indications or pathologies. Initially, it was shown that plagiochilin A displays a
modest antifeedant action against the armyworm Spodoptera exempta Walker (Lepidoptera:
Noctuidae) which is an episodic migratory pest of cereal crops in sub-Saharan Africa.
The level of activity is quite modest [35]. Another study has investigated the insecticidal
activity of natural products isolated from P. diversifolia, but in that case the only plagiochilin
tested was plagiochilin B and no activity was reported. In this case, a marked insecticidal
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action was observed with another epoxide-containing compound called fusicogigantone
B, a fusicoccane-type diterpenoid [31]. Both fusicogigantones A and B, isolated from P.
bursata and P. diversifolia, respectively, have been shown to inhibit the growth of another
species of Lepidoptera (Spodoptera frugiperda) [17,31]. Plagiochilin A was shown to display a
noticeable antiprotozoal activity, reducing the growth of the amastigote form of Leishmania
amazonensis, with an IC50 value of 7.1 μM. However, the level of activity is quite modest
compared to that of the control drug amphotericin B (IC50 = 0.13 μM). In the same study,
no activity was observed against the fungus Mycobacterium tuberculosis [13].

Table 1. Bioactivities reported with plagiochilins.

Compounds Bioactivities Tests/Species End Points Ref.

Plagiochilin A Antifeedant African armyworm Spodoptera
exempta

Activity observed at 1–10
ng/cm2 [35]

Plagiochilin A Antiparasitic Leishmania amazonensis
axenic amastigotes IC50 = 7.1 μM [13]

Plagiochilin A Antiparasitic Trypanosoma cruzi
trypomastigotes MIC = 14.5 μM [13]

Plagiochilin A Anti-
proliferative P-388 murine leukemia cells IC50 = 3.0 μg/mL [38]

Plagiochilin A Anti-
proliferative A172 glioblastoma cells IC50 = 19.4 μM. [56]

Plagiochilin-A-
15-yl n-octanoate

Anti-
proliferative P-388 murine leukemia cells IC50 = 0.05 μg/mL [38]

Plagiochilin C Antiplatelet
Inhibition of

arachidonate-induced rabbit
platelet aggregation

95% and 45% inhibition at
100 and

50 μg/mL, respectively.
[32]

Plagiochilin C Anti-
proliferative A172 glioblastoma cells IC50 = 4.3 μM [58]

In a more interesting way, plagiochilin A was characterized as an antiproliferative
agent, reducing the growth of different cultured cancer cell lines. Both plagiochilins A
and C display marked antiproliferative activities and there are known options to further
increase their anticancer potency. An option is to introduce a methoxy group at position
C-3, as observed with the derivative methoxyplagiochilin A2 which has been shown to be
more potent than plagiochilin C against H460 lung cancer cells (IC50 = 6.7 and 13.1 μM,
respectively) [58]. Another option is to introduce a side chain at the C-14/C-15 position,
either an octanoyl side chain or a dodecadienoate side chain, for example. In both cases, the
resulting compounds were found to be 60 times more potent against P-388 leukemia cells
than the parent compound plagiochilin A [38]. The extraordinary potency of plagiochilin
A-15-yl n-octanoate (Figure 3) raises questions (solubility, stability) and opens perspectives.
The octanoate moiety may serve only as a “lipophilic carrier” (bioavailability enhancement),
and may not be directly implicated in the target interaction. Novel C-12/C-13-substituted
derivatives of plagiochilin A should be designed.

Plagiochilin A exhibits antiproliferative activities against different types of cancer cells.
The growth inhibition GI50 values ranged from 1.4 to 6.8 μM with a range of tumor cell
lines, including prostate (DU145), breast (MCF-7), lung (HT-29) and leukemia (K562) cells
for example [13]. The level of activity against DU145 prostate cancer cell is interesting
(GI50 = 1.4 μM) because it is superior to that observed with the reference anticancer drug
fludarabine phosphate (GI50 = 3.0 μM). The sensitivity of prostate cancer cells toward
plagiochilin A warranted further investigation. In 2018, Bates and coworkers analyzed the
effect of plagiochilin A on the cell cycle progression of DU145 cells and their capacity to
complete cytokinesis, the part of the cell division process during which the cytoplasm of a
single eukaryotic cell divides into two daughter cells. Interestingly, it was observed that
the compound (at 5 μM for 24–48 h) could block cell division by preventing completion of
cytokinesis, and thereby inducing cell death [59]. The treated DU145 cells accumulated at
the G2/M phase, notably cells still connected with intercellular bridges, corresponding to
a late cytokinesis stage, the so-called membrane abscission stage (stained with an α-anti-
tubulin antibody). The compound induced specific mitotic figures and reduced significantly
the number and size of DU145 cell colonies. The failure of the cells to complete cytokinesis
triggered apoptosis [59]. Altogether, these data indicated that plagiochilin A exerts an
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effect on the cytoskeleton, with a rearrangement of α-tubulin characteristic of cytokinetic
membrane abscission, which is a spatially and temporally regulated process [59] (Figure 5).

Figure 5. Mechanism of action of plagiochilin A (Plg-A). (a) The cell division process, to illustrate
DU145 prostate cancer cells undergoing mitosis. Prior to cell division, at the telophase stage of
mitosis, the two cells are connected by an intercellular bridge (with a central midbody). Plg-A
inhibits cell division by preventing completion of cytokinesis, particularly at the final abscission stage.
(b) Inhibition of the late stage of cytokinesis leads to cell cycle arrest (G2/M) and subsequently to
inhibition of cell colony formation and induction of cell death [59].

3.2. Hypothesized Mechanism of Action of Plagiochilin A

The mechanics implicated in the regulation of abscission is relatively well-known.
This process leads to the physical cut of the intercellular bridge which connects two
daughter cells and concludes cell division. The process is tightly regulated in cells, with
intervention of multiple protein effectors including different kinases (e.g., PLK4, Aurora
B) and proteins containing microtubule-interacting and trafficking (MIT) domains [60–62].
The process opens perspectives to comprehend the mechanism of action of plagiochilin
A. the compound may target MIT-containing proteins, or more directly it may associate
with alpha-tubulin during mitosis, for example. There exist small molecules which induced
cytokinesis failure at the point of abscission, such as a series of dynamin GTPase inhibitors
called dynoles [63,64]. These products induce apoptosis following cytokinesis failure,
as observed with plagiochilin A. Therefore, we can imagine that the natural product
acts as an inhibitor of termination of cytokinesis (abscission) by blocking one or several
proteins implicated in the process, or by directly altering the microtubule-organizing
center which recruits α- and β-tubulins for microtubule nucleation. In this context, one
of the potential mechanisms could be a direct binding of the compound to α-tubulin,
in particular to the pironetin-binding site which is known to accommodate compounds
bearing a dihydro-pyrone moiety [65,66]. This moiety can be found in plagiochilin Q, for
example, and recently, we have shown that natural products with a 5,6-dihydro-α-pyrone
unit (cryptoconcatones) can function as α-tubulin-binding agents [67]. Based on these
considerations, we have initiated binding studies of plagiochilins to α-tubulin and the first
information obtained by molecular docking look interesting. For the docking analysis,
the high-resolution crystal structure of the reference product pironetin (a dihydropyrone
derivative with an α,β-unsaturated lactone acting as a plant growth regulator) bound to
α/β-tubulin dimer was used as a template (PDB: 5FNV) and the binding of plagiochilin A
to the pironetin site was modeled. Apparently, plagiochilin A could form stable complexes
with α-tubulin, via binding to the pironetin site, as represented in Figure 6. These are
preliminary, but promising information. We are now comparing various plagiochilins for
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their capacity to bind to α-tubulin, using molecular modeling. The mechanism whereby
plagiochilin A specifically blocks abscission warrant further investigation. The compound is
an atypical inhibitor of cytokinesis. The panoply of plagiochilins shall be further exploited
to identify the best inhibitors and to delineate the structure–activity relationships in the
series. The modeling analysis shall help also to delineate the mechanism of action of
other aromadendrane derivatives, such as the related natural products hanegokedial,
ovalifolienal, ovalifolienalone (from P. semidecurrens) and others [30,68].

Figure 6. Molecular model of plagiochilin A (Plg-A) bound to the pironetin site of α-tubulin (PDB:
5FNV). (a) Plg-A fits into a central, deep cavity of the protein. (b) Ribbon model of α-tubulin with
bound Plg-A, with α-helices (in red) and β-sheets (in cyan). (c) A close-up view of Plg-A inserted
into the binding cavity, with the solvent-accessible surface (SAS) surrounding the drug binding zone
(color code indicated). (d) Binding map contacts for Plg-A bound to α-tubulin (color code indicated).
The docking model was kindly provided by Prof. Gérard Vergoten (University of Lille, France). The
docking analysis was performed as recently described [65].

4. Discussion

Bryophytes are known to produce bioactive compounds with a broad range of ther-
apeutic potential [69]. For example, extracts prepared from a range of mosses and liver-
worts have been screened recently for their anti-inflammatory properties. Two particular
species, Dicranum majus Sm. And Thuidium delicatulum (Hedw.) Schimp., were found
to inhibit production of nitric oxide in lipopolysaccharide-stimulated Raw 264.7 murine
macrophages [70]. In this study, an extract of Plagiochila asplenioides (L.) Dumort. Was
tested but it did not show a marked activity. Other bryophyte extracts have revealed
antioxidant and/or antimicrobial activities [71,72]. The use of extracts from Plagiochila
species is relatively rare. However, there are noticeable exceptions, for example, the use of
methanol extract of the liverwort Plagiochila beddomei Steph. which has revealed marked
antimicrobial activities against a wide group of bacteria and fungi, including the pathogen
Candida albicans (MIC = 0.75 mg/mL). The extract contained flavonoids, saponins, tannins
and phenols [11,12,73]. In most cases, bioactivities with bryophytic extracts have been
attributed to the presence of flavonoids, terpenoids or alkaloids, such as macrocyclic biben-
zyls and bis(bibenzyls), and many sesqui- and diterpenoids [74–79]. However, Plagiochila
species and plagiochilins are rarely evoked.

The different Plagiochila species mentioned here produce 2,3-secoaromadendrane-type
sesquiterpenes, chiefly the cytotoxic product plagiochilin A [56,80]. This compound is con-
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sidered as being responsible for the pungent and bitter taste of Plagiochila liverworts, at least
in part [80]. However, it is also a robust anticancer agent, insufficiently considered despite
its very innovative mechanism of action as a late-stage cytokinesis inhibitor. Whether the
compound target α-tubulin or other proteins implicated in membrane abscission remains
to be determined experimentally. However, whatever the exact target, the mode of action
of the compound is particularly attractive and inspiring. There are not many products
acting at the abscission checkpoint, and it is probably the only natural product known to
regulate cytokinetic abscission. Plagiochilin A could serve as a useful tool to dissect the
abscission mechanism which is a multi-step process which influences cell fate and tissue
growth [81,82]. There is a need for pharmacological tools to dissect the mechanism of
abscission of nascent daughter cells, to stop or halt the process and to study the implication
of specific protein complexes and cellular structures, such as midbody proteins and the
midbody organelle [83]. There is a rearrangement of α-tubulin and actin, and important
cytoskeleton modification during abscission. The process can be modulated with the use
of histone deacetylase (HDAC) inhibitors [84], actin polymerization inhibitors [85], and
various kinase inhibitors [86]. New tools are needed to dissect the process, notably to help
understanding the function of the residual midbody remnant generated at the end of the
process and which affects cell fate and tumorigenesis [87]. Plagiochilin A has the capacity
to induce an accumulation of cancer cells (at least DU145 prostate cancer cells) connected
by intercellular bridges, probably via a selective action on the sequential assembly of the
endosomal sorting complexes required for transport (ESCRT) machinery [59]. The com-
pound affords a useful tool to dissect the process, to study ESCRT assembly and regulation.
In parallel, the use of high-content phenotypic screens focused on cytokinesis would be
useful to further identify the targets of the compound and the fine tuning of its mechanism
of action [88].

Plagiochilin A deserves further studies as an anticancer agent owing to its mechanism
of action and its level of activity. It could be a useful starting point to elaborate more
potent analogues because there are strategies to enhance the antiproliferative potency of
plagiochilin A, notably via C-12/C-13 substitution [38]. There are also many naturally
occurring derivatives (plagiochilins, plagiochilide, plagiochilal, and others) which could be
exploited to determine structure–activity relationships. Moreover, the chemical diversity of
the natural products can be enhanced upon biotransformation with microorganisms. For
example, plagiochilide can be chemically modified to afford 12-hydroxyplagiochilide and
plagiochilide-12-oic acid in the presence of the fungus Aspergillus niger [22]. The difficulty
is to obtain the compounds. There is a possibility to produce biomass under laboratory
conditions through bryo-reactors and molecular farming (thus decreasing pressure for
natural populations) [89], but the subsequent purification of natural products would not be
an easy ride. Axenic cultures of Plagiochilla have been developed in rare cases only, notably
for P. arctica Bryhn and Kaal. [90].

Apart from plagiochilin N for which a total synthesis has been reported [40], the other
compounds have to be isolated from plants or novel syntheses have to be designed for these
compounds. An alternative option is to access the related compound called aromadendrene
oxide 2 (AO2) which is an analogue of plagiochilin A (Figure 3). This sesquiterpene can be
found in essential oils from different plants [25,91,92]. The compound has been shown to
induce apoptosis of skin epidermoid A431 cancer cells, via activation of the mitochondrial
pathway [93,94]. Its activity further supports the interest for plagiochilin A and more
globally the use of the 2,3-secoaromadendrane as a template to design novel anticancer
agents. There are other 2,3-secoaromadendrane-type sesquiterpenoids of interest, with
an unknown mechanism of action, such as the two products psilosamuiensins A and B
isolated from the broth of the psychoactive fungus Psilocybe samuiensis [95]. This family
of terpenoids with a 2,3-secoaromadendrane scaffold should be investigated further as
a source of anticancer agents. More generally, this work also underlines the interest
of bryophytes as a source of bioactive compounds, and anticancer agents in particular.
In recent years, different bryophytes species have revealed marked antitumor effects,

189



Life 2023, 13, 758

including a capacity to kill chemo-resistant cancer stem cells [71,96]. The use and study of
bryophytes, in particular liverworts (Hepaticae or hepatics), shall be encouraged [97,98].
Liverworts lack roots, seeds, fruit and flowers, but they do not lack major interest as a
source of bioactive compounds. It is time to get these simple, single cellular plants back
into the limelight, and in particular the Plagiochila group of leafy liverworts which can offer
an array of captivating compounds.

5. Conclusions

The analysis shed light on a little-known family of 24 terpenoids designated pla-
giochilins A-to-W, isolated from various Plagiochila species. Leafy liverworts of the genus
Plagiochila produce a variety of seco-aromadendrane-type sesquiterpenes, among which
plagiochilin A is a lead product endowed with marked antiproliferative activities against
cancer cells. This epoxide-containing natural product functions has been characterized as
an inhibitor of the termination phase of cytokinetic abscission, a somewhat unique action at
the origin of its capacity to delay cell cycle progression and to induce cell death. This atypi-
cal mechanism of action makes plagiochilin A an interesting tool to study the abscission
process and a lead compound to design more potent analogues. There are known options
to increase the potency of the compound. Preliminary structure–activity relationships have
been delineated in the plagiochilin series. The Plagiochila genus of briophytes deserves
further studies as a source of bioactive compounds.
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Abstract: Recently, mogrol has emerged as an important therapeutic candidate with multiple poten-
tial pharmacological properties, including neuroprotective, anticancer, anti-inflammatory, antiobesity,
antidiabetes, and exerting a protective effect on different organs such as the lungs, bone, brain, and
colon. Pharmacokinetic studies also highlighted the potential of mogrol as a therapeutic. Studies were
also conducted to design and synthesize the analogs of mogrol to achieve better activities against
different diseases. The literature also highlighted the possible molecular mechanism behind pharma-
cological activities, which suggested the role of several important targets, including AMPK, TNF-α,
and NF-κB. These important mogrol targets were verified in different studies, indicating the possible
role of mogrol in other associated diseases. Still, the compilation of pharmacological properties,
possible molecular mechanisms, and important targets of the mogrol is missing in the literature. The
current study not only provides the compilation of information regarding pharmacological activities
but also highlights the current gaps and suggests the precise direction for the development of mogrol
as a therapeutic against different diseases.

Keywords: mogrol; mogroside; phytochemical; pharmacology; anticancer; osteoporosis; antiobesity;
anti-inflammation; neurodegenerative disorders

1. Introduction

In therapeutics, plant-derived drugs have gained significant importance in recent years,
with advancements in the technologies such as analytical techniques, genomics, and engi-
neering strategies [1]. Triterpenes are among the important phytochemicals that are known
to have different important biological properties that may be useful as therapeutics [2,3].
Triterpene, mogrol found in the fruits of Siraitia grosvenorii recently stretched its importance
as a potential therapeutic candidate as it was observed to have different pharmacologi-
cal activities which can be utilized in the development of therapeutics among different
diseases or conditions. These activities of mogrol include neuroprotective, anticancer,
anti-inflammatory, antiobesity, antidiabetes, anti-osteoporosis, and anti-colitis activities,
and protective activity in lung diseases such as lung injury and pulmonary fibrosis [4–7].
Mogrol is the aglycone of mogrosides that are the main constituents of the extract of the
fruit of Siraitia grosvenorii [8]. S. grosvenorii is a traditional Chinese medicinal food known
for various pharmacological activities, which may be attributed to its several bioactive
components, such as mogrol and mogrosides [9]. Some studies have shown that biological
activities, such as reduction in triglyceride accumulation and activation of AMPK, were
only attributed to mogrol, not to mogroside V, the most abundant mogroside of Siraitia
grosvenorii [4,6]. Recently, studies have shown that most mogrosides are converted through
intestinal digestive enzymes and microflora to mogrol [10–12]. Therefore, mogrol may also
be the main functional component of mogrosides responsible for pharmacological effects.
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Recently, considering the high application prospects of mogrol in medicine and the low
yield in extraction from plant extract, a de novo biosynthesis pathway was constructed in
yeast (Saccharomyces cerevisiae) that can be developed as an alternate source for the produc-
tion of mogrol in place its extraction from the plant [13]. Recently, a multigene stacking
strategy is developed to synthesize different mogrosides through metabolic engineering
in other plants [14]. Similarly, considering the role of plant-based sweeteners in the envi-
ronment and economic benefits [15], researchers have created UDP-glycosyltransferase
enzymes to synthesize high-intensity sweetener mogrosides from mogrol [16]. Researchers
have studied the quantification method of mogrol along with mogroside V in rat plasma
after oral and intravenous administration for pharmacokinetic studies [17–19]. Along with
the different pharmacological activities of mogrol, researchers have also been elucidating
the mechanism behind the pharmacological activities to understand and optimize the
pharmacological activities of mogrol. In these studies, several important targets such as
AMPK, TNF-α, STAT3, P53, and NF-κB were found to be associated with the activity of
mogrol, which suggests the role of mogrol may be studied against other important diseases
associated with these important targets [20–22]. Researchers have also begun to design and
test the analogues of mogrol to achieve better pharmacological activity against important
diseases such as cancer and targets such as AMPK [23]. However, a comprehensive com-
pilation of the pharmacological activities, associated mechanisms, and targets of mogrol,
which could serve as a resource to highlight the current gaps and propose future directions
for its development as a therapeutic candidate, is not available.

2. Literature Search

A literature search was conducted using online databases, including Scopus, PubMed,
Google Scholar, Google, and ResearchGate. In the search, important keywords such as
mogrol and its combinations with pharmacology, disease, biological activity, anticancer,
antidiabetes, antiobesity, anti-inflammatory, in vivo, and in vitro studies were used. The
resulting research articles, review articles, book chapters, and books published in the
English language until December 2022 were considered, and the important literature was
included in this study.

3. Mogrol Structure and Properties

Mogrol and mogrosides are mainly found in the fruits of S. grosvenorii (also known
as monk fruit), and the content of these compounds is in the range of 0.55–0.65% in fresh
fruit [24]. Mogrol is a cucurbitane-type tetracyclic triterpenoid, and the mogrosides are the
group of compounds that contain different glycosylated compounds of mogrol. Mogrol
is the precursor of mogrosides in the fruits of S. grosvenorii, and mogrol is converted into
mogrosides with the growth and ripening of the fruit through the enzyme glycosyltrans-
ferases [16]. Several mogrosides were identified from the monk fruit named according to
the number of glycosylated sugar moieties which form β-linkages with mogrol. The pres-
ence of no sugar moiety in mogrol and more sugar moieties in mogroside V is considered
the reason behind the bitterness of mogrol and the high sweetness of mogroside V [16].
The study has shown that the mogrosides on digestion are mostly converted to mogrol. The
structure of mogrol and important mogrosides (such as mogrosides IE, IIE, IIIE, IVE, and
V) are provided in Figure 1. The molecular weight of mogrol is 476.7 Da, and it contains
four hydrogen bond donors and four hydrogen bond acceptors in the structure. Limited
toxicology studies have been conducted on mogrol and its synthetic derivatives, but toxi-
cology studies on mogrosides extracted from the fruits are available. In cell proliferation
assays, mogrol has no effect on the viability of 3T3-L1, mouse type II alveolar epithelial
cell MLE-12, and bone marrow macrophages at the concentration up to 50, 40, and 10 μM,
respectively [4,25,26]. Similarly, mogrosides were found to be safe in the study conducted
on dogs for 28 and 90 days of oral administration at a dose (3000 mg/kg bw/day). In
this study, there was no adverse effect of mogrosides from the monk fruits observed in
clinical observations, body weight, food consumption, hematology, blood chemistry, uri-
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nalysis, gross necropsy, organ weight, and histopathology [27]. Additionally, in the Ames
mutagenicity test, the mogrosides were negative, indicating that they do not have the
mutagenicity effect [28]. The pharmacokinetic parameter, such as absolute oral bioavail-
ability and elimination half-life (t1/2) of mogrol, were approximately 10.3 ± 2.15% and
2.41 ± 0.11 h, respectively [18].

Figure 1. Structure of mogrol and mogrosides found in monk fruit (S. grosvenorii). The oval shape
highlights the mogrol moiety present in mogrosides.

4. Pharmacological Activities of Mogrol

4.1. In Vitro Antiobesity and Antidiabetes Activity of Mogrol

The antiobesity and antidiabetes activity of mogrol was studied in different in vitro ex-
periments, and the antiobesity and antidiabetic properties of the crude extract of S. grosvenorii,
rich in several triterpenes (mainly mogrol) and triterpene glycosides (mogroside V), have been
observed in different studies [8,29,30]. To precisely identify the compounds in the extract
important for antidiabetic effect, the compounds were derived from the crude extract and
studied for the activator activity of adenosine monophosphate-activated protein kinase
(AMPK) in the HepG2 cell line [6]. AMPK activation is considered a potential therapeu-
tic strategy for the treatment of metabolic disorders, including diabetes and obesity [31].
Mogrol derived from the extract was among the compounds that can cause the highest
increase in AMPK phosphorylation better than the positive control compound (berber-
ine) at all studied concentrations (1, 10, and 20 μM) [6], while the main ingredient of the
extract, i.e., mogroside V, had no effect on the phosphorylation of AMPK. The results
suggested that the mogrol-induced activation of AMPK has been shown to contribute to
the anti-hyperglycemic and antilipidemic properties of the S. grosvenorii extract [6].
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Later, the effect of mogrol and different mogrosides of S. grosvenorii on adipogenesis in
3T3-L1 cells was studied. Mogrol, not mogrosides, was able to suppress the differentiation
of 3T3L1 preadipocytes to adipocytes. In the study, only mogrol was found to be effective
in reducing the accumulation of triglycerides at both 10 and 20 μM concentrations. The
effect of mogrol on AMPK phosphorylation was analyzed with the positive control (acade-
sine). As in the previous study, mogrol increased AMPK phosphorylation [6]. Similarly,
the mRNA level of C/EBPβ was also suppressed by the mogrol treatment observed in
the study [4].

cAMP response element (CRE)-mediated transcriptional activity was also suppressed
by mogrol treatment. Similarly, phosphorylation of cAMP response element-binding
protein (CREB) was also suppressed by mogrol. The study concluded that mogrol might
be suppressing the lipid accumulation in 3T3L1 adipocytes through activation of AMPK,
repression of CREB phosphorylation, and CRE-mediated transcription activity [4].

In the same year, the researcher studied the potential of the mogrol- and cucurbitane-
type triterpenoid (mogroside V) for the activation of AMPK. Mogrol was found to be the
potent AMPK activator that can activate the AMPK heterotrimer, AMPKα2β1γ1, with an
EC50 of 4.2 μM, which was better than the mogroside V (EC50 of 20.4 μM). Further, mogrol
and mogroside V were subjected to pharmacokinetics analysis in rats [17].

Inspired by their earlier studies of the allosteric activation of AMPK by mogrol, the
researcher designed the study to increase the allosteric activation of AMPK through mogrol
derivatives at the 24 position. The allosteric activation of AMPK was studied for mogrol and
its 21 derivatives. Finally, the most potent compound (derivative with the aliphatic-acyclic
group at the 24 position in mogrol) was found to be 20 times more effective than mogrol
(EC50 of 3.0 ± 0.20 μM) [23]. Overall, the different studies suggest that the antiobesity effect
of mogrol may be through reducing CREB phosphorylation, suppressing CRE-mediated
transcription, and activating AMPK signaling [4,6,17,23].

4.2. In Vitro Anti-Inflammatory Activity of Mogrol

The anti-inflammatory activity of mogrol was observed in both in vitro and in vivo
studies. Recently, the anti-inflammatory activity of mogrol was evaluated through an
in vitro experiment on lipopolysaccharide (LPS)-induced RAW 264.7 cells (Table 1). The
application of mogrol at 10 μM concentration significantly reduced the level of pro-
inflammatory cytokines (TNF-α, IL-6) and NO production [7]. The anti-inflammatory
activity of mogrol was also observed in various in vivo studies in different organs such as
the brain, lungs, and colon (Figure 2); these studies are presented in the respective section
of the manuscript.
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Figure 2. Protective role of mogrol against different organs in animal studies.

4.3. Anticancer Activity of Mogrol

Initially, the anticancer activities of mogrol have been studied in different cancer cell
lines in in vitro experiments [32–34]. Later, in vivo studies also supported the anticancer
potential of mogrol, and studies were also conducted to decipher the mechanism behind
the anticancer activity. Researchers also modified the structure of mogrol to enhance its
activity in different studies.

4.3.1. In Vitro Anticancer Activity of Mogrol

In a study, mogrol was derived from S. grosvenorii to study its anticancer effect on the
human leukemia cell line, K562 cells. The antiproliferative activity of mogrol was studied
by the 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Mogrol
inhibited the growth of K562 cells in a dose- and time-dependent manner (at 0.1, 1, 10, 100,
and 250 μM concentration). Further, staining assays reveal the dose-dependent apoptosis of
K562 cells through mogrol treatment. Similarly, the population of necrotic/post-apoptotic
cells increased significantly (in a dose-dependent manner) to 25.56% from 5.50% with
mogrol treatment [32]. Mogrol also caused the growth arrest in the G0/G1 phase of the cell
cycle in K562 cells as the percentage of the G0/G1 phase increased from 36.48% to 77.41%
with increasing mogrol concentrations. Furthermore, Western blot analysis suggested
that mogrol reduces the phosphorylation of ERK1 and ERK2 phosphorylation and also
suppresses the level of Bcl-2 in a concentration-dependent manner in K562 cells (Table 1).

201



Life 2023, 13, 555

Similarly, mogrol also suppressed the level of p-STAT3 and improved the expression of the
p21 protein in K562 cells, which supports anticancer activity [38,39].

In a study inspired by the earlier reported anticancer activity of mogrol, the anticancer
potential of mogrol and synthesized derivatives of mogrol through modification at the
C24 and C25 positions was studied in two cancer cell lines (i.e., A549 and CNE1 cell lines).
The mogrol derivative resulting from the addition of a tetrahydro-β-carboline structure
was found to have the highest antiproliferative activity against both cell lines in the MTT
assay [33]. Increased antitumor activity of mogrol derivative (with tetrahydro-β-carboline)
may be the intramolecular synergistic effect as the tetrahydro-β-carboline compounds
reported for antitumor activity in the literature [40].

Similarly, the anticancer activity of mogrol and a series of novel synthesized derivatives
of mogrol was further studied on human lung cancer cells such as A549 and NCI-H460.
The in vitro cytotoxicity of the mogrol and synthesized mogrol derivatives were studied
through the CCK8 assay against both human lung cancer cell lines. Like the previous
studies, the mogrol has shown a significant antiproliferative effect on the A549 cell line
(IC50 of 27.78 ± 0.98 μM) [33]. Some derivatives of mogrol, especially the replacement of
hydroxyl groups at C11 with ester containing the 1,2,3-triazole ring, exhibited significant
antiproliferative activity against both cell lines [34]. Like earlier studies on mogrol, the
mogrol derivative was also shown to significantly increase the proportions of cells in G0/G1
and down-regulate the level of p-STAT3 in a dose-dependent manner [32].

Recently, mogrol and synthesized three series of novel mogrol derivatives were
used for anticancer activity in non-small cell lung cancer cell lines. Similarly, mogrol
treatment significantly reduced the cell proliferation of lung cancer cell lines (A549 and
H1975) [7]. In the study, mogrol, such as indole fused derivatives and derivatives contain-
ing α, β-unsaturated ketone moiety, had better anti-inflammatory and anticancer activities
than mogrol, respectively [7].

Further, considering the insight from the anticancer activity of the synthesized deriva-
tive of mogrol in previous and preliminary studies, the C11 and C3 locations in mogrol
were selected for the synthesis of two series of ester derivatives of mogrol. The activ-
ity of mogrol and its derivatives was studied in different human cancer cell lines (A549,
NCI-H460, and CNE1). In comparison with mogrol, most of the derivatives (especially the
esterification in the C11 position of mogrol) were found to have higher antiproliferative
activity against cancer cell lines. Like mogrol in the previous study, the effective derivatives
of mogrol also suppressed the STAT3 expression in the study, which suggests a similar
action mechanism as mogrol. The study supports that the inhibition of STAT3 may be an
important mechanism for anticancer activity and is expected to help the development of
mogrol-based anticancer drugs [35].

Recently, the anticancer effect of mogrol on four cancer cell lines of human lung cancer
(A549, H1299, H1975, and SK-MES-1) with normal control bronchial epithelial cells (HBE)
was studied before animal experiments. A significant decrease in the survival rate was
observed in all cell lines A549, H1299, H1975, and SK-MES-1, in a concentration-dependent
manner. Additionally, the surface area (morphology) and the number of lung cancer cells
A549, H1299, and SK-MES-1 decreased significantly with the mogrol treatment. Mogrol
also inhibits the migration of all studied cell line lung cancer cells but has no significant
effect on non-cancerous HBE in the scratch-wound migration assay. The autophagy marker
LC3 was found to be significantly increased with mogrol treatment in all four cancer cell
lines as compared to respective controls. Further, the adenovirus expressing fluorescent-
mRFP-GFP-LC3 was used to visualize autophagic flux; the mogrol significantly increased
the autophagosome (yellow dots) as well as autolysosome (green dots) numbers in all four
lung cancer cells.

Further, in both A549 and SK-MES-1 cells, the mogrol treatment significantly increased
the ratios of p-AMPK/AMPK in a concentration-dependent manner, along with the in-
creased LC3-II level and decreased cell survival rate. Supplementation with compound c
(AMPK inhibitor) significantly reversed the level of LC3II and decreased the autophago-
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somes. Furthermore, mogrol treatment also significantly increased p53 phosphorylation
compared to the respective control in A549 and SK-MES-1 cells. Furthermore, the protein
expression of cell cycle-dependent proteins such as p53, PUMA, and cell cycle inhibitory
proteins p21 and p27 increased significantly with the mogrol treatment. Additionally,
mogrol treatment in both A549 and SK-MES-1 cells resulted in a significant decrease in the
levels of antiapoptotic protein (Bcl-2) and the ratios of Bcl-2 to Bax. Encouraging results of
mogrol in all four lung cancer cells inspired further animal study [36].

4.3.2. In Vivo Anticancer Activity of Mogrol

In the in vivo experiment, male thymus-deficient mice (BALB/C, 20 g) were used for
anticancer activity. Lung cancer cells (A549) were injected subcutaneously into the mice,
and mogrol treatment started when the tumor size increased to 5 × 5 mm3. The weight and
volume of the tumor decreased (by 69.18% and 66.22%, respectively) significantly in the
mogrol treatment group compared to the control mice group. Additionally, two weeks of
mogrol treatment did not show a significant difference in the body weight of tumor-bearing
mice with and without mogrol treatment. Similarly, there was no significant effect on the
parameters of the cardiac function of mice in echocardiography between mogrol treatment
and control mice [36].

4.4. Mogrol Activity against Ulcerative Colitis

Earlier reported anti-inflammatory activity of mogrol encouraged the analysis of the
mogrol against ulcerative colitis (UC), a chronic inflammatory bowel disease [37]. Initially,
the significant activity of mogrol against UC was observed in the mice model, and the
mechanism behind the anti-colitis activity was explored in in vitro cell line experiments.

4.4.1. In Vivo Anti-UC Activity of Mogrol

The dextran sulfate sodium (DSS)-induced mice were used as the model for UC in
the study. Mogrol, at a dose of 5 mg/kg body weight (BW), weakly prevented weight
loss and colon shortening, and reduced the disease activity index (DAI) caused by DSS in
the mice (Table 2). Inhibitive effects of mogrol on the inflammatory infiltration in colonic
tissues were also observed in the histopathological examination. Additionally, the mogrol
significantly decreased the level of mRNA of IL-17 (anti-inflammatory factor) and increased
the level of IL-10 (pro-inflammatory factor). The activation of NLRP3 inflammasome was
markedly repressed in the mogrol treatment group, which is known to be activated in UC.
Similarly, the levels of mRNA of NLRP3 and IL-1β were also reduced in the colons of mice
of mogrol treated group. Furthermore, the mogrol also distinctly inhibited the degradation
of IκBα. These results support that mogrol can suppress too great a release of inflammatory
factors and also suppress the activation of inflammation-related pathways to support the
prevention of colon damage in a similar way to how the Mesalazine drug protects against
DSS-induced damage in UC [37]. The study supports the protective role of mogrol through
its inflammatory effect, which may be effective for other organs (Figure 2).

Mogrol also protected the integrity of tight junction (TJ) in the intestinal epithelium, as
mRNA and protein expression of tight junction proteins (occludin and ZO-1), which were
down-regulated due to DSS application in the colon tissues of mice, significantly increased
with mogrol treatment. Similarly, mogrol treatment also significantly raised the mRNA and
protein expression of SIRT1as compared with DSS administered group. AMPK has been
known to enhance intestinal barrier function and can restore the assembly of TJ. In previous
studies, the mogrol is known as an AMPK activator; hence, AMPK phosphorylation was
also studied [4,6]. The mogrol treatment significantly promoted AMPK activation, which
was reduced due to DSS-induced colitis in mice [37].
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4.4.2. In Vitro Anti-Colitis Activity of Mogrol

Furthermore, to study the mechanism behind the mogrol intestinal epithelial cell
homeostasis with mogrol in colitis, TNF-α-stimulated NCM460 cells (human intestinal
epithelial cells) were utilized.

Mogrol treatment at (10 μM) significantly restored the protein expression of occluding
and ZO-1, which was significantly reduced by the TNF-α, and there was no effect on
the proliferation of normal cells. Additionally, the mogrol treatment reorganized the flat-
shaped microtubule network of tubulin stimulated by TNF-α, which may stimulate the
assembly of the tight junction (Table 1). Similarly, Mogrol treatment elevated the bcl-2/bax
ratio, which was significantly reduced with the application of TNF-α; these results support
the role of mogrol in the homeostasis of intestinal epithelial in inflammatory conditions
(Table 1). Further, mogrol is the AMPK activator found to increase the phosphorylation of
AMPK in the TNF-α-stimulated NCM460 cells, and this may be the main reason for the
protective activity of mogrol, as coadministration of mogrol with compound C (an AMPK
inhibitor) results in a reversal of the protective activity, such as a reduction in both AMPK
phosphorylation and the expression of TJ proteins (ZO-1 and occludin) [37].

Similarly, macrophages (THPM) derived from the THP-1 cells, stimulated with LPS
and ATP, were utilized for mogrol treatment to study its role in inflammatory cytokines.
Similarly, like NCM460 cells, without affecting normal cell proliferation, the mogrol treat-
ment at 10 μM significantly reduces the caspase-1 activation and the secretions of IL-1β.
The effect of mogrol in the study appeared to be similar to that of metformin (a positive
drug) [37].

4.5. Activity of Mogrol against the Pulmonary Fibrosis

The activity of mogrol was also studied in different experiments (in vitro and in vivo)
against pulmonary fibrosis (PF), a chronic interstitial lung disease that does not have
an effective treatment [43]. Furthermore, an increase in air pollution and occupational
exposure to metal or wood dust may worsen the risk of PF [44].

4.5.1. In Vitro Anti-PF Activity of Mogrol

The epithelial–mesenchymal transition (EMT) is one of the key mechanisms concomi-
tants with PF associated with the down-regulation of E-cadherin and up-regulation of
α-SMA, type Col I, and Vimentin. In the study, Mogrol was found to reverse the expression
of E-cadherin, α-SMA, type Col I, and Vimentin in TGF-β1-treated mouse type II alveolar
epithelial cells MLE-12 at both 5 and 10 μM concentrations. Similarly, in primary lung
fibroblasts (PLFs) cells, the up-regulated protein levels of α-SMA, Lysyl oxidase-like protein
2 (LOXL2), collagen I, and phosphorylation forms of Smad2/3 due to TGF-β1 were restored
with the mogrol treatment at 10 μM concentration (Table 1). AMPK activation and NOX4
activity can stimulate lung myofibroblast differentiation, and mogrol also significantly
restored the unusually decreased p-AMPK and amplified NOX4 protein expression in
TGF-β1-treated PLFs [26].

4.5.2. In Vivo Anti-PF Activity of Mogrol

Furthermore, to study the antifibrotic role of mogrol in animals, a bleomycin-induced
lung fibrosis model (Male C57BL/6 mice) was used. In the bleomycin-induced PF mice
group, an increase in pulmonary index and a decrease in weight and survival rate were
observed. Mogrol treatment significantly reduced weight loss and pulmonary index com-
pared to the bleomycin group at both doses (5 or 10 mg/kg), similar to the antifibrotic
effects of the nintedanib (a positive drug at a dose of 40 mg/kg) group [26,45]. The histology
of the lungs in the staining study revealed bleomycin-induced alveolar wall thickening,
neutrophil infiltration, edema, and higher collagen production in the lung tissues compared
to normal. In the mogrol treatment group, these lung damages were distinctly inhibited by
decreasing the area of collagen fibrils and inflammatory degree compared to the bleomycin
group. Like in the in vitro study, in the mogrol treatment group, the protein and mRNA

206



Life 2023, 13, 555

expression of α-SMA and Col I, which was increased in the bleomycin group, was de-
creased in lung tissue. Similarly, the expression of LOXL2 in lung tissues was significantly
decreased in the mogrol (high dose) and nintedanib groups. Further, to investigate the
mechanism behind the antifibrotic mechanism of mogrol through the TGF-β1/Smad2/3
signaling pathway, the expression of mRNA and proteins of TGF-β1 and Smad2/3 phos-
phorylation was reduced in the mogrol treatment group; their expression was enhanced
in the bleomycin-administered group. Importantly, like in vitro experiments, compared
to the bleomycin group, the mogrol treatment group also had a significant increase in the
activation of AMPK in lung tissues. Mogrol also significantly restored abnormal activation
of bleomycin-induced deacetylase sirtuin 1 (Sirt1) compared with the bleomycin group in
lung tissue. Sirt1 is important in TGF-β1 signaling and myofibroblast transdifferentiation;
hence, both TGF-β1/Smad and the AMPK/Sirt1 signaling pathways may be important
for mogrol activity. Moreover, nuclear receptor subfamily 4 group A 1 (NR4A1), which
was increased in the bleomycin group, is known to be important in both fibrogenesis and
TGF-β1 signaling and was significantly suppressed in the mogrol treatment group. Simi-
larly, mogrol also suppressed bleomycin-induced NOX4 mRNA and protein expression
in the lung tissue. Interestingly, coadministration of compound c (AMPK inhibitor) with
mogrol reversed the protective effect of mogrol, i.e., the bleomycin-induced lung inflam-
mation and fibrosis process in mice. AMPK activation may be the important mechanism
for mogrol activity; hence, molecular docking analysis was also conducted to study the
interaction and binding energy of mogrol with AMPK, and mogrol had a slightly better
docking score than AMP. Results from the study suggest the anti-fibrosis activity of mogrol
results at least partly from the activation of AMPK [26,46].

4.6. Anti-Osteoporosis Activity of Mogrol

Osteoporosis is a common disease around the globe, and elders and especially elderly
women, are in the high-risk group [47]. The antiosteoporosis activity of mogrol was also
discovered in both in vitro and in vivo studies.

4.6.1. In Vitro Antiosteoporosis Activity of Mogrol

The bone marrow macrophages (BMM) were stimulated with a receptor activator
of nuclear factor-kB ligand (RANKL) treated with different concentrations of mogrol.
The tartrate-resistant acid phosphatase (TRAP) positive multinucleated osteoclasts were
decreased with the treatment of mogrol in a dose-dependent manner (at 5, 10, and 20 μM).
The early stages (1–3 days) of osteoclast formation were especially strongly inhibited by
the mogrol. The mogrol also shows an inhibitory effect on osteoclast resorption function.
The bone resorption in the bovine bone slices implanted with BMM after the formation of
osteoclast cells was studied. Scanning electron microscopy examination has shown that the
mogrol significantly reduced the resorption area in a dose-dependent manner.

RNA-seq analysis can be used to decipher the gene expression mechanism associated
with the treatment [48,49]. To study the gene expression changes behind the mogrol activity
on RANKL-induced BMMs, RNA-seq analysis was used, which showed that the osteoclas-
togenesis suppressive genes (lilrb4a and Fcgr3) were up-regulated and osteoclastogenesis
genes (MMP9, OSCAR, and ACP5) were down-regulated with the mogrol treatment. Fur-
ther, the reduced expression of marker genes of osteoclastogenesis (such as MMP9, CTSK,
ATP6v0d2, ACP5, and DCSTAMP) in the mogrol treatment was confirmed through RT-PCR
analysis (Table 1).

Mogrol was found to suppress the MAPK/NF-κB signaling pathway by suppressing
the phosphorylation of JNK, ERK, P65, and p38. Mogrol also suppressed the degradation of
IκBα and nuclear translocation of P65, which is important for the NF-κB activity supporting
the antiosteoporosis activity [50].

The expression of downstream transcription factors c-FOS and NFATc1, which was
significantly increased in BMM activated with RANKL, was found to be reduced through
mogrol treatment [25].
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4.6.2. In Vivo Antiosteoporosis Activity of Mogrol

Encouraging osteoporosis activity of mogrol in in vitro experiments paves the path
for in vivo studies. In vivo osteoporosis activity of mogrol was conducted through a
mouse model after ovariectomy (OVR). After 42 days of mogrol treatment (at the dose
of 10 mg/kg), Micro-CT 3D reconstructions showed decreased bone loss of the femurs in
OVR mice. Quantitative results showed that the bone volume/tissue volume (BV/TV),
trabecular thickness (Tb. Th), trabecular number (Tb. N), and cross-sectional thickness (Cs.
th) of the mogrol treatment group were distinctly greater than the vehicle group. Further,
in histological assessment, the BV/TV was again found to be higher in the mogrol group
(Table 2). The immunohistochemistry TRAP staining of femurs showed a reduction in osteo-
clast surface/bone surface area (Oc. S/BS) and the number of osteoclasts/bone perimeter
(N. Oc/B) of the mogrol treatment group compared to the vehicle group [25]. Both in vitro
and in vivo studies suggested the role of mogrol in the suppression of osteoporosis, and it
may be developed as a therapeutic against osteoclast-mediated osteolytic disorders such as
osteoporosis (Table 2) [25].

4.7. In Vivo Neuroprotective Activity of Mogrol

The anti-inflammatory activity of mogrol was the motivation behind the basis to
analyze its neuroprotective activity against neurotoxic conditions due to inflammatory
agents such as LPS and amyloid β-peptide (AB) [51,52].

First, the neuroprotective activity of mogrol was studied in mouse models by analyz-
ing memory impairment caused by AB. In both the Morris water maze test and Y-maze test,
mogrol has significantly reduced AB-induced memory impairment in ICR mice at all doses
used in the study (20, 40, 80 mg/kg). Mogrol also reduced the over-activation of microglia,
as Iba1-positive cells in the hippocampus, which were significantly increased due to AB
application, were reduced with mogrol treatment. Similarly, mogrol also inhibited the
Hoechst-positive cells of the dentate gyrus (DG). The mechanism behind the neuroprotec-
tive activity of mogrol may be the reduction in NF-κB mediated neuroinflammation, as
AB can induce the expression of NF-κB and associated inflammatory factors. In further
experiments, mogrol treatment was found to suppress the NF-κB p65 and associated in-
flammatory factors such as IL-1β, IL-6, and TNF-α (Table 2) [41]. Similarly, the mogrol
inhibited the ratio of cleaved-caspase-3 and pro-caspase-3 found to be increased due to AB,
and increased the ratio of Bcl-2 and Bax found to be decreased due to AB toxicity.

Later, in a similar study, the neuroprotective effect of mogrol against lipopolysaccha-
ride (LPS)-induced memory impairment and neuroinflammatory responses was studied in
mice. In memory impairment tests such as the Morris water maze, Y-maze, and novel object
recognition tests, mogrol treatment significantly reduced the memory impairment in ICR
mice caused due to LPS at all doses used in the study (20, 40, 80 mg/kg). Like in the previ-
ous study, Mogrol reduced microglial overactivation as it reduced the Iba1-positive cells in
the hippocampus that increased significantly increased due to LPS. Similarly, mogrol was
found to suppress the NF-κB p65 and associated inflammatory factors such as IL-1β, IL-6,
and TNF-α in both the frontal cortex and hippocampus region of the brain (Figure 3) [42].
In both studies, it can also be concluded that the protective effect of mogrol in the brain
may be at least partly associated with the anti-inflammatory activity of mogrol (Figure 2).
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Figure 3. Different targets/markers were found to be associated with the pharmacological activities
of mogrol. (Studied genes common in more than one activity are listed with white background and
upward (↑) and downward (↓) arrows represent significantly up-regulated and down-regulated
genes respectively).
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5. Discussion and Future Directions

The positive result of recent studies evaluating the pharmacological activity of mogrol
accelerates the efforts for the development of mogrol as a therapeutic agent. The protective
effect of mogrol on different organs also supported its therapeutic potential against different
diseases (Figure 2). Pharmacokinetic studies also support the potential of mogrol as a drug
candidate compared to mogrosides. Still, the development of mogrol as a therapeutic
or supplement required considerable effort in the precise direction. The antiobesity and
antidiabetic activity of mogrol, which are mainly based on the activation of AMPK, were
studied in various studies. However, AMPK is the crucial target of metabolism/energy-
related diseases. However, there is a need for in vivo experiments that could establish
antiobesity and antidiabetic activities before clinical evaluation. Similarly, the anticancer
effect of mogrol was observed in different cancer cell lines, suggesting its anticancer effect
against important cancers, including lung cancer, but limited animal studies have been
conducted for its support. Hence, more animal studies are required and suggested for the
anticancer activity of mogrol before clinical studies [53]. The anti-inflammatory activity
of mogrol is also one of the most promising activities, which might be the important
factor behind its other pharmacological properties, such as neuroprotective, anticancer, and
anti-UC activities [37,41,42,54,55]. Along with important inflammatory mediators such as
(IL-6 and TNF-α), it was found that it can suppress NF-κB, which is an important central
component in the pathways involved in various important diseases related to chronic
inflammation such as different cancer, rheumatoid arthritis, inflammatory bowel diseases,
neuro-inflammatory-related diseases, etc. [41,42,56,57]. It would be interesting to see the
effect of mogrol on these diseases. Therefore, it is suggested to study the role of mogrol
against chronic inflammation-related diseases.

The neuroprotective activity of mogrol observed in both studies was protective against
memory impairment in a mouse model by suppressing inflammatory pathways, espe-
cially NF-κB signaling. Neuroprotection studies may be further required to establish with
more experiments, mainly through different animal models, before clinical evaluation.
Similarly, mogrol may also be studied against other neurodegenerative diseases and disor-
ders in which neuro-inflammation is an important component of disease etiology, such as
Parkinson’s disease [58].

However, the anti-PF activity of mogrol was studied only through two cell-based
experiments and one animal experiment. It could be a valuable activity to consider in
future studies as PF is a deadly disease with no cure [43]. In other studies, the lung
protective effect of mogrol was also observed [4]. However, the development of mogrol as
a therapeutic against PF is in the preliminary stage, and more animal models are proposed
to be used in the near future to develop mogrol as a therapeutic against it. Importantly, the
role of AMPK activation was observed as one of the important molecular mechanisms for
PF activity. Hence, the activity of mogrol derivatives that were found to be better AMPK
activators may also have been suggested for their anti-PF activity.

A similar suggestion can be followed for anti-UC studies in the near future, such as
the PF study on AMPK inhibitors that can reverse the positive effect of mogrol on anti-
UC activity. An important aspect is the molecular mechanism behind pharmacological
activities, which was also significantly explored for various activities of mogrol (Figure 3).

The molecular mechanism gives an insight into the possible therapeutic targets that
may be used to further develop and optimize the effect of therapeutic [59]. Finally, it
can be summarized that the activation of AMPK is an important mechanism for most of
the pharmacological activities of mogrol, including antiobesity, antidiabetes, anticancer,
anti-ulcerative colitis, anti-PF, and antiosteoporosis. Further, anti-inflammation through
suppression of the NF-κB pathway and/or inflammatory cytokines is an important mech-
anism that also supports different pharmacological activities of mogrol, including neu-
roprotective, anti-UC, anti-PF, and anticancer activities. Inhibition of ERK and STAT3
and activation of the p53 pathway were also found to be important contributors to the
anticancer activity of mogrol. Similarly, the CREB activation may also contribute to the
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antiobesity and diabetes activity of mogrol. Pathways and/or genes found to be targeted
in different experiments and associated with more pharmacological activities of mogrol
can be considered as important reliable targets to be developed mogrol and its derivatives
as therapeutic.

Derivatives of mogrol are synthesized by modifying the chemical group in the selected
position in the mogrol. Some of these derivatives have been found to have increased phar-
macological activities compared to mogrol, such as anticancer and AMPK activator [7,23].
The binding of mogrol through in silico molecular docking also provided the initial under-
standing of the interaction of mogrol with its important target AMPK [26]. It is suggested
to use similar docking studies to rationally design and synthesize the mogrol derivative
for increased activity with AMPK and, subsequently, better biological activities. Overall,
mogrol is a potential phytochemical that can be taken for further evaluation in the in vivo
pharmacological experiments consulting the currently proposed suggestion, and later
clinical studies may be conducted after safety evaluation.
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Abstract: Juglans regia Linn. is a valuable medicinal plant that possesses the therapeutic potential
to treat a wide range of diseases in humans. It has been known to have significant nutritional and
curative properties since ancient times, and almost all parts of this plant have been utilized to cure
numerous fungal and bacterial disorders. The separation and identification of the active ingredients
in J. regia as well as the testing of those active compounds for pharmacological properties are currently
of great interest. Recently, the naphthoquinones extracted from walnut have been observed to inhibit
the enzymes essential for viral protein synthesis in the SARS-CoV-2. Anticancer characteristics have
been observed in the synthetic triazole analogue derivatives of juglone, and the unique modifications
in the parent derivative of juglone have paved the way for further synthetic research in this area.
Though there are some research articles available on the pharmacological importance of J. regia,
a comprehensive review article to summarize these findings is still required. The current review,
therefore, abridges the most recent scientific findings about antimicrobial, antioxidant, anti-fungal,
and anticancer properties of various discovered and separated chemical compounds from different
solvents and different parts of J. regia.

Keywords: antibacterial; antifungal; antioxidant; anticancer; juglone; Juglans regia

1. Introduction

Juglans regia Linn. belongs to the family Juglandaceae and is an aromatic transient tree
that grows in abundance in the North-Western Himalayas of Kashmir that produces most
of the world’s walnuts, accounting for around 88% of total walnut production [1]. The
bark of the tree is gray, and the tree has longitudinally fissured leaves that are alternating,
imparipinnate, sessile, elliptic, or oblong-lanceolate. Flowers are unisexual and there are
around two genera and fifteen species in the family. The leaves are evenly organized,
measuring 25–40 cm in length, unevenly pinnate with five to nine leaflets and placed in
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a regular pattern. The medicinal plant Juglans regia Linn. has been used extensively in
traditional medicine for a variety of illnesses, including helminthiasis, diarrhea, sinusitis,
stomach aches, arthritis, asthma, eczema, scrofula, skin disorders, and various endocrine
diseases such as diabetes mellitus, anorexia, thyroid dysfunctions, cancer, and infectious
diseases [2,3]. The green fruit ripens in the autumn, when the entire fruit, including the
husk, drops from the tree. The huge seed contains a rich flavor and a thin edible shell.

The phytochemistry of the tree has extensively been studied and many important
phytochemical activities have been exploited [3]. However, the number of elements may
vary from one species to another in a different place based on several parameters, such
as geographical location, time, temperature, genetic makeup, and other factors. Several
studies on the phytochemical examination of the tree’s various components with numerous
health benefits have been performed (Figure 1 and Table 1). According to these studies, the
chemical components found in walnuts fluctuate depending on the climate. The oil is rich
in polyunsaturated fatty acids, tocopherols and phytosterols. The walnut fruits are valuable,
and tasty walnut leaves contain many chemicals, the most prominent of which are Aesculin,
Taxifolin-pantocid, Quercetin-glucronide, Kaempferol-rhamnoside, Syringetin-O-Hexoside,
Myricetin-3-O-glucoside, Myricetin-3-O-pantocid, and Epicatechin [3,4].

Figure 1. Different parts of Juglans regia with medicinal properties.
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Table 1. List of compounds in Juglans regia and their pharmacological or biological activities.

Compound Class Structure Biological Activity References

Gallic Acid Phenolic Anti-inflammatory [5,6]

Protocatechuic acid Phenolic Anti-inflammatory and
antiapoptotic activities. [7]

Ferulic acid Phenolic Anticancerous [8]

Sinapate Phenolic Antioxidant,
Antimicrobial [9]

Protocatechuic acid
derivative Phenolic Anti-inflammatory [10]

Ellagic acid Phenolic Cytotoxic,
Anti-proliferative [11]

p-hydroxybenzoic
acid Phenolic Antimicrobial [12]

p-coumaric acid Phenolic Antioxidant [13]
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Table 1. Cont.

Compound Class Structure Biological Activity References

Quercetin
3-galactosid Phenolic Antimicrobial,

Antioxidant [14]

Galactose Phenolic

 

Anticancer,
Antidiabetic [15]

Pentose Phenolic Amino acid synthesis [16,17]

Arabinose Phenolic Antimicrobial [18]

Xylose Phenolic Antimicrobial [19,20]

Rhamnose Phenolic

 

Antioxidant,
Antimicrobial [21]

Juglone Phenolic Antibacterial,
Anticancer, Antioxidant [22]

Caffeic acid Phenolic

Antioxidant,
Anti-inflammatory and

Anticarcinogenic
activity

[23]

Vannilic acid Phenolic Antibacterial,
Antioxidant [24]
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Table 1. Cont.

Compound Class Structure Biological Activity References

Quercetin Flavonoid Analgesic,
Antibacterial, Antiviral [25]

Myricetin Flavonoid
Anticancer,

Antidiabetic,
Antibacterial, Antiviral

[26,27]

Kaempferol Flavonoid Acute and chronic
inflammation [28]

Apigenin Flavone
Anti-inflammatory,

Antioxidant,
Neuroprotective

[29]

Luteolin Flavone

 

Anticancer,
Anti-inflammatory [30]

Daidzein Isoflavonoid

 

Neurobiological
activities [31]

Naringenin Flavanone Antiviral, Antibacterial,
Antioxidant [32]
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Table 1. Cont.

Compound Class Structure Biological Activity References

Hesperetin Flavonone
Scavenging activity

and Cardioprotective
activity

[33,34]

Gallocatechin Flavanol Antioxidant,
Antitumor [35]

Sitosterol Steroid
Anticancer,

Antidiabetic,
Antimicrobial

[36]

Stigmast-5-en-
3β,7α-
diol

Steroid

 

Antimicrobial [37]

Campesterol Steroid

 

A Anti-inflammatory,
Anticancer,

Antidiabetic
[38]

Stigmasterol Steroid

Anticancerous
Dyslipidemia, diabetes

and metabolic
syndrome

[39]
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Table 1. Cont.

Compound Class Structure Biological Activity References

Oleanic acid Tereponoid
Dyslipidemia, diabetes,

and metabolic
syndrome

[40]

3-alpha-Corosolic
acid Tereponoid

 

Antidiabetic,
Anti-obesity,

Anti-inflammatory
[41]

Urosolic acid Tereponoid

Anti-inflammatory,
Anticancer,

Antidiabetic,
Antioxidant

[42]

3-Epikatonic acid Tereponoid Cytotoxic [43]

2. Traditional and Ethnobotanical Uses

For ages, the plant has been utilized in tropical medicine to treat cutaneous irritation
and excessive perspiration in the hands and feet [44]. The leaves are traditionally used to
treat sinusitis and stomach aches and are also used throughout the world as an antibacterial,
anthelmintic, antidiarrheal, hypoglycemic, tonic, and depurative medicine [45,46]. In
Turkish traditional medicine, fresh leaves are applied to the naked body or the forehead to
reduce fever or to swollen joints to treat rheumatic agony [47]. The wood is durable and
perfect for furniture and contains essential oils for aromatic essence. As a supplementary
ointment, the leaves of this plant are applied directly to cure sunburn, superficial burns,
scalp itching, dandruff, and other skin disorders [48]. The plant has been used to treat
inflammatory diseases, diabetes, and cardiac illness in Palestine [49] as well as to help older
men’s vascular and prostate health [50]. In addition to using bark and unripe fruit for
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piscicidal action, the Lotha, Angami, and Sumi tribes of Kohima (Nagaland) also employed
leaves of J. regia as astringents, anthelmintics, and treatments for dermatitis [51].

3. Pharmacological Applications

The use of medicinal herbs has increased substantially in recent years, resulting in the
utilization of both traditional remedies and medicinal plants for the novel drug discoveries,
and the development of more effective pharmaceuticals and nutraceuticals with fewer side
effects. The main focus of this review is to explore the pharmacological applications, phyto-
chemistry, and the therapeutic benefits of the plant extracts on antimicrobial, antioxidant,
anticancer, and anti-inflammatory activities and many others (Table 2).

Table 2. Phytochemical analysis of different extracts, their effect, dosage, and model organism or
experimental reference screened.

Pharmacological
Effect

Extract
Model/Experimental-

Reference
Dosage-Range References

Antibacterial Hull extract of ethanol,
ethyl-acetate and water

E. coli, B. subtilis, K.
aerogenes, S. Aureus 5 mg/mL [52,53]

Antibacterial Aqueous leaf extract Gram-positive and
Gram-negative bacteria 0.1 mg/mL (MIC) [54,55]

Antibacterial Essential oil and
components

Gram-positive and
Gram-negative bacteria Wide range [56]

Antioxidant
Ethyl acetate, butanol,

ether, and aq. Extracts of
(kernels, husk, and leaves)

NR 125 μL [57]

Antioxidant Leaf extract
(ethanol and water) NR 34.5 and 56.4 μg/mL [58,59]

Analgesic and
anti-inflammatory

Aqueous and ethanolic
extract of leaf Wistar rats, human arthritis 250, 500, 1000, 1500

mg/kg [60]

Antiviral Methanolic extract HSC, polio virus and SINV 2 mg/mL [61]

Antidiabetic Leaf extract Human type-ii diabetic
patients Wide range [62]

Anticancer Juglone Intestinal carcinogenesis Wide range [63]

Anticancer Methanol and aqueous
extract of leaf

Mice melanoma (B16F10)
and human melanoma

(A375) cell lines
Wide range [64]

Anticancer Juglone and modified
juglone

(NCl-H322 and A549)
Lung cancers Wide range [65]

Anticancer Chloroform leaf extract Human oral and breast
cancer cell lines Wide range [66]

3.1. Antibacterial Activity

The disc diffusion method (zone of inhibition) was used to identify and examine the
antibacterial activity of Juglans regia hull extracts and it was revealed that these extracts
possessed an appreciable antibacterial activity against a variety of bacterial species, includ-
ing E. coli, B. subtilis, K. aerogene, and S. aureus [67]. The findings also implied that J. regia
green hull extract could be useful in the treatment of acne due to the virtue of having anti-
inflammatory effects. Some leaf extracts of J. regia showed the ability to prevent the growth
of K. pneumonia at minimum inhibitory concentrations (MIC) of 100 mg/mL [68]; other
extracts from the hull prepared in different solvents were able to stop the development of P.
aeruginosa and E. Coli at MIC of 50 and 100 mg/mL, respectively [69]. Several antibacterial
chemicals identified from Juglans regia pellicle are represented (Figure 2).
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Figure 2. Phenolic compounds having antibacterial activities from pellicle extract of J. regia,
Nowicki et al. [69].

Pereira et al. [70] investigated the antibacterial activity of aqueous extracts from Juglans
regia leaves against Gram-positive and Gram-negative microorganisms. The aqueous
extracts mostly contained phenolic compounds which were obtained by shade drying
the leaves, followed by the extraction of the compounds with various solvents, such as
ether, alcohol, and water. By using HPLC-DAD, phenolic substances were identified and
quantified. The chromatograms obtained at 320 and 350 nm revealed the presence of the
different compounds (Figure 3, compounds 1-6). The obtained extracts were screened
against Gram-positive (B. subtilis, Staphylococcus aureus, Bacillus cereus) and Gram-negative
(Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae) bacteria which revealed that
Gram-positive bacteria development was inhibited to a greater extent than the inhibition in
the case of Gram-negative bacteria, clearly indicating the fact that the ether, alcohol, and
water extracts turned out to be favorable for the inhibition activity against Gram-positive
bacteria. It was also observed that B. cereus was the most suspectable microorganism at MIC
of 0.1 mg/mL. The order of inhibition of the above-made extracts from different solvents
was found to be B. cereus > S. aureus > B. subtilis.

The antibacterial characteristics of the essential oil from the leaves and its constituents
have been examined by Rather et al. [71]. In this study, the essential oil was extracted
from the leaves of J. regia and analyzed using GC-MS, yielding a total of 38 compounds,
accounting for 92.7% of the oil substance, including major components such as β-pinene
(30.5%), α-pinene (15.1%), germacrene D (14.4%), β-caryophyllene (15.5%), and Limonene
(3.6%). Disc diffusion and microdilution methods were used to test all essential oils and
individual constituents for antibacterial activity against a group of Gram-positive (B. subtilis
MTCC-441, S. epidermidis MTCC-43, S. aureus) and Gram-negative (B. subtilis MTCC-441,
S. epidermidis MTCC-435, P. vulgaris MTCC-321, Salmonella typhi, Pseudomonas aeruginosa
MTCC-1688, Klebsiella pneumonia, Shigella dysenteriae, and Escherichia coli) bacteria. It should
be noted that the essential oil and its components were effective against all bacterial
strains screened for antibacterial activity with a wide range of activity. However, it was
discovered that Gram-positive bacteria were found to be more inhibited compared to Gram-
negative bacteria in the development and cell division processes. The potent compounds
at the maximum inhibition category include α-pinene, β pinene, β-caryophyllene, and
Germacrene D. For the most inhibited Gram-positive bacteria (S. epidermidis, B. subtilis and
S. aureus), the MIC recorded were 15.62, 15.62, and 15.62 g/mL for J. regia essential oil, 48.31,
47.21, and 45.62 g/mL for α-pinene, 46.55, 46.55, and 41.33 g/mL for β-pinene, respectively,
clearly indicating the fact that the essential oil present in the leaves of the plant played a
key role in the inhibition of different bacteria. Gentamicin had the lowest potency in this
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category, with MIC values of 5.95, 5.90, and 3.90 g/mL, respectively, for the above said
Gram-positive bacteria. The findings indicate that these three bacterial species are the most
susceptible to essential oils and components. The changes in the activity against different
bacteria might be ascribed to structural differences between the microbes and the different
developmental stages in different bacteria [71,72].

Figure 3. Extracted phenolic compounds obtained from J. regia, Rahman et al. [70].

3.2. Antioxidant Activity

Juglans regia leaves are high in flavonoid content, which has been linked to regulating
immunological function and boosting anticancer activity, which is a global threat nowa-
days [73]. The antioxidant potential of walnut kernels, husks, and leaf extracts formed in
different solvents, such as ethyl acetate, butanol, methanol, ether, and aqueous methanol,
have been evaluated using a variety of methods. Some common and highly placed methods
include the reducing power method, lipid oxidation inhibition method, and DPPH radical
scavenging activity. Moreover, various studies have validated the antioxidant activity of
the flavonoids present in leaves and fruit of J. regia and it was established that almost all
the extracts prepared in different solvents possessed this property [74,75]. Antioxidant
phenolic components from J. regia walnut kernels, which were extracted and fractionalized
based on the principle of polarity and interactions with the solvent system used (Petroleum
ether, Ethyl-acetate, n-butanol, and aqueous solvent) and on the basis of which they were
designated as petroleum ether fraction (PEF), ethyl-acetate fraction, n-butanol fraction, and
others [76]. Column chromatography over silica gel eluted with increasing polarity was
used to separate the more active fractions (EEF and BUF) (Figure 4).
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Figure 4. Phenolic antioxidant compounds from walnut kernels, Zhai et al. [76].

All the derivative compounds (7a–f and 8) were screened for α, α-diphenyl-β-
picrylhydrazyl (DPPH) free radical scavenging activity using Trolox IC50 = 0.026 mM
as a reference standard. The IC50 values revealed that the EEF and BUF fractions with
(IC50 = 0.83 and 0.88 μM) were the most active in terms of DPPH free radical scavenging
among all the used fractions (PEF, EEF, BUF, and AF), as described earlier. Compounds
8, 7f, 7d, and 7a, however, demonstrated considerable DPPH scavenging capabilities as
depicted by IC50 values of (0.007, 0.011, 0.013, and 0.015 μM), respectively, indicating that
they were more active than the reference standard Trolox (IC50 = 0.026 μM). For the first
time, spectroscopic methods were used to isolate and identify seven phenolic compounds
with significant antioxidant activities in J. regia: pyrogallol (7a), p-hydroxybenzoic acid (7b),
vanillic acid (7c), ethyl gallate (7d), protocatechuic acid (7e), gallic acid (7f), and 3,4,8,9,10-
pentahydroxydibenzo [b, d] pyran-6-one (8). The DPPH scavenging capacity of these
compounds was ranked in the following order: 7 > 6 ≥ 4 ≥1 > Trolox ≥ 5 > 3 > 2. The find-
ings of this study suggested that the number of hydroxyls in these phenolic compounds’
aromatic rings may influence their antioxidant activities. Some important structure-activity
relationships of the derivative compound (7f) indicate the essence of the COOH group
as R1 with other groups as R3 = R4 = R5 = OH. This activity can be enhanced in the near
future research by introducing some new acid electron withdrawing groups (EWG) as
the replacement of R1 in the said derivative (7f), e.g., introduction of carbonyl, thiol, and
aldehyde. The antioxidant activity, which also showed a sharp increase in case of the
derivative (7d), can be reasonably attributed to the presence of R1 = COOCH2CH3 group
with the aid of R3 = R4 = R5 = OH in the moiety.

J. regia leaf extracts are effective scavengers of pro-oxidant reactive species and can be
used as a readily available source of natural antioxidants. The growing interest in replacing
synthetic food antioxidants with natural ones has fueled research on vegetable sources and
raw material screening in the search for new antioxidants. An ethanol:water (4:6) extract of
Juglans regia leaves was evaluated in vitro for its putative scavenging effects on reactive
oxygen species (ROS) [hydroxyl radical (HO.), superoxide radical (O2

−, peroxyl radical
(ROO.), hydrogen peroxide (H2O2.)] and reactive nitrogen species (RNS) [nitric oxide
(NO.), and peroxynitrite anion (ONOO−)].The extract demonstrated strong scavenging
activity against all reactive species tested, with all IC50s found at the lg/mL level. The
IC50s (mean ± SE) for ROS O2

− and H2O2 radical were found to be 47.6, 4.6 and 383, 17
lg/mL, respectively. In addition, the antioxidant activity discovered in this study can be
used to validate the use of J. regia leaf extracts in the treatment of inflammatory diseases.
The current study found that the J. regia leaf can be used as a readily available source
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of natural antioxidants. The extract under investigation could aid in the prevention of
lipid peroxidation as well as the protection of food, excipient bases, and medicines from
oxidative damage. Furthermore, the observed antioxidant activity can at least partially
justify the use of J. regia leaves as a therapeutic agent in inflammatory diseases. Nonetheless,
its potential toxicity should be addressed before any practical application. [77].

By using DPPH and hydroxyl radical scavenging assays, Zurek et al. [78] investigated
the antioxidant activity of the leaf’s essential oil and some of its constituents. The an-
tioxidant activity was measured using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging activity assay, the copper ion reduction assay (CUPRAC), metal chelating ability
(ChA), and the ability to scavenge superoxide (O2−) and hydroxyl (OH−) radicals. These
methods are regarded as important indicators of plant samples’ antioxidant potential. The
free radical scavenging DPPH had the lowest IC50 value in this study, corresponding to
the highest antioxidant activity. The calculated half maximum inhibitory concentration
(IC50) value was 22.34, 2.70 g/mL, which was higher than the positive control ascorbic acid
(5.00, 0.01 g/mL). The chelating capacity test (71.69, 0.02 g/mL), superoxide scavenging
(147.06, 0.27 g/mL), and hydroxyl radicals test (41.85, 0.09 g/mL) all had low IC50 values,
indicating high antioxidant activity. The findings revealed that J. regia flowers were found
to have a high ability to scavenge free radicals, which could be attributed to their high
content of bioactive compounds. Furthermore, the results revealed a strong relationship
between the phenolic compounds studied and their antioxidant activities.

3.3. Analgesic and Anti-Inflammatory Properties

J. regia extracts from aqueous (2.87 and 1.64 g/kg) and ethanolic (2.044 and 1.17 g/kg)
solutions have demonstrated antinociceptive effectiveness in a hot plate test, according
to Hosseinzadeh et al. [79]. The hot-plate test was performed on eight male and female
mice groups. The metal surface temperature was kept constant at 55 ◦C. Before and after
drug administration, the latency to a discomfort reaction (licking paws or jumping) was
measured. 30 min after the extracts were given to groups of eight male and female mice,
they were given an intraperitoneal injection of 0.7% v/v acetic acid solution (volume of
injection 0.1 mL/10 g body wt.). The number of writhing produced in these animals
was counted for 30 min after acid injection. The anti-inflammatory activity against acute
inflammation was evaluated in mice using the xylene-induced ear edema method. The mice
were divided into eight groups. 30 min after the different doses of extract were injected
intravenously, diclofenac and 0.03 mL of xylene were applied to the anterior and posterior
surfaces of the right ear. The left ear was used as a control. The mice were sacrificed two
hours after xylene application, and both ears were removed. Circular sections were excised
and weighed using a cork borer with a 9 mm diameter. The weight gain caused by the
irritant was calculated by subtracting the weight of the untreated left ear section from
the weight of the treated right ear section. In mice, the anti-inflammatory activity against
chronic inflammation was assessed using the cotton pellet granuloma method. The 30
mg dental cotton pellets were sterilized in an air oven at 121 ◦C for 20 min before being
impregnated with 0.4 mL of an ampicillin aqueous solution. Under ketamine (65 mg/kg
body weight) and xylazine (6.5 mg/kg body weight) anesthesia, two cotton pellets, one on
each side, were implanted subcutaneously in the shoulder region of mice. The extract and
diclofenac were administered once daily for seven days. The rats were killed on day 8, and
the pellets and surrounding granulation tissue were dried at 60 ◦C for 24 h. In mice, the
intraperitoneal LD50 values of J. regia aqueous and ethanolic leaves extract were 5.5 g/kg
(4.1–6.5) and 3.3 g/kg (3.1–3.5), respectively, with maximum nonfatal doses of 4.1 g/kg and
2.93 g/kg. However, it should be noted that both extracts displayed an anti-inflammatory
effect in xylene at lower dosages. The extracts demonstrated antinociceptive action in the
Writhing test that was not inhibited by naloxone (lifesaving medication). The extracts were
found to have anti-inflammatory properties in the case of chronic inflammation. J. regia
leaves have been shown to have an antinociceptive action via non-opioid receptors as well
as an anti-inflammatory impact against acute and chronic inflammation, making them
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an effective drug with analgesic and anti-inflammatory properties against rheumatoid
arthritis [80].

3.4. Antidepressant Activity

Depression has been classified as a mood disorder and has been defined as a feeling of
sadness, loss, or anger [81]. Treatments derived from the Juglans regia L. flower and its leaf
extracts have been found to be highly successful in treating depression. The effects of the
forced swimming test (FST) and tail suspension test (TST) in mice were quite evident [82].

3.4.1. Forced Swimming Test

The immobility time was calculated by observing the muscle movements of rats that
were placed in a pool of water. A glass cylinder with a diameter of 25 cm and a height of 23
cm was filled with water to a height of 12 cm. The water temperature was 23 ◦C. Each rat
was given a single injection of the extract. The animals were tested thirty minutes later. For
the first two minutes, each animal was given time to get used to the new circumstances
before having their immobility time recorded. For the following six minutes, conditions of
increased muscle control interrupted with periods of immobility. For the next four minutes,
immobility was timed using a stopwatch.

3.4.2. Tail Suspension Test

The tail-suspension test was the second method used to evaluate the extract’s antide-
pressant effect. Rats were tested thirty minutes after a single drug or vehicle injection. A
cord which was about 50 cm long was stretched between two metal tripods at a height of
70 cm, to which the rats were taped by the tail. The rats became immobile after a period of
vigorous motor activity, and the time was recorded with a stopwatch for a total of 4 min.
When rats hung passively and completely motionless, they were considered immobile.

The mean duration of immobility in the control group was 188.33, 2.16 s, whereas it
was 151.16, 2.56 s, in the fluoxetine group. The reduction in immobility was found to be
statistically significant (p < 0.05). The decrease in immobility in the extract groups was
also significant (p < 0.05) for both doses. For 100 mg/kg and 150 mg/kg body weight, the
total duration of immobility was found to be 160.66, 3.76 s and 154.83, 4.32 s, respectively.
Regarding the effect on immobility in the tail suspension test, in the control group, the
mean duration of immobility was 193.33, 1.96 s, whereas in the fluoxetine group, it was
147.16, 2.48 s. The reduction in immobility was found to be statistically significant (p < 0.05).
The total duration of immobility for 100 mg/kg body weight was found to be 168.39 s
and 148.66 1.75 s for 150 mg/kg body weight. The decrease in immobility in the extract
groups was also significant (p < 0.05) for both doses [83]. This remarkable antidepressant
activity was attributed to the phenol and flavonoid contents, especially quercetin. In
addition, the presence of omega-3 fatty acids in Juglans regia fruit extracts may have
depressive properties [84]. More research is needed to fully understand the mechanism of
antidepressant activity.

3.5. Antiviral Activities

Mouhajir et al. [85] studied the activity of Juglans regia methanol extracts. At noncyto-
toxic concentrations, the 2 mg/mL concentration was tested against Sindbis virus (SINV),
herpes simplex virus (HSV) and poliovirus. Vardhini [86] also used a computational
method to investigate juglone’s antiviral activities and the results were well supported by
molecular docking studies. In this study, the ligand which had the highest binding affinity
had a dock score of 114.967 against ASP 29, ASP 30, and ASP 30, which are the hydrogen
bonds that existed between the ligand and the protein molecule. Using phytochemical
and chromatographic methods to separate components from J. regia, other researchers [85]
investigated the impact of anti-HIV activity in vitro. The impact of anti-HIV activity in vitro
was assessed using MT4 cells and HIV-III B virus. The target research was conducted using
BIACORE 3000 molecules linked equipment. Angeli et al. [87] studied the walnut pellicle
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extracts and derived some handful number of antiviral compounds which possessed the
inhibitory activity against HSV-1 and HSV-2 replication. The ID50 (con. which inhibited
50% virus formation) were found to be 10 and 8 μg/mL for HSV-1 and HSV-2, respec-
tively. However, the walnut pellicle extract was ineffective against Echovirus9 (ECHO-9),
Poliovirus1 (polio1), Coxsackievirus B1 (coxsackie B1) and Adenovirus (Adenoid). The
compounds extracted from walnut pellicle extract were found to be active against viral
diseases (Figure 5).

Figure 5. Compound derivatives from walnut pellicle extract, Alkhawajah et al. [87].

The global outbreak of COVID-19 was caused by SARS-CoV-2, a positive-sense single-
stranded RNA coronavirus. The virus’s main protease (Mpro), the major enzyme process-
ing viral polyproteins, contributed to SARS-CoV-2 replication and transcription in host
cells and has been identified as an appealing target in drug discovery. A series of 1,4-
naphthoquinones with juglone (compound isolated from leaves of walnut) skeletons were
synthesized and tested for inhibitory efficacy against SARS-CoV-2 Mpro. At a concentration
of 10 μM, more than half of the tested naphthoquinones effectively inhibited the target
enzyme, with an inhibition rate of more than 90%. The characteristics of substituents and
their position on the juglone core scaffold were identified as key ingredients for enzyme
inhibitory activity in the structure-activity relationships (SARs) analysis. The most active
compound, 2-acetyl-8-methoxy-1,4-naphthoquinone, had an IC50 value of 72.07–4.84 nM
against Mpro-mediated hydrolysis of the fluorescently labelled peptide, which was much
higher than shikonin as the positive control. In molecular docking studies, it fit well into
the active site cavity of the enzyme by forming hydrogen bonds with adjacent amino acid
residues. The results of in vitro antiviral activity testing revealed that the most potent
Mpro inhibitor could significantly suppress SARS-CoV-2 replication in Vero E6 cells at low
micromolar concentrations, with an EC50 value of about 4.55 μM. Under the conditions
tested, it was non-toxic to the host Vero E6 cells. The current study suggested that the
juglone skeleton could serve as a primary template for the development of potent Mpro
inhibitors [88].

Enzyme Inhibition Mechanism

The inhibitory activity of the prepared quinones against Mpro of SARS-CoV-2 was
evaluated using a fluorescently labelled short peptide containing a Q-S scissile bond. In
the first library of compounds, we tested the enzymatic inhibition rate of several natu-
rally occurring naphthoquinones (juglone 2, 7-methyl juglone, lawsone, plumbagin and
shikonin), 9,10-anthraquinones (emodin, rhein and aloe emodin), and synthetic vitamin
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K3 against SARS-CoV-2 Mpro at 10 μM. The primary screening results showed that the
majority of the natural quinones were ineffective, with inhibition rates of less than 10% at 10
μM. Vitamin K3 was also inactive, with a 12.7% inhibition rate. The positive control was the
natural naphthoquinone shikonin, which had previously been identified as a strong Mpro
inhibitor (IC50 = 15.75 8.22 μM). At a concentration of 10 M, it had a moderate inhibitory
effect on the target enzyme. In the first library of naphthoquinones, juglone and 7-methyl
juglone inhibited Mpro completely, resulting in the loss of its hydrolytic efficacy. The lead
compounds for further structural modifications were the two natural naphthoquinones. In
the second library, juglone and 7-methyl juglone derivatives were synthesized by adding a
few groups to their naphthoquinone scaffold and modifying the phenolic hydroxyl group.
The results indicated that almost all of the juglone derivatives in the second library retained
their high inhibitory potency at concentrations of 10 M and 1 M. A few analogues exhibited
significantly higher potency than the parent compounds juglone and 7-methyl juglone at
0.1 μM. The compounds with an enzymatic inhibition rate of more than 25% at 0.1 μM
concentration were then subjected to IC50 value screening.

3.6. Antidiabetic Activity

J. regia leaf extract has been thought to be advantageous for the treatment of diabetes
mellitus since ancient times, and this notion has been scientifically proven to be effective.
Blood glucose, glycosylated hemoglobin, LDL, lipid, and cholesterol levels were found
to be reduced by alcohol extracts from the plant’s leaves. Streptozotocin-treated rats
were administered by treating with 200 and 400 mg/kg leaf extracts of J. regia leaf extract
for 28 days, and it alleviated hyperglycemia through reduced glycosylated hemoglobin
and enhanced insulin sensitivity [89]. They looked at how J. regia leaf extract affected
hyperglycemia in type 2 diabetic patients. The leaves of J. regia were initially freshly
harvested, then washed and dried at 25 ◦C temperature in the shade before being powdered,
and the powder was extracted at room temperature using the percolation technique and
70% aqueous ethanol. The solvent was eliminated using Whatman paper filters and the
crude extract was standardized by counting the total phenol concentration after evaporating
at a temperature of no more than 40 ◦C under decreased pressure. Later, capsules of Juglans
regia and a placebo with the same appearance were created. The J. regia capsules included
100 mg of leaf extract powder. In the manufacture of the leaf extract powder, toast powder
was chosen as the placebo and as the excipient. The research was conducted on a group of
individuals who were divided into two groups: those who had received J. regia and those
who had received a placebo. The levels of the constituents fasting blood glucose (FBG),
HbA1c, total cholesterol, and triglyceride were measured in J. regia-treated patients and
they were found to be on a lower side than those in the placebo group, with no adverse
effects. Finally, for type 2 diabetes, three months of treatment with 100 mg of Juglans regia
leaf extract twice daily improved glucose control with no noticeable side effects. The results
showed that FBG, HbA1c, total cholesterol, and triglyceride levels in Juglans regia-treated
patients were significantly lower than in the baseline and placebo groups. When compared
to the placebo group, patients in the Juglans regia group were significantly more satisfied
with their treatment. Except for more GI events (especially mild diarrhea) associated
with extract treatment at the start of the study, no liver, kidney, or other side effects were
observed in the groups.

Testicular dysfunction is a complication of diabetes, and Juglans regia L. leaf extract
contains phenolic compounds with hypoglycemic and antioxidative properties. Nasiry et al.
investigated whether J. regia leaf extract could protect against the negative effects of diabetes
on oxidative stress, testis histology and testosterone hormone production [90]. In their
research, four groups of male rats were used: a control (nondiabetic) group given saline, a
diabetic group, a diabetic + J. regia group that received J. regia leaf extract and a J. regia group
(nondiabetic) that received J. regia leaf extract only. They looked at histopathological and
histomorphometric changes, serum testosterone, malondialdehyde (MDA), glutathione
(GSH), superoxide dismutase (SOD), and catalase (CAT) levels to see how J. regia L. leaf
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extract affected testicular functions in diabetic animals. In the testis of diabetic rats, there
was a reduction in MDA as well as an improvement in antioxidant status; J. regia leaf extract
attenuated these abnormalities. In diabetic rats, it was found that there was a significantly
decrease in the levels of testosterone, GSH, SOD, and other antioxidant biomarkers; these
levels were restored after the J. regia leaf extract was administrated. After administering
the J. regia leaf extract, the MDA level and improved antioxidant status in the testis of
diabetic rats were found. Because of its antioxidant, anti-inflammatory and anti-apoptotic
properties, J. regia leaf extract may have protective effects against diabetic dysfunction in
the testis, according to the findings.

3.7. Anticancer Activity

Cancer treatment has long been a difficulty for medical science, and research into
a variety of medicinal plants has resulted in a potential treatment for the disease’s early
stages [91,92]. Even while cancer has been identified as a burden on human civilization, no
comprehensive cure has yet been established [93]. Juglone has been demonstrated to inhibit
intestinal carcinogenesis in mice, suggesting that it might be a potential chemo preventive
medication for neoplasia in human intestines [94]. The human carcinoma cells lines HCT-15
cells, HL-60 cells, and doxorubicin-resistant HL-60R cells have all demonstrated the potency
of juglone as a strong cytotoxin [95]. Human cancer renal cell lines A-498 and 769-P, as well
as the colon tumor cell lines Caco-2, were inhibited in a concentration-dependent way by
walnut methanolic extract out from the seeds, greenish husks, and leaves of Juglans regia.
All extracts inhibited the growth in 769-P renal and Caco-2 colon cancer cells (IC50 values of
0.352 and 0.229 mg/mL, respectively; range, 0.226 to 0.29 mg/mL), but the walnut extract
of leaves was more effective at suppressing cell proliferation than green husks and extracts
of seeds (IC50 values of 0.352 and 0.229 mg/mL, respectively).

Constituents of J. regia chloroform leaf extract was tested for anti-proliferative and
apoptotic effects on human breast (MCF-7) and oral tumor (BHY) cell lines. The com-
ponents were extracted from shrub leaves which were air dried, pulverized, and then
percolated in n-hexane for 24 h. After three days of extraction, all extracts were filtered
and dried with a rotatory evaporator. At a lower pressure, the solvent, n-hexane, was ex-
tracted. The remaining powder was then suspended and extracted to obtain the chloroform
fraction, which was further purified using chromatography (Figure 6). The proliferative
and apoptotic activities of the compounds mentioned above (16–22) were investigated.
Derivatives (20 and 22) were found to be significantly cytotoxic to MCF-7 cell lines, whereas
compounds (16, 21, 22) significantly inhibited BHY cell proliferation. According to the IC50
values, MCF-7 cell lines were also the most sensitive to virtually all chemicals. Compounds
(21) (IC50 = 50.98 μM) and (22) (IC50 = 21.30 μM) were selectively active against both cancer
cell lines, MCF-7 and BHY, but were significantly less effective against normal cells. The
compounds (16–22) suppressed cell population development in human tumor cell lines
MCF-7 and BHY, as well as mouse fibroblast cell lines, using the MIT test at 24, 48, and
72 h (NIH-3T3). However, the best proliferation activities were obtained after 72 h. It is
worth mentioning that compounds 21 and 22, which are plant flavonoids, and a plant
naphthoquinone can be further studied well to explore their new biological activities such
as antidiabetic and antibacterial activities. Moreover, these compounds induced apoptosis
in MCF-7 cell lines by the well-known mechanism caspase-3 independent pathway [95].
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Figure 6. Compounds having antiproliferative and apoptotic activity against MCF-7 and BHY cancer
cell lines, Noumi et al. [95].

One of the important synthetic breakthroughs was given by Zhang et al. [96] as they
developed modified Juglone from J. regia as a strong cytotoxic drug against carcinoma cell
lines of lungs by isolating and modifying the compound. The synthesis started with a
solution of Juglone (23) in acetonitrile (isolated from J. regia roots). At 20 ◦C, the solution was
portioned with NaH and agitated continuously for 10 min. Propargyl bromide was added
drop by drop, and the suspension was again agitated for two hours. Ethyl acetate was used
to extract the reaction mixture, which was then purified on a silica gel column to get the
derivative (24). The derivative (24) was then treated with organic azide, sodium ascorbate,
water:butanol (1:1), and copper ) (ii) pentahydrate to yield the final target derivatives
(25a–30a). Juglone derivates having cytotoxic effects are depicted in Figure 7. All the
synthesized target derivatives (25a–30a) were evaluated through cytotoxic assays against
lung cancer cell lines (NCl-H322 and A549) using BEZ-235 (IC50 = 9.80 μM) as a positive
control. Among all the synthesized derivatives of Juglone, 25a and 26a bearing o-nitro and
o-cyano phenyl moieties, respectively, displayed the most potency (IC50 = 4.72, 8.90 and
4.67, 7.94 μM) against both the lung cancer cell lines (NCl-H322 and A549), respectively.
Both these derivatives even displayed better activity results than the standard positive
control BEZ-235 (IC50 = 9.80 μM). Derivatives 27a, 27b, and 27c with ortho, meta, and
para-methoxy R moieties, respectively, were very less potent towards the cancer cell lines.
Similarly, derivatives (28 a, b, c) bearing o, m, and p-bromophenol moieties were lesser
active than juglone (IC50 = 19.32 μM) and standard BEZ-235 as displayed by the IC50
values (24.34, 21.82, 24.55 μM), respectively. Moreover, derivatives 29a and 30a bearing
a phenyl and o-chlorophenyl displayed slight better activity than juglone; however, they
were less potent than the standard BEZ-235 against the lung cancer cell lines (NCl-H322 and
A549). From the above results, it can be clearly stated that the introduction of EWG at ortho
position of the phenyl ring in the said derivative (25a, 26a) turned out to be favorable for the
net potency of the derivatives, which can be enhanced in the new research by introducing
some other EWG’s at ortho position of the phenyl ring, such as the EWG group carbonyl,
carboxyl, CF3, or fluorine at ortho position. Moreover, from structure activity relationship
(SAR) studies, it is clear that changing the position of groups from ortho to meta in (25b
and 26b) or from ortho to para in (25c and 26c) in the above structures showed a dramatic
decrease in the activity as depicted by the IC50 values of 25b, 26b, 25c, 26c (IC50 = 15.6,
17.22, 10.96, 13.30 μM), respectively, providing clear proof that the respective position of
the groups to influence the activity is necessary to impart activity to the new derivatives.
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Figure 7. Synthesis of modified juglone derivatives (triazole analogs) as cytotoxic agents,
Haque et al. [96].

Shah et al. [97] also studied the anti-proliferative and cytotoxic effects of J. regia leaf
extracts (methanol and aqueous extracts) at different concentrations on growth inhibitions
of cell lines of mice melanoma (B16F10) and human melanoma (A375). The extract con-
centrations prepared in this experiment included (0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.40, 0.45,
and 0.5 mg/mL of extract/mL). The normal lymphocyte cell lines were observed to show
negligible sensitivity towards the extracts. The cytotoxic activity was screened for 72 h
of treatment to the (B16F10) and (A375) cell lines, and it was revealed that methanolic
extracts at different concentrations showed potent activity (cell anti-proliferation) against
mice melanoma with IC50 = 0.234 mg/mL compared to IC50 = 0.304 mg/mL on human
melanoma cell lines. Likewise, aqueous extracts of the above-mentioned concentrations also
showed good activity with (IC50 = 0.298 and 0.350 mg/mL) against mice and human cell
melanoma, respectively. Even though both methanolic and aqueous extracts had significant
anti-proliferative action against mice and human cancer cell lines, significant activity was
detected for methanol extracts generated at the same concentrations in this investigation.

3.8. Antifungal Activity

The antifungal activity of aqueous and solvent extracts from leaf and bark helps
in medicinal use because these extracts showed a wide range of activity against fungus
using various methods such as agar dilution, disc diffusion, agar streak dilution, and the
Radish method [98]. The antifungal activity was demonstrated by various research, which
includes the major breakthrough contributed by D. Wianowska et al. by comparison of the
antifungal activity of different extracts of Juglans regia cultivars and the major compound
juglone. This study compares the antifungal effects of juglone and extracts from walnut
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green husks of the cultivars Lake, Koszycki, UO1, UO2, and non-grafted against plant
pathogenic fungi such as Alternaria alternata, Rhizoctonia solani, Botrytis cinerea, Fusarium
culmorum, Phytophthora infestans, as well as Ascosphaera apis. The data obtained demonstrate
that the antifungal activities of the extracts can be modulated by their other constituents
and are not always dependent on the antifungal activity of juglone. This enables us to
draw the conclusion that juglone is not the only element in walnut green husk extracts that
inhibits mycelial growth. It was discovered that phenolic compounds were in charge of the
extracts’ activity and that they could change juglone’s antifungal properties [99]. Similarly,
the activity was demonstrated by Hubert Sytykiewicz et al. [100] by conducting a study to
assess the antifungal efficacy of four extract fractions (methanolic, ethyl acetate, alkaloid,
and hydrolyzed methanolic) derived from Juglans regia (L.) leaves against pathogenic
Candida albicans strains. One reference strain (C. albicans ATCC 900et 29) and 140 isolates
from various biological samples, including skin lesions, sputum, urine, and feces, were
used to test the yeasts. The highest anticandidal activity was found in the methanolic
extract from walnut leaves, followed by the alkaloid fraction, which had a slightly lower
antifungal efficacy. Etyl acetate and hydrolyzed methanolic preparate had the lowest levels
of growth rate inhibition for the examined fungal pathogens [101].

Similar antifungal activity was assessed using the disc diffusion method with ex-
tract concentrations of 100, 200, and 300 g/mL/disc, using the standard ketoconazole
(40 g/mL/disc). Selective fungistatic activity was demonstrated by the extracts against
some species. Different levels of inhibitory activity were present in all extracts against
all types of fungi. The study revealed that acetone and chloroform extracts significantly
inhibited the growth of Alternaria alternata and Trichoderma virens, respectively. Moreover,
methanolic extract demonstrated significant activity against Aspergillus niger [102]. The
other studies which have been carried out by analyzing the different extract of Juglans
regia and the antifungal activity have demonstrated that, no matter the type of extract
evaluated for the antifungal activity, juglone is the primary component of walnut green
husk extracts which demonstrated the maximum antifungal activity. However, the activity
varied depending on the composition of other vital extract constituents and the kind of
fungal infection that was treated [100,103].

3.9. Cardiovascular Activity

Walnuts have been found to have high quantities of omega-3 and omega-6 polyun-
saturated fatty acids (PUFA). While some studies have connected omega-6 PUFA to an
enhanced proinflammatory vascular response, the bulk of investigations have indicated
that these components have no deleterious consequences on human cardiovascular health.
It has been also discovered that in non-hyperlipidemic persons, eating walnuts regularly
(30–100 g/day) lessened the cardiovascular risk factors [104]. Consuming nuts on a regular
basis has been linked to a lower risk of both fatal and non-fatal myocardial infarction. Ac-
cording to epidemiological studies, compared to people who never consumed nuts, those
who consumed nuts five or more times per week had a 50% lower risk of coronary heart
disease [105,106]. Green walnut hull extract suppressed protein secretion and thrombin-
induced platelet aggregation by 50% in an in vitro investigation, with no deleterious effects
on platelets at a dosage of 50 mg/mL. Walnut green hull extract’s antiplatelet activity is
most likely due to its polyphenolic components and antioxidant capabilities. As a result, it
can be regarded a thrombotic disease candidate as well [107].

3.10. Brain Enhancing Activity

A healthy functioning brain requires sufficient amounts of water, vitamins (such as
folate, thiamine, vitamins B6, and B12), lipoic acid, lutein, and n-3 fatty acids for proper and
improved functioning. Walnuts are high in n-3-linolenic acid (ALA), as well as a variety of
other potentially neuro-regenerative substances such as phenolic acid (ellagic acid), gamma
tocopherol (vitamin E), folate, melatonin, flavonoids, and a plant-based omega-3 fatty
acid. It is worth noting that walnuts placed in second place among 1113 foods that were
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tested for antioxidant levels [108]. Memory is the retaining process of a learning experience
across time. By delivering the right stimuli, a single memory can be retrieved. Polyphenols
have been demonstrated to exhibit properties which influence the key neuronal signaling
pathways in memory and learning. Based on obesity, hypercholesterolemia, and oxidative
stress, walnut polyphenolic extracts improved learning by 42% and memory in hyperc-
holesterolemic rats [109]. A walnut diet containing 6% walnut oil protected male rats from
neurotoxicity caused by the chemotherapeutic drug cisplatin, according to another study.
The results demonstrated that walnut administration enhanced cognitive and motor skills,
implying that including walnut in one’s diet may be beneficial in combating chemotherapy-
induced motor and cognitive dysfunction [108]. It was also revealed that walnuts enhanced
learning skills, locomotor activity, memory, anxiety, and motor coordination in the trans-
genic mice model against Alzheimer’s disease by 6–9 percent [110]. The above studies
which were carried in vivo have clearly opened a new path of the research to demonstrate
the same effect on humans while making sure the earlier conclusion and the ample number
of dosages are delivered hand in hand alongside with the safety of the subject.

4. Toxicity Activity on Plants and Animals

After conducting toxicology research on humans and animals, it was discovered that
in the acute oral toxicity trial, Wistar female rats were given several doses of methanolic
extracts from 10 to 5000 mg/kg of J. regia septum for 14 days. In a sub chronic study, the
Wistar rats were fed the extract orally at a rate of 1000 mg kg−1 for 28 days. No harmful
effects or deaths were observed for the extract even at a concentration of 5000 mg kg−1.
Further in the study, there were no notable morphological or histological alterations in
the studied tissues [111]. According to the Yang et al. [112], walnut polyphenols increased
immune function by lowering oxidative stress. Tropical walnut use has been also linked
to skin irritation and discoloration in many cases reported in the past, clearly indicating
the fact that taking an excess diet of walnut fruit is also harmful to human health [113].
This fact was also well supported by developing enormous blisters and skin discoloration
in a 65-year-old woman after she consumed 15 kg of walnuts in three days [114]. It was
also revealed that walnut aqueous extract decreased the cyclophosphamide toxicity and
protected metabolizing and antioxidant enzymes at the time of treatment on the woman.
The goal of the current study was to determine whether walnut extract can reduce the
toxicity of the anticancer drug cyclophosphamide (CP) while also protecting against the
disruption of enzymes that help the body break down drugs and fight free radicals [113].
Human erythrocyte forward scatter was significantly reduced after 24 h of exposure to
juglone (5 μM). Juglone (1–5 μM) markedly raised the proportion of annexin V-binding
cells. Juglone (5 μM) markedly increased the amount of ceramide at the erythrocyte surface
and decreased the amount of erythrocyte adenosine triphosphate (ATP). Juglone stimulates
suicidal erythrocyte death or eryptosis, at least in part, by increasing the abundance of
ceramides (lipid molecule), depleting energy, and activating protein kinase (PKC) [114].
Walnut’s detrimental effects on animals, notably horses, have also been reported. Moreover,
walnut heartwood can induce laminitis, an inflammatory disease in horses. As a result, the
black walnut extract model has been created to study the many parameters connected to
horse laminitis [115].

To investigate and validate the much promising study in relation to toxicity caused by
the walnut excess diet, Iwamoto et al. investigated the effects of walnut consumption on
serum lipids and blood pressure in Japanese subjects to determine whether it would also
be beneficial as a component of the Japanese diet. In a crossover design, they randomly
assigned 20 men and 20 women to one of two mixed natural diets for four weeks each. Both
diets adhered to the typical Japanese diet (reference diet) and included the same foods and
macronutrients, with the exception that the walnut diet provided 12.5% of its energy from
walnuts (43–57 g/d) (offset by lesser amounts of fatty foods, meat, and visible fat). When
comparing the walnut diet to the reference diet, total cholesterol levels were 0.21 mmol/L
lower for women (p < 0.01) and 0.16 mmol/L lower for men (p = 0.05). When they followed
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the walnut diet, the LDL cholesterol levels were 0.18 mmol/L lower for the men (p = 0.13)
and 0.22 mmol/L lower for the women (p < 0.01). The walnut diet also decreased the
concentration of apolipoprotein B and the ratio of LDL to HDL cholesterol (p < 0.05) [116].

5. Conclusions

The current review addresses the most prominent published research on J. regia L.
in medical sciences, the plant’s traditional and modern scientific applications, as well as
scientific validation of the stated biological activity in vivo and in vitro. Synthetic triazole
derivatives suggested in the manuscript can be modified to create new potent molecules
that can be tested for a variety of biological activities such as anticancer, antidiabetic,
antibacterial, and many others with promising results that will stand in the research
gap. Furthermore, various extracts (aqueous or methanolic) from walnut leaves, flowers,
or fruits might be utilized in concentration-dependent ways in a new study to make
improvements in the relevant field. To the best of our knowledge, we have not reported
any deceptive activity after working on our own green fruit and leaf extract of the plant,
as well as manipulation of other work in the same field. However, more human trials are
needed to determine all J. regia Linn extracts’ much anticipated and promising capabilities
and activities.
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Abstract: Inflammatory bowel diseases (IBD), including Crohn’s disease (CD) and ulcerative colitis
(UC), are a major healthcare challenge worldwide. Disturbances in the immune system and gut
microbiota followed by environmental triggers are thought to be part of the aetiological factors.
Current treatment for IBD includes corticosteroids, immunosuppressants, and other biologic agents;
however, some patients are still unresponsive, and these are also linked to high financial load and
severe side effects. Plant-derived natural products are rich in phytochemicals and have been used as
healing agents in several diseases since antiquity due to their antioxidant, anti-inflammatory, and
immunomodulatory properties, as well as gut microbiota modulation. Numerous in vitro and in vivo
studies have shown that phytochemicals act in key pathways that are associated with the pathogenesis
of IBD. It is also reported that the use of plant-derived natural products as complementary treatments
is increasing amongst patients with IBD to avoid the side effects accompanying standard medical
treatment. This review summarises the relevant evidence around the use of plant-derived natural
products in the management of IBD, with specific focus on the clinical evidence so far for Curcumin,
Mastiha, Boswellia serrata, and Artemisia absinthium.

Keywords: phytochemicals; inflammatory bowel disease; gut microbiota; Mastiha; Curcumin;
Boswellia serrata; Artemisia absinthium

1. Introduction

Inflammatory bowel disease (IBD) is a gastrointestinal illness that is characterised by
chronic inflammation of the gastrointestinal (GI) tract, with the main two types including
ulcerative colitis (UC) and Crohn’s disease (CD) [1]. UC and CD are characterised by
periods of relapse and remission, and despite sharing similar characteristics and symptoms
such as abdominal pain, fatigue, reduced appetite, and diarrhoea, [2], they differ in several
aspects. UC is characterised by a continuous pattern of inflammation that can affect the
colon and rectum at the level of the mucosa [3], while CD can attack any part of the GI tract
(mouth to anus) with transmural inflammation in an intermittent pattern [4].

Over the last few decades, a global rise in the incidence of IBD has been observed,
and although IBD has been traditionally considered a disease of the Western world, there
is an increasing incidence in newly industrialised countries in Asia, including China and
India, as emerging data have shown. However, the reasons for this swift increase in the
occurrence of IBD are not fully understood [5].

The pathogenesis of IBD has not been fully elucidated yet, although it seems to be
a result of an abnormal response to normal antigens of the gastrointestinal tract. More
specifically, a combination of genetic, immunological, and environmental factors initially
contributes to destruction of the intestinal epithelial barrier and an increase in intestinal
permeability, leading to an influx of immune cells in the intestinal lumen. This dysregula-
tion of the immunomodulation of intestinal mucosa leads to abnormal function of activated
T cells, mononuclear cells, and macrophages causing lesions in epithelial cells and chronic

Life 2023, 13, 1703. https://doi.org/10.3390/life13081703 https://www.mdpi.com/journal/life
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inflammation [6]. Perturbations in gut microbiota characterised by depleted diversity,
reduced abundance of short chain fatty acid (SCFA) producers, and enriched proinflam-
matory microbes such as adherent/invasive Escherichia coli (E. coli) and H2S producers [7],
may also contribute to the inflammatory state in IBD through affecting either the immune
system or the metabolic pathways.

The medical management of CD and UC includes a wide range of pharmacological
agents such as aminosalicylates, corticosteroids, immunomodulators, biological therapy,
and antibiotics. Surgical management is considered when patients do not respond to the
medications, and it is still necessary in 30–40% of patients with CD and 20–30% of patients
with UC [8]. The main goal of the conventional treatment is to induce and maintain disease
remission by achieving clinical and endoscopic healing. Unfortunately, some patients do
not respond to the treatment, and usually, several medications are associated with serious
side effects. Also considering the chronic, progressive nature of IBD and the increased
economic burden of the medical treatment, dietary interventions and plant-derived natural
products are gaining attention as alternative or complementary therapies as some patients
seek a more natural approach in long-term IBD management [9].

Plant-derived natural products have been well known for their favourable effects on
human health since antiquity for pain management, wound healing, gut health, and several
other indications. As such, they have attracted scientific interest over the last decades
with several studies on identification, isolation, and quantification of their compounds and
their biomedical properties. Most of the evidence regarding the effects on plant-derived
natural products on IBD comes from in vitro studies and animal models, but there are also
numerous clinical trials which have been conducted in humans.

Within this narrative review, we will recap the main mechanisms of action of phyto-
chemicals on IBD, as well as the current evidence from clinical trials investigating the effects
of selected plant-derived bioactive compounds rich in phytochemicals on the clinical course
of IBD with a specific focus on their anti-inflammatory, antioxidant, and immunomod-
ulatory effects, as well as their impact on gut microbiota modulation. There are several
plant-derived natural products evaluated in vitro and in animal models of IBD, but within
this review, we focused on reviewing the evidence on some of the most well studied
products in human trials in IBD, including curcumin, Mastiha, Boswellia serrata (BS), and
Artemisia absinthium (AA). The primary search tools in this literature review were Pubmed
and Google Scholar. We used keywords and search terms such as “phytochemicals and
IBD”, “phytochemicals and UC”, “phytochemicals and CD”, “natural products and IBD”,
“natural products and UC”, “natural products and CD”. Human trials that evaluated the
therapeutic effects of natural products in IBD were included. Additional searches were per-
formed using “Curcumin”, “Mastiha”, “Mastic gum”, “Chios mastic”, “Pistacia lentiscus”,
“Boswellia serrata”, and “Artemisia absinthium”. The reference lists from the retrieved articles
were also checked for other relevant studies.

2. Plant-Derived Natural Products in IBD

Plant-derived natural products have been traditionally used to provide benefits in
terms of health and disease. Their favourable effects have been attributed mainly to
their content in phytochemicals of bioactive elements that are naturally present in fruits,
vegetables, grains, and other plants [10], and that exhibit antioxidant, anti-inflammatory,
and anti-proliferative activity [11]. There are around 10,000 different phytochemicals, and
they are categorised mainly into polyphenols, glycosinolates, carotenoids, alkaloids, and
terpenes [12]. In vitro and animal models have shown that these are implicated in several
biological processes, including scavenging of free radicals, induction of anti-inflammatory
responses, maintenance of the homeostatic regulation of the gut microbiota, activation of the
intestinal T regulatory cells, maintenance of the mucosal barrier integrity, and inflammatory
pathway control [13].
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Phytochemicals have shown to be effective in key pathways that are associated with
the pathogenesis of IBD, as shown in Figure 1, especially through cytokine regulation and
reduction in oxidative stress [14,15]. Some of the mechanisms implicated in the pathogene-
sis of IBD are the release of tumour necrosis factor-alpha (TNF-a) from infiltrating immune
cells partnered with the overexpression of nuclear factor kappa B (NF-kB); increased cy-
tokine concentrations, such as interleukin (IL)-6, IL-12 in CD, and IL-13 in UC [16]; and
increased production of reactive oxygen species (ROS) exacerbating oxidative stress [17].
These factors create a vicious cycle that eventually leads to the disruption of gut homeostasis
and altered intestinal function [18].

 
Figure 1. Effects of plant-derived natural compounds on IBD. AOPP = advanced oxidation protein
products, IgA = immunoglobulin A, LOP = lipid-oxidised products, NF-kB = nuclear factor kappa
B, MAPK = mitogen-activated protein kinase, MPO = myeloperoxidase, PPAR-γ = peroxisome
proliferator-activated receptor, ROS = reactive oxygen species, RNS = reactive nitrogen species,
TNF-a = tumour necrosis factor alpha, TLR = Toll-like receptors, Nrf-2 = nuclear factor erythroid
2–related factor 2.

Additionally, there is strong evidence that the pathogenesis of IBD is also related to
toll-like receptors (TLRs), important mediators of inflammatory pathways in the gut, which
play a key role in mediating immune responses. TLR4, one class of TLRs, is thought to play
a role in intestinal inflammatory diseases, as it is implicated in the maturation of dendritic
cells and differentiation of T helper cells (Th1 and Th2). Furthermore, it can induce the
differentiation of macrophages to an M1 phenotype, therefore producing proinflammatory
cytokines [19]. TLR4 can also trigger the activation of NF-kB and mitogen-activated
protein kinases (MAPKs), as well as the induction of cytokines and inflammation-related
enzymes [20]. Studies suggest that certain phytochemicals, such as polyphenols, exert
their anti-inflammatory effects through the inhibition of TLR4/NF-kB-mediated signalling
pathways and by downregulating the expression of pro-inflammatory mediators [19].

Phytochemicals’ health benefits are also linked with the regulation of different mi-
croRNAs, which are implicated in the regulation of the intestinal epithelial barrier, T-cell
differentiation, and the Th17 signalling pathway. They also interfere in some of the inflam-
matory signalling pathways (NF-kB) and signal transducer and activator of transcription
STAT/IL-6 pathways [21].
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3. Modulation of Gut Microbiota

The gut microbiota (GM) can be defined as the community of microorganisms in the
gastrointestinal tract and seems to play an important role in human health, including in
terms of immune, metabolic and neurobehavioural traits [22]. IBD has been associated with
dysbiosis, which is defined as a decrease in gut microbial diversity due to an imbalance
between commensal and pathogenic microorganisms [23]. The GM of patients with IBD is
characterised by low microbial diversity and decreased abundance of Bifidobacterium spp.,
Lactobacillus spp., and F. prausnitzii, while having an abundance of pathologic bacteria
such as E. coli and Clostridium difficile (C. difficile) [7].

Phytochemicals in plant-derived natural products are poorly absorbed in the small
intestine; therefore, they reach the large intestine, where they can exert a prebiotic and
selective antimicrobial effect [24]. The proposed mechanism behind these health benefits is
through the metabolites produced by the GM, rather than the bioactive compounds per
se [25]. These metabolites can effectively modulate the GM mainly by inducing the growth
of some beneficial bacterial populations, such as Lactobacillus spp. and Bifidobacterium spp.,
and by triggering the generation of SCFAs [25]. One example is resveratrol, a polyphenol
found in berries, grapes, and groundnuts, which showed an increase in the abundance
of Lactobacillus spp. and Bifidobacterium spp. while inhibiting the production of harmful
bacteria such as E. coli in mice models [26,27]. Additionally, another trial showed that
mice fed with resveratrol had an increased amount of SCFA producers like Butyricicoccus
spp., Ruminococcus spp., and Roseburia spp. [28]. Furthermore, epigallocatechin (EGCG), a
polyphenol found in green tea, showed a prebiotic effect by significantly enriching SCFA-
producing bacteria, such as Akkermansia spp., while attenuating colitis symptoms in a
mouse model of UC when supplemented as prophylaxis [29].

Other mechanisms by which phytochemicals and GM are related include the inter-
action with the immune system, especially by immunoglobulin A (IgA), regulating the
degree of colonisation and preventing dysbiosis [30], as it has been reported with some
carotenoids (b-carotene and astaxanthin) [31]. They also include influence on the mucin
layer and tight junction integrity [32], as well as synergistic anti-inflammatory effects with
other compounds like omega-3 fatty acids [33].

4. Evidence from Human Studies

As mentioned above, plenty of in vitro and animal studies have evaluated the effects
of plant-derived natural products in IBD. Data from human studies are also available, but
to a significantly lesser extent compared to animal and in vitro studies. However, as it
is estimated that around 21–60% of patients with IBD use complementary or alternative
therapies (herbal remedies, dietary supplements) due to a perception of less toxicity or
harm, and up to 75% do not discuss it with their physicians [34], it is essential to explore
the current evidence regarding the benefits and risks. In this part we will discuss the
clinical evidence on the effects of some plant-derived natural products, including curcumin,
Mastiha, Boswellia serrata, and Artemisia absinthium on patients living with IBD.

4.1. Curcumin

Curcumin is the biologically active, phenolic component of turmeric (Curcuma longa) [35].
Turmeric consists of several significant constituents isolated from the rhizome—structurally-
related curcuminoids, including curcumin as the most important and the main active
compound (Figure 2a). It has been characterised by antimicrobial, antioxidant, and im-
munomodulatory properties in several in vitro and in vivo studies, and it is one of the most
evaluated compounds in humans. In the intestinal mucosa, curcumin can reduce the levels
of ROS, superoxide anions, and malondialdehyde (MDA) [36]. Additionally, curcumin
strongly inhibits the expression of NF-kB and downstream signalling of proinflammatory
cytokines such as TNF-a [37].
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Figure 2. Main bioactive compounds of (a) Curcuma longa (curcumin [38]); (b) Mastiha (α-pinene [39],
β-pinene [40], β-myrcene [41], mastihadienonic acid [42], isomastihadienonic acid [43]); (c) Boswellia
serrata (boswellic acid [44]); (d) Artemisia absinthium (α-thujone [45], camphene [46], absinthin [47]).
Source of chemical structures: PubChem [48].

Several trials in patients with UC showed positive results in terms of inducing remis-
sion with no adverse effects, as well as improving endoscopic and clinical activity (Table 1).
A pilot study in five patients with UC reported a significant improvement in the number
and quality of stools (p < 0.02) with the supplementation of 550 mg of curcumin twice a
day for one month and then 550 mg three times a day for another month, as assessed by
a global score. In the same study, curcumin’s efficacy as an add-on therapy to existing
treatments of CD was also tested using 360 mg of curcumin three times a day for one
month, and then four times a day for two months, in five patients with CD. The Crohn’s
Disease Activity Index (CDAI) score and CRP levels for all subjects fell [49]. Another trial
compared curcumin supplementation combined with either sulfasalazine or mesalamine
versus placebo in eighty-nine patients with quiescent UC. Patients received curcumin
capsules (2 g/day) for six months. The results showed an improvement both in the clinical
activity index (CAI) and the endoscopic index (EI), therefore suppressing the morbidity
associated with UC [50].

Given the high use of complementary alternatives, a forced-dose titration study in
patients with CD and UC tested curcumin’s tolerability and safety. Patients initially received
500 mg twice per day for three weeks, and the dose was increased up to 1 g twice per day at
week 3 for a total of 3 weeks, and then titrated again to 2 g twice per day at week 6 for three
weeks. Validated measures of disease activity were used, such as the Paediatric Ulcerative
Colitis Activity Index (PUCAI), Paediatric Crohn’s Disease Activity Index (PCDAI), and
Monitoring of Side Effect System Score, and all patients tolerated curcumin well with no
serious side effects reported [51]. It is essential to mention that this study was performed in
a paediatric population; therefore, further research is required in order to fully assess the
safety and efficacy in larger studies including patients of different ages.

245



Life 2023, 13, 1703

Forty-five patients with distal UC were randomised to either NCB-02 enema (140 mg
of NCB-02 (curcumin) preparation dissolved in 20 mL of water) or placebo, both com-
plemented with oral 5-ASA (800 mg twice daily), for eight weeks. At week 8, clinical
remission and improvements in endoscopy were higher in the NCB-02 group compared to
the placebo, but the difference did not reach statistical significance [52].

Curcumin’s efficacy was studied as an add-on therapy with mesalamine treatment
(3 g/day for 1 month with continued mesalamine) to induce remission in fifty patients with
active UC. The combination of curcumin and mesalamine was significantly superior to the
combination of placebo and mesalamine in clinical (reduction > 3 points in Simple Clinical
Colitis Activity Index (SCCAI)) and endoscopic remission (partial Mayo score < 1) [53].
Disease activity improvement was reported in seventy patients with mild-to-moderate UC
when supplemented with curcumin 1500 mg/day for 8 weeks compared to placebo [54].
Clinical outcomes and quality of life were significantly improved in curcumin-treated pa-
tients. Additionally, curcumin supplementation reduced serum high-sensitivity C-reactive
protein (hs-CRP) concentration and the erythrocyte sedimentation rate (ESR) significantly,
biomarkers which are usually elevated in IBD.

The increased interest in using supplements as a co-adjuvant treatment for IBD has
led to the development of products with enhanced properties; new forms of curcumin have
been synthesised with higher absorption rates than conventional curcumin powder [55]. A
nanomicellar curcuminoid formula with higher bioavailability than conventional formulas
was used to test the effectiveness of the treatment of UC. Fifty-six patients with mild-
to-moderate UC were randomly assigned to receive the formula (80 mg, 3 times/day
orally) plus 3 g/day mesalamine or placebo plus mesalamine for 4 weeks [56]. There was a
significant improvement in the score for urgency of defecation in the formula supplemented
group, while an increase in self-reported well-being and reduced clinical activity were
also reported.

Another study in thirty patients with CD tested a newly synthesised curcumin deriva-
tive (Theracurmin) with a higher absorption rate for 12 weeks, showing a significant
improvement in clinical remission rates (p = 0.020) and endoscopic measures (p = 0.032)
compared with the placebo with no adverse effects [57]. Lastly, another bioenhanced form
of curcumin with higher bioavailability (BEC) was studied versus a placebo in sixty-nine pa-
tients with mild-to-moderate UC on standard doses of mesalamine for up to 12 months [58].
Clinical response, clinical remission, and endoscopic remission were evaluated at 6 weeks
and 3 months, then followed up at 6 and 12 months to assess the maintenance of remission.
At 6 weeks, these were significantly higher in the BEC group compared with the placebo. A
total of 95% of BEC responders maintained clinical remission compared to none in placebo
group at 6 months [58].

Although the aforementioned studies have reported some promising results regarding
the use of curcumin as an adjunct to the standard medical treatment for patients with IBD,
a prospective randomised double-blind placebo-controlled trial comparing the remission-
inducing effect of oral curcumin and mesalamine using a placebo or 2.4 g of mesalamine
in patients with ulcerative colitis of mild-to-moderate severity concluded that a dose of
450 mg/day for 8 weeks was not effective in terms of inducing remission [59]. Another
study in patients with CD undergoing bowel resection was performed to assess whether
curcumin was efficient for the prevention of post-operative recurrence of CD [60]. Patients
received 3 g/day oral curcumin plus azathioprine 2.5 mg/day or an identical placebo for
6 months. The results suggested that curcumin was no more effective than the placebo
in preventing CD recurrence, as no significant differences between groups were reported.
Thus, there is still need for further research with increased sample sizes to be able to reach
safe conclusions on the use of curcumin in the management of IBD.
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4.2. Mastiha

Mastiha, is a natural product of the Mediterranean basin consisting of a plethora of
bioactive constituents, including phenolic compounds, phytosterols, arabino-galactanes
proteins, and 30% of a natural polymer (poly-β-myrcene). However, it is a particu-
larly concentrated source of terpenes, such as monoterpenes (i.e., α-pinene, β-pinene,
and β-myrcene) and triterpenes (i.e., mastihadienonic acid and isomastihadienonic acid)
(Figure 2b) [61]. It is obtained as a dried resinous exudate from stems and branches of the
tree Pistacia lentiscus (Pistacia lentiscus L. var latifolius Coss or Pistacia lentiscus var. Chia) and
has been used since antiquity for its anti-inflammatory and antioxidant properties [62].
The European Medicines Agency has recognised Mastiha as a herbal medicinal product
for the following indications: (a) mild dyspeptic disorders and (b) symptomatic treatment
of minor inflammations of the skin and as an aid in the healing of minor wounds [63].
Previous data on Mastiha has suggested that it could have favourable effects on the
clinical course and inflammatory biomarkers of patients with IBD (Table 2). A pilot
study in patients with active CD evaluated the effectiveness of Mastiha administration
on the clinical course and blood inflammatory markers. The study included a healthy
control group, and participants received 4 weeks of treatment with Mastiha capsules
(6 capsules/day, 0.37 g/cap). The results suggested that Mastiha significantly decreased
the CDAI and plasma levels of IL-6 and CRP [64]. Peripheral blood mononuclear cells
(PBMC) were also evaluated before and after treatment, showing a reduction in TNF-alpha
secretion and an increase in macrophage migration inhibitory factor (MIF) release. These
findings pointed towards an inhibition of random migration and chemotaxis of mono-
cytes/macrophages [65]. A randomised, double-blind, placebo-controlled trial in patients
with IBD assessed the effects of a Mastiha supplement on oxidative stress biomarkers
and the plasma-free amino acid (AA) profiles of patients with active IBD (CD and UC).
Participants were allocated to receive Mastiha (2.8 g/day) or a placebo for three months,
being either under no treatment or under stable medical therapy. A favourable effect
on oxidative stress biomarkers was documented, as oxidised low-density lipoprotein
(OxLDL), OxLDL/HDL, and OxLDL/LDL decreased significantly in the Mastiha group.
Mastiha also ameliorated a reduction in plasma free AAs in patients with UC taking the
placebo [66]. It has been proposed that Mastiha can also exert a prebiotic effect, as it
showed a regulatory role in faecal lysozyme. In addition to a significant improvement
in the IBDQ score, results from the same trial showed a significant decrease in faecal
lysozyme in the Mastiha group [67]. Lysozyme is an antimicrobial protein that regulates
innate immune response, and its increased expression is correlated with dysbiosis and
inflammation [68], suggesting that Mastiha’s effect could be prebiotic as well.

A randomised, double-blind, placebo-controlled clinical trial in 68 patients with IBD
in remission examined the effects of Mastiha on the clinical course and AA profiles of
patients. The results showed that AAs such as valine, alanine, proline, glutamine, and
tyrosine significantly increased only in the placebo group compared with the baseline, and
the change between the two groups was significantly different. As AAs are considered
an early prognostic marker of disease activity, these results may suggest a potential role
of Mastiha in remission maintenance, although Mastiha was not proven superior to the
placebo in terms of the remission rate [69].
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In recent years, biological therapies that target different molecular pathways have been
developed, such as TNF blockade, IL-6, IL-12/IL-23, and IL-17 pathways. IL-17 blocking
agents have been applied in several anti-inflammatory diseases, but unfortunately, in IBD,
clinical benefits have not been established without adverse effects. Mastiha has been shown
to act in the IL-17 pathway, and its use as a safe adjunct therapy has been proposed in IBD.
A double-blind, placebo-controlled, parallel group study explored Mastiha’s immunomod-
ulatory effect on IL-17A serum levels in patients with active and inactive IBD. IL-17A has
been studied for its anti-inflammatory nature and a potential protective role in intestinal
pathology. The participants received natural Mastiha at a dose of 2.8 g/day or an identical
placebo (6 months for patients in remission and 3 months for patients in relapse). The
results showed a significant increase in serum IL-17A in patients with inactive UC, while
decreasing significantly only with the placebo treatment. No significant differences were
reported in active disease. Additionally, Mastiha seemed to influence the stool metabolic
profile of patients in remission, as there were increased levels of glycine and tryptophan,
both related to therapeutic effects and immunoregulatory mechanisms, such as Th17 cell
differentiation. These findings suggest that Mastiha has a potential immunomodulatory
role in quiescent IBD [70].

MicroRNAs (miRNAs), which are one of the most studied epigenetic mechanisms,
are implicated in the regulation of the intestinal barrier and cell membrane trafficking.
They also interfere with inflammatory pathways, such as NF-kB and the signal transducer
and activator of the transcription (STAT)/IL-6 pathways. In IBD, miRNAs are usually
up-regulated and are also involved in T-cell differentiation and Th17 signalling pathways
(especially microRNA-155). Circulating miRNAs are considered a valuable tool to indicate
the physiological state of the tissue from which they come, and their modulation by certain
phytochemicals has been studied over the years. A study in subsets of patients with
inflammatory conditions, including IBD, evaluated whether a common route exists in the
anti-inflammatory activity of Mastiha, specifically through the regulation of miRNA levels.
Participants received Mastiha in tablets at doses of 2.8 g/day or identical placebo tablets
adjunct to conventional medical treatment (6 months for patients in remission and 3 months
for patients in relapse). The results showed that, particularly in patients with UC in relapse,
miRNA-155 increased in the placebo group significantly, while this increase was prevented
by mMastiha supplementation. These findings proposed a regulatory role for Mastiha
in circulating levels of miR-155, a critical player in Th17 differentiation and function [21].
However, this was the first study linking Mastiha to epigenetic mechanisms; therefore, it
should be confirmed by more studies in larger cohorts.

4.3. Boswellia serrata

Boswellia serrata (BS) is a gum resin rich in terpenes, such as boswellic acid (Figure 2c).
It is obtained from the Boswellia serrata tree, but evidence regarding its effects on human
IBD has been contradictory so far (Table 3). There are several mechanisms of action that
contribute to its anti-inflammatory and immunomodulatory activities, such as the ability
to inhibit the formation of leukotrienes, which act as potent mediators of inflammatory
disorders [71]. A randomised, double-blind, verum-controlled, parallel group study in
102 patients with active CD showed that a BS extract could be as effective as mesalamine, but
not superior, in reducing the CDAI score [72]. However, a double-blind, placebo-controlled,
randomised, parallel study in 108 outpatients with CD in clinical remission randomised
to Boswelan, a BS extract, (3 × 2 capsules/day; 400 mg each) or placebo for 52 weeks was
unable to demonstrate superiority in maintaining remission when compared to the placebo,
although it showed good tolerability [73]. As bioavailability has been a topic of concern,
a novel delivery form of Boswellia serrata extract (BSE) with enhanced bioavailability was
tested [74]. The study was conducted in 43 patients with UC supplemented with either
250 mg/day of BSE or no supplement for 4 weeks. The results showed a significant positive
effect in the supplemented group for all the evaluated parameters, such as intestinal pain,
evident and occult blood in stools, bowel movements and cramps, watery stools, etc. The
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faecal concentration of calprotectin was also significantly decreased in the supplemented
group [74]. The present results highlight the importance of future research that will assess
the effects of BS, both in maintaining remission and in the management of active disease.

4.4. Artemisia absinthium

Also known as wormwood, Artemisia absinthium (AA) is a herbaceous plant considered
a very important species in the history of medicine [75]. It contains several groups of
phytochemicals (Figure 2d), such as terpenes (e.g., α-thujone, camphene), lactones (e.g.,
absinthin), flavonoids, phenolic acids, coumarins, and tannins; therefore, it has been widely
used as a therapeutic aid in digestive disorders and other clinical conditions [75]. Some
in vitro studies have reported that Artemisia species and isolated compounds mainly act
by supressing TNF-a and other interleukins [76,77].

A double-blind placebo study in CD patients assessed whether AA could reduce the
patients’ dependence on corticosteroids (Table 4). Participants receiving a daily dose of
steroids at an equivalent of 40 mg or less of prednisone for at least three weeks were
administered an AA containing herbal blend capsule (3 × 500 mg/day) or placebo for ten
weeks. The steroid dose was maintained stable until week two; after that, tapering off
started and was completed at week 10. Already, after six weeks, there was a significantly
higher number of patients who showed clinical improvement (CDAI score of 70 or more) in
the AA group as compared to placebo, and this continued beyond week 10. Improvements
were also reported in mood and quality of life, as measured with the 12-item Hamilton
Depression Scale (HAMD). These findings suggest that AA might have a steroid-sparing
effect on CD patients. However, it is important to mention that five patients from this
group showed little response to the AA treatment, suggesting that there could be a group
of patients who are resistant to the treatment [78].

Table 3. Clinical evidence on the effects of Boswellia serrata on IBD.

Aspect Evaluated Sample Duration Dose Main Outcomes Reference

Safety and efficacy
of BS extract H15

on active CD
102 participants 8 weeks 3.6 g/day BS extract H15

OR mesalamine

Reduction in CDAI score, but no
significant superiority compared

to mesalamine (p = 0.061)
[72]

Effect and safety of
long-term therapy

in CD

108 patients with
CD in remission 52 weeks

Boswelan 3 × 2
capsules/day (400 mg

each) OR placebo

Good tolerability and safety; no
superiority versus placebo as

maintenance therapy (p = 0.85)
[73]

Effect of BS extract
(BSE) in UC

43 participants
with UC in

remission for at
least 1 year

4 weeks

250 mg/day BSE in a
novel lecithin-based

delivery form
(Casperome®) OR no

supplementation

Significant improvement in
diffuse intestinal pain, blood in
stools, bowel movements and

cramps, and reduction in
calprotectin levels (p < 0.05)

[74]

CD = Crohn’s disease, CDAI = Crohn’s Disease Activity Index, BS = Boswellia Serrata, BSE = Boswellia Serrata
extract, UC = ulcerative colitis.

Table 4. Clinical evidence on the effects of Artemisia absinthium on IBD.

Aspect Evaluated Sample Duration Dose Main Outcomes Reference

Steroid-sparing
effect on CD

40 participants
with CD 20 weeks

AA containing herbal blend
(3 × 500 mg/day)

(SedaCrohn®) plus steroids or
placebo

Significantly higher clinical
improvement using CDAI in
SedaCrohn® group (p < 0.01)

[78]

TNF-α
suppressing effect

on CD

20 participants
with active CD 6 weeks

3 capsules SedaCrohn®

3 times/day (250 mg of
powdered AA each one) plus

conventional medical
treatment or placebo

Significant reduction in CDAI
and TNF-a levels compared

with placebo
[79]

CD = Crohn’s disease, CDAI = Crohn’s Disease Activity Index, TNF-a = tumour necrosis factor-alpha,
AA= Artemisia absinthium
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As mentioned previously, TNF-a appears to play a central role in the pathogenesis
of CD. A clinical trial studied whether the AA TNF-a suppression effect was present
in 20 patients with CD. Patients were given, in addition to their basic CD therapy, a
dried powdered AA treatment (3 × 750 mg) for 6 weeks. A control group was included.
The results showed a significant decrease in TNF-a serum levels in the AA group as
compared to the control group. Additionally, AA-treated patients showed significant
clinical improvements in their CDAI, IBDQ, and HAMD scores. These findings suggest
that AA can be a potential adjuvant for the TNF-a-mediated diseases, although further
research is needed [79].

5. Bioavailability and Safety Considerations

Bioavailability can be defined as the fraction of the active form of a substance that
reaches systemic circulation unaltered and is absorbed and used by the body [80]. Some
phytochemicals show low levels of stability, as they are highly metabolised or rapidly
eliminated [81]; this has been a challenge when using them as therapeutic agents [82], and
the research in this field is of great importance for their clinical use.

Many plant-derived products show remarkable potential in vitro, but due to their
poor absorption, the effect in vivo has not been completely demonstrated [83]. Several
factors, such as the transformation during metabolic pathways or during processing [84],
solubility [83], gender differences, and dosage seem to affect bioavailability [85,86]. Pre-
vious research on phytochemical bioavailability showed a peak in plasma antioxidant
capacity 1–2 h after intake [87]; however, research on the absorption, metabolism, and
distribution of these compounds in the human body remains limited. Different strategies
can be implemented to increase bioavailability, such as extraction of the active ingredient
or combination with other compounds that enhance absorption rates and could be of great
therapeutic use. For example, evidence shows that the absorption of curcumin is increased
by 20 times in humans and 1.56 times in rats when co-administered with 20 mg of piper-
ine [88]. However, a recent study reported that liver injury due to turmeric appears to be
increasing in the United States, perhaps reflecting usage patterns or increased combination
with black pepper [89], indicating that further research regarding safety and education of
the public on the use of plant-derived natural compounds is necessary. Data on safety are
very limited for the majority of these compounds, since most studies are short-term and
use different formulations and dosages, making it difficult to reach safe conclusions.

6. Future Implications and Conclusive Remarks

IBD incidence has been rising exponentially worldwide, and an attempt to improve
treatment has been a priority over the years. The recurrent pattern of IBD demands constant
treatment, representing a significant financial load to individual patients and healthcare
systems, especially in developing countries. Additionally, there are still many challenges,
as many adverse effects and/or patients who are non-responsive to treatments are still
reported. Emerging evidence shows that a combined treatment using standard medications
and plant-derived natural products might provide higher remission rates and decrease
adverse effects in IBD. The use of plant-derived natural products in patients with IBD has
demonstrated improvement in several aspects assessed by tools such as CDAI, IBDQ, and
SCAAI scores, which have been validated and implemented in clinical practice. However, it
is worth mentioning that these improvements might not always correlate with endoscopic
scores or faecal biomarkers of inflammation, and the indices currently in use are limited to
predicting long-term outcomes like surgery, relapse, and disability. Even though evidence
on this topic has been increasing, human trials are very limited and sample sizes are
quite small. Therefore, it is essential to prioritise clinical trials in order to facilitate the
development of official recommendations or guidelines on how to use them safely. Further
research focusing on phytochemical bioavailability, optimal doses, and safety is needed for
the development of phytochemical-rich products with enhanced therapeutic properties for
chronic inflammatory conditions, including IBD.
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66. Papada, E.; Forbes, A.; Amerikanou, C.; Torović, L.; Kalogeropoulos, N.; Tzavara, C.; Triantafillidis, J.K.; Kaliora, A.C. Antioxida-
tive Efficacy of a Pistacia Lentiscus Supplement and Its Effect on the Plasma Amino Acid Profile in Inflammatory Bowel Disease: A
Randomised, Double-Blind, Placebo-Controlled Trial. Nutrients 2018, 10, 1779. [CrossRef] [PubMed]

67. Papada, E.; Gioxari, A.; Amerikanou, C.; Forbes, A.; Tzavara, C.; Smyrnioudis, I.; Kaliora, A.C. Regulation of faecal biomarkers
in inflammatory bowel disease patients treated with oral mastiha (Pistacia lentiscus) supplement: A double-blind and placebo-
controlled randomised trial. Phytother. Res. 2019, 33, 360–369. [CrossRef]

68. Coulombe, G.; Langlois, A.; De Palma, G.; Langlois, M.-J.; Mccarville, J.L.; Gagné-Sanfaçon, J.; Perreault, N.; Feng, G.-S.;
Bercik, P.; Boudreau, F.; et al. SHP-2 Phosphatase Prevents Colonic Inflammation by Controlling Secretory Cell Differentiation
and Maintaining Host-Microbiota Homeostasis. J. Cell. Physiol. 2016, 231, 2529–2540. [CrossRef]
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