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Elizondo-Luevano, Patricia Tamez-Guerra and Cristina Rodrı́guez-Padilla et al.
In Vitro Biological Activity and Lymphoma Cell Growth Inhibition by Selected Mexican
Medicinal Plants
Reprinted from: Life 2023, 13, 958, doi:10.3390/life13040958 . . . . . . . . . . . . . . . . . . . . . . 45

Elham Amin, Mohamed Sadek Abdel-Bakky, Hamdoon A. Mohammed and Marwa H. A.
Hassan
Chemical Profiling and Molecular Docking Study of Agathophora alopecuroides
Reprinted from: Life 2022, 12, 1852, doi:10.3390/life12111852 . . . . . . . . . . . . . . . . . . . . . 59

Muzaffer Mutlu, Zeynebe Bingol, Eda Mehtap Uc, Ekrem Köksal, Ahmet C. Goren and Saleh
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Preface

It is with great pleasure that I introduce the reprint of the Special Issue entitled “Plants as

a Promising Biofactory for Bioactive Compounds”. Originally published in Life, this collection

of research articles showcases the extraordinary potential of nature’s green laboratories for the

production of bioactive compounds.

Plants, with their remarkable ability to synthesize an astonishing array of bioactive compounds,

have always been a source of inspiration and wonder. These bioactive compounds, often referred to

as phytochemicals, encompass a wide spectrum of chemical classes and are known for their beneficial

effects on human health, as well as their role in plant defense and ecological interactions. In addition

to natural compounds, plants can also be genetically engineered to produce valuable recombinant

proteins and enzymes for therapeutic and industrial applications. This Special Issue explores the

diverse ways in which plants serve as remarkable biofactories for producing active compounds and

enzymes with potential applications in medicine, agriculture, and industry.

As the global demand for sustainable sources of bioactive compounds continues to grow, the

need for innovative solutions becomes ever more urgent. This reprint aims to serve as a valuable

resource for researchers, academicians, students, and industry professionals who are interested in the

fascinating world of plant-based bioactive compounds. The potential of plants as biofactories is vast

and ever-evolving, and I am confident that the insights provided in this Special Issue will inspire

further research and innovation in the field.

Finally, I want to extend my gratitude to the authors for their exceptional contributions to

this Special Issue and to the reviewers for their dedication to maintaining the highest standards of

research. I hope that this compilation inspires further exploration and collaboration, driving us closer

to a future in which plants, as biofactories, are harnessed to their full potential for the betterment of

society and the planet.

Jianfeng Xu

Editor
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Editorial

Harnessing the Power of Plants: A Green Factory for
Bioactive Compounds
Jianfeng Xu 1,2

1 Arkansas Biosciences Institute, Arkansas State University, Jonesboro, AR 72401, USA; jxu@astate.edu;
Tel.: +1-870-680-4812

2 College of Agriculture, Arkansas State University, Jonesboro, AR 72401, USA

The plant kingdom has long been revered for its complex biochemical pathways, which
give rise to an incredible array of bioactive compounds. These small-molecule compounds
can be generally classified as alkaloids, terpenoids/terpenes, and phenolic compounds.
Many of these compounds have proven to be of great value to human beings as phar-
maceuticals or nutraceuticals, as they exhibit antioxidant, antitumor, anti-inflammatory,
and antibacterial effects and also show potential functions in immunomodulation, neuro-
protection, and antiallergy. Moreover, the agricultural sector has benefited significantly
from the use of bioactive compounds in the form of agrochemicals. Pesticides derived
from plant-based terpenoids, for instance, help safeguard crops from pests and diseases
while minimizing environmental harm. In addition to native compounds, plants can also
be genetically engineered to produce valuable recombinant proteins (termed “molecular
pharming”) for therapeutic and industrial applications (e.g., cytokines, blood proteins,
antibodies, vaccines, and industrial enzymes). The driving forces behind the rapid growth
of plant-based biofactories include their relatively low production cost, product safety, and
easy scale-up process.

This Special Issue of Life, entitled “Plants as a Promising Biofactory for Bioactive Com-
pounds,” showcases the latest research on the utilization of plant biofactories for producing
compounds with multiple biological effects, including antioxidant, antitumor, antidiabetic,
anti-inflammatory, antimicrobial, antialzheimer, antihemolytic, neuroprotective, and pesti-
cide activities. The 17 articles contained within this Special Issue, of which 13 are research
papers and 4 are reviews, encompass a broad spectrum of research, ranging from funda-
mental studies elucidating the biosynthetic pathways of bioactive compounds to applied
research harnessing the biotechnological potential of plant-based production systems. They
collectively highlight the incredible potential of plants as green factories for producing
bioactive compounds.

One recurring theme in these papers is the extraction, isolation, and structural char-
acterization of existing or new bioactive compounds with nutraceutical and therapeutic
potential from medicine plants. Advanced analytic tools, such as LC-HR/MS, GC/MS,
and GC-FID, were commonly exploited to determine the bioactive compound profile or
phytochemical composition in plant extracts. The pharmaceutical or nutraceutical activi-
ties of the separated compounds or crude plant extracts were analyzed in vitro or in vivo.
The paper by Murthy and Dewir’s group determined the phytochemical composition of
different parts of Andrographis macrobotrys Nees and demonstrated the importance of A.
macrobotrys as a source of medicine and antioxidants [1]. Karagecili and colleagues analyzed
the chemical profiling of peel and seed extracts of Zivzik Pomegranate (Punica granatum)
via LC-MS/MS and determined the antioxidant, antialzheimer, antidiabetic, antiglaucoma,
and antimicrobial effects of different phenolic and flavonoid compounds [2]. Inspired by
the remarkable antitumor potential of many plant secondary metabolites, Gomez-Flores’
team conducted an assay on of the effects of methanol extracts from 15 selected Mexican
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medicinal plants on the growth inhibition of mouse lymphoma cells, the toxicity and prolif-
eration of human peripheral blood mononuclear cells, and their antioxidant, hemolytic, and
antihemolytic activities [3]. Their results validate the possibility of identifying bioactive
compounds showing antitumor, antioxidant, and antihemolytic activity from medicinal
plants. The paper by Hassan and colleagues presented the first metabolomic profiling of the
halophyte Agathophora alopecuroides, a potential antidiabetic plant, using the LC-HRMS/MS
technique [4]. It is worth mentioning that a molecular docking technique was adopted
for this study to highlight the bioactive compounds, of which two alkaloids and four
flavonoids were identified as being responsible for the observed antidiabetic activity.

In addition to analyzing the broad spectrum of compounds in medicinal plants,
five papers focus on two specific types of bioactive compounds: essential oils and
phenolic compounds. In a study conducted by Gulcin’s group, the antioxidant and
antidiabetic properties of essential oil from cinnamon (Cinnamomum zeylanicum) leaves
were evaluated and investigated for the first time. Furthermore, the inhibitory ef-
fects of cinnamon oil on enzymes associated with various metabolic diseases were
also determined [5]. In another study, El-Kased and EI-Kersh analyzed the GC–MS
profiling of eight natural essential oils and demonstrated their antimicrobial effects
and their beverage preservative actions [6]. For phenolic compounds, Vaitiekūnaitė
group’s research indicated that the accumulation of phenolic and antioxidant com-
pounds in Quercus robur Bark diverges based on tree genotype, phenology, and the
extraction method used [7]. Olennikov’s team profiled and quantified the phenolic
compounds of leaf extracts of two Caucasian blueberries, namely Vaccinium myrtillus L.
and Vaccinium arctostaphylos L., via HPLC–PDA–ESI–tQ–MS and showed their neuro-
protective and antioxidant potential [8]. Similarly, the study by Hussain and colleagues
demonstrated that polyphenols extracted from Salvadora oleoides Decene. and Salvadora
persica L. fruit and aerial parts could potentially be used as antioxidant, analgesic, and
anti-inflammatory agents [9]. Other than having applications as nutraceuticals and
therapeutics, plant-derived compounds can also be used as pesticides. In their study,
Klasson and colleagues extracted aconitic acid from sweet sorghum syrup and used
it as a nematicide [10]. The extract was found to effectively reduce the motility of the
parasitic Meloidogyne incognita and cause a high mortality of the nematode.

The utilization of advanced biotechnological methods such as metabolic engineer-
ing, genome editing, and plant tissue culture have allowed researchers to fine-tune the
biosynthetic pathways of plants, thereby improving the yields and quality of bioactive com-
pounds. There are two research papers in this Special Issue that tackle this research area. An
excellent paper by Qi’s group explored the characterization, evolution, expression patterns,
and gene function of BAHDs in Lithospermum erythrorhizon (LeBAHDs) via bioinformatics
and transgenic analysis [11]. The plant BAHD acyltransferase family has been well known
to acylate plant metabolites and participate in plant secondary metabolic processes. The
results from the study by Qi’s group revealed that the overexpression of LeBAHD1 in
L. erythrorhizon hairy roots significantly increased the content of acetylshikonin and the
conversion rate of shikonin to acetylshikonin, whereas the CRISPR/Cas9-based knockout
of LeBAHD1 in hairy roots displayed the opposite trend. This study not only confirmed the
in vivo function of LeBAHD1 in the biosynthesis of acetylshikonin but also provided new
insights into the biosynthetic pathway of shikonin and its derivatives. In another study
on improving essential oil production in aromatic plants, Devlin’s group found that the
addition of Arbuscular Mycorrhizal Fungi (AMF) profoundly influenced terpene synthase
expression in six rosemary cultivars without impacting plant growth [12]. Their findings
demonstrated the potential for the use of AMF in the improvement of aroma in culinary
herbs within a commercial setting.

Apart from the extensive body of research dedicated to exploring bioactive small
molecules derived from plants, a notable study by Dr. Guerineau reported the successful
production of recombinant human gastric lipase by Arabidopsis thaliana root culture while
also providing a comprehensive characterization of the enzyme’s properties [13]. This
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investigation showcases the application of molecular pharming in plants as a means to
synthesize recombinant proteins, which are big molecules.

In addition to these noteworthy research articles, this Special Issue also contains four
review papers that discuss the pharmacological applications of plant-derived bioactive
compounds. Emran and colleagues discussed the potential of naringin and naringenin
polyphenols as therapeutics for neurodegenerative diseases such as Alzheimer’s disease
and Parkinson’s disease, as well as other neurological conditions such as anxiety, depression,
and chronic hyperglycemic peripheral neuropathy [14]. Cruz-Cansino and colleagues
focused on the exploitation of by-products from fruits and vegetables. Specifically, the
applications and pharmacological properties of bioactive compounds from cactus pear
(Opuntia spp.) peel were discussed [15]. In addition to bioactive secondary metabolites, a
review paper by Havrlentová’s group focused on other types of bioactive molecules from
plants, namely β-D-glucan, a cell wall polysaccharide [16]. The comprehensive introduction
to this bioactive biomolecule from Poales expands our understanding of the characteristics,
functions, and applications of this cell wall polysaccharide and opens new avenues for
future research and advancements. Finally, in light of the recent outbreak of COVID-19,
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which had
a profound impact on public health and the global economy, Xu’s group presented a
comprehensive review on the latest advancements in plant-derived antiviral medicines,
including both small-molecule compounds and recombinant therapeutics used to combat
COVID-19 [17]. Particularly, the unprecedented opportunity of molecular pharming in
plants for developing vaccines, antibodies, and other biologics against COVID-19 was
demonstrated. This review sheds light on the future development of plant sources of
antiviral medicines for treating COVID-19 and other viral infections.

In a world where the exploration of sustainable sources for bioactive compounds
has become increasingly significant, the potential of plants as biofactories has garnered
substantial attention. This collection of 17 papers represents a pivotal step forward in
our understanding of how plants can serve as potent sources of bioactive molecules with
diverse applications. The interdisciplinary nature of these contributions underscores the col-
laborative efforts of botanists, chemists, biotechnologists, and pharmacologists, all working
towards a common goal: harnessing the power of plants to produce valuable compounds.

Funding: This work was supported by the National Institute of Health (Grant No. R15DK128757) and
the Arkansas Biosciences Institute, the major research component of the Arkansas Tobacco Settlement
Proceeds Act of 2000.

Acknowledgments: We thank all the contributors to this Special Issue, as well as the kind reviewers
that contributed to improving the manuscripts.

Conflicts of Interest: The author declares no conflict of interest.
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Phytochemical Composition, Bioactive Compounds, and
Antioxidant Properties of Different Parts of Andrographis
macrobotrys Nees
Dayanand Dalawai 1 , Hosakatte Niranjana Murthy 1,2,* , Yaser Hassan Dewir 3,* ,
Joseph Kadanthottu Sebastian 4 and Anish Nag 4

1 Department of Botany, Karnatak University, Dharwad 580003, India
2 Department of Horticultural Science, Chungbuk National University, Cheongju 28644, Republic of Korea
3 Plant Production Department, College of Food & Agriculture Sciences, King Saud University,

Riyadh 11451, Saudi Arabia
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Abstract: Andrographis macrobotrys Nees is an ethnomedicinal plant belonging to the family Acan-
thaceae, distributed in the moist deciduous and semi-evergreen forests of the southern Western
Ghats of India. The objective of this research was to determine the phytochemical composition
and bioactive chemical components using gas chromatography and mass spectrometry (GC-MS)
and to check the antioxidant potential of the plant part extracts. A. macrobotrys roots, stems, and
leaves were obtained from the species’ natural habitat in the Western Ghats, India. The bioactive
compounds were extracted using a Soxhlet extractor at 55–60 ◦C for 8 h in methanol. Identifica-
tion analysis of A. macrobotrys bioactive compound was performed using GC-MS. Quantitative
estimation of phytochemicals was carried out, and the antioxidant capacity of the plant extracts
was determined by 2,2′-diphenyl-1-picrylhydrazyl radical scavenging (DPPH) and ferric reducing
assays (FRAP). A. macrobotrys has a higher concentration of phenolics in its stem extract than in
its root or leaf extracts (124.28 mg and 73.01 mg, respectively), according to spectrophotometric
measurements. GC-MS analysis revealed the presence of phytochemicals such as azulene, 2,4-di-
tert-butylphenol, benzoic acid, 4-ethoxy-ethyl ester, eicosane, 3-heptadecanol, isopropyl myristate,
hexadecanoic acid methyl ester, hexadecanoic acid, 1-butyl-cyclohexanol, 9,12-octadecadienoic acid,
alpha-monostearin, and 5-hydroxy-7,8-dimethoxyflavone belonging to various classes of flavonoids,
terpenoids, phenolics, fatty acids, and aromatic compounds. Significant bioactive phytochemicals
include 2,4-di-tert-butylphenol, 2-methoxy-4-vinylphenol, 5-hydroxy-7,8-dimethoxyflavone, azulene,
salvigenin, squalene, and tetrapentacontane. In addition, the antioxidant capability of each of the
three extracts was assessed. The stem extract demonstrated impressive DPPH scavenging and ferric
reduction activities, with EC50 values of 79 mg/mL and 0.537 ± 0.02 OD at 0.2 mg/mL, respectively.
The results demonstrated the importance of A. macrobotrys as a source of medicine and antioxidants.

Keywords: Andrographis; antioxidants; GS-MS analysis; bioactive compounds

1. Introduction

Many secondary metabolites that plants produce have developed over time as pro-
tection against pathogens and herbivores. The use of secondary metabolites in pharma-
ceuticals, nutraceuticals, herbal cosmetics, and food supplements is widespread. Due to
their advantages over synthetic pharmaceuticals, such as fewer side effects, better com-
patibility with human physiology, and lower prices, the demand for plant-based chemical
compounds is rising globally [1]. The concept of linking a plant’s phytochemicals to its
pharmacological activity is becoming increasingly popular. Hence, after identifying plants
that are significant from an ethnopharmacological perspective, chemical compounds from

5



Life 2023, 13, 1166

those plants are extracted, isolated, and characterized employing highly sophisticated chro-
matography techniques, including gas chromatography and mass spectroscopy (GC-MS).

Acanthaceae is a family of plants that includes the genus Andrographis Wall. ex. Nees,
which is composed of therapeutic plants. Andrographis is represented by 48 species that are
annual and perennial herbaceous plants distributed in tropical regions of Asia. The majority
of Andrographis species are endemic to India, and some of them are lesser known but signifi-
cant medicinal plants utilized by native and tribal people in the Deccan Plateau and Western
Ghats, particularly A. paniculata, often known as “King of Bitter,” which has many uses in
modern medicine. It has a wide range of pharmacological actions, including anticancer,
antidiabetic, hepatoprotective, anti-inflammatory, antiviral, antioxidative, and antibacterial
activities [2]. Diterpenoids, including andrographolide, neoandrographolide, deoxyan-
drographolide, and 14-deoxy-11,12-didehydroandrographolide, as well as flavonoids, are
thought to be responsible for its pharmacological effects [3,4]. Since ancient times, local
communities and practitioners of traditional medicine have used a number of Andrographis
species known for their ethnomedicinal properties to treat a variety of conditions, including
wounds, fever, snake bites, constipation, jaundice, diabetes, skin diseases, and a number of
other disorders [3,5]. It follows that members of the Andrographis genus have a great deal
of potential for medicinal uses, and there is a lot of room for isolating and characterizing
phytochemicals from lesser known species for use in medicine.

Due to its extensive therapeutic benefits, there is a significant demand for “Andro-
graphis” raw material on a global scale. To accommodate this demand, A. paniculata has
been cultivated in Asian nations. The overexploitation of A. paniculata natural popula-
tions, however, is one of the main causes of the species’ natural distribution becoming
depleted. A. macrobotrys was identified by Dalawai et al. [4] as a potential substitute for
the biosynthesis of neoandrographolide, a significant diterpenoid molecule. The neoandro-
grapholide level in A. macrobotrys was 102.03 mg/g DW, while it was 11.72 mg/g DW in
A. paniculata [4]. This suggests that A. macrobotrys has the potential to be the most effective
source of neoandrorapholide and that it may also lighten the load on A. paniculata. In
addition, only a few species, including A. paniculata, A. echioides, and A. producta, have
been successfully identified as phytochemicals and their compositions using the GC-MS
technique [5,6]. Other species, such as A. macrobotrys, have not yet had their phytochemical
constituents thoroughly investigated.

In order to fully appreciate A. macrobotrys potential as a medicine, it is important
to investigate and identify its chemical makeup. After this is accomplished, researchers
can shift their focus to species conservation and sustainable use. Hence, using GC-MS
techniques, the current study was aimed at investigating specific chemical components of
the root, stem, and leaf of A. macrobotrys. Furthermore, in vitro techniques have been used
to study the antioxidative qualities of methanolic extracts of roots, stems, and leaves.

2. Materials and Methods
2.1. Plant Materials

A. macrobotrys roots stems, and leaves were obtained from the species’ natural habitat
near Hebri, Udupi, Karnataka, India (13.41789928, 74.94768698). An identification of the
plant specimen was made using the Flora of the Presidency of Madras [7] and a voucher
specimen (DSD-03) was deposited in the Shivaji University Herbarium in Kolhapur, India.

2.2. Chemicals and Reagents

Analytical-grade chemicals were employed in all of the tests. Methanol, sodium
carbonate, sodium nitrate, ferric chloride, aluminium chloride, hydrochloric acid, 2,4,6-
tripyridyl-s-triazine, 2,2-diphenyl-1-picrylhydrazyl (DPPH), butylated hydroxyl anisole,
ascorbic acid, and Folin-Coicalteu (FC) reagents were procured from Sigma Aldrich Chemi-
cal Co. (St. Louis, MO, USA).
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2.3. Methanolic Extract Preparation

The plant’s root, stem, and leaves were shade-dried before being separately blended to
a fine powder. They were left for 24 h in a hot air oven to dry at 35 ◦C. Each part’s powder
(100 g) was extracted with 100 mL of methanol using a Soxhlet extractor at 55–60 ◦C for 8 h.
Each part’s extract was dried in a rotary evaporator under reduced pressure at 40 ◦C to
remove any excess methanol before being used in further phytochemical and antioxidant
studies.

2.4. Determination of Phytochemical Composition

In accordance with Folin and Ciocalteau’s [8] description of the spectrophotometric
analysis, the amount of total phenolics in the methanolic extracts of the root, stem, and
leaf were measured. The Folin–Ciocalteau (FC) reagent (1 mL) and 0.5 mL (1 g/mL) of
the methanolic extracts were added to test tubes containing 2.5 mL of deionized distilled
water. The mixture was given six minutes to stand before the addition of 0.5 mL 20%
sodium carbonate solution. After 30 min of incubation at room temperature, the produced
color’s absorbance was measured at 760 nm on a UV–visible spectrophotometer (UV-1601,
Shimadzu, Kyoto, Japan). By comparing the results to the gallic acid standard curve, the
amount of total phenolic content was determined and reported as mg gallic acid equivalent
(GAE) per g dry sample.

Spectrophotometric analysis was used to assess the flavonoid content in the extracts of
the root, stem, and leaf [9]. Each sample’s 0.5 mL of methanolic extract was combined with
2.5 mL of distilled water and 0.15 mL of sodium nitrite (5%) solution, and permitted to sit
for 6 min. The reaction was then continued for another 5 min with the addition of 0.3 mL of
10% aluminium chloride. After mixing 2 mL of 1M sodium hydroxide, a spectrophotometer
(UV-1601, Shimadzu) was used to read the absorbance at 510 nm. The amount of flavonoid
content was calculated using the standard calibration curve of quercetin and reported as
mg of quercetin equivalent (QE) per g of dry samples.

The methanolic extracts were used in the determination of tannins present in the
samples spectrophotometrically according to the method developed by Schanderi [10].
Each extract (0.5 mL) was mixed with 2.5 mL of distilled water and 0.25 mL of Folin–
Denis reagent, followed by 0.5 mL of 30% sodium carbonate. Then, all the reagents were
mixed well to complete the reaction and incubated for 30 min at room temperature. The
absorbance of the developed color was measured at 700 nm using a spectrophotometer
(UV-1601, Shimadzu). The known amount of tannic acid was used to draw the calibration
curve, and the amount of tannin in samples was determined and expressed as mg of tannic
acid equivalent (TAE) per gram of dry samples.

2.5. Gas Chromatography and Mass Spectroscopy (GC-MS) Analysis

The chemical compounds present in the methanolic extracts of the samples were
separated using gas chromatography and mass spectrometry (Model: QP2010S; Shimadzu
Corporation, Kyoto, Japan), an advanced analytical device outfitted with Rxi-5Sil MS
capillary column (length 30 m 0.25 mm ID, 0.25 m film thickness). The carrier gas, with a
constant flow rate of 1 mL/min, was helium (99.9995%). The column oven temperature was
originally maintained at 60 ◦C before being raised to 260 ◦C by 5 ◦C/min and maintained
for 5 min. The split injection was used to inject the 1 L diluted samples, with a 4 min
solvent delay. The show lasted 30 min in total. Temperatures of 200 ◦C and 280 ◦C,
respectively, were selected for the interface line and ion source [11]. By contrasting the
retention durations of real compounds with the mass spectra from the NIST 11 and WILEY
8 mass spectral libraries, the separated components were determined. Kovats retention
index was determined using the structural formulae of the compounds as previously
described [12]. For quality control of the gas chromatography analysis, we estimated a
resolution between two peak separations using the formula: [{1.18(Rt2 − Rt1)}/(W2 + W1)],
while Rt2 and Rt1 are the retention times of peak 2 and 1, respectively; W is the peak width.
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In additio, we estimated the signal-to-noise ratio for each of the sample runs, based on
corresponding blank runs.

2.6. In Vitro Antioxidant Activity

The extracts’ capacity to scavenge DPPH radicals was assessed [13]. To make the stock
solution, 24 mg of DPPH was dissolved in 100 mL of methanol. The working solution was
created by combining methanol with DPPH stock solution to achieve an absorbance of
around 0.99 ± 0.02 at 515 nm using a spectrophotometer (UV-1601, Shimadzu). A sample
with a range of quantities (0.2–1.0 mg/mL) was combined with aliquots (3 mL) of this
working solution (DPPH). After thoroughly shaking, the reaction mixture was allowed
to sit at room temperature for 30 min in the dark. At 515 nm, the absorbance was then
measured. The control was prepared concurrently without any sample. As standards,
butylated hydroxyl anisole (BHA) and ascorbic acid were utilized. The following equation
was used to obtain the DPPH scavenging activity percentage. [(Control OD − Sample
OD)/Control OD] × 100 equals the percentage of DPPH scavenging activity.

The Benzie and Strain method was employed while performing the FRAP assay [14].
Plant extracts were added to 3 mL of newly made FRAP reagent (300 mM acetate buffer at
pH 3.6, 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mM HCl, and 20 mM FeCl3 in the
ratio 10:1:1) at varied concentrations (0.2–1.0 mg/mL) and then heated to 37 ◦C in a hot
water bath for 10 min. Distilled water was used to adjust the final volume to 4 mL, and it
was incubated for 10 min at room temperature in the dark. At 593 nm, optical density was
observed. As standards, butylated hydroxyl anisole and ascorbic acid were utilized. More
antioxidant power was shown by an increase in optical density (OD).

2.7. Statistical Analysis

All experiments were conducted in triplicate using three different lots. The mean,
percentage, EC50 values, and standard deviation were calculated using the statistical
software SPSS, Version 17.

3. Results
3.1. Phytochemical Composition

In the root, stem, and leaf of A. macrobotrys, phytochemicals, including total phenolics,
flavonoids, and tannins, were quantified and expressed as gallic acid equivalent (GAE),
quercetin equivalent (QE), and tannic acid equivalent (TAE), respectively. The total pheno-
lics, flavonoids, and tannins of different plant parts are shown in Table 1. The concentration
of phenolics is the highest among all the plant parts.

Table 1. Phytochemical composition of Andrographis macrobotrys plant extracts.

Plant Part Phenolics (mg GAE/g DW) Flavonoids mg QE/g DW Tannins (mg TAE/g DW)

Root 124.28 ± 0.24 b 9.06 ± 0.79 c 59.49 ± 0.22 b

Stem 180.98 ± 0.76 a 18.04 ± 0.08 b 86.39 ± 0.06 a

Leaf 73.01 ± 0.35 c 57.04 ± 0.43 a 57.33 ± 0.14 b

Values are mean ± standard deviation (n = 3). Mean values followed by different superscript in a column are
significantly different (p < 0.05) according to Duncan’s multiple range test.

3.2. Gas Chromatography and Mass Spectrometry (GC-MS) Analysis

Extracts of the root, stem, and leaf of A. macrobotrys were subjected to gas chromatog-
raphy and mass spectrometry (GC-MS) profiling to identify bioactive chemical compounds.
Average resolution between two peaks was found to be ~1.0 for all GC runs reflecting 98%
separation. We also noted a signal-to-noise ratio of around 5:1 for all the runs. These two
parameters were well within the limit as stipulated by USP and ICH. The GC-MS analysis re-
vealed the presence of various kinds of metabolites, including phenolics, sesquiterpenoids,
isoprenoids, fatty acids, benzofurans, and aromatic compounds. The total number of
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compounds found in all the extracts was 104, including 24 from the root, 36 from the stem,
and 44 from the leaf. The compounds from the root (Figure 1A), stem (Figure 1B), and
leaf (Figure 1C) are presented in Tables 2–4, respectively. Additionally, a number of the
phytochemicals in the extracts have been reported to be biologically active substances.
Table 5 lists key bioactive substances that are present in the roots, stem, and leaves of A.
macrobotrys and have been proven to exhibit biological activity.
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Table 2. GC-MS profile of Andrographis macrobotrys’ root.

Sl. No. Compound Name Retention Time Concentration (%)

1 Azulene 10.512 4.71
2 2,4-Di-tert-butylphenol 14.849 11.46
3 4-Ethoxy-ethyl esterbenzoic acid 15.072 0.28
4 Eicosane 17.125 1.02
5 3-Heptadecanol 18.271 1.28
6 Isopropyl myristate 18.445 1.26
7 Hexadecanoic acid, methyl ester 19.502 0.93
8 2,3-Dimethyl-3-hexanol 19.784 0.57
9 Hexadecanoic acid 19.895 0.36
10 1-Butyl-cyclohexanol 21.002 0.59
11 Methyl octadeca-9,12-dienoate 21.150 2.73
12 6-Octadecenoic acid, methyl ester, (Z)- 21.208 10.02
13 Tetratriacontane 21.440 5.64
14 4,4′-Thiobis[2-(1,1-dimethylethyl)-5-methyl-phenol 21.492 3.79
15 2,6,10,14-Tetramethyl-hexadecane 21.810 0.34
16 Dotriacontane 23.283 0.55
17 2-Ethylbutyric acid, eicosyl ester 24.592 1.05

18 Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)
ethyl ester 24.777 15.47

19 Asaraldehyde 24.965 7.99
20 Acetosyringone 25.501 3.23
21 alpha-Monostearin 26.552 5.04
22 5-Hydroxy-7,8-dimethoxyflavone 26.733 10.65
23 5-Hydroxy-6,7,4′-trimethoxyflavone/salvigenin 29.032 5.55
24 3,5-Dihydroxy-6,7,8-trimethoxyflavone 29.905 5.50

Table 3. GC-MS profile of Andrographis macrobotrys’ stem.

Sl. No. Compound Name Retention Time Concentration (%)

1 Azulene 10.516 2.48
2 2-Methoxy-4-vinylphenol 12.297 0.66
3 2,6-Dimethoxy-phenol or syringol 12.774 0.45
4 Nonadecane 14.598 0.29
5 2,4-Di-tert-butylphenol 14.851 11.24
6 Ethyl 4-ethoxybenzoate 15.075 0.28
7 4-Methyl-2,5-dimethoxybenzaldehyde 15.526 0.26
8 N-Phenyl aniline 16.342 0.44
9 Eicosane 17.130 0.94
10 3-Heptadecanol 18.275 1.29
11 Isopropyl myristate 18.451 0.69
12 Neophytadiene 18.609 1.52
13 6,10,14-Trimethyl-2-pentadecanone 18.666 0.30
14 3,7,11,15-Tetramethyl-2-hexadecen-1-ol 19.060 0.55
15 Hexadecanoic acid, methyl ester 19.509 3.09
16 3-Ethyl-3-pentanol 19.783 1.03
17 Hexadecanoic acid 19.896 1.80
18 1-Butyl-cyclohexanol 21.005 0.47
19 9,12-Octadecadienoic acid, methyl ester 21.159 1.28
20 8,11,14-Docosatrienoic acid, methyl ester 21.216 1.52
21 Phytol 21.322 4.13
22 Octadecanoic acid, methyl ester 21.447 1.66
23 2-Mono-myristin 23.050 0.61
24 Tetrapentacontane 23.287 0.53
25 Octadecane 23.634 0.24
26 Ethyl 3-hydroxytridecanoate 24.596 1.33
27 Hexadecanoic acid, 2-hydroxy-1-(Hydroxymethyl) ethyl ester 24.778 16.03
28 Asaraldehyde 24.953 1.95
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Table 3. Cont.

Sl. No. Compound Name Retention Time Concentration (%)

29 3-Acetyl biphenyl 25.500 0.42
30 N-{4-[2-(1,1-Dimethylethyl)-5-oxo-1,3-dioxolan-4-Yl]butyl}formamide 26.115 0.41
31 alpha-Monostearin 26.558 6.51
32 5-Hydroxy-7,8-dimethoxyflavone 26.742 15.35
33 Squalene 27.550 0.81
34 Stigmasta-5,22-dien-3-ol 27.607 1.39
35 5-Hydroxy-6,7,4′-trimethoxyflavone/Salvigenin 29.068 14.53
36 (3 beta,24S)-Stigmast-5-en-3-ol 29.375 3.53

Table 4. GC-MS profile of Andrographis macrobotrys’ leaf.

Sl. No. Compound Name Retention Time Concentration (%)

1 Azulene 10.516 1.62
2 Nonadecane 14.597 0.19
3 2,4-Di-tert-butylphenol 14.849 6.92
4 Ethyl 4-ethoxybenzoate 15.076 0.17

5 1-{2-[3-(2-Acetyloxiran-2-yl)-1,1-dimethylpropyl]cycloprop-2-
enyl}ethenone 17.020 0.14

6 Eicosane 17.128 0.46
7 Tetradecanoic acid 17.765 0.36
8 Loliolide 18.008 0.24
9 3-Heptadecanol 18.274 0.86
10 Isopropyl myristate 18.448 0.46
11 Neophytadiene 18.609 3.91
12 1-Dodecanol, 3,7,11-trimethyl- 18.664 0.40
13 3,7,11,15-Tetramethyl-2-hexadecen-1-ol 19.058 1.18
14 Methyl palmitoleate 19.450 0.26
15 Hexadecanoic acid, methyl ester 19.507 3.16
16 3-Ethyl-3-pentanol 19.784 0.32
17 Phytane 19.817 0.28
18 Hexadecanoic acid 19.909 10.19
19 1-Butyl-cyclohexanol 21.002 0.36
20 9,12-Octadecadienoic acid, methyl ester 21.156 1.22
21 9,12,15-Octadecatrienoic acid, methyl ester 21.214 2.76
22 Phytol 21.330 12.21
23 Octadecanoic acid, methyl ester 21.447 1.40
24 9,12-Octadecadienoic acid 21.524 0.81
25 cis,cis,cis-7,10,13-Hexadecatrienal 21.587 2.65
26 Octadecanoic acid 21.789 1.83
27 3-Cyclopentylpropionic acid, 2-dimethylaminoethyl ester 22.858 0.26
28 Tetrapentacontane 23.284 0.44
29 Eicosanoic acid 23.542 0.18
30 3-Cyclopentylpropionic acid, 2-dimethylaminoethyl ester 24.350 0.17
31 3,4-Dihydro-2(1h)-isoquinolinecarboxamidine 24.439 2.07
32 2-Ethylbutyric acid, eicosyl ester 24.578 4.99
33 Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) ethyl ester 24.773 8.99
34 3,7,11-Trimethyl-2,6,10-dodecatrien-1-ol, 24.825 3.93
35 Geranyl linalool isomer 25.000 7.44
36 2,6,10,14,18-Pentamethyl-2,6,10,14,18-icosapentaene 25.183 3.08
37 4,22-Stigmastadiene-3-one 26.255 3.79
38 alpha-Monostearin 26.550 1.29
39 5-Hydroxy-7,8-dimethoxyflavone 26.700 0.89
40 (3 beta)-Cholest-5-en-3-ol 26.925 0.57
41 Squalene 27.544 1.64
42 (3beta)-Stigmast-5-en-3-ol 28.116 2.76
43 Aromadendrene 28.293 0.58
44 3,5-Dihydroxy-6,7,8-trimethoxyflavone 29.889 2.33
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Table 5. Important bioactive compounds detected by GCMS analysis in the root, stem, and leaves of
A. macrobotrys having potential biological activities.

Bioactive Compounds Root Stem Leaves RT KI Biological Activity References

Azulene + + + 10.516 518.92 Anti-inflammatory [15]

2-Methoxy-4-vinylphenol − + − 12.297 905.88
Anticancer,

anti-inflammatory,
and antioxidant

[16–18]

2,6-Dimethoxy-phenol or Syringol − + − 12.774 1000 Antioxidant [19]

2,4-Di-tert-butylphenol + + + 14.849 1372.27
Anticancer,

anti-inflammatory,
and antioxidant

[20]

Eicosane + + + 17.128 1725.4
anti-inflammatory,

analgesic, and
antipyretic

[21]

Loliolide − − + 18.008 1849.32 Herbivore resistance [22]
Neophytadiene − + + 18.609 1930.51 Anti-inflammatory [23]

Hexadecanoic acid, methyl ester + + + 19.507 2047.07 Anti-Inflammatory [24]

Phytol − + + 21.322 2267.1
Anti-inflammatory

and
immunomodulating

[25,26]

2-Mono-myristin − + − 23.05 2459.83 Antimicrobial [27]

Tetrapentacontane − + − 23.287 2485.13 Antimicrobial,
antioxidant [28]

Asaraldehyde + − − 24.965 2657.22 Anti-obesity [29]

5-Hydroxy-7,8-dimethoxyflavone + + + 26.733 2826.44 Neuroprotective and
lipid lowering [30,31]

Squalene − + + 27.544 2900.36
Antioxidant,

antitumor, and colon
cancer

[32,33]

Stigmasta-5,22-dien-3-ol − + − 27.607 2906.28 Antimicrobial [34]
Aromadendrene − − + 28.293 2966.72 Antibacterial activity [35]
5-Hydroxy-6,7,4′-

trimethoxyflavone/Salvigenin + − − 29.032 3030.49 Neuroprotective and
lipid lowering [30,31]

3,5-Dihydroxy-6,7,8-
trimethoxyflavone + − − 29.905 3103.76 Antitumor [36]

+ or − represents presence or absence of the bioactive compound; RT = Retention time, KI = Kovats retention
Index.

3.3. In Vitro Antioxidant Potential

The dark purple color scheme of the DPPH free radicals is brought on by their single
electron pair. Samples containing antioxidants decolorize the DPPH solution by scavenging
the electrons. Thus, the reduction in the purple color of the DPPH solution is directly
linked to the antioxidant capacities of the methanolic extracts of the samples as they
scavenge the pair of electrons. The DPPH free radical scavenging activities of the extracts
are expressed as their mg/mL EC50 value. The lower value of EC50 indicates higher radical
scavenging activity. Ascorbic acid and BHA had EC50 values of 0.44 ± 0.03 mg/mL and
0.37 ± 0.02 mg/mL, respectively, whereas the root, stem, and leaf methanolic extracts
had DPPH radical scavenging activities of 1.16 ± 0.2 mg/mL, 0.79 ± 0.15 mg/mL, and
1.92 ± 0.25 mg/mL, respectively (Figure 2).
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Figure 2. DPPH analysis of the root, stem, and leaves of Andrographis macrobotrys.

The colorless ferric-tripyridyltriazine (Fe3+-TPTZ) complex reduced to ferrous-tripy-
ridyltriazine (Fe2+-TPTZ), an intense, blue-colored complex, by the activity of antioxidants
present in the sample, due to the dose–response relationship. The sample containing higher
levels of antioxidants may result in more intense color development. The methanolic
extracts of the stem demonstrated the highest antioxidant activity, with ODs of 0.537 ± 0.02
and 1.367 ± 0.03, at concentrations of 0.2 and 1.0 mg/mL, respectively. The antioxidant
capacity of various samples was in the following order: leaf, root, and stem (Figure 3). The
activity of the extracts is comparable to that of ascorbic acid and BHA. The leaves and stem
contributed to the highest phenolic and flavonoid content, which can be correlated with
antioxidant activities.
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4. Discussion

A. paniculata, the most popular species in the genus, is well known for its exceptional
medicinal qualities [2,37]. It is therefore highly sought after in the pharmaceutical and
herbal industries. Asian countries have used plant medications as an alternative to Western
medicine. The plant is also well known for its incredible ability to combat viral infec-
tions. Because of this, demand for the raw materials and goods produced by A. paniculata
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increased dramatically during the COVID-19 outbreak [38]. The quest for alternatives
with potential on par with A. paniculata has accelerated [39,40] in an effort to minimize
the strain. The current phytochemical investigation was carried out on the closely similar
species A. macrobotrys in order to confirm that, and it identified a variety of phytochemicals.

The investigation’s findings unambiguously show that A. macrobotrys’s stem extract
(124.28 mg GAE/g) contains a higher amount of phenolics than the plant’s root or leaf
extracts (73.01 mg GAE/g, respectively). Similar findings also applied to A. paniculata,
where stem extracts revealed a higher phenolic content than leaves [41]. The amount of
flavonoids in leaf extract was six times greater than that in root extract (9.06 mg QE/g), or
57.04 mg QE/gm. The best source of tannins was the stem (86.39 mg TAE/g), followed by
the root (59.49 mg TAE/g) and leaf extract (57.33 mg TAE/g), which had roughly identical
amounts. Our estimation shows that the stem is the best source of phytochemicals that
are soluble in methanol when compared to the leaf and root. The root, stem, and leaf
of A. producta all had varying amounts of phenolic, flavonoid, and tannin content in the
methanolic extract [6], with the stem having the greatest levels (163.61 mg GAE/g) and
TAE (84.52 mg/g) of phenolics and tannins, respectively. This further demonstrates the
stem’s excellent status as a source of total phenolic chemicals. Furthermore, A. macrobotrys
possessed the highest level of phenolic compounds (180.98 mg GAE/g), compared to the
stems of A. producta [6], A. paniculata [42], and A. echioides [43].

A. macrobotrys methanolic extracts were chemically profiled by GC-MS, and the re-
sults showed that each extract included a variety of high- and low-molecular-weight
metabolites in varied amounts. Twelve substances were included in all the extracts: azu-
lene, 2,4-bis(1,1-dimethylethyl)-phenol, benzoic acid, 4-ethoxy-ethyl ester, eicosane, 3-
heptadecanol, isopropyl myristate, hexadecanoic acid, methyl ester, hexadecanoic acid, 1-
butyl-cyclohexanol; 9,12-octadecadienoic acid, methyl ester; alpha-monostearin; 5-hydroxy-
7,8-dimethoxyflavone. The GC-MS profiling’s primary objective was to identify the bi-
ologically active compounds present in this crucial plant for medicine. The discovered
bioactive substances exhibited similarities to the known Andrographis species [44]. A mac-
robotrys contains a lot of chemicals that are biologically active, as would be expected. In our
previous studies [4], the plant was found to be a rich source of the bioactive compound
Neoandrographolide (102.03 mg/g DW) through HPLC analysis, when compared to other
Andrographis species.

The plant extracts showed significant antioxidant potential in comparison to the other
Andrographis species [45]. The antioxidant and other biological activities of these plants
were demonstrated by both crude and identified compounds. A dimer produced by the ox-
idation of 2,6-dimethoxy phenol (syringol) by laccase, which increased antioxidant activity
for FRAP, TEAC, and DPPH by 119.32, 53.15, and 93.25%, respectively, in comparison to
the substrate [19]. A flavoring ingredient known as 2-methyl-4-vinylphenol was shown
to be a powerful anticancer agent that inhibited the migration of Panc-1 and SNU-213
pancreatic cancer cells as well as their viability by preventing the expression of their nu-
clear antigens [16]. A monoacylglycerol derivative known as 2-Monomyristin has shown
antibacterial efficacy against an Escherichia coli bacterial stain [27]. Trimethoxy flavone and
salvigenin at a dose of 25 M inhibited the oxidative stress-induced apoptosis in neuroblas-
toma SH-SY5Y cells by activating antioxidant factors in the neuroprotective assessment [30]
(Table 1). According to Serino et al. [31], salvigenin exhibits biological activity, lowering
lipid levels (−22.5% palmitic acid biosynthesis at 30 M) while increasing mitochondrial
functionality (+15.4% at 30 M). With a MIC value of 125 g/mL, Aromadendrene, a terpenoid
found in Eucalyptus globulus, was discovered to be particularly efficient against methicillin-
resistant Staphylococcus aureus [35] (Table 1). According to Murata et al. [22], the carotenoid
metabolite loliolide functions as a strong endogenous inducer and mediates the host’s
defense reaction against three herbivores. In studies using 7,12-dimethylbenzanthracene to
produce skin tumors, squalene (5%) was found to have an anticancer effect and to have
reduced 26.67% of tumors in the test group [32] (Table 1). However, several chemical com-
pounds such as 4,22-stigmastadiene-3-one, 3,4-dihydro-2(1h)-isoquinoline carboxamidine,
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4,22-stigmastadiene-3-one, acetosyringone, alpha-monostearin, eicosane, geranyl linalool
isomer, and tetrapentacontane belonging to various classes of phytochemicals need to be
examined in detail for their biological activities.

Due to their protective properties, various plant species and their parts have been
employed to cure chronic ailments. These medicinal herbs’ protective function is related to
their chemical components, which also have antioxidant activities [46]. Polyphenols from
plant sources, including phenolic acids and flavonoids, demonstrate effective antioxidant
action [47]. With an EC50 value of 0.79 mg/mL, the methanolic extract from A. macrobotrys
stem displayed the highest DPPH radical scavenging activity and is comparable to the
EC50 values of the reference substances evaluated, such as ascorbic acid (0.44 mg/mL)
and BHA (0.37 mg/mL) (Figure 2). This could be attributed to the higher phenolic con-
tent in the stem compared to other parts. As compared to ascorbic acid (3.22 mg/mL
EC50), the stem of A. producta showed good DPPH radical scavenging action with a value of
3.58 mg/mL [6]. The stem of A. macrobotrys performed better than A. producta at scavenging
DPPH radicals. Antioxidants from stems were shown to have comparable reducing activity
to BHA (1.129 ± 0.02 OD at 0.2 mg/mL) and the highest Fe3+-TPTZ reducing potential
(1.367 ± 0.03 OD at 1.0 mg/mL concentration). However, the decrease in Fe3+-TPTZ com-
plex was substantially less active with root and leaf extracts (Figure 3). At 1.0 mg/mL
concentration, A. producta’s ferric-reducing activity was determined to be 1.742 ± 0.02 OD
(stem), 1.139 ± 0.03 OD (root), and 0.866 ± 0.016 OD (leaf) [6]. As of right now, the
stem of A. macrobotrys (1.367 ± 0.03 OD) reduces ferric oxide more effectively than the
root (1.139 ± 0.03 OD) and less effectively than the stem of A. producta (1.742 ± 0.02 OD).
The root, stem, and leaf of A. macrobotrys exhibit the same antioxidant potential according to
both DPPH and FRAP experiments. Due to its phenolic concentration and bioactive chemi-
cals, such as 2,4-di-tert-butylphenol, syringe, squalene, and tetrapentacontane, the stem
may have a high antioxidant potential. Since A. macrobotrys possesses valuable elements
that account for antioxidant activity, it could be exploited in food and pharmaceutical prepa-
rations. The antioxidant potential of phytochemicals plays an essential role in bioactive
food and pharmaceutical resources [48].

5. Conclusions

Various parts of Andrographis macrobotrys were analyzed quantitatively to determine
the distribution and variety of phytochemicals. From the various plant components, large
amounts of phenolics, flavonoids, and tannins were recovered. Due to the presence of
phenolic chemicals, this study demonstrated that plant components have high antioxidative
potential. According to GC-MS analysis, there were several key bioactive phytochemi-
cals present, including 2,4-di-tert-butylphenol, 2-methoxy-4-vinylphenol, 5-hydroxy-7,8-
dimethoxyflavone, azulene, salvigenin, squalene, and tetrapentacontane. Numerous other
substances have been found for biological evaluation to understand their importance,
including 4,22-stigmastadiene-3-one, 3,4-dihydro-2(1h)-isoquinoline carboxamidine, 4,22-
stigmastadiene-3-one, acetosyringone, and alpha-monostearin, among others. Therefore, A.
macrobotrys is a source of practical phytochemicals, as the present investigation showed.
The plants can be utilized as an alternative to A. paniculata, preventing their overuse
and extinction.
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Abstract: Zivzik pomegranate (Punica granatum) has recently sparked considerable interest due
to its nutritional and antioxidant properties. To evaluate the antioxidant capacities of P. granatum
juice, ethanol (EEZP), and water (WEZP) extracts from peel and seed, the antioxidant methods of
2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid radical (ABTS•+) scavenging, 1,1-diphenyl-2-
picrylhydrazyl free radical (DPPH•) scavenging, Fe3+-2,4,6-tris(2-pyridyl)-S-triazine (TPTZ) reducing,
Fe3+ reducing, and Cu2+ reducing methods were used. The antioxidant capacities of samples were
compared with the most commonly used synthetic antioxidants, i.e., BHA, BHT, α-tocopherol, and
Trolox. In terms of setting an example, the IC50 values of EEZP for ABTS•+ and DPPH• scavenging
activities were found to be lower than standards, at 5.9 and 16.1 µg/mL, respectively. The phenolic
and flavonoid contents in EEZP peel were 59.7 mg GAE/g and 88.0 mg QE/g, respectively. Inhibi-
tion of α-glycosidase, α-amylase, acetylcholinesterase, and human carbonic anhydrase II (hCA II)
enzymes was also investigated. EEZP demonstrated IC50 values of 7.3 µg/mL against α-glycosidase,
317.7 µg/mL against α-amylase, 19.7 µg/mL against acetylcholinesterase (AChE), and 106.3 µg/mL
against CA II enzymes. A total of 53 phenolic compounds were scanned, and 30 compounds were
determined using LC-MS/MS. E. coli and S. aureus bacteria were resistant to all four antibiotics used
as standards in hospitals.

Keywords: Zivzik pomegranate; enzyme inhibition; Punica granatum; antioxidant; α-glycosidase;
acetylcholinesterase; carbonic anhydrase; LC-MS/MS analysis

1. Introduction

Pomegranate (Punica granatum L.) is an antiquity fruit that is primarily grown in
western Asia, although it is also grown in other parts of the world, including the Mediter-
ranean region. Its utilization has been linked to a variety of health advantages since ancient
times [1,2]. Pomegranates are members of the Punicaceae family and have distinctive
characteristics. Unsaturated–polyunsaturated fatty acids, vitamins, sugar, polysaccharides,
polyphenols, and minerals can all be found in pomegranate seeds. Pomegranate seed oil in
particular contains significant amounts of phenolic compounds, fatty acids, linoleic acid,
gallic acid, and ellagic acid [3]. Pomegranate is one of the fruits that contain significant
amounts of bioactive phenolic compounds, which are frequently used as botanical com-
ponents in dietary supplements and herbal medicines [4]. Anthocyanins, anthocynidins,
proanthocyanidins, flavonoids, vitamins, sterols, lignans, saccharides, fatty acids, organic
acids, terpenes, and terpenoids are just a few of the bioactive components of pomegranates
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consumed in the human diet. In particular, proanthocyanidins, which have a considerable
impact on human health, were investigated, focusing on their systemic lipid-lowering
effects, as well as their hypoglycemic and anti-inflammatory abilities in the intestinal ep-
ithelium [5]. Other bioactive components include ellagic acid and its derivative, gallic
acid. In addition to ellagic acid and its derivatives, ellagitannins and gallotannins are
important bioactive components of P. granatum [6]. Likewise, because of their well-known
potential biological and pharmaceutical properties, secondary metabolites of plants have
been widely used in traditional medicine. These metabolites play protective roles in plants
and exhibit various biological and pharmaceutical traits with positive effects on health [7].

Antioxidant defenses such as enzymatic antioxidants and antioxidant food ingredients
are present in all aerobic organisms and are used to either remove or repair damaged
molecules [8–10]. By delaying the lipid peroxidation process, which is one of the main
causes of the degradation of pharmaceutical and food items during processing and storage,
antioxidants can remove free radicals and lengthen shelf life. The effects of free radicals and
ROS can be prevented by antioxidants [11]. Enzymes and antioxidant components make up
the antioxidant defense system. They have the ability to replace or fix broken biomolecules
in living things such as lipids, carbohydrates, nucleic acids, and proteins. The oxidation of
these biomolecules is postponed, avoided, and inhibited by antioxidants. They consist of
phenols and polyphenols as potent substances that lessen or neutralize the harmful and
undesirable effects of ROS [12,13]. However, the human body can be assisted in reducing
oxidative damage caused by free radicals and ROS by antioxidant supplements or foods [14].
As free radicals or active oxygen scavengers, many antioxidant compounds found naturally
in plant sources have been identified. The search for natural antioxidants for use in food or
medicine has recently attracted increasing attention because synthetic antioxidants, the use
of which is restricted due to their side effects such as carcinogenicity, are becoming harder
to find [15]. Recently, propyl gallate, tert-butyl hydroquinone, butylated hydroxyanisole
(BHA), and butylated hydroxytoluene (BHT) have become the most commonly used
antioxidants. However, BHA and BHT have been subject to legislative restrictions because
of concerns about their carcinogenic and toxic effects [16]. As a result, there is an increase in
consumer preference for natural antioxidants, as well as an increased interest in natural and
safer antioxidants for food applications, both of which have sparked efforts to investigate
natural sources of antioxidants [17,18]. The leaves, roots, seeds, and fruits of most plants
contain natural antioxidants. Numerous fruits and vegetables are rich in substances such as
polyphenols, ascorbic acid, carotenoids, and tocopherols that have positive effects on health.
Consuming fruits and vegetables can lower the risk of developing chronic diseases such as
cardiovascular disease and cancer [19]. Medicinal plants, which have been the subject of
many studies to date, are among the most significant natural antioxidant sources. Medicinal
plants contain a high number of phenols. Cereals, plants, and fruits are the main sources
of natural antioxidants in the human diet [20]. Phenolic compounds are plant secondary
metabolites that prevent degenerative disorders such as cataracts, cardiovascular disease,
cancer, hypercholesterolemia, rheumatoid arthritis, diabetes, and arteriosclerosis [21,22].

Alzheimer’s disease (AD) is regarded as one of the most pressing global health con-
cerns of our time. Numerous AD treatment strategies have been developed. The inhibition
of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) is one of the most impor-
tant strategies [23,24]. In particular, in several medical conditions, such as carcinogenesis,
coronary atherosclerosis, AD, and age-related disorders, lipid peroxidative destruction has
been linked to biologically active substances with antioxidant effects. AChE and BChE are
activity parameters that are still considered to be a part of prophylaxis to treat neurological
disorders associated with AD [25]. Alzheimer’s disease (AD) is initially distinguished
by the development of memory loss and other cognitive disorders and is believed to be
connected to acetylcholine (ACh) deficiency, inflammation, and oxidative stress. Con-
suming plants with antioxidant capabilities can therefore stop the progression of AD and
neurodegeneration [26].
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It is thought that these disorders can be cured by inhibiting the essential enzymes
linked to them. However, the synthetic drugs that are used to inhibit these important
enzymes have a lot of negative side effects [27]. Researchers were encouraged to find
an alternative natural product with fewer or no negative effects in an effort to solve this
issue [28]. Natural substances such as AChE inhibitors (AChEIs) have frequently been used
in clinical trials, particularly for the treatment of AD. Phenolic substances served as the
first drugs for the treatment of AD and were also discovered to be AChEIs [29].

Inhibiting enzymes that hydrolyze carbohydrates, such as α-glucosidase and α-
amylase, is one of the current methods for treating T2DM. By delaying glucose absorp-
tion, postprandial plasma glucose levels can be lowered, and hyperglycemia can be sup-
pressed [30]. The hydrolysis of both oligosaccharides and polysaccharides into monosaccha-
ride components such as glucose and fructose is accomplished by the enzyme glycosidase,
which is released from intestine cells. As a result, the control of type 2 diabetes mellitus
and hyperglycemia requires the use of α-glycosidase inhibitors (α-GIs) [31].

Carbonic anhydrase enzymes (CAs) are Zn2+-including metalloenzymes, which catalyze
the reversible hydration of carbon dioxide (CO2) to proton and bicarbonate (HCO3

−) [32].
Numerous biochemical functions such as ureagenesis, lipogenesis, and gluconeogenesis
are carried out by CAs [33]. CA inhibition has therapeutic uses in the treatment of infection,
convulsions, glaucoma, and cancer [34]. They also maintain fluid balance throughout the
body, especially in the eyes, kidneys, and stomach. High intraocular pressure (IOP) due to
glaucoma (IOP) can be relieved with the use of inhibitors of carbonic anhydrase (CAIs) [35].

With the current study, we sought to investigate the chemical components and bio-
logical activities of P. granatum obtained from the Zivzik village of Siirt province in the
southeastern Anatolian region of Turkey. The following steps were taken to accomplish
this: (a) The phenolic and flavonoid profiles of P. granatum were determined using LC-
MS/MS analysis; (b) the antioxidant abilities of P. granatum were measured using DPPH,
DMPD, ABTS, Cu2+ reducing (CUPRAC), Fe3+ reducing, Fe3+-TPTZ reducing (FRAP),
and Folin–Ciocalteu techniques; (c) the inhibitory effect of P. granatum on some metabolic
enzymes, including AChE, hCA II, and α-glycosidase, was investigated for determination
of possible relationships with AD, glaucoma, and diabetes mellitus; and (d) Gram-positive
(Staphylococcus aureus) and Gram-negative (Escherichia coli) microorganisms were used to
test the antimicrobial activity.

2. Materials and Methods
2.1. Chemicals

Acetylcholinesterase, acetylcholine iodide, α-glycosidase, p-nitrophenyl-D-glycopyranoside,
DPPH (1,1-diphenyl-2-picryl-hydrazyl), ABTS (2,2-azino-bis 3-ethylbenzthiazoline-6-sulfonic
acid), neocuproine (2,9-dimethyl-1,10-phenanthroline), BHT (butylated hydroxytoluene),
BHA (butylated hydroxyanisole), α-tocopherol, Trolox, (Ferrozine) 3-(2-pyridyl)-5,6-bis(4-
phenyl-sulfonic acid)-1,2,4-triazine, (TCA) trichloroacetic acid, and standard phenolic
compounds for LC-MS/MS were purchased from Sigma (Sigma-Aldrich GmbH, Steinheim,
Germany). The other materials were procured from Sigma-Aldrich or Merck.

2.2. Plant Materials

Zivzik pomegranate (Punica granatum) was defined as the Siirt ecotype by Assoc. Prof.
Dr. Mehmet Fidan from the Siirt University Department of Biology. Zivzik pomegranates
were obtained from Dişlipinar village (Zivzik) in the Şirvan district of Siirt province (alti-
tude: 764 m (2506 ft)). P. granatum ethanol and water extract were dissolved in ethanol to
determine their antioxidant activities and in DMSO for tests of enzyme inhibition due to
the potential inhibitory effects of ethanol.

2.3. Preparation of Zivzik Pomegranate (Punica granatum)’s Extracts

The extraction procedure was performed as previously described [36]. Water extracts
of P. granatum (WEZP) were prepared using 100 mL of distilled water and 25 g of dried
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P. granatum peel and seeds that had been ground in a mill. This mixture was boiled for
20 min in a magnetic stirrer. The filtrates of the extracts were frozen and lyophilized in a
lyophilizator at −50 ◦C under a pressure of 5 mmHg (Labconco, Freezone).

For ethanol extracts of P. granatum (WEZP), 25 g of dried P. granatum peel and seeds
were milled before being combined with 100 mL of ethanol and stirred in a magnetic stirrer
for 1 h. Filtrates were collected after the extracts had been filtered. A rotary evaporator (RE
100 Bibby, Stone Staffordshire, England) operating at 50 ◦C was used to remove the ethanol.
Before being used in experimental studies, all of the extracts were kept in a dark plastic
bottle at a temperature of 20 ◦C [37]. The yield of P. granatum extraction was calculated
using the following equation:

Yield = Weight of P. granatum extract (g)/weight of raw extract (g) ×100%

The yield of P. granatum extracts were calculated as follows: WEZP peel = 9.4/15 ×
100 = 62.7%; WEZP seed = 8.6/15 × 100 = 57.3%; EEZP peel = 4/15 × 100 = 26.7%; EEZP
seed = 2.92/15 × 100 = 19.5%. In order to obtain P. granatum juice, first, P. granatum were
peeled, and pomegranate seeds were obtained. Then, P. granatum juice was obtained by
pressing the P. granatum arils through a cheesecloth.

2.4. Total Phenolic Contents

The method described by Singleton and Rossi [38] was used to quantify the phenolics
in the WEZP and EEZP peel and seed and P. granatum juice with a few minor modifica-
tions [39,40]. First 0.5 mL of each extracted sample was transferred to Folin–Ciocalteu
reagent (FCR, 1.0 mL). The solution was then thoroughly blended and neutralized with
carbonate (0.5 mL, 1%). After two hours of incubation in the dark at room temperature, the
absorbances were measured at 760 nm in comparison to a blank sample, which included
water. The phenolic content was expressed as milligrams of gallic acid equivalents (GAE)
per gram of WEZP, EEZP, and P. granatum juice. The standard curve of gallic acid for total
phenolic contents (r2: 0.9408) is presented in Figure 1.
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Figure 1. The standard curve of gallic acid for total phenolic contents (r2: 0.9408).
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2.5. Total Flavonoid Contents

A class of polyphenolic substances known as flavonoids is widely distributed in plants
and frequently found in the human diet. Based on a previously described method [41], a
colorimetric assay was used to estimate the total flavonoid contents in WEZP, EEZP, and
P. granatum juice. To this end, 0.5 mL of sample was combined with 1.5 mL of 95% methanol.
Then, 0.5 mL CH3COOK (1.0 M) and 2.3 mL of deionized water were combined with
1.5 mL of 10% Al(NO3), and the samples were vortexed. Then, the vortexed samples were
kept at 25 ◦C for 40 min in the dark. Absorbance measurements were taken at a wavelength
of 415 nm. Quercetin equivalents (QE) are reported as mg per gram of extract in this study.
The standard curve of total flavonoid contents is obtained from Figure 2.
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2.6. Analaysis of Polyphenolic Composition by LC-MS/MS
2.6.1. Sample Preparation

First, 100 mg of each WEZP and EEZP was dissolved in 5 mL of water–ethanol (50:50
v/v) in a volumetric flask, and 1 mL of this solution was added to another volumetric flask
with a capacity of 5 mL. Then, 100 µL of P. granatum extracts were added and diluted to the
volume with water–ethanol (50:50 v/v). An aliquot of 1.5 mL from the final solution was
transferred into a vial with a cap, and 10 µL of the sample was injected into the LC-MS/MS.
Throughout the experiment, the samples in the autosampler were kept at 15 ◦C [42].

2.6.2. Method Validation Parameters and LC-MS/MS Analysis

The analytical approach utilized in this investigation was in accordance with the latest
studies. The LC-MS/MS study was carried out by the Dicle University Central Research
Laboratory. This chromatographic method was successfully carried out by Yılmaz [43]
and adapted for P. granatum ethanol extracts. A total of 53 phytochemical standards were
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obtained as reference from Sigma-Aldrich (Steinheim, Germany). They were used to
analyze phytochemicals in EEZP and WEZP.

2.7. Fe3+ Reducing Capacity

The Fe3+ reducing capacities of P. granatum, EEZP, WEZP, and P. granatum juice were
assessed on the basis of the method proposed by Oyaizu [44], as also previously described
in [45]. In a summary, various concentrations of samples in 0.75 mL of distilled water
(10–30 µg/mL) were added into the same volume of buffer solution (1.25 mL, pH 6.6;
0.2 M) and 1.25 mL of K3Fe(CN)6 (1%, w/w). Trichloroacetic acid (TCA) (1.25 mL, 10%) was
used to acidify the mixture after it has been incubated at 50 ◦C for 30 min. The absorbances
of the fruit extracts were recorded at 700 nm after an aliquot of 0.1%, 0.25 mL, and FeCl3
solution had been added to the mixture. Phosphate buffer solution was used as a blank
sample. Activity measurements for the Fe3+ reducing ability at each concentration were
conducted in triplicate.

2.8. Cu2+ Reducing Capacity

The Cu2+ reducing abilities of EEZP, WEZP, and P. granatum juice were measured
according to the method used by Apak et al. [46], which was thoroughly described in [47],
To this end, the same volumes of 0.25 mL of CuCl2 solution (10 mM), 0.25 mL of neocuproine
solution (7.5 mM), and 0.25 mL of acetate buffer (1.0 M) were added to the EEZP and WEZP
solutions (10–30 µg/mL) in a test tube. The total volumes of mixtures were adjusted
to 2 mL with distilled water and vigorously mixed. Then, the glass tubes were closed
and retained at 25 ◦C until use in experiments. Finally, after 30 min, the absorbances
were spectrophotometrically recorded at 450 nm. Acetate buffer solution was used as
a blank sample. Increased reaction mixture absorbance suggests increased reduction
capacity. Activity measurements for Cu2+ reducing ability at each concentration conducted
in triplicate [48].

2.9. Fe3+-TPTZ Reducing Capacity

The Fe3+-TPTZ reducing capacity of EEZP, WEZP, and P. granatum juice in acidic
solution were measured at 593 nm [49]. TPTZ solution (10 mM, 2.25 mL) with FeCl3
(20 mM, 2.25 mL) in acetate buffer made up the FRAP reagent solution (2.5 mL, pH 3.6,
0.3 M). The mixture was then incubated at 37 ◦C in the dark for 30 min after EEZP, WEZP,
and P. granatum juice (10–30 g/mL) were dissolved in buffer solution (5 mL). The absorbance
of the samples was then measured. Activity measurements for Fe3+-TPTZ reducing ability
at each concentration were conducted in triplicate [50].

2.10. DPPH• Scavenging Activity

The bleaching of a purple DPPH solution in methanol allows for the presence of
certain pure antioxidant compounds with hydrogen-atom- or electron-donating properties
to be determined. Stable DPPH• is the reagent used in this spectrophotometric assay [51].
The method described by Blois [52], as previously applied by Gulcin [53], was used with
minor modification to estimate the DPPH• free radical scavenging capacity of EEZP, WEZP,
and P. granatum juice; a stable free radical called DPPH was monitored for bleaching at a
specific wavelength while the sample was present. The DPPH• solution was prepared daily.
Aluminum foil was used to cover the solution flask, which was stirred for 16 h at 4 ◦C while
being kept in the dark. Shortly after preparing a 0.1 mM DPPH• solution in ethanol, 0.5 mL
of this solution was combined with 2 mL of EEZP, WEZP, and P. granatum juice at various
concentrations (10–30 g/mL). After being vortexed, the samples were incubated at 30 ◦C in
the dark for 30 min. Absorbance was measured at 517 nm in comparison to blank samples.
The scavenging of DPPH free radicals is indicated by a decrease in absorbance [54]. When
DPPH is reduced by an antioxidant or another radical species, its absorption falls below
that of the radical form, which absorbs at 517 nm. The absorbance at 517 nm decreased
proportionately to an increase in DPPH’s non-radical forms when a hydrogen atom or
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electron was transferred to the odd electron [55]. Absorbance decreases indicate that DPPH
is actively scavenging free radicals. Activity measurements for DPPH radical scavenging
activity at each concentration were conducted in triplicate [56].

2.11. ABTS•+ Scavenging Activity

A relatively stable free radical, ABTS, also decolorizes in its non-radical state. The
method of Re et al. [57] was used to determine ABTS•+ scavenging activity. This technique
involves adding an antioxidant to a prepared ABTS radical solution, and after a set amount
of time, the remaining ABTS•+ is measured spectrophotometrically at 734 nm [58]. Then,
2 mM ABTS in water was combined with 2.45 mM potassium persulfate (K2S2O8) to
create ABTS•+, which was then left to sit for 6 h at room temperature in the dark. The
ABTS started to oxidize right away, but it took over 6 h for the absorbance to reach
its peak and stabilize. Under storage conditions at room temperature in the dark, the
radical cation is stable in this form for longer than two days. In order to perform the
assay, the solution was diluted in phosphate buffer (pH 7.4), providing an absorbance of
0.700 ± 0.025 at 734 nm and equilibrated to 30 ◦C, the temperature at which all assays were
carried out. Then, 3 mL of EEZP, WEZP, and P. granatum juice in ethanol at 10–30 µg/mL
were combined with 1 mL of the ABTS•+ solution. After mixing for 30 min, the absorbance
was measured, and the radical scavenging percentage was computed for each concentration
in comparison to a blank containing no scavenger. The percentage reduction in absorbance
was used to determine the degree of decolorization. Activity measurements for ABTS
radical scavenging activity at each concentration were conducted in triplicate [59].

2.12. Enzyme Inhibition Studies
2.12.1. Acetylcholinesterase Inhibition Study

The cholinergic enzyme-inhibitory abilities of EEZP, WEZP, and P. granatum juice were
determined using Ellman’s methodology [60] as described in a previous study [61]. This
was accomplished using AChE serum from electric eels. Briefly, a specific P. granatum
concentration (10–30 µg/mL) in buffer (1.0 M Tris/HCl, 100 µL, pH 8.0) was transferred
to the enzyme solution (50 µL, 5.32 10−3 EU). The mixtures were kept at 20 ◦C for 10 min.
Then, 50 µL of mixtures containing DTNB (5,5′-dithio-bis(2-nitro-benzoic acid) (0.5 mM))
and acetylthiocholine iodide (AChI) was added. The reaction medium was then started,
and the mixture’s absorbances were measured spectrophotometrically at 412 nm [62].

2.12.2. α-Glycosidase Inhibition Study

The inhibitory abilities of the WEZP, EEZP, and P. granatum juice on α-glycosidase were
determined based on the method of Tao et al. [63], as described in detail in [64]. Various
amounts of WEZP, EEZP, and P. granatum juice were transferred to phosphate buffer
(75 µL, pH 7.4) for this purpose. Then, 20 µL of α-glycosidase solution was transferred
to the same buffer and incubated for 10 min. The final mixture was mixed with 50 µL of
p-nitrophenyl-D-glycopyranoside (p-NPG) dissolved in the same buffer. The mixture was
then incubated again at room temperature (37 ◦C), and the absorbances were measured at
405 nm against a blank sample made up of phosphate buffer.

2.12.3. α-Amylase Inhibition Study

The inhibitory effects of WEZP, EEZP, and P. granatum juice on α-amylase were mea-
sured according to Xiao et al [65]. Briefly, 40 mL of 0.4 M alkaline solution was used to
dissolve 1 g of starch, which was then heated for 30 min at 80 ◦C. The pH of the mixture
was adjusted to 6.9, and the total volume was adjusted to 100 mL with deionized water.
Then, different amounts of WEZP, EEZP, and P. granatum juice and 35 µL of starch prepared
in buffer solution (pH 6.9) were mixed. Then, 20 µL of enzyme was added to the mixture
and incubated at 40 ◦C for 60 min. Finally, 50 µL of HCl (0.1 M) was added to the mixture,
and the reaction was stopped. The absorbance of samples was measured at 580 nm. The
blank sample contained buffer solution (pH 6.9).
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2.12.4. hCA Inhibition Study

The sepharose-4B-L-tyrosine sulfanilamide affinity technique was used to separate
and purify CA II isoenzymes using human blood samples, as previously reported [66]. The
protein levels were determined at 595 nm using the Bradford method after the enzymes had
been purified [67]. The spectrophotometric Verpoorte’s method (Shimadzu, UVmini-1240
UV–VIS) was used to perform CA activity [68]. Acetazolamide (AZA) was utilized as a
reference standard [69].

2.13. Antimicrobial Studies
2.13.1. Microorganisms to Be Used in the Study

Microorganisms that can be potentially harmful to humans were used in this study.
Gram-positive bacteria (S. aureus ATCC 25923) and Gram-negative bacteria (E. coli clin-
ical isolate) were used for the assessment of antibacterial activity [70]. Bacterial strains
were derived from stock cultures (clinical isolates and standard strains) of Kahraman-
maras Sutcu İmam University Faculty of Medicine, Department of Medical Microbiology,
Microbiology Laboratory.

2.13.2. Identification of E. coli Clinical Isolates

The identification of E. coli clinical isolates was realized according to the method of
Deniz et al. [71]. Pathogen bacterial isolations from various clinical samples collected from
patients and delivered to the laboratory under sterile conditions were inoculated on blood
agar and EMB agar, and the media were incubated at 37 ◦C for 48 h. Colonies of E. coli
bacteria grown in culture media were identified as species by Gram staining, biochemical
tests, and the BD Phoenix 100 identification system.

2.13.3. Antimicrobial Activity Determination

The antimicrobial activity of the WEZP, EEZP, and P. granatum juice was determined
by a disk diffusion method [72]. The test microorganism agar cultures were prepared in
accordance with the procedure described by Gulcin et al. [73]. Bacterial strains were grown
on blood agar medium (Oxoid CM55, Basingstoke, Hampshire, UK). In the study, pathogens
to be evaluated were inoculated into Tryptone soy broth (Oxoid CM129, Basingstoke,
Hampshire, UK). Facultative anaerobes and aerobes, including some fungi, were cultivated
using tryptone soy broth, a highly nutritive and versatile medium that is recommended
for general laboratory use. Prepared cultures were incubated for 24 h at 37 ◦C. For the
antimicrobial test, 50 µL of WEZP, EEZP, and P. granatum juice was added to sterile 6 mm
diameter filter paper discs, and susceptibility measurements were conducted on Mueller
Hinton agar (Oxoid CM337, Basingstoke, Hampshire, UK) medium with the diffusion
technique prescribed in Clinical and Laboratory Standards (CLSI 2018).

The growth inhibition zones around the discs containing antibiotics and WEZP, EEZP,
and P. granatum juice were measured and recorded. The presence of antimicrobial ac-
tivity was shown by clear zones of inhibition surrounding the discs [74]. Plant extracts,
amoxicillin-clavulanic acid (20/10 µg/disc), gentamicin (10 µg/disc), ampicillin-sulbactam
(10/10 µg/disc), and ciprofloxacin (5 µg/disc, BD BBL™ Sensi-Disc™) were compared
with standard antimicrobial discs. Antimicrobial test results were analyzed according to
the references suggested by the Clinical and Laboratory Standards [75].

2.14. Statistical Analysis

All experiments are repeated three times for each sample. The results are reported as
the mean ± SD. (n = 3) and were evaluated using one-way ANOVA followed by Tukey’s
post hoc test; p < 0.05 was considered statistically significant.
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3. Results
3.1. Total Phenolics, Total Flavonoids, and LC-MS/MS Analysis Results

The phenolic and flavonoid contents in EEZP peel were measured as 59.7 mg GAE/g
and 88.0 mg QE/g, respectively, in this study. Between 6.36 and 1.78 mg GAE/100 mL of
total phenolics were present in five different pomegranate cultivars. The total flavonoid
content varied from 4.93 to 2.24 mg GAE/100 mL [2]. “Wonderful” pomegranate fruit
mineral concentration, bioactivity, and internal quality were improved using foliar nutrient
applications. Total phenolic content in P. granatum juice ranged from 2091 to 3735 mg/L
GAE [76]. The polyphenol and flavonoid contents of pomegranate peel acetone extract
(338 ± 20 mg/g GAE and 60.8 ± 9.3 mg/g QE, respectively) were significantly (p < 0.05)
higher than those of water and ethanol extracts. Additionally, it was discovered that
the polyphenol and flavonoid levels of acetone extract were higher than those found
in methanol, ethanol, and ethyl acetate extracts of the fruit peels of various Pakistani
pomegranate varieties, including “Desi”, “Kandhari”, and “Badana” [77]. In this study,
P. granatum extracts were shown to have comparable effective amounts of polyphenolics.

Using fifty-three phenolics as standard compounds, the LC-MS/MS method was uti-
lized to identify the major phenolic components in P. granatum extracts. The elucidation of
phenolic compounds was accomplished by comparison of their chromatographic behavior,
UV spectra, and MS information with references, and thirty compounds were measured
(Table 1 and Figure 3). Table 1 shows the mean values of each chemical based on the
LC-MS/MS tests. The major compounds detected in ethanol extract of P. granatum were
ellagic acid (199.967 mg/g), catechin (27.664 mg/g), epigallocatechin gallate (25.600 mg/g),
epicatechin (24.210 mg/g), nicotiflorin (23.535 mg/g), astragalin (20.551 mg/g), gallic
acid (20.021 mg/g), epigallocatechin (19.148 mg/g), quinic acid (17.460 mg/g), tannic
acid (12.300 mg/g), aconitic acid (8.190 mg/g), hesperidin (6.136 mg/g), isoquercitrin
(4.056 mg/g), rutin (2.732 mg/g), fumaric acid (2.128 mg/g), cosmosiin (2.036 mg/g), lu-
teolin (1.126 mg/g), and epicatechin gallate (1.060 mg/g). Also, the compounds include
protocatechuic acid, protocatechuic aldehyde, caffeic acid, vanillin, piceid, p-cumaric acid,
cynaroside, quercetin, naringenin, kaempferol, apigenin, amentoflavone, gentisic acid,
and chlorogenic acid were detected. Only quinic acid was in found a higher amount
(44.662 mg/g) in water extract of P. granatum, whereas 1,5-dicaffeoylquinic acid, 4-OH-
benzoic acid, vanillic acid, syringic acid, daidzin, syringic aldehyde, ferulic acid-D3-IS,
ferulic acid, coumarin, sinapic acid, salicylic acid, miquelianin rutin D3-IS, O-coumaric acid,
rosmarinic acid, genistin, quercitrin, fisetin, daidzein, quercetin-D3-IS, hesperetin, genistein,
chrysin, and acacetin were not recorded in EEZP and WEZP. The chemical structures of the
most plentiful phenolics in P. granatum are presented in Figure 4.

3.2. Reducing Ability Results

As summarized in Table 2 and Figure 5A, P. granatum extracts showed a potent Fe3+

reducing profile. However, the Fe3+ reducing ability of a 30 µg/mL concentration of
P. granatum extracts, phenolic compounds, and standards decreased in the following or-
der: α-tocopherol (2.778 ± 0.248, r2: 0.9999) > Trolox (2.334 ± 0.167, r2: 0.9997) > BHA
(2.319± 0.041, r2: 0.9629) > BHT (1.873± 0.152, r2: 0.9918) > P. granatum juice (1.810 ± 0.149,
r2: 0.7433) > WEZP peel (1.278 ± 0.143, r2: 0.9995) > EEZP peel (1.219 ± 0.028, r2:
0.9253) > EEZP seed (0.258 ± 0.005, r2:0.9712) > WEZP seed (0.229 ± 0.033, r2: 0.9252).
All analyses were carried out in triplicate. Depending on the reducing antioxidant capacity
of P. granatum extracts, the test solution’s yellow color in this assay shifted to various shades
of green and blue.
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content varied from 4.93 to 2.24 mg GAE/100 mL [2]. “Wonderful” pomegranate fruit min-

eral concentration, bioactivity, and internal quality were improved using foliar nutrient 

applications. Total phenolic content in P. granatum juice ranged from 2091 to 3735 mg/L 

GAE [76]. The polyphenol and flavonoid contents of pomegranate peel acetone extract 

(338 ± 20 mg/g GAE and 60.8 ± 9.3 mg/g QE, respectively) were significantly (p <0.05) 

higher than those of water and ethanol extracts. Additionally, it was discovered that the 

polyphenol and flavonoid levels of acetone extract were higher than those found in meth-

anol, ethanol, and ethyl acetate extracts of the fruit peels of various Pakistani pomegranate 

varieties, including “Desi”, “Kandhari”, and “Badana” [77]. In this study, P. granatum ex-

tracts were shown to have comparable effective amounts of polyphenolics. 

Using fifty-three phenolics as standard compounds, the LC-MS/MS method was uti-

lized to identify the major phenolic components in P. granatum extracts. The elucidation 

of phenolic compounds was accomplished by comparison of their chromatographic be-

havior, UV spectra, and MS information with references, and thirty compounds were 

measured (Table 1 and Figure 3). Table 1 shows the mean values of each chemical based 

on the LC-MS/MS tests. The major compounds detected in ethanol extract of P. granatum 

were ellagic acid (199.967 mg/g), catechin (27.664 mg/g), epigallocatechin gallate (25.600 

mg/g), epicatechin (24.210 mg/g), nicotiflorin (23.535 mg/g), astragalin (20.551 mg/g), gal-

lic acid (20.021 mg/g), epigallocatechin (19.148 mg/g), quinic acid (17.460 mg/g), tannic 

acid (12.300 mg/g), aconitic acid (8.190 mg/g), hesperidin (6.136 mg/g), isoquercitrin (4.056 

mg/g), rutin (2.732 mg/g), fumaric acid (2.128 mg/g), cosmosiin (2.036 mg/g), luteolin 

(1.126 mg/g), and epicatechin gallate (1.060 mg/g). Also, the compounds include proto-

catechuic acid, protocatechuic aldehyde, caffeic acid, vanillin, piceid, p-cumaric acid, 

cynaroside, quercetin, naringenin, kaempferol, apigenin, amentoflavone, gentisic acid, 

and chlorogenic acid were detected. Only quinic acid was in found a higher amount 

(44.662 mg/g) in water extract of P. granatum, whereas 1,5-dicaffeoylquinic acid, 4-OH-

benzoic acid, vanillic acid, syringic acid, daidzin, syringic aldehyde, ferulic acid-D3-IS, 

ferulic acid, coumarin, sinapic acid, salicylic acid, miquelianin rutin D3-IS, O-coumaric 

acid, rosmarinic acid, genistin, quercitrin, fisetin, daidzein, quercetin-D3-IS, hesperetin, 

genistein, chrysin, and acacetin were not recorded in EEZP and WEZP. The chemical 

structures of the most plentiful phenolics in P. granatum are presented in Figure 4. 
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Figure 3. (A) Chromatogram of P. granatum water extract compounds. (B) Chromatogram of P. gran-

atum ethanol extract compounds (1. quinic acid, 2. fumaric acid, 3. aconitic acid, 4. gallic acid, 5. 

epigallocatechin 7. catechin, 11. tannic acid, 12. epigallocatechin gallate, 15. epicatechin, 22. epicate-

chin gallate, 33. rutin, 34. isoquercitrin, 35. hesperidin, 39. ellagic acid, 40. cosmosiin, 42. astragalin, 

43. nicotiflorin, 50. luteolin). 

Figure 3. (A) Chromatogram of P. granatum water extract compounds. (B) Chromatogram of
P. granatum ethanol extract compounds (1. quinic acid, 2. fumaric acid, 3. aconitic acid, 4. gallic
acid, 5. epigallocatechin 7. catechin, 11. tannic acid, 12. epigallocatechin gallate, 15. epicatechin, 22.
epicatechin gallate, 33. rutin, 34. isoquercitrin, 35. hesperidin, 39. ellagic acid, 40. cosmosiin, 42.
astragalin, 43. nicotiflorin, 50. luteolin).

Cu2+ reducing abilities of the phenolic composition in P. granatum extracts and juice are
presented in Table 2 and Figure 5B. It was determined that there was a strong relationship
between the Cu2+ reducing impact and different concentrations of phenolics in P. granatum ex-
tracts. However, at a concentration of 30 µg/mL, the significant absorbance of reducing ability
was demonstrated by phenolics in P. granatum extracts. On the other hand, the Cu2+ reducing
abilities of P. granatum extracts and standards were found as follows: BHT (2.865 ± 0.038,
r2: 0.9991) > BHA (2.849 ± 0.020, r2: 0.9999) > P. granatum juice (2.790 ± 0.045, r2: 0.9999)
> Trolox (2.555 ± 0.022, r2: 0.9987) > α-tocopherol (2.185 ± 0.110, r2: 0.9986) > WEZP peel
(0.927± 0.022, r2: 0.9965) > EEZP peel (0.878± 0.017, r2: 0.9967) > EEZP seed (0.194 ± 0.008,
r2: 0.9974) > WEZP seed (0.114 ± 0.034, r2: 0.8485).
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Figure 4. The structures of the ten most abundant phenolic compounds in P. granatum.Figure 4. The structures of the ten most abundant phenolic compounds in P. granatum.

Table 2. Fe3+, Cu2+, and Fe3+-TPTZ reducing capabilities of P. granatum extracts, juice, and positive
controls at 30 µg/mL (BHA: butylated hydroxyanisole; BHT: butylated hydroxytoluene).

Antioxidant
Fe3+ Reducing * Cu2+ Reducing * Fe3+-TPTZ Reducing *

λ700 r2 λ450 r2 λ593 r2

BHA 2.319 ± 0.041 a 0.9629 2.849 ± 0.020 a 0.9994 2.151 ± 0.020 b 0.9367
BHT 1.873 ± 0.152 b 0.9918 2.865 ± 0.038 a 0.9991 2.031 ± 0.190 b 0.9670

Trolox 2.334 ± 0.167 a 0.9997 2.555 ± 0.022 a 0.9987 2.108 ± 0.026 b 0.9291
α-Tocopherol 2.778 ± 0.248 a 0.9999 2.185 ± 0.110 b 0.9986 2.434 ± 0.103 a 0.8714
WEZP peel 1.278 ± 0.143 c 0.9995 0.927 ± 0.022 c 0.9965 1.903 ± 0.052 b 0.9875
WEZP seed 0.229 ± 0.033 d 0.9252 0.114 ± 0.034 d 0.8485 0.483 ± 0.023 c 0.9124
EEZP peel 1.219 ± 0.028 c 0.9253 0.878 ± 0.017 c 0.9967 2.086 ± 0.080 b 0.9866
EEZP seed 0.258 ± 0.005 d 0.9712 0.194 ± 0.008 d 0.9974 0.606 ± 0.011 c 0.9471

P. granatum juice 1.810 ± 0.149 b 0.4020 2.790 ± 0.045 a 0.9999 2.230 ± 0.010 b 0.9056

* All values are averages of three parallel measurements (n = 3) and presented as mean ± SD. Different letters in
the same column indicate a significant difference between the means (p < 0.05 regarded as significant).
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3.2. Reducing Ability Results 
As summarized in Table 2 and Figure 5A, P. granatum extracts showed a potent Fe3+ 

reducing profile. However, the Fe3+ reducing ability of a 30 μg/mL concentration of P. 
granatum extracts, phenolic compounds, and standards decreased in the following order: 
α-tocopherol (2.778 ± 0.248, r2: 0.9999) > Trolox (2.334 ± 0.167, r2: 0.9997) > BHA (2.319 ± 
0.041, r2: 0.9629) > BHT (1.873 ± 0.152, r2: 0.9918) > P. granatum juice (1.810 ± 0.149, r2: 0.7433) 
> WEZP peel (1.278 ± 0.143, r2: 0.9995) > EEZP peel (1.219 ± 0.028, r2: 0.9253) > EEZP seed 
(0.258 ± 0.005, r2:0.9712) > WEZP seed (0.229 ± 0.033, r2: 0.9252). All analyses were carried 
out in triplicate. Depending on the reducing antioxidant capacity of P. granatum extracts, 
the test solution’s yellow color in this assay shifted to various shades of green and blue. 
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Figure 5. Fe3+ (A), Cu2+ (B), and Fe3+-TPTZ (C) reducing abilities of P. granatum and standards. 
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Figure 5. Fe3+ (A), Cu2+ (B), and Fe3+-TPTZ (C) reducing abilities of P. granatum and standards.

An Fe3+-TPTZ reducing assay was used to determine the reducing abilities of
P. granatum extracts and standards. The reduction powers of samples dropped in the fol-
lowing sequence according to the results provided in Table 2 and Figure 5C: α-tocopherol
(2.434 ± 0.103, r2: 0.8714) > ZP juice (2.230 ± 0.010, r2: 0.9056) > BHA (2.151 ± 0.020,
r2: 0.9367) > Trolox (2.108 ± 0.026, r2: 0.9291) > EEZP peel (2.086 ± 0.080, r2: 0.9866)
> BHT (2.031 ± 0.190, r2: 0.9670) > WEZP peel (1.903 ± 0.052, r2: 0.9875) > EEZP seed
(0.606 ± 0.011, r2: 0.9471) > WEZP seed (0.483 ± 0.023, r2: 0.9124). In this method, the
higher the absorbance readings, the better the test samples’ ability to reduce.

3.3. Radical Scavenging Results

P. granatum extracts and juice are thought to have natural antioxidant potential if they
have DPPH• scavenging ability. The DPPH• scavenging activity of P. granatum extracts was
measured, and the IC50 value was derived (Table 3, Figure 6A). P. granatum extracts and
juice demonstrated concentration-dependent radical scavenging activity (Figure 6A). The
DPPH• scavenging capability of P. granatum extracts, juice, and standards was decreased
as follows: ascorbic acid (IC50: 5.82 µg/mL) > Trolox (IC50: 6.03 µg/mL) > BHA (IC50:
6.86 µg/mL) > α-Tocopherol (7.70 µg/mL) > EEZP peel (IC50: 16.10 µg/mL) WEZP peel
(IC50: 31.50 µg/mL) > BHT (IC50: 49.50 µg/mL). DPPH• scavenging abilities of WEZP
seed, EEZP seed, and P. granatum juice could not be measured due to the color blur that
occurred during measurements.
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Table 3. IC50 values (µg/mL) of DPPH• and ABTS•+ scavenging activities of P. granatum
and standards.

Antioxidant
DPPH• Scavenging ABTS•+ Scavenging

IC50 r2 IC50 r2

BHA 6.86 0.9949 6.35 0.9746
BHT 49.50 0.9957 12.60 0.9995

Trolox 6.03 0.9925 16.50 0.9775
α-Tocopherol 7.70 0.9961 18.72 0.9347
Ascorbic acid 5.82 0.9668 11.74 0.9983
WEZP peel 31.50 0.9995 8.80 0.9178
WEZP seed - - - -
EEZP peel 16.10 0.9310 5.90 0.9669
EEZP seed - - - -

P. granatum Juice - - - -
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Figure 6. Radical scavenging effects of P. granatum and positive controls. (A) DPPH• scavenging
ability; (B) ABTS•+ scavenging ability.

IC50 values of ABTS•+ scavenging of P. granatum extracts and juice and reference radical
scavenger agents such as Trolox, α-tocopherol, BHT, and BHA were detected in the following
range: EEZP peel (IC50: 5.90 µg/mL, r2: 0.9669) > BHA (IC50: 6.35 µg/mL, r2: 0.9746) > WEZP
peel (IC50: 8.80 µg/mL, r2: 0.9178) > ascorbic acid (IC50: 11.74 µg/mL, r2: 0.9983) > BHT (IC50:
12.60 µg/mL, r2: 0.9995) Trolox (IC50:1 6.50 µg/mL, r2: 0.9775) > α-Tocopherol (18.72 µg/mL,
r2: 0.9347) (Table 3 and Figure 6B). As with DPPH• scavenging measurements, ABTS•+

scavenging abilities of WEZP seed, EEZP seed, and P. granatum juice could not be measured
due to the color blur that occurred during measurements.

3.4. Enzyme Inhibition Results

For α-glycosidase enzyme, P. granatum extracts and juice exhibited effective inhibition
effects. From this perspective, EEZP peel demonstrated an IC50 value of 7.3 µg/mL (r2:
0.9941), WEZP seed exhibited an IC50 value of 7.3 µg/mL (r2: 0.8819), P. granatum juice
displayed an IC50 value of 27.1 µg/mL (r2: 0.9665), and WEZP peel showed an IC50 value
of 28.8 (r2: 0.9420) (Table 4). However, the IC50 value could not be determined for EEZP
seed. On the other hand, acarbose, as a standard for α-glycosidase and α-amylase, showed
a value of 22,800 µM against α-glycosidase [63].

In inhibition studies conducted using similar methods, P. granatum extracts and juice
were assayed for α-amylase inhibition ability, the results of which are presented in Table 4.
For α-amylase enzyme, EEZP peel demonstrated an IC50 value of 317.7 µg/mL (r2: 0.7778),
WEZP seed exhibited an IC50 value of 375.8 µg/mL (r2: 0.8193), WEZP peel showed an
IC50 value of 494.3 µg/mL (r2: 0.7705), and P. granatum juice displayed an IC50 value of
70.1 µg/mL (r2: 0.9999) (Table 4).
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Table 4. The half-maximal inhibition concentration (IC50; µg/mL) of P. granatum towards acetyl-
cholinesterase, α-glycosidase, α-amylase, and carbonic anhydrase II enzymes.

Enzyme
AChE hCA II α-Glycosidase α-Amylase

IC50 r2 IC50 r2 IC50 r2 IC50 r2

WEZP peel 20.0 0.9976 36.4 0.9957 28.8 0.9420 494.3 0.7705
WEZP seed 20.4 0.9851 144.5 0.9906 6.4 0.8819 375.8 0.8193
EEZP peel 19.7 0.9869 106.3 0.9941 7.3 0.9399 317.7 0.7778
EEZP seed 17.8 0.9976 30.4 0.8881 - -

P. granatum juice 22.6 0.9951 94.0 0.9909 27.1 0.9665 70.1 0.9999
Standards 5.97 1 0.9706 8.4 2 0.9825 22,800 3 -

1 Acetazolamide (AZA) was used as a standard inhibitor for carbonic anhydrase II isoenzyme. 2 Tacrine was used
as a standard inhibitor for acetylcholinesterase. 3 Acarbose was used as a standard inhibitor for α-glycosidase
and α-amylase enzymes [63].

In addition, dominant cytosolic CA II isoform is frequently linked to a number of
illnesses, including osteoporosis, glaucoma, and renal tubular acidosis. The CA inhibitory
effects of P. granatum extracts and juice were decreased in the following order (Table 4):
WEZP seed (IC50: 144.5 µg/mL; r2: 0.9906) > EEZP peel (IC50: 106.3 µg/mL; r2: 0.9941) >
P. granatum juice (IC50: 94.0 µg/mL; r2: 0.9909) > WEZP peel (IC50: 36.4 µg/mL; r2: 0.9957)
> EEZP seed (IC50: 30.4 µg/mL; r2: 0.9999) > acetazolamide (IC50: 8.4 µg/mL; r2: 0.9825).
AZA was employed as a control for the inhibition of CA isoenzymes [78].

AChE was the first FDA-approved therapeutic target for the AD treatment, and many
drugs are currently produced and marketed for this purpose. The AChE-inhibitory capacity
of P. granatum extracts and juice was enhanced in the following order (Table 4): P. granatum
juice (IC50, 22.6 µg/mL; r2: 0.9951) > WEZP seed (IC50: 20.4 µg/mL; r2: 0.9851) > WEZP
peel (IC50: 20.0 µg/mL; r2: 0.9976) > EEZP peel (IC50: 19.7 µg/mL; r2: 0.9869) > EEZP seed
(IC50: 17.8 µg/mL; r2: 0.9976) > tacrine (IC50: 5.97 µg/mL; r2: 0.9706; as a positive control
for the inhibition of cholinergic enzymes) [79].

Urinary tract infections, respiratory pneumonia, surgical site infections, bacteremia,
gastrointestinal disorders, and skin infections are among the most common nosocomial
infections. Staphylococcus aureus, as a Gram-positive microorganism, and E. coli, as a Gram-
negative microorganism, are the most prevalent pathogens that cause these infections
according to the Center for Disease Control and Prevention (Atlanta, USA) [80]. We chose
to test the effectiveness of P. granatum extracts and juice against these microorganisms
since they are notoriously difficult to eradicate due to their resistance to most antimicrobial
agents. Antimicrobial results are shown in Table 5.

Table 5. Antimicrobial activities of P. granatum extracts (50 µg/disk). Amc 30: amoxycillin/clavulanic
acid antimicrobial susceptibility disks (30 µg/disk); Sxt 25: trimethoprim/sulfamethoxazole
(25 µg/disk); Cip 5: ciprofloxacin (5 µg/disk); Gnt 10: gentamicin (10 µg/disk).

Sample
Antimicrobial Zone (mm)

Escherichia coli ATCC 39628 Staphylococcuc aureus ATCC 25923

WEZP peel 8 8
WEZP seed R, N.D. 9
EEZP peel R, N.D. R, N.D.
EEZP seed R, N.D. R, N.D.

P. granatum juice 10 R, N.D.
Amc/Clav-30 10, R R, N.D.

Sxt-25 R, N.D. R, N.D.
Cip-5 R, N.D. 10, R

Gnt-10 11, R R, N.D.

N.D.: activity not detected at this concentration; S: sensitivity; R: resistant.
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4. Discussion

A vital and important component of the human diet is phenolic chemicals, which
are present in all plants. Their biological activity, which includes antioxidant properties,
has attracted considerable attention [81]. Ellagic acid, a phenolic compound found in
large amounts in dicotyledonous plants, has been shown in numerous studies to possess
potent anti-inflammation and antioxidant properties. Furthermore, research shows that
ellagic acid can lessen damage in neurodegenerative conditions such as AD, Parkinson’s
disease, and cerebral ischemia by enhancing neuronal viability, reducing neuronal de-
fects, and preventing neuronal damage [82]. A brand-new diabetes medication was made
with plant flavonoids including epicatechin, catechin, and rutin, which have strong anti-
inflammatory and antioxidant properties. Their combination can be improved through a
mixture design experiment to produce a novel, safe, multitarget antidiabetic formulation,
making it an effective combination for the management of diabetes and the associated
complications. Rutin, catechin, and epicatechin all have strong antihyperglycemic prop-
erties; their synergistic combination assures a novel formulation that might actually be
a viable alternative to current medications [83]. Accounting for roughly 59% of the total
catechins, epigallocatechin gallate (EGCG) is the most prevalent flavanol. The beneficial
effects of EGCG include its impact on metabolism, which lowers the risk of type 2 diabetes;
its ability to block antimicrobial activity; and its antioxidant properties against neurode-
generative diseases such as AD [84]. In multi-infarct dementia model rats, nicotiflorin
has protective effects such as energy metabolism failure, lowering memory dysfunction,
and oxidative stress [85]. Astragalin has a wide spectrum of medicinal effects, including
anti-inflammatory, antioxidant, neurological, cardioprotective, antidiabetic, and anticancer
effects [86]. Resveratrol, quercetin, catechin, and gallic acid are examples of polyphenols
that have antioxidant properties that prevent oxidative damage to DNA and inhibit LDL
oxidation in vitro [87]. Antioxidant quinic acid has demonstrated anticancer activity by
inducing apoptosis-mediated cytotoxicity in breast cancer cells. Additionally, it has shown
a potent affinity for selectins, angiogenesis factors that are elevated in breast cancer tis-
sue [88]. Tannic acid has antimutagenic and anticancer properties. Microorganisms can
be killed by tannic acid (bacteria and viruses). Additionally, it functions as a homeostatic
agent and an antioxidant. Tannic acid also has the ability to reduce the development of
free radicals, which are responsible for a number of diseases, including those that affect
the cardiovascular system, Parkinson’s disease, diabetes, and AD. Tannic acid also has
demonstrated anticancer properties. Tannic acid is currently being researched as an organic
polymer additive owing to its bioactive characteristics and its ability to improve the capa-
bilities of materials for biomedical applications [89]. By restoring the normal expression
levels of the genes related to insulin signaling and glucose metabolism that were disturbed
in the liver of high-fat-diet-induced obese mice, hesperidin has the potential to have an
antidiabetic effect [90].

An important indication of a compound’s potential antioxidant activity may be found
in the reduction capacity of that substance. ROS and free radicals are capable of receiving
electron donations from antioxidant compounds, which converts them into more stable
and unreactive species [91]. The diversity, high amount of ingredients, and rich phenolic
contents might contribute to the antioxidant potential of P. granatum. The reduction po-
tentials of phenolic compounds in P. granatum were determined with reduction systems,
including Cu2+, Fe3+, and Fe3+-TPTZ reducing abilities. The radical scavenging properties
of P. granatum ethanol extracts was examined by DPPH and ABTS radical scavenging
assays. P. granatum possesses reducing properties, which may neutralize oxidants and ROS.

The reduction of Fe3+(CN−)6 to Fe2+(CN−)6 and the absorbance resulting formation
of Perl’s Prussian Blue complex after the addition of excess ferric ions (Fe3+) were used
to measure the ability of P. granatum extracts to reduce Fe3+. The reducing power assay
described by Oyaizu [44], with a minor modification, was applied to assess the reducing
ability of P. granatum extracts [92]. In this assay, Fe3+ was converted to Fe2+ in the pres-
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ence of reductants or plant extracts [93]. The addition of Fe3+ to compounds caused an
Fe4[Fe(CN−)6]3 complex, with maximum absorption at 700 nm [94].

The chromogenic oxidant of neocuproine (Nc) was used in the CUPRAC method. An-
tioxidants reduce the cupric neocuproine complex [Cu(II)-Nc] to the cuprous neocuproine
complex [Cu(I)-Nc], which exhibits maximum absorbance at 450 nm [95]. The CUPRAC
method is a convenient, inexpensive, selective, stable of antioxidants [96,97]. The reducing
capacity of pure compounds or plant extracts can be determined using the FRAP test. A
ferric salt is utilized as an oxidant in the electron transfer process, which is the basis of the
FRAP test. Due to its colored combination with TPTZ, which exhibits maximum absorbance
at 593 nm, Fe2+ may be recorded spectrophotometrically [98]. The reducing capacity can be
effectively ascertained using this method. First, in a redox-linked colorimetric reaction, the
FRAP assay uses the sample’s antioxidants as reductants. Second, the FRAP assay proce-
dure is fairly straightforward and is simple to standardize. The FRAP assay was created to
assess the ability of biological fluids and aqueous solutions of pure compounds to reduce
ferric ions. It has also been used to assess the antioxidant capacity of polyphenols [99]. In
this study, we determined the Fe3+, Cu2+, and Fe3+-TPTZ reducing abilities of aqueous
extract of P. granatum peel as concentration-dependent (10–30 µg/mL). In this test, the test
solution’s color changed from yellow to various shades of green and blue depending on the
antioxidant samples’ reducing power. A compound’s reducing capacity might be a good
predictor of its potential antioxidant action.

In terms of the harm caused to living organisms by free radicals and ROS, radical
scavenging is very important [100]. Due to its quick analysis time compared to other
techniques, DPPH’s scavenging ability for free radicals has been commonly used to assess
antioxidant activity [101]. For example, the DPPH• test, which is based on scavenging
of DPPH radicals to the non-radical form of DPPH-H, is commonly used to determine
antioxidant activity [102,103]. A freshly made DPPH solution displays a deep purple hue
with an absorption peak at 517 nm. When an antioxidant is present in the medium, this
purple color typically vanishes. An indicator of the amount of free DPPH that has been
reduced by the antioxidant is a decrease in absorbance [104]. As observed in this and
previous studies, P. granatum has a comparable or better antioxidant potential relative to
standard antioxidants. In another study, the IC50 values of acetone and ethanol extracts
of P. granatum peel for DPPH scavenging activity were found to be 1.56 and 7.09 µg/mL,
respectively [77]. The IC50 of methanolic extract of P. granatum for DPPH radical scavenging
was reported to be 0.16 ± 0.07 mg/mL [105]. The IC50 values of aqueous and ethanolic
extracts from P. granatum fruit peel for DPPH radical scavenging were found to be 471.7
and 509.16 g/mL, respectively, [106]. All analyses were performed in triplicate.

The ABTS radicals were produced in an ABTS/K2S2O8 system. The test is a decol-
orization approach in which the ABTS radical is created directly in a stable state prior to
treatment with suspected antioxidants. The improved approach for producing ABTS•+

reported here involves the direct creation of a blue/green ABTS•+ chromophore via a
reaction between ABTS and K2S2O8 [107]. One spectrophotometric technique used to
assess the overall antioxidant ability of pure materials, mixtures, and beverages is based on
the generation of an ABTS radical cation [108]. When compared to positive controls, the
data clearly reveal that P. granatum approximated an effective ABTS•+ scavenging ability.
P. granatum samples showed a radical scavenging effect higher than that of reference stan-
dard antioxidants. A lower IC50 value, as in DPPH free radical scavenging activity, suggests
more ABTS•+ scavenging ability.

α-Glycosidase plays a crucial role in the metabolism of carbohydrates and is associated
with diabetes, cancer, and viral infections. Because of its numerous biological functions,
α-Glycosidase is regarded as a promising drug target [109]. Several α-glycosidase inhibitors
have recently been found and are currently being researched. Acarbose and miglitol, two
commonly prescribed diabetes medications, competitively inhibit α-glycosidase in the
brush border of the small intestine. This prevents the hydrolysis of carbohydrates and
reduces postprandial hyperglycemia [110]. α-Glycosidase inhibitors may play a significant
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role in the therapeutic approach to type 2 diabetes mellitus. Postprandial hyperglycemia is
a notable and early defect in diabetic diseases, and lowering blood glucose levels can slow
the progression of secondary complications related to diabetic diseases [111]. The results
reveal that ethanol extract of P. granatum has less inhibitory effects than that of acarbose
(IC50: 22,800 nM) [63]. According to various subsequent studies, IC50 value of P. granatum
peel extract for inhibition of α-glycosidase activity was 5.56 2.23 µg/mL. Punicalagins
may be responsible for this activity [112]. The ethanolic extract of P. granatum fruit peel
demonstrated concentration-dependent inhibition of α-glucosidase, with activity ranging
from 53.34 2.0 to 15.18 1.4 U/L. Aqueous extract, on the other hand, showed activity ranging
from 65.48 1.8 to 20.2 1.3 U/L at the different tested concentrations [105]. The results of
α-glycosidase inhibition of P. granatum extract are quite significant and indicate potential
use of P. granatum for DM disease.

In order to properly digest carbohydrates, digestive enzymes such as α-amylase and α-
glycosidase are essential glycoside hydrolases. Both of these enzymes are found on the cells
that line the intestine, where they hydrolyze polysaccharides into monosaccharide units
that can be absorbed. Certain inhibitors can block the actions of both digestive enzymes to
reduce body weight and regulate blood glucose levels. A relatively safe source of inhibitors
is plant-based food [113]. Because α-amylase plays a significant role in the digestion of
dietary starches, its inhibition helps to prevent and control postprandial hyperglycemia.
As a result, numerous studies have looked into and discovered the inhibition of α-amylase
by natural products, such as plant extracts, in recent years [114]. P. granatum peel extracts
in both aqueous and methanolic form were found to have no effect on the enzyme α-
amylase in earlier research [115]. The acetone extract of P. granatum peel demonstrated
excellent α-amylase inhibitory glycemic control potential, as well as dose-dependent but
moderate antiglycation activity (IC50: 16.2 5.6 µg/mL), with 61% inhibition at 80 g/mL [77].
Measurements of the in vitro inhibition of α-glucosidase and α-amylase by P. granatum
bark extracts were performed at two different concentrations (166 and 332 µg/mL) [115].

The most common and primary cause of dementia in the elderly is AD, a common
neurodegenerative disease. The most significant biochemical change associated with
AD is a decrease in AChE levels in the brain [116]. According to studies, the decline
in acetyltransferase activity and choline (Ch) causes acetylcholine (ACh) to decrease as a
neurotransmitter. As a result, cholinesterase (ChE) inhibitors have been the focus of research
studies on the treatment of this illness as a symptomatic intervention [117]. AChE-inhibitory
medicines are utilized in the treatment of AD. However, these medications have several
undesired side effects. Therefore, research on use of novel AChE inhibitors with antioxidant
ability is greatly needed [118]. It is known that the predominant AChE inhibitory effects are
related to aromatic chemicals and, to a lesser extent, aliphatic molecules [119]. Although
AChE inhibitors are used to treat AD, they can only bring about short-term relief. Medicinal
herbs have long been known to rich in cholinesterase inhibitors. Phenolic chemicals are
primarily responsible for medicinal plants’ suppression of cholinergic enzymes [120]. The
in vitro cholinesterase-inhibitory effect of P. granatum peel extract is noteworthy, and its
methanol extract was found to be more effective than its ethanol extract. The higher
AChE activity of methanolic (IC50: 32 µg/mL) and ethanolic (IC50: 42 µg/mL) extract was
correlated with the bioactive metabolite content of the extracts [121]. The inhibition level of
P. granatum ethanol extract was slightly lower compared to that of tacrine.

Numerous diseases, including glaucoma, epilepsy, edema, and altitude sickness, are
caused by the ubiquitous, physiologically dominant cytosolic isoform CA II [122]. CA
isoform activation and inhibition are important therapeutic targets to treat a variety of
diseases, including glaucoma, cancer, edema, obesity, epilepsy, hypertension, and osteo-
porosis [123]. CA II suppression reduces HCO3

− generation and, as a result, aqueous
humor secretion, resulting in reduced ocular pressure [124]. Among them, glaucoma is a
multifactorial optical disease that is mostly associated with high intraocular pressure (IOP),
which can result in blindness. Therefore, hCA inhibitor medications such as acetazolamide,
brinzolamide, and dorzolamide can reduce IOP after topical treatment [125].
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One of the most prevalent Gram-positive bacteria that causes food poisoning among
is Staphylococcus aureus, which is derived people who consumed contaminate food [126].
A Gram-negative bacterium called Escherichia coli is a part of the typical human flora.
Preservatives are required to stop its growth because an enterohemorrhagic strain of E. coli
has been implicated in severe cases of food poisoning [14]. Bacteria (E. coli and S. aureus)
were resistant to all four antibiotics used as standards. Although some of them had a zone
diameter of 10 mm, etc., they were considered resistant because they could not reach the
standard sensitivity diameter according to the CLSI criteria.

Some of the extracts were resistant (R) because they did not form any zone diameter
(N.D.). However, in some extracts, zones with 7–10 mm intervals, that is, areas in which
the extract had an antimicrobial effect and the bacteria were destroyed, were observed.
Discs with diameters of 7–10 mm formed at 50 µg (concentration-adjusted) ratios on each
extraction disc are very good when compared to standard antibiotics, as observed in extracts
that were completely zoneless, that is, resistant.

The benefits of P. granatum can be increased by drinking smoothies made from minor
Mediterranean crop purées and P. granatum juice as a good way to increase the consumption
of these healthy but underutilized fruits. The effects of an ethanol extract of P. granatum
seeds on the central nervous system (CNS) in mice were studied. The results showed that
P. granatum extract exhibit anxiolytic activity at all doses and induced increased sleeping
latency and decreased sleeping time.

The effects of an ethanolic extract of P. granatum seeds on the CNS of mice were
studied. The results showed that P. granatum extract exhibited anxiolytic activity at all
dose levels and induced increased sleeping latency and decreased sleeping time [127]. The
flavonoids in P. granatum vary greatly. For instance, flavonoids in plants can be found either
in free form (aglycones) or linked to sugars. Glycosylated flavonoids are the most common,
and glycosylated anthocyanidins, for example, are recognized as an essential flavonoid
class known as anthocyanins. Anthocyanidins are light-sensitive and have been linked to
sugars. O-glycosides are the most common type of flavonoid glycoside, but C-glycosides
are also present. The benefits of P. granatum can be increased by drinking smoothies made
from minor Mediterranean crop purées and P. granatum juice as a good way to increase
consumption of these healthy but underutilized fruits [128,129].

5. Conclusions

Zivzik pomegranate (Punica granatum) has various qualities and contains quantities of
bioactive secondary metabolites, phenolics, and flavonoids. This product, which is rich,
nutritious, and contributes to human health, has been used since prehistoric times. In
LC-MS/MS analysis, the major components detected in P. granatum extracts were ellagic
acid, catechin, epigallocatechin gallate, epicatechin, nicotiflorin, astragalin, gallic acid,
epigallocatechin, quinic acid, tannic acid, aconitic acid, hesperidin, isoquercitrin, rutin,
fumaric acid, cosmosiin, luteolin, and epicatechin gallate. Furthermore, the P. granatum
ethanol extract was found to be rich in phenolic contents, antioxidant ability, reducing
power, AChE, α-glycosidase, α-amylase, and hCA II inhibition. P. granatum can also be
used as a natural remedy to treat severe T2DM, AD, and glaucoma disease, as well as
in food and pharmaceutical applications. From this perspective, inhibition studies on
the AChE enzyme are planned to determine the anti-Alzheimer effects of WEZP and
EEZP. In addition, the inhibition of CA II enzyme was analyzed to determine the link
with glaucoma. Similarly, some studies have been carried out to identify the antidiabetic
potential of P. granatum extracts on α-amylase and α-glycosidase. Additionally, Fe2+, Cu2+,
and Fe3+-TPTZ reduction, as well as DPPH and ABTS scavenging, tests were performed
to understand the antioxidant potential of P. granatum. Furthermore, total phenolic and
flavonoid contents in P. granatum were established for both extracts. Finally, an analysis of
the phenolic compounds was performed via LC-MS/MS to define the biological activity of
the chemical profile of P. granatum. However, the possible cytotoxic or other undesirable
effects of P. granatum should be more comprehensively detailed in the future.
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Abstract: Cancer is a major health problem with significant morbidity and mortality. In addition,
plants are a source of metabolites with diverse biological properties, including antitumor potential.
In this study, we investigated the in vitro murine lymphoma L5178Y-R cell growth inhibition, human
peripheral blood mononuclear cells (PBMC) toxicity and proliferation, and antioxidant, hemolytic,
and anti-hemolytic activities of methanol extracts from 15 plants of traditional use in Mexico. Justicia
spicigera caused the highest tumor cell growth inhibition with a half maximal inhibitory concentration
(IC50) of 29.10 µg/mL and a selectivity index >34.36 compared with those of PBMC, whereas Mimosa
tenuiflora showed the highest lymphoproliferative activity from 200 µg/mL compared with that
induced by concanavalin A. In addition, M. tenuiflora showed an antioxidant effect (IC50 = 2.86 µg/mL)
higher than that of ascorbic acid. Regarding the hemolytic and anti-hemolytic activity, all extracts
presented significant anti-hemolytic activity. The extract of J. spicigera is emerging as a possible source
of effective antineoplastic compounds.

Keywords: antitumor activity; cancer; ethnobotany; lymphoma; medicinal plants; natural extracts;
Mexican plants

1. Introduction

Cancer is a group of diseases that are characterized by uncontrolled and abnormal cell
growth, as well as the potential to invade healthy tissues through metastasis [1]. This is
a critical public health problem, causing significant morbidity and mortality [2]. In 2020,
there were 19.3 million new cancer cases and 10 million deaths [3]. To date, more than
100 distinct types of cancer are known, which are classified according to the type of cells
that were initially affected [1].

Lymphomas derive from T and B lymphocytes or natural killer cells, usually resulting
in lymph node enlargement. Therefore, developing new, safe, and more specific biolog-
ical targets is essential, especially for the most aggressive tumors [3]. In most types of
cancers, chemotherapy is the treatment of choice. However, the presence of cancer cells
resistant to chemotherapeutic agents [4], as well as the serious side effects they generate in
patients, makes it essential to search for new drugs that are more effective and less toxic to
patients [5].

Medicinal plants are an important source of metabolites with diverse biological prop-
erties that are used as active principles for the treatment of diseases [6]. They have been
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used for centuries and the World Health Organization recognizes their relevance in public
health [7]. In recent years, plant secondary metabolites such as flavonoids, alkaloids, ter-
penoids, and saponins, among others, have been shown to be potent anticancer agents [8].
Some of the commonly used antineoplastics that have been identified and purified from
plants [9] include Paclitaxel (Taxol®), which is a diterpene found in bark extracts from Taxus
brevifolia, and vincristine, which is an alkaloid extracted from Vinca rosea. Another example
is strigolactones, which are a group of phytohormones from Striga spp. and Orobanche spp.
parasitic plants [10]. Mexico has a significant plant biodiversity, and more than 15 million
people use traditional medicine [11]. In this country, more than 4500 plants have been
traditionally used to treat various diseases, including cancer [12].

The aim of the present study was to evaluate the in vitro antitumor potential of
methanol extracts from selected Mexican medicinal plants against the murine lymphoma
cell line L5178Y-R, as compared with normal human peripheral blood mononuclear cells
(PBMC), to determine their selectivity indices (SI). We used 15 plants of traditional medici-
nal use in Mexico, which belong to the families Acanthaceae, Anacardiaceae, Celastraceae,
Compositae, Euphorbiaceae, Leguminosae, Papaveraceae, Poaceae, Rutaceae, Smilacaceae,
and Zygophyllaceae, whose selection was based on the amount of reports of plants with
anticancer activity [13]. In addition, PBMC proliferation, and antioxidant, hemolytic, and
anti-hemolytic activities were evaluated.

2. Materials and Methods
2.1. Plant Material

Plants were purchased from Pacalli® (pacalli.com.mx; Monterrey, Mexico). One speci-
men of each plant was identified by Professor Dr. Marco Antonio Guzmán-Lucio, curator
of the Herbarium of Facultad de Ciencias Biológicas (FCB) at Universidad Autónoma
de Nuevo León (UANL), México, where they were assigned voucher numbers (Table 1).
Botanical names and families of plant species have been taxonomically validated, using
ThePlantList website (http://www.theplantlist.org (accessed 21 January 2023)).

Table 1. Taxonomic identification of medicinal plants used in this study.

Family Scientific Name Common Name Used Part Voucher Number

Acanthaceae Justicia spicigera Schltdl. Muicle Stems, leaves, and flowers 30649

Anacardiaceae Amphipterygium adstringens
(Schltdl.) Standl. Cuachalalate Bark 30642

Celastraceae Semialarium mexicanum
(Miers) Mennega Cancerina Bark 30647

Compositae Artemisia ludoviciana Nutt. Estafiate Stems, leaves and flowers 30643
Compositae Heterotheca inuloides Cass. Árnica Flowers 30646

Compositae Psacalium decompositum (A.
Gray) H. Rob. and Brettell Matarique Roots 30652

Compositae
Pseudognaphalium

obtusifolium (L.) Hilliard
and B.L. Burtt.

Gordolobo Flowers 30653

Compositae Tagetes lucida Cav. Hierbanís or Yerbaniz Young leaves and stems 30656
Euphorbiaceae Jatropha dioica Sessé Sangre de Drago Roots 30648

Leguminosae Mimosa tenuiflora (Willd.)
Poir. Tepezcohuite Bark 30651

Papaveraceae Argemone mexicana L. Chicalote Leaves 29127

Poaceae Cymbopogon citratus (DC.)
Stapf. Zacate limón Young leaves and stems 30644

Rutaceae Ruta chalepensis L. Ruda Young leaves and stems 30654
Smilacaceae Smilax aspera L. Zarzaparilla Roots 30655

Zygophyllaceae Larrea tridentata (Sessé and
Moc. ex DC.) Coville Gobernadora Young leaves and stems 30650
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2.2. Plant Extracts Preparation

Plant extraction was performed by placing 25 g of each plant (dried and ground) in
a Soxhlet extractor and 500 mL of absolute methanol (CTR Scientific, Monterrey, N.L.,
México) as extraction solvent. Extraction was maintained for 48 h, after which extracts were
filtered and concentrated by vacuum evaporation with a rotary evaporator (Buchi R-3000;
Brinkman Instruments, Inc., Westbury, NY, USA). Solvent was removed with a SpeedVac
SPD121P concentrator (Thermo Fisher Scientific, San Jose, CA, USA) at 35 ◦C [14,15]. The
extraction yield for each of the extracts was calculated by the following Formula (1):

% Yield =
Final weight of dry extract
Initial weight of the plant

× 100 (1)

Next, 100 mg of each extract was dissolved in one milliliter of dimethyl sulfoxide
(DMSO; Sigma-Aldrich, St. Louis, MO, USA), sterilized by filtration, using 0.22 µm pore
size-membrane filters (Corning Incorporated, Corning, NY, USA), and stored at −20 ◦C
until use. The final concentration of DMSO used in cell cultures was less than 1% (v/v),
which did not affect cell viability [15].

Phytochemical Assay

Each of the crude plant extracts underwent phytochemical screening. The appearance
of solids or foam during the reactions allows a semiquantitative evaluation of the presence
of secondary metabolites [16]. We evaluated the presence of alkaloids, carbohydrates,
coumarins, unsaturations (double bonds), flavonoids, quinones, saponins, sesquiterpene
lactones, sterols, and tannins (phenolic groups). These tests were reported as presence (+)
or absence (−) of compound groups. Protocols for each test are found as Supplementary
Material (Supplementary Material S1: Phytochemical Screening). Solvents and chemicals
used in phytochemical screening were purchased from Sigma-Aldrich.

2.3. Cell Lines and Cell Culture Conditions

Murine L5178Y-R lymphoma cells (ATCC CRL-1722) and PBMC were used in this
study. PBMC were obtained from a 50 mL to 60 mL blood sample from a healthy donor,
using Ficoll-Paque PLUS (GE Healthcare Life Sciences, Pittsburgh, PA, USA) and following
supplier’s instructions. L5178Y-R cells and PBMC were maintained in RPMI 1640 cul-
ture medium (Life Technologies, Grand Island, NY, USA), supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Life Technologies) and 1% antibiotic/antifungal solu-
tion (Life Technologies) (referred as complete 1640 medium) at 37 ◦C in an atmosphere of
5% CO2 in air [17].

2.4. Effect of Extracts on Cell Growth
2.4.1. Antitumor Activity of Plant Methanol Extracts

Cells were incubated in round-bottomed 96-well microplates (Corning Incorporated,
Corning, NY, USA) at concentrations of 1× 104 L5178Y-R cells/well and 1× 105 PBMC/well
in complete RPMI 1640 medium. After 24 h of incubation, cells were treated with methanol
extracts at concentrations ranging from 3.9 µg/mL to 1000 µg/mL. The antineoplastic
vincristine sulfate (VC) (Hospira, Warwickshire, UK) at 100 µg/mL was used as a positive
control and untreated culture medium was used as a negative control [15]. Cells were incu-
bated for 48 h at 37 ◦C in an atmosphere of 5% CO2 in air and cell viability was determined
using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide (MTT; Affymetrix,
Cleveland, OH, USA) colorimetric method by adding 15 µL of MTT/well (0.5 mg/mL final
concentration) and incubating the plate at 37 ◦C for 3 h [18]. Plates were then decanted,
formazan crystals were dissolved with 100 µL of DMSO, and optical densities (OD) were
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measured at 570 nm in a microplate reader (MULTISKAN GO; Thermo Fisher Scientific,
Waltham, MA, USA). Percentage growth inhibition was calculated as follows (2):

% Cell growth inhibition = 100−
(

OD570 Treated cells
OD570 Untreated cells

× 100
)

(2)

2.4.2. Determination of the Selectivity Index

Selectivity indices (SI) were determined to assess cytotoxic potential in tumor cells
relative to toxicity in normal cells, where high SI indicates high potency and low cell
toxicity [19]. In our study, it was considered that samples with SI values greater than three
possess a high selectivity to tumor cells, according to Bezivin et al. (2003) [20]. Plant extract
SIs were calculated by dividing the IC50 of normal cells (PBMC) by that of tumor cells
(L5178Y-R), using the following Formula (3):

SI =
IC50 Normal cells
IC50 Tumor cells

(3)

2.4.3. Effect of Plant Extracts on PBMC Lymphoproliferation

PBMC were incubated in round-bottomed 96-well microplates (Corning Incorporated)
at 1 × 105 cells/well in complete RPMI 1640 medium. After 24 h of incubation, cells were
treated with methanol extracts at concentrations ranging from 100 µg/mL to 500 µg/mL,
using 5 µg/mL concanavalin A (Con A) as a positive control and untreated culture medium
as a negative control. Cells were incubated for 48 h at 37 ◦C in an atmosphere of 5%
CO2 in air, and cell viability was determined using the colorimetric MTT reduction assay,
as explained above [18]. Results were expressed as the proliferation index, which was
calculated using the following Formula (4) [21]:

Proliferation index =
OD570 Treatment−OD570 Negative control

OD570 Negative control
(4)

In addition, we determined the half maximal effective concentration (EC50) of plant
extracts for PBMC proliferation. The percentage of proliferation was calculated by multi-
plying the proliferation index by 100 [22].

2.4.4. Synergistic Antitumor Activity of Plant Extracts

We evaluated the antitumor potential of combinations of bioactive extracts, as previ-
ously reported by Shang et al. (2019) [23]. We selected four plants that showed the highest
percentage of tumor cell growth inhibition (IC50 < 50 µg/mL) against L5178Y-R murine
lymphoma cells to determine if the combination of these extracts shows synergistic activity.
For the assay, 1 × 104 L5178Y-R lymphoma cells/well were incubated in round-bottomed
96-well plates in complete RPMI 1640 medium at 37 ◦C in 5% CO2 in air for 24 h, after which
cells were treated with plant methanol extracts, alone or in combination, at concentrations
ranging from 7.8 µg/mL to 125 µg/mL, using 100 µg/mL VC as a positive control and
untreated culture medium as a negative control. After 48 h of incubation at 37 ◦C in 5% CO2
in air, cell viability was determined by the colorimetric MTT reduction assay, as explained
above [18]. The type of interaction that occurred between crude methanol extracts was
determined using the Synergy Finder 3.0 application (https://synergyfinder.fimm.fi/)
(accessed 30 November 2022). Scores obtained in this application indicate the following
characteristics: (a) the interaction is likely to be antagonistic, when the score is lower than
−10, (b) the interaction is likely to be additive, when the score ranges from −10 to 10, and
(c) the interaction is likely to be synergistic, when the score is higher than 10 [24].

2.5. Antioxidant Activity

To determine the antioxidant activity of plant extracts, we incubated 100 µL of the
extracts at concentrations ranging from 3.9 µg/mL to 500 µg/mL plus 100 µL of a 0.1 mM
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2,2-diphenyl-1-picrylhydrazil methanolic solution (DPPH; Sigma-Aldrich) in flat-bottomed
96-well microplates for 30 min at room temperature in darkness, after which ODs were de-
termined at 517 nm. DMSO was used as a blank and ascorbic acid (J. T. Baker, Phillipsburg,
NJ, USA) as a positive control at concentrations ranging from 0.2 µg/mL to 250 µg/mL [25].
Percentage inhibition of DPPH was calculated using the following Formula (5):

% inhibicion DPPH =
OD517 Treatment−OD517 Negative control

OD517 Negative control
× 100 (5)

2.6. Hemolytic and Anti-Hemolytic Activity

We obtained 20 mL of blood from a healthy volunteer in tubes with anticoagulant
(BD Vacutainer K2 EDTA; Becton Dickinson & Company, Franklin Lakes, NJ, USA). Red
blood cells were washed three times with phosphate buffered saline solution (PBS, pH 7.2)
and a 5% erythrocytes suspension was prepared in sterile PBS. For the evaluation of the
hemolytic activity in 2 mL tubes, we incubated extracts at concentrations ranging from
200 µg/mL to 1000 µg/mL and 5% erythrocytes suspension for 30 min at 37 ◦C, after which
they were centrifuged at 4 ◦C for 5 min at 13,000 rpm [26], using distilled water as a positive
control for hemolysis and PBS as a negative control. For the evaluation of the antihemolytic
effect, we incubated 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH), which was
prepared in PBS at a concentration of 150 mM extract and a erythrocyte suspension for
5 h at 37 ◦C at 200 rpm in darkness using a rotating incubator (MaxQ, Thermo-Scientific,
Waltham, MA, USA), and using PBS with the erythrocyte suspension without AAPH as the
negative control and the erythrocyte suspension with 150 mM AAPH as a positive control
(C+) [27]. In both cases, 200 µL of the supernatant was taken from each tube and transferred
to a flay-bottomed 96-well microplate to measure the OD of the released hemoglobin at
540 nm in a microplate reader [28]. The percentage of hemolysis and anti-hemolytic activity
for each sample was calculated using the following Formulas (6) and (7):

% Hemolysis =
OD540 Treatment−OD540 Negative control

OD540 Positive control−OD540 Negative control
× 100 (6)

% AAPH Inhibition = 1−
(

OD540 Treatment−OD Negative control
OD540 Positive control−OD Negative control

× 100
)

(7)

2.7. Ethical Statement

The study with human PBMC and erythrocytes was performed under the approval
of the Ethics Committee of FCB-UANL (Registration Number CI-08-2020) and under
the consent of a healthy donor (the Letter of Informed Consent for Donors of Human
Biological Sample Material and the Institutional Review Board Approval are attached
as Supplementary Material), following the provisions of the Official Mexican Technical
Standard NOM-253-SSA1-2012. We did not develop studies involving animals.

2.8. Statistical Analysis

Data represent the mean ± SD of triplicate determinations of at least three indepen-
dent experiments. A one-way analysis of variance was used to determine the significant
difference between the tested concentrations. Tukey’s post hoc test was used to determine
the difference between the treatment means. The Probit test was used to calculate the IC50
(half maximal inhibitory concentration) and the EC50 (half maximal effective concentration)
values. Statistical analyses were performed using the GraphPad Prism 8 statistical package
(GraphPad Software Inc., San Diego, CA, USA).
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3. Results and Discussion
3.1. Plant Material Identification

Table 1 provides specific information on medicinal plants used in the present study.
Of the fifteen plants evaluated, five belong to the Compositae family, and the other plants
belong to different families. Plant methanol extracts were analyzed to determine their
cytotoxic, lymphoproliferative, antioxidant, hemolytic, and anti-hemolytic activities, and
their synergistic antitumor potential of the most active extracts against L5178Y-R tumor
cells. These plants have been demonstrated their antitumor properties [13].

3.2. Plant Extract Yields and Phytochemical Analysis

Table 2 shows yields (11.14% to 27.37%) of plant methanol extracts used in this study.
All extracts were positive for unsaturation (double bonds) and coumarins. A. mexicana
and R. chalepensis were positive for alkaloids, whereas J. spicigera, S. mexicanum, S. aspera,
and T. lucida extracts were negative for the sterol test, and only P. obtusifolium was positive
for saponins. Plant extracts consist of a complex mixture of various compounds such as
alkaloids, esters, aldehydes, carbohydrates, terpenes, and polyphenols, among others [29].
In addition, crude extracts, semi-purified fractions, and pure compounds have been used
in different approaches testing biological activities [30]. However, it is necessary to search
for new sources and specific compounds against cancer [14,31]. In this context, Mexico is
an attractive country for its great variety of endemic plants [32].

Table 2. Plant extract yields and phytochemical screening.

Plant Extract %
Chemical Groups

Alk Carb Cm Db Flv Qn Sp Sl St Tn

J. spicigera 27.37 − + + + − + − − − +
A. adstringens 24.82 − + + + + + − + + +
S. mexicanum 11.14 − + + + − + − + − −
A. ludoviciana 17.31 − + + + + + − + + +
H. inuloides 21.21 − + + + + − − − + +

P. decompositum 14.43 − + + + + − − − + +
P. obtusifolium 16.99 − + + + + + + + + +

T. lucida 20.63 − + + + + − − + − +
J. dioica 19.58 − + + + − + − − + −

M. tenuiflora 11.25 − − + + + + − + + +
A. mexicana 11.26 + − + + + − − + + −
C. citratus 23.04 − + + + + − − − + −

R. chalepensis 19.40 + + + + + − − + + +
S. aspera 18.26 − + + + − + − + − −

L. tridentata 26.61 − − + + + + − + + +

%: Extraction yield percentage; Alk: alkaloids, Carb: carbohydrates, Cm: coumarins, Db: Double bonds,
Flv: flavonoids, Qn: quinones, Sp: saponins, Sl: sesquiterpene—lactones, St: sterols, Tn: tannins; (+): present,
(−): absent.

3.3. Cell Growth Inhibition by Plant Extracts

We evaluated the percentage cell growth inhibition of plant extracts against the tumor
cell line L5178Y-R and PBMC, using the colorimetric MTT reduction assay, which allowed
us to determine the SI, as explained above [19]. Table 3 shows the effect of plant extracts on
cell growth inhibition, where the most active extracts against L5178Y-R cells were J. spicigera
(IC50 = 29.10 µg/mL), A. ludoviciana (IC50 = 32.39 µg/mL), J. dioica (IC50 = 39.25 µg/mL),
and M. tenuiflora (IC50 = 47.10 µg/mL). The other extracts showed activities with IC50 values
higher than that of A. mexicana (IC50 = 70.73 µg/mL). When the extracts were evaluated
on PBMC viability, J. spicigera, A. adstringens, S. mexicanum, A. ludoviciana, H. inuloides,
P. decompositum, M. tenuiflora, and S. aspera did not significantly alter PBMC viability, since
they presented IC50 > 1000 µg/mL, thus indicating low toxicity for normal cells [31]. VC
was also not toxic for PBMC. Previous studies with VC showed its potent anticancer effects
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on solid tumors, such as hepatocellular carcinoma, breast cancer, and lung cancer [33],
in addition to the L5178Y-R cell line [34]. It has been well documented that VC has no
cytotoxic effects on PBMC nor on normal L929 and Vero cells, suggesting a selective action
of the drug against leukemic cells [14,17,35].

Table 3. Effect of methanol plant extracts on L5178Y-R and PBMC viability.

Plant Extract
IC50 (µg/mL)

SI
L5178Y-R PBMC

J. spicigera 29.10 ± 5.23 a >1000 † >34.36
A. adstringens 197.66 ± 4.07 e >1000 † >5.07
S. mexicanum 135.00 ± 5.19 c >1000 † >7.41
A. ludoviciana 32.39 ± 5.59 a >1000 † >30.87
H. inuloides 140.00 ± 10.03 cd >1000 † >7.14

P. decompositum 166.50 ± 19.19 d >1000 † >6.01
P. obtusifolium 710.55 ± 24.33 g 745.40 ± 12.90 d 1.05

T. lucida 251.17 ± 6.02 f 732.05 ± 8.59 d 2.91
J. dioica 39.25 ± 3.81 a 156.60 ± 10.76 a 3.99

M. tenuiflora 47.10 ± 10.19 ab >1000 † >21.23
A. mexicana 70.73 ± 2.36 b 398.45 ± 7.97 c 5.63
C. citratus 209.24 ± 6.15 e 312.41 ± 2.87 b 1.49

R. chalepensis 71.81 ± 1.86 b 183.68 ± 11.89 ab 2.56
S. aspera 250.00 ± 5.29 f >1000 † >4.00

L. tridentata 214.64 ± 1.63 e 403.05 ± 13.72 c 1.88
Data are mean ± SD of the IC50 (µg/mL) for each extract against the evaluated cell lines. Different letters within
the same column are significantly different, analyzed by the post hoc Tukey test (p < 0.05). SI represents IC50
for the PBMC cell line divided by that of the L5178Y-R cell line after 72 h, as detailed in the Section 2. VS was
used as a positive control at 0.05 µg/mL. † As IC50 was above 1000 µg/mL, these values were not considered for
Tukey analysis.

In the present study, we found antitumor potential of traditionally used plants in
Mexico without affecting human PBMC. Therefore, with the results of cytotoxicity to
PBMC, we determined the SI, where a value of 3 or greater was taken as the cut-off
point [20]. In the present study, J. spicigera, A. adstringens, S. mexicanum, A. ludoviciana,
H. inuloides, P. decompositum, P. obtusifolium, J. dioica, M. tenuiflora, and S. aspera extracts
showed their following SIs: >34.36, >5.07, >7.41, >30.87, >7.14, >6.01, 3.99, >21.23, and >4.00,
respectively (Table 3). Extracts with the lowest SI were P. obtusifolium, T. lucida, C. citratus,
R. chalepensis, and L. tridentata, since they showed SI lower than 3. The SI is commonly
used to measure the efficacy of drugs, where the reduction of cell survival is evaluated [36].
Thus, we determined the cytotoxic potential of each extract in a tumor cell line (L5178Y-R)
in relation to the toxicity in normal cells (PBMC), where a high SI (greater than 3) indicates
high potency against L5178Y-R cells and low cell toxicity to PBMCs [19].

3.4. PBMC Proliferation

Figure 1 shows the effect of plant extracts on PBMC proliferation. Extracts that showed
the highest and significant cell proliferation activity were M. tenuiflora at concentrations
ranging from 200 µg/mL to 500 µg/mL, followed by S. mexicanum, A. adstringens, and
J. spiciguera. In addition, A. ludoviciana, H. inuloides, P. decompositum, and S. aspera extracts
showed lower lymphoproliferative activity than that of Con A. The remaining extracts
presented null activity at all concentrations tested, and they were not included in Figure 1.
Crude plant extracts are complex mixtures that contain a great diversity of secondary
metabolites that act synergistically to stimulate a biological response [37], for which the
lymphoproliferative activity of PBMC is probably due to the synergistic effects of flavones,
phenols, terpenes, sesquiterpenes, and tannins present in the extracts [38].
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Figure 1. PBMC proliferation by Mexican plant extracts. Values represent the PBMC proliferation
index ± SD by plant extracts, using 5 µg/mL Con A as a positive control. * p < 0.05, ** p < 0.01,
*** p < 0.001, as compared with Con A (proliferation index = 1.21 ± 0.18).

The proliferative activity of plant extracts on PBMC is shown in Table 4. M. tenuiflora,
A. adstringens, and S. mexicanum extracts showed the highest proliferative effect on PBMC
with EC50 of 14.93 µg/mL, 18.3 µg/mL, and 21.95 µg/mL, respectively.

Table 4. Lymphoproliferative activity of methanol extracts on PBMC cells.

Plant Extract EC50 (µg/mL)

J. spicigera 154.14 ± 7.3 c

A. adstringens 18.30 ± 1.5 a

S. mexicanum 21.95 ± 5.6 ab

A. ludoviciana 256.99 ± 11.78 d

H. inuloides 431.69 ± 19.2 e

P. decompositum 560.84 ± 42.01 f

P. obtusifolium ND
T. lucida ND
J. dioica ND

M. tenuiflora 14.93 ± 4.3 a

A. mexicana ND
C. citratus ND

R. chalepensis ND
S. aspera 595.76 ± 27.9 g

L. tridentata ND
Data are means ± SD of the EC50 (µg/mL) for each extract evaluated on PBMC cells. Different letters within
the same column are significantly different, analyzed by the post hoc Tukey test (p < 0.05). ND: Not determined,
because these extracts did not show lymphoproliferative activity at any of the evaluated concentrations.

The proliferative effect of A. adstringens may be due to the action of anacardic acids
such as 6-pentadecyl salicylic acid (6-PSA), which are the main compounds of this plant.
It has been shown that 6-PSA did not reduce PBMC cell viability, as compared with
the gastric tumor cell line AGS, where it was determined that it showed cytotoxic and
genotoxic activity and induced cell death by apoptosis in a caspase 8-dependent manner,
thus evidencing its therapeutic potential [39]. In addition, it has been shown that an extract
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from S. mexicanum bark has antitumor activity against breast cancer cells (MDA-MB-231
and MCF7) but promotes proliferation of non-breast derived cells (MCF 10A) and PBMC,
which may be due to the quinone triterpenes pristimerin and tingenone [40], suggesting
that S. mexicanum cortex has a potential application in cancer treatment [41].

Different saponins isolated from M. tenuiflora possess a synergistic antitumor effect
against the lymphoma cells RDM 4 and Molt 4, and have a significant mitogenic effect on
mouse fibroblast cells LMTK and human fibroblasts [42,43]. This is the first report showing
M. tenuiflora proliferation activity on PBMC.

3.5. Synergistic Antitumor Activity of Plant Extracts against L5178Y-R Lymphoma Cells

The combination of two or more therapeutic agents is a complementary approach in
cancer therapy. Clinical studies have reported the beneficial effects of herbal medicines
in the treatment and quality of life of cancer patients when used in combination with
conventional therapy [44]. Plants selected for this study were A. ludoviciana, J. dioica,
J. spicigera, and M. tenuiflora because they showed IC50 < 50 µg/mL against L5178Y-R
cells. Table 5 shows the type of interaction presented by the various combinations of the
most active extracts against L5178Y-R cells, where it can be seen that AlJd, AlJs, and JdJs
combinations evidenced synergistic activity. In addition, AlMt and JsMt combinations
showed additive activity. Only JdMt combination presented antagonistic activity. A series
of scientific investigations have demonstrated the synergistic activity of plant extracts,
for which the next step was to investigate a synergistic effect between the most active
extracts. It is believed that the active compounds of plants modify and inhibit mechanisms
of acquired resistance in cells, thus exhibiting a synergistic effect [45].

Table 5. In vitro interaction between bioactive plant extracts on murine lymphoma cell growth.

Extracts Combination Combination Code HSA Model Value Interaction

A. ludoviciana + J. dioica AlJd 13.737 Synergism
A. ludoviciana + J. spicigera AlJs 10.951 Synergism

A. ludoviciana + M. tenuiflora AlMt −8.663 Additive
J. dioica + J. spicigera JdJs 18.111 Synergism

J. dioica + M. tenuiflora JdMt −19.151 Antagonism
J. spicigera + M. tenuiflora JsMt 2.985 Additive

The value shown corresponds to that obtained with the HSA model, when evaluating concentrations from
7.8 µg/mL to 125 µg/mL of the extracts.

3.6. Antioxidant, Hemolytic, and Anti-Hemolytic Activities of Plant Extracts

Extensive research indicates that oxidizing agents such as reactive oxygen species
(ROS) at low levels have beneficial effects on health. However, excessive accumulation
causes various disorders, including carcinogenesis, as ROS play a crucial role in cancer
cell survival [46]. In the present study, the antioxidant activity of plant extracts related to
the DPPH free radical scavenging effect was compared with that of ascorbic acid, which
showed an IC50 of 7.23 µg/mL. Extracts with an IC50 ≤ 50 µg/mL were considered to
have relevant antioxidant activity [47]. J. spicigera (IC50 = 15.68 µg/mL), A. adstringens
(IC50 = 17.22 µg/mL), M. tenuiflora (IC50 = 2.86 µg/mL), and S. aspera (IC50 = 29.21 µg/mL)
extracts showed the highest antioxidant effect among all the extracts evaluated, with M.
tenuiflora the extract that presented significantly (p < 0.001) higher antioxidant activity
compared with the positive control, whereas R. chalepensis extract (IC50 = 859.85 µg/mL)
showed the lowest antioxidant effect (Table 6). In general, a natural extract that may be
used as a universal antioxidant does not exist. Therefore, it is necessary to screen for specific
antioxidant compounds for certain outcomes [30]. Various authors have demonstrated
the antioxidant activity of extracts from various plants through the DPPH test and have
concluded that polyphenolic components and terpenes are the main source of antioxidant
activity in various extracts, such as eucalyptus (Eucalyptus camaldulensis Dehnh.), which is
probably due to gallic and ellagic acids [48]. Moreover, the resveratrol present in grapes
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(Vitis vinifera L.) has chemopreventive and therapeutic effects in reducing human breast,
uterus, blood, prostate, and ovarian cancers, among others [49]. As mentioned above,
M. tenuiflora extract maintained a high antioxidant activity, which was higher than that
of the positive control. These results showed that one or several antioxidant compounds
present in M. tenuiflora extract have the potential to act for the free radical scavenging
activity (DPPH assay) through a hydrogen transfer reaction [50].

Table 6. Hemolytic and anti-hemolytic antioxidant activity of plant methanol extracts.

Plant Extract
IC50 (µg/mL)

DPPH Hemolysis AAPH

J. spicigera 15.68 ± 1.79 c 642.10 ± 3.30 d 16.22 ± 1.18 d

A. adstringens 17.22 ± 2.02 c 268.40 ± 13.90 a 1.07 ± 0.31 a

S. mexicanum 581.50 ± 1.09 j >1000 † 8.26 ± 1.42 bc

A. ludoviciana 89.90 ± 3.92 f >1000 † 10.06 ± 0.76 c

H. inuloides 61.62 ± 7.95 e 427.20 ± 2.81 b 1.09 ± 0.08 a

P. decompositum 106.10 ± 1.06 g >1000 † 1.18 ± 0.24 a

P. obtusifolium 528.67 ± 25.78 i >1000 † 28.63 ± 2.31 f

T. lucida 550.85 ± 16.09 ij 843.84 ± 31.93 f 12.50 ± 1.14 c

J. dioica 116.80 ± 1.70 h 565.80 ± 2.07 c 14.58 ± 0.48 d

M. tenuiflora 2.86 ± 1.26 a >1000 † 14.25 ± 1.58 d

A. mexicana 565.98 ± 17.60 ij 973.88 ± 38.46 g 20.32 ± 0.21 e

C. citratus 690.40 ± 26.37 k 606.82 ± 19.12 cd 6.40 ± 1.49 b

R. chalepensis 859.85 ± 25.08 l 738.73 ± 20.74 e 5.66 ± 0.82 b

S. aspera 29.21 ± 10.43 d 262.80 ± 2.07 a 0.88 ± 0.17 a

L. tridentata 335.20 ± 1.60 i >1000 † 155.57 ± 8.91 g

C+ 7.23 ± 0.03 b ND 316.14 ± 30.19 h

Data are mean ± SD of the IC50 (µg/mL) for each evaluated extract. Different letters within the same column are
significantly different, analyzed by the post hoc Tukey test (p < 0.05). C+: Positive control. ND: Not determined.
† As IC50 was above 1000 µg/mL, these values were not considered for Tukey analysis.

One of the research objectives of studying medicinal plants is to develop and use
assays that are easy to use, reproducible, and inexpensive, such as the determination of
the toxic activity of plant extracts, fractions, combinations, and/or formulations on human
erythrocytes by the hemolysis test [51]. Therefore, we decided to evaluate the hemolytic
potential of plant extracts and it was determined that none of the extracts was toxic to
human erythrocytes, according to the criteria of López Villarreal et al. (2022) [29], and
A. adstringens and S. aspera are the extracts with the lowest activity, with IC50 of 268.40 and
262.80 µg/mL, respectively. S. mexicanum, A. ludoviciana, P. decompositum, P. obtusifolium, M.
tenuiflora, and L. tridentata extracts showed IC50 > 1000 (Table 6). The median lethal dose
(IC50) for an extract to be considered non-toxic is≥ 1000 µg/mL. Those between 500 µg/mL
and 1000 µg/mL are considered slightly toxic, between 100 µg/mL and 500 µg/mL are
considered moderately toxic, and between 10 µg/mL and 100 µg/mL are considered highly
toxic [47]. In addition, the anti-hemolytic effect of the extracts was determined by the
hemolysis test, using the AAPH radical to form peroxyl radicals and induce membrane
oxidation in human erythrocytes [28]. We observed a significant anti-hemolytic effect for
all extracts evaluated, as compared with the positive control. A. adstringens, H. inuloides,
P. decompositum, and S. aspera extracts possessed the highest anti-hemolytic activity, with
IC50 values of 1.07 µg/mL, 1.09 µg/mL, 1.18 µg/mL, and 0.88 µg/mL, respectively, which
agrees with a report by Elizondo et al. (2022) [14].

Results on the hemolytic and anti-hemolytic potential of plant extracts emphasize the
antioxidant properties of the extracts, since the study of the uptake of azo radicals, such
as the AAPH radical, was designed to induce oxidative stress in the lipid and aqueous
phases of cells and assess the vulnerability of erythrocytes to oxidative stress [52]. The
breakdown of AAPH, which is soluble in water at physiological temperature, generates
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free radicals that attack the erythrocyte membrane and induce lipid peroxidation that leads
to hemolysis [53].

Therefore, these results showed the safe use of medicinal plants and their doses [54].
Taken together, our study demonstrated the antitumor activity of extracts from plants
of medicinal use in Mexico as well as their potential to induce PBMC proliferation plus
antioxidant and anti-hemolytic activities on human erythrocytes.

4. Conclusions

J. spicigera, A. ludoviciana, J. dioica, and M. tenuiflora methanol extracts significantly
inhibited L5178Y-R lymphoma cell growth. Moreover, J. spicigera, A. ludoviciana, and M.
tenuiflora presented the highest SI when evaluated against PBMC, with SIs of >34.36, >30.87,
and >21.23, respectively, making them promising candidates for further study against other
cell lines and for bio-targeted purification of their most active components. It was also
demonstrated that the extracts in combination showed in vitro synergistic activity when
evaluated against L5178Y-R cells, which opens a new line of research regarding the possible
combined use of the different plants. Overall, results of the present study validated the use
of medicinal plant extracts and their combinations in cancer. In addition, the evaluation
of extracts from plants used in traditional medicine reveals the potential of identifying
bioactive compounds showing antitumor, antioxidant, and anti-hemolytic activity.

5. Future Perspectives

In a second stage of this project, we will develop a bio-directed fractionation of the
active plant methanol extracts in the L5178Y-R lymphoma model, as well as the purifica-
tion of the components with biological activity and determination of the mechanisms of
molecular action. In addition, in vivo studies of the most promising extracts and active
compounds are warranted to validate their potential use in L5178Y-R lymphoma treatment.
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Abstract: Natural products continue to provide inspiring chemical moieties that represent a key stone
in the drug discovery process. As per our previous research, the halophyte Agathophora alopecuroides
was noted as a potential antidiabetic plant. However, the chemical profiling and highlighting
the metabolite(s) responsible for the observed antidiabetic activity still need to be investigated.
Accordingly, the present study presents the chemical profiling of this species using the LC-HRMS/MS
technique followed by a study of the ligand–protein interaction using the molecular docking method.
LC-HRMS/MS results detected twenty-seven compounds in A. alopecuroides extract (AAE) belonging
to variable chemical classes. Among the detected compounds, alkaloids, flavonoids, lignans, and
iridoids were the most prevailing. In order to highlight the bioactive compounds in AAE, the
molecular docking technique was adopted. Results suggested that the two alkaloids (Eburnamonine
and Isochondrodendrine) as well as the four flavonoids (Narirutin, Pelargonidin 3-O-rutinoside,
Sophora isoflavanone A, and Dracorubin) were responsible for the observed antidiabetic activity. It is
worth mentioning that this is the first report for the metabolomic profiling of A. alopecuroides as well
as the antidiabetic potential of Isochondrodendrine, Sophora isoflavanone A, and Dracorubin that
could be a promising target for an antidiabetic drug.

Keywords: Agathophora alopecuroides; antidiabetic; LC-HRMS/MS; molecular docking

1. Introduction

Diabetes mellitus is a chronic metabolic disease recognized by an increase in blood glu-
cose levels which develops from a deficiency in insulin secretion, action, or both of them [1].
Type 2 diabetes mellitus (T2DM) is the most common health problem and accounts for
about 90% of diabetes cases with 4.9 million mortalities throughout the world [2]. Inhibiting
the digestion of dietary carbohydrates is one of the effective procedures for the manage-
ment of postprandial hyperglycemia in T2DM. One of the essential digestive enzymes is
pancreatic α-amylase which converts dietary carbohydrates such as starch into smaller
oligosaccharides mixture that are further broken down into glucose by α-glucosidase,
another important metabolic enzyme. Upon the absorption of glucose, it enters the blood-
stream and causes postprandial elevation in blood glucose levels. Therefore, blocking the
enzymes α-amylase and α-glucosidase can inhibit the digestion of carbohydrates, postpone
glucose uptake, and subsequently lower blood sugar levels [3]. Recently, medicinal plants
proved their great therapeutic potential and negligible side effects in the treatment of T2DM.
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For instance, several medicinal herbs have been reported to exhibit strong glucosidase and
amylase inhibitory properties [4–6].

Halophytes are salt-tolerating plants noted for their ability to produce variable secondary
metabolites, such as alkaloids, glycosides, and terpenes. Hence, they could be considered as
promising sources for bioactive metabolites that could be used for the treatment of various
diseases such as diabetes [7–9]. A. alopecuroides is a halophytic species prevalent in the deserts of
Saudi Arabia and was reported to exhibit a strong in vitro and in vivo antidiabetic activity [7];
nevertheless, its chemical profile remained to be investigated [10].

Dereplication, defined as the rapid identification of known compounds from natural
product extracts, represents an important step in drug discovery programs. This approach
combines the benefits of different analytical techniques, modern spectroscopic methods,
as well database searches for the prompt characterization of an active compound during
the drug discovery process. Recently, advances in technology have provided what is
called tandem analytical techniques, such as LC-MS, LC-MS/MS, LC-NMR, HPLC-PDA,
and LC-NMR/MS [11]. Tandem mass spectrometry (MS/MS) is a powerful technique
for the characterization of target phytoconstituents in complex plant extracts. The high
sensitivity, selectivity, and fast screening abilities of the LC-MS/MS technique, compared
to other dereplication techniques, rationalized the privilege of this technique for the online
identification of secondary metabolites in plant extracts [11].

Furthermore, advances in computational biology have had a great impact on reducing
the time, cost, and effort spent while screening the biological activity of natural products.
Molecular docking is now widely adopted for predicting the binding mode and binding
affinity of a drug-like molecule into the active site of the receptor. A huge number of natural
and synthetic compounds could be virtually screened for activity against a wide array
of targets, thus reducing the time and effort and giving a rapid expectation for the most
promising candidates [12].

Based on this concept and in continuation of our previous research on the halophytes
with promising antidiabetic potential [7], which recorded the strong in vitro and in vivo
antidiabetic potential of AAE, the current study investigated the metabolic content of AAE
using LC-MS/MS followed by the screening of the annonated compounds for the enzyme
inhibitory potential against the two carbohydrate-metabolizing enzymes—α-amylase and
α-glucosidase—using the molecular docking technique.

2. Materials and Methods
2.1. Plant Materials

Agathophora alopecuroides var. papillosa was collected from the Qassim region in the
northcentral Saudi Arabia during October 2021. The taxonomic identity of the plant was
confirmed by Ibrahim Aldakhil, botanical expert, Qassim Area, and avoucher sample
number QPP-101 was kept at the College of Pharmacy, Qassim University (Buraydah,
Qassim, Saudi Arabia). The aerial parts of the plant were carefully cleaned then dried
in the shade for two weeks. The dried powdered plant material (500 g) was extracted
by maceration in 80% methanol (3 times × 1000 mL) at room temperature with frequent
shaking. The methanolic extract was then concentrated by a vacuum rotary evaporator.
The dried extract was then kept in an amber-colored vial at 4 ◦C till further use.

2.2. Metabolites Profiling of the Methanolic Extract of A. alopecuroides

AAE was reconstituted in HPLC grade methanol, filtered through a 0.22 µm PTFE
membrane, and then separation was performed adopting Thermo Scientific C18 column (Ac-
claimTM Polar Advantage II, 3 × 150 mm, 3 µm particle size) on an UltiMate 3000 UHPLC
system (Dionex). Gradient elution was performed at a flow rate of 0.4 mL/min and
a column temperature of 40 ◦C, using H2O + 0.1% Formic Acid (A) and 100% Acetonitrile
(B) with a 22 min total run time. The injection volume of the sample was 3 µL. The gradient
started at 5% B (0–3 min), 80% B (3–10 min), 80% B (10–15 min), and 5% B (15–22 min).
High-resolution mass spectrometry was carried out using a MicroTOF QIII (Bruker Dal-
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tonic, Bremen, Germany) using an ESI positive ionization and adjusting the following
settings: capillary voltage: 4500 V; nebulizer pressure: 2.0 bar; drying gas: 8 L/min at
300 ◦C. The mass range was 50–1000 m/z. The accurate mass data of the molecular ions,
provided by the TOF analyzer, were processed by Compass Data Analysis software (Bruker
Daltonik GmbH).

2.3. Molecular Docking Study

AutoDock Vina software was used in all molecular docking experiments [13]. All
dereplicated compounds were docked against the active sites of both human α-amylase and
human α-glucosidase crystal structure (PDB codes: 4W93 and 3L4W, respectively) [14,15].
The binding site was determined according to the enzyme’s co-crystallized ligands (Mont-
bretin A and Miglitol, respectively). The co-ordinates of the grid boxes were (x = −9.682;
y = 4.274; z = −23.145 and x = 45.424; y = 92.375; z = 34.811). The size of the grid box
was set to 20 Å. Exhaustiveness was set to 24. Ten poses were generated for each docking
experiment. Docking poses were analyzed and visualized using Pymol software [13]. The
full method is provided in the Supplementary Materials.

3. Results
3.1. In Vitro Testing of the Antidibetic Activity of A. alopecuroides (AAE)

This research represents an extension of our previous work on halophytic plants with
potential antidiabetic activity. In the previous publication, in vitro testing revealed the
strong inhibitory activity of the hydroalcoholic extract (AAE) against α-glucosidase and
α-amylase with IC50 values 117.9 and 90.9 µg/mL, respectively, compared to 191.4 and
53.3 µg/mL of the standard drug Acarbose [7].

3.2. Metabolomic Profiling of the Methanolic Extract of A. alopecuroides (AAE)

The metabolic profiling using LC-HRMS/MS of AAE led to the annonation of
27 metabolites with variable chemical structures. The annonated metabolites could be clas-
sified according to their chemical classes into: nine alkaloids, five flavonoids, four lignans,
two iridoid glycosides, two acids, one anthraquinone, one benzisochroman, one fura-
nochomarine, one triterpenoid saponin, and one benzofuran (Table 1, Figures 1 and 2).
Using the metabolomic data, the nine alkaloids were annotated from the mass ion peaks at
m/z 275.152, 294.173, 361.153, 285.290, 328.155, 313.131, 301.131, 594.273, and 356.319, which
were in agreement with the molecular formulas C16H21NO3, C19H22N2O, C19H23NO6,
C16H15NO4, C19H22NO4, C18H19NO4, C17H19NO4, C36H38N2O6, and C24H40N2, respec-
tively. These alkaloids were dereplicated as Epinorlycoramine (1), Eburnamonine (2),
3-Acetylnerbowdine (3), Arborinine (4), 1,2-Dehydroreticuline (5), N-Feruloyltyramine (16),
Powelline (19), Isochondrodendrine (24), and Conessine (26), respectively. While the five
flavonoids were dereplicated from the mass ion peaks at m/z 580.179, 579.171, 446.121,
370.142, and 488.162 that matched with the molecular formulas C27H32O14, C27H31O14,
C22H22O10, C21H22O6, and C32H24O5, respectively. These metabolites were characterized
as Narirutin (9), Pelargonidin 3-O-rutinoside (10), Biochanin A-β-D-glucoside (12), Sophora
isoflavanone A (14), and Dracorubin (23), respectively. The four lignans were dereplicated
from the molecular ion peaks at m/z 372.194, 520.194, 312.121, and 342.131 corresponding
to the suggested formulas C22H28O5, C26H32O11, C15H20O7, and C16H22O8, respectively, as
Veraguensin (8), Pinoresinol glucoside (12), 4-Hydroxycinnamyl alcohol 4-D-glucoside (17),
and Coniferin (18), respectively. The mass ion peaks at m/z 344.147 and 388.137 were in
agreement with the molecular formulas C16H24O8 and C17H24O10 that were characterized
as the two iridoid glycosides Boschnaloside (11) and Geniposide (15). Additionally, seven
mass ion peaks at m/z 402.095, 288.136, 300.136, 314.152, 628.304, 278.225, and 634.408, com-
patible with the molecular formulae C20H18O9, C17H20O4, C18H20O4, C19H22O4, C38H44O8,
C18H30O2, and C36H58O9, respectively, were dereplicated as Versiconol acetate (6), Kar-
winaphthol B (7), Toxyl angelate (20), Heliettin (21), Gambogic acid (22) Punicic acid (25),
and Soyasapogenol B 3-O-D-glucuronide (27), respectively.
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Figure 1. LC-HRMS chromatogram of the dereplicated metabolites of A. alopecuroides methanolic
extract (positive mode).

3.3. Molecular Docking Analysis

All the dereplicated compounds were subjected to molecular docking against
both human α-amylase and human α-glucosidase enzymes (PDB codes: 4W93 and
3L4W, respectively). As shown in (Table 2 and Figure 3) and (Supplementary Materials,
Figures S1 and S2), all dereplicated compounds received scores ranging from
~−4.5 to −9.1 kcal/mol against both enzymes. Most of the compounds (21 compounds
in the case of α-amylase, and 23 compounds in the case of α-glucosidase) received scores
ranging between −5 and −8 kcal/mol. The compounds that achieved the best score
(<−8 kcal/mol) against α-amylase enzyme were Eburnamonine (2), Narirutin (9),
Pelargonidin 3-O-rutinoside (10), and Isochondrodendrine (24). Considering α-gluco-
sidase enzyme inhibition, the best scoring compounds (<−8 kcal/mol) were
Pelargonidin 3-O-rutinoside (10), Sophora isoflavanone A (14), and Dracorubin (23). The
two co-crystallized compounds—Montbretin A with amylase and Miglitol with
glucosidase—achieved binding scores of −8.1 and −8.0 kcal/mol, respectively, and hence
−8.0 kcal/mol was chosen as a cut-off value to select the best scoring compounds with
each enzyme.
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Figure 2. Structures of the dereplicated compounds from A. alopecuroides methanolic extract by LC-
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Figure 2. Structures of the dereplicated compounds from A. alopecuroides methanolic extract by
LC-HRMS/MS.

Table 2. Docking sores and estimated absolute binding free energies (in kcal/mol) of the dereplicated
structures, along with those of the reported co-crystalized inhibitors.

No. Tentative Identification
Binding Energy (kcal/mol)

α-Amylase α-Glucosidase

1 Epinorlycoramine −7.6 −6.2

2 Eburnamonine −8.7 −6.4

3 3-Acetylnerbowdine −7.2 −6.6

4 Arborinine −7.5 −6.0

65



Life 2022, 12, 1852

Table 2. Cont.

No. Tentative Identification
Binding Energy (kcal/mol)

α-Amylase α-Glucosidase

5 1,2-Dehydroreticuline −7.4 −7.4

6 Versiconol acetate −7.5 −7.1

7 Karwinaphthol B −7.4 −5.9

8 Veraguensin −7.5 −6.7

9 Narirutin −8.5 −7.9

10 Pelargonidin 3-O-rutinoside −8.5 −8.4

11 Boschnaloside −7.1 −5.8

12 Biochanin A-β-D-glucoside −7.2 −6.3

13 Pinoresinol glucoside −7.9 −6.0

14 Sophora isoflavanone A −7.4 −9.1

15 Geniposide −7.2 −6.5

16 N-Feruloyltyramine −7.3 −7.6

17 4-Hydroxycinnamyl alcohol
4-D-glucoside −7.3 −6.8

18 Coniferin −6.9 −5.7

19 Powelline −6.7 −6.5

20 Toxyl angelate −7.2 −6.4

21 Heliettin −7.2 −7.1

22 Gambogic acid −7.2 −7.1

23 Dracorubin −7.8 −8.3

24 Isochondrodendrine −9.1 −7.0

25 Punicic acid −5.6 −5.7

26 Conessine −4.8 −5.6

27 Soyasapogenol B 3-O-D-glucuronide −4.5 −4.7

STD
Montbretin A −8.1 . . . .

Miglitol . . . . −8.0
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Figure 3. Docking score distribution of the dereplicated metabolites in AAE against both human
α-amylase (A) and α-glucosidase (B) (PDB: 4W93 and 3L4W, respectively).
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4. Discussion

This study is a continuation of our previous research dealing with the potential
antidiabetic agents from halophytes. Previously, AAE was acknowledged for potent
antidiabetic activity through both in vitro and in vivo investigations. The current study
adds more information about the metabolic profiling of AAE and highlights the most
promising metabolites expected to be responsible for the recorded antidiabetic activity.

Metabolomic profiling of the methanolic extract of A. alopecuroides

For tentative identification of the components of AAE, we adopted a dereplication strat-
egy using the hyphenated technique: liquid chromatography coupled with tandem mass
spectrometry (LC-HRMS/MS) (Figures 1 and 2). The dereplication process led to the recog-
nition of 27 compounds for the first time from AAE. The detected metabolites belong to dif-
ferent chemical classes: alkaloids, flavonoids, lignans, iridoid glycosides, anthraquinones,
benzisochromans, furanochomarine, triterpenoid saponins, acids, and benzofurans (Table 1,
Figure 2). Amid the detected metabolites, alkaloids represent the most prevailing chemical
class. These alkaloids belong to different types, and among them the most abundant is the
isoquinoline-type alkaloids (Figure 1). Epinorlycoramine (1) is a galanthamine-type alka-
loid previously isolated from Narcissus leonensis whole plant [16], while Eburnamonine (2),
an eburnan-type alkaloid, was isolated from Kopsia larutensis leaves [17]. From the crinine-
type alkaloids, two alkaloids were detected: 3-Acetylnerbowdine (3), which was reported
in Nerine bowdenii bulbs using GC-MS analysis [18,19], and Powelline (19), reported in
Crinum latifolium leaves using GC-MS analysis [40]. Arborinine (4), a nitrogen-containing
drug similar to anthracene classified as acridone alkaloid, was previously isolated from
the ethyl acetate extract of the Glycosmis parva plant [20]. The quaternary isoquinoline
alkaloid 1,2-Dehydroreticuline (5), previously isolated from Xylopia parviflora root and
bark [21,22], was also identified. N-Feruloyltyramine (16) is a phenolic amide alkaloid
previously detected in Lycium barbarum fruits and A. alopecuroides [10,35]. Isochondroden-
drine (24) is bis benzyli-soquinolinic alkaloids previously reported in the Cissampelos pareira
plant [46,51]. Finally, Conessine (26), a pentacyclic steroidal alkaloid, has been isolated
from Holarrhena floribunda G. Don. [48].

Another biologically important and widely prevailing chemical class is the flavonoids
that were represented by five compounds from different flavonoid subclasses. Narirutin (9)
is a flavanone common in the citrus family and reported for potent antidiabetic activity
using in vitro and docking studies [27]. Pelargonidin 3-O-rutinoside (10), an anthocyanin
with potent antidiabetic activity depicted through the inhibition of α-glucosidase and
α-amylase enzymes, was isolated from strawberries [28]. Biochanin A-β-D-glucoside (12)
is an isoflavone previously isolated from Trifolium pratense L. [31], while Sophora isofla-
vanone A (14) is a pterocarpan previously identified from Sophora tomentosa [33]. Finally,
Dracorubin (23) was recognized as the major red coloring matter in the tree Dracaena draco
resin [45].

LC-HRMS/MS results also characterized four lignans. Veraguensin (8) is a lignan
compound previously identified in N. turbacensis (Kunth) Nees leaves and root bark [25,26].
Pinoresinol glucoside (12) was isolated from Prunus domestica [32] and was stated to exhibit
potent antioxidant activity and powerful in vitro antihyperglycemic and hepatoprotective
effects. 4-Hydroxycinnamyl alcohol 4-D-glucoside “4-O-β-D-glucopyranosyl-p-coumaric
acid” (17) is a phenolic acid derivative that was isolated and identified in the flaxseed
phenolic rich fraction [36,37]. Coniferin (18), is a phenolic glycoside previously isolated
from the bark of Paulownia tomentosa [38,39].

Furthermore, the two iridoid glycosides Boschnaloside (11), previously reported from
Euphrasia pectinata aerial parts [29,30], and Geniposide (15), isolated from Gardenia jasminoides
Ellis fruit [34], were detected in AAE.

An additional seven compounds from variable secondary metabolites classes were
also detected in AAE and dereplicated as: the anthraquinone compound Versiconol
acetate (6), previously recognized in the cultures of Aspergillus parasiticus after using
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the insecticide dichlorvos [52,53]; the dimethyl benzisochroman compound Karwinaph-
thol B (7), isolated from Karwinskia humboldtiana roots [24]; the natural benzofuran Toxyl
angelate (20), previously isolated from Isocoma wrightii plant [41]; the furanocoumarine com-
pound Heliettin (21), previously isolated from the stem bark of Helietta longifolia Britt and
Helietta apiculata [42,43]; Gambogic acid (22), previously isolated from Garcinia hanburyi
plant [44]; the unsaturated fatty acid Punicic acid (25), previously isolated from pomegranate
seed oil [47]; and finally, the triterpenoid saponin Soyasapogenol B 3-O-D-glucuronide (27),
previously isolated from aerial parts of Lathylus palustris L. [49,50].

Molecular docking study of A. alopecuroides metabolites for inhibition of α-amylase
and α-glucosidase enzymes

In order to highlight the probably bioactive metabolites in AAE, all the dereplicated
compounds were subjected to molecular docking study against both human α-amylase and
α-glucosidase enzymes. All the dereplicated compounds displayed binding energies within
the range of −4.5 to −9.1 Kcal/mol with the two enzymes (Table 2). The two alkaloids
Eburnamonine (2) and Isochondrodendrine (24) as well as the two flavonoids Narirutin (9)
and Pelargonidin 3-O-rutinoside (10) achieved the best binding scores with α-amylase
enzyme. These compounds showed various binding modes inside the enzyme active site.
Narirutin and Pelargonidin 3-O-rutinoside binding poses were comparable with that of
the co-crystalized inhibitor Montbretin A (Figure 4B,C,E), where they established multiple
H-bonds with TYR-151, ASP-197, HIS-201, GLU-233, HiS-299, and ASP-300. In addition,
Narirutin established further hydrophobic interactions with TRP-58 and TRP-59. Narirutin
was previously reported to have a potent role in diabetes management and control of
its complications. This effect was confirmed via in vitro and docking studies against
eight target proteins including α-amylase and α-glucosidase. In this report, Narirutin
displayed hydrogen bonding interactions with both enzymes [13,15,27]. Moreover, variable
flavonoids were previously tested for α-amylase and α-glucosidase inhibitory activity
using in vitro testing and molecular docking approaches. The ligand–enzyme complexes
for these compounds were studied, and it was concluded that the interactions occur mainly
through H-bonding [54,55].
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hibitor Montbretin A) inside the human α-amylase (A–E, respectively).

On the other side, the alkaloid Eburnamonine (2) established four hydrophobic inter-
actions only inside the enzyme’s active site with TRP-58 TRP-59, TYR-62, and LEU-165
without any H-bonds (Figure 4A). Eburnamonine is an alkaloid that was previously isolated
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from several Vinica species and stated to contribute to the recorded antidiabetic effect of the
total extract, via increasing hepatic utilization of glucose, suppressing the gluconeogenic
enzymes, and regulation of insulin secretion, glucose, and lipid metabolism [17,56,57]. One
more alkaloid, the isoquinoline alkaloid Isochondrodendrine (24), showed a remarkable
result where it achieved the highest docking score (−9.1 kcal/mol) among all tested com-
pounds. It established two H-bonds with THR-163 and ASP-300 together with a single
hydrophobic interaction with TRP-59 (Figure 4D). Notably, this is the first report for the
α-amylase enzyme inhibitory potential of Isochondrodendrine (24). However, other alka-
loids, e.g., Topetecan and Cathine, were previously studied, and docking results concluded
potent inhibitory activity against α-amylase enzyme [58].

Regarding the α-glucosidase enzyme, the three flavonoids Pelargonidin
3-O-rutinoside (10), Sophora isoflavanone A (14), and Dracorubin (23) achieved the best
scores for binding affinity. They showed different binding interactions inside the enzyme’s
active site (Figure 5). Pelargonidin 3-O-rutinoside and Sophora isoflavanone A established
interactions highly similar to that of the co-crystalized inhibitor Miglitol, where H-bonds
were the predominant, e.g., with ASP-203, ASP-327, TRP-406, ASP-443, ASN-449, ARG-526,
ASP-542, and HIS-600 (Figure 5A,B). On the other hand, Dracorubin’s major interactions
were hydrophobic (e.g., with TRP-406, PHE-450, and LYS-480) in addition to a single H-
bond with GLN-603 (Figure 5C). It is worth mentioning that this is the first report on the
anti-enzyme activity of both compounds Sophora isoflavanone A and Dracorubin. On
the other side, the anthocyanin compound, Pelargonidin 3-O-rutinoside, was previously
reported to be a potent novel α-glucosidase inhibitor that can improve postprandial hyper-
glycemia [28,59]. Herein, Pelargonidin 3-O-rutinoside showed a promising dual inhibitory
activity against both enzymes α-amylase and α-glucosidase, expressed as binding energy
(−8.5 and −8.4 kcal/mol, respectively), which was better than that of both co-crystalized
inhibitors of the two corresponding enzymes (−8.1 and −8.0 kcal, mol, respectively). The
current results augmented the previous finding for α-glucosidase inhibitory activity in
addition to providing further proof of the α-amylase inhibitory effect. Accordingly, this
study nominated Pelargonidin 3-O-rutinoside as a potential antidiabetic agent.
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Bridging the metabolomic profiling of A. alopecuroides with its biological activity.

In a research program dedicated to investigation of the biological potential and the
phytochemical content of halophytes, A. alopecuroides was acknowledged for its characteris-
tic antidiabetic activity [7]. Hence, it was crucial to explore the phytoconstituents in this
species that might be responsible for such characteristic activity. In order to achieve this
goal, the LC-HRMS/MS technique was employed. The current results addressed the rich-
ness of AAE with a wide variety of secondary metabolite classes. Among them, alkaloids
and flavonoids are the most characteristic. Afterwards, the molecular docking technique
was used to assess the antidiabetic potential of all dereplicated compounds. Docking
results indicated the probable potential of most of the annonated compounds (binding
energies ranging from −5 to −9); however, the most characteristic results were recorded
by alkaloid and flavonoid constituents. Some of these constituents, e.g., Eburnamonine,
Narirutin, and Pelargonidin 3-O-rutinoside, were previously reported for such activity, thus
giving an interpretation for the observed antidiabetic activity of the crude extract. Other
metabolites, such as Isochondrodendrine (−9.1 Kcal/mol, α-amylase), Sophora isofla-
vanone A (−9.1 Kcal/mol, α-glucosidase), and Dracorubin (−8.3 Kcal/mol, α-amylase),
were noted for the first time as potential antidiabetic compounds. This finding adds more
explanation for the observed activity of the total extract. Among the remaining derepli-
cated compounds, Pinoresinol glucoside was previously stated as a potent antidiabetic
natural entity [32]. Herein, Pinoresinol glucoside displayed good inhibitory activity against
α-amylase enzyme (−7.9 Kcal/mol) and α-glucosidase (−6.0 Kcal/mol). Other compounds
such as Heliettin, 1,2-Dehydroreticuline, Epinorlycoramine, N-Feruloyltyramine, and Ver-
aguensin also displayed good activity, expressed as binding energy in the range of −7.5 to
−7.9 Kcal/mol. In conclusion, AAE contains a powerful mixture of phytoconstituents that
could be considered, either individually or collectively, as a probable antidiabetic agents.
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Comprehensive Metabolite Profiling

of Cinnamon (Cinnamomum

zeylanicum) Leaf Oil Using

LC-HR/MS, GC/MS, and GC-FID:

Determination of Antiglaucoma,

Antioxidant, Anticholinergic, and

Antidiabetic Profiles. Life 2023, 13,

136. https://doi.org/10.3390/

life13010136

Academic Editor: Jianfeng Xu

Received: 16 November 2022

Revised: 19 December 2022

Accepted: 28 December 2022

Published: 3 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

life

Article

Comprehensive Metabolite Profiling of Cinnamon
(Cinnamomum zeylanicum) Leaf Oil Using LC-HR/MS, GC/MS,
and GC-FID: Determination of Antiglaucoma, Antioxidant,
Anticholinergic, and Antidiabetic Profiles
Muzaffer Mutlu 1, Zeynebe Bingol 2, Eda Mehtap Uc 3 , Ekrem Köksal 4, Ahmet C. Goren 5 , Saleh H. Alwasel 6
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Abstract: In this study, for the first time, the antioxidant and antidiabetic properties of the essential
oil from cinnamon (Cinnamomum zeylanicum) leaves were evaluated and investigated using various
bioanalytical methods. In addition, the inhibitory effects of cinnamon oil on carbonic anhydrase II
(hCA II), acetylcholinesterase (AChE), and α-amylase, which are associated with various metabolic
diseases, were determined. Further, the phenolic contents of the essential oil were determined
using LC-HRMS chromatography. Twenty-seven phenolic molecules were detected in cinnamon
oil. Moreover, the amount and chemical profile of the essential oils present in cinnamon oil was
determined using GC/MS and GC-FID analyses. (E)-cinnamaldehyde (72.98%), benzyl benzoate
(4.01%), and trans-Cinnamyl acetate (3.36%) were the most common essential oils in cinnamon leaf
oil. The radical scavenging activities of cinnamon oil were investigated using 1,1-diphenyl-2-picryl-
hydrazil (DPPH•), 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid), and (ABTS•+) bioanalytical
scavenging methods, which revealed its strong radical scavenging abilities (DPPH•, IC50: 4.78 µg/mL;
and ABTS•+, IC50: 5.21 µg/mL). Similarly, the reducing capacities for iron (Fe3+), copper (Cu2+), and
Fe3+-2,4,6-tri(2-pyridyl)-S-triazine (TPTZ) were investigated. Cinnamon oil also exhibited highly
effective inhibition against hCA II (IC50: 243.24 µg/mL), AChE (IC50: 16.03 µg/mL), and α-amylase
(IC50: 7.54µg/mL). This multidisciplinary study will be useful and pave the way for further studies
for the determination of antioxidant properties and enzyme inhibition profiles of medically and
industrially important plants and their oils.

Keywords: Cinnamomum zeylanicum; polyphenol; cinnamon oil; antioxidant activity; LC-HRMS;
GCMS; enzyme inhibition

1. Introduction

Plants and their biologically active compounds are among the leading potential re-
sources for the development of new products for different industrial applications [1]. At
present, several biologically active compounds derived from plants are being used effec-
tively in various applications, especially in pharmacology [2]. Plants act as living chemical
factories that produce several secondary metabolites and are beneficial to the environment.
Medicinal plants are of crucial importance, especially in the health, cosmetic, food, and
pharmaceutical industries. Turkey has a rich plant biodiversity that can be exploited for
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use in these areas [3,4]. The main reasons for the use of secondary metabolites in folk
medicine are that they are harmless and biologically active. The notable properties of
these metabolites include antidiabetic, anti-inflammatory, antioxidant, and neuroprotective
effects [5,6].

Naturally occurring antioxidants derived from several plants can act as reactive
oxygen species (ROS) or free-radical scavengers or metal chelators in various biological
systems [7,8]. Excessive formation of ROS and free radicals in living organisms can induce
various chronic and degenerative diseases, including age-related pathologies, cardiovascu-
lar disorders, cancer, immunodeficiency syndrome, arteriosclerosis, obesity, and diabetes,
by acting on several biomolecules, such as carbohydrates, proteins, lipids, and nucleic
acids [9,10]. The presence of antioxidants in biological systems, even at low concentrations,
is important to eliminate the adverse effects of ROS and free radicals [11,12]. The biological
activities of phenolic compounds obtained from plant sources, particularly their antioxidant
properties, have been intensively investigated [13]. Plants exhibit extensive and excellent
biological activities [14]. Owing to their biological activities, all living systems, including
plants, can remain healthy. In addition, plants contain biologically active regulators and,
thus, have a significant therapeutic effect on some chronic diseases [15]. Plant-derived
phenolics are in great demand and are being used worldwide because they are less toxic.
Therefore, there is a great incentive and demand for plants to treat different diseases. Sev-
eral herbal medicines that are widely used in the treatment of Alzheimer’s disease (AD)
are also known [16].

The genus Cinnamomum belongs to the fairly large family Lauraceae, comprising
more than 30 genera and approximately 2000–2500 species. Cinnamomum species are
used as natural antioxidant sources because of their high phenolic content due to the
presence of proanthocyanidins and flavonoids. Species of the genus Cinnamomum include
C. cassia, C. zeylanicum (C. verum), C. loureiroi, and C. burmannii, which are the most-known
ones [17]. However, C. zeylanicum is the most studied species. Dried aromatic peel is the
main commercial product of C. zeylanicum [18], with various therapeutic effects, including
antifungal activity. It was reported that that C. zeylanicum oil is safe for human consumption.
The essential oil of C. zeylanicum has antibacterial effects that can combat drug-resistant and
ulcer-causing H. pylori. C. zeylanicum has long been used as a health-promoting agent [19].
Additionally, its essential oil has a protective effect against gastroenteritis [20]. Essential
oils from the bark of C. zeylanicum are used for their antioxidant, anti-Alzheimer’s disease,
anti-skin-whitening, and antidiabetic activities. The leaves and bark of C. zeylanicum are
commercially valuable owing to their high contents of (E)-cinnamylacetate and eugenol
(E)-cinnamaldehyde. In addition, (E)-cinnamaldehyde, the major compound found in the
bark oil from C. zeylanicum, has various bioactivities [21]. The root of C. zeylanicum contains
camphor as the main compound.

AD is a neurodegenerative disease that causes cognitive impairment, behavioral ab-
normalities, and dementia in elderly individuals [22]. Although complete cure of AD
is not currently possible, its clinical course can be altered or slowed. Patients with AD
generally exhibit three characteristic pathological symptoms, including dementia due to
hyper phosphorylation of tau, low acetylcholine (ACh) levels, and amyloid-β aggregation,
causing loss of neuronal functions [23]. Of these, the cholinergic hypothesis involving low
ACh levels is a clinically viable medical strategy. Thus, strategies to inhibit cholinergic
acetylcholinesterase (AChE) in brain tissue have gained importance [24,25]. AChE, a hy-
drolytic enzyme, converts ACh to acetate and choline (Ch), whereas butyrylcholinesterase
(BChE) converts butyrylcholine (BCh) to butyrate and Ch [26]. AD is clinically affected
by brain tissue damage caused by ACh deficiency [27]. In addition, many factors, such as
environmental conditions and genetic predisposition, greatly affect the variability in the
amount of ACh [28]. Particularly, AChE inhibitors of natural origin increase cholinergic
transmission, exerting therapeutic effects on patients with AD [29–31].

The use of plant and plant-derived components also affects biological and pathological
events related to diabetes complications [32]. Metformin, a plant-derived compound, is
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widely used to decrease blood sugar levels and indirectly reduce diabetes mellitus (DM),
a global health problem provoked by hyperglycemia and characterized by the absence
of or resistance to insulin [33]. As a result of this chronic metabolic disease, unusual
sugar levels in blood plasma cause neuropathy, cardiovascular disorders, retinopathy,
and nephropathy [34]. Hydrolysis of dietary polysaccharides into glucose leads to an
increase in postprandial glucose levels [35]. Patients with diabetes have adversity in
blood sugar transport to cells after digestion. In this case, the blood sugar level remains
high while the cells are starved [36]. Additionally, α-amylase and α-glucosidase enzymes
hydrolyze polysaccharides into monosaccharides for absorption from the small intestine.
Therefore, their inhibition is of great importance in the treatment of type-2 diabetes mellitus
(T2DM) [37,38]. Thus, digestive enzyme inhibitors (DEIs) obtained from natural sources
can be used for the treatment of hyperglycemia and T2DM [39]. DEIs act as antidiabetic
drugs and decrease blood sugar levels by reducing intestinal carbohydrate absorption.
Thus, DEIs compete with oligosaccharides for binding to the active site of the enzyme.
Acarbose is one of the best examples of this form of inhibition [40].

Carbonic anhydrases (CAs) catalyze the reversible hydration and dehydration of
carbon dioxide (CO2) to protons and bicarbonate (HCO3

−) [41]. Since the approval of
dorzolamide in 1995, CA isoenzyme inhibitors (CAIs) have been widely used to treat
glaucoma [42]. Five years later, in 2000, a second clinical CA inhibitor, brinzolamide,
was used in the treatment of glaucoma in many European countries. Glaucoma causes
irreversible peripheral vision loss and, consequently, high intraocular pressure (IOP),
causing blindness [43]. Glaucoma, an eye disease that damages the optic nerve and causes
vision loss, is one of the leading causes of blindness worldwide. It is also estimated that
the number of people with glaucoma will exceed 115 million worldwide by 2040 [44,45].
Although laser, surgical, and pharmacological treatments are available for glaucoma, the
clinical application of CA II isoenzyme inhibitors in epithelial cells in the ciliary body
reduces aqueous humor secretion and consequently reduces IOP [46]. CA II inhibitors,
including methazolamide, acetazolamide, dichlorphenamide, and ethoxzolamide, are
pressure-lowering systemic drugs for glaucoma treatment [47]. However, these inhibitors
inhibit the localization of CA isoforms other than those in the eye, causing undesirable
side effects, including paresthesia, fatigue, and serious concerns [48,49]. To avoid these
undesirable side effects, inhibitors with topical activity and natural origin are preferred.
Therefore, we present cinnamon leaf oil for the treatment of glaucoma to the attention of
researchers working on this subject.

In our current study, we evaluated the chemical composition and antioxidant, anti-
Alzheimer’s disease, and antidiabetic effects of cinnamon leaf oil. We also identified the
polyphenol and essential oil contents of cinnamon leaf oil using LC-HRMS and GS-MS/FID.

2. Materials and Methods
2.1. Chemicals

2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), α-tocopherol, 2,9-dimethyl-
1,10-phenanthroline (neocuproine), Trolox, butylated hydroxyanisole (BHA), 1,1-diphenyl-
2-picryl-hydrazyl (DPPH•), and butylated hydroxytoluene (BHT) were purchased from
Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Ascorbic acid, fumaric acid, chloro-
genic acid, caffeic acid, naringin, vanillic acid, syringic acid, rutin, rosmarinic acid, p-
coumaric acid, salicylic acid, quercetin, luteolin, naringenin, chrysin, and emodin were
purchased from Sigma-Aldrich. Hyperoside, luteolin 7-glycoside, orientin, (+)-trans-
taxifolin, quercitrin, hispidulin, apigenin, hederagenin, and acacetin were obtained from
TRC, Canada. Verbascoside and luteolin-7-rutinoside were purchased from HWI Analytik
GMBH and Carbosynth Ltd., respectively. Hesperidin was purchased from J&K Co., Ltd.
Isosakuranetin, dihydrokaempferol, and penduletin were purchased from Phytolab. Api-
genin 7-glucoside was obtained from the EDQM CS. Myricetin was purchased from Carl
Roth GmbH & Co. Nepetin and caffeic acid phenethylester were purchased from Supelco
and the European Pharmacopoeia, respectively.
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2.2. Preparation of Cinnamon (C. zeylanicum) Leaf Oil

Cinnamon (C. zeylanicum) leaves were obtained from a local market. Cinnamon
leaf oil was prepared using the steam distillation method. This method is a multistage
continuous distillation process using steam as the stripping gas to obtain the oils. Steam
is applied directly to the plant. The vapor mixture is collected and condensed to obtain a
liquid in which water and oil form two different layers. The upper part of these layers is
essential oil containing hydrophobic compounds, and the lower part is a hydrolysate or
hydrosol containing hydrophilic components. Polar compounds remaining in the water
can be recovered by the cohobating process. Dried cinnamon leaves were placed on a grid
above the steam inlet of the steam distillation unit. Steam was supplied to the unit for
approximately 2 h. The mixture containing water vapor and volatilized essential oils was
condensed using a cooler and collected in the collection container. The cinnamon leaf oil
accumulated in the collection container formed a separate layer from that of water owing
to the density difference and was extracted.

2.3. Polyphenolic Composition Using LC-HRMS Analysis

LC-HRMS experiments were carried out using a Thermo Orbitrap Q-Exactive mass
spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), equipped with a Troyasil
C18 column (150 × 3 mm i.d., 3 µm particle size) (Istanbul, Turkey). The mobile phases
A and B were composed of 1% formic acid–water and 1% formic acid–methanol, respec-
tively. The gradient programs were 0–1.00 min, 50% A and 50% B; 1.01–6.00 min, 100%
B; and finally, 6.01–10 min, 50% A and 50% B [29]. The flow rate of the mobile phase was
0.35 mL/min, and the column temperature was set to 22 ◦C. Environmental conditions
were set as 22.0 ± 5.0 ◦C temperature and 50 ± 15% relative humidity [50]. According to
our previous experiences and reported data from the literature, an acidified methanol and
water gradient was determined to be the best solvent system to obtain suitable ionization
abundance and separation of compounds in HPLC. Because the electrospray ionization
(ESI) source provides one of the best ionizations for small and relatively polar compounds,
we chose the ESI source for the applied method. The ions between m/z 85 and 1500 were
scanned in the high-resolution mode of the instrument [50]. Compounds were identified
by comparing their retention time and HRMS data with those of standard compounds (in
the range of purity 95–99%; see Section 2.1). Dihydrocapsaicin (purity 95%) was used as an
internal standard for LC-HRMS measurements to reduce the repeatability problem caused
by external effects, such as ionization repeatability, in mass spectrometry measurements.
The mass parameters of each target compound are listed in Table 1. Further details of the
LC-HRMS method, uncertainty evaluation methodology, and confirmation parameters for
phenolics were provided in detail previously [50–52].

Validation of the LC-HRMS method was carried out using analytical standards of
target compounds using negative or positive ions, listed in Table 1. Dihydrocapsaicin was
used as the internal standard. Method validation parameters were selectivity, linearity,
recovery, repeatability, intermediate precision, limit of detection (LOD), and limit of quan-
tification (LOQ). The LODs of the method for individual compounds were determined
using the following equation: LOD or LOQ = κSDa/b, where LOQ is 3 and κ = 3 for LOD.
Also, SDa represents the standard deviation of the intercept, and b represents the slope.
The detailed validation procedure and uncertainty assessment methodology of the applied
method was reported in our previous paper [49–52].
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2.4. Essential Oil Isolation and GC/MS and GC-FID Analyses of Cinnamon Leaf Oil

The extract was dried over anhydrous CaCl2, and the essential oil was stored at 4 ◦C
until the GC-MS/FID measurements. The yield of oil was 1.52%. The GC-MS analysis
was carried out using a Thermo Scientific Trace GC 1310 connected to a Thermo TSQ 9610
MS system on a DB-5 capillary column (60 m × 0.25 mm, 0.25 mm film thickness) with
helium as the carrier gas (0.8 mL/min). GC oven temperature was maintained at 80 ◦C
for 10 min, programmed to 280 ◦C at a rate of 4 ◦C/min, and kept constant at 280 ◦C for
5 min. The split ratio was adjusted to 1:20. The injector temperature was set to 250 ◦C. The
mass spectra were recorded at 70 eV. The mass range was m/z 35–650. GC-FID analysis
was performed using a Thermo Scientific Trace GC 1310 instrument. The FID detector
temperature was 280 ◦C. To obtain the same elution order as GC-MS, simultaneous auto-
injection was performed in duplicate on the same column under the same operational
conditions. The relative percentage of the separated compounds was calculated from the
FID chromatograms [53–55]. Alkanes were used as reference points in the calculation of
Kovats Indices (KI). Compounds were identified by comparing their retention times and
mass spectra with those obtained from authentic samples and/or the NIST and Wiley
spectra, as well as literature data [54–57].

2.5. Reducing Ability Assays

The Fe3+ reduction potential of cinnamon leaf oil was determined using the Fe3+(CN−)6
complex reduction method [58]. For this purpose, various concentrations of cinnamon leaf
oil were transferred to test tubes, and 2.5 mL of phosphate buffer (pH 6.6, 0.2 M) and 2.5 mL
of [K3Fe(CN)6] solutions (1%) were added. Then, the mixture was vortexed and incubated
at 50◦C for 25 min. A portion of trichloroacetic acid (10%, 2.5 mL) was added. Then, 2.5 mL
of upper layers of the solutions was mixed with 2.5 mL distilled water and 0.5 mL FeCl3
(0.1%). The absorbance of reducing effects of cinnamon leaf oil was spectrophotometrically
recorded at 700 nm.

After all the necessary experimental procedures, the absorbance of Cu2+ reducing
ability of cinnamon leaf oil was determined according to a prior study [59]. For this purpose,
0.25 mL CuCl2 solution (10 mM), 0.25 mL ethanolic neocuproine solution (7.5 × 10−3 M),
and 250 µL NH4Ac buffer solution (1.0 M) and different concentrations (10–30 µg/mL)
of test tubes containing cinnamon leaf oil were transferred. Then, the total volume was
increased to 2 mL with distilled water and their absorbance values were recorded at 450 nm
after 30 min of incubation.

Lastly, the Fe3+-TPTZ complex reducing ability reduction ability cinnamon leaf oil was
performed according to a previous study [60]. For this, 2.25 mL of TPTZ solution (10 mM
in 40 mM HCl) was freshly prepared and transferred to 2.5 mL of acetate buffer (0.3 M,
pH 3.6) and 2.25 mL of FeCl3 solution (20 mM). Then, different concentrations of cinnamon
leaf oil were transferred and incubated at 37 ◦C for 25 min. Finally, the absorbance of
reducing power of cinnamon leaf oil was spectrophotometrically measured at 593 nm. All
experiments related to reducing abilities were repeated three times and the results were
given as the arithmetic mean of these repetitions.

2.6. Radical Scavenging Activities

The radical scavenging potential of cinnamon leaf oil was evaluated using the DPPH
radical according to the Blois method [61]. Briefly, 1 mL of DPPH• solution (0.1 mM),
which was prepared in ethanol and possessed a blue color, was added to the cinnamon
leaf oil at different concentrations (10–30 µg/mL). Then, they were incubated at room
temperature for 25 min and their absorbance values were recorded at 517 nm. ABTS radical
scavenging ability of cinnamon leaf oil was realized according to Gulcin’s method [62].
Firstly, aqueous solution of ABTS (7.0 mM) was oxidized by oxidants such as K2S2O8
(2.5 mM) for generation of its radical cation (ABTS•+). The ABTS•+ solution was diluted
with a phosphate buffer (0.1 M, pH 7.4) prior to use, adjusting the absorbance value of the
control to 0.750 ± 0.025 at 734 nm. Then, 1 mL of ABTS•+ solution was added to 3 mL of
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cinnamon leaf oil at different concentrations (10–30 µg/mL). After 30 min, the remaining
absorbance of ABTS•+ was measured at 734 nm [63].

The radical scavenging potential (RSC) of cinnamon leaf oil was calculated using the
formula: RSC (%) = (1 − Ac/As) × 100, where Ac and As are the absorbance values of
the control and sample, respectively. In addition, IC50 was obtained from the graphs as
µg/mL [64].

2.7. Acetylcholinesterase Inhibition Assay

The inhibitory effects of cinnamon leaf oil on AChE from horse serum and Electrophorus
electricus were evaluated according to the methods described in our previous studies [65].
Acetylthiocholine iodide (AChI) and 5,5′-dithio-bis-(2-nitrobenzoic acid) (DTNB) were
used as substrates [66]. Briefly, 1 mL of Tris/HCl buffer (1.0 M, pH 8.0), 10 µL of different
concentrations of cinnamon leaf oil, and 50 µL AChE were mixed in a test tube. Then,
the sample was incubated at 25 ◦C for 15 min and 50 µL of DTNB solution (0.5 mM,) was
transferred. Then, the reaction was started by adding 50 µL of AChI solution (10 mM), and
absorbance was recorded at 412 nm [67].

2.8. α-Amylase Inhibition Assay

The inhibitory potential of cinnamon leaf oil on α-amylase was determined using a
starch substrate according to the Xiao procedure [68]. First, 1 g starch was dissolved in
50 mL NaOH solution (0.4 M) and heated at 80 ◦C for 20 min. After cooling, the pH was
adjusted to 6.9, and the volume was adjusted to 100 mL using distilled water. Next, 35 µL
of starch solution, 35 µL of phosphate buffer (pH 6.9), and 5 µL of the cinnamon leaf oil
solutions were mixed. After incubation at 37 ◦C for 20 min, 20 µL of α-amylase solution
was added and incubated again for 20 min. The reaction was completed by adding 50 µL
of 0.1 M HCl, and absorbance was measured at 580 nm [69].

2.9. hCA II Inhibition Assay

Human erythrocytes were used as a source of CA II [70]. CA II was purified to high
purity using the Sepharose-4B-tyrosine-sulfanilamide affinity column technique [71,72].
The protein content at each step of the purification assay was determined according to the
Bradford method [73], and bovine serum albumin was used as the standard protein [74].
The purity of hCA II was determined using SDS-PAGE, as described in our previous
work [75]. During hCA II purification and inhibition studies, esterase activity assay was
measured spectrophotometrically at 348 nm [76].

2.10. Determination of IC50 Value

IC50 values were calculated to determine the potency of the inhibitory effects of
cinnamon leaf oil. IC50 values were calculated from the graphs derived from the enzyme
activity corresponding to increasing amounts of cinnamon leaf oil [77].

2.11. Statistical Analysis

Statistical analyses were performed using Student’s t-test (GraphPad Prism 6, Graph-
Pad, La Jolla, CA, USA, Software 7.0). The data are presented as means ± standard
deviations (SD). The minimum significance level was set at p < 0.05.

3. Results
3.1. Polyphenolic Composition of Cinnamon Leaf Oil

The LC-HRMS assay was validated by determining the linearity, selectivity, preci-
sion, recovery, matrix effect, accuracy, and stability of the analytes [78–80]. In this study,
28 phenolic compounds were tentatively identified from cinnamon leaf oil. The LC-HRMS
results showed that cinnamon leaf oil is rich in hispidulin (9.98 mg/L oil), herniarin
(7.82 mg/L oil), and apigenin (6.61 mg/L oil). The cinnamon leaf oil was obtained by
liquid-liquid extraction in order to determine the secondary metabolite profile of the
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species. A total of 100 mg of cinnamon leaf oil was dissolved by mobile phase B (1% formic
acid in methanol) in a 4 mL volumetric flask and kept in an ultrasonic bath for 10 min.
Then, 100 µL of internal standard (dihydrocapsaicin solution in methanol) was adjusted to
volume with mobile phase B. The final solution was filtered through a 0.45 µm Millipore
Millex-HV filter and the final solution (1 mL) was transferred into a capped auto sampler
vial, from which 2 µL of sample was injected into LC for each run. The samples in the auto
sampler were kept at 15 ◦C during the experiment [81].

GC-MS was used to perform accurate qualitative analysis of the contents of different
aromatic compounds and essential oils [80]. Table 2 presents the relative information on
the aromatic components of cinnamon leaf oil. In the present study, 17 volatile components
were identified in cinnamon leaf oil samples. Among these, E-cinnamaldehyde (72.98%),
benzyl benzoate (4.01%), β-caryophyllene (3.45%), and trans-cinnamylacetate (3.36%) were
the most abundant compounds in cinnamon leaf oil (Figure 1 and Table 2).

Table 2. Chemical composition of the essential oil obtained from cinnamon (C. zeylanicum) leaf using
GC-MS.

RT Essential Oils Contents (%)

937 α-Pinene 1.00
953 Camphene 0.34
986 β-Pinene 0.38
1008 Phellandrene 0.70
1026 p-Cymene 1.48
1097 Linalool 1.80
1193 α-Terpineol 0.48
1235 Z-Cinnamaldehyde 1.10
1281 Safrole 1.18
1284 E-Cinnamaldehyde 72.98
1365 Eugenol 1.48
1376 α-Copaene 0.77
1420 β-Caryophyllene 3.45
1433 trans-Cinnamylacetate 3.36
1458 α-Humulene 0.63
1525 Acetyleugenol 1.58
1586 (−)-Caryophyllene oxide 0.98

Total 97.70
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Figure 1. Compounds and their % ratios determined using GCMS analysis of the oil sample obtained
from cinnamon (C. zeylanicum) leaf.
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3.2. Reducing Ability of Cinnamon Leaf Oil

Cinnamon (C. zeylanicum) leaf oil demonstrated strong and effective reducing ca-
pacity in Fe[Fe(CN−)6]3, Fe3+-TPTZ, and Cu2+ reduction assays [82]. First, an Fe3+–Fe2+

conversion assay was performed to measure the reducing ability of cinnamon leaf oil
(Figure 2A and Table 3). Cinnamon leaf oil and standards at a concentration of 50 µg/mL
(r2 = 0.9804) exhibited Fe3+ reducing ability (p < 0.01) in the following order: ascorbic
acid (2.298±0.086, r2 = 0.9659) ≥ BHA (2.292 ± 0.012, r2 = 0.9993) ≥ cinnamon leaf oil
(2.190 ± 0.039, r2 = 0.9741) ≥ BHT (2.136 ± 0.090, r2 = 0.9957) > Trolox (1.514 ± 0.066,
r2 = 0.9963) > α-tocopherol (0.862 ± 0.038, r2 = 0.9996). The increased absorbance reflects
the complex formation and an increased reducing ability (Figure 1A).
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Figure 2. Fe3+, Cu2+, and Fe3+-TPTZ reducing ability of cinnamon (C. zeylanicum) leaf oil and standards.

In addition to the Fe3+-reducing effect, the Fe3+-TPTZ and Cu2+-reducing abilities
of cinnamon leaf oil were investigated and are summarized in Figure 2B, C and Table 3
(r2 = 0.9783). Cinnamon leaf oil showed high absorbance values at the tested concentrations.
Cinnamon leaf oil and standards at a concentration of 30 µg/mL reduced Cu2+ ions in
the following order (Figure 2B): BHA (2.292±0.012, r2 = 0.9993) > BHT (1.953 ± 0.045,
r2 = 0.9998) > cinnamon leaf oil (1.918 ± 0.031, r2 = 0.9992) > Trolox (1.800 ± 0.096,
r2 = 0.9974) > ascorbic acid (0.983 ± 0.048, r2 = 0.9822) > α-tocopherol (0.851 ± 0.046,
r2 = 0.9994).
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Table 3. Fe3+, Cu2+, and Fe3+-TPTZ reducing ability of cinnamon oil and standards at 50 µg/mL
concentration (BHA: butylated hydroxyanisole, BHT: butylated hydroxytoluene).

Antioxidants
Fe3+ Reducing * Cu2+ Reducing * Fe3+-TPTZ Reducing *

λ700 r2 λ450 r2 λ593 r2

BHA 2.292 ± 0.012 0.9993 2.418 ± 0.018 0.9887 1.172 ± 0.014 0.9605
BHT 2.136 ± 0.090 0.9957 1.953 ± 0.045 0.9998 0.690 ± 0.008 0.9645

Trolox 1.514 ± 0.066 0.9963 1.800 ± 0.096 0.9974 1.180 ± 0.032 0.9732
α-Tocopherol 0.862 ± 0.038 0.9996 0.851 ± 0.046 0.9994 0.918 ± 0.011 0.9904
Ascorbic acid 2.298 ± 0.086 0.9659 0.983 ± 0.048 0.9822 1.257 ± 0.024 0.9869

Cinnamon leaf oil 2.190 ± 0.039 0.9741 1.918 ± 0.031 0.9992 1.900 ± 0.021 0.9725

* All values are averages of three parallel measurements (n = 3) and presented as mean ± SD.

Cinnamon (C. zeylanicum) leaf oil had an effective reducing potential in this reduction
assay (Table 3 and Figure 2C). Test materials containing cinnamon leaf oil and standards
declined in the following order of FRAP reducing capacity: cinnamon leaf oil (1.900 ± 0.021,
r2 = 0.9725) > ascorbic acid (1.257 ± 0.024, r2 = 0.9869) > Trolox (1.180 ± 0.032, r2 = 0.9732)
≥ BHA (1.172 ± 0.014, r2 = 0.9605) > α-tocopherol (0.918 ± 0.011, r2 = 0.9904) > BHT
(0.690 ± 0.008, r2 = 0.9645).

3.3. Radicals Scavenging Effect of Cinnamon Leaf Oil

The IC50 values of the DPPH scavenging effects of cinnamon (C. zeylanicum) leaf
oil and standard radical scavengers were in the following order: 4.78 µg/mL for cinna-
mon leaf oil (r2 = 0.9949) < 5.82 µg/mL for ascorbic acid (r2 = 0.9668) < 6.03 µg/mL for
Trolox (r2 = 0.9925) < 6.86 µg/mL for BHA (r2 = 0.9957) < 7.70 µg/mL for α-tocopherol
(r2 = 0.9961) < 49.50 µg/mL (r2 = 0.9810) for BHT. The low EC50 values reflect high and
effective DPPH• scavenging capabilities (Table 4 and Figure 3A).

Table 4. IC50 values (µg/mL) of 1,1-diphenyl-2-picryl-hydrazyl free radical (DPPH•) scavenging
and 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS•+) scavenging activities of cinnamon
(C. zeylanicum) leaf oil and standards.

Antioxidants
DPPH• Scavenging ABTS•+ Scavenging

IC50 r2 IC50 r2

BHA 6.86 0.9949 6.35 0.9746
BHT 49.50 0.9957 12.60 0.9995

Trolox 6.03 0.9925 16.50 0.9775
α-Tocopherol 7.70 0.9961 18.72 0.9347
Ascorbic acid 5.82 0.9668 11.74 0.9983

Cinnamon leaf oil 4.78 0.9344 5.21 0.9563

As shown in Figure 3B, cinnamon (C. zeylanicum) leaf oil exhibited effective ABTS rad-
ical scavenging ability in a concentration-dependent manner (10–20 µg/mL, p < 0.001). The
IC50 value of cinnamon leaf oil in the ABTS•+ removal assay was calculated as 12.53 µg/mL
(r2 = 0.9827) (Table 4). When EC50 values were evaluated for standard molecules, the fol-
lowing sequence was observed: 6.35 µg/mL for BHA (r2 = 0.9746) < 11.74 µg/mL, for
ascorbic acid (r2 = 0.9983) < 12.60 µg/mL for BHT (r2 = 0.9995) < 16.50 µg/mL for Trolox
(r2 = 0.9775) < 18.72 µg/mL for α-tocopherol (r2 = 0.9347) (Figure 3B).
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Figure 3. 1,1-diphenyl-2-picryl-hydrazyl free radical (DPPH•) scavenging and 2,2′-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid (ABTS•+) scavenging effects of cinnamon (C. zeylanicum) leaf oil
and standards.

3.4. Inhibition of Enzymes by Cinnamon Leaf Oil

The inhibition results for the enzymes used are listed in Table 5. Cinnamon (C. zey-
lanicum) leaf oil inhibited AChE with an IC50 value of 16.03 µM (r2 = 0.9874). The tacrine
standard inhibitor, used for comparison, inhibited AChE with an IC50 value of 7.58 µM
(r2 = 0.9074). As seen in Table 4, cinnamon leaf oil had a moderate inhibitory effect on
α-amylase, with an IC50 value of 553.07 µM (r2 = 0.9685). The IC50 value of cinnamon leaf
oil against cytosolic and predominant hCA II isoenzyme was calculated as 25.41 ± 1.10 nM
(Table 5). Acetazolamide (AZA), a clinical CA isoenzyme inhibitor used for comparison,
inhibited cytosolic and predominant hCA II isoforms with an IC50 value of 4.41 ± 0.35 nM.

Table 5. The half maximal inhibition concentration (IC50; µg/mL) values of cinnamon (C. zeylanicum)
leaf oil against acetylcholinesterase, α-amylase, and carbonic anhydrase II enzymes.

Enzymes
Cinnamon Leaf Oil Standard Inhibitors

IC50 r2 IC50 r2

α-Amylase 1 553.07 0.9058 7.54 0.9074
Acetylcholinesterase 2 16.03 0.9874 8.82 0.9836

Carbonic anhydrase II 3 243.24 0.9092 9.96 0.9930
1 Acarbose was used as a positive control for α-glycosidase and α-amylase enzymes. 2 Tacrine was used as a
positive control for acetylcholinesterase and butyrylcholinesterase enzymes. 3 Acetazolamide (AZA) was used as
a positive control for carbonic anhydrase II isoenzyme.

4. Discussion

Herbal extracts are commonly used in traditional and modern medicines owing
to their beneficial health effects and healing properties, such as anti-aging, anti-fatigue,
anti-cancer, and anti-hepatitis effects, as well as their ability to reduce blood serum lipid
and glucose levels, and immunomodulation [83]. More than 25% of the drugs available
worldwide are prepared from medicinal plants. Plants are rich in phenolic compounds,
which are natural and active secondary plant metabolites. Recently, they have attracted
great interest in pharmaceutical applications [84]. Currently, an increasing amount of
scientific research is being conducted on the health benefits of naturally derived phenolics
and flavonoids [36]. Consuming plants and foods rich in phenolic compounds has beneficial
biological effects, including antioxidant, antimicrobial, and anti-inflammatory effects [85].
Numerous bioanalytical analyses are available for identifying and establishing a link
between phenolic compounds and their applications. Due to its rich active phenolic
content, the antioxidant activity of cinnamon leaf oil is expected to be high.
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Owing to its high sensitivity, LC-HRMS is one of the most widely used chromato-
graphic methods for the quantitative analysis of phenolic compounds in plant extracts [86].
Moreover, the optimization of various experimental parameters, such as the extraction
solvent, column, mobile phase, and LC-HRMS conditions, is extremely important in the
analysis of the phenolic content of oils obtained from plants [87]. The phenolic compounds
are presumably responsible for the antioxidant ability of cinnamon leaf oil [88,89]. Phenolics
extracted from plant materials have many effective biological functions, such as metal bind-
ing, ROS scavenging, reduction, and H-atom donation [90]. The most abundant phenolic
compounds in plant oil were found to be isosakuranetin, hispidulin, and chlorogenic acid.
Isosakuranetin is a 4′-O-methylated flavonoid, found in citrus fruits. It is consumed daily
in the human diet as a constituent of a variety of plant components. Isosakuranetin has
been previously described to have antimycobacterial, antioxidant, antifungal, antibacterial,
anticancer, neuroprotective, and antiallergic properties [91]. Hispidulin (4′,5,7-trihydroxy-
6-methoxyflavone) is an abundantly found flavonoid in medicinal plants, which has been
widely used in medicine as an antioxidant [92]. Hispidulin was measured as the second
dominant phenolic compound (6.61 mg/L oil) in cinnamon leaf oil. Chlorogenic acid,
which is one of the abundant phenolic acids in plants, especially in coffee and tea, has been
reported to have strong antioxidant activity as well as many pharmacological activities in
many preclinical and clinical studies [93].

The reducing capacity of plant-derived oils contributes to their biological activities.
Because of their high reducing capacity, these oils reduce oxidative stress and neutralize
ROS [94]. The ferric ion (Fe3+) reduction method can be used to directly determine the
reducing ability of plant-derived oils or extracts. The addition of cinnamon leaf oil to
solutions containing Fe3+ ions under experimental conditions causes the formation of
blue-colored Fe4[Fe(CN−)6]3, which can absorb light at 700 nm [95]. The color of the test
mixture, along with the formation of this chromophore complex, reveals the reducing
capability of the plant extracts in different color scales from yellow to green [96]. Cinnamon
leaf oil demonstrated a strong and effective reducing capacity in Fe4[Fe(CN−)6]3, Fe3+-
TPTZ, and Cu2+ reduction assays. The results demonstrate that cinnamon leaf oil has
an effective Fe3+-reducing ability and that the e-donor property neutralizes the harmful
effects of ROS and free radicals. This reductive potential was higher than that of BHT,
Trolox, and α-tocopherol but close to that of BHA and ascorbic acid. The CUPRAC method,
another reduction test used in our study, is a low-cost, selective, stable, and fast method
for plant extracts and oils, independent of chemical components and hydrophobicity [97].
The final reduction test used in this study was the FRAP reduction method. As with the
prior reduction assays, high absorbance values reflect the high reduction potential of the
complex. In addition, the FRAP method should be applied in acidic media to maintain the
solubility of Fe3+ ions [98,99].

The ABTS•+ and DPPH· removal assays are the most useful and widely used radical
removal assays. They are used to evaluate the radical scavenging capacity of materials in
the food and pharmacology sectors. In a recent study, IC50 values of methanol and aqueous
extracts of M. pulegium were calculated as 18.52 and 15.37 µg/mL, respectively [100].
The IC50 values for aqueous and ethanol extracts of C. verum, another cinnamon type,
were determined to be 15.71 and 21.25 µg/mL, respectively [48]. In a prior study, IC50
values for methanol and aqueous extracts of S. pilifera, widely distributed in Anatolia,
were 7.05 and 8.56 µg/mL, respectively [34]. The chromogenic ABTS radical scavenging
assay can be easily applied to hydrophilic and lipophilic antioxidant compounds. The
values for methanol and aqueous extracts of the M. pulegium plant were recorded as 7.92
and 9.37 µg/mL, respectively [100], and 3.52 and 4.76 µg/mL for methanol and aqueous
extracts of S. pilifera, respectively [34]. In a recent study, the values were found to be 5.52
and 5.79 µg/mL for water and ethanol extracts of C. verum, respectively [48].

When the enzyme inhibition results were evaluated and compared with standard
inhibitors, cinnamon leaf oil was found to have an effective inhibition capacity against
AChE, α-amylase, and hCA II, which are associated with global metabolic diseases, such
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as AD and T2DM. Enzyme inhibition is an effective approach in the treatment of several
diseases [101]. Based on these results, cinnamon leaf oil was a more effective and suitable
inhibitor of AChE than tacrine. In a recent study by our group, methanol and water extracts
of the M. pulegium had IC50 values of 40.76 and 53.31 µg/mL, respectively, for AChE [100].
In another study, water and ethanol extracts of C. verum had an inhibitory effect on AChE
with Ki values of 221.33 µg/mL and 110.26 µg/mL, respectively [48]. Similarly, ethanolic
(IC50: 23.01 µg/mL) and water extracts (IC50: 25.66 µg/mL) of Rhus coriaria have a highly
effective inhibitory action on AChE [102]. The inhibition of α-amylase by natural products
can effectively reduce blood glucose levels, particularly in PPGL and T2DM. Cinnamon
leaf oil showed a greater inhibitory effect (IC50: 22.800 mM) than acarbose, a standard
inhibitor [103]. In a recent study, ethanol and dichloromethane/methanol extracts of bark
and leaf of authenticated Ceylon cinnamon (C. zeylanicum) were studied for α-amylase, α-
glucosidase, and inhibition effects. It was reported that these extracts exhibited IC50 values
of 26.62–36.09 and 214–215 and µg/mL against AChE and α-amylase, respectively [104].
The inhibitory effects on digestive enzymes, including α-amylase, can reduce blood glucose
levels. Moreover, this inhibition may have a significant therapeutic effect on regulating
hyperglycemia associated with diabetes.

Plants are rich in biologically active phenolic compounds. Phenolic compounds are
slightly acidic and convert into water-soluble phenolate anions by losing at least one proton
(H+) from their hydroxyl groups (-OH). Plants rich in phenolics effectively inhibit CA [105].
In addition, phenolic compounds found in plants can inhibit CA isoforms due to the
coordination of the Zn2+ ion in the active sites to phenolic -OH, -COOH, and -OCH3 groups
in their phenolic rings. This physiologically dominant isoform is found almost everywhere
in cells and is associated with many diseases such as glaucoma, edema, and epilepsy [106].

5. Conclusions

Cinnamon leaf oil was evaluated using several in vitro bioanalytical assays for its
antioxidant properties and inhibitory effects on metabolic enzymes, such as AChE, α-
amylase, and CA II, which are associated with diabetes, Alzheimer’s disease, and glaucoma.
In addition, the potential active ingredients present in cinnamon leaf oil were determined
using LC-HR/MS, GC/MS, and GC-FID. The most abundant phenolic compounds in the
plant oil were found to be isosakuranetin, hispidulin, and chlorogenic acid. Moreover,
as a result of GC-FID analysis of cinnamon leaf oil, it was determined that 72.98% of the
existing oil was E-Cinnamaldehyde. The results show that cinnamon leaf oil can be a
rich and useful source of biologically important biomolecules. In addition, cinnamon
oil is rich in natural phenolic compounds, such as E-cinnamaldehyde, benzyl benzoate,
β-caryophyllene, and trans-cinnamylacetate. LC-HR/MS analysis showed that cinnamon
leaf oil has high amounts of natural phenolic compounds, such as luteo-lin-7-glycoside,
ellagic acid, and naringenin.
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Abstract: The purpose of this study was to demonstrate the antimicrobial effects of natural essential
oils (EO) and determine their preservative action. Eight natural essential oils were tested against
Staphylococcus aureus, Escherichia coli, and Candida albicans representing gram positive, gram negative,
and fungi, respectively. The plant materials were used in this study viz. Thymus vulgaris—thyme (TV),
Mentha virdis (MV), Mentha longifolia (ML), Rosmarinus officinalis—rosemary (RO), Lavandula dentata—
lavender (LD), Origanum majorana—oregano (OM), which belong to the Lamiaceae family. The other
two plants were Cymbopogon citratus—lemon grass (family Poaceae) (CC), and Eucalyptus globulus
(family Myrtaceae) (EG). Employing the disc diffusion susceptibility test, minimum inhibitory and
minimum bactericidal concentrations were estimated for each oil, followed by the addition of oils
to pasteurized apple juice after microbial induction. The results revealed that thyme oil showed
the maximum zone of inhibition against all tested microbes enriched with monoterpenes class
viz. eucalyptol (24.3%), thymol (17.4%), and γ-terpinene (15.2%). All other tested oils exhibited
a concentration-dependent inhibition of growth and their MIC ranged from 0.1 to 100 µL/mL.
The recorded minimum bactericidal concentration values were apparently double the minimum
inhibitory concentration. The EO of Mentha virdis followed by Mentha longifolia showed maximum
antimicrobial activity against the tested organisms in pasteurized apple juice. A gas chromatography–
mass spectroscopy (GC–MS) analysis of lemon grass, thyme, and Mentha virdis essential oils showed
their enrichment with monoterpenes class recording 97.10, 97.04, and 97.61%, respectively.

Keywords: beverage preservative; natural essential oils; antimicrobial activity

1. Introduction

Food poisoning is a widespread, life-threatening illness that is considered an important
public health problem [1]. Its main cause is consuming food or beverages contaminated
with viruses, bacteria, fungi, or their toxins. Foodborne disease incidence can be affected
by climate factors such as temperature, humidity, and rainfall [2]. Eating raw vegetables,
fruits, unpasteurized dairy, and raw meat or fish may increase the risk of contamination.
On the other hand, some types of food might be contaminated by microbes through
harvesting, improper storage, or even transport, which may lead to cross contamination
upon improper cooking [3]. Mild cases of food poisoning may be improved without the
need of drug treatments, others may be hospitalized. Pathogenicity of food poisoning
illness may differ depending on the source of contamination and individual susceptibility.
Population as immunocompromised, children, pregnant women, and the old aged, being
more susceptible, show serious and life-threatening symptoms [4]. Food contaminating
organisms may be bacteria, such as Staphylococcus aureus and Escherichia coli, or Candida
albicans fungus [5]. Food contamination would be via infectious microorganisms and toxins
at any stage of processing or production from the farm-to-table causing foodborne illnesses.
Food poisoning symptoms appear hours or days after consuming contaminated food and
frequently results in vomiting, nausea, watery or bloody diarrhea, and dehydration [6].
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Gram-positive Staphylococcus aureus (S. aureus) bacterium normally exists as normal
flora on the skin as well as mucosal membranes of healthy people. It is among the four
most common bacteria causing foodborne diseases viz. Salmonella, Clostridium perfringens,
and Campylobacter. S. aureus produces about 20 different types of enterotoxins [7]. S. aureus
has the ability to resist some antibiotics such as methicillin resistance S. aureus (MRSA) [8].
S. aureus may lead to complicated gastrointestinal diseases with systemic progression [9].

Pathogenic Escherichia coli (E. coli) are gram-negative strains that are not affected
by the acidity of stomach pH followed by the colonization in the intestine [10]. The
environmental presence of E. coli in water and food, as natural reservoir, can widely lead
to food contamination and therefore severe illnesses, including watery to bloody diarrhea
with dehydration, gastro-intestinal upsets, and septicemia [11].

Candida albicans (C. albicans) is the most widespread fungus, causing systemic ill-
nesses [12]. About 20 Candida species have been identified to cause serious infections in
humans, especially in the immunocompromised [13]. C. albicans causes collateral damage
to tissues thereby exacerbating the pathological effects of infections [14]. Consequently, the
risk of devastating illnesses increases and can result in considerable mortality due to the
persistence and worsening of some chronic inflammatory bowel diseases.

Chemical preservatives were first used as food preservatives but with undesirable
biological effects on humans while increasing microbial resistance [15].

The use of plant extracts and spices have been of great interest as a natural alternative
to food preservatives. These natural substances have been used for seasoning, flavoring,
and as food preservatives by preventing or inhibiting the growth of microorganisms [16,17].
In addition, they have been utilized for their antimicrobial, anti-inflammatory, and analgesic
effects [18]. Many essential oils (EO) showed broad antimicrobial activity and could be
used to prevent microbial contamination, guarantee safety, quality, and prolong shelf-life
depending on their chemical composition which differ according to their plant origin [19].
Essential oils are categorized as safe (GRAS) by FDA and are more accepted by consumers
than conventional chemical alternatives due to their natural origin [20].

Bacteria and fungi differ in their acquiring resistance to a specific plant extract. Effec-
tively, natural plants have gained great interest in the food industry as important, natural
additives to substitute chemical products [21]. These plants are traditionally used as nat-
ural plant remedies for various purposes, including treatment of infections, pain relief,
decongestant, antifungal, antiviral, antioxidant, anti-inflammatory, and antiseptic [22].

The Lamiaceae family, (formerly Labiatae) has been attracting attention for the potent
antimicrobial action of its plant species and therefore preservative effect. Being enriched
with a high content of effective classes with antimicrobial action places the whole family
as a powerful natural preservative agents. A recent review by Ramos de Silva, et al., 2021
discussed the importance of the Lamiaceae family as a potent antimicrobial, antioxidant,
and other biological activities in context to their chemical profiling [23]. Algerian Thyme
“Thymus vulgaris” was enriched with thymol ingredient, which varied as per its region in
Algeria “59.5% and 67.7%”. Origanum compactum and O. vulgare were effective antimicrobial
agents against S. aureus and E. coli gram-positive and negative bacteria, respectively. Both
the Origanum species were chemically enriched with thymol, carvacrol, p-cymene, and
γ-terpinene volatiles [23]. In a published study by Moumni et al., 2020, the authors worked
on understanding the antimicrobial activity of some members of the Lamiaceae family
cultivated in Tunisia with relation to their antimicrobial activity. The authors investigated
the extracted EOs from Rosmarinus officinalis, Thymus capitatus, Origanum majorana, and
Salvia officinalis by understanding their antimicrobial action on Pseudomonas aeruginosa,
Escherichia coli, Salmonella enterica, Bacillus subtilis, and Staphylococcus aureus. The results
proved the effectiveness of all tested EOs where the T. capitatus essential oil recorded the best
results among other EOs. T. capitatus recorded MBC ranging from 0.73 to 2.94 mg/mL [24].

The aim of this study was to assess the antimicrobial as well as the preservative
action of various naturally extracted essential oils by inhibiting the survival, growth, and
multiplication of S. aureus, E. coli, and C. albicans present in fresh juice. The essential oils
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from different plant origins were extracted from members of the Lamiaceae family viz.
Oregano, lavender, rosemary, lemon grass, Mentha virdis, Mentha longifolia, and thyme, in
addition to Eucalyptus (Myrtaceae) and lemon grass (Poaceae) cultivated in Egypt. Further,
in this study, the authors compared the activity of the extracted essential oils with limonene
and eucalyptol selected as authentic volatiles being potent antimicrobial agents [25].

2. Materials and Methods
2.1. Plant Materials, Microorganisms, and a Prepared Juice Sample
2.1.1. Plant and Standard Volatiles

Eight plants were used in this study, six belong to the Lamiaceae family viz. Thymus
vulgaris—thyme (TV), Mentha virdis (MV), Mentha longifolia (ML), Rosmarinus officinalis—
rosemary (RO), Lavandula dentata—lavender (LD), Origanum majorana—oregano (OM). The
other two plants were Cymbopogon citratus—lemon grass (family Poaceae) (CC), and Eucalyp-
tus globulus (family Myrtaceae) (EG). All previously mentioned plants have been purchased
from the Experimental Station of Medicinal and Aromatic Plants, Pharmacognosy Depart-
ment, Faculty of Pharmacy, Cairo University, Giza, Egypt, in July 2018. Voucher specimens
have been deposited in the Faculty of Pharmacy Herbarium, The British University in Egypt.
Voucher specimen codes are as follows: Thyme, TV-H01; Mentha virdis, MV-H02; Mentha
longifolia, ML-H03; rosemary, RM-H04; lavender, LO-H05; oregano, OM-H06; lemon grass,
CC-H07, and eucalyptus, EG-H08. Eng. Therese Labib, a consultant of plant taxonomy
at the Egyptian Ministry of Agriculture, authenticated all the plants used in this current
study. Limonene and eucalyptol standards were purchased from Sigma-Aldrich Chemie
GmbH, Germany.

2.1.2. Preparation of Volatile Oils

The dried grinded plants, each (500 g), were subjected to water distillation (750 mL)
for 3–6 h using a Clevenger-type apparatus until plant exhaustion. For each plant, the
extraction was carried out in triplets. The EOs yield and their chemical composition varia-
tion “in a quantitative not qualitative way” would vary, and so replicates of experimental
procedures in EOs extraction and their GC–MS analysis would be encouraged to guarantee
the reproducibility and data accuracy [26]. The yield of the volatile oils (expressed as
volume mL/500 g weight) per each plant was 6.0 ± 0.10, 5.5 ± 0.21, 4.0 ± 0.12, 4.8 ± 0.11,
5.8 ± 0.14, 5.6 ± 0.30, 6.4 ± 1.20, and 5.0 ± 24 mL for the plant material (TV), (MV), (ML),
(RO), (LD), (OM), (CC) and (EG), respectively. The obtained oils were placed in desiccator
after collecting and kept at −4 ◦C in sealed vials the in dark for further analyses. The
physical properties of EOs were assessed as per the Egyptian pharmacopoeia 1984 [27].

2.1.3. Microorganisms

The microorganisms studied in this research represent frequent organisms involved
in infections related to healthcare and food poisoning. Thus, clinically-pure strains of Es-
cherichia coli representing gram-negative bacteria were isolated on Sorbitol MacConkey agar
(DifcoTM), Staphylococcus aureus representing gram-positive bacteria isolated on Mannitol
salt agar (MSA) (DifcoTM), and Candida albicans fungus isolated on Sabouraud Dextrose
agar (DifcoTM), all acquired from The British University in Egypt.

2.1.4. Juice Sample

Fresh apple juice (pH 6.5–7) was used to assess the preservative potential of the
essential oils of the plants. Whole apple fruits were machine-squeezed and then underwent
multiple filtration steps through filter paper until obtaining clear juice. Clear apple juice
portions of 100 mL were placed in 250 mL bottles. This was followed by pasteurization of
the juice by autoclaving at 70 ◦C for one minute followed by rapid cooling to 7 ◦C.
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2.2. Methods of Analysis
2.2.1. The Disk Diffusion Susceptibility Test

The disk diffusion susceptibility test was performed using Mueller-Hinton Agar
(MHA) to assess the antibacterial and antifungal effects of the essential oils. Three concen-
trations of the essential oils were tested: 100% oil, 50% oil (diluted with ethanol with ratio
1:1), and 25% oil (diluted with ethanol with ratio 1:4). Four 6 mm sterile filter paper discs
saturated with 20 µL of each of the dilutions were applied on plates on which each of the
test organisms were streaked at a concentration equivalent to 0.5 MacFarland standard, and
a disc impregnated with 20 µL solvent alone was used as a blank. A standard antibiotic disk
was applied as a positive control. The antimicrobial activity was assessed by measuring
the diameters of zones of inhibition after a period of incubation (18–24 h for bacteria and
48–72 h for C. albicans). Measuring the diameter of zones of inhibition in millimeters was
performed using a Vernier caliper (together with the diameter of the disc). Three readings
average were recorded. Zones of inhibition equivalent to or more than 7 mm reflected the
antimicrobial activity of essential oils against the test organisms. An activity index (AI) of
the tested essential oils was calculated, where the inhibition zone diameter of the tested
essential oil was divided by that of the standard antimicrobial agent, and where an activity
index greater than 0.5 was regarded as significant antimicrobial activity [28].

2.2.2. Minimum Inhibitory Concentration (MIC) Determination

The MIC of essential oils was estimated by the broth dilution method for the selected
test organisms which resulted in diameters of inhibition zones of more than 7 mm. Bacterial
and fungal test strains dilutions were prepared using Mueller Hinton Broth (DifcoTM

Detroit, MI, USA) and Sabouraud Dextrose Broth (DifcoTM, Detroit, MI, USA), respectively.
Five 2-fold serial dilutions of essential oils were prepared with the highest and lowest
concentrations of 2000 µL·mL−1 and 125 µL·mL−1 for bacteria and fungi. The final volume
of the prepared concentrations was adjusted to the number of the test organisms. Standard
antibiotics (Clotrimazole against fungi and Ofloxacin against gram-positive and gram-
negative bacteria) were prepared using the same procedure. To each of the dilution and
control tubes containing broth only, a standard inoculum (1.5 × 108 CFU·mL−1) was
added to reach final highest and lowest concentrations of 1000 and 62.5 µg·mL−1 for
bacteria and 10,000 and 625 µg·mL−1 for fungi. After the incubation time (18–24 h for
bacteria, 5–10 days for fungi), the test tube with the least concentration of essential oils
with no visible growth was regarded as the MIC against the test microbe. An average of
three readings was recorded as MIC. In this study, a MIC of less than 100 µL·mL−1 was
considered as good antimicrobial activity, MICs of 100–500 µL·mL−1 with moderate activity,
MICs of 500–1000 µL·mL−1 with weak activity, and MICs greater than 1000 µL·mL−1 with
no activity [28].

2.2.3. Minimum Bactericidal Concentration (MBC) and Minimum Fungicidal
Concentration (MFC) Determination

MBC and MFC determination were performed by taking 0.1 mL from MIC tubes
showing no observable growth was inoculated onto Mueller Hinton agar (DifcoTM, Detroit,
MI, USA) and Sabouraud Dextrose agar (DifcoTM, Detroit, MI, USA) for fungi by the spread
plate method. At the end of incubation time (18–24 h for bacteria and 5–10 days for fungi),
the lowest concentration of essential oils with no observable growth on subculture was
regarded as its MBC and MFC against the test microbe. The ratios of MFC:MIC or MBC:MIC
were estimated to determine the antifungal or antibacterial activity of essential oils against
the test microbes, respectively. The compound is bactericidal or fungicidal when the ratio
is between 1:2 to 2:1, and it is bacteriostatic or fungistatic if the ratio is greater than 2:1 [28].

2.2.4. Induction of Microorganisms in Juice

The concentrations of the 3 different microbial strains under investigation were ad-
justed to 1.5 × 108 CFU.mL−1 (0.5 McFarland) and each were grown in its relevant media.
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One mL of each microbial suspension was added to 4 mL sterilized apple juice to form
a total volume of 5 mL in the sterile falcon tube. This step was immediately followed by
the addition of the essential oils under investigation at concentrations according to their
minimum inhibitory concentration (MIC) obtained values and stored at room temperature
(Supplementary Table S1). Two control tubes were prepared, one containing juice and
microbial strain only and the other contained juice only.

Rigorous antiseptic measures were applied throughout the sample preparation and
inoculation to prevent any possible microbial contamination.

2.2.5. Bacterial Count/Viable Count

The original sample was diluted so that a range of 30 to 300 colonies of the test
bacterium are grown. A number of dilutions were cultured to be certain that a suitable
number of colonies will be grown (500 µL, 200 µL, and 100 µL). Serial dilutions of the
sample in sterile water were performed (1:10, 1:100, 1:1000 etc.). This was followed by
cultivation on a nutrient agar dish then sealed and incubated. The media used include
nutrient agar for the S. aureus count or MacConkey agar to count E. coli gram-negative
bacteria or Sabouraud Dextrose agar for C. albicans. One set of dishes were incubated at
22 ◦C for 24 h and a second set at 37 ◦C for 24 h. Colonies are counted by eye at the end of
the incubation time.

2.2.6. GC–MS analysis of Essential Oils

An analysis of each essential oil was carried out separately via gas chromatography-
mass spectrometry (GC-MS) where the procedure was adopted from a previous work [29].
A system operating Shimadzu GCMS-QP2010 (Tokyo, Japan) was used with the following
conditions: The column (RTX-5 MS) was used with specifications that were (30 m × 0.25
mm i.d. × 0.25 µm film thickness) (Restek Corporation, Bellefonte, Pennsylvania, USA).
The starting temperature of the column was 45 ◦C for 2 min and then increased to 300 ◦C at
a rate of 5 ◦C/min and kept steady for 5 min. The temperature of the injector was 250 ◦C.
The flow rate of helium (carrier gas) was (1.41 mL/min). The following conditions were
applied when recording the mass spectra: (equipment current) filament emission current,
60 mA; ionization voltage, 70 eV; ion source, 200 ◦C. Automatic injection of the essential oil
was at (1 µL, 1% v/v) with a splitting ratio (1:15). The identification of volatile metabolites
was performed upon comparing the mass spectra as well as the retention index with those
of the National Institute of Standards and Technology’s (NIST) chemistry webbook library.
In addition, literature data was used to identify n-alkanes series by comparing their mass
spectra and retention indices.

3. Results
3.1. The Disk Diffusion Susceptibility Test

The disk diffusion method was used to test the antibacterial and antifungal activities
of the essential oils against the selected microorganisms: E. coli as gram-negative bacteria,
S. aureus as gram-positive bacteria, and C. albicans representing fungi. The oils were tested
in 3 concentrations: 100%; 50%, and 25%. The antibacterial and antifungal activities were
estimated according to the American Society for Microbiology, where zones of diameter
< 12.00 mm were considered resistant, zones of diameter ranging 13.00–14.00 mm were
considered with intermediate activity, and zones of diameter more than 15.00 mm were
considered susceptible. The tested oil concentrations showed variable activities according
to the results shown in Table 1 and Figure 1. The results showed that thyme (100% and
50% concentrations) and limonene (all concentrations) showed the maximum activity
against E. coli, whereas thyme (100% concentration) and lemon grass (all concentrations)
showed maximum activity against S. aureus. Against C. albicans, the oils showed decreasing
activity according to the following order: thyme (100% and 50% concentration), limonene
(100% and 50% concentration), Mentha virdis (100% concentration) and lemon grass (100%
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concentration), while 25% limonene and 50% lemon grass were the same in showing the
least activity.

Table 1. Measurements of zones of inhibition showing the activity of different oils concentrations
against the tested microorganisms.

Oil/ Microorganism E. coli S. aureus C. albicans

Mentha virdis

Oil Concentration (%) Zones of Inhibition (mm)
100 7 ± 0.42 10 ± 0.60 29.5 ± 1.50
50 6 ± 0.21 12 ± 0.80 7 ± 0.58
25 6 ± 0.23 8 ± 0.70 11.5 ± 0.95

Lavender
100 5 ± 0.12 - -
50 6.5 ± 0.22 - -
25 5.5 ± 0.13 - -

Rosemary
100 6 ± 0.22 13 ± 1.20 -
50 6 ± 0.40 8 ± 0.90 -
25 2 ± 0.0 9 ± 0.80 -

Eucalyptus
100 6 ± 0.20 12 ± 0.99 12.5 ± 1.00
50 10 ± 0.3 - 9 ± 0.95
25 13 ± 0.35 - 8 ± 0.55

Thyme
100 27 ± 1.5 22 ± 1.20 60 ± 1.50
50 17 ± 1.0 11 ± 0.99 45 ± 1.00
25 3 ± 0.003 - -

Lemon grass
100 12 ± 0.90 40 ± 1.20 25 ± 0.80
50 13 ± 0.90 20 ± 1.20 16 ± 0.95
25 9 ± 0.60 18 ± 1.10 10 ± 0.55

M. longifolia
100 6 ± 0.30 4 ± 0.00 9 ± 0.00
50 6.5 ± 0.29 - 8 ± 0.85
25 7.5 ± 0.30 10 ± 0.70 8 ± 0.95

Oregano
100 7 ± 0.30 - -
50 6 ± 0.28 8 ± 0.31 -
25 8 ± 0.31 - -

Limonene
100 36 ± 2.82 - 36 ± 1.20
50 34 ± 1.22 10 ± 0.68 34 ± 1.30
25 16 ± 1.10 - 16 ± 0.95
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Figure 1. The disc diffusion susceptibility test of thyme against (a) E coli. (b) S. aureus and (c) C.
albicans. A: 100% oil concentration, B: 50% oil concentration, and C: ethanol as negative control.

3.2. Minimum Inhibitory Concentration (MIC) Determination

The MIC of oils was determined against the selected strains (E. coli, S. aureus, and C.
albicans) where the oils exhibited concentration-dependent inhibition of growth and the
MIC of oils ranged from 0.1 to 100 µL/mL as shown in Table 2. The table shows that the
least MIC (0.1 µL/mL) against E. coli was shown by lemon grass whereas the highest MIC
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(25 µL/mL) was shown by oregano and lavender, whereas against S. aureus, the least MIC
(0.2 µL/mL) and the highest MIC (100 µL/mL) were shown by lemon grass and limonene,
respectively. Lemon grass and thyme showed the least MIC against C. albicans (0.8 µL/mL)
and the highest MIC (12.5 µL/mL) was shown with Mentha longifolia.

Table 2. Minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC),
minimum fungicidal concentration (MFC), and MIC:MBC ratio of oils against E. coli, S. aureus, and C.
albicans. ND: not defined; NC: not calculated.

Oils
E. coli S. aureus C. albicans

MIC
(µL/mL)

MBC
(µL/mL)

MBC:
MIC

MIC
(µL/mL)

MBC
(µL/mL)

MBC:
MIC

MIC
(µL/mL)

MBC
(µL/mL)

MBC:
MIC

Mentha virdis 1.6 ± 0.02 ND NC 12.5 ± 0.85 ND NC 3.2 ± 0.85 ND NC
Lavender 25 ± 1.20 ND NC NC NC NC NC NC NC
Rosemary 4.0 ± 0.03 ND NC NC NC NC NC NC NC
Oregano 25 ± 0.95 ND NC 6.3 ± 0.55 ND NC NC NC NC

Eucalyptus 6.3 ± 0.80 ND NC 25 ± 1.10 ND NC 6.3 ± 0.95 ND NC
Thyme 1.6 ± 0.40 ND NC 1.6 ± 0.25 3.2 2:1 0.8 ± 0.05 1.6 2:1

Lemon grass 0.1 ± 0.00 0.2 2:1 0.2 ± 0.00 0.4 2:1 0.8 ± 0.06 1.6 2:1
M. longifolia 0.2 ± 0.00 0.4 2:1 50 ± 1.95 ND NC 12.5 ± 1.25 ND NC
Limonene 1.6 ± 0.45 ND NC 100 ± 2.55 NC NC 1.6 ± 0.85 ND NC

Minimum bactericidal concentration (MBC) and minimum fungicidal concentration
(MFC):

The results in Table 2 shows that the least MBC against E. coli was with lemon grass,
Mentha longifolia and rosemary at concentrations 0.2 µL/mL, 0.4 µL/mL, and 0.8 µL/mL, re-
spectively, whereas Mentha virdis, thyme and limonene showed the highest MBC (3.2 µL/mL).
Whereas against S. aureus, the least MBC was 0.4 µL/mL and 3.2 µL/mL with thyme and
lemon grass, respectively, whereas MBC was highest with Eucalyptus (50 µL/mL). Regard-
ing C. albicans, the least MBC (1.6 µL/mL) was determined with thyme and lemon grass,
whereas oregano, rosemary and lavender appeared to have no fungicidal activity at all. Table 2
also shows that the recorded MBC values were apparently double the MICs.

3.3. Bacterial Count/Viable Count

Oils were added to apple juice samples according to their calculated MIC. Oils added
to apple juice samples containing E. coli showed a decline in the number of bacteria in
decreasing order: Mentha virdis, Mentha longifolia and limonene. Regarding the apple juices
containing S. aureus and C. albicans, Mentha virdis, Mentha longifolia, and Limonene showed
an increased number of bacteria at day 1, which declined by days 5 and 7 to less than
30 CFU (Supplementary Table S2). Other oils did not show any remarkable activity where
the bacterial load increased to more than 300 CFU by time. In this study, pasteurized
apple juice was expected to have a good initial microbiological quality. All essential oils
concentrations added to the juice were selected according to the calculated MIC for each
oil. All experiments were assessed at room temperature where the sensitivities of E. coli,
S. aureus, and C. albicans to essential oils were in the following decreasing order: Mentha
virdis, M. longifolia. and limonene.

3.4. Physical and Chemical (GC-MS) Analyses of Essential Oils

The physical properties “specific gravity, relative density, refractive index” in ad-
dition to oil appearance, color, and odor of EOs of Cymbopogon citratus “lemon grass”,
Thymus vulgaris “thyme” and Mentha virdis “mentha” volatiles have been investigated and
summarized in Table 3.
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Table 3. The physical properties of essential oils (average of 3 independent experiments ± SD) of
Cymbopogon citratus “lemon grass”, Thymus vulgaris “thyme” and Mentha virdis “mentha” volatiles.

Physical
Property

EOs Yield
(mL/500 g Plant)

Specific Gravity
(25 ◦C)

Relative Density
(g/cm3)

Refractive Index
(20 ◦C) Appearance Color Odor

Lemon grass oil 6.4 ± 1.2 0.9012 ± 0.03 0.893 ± 0.01 1.4862 ± 0.16 Clear oil Pale yellow citrus
Thyme oil 6.0 ± 0.10 0.9180 ± 0.04 0.865 ± 0.06 1.4823 ± 0.15 Clear oil Pale yellow thyme
Mentha oil 5.5 ± 0.21 0.9160 ± 0.01 0.910 ± 0.08 1.4638 ± 0.11 Clear oil Pale yellow mentha

Upon an GC–MS chemical analysis of volatile oils prepared from Cymbopogon citratus
(Poaceae), Thymus vulgaris (Lamiaceae), and Mentha virdis (Lamiaceae), a total of 24, 51, and
43 compounds have been identified in Cymbopogon citratus, Thymus vulgaris, and Mentha
virdis volatile oils, respectively. It was observed that in all prepared essential oils, the
major class was monoterpenes followed by sesquiterpenes. In both Cymbopogon citratus
and Mentha virdis oils, the monoterpenes percentiles were 97.41% and 97.61%, respectively,
followed by Thymus vulgaris 93.04%. The total sesquiterpenes in the three analyzed oils
were 4.93, 2.4, and 0.89% for Thymus vulgaris, Mentha virdis and Cymbopogon citratus herbs,
respectively. In Cymbopogon citratus oil, the monoterpenes class exemplified by dominance
of geranial 36.35%, followed by neral 35.00%, representing monoterpene aldehydes, then
β-myrcene monoterpene hydrocarbon 11.7% as presented in Figure 2a and Table 4. These
results complied with previous studies representing almost the same percentiles where the
identification of those monoterpenes as majors in the volatile oil of Cymbopogon citratus
herb cultivated in Cameroon [30]. In a previous article, it was proved the potential efficacy
of Cymbopogon citratus oil and its main citral “Geranial” being a potent antimicrobial agent
against polymicrobial biofilm forming bacteria viz. Staphylococcus aureus and Candida
species. The underlying mechanism of action was refereed to its citral volatile ingredient
through reducing the biofilm mass and cell viability by interfering of nucleic acids, proteins,
and carbohydrates of the biomass that lead to deformity of the biomass matrix in addition
to disruptions to the biomass adhesive characters. It worth mentioning that the enrichment
of the Egyptian Cymbopogon citratus oil with the citral volatile ingredient of this current
study (36.35%) than that mentioned in Gao, et al., 2020 (29.364%) [31]. In Thymus vulgaris
volatile oil, the identified major monoterpenes were eucalyptol as monoterpenoid oxide
24.30%, thymol monoterpenoid phenol 17.40%, and γ-terpinene monoterpene hydrocarbon
15.20% shown in Figure 2b and Table 4 where similar percentiles of the major monoterpene
class except eucalyptol have been recorded in the previous literature [32]. The enrichment
of Thymus vulgaris volatile oil with eucalyptol 24.30% counted for its potent antimicrobial
activity against a myriad of pathogens as previously mentioned [33]. In a published article
by Sienkiewicz et al., 2011, the authors tested the antimicrobial activity of Thymus vulgaris
oil against a myriad of clinically multidrug resistant strains of Staphylococcus, Enterococcus,
Escherichia, and Pseudomonas genus. The results revealed the strong antimicrobial activity
of the tested thyme oil against multidrug resistant microbes previously mentioned. The
authors would relate the bioactivity of thyme oil to its main volatile ingredients p-cymene
and thymol recording 29.10 and 38.10%, respectively [34]. The GC–MS analysis of the
Egyptian Thymus vulgaris oil in this current study revealed its enrichment with eucalyptol
(1,8 cineole) by (24.3%), in addition to thymol (17.4%). Eucalyptol itself possessed potent
antimicrobial activity as reported in previous works [34,35]. The volatile oil of Mentha
virdis enriched with mainly carvone “monoterpene ketone” 42.50% followed by eucalyptol
“monoterpene oxide” 17.40% then finally dihydrocarveol “monoterpene alcohol” 13.00%
as in Figure 2c and Table 4 where these data matched with the previous literature by
Mkaddem et al., 2022 [36] upon which an analysis of the oil obtained from Mentha virdis
collected from Tunisia. In a previous article by Mkaddem et al., 2022, Mentha virdis oil was
rich with carvone (50.47%), eucalyptol (9.14%), and limonene (4.87%) which encountered
the potent antimicrobial activity of the oil against Listeria monocytogenes and Klebsiella
pneumoniae bacteria [36]. It is worth mentioning in this previous study that despite the
enrichment of Mentha virdis oil by carvone up to 50.47%, still the oil obtained from the
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Egyptian Mentha virdis was richer with other oxygenated monoterpenes “eucalyptol 17.40%
and dihydrocarveol 13.00%” than the Tunisian one. The major volatile structures of each
oil are illustrated in Supplementary Figure S1.
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vat’s index reported from the previous literature. MS: The volatile components identification was 
based on mass spectral data. KI: The volatile components identification was based on comparing 
KI published in mass spectral library of National Institute of Standards and Technology (NIST). 
Bold values are the major constituents in the volatile oil. 

Peak 
No. 

Rt. 
(Min.) 

Name of Com-
pound 

KI 
(Obs.) 

KI 
(Lit.) 

Area (%) Chemical Class Identification 
Lemon 

Grass Oil 
Thyme  

Oil 
Mentha 

Oil 
  

1 7.17 β-Thujene 910 902 _ 2.09 ± 0.720 _ Monoterpene MS, KI 
2 7.19 α-thujene 910 905 _ _ 0.04 ± 0.001 Monoterpenes MS, KI 
3 7.37 α-pinene 917 917 _ 1.68 ± 0.0320 1.2 ± 0.030 Monoterpenes MS, KI 
4 7.72 2,4(10)-Thujadiene 930 946 _ 0.04 ± 0.0050 _ Monoterpene MS, KI 
5 7.81 Camphene 933 929 _ 0.86 ± 0.020 0.21 ± 0.004 Monoterpenoids MS, KI 
6 8.57 Sabinene 961 964 _ _ 1.07 ± 0.560 Monoterpenes MS, KI 
7 8.58 4(10)-Thujene 961 969 _ 0.19 ± 0.001 _ Monoterpene MS, KI 
8 8.65 β-pinene 964 965 _ 0.62 ± 0.050 1.54 ± 0.580 Monoterpenes MS, KI 

9 8.82 Vinyl amyl car-
binol 

970 969 _ 1.23 ± 0.063 _ Alkenyl alcohol MS, KI 

10 9.16 β-Myrcene 982 985 11.69 ± 1.300 3.36 ± 0.730 0.94 ± 0.020 Monoterpenes MS, KI 

Figure 2. GC–MS chromatogram of volatile oil of (a): Cymbopogon citratus “lemon grass”, (b): Thymus
vulgaris “thyme” and (c): Mentha virdis “mentha” herbs.

Table 4. GC–MS analysis of essential oils (average of 3 independent runs ± SD) of Cymbopogon
citratus “lemon grass”, Thymus vulgaris “thyme” and Mentha virdis “mentha” volatiles. Volatiles are
listed regarding their elution on GC column (RTX-5). RT: retention time (min), KI obs.: Kovat’s index
observed practically (RTX-5 GC column) related to C8-C28 n-alkanes series. KI. Lit.: Kovat’s index
reported from the previous literature. MS: The volatile components identification was based on mass
spectral data. KI: The volatile components identification was based on comparing KI published in
mass spectral library of National Institute of Standards and Technology (NIST). Bold values are the
major constituents in the volatile oil.

Peak
No.

Rt.
(Min.)

Name of
Compound KI (Obs.) KI (Lit.)

Area (%) Chemical Class Identification
Lemon Grass

Oil
Thyme

Oil
Mentha

Oil

1 7.17 β-Thujene 910 902 _ 2.09 ± 0.720 _ Monoterpene MS, KI
2 7.19 α-thujene 910 905 _ _ 0.04 ± 0.001 Monoterpenes MS, KI
3 7.37 α-pinene 917 917 _ 1.68 ± 0.0320 1.2 ± 0.030 Monoterpenes MS, KI

4 7.72 2,4(10)-
Thujadiene 930 946 _ 0.04 ± 0.0050 _ Monoterpene MS, KI
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Table 4. Cont.

Peak
No.

Rt.
(Min.)

Name of
Compound KI (Obs.) KI (Lit.)

Area (%) Chemical Class Identification
Lemon Grass

Oil
Thyme

Oil
Mentha

Oil

5 7.81 Camphene 933 929 _ 0.86 ± 0.020 0.21 ± 0.004 Monoterpenoids MS, KI
6 8.57 Sabinene 961 964 _ _ 1.07 ± 0.560 Monoterpenes MS, KI
7 8.58 4(10)-Thujene 961 969 _ 0.19 ± 0.001 _ Monoterpene MS, KI
8 8.65 β-pinene 964 965 _ 0.62 ± 0.050 1.54 ± 0.580 Monoterpenes MS, KI

9 8.82 Vinyl amyl
carbinol 970 969 _ 1.23 ± 0.063 _ Alkenyl alcohol MS, KI

10 9.16 β-Myrcene 982 985 11.69 ± 1.300 3.36 ± 0.730 0.94 ± 0.020 Monoterpenes MS, KI
11 9.33 3-octanol 988 988 _ 0.15 ± 0.003 _ Aliphatic alcohol MS, KI
12 9.49 pseudolimonene 994 996 _ _ 0.3 ± 0.002 Monoterpenes MS, KI
13 9.51 a-Phellandrene 995 994 _ 0.22 ± 0.002 _ Monoterpene MS, KI
14 9.69 3-Carene 1001 1004 _ 0.14 ± 0.003 _ Monoterpene MS, KI
15 9.9 4-Carene 1008 1011 _ 2.53 ± 0.430 _ Monoterpene MS, KI
16 9.9 2-carene 1008 1010 _ _ 0.07 ± 0.001 Monoterpenes MS, KI
17 10.17 O-cymene 1017 1021 _ _ 0.12 ± 0.001 Monoterpenes MS, KI
18 10.39 Eucalyptol 1024 1020 0.05 ± 0.010 24.30 ± 3.530 17.40 ± 3.220 Monoterpene oxide MS, KI
19 10.59 trans-β-ocimene 1030 1042 _ _ 0.19 ± 0.030 Monoterpenes MS, KI
20 10.93 β-ocimene 1041 1046 0.26 ± 0.020 0.04 0.07 ± 0.005 Monoterpenes MS, KI
21 11.23 γ-terpinene 1051 1055 _ 15.2 ± 1.720 0.17 ± 0.020 Monoterpenes MS, KI

22 11.49 trans-sabinene
hydrate 1059 1051 _ 1.2 ± 0.040 0.33 ± 0.060 Monoterpenes MS, KI

23 11.67 Linalool oxide 1065 1071 _ 0.28 ± 0.002 _ Monoterpene MS, KI
24 12.52 β-linalool 1092 1098 1.58 ± 0.340 4.79 ± 0.050 0.64 ± 0.030 Monoterpenes MS, KI
25 12.63 Cis-verbenol 1096 1095 0.90 ± 0.030 _ _ Monoterpenes MS, KI
26 13.74 Pinen-3-ol 1131 1131 _ _ 0.12 ± 0.006 Monoterpene ketone MS, KI
27 13.89 Camphor isomer 1136 1141 _ _ 1.50 ± 0.400 Monoterpenoid ketone MS, KI
28 13.9 Camphor 1137 1131 0.40 ± 0.010 0.97 ± 0.050 _ Monoterpene ketone MS, KI
29 14.19 Isomenthone 1146 1148 _ 0.60 ± 0.030 _ Monoterpenoid MS, KI
30 14.52 t-verbenol 1156 1148 2.27 ± 0.010 _ _ Monoterpenes MS, KI
31 14.59 Isoborneol 1056 1159 _ 2.5 ± 0.060 0.86 ± 0.300 Monoterpene alcohol MS, KI
32 14.79 Menthol 1165 1164 __ 0.88 ± 0.040 _ Monoterpenoid MS, KI
33 14.92 Terpinen-4-ol 1170 1177 _ 2.19 ± 0.060 0.77 ± 0.030 Monoterpene alcohol MS, KI
34 15.1 Levomenthol 1175 1172 _ 0.03 ± 0.005 _ Monoterpenoid MS, KI
35 15.13 Isoneral 1174 1174 2.91 ± 0.02 _ _ MS, KI
36 15.39 α-Terpineol 1185 1189 _ 0.56 ± 0.005 _ Monoterpene alcohol MS, KI
37 15.58 Dihydrocarveol 1191 1202 _ _ 12.9 ± 2.600 Monoterpene alcohol MS, KI

38 15.61 Trans-
Dihydrocarvone 1192 1195 _ 0.14 ± 0.003 0.35 ± 0.030 Monoterpenoid MS, KI

39 15.764 Decanal 1197 1207 0.42 ± 0.020 _ _ Monoterpenes MS, KI
40 16.45 trans-carveol 1220 1219 _ _ 5.99 ± 1.600 Monoterpene alcohol MS, KI
41 16.518 Citronellol 1223 1228 1.23 ± 0.040 1.62 ± 0.040 _ Monoterpenoid MS, KI
42 16.84 carveol 1234 1246 _ _ 2.65 ± 0.860 Monoterpene alcohol MS, KI

43 16.921 Isothymol methyl
ether 1237 1244 _ 6.14 ± 0.720 _ Aromatic

monoterpenoid MS, KI

44 17.02 Neral (β-citral) 1240 1240 34.99 ± 3.530 _ _ Monoterpene aldehyde MS, KI
45 17.22 carvone 1247 1248 _ _ 42.5 ± 6.800 Monoterpene ketone MS, KI
46 17.35 cis-Geraniol 1252 1254 4.24 ± 0.520 0.39 ± 0.002 _ Monoterpene alcohol MS, KI
47 17.52 Piperitone 1258 1254 _ 0.08 ± 0.003 _ Monoterpene ketone MS, KI

48 17.7 Carvenone 1263 1258 _ 0.01 ± 0.002 _ Methane
monoterpenoid MS, KI

49 17.81 Citronellyl
formate 1268 1273 _ 0.4 ± 0.030 _ fatty alcohol ester MS, KI

50 17.94 Geranial 1272 1277 36.35 ± 4.230 _ _ Monoterpene aldehyde MS, KI
51 18.16 Bornyl acetate 1280 1284 _ _ 0.1 ± 0.003 Monoterpenes MS, KI
52 18.38 2-Undecanone 1288 1292 0.08 ± 0.010 _ _ Organic ketone MS, KI
53 18.47 Carvacrol 1299 1300 _ 1.54 ± 0.021 _ Monoterpenoid phenol MS, KI
54 18.5 Thymol 1292 1292 _ 17.4 ± 3.410 _ Monoterpenoid phenol MS, KI

55 18.76 Dihydrocarvenyl
acetate 1301 1304 _ _ 0.03 ± 0.001 Monoterpenes MS, KI

56 18.77 Undecanal 1301 1303 0.02 ± 0.001 _ _ Organic aldehyde MS, KI

57 18.92 Isopulegyl
acetate 1307 1335 _ _ 0.03 ± 0.004 Monoterpenes MS, KI

58 19.36 Dihydrocarvyl
acetate 1322 1344 _ _ 3.97 ± 0.053 Monoterpenes MS, KI

59 19.43 Geranic acid 1355 1347 0.06 ± 0.002 _ _ Poly unsaturated fatty
acid MS, KI

60 20.02 Citronellol
acetate 1345 1355 0.02 ± 0.002 _ _ Sesquiterpenes MS, KI

61 20.071 Thymyl acetate 1347 1349 _ 0.45 ± 0.001 _ Monoterpene MS, KI

62 20.31 Geranic acid
isomer 1355 1355 0.25 ± 0.030 _ _ Poly unsaturated fatty

acid MS, KI

63 20.31 Carvyl acetate 1355 1346 _ _ 1.51 ± 0.090 Monoterpenes MS, KI

64 20.67 Isobornyl
propionate 1368 1388 _ 0.06 ± 0.003 _ Sesquiterpene MS, KI

65 20.67 α-copaene 1368 1372 _ _ 0.02 ± 0.004 Sesquiterpene MS, KI
66 20.83 Geranyl acetate 1374 1368 0.77 ± 0.021 _ _ Sesquiterpenes MS, KI
67 20.93 β-Bourbonene 1377 1385 _ 0.15 ± 0.002 0.76 ± 0.050 Sesquiterpene MS, KI
68 21.1 β-Elemene 1383 1384 _ _ 0.29 ± 0.040 Sesquiterpene MS, KI
69 21.48 Methyl eugenol 1396 1395 1.29 ± 0.310 _ _ Phenyl propanoid MS, KI
70 21.89 Caryophyllene 1411 1418 0.02 ± 0.004 2.46 ± 0.540 0.46 ± 0.030 Sesquiterpenes MS, KI
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Table 4. Cont.

Peak
No.

Rt.
(Min.)

Name of
Compound KI (Obs.) KI (Lit.)

Area (%) Chemical Class Identification
Lemon Grass

Oil
Thyme

Oil
Mentha

Oil

71 22.14 α-copaene 1421 1380 _ 0.04 ± 0.002 _ Hydrocarbon MS, KI
72 22.26 t-α-Bergamotene 1426 1436 0.03 ± 0.001 _ _ Bicyclic monoterpenes MS, KI

73 22.425 Citronellyl
propionate 1433 1444 _ 0.01 ± 0.001 _ fatty alcohol ester MS, KI

74 22.54 Germacrene D 1437 1477 _ 0.01 ± 0.002 0.13 ± 0.007 Sesquiterpene MS, KI
75 22.79 cis-a-Bisabolene 1488 1518 0.02 ± 0.004 _ _ Sesquiterpenes MS, KI
76 22.79 Humulene 1447 1442 _ 0.12 ± 0.006 0.05 ± 0.000 Sesquiterpene MS, KI

77 23.04 ( + )-epi-
Bicyclosesquiphellandrene1457 1452 _ _ 0.12 ± 0.020 Sesquiterpene MS, KI

78 23.241 Geranyl
isovalerate 1464 1582 _ 0.14 ± 0.003 _ fatty alcohol ester MS, KI

79 23.34 (Z,Z)-α-
Farnesene 1468 1506 _ _ 0.01 ± 0.001 Sesquiterpene MS, KI

80 23.38 γ-Muurolene 1470 1477 _ 0.66 ± 0.007 _ Sesquiterpene MS, KI
81 23.42 Ylangene 1471 1470 _ _ 0.02 ± 0.003 Sesquiterpene MS, KI

82 23.52 Germacrene D
isomer 1482 1475 _ _ 0.16 ± 0.001 Sesquiterpene MS, KI

83 23.73 α-Guaiene 1483 1490 _ _ 0.03 ± 0.000 Sesquiterpene MS, KI
84 24.35 γ-Muurolene 1508 1491 _ _ 0.1 ± 0.000 Sesquiterpene MS, KI
85 24.36 γ- Cadinene 1508 1513 _ 0.08 ± 0.001 _ Sesquiterpene MS, KI
86 24.58 Delta- Cadinene 1517 1523 _ 0.11 ± 0.000 _ Sesquiterpene MS, KI
87 24.59 Cis-Calamenene 1517 1531 _ _ 0.16 ± 0.000 Sesquiterpene MS, KI
88 25.93 α-Bourbonene 1569 1531 _ 0.02 ± 0.005 _ Sesquiterpene MS, KI
89 26.01 Spathulenol 1573 1576 _ 0.02 ± 0.001 _ Sesquiterpene MS, KI

90 26.15 Caryophyllene
oxide 1578 1577 0.06 ± 0.002 0.97 ± 0.130 0.08 ± 0.001 Sesquiterpene MS, KI

91 26.9 Eudesmol 1608 1602 _ 0.02 ± 0.001 _ Sesquiterpene MS, KI
92 27.04 Cadinol 1614 1635 _ 0.24 ± 0.060 _ Sesquiterpene MS, KI

Total monoterpenes (%) 97.10 93.04 97.61
Total sesquiterpenes (%) 0.89 4.92 2.39

Miscellaneous (%) 1.70 1.97 _
Total percentage (Approximated %) 100 100 100

(_): indicate absence of volatile component.

4. Discussion

E. coli, S. aureus, and C. albicans are common pathogens causing serious systemic
infections in humans. Since the continuous development of antimicrobial resistance, natural
products and essential oils have been studied as alternatives for the treatment of infections
acquired in healthcare [16,37,38].

Essential oils are important sources of new antimicrobial agents particularly against
bacterial pathogens. In vitro studies in this research demonstrated that the tested essential
oils inhibited microbial growth with variable effectiveness [31].

The tested oils exhibited concentration dependent inhibition of growth and the MIC
of oils ranged from 0.1 to 100 µL/mL. MBC/MFC was assessed to demonstrate the least
concentration of oils resulting in microbial viability reduction of 99.90% of the initial count.
The MBC readings were double the MICs, which indicates that the bactericidal activities of
the oils occur at concentrations higher than its growth inhibitory concentrations.

It has been observed the enrichment of the analyzed volatiles of lemon grass, thyme
and mentha with oxygenated monoterpenes mainly geranial and neral with a total percent
of 74.34%, eucalyptol and thymol with total amount of 41.70% whereas carvone, eucalyptol,
and dihydrocarveol with a total content of 72.80%, respectively. Volatile oils enriched with
oxygenated monoterpenes encountered the oil as being more potent as antimicrobial rather
than monoterpene hydrocarbons [39]. Allenspach et al., 2020 in a recent article for absolute
quantification of terpenes in conifer species, the authors implemented a validated simple
method for quantification of different terpenes viz. α and β-pinenes, camphene, 3-carene,
limonene, bornyl acetate, β-caryophyllene, and borneol. Antibacterial activity of conifer
essential oil proved its efficacy on both E-coli and S. aureus as gram-negative and positive
bacteria, respectively [40]. In this current study, the GC–MS analysis proved the presence
of such terpenes although in low percentile as listed in Table 3, still may be related to the
antibacterial activity of the tested oils in this study. It is worth mentioning that previous
studies worked on the mechanism of actions being antibacterial for each component in the
volatile oil. In a previous work by Oz, et al., 2015, it was mentioned that the presence of an
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aromatic ring and a polar functional group of a volatile constituent “thymol” could lead to
rupture of the bacterial cell membrane leading to release of the vital cell constituents [41].
A previous published review by Wińska et al., 2019 mentioned the effectiveness of essential
oils as antimicrobial agents, specifically thyme and mentha in context to their volatile
chemical profiling and major phytochemical ingredients. The antimicrobial activity of
thyme would be referred to its enrichment with thymol (36–55%) and p-cymene (15–28%)
whereas mentha antimicrobial activity referred to its higher percentile of menthol (30–55%)
and menthone (14–32%) [42]. Citral “neral and geranial isomers”, have been approved
by the U.S Food and Drug administration as being safe, so its use as natural preservative
and flavoring agent due to its antibacterial activity against gram-negative and positive
bacteria as Escherichia coli and Staphylococcus aureus, respectively [43,44]. Eucalyptol “1,8
cineole” antibacterial mechanism was summarized in a previous review where its effect
mainly was due to changes in both size and shape of gram- positive and gram negative
bacterial cell which ends with apoptosis [45]. α-pinene was detected in both thyme and
mentha oils ca. 1.68 and 1.2%, respectively. In a recent published review by Allenspach
and Steuer, 2021, the authors summarized the different biological activities of α pinene, of
which they mentioned its positive antimicrobial activity on both gram-positive and negative
bacteria viz. methicillin-resistant Staphylococcus aureus (MRSA), Escherichia coli (E. coli),
and antifungal activity against Candida species [46]. Concerning carvone antibacterial
mechanism of action, in a previous study, carvone enriched in the oil of Mentha spicata
causes instability of phospholipid bilayer structure as well as interacts between the bacterial
membrane enzymes and proteins [47].

Finally, the volumes of oils added ranged from 0.8 µL to 400 µL in 5 mL juice (with a
range from 0.016% to 8%) (Supplementary Table S1). Concerning the taste of drinks after the
addition of the EOs; EOs improve the flavor, odor, and color when added to foods. Many
individual EOs are approved food flavorings and impart a certain flavor to foods, as well as
delaying food spoilage without changing the organoleptic properties of the food. However,
certain strategies could be implemented to decrease the organoleptic effects, if found, by
optimizing the food/beverage formulation or by combining the essential oils and/or their
active constituents with other means of sterilization such as pH or heat treatment (when
applicable) [48].

5. Conclusions

Chemical preservatives have been utilized as food preservatives, but they turned to
have undesirable biological effects on humans and increase in microbial resistance. This
study demonstrates that natural volatile oils extracted from plants exhibited a concentration-
dependent inhibition of microbial growth and offer potential antimicrobial activity against
common food spoilage bacteria and fungi. For future research, the authors would encourage
a larger scale comparative study of natural essential oils to chemical ones commonly used
in the market as well as preparing a commercial naturally preserved effective product to
replace chemical preservatives.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life12101587/s1, Table S1: Oils were added with concentrations
as shown in the table based on their MIC results. Table S2: Mean readings of colonies count on days
1, 5 and 7. Figure S1: Major identified volatiles in herbs of Cymbopogon citratus, Thymus vulgaris and
Mentha virdis.
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Phenolic and Antioxidant Compound Accumulation of
Quercus robur Bark Diverges Based on Tree Genotype,
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Abstract: Oak bark is a rich niche for beneficial bioactive compounds. It is known that the amount of
the compounds found in plant tissues can depend on species, genotype, growth site, etc., but it is
unclear whether oak phenology, i.e., late or early bud burst, can also influence the amount of phenols
and antioxidants that can be extracted. We tested two Quercus robur populations expressing different
phenology and five half-sib families in each population to see how phenology, genotype, as well as
extrahent differences (75% methanol or water) can determine the total phenol, total flavonoid content,
as well as antioxidant activity. Significant statistical differences were found between half-sib families
of the same population, between populations representing different oak phenology and different
extrahents used. We determined that the extraction of flavonoids was more favorable when using
water. So was antioxidant activity using one of the indicators, when significant differences between
extrahents were observed. Furthermore, in families where there was a significant difference, phenols
showed better results when using methanol. Overall, late bud burst families exhibited higher levels
in all parameters tested. Thus, we recommend that for further bioactive compound extraction, all
these factors be noted.

Keywords: ABTS; DPPH; early bud burst; English oak; half-sib; late bud burst; pedunculate oak;
total flavonoid content; total phenol content; natural products

1. Introduction

In recent years, there has been a lot of interest in functional compounds derived
from plants and also notably from byproducts of plant-associated industries, as a way
to reduce waste and provide additional valorization [1,2]. For example, wine-making
and leather tanning enterprises have used oaks (Quercus) for centuries. It is known that
specific compounds from trees in the oak genus facilitate taste in aged alcoholic drinks
and are responsible for altering the protein structure in the hides to induce durability [3,4].
However, research shows that oaks contain many useful compounds that may be utilized
in multiple ways in varied other fields, i.e., as medicine, supplements, and additives.
Oak flour has been used for centuries and recently has been reintroduced as a bioactive
ingredient in human foodstuffs [5]. Furthermore, Gamboa-Gomez et al. demonstrated that
oak leaf infusions can be used as additives that could potentially be anti-hyperglycemic
and have antioxidative effects in mice [6]. Oak leaf extracts were also shown to reduce
lipid oxidation, increase antioxidant capacity and reduce bacterial growth in meat [7,8].
Moreover, oak leaf extracts were shown to modify rumen fermentation, thus alleviating the
oxidative imbalance ruminant animals face [9]. As an additive to common carp fish food,
oak leaf extracts were shown to stimulate antioxidant and immune system of the carp and
reduce stress [10].

Thus, as can be seen, oak tissues contain many beneficial compounds; however, more
and more research is geared toward compounds that could be located in oak bark specifi-
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cally, as it has been singled out as a potential byproduct for valorization [11–14]. Mirski
et al. showed that ground oak bark can be used as a filler in plywood adhesives [11]. Fur-
thermore, oak bark-based animal feed additives were reported to positively affect chicken
immunity [15]. Moreover, oak bark-derived tannins were suggested for use in medicinal
topical creams meant for allergy treatment [16]. Oak bark extracts were also shown to work
in treating periodontal disease [17]. Additionally, multiple studies reported that oak bark
derivatives were demonstrated to have antibacterial properties [13,18–20]. Similarly, as
with oak leaves, oak bark derivatives were reported to positively affect digestion in the
rumen [21]. Oak bark compounds were also reported to have been successfully used as an
effective additive in yogurt production [22].

Oaks are rich in phenolic compounds [1,20], that can correlate positively with an-
tioxidative capacity [23]. Several studies report on the composition of oak bark extracts.
Elansary et al. found high levels of antioxidant phenols such as ellagic, gallic, protocate-
chuic, vanillic and caffeic acids and catechin derivatives in oak bark. Perhaps most notably,
high levels of ellagic acid were reported [24]. Recently ellagic acid has been linked with
multiple health benefits and as such is a prized bioactive compound [25]. Complimentary
to Elansary et al., Ucar and Ucar also report on catechin and ellagic acid [24,26]. Ucar and
Ucar also observed sitosterol and quercitol as notable oak bark derivatives [26]. While at
the moment research into the direct effects these compounds may have on human health
are scarce, preliminary data suggest that catechin, sitosterol, and quercitol may reduce
blood pressure [27], have antidiabetic properties [28], and have cholesterol-lowering prop-
erties [29], respectively. Furthermore, a 2015 study refers to the anti-quorum sensing and
antimicrobial capabilities of oak bark extracts and identified at least two compounds that
were responsible—1,2,3-benzenetriol and 4-propyl-1,3-benzenediol [30]. Since this field is
not well researched, it is possible to find even more of these beneficial bioactive compounds
in oak bark.

It has been observed that the amount of varied compounds within plant tissues are
potentially determined by a multitude of factors, such as genotype [31,32], species [4,33], leaf
age and seasonal variations [34,35], growth site [35], stress [36], and extraction methodol-
ogy [13,14,20,37].

Oaks can have phenotype differences, i.e., they may be late or early in terms of bud
burst/flushing. This is a natural mechanism that may help protect early bud burst oak
trees from herbivore or pathogen attacks and also protect late bud burst oaks from frost
damage as well as certain herbivore attacks [38–40].

Since phenolic compounds and antioxidants are involved in protection from both
biotic and abiotic stressors [36,41], it is worth investigating whether either early or late
bud burst oak phenotypes may produce larger amounts of them in their tissues and thus
the bark of oaks with this phenotype would potentially be more beneficial for extracting
bioactive compounds of phenolic or antioxidant origin.

Based on all these data, in order to optimize the process of extracting bioactive com-
pounds from oak bark, it is important to accurately determine all the possible factors that
may impact polyphenol or antioxidant production. We hypothesized that Quercus robur
(pedunculate oak) bark phenolics and antioxidant activity levels were determined not only
by genotype (different half-sib families) but also by tree phenology (early and late bud
flushing/burst time). We also looked into the variation that could be introduced in this
process due to the use of different extrahents, i.e., methanol and distilled water. This may
be important, as some extracted compounds may be used for foodstuffs and thus methanol
may not be appropriate due to health or other concerns.

We found significant differences in phenolics and antioxidant extraction efficiency
from oak bark between half-sib families of the same population, between populations
representing different oak phenology, and different extrahents used.
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2. Materials and Methods
2.1. Test Subjects and Tree Phenology Evaluation

Ten half-sib families from two Q. robur populations—Josvainiai and Dūkštos—(five
from each) were studied when trees were 24 years old. All trees were growing in the same
growth site. The stage of budburst was recorded and a value from 0 to 6 was assigned,
with the larger figure corresponding to a more advanced stage of bud or leaf development
(0 means bud stage and 6—fully developed leaf) (Table 1). Growth cessation was estimated
by recording autumn leaf coloring stage. Again, values from 1 to 5 were assigned, with 5
corresponding to the stage when all leaves were lost.

Table 1. The budburst stages of half-sib families of pedunculate oak (arranged from earliest
(Josvainiai, Jox) to latest (Dūkštos, D)).

Josvainiai Oak
Population

Budburst
Stage

Standart
Deviation

Dūkštos Oak
Population

Budburst
Stage

Standart
Deviation

Jox8 5.4 0.5 D31 3.2 1.3
Jox7 5.0 0.6 D22 2.8 1.4
Jox1 4.8 0.5 D72 2.8 1.4
Jox6 4.0 0.9 D61 2.2 1.6
Jox3 3.6 1.0 Dx1 2.1 1.3

2.2. Sample Collection

The raw material needed for research was collected using a cordless drill in July of
2020. The top layers of bark were collected. Five trees from each half-sib family represent
five biological replicates. In total, samples studied were: 2 populations × 5 half-sib families
× 5 biological replicates. The collected plant material was dried at 40 ◦C for 24 h before use
in testing. A detailed description is shown Table 2.

Table 2. Used variables for the evaluation of biological compounds and antioxidant activity changes
in oak bark: different populations, different half-sib families, and sample extraction method.

Population Half-Sib Families (Genotype) Extrahent

Early burst
phenology:

Josvainiai (Jox)

Late burst
phenology:
Dūkštos (D)

Josvainiai (Jox):

1. Jox8
2. Jox7
3. Jox1
4. Jox6
5. Jox3

Dūkštos (D):

1. D31
2. D22
3. D72
4. D61
5. Dx1

MeOH (75%
in water) dH2O

2.3. Extract Preparation

Extracts were prepared from 0.5 g of air-dried bark samples homogenized using an
A11 basic analytical mill (Laboratory Equipment, Staufen, Germany), which was shaken
with 10 mL of either 75% methanol (MeOH) or 10 mL of distilled water (dH2O) for 24 h at
room temperature using a Kuhner Shaker X electronic shaker (Adolf Kühner AG, Birsfelden,
Switzerland). The obtained extracts were filtered through Whatman no. 1 filter paper, with
a retention of 5–8 µm.

2.4. Quantification of Total Phenol Content

Total phenol content (TPC) was determined using Folin-Ciocalteu reagent according to
Slinkard and Singleton’s method [42]. The reaction mixture used in this study is detailed in
Table 3. The absorbance was measured using Synergy HT Multi-Mode Microplate Reader
(BioTek Instruments, Inc., Bad Friedrichshall, Germany) at 760 nm against the reagent
blank (MeOH for methanol extracts and dH2O for aqueous extracts). The phenol content
was expressed as chlorogenic acid per gram of weight of bark (mg CAE/g). The standard
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calibration curve equation used for MeOH samples: y = 5.5358x − 0.0423 (R2 = 0.9975); for
dH2O samples: y = 5.5x − 0.0451 (R2 = 0.999).

Table 3. Reaction mixture used to evaluate total phenolic content (TPC) and total flavonoid con-
tent (TFC).

Total Phenolic Content (TPC) Total Flavonoid Content (TFC)

Reaction mixture: 100 µL sample + 2500 µL
dH2O + 100 µL Folin–Ciocalteu reagent (2 N)
(wait 6 min) + 5000 µL Na2CO3 (25%, w/v).
The mixture was left for 30 min at room
temperature.

Reaction mixture: 1000 µL sample + 300 µL
NaNO2 (5%, w/v) (wait 5 min) + 500 µL AlCl3
(2%, w/v) (wait 6 min) + 500 µL NaOH (1M).

2.5. Quantification of Total Flavonoid Content

The total flavonoid content (TFC) in the extracts was determined according to a
method described in Lučinskaitė et al. [43]. The reaction mixture used in this study
is detailed in Table 3. The absorbance of the mixture was recorded at 470 nm on the
Synergy HT Multi-Mode Microplate Reader. The same blanks (MeOH and dH2O) as
those used for TPC were used here as well. The flavonoid content was expressed in
milligrams of catechin per gram of weight of bark (mg CE/g). The standard calibration
curve equation for MeOH samples: y = 11.616x + 0.0634 (R2 = 0.9983); for dH2O samples:
y = 10.201x + 0.0527 (R2 = 0.9983).

2.6. Quantification of Antioxidant Activity
2.6.1. DPPH (2,2-Diphenyl-1-picryl-hydrazyl-hydrate)

Total free radical scavenging capacity of the extracts from different Q. robur samples
were estimated according to Ragaee et al.’s [44] method. The reaction mixture used in
this study is detailed in Table 4. Absorbance was measured at 515 nm using Genesys 6
spectrophotometer (Thermo Spectronic, Waltham, MA, USA) against an equal amount of
DPPH and 75% methanol as a blank (or water and DPPH in the case of dH2O extracts).
The standard calibration curve equation was y = 0.2074x − 0.004 (R2 = 0.9907). The radical
scavenging activity was calculated as antioxidant Trolox equivalents per gram of sample
and calculated to Equation (1):

TE = (c×V)/m (1)

where c =Trolox concentration (mM/mL); V = the extract volume (mL); m = the sample
amount (g).

Table 4. Reaction mixtures used to evaluate antioxidant activity with two different methods (DPPH
and ABTS).

Radical Scavenging Activity

DPPH Method ABTS Method

Reaction mixture: 100 µL samples + 400 µL
MeOH (75%) + 1000 µL DPPH solution
(0.1 mM). Mixture was incubated at room
temperature in the dark for 16 min.
DPPH solution preparation: 11.8 mg was
dissolved in 300 mL MeOH (100%).

Reaction mixture: 50 µL samples + 2000 µL
ABTS solution. Mixture was incubated at room
temperature in the dark for 10 min.
ABTS solution preparation: 56 mg of ABTS
(>99%, Fluka, Buchs, Germany) was dissolved
in 50 mL of dH2O.
ABTS radical cation was prepared by reacting
ABTS stock solution with 200 µL of K2S2O8
(70 nM). The mixture was held in the dark at
room temperature for 16 h before it was used.
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2.6.2. ABTS (2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)

Free radical scavenging activity in plant extracts was determined by ABTS radical cation
decolorization assay [43]. The reaction mixture used in this study is detailed in Table 4.
After 16 h, the mixture was diluted with dH2O until it reached 0.700 ± 0.2 absorbance
(734 nm). dH2O was used as a blank. Absorbance was measured at 734 nm using Genesys
6 spectrophotometer (Thermo Spectronic) (ABTS and 75% methanol as a blank or water
and ABTS in the case of dH2O extracts). Trolox was used as the standard. Twenty-five
milligrams of Trolox (97%, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 75%
MeOH (LaboChema, Vilnius, Lithuania). The stock standard of Trolox was 1 mg/mL,
and 1, 2, 3, 4, or 5 mL of stock standard was used, diluted with 10 mL of 80% (v/v)
ethanol, to determine the effect of varying the Trolox concentration. The standard calibration
curve equation was y = 0.2734x + 0.0304 (R2 = 0.9842). The radical scavenging activity
was calculated as antioxidant Trolox equivalent per gram of sample and calculated to
Equation (1).

2.7. Statistical Analysis

Group means and standard errors were calculated using Microsoft Excel. Statistical
data analysis was performed using the SPSS program (IBM, version 28.0.1.1.). The Kruskal–
Wallis H test was used for analysis as a non-parametric alternative to one-way ANOVA.
During this test, differences are determined by comparing the mean ranks of groups. A post
hoc Dunn’s test was performed to indicate differences between individual pairs [32,45,46].

The importance or random and fixed effects on variance were analyzed using SAS
software (SAS Institute Inc. 2002–2012, version 9.4). SAS UNIVARIATE procedure was used
to check if residuals follow normal distribution. Data on TFC in dH2O extracts showed
significant deviation from the normal distribution, thus logarithmic transformation was
applied to get appropriate normality. Test for homogeneity of trait variance was done with
GLM procedure Levene’s Test. Tukey’s studentized range (HSD) test in GLM procedure
was used to carry out multiple comparisons between traits.

The variance components were calculated using the SAS MIXED procedure (REML
method):

Yijkl = µ + Ri + Pj + Fk + Eijkl (2)

where µ is the grand mean, Ri is the fixed effect of replicate i, Pj is the random effect of
population j, Fk is the random effect of family k, and Eijkl is the residual error. Standard
errors of the estimates of variance components were calculated by Taylor expansions and the
asymptotic covariance matrix of the estimates was obtained from MIXED procedure [47].

3. Results

Based on bud burst phenology evaluation it was concluded that Josvainiai (Jox) popu-
lation is of early bud burst phenology and Dūkštos (D) population is of the late bud burst
phenology.

3.1. Total Phenol (TPC) and Total Flavonoid (TFC) Content

It was shown that secondary metabolite (TPC and TFC) content in the oak bark varied
significantly between populations, half-sib families, and when using different extrahents
(Figure 1).

Our results showed that TPC in both populations (Josvainiai and Dūkštos) was similar
(from 13.71 mg/g to 18.71 mg/g). The highest amount of TPC was observed in Josvainiai
population, when the extrahent was MeOH—18.71 mg/g (Jox1 family). Bark samples
from Dūkštos population family D61 had similar amount of TPC—18.93 mg/g. In Jox (Jos-
vainiai) population TPC variation between half-sib families was not significant, irrespective
of extrahent used. Furthermore, in Jox (Josvainiai) population TFC varied significantly
between families, irrespective of extrahent used. In Dūkštos (D) population, significant
differences between families were noted in TPC extracted with water and TFC extracted
with methanol.
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Figure 1. Means (mM/g fresh weight) ± SE of total phenol (TPC) and total flavonoid (TFC) content
in 10 Q. robur families. Significance was calculated using the Kruskal–Wallis H test for ranks and
post hoc Dunn’s test for pairs (p < 0.05). Different letters next to the same colors indicate significant
differences between families, solid colors indicate significant differences between extrahents and
differences among the studied populations are noted in the table (p values: ****—≤0.0001, NS—not
significant). Different populations are indicated by group designations Jox and D.

It was noted that late budburst population (Dūkštos, D) had higher amount of TFC,
compared to Josvaniai (Jox) population, irrespective of extrahents used. The highest amount
of TFC in the oak bark samples was found in Dūkštos population, where dH2O was used for
extraction—71.61 mg/g—family D72. Meanwhile, the highest amount of TFC in Josvainiai
(Jox) population, the same as TPC, was observed in the Jox1 family—39.95 mg/g. In
addition, our study showed that TPC variation within individuals from the same half-sib
family using different extrahents was significant. For example, it was determined that
Josvainiai (Jox) population exhibited significant TPC variation in four out of five tested
families. When looking at significant differences between extrahents, TPC extraction using
methanol was more effective. It was noted that TPC accumulation in Dūkštos (D) population
was significantly different between extrahents only in one family (D31). TFC variation using
different extrahents was significantly different in both populations and in all families. In all
cases, better TFC values were achieved using water as an extrahent rather than methanol.
The highest difference between extrahents in Josvainiai (Jox) population was observed
in family Jox6. Meanwhile, the highest difference between extrahents in Dūkštos (D)
population was noted in family D72.

Statistical analysis showed that differences between two populations (as they represent
oak phenology) also were significant in most cases. As shown in Figure 1, TFC differences
between populations were more noticeable, compared to TPC variation. When using water
as an extrahent, the amount of phenols and flavonoids in both populations were statistically
different. Meanwhile, when using methanol, the difference was only noted in TFC.

111



Life 2023, 13, 710

Analysis of random and fixed effects on variance showed that genotype (half-sib
family) had a significant effect on TFC extraction by methanol and by water, while tree
phenology had no significant effect. This can only partly be explained by within-group
variation as can be seen from replicate significance levels. At the same time, TPC was
unaffected by either oak tree phenology or genotype (Table 5).

Table 5. Variance components for random effects as percent from the total variation and significance
of the fixed effect. Level of significance is denoted by *: 0.05 > p > 0.01, **: 0.01 > p > 0.001,
***: p < 0.001, ns—not significant.

Trait

Variance Components of Random Effects, % Significance of Fixed Effect

Phenology
(Population)

half-Sib Family
(Genotype)

Replicate
(Individual)

DPPH_MeOH 20.0 ± 39.1 34.5 ± 18.8 * ns
ABTS_MeOH 42.4 ± 69.6 32.3 ± 17.0 * ns
TPC_MeOH 0.0 3.5 ± 4.7 ***
TFC_MeOH 38.1 ± 61.1 22.6 ± 12.6 * ns

DPPH_dH2O 0.0 18.4 ± 11.3 * **
ABTS_dH2O 0.0 41.7 ± 21.5 *
TPC_dH2O 17.2 ± 28.5 9.8 ± 7.3 *
TFC_dH2O 37.9 ± 59.2 16.7 ± 9.9 * ns

3.2. Radical Scavenging Activity

As with phenolics, our results show that oak population, sample extraction method
and half-sib family had significant impact on free radical scavenging activity (Figure 2).

Antioxidant activity in oak bark was evaluated by DPPH and ABTS radical scavenging
assays. Radical scavenging activity varied between 235.28 mM/g and 481.33 mM/g (DPPH
method) and from 172.03 mM/g to 1376.22 mM/g (ABTS method) in Jox (Josvainiai)
population. In late budburst population (Dūkštos) antioxidant activity varied between
337.50 mM/g and 481.33 mM/g (DPPH analysis) and from 652.23 mM/g to 1490.17 mM/g
(ABTS analysis), showing significant variation in both populations between assays and
within the results from either assay. Analysis showed that radical scavenging activity
as measured by the ABTS method had more obvious differences between populations,
compared to the DPPH assay.

Significant differences between half-sib families in the same population were observed
in both assays and when using both extrahents. DPPH assay resulted in significant differ-
ences between extrahents in five families. In three families, better results were achieved
when using methanol, in the other two—when using water. Family Jox1 exhibited highest
antioxidant capacity in Josvainiai population, while family D61 was the best in Dūkštos
population. On the other hand, antioxidant activity when using ABTS assay was signifi-
cantly different in six families. In five of them, higher values were achieved when using
water. In three families, Jox3, Jox6, and D31, radical scavenging activity as measured by
ABTS assay, were especially high.

Results showed that differences between two populations (as they represent oak
phenology) also were significant in most cases, similarly as with TPC and TFC. Except in
the case of radical scavenging activity as shown in Figure 2, differences between populations
in antioxidant activity measured by DPPH assay were not as big and in the results of ABTS
assay. When using water as an extrahent, the free radical scavenging activity as measured
by DPPH assay was not significantly different between populations, but it was different
when using methanol as an extrahent. ABTS assay resulted in significant differences
between populations regardless of extrahent used.
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Figure 2. Means (mM/g fresh weight) ± SE of DPPH and ABTS scavenging activity in 10 Q. robur
families. Significance was calculated using the Kruskal–Wallis H test for ranks and post hoc Dunn’s
test for pairs (p < 0.05). Different letters next to the same colors indicate significant differences
between families, solid colors indicate significant differences between extrahents, and differences
among the studied population are noted in the table (p values: **—≤0.01, ****—≤0.0001, NS—not
significant). Different populations are indicated by group designations Jox and D.

Furthermore, analysis of random and fixed effects on variance showed that genotype
(half-sib family) had a significant effect on DPPH extraction by both means. Tree phenol-
ogy had no significant effect on this. ABTS extraction by methanol was also affected by
genotype, but not phenology. In addition, neither genotype nor tree phenology affected
ABTS extraction by water (Table 5). All in all, ~96% of all variance in methanol extracts was
determined by tree genotype (TPC, TFC, ABTS, DPPH). Methanol extracts were also less
affected by replicate variation. Moreover, only around 35% of variance was determined
by genotype in water extraction for all 4 tests. Water extraction was also more affected by
replicate variation.

4. Discussion

As noted previously, multiple factors can determine the amounts of bioactive com-
pounds a plant produces at one time. It has been shown that different species of oak
synthesize different amounts of tested compounds, such as Q. alba, Q. robur, and Q. petraea
as noted by Cabrita et al. [48] and Jordao et al. [4]. Phenolic acids, aldehydes and furanic
derivatives were tested by Cabrita et al. Among them was the previously discussed ellagic
acid [48]. Fernández de Simón et al. observed that the same wine aged in barrels of Q. robur
and Q. petraea barrels (same species trees from different origin sites) for 21 months exhibited
statistically significant differences in terms of ellagic acid and trans-resveratrol [49]. It is
noteworthy that ellagitannins, precursors of ellagic acid, were found to be largely responsi-
ble for the antioxidant activity of oak wood [50]. Additionally, Prida and Puech showed that
Q. robur grown in France and Eastern Europe diverged on the basis of their biochemistry,
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of which several chemicals were predominantly responsible, i.e., eugenol, 2-phenylethanol,
vanillin, vescalagin, cis/trans-whiskey lactone ratio, and roburin B. In the same study, the
authors also noted the vast differences between oak species [51]. Moreover, Kovalikova et al.
also reported on this issue. She noted that Q. robur from different locations have different
amounts of soluble phenols and flavonoids [35]. Another study on 30 Q. robur full sibs
showed that phenols, flavonoids, tannins, and lignins were not affected by tree genotype all
that much (up to 10%± SE of total variation) [52]. Our own work with other tree species has
shown that even when grown in carefully monitored and unified in vitro conditions two
different genotypes of Populus spp. can produce different amounts of phenols, flavonoids,
and photosynthesis pigments [31]. Furthermore, we observed the same tendencies in ash,
spruce, and pine trees as well as blueberries and lingonberries [32,43,47,53,54]. All these
examples align perfectly with the findings of this study, whereby we observed statistically
significant differences in the amounts of TPC, TFC and antioxidant scavenging capacity
diverging in different half-sib families grown in the same site and belonging to the same
population.

In this work we also looked into the use of two extrahents—methanol and water.
Results show that all four tests exhibited statistically significant differences in the amount
of phenols, flavonoids, and antioxidants extracted. Similar results were noted in a review
by Ignat et al. Their analysis of multiple works showed that methanol extraction is of-
tentimes more effective, but is less commonly used in food industries due to methanol
toxicity [55]. Lavado et al. tested how different extracts of cork oak behaved and observed
that water:ethanol extracts exhibited higher antioxidant activity than using just water or just
ethanol. These mixed extrahents allowed for greater amounts of phenols, flavonoids, and
condensed tannins, but not tocopherols. In the case of the latter, pure ethanol extrahents
worked best [7]. Similarly, Šukele et al. presents results on using different extrahents on oak
bark. They report acetone and 30% ethanol having the best outcome in terms of using these
extracts for growth control of Streptococcus agalactiae, Streptococcus uberis, Serratia liquefaciens,
and Staphylococcus aureus [18]. In a 2018 article Valencia-Aviles et al. report that hot water
extracts were more effective that using 90% ethanol for both phenols and antioxidants [37].
Furthermore, Arina and Harisun observed that even using the same extrahent, different
extraction temperatures still significantly affected the outcome [56]. All in all, these results
collectively show that it is important to see which extraction methodology and which
extrahent is more appropriate to use in any given case.

The most unique aspect of our investigation was the determination of whether Q. robur
phenology can be a determining factor in the amount of bioactive compounds a tree
produces. This is different from the effect tree genotype has, at tree phenotype can be
determined both by genotype and by environmental conditions [57,58]. Previously, this
characteristic has been shown to impact enzymatic activities in oak symbiotic fungus
Lactarius quietus. Specifically, enzymes that contribute to the degradation and mobilization
of carbon-rich components of the dead plant [59]. More importantly, it was demonstrated
by Barber and Fahey that Quercus alba expressed differences in leaf antioxidant capacity
of phenolics depending on oak phenology, i.e., early bud burst oaks had lower oxidative
capacity in the first weeks of leaf growth as compared to the late bud burst oaks [60].
In our study, we observed significant differences in TPC (just water), TFC (both extrahents),
DPPH (just methanol), and ABTS (both extrahents) parameters between both populations.
Furthermore, it could be said that overall Josvainiai population (early bud burst) did
produce less phenolics and expressed lower antioxidant capacity than Dūkštos population
(late bud burst). This is a directly comparable result to that of Barber and Fahey, but it is
worth noting they worked with a different oak species, and as was noted before, different
oak species diverge in bioactive compound production.

5. Conclusions

The amount of total phenols, total flavonoids, and the antioxidant scavenging activity
as expressed by ABTS and DPPH assays are different between the bark of Quercus robur
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genotypes (half-sib families), oaks with different phonologies (early or late bud burst
populations), and different extrahents (75% methanol and distilled water). Overall, late
bud burst population exhibited higher values in all parameters measured. Thus, in order
to optimize extraction of desired bioactive compounds of phenolic origin from Q. robur
bark, it is pertinent to take these factors into account. We would also like to emphasize that
oak bark has a huge potential to be used as a natural product in supplement, additive, and
other industries.
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Abstract: (1) Background: Two Caucasian blueberries Vaccinium myrtillus L. and Vaccinium arc-
tostaphylos L. are famous berry bushes growing in the Caucasus region and used to treat neurological
diseases, but the chemistry and bioactivity of leaf extracts are still poorly studied. (2) Methods:
Phenolic compounds of V. myrtillus and V. arctostaphylos leaf extracts were profiled and quantified
by HPLC–PDA–ESI–tQ–MS. The neurotropic potential of Vaccinium extracts was studied using the
model of middle cerebral artery permanent occlusion to determine cerebral blood flow, the area of
the brain tissue necrosis, and antioxidant enzyme activity (including superoxide dismutase, succinate
dehydrogenase, and cytochrome C oxidase), as well as the concentration of TBARS. (3) Results:
Hydroxycinnamates and flavonoids were identified in the leaves of V. myrtillus and V. arctostaphylos,
and the dominant metabolite of both extracts was 5-O-caffeoylquinic acid in the amount of 105–
226 mg/g. The studied extracts enhanced the cerebral hemodynamics and decreased the frequency
of necrotic and lipooxidative processes in the brain tissue, accompanied by an increase in the activ-
ity of antioxidant enzymes. The positive effect of V. arctostaphylos was stronger and exceeded the
effectiveness of Ginkgo biloba standardized extract. (4) Conclusion: The leaf extracts of Caucasian
blueberries V. myrtillus and V. arctostaphylos as a new source of hydroxycinnamates demonstrated
a protective effect of the brain ischemia pathology and can be used as therapeutic agents to treat
neurological diseases.

Keywords: blueberry; Vaccinium myrtillus; Vaccinium arctostaphylos; phenolic compounds; antioxidant
activity; neuroprotective activity

1. Introduction

Currently, the Vaccinium L. genus includes over 170 species [1], and there are 14 native
species in the Russian Federation, including European blueberry (V. myrtillus L.), which
grows throughout Europe outside of Central Asia, and Caucasian blueberry (V. arctostaphy-
los L.), which is an endemic plant of Transcaucasia and North Caucasus [2,3]. The fruits
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of V. myrtillus are included in pharmacopoeias of different countries as an astringent, hy-
polipidemic, and vision-improving remedy [4]. It is also known that an aqueous decoction
of the fruit has antiprotozoal, antitumor, and cytotoxic activity [5–7]. Literature data in-
dicate that V. myrtillus is a rich source of phenolic acids [8,9], flavonoids, and phenolic
glycosides, as well as triterpenoids, carotenoids, organic acids, carbohydrates, and higher
fatty acids [10,11].

In contrast to the European blueberry, V. arctostaphylos is not a pharmacopoeial plant
due to insufficient knowledge of its chemical composition and pharmacological activity.
Botanically, the Caucasian blueberry is a shrub or small tree up to 2–3 m high with rounded
branches and large oblong leaves. Flowers in the raceme and the corolla are large whitish
red. Fruits are large, globular, and black with a smooth surface. The leaves of V. arctostaphy-
los are up to 10 cm length compared to the leaves of V. myrtillus, which are up to 3 cm
(Figure 1). To date, the chemical composition of fruits was only slightly studied [12,13],
and there is a need for new studies on this promising source of bioactive metabolites.
Additionally, some phenolics have been identified in the leaves [14], and hypoglycemic
and hypotensive activities have been demonstrated for the leaf extracts [15,16].
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show that the administration of polyphenolic substances significantly reduces damage to 
neurons during ischemia [20]. Moreover, polyphenolic substances are often considered as 
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their neuroprotective effects have been clinically confirmed [21]. The results of a prospec-
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Figure 1. Vaccinium spp. in their natural habitat: Vaccinium arctostaphylos L. (Caucasian blueberry,
bank of Belaya river, Khamyshki village, Maykop District, Republic of Adygea) (a); Vaccinium myrtillus
L. (bank of the Cherek River, Kabardino–Balkarian Republic) (b). Dried leaves of V. arctostaphylos (c)
and V. myrtillus (d).

Phenolics have a significant effect on the human organism and are primarily used as
effective remedies for preventing a wide range of diseases from atherosclerosis to ischemic
stroke. Phenolic compounds and total phenolics-based phytocompositions are increasingly
used in modern neurology practice, for example, for the treatment and prevention of
cerebral ischemia and neurodegenerative diseases [17,18]. Previously, it has been shown
that the addition of polyphenols to the diet contributes to the development of a number of
therapeutic benefits in patients with Parkinson’s disease, apparently by reducing oxidative
damage of the substantia nigra neurons [19]. In addition, a number of studies show that the
administration of polyphenolic substances significantly reduces damage to neurons during
ischemia [20]. Moreover, polyphenolic substances are often considered as compounds
that eliminate the hyperproduction of ROS and oxidative stress [21,22], and their neuro-
protective effects have been clinically confirmed [21]. The results of a prospective cohort
study by Gao et al. demonstrated a significant reduction in the risk of stroke when large
amounts of dietary polyphenols are consumed, particularly citrus fruits and grapes [23].
Of note, some gender differences were identified in this work: the pharmacological efficacy
of polyphenols was higher in women than in men [23].
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Disorders of cerebral circulation represent a considerable medical and social problem.
According to the World Health Organization, stroke ranks second among the causes of mor-
tality and first among the causes of primary disability [24]. At the same time, approximately
80% of all stroke cases are due to ischemic brain damage [25]. One of the therapeutic options
for the adjuvant treatment of cerebral ischemia is neuroprotection, in which a certain share
is provided by herbal medicines. For example, some traditional Chinese medicine products
have a pronounced neuroprotective effect, and the polyvalence of their action is important,
affecting many pathogenetic mechanisms of cellular damage in ischemia: from oxidative
stress to metabolic homeostasis and excitotoxicity [26].

The genus Vaccinium L., along with classical plant sources of antioxidants, can serve as
a basis for the search for new biologically active compounds with neuroprotective activity;
for example, the neuroprotective properties of anthocyanins of blueberries have been
established [27]. In leaves, the main phenolic groups are proantocyanidines, flavonols, and
hydroxycinnamic acids with potential activity in therapy of Alzheimer’s and Parkinson’s
disease [28].

As part of the ongoing study of Vaccinium species [29,30], in this study, the phenolic
compounds from V. myrtillus and V. arctostaphylos leaves were profiled and quantified by
HPLC–PDA–ESI–tQ–MS assay, and the antioxidant and neuroprotection potential of total
blueberry leave extracts was estimated in brain ischemia in vivo experiments.

2. Materials and Methods
2.1. Plant Material and Chemicals

Samples of Vaccinium myrtillus L. leaves were collected on the bank of the Cherek
River, Kabardino–Balkarian Republic (22 September 2019, 43◦57′63.24′′ N, 42◦59′23.81′′ E,
1905 m a.s.l.; Russia; flowering stage; 5 locations, 10 samples; voucher No PALE 005073-01–
PALE 005073-10). The species were authenticated by Mikhail Goncharov, Ph.D. Biology
(Saint Petersburg State Chemical and Pharmaceutical University, Saint Petersburg, Russia).
Samples of the V. arctostaphylos L. leaves were collected from an alpine meadow in the
Republic of Adygea, Khamyshki village, Maykop District (26 September 2020, 44◦02′341′′ N,
40◦10′035′′ E, 698 m a.s.l.; Russia; flowering stage; 5 locations, 10 samples; voucher No
PALE 005082-01–PALE 005082). The species were authenticated by Dmitryi Shilnikov,
Ph.D. Biology (Ecological and Botanical Station “Pyatigorsk”, Botanical Institute, Russian
Academy of Sciences, Pyatigorsk, Russia). Plant material was dried at 40 ◦C (ventilated heat
oven; 8–10 days) and stored at 3–4 ◦C before analysis. Selected chemicals were purchased
from Sigma–Aldrich (St. Louis, MO, USA): acetonitrile for HPLC (Cat. No. 34851, ≥99.9%);
formic acid (Cat. No. F0507, ≥95%); 4-O-caffeoylquinic acid (CAS 905-99-7, Sigma-Aldrich
No. 65969,≥98%); 5-O-caffeoylquinic acid (CAS 906-33-2, Sigma-Aldrich No. 94419,≥98%);
caffeic acid (CAS 331-39-5, Sigma-Aldrich No. C0625, ≥98%); 4,5-di-O-caffeoylquinic acid
(CAS 14535-61-3, Sigma-Aldrich No. PHL80427, ≥95%); rutin (CAS 207671-50-9, Sigma-
Aldrich No. R5143, ≥94%); hyperoside (CAS 482-36-0, Sigma-Aldrich No. 83388, ≥97%);
isoquercitrin (CAS 482-35-9, Sigma-Aldrich No. 16,654,≥98%); guaiaverin (CAS 22255-13-6,
Sigma-Aldrich No. 94821, ≥95%); avicularin (CAS 572-30-5, Sigma-Aldrich No. PHL80361,
≥95%); quercitrin (CAS 849061-97-8, Sigma-Aldrich No. 337951, ≥95%); quercetin-3-O-(6′′-
O-acetyl)-glucoside (CAS 54542-51-7, No.1099, ≥85%, Extrasynthese, Lyon, France).

2.2. Plant Extract Preparation

Plant extract for HPLC analysis was prepared using 200 mg sample of milled material
(particle size 0.125 µm) treated by 2 mL of 70% ethanol and sonication (ultrasonic bath,
30 min, 50 ◦C, ultrasound power 100 W, frequency 35 kHz; ×3). The ethanolic extract was
centrifuged at 6000 × g (10 min), filtered through 0.22-µm syringe filters into a measuring
flask (10 mL) and the final volume was filled up to 10 mL. The final extract was stored at
2 ◦C before analysis. Plant extract for the pharmacological study was prepared using the
same procedure from 150 g-portion of material and drying in a vacuum oven. The total
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yields of V. myrtillus and V. arctostaphylos extracts were 49.3% and 40.1% of plant material
weight, respectively.

2.3. High-Performance Liquid Chromatography with Photodiode Array Detection and Electrospray
Ionization Triple Quadrupole Mass Spectrometric Detection (HPLC–PDA–ESI–QQQ–MS)

High-performance liquid chromatography with photodiode array detection and elec-
trospray ionization triple quadrupole mass spectrometric detection (HPLC–PDA–ESI–QQQ–
MS) with LC-20 Prominence liquid chromatograph coupled with an SPD-M30A photodiode
array detector, LCMS 8050 triple-quadrupole mass spectrometer and GLC Mastro C18 col-
umn (2.1 × 150 mm, 3 µm; all Shimadzu, Columbia, MD, USA) were used for the profiling
and quantification of the plant extracts, as described previously [31]. The similarity of reten-
tion time, ultraviolet and mass spectral data was used for the identification of metabolites
after comparison with the reference standards and literature data. The metrics of calibration
curves as correlation coefficient (r2), standard deviation (SYX), limits of detection (LOD),
limits of quantification (LOQ), and linear range were found for calibration solution (1, 10,
25, 50, 100 µg/mL) of 11 reference standards (4-O-caffeoylquinic acid, 5-O-caffeoylquinic
acid, caffeic acid, 4,5-di-O-caffeoylquinic acid, rutin, hyperoside, isoquercitrin, guaiaverin,
avicularin, quercitrin, quercetin-3-O-(6′′-O-acetyl)-glucoside) using the known method [32]
(Table 1).

Table 1. Regression equations, correlation coefficients (r2), standard deviation (SYX), limits of detec-
tion (LOD), limits of quantification (LOQ), and linear ranges for 11 reference standards.

Compound
Regression Equation a

r2 SYX
LOD/LOQ

(µg/mL)
Linear Range

(µg/mL)a b × 106

4-O-Caffeoylquinic acid 0.162 −0.011 0.9973 1.83 × 10−2 0.37/1.12 2–100
5-O-Caffeoylquinic acid 0.150 −0.010 0.9982 1.67 × 10−2 0.36/1.11 2–100

Caffeic acid 0.189 −0.017 0.9988 1.26 × 10−2 0.22/0.67 1–100
Quercetin 3-O-rutinoside (rutin) 0.085 −0.062 0.9873 3.89 × 10−2 1.51/4.57 5–100

Quercetin 3-O-galactoside (hyperoside) 0.090 −0.052 0.9891 3.52 × 10−2 1.29/3.91 4–100
Quercetin 3-O-glucoside (isoquercitrin) 0.098 −0.053 0.9889 3.37 × 10−2 1.14/3.43 4–100

Quercetin 3-O-arabinopyranoside (guaiaverin) 0.121 −0.031 0.9953 2.59 × 10−2 0.70/2.14 3–100
Quercetin 3-O-arabinofuranoside (avicularin) 0.114 −0.026 0.9927 2.80 × 10−2 0.81/2.46 3–100

Quercetin 3-O-rhamnoside (quercitrin) 0.109 −0.043 0.9912 3.16 × 10−2 0.96/2.90 3–100
Quercetin 3-O-(6′′-acetyl)-glucoside 0.095 −0.050 0.9880 3.28 × 10−2 1.14/3.45 4–100

4,5-Di-O-caffeoylquinic acid 0.163 −0.016 0.9975 1.93 × 10−2 0.39/1.18 2–100
a Regression equation: y = a·x + b.

2.4. Neuroprotective Activity
2.4.1. Animals

The study was used 100 male Wistar rats, 180–200 g weight. The animals were
purchased from the laboratory animal nursery “Rappolovo” (Russia, Leningrad region)
and during the experiment were kept in polypropylene boxes by 5 rats in controlled
conditions of detention: air temperature 20 ± 20 ◦C, humidity—55–65%, daily cycle 12 h
a day/12 h a night. The treatment of laboratory animals and their maintenance met the
requirements of Directive 2010/63/EU of the European Parliament and of the Council of
the European Union of 22 September 2010 for the protection of animals used for scientific
purposes. The local Ethics committee (Protocol of meeting No. 10 of 20 August 2021)
approved the research concept.

2.4.2. Brain Ischemia Model

Permanent focal cerebral ischemia was reproduced by right sided thermocoagulation
of the middle cerebral artery (MCA). In this research, the concept irreversible technique was
used. Rats were anesthetized by chloral hydrate (350 mg/kg, intraperitoneal). After, the
area from the right side of the eye was depilated, skin was cut, and soft tissues were pushed
apart, exposing the process of the zygomatic bone, which was deleted. Next, a trepanation
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hole was made with a drill and the MCA was burned with a thermocoagulator under the
place of its intersection with the olfactory tract. If possible, the anatomic structure of soft
tissues was restored. The suture was processed with a 10% povidone-iodine solution [33].

2.4.3. Study Design

Experimental animals were divided into 5 equal groups of 20 individuals (the deviation
of the body weight of rats in one experimental group did not exceed 10%). The first group
was sham operated (SO), to whose animals all sequential surgical manipulations were
applied with the exception of arterial coagulation; negative control (NC)—animals with
focal cerebral ischemia, but deprived of pharmacological support (this group received
purified water throughout the study); EGB761 is a group of rats that were treated with a
reference—standardized extract of Ginkgo biloba (EGB761; obtained from Hunan Warrant
Pharmaceuticals, Changsha, China) at a dose of 35 mg/kg [34]; VM is a group of animals
that received extract from V. myrtillus; VA is a group of animals that received extract
from V. arctostaphylos. The administered dose for the studied extracts was selected on
the basis of previous studies and amounted to 50 mg/kg. The referent and the studied
extracts were administered for 3 days after ischemia, orally, once a day. On the 4th day of
the experiment, a change in the level of local cerebral blood flow was evaluated in rats,
after which the animals were decapitated and the brain was extracted, in the tissue of
which the change in the necrosis zone was evaluated (in 10 rats from the group). The
activity of superoxide dismutase, cytochrome-c oxidase and succinate dehydrogenase was
determined in the remaining 10 individuals from the group. Changes in the concentration
of 2-thiobarbituric acid active substances (TBARS) in brain tissue were also evaluated. All
tests were performed once for each animal. A total of 20 tests were performed for one
experimental group.

2.4.4. Cerebral Blood Flow Evaluation

The average systolic velocity of cerebral blood flow was recorded in the of the MCA
area, for which a trepanation hole was made in this animal’s brain region. Rats were
anesthetized by chloral hydrate. The average systolic velocity was recorded using an
ultrasound Doppler device, a sensor USOP-010-01 with a work frequency of 25 MHz
and a MM-D-K-Minimax Doppler v.1.7. (Saint Petersburg, Russia) software for Windows,
using mathematical processing of the fast Fourier transform signal to transform the color
spectrum of the blood flow distribution [35].

2.4.5. Biomaterial Sampling and Preparation

Animal brains were used as biomaterial for analysis. The brain was homogenized in
a mechanical homogenizer Potter type in a cold system of buffer solutions that consist of
1 mM EGTA, 215 mM mannitol, 75 mM sucrose, 0.1% bovine serum albumin solution with
a 20 mM HEPES. The pH of buffer solution was 7.2. To obtain a primary homogenate, the
ratio of tissue mass/volume of buffer solution 1:7 was used. Primary brain homogenate
was separated into two parts. The first of them was used to determine the concentration of
TBARS. The second part of the homogenate was used to determine superoxide dismutase,
cytochrome c oxidase and succinate dehydrogenase activity. For that, homogenate was
centrifuged 2 min at 1100× g acceleration. The supernatant was moved to Eppendorf-
type test tubes and a percoll solution 10% concentration was layered, after which mixture
was re-centrifuged at 18,000× g for 10 min. The secondary supernatant was deleted, the
precipitate was resuspended in a buffer solution and re-centrifuged at 10,000× g for 5 min

2.4.6. Evaluation of Necrosis Zone

The size of the necrosis area of the brain was determined by the triphenyl tetrazolium
method (n = 10 from each group). The brain was extracted from skull, the cerebellum was
cut off. After, the hemispheres were separated. Both hemispheres were weighed. Next, the
hemispheres were separately homogenized in PBS and placed in test-tubes with 10 mL of
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1% triphenyltetrazolium chloride solution in a PBS with pH 7.4. The test-tubes were placed
in a water bath for 20 min at a temperature of 37 ◦ C. Next, the probes were centrifuged in
the mode of 3000 RCF/10 min and the resulting supernatant was removed. A total of 3 mL
of phosphate buffer and 3 mL of cooled chloroform were added to the precipitate. Shaken
for 2 min. Chloroform extract of formazan was obtained for 15 min at 4 ◦ C, shaking the
mixture every 5 min for 30 s. The optical density (492 nm) against pure chloroform was
centrifuged and measured. The necrosis zone area was expressed as a percentage of the
total mass of the hemispheres and was calculated by formula:

x = 100− ε1M1 + ε2M2

ε1(M1 + M2)
100%,

where x is the size of the necrosis zone as a percentage of the total mass of the brain; ε1 is
the optical density of the sample with an intact hemisphere; ε2 is the optical density of the
sample with a damaged hemisphere; M1 is the mass of the intact hemisphere; M2 is the
mass of the damaged hemisphere.

2.5. Antioxidant Potential
2.5.1. Thiobarbituric Acid Reactive Substances (TBARS) Evaluation

The concentration of TBARS was evaluated in the brain homogenate by spectrophoto-
metric method. The principle of the method is based on the spectrophotometric (at 532 nm)
determination of colored products of the condensation reaction between unsaturated alde-
hydes and 2-thiobarbituric acid. In this case, the absorbance of the solution is correlated
to the concentration of malondialdehyde. The amount of TBARS was calculated by the
malondialdehyde molar extinction coefficient (1.56 × 105 l ×mol−1 × cm−1) value. The
obtained results were expressed in nmol/mg protein. Protein content was determined
by the Bradford method. Absorbance was recorded on Infinite F50 reader (Tecan Austria
GmbH, Grödig, Austria) [36].

2.5.2. Superoxide Dismutase (SOD) Activity

The activity of SOD was estimated by the xanthine-xanthine oxidase method. Principal
of a method is based on the determination of products of reaction of the dismutation of
the superoxide radical that a was formed during the complex oxidation and reduction of
xanthine and 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride, respectively.
The reaction mixture consisted of 0.05 mM of xanthine; 0.025 mM of 2-(4-iodophenyl)-3-(4-
nitrophenol)-5-phenyltetrazolium chloride; 0.94 mM of EDTA, 80 U/L of xanthine oxidase,
40 mM of CAPS (N-cyclohexyl-3-aminopropanesulfonic acid) buffer. The optical density
of the mixture was estimated at 505 nm. SOD activity was expressed in units/protein mg.
Protein content was determined by the Bradford method. Absorbance was recorded on
Infinite F50 reader (Tecan Austria GmbH, Grödig, Austria) [37].

2.5.3. Succinate Dehydrogenase (SDH) Activity

The SDH activity was evaluated by spectrophotometric method which based on the
reaction of the reduction of dichlorophenolindophenol that was catalyzed by succinate. To
inhibit a mitochondrial complex I activity rotenone was added to the analyzed mixture.
Absorbance of the probes was estimated at 600 nm [23]. During the analysis, standard
kits from Abcam (ab110217/MS643) were used. Absorbance was recorded on Infinite F50
reader (Tecan Austria GmbH, Grödig, Austria) [38].

2.5.4. Cytochrome-C-Oxidase (COX) Activity

The COX activity was evaluated in the reaction of cytochrome C (II) oxidation when
KCN was added in an incubation mixture. Absorbance was estimated at 500 nm (24).
Standard kits from Abcam (ab110217/MS643) were used in the analysis. Absorbance was
recorded on Infinite F50 reader (Tecan Austria GmbH, Grödig, Austria) [39].
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2.6. Statistical Analysis

Statistical analysis of chemical data was performed by one-way analysis of variance,
and the significance of the mean difference was determined by Duncan’s multiple range test.
Differences at p < 0.05 were considered statistically significant. The results are presented as
mean values ± standard deviations (S.D.). The linear regression analysis and generation
of calibration graphs were conducted using Advanced Grapher 2.2 (Alentum Software
Inc., Ramat-Gan, Israel). The statistical analysis of the results of neuroprotective activity
evaluation was processed by using the STATISTICA 6.0 software (Dell Technologies Inc.,
Round Rock, TX, USA). The obtained data were expressed as M ± SEM (mean ± standard
error of the mean). The normality was assessed by the Shapiro–Wilk test, the uniformity of
variance was estimated by the Leven’s test. The ANOVA with post hoc Newman-Keusle
test was used in post-processing analysis. A critical level of significance was p < 0.05.

3. Results
3.1. Phenolic Compounds of V. myrtillus and V. arctostaphylos Leaves

Nine phenolic compounds, including the four phenolic acids of 4-O-caffeoylquinic,
5-O-caffeoylquinic, caffeic, and 4,5-di-O-caffeoylquinic acids as well as five flavonoid
quercetin glycosides (quercetin-3-O-galactoside, quercetin-3-O-glucoside, quercetin-3-O-
arabinopyranoside, quercetin-3-O-arabinofuranoside, quercetin-3-O-rhamnoside), were
identified in V. myrtillus leaves (Figure 2, Table 2).
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Table 2. Retention times (t), ultraviolet (UV), and mass spectral (ESI-MS, MS/MS) data of com-
pounds 1–11 were found for leaf extracts of V. myrtillus and V. arctostaphylos. 
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2 5.51 5-О-Caffeoylquinic acid 322 353 [353]: 191, 179, 165 
3 6.20 Caffeic acid 320 179 [179]: 135 
4 10.26 Quercetin 3-О-galactoside (hyperoside) 255, 267, 355 463 [463]: 301 
5 10.83 Quercetin 3-О-glucoside (isoquercitrin) 255, 267, 356 463 [463]: 301 
6 12.72 Quercetin 3-О-arabinopyranoside (guaiaverin) 255, 267, 354 433 [433]: 301 
7 13.38 Quercetin 3-О-arabinofuranoside (avicularin) 255, 267, 354 433 [433]: 301 
8 13.91 Quercetin 3-О-rhamnoside (quercitrin) 255, 267, 352 447 [447]: 301 
9 14.58 3,5-Di-О-caffeoylquinic acid 322 515 [515]: 353, 191, 179, 173 

10 9.80 Quercetin 3-О-rutinoside (rutin) 255, 267, 355 609 [609]: 463, 301 
11 15.14 Quercetin 3-O-(6′′-acetyl)-glucoside 256, 268, 351 505 [505]: 463, 301 

* Identification was performed by comparison of obtained retention times, UV, MS, and MS/MS 
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Figure 2. High-performance liquid chromatography with photodiode array detection (HPLC-PDA)
chromatograms (330 nm) of leaf extracts of V. myrtillus (a) and V. arctostaphylos (b) and mass spectra
of compounds 1 (c), 2 (d), 3 (e), 4 (f), 5 (g), 6 (h), 7 (i), 8 (j), 9 (k), 10 (l), and 11 (m). Compounds are
numbered as listed in Table 2. Blue square indicates location of [M − H]− ion.

Table 2. Retention times (t), ultraviolet (UV), and mass spectral (ESI-MS, MS/MS) data of com-
pounds 1–11 were found for leaf extracts of V. myrtillus and V. arctostaphylos.

No t, min Compound * UV, λmax, nm ESI-MS,
[M − H]−, m/z MS/MS, m/z

1 3.49 4-O-Caffeoylquinic acid 322 353 [353]: 191, 179, 173, 135
2 5.51 5-O-Caffeoylquinic acid 322 353 [353]: 191, 179, 165
3 6.20 Caffeic acid 320 179 [179]: 135
4 10.26 Quercetin 3-O-galactoside (hyperoside) 255, 267, 355 463 [463]: 301
5 10.83 Quercetin 3-O-glucoside (isoquercitrin) 255, 267, 356 463 [463]: 301
6 12.72 Quercetin 3-O-arabinopyranoside (guaiaverin) 255, 267, 354 433 [433]: 301
7 13.38 Quercetin 3-O-arabinofuranoside (avicularin) 255, 267, 354 433 [433]: 301
8 13.91 Quercetin 3-O-rhamnoside (quercitrin) 255, 267, 352 447 [447]: 301
9 14.58 3,5-Di-O-caffeoylquinic acid 322 515 [515]: 353, 191, 179, 173

10 9.80 Quercetin 3-O-rutinoside (rutin) 255, 267, 355 609 [609]: 463, 301
11 15.14 Quercetin 3-O-(6′′-acetyl)-glucoside 256, 268, 351 505 [505]: 463, 301

* Identification was performed by comparison of obtained retention times, UV, MS, and MS/MS with refer-
ence standards.

Ten compounds of phenolic origin were found in V. arctostaphylos leave extracts, among
them three phenolic acids (4-O-caffeoylquinic, 5-O-caffeoylquinic, and caffeic acids) and six
quercetin glycosides [quercetin-3-O-rutinoside, quercetin-3-O-galactoside, quercetin-3-O-
glucoside, quercetin-3-O-arabinopyranoside, quercetin-3-O-rhamnoside and quercetin-3-O-
(6′′-acetyl)-glucoside] (Figure 3).
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Figure 3. Compounds 1–11 found in leaf extracts of V. myrtillus and V. arctostaphylos. 

Caffeoylquinic acids and caffeic acid, the known metabolites of V. myrtillus leaves 
[40], were also found in V. arctostaphylos leaves of Georgian origin [41]. In a previous 
study, the basic quercetin glycosides in V. myrtillus leaves from Finland were rutin, hy-
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Caffeoylquinic acids and caffeic acid, the known metabolites of V. myrtillus leaves [40],
were also found in V. arctostaphylos leaves of Georgian origin [41]. In a previous study,
the basic quercetin glycosides in V. myrtillus leaves from Finland were rutin, hyperoside,
guaiaverin, avicularin, and quercitrin [42], and the only known flavonoid in V. arctostaphylos
leaves is quercetin [43]. Quercetin 3-O-(6′′-acetyl)-glucoside was found in V. myrtillus
leaves for the first time as well as quercetin glycosides, which were newly discovered in
V. arctostaphylos leaves.

Results of the quantification of compounds 1–11 in V. myrtillus and V. arctostaphylos leaf
extracts demonstrated high contents of 5-O-caffeoylquinic acid (226.85 mg/g in V. myrtillus,
105.32 mg/g in V. arctostaphylos), quercetin 3-O-glucoside (12.02 mg/g in V. myrtillus), and
quercetin 3-O-galactoside (12.02 mg/g in V. arctostaphylos) (Table 3). Earlier, chlorogenic
acid was detected as the main phenolic compound in the V. myrtillus leaves (approximately
52–84% of the total amount of phenols) [44,45], and quercetin and kaempferol derivatives
were the predominant phenolic groups (39.2%) [46]. The water–alcoholic extract of V. arc-
tostaphylos leaves from Iran contained chlorogenic acid and flavonoids at 97.2 mg/g and
2.2–22.4 mg/g, respectively [15,47].

Table 3. Contents of compounds 1–11 in leaf extracts of V. myrtillus and V. arctostaphylos in mg/g of
dry weight ± S.D.

Compound V. myrtillus V. arctostaphylos

4-O-Caffeoylquinic acid <0.01 8.01 ± 0.14
5-O-Caffeoylquinic acid 226.85 ± 5.21 105.32 ± 2.41

Caffeic acid <0.01 4.29 ± 0.08
Quercetin 3-O-rutinoside (rutin) <0.01 1.46 ± 0.03

Quercetin 3-O-galactoside (hyperoside) 4.69 ± 0.09 3.99 ± 0.06
Quercetin 3-O-glucoside (isoquercitrin) 12.02 ± 0.24 2.38 ± 0.05

Quercetin 3-O-arabinopyranoside (guaiaverin) 1.34 ± 0.02 1.29 ± 0.02
Quercetin 3-O-arabinofuranoside (avicularin) <0.01 <0.01

Quercetin 3-O-rhamnoside (quercitrin) 2.77 ± 0.05 1.23 ± 0.02
Quercetin 3-O-(6′′-acetyl)-glucoside <0.01 0.70 ± 0.01

4,5-Di-O-caffeoylquinic acid <0.01 <0.01

3.2. Neuroprotective Activity of V. myrtillus and V. arctostaphylos Leaf Extracts

The study of neuroprotective activity of extracts from V. myrtillus and V. arctostaphylos
showed that their administration to animals in the post-ischemic period contributed to an
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increase in the level of cerebral blood flow (Figure 4) compared to that of untreated rats by
99.3% (p < 0.05) and 115.0% (p < 0.05), respectively, while the use of the EGB761 reference
increased this indicator by 79.3% (p < 0.05). Of note, in animals that received extraction
from V. arctostaphylos, the level of cerebral blood flow was higher in the rats injected with
the reference by 19.9% (p < 0.05).
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Figure 4. The effect of V. myrtillus and V. arctostaphylos leaf extracts on the cerebral hemodynamics
in rats with cerebral ischemia. Experimental groups: SO—sham-operated animals; NC—negative
control animals; EGB761—EGB761 reference remedy group; VM—V. myrtillus group; VA—V. arc-
tostaphylos group. Hashtag (#) indicates significant difference (p < 0.05) vs. the SO group; asterisk
(*) indicates significant difference (p < 0.05) vs. the NC group; delta (∆) indicates significant difference
(p < 0.05) vs. the EGB761 group.

Additionally, the use of the studied extracts led to a decrease in the brain necrosis
zone (Figure 5), while against the background of the administration of the extract from
V. myrtillus, this indicator decreased by 28.2% (p < 0.05), and for V. arctostaphylos, it decreased
by 42.2% (p < 0.05). At the same time, the use of the reference contributed to a decrease
in the brain necrosis zone by 34.3% (p < 0.05), which was higher than the same indicator
for the group of animals that were injected with extraction from V. arctostaphylos by 12.1%
(p < 0.05).
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Figure 5. The effect of V. myrtillus and V. arctostaphylos leaf extracts on the necrosis zone in rats with
cerebral ischemia. Experimental groups: SO—sham-operated animals; NC—negative control animals;
EGB761—EGB761 reference remedy group; VM—V. myrtillus group; VA—V. arctostaphylos group.
Asterisk (*) indicates significant difference (p < 0.05) vs. the NC group; delta (∆) indicates significant
difference (p < 0.05) vs. the EGB761 group.
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3.3. Antioixdant Potential of V. myrtillus and V. arctostaphylos Leaf Extracts

The study of changes in the antioxidant balance of brain tissue with the administration
of the studied extracts showed that the use of extracts from V. myrtillus and V. arctostaphylos
contributed to an increase in the activity of SOD by 4.1% (p < 0.05) and 76.4% (p < 0.05),
respectively, and reduced the content of TBARS by 55.1% (p < 0.05) and 64.3% (p < 0.05),
respectively (Table 4).

Table 4. Effect of V. myrtillus and V. arctostaphylos leaf extracts on activity of mitochondrial enzymes
and TBARS in rats with cerebral ischemia.

Experimental Group SOD, U/Protein mg COX, U/Protein mg SDH, U/Protein mg TBARS, µM/Protein mg

Sham-operated animals 300.5 ± 7.1(29) 4.3 ± 0.0(47) 2.7 ± 0.062 2.4 ± 0.124
Negative control group 125.6 ± 9.5(41) # 2.1 ± 0.0(14) # 1.1 ± 0.097 # 9.8 ± 0.663 #

EGB761 reference group 190.5 ± 11.2(84) * 2.5 ± 0.1(17) * 1.6 ± 0.018 * 5.2 ± 0.541 *
V. myrtillus group 181.0 ± 10.9(37) * 2.6 ± 0.0(37) * 1.5 ± 0.09 * 4.4 ± 0.364 *

V. arctostaphylos group 221.5 ± 10.2(32) * 3.0 ± 0.0(58) * ∆α 2.1 ± 0.071 * ∆α 3.5 ± 0.193 *

Hashtag (#) indicates significant difference (p < 0.05) vs. sham-operated animals’ group; asterisk (*) indicates
significant difference (p < 0.05) vs. negative control group; delta (∆) indicates significant difference (p < 0.05) vs.
the EGB761 reference group; alpha (α) indicates significant difference (p < 0.05) vs. the V. myrtillus group.

At the same time, the use of EGB761 contributed to an increase in SOD activity by 51.7%
(p < 0.05) and a decrease in TBARS by 46.9% (p < 0.05), which was statistically significantly
lower than similar indicators of animals receiving extraction from V. arctostaphylos. Analysis
of changes in the activity of mitochondrial enzymes showed that when extracts from
V. myrtillus L. and V. arctostaphylos were used, as well as the reference, the activity of COX
increased (relative to the NC group of rats) by 23.8% (p < 0.05), 42.9% (p < 0.05), and 19.0%
(p < 0.05), respectively, whereas SDH activity increased by 36.4% (p < 0.05), 45.5% (p < 0.05),
and 90.9% (p < 0.05). Of note, in rats injected with the extract from V. arctostaphylos, the
activities of both COX and SDH were higher than in animals treated with the reference and
extract from V. myrtillus (p < 0.05).

4. Discussion

A detailed study of plant metabolites opens possibilities for selection of precise
and accurate methods to include in pharmacopeial practice. The results obtained in
this study show that the major and marker compound for both Vaccinium species was
5-O-caffeoylquinic acid (chlorogenic acid). In predicting the pharmacological activity,
phenolic acids are mostly represented by chlorogenic acid isomers (4-O-caffeoylquinic
and 5-O-caffeoylquinic acids). Moreover, the main aglycone of flavonoids is quercetin,
and its glycosides are presented by monosides (quercetin-3-O-galactoside, quercetin-3-O-
glucoside, quercetin-3-O-arabinopyranoside, quercetin-3-O-arabinofuranoside, quercetin-3-
O-rhamnoside, and quercetin-3-O-(6′′-acetyl)-glucoside) and by only one bioside (quercetin-
3-O-rutinoside). Chlorogenic acids and quercetin glycosides are known neuroprotective
agents. Thus, chlorogenic acid shows a protective effect on the nitrosative stress induced
by sodium nitroprusside [48]. In vivo, chlorogenic acid decreased the infarct area in the
hypoxic–ischemic brains of rats [49]. Additionally, chlorogenic acid may be a potential agent
to treat Parkinson’s disease in the apoptosis-mediated neuronal senescence of dopaminergic
neurons [50]. The neuroprotective effects of quercetin may be used in the treatment of
Alzheimer’s disease via its antioxidant properties and providing an inhibitory effect of fibril
formation of amyloid-β aggregates [51]. These effects are useful in the therapy of pediatric
neurological diseases such as central nervous system tumors, autism, and hyperactivity
disorder [52]. Quercetin and rutin show neuroprotective effects in the cerebral ischemia
model in rats by its 4-oxo group and 2,3-double bond in the C ring [53]. Thus, the potential
neuroprotective effects of Vaccinium extracts may be related to the significant amount of
these phenolics in the Vaccinium leaves.
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Increasingly, natural remedies are being used as adjuvant neuroprotective therapy for
cerebrovascular disorders [54]. The neuroprotective effects of traditional Chinese medicine
(for example, ginseng preparations, as well as Scutellaria baicalensis, Withania somnifera,
Phyllanthus emblica, and Viscum album [55]) are widely known. It has been established
that the use of phytomedicines has a pleiotropic effect on brain tissue, while eliminating
almost all main pathogenetic pathways of the “ischemic cascade”: neuroinflammation,
apoptosis, energy deficiency, glutamate-calcium excitotoxicity, hyperlactatemia, and acido-
sis [55]. However, as a rule, remedies based on phytocompositions are known as effective
antioxidants [55,56].

The concept of phytotherapeutic intervention in ischemic stroke is currently being
actively studied; however, there is no doubt that this approach is only auxiliary and
cannot fully replace the “gold standard” of treatment of ischemic brain damage—effective
thrombolysis [57]. The rapidly developing direction of phytotherapeutic neuroprotection
makes it necessary to search for new drugs that meet the basic postulates of this area of
medicine and pharmacology [58]. In this work, possible neuroprotective properties of
extracts obtained from two species of representatives of the heather family, V. myrtillus
and V. arctostaphylos, were studied. Blueberry-based products are primarily known as
effective biologically active additives with pronounced antioxidant activity and tropicity
in relation to blood vessels and the cardiovascular system as a whole, which has made
it possible to use these products in the correction of vascular complications of diabetes
mellitus, atherosclerosis, and glaucoma [58]. At the same time, a similar therapeutic profile
of extracts from blueberries suggests the presence of neuroprotective activity. During
the study, it was found that the administration of extracts obtained from V. myrtillus and
V. arctostaphylos to animals with focal ischemia contributed to the improvement of cerebral
hemodynamics in the post-ischemic period, which may be associated with the restoration of
the function of collateral blood supply to the ischemic zone. A decrease in the necrotic focus
was also shown in rats receiving the analyzed extracts compared with untreated animals.
Because one of the significant mechanisms of ischemic brain damage is the development
of oxidative stress, we studied the effect of extracts from blueberries on changes in the
parameters characterizing the development of this pathological process—the activity of
superoxide dismutase and the final concentration of peroxidation products represented by
TBARS [36]. As a result, the introduction of extracts from V. myrtillus and V. arctostaphylos
increased the activity of superoxide dismutase and reduced the intensity of free radical lipid
oxidation reactions. An important aspect of brain ischemia is a violation of the energy state
of cells with a sharp drop in ATP synthesis and the induction of irreversible processes in the
form of necroptosis or apoptosis [59]. In this regard, the effect of extracts from V. myrtillus
and V. arctostaphylos on the activity of two integral enzymatic indicators of the metabolic
status of the cell, cytochrome c oxidase and succinate dehydrogenase, was evaluated.
The administration of the analyzed extracts led to an increase in the activity of these
enzymes, and the effect of the administration of the extract obtained from V. arctostaphylos
exceeded that of the reference, the classical neuroprotective herbal remedy Ginkgo biloba
extract (EGB761). Thus, based on the overall results of the set of pharmacological tests of
extracts from V. myrtillus and V. arctostaphylos, it can be assumed that these objects have
neuroprotective activity, which can be realized through antioxidant and metabolic action.
At the same time, a more promising therapeutic agent is the extraction from V. arctostaphylos,
the use of which led to a statistically significantly better pharmacological response than the
introduction of the reference and extract obtained from V. myrtillus.
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Abstract: (1) Background: The objective of this study was to investigate the potential of Salvadora
oleoides (S. oleoides) and Salvadora persica (S. persica) polyphenols as antioxidant and anti-inflammatory
agents. (2) Methods: Aerial parts and fruits of S. oleoides and S. persica were collected from the
periphery of District Bhakkar, Punjab, Pakistan. Methanol extracts were prepared using the Soxhlet
extraction technique. Extract yield varied from 8.15 to 19.6 g/100 g dry plant material. RP-HPLC
revealed the detection of thirteen phenolic aids and five flavonoids. Gallic acid, hydroxy benzoic
acid, chlorogenic acid, and cinamic acid were the major phenolic acids, whereas catechin, rutin,
and myricetin were the flavonoids detected. (3) Results: Maximum total phenolic contents (TPCs)
(22.2 mg/g of dry plant material) and total flavonoid contents (TFCs) (6.17 mg/g of dry plant material)
were found in the fruit extract of S. persica, and the minimum TPC (11.9 mg/g) and TFC (1.72 mg/g)
were found in the aerial part of S. oleoides. The fruit extract of S. persica showed the highest DPPH
radical scavenging activity. In vivo anti-inflammatory activity of all the extracts was performed on
albumin-induced rat paw edema that was comparable with the standard indomethacin; S. persica
fruit extract showed remarkable anti-inflammatory activity. Analgesic activity of aerial part and fruit
extracts of S. oleoides and S. persica was investigated using a mouse model, and the results showed
that maximum possible analgesia of fruit extracts of S. persica was 53.44%, which is better than the PC
group (52.98%). (4) Conclusions: The variations in the antioxidant, anti-inflammatory, and analgesic
activities of methanolic extracts of S. oleoides and S. persica were found to be significant, and they have
therapeutic potential as antioxidant, analgesic, and anti-inflammatory agents.

Keywords: phenolic acid; flavonoids; DPPH radical scavenging activity; anti-inflammatory activity;
maximum possible analgesia

1. Introduction

Reactive oxygen species produced during different metabolic activities cause oxidative
damages that are responsible for many diseases including, Parkinson’s and Alzheimer’s dis-
eases, tumor formation, heart diseases, nervous disorders, pulmonary disorders, rheumatic
premature aging, and inflammatory diseases [1,2]. Inflammation has multiple actions in the
process of growth and differentiation, as well as in lymphoid and non-lymphoid cells, and

133



Life 2022, 12, 1446

regulates their production during injury and infections [3]. Chronic inflammation can cause
the destruction of tissues and cells [4]. Antioxidants, especially natural compounds, can
combat against oxidative stress and inflammation that provide relief against degenerative
diseases [5–7].

The Asia-Pacific region is rich in plant genetic resources, including less known food
plants and underutilized species that serve as a means of survival during times of famine,
shocks, drought, and risks. They also contribute immensely to family food security, which
can supplement nutritional requirements due to their better nutritional value [8]. Fur-
thermore, these medicinal plants are potential sources of natural products that are gen-
erally recognized as safe (GRAS) [7]. The standardized extracts of these plants/isolated
compounds, especially the polyphenols, provide unlimited opportunities for new drug
discoveries [5,6,9]. Huge proportions of the global population are now more dependent on
natural and alternative traditional medicines as primary health care [9,10].

The family Salvadoraceae has some underutilized species that are little known, despite
their wide distribution in arid areas around the world [11]. In Pakistan, the genera Sal-
vadora has two underutilized species, i.e., Salvadora persica (S. persica) and Salvadora oleoides
(S. oleoides) [12]. S. persica (arak, jhak, pilu) is a small tree or shrub known by the name
miswak [13]. Pharmacological studies indicated that the S. persica plant possesses alexiteric,
analgesic, anti-inflammatory, anti-microbial, anti-plaque, astringent, diuretic aphrodisiac
anti-pyretic, and bitter stomachic activities [14]. In folk literature, it is used by various
populations worldwide, especially by Muslims, and it cited in the Holy Quran [15,16].
S. oleoides (Jall, Mitha Jall, Peelu, Pilu, Khabbar) is an oil-yielding medicinal and multi-
purpose tree, which is reported to possess anti hypoglycemic, hypolipidemic, analgesic,
anti-inflammatory and antimicrobial activities [17]. S. oleoides plant extract contains ter-
penoids, phenolic compounds, alkaloid, glycosides, and flavonoids, which are frequently
used against many microbial activities [18].

Currently, due to the many side effects of synthetic medicines, the public is now again
shifting towards natural products due to their GRAS status and negligible side effects.
Hence, there is contemporary need to explore more underutilized species having strong
traditional use against specific diseases [19]. To the best of our knowledge, no previous
reports have been presented in the literature on the comparative evaluation of antioxi-
dant and anti-inflammatory activities of aerial parts and fruits of S. oleoides and S. persica.
Therefore, this study was planned to investigate the antioxidant and anti-inflammatory
activities of polyphenol-rich fractions of S. oleoides and S. persica aerial parts and fruits.
Moreover, simultaneous quantifications of phenolic acids and flavonoids were performed
using reverse-phase high-performance liquid chromatography (Rp-HPLC). The in vivo anti-
inflammatory and analgesic activities were assessed using albumin-induced inflammation
in rat paw and the measurement of maximum possible analgesia in mice models.

2. Materials and Methods
2.1. Collection and Identification of Plant Materials

Fruits and aerial parts (10 kG) of S. oleoides Decene. and S. persica L. were collected
from the periphery of District Bhakkar during summer in May and June, 2018. The samples
were further authenticated by the Taxonomist, Department of Botany, Government College
University Faisalabad, Pakistan. The samples were transferred to the Natural Product and
Synthetic Chemistry Lab, Government College University, for further investigations.

2.2. Reagents and Chemicals

All the chemicals and reagents, including Folin–Ciocalteu phenolic reagent, gallic acid,
2, 2-diphenyl-1 picrylhydrazyl (DPPH), catechin, gallic acid, phenolic acid and flavonoid
standards, ascorbic acid, and linoleic acid (75%), were purchased from Sigma-Aldrich Co.,
(St Louis, MO, USA). All the solvents, butylated hydroxyl toluene (BHT), hydrochloric
acid, sodium carbonate, sodium hydroxide, aluminum chloride, and sodium nitrite, were
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purchased from Merck (Darmstadt, Germany). All chemicals used, including the solvents,
were of analytical grade and used without further purification.

2.3. Preparation of Plant Extracts

Plant materials were dried in the shade and then powdered (80 mesh) using an electric
grinder (BL 999SP, LG, Frankfurt, Germany). Extractions were carried out using the 500 mL
Soxhlet extractor with absolute methanol, as reported previously [20]. Briefly, 50 g of
powdered material was taken in a thimble and extracted with 300 mL of absolute methanol
for 8 h on Soxhlet extraction apparatus. The extracts were then concentrated using a rotary
evaporator (Eyela, SB-651, Rikakikai Co., Ltd., Tokyo, Japan) under reduced pressure and
stored in a refrigerator at 4 ◦C for further studies. The percentage yield of each extract was
determined using the formula given below.

Yield
(

g
100 g

)
=

Weight o f dry extract
Weight o f dry plant material

× 100

2.4. Qualitative and Quantitative Analysis of Phenolic Acids and Flavonoids Simultaneously

Standard stock solutions of all the phenolic acid and flavonoids available were pre-
pared fresh by dissolving the compounds in methanol (10 mg/mL). Working solutions
(0.2–1.0 mg/mL) were prepared and standard curves were constructed by plotting con-
centrations against peak areas. The extracts were prepared as reported previously and
filtered through a 0.45 µm non-pyrogenic filter (Minisart, Satorius Stedim Biotech GmbH,
Goettingen, Germany) prior to injection [7].

The HPLC analysis was performed with the Perkin Elmer system (Perkin Elmer, Japan)
equipped with gradient model binary pump systems, and a UV/Visible detector. The in-
jection mode was manual, and the degasser (DGU-20A5) system was intact. The column
oven was installed and equipped with hypersil GOLD C18 column (250 × 4.6 mm internal
diameter, 5 mm particle size) (Thermo Fischer Scientific Inc., Waltham, MA, USA) sup-
ported with a guard column and a non-linear gradient consisting of solvent A (acetonitrile:
methanol, 70:30) and solvent B (water with 0.5% glacial acetic acid). The quantification was
based on an external standard method, whereas the analytes were identified by matching
the retention times and spiking the samples with the standard.

2.5. In Vitro Antioxidant Analysis
2.5.1. Total Phenolic and Total Flavonoid Contents

Total phenolic contents (TPCs) and total flavonoid contents (TFCs) of the prepared
extracts were measured according to the Folin–Ciocalteu phenol reagent and aluminum
chloride colorimetric assays, respectively, as reported by Hussain et al. [7]; several dif-
ferent dilutions (10–80 ppm) of gallic acid were prepared to create a calibration curve
(Y = 0.0265X − 0.1834). Similarly, different dilutions of catechin (10–160 ppm) were pre-
pared and the calibration curve was derived (Y = 0.0063X − 0.023). The TPC and TFC of the
extracts were calculated from respective curves and reported as mg per gram of dry matter,
expressed as gallic acid equivalent (GAE) and catechin equivalent (CE), respectively.

2.5.2. DPPH Radical Scavenging Assay

DPPH (2, 2-Diphenyl-1-picrylhydrazyl) radical scavenging activity was assayed by the
method reported previously [7]. Briefly, 10 µg/mL concentrations of extracts and BHT were
mixed with 2 mL of 90 µM DPPH. The solution was incubated at room temperature for half
an hour. The absorbance was read at 517 nm, and scavenging in terms of the percentage
was calculated as follows:

Scavenging(%) =
Absorbance o f DPPH solution − Absorbance o f sapmle solution

Absorbance o f DPPH solution
× 100
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2.6. In Vivo Evaluation of Anti-Inflammatory and Analgesic Activities

For in vivo experiments, all procedures were conducted in conformity with the interna-
tional guidelines on the ethical use of animals, and the study was approved by Institutional
Ethical Committee for Animal Care at Government College University Faisalabad (Study
No 19680/IRB No 680).

2.6.1. Animals

Adult male Wistar rats (weighing approximately 130–160 g) and mice weighing ap-
proximately 30–40 g were collected from the animal house of the Department of Physiology,
Government College University, Faisalabad. Before the start of experiment, the animals
were adapted for a week at the standard conditions (26 ◦C ± 2 ◦C temperature; 40–60%
ambient humidity). Rats were housed in elevated wire cages with free access to food and
water. The intake of food was measured on a daily basis for each animal.

2.6.2. Anti-Inflammatory Activity

To examine the anti-inflammatory activity of S. oleoides and S. persica aerial parts and
fruit extracts in rats, thirty-six albino male Westar rats were randomly divided into the
following six groups, all having six rats in each group (n = 6).

NC GROUP: Normal control group, which received no treatment.
PC GROUP: Positive control group, which were supplemented with a dose of 10 mg/kg
body weight (bw) of indomethacin served as a standard drug.
G1 GROUP: Treatment group-1, which were supplemented with 250 mg/kg bw extract of
S. oleoides aerial parts.
G2 GROUP: Treatment group-2, which were supplemented with 250 mg/kg bw extract of
S. persica aerial parts.
G3 GROUP: Treatment group-3, which were supplemented with 250 mg/kg bw extract of
S. oleoides fruits.
G4 GROUP: Treatment group-4, which were supplemented with 250 mg/kg bw extract of
S. persica fruits.

All the rat groups were provided water ad libitum and normal feed (approx. 20 g/rat/day).
For measuring the anti-inflammatory activity, extract doses of S. oleoides and S. persica were
administrated orally through gavage feeding tube (16–18 cm) for 7 days, while positive controls
were orally administered indomethacin 10 mg/kg bw for 7 days before the induction of
inflammation [21]. After 7 days of treatment, inflammation was induced in the right paw by
injecting the 0.1 mL egg albumin in each treatment and PC group. The inflammation was
measured for 4 h by screw gauge. The percentage Edema Inhibition was calculated using the
NC group as a standard.

2.6.3. Analgesic Activity

To evaluate the analgesic activity, the mice were randomly divided into the following
six groups, all having five rats in each group (n = 5).

NC GROUP: Normal Control, which received no treatment.
PC GROUP: Positive Control, which were supplemented with a dose of 10 mg/kg of
Diclofenac sodium served as standard.
G1 GROUP: Treatment group-1, which were supplemented with 250 mg/kg bw extract of
S. oleoides aerial parts
G2 GROUP: Treatment group-2, which were supplemented with 250 mg/kg bw extract of
S. persica aerial parts
G3 GROUP: Treatment group-3, which were supplemented with 250 mg/kg bw extract of
S. oleoides fruits
G4 GROUP: Treatment group-4, which were supplemented with 250 mg/kg bw extract of
S. persica fruits.
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Analgesic activity was performed as described by Hossain et al. [22]. Mice were fasted
for 12 h with adequate clean water. Mice were placed on hot plates and the temperature
was maintained at 55 ± 1 ◦C. Latency period, or the pain reaction time determined with a
stopwatch, was recorded, which represented the time taken for the mice to react to the pain
stimulus. The time in seconds was measured with a stopwatch by observing discomfort
reactions, such as licking paws or jumping. The first reading was taken just before the
administration of the drug and later at 0, 60, 120, 180 and 240 min before and after the drug
administration. The cutoff time was fixed for 12 s to prevent any type of injury. This served
as the control pain reaction time. The maximum possible analgesia (MPA) was calculated
as follows:

MPA (%) =
Reaction time f or treatment − Reaction time f or saline

12 − Reaction time f or saline
× 100

2.7. Statistical Analysis

All the experiments were performed in three replicates and data are reported as the
mean ± standard deviation (SD). Statistical analysis was performed by means of the statis-
tical package, STATISTICA (Stat Sift Inc., Tulsa, OK, USA). Data from different tests were
analyzed using one-way analysis of variance (ANOVA), followed by Bonferroni/Dunnett
(all mean) post hoc tests; the differences between the means were considered statistically
significant at probability value p ≤ 0.05.

3. Results
3.1. Yield of Extracts

The extract yields (g/100 g) from S. oleoides and S. persica aerial parts and fruits are
given in Table 1. Extract yields varied from 8.15 to 19.60 g/100 g of dry plant material.
The maximum extract yield (19.60 g/100 g) was obtained from the aerial part of S. persica,
whereas the minimum extract yield (8.15 g/100 g) was found from S. oleoides aerial parts.
The results showed a significant (p ≤ 0.05) difference in the yields among different extracts.
Saleem et al. [23] reported a 12% extract yield from the aerial parts of S. oleoides. Variation
in the extract yield might be due to differences in extractable components and months.

Table 1. Yield, TPC, TFC, and DPPH radical scavenging capacity of S. oleoides and S. persica aerial
parts and fruit extracts.

Assays
S. oleoides S. persica

BHT
Aerial Parts Fruits Aerial Parts Fruits

Yield (g/100 g of dry weight) 8.15 ± 0.48 a 14.90 ± 0.74 b 19.60 ± 0.98 c 16.20 ± 0.81 b —

TPC (mg/g, measures as gallic acid
equivalent) 11.90 ± 0.50 a 19.20 ± 0.96 c 16.20 ± 0.81 b 22.20 ± 1.11 d —

TFC (mg/g, measured as catechin
equivalent) 1.72 ± 0.09 a 5.54 ± 0.28 c 2.44 ± 0.12 b 6.17 ± 0.31 c —

DPPH scavenging (%) by 10 µg/mL
extract solution 46.90 ± 2.34 a 52.70 ± 2.63 b 51.60 ± 2.58 ab 54.30 ± 2.72 b 60.80 ± 3.04 e

The values are the mean ± SD of three independent experiments. Different alphabet letters in superscript show
significant (p ≤ 0.05) differences among different extracts.

3.2. HPLC Results

Thirteen phenolic acids (gallic, hydroxy benzoic, chlorogenic, caffeic, syringic, vanillic,
p-coumeric, salicylic, sinapic, ferulic, ellagic, cinamic, and benzoic acids) and five flavonoids
(catechin, rutin, myricetin, quercetin, and kaempferol) were identified and quantified using
Rp-HPLC from different extracts of S. oleoides and S. persica, and the data are presented in
Table 2. Chlorogenic acid was the major phenolic acid from the aerial parts and fruit extracts
of S. oleoides and S. persica, followed by gallic acid and hydroxyl benzoic acid. S. oleoides
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and S. persica fruit extracts exhibited the maximum concentrations of chlorogenic acids, i.e.,
1786.0 and 1473.0 mg/100 g of extract, respectively. Gallic acid was abundantly found in
the S. oleoides aerial part extract (1265.0 mg/100 g), followed by the S. persica fruit extracts
(942.4 mg/100 g). S. persica fruit extracts also contained 942.4 mg/100 g hydroxyl benzoic
acid, whereas S. oleoides fruit extract contained 727.0 mg/100 g hydroxyl benzoic acid.
Cinamic acid was found abundantly in the aerial part extracts of S. oleoides (390.6 mg/100 g)
and S. persica (471.6 mg/100 g) only (Figure 1). Catechin and myricetin were the major
flavonoids detected in all extracts of S. oleoides and S. persica. Salvadora persica aerial part
extracts were rich in myricetin, rutin, and catechin, and the contents of these were 410.5,
254.3, and 578.5 mg/100 g, respectively. S. persica fruit extracts contained 331.8, 275.1, and
117.2 mg/100 g myricetin, rutin, and catechin, respectively. Catechin was abundant in
the aerial part extracts of S. oleoides (131.5 mg/100 g) and S. persica (578.5 mg/100 g) as
compared with the fruit extracts.

Table 2. Composition (mg/100 g) of phenolic acids and flavonoids from S. oleoides and S. persica
aerial parts and fruit extracts, obtained using Rp-HPLC.

Compounds
S. oleoides S. persica

Aerial Parts Fruits Aerial Parts Fruits

Gallic acid 254.4 ± 11.1 a 1265.0 ± 36.0 d 580.4 ± 20.3 b 942.4 ± 24.8 c

Hydroxy benzoic acid 254.8 ± 12.3 a 727.0 ± 21.2 c 388.9 ± 9.7 b 732.9 ± 16.5 c

Chlorogenic acid 526.4 ± 17.3 a 1786.0 ± 44.0 c 540.7 ± 21.9 a 1473.0 ± 48.0 b

Caffeic acid 16.4 ± 0.8 a 14.6 ± 0.8 a 165.9 ± 5.4 c 54.0 ± 1.3 b

Syringic acid 23.0 ± 1.2 b 71.6 ± 3.0 c — 15.4 ± 0.8 a

Vanillic acid 183.1 ± 4.1 b 176.8 ± 5.3 b — 86.5 ± 4.1 a

p-Coumeric acid 136.4 ± 5.8 ab 131.9 ± 5.2 a 257.4 ± 10.3 c 145.7 ± 5.9 b

Salicylic acid 239.3 ± 10.1 c 151.8 ± 5.9 b 167.5 ± 6.5 b 119.8 ± 5.2 a

Sinapic acid 69.3 ± 3.1 c 13.3 ± 0.8 a 88.3 ± 3.2 d 45.9 ± 2.5 b

Ferulic acid 22.0 ± 1.4 a 27.9 ± 0.9 b 21.6 ± 1.0 a 52.2 ± 2.3 c

Ellagic acid 22.0 ± 1.4 b 26.5 ± 1.3 c 52.5 ± 2.0 d 17.5 ± 0.8 a

Cinamic acid 390.6 ± 12.1 b — 471.6 ± 14.3 c 33.0 ± 1.4 a

Benzoic acid 20.9 ± 1.2 b — 24.5 ± 1.1 c 9.5 ± 0.6 a

Catechin 131.5 ± 5.90 c 72.0 ± 2.7 a 578.5 ± 25.2 d 117.2 ± 4.9 b

Rutin 302.7 ± 10.23 d 59.0 ± 2.2 a 254.3 ± 10.0 b 275.1 ± 9.17 c

Myricetin 332.0 ± 12.50 b 28.0 ± 1.0 a 410.5 ± 17.8 c 331.8 ± 17.6 b

Quercetin 24.16 ± 0.89 b — 21.7 ± 0.9 a 21.0 ± 0.9 a

Kaempferol — — 26.2 ± 1.3 a 24.7 ± 1.2 a

The values are the mean ± SD of three independent experiments. Different alphabet letters in superscript show
significant (p ≤ 0.05) differences.

Statistical analysis showed that the concentrations of various phenolic acids and the
flavonoids were significantly (p ≤ 0.05) different among different extracts.

The phenolic and flavonoid contents were positively associated with the antioxidant
activity. Both gallic acid and chlorogenic acid were the potential natural antioxidant
compounds. Very few reports are available on the phenolic profile of the investigated
extracts. Noumi et al. [24] also reported the separation and identification of caffeic acid,
rutin trihydrate, trans-cinnamic, and gallic acids in the stems of S. persica using RP-HPLC.
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Figure 1. Typical HPLC chromatograms showing the separation of phenolic acid and flavonoids 
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extract. 
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as the CE) was exhibited by fruit extracts of S. persica, and the minimum TFC (1.72 mg 
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Figure 1. Typical HPLC chromatograms showing the separation of phenolic acid and flavonoids from
(a) S. oleoides aerial parts; (b) S. oleoides fruit; (c) S. persica aerial parts; and (d) S. persica fruit extract.

3.3. Evaluation of In Vitro Antioxidant Activity
Estimation of TPC and TFC

TPC and TFC results, expressed as mg/g of dry plant material, are presented in Table 1.
TPC was in the range of 11.9 to 22.2 mg TPC/g of dry plant material, measured as the
GAE. The maximum TPC (22.2 mg/g of dry plant material, as the GAE) was found in
fruit extracts of S. persica, and the minimum TPC (11.9 mg/g, as the GAE) was found in
the aerial part of S. oleoides, followed by the aerial part extracts of S. persica (16.2 mg/g, as
the GAE) and the fruit extracts of S. oleoides (19.2 mg/g, as the GAE). The TFCs in aerial
parts and fruit extracts were in the range of 1.63 to 6.17 mg TFC/g of dry plant material,
measured as the CE. The maximum amount of TFC (6.17 mg TFC/g of dry plant material
as the CE) was exhibited by fruit extracts of S. persica, and the minimum TFC (1.72 mg
TFC/g of dry plant material as the CE) was exhibited by aerial part extracts of S. oleoides.
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The flavonoid contents in fruit extracts of S. oleoides were found to be 5.54 mg TFC/g of dry
plant material and 2.44 mg TFC/g of dry plant materials in aerial part extracts of S. persica.
Significant differences (p ≤ 0.05) were observed in the TPC and TFC of the different extracts
of S. oleoides and S. persica.

Phenolic compounds have good relationship and largely contribute to the antioxidant
activity. The polar solvent, i.e., methanol, which was used has the capacity to extract more
phenolics as compared with other solvents. Saleem et al. [23] reported total phenolic (0.4 mg
QE/g) and total flavonoid contents (0.21 mg QE/g) of S. oleoides aerial parts in methanol
extract which were lower than our results. Kumari et al. [25] reported the total estimated
amount of phenolics in the fruit methanol extract of S. persica to be 120.38 mg/100 g DW,
and flavonoids were estimated to be 77.59 mg/100 g DW; however, there have been no
reported results on the TPC and TFC of S. oleoides fruit. Kaneria et al. [19] reported that
S. persica showed higher total phenol contents as compared with S. oleoides. The total
phenolic contents of S. oleoides in methanol extracts of leaves were 253.10 mg/g, whereas
the total flavonoid contents were 43.65 mg/g. The total phenolic content of S. persica in
methanol extracts of leaves was 252.770 mg/g, whereas the total flavonoid contents were
estimated to be 57.94 mg/g [19], which is higher than our findings. Variation in our TFC
and TPC results compared with the findings of the majority of previous studies might have
been due to differences in the agro-climatic, geographical, and seasonal conditions.

3.4. DPPH Free Radical Scavenging Assay

The free radical scavenging activity of various extracts (10 µg/mL) was measured by
the DPPH radical scavenging assay, and the results are presented in Table 1. The fruit extract
of S. persica showed maximum radical scavenging activity (54.3%), whereas the aerial parts
of S. oleoides showed minimum radical scavenging activity (46.9%) when compared with
the synthetic antioxidant BHT (60.8%). Statistical analysis showed the significant (p ≤ 0.05)
differences in the radical scavenging potential of S. persica fruit extracts from other extracts.

The DPPH free radical scavenging capacity increases when extract concentration
increases due to increases in the concentration of phenolic compounds [5]. Saleem et al.
and Noumi et al. [23,24] reported the strongest scavenging DPPH assay results (51.66%) of
methanolic extracts of S. oleoides aerial parts, which were comparable to our results. Kumari
et al. [25] reported the IC50 for DPPH of the S. persica fruit (IC50 307.06 µg crude methanol
extract). Souri et al. [26] investigated the antioxidant activity and free radical scavenging
activity on DPPH of 13 medicinal plants traditionally used in Iran. They reported that
methanolic extracts of S. persica exhibit free radical DPPH scavenging activity with an IC50
value of 37.19, which is contrary to our results. The variation in DPPH radical scavenging
activity might be due to different plant species, geographic regions, as well as different
months for sample collection.

3.5. In Vivo Study on Animal Model
3.5.1. Anti-Inflammatory Activity

The anti-inflammatory activities of aerial part and fruit extracts of S. persica and
S. oleoides were evaluated, and the results are presented in Table 3. At zero hour, mean
inflammation (mm ± SD) was non-significant (p > 0.05) in all groups before the start
of treatment.

The inflammation was significantly reduced (p ≤ 0.05) in all treated groups, G1, G2,
G3, and G4, and the positive control (PC) as compared with the negative control (NC)
group one hour after the oral administration of methanolic extracts. However, reductions
in inflammation were non-significant (p > 0.05) among all treated groups one hour after the
oral administration of extracts. The inflammation was significantly reduced (p ≤ 0.05) in
all treated groups, G1, G2, G3, and G4, and the positive control group (PC) as compared
with the negative control (NC) groups 2 h after the oral administration of methanol extract.
However, the anti-inflammatory response was significantly reduced in G4 as compared
with NC and G1 2 h after the oral administration. Inflammation was also significantly
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reduced in G1, G2, and G3 as compared with NC, but was non-significant between groups.
The inflammation was significantly reduced (p < 0.05) in all treated groups, G1, G2, G3, and
G4, and PC, as compared with the NC group 3 h after the oral administration of extracts.
Inflammation was significantly reduced in G4 as compared with G1, G2, and G3, but
was comparable to PC. Inflammation was also significantly reduced in G1, G2, and G3 as
compared with NC, but less than G4 and PC. The inflammation was significantly reduced
(p < 0.05) in all treated groups, G1, G2, G3, and G4, and PC, as compared with NC four
hours after the oral administration of methanol extract. Inflammation was significantly
reduced (p < 0.05) in G4 as compared with NC, G2, and G3. It could be concluded that the
fruits of S. persica are more potent than the other extracts used in the study.

Table 3. Rat paw diameters and edema inhibition percentages (%) of different treatment groups at
different time intervals.

Groups
Paw Diameter (mm)

(Edema Inhibition %)

Initial Value 1 h 2 h 3 h 4 h

NC 4.14 ± 0.06 a 8.24 ± 0.21 c 6.18 ± 0.29 c 5.68 ± 0.26 e 5.21 ± 0.27 e

PC 4.17 ± 0.07 a

(0.92%)
6.11 ± 0.24 a

(25.73%)
5.21 ± 0.28 b

(15.60%)
4.24 ± 0.10 b

(25.35%)
4.06 ± 0.03 b

(22.07%)

G1 4.14 ± 0.07 a

(0.54%)
6.68 ± 0.19 ab

(19.05%)
5.54 ± 0.13 ab

(10.36%)
5.23 ± 0.04 d

(7.92%)
4.15 ± 0.14 bc

(20.15%)

G2 4.17 ± 0.01 a

(0.82%)
6.31 ± 0.05 ab

(23.42%)
5.17 ± 0.24 b

(16.34%)
4.70 ± 0.14 c

(17.25%)
4.55 ± 0.16 d

(12.67%)

G3 4.27 ± 0.07 a

(0.38%)
7.08 ± 0.38 b

(14.08%)
5.24 ± 0.07 b

(15.21%)
4.80 ± 0.15 c

(15.49%)
4.35 ± 0.27 cd

(16.51%)

G4 4.12 ± 0.04 a

(0.48%)
6.44 ± 0.27 a

(21.84%)
4.61 ± 0.22 a

(25.40%)
4.16 ± 0.08 a

(26.76%)
3.69 ± 0.15 a

(29.17%)
The values are reported as the mean ± SD. Different alphabet letters in superscript show significant (p < 0.05)
differences among different rat groups. NC, negative control (0.1 mL albumin); PC, positive control (Diclofenac
sodium 10 mg/kg body weight) and treated groups: G1 (aerial part extract of S. oleoides, 250 mg/kg body weight),
G2 (aerial part extract of S. persica 250 mg/kg body weight), G3 (Fruit extract of S. oleoides 250 mg/kg body
weight), and G4 (fruit extract of S. persica 250 mg/kg body weight).

Polyphenols are secondary metabolites that have antioxidant capacities in addition to
antiallergenic, anticancer, anti-inflammatory, anti-thrombotic, and anti-mutagenic proper-
ties [27]. The results obtained by BenSaad et al. [28] clearly indicate that ellagic acid, gallic
acid, and punicalagin A & B isolated from P. granatum inhibited the production of NO,
PGE2, and IL-6 in LPS-induced RAW267.4 macrophages. In the present study, gallic acid
may have been the compounds responsible for the remarkable anti-inflammatory effect
showed by S. presica fruit. Catechins can also inhibit the infiltration and proliferation of
immune-related cells and regulate inflammation and oxidative reactions by interaction with
multiple inflammation-related and oxidative-stress-related pathways [29]. Catechin was the
major compound found in S. persica fruit and detected in all extracts by Rp-HPLC, which is
why it could also be the reason for the anti-inflammatory effect shown by plant extracts.
Ibrahim et al. [30] investigated the anti-inflammatory effect of aqueous alcoholic crude
extract and the ethyl acetate extract of miswak sticks (S. persica) in carrageenan-induced
rat paw edema. The inhibition percentage of inflammation was 17% for crude extract and
27% for ethyl acetate extract. Natubhai et al. [21] studied the anti-inflammatory effect of
S. oleoides leaf extract. The alcoholic extracts of S. oleoides at a dose of 200 and 400 mg/kg,
reduced the paw edema induced by carrageenan by 46.70 and 81.70%, respectively, whereas
the water extract reduced the paw edema by 51.16 and 83.30, respectively. No reports
are available in the literature on the anti-inflammatory activity of aerial parts and fruits
of S. persica and S. oleoides. Baba et al. [31] investigated the anti-inflammatory activity of
ethanol, acetone, and water extract of leaves, stem bark, and fruit peels of S. persica. The
anti-inflammatory activity was compared with the standard drug (Diclofenac) at a dose of
10 mg/kg. Diclofenac showed values of 87.71 and 82.85 at a dose of 300 mg/kg, respectively.

144



Life 2022, 12, 1446

3.5.2. Analgesic Activity

The analgesic activity of aerial part and fruit extracts of S. oleoides and S. persica was
investigated using a mouse model, and the results are presented in Table 4. Mice treated
with normal saline (control) did not show any significant difference in the reaction time
on the experiment throughout the 240 min observation. The longest reaction time for the
treated groups with the hot plate method was 180 min. The analgesic effects of Diclofenac
sodium and different plant extracts could be seen from the maximum possible analgesia
(MPA) graph in Figure 2. The MPA remained elevated during the observation period,
reaching its peck at 180 min. The MPA of fruit extracts of S. persica was 53.44% that is
better than PC group (52.98%). Aerial part extracts of both S. oleoides and S. persica showed
significantly (p ≤ 0.05) less MPA. Overall, the fruit extract of S. persica produced an excellent
analgesic activity at 180 min.

Table 4. Analgesic activity of the test drug in hot plate test.

Groups
Reaction Time (Minutes)

Start Time 60 120 180 240

NC 3.41 ± 0.21 a 3.44 ± 0.32 a 3.46 ± 0.32 a 3.45 ± 0.32 a 3.45 ± 0.33 a

PC 3.43 ± 0.29 a 5.53 ± 0.43 b 6.89 ± 0.62 c 6.92 ± 0.65 bc 5.42 ± 0.49 b

G1 3.45 ± 0.37 a 5.61 ± 0.54 b 5.52 ± 0.47 b 5.85 ± 0.53 b 5.43 ± 0.47 b

G2 3.46 ± 0.31 a 6.21 ± 0.59 b 6.11 ± 0.57 bc 6.44 ± 0.58 bc 5.98 ± 0.54 b

G3 3.47 ± 0.34 a 6.33 ± 0.58 b 6.23 ± 0.58 bc 6.56 ± 0.59 bc 6.12 ± 0.56 b

G4 3.51 ± 0.32 a 6.45 ± 0.58 b 6.62 ±0.59 b 6.95 ± 0.64 c 6.31 ± 0.59 b

The values are presented as the mean ± SD. Different alphabet letters in superscript show significant (p ≤ 0.05)
differences among normal and treatment groups. NC, negative control (0.1 mL albumin); PC, positive control
(Diclofenac sodium 10 mg/kg body weight); and treated groups: G1 (aerial part extract of S. oleoides, 250 mg/kg
body weight), G2 (aerial part extract of S. persica 250 mg/kg body weight), G3 (Fruit extract of S. oleoides 250 mg/kg
body weight), and G4 (fruit extract of S. persica 250 mg/kg body weight).
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Figure 2. Maximum possible analgesia (MPA) (%) representing the effect of the drugs administered
into mice, evaluated by the hot plate method. NC, normal control group; PC; positive control
(Diclofenac sodium 10 mg/kg body weight); and treated groups: G1 (aerial part extract of S. oleoides
250 mg/kg body weight), G2 (aerial part extract of S. persica 250 mg/kg body weight), G3 (Fruit of
S. oleoides 250 mg/kg body weight), and G4 (fruit of S. persica, 250 mg/kg body weight). * indicates
significant (p ≤ 0.05) differences from the PC group.

Hooda and Pal [32] reported the analgesic activity of hydroalcoholic extract of S. persica
root extract on a mouse and rat model. The analgesic activity of albino mice and albino
rats was evaluated using Eddy’s hot plate method. In Eddy’s hot plate method, the highest
analgesic activity was observed at an oral concentration of 400 mg/kg for 90 min. Our
results were correlated with those of Hoor et al. [33], who suggested that extracts of
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S. persica possess analgesic activity. The crude extract was used in three doses of 300 mg/kg,
500 mg/kg, and 700 mg/kg of tested animals against standard aspirin, and found to be
maximum at 120–150 min.

4. Conclusions

The results obtained in the present study showed the comparative assessment of
TPC and TFC, and antioxidant, anti-inflammatory, and analgesic activities of S. persica
and S. oleoides aerial parts and fruit extracts. S. persica fruit extract showed the maximum
antioxidant activities in terms of TPC, TFC, and DPPH radical scavenging. Based on the
results, it is concluded that fruit extracts of S. persica have a major role in the reduction
in inflammation and exhibit better analgesic activity as well. This was due to the high
antioxidant results of S. persica fruit extract as compared with extracts of other plant parts
that were investigated, and also due to the high presence of gallic acid and catechin, as
shown by the quantification of phenolic acids and flavonoids, performed using Rp-HPLC.
The present study also offers the scientific evidence to use fruits of S. persica in treating in-
flammation and provides a framework for the use of S. persica fruits as natural antioxidants
after further clinical trials. There is still a dearth of evidence for exploring its importance.
However, further investigations are ongoing to determine the exact phytoconstituents that
are responsible for the biological activities of methanol extracts of Salvadora species.

Author Contributions: Conceptualization, A.I.H., Q.A. and S.M.A.A.; methodology: A.K.; software,
T.F.; validation, Q.A., F.K.A. and S.M.A.A.; formal analysis, A.K., N.I. and T.F.; investigation, A.K.
and N.I.; resources, A.I.H.; data curation, Q.A. and A.A.; writing—original draft preparation, A.K.
and A.A.; writing—review and editing, Q.A., S.M.A.A., F.K.A., J.A. and T.F.; visualization, A.I.H.;
supervision, A.I.H.; project administration: A.I.H. and S.M.A.A.; funding acquisition, S.M.A.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: For in vivo experiments, all procedures were conducted in
conformity with the guidelines prescribed by the international guidelines on the ethical use of animals
and the study was approved by Institutional Ethical Committee for Animal Care at Government
College University Faisalabad (Study No 19680/IRB No 680).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the Deanship of Scientific Research, Qassim University,
for funding the article process charging (APC) for publication of this project, and the team of Central
Hi-Tech Lab, Government College University Faisalabad, Pakistan, for the characterization of extracts,
and the Department of Physiology for assistance in in vivo analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lobo, V.; Patil, A.; Phatak, A.; Chandra, N. Free radicals, antioxidants and functional foods. Impact on human health: A review.

Pharm. Rev. 2010, 4, 118–126. [CrossRef]
2. Ibrahim, I.I.; Moussa, A.A.; Chen, Z.; Zhang, J.; Cao, W.G.; Yu, C. Bioactive phenolic components and antioxidant activities of

water-based extracts and flavonoid-rich fractions from Salvadora persica L. leaves. Nat. Prod. Res. 2021, 36, 2591–2594. [CrossRef]
[PubMed]

3. Sarlis, N.J.; Chowdrey, H.S.; Stephanou, A.; Lightman, S.L. Chronic activation of the hypothalamo-pituitary-adrenal axis and loss
of circadian rhythm during adjuvant-induced arthritis in the rat. Endocrinology 1992, 130, 1775–1779.

4. Dalgleish, A.G.; O’Byrne, K.J. Chronic immune activation and inflammation in the pathogenesis of AIDS and cancer. Adv. Cancer
Res. 2002, 84, 231–276.

5. Sultana, B.; Anwar, F.; Przybylski, R. Antioxidant activity of phenolic components present in barks of Azadirachta indica, Terminalia
arjuna, Acacia nilotica, and Eugenia jambolana Lam. trees. Food Chem. 2007, 104, 1106–1114. [CrossRef]

6. Hussain, A.I.; Anwar, F.; Shahid, M.; Ashraf, M.; Przybylski, R. Chemical composition, and antioxidant and antimicrobial
activities of essential oil of spearmint (Mentha spicata L.) from Pakistan. J. Essent. Oil Res. 2010, 22, 78–84. [CrossRef]

146



Life 2022, 12, 1446

7. Hussain, A.I.; Rathore, H.A.; Sattar, M.Z.; Chatha, S.A.; ud din Ahmad, F.; Ahmad, A.; Johns, E.J. Phenolic profile and antioxidant
activity of various extracts from Citrullus colocynthis L from the Pakistani flora. Ind. Crop. Prod. 2013, 45, 416–422. [CrossRef]

8. Salvi, J.; Katewa, S.S. Underutilized wild edible plants as a potential source of alternative nutrition: A review. Int. J. Bot. Stud.
2016, 1, 32–36.

9. Cos, P.; Vlietinck, A.J.; Vanden Berghe, D.; Maes, L. Anti-infective potential of natural products: How to develop a stronger
in vitro ‘proof-of-concept’. J. Ethnopharmacol. 2006, 106, 290–302. [CrossRef]

10. Nehete, M.N.; Nipanikar, S.; Kanjilal, A.S.; Kanjilal, S.; Tatke, P.A. Comparative efficacy of two polyherbal creams with framycetin
sulfate on diabetic wound model in rats. J. Ayurveda Integr. Med. 2016, 7, 83–87. [CrossRef]

11. Mabberley, D.J. Mabberley’s Plant-Book: A Portable Dictionary of Plants, Their Classification and Uses; Cambridge University Press:
Cambridge, UK, 2017.

12. Korejo, F.; Ali, S.A.; Shafique, H.A.; Sultana, V.; Ara, J.; Teshamul-Haque, S. Antifungal and antibacterial activity of endophytic
Penicillium species isolated from Salvadora species. Pak. J. Bot. 2014, 46, 2313–2318.

13. Almas, K. The effect of Salvadora persica extract (miswak) and chlorhexidine gluconate on human dentin: A SEM study. J. Contemp.
Dent. Pract. 2002, 3, 27–35. [CrossRef]

14. Mekhemar, M.; Geib, M.; Kumar, M.; Hassan, Y.; Dörfer, C. Salvadora persica: Nature’s gift for periodontal health. Antioxidants
2021, 10, 712. [CrossRef]

15. Farag, M.; El Gamal, A.; Basudan, O. Salvadora persica L: Toothbrush Tree with Health Benefits and Industrial Applications–an
updated evidence-based review. Saudi Pharma. J. 2021, 29, 751–763. [CrossRef]

16. Khafagi, I.; Zakaria, A.; Dewedar, A.; El-Zahdany, K. A voyage in the world of plants as mentioned in the Holy Quran. Int J. Bot.
2006, 2, 242–251. [CrossRef]

17. Samejo, M.Q.; Memon, S.; Bhanger, M.I.; Khan, K.M. Chemical constituents of essential oil of Salvadora oleoides. J. Pharm. Res.
2012, 5, 2366–2367.

18. Singh, M.; Goel, S.; Ajay, Y.J.; Shivakrishna, E. Salvadora oleoides (Meethi-JAL): A plant of ecological and medicinal importance.
Pharma Innov. Int. J. 2021, 10, 1201–1204.

19. Kaneria, M.; Rakholiya, K.; Sonagara, J.; Chanda, S. Comparative Assessment of Antioxidant Activity and Phytochemical Analysis
of Facultative Halophyte Salvadora oleoides Decne. and Salvadora persica L. Am. J. Biochem. Mol. Biol. 2017, 7, 102–110. [CrossRef]

20. Tatke, P.; Nehete, M.; Gabhe, S. Antioxidant, Antimicrobial and Wound Healing Activity of Salvadora persica Twig Extracts. J.
Complement. Med. Altern. Health 2018, 7, 555–720. [CrossRef]

21. Natubhai, P.M.; Pandya, S.S.; Rabari, H.A. Anti-inflammatory activity of leaf extracts of Salvadora oleoides Decne. Int. J. Pharm. Bio.
Sci. 2013, 4, 985–993.

22. Hossain, M.M.; Biva, I.J.; Jahangir, R.; Vhuiyan, M.M.I. Central nervous system depressant and analgesic activity of Aphanamixis
polystachya (Wall.) parker leaf extract in mice. Afr. J. Pharm. Pharm. 2009, 3, 282–286.

23. Saleem, H.; Ahmad, I.; Zengin, G.; Mahomoodally, F.M.; Khan, K.-U.K.; Ahsan, H.M.; Ahemad, N. Comparative secondary
metabolites profiling and biological activities of aerial, stem and root parts of Salvadora oleoides decne (Salvadoraceae). Nat. Prod.
Res. 2020, 34, 3373–3377. [CrossRef]

24. Noumi, E.; Hajlaoui, H.; Trabelsi, N.; Ksouri, R.; Bakhrouf, A.; Snoussi, M. Antioxidant activities and RP-HPLC identification of
polyphenols in the acetone 80 extract of Salvadora persica. Afr. J. Pharm. Pharmcol. 2011, 5, 966–971.

25. Kumari, A.; Parida, A.K.; Rangani, J.; Panda, A. Antioxidant activities, metabolic profiling, proximate analysis, mineral nutrient
composition of Salvadora persica fruit unravel a potential functional food and a natural source of pharmaceuticals. Front. Pharmcol.
2017, 8, 61. [CrossRef]

26. Souri, E.; Amin, G.; Farsam, H.; Barazandeh, M. Screening of antioxidant activity and phenolic content of 24 medicinal plant
extracts. DARU J. Pharm. Sci. 2008, 16, 83–87.

27. Trabelsi, N.; Megdiche, W.; Ksouri, R.; Falleh, H.; Oueslati, S.; Soumaya, B.; Abdelly, C. Solvent effects on phenolic contents and
biological activities of the halophyte Limoniastrum monopetalum leaves. LWT-Food Sci. Technol. 2010, 43, 632–639. [CrossRef]

28. BenSaad, L.A.; Kim, K.H.; Quah, C.C.; Kim, W.R.; Shahimi, M. Anti-inflammatory potential of ellagic acid, gallic acid and
punicalagin A and B isolated from Punica granatum. BMC Complement. Altern. Med. 2017, 17, 47. [CrossRef]

29. Fan, F.Y.; Sang, X.; Jiang, M. Catechins and their therapeutic benefits to inflammatory bowel disease. Molecules 2017, 22, 484.
[CrossRef]

30. Ibrahim, A.Y.; El-Gengaihi, S.E.; Motawea, H.M.; SLEEM, A.A. Anti-inflammatory activity of Salvadora persica L. against
carrageenan induced paw oedema in rat relevant to inflammatory cytokines. Not. Sci. Biol. 2011, 3, 22–28. [CrossRef]

31. Baba, F.K.; Ranganayakulu, G.S.; Subramanyam, P.; Muralidhara, R.D. Anti-Cancer and Anti-Inflammatory Activity of Salvadora
Persica L. Indo. Am. J. Pharm. Res. 2018, 8, 1179–1188.

32. Hooda, M.S.; Pal, R. Analgesic activity of crude Hydro-alcoholic extract of Salvadora persica root. World J. Pharm. Res. 2017, 6,
895–902. [CrossRef]

33. Hoor, T.; Ahmed, M.; Shaikh, J.M.; Rehman, A.B. Analgesic activity of Salvadora persica in mice. Med. Channel 2011, 17, 22–24.

147



Citation: Klasson, K.T.; Qi, Y.; Bruni,

G.O.; Watson, T.T.; Pancio, B.T.;

Terrell, E. Recovery of Aconitic Acid

from Sweet Sorghum Plant Extract

Using a Solvent Mixture, and Its

Potential Use as a Nematicide. Life

2023, 13, 724. https://doi.org/

10.3390/life13030724

Academic Editor: Jianfeng Xu

Received: 20 January 2023

Revised: 18 February 2023

Accepted: 1 March 2023

Published: 8 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

life

Article

Recovery of Aconitic Acid from Sweet Sorghum Plant Extract
Using a Solvent Mixture, and Its Potential Use as a Nematicide
K. Thomas Klasson 1,* , Yunci Qi 1 , Gillian O. Bruni 1 , Tristan T. Watson 2, Bretlyn T. Pancio 3

and Evan Terrell 1

1 Southern Regional Research Center, Agricultural Research Service, United States Department of Agriculture,
New Orleans, LA 70124, USA

2 Department of Plant Pathology and Crop Physiology, Louisiana State University, Baton Rouge, LA 70803, USA
3 Oak Ridge Institute for Science and Education Research Program at USDA, Oak Ridge, TN 37831, USA
* Correspondence: thomas.klasson@usda.gov

Abstract: Trans-aconitic acid (TAA) is naturally present in sweet sorghum juice and syrup, and
it has been promoted as a potential biocontrol agent for nematodes. Therefore, we developed a
process for the extraction of aconitic acid from sweet sorghum syrup. The process economics were
evaluated, and the extract was tested for its capability to suppress the motility of the nematodes
Caenorhabditis elegans and Meloidogyne incognita. Aconitic acid could be efficiently extracted from
sweet sorghum syrup using acetone:butanol:ethanol mixtures, and it could be recovered from this
solvent with a sodium carbonate solution, with an overall extraction and recovery efficiency of 86%.
The estimated production cost was USD 16.64/kg of extract and this was highly dependent on the
solvent cost, as the solvent was not recycled but was resold for recovery at a fraction of the cost.
The extract was effective in reducing the motility of the parasitic M. incognita and causing over 78%
mortality of the nematode when 2 mg/mL of TAA extract was added. However, this positive result
could not conclusively be linked solely to TAA. An unidentified component (or components) in the
acetone:butanol:ethanol sweet sorghum extract appears to be an effective nematode inhibitor, and
it may merit further investigation. The impact of aconitic acid on C. elegans appeared to be entirely
controlled by pH.

Keywords: acetone:butanol:ethanol; solvent extraction; process design and economics; Caenorhabditis
elegans; Meloidogyne incognita

1. Introduction

Aconitic acid (prop-1-ene-1,2,3-tricarboxylic acid) is the most abundant C6 organic
acid that accumulates in sugar crops such as sugarcane and sweet sorghum. Aconitic acid
functions as a chemical precursor and is intermediate to several value-added chemicals
and products; it was listed as a top 30 value-added chemical by the U.S. Department of
Energy [1]. There is considerable interest in using aconitic acid as a chemical precursor or
reactant with its three reactive carboxylic acid groups. It is especially attractive, since it
can be inexpensively sourced from renewable agricultural byproducts such as sugarcane
molasses and sweet sorghum syrup to produce bio-based products and chemicals with
various properties that we recently reviewed [2]. For instance, aconitic acid has been used
in the production of polyesters, hyper-branched polyesters, polymers, and as a chemical
crosslinker, plasticizer, and grafting agent [3–7].

In addition to its numerous chemical applications, aconitic acid has several biological
roles and functions that were recently summarized by Bruni and Klasson [2], and it has
many bioactive functions in specific plants and microorganisms, including its impact on
nematodes [8–10]. Clarke and Shepherd [8] reported that in a study of 444 inorganic and
organic compounds, trans-aconitic acid was one of 45 compounds that stimulated the eggs
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of the potato cyst nematode Heterodera rostochiensis (now named Globodera rostochiensis) to
hatch at 3 mM (0.500 mg/mL) but it was not among the strongest stimulants. It was even
less effective in stimulating H. schachtii to eggs to hatch [8]. Contrary to these findings of
being a stimulant, Du et al. [9] found that aconitic acid at 0.5 mg/mL killed approximately
83% of root knot nematode Meloidogyne incognita, and it was 92% effective against this
nematode at 1.0 mg/mL. In separate research, when studying the impact of Canavalia
ensiformis (jack bean) seed extract on M. incognita, Rocha et al. [10] concluded that trans-
aconitic acid was one of the organic acid constituents in the seed extract that acted as a
nematicide and that paralyzed 98% of M. incognita at 0.5 mg/mL. Cis-aconitic acid was less
effective (65%), but it still showed bioactivity.

One potentially significant natural source of aconitic acid is from sugar crops, such
as sugarcane and sweet sorghum. Aconitic acid accumulates in these plants through the
citrate branch of the tricarboxylic acid (TCA) cycle. In sugarcane, aconitic acid can account
for roughly 0.1 to 0.5% of stalk juice [11], while in cane molasses, its concentration can be
as high as 1 to 5% of dissolved solids [12]. Sweet sorghum syrup has been reported to
similarly contain about 1% aconitic acid [13], with juice concentrations varying between
roughly 0.2 and 0.6% for sweet sorghum, depending on the cultivar [14]. In one study on
the recovery of polymerization grade aconitic acid from cane molasses, Kanitkar et al. [12]
reported yields of 34 to 69% when using ethyl acetate as an extractive solvent, with aconitic
acid purities of up to 99.9%. These authors also reported yields and purities of 62% and
99.9%, respectively, for the recovery of aconitic acid from fermented molasses with ethanol
as a co-product. Other solvents reported in the literature for aconitic acid extraction from
molasses include methyl-isobutyl ketone, methyl ethyl ketone, tributyl phosphate, amines,
xylene, hexane, chloroform, and alcohols [11,12,15].

When comparing three processes for aconitic acid recovery from molasses (methanol
precipitation; solvent extraction; ion exchange), Regna and Bruins [16] reported that solvent
extraction appears to be the most economical, with a (producer price index adjusted, [17])
cost per kg of aconitic acid in the range of USD 6.09–USD 8.61, compared to USD 7.20–USD
9.63 for methanol precipitation and USD 7.35–USD 9.94 for ion exchange. While methyl-
ethyl-ketone was the primary organic solvent used in their work, the authors reported
that other organic solvents (specifically butanol) could be easily substituted, with alcohol
solvents having the advantage of being derivable as a product from molasses fermentation.
Aconitic acid precipitate recovery from sweet sorghum juice has been reported [18,19]
during clarification in juice processing, with the addition of lime and calcium chloride,
where the primary goal is the improvement of sucrose crystallization. However, because of
general similarities between cane molasses and sorghum syrup, the recovery of aconitic
acid (where present) from these low-cost feedstocks using organic solvents should be
comparably feasible.

As butanol is one of the solvents that resulted in significant aconitic extraction [11],
this research focused on butanol mixtures. Butanol can be produced commercially via
fermentation, but it is co-produced with acetone, ethanol, and minor quantities of organic
acids [20–22]. The separate recoveries of acetone, butanol, and ethanol from the fermen-
tation broth have been studied extensively [23–27]. In a typical acetone:butanol:ethanol
(ABE) fermentation [28], the molar ratio of the products is 0.39:1:0.12 (A:B:E), but it can
have other compositions as well, depending on many factors (e.g., head-space H2 and CO,
electron sinks, etc.) [29–32]. The purpose of this study was to investigate the applicability
of using mixtures of acetone:butanol:ethanol for the extraction of aconitic acid from sweet
sorghum syrup. This could be seen as an intermediate step to using the sweet sorghum
sugars for other applications; i.e., first separating aconitic acid and then using the sugars.
Additionally, it can be seen as an intermediate step for recovering and purifying acetone,
butanol, and ethanol from a fermentation; i.e., the complete separation of acetone, butanol,
and ethanol may not be needed for aconitic acid extraction, and it could be delayed after it
has been used for aconitic acid extraction. Another goal of the study was to evaluate the
capacity of the aconitic acid to inhibit the motility of free-living nematodes and parasitic
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nematodes. Caenorhabditis elegans was chosen as it does not require a permit, and because
the organism is easy to store, maintain, and culture [33]; and Meloidogyne incognita was
chosen as others reported its susceptivity to aconitic acid [9,10].

2. Materials and Methods

Commercially available sweet sorghum syrup (Village Valley Sweet Sorghum Syrup,
Delta BioRenewables LLC (Memphis, TN, USA) and a non-commercial batch of sweet
sorghum syrup from Delta BioRenewables [13] were used to determine the optimal aconitic
acid extraction conditions, and to create a crude extract for nematode testing. The non-
commercial batch was chosen for the final crude extract preparation of aconitic acid, as it
contained higher levels of initial aconitic acid than the commercial product.

2.1. Aconitic Acid Extraction

Solvent ratios of acetone:butanol:ethanol used during the extraction optimization
are shown in Table 1. They were chosen to represent a range of acetone:butanol ratios,
representative of the products from an ABE fermentation, which can be produced at
different ratios [28–32].

Table 1. Composition of acetone:butanol:ethanol solutions used in the extraction of aconitic acid from
diluted sweet sorghum syrup.

Weight Fraction Molar Fraction
Acetone Butanol Ethanol Acetone Butanol Ethanol

0.00 0.93 0.07 0.00 0.89 0.11
0.08 0.84 0.07 0.10 0.79 0.11
0.19 0.74 0.07 0.22 0.68 0.11
0.31 0.62 0.07 0.35 0.55 0.11

The ratios of organic solvent (ABE mixtures) to diluted sweet sorghum syrup in the
extractions were 1, 2, 3, 3.5, and 4 (g organics/g syrup). At least four experiments were
performed for each extraction condition. If the standard errors of the extraction efficiency
were deemed as large, additional extraction experiments were performed. Statistical differ-
ences between the results were determined using Tukey’s Honest Significant Difference
(HSD) procedure [34].

Before extraction, sweet sorghum syrup was diluted to 50 ◦Brix (~50% dissolved
solids), had its pH adjusted to pH 2.0 using 0.2–4 M H2SO4 (~0.03–0.04 mL/g syrup),
and was analyzed for sucrose, glucose, fructose, and aconitic acid. The diluted syrup
and organics mixture were combined in 15 mL or 50 mL centrifuge tubes (~2/3 full) and
incubated for 30 min at 50 ◦C, after which time the mixture was briefly removed from
the incubator and shaken vigorously every 10 min for 60 min. After extraction, the tubes
were centrifuged at 3000 rpm (2100× g) for 5 min. The organic layer was removed, and
the aqueous phase was analyzed for sugars and aconitic acid after a 10-fold dilution. The
weights of each phase before and after extraction were recorded and used in the calculations.

For the final extractions to generate a crude extract of aconitic acid, all of the same
procedures were followed as previously described, using an acetone:butanol:ethanol (ABE)
mixture of 0.19:0.74:0.07 (wt:wt:wt), and a ratio of 2.5 (g organics/g diluted syrup). The
back-extraction was performed using 0.4 M Na2CO3 and a ratio of 6 (g organics/g salt
solution). To remove some of the solvents contained in the extract, the extract was placed
under a vacuum on a rotary evaporator (Model R-200, Buchi Corp., New Castle, DE, USA)
at 60 ◦C for 30 min, which resulted in an 11% mass loss.

Sucrose, glucose, fructose, acetone, butanol, ethanol, and aconitic acid were analyzed
using high performance liquid chromatography using the methods and equipment previ-
ously described [13]. Typical chromatograms from sample analysis have been provided in
the Supplementary Materials.
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2.2. Nematicidal Assay for Caenorhabditis Elegans

Initial nematocidal assay experiments were carried out with C. elegans, a free-living
model nematode [35,36] as it does not require a permit and the organism is easy to store,
maintain, and culture [33]. Escherichia coli strain OP50-1, obtained from the Caenorhabditis
Genetics Center (CGC, University of Minnesota, Minneapolis, MN), was cultured in Luria-
Bertani (LB) medium (Becton Dickinson, Sparks, MD, USA). C. elegans strain N2, obtained
from CGC, was routinely propagated on Nematode Growth Medium (NGM) agar [37]
seeded with E. coli. Age-synchronized worms were obtained as previously described [37].
Briefly, gravid C. elegans were collected from NGM agar plates with water and treated
with sodium hypochlorite to obtain the eggs, which were resuspended in S buffer [38] and
allowed to hatch into L1-stage larvae by incubating overnight at 20 ◦C. The L1-stage larvae
were collected in a pellet by centrifuging at 1200× g for 3 min and re-suspending the pellet
in fresh S buffer with E. coli for 24 h at 20 ◦C to obtain approximately early L3-stage worms.
The number of worms per mL of S buffer was estimated by spotting 10 droplets of 10 µL
on a plate and averaging the number of worms per drop.

The nematocidal assay protocol was adapted from those described by Du et al. [9] and
Watson [39]. After counting the number of worms per mL, the appropriate volume of worm
suspension was centrifuged and resuspended with fresh S buffer to obtain approximately
1000 worms per mL. For experiments with aconitic acid solution in water, S buffer was
used, while the remaining experiments used 0.1 M Na2CO3 (pH adjusted to the same as
TAA solution or extract). In a sterile 96-well plate, 50 µL volumes of worm suspension
were aliquoted (approximately 50 worms per well), followed by the addition of 50 µL of
aconitic acid solution. Trans-aconitic acid (>98% purity) was obtained from Sigma-Aldrich
(St. Louis, MO, USA). After the plates were incubated at 20 ◦C for 48 and 72 h, the number
of motile and immotile worms were counted under a microscope. As controls, worms were
treated with 4 mg/mL fluopyram (Velum Prime, Bayer Crop Science, Whippany, NJ, USA).
Assays were performed in triplicate, and the statistical differences between the results were
determined using Tukey’s HSD procedure.

2.3. Nematode Assay for Meloidogyne Incognita

Motility assays for M. incognita (originally isolated from sweet potato) were performed
as previously described [39]. Briefly, plate wells (a 6-well microplate) were filled with 4 mL
of aqueous solutions of each treatment solution. Approximately 150 J2-stage nematodes
were suspended in 10 µL of water and introduced into each well. Nematode motility and
mortality were recorded at 48 and 72 h post-inoculation under a stereomicroscope. The
entire experiment was performed twice, with each treatment performed in triplicate (i.e.,
n = 6). Fluopyram (4 mg/mL) was included as a positive control for the inhibition of
motility. Significant differences were evaluated using Turkey’s HSD procedure.

2.4. Process Design

The process design, sizing of equipment, and cost estimation were performed using
SuperPro Designer, Version 11.2 (Intelligen, Scotch Plains, NJ, USA). The annual produc-
tion of the sweet sorghum syrup, containing 65% (wt/wt) total dissolved solids (mostly
sugars) and 1.2% aconitic acid was assumed to be 8,000,000 kg. This is representative of
a small-sized but commercial production of syrup [40]. While this amount is generated
during a short harvesting season (approximately 4 months), it was considered to be stored
and available at a flow rate of 1010 kg/h for 7920 h. The syrup was heated, diluted to
50 ◦Brix (~50% dissolved solids), and pH adjusted to pH 2.5 before extraction with an
acetone:butanol:ethanol (ABE) mixture (19%:74%:7%); a mixture found to be optimal in
the preliminary studies. The organic and aqueous phases were separated, after which the
aconitic acid in the organic phase was cooled and back-extracted with sodium carbonate
(0.4 M). This was followed by flash evaporation to partially remove additional solvents
for ABE recovery. The spent organic phase (containing most of the ABE) was processed
for the recovery of ABE for extraction reuse (not modeled here). The ABE recovery was
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recently reported elsewhere [23–27]. The aqueous phase, containing approximately 50%
sugars, can be used for an ABE fermentation (not modeled here). Any remaining unused
solvent streams are passed on to solvent separation and recovery. The value of the sugar
and ABE stream was valued at USD 0.46/kg of sugar [41] and 10% of the price of ABE. The
prices of acetone, butanol, acetone, sodium carbonate, and sulfuric acid were obtained from
Intratec [42]. All prices were adjusted to 2022 prices using the producer price index [17].
Other costs such as materials, labor, facilities, etc., were obtained directly from the SuperPro
Designer software.

3. Results and Discussion
3.1. Aconitic Acid Extraction

The commercial syrup contained 5.1 g/kg, and the non-commercial syrup contained
12.0 g/kg of aconitic acid. After dilution to 50 ◦Brix and pH adjustment, the commercial
and non-commercial syrups contained 3.3 and 9.3 g/kg of aconitic acid, respectively. The
lower level of aconitic acid in the commercial syrup was likely due to additional filtration
used with commercial syrup production. It has been reported that sweet sorghum syrup
contains both soluble and insoluble aconitic acid [18]. These concentrations are typical,
as others have reported values of 0.26–4.8 g/L in the sweet sorghum juice [14,43,44], and
10–11 g/kg of aconitic acid in the sweet sorghum syrup [13].

The extraction efficiency of the solvents to extract aconitic acid from the syrups is
shown in Figure 1. As noted, the maximum extraction efficiency was obtained using
an approximately 2–3.5 organics:syrup phase weight ratio. A slightly higher extraction
efficiency was obtained when extracting aconitic acid from the commercial syrup than
when extracting aconitic acid from the non-commercial syrup. Overall, 92–96% aconitic acid
was extracted with the 2–3.5 organics:syrup ratio; and generally, the extraction efficiency
increased as the acetone:butanol ratio in the solvent phase increased (Figure 1). The results
compared well with Gil Zapata [11], who tested solvents for the extraction of aconitic acid
from fermented and distilled sugarcane juice and molasses. He reported an extraction
efficiency of 90% when pure butanol was used at pH 2.0 with an organic:aqueous ratio of 3.5.
Others [15] have obtained a high extraction efficiency using amine- or phosphorous-based
solvent systems, in combination with chloroform, xylene, hexane, etc. The best solvent
systems extracted over 98% of the aconitic acid from sugarcane molasses at pH 1.5–1.6 [15].
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Figure 1. Aconitic acid extraction efficiency using different ABE mixtures and different solvent:syrup
ratios for commercial syrup (A) and non-commercial syrup (B). The efficiency was calculated by the
difference in the amount of aconitic acid present in the syrup before and after solvent extraction,
accounting for weight changes to the phases after extraction. Error bars represent standard errors.

The amount of solvent lost to the spent syrup was also determined (Figure 2). Lower
organics:syrup ratios led to a greater loss of solvent. At the optimal organics:syrup ratio
for aconitic acid extraction (2–3.5), approximately 2–4%, 1%, and 2–6% of acetone, butanol,
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and ethanol were lost in the spent syrup, respectively (Figure 2). The acetone:butanol ratio
did not impact on the solvent loss at the ranges studied.

Life 2023, 13, x FOR PEER REVIEW 6 of 13 
 

 

  

Figure 1. Aconitic acid extraction efficiency using different ABE mixtures and different sol-

vent:syrup ratios for commercial syrup (A) and non-commercial syrup (B). The efficiency was cal-

culated by the difference in the amount of aconitic acid present in the syrup before and after solvent 

extraction, accounting for weight changes to the phases after extraction. Error bars represent stand-

ard errors. 

The amount of solvent lost to the spent syrup was also determined (Figure 2). Lower 

organics:syrup ratios led to a greater loss of solvent. At the optimal organics:syrup ratio 

for aconitic acid extraction (2–3.5), approximately 2–4%, 1%, and 2–6% of acetone, butanol, 

and ethanol were lost in the spent syrup, respectively (Figure 2). The acetone:butanol ratio 

did not impact on the solvent loss at the ranges studied. 

   

    

84%

86%

88%

90%

92%

94%

96%

98%

100%

0 1 2 3 4 5

A
c
o

n
it
ic

 A
c
id

 E
x
tr

a
c
ti
o

n
 E

ff
ic

e
n

c
y

Organic/Aqueous Ratio (wt/wt)

0.00

0.10

0.25

0.50

Acetone/Butanol
Ratio

A

84%

86%

88%

90%

92%

94%

96%

98%

100%

0 1 2 3 4 5

A
c
o

n
it
ic

 A
c
id

 E
x
tr

a
c
ti
o

n
 E

ff
ic

e
n

c
y

Organic/Aqueous Ratio (wt/wt)

0.00

0.10

0.25

0.50

Acetone/Butanol
Ratio

B

0%

2%

4%

6%

8%

10%

12%

14%

0 1 2 3 4 5

A
c
e
to

n
e
 L

o
s
s

Organic/Aqueous Ratio (wt/wt)

0.10

0.25

0.50

Acetone/Butanol
Ratio

A

0%

2%

4%

6%

8%

10%

12%

14%

0 1 2 3 4 5

A
c
e
to

n
e
 L

o
s
s

Organic/Aqueous Ratio (wt/wt)

0.10

0.25

0.50

Acetone/Butanol
Ratio

D

0%

1%

2%

3%

4%

5%

0 1 2 3 4 5

B
u
ta

n
o
l 
L
o
s
s

Organic/Aqueous Ratio (wt/wt)

0.00

0.10

0.25

0.50

Acetone/Butanol
Ratio

B

0%

1%

2%

3%

4%

5%

0 1 2 3 4 5

B
u
ta

n
o
l 
L
o
s
s

Organic/Aqueous Ratio (wt/wt)

0.00

0.10

0.25

0.50

Acetone/Butanol
Ratio

E

Life 2023, 13, x FOR PEER REVIEW 7 of 13 
 

 

    

Figure 2. Solvent loss to the syrup phase during extraction with different ABE mixtures and differ-

ent solvent:syrup ratios. Acetone, butanol, and ethanol losses for commercial syrup are shown in 

A, B, and C, respectively. Acetone, butanol, and ethanol losses for non-commercial syrup are 

shown in D, E, and F, respectively. The loss was calculated using the difference of the solvent spe-

cies present in the syrup before and after solvent extraction, accounting for weight changes to the 

phases after extraction. Error bars represent standard errors. 

To produce the extract used for nematode testing, larger quantities of the non-com-

mercial sweet sorghum syrup, an acetone:butanol:ethanol mixture of 0.19:0.74:0.07 

(wt:wt:wt), and an organic:syrup ratio of 2.5 (wt:wt) were used. This resulted in an extrac-

tion of 96% of the aconitic acid from the syrup. The back-extraction of the aconitic acid 

from the solvent phase was performed using 0.4 M Na2CO3 and a ratio of 6 (g organics/g 

salt solution). After solvent evaporation from the receiving salt solution and adjusting the 

pH to 6.5 with diluted sulfuric acid, the extract contained 45 g/L of aconitic acid. Overall, 

this represents 84% recovery of aconitic acid from the diluted syrup. The efficiency of 

Na2CO3 for the back-extraction of aconitic acid was also noted by Blinco et al. [15], who 

used 0.1–0.2 M Na2CO3 to back-extract 91–95% of aconitic acid from a solvent phase con-

taining tributyl phosphate and the industrial solvent Shellsol that had previously been 

used to extract the aconitic acid from molasses. 

3.2. Nematicidal Assays with C. Elegans 

The crude TAA extract was tested as a potential nematicide based on results previ-

ously reported by Du et al. [9]. The same results were obtained with the TAA extract and 

the TAA standard in Na2CO3 buffer at all TAA concentrations studied, resulting in ap-

proximately 22% immotile worms (Figure 3A, bar grouping 1 and 2). Less nematocidal 

activity was observed in assays with solutions of TAA in water, except in the case of 2 

mg/mL TAA, where approximately 36% immotile worms were observed at 48 h (Figure 

3A, bar grouping 3), which increased to 97% at 72 h (Figure 3A, bar grouping 4). Upon 

further investigations, it was determined that the extract preparation included neutraliza-

tion with Na2CO3 and had a significant buffering capacity. While the buffering capacity 

was also present in the nematode growth medium, the pH was low (e.g., pH 2.7 with 2 

mg/mL of TAA) in the final assay conditions when TAA in water was tested. The pH of 

the final assay solution was approximately pH 6 when the TAA extract was tested. Thus, 

it was speculated that pH may have a strong impact on the effectiveness of TAA against 

the nematodes. 

0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

0 1 2 3 4 5

E
th

a
n
o

l 
L
o
s
s

Organic/Aqueous Ratio (wt/wt)

0.00

0.10

0.25

0.50

Acetone/Butanol
Ratio

C

0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

0 1 2 3 4 5

E
th

a
n
o

l 
L
o
s
s

Organic/Aqueous Ratio (wt/wt)

0.00

0.10

0.25

0.50

Acetone/Butanol
Ratio

F

Figure 2. Solvent loss to the syrup phase during extraction with different ABE mixtures and different
solvent:syrup ratios. Acetone, butanol, and ethanol losses for commercial syrup are shown in (A),
(B), and (C), respectively. Acetone, butanol, and ethanol losses for non-commercial syrup are shown
in (D), (E), and (F), respectively. The loss was calculated using the difference of the solvent species
present in the syrup before and after solvent extraction, accounting for weight changes to the phases
after extraction. Error bars represent standard errors.

To produce the extract used for nematode testing, larger quantities of the non-commercial
sweet sorghum syrup, an acetone:butanol:ethanol mixture of 0.19:0.74:0.07 (wt:wt:wt), and
an organic:syrup ratio of 2.5 (wt:wt) were used. This resulted in an extraction of 96% of
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the aconitic acid from the syrup. The back-extraction of the aconitic acid from the solvent
phase was performed using 0.4 M Na2CO3 and a ratio of 6 (g organics/g salt solution).
After solvent evaporation from the receiving salt solution and adjusting the pH to 6.5 with
diluted sulfuric acid, the extract contained 45 g/L of aconitic acid. Overall, this represents
84% recovery of aconitic acid from the diluted syrup. The efficiency of Na2CO3 for the
back-extraction of aconitic acid was also noted by Blinco et al. [15], who used 0.1–0.2 M
Na2CO3 to back-extract 91–95% of aconitic acid from a solvent phase containing tributyl
phosphate and the industrial solvent Shellsol that had previously been used to extract the
aconitic acid from molasses.

3.2. Nematicidal Assays with C. elegans

The crude TAA extract was tested as a potential nematicide based on results previously
reported by Du et al. [9]. The same results were obtained with the TAA extract and the TAA
standard in Na2CO3 buffer at all TAA concentrations studied, resulting in approximately
22% immotile worms (Figure 3A, bar grouping 1 and 2). Less nematocidal activity was
observed in assays with solutions of TAA in water, except in the case of 2 mg/mL TAA,
where approximately 36% immotile worms were observed at 48 h (Figure 3A, bar grouping
3), which increased to 97% at 72 h (Figure 3A, bar grouping 4). Upon further investigations,
it was determined that the extract preparation included neutralization with Na2CO3 and
had a significant buffering capacity. While the buffering capacity was also present in the
nematode growth medium, the pH was low (e.g., pH 2.7 with 2 mg/mL of TAA) in the
final assay conditions when TAA in water was tested. The pH of the final assay solution
was approximately pH 6 when the TAA extract was tested. Thus, it was speculated that pH
may have a strong impact on the effectiveness of TAA against the nematodes.
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Figure 3. Nematicidal assays with TAA, TAA extract, and buffer against C. elegans. (A) The crude
TAA extract, TAA in 0.1 M Na2CO3, and TAA solutions in water without pH adjustment. Fluopyram
was used as control treatment. (B) The crude TAA extract, TAA in 0.1 M Na2CO3, and Na2CO3

control, adjusted to pH 3 to pH 6. Unless specified, the assays were carried out for 48 h. Percentage
immotile includes dead worms. Significant differences between different treatments at the same
condition in 3A and between any condition in 3B are represented by different letters above standard
error bars.

The inhibitory activity of TAA against other organisms, e.g., the yeast Saccharomyces
cerevisiae, has been reported to be pH-dependent [45]. This inhibition by undissociated
organic acids is caused by an increase in transport into the cell, and a decreased internal
cell pH when the organic acid dissociates and releases its protons [46]. Thus, the pH
2.7 of a 2 mg/mL solution of TAA in the assay could negatively impact on nematode
viability/motility, causing the 36% and 97% immotile worms at 48 and 72 h, respectively
(Figure 3A, bar groupings 3 and 4). Assays with TAA extract and TAA standard in 0.1 M
Na2CO3 (0.1–2 mg/mL of TAA) adjusted to pH 6 showed the same nematocidal activities
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(Figure 3A, bar groupings 1 and 2) as in the buffer control (0 mg/mL TAA). Subsequent
tests with buffered solutions of 2 mg/mL TAA (or buffer only) adjusted to pH 3.0 to pH 6.0
suggest that nematocidal activity of TAA may be entirely attributed to its acidity during
assays (Figure 3B). This is supported by Khanna et al. [47], who reported an increased
mortality of C. elegans of below pH 3.1–3.4, depending on the environment (salinity). It
is important to note that a previous report did not study or list the pH in their nematode
studies with TAA [9]. Note that the majority of aconitate is fully protonated below pH 2.71
(=pKa1) [45].

3.3. Nematicidal Assays with M. incognita

While the crude TAA extract did not appear to be an effective nematicide against
C. elegans, a recent study suggested that TAA may affect free-living nematodes differently
than parasitic nematodes such as Meloidogyne incognita [10]. As such, assays were performed
to test the inhibitory activity of the crude TAA extract and a TAA standard, both diluted to
2 mg/mL and adjusted to pH 2.7 and pH 6, against the root knot nematode M. incognita
(Figure 4). Nematode motility was inhibited, and mortality was high with TAA in water
at pH 2.7. However, we found similar results with a Na2CO3 solution at pH 2.7 (without
TAA). We found that the nematode was unaffected at 48 h and was modestly affected at
72 h by TAA in Na2CO3 at pH 6.0, but was unaffected by Na2CO3 at pH 6. This suggests
that the impact on M incognita by TAA is pH-dependent. This finding contradicts a previous
report that found 92.1% mortality of M. incognita with TAA (1 mg/mL, pH unknown) [9].
Interestingly, our study showed a significant inhibition from the TAA extract at both pH 2.7
and pH 6.0, which suggests that there are unidentified compounds in the extract that
inhibit M. incognita. Further studies may explore this, and it is important to note that
residual acetone, butanol, and ethanol (0.0, 0.5, and 0.4 mg/mL at 2 mg/mL TAA) in
the crude extract may also affect nematodes. The results obtained at pH 2.7 may be less
relevant, as this soil organism may not experience pH levels below pH 4 [48]. In conclusion,
M. incognita motility and mortality were affected by the TAA extract, while C. elegans
was not.

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

 

TAA) in the crude extract may also affect nematodes. The results obtained at pH 2.7 may 

be less relevant, as this soil organism may not experience pH levels below pH 4 [48]. In 

conclusion, M. incognita motility and mortality were affected by the TAA extract, while C. 

elegans was not. 

  

Figure 4. Nematicidal assays, mobility (A), and mortality (B), with crude TAA extract and standards 

versus M. incognita. All TAA solutions contained 2 mg/mL. Fluopyram (4 mg/mL) was used as a 

control. Percent immotile includes dead worms. Significant differences between treatment condi-

tions (within each graph) are represented by different letters above standard error bars. 

3.4. Process Economics of Aconitic Acid Extraction from Sweet Sorghum Syrup 

SuperPro Designer was used for design and process economics. The flow sheet of the 

process is shown in Figure 5. Various variations to the basic flow sheet were explored, 

primarily for heat recovery and heat management, but very little impact was noted on the 

final economic analysis. 

 

Figure 5. Process flow diagram of aconitic acid extraction and recovery from sweet sorghum syrup. 

The SuperPro Designer file is provided in the Supplementary Materials. 

The estimated equipment cost to produce 1,481,483 kg extract per year was USD 

93,000, and the total capital investment was USD 3,211,000. The significant difference be-

tween these values is due to the initial purchase of raw materials (mainly ABE). A 

c

a a

b
bc

a a a

c'

a' a'

b'

c'

a' a' a'

0

20

40

60

80

100

%
 I
m

m
o

ti
le

 w
o

rm
s

48 h

72 h

A

e

b

c

e e

c

d

a

d'

a' a'

c'

d'

a'

b'

a'

0

20

40

60

80

100

%
 M

o
rt

a
lit

y

48 h

72 h

B

Figure 4. Nematicidal assays, mobility (A), and mortality (B), with crude TAA extract and standards
versus M. incognita. All TAA solutions contained 2 mg/mL. Fluopyram (4 mg/mL) was used as a
control. Percent immotile includes dead worms. Significant differences between treatment conditions
(within each graph) are represented by different letters above standard error bars.

3.4. Process Economics of Aconitic Acid Extraction from Sweet Sorghum Syrup

SuperPro Designer was used for design and process economics. The flow sheet of
the process is shown in Figure 5. Various variations to the basic flow sheet were explored,
primarily for heat recovery and heat management, but very little impact was noted on the
final economic analysis.
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Figure 5. Process flow diagram of aconitic acid extraction and recovery from sweet sorghum syrup.
The SuperPro Designer file is provided in the Supplementary Materials.

The estimated equipment cost to produce 1,481,483 kg extract per year was USD 93,000,
and the total capital investment was USD 3,211,000. The significant difference between
these values is due to the initial purchase of raw materials (mainly ABE). A breakdown of
the capital and operating cost is shown in Table 2. The estimated net cost of production
would be USD 16.64/kg of extract. It is difficult to compare this cost compared the estimated
production cost developed by Regna and Bruins [16] over 50 years ago. The estimated
production cost is derived mainly from solvent (ABE) use, which was not recycled in the
process and was only valued at 10% of its purchase cost. It is envisioned that the extract
production would be part of an integrated biorefinery producing ABE from sweet sorghum
syrup. In addition, the annual production volume is low for this highly specialized product,
which does not have the economic benefit of a larger production scale.

Table 2. Capital and operating cost for an extraction process to produce an aconitic acid extract.

Cost Item Cost

Total Capital Investment USD 3,211,000
Annual Operating Cost (AOC) USD 29,059,000

Raw Materials USD 26,475,000 (91% of AOC)
Labor USD 2,108,000 (7% of AOC)
Facilities/Laboratory USD 425,000 (1% of AOC)
Utilities USD 51,200 (0.2% of AOC)

Credits (sugars and ABE) USD 4,406,000 (15% of AOC)
Net Production Cost USD 16.64/kg of extract

4. Conclusions

Aconitic acid can be efficiently extracted from sweet sorghum syrup using acetone:
butanol:ethanol mixtures. An aconitic acid extract can then be recovered from this solvent
with a Na2CO3 solution, with an overall extraction and recovery efficiency of 86%. The
estimated production cost was USD 16.64/kg of extract, and this was highly dependent on
the solvent cost, as the solvent was not recycled but was resold for recovery at a fraction of
the cost.

The extract, containing trans-aconitic acid (TAA), had little impact on the motility of
the model nematode C. elegans when compared to chemically pure TAA or the pH buffered
control. In conclusion, it was determined that the low pH effect of unbuffered TAA in the
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C. elegans nematocidal assay was responsible for increased motility reduction. The extract
was effective in reducing the motility of the parasitic M. incognita and causing over 78%
mortality of the nematode. However, this positive result could not be conclusively linked
to TAA. Thus, in contrast to prior reports, we found that aconitic acid was not an effective
inhibitor of the nematodes C. elegans and M. incognita. Finally, an unidentified component
(or components) present in the acetone:butanol:ethanol sweet sorghum extract appears to
be an effective inhibitor of M. incognita, and may merit further investigation.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/life13030724/s1, SuperPro Designer Process File: MDPI-Life-
Klasson-2023.spf; Figure S1: Example of HPLC chromatogram with labeled peaks.
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Abstract: The BAHD acyltransferase family is a unique class of plant proteins that acylates plant
metabolites and participates in plant secondary metabolic processes. However, the BAHD members
in Lithospermum erythrorhizon remain unknown and uncharacterized. Although the heterologously
expressed L. erythrorhizon BAHD family member LeSAT1 in Escherichia coli has been shown to catalyze
the conversion of shikonin to acetylshikonin in vitro, its in vivo role remains unknown. In this study,
the characterization, evolution, expression patterns, and gene function of LeBAHDs in L. erythrorhizon
were explored by bioinformatics and transgenic analysis. We totally identified 73 LeBAHDs in the
reference genome of L. erythrorhizon. All LeBAHDs were phylogenetically classified into five clades
likely to perform different functions, and were mainly expanded by dispersed and WGD/segmental
duplication. The in vivo functional investigation of the key member LeBAHD1/LeSAT1 revealed that
overexpression of LeBAHD1 in hairy roots significantly increased the content of acetylshikonin as
well as the conversion rate of shikonin to acetylshikonin, whereas the CRISPR/Cas9-based knockout
of LeBAHD1 in hairy roots displayed the opposite trend. Our results not only confirm the in vivo
function of LeBAHD1/LeSAT1 in the biosynthesis of acetylshikonin, but also provide new insights for
the biosynthetic pathway of shikonin and its derivatives.

Keywords: Lithospermum erythrorhizon; acetylshikonin; shikonin; BAHD; LeSAT1; hairy root

1. Introduction

Red naphthoquinones are the main secondary metabolites accumulated in the roots
of a few Boraginaceae plants such as Lithospermum erythrorhizon and Arnebia euchroma,
among which shikonin and its derivatives such as acetylshikonin, isobutyrylshikonin,
β,β-dimethylacrylshikonin have been shown to have broad medicinal value and industrial
applications [1–3]. Acetylshikonin is the main naphthoquinone in the root periderm of the
traditional Chinese medicine plant L. erythrorhizon, accounting for about 50% of the total [4].
Acetylshikonin has attracted much attention as a potential anticancer drug because of
its ability to inhibit cell proliferation [5] and induce cell autophagy [6], and can inhibit
the growth of colorectal cancer [7], liver cancer [8], oral cancer [9], melanoma [10], etc.,
and is less toxic to normal human cells [11,12]. Therefore, it has become urgent and
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crucial to dissect the biosynthetic mechanism of acetylshikonin and improve its yield in
plant-derived materials.

A two stage culture system, where: (1) cell cultures [13] or hairy roots [14] of L. ery-
throrhizon are cultured in a growth medium (B5 medium) under light for proliferation;
(2) the proliferated hairy roots or cells are transferred to the production medium (M9
medium) in darkness to induce the production of shikonin and its derivatives, has been
successfully developed to study the biochemical and molecular mechanisms of the biosyn-
thesis of shikonin and its derivatives, as well as the yield improvement of these useful com-
pounds [15]. Based on this culture system, many key genes, such as LePGT [16], LeC4H [17],
LePAL [18], Le4CL [19], hydroxylase CYP76B74 [20], CYP76B101 [21] LeDSH [22], etc., have
been excavated, and the pathway for shikonin biosynthesis was well characterized. How-
ever, the key enzymes that catalyze the conversion of shikonin to its derivatives have not
been fully elucidated.

Most shikonin derivatives are produced by the acylation of different types of acyl
groups from CoA thioester acyl donors to shikonin side chains catalyzed by acyltrans-
ferases [23]. The plant BAHD acyltransferases family, which was named after the initials of
the four characterized members (benzylalcohol O-acetyltransferase from Clarkia breweri,
BEAT; anthocyanin O-hydroxycinnamoyltransferases from Petunia, Senecio, Gentiana, Per-
illa, and Lavandula, AHCTs; anthranilate N-hydroxycinnamoyl/benzoyltransferase from
Dianthus caryophyllus, HCBT; deacetylvindoline 4-O-acetyltransferase from Catharanthus
roseus, DAT) [24,25], has been shown to catalyze the transfer of acyl moieties to a variety
of acceptor molecules and were involved in the biosynthesis of various natural secondary
metabolites such as flavonoids, phenols, alkaloids, anthocyanins, and volatile esters [25,26].
Recently, a shikonin O-acyltransferases gene (LeSAT1) belonging to the BAHD gene family
was identified in L. erythrorhizon, its function of catalyzing acetyl-CoA, isobutyryl-CoA,
and isovaleryl-CoA as acyl donors to generate acetylshikonin, isobutyrylshikonin, and
isovalerylshikonin was verified by in vitro enzyme activity, and the acetylation activity
of LeSAT1 was the strongest [27]. However, the in vitro catalytic experiments of LeSAT1′s
functions need to be further confirmed by in vivo transgenic studies. After that, Tang [28]
conducted a preliminary screening and evolutionary process exploration of the alkan-
nin/shikonin O-acyltransferase gene (i.e., AAT/SAT)-like superfamily members in L. ery-
throrhizon with AAT/SAT’s amino acid sequences (i.e., BBV14785.1 and BBV14786.1) as the
queries. However, the genome-wide identification and characterization of the LeBAHD
gene family in L. erythrorhizon still remains elusive.

Here, we conducted genome-wide identification of LeBAHD members in L. erythrorhizon,
fully characterized their regulatory elements and expression patterns, and predicted gene
functions based on their evolutionary status; moreover, we confirmed the in vivo effect of
LeBAHD1/LeSAT1 in catalyzing the conversion of shikonin to acetylshikonin in plants using
overexpression and CRISPR/Cas9 strategies based on the two-stage culture system of L.
erythrorhizon transgenic hairy roots. Our study not only pioneers the use of the CRISPR/Cas9
gene knockout system on the hairy roots of L. erythrorhizon, laying a practical foundation
for more precisely revealing the biochemical and molecular mechanisms underlying the
biosynthesis and regulation of shikonin and its derivatives, but also provides a method for
the efficient biosynthesis of acetylshikonin through genetic engineering of L. erythrorhizon.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The seeds of Lithospermum erythrorhizon Sieb. et Zucc collected in Tuoyaozi Town,
Huanan County, Jiamusi City, Heilongjiang Province, China (130◦78′81′′ E/46◦23′95′′ N),
were dispersed in wet sand for about one month at 4 ◦C in the dark. After germination,
the seeds were transplanted into the soil in the greenhouse for cultivation at 25 ◦C with a
16 h day/8 h night photoperiod and 100 µmol m−2 s−1 light intensity until the seedlings
developed 8 leaves, which were used as explants for hairy root induction.
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2.2. Identification of LeBAHD Superfamily

To identify the putative LeBAHD genes from L. erythrorhizon, several approaches
were synergistically employed. The BAHD family characteristic domain (Pfam domain:
PF02458) and HMMER 3.0 were used to search the genome of L. erythrorhizon for candi-
date LeBAHD genes with E-values less than e−10 [29]; in addition, 55 AtBAHD protein
sequences of Arabidopsis thaliana were used to blastp the L. erythrorhizon genome; then,
redundant sequences and abnormal sequences (including incomplete PF02458 domain,
lacking initiation codon and/or termination codon, and lack of one or two characteristic
motifs: HXXXD and DFGWG) identified by Batch CD-Search (https://www.ncbi.nlm.
nih.gov/Structure/bwrpsb/bwrpsb.cgi, accessed on 10 September 2022) and Motif analy-
sis (https://meme-suite.org/meme/tools/meme, accessed on 10 September 2022) were
then removed.

2.3. Bioinformatic Analysis

The ExPASy website (https://web.expasy.org/protparam/, accessed on 10 September
2022) was used to analyze the chemical characteristics of LeBAHDs, and the subcellular
localization prediction was carried out using Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/
bioinf/Cell-PLoc-2/, accessed on 10 September 2022). The full-length amino acid sequence
of LeBAHDs was subjected to a conserved motif analysis using the MEME program (https:
//meme-suite.org/meme/tools/meme, accessed on 10 September 2022) with the default
setting of 15 motifs. The gene structure was analyzed using the Gene Structure Display
Server 2.0 (http://gsds.gao-lab.org/, accessed on 10 September 2022). Gene duplication
types of LeBAHDs were analyzed using the ‘MCScanX’ and ‘duplicate_gene_classifier’
programs implemented in the MCScanX package. The cis-acting elements of the promoter
region (2000 bp sequence upstream of the start codon) of the LeBAHD genes were analyzed
using the PlantCARE program (http://bioinformatics.psb.ugent.be/webtools/plantcare/
html/, accessed on 10 September 2022).

The phylogenetic trees were constructed using the following three steps: (1) the amino
acid sequences of LeBAHD family members were aligned via prank v17042751 (key param-
eter: –F–codon); (2) the preliminary alignment was trimmed using trimAL v.1.2.rev59 (key
parameter: –gt 0.50); (3) the trimmed alignment was then used to construct the phylogenetic
tree via iqtree-2.2.0-Windows according to the Maximum Likelihood (ML) method with
1000 bootstrap replications. The constructed phylogenetic tree was embellished using iTOL
(https://itol.embl.de/, accessed on 10 September 2022). Protein sequences of the published
BAHD family members (Table S1) used for LeBAHDs phylogenetic analysis were retrieved
from the Genbank database.

To explore the specific expression patterns of LeBAHDs in different L. erythrorhizon
tissues, RNA-seq data from L. erythrorhizon mature roots (MR), root periderm (PD), root
cortex (CT), root stele (SE), mature leaves + stems (ML) and flowers (FL) were downloaded
from the NCBI SRA (accession ID: SRP141330) and used for gene expression analysis. The
heatmap was drawn in Rstudio using pheatmap.

2.4. cDNA Cloning of LeBAHD1/SAT1, Plasmid Construction and Transformation

Total RNA of the red roots of L. erythrorhizon seedlings was extracted using the FastPure
Plant Total RNA Isolation Kit (Vazyme, #RC401, Nanjing, China) and cDNA was synthe-
sized by reverse transcription with the HiScript III 1st Strand cDNA Synthesis Kit (+gDNA
wiper) (Vazyme, #R312, Nanjing, China). With the specific primers (Table S2) designed by
Primer Premier 5.0, the full-length open-reading frame (ORF) of LeBAHD1/LeSAT1 (1317 bp,
GenBank number: LC520137.1) was amplified with a high-fidelity enzyme (Vazyme, #P515,
Nanjing, China) using the above cDNA as the template. The PCR parameters were as
follows: 95 ◦C for 3 min, followed by 34 cycles at 95 ◦C for 15 s, 58 ◦C for 15 s, and 72 ◦C
for 1 min, with a final extension at 72 ◦C for 10 min.

For the construction of LeBAHD1/LeSAT1 overexpression vector (pBI121–LeBAHD1/LeSAT1–
eGFP), the above amplified full-length ORF of LeSAT1 was subcloned into the Xba I/Bam HI sites of
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the plant expression vector pBI121–eGFP by homologous recombination. The LeBAHD1/LeSAT1
knockout vector (pYLCRISPR/Cas9–LeBAHD1/LeSAT1 was constructed using the CRISPR/Cas9
vector system (pYLCRISPR/Cas9Pubi-H, sgRNA promoter of A. thaliana AtU6-29). The sgRNA
target was designed on the sense and antisense strand of its first exon according to the LeSAT1 gene
sequence, and the target sequence was imported into the sgRNA expression box by overlapping
PCR. The PCR parameters were as follows: 95 ◦C for 3 min, followed by 30 cycles at 95 ◦C for
15 s, 58 ◦C for 15 s, and 68 ◦C for 20 s, with a final extension at 68 ◦C for 2 min. Then, the sgRNA
expression box was added to the skeleton vector through the digestion at Bsa I site.

All the recombined expression vectors were respectively transformed into competent
cells of Escherichia coli strain Top10 by heat shock and verified before being introduced into
competent cells of Agrobacterium rhizogenes strain ATCC15834 by electroporation. All the
primers used for the vector construction, as well as the verification and identification of A.
rhizogenes strain ATCC15834 harboring the constructs, are listed in Table S2.

2.5. Hairy Root Induction, Culture, and Validation

For transgenic hairy root induction and culture, the explants cut from seedling leaves
(1.0–1.5 cm) were placed in MS cultures containing 0.2 mg/L 6-benzylaminopurine and
2 mg/L 2,4-dichlorophenoxyacetic acid and incubated in the dark at 25 ◦C for 2 days.
Meanwhile, the strain ATCC15834 was successfully transformed with pBI121–eGFP (EV),
pBI121–LeBAHD1/LeSAT1 (OE), pYLCRISPR/Cas9Pubi-H (MH), or pYLCRISPR/Cas9–
LeBAHD1/LeSAT1 (MH-K) plasmid, and incubated in liquid YEB medium with 50 mg/L
kanamycin on a rotary shaker at 120 rpm at 26–28 ◦C to an OD600 of 0.6. Then acetosy-
ringone was added to the above bacterial culture medium to a final concentration of 0.1 mM
to prepare an infection solution. The precultured leaf explants were placed in the infection
solution and treated in the dark at 28 ◦C for 30 min. Then, the explants were incubated
in MS solid medium at 26 ◦C for 2 days in the dark. Afterwards, the infected explants
were washed three times with sterilized water, and then the explants were put into MS
solid medium supplemented with 500 mg of cefotaxime and cultured at 26 ◦C in the dark.
Hairy roots appeared after 2–3 weeks of cultivation. The developed hairy roots of approxi-
mately 2 cm in length were excised from the infection sites and then subcultured on solid
1/2 B5 medium supplemented with 500 mg/L cefotaxime at 26–28 ◦C for about 1 week
to eliminate Agrobacterium. The concentration of cefotaxime was constantly reduced to
eliminate Agrobacterium completely. Finally, the hairy roots of EV, MH, OE or MH-K were
transferred into antibiotic-free and hormone-free 1/2 B5 solid medium for continuous
growth at 26–28 ◦C. Then, the rolC of A. rhizogenes or hygromycin resistance gene (HPT)
gene was amplified in the genomic DNA extracted from transgenic hairy roots to confirm
that the hairy roots were transgenic hairy roots, not aerial roots. The PCR parameters
were as follows: 95 ◦C for 3 min, followed by 34 cycles at 95 ◦C for 15 s, 54 ◦C for 15 s,
and 72 ◦C for 45 s, with a final extension at 72 ◦C for 10 min. The transgenic efficiency
of the OE hairy roots was verified by quantitative real-time PCR (RT-qPCR) using gene
specific primers. The RT-qPCR parameters were as follows: 95 ◦C for 5 min, followed
by 40 cycles at 95 ◦C for 10 s and 60 ◦C for 30 s, with a final extension at amplification
conditions of a default dissolution curve. Primers were designed on 200–300 bp sequences
on both sides of the sgRNA target, and the target sequence was amplified from genomic
DNA extracted from MH-K hairy roots to detect its gene editing effect; the PCR parameters
were as follows: 95 ◦C for 3 min, followed by 34 cycles at 95 ◦C for 15 s, 56 ◦C for 15 s, and
72 ◦C for 40 s, with a final extension at 72 ◦C for 10 min. All primers used for transgenic
hairy root validation are listed in Table S2.

The subcultured hairy roots were transferred into a 50 mL Erlenmeyer flask containing
20 mL of 1/2 B5 liquid medium at 28 ◦C under light with shaking at 100 rpm for rapid
proliferation. Then, these proliferated hairy roots were transferred from 1/2 B5 proliferation
medium into 20 mL of M9 production medium and incubated in the dark at 28 ◦C and
100 rpm to induce the production of shikonin and its derivatives, as described in a previous
report [30].
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2.6. eGFP Fluorescence Detection of Hairy Roots

The transgenic hairy roots expressing 35S: eGFP or 35S: LeBAHD1/LeSAT1–eGFP
were directly put on a confocal laser scanning fluorescence microscope (LSFM, FV10-ASW,
Olympus, Japan) for the observation of eGFP fluorescence. The fluorescence signal of GFP
was excited at 488 nm and the emission wavelength was detected at 510 nm as previously
reported [31].

2.7. RNA Extraction and RT-qPCR Analysis

Total RNA was extracted from different transgenic hairy root lines (EV, OE, MH, or
MH-K), or from different tissues of L. erythrorhizon (root, stem, or leaf) using the FastPure
Plant Total RNA Isolation Kit (Vazyme, #RC401, Nanjing, China). The RNA purity and
integrity were assessed based on the A260/A280 absorbance ratio and 1.0% agarose gel
electrophoresis. Approximately 1 µg of total RNA was used to synthesize cDNA by reverse
transcription with the HiScript III 1st Strand cDNA Synthesis Kit (+gDNA wiper) (Vazyme,
#R312, Nanjing, China), and RT-qPCR was performed using ChamQ Universal SYBR qPCR
Master Mix (Vazyme, #Q711, Nanjing, China) with gene-specific primers (Table S2) on
an Applied Biosystems 7500 Real-Time PCR System and StepOnePlus™ Real-Time PCR
System. The RT-qPCR parameters were as follows: 95 ◦C for 5 min, followed by 40 cycles
at 95 ◦C for 10 s and 60 ◦C for 30 s, with a final extension at amplification conditions of a
default dissolution curve. Gene expression levels of each sample were normalized relative
to the glyceraldehyde-3-phosphate dehydrogenase encoding gene (GAPDH) mRNA as
an internal standard, and were calculated using the 2−∆∆Ct method [32]. At least three
independent experiments were performed for each analysis.

2.8. Extraction and Quantitative Determination of Shikonin and Acetylshikonin

Shikonin and its derivatives were extracted and quantified from hairy roots and the M9
medium as previously reported [30]. In brief, both fresh hairy roots (approximately 0.5 g)
and the M9 production medium (20 mL) were extracted with petroleum ether and then
dissolved in 1 mL of methanol following rotary evaporation. Using shikonin and its deriva-
tives, including shikonin and acetylshikonin, as standards, a total of 2 µL of methanolic
extract was analyzed using high performance liquid chromatography (HPLC) [1].

2.9. Statistical Analysis

All data are presented as means with standard deviations (SDs). The means ± SD
values were calculated for each material using Microsoft Excel 2019. Statistical analysis
using the Student’s t-test was performed using GraphPad Prism 8. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.

3. Results
3.1. Identification and Characterization of LeBAHD Genes in L. erythrorhizon Genome

In order to have a comprehensive understanding of the characteristics and functions of
BAHD family genes in L. erythrorhizon, 104 members were initially screened out from the L.
erythrorhizon genome based on sequences homology and the conserved BAHD superfamily
feature domain (Pfam: PF02458). A total of 73 genes were then identified following a series
of de-redundant and abnormal sequence exclusions (Tables S3 and S4). Analysis of the
basic physicochemical properties of putative LeBAHDs showed that the full length of the
coding region is between 1068 and 1464 bp, the molecular weight of LeBAHD proteins
is about 39.3–54.17 kDa, 47.9% of LeBAHDs were unstable proteins, and the theoretical
isoelectric points (pI) of proteins varied widely from 4.86 to 9. In addition, subcellular
localization predictions suggested all the proteins likely function in the cytoplasm. The
relevant information of the putative LeBAHDs is listed in Table S4.

The distribution of protein motifs may provide insight into the functional diversity
of a gene family’s members. MEME detected fifteen motifs in the predicted full-length
protein sequences of LeBAHDs (Figure 1A and Figure S1), and all LeBAHDs contained
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both motif 1 (FYDVDFGWGKP) and motif 4 (HKVGDGTSLSNFLNAWAEJAR), which
correspond to the conserved domains DFGWG and HXXXD, respectively, associated with
enzymatic activity. Moreover, the HXXXD domain is conserved in all potential genes,
whereas the DFGWG domain demonstrated heterogeneity (Figure 1B). Consistent with
the classification of LeBAHDs into five clades in their phylogenetic tree, the type and
distribution of conserved motifs within the same subclade are identical (Figure 1A). Gene
structure analysis using the GSDS tool revealed that the number of exons in LeBAHDs
ranged from one to six, and that 31 proteins lacked introns (Figure 1A).
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Figure 1. Phylogenetic relationships, conserved motifs, gene structures, and the expansion events of
LeBAHDs. (A) The phylogenetic tree, conserved motifs, and gene structures of 73 LeBAHDs identified
in L. erythrorhizon. I–V represent different clades in the phylogenetic tree. (B) The logos of Motif 1
and Motif 4 of LeBAHD proteins were identified using the MEME search tool, and Motif 1 and Motif
4 have conserved domains of DFGWG and HXXXD, respectively. (C) Gene duplication types and
their proportions in 73 LeBAHDs.

To better comprehend the evolutionary history of LeBAHDs, we analyzed and counted
the duplication type of all LeBAHDs. The results showed that more than half of LeBAHDs
were derived from dispersed duplication, 27.39% of the members may have evolved
through WGD/segmental, and the remaining genes were generated from tandem and
proximal duplications (Figure 1C, Table S4).

3.2. Phylogenetic Classes and Function Analysis of LeBAHD Proteins

Similar evolutionary constraints apply to proteins with similar functions [33]. To fur-
ther speculate on the evolutionary classification and functions of LeBAHDs, we constructed
a phylogenetic tree of 119 BAHD amino acid sequences using the maximum likelihood
method (Figure 2), including 73 LeBAHDs and 46 canonical sequences of BAHDs (Tables
S1 and S4). LeBAHDs were divided into five clades, which was in accordance with the
evolutionary relationships described by D’Auria [26]. Based on the phylogenetic tree,
17 LeBAHDs belonging to clade I are closely related to Dv3MAT in Dahlia variabilis, Gt5AT
in Gentiana triflora; LE22341.1, closely related to Glossy2 in maize and CER2 in A. thaliana is
the only one member classified in clade II. There are 24 LeBAHDs in clade III, which are
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closely related to proteins with acetylation function, such as Vinorine synthase identified in
Rauvolfia serpentina and DAT identified in C. roseus; LeBAHD1/LeSAT1 is closely related
to Le25525.1, and they converge with LeAAT1 and LE03170.1 to form a small branch in
clade III. The five LeBAHDs in clade IV are closest to ACT in Hordeum vulgare; clade V
contains the highest number of LeBAHDs, which are closely related to various proteins with
different functions, such as BanAAT in Musa sapientum and NtBEBT in Nicotiana tabacum.
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Figure 2. The phylogenetic tree of 119 BAHDs from 28 species including 73 LeBAHDs identified from
L. erythrorhizon and 46 BAHD used in D’Auria’s study [27]. The phylogenetic tree was constructed
based on full-length protein sequences using the maximum likelihood method with 1000 replicates.
I–V represent different clades in the phylogenetic tree.

3.3. Expression Patterns of LeBAHD Genes in Different Tissues of L. erythrorhizon

To further explore the functions of LeBAHD members in L. erythrorhizon, we ana-
lyzed the expression patterns of 73 LeBAHDs in different tissues of L. erythrorhizon (ML:
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mature stems + leaves; FL: mature flower; PD: root periderm; MR: mature root; CT: root
cortex; SE: root stele) using the published transcriptome data (NCBI SRA accession ID:
SRP141330). The heat map results showed that the expression of LeBAHDs was distributed
in almost every tissue (Figure 3). Among the expressed genes, the members LE17416.1,
LE00587.1, LE16781.1, LE12137.1, and LE31858.1 in clade III and LE18460.1 in clade V
had significantly higher expression levels in leaves than in other tissues; 12 LeBAHD
genes showed high transcription levels in flowers, including LE03614.1, LE05912.1 and
LE11478.1; LE29038.1, LE09566.1, LE02572.1 and LE21155.1 were preferentially expressed
in root cortices or root steles; Importantly, some LeBAHDs, especially LeBAHD1/LeSAT1
and LE25525.1, showed elevated transcription levels in mature root and/or root periderm
where shikonin and its derivatives are biosynthesized (Figure 3).

In order to verify the root specific expression pattern of LeBAHD1/LeSAT1, the relative
expression levels of this gene in roots, stems and leaves of L. erythrorhizon seedlings were
determined by RT-qPCR. Consistent with the transcriptome data, the results show that
LeBAHD1/LeSAT1 is preferentially expressed in the roots, showing that the expression
level in roots was 738 times and 119 times higher than that in leaves and stems, respectively
(Figure S2).

3.4. Analysis of Cis-Acting Elements in the Promoters of LeBAHD Genes

To assess putative cis-acting elements in the promoter regions of LeBAHDs that reg-
ulate their expression, the PlantCARE tool was used to investigate the 2000 bp sequence
upstream of the start codon of 73 LeBAHD genes. In all LeBAHDs promoters, 12,138 cis-
acting elements of 102 types were predicted (Table S5). The most significant environmental
regulator of LeBAHDs among them was light signals, followed by phytohormones (Figure 4
and Figure S3). A total of 27 types of light-responsive elements were identified in the
LeBAHD promoter sequences, including Box 4, GA-motif, G-box, TCT-motif, etc. (Figure 4).
Meanwhile, 19 different types of phytohormone-related cis-elements were identified, with
the majority of LeBAHD promoters containing phytohormone-responsive binding sites:
abscisic acid-responsive elements (ABRE motif and AAGAA-motif), MeJA-responsive
elements (CGTCA-motif and TGACG-motif), ethylene-responsive element (ERE), and
auxin-responsive element (TGA-element) (Figure 4). In addition, stress-stimulating ele-
ments such as anaerobic element (ARE), low temperature element (LTR), stress response
element (STRE) and drought element (MSB), plant development-related elements, and
myb and myc transcription binding sites exist in LeBAHDs promoters, which may possibly
regulate their expression (Figure 4). Overall, certain elements such as Box 4, G-Box, ERE,
and STRE were identified as high-frequency elements in the promoters of LeBAHDs (Figure
S3). Importantly, the promoter region of the acyltransferase gene LeBAHD1/LeSAT1 was
enriched with cis-acting elements related to the light signal, ethylene, fungal initiators, etc.,
for the biosynthesis of shikonin and its derivatives (Figure 4).

3.5. Induction and Identification of the Transgenic Hairy Roots

The function of LeBAHD1/LeSAT1 in catalyzing the conversion of shikonin to acetyl-
shikonin has been verified in vitro using the heterologously expressed protein in E. coli.
In order to further confirm the function of LeBAHD1/LeSAT1 in vivo in L. erythrorhizon,
we constructed A. rhizogenes ATCC15834 strains transformed with overexpression and
knockout (CRISPR-Cas9 system) plasmids of LeBAHD1/LeSAT1 (Figure 5A), then a se-
ries of transgenic hairy root lines for EV (pBI121 empty vector), OE, MH (CRISPR/Cas9
empty vector), and MH-K were generated using the method we reported previously [34]
(Figure 5B). Furthermore, the marker rolC gene of ATCC15834 and the marker HPT of
CRISPR/Cas9 vector were amplified from the obtained series of EV, OE, MH, and MH-K
hairy roots, confirming the effective acquisition of transgenic hairy roots (Figure 5C).
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LeBAHD1/LeSAT1–eGFP overexpression vector and pYLCRISPR/Cas9–LeBAHD1/LeSAT1 knockout
vectors. (B) Induction and subculture of EV, OE, MH and MH-K in L. erythrorhizon hairy roots.
(C) PCR verification of the rolC gene in the L. erythrorhizon hairy root lines EV, OE1-6, MH, and
MH-K1-7, and the HPT gene in MH, MH-K1-7. (D) Transcript levels of LeBAHD1/LeSAT1 in the
overexpression hairy roots cultured in 1/2 B5 multiplication medium under light at 26–28 ◦C.
Asterisks indicate significant differences between each OE lines and EVs by the Student’s t-test.
*** p < 0.001, **** p < 0.0001. All data are means ± SD (n = 3). (E) Subcellular localization of
LeBAHD1/LeSAT1 in EV and OE6 L. erythrorhizon hairy roots. Scale bar = 100 µm. (F) Gene editing
types of each of MH-K knockout hairy root lines, i: number of inserted bases, marked with red;
d: number of missing bases, marked with a dash; r: number of replaced bases, marked with blue.
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The results showed that the expression levels of LeBAHD1/LeSAT1 were up-regulated
to varied degrees in the six OE hairy root lines compared to EV, with the expression levels
in the OE1, OE3 and OE6 lines being significantly raised by 23-, 27- and 19-fold, respectively
(Figure 5D). As a result, these three lines were used as subsequent experimental materials.
In addition, eGFP fluorescence detection was performed to identify the successful induction
of EV and OE hairy roots as well as the subcellular localization of LeBAHD1/LeSAT1. In
contrast to the apparent triple distribution of GFP in the PM, cytoplasmic space, and nucleus
of EV hairy roots, GFP fluorescence was primarily found in the cytoplasm of OE hairy roots,
which was consistent with the cytoplasm localization prediction of LeBAHD1/LeSAT1
(Figure 5E, Table S4), suggesting that the LeBAHD1–eGFP fusion protein was successfully
expressed under the control of the 35S promoter.

Meanwhile, to investigate the impact of gene editing, LeBAHD1/LeSAT1 sequences
from the MH and MH-k hairy roots were amplified and sequenced. The findings verified
the generation of knockout hairy root lines and the first effective use of the CRISPR-
Cas9 system for gene editing in L. erythrorhizon hairy roots. The nucleotide sequences of
LeBAHD1/LeSAT1 in the seven knockout hairy root lines (MH-K1~MH-K7) were edited
with nucleotide insertion, deletion, and/or substitution (Figure 5F). Among them, MH-K1
and MH-K2 were homozygotes, inserting one base and deleting four bases, respectively, in
211–250 bp of the LeBAHD1/LeSAT1 coding sequence (CDS); MH-K5 contained three editing
types in 211–250 bp of the LeBAHD1/LeSAT1 CDS: (1) 7 bases are missing, (2) 72 bases
are inserted and 13 bases are replaced, (3) 102 bases are inserted and 2 bases are replaced
(Figure 5F). These three lines were then selected for the identification of acyltransferase
function of LeBAHD1/LeSAT1 in L. erythrorhizon.

3.6. LeBAHD1/LeSAT1 Confers the Conversion of Shikonin to Acetylshikonin In Vivo in L.
erythrorhizon Hairy Roots

To investigate the role of LeBAHD1/LeSAT1 in enhancing acetylshikonin produc-
tion in vivo in L. erythrorhizon, we measured the amount of shikonin and its derivatives
produced by EV, MH, OE and MH-K hairy roots incubated in M9 medium for 9 days
in the dark. Observing the color of the cultured transgenic hairy roots revealed that the
color of three OE lines (OE1, OE3 and OE6) was significantly more red than that of the
control EV and MH, whereas the color of the three knockout hairy root lines appeared
yellow (Figure 6A). The pigment extracted from each hairy roots’ culture was then analyzed
using HPLC. According to the peak diagram of each sample, the content of shikonin at
4.061 min retention time in all hairy roots was significantly lower than acetylshikonin at
4.792 retention time. The relative quantitative results showed that the content of shikonin
in OE1, OE3, and OE6 was not significantly different from that of EV (Figure 6B); however,
the amount of acetylshikonin produced from the three OE lines was significantly higher
than that of EV by 3.58-, 3.92-, and 2.72-fold, respectively (Figure 6C). Statistically, the ratio
of acetylshikonin to shikonin in the OE1, OE3, and OE6 was significantly increased by 3.5-,
4.6-, and 3.1-fold, respectively, when compared to the relative control (Figure 6D). Shikonin
and acetylshikonin content, as well as the ratio of these two metabolites, was significantly
lower in MH-K2 than in the control line MH, whereas there was no significant difference in
pigment content or ratio in the other lines (Figure 6E–G).
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Figure 6. Color observation of the hairy root culture medium and HPLC analysis of shikonin and
its derivatives in control (EV, or MH), overexpression (OE), knockout (MH-K) hairy roots of L.
erythrorhizon. (A) Color observation of control (EV and MH) and transgenic hairy roots (OE and MH-
K) cultured in M9 in darkness for 9 days. (B) Content analysis of shikonin in EV and OE hairy roots
cultured in M9 in darkness for 9 days using HPLC analysis. (C) Content analysis of acetylshikonin
in EV and OE hairy roots cultured in M9 in darkness for 9 days using HPLC analysis. (D) The
ratio of acetylshikonin to shikonin in EV and OE hairy roots cultured in M9 in darkness for 9 days.
(E) Content analysis of shikonin in MH and MH-K hairy roots cultured in M9 in darkness for 9 days
using HPLC analysis. (F) Content analysis of acetylshikonin in MH and MH-K hairy roots cultured
in M9 in darkness for 9 days using HPLC analysis. (G) The ratio of acetylshikonin to shikonin in MH
and MH-K hairy roots cultured in M9 in darkness for 9 days. Asterisks indicate significant differences
by Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001. All data are means ± SD (n = 3).

4. Discussion

Traditional Chinese medicinal herbs, such as L. erythrorhizon and A. euchroma, get their
significance from the secondary metabolites accumulating in their roots, primarily shikonin
and its derivatives, which have a variety of pharmacological activities [35]. After paclitaxel
and camptothecin, shikonin and its dervatives are regarded as promising natural antitumor
agents due to their excellent anticancer activity [35]. Acetylshikonin is converted from
shikonin by acyltransferase, and its content is 15 times higher than shikonin in the red roots
of L. erythrorhizon. Moreover, acetylshikonin is less toxic to normal cells while also being
anti-cancerous, and it has greater medicinal potential than shikonin [11,12]. Therefore, it is
of importance to demonstrate how shikonin is converted to acetylshikonin and to increase
the content of acetylshikonin in the callus cells or hairy roots of Boraginaceae plants.

The plant BAHD gene family members have been proven to have acyltransferase
activity and participate in the biosynthesis of flavonoids, anthocyanins, and other secondary
metabolites [25]. The BAHD gene family members in genomes of A. thaliana, Populus
tomentosa, Oryza sativa, Vitis vinifera and other species have also been fully identified, with 55,
100, 84 and 52 members, respectively [36]. However, no results have been reported about the
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genome-wide identification of BAHDs in Boraginaceae plants. In the present study, we made
a successful identification and characterization of 73 BAHD family members in the genome
of L. erythrorhizon, and performed functional analysis for these genes based on evolutionary
status and tissue expression patterns. In particular, the positive regulatory effect of the
candidate gene LeSAT1 in catalyzing the conversion of shikonin to acetylshikonin was
verified by a in vivo transgenic strategy.

The 73 LeBAHD family members we identified included the 54 AAT/SAT’s members
previously identified by Tang from the L. erythrorhizon genome [28]. Tang’s research firstly
used LeSAT1/LeAAT1 amino acid sequences as queries to blast the L. erythrorhizon genome,
the initial sequence was obtained based on sequence homology, and 54 members were then
screened out by removing the sequences with redundancy or lack of conserved functional
domains or conserved motifs [28]. However, not all members of the BAHD acyltransferase
gene family could be screened out from the L. erythrorhizon genome by only using AAT/SAT
amino acid sequences as a query. In the present study, the query Pfam domain PF02458
was firstly used to search the genome, and the initial 104 sequences were obtained based
on the presence in the sequences of characteristic domains. After that 73 members were
screened out by removing the sequences with redundancy or lack of conserved functional
domains or conserved motifs. Although all of the 54 family members in Tang’s study were
represented by our 73 members, the purpose and gene family definitions of the two studies
differed: Tang focused on an alkannin/shikonin O-acyltransferase gene family and its
evolutionary history [28], while we focused on the BAHD acyltransferase family and its
characterization and function.

A lot of evidence shows that the BAHD family members are involved in a variety of
biological reactions: Dv3MAT in D. variabilis and Sc3MaT in Pericullis cruenta are responsible
for the modification of anthocyanins [37,38], while NtMAT1 in N. tabacum is responsible
for the modification of flavonoid and napthol glucosides [39]; based on the evolutionary
relationship, 17 LeBAHDs were clustered into the clade I with these three proteins (Figure 2),
implying they might have similar functions. LE22341.1 is a member in clade II and may
have similar functions to Glossy2 in maize and CER2 in Arabidopsis, which mainly regulates
cuticle wax extension and prevents pathogen invasion [26,40] (Figure 2); five LeBAHDs
may be able to acylate a nitrogen to generate the corresponding amide, similar to ACT
in clade IV [26,41] (Figure 2). The 26 LeBAHDs belonging to clade V are closely related
to AtHCT in Arabidopsis and BanAAT in M. sapientum, which may be involved in the
biosynthesis of volatile esters, hydroxyl cinnamyl quate/oxalate [26,42–44] (Figure 2). The
substrate of most members of BAHD III subfamily is alcohols, and most of these enzymes
use acetyl-CoA as the main acyl donor [26,45,46]. For example, DAT isolated from C.
roseus can catalyze the acetylation of alcohol substance deacetylvindoline to produce an
anti-cancer alkaloid drug—ventolin [24,26] (Figure 2). Since the catalytic process from
shikonin to acetylshikonin is an acetylation modification reaction of alcohol hydroxyl, we
speculate that LeBAHD1/LeSAT1 in Branch III could acetylate shikonin to acetylshikonin.

The tissue expression pattern of genes also could reflect their possible functions in
plants. According to the transcriptome analysis of six tissues of L. erythrorhizon (Figure 3),
LE22341.1, a member in clade II, is predominantly highly expressed in ML and might be
responsible for cuticle wax extension in the leaves and stems of L. erythrorhizon in order
to prevent water loss and microbial infestation. Twelve LeBAHD genes displayed higher
transcription levels in flowers, which may be related to the synthesis of flower-specific
metabolites. LeBAHD1/LeSAT1 and LeBAHD56(LE25525.1) are mostly strongly expressed
in MR and/or PD, the principle biosynthetic tissues of shikonin and acetylshikonin in L.
erythrorhizon, suggesting that they may be involved in the acylation of shikonin.

Recently, Oshikiri et al. identified LeBAHD1/LeSAT1 using comparative transcrip-
tome and proteomic analysis of L. erythrorhizon, and its function of catalyzing acetyl-CoA
as acyl donors to generate acetylshikonin was verified by heterologous expression systems
and in vitro enzyme activity [27]. However, heterologous in vitro experiments cannot fully
imitate the complex biosynthetic and regulatory mechanisms of secondary metabolites
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in plants. It is therefore necessary to confirm the in vivo role of LeBAHD1/LeSAT1 in L.
erythrorhizon. As a result, the function of the LeBAHD1/LeSAT1 enzyme in catalyzing the
acetylation of shikonin was studied further in this study by constructing the overexpression
and knockout lines of transgenic hairy roots of LeBAHD1/LeSAT1. The results showed
that the yields of acetylshikonin, as well as the ratio of acetylshikonin to shikonin, were
significantly higher in the overexpression lines OE1, OE3, and OE6, compared to the con-
trol lines, confirming that LeBAHD1/LeSAT1 positively regulates shikonin conversion to
acetylshikonin. However, only the MH-K2 line out of the three knockout hairy root lines
had significantly lower shikonin yield, acetylshikonin yield, and the ratio of acetylshikonin
to shikonin than the MH line. As a result, this finding is insufficient to establish the specific
acyl transferase function of LeBAHD1/LeSAT1 in L. erythrorhizon. It is likely that other
important genes with functional redundancy, such as LeBAHD56 (LE25525.1), which clus-
ters in the same clade as LeBAHD1/LeSAT1 with high sequence homology and that has
greater transcript levels in roots where shikonin and its derivatives are biosynthesized,
may account for the phenotypic variability in knockout hairy root lines. Therefore, more
single-gene knockout hairy root lines of LeBAHD1/LeSAT1 and LeBAHD56 (LE25525.1) and
double-gene knockout hairy root lines of these two genes are required to clarify their contri-
bution ratio in regulating shikonin’s conversion to acetylshikonin in L. erythrorhizon using a
CRISPR/Cas9-based knockout system. After demonstrating that LeBAHD56 (LE25525.1)
acetylates shikonin, we can generate double-gene overexpression hairy roots to determine
if they can produce more acetylshikonin than single-gene overexpression hairy roots.

Due to its high efficiency of gene editing, CRISPR/Cas9-based knockout technology
has been widely utilized to study gene function in numerous plant species, including
the model plants A. thaliana [47] and O. sativa [48], woody plants such as Populus [49]
and Malus pumila [50], and medicinal plants such as Salvia miltiorrhiza [51] and Den-
drobium officinale [52]. However, previous studies have not reported the application of
CRISPR/Cas9 technology in Boraginaceae plants. In this study, in addition to constructing
LeBAHD1/LeSAT1-overexpressing transgenic hairy root lines to study their acyltransferase
function, we also successfully introduced the CRISPR/Cas9 technology into the hairy
root system of L. erythrorhizon and produced seven knockout lines with a total of seven
gene-editing types, of which MH-K1 and MH-K2 were insertion homozygous and dele-
tion homozygous, respectively, and MH-K5 contained three different editing types. This
investigation of the practical feasibility of CRISPR/Cas9 technology in L. erythrorhizon can
provide valuable research experience and methods for more precise characterization of the
biosynthesis and regulatory pathways of shikonin and its derivatives.

In conclusion, our study employed a successful identification and characterization of
LeBAHD family members from L. erythrorhizon. We confirmed LeBAHD1/LeSAT1’s function
in the biosynthesis of acetylshikonin by converting shikonin in the transgenic hairy root
system in vivo utilizing overexpression and CRISPR/Cas9-based knockout transgenic ex-
periments. We also provided some potential candidate genes with functional redundancies
to LeBAHD1/LeSAT1 in the same phylogenetical branch with similar expression patterns,
such as LeBAHD56(LE25525.1). Our findings not only contribute to a better understanding
of the regulatory mechanism governing the biosynthesis of shikonin and its derivatives in L.
erythrorhizon or other secondary metabolites in non-model medicinal plants, but also offer
compelling evidence that there is a possibility to produce high yields of acetylshikonin in
in vivo in L. erythrorhizon by manipulating LeBAHD1/LeSAT1 through genetic engineering.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life12111775/s1, Figure S1. Logos of 15 conserved motifs were
identified in 73 LeBAHDs from L. erythrorhizon using the MEME search tool. Figure S2. The expression
level of LeBAHD1/LeSAT1 in the leaf, stem, and root of L. erythrorhizon seedlings were analyzed using
RT-qPCR. Figure S3. Cloud word graph of cis-acting elements in LeBAHDs’ promoters. Table S1.
Basic information about published BAHD reference genes in D’Auria’s study. Table S2. Primers used
for experiment of LeBAHD1/LeSAT1 on L. erythrorhizon. Table S3. Identification of BAHDs from the
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genome of L. erythrorhizon. Table S4. The basic information of LeBAHDs in L. erythrorhizon. Table S5.
The number of cis-acting elements in LeBAHDs’ promoters.
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Abstract: Culinary herbs are commercially cultivated for their wide range of volatile compounds
that give characteristic aromas and tastes. Rosemary (Salvia rosmarinus Spenn.) is an excellent model
for assessment of methods improvement of volatile production as cultivars offer a wide variety of
aromatic profiles due to the large family of terpene synthase genes. Arbuscular mycorrhizal fungi
(AMF) associations have been shown to improve essential oil production in aromatic plants and
offer one approach to enhance aroma in commercial herb production. Changes in the expression of
seven different terpene synthases were compared in six rosemary cultivars in response to addition of
AMF to a peat substrate. Addition of AMF profoundly influenced terpene synthase expression in all
cultivars and did so without impacting the optimised plant size and uniformity achieved in these
conditions. In addition, two methods for AMF application, developed with the horticultural industry
in mind, were tested in this study. Uniform incorporation of AMF mixed into the growing substrate
prior to planting of a root plug produced the most consistent root colonisation. Overall, our findings
demonstrate the potential for the use of AMF in the improvement of aroma in culinary herbs within a
commercial setting but show that outcomes are likely to greatly vary depending on variety.

Keywords: arbuscular mycorrhizal fungi; commercial herb cultivation; gene expression; rosemary;
terpene synthase; volatile production

1. Introduction

Culinary herbs are commercially grown across the world for their wide range of
volatile compounds that give characteristic aromas and tastes. Leading commercial growers
are located globally and freshly grown herbs represent 5% of the global horticulture market
with a predicted revenue of USD 1183.2 million between 2018 and 2025 [1]. There is a
growing demand by consumers for high quality fresh herbs in cooking, leading to increasing
potted herbs sales with consumers favouring plants with strong aromas and taste. As a
result, improvements to the growth, aroma and taste are sought after by horticultural
growers to meet with consumer demands.

Aromatic volatiles are phenolic terpenoid compounds synthesised in plants through
two main cellular pathways: the plastidial methylerythritol 4-phosphate (MEP) pathway
and the cytosolic mevalonate (MVA) pathway. All terpenoids are derived from the precur-
sors dimethylallyl pyrophosphate (DMAPP) and isoprene diphosphate (IPP) formed during
the later catalytic steps of both pathways [2]. IPP and DMAPP are further condensed by
prenyltransferases, resulting in intermediates of different chain lengths and cyclization [3].
These intermediates are then used by terpene synthases to produce aromatic volatiles. The
diversity of terpenoids produced is attributed to the enzymatic activity of these pathways
but also to the large family of multi-substrate terpene synthases [4]. Altering the expression
of terpene synthases in planta would likely alter the aromatic profile.

Rosemary (Salvia rosmarinus Spenn.) is a Mediterranean shrub belonging to the
Lamiaceae Martinov family and is commonly cultivated for the active properties of its
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essential oils. It is an excellent model for assessment of methods looking to improve
volatile production in potted culinary herbs. The antioxidant, antimicrobial, aromatic
and preservative properties obtained from the leaves make rosemary valuable to both
the pharmaceutical and food industries. Rosemary is widely cultivated for the fresh herb
industry as a potted plant for culinary use. The main volatile constituents of rosemary
that contribute to aroma are α-pinene, linalool, cymene, and eucalyptol [5] among others,
and are all synthesised by terpene synthases. In the family Lamiaceae, there is a large
chemo-diversity of terpene synthases, as studied in sweet basil (Ocimum basilicum L.), sweet
marjoram (Origanum majorana L.), oregano (Origanum vulgare L.) and rosemary [6]. This
diversity in terpene synthases provides the basis for breeding rosemary cultivars with
desirable aromas by using gene markers for selected terpene synthases. The horticultural
industry also seeks improvements to current rosemary cultivars on the market without
the need for extensive breeding programmes. The following trials have been conducted to
investigate the effects arbuscular mycorrhizal fungi (AMF) have on the volatile production
in current horticultural rosemary cultivars.

The addition of AMF has been shown to improve the volatile production in rose-
mary [7]. Previous studies have generally investigated the effect of AMF bio-stimulants on
rosemary growth and aroma while under environmental stressors, such as high salinity,
drought, or nutrient deficiencies, as these are the challenges that face field grown rosemary
crops [8,9]. In glasshouse herbs, such as basil, the addition of fungal bio-stimulants to the
substrate mitigated the effects of salinity stress and improved the production of aromatic
products in the plant [10]. However, another study conducted by Saia et al. [10] investigated
the effect of AMF bio-stimulants in plants that were not saline stressed. They found the
antioxidant content in basil increased with AMF addition through increases in rosmarinic
acid production [10].

The addition of fertilizers (inorganic and organic) to the growth substrate of rose-
mary revealed a positive correlation between total terpene compounds and the nitrogen
and phosphorus content in leaves [11]. It was suggested that the increased availability of
nitrogen for terpene synthase activity, and the availability of phosphorus for precursors
in the MEP pathway increased aromatic volatile production. Bustamante et al. [11] also
reported that the fertilisation effects are a direct nitrogen trade-off between growth and
the terpenoid pathways by which volatiles are synthesised. Therefore, increasing fertiliza-
tion throughout the growth of the crop may not directly benefit the terpenoid pathway.
Mycorrhizal associations in rosemary have previously been found to enhance growth and
antioxidant properties of the leaves through increases in carnosol, ferulic acid, asiatic acid
and vanillin [12]. It is known that mycorrhizal associations improve growth in plants
and can improve production of specialised metabolites [13]. It is less well understood
how AMF influence gene expression in specialised metabolism, and, in particular, terpene
synthase expression.

One of the main challenges facing the horticultural industry is to find solutions that
improve the growing conditions and the aromatic profiles of the plants. In addition,
there is a need in horticulture for environmentally conscious and sustainable solutions
whereby there can be a reduced use of chemical sprays and fertilizers. Mycorrhizal fungal
associations with the plant can provide part of a solution to sustainable horticulture as
they enhance metabolite production by increasing plant nutrient uptake. The aim of this
investigation was to assess the effect of beneficial mycorrhizae on gene expression of
terpene synthases for improved volatile production in horticultural rosemary. The effect of
AMF on physiology and terpene synthase expression among different rosemary cultivars
was investigated to better understand how cultivars respond to AMF in terms of growth
and aroma production.
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2. Materials and Methods
2.1. Propagation of Rosemary Cuttings

Semi-hard wood cuttings 8 cm long were taken from six cultivars of rosemary, namely,
‘Bolham Blue’; ‘Blue Boy’; ‘Logee Blue’; and ‘Roman Beauty’, sourced from Downderry
Nursery, Tonbridge, UK; ‘Perigord’ obtained from Vitacress Herbs, Runcton, UK; and
‘Vatican Blue’ obtained from Jekka’s, Bristol, UK. The top leaves were left on the cutting
and a sharp scalpel was used to remove excess leaves and cut below an internode. The
cuttings were rooted in TPS peat substrate mix (Jiffy Products International, Moerdijk,
The Netherlands). They were maintained in propagating boxes at 18 ◦C with 12 h warm
white fluorescent light (120 mmol m−2 s−1, 12 h dark cycles of for 2–3 weeks until roots
were produced. The cuttings were kept moist during root growth using a spray bottle. The
cuttings were re-potted once rooted in 0.4 L pots filled with TPS peat substrate mix.

2.2. AMF Trials Design

The trial was conducted at the Vitacress commercial glasshouse in Runcton, UK, under
controlled ambient conditions, an average temperature of 20.2 ◦C (±0.8 in the day and av-
erage temperature of 18.3 ◦C (±0.9) during the night over nine weeks. The experiment was
carried out from February to April 2020, with natural light supplemented by SON-T high
pressure sodium lamps (6000 lux) when the natural light was less than 8000 lux to maintain
a light schedule of 12 h light/dark cycle. Pots were irrigated with potable water as required
to keep the substrate moist. The AMF mixture used was the RGPRO HORTI 2 (PlantWorks
Ltd., Sittingbourne, UK) mixture composed of five AMF species: Funneliformis mosseae,
Funneliformis geosporus, Claroideoglomus claroideum, Rhizophagus intraradices, and Glomus mi-
croaggregatum. Two AMF application methods were used. The direct application method
(Method 1) involved 5 g of AMF mixture added directly to the planting hole of each pot
at the repotting stage, then the rosemary root plug was planted directly into the hole
containing AMF. The AMF mixture application method (Method 2) involved 25 g of AMF
mixture mixed into the peat-based compost, and dispersed evenly, per pot prior to planting
the root plug. The control condition was peat substrate without the AMF mixture. In
Trial 1, the cultivar Perigord was grown with both AMF application methods. Twelve
pots were used as a control of just peat substrate, 12 pots were treated with the direct
application (Method 1), and 26 pots were treated with an AMF mixture (Method 2). Plants
were grown under controlled conditions for 64 days. In Trial 2, five rooted plugs of each
cultivar were potted in peat substrate containing the AMF mixture and were grown for
64 days in controlled conditions. At the end of the trials, random sampling of six plants was
performed to take measurements of plant height, plant width, fresh weight of the leaves
and stems, dry weight of leaves and stems, total phenolic and total antioxidant content
of the leaves. Root samples from five plants were taken from each substrate condition to
assess AMF colonization.

2.3. Plant Growth Measurements

Plant growth was assessed to investigate any changes after AMF addition. The fresh
and dry weight of the plants was recorded to assess any growth difference by measuring
the total biomass of the stems and leaves of the plants. Height and width measurements
were taken in triplicate from images of plants from the experimental conditions of each
cultivar using automated measuring via image analysis software, ImageJ [14]. Six plant
replicates of ‘Perigord’ were used to measure the fresh and dry weight of the stems and
leaves. The fresh weight was measured after separating the stems from the roots and the
stems were weighed. The dry weight was measured after air drying the stems at 50 ◦C in a
drying cabinet for three days.

2.4. Total Antioxidant Content and Phenolic Content Assays

Total phenolic content was determined by the Folin-Ciocalteu (F-C) assay, as modified
by Sánchez-Rangel et al. [15]. Plant extracts were prepared by grinding 0.2 g of rosemary
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leaf tissue in 2 mL of Acetate buffer (1.6% Acetic acid and 6% Sodium Acetate Trihydrate)
with a pestle and mortar. The extract was transferred to a 1.5 mL microcentrifuge tube and
centrifuged at 8000× g for five minutes. The supernatant was then used either directly
in the assay or diluted with acetate buffer. The dilution factor was accounted for during
data analysis. The assay solution consisted of 17.84 mM F-C reagent (Sigma-Aldrich,
Gillingham, UK) and 71.39 mM sodium carbonate in distilled water. A total of 300 µL of
reagent was added to 15 µL of the extracted sample into a well of a 96 well microtiter plate
and incubated for 2 h. Gallic acid half serial dilutions from 1 mM stock were used as a
standard. The absorbance was read using a plate-reading spectrophotometer (Spectramax
Plus 384 Microplate Reader, Molecular Devices LLC, Wokingham, UK) at 765 nm. The
Gallic Acid Equivalent (GAE) was calculated from the absorbance and expressed in mg of
GAE/g of fresh weight tissue.

A ferric reducing antioxidant power assay was used to determine the antioxidant
capacity of rosemary extracts in ascorbic acid equivalents. Each reagent was prepared
fresh. Reagents included 25 mL of 50 mmol/L acetate buffer at pH 3.6, 10 mmol/L of
2,4,6-tripyridyl-s-triazine (Sigma-Aldrich, UK) dissolved in 2.56 mL 40 mmol/L HCl and
20 mmol/L of Ferric Chloride Hexahydrate dissolved in 25 mL distilled water. A total of
300 µL of this solution was then pipetted into a 96-well microtiter plate containing 30 µL
of the extracted samples. The absorbance was read immediately using a plate-reading
spectrophotometer (Spectramax Plus 384 Microplate Reader, Molecular Devices LLC, UK)
at 595 nm. The Ascorbic Acid Equivalent (AAE) was then calculated in mg of AAE/g of
fresh weight leaf tissue.

2.5. Root Staining and Microscopy

The roots from the rosemary plants treated with the two AMF application methods
were stained for fungal structures and observed under a microscope to estimate percentage
colonisation. The following protocol was adapted to clear the roots of rosemary and stain
AMF structures within the roots of the AMF treated plants. The roots of un-supplemented
plants were also stained for AMF presence as a control. A total of 5 g of root material was
taken from the plant and washed in water to remove the substrate. Roots were placed in a
50 mL Falcon tube with 50 mL of 10% w/v KOH and given a heat pre-treatment of 60 ◦C in
a water bath for 1 h. The roots were left to clear at room temperature for 24 h. The cleared
roots were rinsed and 5% v/v HCl was added to the roots for 1 min. The HCl solution was
removed and the stain trypan blue was added (0.01% trypan blue (Sigma-Aldrich, UK),
2.5% acetic acid, 50% glycerol). Whole roots were measured then mounted on microscope
slides and observed under a compound microscope. Colonization was quantified using the
cross-hair eyepiece method [16,17].

2.6. RNA Extraction from Rosemary Leaves

RNA extraction was performed using the Qiagen RNeasy Plant Mini Kit (Qiagen,
Germantown, MD, USA). Initial leaf tissue disruption was carried out by grinding leaf
samples in liquid nitrogen with a pestle and mortar. An alternative lysis buffer was used
to improve RNA yield. The lysis buffer was developed by [18] for plant tissues with
high levels of phenolics and polysaccharides. The lysis buffer consisted of 4 M guanidine
isothiocyanate, 0.2 M sodium acetate at pH 5.0, 25 mM PVP-40 (polyvinylpyrollidone,
Sigma-Aldrich, UK) and 1% final concentration of β-mercaptoethanol (Sigma-Aldrich, UK)
was added immediately before use. A total of 20% sarkosyl (Sigma-Aldrich, UK) was
added to the sample lysate before incubating at 70 ◦C for 10 min. The Qiagen protocol was
followed as instructed in the kit. The extracted RNA was quantified using a NanoDrop
spectrophotometer (Thermo Scientific, Waltham, MA, USA). RNA integrity was checked by
gel electrophoresis, with RNA gel loading dye (Thermo Scientific, MA, USA) and an agarose
gel with TAE as the buffer and stained with ethidium bromide. Bands were visualised
under UV light with the NuGenius (Syngene, Cambridge, UK) imaging system.
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2.7. Reverse Transcription and Quantitative PCR

Reverse transcription of extracted RNA was performed with the QuantiTect Reverse
Transcription Kit (Qiagen, Maryland). gDNA was removed as per instructions, then 50 µL
per sample was reverse transcribed at a final concentration of 1 µg of RNA. The cDNA
synthesis was performed in a Techne 5-prime thermocycler (Cole-Parmer Ltd., Saint Neots,
UK) with the following temperatures: 42 ◦C for 60 min, followed by 70 ◦C for 10 min and a
final hold of 4 ◦C. qPCR was performed on a Rotorgene 6000 (Qiagen, MD, USA) using the
primer sequences in Table 1 and using GAPDH as the housekeeping gene. Three biological
replicates, chosen at random from the trials, and two technical replicates were used. 0.5 µg
of cDNA per sample was pipetted along with 1X SYBR Green master mix (QuantiTect SYBR
Green RT-PCR kit from Qiagen, MD, USA) with each primer set at a final concentration of
200 nM. A QIAgility robot (Qiagen, MD, USA) automated pipette was used for pipetting
accuracy. The following temperature programme was used for qPCR: an initial denaturing
of 94 ◦C for 2 min, followed by a cycle of 94 ◦C for 15 s, 58 ◦C for 45 s and 72 ◦C s for
30 cycles. Cycle threshold values were used to calculate relative expression using the ∆∆Ct
method [19].

Table 1. qPCR primers for selected terpene synthases, showing sequence of Forward and Reverse
primers, their temperature ranges, G-C% content and product length in bp.

Gene Name Arabidopsis Ortholog Forward Primer Reverse Primer

Glyceraldehyde 3-phosphate dehydrogenase GAPDH AAGCATCGGAGACCAAGCTC CGCGAGAACTGTAACCCCAT
Ocimene synthase TPS03 GGTACCACACGGGGCATAAA CAAGATCATCTGCAAGCCGC
β-caryophyllene synthase TPS12 AGACTGGCCGTAGCAAACTC CCGATTGTTCAGGCAACACG
Cineole synthase TPS27 CAGGCATCCTTGCCACATGA GCCAAACGTTGAGAAAGCCC
Linalool synthase TPS14 GCCAAATTCAGAGAGGCCCTT TTGTCCGAGAAGGAAGCACG
Myrcene synthase TPS24 TGACGCGAACCCTATTCTGG CAAACCCCAACTTTTCCGGC
Lupeol synthase LUP2 CTGGCTCTTCCCTTCCGTTT TAAAACGACGTCGGTGAGGG
Terpene synthase 07 TPS07 CGATGTTCGTGTTCTTGCCC CCTTCAAATCTCCTCCCCCG

2.8. Statistical Analysis

For comparison of the two application methods of AMF, statistical analysis was
conducted by one-way ANOVA in R Studio version 1.4.1106 [20]. The data were tested
for normality of residuals and Levene’s test for equal variances were p ≤ 0.05. Two-way
ANOVA with Tukey multiple comparisons of means post hoc was performed on the cultivar
comparisons. The dependent factors were height of stems, width of stems, total antioxidant
content, total phenolic content, dry weight of stems, fresh weight of stems and relative
gene expression. Each dependent factor was analysed separately, the independent factors
in each case were the presence/absence of AMF and the rosemary cultivars.

3. Results
3.1. AMF Addition to the Substrate Increases Phenolic Content and Alters Gene Expression of
Terpene Synthases without Altering the Biomass or Morphology of Rosemary ‘Perigord’

The addition of AMF to the substrate of the current commercial cultivar, ‘Perigord’,
was trialled to assess the change in specialised metabolite production and aromatic content.
Two different AMF application methods were trialled, one was a direct application to the
root plug, the second method was a mixture of AMF into the substrate. Colonisation was
observed with both application methods while no mycorrhizal colonisation was detected in
any of the control plants. Microscopic observation of AMF root colonisation demonstrated
no statistical difference between the levels of colonisation in each application method;
however, the plug application method showed more variable colonisation (Figure 1).
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Figure 1. Observations of Arbuscular mycorrhizal fungi colonization in the roots of rosemary
‘Perigord’. Mean percentage colonization of two AMF treatments; an AMF mixture added to the
substrate and a direct application to the root plug.

The addition of AMF with either method had no significant effect on fresh and dry
weight of rosemary plants (Figure 2A) or on the height and width of the plants (Figure 2B
and Supplementary Figure S1).

Both application methods had no effect on the total antioxidant content of the plants
(F2,6 = 0.21, p > 0.05, Figure 3A). However, a FRAP assay showed a clear increase in phenolic
content by 33% for ‘Perigord’ treated with AMF mix and by 54% for ‘Perigord’ treated
with the AMF root plug (Figure 3B). Statistical analysis, however, showed this was only
significant in the case of the plug application method (F2,6 = 3.76, p < 0.05). The AMF
mixture showed no significant difference in the phenolic content (Figure 3B).

Terpene synthases play a key role in volatile and essential oil synthesis and their
expression contributes to the aroma and taste of the plant. A range of terpene synthase
genes were selected for analysis based on sequences previously identified in the rosemary
genome sequence [6], which showed detectable transcripts when tested by qPCR. These
represent a mix of mono-sesqi-and tri-terpene synthases responsible for terminal steps in
synthesis of terpenes associated with rosemary volatiles and essential oil. The AMF root
plug application showed statistically significant upregulation of expression of the genes,
β-caryophyllene synthase and Linalool synthase, compared to the control condition (Figure 4).
β-caryophyllene synthase showed a 32-fold increase in expression in rosemary ‘Perigord’
compared to the control (F = 151.3, p < 0.001). Linalool synthase also showed increased
gene expression levels, by 4-fold, in the plug application method (F2,10 = 151.3, p < 0.01).
The other four terpene synthases exhibited no significant change in expression with the
AMF plug application method (Ocimene synthase, Myrcene synthase, Lupeol synthase and
Cineole synthase).
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weight of the stems. (B) Height and width measurements of the plants. Error bars are SEM for each
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Error bars are SEM of each treatment group.

185



Life 2023, 13, 315

Life 2023, 13, x FOR PEER REVIEW 10 of 19 
 

 

application showed statistically significant upregulation of expression of the genes, β-car-

yophyllene synthase and Linalool synthase, compared to the control condition (Figure 4). β-

caryophyllene synthase showed a 32-fold increase in expression in rosemary ‘Perigord’ com-

pared to the control (F = 151.3, p < 0.001). Linalool synthase also showed increased gene 

expression levels, by 4-fold, in the plug application method (F2,10 = 151.3, p < 0.01). The 

other four terpene synthases exhibited no significant change in expression with the AMF 

plug application method (Ocimene synthase, Myrcene synthase, Lupeol synthase and Cineole 

synthase). 

 

Figure 4. Change in gene expression of six terpene synthases in Rosemary ‘Perigord’ treated with 

different additions of AMF to the substrate. Fold change was calculated using ‘Perigord’ without 

AMF addition in peat substrate as control condition. Error bars are SEM of samples for each gene. 

* indicates a significant change versus untreated (p < 0.05 based on the Tukey HSD-test). 

Meanwhile, for the AMF treatment mixed into the substrate, there was an increased 

expression of β-caryophyllene synthase, by 9-fold, compared to the control plants (F5,10 = 

151.3, p < 0.001, Figure 4). However, this change in levels of expression was significantly 

lower than in the direct application method with levels for the AMF mixture of only 0.28-

fold of those observed for the plug application method (F5,10 = 151.3, p < 0.001). Other ter-

pene synthases were downregulated with the addition of the AMF substrate mixture. Cin-

eole synthase showed a large decrease with levels of 0.02-fold (F5,10 = 151.3, p < 0.001) com-

pared to the control. Ocimene synthase and Myrcene synthase were both downregulated 

with levels of 0.29 and 0.17-fold, respectively, compared to the control (F5,10 = 151.3, p < 

0.001). 

3.2. AMF Substrate Mixture Alters Gene Expression of Terpene Synthases in Six Rosemary Cul-

tivars 

The mixture application method was then selected for further analysis of the impact 

of AMF supplementation on terpene synthase gene expression in additional cultivars. 

While both application methods showed good colonisation, the mixture application 

method was both less variable and provided a much more scalable approach, easily 

Figure 4. Change in gene expression of six terpene synthases in Rosemary ‘Perigord’ treated with
different additions of AMF to the substrate. Fold change was calculated using ‘Perigord’ without
AMF addition in peat substrate as control condition. Error bars are SEM of samples for each gene.
* indicates a significant change versus untreated (p < 0.05 based on the Tukey HSD-test).

Meanwhile, for the AMF treatment mixed into the substrate, there was an increased ex-
pression of β-caryophyllene synthase, by 9-fold, compared to the control plants (F5,10 = 151.3,
p < 0.001, Figure 4). However, this change in levels of expression was significantly lower
than in the direct application method with levels for the AMF mixture of only 0.28-fold
of those observed for the plug application method (F5,10 = 151.3, p < 0.001). Other ter-
pene synthases were downregulated with the addition of the AMF substrate mixture.
Cineole synthase showed a large decrease with levels of 0.02-fold (F5,10 = 151.3, p < 0.001)
compared to the control. Ocimene synthase and Myrcene synthase were both downregu-
lated with levels of 0.29 and 0.17-fold, respectively, compared to the control (F5,10 = 151.3,
p < 0.001).

3.2. AMF Substrate Mixture Alters Gene Expression of Terpene Synthases in Six
Rosemary Cultivars

The mixture application method was then selected for further analysis of the impact of
AMF supplementation on terpene synthase gene expression in additional cultivars. While
both application methods showed good colonisation, the mixture application method was
both less variable and provided a much more scalable approach, easily integrated with
current practices within the horticultural industry and so this was chosen as the focus
of our subsequent analysis. We assessed the effect of AMF addition to five additional
rosemary cultivars, while also characterising variation between the cultivars themselves.
There were considerable differences in height and width between the various cultivars,
‘Blueboy’ and ‘Vatican Blue’ had the tallest plants and were wider than ‘Perigord’. The
shortest cultivar with a broader width was ‘Bolham Blue’ (Supplementary Figure S2). The
addition of AMF did not affect the height or width of these cultivars, however, apart from
‘Logee Blue’ which showed an increase in plant height by an average 34.3% (F1,4 = 9.61,
p < 0.05). Specialised metabolite production was assessed by measuring antioxidant content
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as an indicator of increased activity of specialised metabolism and potentially the improved
production of volatile compounds. The commercial cultivar ‘Perigord’ had the highest
antioxidant content of all the cultivars when grown in control conditions of peat substrate
with antioxidant levels on average two-fold those observed in other cultivars (F1,5 = 35.11,
p < 0.05, Figure 5). All other cultivars showed a consistent level of antioxidants with no
substantial differences to each other. Overall, there was no significant difference between
the antioxidant content of rosemary cultivars grown in peat substrate and those grown
with addition of AMF. ‘Logee Blue’ treated with AMF showed 42.85% of the antioxidant
content of control plants; however, this was not significant (F1,5 = 35.11, p > 0.05) based on
the Tukey HSD-test.
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Figure 5. Antioxidant content (ascorbic acid equivalent, AAE) of the leaves of six different rosemary
cultivars grown in peat substrate or treated with the addition of AMF. Error bars are SEM. Means
in control conditions not sharing any letter are significantly different (p < 0.05 based on the Tukey
HSD-test.

The total phenolic content was also measured in the six cultivars. Under control
conditions, there were several small but significant differences between cultivars. ‘Perigord’
had the highest phenolic content, while the cultivar ‘Bolham Blue’ also had a significantly
higher phenolic content than ‘Blue Boy’, ‘Roman Beauty’ or ‘Vatican Blue’ (F1,5 = 2.21,
p < 0.05, Figure 6). In addition, ‘Perigord’ showed a statistically significant (F1,5 = 2.21,
p < 0.001) 1.5-fold increase in phenolic content when treated with AMF mix. However, the
other rosemary cultivars showed no differences.
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Figure 6. Total phenolic content (gallic acid equivalent, AAE) of six different rosemary cultivars
grown in peat substrate containing AMF mixed in, compared with a control of peat substrate. Error
bars are SEM. Means in control conditions not sharing any letter are significantly different; * represents
significant difference between treated and control; (p < 0.05 based on the Tukey HSD-test).

The gene expression of seven terpene synthases was evaluated in the six cultivars
of rosemary with and without the addition of AMF. The plants grown in peat substrate
showed different relative expression levels between cultivars (Figure 7). ‘Logee Blue’
showed the highest overall levels of terpene synthase gene expression, while ‘Blue Boy’
and ‘Vatican Blue’ showed relatively low levels of all synthases. However, each cultivar
had a unique gene expression profile in the control conditions. Notably, ‘Perigord’ showed
relatively high levels of Linalool synthase; ‘Bolham Blue’ showed relatively high levels of
Ocimene and Cineole synthases; ‘Logee Blue’ showed relatively high levels of Cineole and
Lupeol synthases; while Roman Beauty showed relatively high levels of Myrcene synthase.

The addition of the AMF mixture had varying effects on the expression of terpene
synthases (Figure 8). ‘Bolham Blue’ showed small but significant increases in the ex-
pression of Ocimene, Cineole, Linalool and Myrcene synthases (F5,24 = 171.19, p < 0.001).
‘Blueboy’ showed a significant upregulation of Cineole and Lupeol synthases as well as an
upregulation of Terpene synthase 7 but a downregulation in β-caryophyllene Linalool, and
Myrcene synthases when treated with AMF, while ‘Logee Blue’ showed significant increases
in β-caryophyllene synthase and Terpene synthase 7 but a downregulation in Myrcene, Linalool
and Lupeol synthases (F5,24 = 171.19, p < 0.001). When ‘Roman Beauty’ was treated with
AMF, the cultivar showed an upregulation of Ocimene, Cineole and Lupeol synthases but
downregulation of Linalool synthase (F5,24 = 171.19, p < 0.001). ‘Vatican Blue’ showed signifi-
cant upregulation of β-caryophyllene, Linalool and Myrcene synthases and downregulation of
Ocimene, Cineole Lupeol synthases (F5,24 = 171.19, p < 0.001). In all, this suggests that selection
of variety and addition of AMF offer opportunities for significant modulation of aroma
and flavour in rosemary.
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Figure 8. Change in gene expression of seven terpene synthases in five cultivars treated with AMF
mixed into the substrate. Fold change was calculated by comparison of gene expression in each
cultivar with controls in untreated peat substrate. * indicates a significant difference in gene expression
between control and AMF conditions (p < 0.01 based on a Tukey HSD after ANOVA). nd: not detected
in cultivar.
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4. Discussion
4.1. Root Colonisation Patterns Differed between the Two AMF Application Methods

The two AMF application methods trialled here both resulted in successful colonisation
of the roots of rosemary plant cultivar, ‘Perigord’. In horticultural production, reducing the
number of steps and resources to produce a high-quality plant product is highly desirable
and the mixing of AMF into the substrate prior to planting plugs is more favourable in this
respect than direct addition to the plug before planting. Fewer steps are involved in the
AMF mixture method and so it would be easier to implement into current horticultural
practices, making this method more favourable for commercial growers. A large batch of
AMF substrate mixture can be easily prepared prior to transplanting. In contrast, with
the direct application method a small, measured quantity of AMF is added to the location
of every transplant before the plant is added to the pot. The latter would require an
additional step to be integrated into the production line, reducing the efficiency of current
horticultural practices.

None the less, there are some potential advantages to the plug application method.
Rosemary plugs are young cuttings. When transplanted, their roots will take some time
to grow and establish in the new substrate. With the direct application method to the
root plug, the AMF is in higher concentration close to growing roots and, possibly, the
AMF associate with the roots earlier as a result. This proposal is supported by the work
of Scagel et al. [21] with Hick’s yew (Taxus media), a conifer which is also propagated by
semi-hard wood cuttings. Arbuscular mycorrhizal fungi have been shown to improve
the establishment of cuttings in Hick’s yew. The speed of root establishment is increased
with the addition of AMF, indicating that mycorrhizal associations with young roots can
significantly boost root growth. As a consequence, this will increase nutrients available to
the plant in the early stages of growth [21]. Crucially, Scagel et al. [21] demonstrated that
roots established more quickly, and the fungal-root cell interaction happened earlier when
AMF was added directly to roots of young cuttings.

After root staining, differences in colonisation of the roots were observed between the
AMF application methods. The percentage root length colonisation was higher in the direct
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application method than using the AMF mix method. However, the AMF plug application
method had a more variable colonisation rate (as seen in Figure 1). The more uniform
colonisation rates in plants treated with the AMF mixture will likely mean more consistent
effects on the plants. Such consistency is desirable in pot grown herbs and would represent
a further advantage of using this inoculation method over the plug application method in
horticultural production.

4.2. AMF Application Enhanced Specialised Metabolism but Did Not Change Biomass
or Morphology

Both application methods showed an increase in total phenolics in the commercial
cultivar, ‘Perigord’. This could indicate that AMF stimulates the specialised metabolism
including the MEP and MVA pathways for volatile production. The addition of arbuscular
mycorrhizal fungi has been shown to boost the production of essential oils in rosemary
cultivars [7,12]. Increasing the content of phenolic chemicals likely includes those that are
associated with aroma and taste. As consumers choose fresh herbs based on a strong aroma,
these changes to plant specialised metabolism would be beneficial. However, for cultivars
other than ‘Perigord’, the addition of AMF made no significant difference to the quantity of
phenolic compounds in the leaf extracts in our assay.

It is also important to note there was no morphological change after the AMF treat-
ment for most of the rosemary cultivars. This could be due to conditions in horticultural
glasshouses which are already fully optimised for growth. Other studies which have shown
that AMF addition can provide a considerable boost to plant growth have generally studied
growth in stressed conditions where growth is not already optimised [8–10,22]. This lack of
a morphological response to AMF addition is, however, beneficial for commercial cultivars,
which already have a desirable morphology for horticultural production and so no change
to its morphology with treatment is desirable. This suggests that AMF addition is desirable
for rosemary producers who wish to boost the specialised metabolism of the plants whilst
retaining consistent morphological characteristics.

4.3. AMF Enhances Gene Expression of Terpene Synthases in Rosemary Cultivars

The gene expression analysis showed that there were considerable differences in ter-
pene expression between control and AMF treated rosemary plants. It also showed that the
cultivars had different patterns of terpene synthase expression without the AMF addition.
‘Logee Blue’ is reported to be a particularly aromatic cultivar compared to the others [23],
which may be due to the high expression levels of seven terpene synthases observed in
these plants. Responses to the AMF mixture also vary among cultivars. A general upreg-
ulation of terpene synthases was seen in ‘Bolham Blue’ which had increases in all six of
the terpene synthases detected. In other cultivars, responses varied, with large increases
often seen in just one or two terpene synthases. Patterns of up and downregulation varied
greatly between cultivars; though, there was some commonality between certain cultivars.
For example, both ‘Blue Boy’ and ‘Roman Beauty’ both showed increases in Cineole and
Lupeol synthases and downregulation of Linalool synthase. Likewise, both ‘Logee Blue’ and
‘Vatican Blue’ showed upregulation of β-caryophyllene synthase and downregulation of
Lupeol synthase. For the grower, these results show that cultivar selection is relevant not
only when selecting for increased aromatics but also when considering application of AMF.
As rosemary cultivars have demonstrated here a wide variation in responses in terpene
synthase gene expression, this implies that a similar variation might be expected in terms
of aroma.

Prediction of details of aroma changes based purely on gene expression analysis
is quite unreliable as the final aroma is a result of the blend of volatiles produced [24].
However, some predictions based on individual pathway end products may be attempted.
For ‘Perigord’, the AMF addition enhanced the gene expression of some key terpene
synthases. β-caryophyllene synthase was upregulated, along with Linalool synthase. The
upregulation of β-caryophyllene synthase could lead to an increase in synthesis of two
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sesquiterpene products, β-caryophyllene and α-humulene [25]. These are associated with
a peppery clove smell and a woody, slightly bitter odour, respectively. The upregulation of
Linalool synthase would also be likely to alter the aroma profile of ‘Perigord’ since Linalool
is a main constituent of rosemary essential oil. It contributes to the aroma profile with
an aroma of pine and floral notes. This may be a beneficial enhancement of the aroma
profile of ‘Perigord’ as consumers may find this rosemary more fragrant. Ocimene synthase
is responsible for the synthesis of β-ocimene, terpinolene, β-myrcene, and β-pinene, all
constituents of rosemary volatiles and essential oils. This synthase was upregulated in
‘Bolham Blue’, ‘Blue Boy’ and ‘Roman Beauty’, indicating that AMF may be enhancing the
quality of these aromatics in these cultivars. However, there were some notable decreases
that should be considered. For example, ‘Blue Boy’ and ‘Logee Blue’ showed decreases in
Myrcene synthase, with addition of AMF. This is responsible for the synthesis of myrcene,
which has a peppery aroma [24].

Most frequently, addition of AMF led to an increase in expression of Cineole synthase,
a phenomenon observed in cultivars ‘Bolham Blue’, ‘Blueboy’, ‘Logee Blue’ and ‘Roman
Beauty’. That would likely result in an increase in monoterpenes with strong woody, spicey,
and floral scents.

Control of gene expression in metabolic pathways often involves complex regulatory
systems. It is possible that specific changes in gene expression may be triggered by chemical
communication between the AMF and the plant [26]. Equally, they may be triggered by
changes in levels of an enzyme’s substrate leading to increased enzyme production [27].
In the case of AMF, such changes in substrate could result from improved availability
of nutrients resulting in a change in the flux of metabolites through other connected
biosynthetic pathways. For example, since sesquiterpenes are synthesised using the MVA
pathway [28], it is possible that AMF addition is altering specialised metabolite production
at an earlier stage of the MVA pathway. A possible mechanism for this is the AMF providing
additional substrates and nutrients, such as phosphorus [29], for the MVA pathway, thereby
increasing the availability of the precursors, DMAPP and IPP, for terpene synthases. In
support of this, a previous study has shown that phosphate fertilizers improve essential oil
yield and linalool quantities in lavender [30]. Therefore, AMF could be enhancing terpene
synthesis through the additional nutrient uptake provided to the plant. It has also been
demonstrated that microbial supplementation, specifically, using plant growth-promoting
bacteria, can reduce the impact of environmental stress on plants, altering antioxidant
levels [31]. It is possible that AMF addition could also be acting in this case via alteration
of plant stress responses which may influence terpene synthase expression. Finally, it
is important to note that the exact impact of AMF addition may vary depending on the
initial microbial content of the substrate. The magnitude and even direction of the effect
may be impacted by interaction of the initial substrate microbial community with the
AMF. However, our key conclusion is that AMF addition offers a treatment which can be
used with potted rosemary, grown in short term cultivation in a horticultural setting, to
potentially alter volatile production and, therefore, aroma.

5. Conclusions

We have used rosemary as a model to investigate the potential for AMF to modify
pathways involved in synthesis of volatile aromatic compounds in potted herbs. We
investigated the impact of AMF addition on expression of several genes encoding key
enzymes within volatile biosynthetic pathways in rosemary. Our findings show that a more
consistent colonisation of rosemary roots was achieved when AMF was mixed into the
substrate prior to planting of root plugs as opposed to being locally applied as the plug
was planted. AMF application did not significantly affect the biomass or morphology of
plants in a commercial setting but did alter gene expression values of terpene synthases in
all cultivars tested. Significant varietal differences were observed between cultivars both
in terms of basal gene expression values and in terms of response to AMF addition. The
absence of an effect on biomass and morphology is of benefit to the commercial potted
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rosemary industry, where parameters of uniformity and height are already optimised for
large scale cultivation and shipping to supermarkets. However, by revealing an extensive
reprogramming of terpene synthase gene expression in response to AMF, in a range of
rosemary cultivars, we demonstrate the potential for AMF addition in a commercial setting
to significantly alter the aromatic profile of the plants. Overall, our findings demonstrate
that AMF addition to commercial pot-grown herbs has the potential to enhance the aroma
and taste, while maintaining consistency of plant shape and visual aspects.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/life13020315/s1, Figure S1: Rosemary cultivar, Perigord, after 9 weeks
growth in a glasshouse following transplant of an initial the root plug (A) into untreated substrate,
(B) into substrate in which AMF mixture was mixed, and (C) into untreated substrate following AMF
addition to the surface of the initial root plug; Figure S2: Height and width measurements of potted
rosemary varieties treated with AMF.
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Abstract: The properties of recombinant human gastric lipase produced in Arabidopsis thaliana roots
have been investigated with the goal of determining the potential of the enzyme. This enzyme is
stably bound to roots and can be extracted using a buffer at pH 2.2. This enzyme retains over 75% of
its activity after two weeks at room temperature when stored in a pH 2.2 buffer. Some of this activity
loss was due to the adsorption of the enzyme to the surface of the container. There was no loss of
lipase activity in dehydrated roots stored at room temperature for 27 months. The half-life of the
enzyme was approximately 15 min when stored in solution at 60 ◦C whereas dried roots retained 90%
lipase activity after one hour at 80 ◦C. In vitro binding assays using different root cell wall extracts
suggested that the lipase was bound to pectin in the roots. Lipase released from the root powder
hydrolyzed tributyrin. The high stability of the recombinant human gastric lipase makes this enzyme
a good candidate to be tested as a catalyst, whether in solution or bound to roots.

Keywords: Arabidopsis; hairy roots; lipase; protein production

1. Introduction

Lipases (EC 3.1.1.3) are enzymes of the hydrolase family that: (i) act on triacyl glyc-
erides as part of the catabolic process required for fatty acid absorption and (ii) exhibit
esterase activity. The two main lipases involved in digestion in humans are produced by
pancreas and stomach cells [1]. Unlike pancreatic lipase, gastric lipase (GL) acts at acidic
pH and does not require a colipase for activity [2]. Gastric lipase is a soluble enzyme found
at the interface of lipid droplets and aqueous solutions [3]. The hydrophobic active center
inside the enzyme structure is covered by a lid that opens upon contact of the enzyme with
a substrate [4].

The low pH tolerance of gastric lipase makes it a candidate for enzyme supplemen-
tation therapies for pancreatitis or cystic fibrosis patients [5]. Lipase supplementation is
currently done using enzymes extracted from livestock. A human recombinant enzyme
would be an interesting alternative to lipases of animal origin [6]. Lipases, especially of
microbial origin, have been used as biocatalysts in numerous biosynthetic reactions [7].
They can act in various solvents or ionic liquids to produce innovative molecules of thera-
peutic interest [8]. Human gastric lipase may also be used as a catalyst in esterification or
transesterification reactions.

Plants are now considered valuable hosts for the production of heterologous pro-
teins [9]. As a consequence of the ban on transgenic crops in some parts of the world,
in vitro plant systems have been developed for the production of heterologous proteins
with the first approved plant-produced protein for therapeutic use being glucocerebrosi-
dase, produced by transgenic carrot cells grown in bioreactors [10]. Hairy roots are another
in vitro system that can be used for the production of heterologous proteins [11]. Hairy
roots emerge following infection of plant tissue by the bacteria Rhizobium rhizogenes. Hairy
roots have higher stability than alternative cell culture systems, likely because they can
grow without the need to add phytohormones which can induce genetic instability [12–14].
The Brassicaceae plant family can be used as an alternative to tobacco species for the pro-
duction of heterologous proteins [15–17]. In particular, Arabidopsis thaliana hairy roots have

195



Life 2022, 12, 1249

been established for the production of human gastric lipase [18]. Although the enzyme,
in this system, was targeted for secretion, it did not diffuse from the hairy roots to the
culture medium and had to be extracted from the roots, which suggested some interactions
between the enzyme and the roots producing it. In this work, I further investigated the
interaction of gastric lipase with the roots. Given that the stability of an enzyme produced
in a heterologous host was sometimes found to be lower than that of the native enzyme [19],
I investigated if this was similarly the case in recombinant human gastric lipase produced
by Arabidopsis thaliana hairy roots. This investigation paves the way for using this re-
combinant human gastric lipase enzyme as a biocatalyst or for lipase supplementation in
certain patients.

2. Materials and Methods
2.1. Materials

The Arabidopsis thaliana hairy root line used in this work was the GL28 line de-
scribed in [18]. It was obtained by hypocotyl transformation of the Arabidopsis sgs3-12
co-suppression mutant line with the Rhizobium rhizogenes 15834 strain containing the cDNA
encoding the mature human gastric lipase, fused to a plant signal peptide-encoding se-
quence, under control of the 2 × 35 S cauliflower mosaic virus promoter. The lipase
substrates 4-methylumbelliferyloleate (MUO) (ref. 75164) and tributyrin (ref. W222305)
were from Sigma-Aldrich, St-Quentin-Fallavier, France.

2.2. Root Culture and Storage

Hairy roots were grown at 21 ◦C on an orbital shaker at 60 RPM in 55 mm diameter
Petri dishes in Gamborg B5 medium containing sucrose at 5% and 2,4-D at 0.5 mg/L. They
were harvested after 18 to 21 days, briefly washed in distilled water, and freeze-dried
overnight. The dehydrated roots were kept in Eppendorf tubes having their lids punctured.
The tubes were placed in closed containers containing silica gel and stored in the dark at
room temperature.

2.3. Lipase Extraction and Assay

Lipase was extracted by grinding 5 to 10 mg of dry roots in 200 to 400 µL of lipase
extraction buffer (LEB: 0.1 M glycine-NaOH pH 2.2, 0.15 M NaCl). The mixture was
incubated for 15 min at 37 ◦C in an Eppendorf Thermomixer at 1000 RPM and then
centrifuged at 13,000× g for 2 min. Fluorometric assays were done on the supernatants
diluted 1/100 or 1/200 in LEB in Eppendorf Protein LoBind® tubes. As previous work has
established linearity of lipase activity on tributyrin and esterase activity on MUO [18], for
convenience, the fluorometric assay using MUO was used to quantify hGL activity. The
assays were done in MUO substrate solution (10 mM acetate buffer pH 5, 0.15 M NaCl,
7 ppm Triton X-100, 0.15 mM MUO) as described before [18]. The assays were done in
duplicates. The activity was expressed in µmoles of 4-methylumbelliferone (MU) produced
per min per ml of undiluted extract or per mg of roots. It was then converted to units/mg
of roots, knowing that one unit of enzyme catalyzed 0.219 µmoles of MUO per min under
our assay conditions [18]. For the reaction on tributyrin, 100 µL of tributyrin was emulsified
in 10 mL of 10 mM acetate buffer pH 5, 0.15 M NaCl, 1% molten agarose and the mixture
was poured into a 90 mm diameter Petri dish. After setting, root powder was sprinkled on
the plate. Photographs were taken after 1, 4, and 24 h.

2.4. Lipase Stability and Tube Binding Assays

Lipase was extracted from different batches of dry roots. Extracts were diluted
1/200 either in 50 mM glycine buffer at pH 2.2, 0.15 M NaCl or in 50 mM acetate buffer at
pH 5, 0.15 M NaCl. The diluted extracts were kept in Protein LoBind® Eppendorf tubes
at room temperature and assayed for lipase activity after 1, 3, 6, 10, and 14 days. After
14 days, the solutions were transferred into new tubes and the lipase activity was assayed
24 h later. The activities in stored extracts were expressed as a percentage of activity related

196



Life 2022, 12, 1249

to freshly diluted extracts. To test for lipase binding to tubes, 100 µL of lipase diluted 1/200
in one or the other above buffer were placed in Protein LoBind® Eppendorf tubes for 24 h.
The solution was removed and the tubes were rinsed with 100 µL of buffer of the same
composition as the one used to dilute the extracts. One hundred µL of MUO substrate
solution was placed for one min in the empty tubes. One hundred µL of stop solution was
added and the fluorescence of the MU (4-methylumbelliferone) was measured, indicating
the activity of lipase bound to the tubes.

2.5. Cell Wall Polysaccharide Extraction

Alcohol-insoluble matter (AIM) was prepared using a method described in [20]. Two
hundred mg of freeze-dried untransformed roots were ground in 2 mL of 70% ethanol. The
suspension was vortexed for 20 s and centrifuged at 13,000× g for 30 s. The pellet was
further extracted twice with 2 mL of 70% ethanol, twice with 100% ethanol, twice with
chloroform/methanol (vol/vol), and once with acetone. The dry pellet was AIM. For pectin
removal, AIM was extracted twice with 20 mM Tris-HCl pH 6.8, 50 mM EDTA for 15 min
in an Eppendorf Thermomixer set at 60 ◦C and 1000 RPM, and then twice with 50 mM
Na2CO3 under the same conditions. The pectin-deprived AIM pellet was then washed in
1 mL of acetone and dried at 65 ◦C.

2.6. In Vitro Lipase Binding Assays

Lipase was extracted from GL28 roots using LEB as described above (40 µL LEB/mg
roots). The proteins were precipitated by 70% ammonium sulfate for 5 min at room
temperature. After centrifugation for 5 min at 13,000× g, the pellets were dissolved in
the same volume of 10 mM acetate buffer, pH 5. Two hundred µL of the solution was
incubated for 15 min with 5 mg of either root powder or AIM or pectin-deprived AIM in
an Eppendorf Thermomixer set at 30 ◦C and 900 RPM. The suspension was centrifuged
at 13,000× g for 2 min. The supernatants were collected for the quantification of unbound
lipase. The pellets were washed once with 10 mM acetate buffer pH 5 and resuspended
in 200 µL of LEB for lipase extraction for 15 min in an Eppendorf Thermomixer set at
37 ◦C and 1000 RPM. After centrifugation at 13,000× g for 2 min, the lipase activity in the
supernatant was assayed, indicating the amount of bound lipase.

2.7. Statistical Analysis

For each experiment, n indicates the number of lipase extractions done on dry roots.
Two enzyme assays were done on each extract. The two values were averaged and the
mean activities in the different extracts were calculated. The confidence intervals of the
means (CI; p = 0.95) were calculated on vassarstats.net and indicated as error bars on the
graphs. The number of replicates (n) is given for each experiment in the figures or after the
mean values and CI in the text.

3. Results
3.1. Extraction of Lipase from Roots

Dehydrated roots were ground in various extraction buffers and the lipase activities in
the extracts were measured. As found before [18], much less lipase was released in acetate
buffer at pH 5 than in glycine buffer at pH 2.2 (LEB). However, the addition of 1 M NaCl
or of 0.2 M CaCl2 to acetate buffer resulted in the release of 2.7 and 8 times more lipase
activity than by acetate alone, respectively (Figure 1).
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Figure 1. Release of gastric lipase from dry root powder in different solutions. Ac is 10 mM acetate
buffer. Gly is 0.1 M glycine buffer. Bars are confidence intervals (0.95; n = 5).

3.2. Stability of Lipase in Solution at Room Temperature

A time course of lipase activity in solution at pH 2.2 or at pH 5 kept at room temper-
ature was performed. These pHs were chosen because they are the pH of the extraction
buffer and of the assay buffer, respectively. Whereas extracts at pH 2.2 retained approxi-
mately 75% of lipase activity after 14 days, those at pH 5 lost over 50% activity over the
same time span (Figure 2). Transferring the diluted solutions of lipase to new tubes on
day 14 resulted in a sharp drop of lipase activity after 24 h, especially at pH 5. To test for
adsorption on tubes, lipase diluted in solutions at pH 2.2 or at pH 5 were placed in tubes
for 24 h and removed. The tubes were then rinsed, and the activity of lipase adsorbed onto
the tube was measured. The lipase activity per tube was 0.095 ± 0.012 mU (0.95 CI, n = 6)
or 1.5 ± 0.39 mU (0.95 CI, n = 6) for lipase in buffer at pH 2.2 or at pH 5, respectively.

Figure 2. Time course of gastric lipase activity in extracts kept at 20 ◦C, at pH 2.2 (circles) or at pH 5
(triangles). The extracts were placed in new tubes on day 14. Bars are confidence intervals (0.95;
n = 6).

3.3. Long-Term Storage of Lipase in Roots

Extracts from roots that had been freeze-dried the day before had a lipase activity
of 6.59 ± 0.26 U/mg roots (0.95 CI, n = 10). Extracts from roots that were kept in silica
gel-containing pots for 27 months had a lipase activity of 6.63 ± 0.3 U/mg roots (0.95 CI,
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n = 10). Similar lipase activity was observed in extracts from dry roots that were stored for
shorter amounts of time (Table S1).

3.4. Temperature Stability of Lipase

To investigate whether the association of gastric lipase to roots translated into higher
temperature stability, the stability at 60 ◦C of lipase in solution or in dehydrated roots was
compared. The half-life of lipase in lipase extraction buffer at 60 ◦C was approximately
15 min whereas there was no loss of lipase activity extracted from dry roots kept at 60 ◦C
for one hour (Figure 3). Incubating lipase in extraction buffer for 5 min at 80 ◦C resulted in
a total loss of lipase activity (data not shown). In contrast, the activity of lipase extracted
from dry roots incubated at 80 ◦C for one hour was 92.7 ± 9.4% (0.95 CI, n = 4) of that of
lipase extracted from the control roots kept at room temperature. Similarly, 56.4 ± 17.1%
(0.95 CI, n = 4) activity could be recovered from roots incubated for one hour at 100 ◦C.
To assess the relative contributions of the association with roots or of the dehydration
in the thermal stability of dry root-associated lipase, dehydrated roots were ground and
hydrated in 20 mM acetate buffer pH 5, 0.15 M NaCl. The mixes were incubated either
at room temperature or at 60 ◦C for 30 min. The lipase was then extracted from the roots
and assayed for lipase activity. The activity extracted from heat-treated hydrated roots
was 33.4 ± 5.4% (0.95 CI, n = 4) of the activity extracted from hydrated roots kept at
room temperature.

Figure 3. Stability at 60 ◦C of gastric lipase in solution in lipase extraction buffer (circles) or in dry
roots (triangles). Bars are confidence intervals (0.95; n = 4).

3.5. In Vitro Binding Assays

To investigate the interaction of human gastric lipase with plant cell wall polysaccha-
rides, in vitro binding assays were undertaken. Lipase in 10 mM acetate buffer at pH 5 was
incubated with either untransformed root powder, cell wall powder, or cell wall powder
from which pectin had been extracted. The unbound and bound fractions of lipase were
extracted and assayed as indicated in the materials and methods section above. The binding
of lipase to each powder was expressed as a percentage of bound lipase activity related to
the total lipase activity. The binding of hGL was much more extensive on root powder and
cell wall powder than on pectin-deprived cell wall powder (Figure 4).
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Figure 4. In vitro binding of gastric lipase to root powder (RP), cell wall powder (CW), or pectin-
deprived cell wall powder (PDCW). Bars are confidence intervals (0.95, n indicated on graph).

3.6. Enzyme Release from Root Powder

To see whether gastric lipase could be released from root powder to hydrolyze a sub-
strate, root powder was sprinkled on a tributyrin-containing agarose plate. Untransformed
root powder was used as a control. The formation of a clear halo around each grain of
transgenic root indicated tributyrin hydrolysis, with the size of the halos increasing with
time (Figure 5).

Figure 5. Degradation of tributyrin by gastric lipase diffusing from transgenic root powder on an
agarose plate. (a) after 1 h; (b) after 4 h; (c) after 24 h. In each plate: left, untransformed root powder;
right, transgenic root powder.

4. Discussion

Previous work has shown that unlike EGFP (enhanced green fluorescent protein), the
human gastric lipase targeted for secretion failed to diffuse from transgenic hairy roots
into the culture medium [18]. The enzyme, which had likely accumulated in the cell walls,
had to be extracted from the roots. Similarly, gastric lipase produced in Pichia pastoris also
remained in the cell wall [21]. The efficiency of the extraction of human gastric lipase from
hairy roots was shown to be pH-dependent, with markedly more lipase being released at
pH 2.2 than at pH 5 [18]. Here, the effect of salts on lipase release was investigated. The
addition of 1 M NaCl or of 0.2 M CaCl2 enhanced the release of lipase from root powder at
pH 5 (Figure 1). The effect of the 0.2 M CaCl2 solution on lipase release was found to be
three times higher than that of the 1 M NaCl solution, although the ionic strength of the
CaCl2 solution was lower than that of the NaCl solution. This result suggests a specific
action of calcium ions. In plant cell walls, calcium ions interact with pectin by forming
bridges between homogalacturonan chains [22]. The extensive effect of CaCl2 on lipase
release from roots suggests involvement of pectin in lipase retention in the cell wall at pH 5.
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To investigate the interaction of lipase with cell wall components, gastric lipase was
added to either root powder or crude cell wall extracts or cell wall extracts from which
soluble pectin had been removed. The binding of lipase to root powder and to cell wall
powder was very effective whereas it was markedly lower on cell wall powder from which
pectin had been extracted (Figure 4). This strengthened the hypothesis of lipase interaction
with pectin in root cell walls. The negative charges of pectin at pH 5 might be responsible
for the association with lipase, expected to be positively charged below its pI of 6.9. In
contrast, at pH 2.2, homogalacturonans are expected not to be charged, which would
explain the release of lipase at this pH. Similarly, the addition of CaCl2 might trigger lipase
release at pH 5 by competing for the negative charges of pectin.

The time course analysis of lipase activity in solution at pH 2.2 revealed a slow decrease
down to approximately 75% of the initial activity after 14 days (Figure 2). There was more
activity loss at pH 5, down to approximately 45%. Although this could indicate higher
stability of lipase at pH 2.2 than at pH 5, the following observation points towards another
mechanism. The transfer of lipase solutions into new tubes after 14 days resulted in a sharp
drop in activity after 24 h. This strongly suggested that lipase adsorption on tubes was
occurring. This hypothesis was confirmed by a tube-binding assay that revealed lipase
activity on the surface of the tubes. The binding was 15 times more extensive at pH 5 than at
pH 2.2. The adsorption of various lipases on polypropylene beads has been reported, with
the immobilization causing a loss of enzyme activity in some cases [23]. The propensity of
gastric lipase to adsorb on surfaces has to be taken into account when using this enzyme.

Human gastric lipase was found to be more stable in gastric juice than when puri-
fied [24]. It was found that the half-life of purified gastric lipase was only 25 min at pH 2
and pH 3 and 101 min at pH 5 whereas it was over 24 h in gastric juice at pH 3 and pH 5
and 510 min at pH 2. The stability of recombinant lipase extracted from plant roots here
was higher than that of native lipase in gastric fluid. Some plant co-extracted proteins
or other molecules may have a stabilizing effect on lipase. Alternatively, higher stability
might result from differences in the protein structures of the native and the recombinant
enzymes, due to differences in the glycan structures deposited on proteins by animal and
plant cells [16]. In any case, the higher stability of the recombinant enzyme extracted from
plant roots is a valuable feature for its use as a biocatalyst.

The effect of the association of lipase with root cell wall on the lipase thermal tolerance
was evaluated. The half-life of lipase in solution in LEB at 60 ◦C was approximately
15 min (Figure 3). In contrast, the half-life of lipase in dry roots at 100 ◦C was over an
hour, revealing much higher temperature stability of the lipase in dehydrated roots than
in solution. When hydrated roots were incubated at 60 ◦C for 30 min, the lipase activity
dropped by 67% whereas lipase in solution under similar treatment lost 80% of its activity
(Figure 3). The thermal tolerance of lipase in dehydrated roots is therefore mainly due
to dehydration.

The protective effect of dehydration was also confirmed by long-term stability mea-
surements. It has been previously shown that approximately 17% of lipase activity was
lost in roots kept at room temperature for two months [18]. In that experiment, no silica
gel was used for the storage of the roots, which resulted in the roots being exposed to
atmospheric moisture. Here, the storage of roots in the presence of silica gel ensured more
extensive dehydration and long-term preservation of lipase activity. There was no loss
of extractable lipase activity in dehydrated roots over a period of 27 months. Although
freeze-drying is a well-established method of tissue or protein preservation, long-term
studies are lacking [25]. In order to maintain the activity of proteins upon freeze-drying,
a protecting agent must often be added to them [26]. The high stability of human gastric
lipase in lyophilized plant roots revealed a high tolerance of the enzyme to dehydration.

Tributyrin was hydrolyzed around root powder specked on an agarose plate (Figure 5),
which indicated that some gastric lipase was released from the roots and diffused onto
the agarose to hydrolyze the substrate. The slow release of lipase at pH 5 initiated the
production of butyric acid, which decreased the pH around the roots, causing the release of
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more enzymes. This induction mechanism likely explains the diffusion of the enzyme on
the agar plate, indicated by the enlargement of the halos around the specks, over 24 h.

5. Conclusions

This work has revealed interesting properties of a plant-produced human gastric
lipase, such as high stability at room temperature and high tolerance to dehydration, that
could be leveraged in the design of supplement formulations for the treatment of certain
patients. The propensity of gastric lipase to bind pectin or to adsorb on surfaces suggests
that the immobilization of the enzyme may be easy. The stability of the enzyme favors its
use as a biocatalyst in solvents or in ionic liquids. The strong association of lipase with roots
provided a slow-release form of the enzyme that can be utilized in biochemical reactions,
whether in aqueous or non-aqueous solvents. The ease of production of this extremophilic
human enzyme by plant roots enables the production of structural variants of the enzyme
that will improve its properties and its biosynthesis capacity.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/life12081249/s1, Table S1: Lipase activity extracted from roots kept at room
temperature for various amounts of time.
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Abstract: The glycosides of two flavonoids, naringin and naringenin, are found in various citrus
fruits, bergamots, tomatoes, and other fruits. These phytochemicals are associated with multi-
ple biological functions, including neuroprotective, antioxidant, anticancer, antiviral, antibacterial,
anti-inflammatory, antiadipogenic, and cardioprotective effects. The higher glutathione/oxidized
glutathione ratio in 3-NP-induced rats is attributed to the ability of naringin to reduce hydroxyl
radical, hydroperoxide, and nitrite. However, although progress has been made in treating these
diseases, there are still global concerns about how to obtain a solution. Thus, natural compounds
can provide a promising strategy for treating many neurological conditions. Possible therapeutics
for neurodegenerative disorders include naringin and naringenin polyphenols. New experimental
evidence shows that these polyphenols exert a wide range of pharmacological activity; particular
attention was paid to neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases,
as well as other neurological conditions such as anxiety, depression, schizophrenia, and chronic
hyperglycemic peripheral neuropathy. Several preliminary investigations have shown promising
evidence of neuroprotection. The main objective of this review was to reflect on developments in
understanding the molecular mechanisms underlying the development of naringin and naringenin
as potential neuroprotective medications. Furthermore, the configuration relationships between
naringin and naringenin are discussed, as well as their plant sources and extraction methods.

Keywords: naringin; naringenin; polyphenols; neurological disease; dietary interventions

1. Introduction

The term “neurological disease” is often used to refer to anything that affects the
nervous system. In the brain, spinal cord, or other nerves, structural, metabolic, or electrical
dysfunctions may cause a broad range of symptoms. These symptoms include altered states
of consciousness, convulsions, muscular weakness, poor coordination, a loss of feeling,
and a lack of sensation. Other symptoms include disorientation, pain, and discomfort.
Extensive study has led to the discovery of several neurological abnormalities, some of
which are somewhat common while others are relatively uncommon [1,2]. Some of these
problems are inherited while others are not. Neurology and clinical neuropsychology
can identify and treat these illnesses using the appropriate diagnostic and therapeutic
methods. Although encased in the skull and spinal vertebrae and chemically isolated by
the blood–brain barrier, the brain and spinal cord are susceptible organs [3]. Because of
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their placement just beneath the epidermis, nerves are nevertheless vulnerable to harm
despite the protective layers of tissue around them. Individual neurons and the neural
circuits and nerves they form are susceptible to damage to their electrical and structural
integrity [4].

Phytochemicals may be broken down into several different classes, such as flavanols,
flavan-3-ols, isoflavones, flavanones, anthocyanidins, and flavones [5]. It has been shown
that flavonoids promote apoptosis and decrease metastasis, angiogenesis, and proliferation
in the setting of carcinogenesis by interfering with various cell signaling pathways. The
flavanone-7-O-glycoside naringin is found in many plants, while citrus fruits are the
most common place to find it. A flavanone called naringenin is its main component [6,7].
Many different signaling pathways and signaling molecules are affected by this chemical.
Its pharmacological properties include but are not limited to an antioxidant, an anti-
inflammatory, an anti-apoptotic, an anti-tumor, and an anti-viral, as well as effects on
metabolic syndrome, bone regeneration, neurological illnesses, cardiovascular disease,
and genetic damage [8]. Naringin may cause drug interactions due to its ability to inhibit
cytochrome P450 enzymes, including CYP3A4 and CYP1A2 [9].

Neurological disorders may be alleviated with the help of naringenin (4′,5,7-trihydroxy
flavanone), a flavonoid abundant in the peels of citrus fruits (particularly grapes and toma-
toes) [10]. Among the top dietary sources of this noteworthy flavonoid are grapefruits and
oranges. A few of the many medical advantages of this drug include preventing or revers-
ing weight gain, enhancing metabolic health, and restoring typical lipid profiles in patients
with dyslipidemia [11]. Among naringenin’s many biological properties is an antioxidant
effect. It has been shown that they may help with pain, inflammation, kidney health, and
even nerve function. Research has revealed that naringenin may help reduce pain and in-
flammation associated with several medical disorders [12]. Mechanistically, naringenin is a
pleiotropic molecule that inhibits leukocyte recruitment, pro-inflammatory cytokine release,
and cytokine-induced analgesia by modulating transient receptor potential (TRP) channels
and triggering the nitric oxide (NO)/cyclic guanosine monophosphate (cGMP)/protein
kinase G(PKG)/adenosine triphosphate (ATP The compound’s low bioavailability and lim-
ited brain access are significant roadblocks to broader use despite naringenin’s promise in
treating neurological diseases [13,14]. The therapeutic potential of naringin and naringenin
for various symptoms related to neurological diseases has been shown by encouraging
results from preclinical investigations [15].

The principal objective of this review was to report on the progress made toward
understanding the molecular mechanisms behind the development of naringin and narin-
genin as potential neuroprotective therapeutics. Additionally, the configuration links
between naringin and naringenin, as well as their plant sources and extraction methods,
are described.

2. Methodology

The keywords naringin and naringenin, neurological diseases, botanical sources, and
neuroprotective action were used to search the following databases: PubMed, Scopus,
and Web of Science. Up to 2022, English-language research reports, reviews, and original
research articles were considered and studied. An algorithm was used that followed the
flowchart in Figure 1 and had all of the steps and requirements for choosing the required
literature, in accordance with the recommendations of Page et al. [16].
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3. Naringin and Naringenin

The flavanone naringenin and the glycosylated derivative naringin are in high con-
centrations in grapefruit and other citrus fruits. The antioxidant and anti-inflammatory
properties of flavonoids have gained widespread recognition [17]. When naringenin is
added to SH-SY5Y cells or when 6-OHDA is injected into mice, the cells are protected in
an Nrf2-dependent manner, just like the dopaminergic neurons [18]. This is due to the
complete elimination of protective effects and expression of Nrf2-dependent cytoprotective
genes after treatment with Nrf2 short interfering RNA [19]. Naringenin prevented rotenone-
induced structural alterations in muscle and motor impairment in rat models when given
after the administration of the medication. The expression of DJ-1 and chaperone-associated
E3 ligase was increased in the striatum and SN after treatment with naringenin [20]. Target
proteins are ubiquitinated by DJ-1 and a chaperone-associated E3 ligase and then sent
on to be degraded by the proteasome. In a rotenone model of Parkinson’s disease, narin-
genin was found to have neuroprotective effects [21,22]. Naringin may aid dopaminergic
neuron recovery after injury if given soon after the damage occurs. Dopaminergic neu-
rons were preserved, GDNF levels in the SN were restored, and the number of ionized
calcium-binding adaptor molecule 1 (Iba-1) and tumor necrosis factor-alpha (TNF-α) im-
munoreactive neurons in the striatum were reduced after pretreatment with naringin in rats
with a unilateral MPP+-lesion. Eukaryotic initiation factor 4E-binding protein 1 (4E-BP1)
and growth differentiation and neurotrophic factor (GDNF) were upregulated in the SN
after a single injection of naringin [23].

On top of that, it is an effective antioxidant. During fasting and stimulated states, rapid
glucose uptake is impaired in BC. Insulin stimulates phosphoinositide 3-kinase PIP3/Akt
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and mitogen-activated protein kinase (MAPK) activity, and naringenin prevents this MAPK.
It decreases TNF-α and COX-2 levels and raises the transcription factor Nrf2 [24,25].

4. Botanical Sources

Flavonoids are phenolic compounds associated with a wide range of biological func-
tions. There are more than 4000 different flavonoids known to science, most of which
are found in their natural, unaltered plant-based forms. Flavonoids can be a dietary sup-
plement [26,27]. Grapefruit and other citrus fruits get their distinctive bitter taste from
flavonoid naringin. Although the number of flavonoids taken from food may be large
and the flavonoids exhibit potential biological action, they have attracted significantly less
attention than flavanols and isoflavones [28,29].

In most cases, the researchers focused on flavanols and isoflavones—intracellular cycling
of naringenin, hesperidin, and its glycosylated derivatives, naringenin, hesperidin, and rutin.
Grapefruit, bergamot, sour orange, tart cherry, tomato, chocolate, Greek oregano, water mint,
and beans are all foods and plants that contain norepinephrine or its glycosides [29,30].

5. Neuroprotective Action
5.1. Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common type of dementia in the industrialized
world and is a severe public health problem [31]. Several different molecular processes
caused AD, but its exact pathophysiology is still poorly understood. In several pre-clinical
studies, naringin and some of its derivatives, such as naringenin, changed these pathways
in ways that could be used to treat AD [32,33]. The disease is caused by the death of
cholinergic neurons in the frontal lobe and the formation of Amyloid-β (Aβ) plaques
outside the body [34].

Memantine, an antagonist of the NMDA glutamate receptor, breaks down at a much
slower rate than acetylcholinesterase (AChE) inhibitors, such as donepezil aricept, which is
often used to treat the symptoms of AD [35,36]. Synaptic dysfunction, in which synapses
are damaged, cells are killed, and mental impairments occur, results from consuming too
much. This dysfunction can be fixed entirely with the proper treatment. It is essential to
understand how Aβ is currently in charge of producing and storing memories and how this
affects synaptic plasticity in the brain network. Evidence suggests that calcium/calmodulin-
dependent protein kinase II (CaMKII) is a critical synaptic target for Aβ-induced synaptic
depression [37,38]. Several plant species high in flavonoids have been used in traditional
medicine for hundreds of years. Epidemiological and dietary studies on both people and
animals have shown that these flavonoids protect against and slow down neurodegenera-
tion, especially regarding the cognitive decline that accompanies aging [39]. The flavonoid
glycoside naringin, found in citrus fruits in large amounts, is effective against many dis-
eases and conditions, such as cancer, inflammation, ulcers, osteoporosis, and apoptosis.
Naringin has been shown to improve behavior and thinking in animal models of epilepsy
caused by kainic acid and Huntington’s disease caused by 3-nitropropionic acid [40]. The
effects of colchicine and D-galactose on learning and memory are also undone by treatment
with naringin. Naringenin has been shown to improve insulin signaling and cognitive
ability in the brain and reduce the effects of intracerebroventricular-streptozotocin on
neurodegeneration caused by AD (Table 1 and Figure 2) [41].
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Figure 2. Illustration representing the site of action of naringin and naringenin in Alzheimer’s disease
pathway.

5.2. Parkinson’s Disease

Parkinson’s disease (PD) is a degenerative neurological disease that results in impaired
motor function due to dopaminergic neuropathy in the substantia nigra [42–44]. Genetic
predisposition may play a role in developing mitochondrial damage and oxidative stress;
however, additional molecular routes exist. In recent years, oxidative stress has been
investigated as a potential mechanism in neurodegeneration, which is only one example of
many similarities between AD and PD. The antioxidant properties of flavonoids, alkaloids,
and other polyphenols are coming to the fore. Plant chemicals may modulate enzymes and
metabolic signaling pathways to reduce ROS production. Bioactive metabolite flavonoids
have anti-oxidative actions on the liver’s metabolic pathway [45–47].

The antioxidant and neuroprotective properties of naringin have been studied. Asahina
and Inubuse found the blueprints for naringin in 1928 [48,49]. Naringenin is linked to
naringin through the C-7 hydroxyl group. Metabolites of naringenin may be found in
phases I and II of the drug’s metabolism. Glucose is the source of naringin’s bitter flavor. It
reacts with potassium hydroxide or other essential substances to form 1,3-diphenylpropan-
1-one, which has a scent reminiscent of menthol [50–52]. It has been shown that naringin
may neutralize ROS, scavenge superoxide, suppress xanthine oxide, decrease lipid peroxi-
dation, and decrease the permeability of oxygen-stimulated K+ erythrocytes. Naringin’s
antioxidant potentials may aid in treating neurology and diabetes. Degeneration of nerve
cells in the striatum and substantia nigra pars compacta kills dopamine-producing brain
cells, leading to Parkinson’s disease (Table 1 and Figure 3) [53]. Neurons in the substantia
nigra are affected as microglia are activated, and protein clumps form. Causes of neu-
rodegeneration include oxidative stress, dopamine depletion, and neuroinflammation. In
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addition to boosting dopamine, naringenin also reduces inflammation [54]. By activating
Nrf2/ARE and its downstream target genes, including HO-1 and glutathione cysteine
ligase regulatory subunit, naringenin protects mice against 6-hydroxydopamine-induced
dopaminergic neurodegeneration and oxidative damage. By inhibiting and caspase 3,
naringenin was able to prevent apoptosis. Grapefruit suppresses CYP3A4 much more so
than naringin. With less naringin than grapefruit juice, orange juice also stops CYP3A4.
Preclinical tests have shown that naringin is not transformed into naringenin in cultivated
cells [55–57].

Figure 3. Illustration representing the site of action of naringin and naringenin in Parkinson’s disease.
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Table 1. Preclinical findings on the use of naringin and naringenin polyphenols in neurological
disorders.

Disease Compound Dose/Conc. Study Model Findings References

Alzheimer
Disease

Naringin
50, 100 and 200 mg/kg;

PO) for twentyone
days

ICV-STZ rats

Restoration of cognitive deficits in
ICV-STZ rat along with mitigation of
mitochondrial dysfunction mediated
oxido-nitrosative stress and cytokine

release

[58]

Naringin 50 or 100 mg/kg/day APPswe/PS∆E9
transgenic mice

Reduction in plaque burden and an
increase in glucose uptake through the

inhibition of GSK-3β activity
[59]

Naringin 40 and 80 mg/kg Wistar rats

Protection against ICV β-A1–42 and
intranasal manganese induced memory

dysfunction possibly due to its
antioxidant, anti-inflammatory,

anti-amyloidogenesis

[60]

Naringin 100 mg/kg/day Mice

Neuroprotective effects through a variety
of mechanisms, including amyloid β

metabolism, Tau protein
hyperphosphorylation, acetyl cholinergic

system, glutamate receptor system,
oxidative stress and cell apoptosis

[61]

Naringenin 70–210 µg/mL PC12 cells Inhibition of AChE activity [62]

Naringenin 50 mg/kg Male albino
Wistar rats

Reduced oxidative stress markers:
4-HNE, MDA, TBARS, H2O2, PC, GSH in
the hippocampus; Increase antioxidant

level: GPx, GR, GST, SOD, CAT and
Na+/K+-ATPase in the hippocampus

[63]

Naringenin 25, 50 and 100 mg/kg
Male Sprague-

Dawley
rats

Increased the mRNA expression of INS
and INSR in cerebral cortex and

hippocampus. In addition, NAR reversed
ICV-STZ induced Tau

hyper-phosphorylation in both
hippocampus and cerebral cortex

through downregulation of GSK-3β
activity

[41]

Naringenin 25, 50 and 100 µM and
1.5, 3.0 and 4.5 mg/kg

PC12 cells and
male ICR mice Decreased ROS level and LDH activity [64]

Naringenin 25 and 50 mg/kg
Male Sprague-

Dawley
rats

Decreased oxidative stress by depleting
elevated lipid peroxide and nitric oxide

and elevating reduced glutathione levels
and exert cholinergic function through
the inhibition of elevated ChE activity

[65]

Naringin
dihydrochal-

cone
100 mg/kg

APPswe/PS1∆E9
(APP/PS1)

transgenic mice

Reduction in amyloid plaque burden and
Aβ levels, suppression of

neuroinflammation and promotion of
neurogenesis

[66]
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Table 1. Cont.

Disease Compound Dose/Conc. Study Model Findings References

Alzheimer
Disease

Naringin 40 and 80 mg/kg, PO Male Wistar
rats

Improvement in the cognitive
performance and attenuated oxidative
damage, as evidenced by lowering of

malondialdehyde level and nitrite
concentration and restoration of
superoxide dismutase, catalase,

glutathione S-transferase, and reduced
glutathione levels, and

acetylcholinesterase activity

[67]

Naringin 30 or 60 mg/kg/day NMRI male
mice

Reduction of Aβ plaque numbers in CA1,
CA3, and DG areas of the hippocampus [68]

Naringin 25, 50 and 100 mg/kg
PO Westar rats

Reduced lipid peroxidation, restored
reduced superoxide dismutase and
catalase) and acetylcholine esterase

activity were significantly decreased

[69]

N,N′-1,10-
Bis(Naringin)
Triethylenete-

traamine

10–200 µM PC12 cells

Deceased the level of ROS in
Cu2+-Aβ1-42-treated PC12 cells and

elevate the SOD activity in
Cu2+-Aβ1-42-treated PC12 cells

[70]

Naringin 2.5, 5 and 10 mg/kg Swiss mice

Increased the activities of superoxide
dismutase and catalase, and glutathione

and decreased malondialdehyde and
nitrite contents, and reduced brain

acetylcholinesterase activity in mice
brains

[71]

Naringin 80 mg/kg Wistar albino
rats

Improvement of the Aβ-induced
cholinergic dysfunction and increase in

the activity of AChE in rat hippocampus,
prefrontal cortex, and amygdala.

Furthermore, naringin attenuated
Aβ-induced decrease in mitochondrial
function, integrity, and bioenergetics as

well as mitochondrial and cytosolic
calcium level in all the brain regions.

Moreover, reversal of Aβ-induced
increase in apoptosis and level of

mitochondrial calcium uniporter and
decrease in the level of hemeoxygenase-1

[72]

Naringenin 100 mg/kg, orally male Wistar
rats Lowered hippocampal MDA content [73]

Parkinson
Disease

Naringin 80 mg/kg rat model

Protection of
the nigrostriatal DA projection by

increasing glial
cell line-derived neurotrophic factor

expression and decreasing
TNF-a expression in DA neurons and

microglia

[74]

Naringin 8 or 80 mg/kg per day

Female
Sprague

Dawley (SD)
rats

Increased the level of GDNF in DA
neurons, contributing to neuroprotection

in the MPP+ rat model of PD, with
activation of mammalian target of

rapamycin complex 1 and pre-treatment
with naringin could attenuate the level of

TNF-α in the substantia nigra of
MPP+-treated brains

[75]
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Table 1. Cont.

Disease Compound Dose/Conc. Study Model Findings References

Parkinson
Disease

Naringin 80 mg/kg male Wistar
albino rats

Neuroprotective activity against
rotenone-induced toxicity in the animals

possibly through Nrf2-mediated
pathway

[76]

Naringin 50, 100 and 200 mg/kg Swiss albino
mice

Reduction in haloperidol-induced
cataleptic scores in both bar test and

block test
[77]

Naringenin 25, 50, 100 mg/kg/b.w,
PO

male C57BL/6J
mice

Reversed the toxic effects of MPTP by
reducing LPO levels and increasing the
activities of glutathione reductase and

catalase along with improved behavioral
performance

[78]

Naringenin 50 mg/kg, orally albino Wister
rats

Improved oxidative stress status by
decreasing MDA and increasing

glutathione content
[79]

Naringenin 50, 100 mg/kg

male Sprague-
Dawley rats

BV-2 and
MN9D cell

lines

Inhibition of microglia-induced
neuroinflammation via NLRP3

inflammasome inactivation
[80]

Naringenin 25, 50, and 100 mM SH-SY5Y Cell
Line

Reduction of the ROS production by
decreasing oxidative stress markers such

as LPO and NO and increasing SOD
level. In addition, pretreatment with

NGN decreased the inflammatory
markers such as TNF-α and NF-κβ in
MPP+-treated SH-SY5Y cells. Further,

NGN decreased the pro-apoptotic
marker—Bax—and increased the
anti-apoptotic marker—Bcl-2—in

MPP+-induced SH-SY5Y cells

[81]

Naringenin 40 µM
Primary rat

mesencephalic
cultures

Decreased TH-positive neurons and
TUNEL positive neurons [82]

Naringenin 50 mg/kg
Male Sprague-

Dawley
rats

Restoration of dopamine concentrations
due to neuroprotective effects rather than

compensatory effects by remaining
TH-positive cells after 6-OHDA lesioning

[83]

Naringenin
20, 40 and 80 mM

(in vitro) 70 mg/kg,
orally (in vivo)

Human
neuroblastoma
SH-SY5Y cells

and male
C57BL/6 mice

Activated Nrf2/ARE pathway in
dopaminergic (in vitro)

Up regulated protein levels of Nrf2/ARE
genes (in vivo)

Reduced striatal oxidative stress and
subsequent apoptotic signalling cascades

in striatum (in vivo)

[84]

Naringenin 12.5 µM and 25 µM

SH-SY5Y
Human Neu-

roblastoma cell
line

Downregulation of the expression of
some Parkinsonian genes such as casp9,

lrrk2, and polg and upregulate pink1
[85]

Naringenin 25, 50, and
100 mg/ kg/p.o

Male C57BL/6J
mice

Reduced NO content and restored SOD
activity, also downregulated TNF-α and

IL-1β expression
[86]
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Table 1. Cont.

Disease Compound Dose/Conc. Study Model Findings References

Parkinson
Disease

Naringenin 10 and 50 µM Female Wistar
rats

Enhanced astroglial neurotrophic effects
on DA neurons through the regulation of

Nrf2 activation,
[87]

Anxiety
and

depression

Naringenin 5, 10 and 20 mg/kg Male ICR mice
Increased hippocampal 5-HT, NE and GR
levels, and reduced serum corticosterone

levels
[88]

Naringenin 5, 10 and 20 mg/kg Male ICR mice Up-regulation of BDNF [89]

Naringenin 10, 25 and 50 mg/kg Swiss mice

Naringenin (25–50 mg/ kg) ameliorated
the hypolocomotion, depressive- and

anxiety-like behaviors in hypoxic mice
Naringenin (10 mg/kg) increases BDNF
expression but did not significantly (p <

0.05) alter corticosterone and catalase
contents. The increased expressions of

iNOS and NF-kB as well as loss of
amygdala neuronal cells were reduced by

naringenin (10 mg/kg)

[90]

Naringin 10 mg/kg Adult male
Swiss mice

Alleviation of the depressive and
anxiogenic behaviors evidenced by the

increased preference to sucrose and open
arm entries and duration in SPT and

EPM respectively

[91]

Naringin 25–100 mg/kg, i.p Swiss mice

Increased the levels of GAD67,
glutathione and decrease AChE activities,

pro-inflammatory cytokines (TNF-α,
IL-6), malondialdehyde, nitrite

concentrations

[92]

Naringenin 50 mg/kg/day Adult male
Wistar rats

Mitigation of morphological anomalies in
the hippocampal CA1 region and cortex
and upregulation of BDNF, Shh, GLI1,

NKX2.2, and PAX6

[93]

Huntington’s
disease

Naringenin 0.2, 0.4 mM C3H10T1/2
cells

Suppression of the protein aggregation
caused by EGFP-polyQ97 in mammalian

cells.
[94]

Naringin 50, 100 mg/kg Male Wistar
rats

Protection against 3-nitropropionic acid
induced neurotoxicity via nitric oxide

mechanism
[95]

Naringenin 50 mg/kg b.w, PO Albino Wistar
rats

Improvement of the behavioral function
and restored the activity of MAO and

5-HT levels and reduction of the
activation of astrocytes against 3-NP

induced neurotoxicity

[96]

Naringin 40, and 80 mg/kg

Adult male
Sprague-
Dawley

rats

Modulation of oxido-nitrosative stress,
neuroinflammatory, apoptotic markers

and mitochondrial complex activity
[97]

Naringin (80 mg/kg b.w/day,
orally)

Male Wistar
rats

Enhancement of phase II and antioxidant
gene expressions via Nrf2 activation [98]

Naringin 10 µM PC12 cells

Modulation in expressions of B-cell
lymphoma 2 and Bcl-2-associated X

protein and enhancement of the nuclear
translocation of Nrf2

[99]
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Table 1. Cont.

Disease Compound Dose/Conc. Study Model Findings References

Ischemic
brain injury

Naringin 50 and 100 mg/kg Male Wistar
rats

Restoration of reduced glutathione and
catalase activity and mitochondrial

enzyme activities in cortex, striatum,
cerebellum

[100]

Naringin 106 mg/kg/day male C57BL/6
strain mice

Suppression of neuronal cell death,
reversed the reduction in the level of

phosphorylated
calcium-calmodulin-dependent protein

kinase II, had the tendency to reverse the
reduction in the level of glutathione, and

blockade of excessive activation of
microglia and astrocytes

[101]

Naringin 40, 80 mg/kg
Male Sprague-

Dawley
rats

Improvement of early brain injury (EBI),
including subarachnoid hemorrhage

(SAH) severity, neurologic deficits, brain
edema and blood-brain barrier integrity
by attenuating SAH-induced oxidative

stress and apoptosis, and reduction of the
oxidative damage and apoptosis by
inhibiting the activation of MAPK

signaling pathway

[102]

Naringenin 50 and 100 mg/kg
Male Sprague–

Dawley
rats

Down-regulation of NOD2, RIP2, NF-κB,
MMP-9 and up-regulation of claudin-5

expression
[103]

Naringin 80, 120, or
160 mg/kg/ day SH-SY5Y cells

Reduced 3-nitrotyrosine formation,
NADPH oxidase, and iNOS expression.

Increased nNOS, p47, and p67 expression.
Decreased mitophagy

[104]

Naringin 100 mg/kg/day Adult Wistar
male rats

Continual treatment increased SOD
activity, decreased MDA, NO, iNOS, and
IL-1β. It also improved rats’ behavioral

performance

[105]

Spinal
cord injury

Naringin 20, 40 mg/kg

Female
Sprague-
Dawley

rat

Upregulation of the expression of NKx2.2
and 2′3′-cyclic nucleotide

3′-phosphodiesterase, and inhibition of
β-catenin expression and GSK-3β

phosphorylation

[106]

Naringenin 5, 10, 15 mM Male Wistar
rats

Suppression of MMP-9 activity and
upregulation of GSH, catalase and

MMP-2 activation
[107]

Naringenin 50–100 mg/kg Female Wistar
rats Repression of miR-223 [108]

Naringin 25, 50, and 100 mg/kg Adult Sprague
Dawley rats

Reduction of TNF-α, IL-8 as well as
MDAcontent and elevation of IL-10 as

well as SOD activity
[109]
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Table 1. Cont.

Disease Compound Dose/Conc. Study Model Findings References

Chronic
hyper-

glycemic
peripheral
neuropathy

Naringenin 50, 100 and 200 mg/kg Male Sprague
Dawley rats

Inhibition of upregulated expression of
TNF-α, IL-1β and MCP-1 level; GFAP

and Mac-1 mRNA expression
[110]

Naringenin 25 and 50 mg/kg Male Sprague
Dawley rats

Increase GSH level and decrease MDA
and NO level [111]

Naringin 50 and 100 mg/kg, b.w

Rat model of
OXL-

induced
peripheral

neuropathy

Improved the level of superoxide
dismutase, catalase, glutathione

peroxidase, nuclear factor erythroid
2-related factor 2, Heme oxygenase-1,

nuclear factor-κ B, tumor necrosis
factor-α, interleukin-1β, Bax, Bcl-2,

caspase-3, paraoxonase,
mitogen-activated protein kinase 14,

neuronal nitric oxide synthase (nNOS),
acetylcholinesterase, and arginase 2

[112]

4-HNE: 4-hydroxynonenal, TBARS: Thiobarbituric reactive substances, H2O2: Hydrogen peroxide, PC: Protein
carbonyl, GSH: Reduced glutathione, GPx: Glutathione peroxidase, GR: Glutathione reductase, GST: Glutathione-
S-transferase, SOD: Superoxide dismutase, CAT: catalase, GSK-3β: Glycogen synthase kinase-3β, ROS: Reactive
oxygen species, AchE: Acetylcholine esterase, DA: Dopaminergic, LPO: Lipid peroxidation, MPTP: 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine, 5-HT: Serotonin, NE: Norepinephrine, BDNF: brain-derived neurotrophic
factor, MDA: Malondialdehyde.

5.3. Cerebral Ischemia

Cerebral ischemia is a disorder that may trigger a cascade of unfavorable biochem-
ical responses in the brain, leading to malfunction of key brain regions and, commonly,
neuropathy [113,114]. An inflammatory reaction and the production of ROS following
an ischemia event may damage brain tissue and lead to neuronal death [115]. Ischemia-
induced damage involves several kinases, including mitogen-activated protein kinases,
extracellular signal-regulated kinases, signal transducers and activators of transcription 1,
calcium/calmodulin-dependent kinases, etc. ROS initiate the caspase cascade and en-
courage the synthesis of pro-inflammatory cytokines including interleukin (IL)-1, IL-6,
and tumor necrosis factor-alpha, all of which contribute to cell death. Although progress
has been made, a full understanding of the molecular mechanisms behind post-ischemic
neuronal damage remains elusive. However, naringin and naringenin have been shown to
have a neuroprotective effect after ischemia [116–119].

Naringin lowers cholesterol, prevents blood clots, and improves blood circulation
and nutrient supply [100]. In addition, naringin protects against central nervous and
cardiovascular diseases. To investigate the role of NFKB1 in OGD/R + injured PC12
cells, the previous study measured the components of the HIF-1α/AKT/mTOR signal
path. HIF-1α, phosphorylated AKT, and mTOR were all higher in the OGD/R + naringin,
OGD/R + si-NFKB1, and OGD/R + naringin + si-NFKB1 groups than in the OGD/R
group. Significantly higher levels of HIF-1α, activated kinase AKT, and mTOR signals
were expressed in the OGD/R + si-NFKB1 group (p < 0.01). In conclusion, naringin targets
NFKB1 and modifies PC12 cell proliferation and apoptosis by affecting HIF-1α, p-AKT,
and p-mTOR levels [120–123].

There is evidence that naringenin may help reduce the adverse effects of oxidative
stress on the body, making it a potentially beneficial treatment option for various chronic
illnesses. In addition to modulating the activity of antioxidant enzymes and regulating
the expression of antioxidant genes, the flavonoid may have direct antioxidant effects,
such as scavenging reactive species and reducing oxidative damage [124,125]. When Nrf2
is activated, antioxidant defenses are enhanced by maintaining redox equilibrium and
decreasing oxidative stress and inflammation. TNF-α and IL-1β, two key inflammatory ac-
tivators, are elevated in response to oxidative stress, whereas naringenin suppresses mRNA
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expression in the substantia nigra, hippocampus, and BV2 microglial cells [126,127]. For
example, studies on rat hippocampus and BV cells have revealed that naringenin reduces
NF-kB activation. Naringenin inhibited NF-kB, COX-2, iNOS, and their immunoreactivity,
preventing the inflammatory cascade that leads to neurological diseases [51,128].

5.4. Anxiety and Depression

Anxiety and depression are two of the most common mental illnesses, both of which
have complex origins at the intersection of several biological systems. Li et al. performed
the first studies on the antidepressant effects of naringin and naringenin. The chemicals
were tested on mice models of depression brought on by chronic unpredictable mild stress
(CUMS) [129]. Anxiety may cause a variety of uncomfortable physical and emotional symp-
toms, including but not limited to: irritation, impatience, weariness, difficulty concentrating,
a racing heart, chest pain, and an upset stomach. Anxiety comes in a variety of forms, and
each is treated differently [130]. The serotonergic and noradrenergic systems have been
connected to mood disorders such as depression and anxiety. The serotonergic system has
far-reaching effects on cognitive processes in the brain, in addition to its role in regulating
mood and appetite. Memory and focus are only two of the cognitive functions that are con-
trolled by the noradrenergic system. Increases in serotonin (5-HT) and norepinephrine (NE)
receptors, activation of brain-derived neurotrophic factor (BDNF), and decreased blood
corticosterone are hypothesized to underlie NRG’s antidepressant-like effects [131,132]. It
inhibits monoamine oxidase, which may also help those who are depressed. Increased rear-
ing activity, decreased immobility, and increased social communication was seen in mice
administered NRG intraperitoneally (at doses of 2.5, 5, and 10 mg/kg), which is consistent
with anti-depressant-like and anxiolytic-like effects. Reductions were seen in nitrosative
stress, lipid peroxidation, and cholinergic transmission. Mental diseases, often known as
mental illnesses or psychiatric disorders, are characterized by persistent patterns of think-
ing or behavior that significantly impair an individual’s capacity to function in everyday
life. Both the frequency and length of time that these symptoms will persist are unknown
at this time. Various diseases and disorders have been identified, and each has its signs. In
some instances, seeking the assistance of a clinical psychologist or psychiatrist specializing
in evaluating and managing mental health conditions may be beneficial [133–136].

Neuronal inflammatory mediator release exacerbates tissue damage and reactive
oxygen and nitrogen species (ROS/RNS) production, perpetuating the neuronal degen-
eration in stress-induced neuropsychiatric diseases, including depression and cognitive
loss. Decreased antioxidant defenses in neurons promote neuroinflammation and neu-
rodegeneration [137]. Several mediators and intracellular signaling molecules have been
connected to neuroinflammatory responses to hypoxia damage. When hypoxia occurs,
inflammatory transcription factors, including the NF-κB pathway, are activated, increasing
pro-inflammatory cytokine production [137]. Physical changes in the brain’s dendritic
arbourization and synaptic architecture have been linked to psychological and neurological
issues, including depression, anxiety, and memory loss. Naringenin, a dietary flavanone,
may be abundant in various foods, including citrus fruits, vegetables, and other berries
and nuts [138]. Chronic illnesses and ailments may benefit from consuming a diet high
in NG-rich fruits and vegetables. Animal pharmacokinetic studies have shown that NG
rapidly undergoes intermediate glucuronide metabolism in the liver and readily crosses
the blood–brain barrier (BBB). NG’s high permeability across the BBB has been attributed
to its association with a broad range of CNS effects. However, the oral bioavailability of
naringenin is limited by its metabolism in the liver and its degradation by bacterial en-
zymes in the colon. Lowered levels of inflammatory mediators were seen in rats, including
TNF-α, cyclooxygenase-2, and inducible nitric oxide synthase (iNOS). Studies of narin-
genin’s effects on the brain and spinal cord show it may help treat various neurological
disorders [139–141].
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5.5. Schizophrenia

Schizophrenia is a disabling brain illness characterized by a wide range of neurotic
symptoms including but not limited to hallucinations, delusions, cognitive impairment,
disorganized speech, and aberrant motor activities [142]. Many different causes contribute
to the development of schizophrenia. These include structural brain abnormalities, im-
paired neurotransmission, and stress-induced signaling cascades. Disruptions in epidermal
growth factor (EGF) signaling and abnormalities in the processing or expression of the EGF
receptors ErbB1 and ErbB2 are common in all schizophrenias [143]. As the pathophysi-
ology of schizophrenia worsens, oxidative stress has been suspected to be a contributing
factor. Several signs of oxidative stress, including ROS, reduced antioxidant enzyme ac-
tivity (catalase), depleted glutathione, and oxidized lipids, have been associated with
schizophrenia [144].

Schizophrenia and apoptosis have been connected via both intrinsic (mitochondrial
death) and extrinsic (death receptor) pathways [145]. Cytochrome C interacts with pro-
apoptotic and anti-apoptotic proteins to trigger the release of activated caspase-3 (primarily
Bax and Bcl-2). Diabetes was prevented in streptozotocin-treated rats by administration
of naringin, which inhibited the production of inflammatory and oxidative stress media-
tors [146]. Reduced free radical production, decreased release of proinflammatory cytokines
(such as interleukin-6 and TNF-α), and down-regulation of inflammatory proteins such as
NF-κB have all been linked to its anti-inflammatory effects in diabetic, chronic bronchitis,
and walker carcinosarcoma rats. To evaluate if naringenin protects interendothelial tight
junctions, we analyzed the expression and localization of ZO-1, occludin, claudin-1, and
claudin-2 across experimental groups. ZO-1 protein expression was significantly reduced
in the TNF-α treated group compared to the control group (p < 0.05) [147–151].

However, in TNF-α induced RIMVECs (p < 0.05), treatment with naringin dramat-
ically increased ZO-1 protein expression. Immunofluorescence’s structured cell death
also showed ZO-1 distribution. As proposed here, the medication that acts as a positive
allosteric modulator of GABA neurotransmission from chandelier neurons is thought to im-
prove the function of dorsolateral prefrontal cortex circuitry in people with schizophrenia
by increasing gamma-band synchronization of pyramidal neuron activity [152–155].

6. Concluding Remarks and Future Directions

Although technological advances have substantially sped up research on phytochemi-
cals, we still have a long way to go before we gather more definitive evidence regarding the
neurotherapeutic benefits of herbal medicines. Our data and other researchers’ data lead us
to believe that naringin and naringenin may be beneficial as neurotherapeutic medications
because of their ability to alter several signaling pathways. The outcomes thus far are in
line with this theory.

Despite the limitations of ongoing clinical studies, naringenin and naringin are promis-
ing therapies for various neurological conditions, including AD, PD, cerebral ischemia,
anxiety, depression, schizophrenia, and chronic hyperglycemic peripheral neuropathy.
Given these obstacles, it is essential that pharmacokinetic research on naringin and narin-
genin administration be performed, that more accurate dosage designs for different illnesses
be developed, and that innovative drug delivery strategies be developed to boost bioavail-
ability in healthcare situations.
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Abbreviations

PD Parkinson’s disease
TRP Transient receptor potential
NO Nitric oxide
cGMP Cyclic guanosine monophosphate
PKG Protein kinase G
MAPK Mitogen-activated protein kinase
GDNF Growth differentiation and neurotrophic factor
AD Alzheimer’s disease
Aβ Amyloid-β
AChE Acetylcholinesterase
CaMKII Calcium/calmodulin-dependent protein kinase II
GSH Reduced glutathione
GPx Glutathione peroxidase
GST Glutathione-S-transferase
SOD Superoxide dismutase
ROS Reactive oxygen species
LPO Lipid peroxidation
MDA Malondialdehyde
5-HT Serotonin
NE Norepinephrine
BBB Blood–brain barrier
iNOS Inducible nitric oxide synthase
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Abstract: Nowadays, there is a growing interest in the exploitation of by-products from fruits and
vegetables, generated from industrial processing or human feeding. Residues of popularly consumed
fruits such as orange, lemon, banana, pomegranate, among others, have been widely described
and studied; however, cactus pear (Opuntia spp.) residues, as a locally consumed product, have
been forgotten. The whole fruit can be divided into the edible portion (pulp) and the non-edible
portion (seeds and peel). Several studies mainly focus on the characteristics of the edible portion
or in the whole fruit, ignoring by-products such as peels, which are rich in compounds such as
phenols, flavonoids and dietary fiber; they have also been proposed as an alternative source of lipids,
carbohydrates and natural colorants. Some uses of the peel have been reported as a food additives,
food supplements, as a source of pectins and for wastewater treatment; however, there have not been
any deep investigations of the characteristics and potential uses of the cactus pear peel (CPP). The
aim of the present paper is to provide an overview of the current research on CPP. CPP has many
bio-active compounds that may provide health benefits and may also be useful in pharmaceutical,
food and manufacturing industries; however, greater research is needed in order to gain thorough
knowledge of the possibilities of this by-product.

Keywords: waste; by-product; composition; bioactive compounds; health benefits

1. Introduction

Cactus pear is the fruit of the nopal cactus, is native to the arid and semi-arid regions
of Mexico and Mesoamerica and has spread to many regions [1,2] This fruit is commonly
known as cactus pera fruit, prickly pear, tuna (Mexico), higo (Colombia) higo chumbo
(Spain), fico d’India, figue de barbarie (France), among others. There are some countries
where there is significant production of this fruit, such as Italy, which is the most important
producer in the Mediterranean area, and on the African continent, it is produced in the Cape
region and in South Africa; in countries such as Israel, Chile and Argentina, it is produced
on a small scale and it is also possible to find it in some plantations in Brazil, Colombia,
Peru, Spain, Greece and Turkey [3]. However, Mexico is the main producer worldwide
and cactus pear cultivation is considered highly profitable, because in optimal conditions,
the production is 40 tons per hectare by year [2,4]. In Mexico, an area of 48,000 ha is
dedicated to its cultivation, in which 352,000 tons by year are produced, through the
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participation of around 20,000 producers [2,5]. The main producing regions in Mexico
are the southern region (Puebla and Oaxaca), the central region (Estado de Mexico and
Hidalgo) and the north-central region (Guanajuato, Jalisco, Aguascalientes, San Luis Potosí
and Zacatecas) [2,6].

It is estimated that the consumption per capita is only around 3.7 kg/year, since it is a
seasonal fruit and is only available a few months per year [7]. The fruit is very popular,
and it is mainly consumed fresh, although it is also processed in products manufactured on
a small scale or in an artisanal way, and can be found in jams, yogurts, juices or candies [8].
Because of how it is consumed and processed, only the edible portion is used, generating
a large amount of residue between peels and seeds. The non-edible portion known as
the peel comprises two fractions, the mesocarp and the pericarp, and depending on the
variety, it may represent between 33 to 55% of the total weight. It is usually discarded as
by-product and may represent a problem due to waste management issues [9–11]; therefore,
different alternatives have been sought for its use, revealing that is an inexpensive source
of many nutrients, such as minerals [12], aminoacids [13], polyunsaturated fatty acids [14]
and carbohydrates (which have been applied as a source of fiber, sweeteners and pectins
for food applications) [15].

In addition, several studies have shown that cactus pear by-products are rich in
bioactive compounds [16] such as phenolics, flavonoids, pigments, fibers, polysaccharides
and fatty acids [8]. They can provide many health benefits such as inhibition and protection
against free radicals [17], cytotoxic activity against some cancer cell lines [18] as well as
the reduction of atherosclerosis and glycaemia [19]. However, many studies have been
performed by using the pear peel for multiple purposes such as for pigment extraction [20]
a preservative for margarine [21], as snacks [22], a dietary supplement with hypoglycemic
properties [23] and in wastewater treatment [24].

The present review describes the nutritional characterization of cactus pear peel as a
promissing source in pharmaceutical, food, textile and wastewater industries.

2. Information Sources and Search Strategies

Scientific databases such as PubMed, Research Gate and Science Direct were used
in the literature search, using the following search key words: Opuntia spp., Cactus pear
and peel; as filters to search all fields, the words: composition, bioactive compounds,
applications and health benefits were used. From the articles resulting from the search, the
abstracts were carefully read, and relevant studies were selected and reviewed.

Study Eligibility Criteria

Original articles written in English and Spanish were included, which the pericarp
and endocarp of the fruit were used or described; those in which the properties or effects of
other by-products, such as the pulp or the seeds, were excluded. The process was carried
out following the recommendations of the PRISMA Flow Diagram [25] as presented in
Figure 1.

226



Life 2022, 12, 1903Life 2022, 12, x FOR PEER REVIEW 3 of 16 
 

 

  
Figure 1. PRISMA flow-chart. 

3. Cactus Pear Description and Structure 
Cactus pear is the fruit of the Opuntia spp., which is a shrubby plant of the Opuntia 

genus and belongs to the Cactaceae family [26]. The fruit usually has a spherical or turbine 
shape, with elliptical or cylindrical variations. The color combinations such as bright yel-
low, green, red or purple are provided by pigments such as betanins and betaxanthins. 
The size is approximately 7 to 9 cm long and 5 to 6 cm wide, whereas the weight varies 
from 86 to 146 g. The peel has the same color of the pulp and has an umbilical zone from 
50 to 70 “areolas”, with small spines from 3 to 10 mm [27] and the peel thickness is ap-
proximately 0.65 cm [28]. At the beginning of fruit development, the peel or skin predom-
inates over the locular tissue, whereas as the fruit grows, the pulp proportion increases in 
comparison to the peel [29], and when the fruit matures, the peel still comprises the high-
est percentage [30].  

The first function of the fruit peel is to protect the pulp from weather and the sun 
[31], and the peel also indicates the moment when the fruit is ripe through physical pa-
rameters, such as the change of color, shape, firmness, diameter and volume, which allow 
for knowing the optimal time for harvesting [29]. In the whole fresh fruit, the amount of 
peel may be of approximately 40%, and on a dry weight basis, it may represent 25% of the 
total weight [32]. 

Figure 1. PRISMA flow-chart.

3. Cactus Pear Description and Structure

Cactus pear is the fruit of the Opuntia spp., which is a shrubby plant of the Opuntia
genus and belongs to the Cactaceae family [26]. The fruit usually has a spherical or turbine
shape, with elliptical or cylindrical variations. The color combinations such as bright
yellow, green, red or purple are provided by pigments such as betanins and betaxanthins.
The size is approximately 7 to 9 cm long and 5 to 6 cm wide, whereas the weight varies
from 86 to 146 g. The peel has the same color of the pulp and has an umbilical zone
from 50 to 70 “areolas”, with small spines from 3 to 10 mm [27] and the peel thickness
is approximately 0.65 cm [28]. At the beginning of fruit development, the peel or skin
predominates over the locular tissue, whereas as the fruit grows, the pulp proportion
increases in comparison to the peel [29], and when the fruit matures, the peel still comprises
the highest percentage [30].

The first function of the fruit peel is to protect the pulp from weather and the sun [31],
and the peel also indicates the moment when the fruit is ripe through physical parameters,
such as the change of color, shape, firmness, diameter and volume, which allow for knowing
the optimal time for harvesting [29]. In the whole fresh fruit, the amount of peel may be of
approximately 40%, and on a dry weight basis, it may represent 25% of the total weight [32].
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Cactus pear peel (CPP) has been studied mainly for the extraction of starches, pectins
and fiber. The peel cells are mainly composed of collenchyma and parenchyma cells,
which are rich in pectic polysaccharides [33]. The organization and morphology of the
different cell types that conform to the peel from the outside to the inside can be described
as follows: the chlorenchyma cells are thin-walled epidermal cells that are rich in non-
cellulosic components and have thick cell walls, and on the other hand, parenchyma
cells show thin walls. Inside the tissues of the collenchyma and parenchyma, there are
mucilaginous cells that act as a polysaccharide storage, which is common in succulent
plants, and is related to the osmotic function for water molecule retention [32].

3.1. Physical Chemical Characteristics and Nutrient Composition

The peel of the fruit shares some properties with the fruit; its physical characteristics
give it very specific organoleptic properties, in addition to allowing for knowing the
ripeness of the fruit. The acidity of CPP is 0.02 to 0.12% of citric acid, which gives the
characteristic flavor of the fruit and is related to the pH, which is an indicator of the maturity
of the fruit. CPP can reach values of 4.5–5.9, and in this sense, it could be considered a low
acid by-product (pH > 4.5) [12,34,35]. Soluble solids content (◦Brix) is a parameter used
for the screening of the evolution and ripening of the fruit, correlating with the content of
sugars through the refraction properties of the total soluble solids [36]. The peel ◦Brix varies
from 6.16 to 15.00 depending on the state of maturity of the fruit at harvest time [12,35].

CPP also has nutritional properties of interest, which are summarized in Table 1. CPP
is notorious for its high percentage of moisture and the low amount of lipids and proteins;
however, it also has essential amino acids, which are described later.

Carbohydrates are the major component of CPP, which are rich in fibers and polysac-
charides. It may change depending on the variety and color of the peel; for example, the
peels of red cactus pear present high humidity and high soluble fiber content, whereas
green fruit peels present a higher content of fat and insoluble fiber [11].

Since the demand for novel sources of quality protein have increased, the use of
vegetables as an alternative source of protein has been proposed, especially those obtained
from agro-industrial by-products. The use of cactus pear residue is available at low costs
and can contribute to the generation of value-added protein, leading to environmental
sustainability [39].

It is well known that the amino acids of CPP are linked to the betaxanthins, one of
the main pigments of the cactus pear, which result from the conjugation of betalamic acid
with protein or non-protein amino acids and biogenic amines. In CPP, sixteen betaxanthins
have been identified, which include amino acids in their structure; they are arginine-
betaxanthin, aspartic acid-betaxanthin, lysine-betaxanthin, proline-betaxanthin, serine-
betaxanthin, tyramine-betaxanthin and threonine-betaxanthin [13].

Fruit peels could be considered as a promising source of essential fatty acids and
fat-soluble antioxidants. According with Ramadan and Mörsel [14], around 36.8 g/kg
(dry weight) of lipids have been found [14], and depending on the variety, the fatty acids
that may be present in the peels are Lauric acid (C12:0), Myristic acid (C14:0),Palmitic
acid (C16:0), Palmitoleic acid (C16:1), Stearic acid (C18:0), Oleic acid (C18:1), Linoleic acid
(C18:2), Linolenic acid (C18:3) and Arachidonic acid (C20:0) [40]. From the recovered
lipids, the unsaponifiable comprises 12.8% [14]. However, the amount of lipids is not
only influenced by the color or variety, but is also affected by processing and storage
conditions [12], since during the storage of oils and fats, lipid peroxidation takes place,
affecting the nutritional and organoleptic properties, as the unsaturated nature of the fatty
acids from cactus pears makes them highly susceptible to oxidation [9,11]. The fatty acids
quantifications that are specifically found in the peel of the fruits of Opuntia spp. L. Mill are
shown in Table 1.
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Table 1. Nutritional composition of cactus pear peel.

Ranges Refs.

Moisture (%) 80.17–90.33 [12,37]

Ash (%) 1.60–3.05 [12,37]

Minerals

Mg (mg/100 g) 0.987
Ca (mg/100 g) 0.951
Na (mg/100 g) 0.925
K (mg/100 g) 0.320 [12]
Fe (mg/100 g) 0.129
Mn (mg/100 g) 0.090
Zn (mg/100 g) 0.090

Protein (%) 0.90–4.14 [12,35]

Lipids (%) 0.94–2.43 [4,11]

Palmitic (%) 23.71
Stearic (%) 3.93
Arachidonic (%) 5.52
Palmitoleic (%) 2.46 [12]
Oleic (%) 19.73
Linoleic (%) 28.96
Linolenic (%) 15.68

Carbohydrates 27.60 [4]

Total sugars (%) 3.53 [35]
Reducing sugars (%) 2.07 [35]
Saccharose (mg/100 g) 0.00225 [37]
Glucose (mg/100 g) 0.014 [37]
Fructose (mg/100 g) 0.0029 [37]
Galacturonic acid (mg/100 g) 2.23 [12]
Stachyose (mg/100 g) 1.81 [12]
Mannitol (mg/100 g) 1.48 [12]
Sorbitol (mg/100 g) 0.71 [12]
Arabinose (mg/100 g) 0.05 [12]
Starch (mg/100 g) 7.12 [4]

Fiber

Total fiber 40.80 [4]
Crude fiber (%) 0.96 [12]
Insoluble fiber (%) 7.98–8.12 [38]
Soluble fiber (%) 19.39–34.95 [38]
Hemicellulose (%) 20.80 [4]
Cellulose (%) 27.0 [11]
Lignin (%) 2.4 [11]
Pectin (%) 7.71 [4]
Mucilage (%) 4.10 [11]

Vitamins

Ascorbic acid (mg/100 g) 27.3
Niacin (B3) (mg/100 g) 0.26 [38]
Pyridoxine (B6) (mg/100 g) 0.19
Folic acid (B9) (mg/100 g) 0.11

Mineral composition is highly influenced by the soil where the plant is grown and
may vary from place to place, together with the variety of the fruit and the climate of
that region. CPP is characterized by a high content of Mg and Ca [12] (Table 1). In this
sense, the consumption of only 20 g of peel would cover 90% of the recommended daily
intake (RDI) of magnesium and 20% of calcium for the general population [41]. Although,

229



Life 2022, 12, 1903

it is important to mention that calcium is not bio-accessible [10,11,42]. In addition, the
presence of potassium is very important, since it helps to mitigate the negative effects of
high sodium consumption on blood pressure [43], and manganese, zinc and copper are also
present in the peels, being relevant because they are used for bone mineralization, muscle
contraction, nerve stimulus transmission and act as a cofactor of many enzymes involved
human metabolism [41,44,45].

As shown in Table 1, the peel contains mainly vitamin C, B3, B6 and B9 [46], whereas
other vitamins, such as, thiamine or riboflavin, are found in trace amounts [47,48].

Ascorbic acid is one of the antioxidant agents found in abundance in the peels in
comparison with the pulp [49], ranging from 46.40 to 86.28 mg AAE (Ascorbic Acid
Equivalent)/100 g [50], and there are variations in the content depending on the color of
the fruit; the highest content of ascorbic acid has been found in pink peels, followed by the
orange ones and, lastly, the red varieties [50].

3.2. Bioactive Compounds

In some varieties of cactus pear fruit, the total phenolic content (TPC) as well as
ascorbic acid is higher in the peel [51–53], mainly in red peel fruits [54], and a high amount
is associated with the matrix of the dietary fiber [55]. Amounts up to 1534 mg GAE (Gallic
Acid Equivalent)/100 g (fresh weight) can be found in the peels. The amount found depends
on the cultivar, season and soil properties [49,53], fruit maturity and climate [53,56], as seen
in Table 2.

Table 2. Bioactive compounds and antioxidant activity of cactus pear peels.

Bioactive Compounds and Antioxidant Activity Ranges Refs.

Phenolics (mg GAE/100 g) 14–376 [50,57]
Flavonoids (mg RE/100 g) 8–66 [57]
Tannins (mg CE/100 g) 23–144 [57]
Carotenoids (µg/g) 1.79–6.06 [50]
Betaxanthins (mg/100 g) 83.4 [53]
Betacyanins (mg/100 g) 13,468 [53]
DPPH (%) 90.9−96.8 [50]
ABTS (µM TE/100 g) 529 [50]
Chelating activity (%) 69–97 [50]
Reducing power (EC 50 mg/mL) 2.08–2.65 [57]
ORAC (µM TE/100 g) 37.4 [53]
B-Carotene bleaching inhibition (EC 50 mg/mL) 3.87–6.49 [57]

GAE: Gallic Acid Equivalent; RE: Rutin Equivalent; CE: Catechin Equivalent; TE: Trolox Equivalent; EC: Extinction
coefficient.

Purple peels have high concentrations of betalains, which are water-soluble, natural
pigment derivatives, which yield a variety of colors, from red-violet (betacyanins) to yellow-
orange (betaxanthins) [58,59], whereas green peel varieties have the lowest concentrations
of these pigments.

The lipids from CPP present high levels of β-carotene [14]; the main carotenoids
of the peel (representing about 80%) are lutein, β-carotene and violaxanthin [50]. In the
different varieties of cactus pear (red, yellow, orange and green), the presence of carotenoids
varies; however, the presence of norbixin, antheraxanthin, astaxanthin, canthaxanthin and
ζ-carotene is consistent [57,60–63].

There is little research about the safety of oral ingestion of fruit peels, especially in the
presence of pesticides, and there are minimal amounts of pesticides (such as malathion,
chlorpyrifos, permethrin, diazinon, dimethoate, spinosad and abamectin) and heavy metals
(copper, chromium, arsenic, cadmium, lead, and selenium). However, these are under the
maximum limits of toxic residues established by the North American Free Trade Agreement
(NAFTA), so that phytotoxic elements do not trigger health risks [8,11].
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3.3. Potential Uses, Applications and Health Benefits

Many authors have focused their interest on this fruit, valuing it as a functional food
because of its high fiber and secondary metabolites (polyphenols, betaxanthins, organic
acids, among others) that confer properties such as having an anti-inflammatory effect, are
lipid lowering, have a hypoglycemic effect, among others [64–73]. In these diseases, the
chronic use of conventional anti-inflammatory drugs may lead to some adverse effects. For
that reason, the anti-inflammatory activity of some natural compounds present in food
products or herbal drugs may be valued as adjuvants to relieve the symptoms of these
diseases [67].

3.3.1. Digestive System

In an animal model of colonic inflammation caused by irradiation, it was observed
that by applying a pretreatment with Opuntia spp. peel extract in rats, a prophylactic effect
against the damage is produced in the colonic tissue, decreasing inflammation markers, as
well as increasing intrinsic anti-inflammatory agents [73] because of the high content of
phenolic and flavonoids that are linked to the by-products of the cactus pear [11]. Therefore,
Opuntia spp. fruit peel extract could have some potential to improve colonic inflammation
processes [73].

There are also other digestive issues such as constipation that is related to a deficient
intake of fiber. This component plays an important role in human health since it is associ-
ated with prevention and the treatment of diseases such as colitis, colon cancer and high
cholesterol levels (36). Opuntia ssp.peel is considered a good source of dietary fiber because
40.8% of the dry weight is fiber [33], and the recommended daily intake of dietary fiber
in adults must be >25 g/day [74]; therefore, the daily intake could be easily covered with
62 g of dried CPP [31]. The beneficial effects of fibers in human health are widely known
through the effects on the digestive system, helping to relieve constipation, increasing the
bulk and softness of the feces on the intestine, accelerating the pass through the bowel and
easing the evacuation [74]. In addition, dietary fibers have some functional properties such
as an oil and water retention capacity, and which have lipid-lowering and anti-constipation
effects, respectively [75].

It has been demonstrated in studies in vivo with rats that the consumption of cactus
pear residues favors the growth of beneficial bacteria in the gut. In a study with rats fed
with CPP flour, it was observed that the growth of lactic acid bacteria and bifidobacteria is
promoted [76] because of the combination of non-digestible sugars with different dietary
fibers [77].

3.3.2. Antimicrobial, Antifungal, Antiviral and Insecticidal Activities

Opuntia spp. peel extract is considered a promising source of new natural antibacterial
agents against some microbes, and peel extracts have been proven to have significant
antimicrobial activity, which can vary according to the type of extract. The ethanolic extract
of the peel has high activity against some microbes, even higher than the activity presented
by the pulp extracts, showing an increase in the inhibition zone against Staphylococcus
aureus and Escherichia coli. The peel extract also has antifungal activity against Candida
albicans and has antibacterial activity against Gram-positive and Gram-negative bacteria
because of the presence of several potent bioactive components such as sterols, tannins,
alkaloids and other phenolic compounds [46].

Different solvents were used on the CPP in order to extract the bioactive compounds,
and to evaluate the inhibitory effect against pathogens that cause pneumonia. Extractions
with ethyl acetate (EtOAc) show the highest effect against microbes such as Streptococcus
pneumoniae, Stenotrophomonas maltophilia and Klebsiella pneumoniae, among others. Fur-
thermore, the isolated compound with the highest antimicrobial activity is Quercetin
5,4′-dimethyl ether [78]. Extracts of CPP have shown greater antimicrobial activity against
Gram-positive bacteria than Gram-negative bacteria and antimicrobial activity against
S. typhimurium and Bacillus subtilis [79] has been demonstrated. In addition, Opuntia
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ssp. peel extracts showed potential antiviral activity against H5N1 and rotavirus [80].
Concerning insecticidal activity, prickly pear peel waste has shown larvicidal activity as
well as a decrease in the fecundity and hatchability of the C. pipiens mosquito [81]; however,
more studies are needed to assess the antimicrobial activity of CPP extracts.

3.3.3. Hypolipidemic Effect

Dyslipidemias are a group of asymptomatic diseases originating in abnormal con-
centrations of blood lipoproteins [82]. The hypolipidemic effect of the peel extract was
demonstrated in a study with hamsters fed a diet containing CPP extract, and after five
weeks, the plasmatic and hepatic cholesterol reduced at 35% in comparison to the control
diet [83]. In a study using rats, LDL cholesterol decreased significantly through the treat-
ment with CPP [12], owing to its high content of ascorbic acid, which protects the essential
fatty acids (omega-3, omega-6, α-linolenic acid and linolenic acid) from oxidation [80,81].
Its high fiber content that helps to the lower cholesterol was also noted [11]. The CPP
extract is rich in phytosterols such as lanosterol, campesteryl β-D-glucoside, stigmasteryl
β-D-glucoside and sitosteryl β-D-glucoside [37], which have a hypocholesterolemic effect
by a competitive mechanism with cholesterol absorption. This evidence suggests that this
by-product has some potential to be employed as an ingredient or a supplement to low
cholesterol and prevent cardiovascular diseases [83].

3.3.4. Cytotoxic and Anticancer Activity

CPP extracts possess cytotoxic activity in human liver cancer cell lines (Hep G2),
colorectal adenocarcinoma (Caco-2) and breast cells (MCF-7), decreasing the viability of
cancer cells, by increasing the concentrations of bioactive compounds of an ethanolic extract.
The highest concentrations cause a reduction in the viability of cancer cells, especially in
the human liver cancer cell line (Hep G2) [84–86]. The anticancer effect may be due to
the presence of polyphenols that play an important role in antioxidant activity and show
antiproliferative activity or cytotoxicity in human cancer cells [87]. In addition, the extract
contains gallic acid, which also shows cytotoxic activity against tumor cells, as in the case
of lung cancer, prostate or leukemia [88]. Furthermore, sterols inhibit tumor promotion in
carcinogenesis in mice, altering the expression of certain genes related to cell growth and
apoptosis. Furthermore, the presence of quercetin could be one of the active compounds
responsible for the anticancer and apoptosis-inducing effects of the extracts [89]. CPP
contains large amounts of isorhamnetin (3′-methoxy-3,4′,5,7-tetrahydroxyflavone) that
exerts anticancer action by the inhibition of epidermal growth factor (EGF); it also improves
the skin barrier function through activation of the peroxisome proliferator-activated recep-
tor (PPAR)-α and the suppression of inflammatory cytokines production. In a model of
gastric cancer cells and, in combination with chemotherapeutic drugs, isorhamnetin also
has strong antiproliferative effects and causes cytotoxicity [90].

3.3.5. Hypoglycemic Effect

Regarding the benefits in glucose levels, in a study with a group of rats fed with CPP
flour, glycaemia was lower in comparison with a group fed with flour with apple residue,
and the weight gain was lower compared to the control (inulin) [91] due to the low soluble
sugars, the fructans content of fructans and high fiber content in the CPP [92].

Different studies aim at developing nutraceuticals or dietary supplements that may
provide health benefits. Although no clinical trials have been developed exclusively with
CPP, the effects of the product “OpunDiaTM”, made with cactus cladode and CPP extracts
(70:30 w/w), has potential hypoglycemic activity. After administration of 400 mg/day for
16 weeks, in obese pre-diabetic men and women, there was a significant decrease in blood
glucose concentrations in an oral glucose tolerance test [93]. Furthermore, in athletes, this
dietary supplement stimulates insulin secretion before and after exercise, lowering blood
glucose levels and lowering the area under the blood glucose curve by 30%, a reduction of
10% in the glucose levels and greater insulin concentrations after ingestion [94].
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3.4. Application of CPP in Industry
3.4.1. Food Industry

A high amount of peel waste is generated from fruit and vegetable-based industries
and has led to an economical and nutritional losses. Processing of fruits and vegetables
generates a significant amount of residue, among 25–30% of the total product, which have
many bioactive compounds and have many applications in some industries such as food
additives or ingredients, to develop films, for probiotics development, among others. The
utilization of these low-cost horticultural wastes as a value-added product is a novel step
for sustainable production [95], since the presence of complex polysaccharides composed
of arabinose, galactose, rhamnose and galacturonic acid may influence the pleasant flavor.
These characteristics make the CPP a suitable option as a sweetener in foods [12]. The great
amount of carbohydrate polymers makes the peels a good source of fibers; therefore, their
use is relevant to the food industry as a viscosity agent in food components [33].

The carbohydrates of CPP provide techno-functional properties such as water holding
capacity (WHC) and lipid holding capacity (LHC), which range from 3.20 to 4.60 g/g,
1.73–1.90 g/g, respectively. Another technological property is the swelling capacity (SC),
which varies from 9.82 to 12.33 mL/g. These functional properties are relevant because
they may help to improve the sensory characteristics of some foods such as sausages or
bakery products [37].

Several trials have included the CPP in different food products in order to obtain dif-
ferent sensorial attributes or improve nutritional value or presence of bioactive compounds.

An assay was done adding freeze-dried CPP in a snack of rice flour produced by
extrusion cooking, in order to improve the nutritional and organoleptic properties where
the cooking process does not significantly affect the content of bioactive compounds [96].
In addition, a snack from CPP using instant pressure drop texturing (a new technology
applying high pressure at high temperatures) was applied to develop a “healthy snack”,
with a high content of phenolic compounds and β-carotene [23]. In another study, 10% CPP
flour was added to a snack of amaranth and rice flour; as a result, the fat content decreased
mainly due to the fiber content, which also provided better sensorial acceptance, better
attributes of color, texture and oiliness [97].

CPP are used to produce biscuits rich in phenolic compounds, with greater sweetness
and stable attractive colors, taking advantage of the natural colorants of the peels [98].
It has also been incorporated in the preparation of muffins mixed with wheat flour; the
product presents a high fiber and moisture content and a lower fat content with great
acceptability in the sensory analysis in comparison with commercial muffins [99].

The addition of CPP powder as a source of carbon to produce baker’s yeast, using
Saccharomyces cerevisiae, has also been assayed. The maximum cell mass production is
reached at 24 h of inoculum time, with a temperature of 30 ◦C, agitation at 200 rpm and an
inoculum size of 10%. Therefore, CPP has a great potential in the production of baker’s
yeast for industrial bakery applications [100].

3.4.2. Animal Fodder

CPP is commonly used as animal fodder due to their nutritional properties, such as the
moderate content of sugars, starch, ether extract, crude protein, amino acids, fiber, and for
providing a good amount of the animal requirements for vitamins and calcium, representing
a better feed for ruminants than commercial feeds [101]. In rabbits fed with diets with
50% of CPP, giblets, liver and heart were heavier, and abdominal fat, triglycerides and
LDL cholesterol were reduced, while the concentration of HDL cholesterol increased [102].
Adding a 15% of CPP to the traditional corn diets for commercial Cobb chicken, the weight
gain improves in 5.78%, as well as the total protein and globulin in blood serum, resulting in
superior nutritional status, greater daily weight gain, and better sensorial characteristics of
the meat, including taste, color, odor, texture, and general acceptability [103]. The addition
of CPP to the traditional diets, lead to a greater economic efficiency by minimizing the costs
of the expensive yellow corn grain which is the food base in the poultry diets [104]. Farmers
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consider the fruit peel as an excellent supplemental feed and usually offered animals such
as draught oxen, pregnant and milking animals [105].

3.4.3. Colorants

Synthetic colorants have been used in different types of industries because they present
good stability and are cheap. However, the trend for using natural colorants is increasing,
and the market derived from natural sources such as fruits, vegetables, insects or minerals
represents a promising industry [106]. The peels of the cactus pear, mainly the red ones, are
an important source of betanins, one of the most valued red natural colorants [107]. These
pigments are of great importance in the industry because of their ecological value and
non-toxicity. Betalains from CPP are colorants with a potential to be applied in functional
foods, not only for their action as colorants also for their as antioxidants, antimicrobial,
anti-proliferative and hypolipidemic properties [37,61], and are considered a permitted
colorant for foods (USDA) [60].

Cactus pear by-products can be used in a more profitable way, by extracting the
colorants before being used for animal feed [108], either using solvents, or novel clean
technologies, such as the application of microwaves or pulsed electrical fields or ultrasound,
which provide better recovery of the intracellular compounds with less impurity [107,109].
The textile fibers dyed with the extract of Opuntia spp. peels yield pink colors with great
solidity, and by adding lemon juice (widely used in popular tradition as a natural mordant),
depth tones are reached, achieving an environmentally friendly staining process [108].

3.4.4. Other Applications

The aqueous extract and the powder of CPP have been added in biofilms to improve
the physical and antioxidant characteristics of edible carboxymethylcellulose films, obtain-
ing a formulation with a high content of betalains and phenolic compounds by adding
1.7% of peel powder and 3.3% of the aqueous extract [110]. In addition, the mucilage from
CPP is extracted to create a biopolymer with good solubility in water, foam and emulsion
capacity and with a thermal stability of up to 250 ◦C, which could see this biopolymer
applied in biodegradable containers [111]. The raw CPP has been successfully used as an
agent for the decontamination of wastewaters that contain dyes, pesticides, high levels of
turbidity, chemical oxygen demand and heavy metal ions. By using only 0.5 g of CPP at a
particle size of 10 mm, it has highly efficient decontamination power, produced by the high
biosorption capacity of the CPP [25].

4. Conclusions

The functional benefits and bio-active compounds that CPP provides generate great
scientific interest in the exploration of this by-product as a inexpensive source of fibers,
antioxidants, fatty acids and colorants, in addition to the proven health benefits, such
as its hypolipidemic, hypocholesterolemic and cytotoxic activity. In this sense, cactus
pear residues may be used on a wide spectrum of applications either as an ingredient for
functional foods, as food supplements or to improve the sensorial characteristics of food
and pharmaceutical products with the use of natural ingredients, which is generally better
accepted in contrast to synthetic colorants or other additives. There remains great potential
for future studies on the recovery of the compounds and their utilization. The health
benefits that cactus pear peel could provide needs deeper research, mainly through clinical
studies, in order to apply the current research. Furthermore, the use and exploitation of the
by-products leads to more sustainable and environmentally friendly processes.
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Abstract: This review consolidates current knowledge on β-D-glucans in Poales and presents current
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1. Basic Characterization and Localization of β-D-Glucans in the Plant

The (1,3-1,4)-β-D-glucans (hereafter referred to as β-D-glucans) are relatively small
part components of the cell wall of vegetative tissues of cereals and grasses [1,2]. Mainly
cereal grains such as barley (Hordeum vulgare L.), oat (Avena sativa L.), and rye (Secale cereale
L.) are rich sources of β-D-glucans, while wheat (Triticum aestivum L.), rice (Oryza sativa L.),
and maize (Zea mays L.) dispose of lower concentrations of this polysaccharide [3–6].

Generally, the accumulation of β-D-glucans is observed in the cell wall of endosperm
cells of the developing grains and in the surrounding maternal tissues, the aleuronal and
subaleuronal layer [7–9] (Figure 1). β-D-glucans are not uniformly distributed in the
grain, their localization varies among plant species and different plant tissues [8,10]. This
polysaccharide has also been found in vegetative organs of the plant, namely in the root,
coleoptile, stem, and leaf [11–13], and variability in the content of this polysaccharide was
found during plant and tissue development [13,14].

The β-D-glucans are unsubstituted, unbranched polysaccharides composed of β-D-
glucopyranosyl monomers polymerized by both β-(1,3) and β-(1,4) linkages [15,16] and
therefore the cereal β-D-glucans are also called “mixed-linkage glucans—MLG”. From a
functional point of view, the most important feature of this molecule is the arrangement
of β-(1,3) and β-(1,4) linkages along the polysaccharide chain [1,2,17]. The bonds are not
arranged in regularly repeating sequences, but they are also not arranged randomly [17–19].
(1,4)-β-bonds are usually more often presented in the polysaccharide than (1,3)-β-bonds.
(1,3)-β-D-glucosyl residues always occur in linear β-D-glucans chain as individual parts
between (1,4)-β-D-oligoglucosyl units, which are mostly found in sequences of two or
three [20].
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Figure 1. Localization of β-D-glucans in grains of Avena sativa variety SW Betania. Vertical (A) and
longitudinal (B) seed sections show the presence of the polysaccharide in blue by calcofluor staining
and visualized in a fluorescence microscope, adapted from [10].

The cereal β-D-glucan chain consists of glucopyranosyl monomers linked by a β-
(1-4)-glycosidic bond in blocks of three or four monomers, which are called cellotriosyl
and cellotetraosyl units. These units are separated by a single β-(1-3) bond, giving the
chain a “staircase”-like structure [21,22] (Figure 2). Adjacent (1,3)-β-D-glucosyl residues
are not present, at least not in cereal β-D-glucans [1]. Adjacent (1,4)-β-D-oligoglucosyl
units located between individual (1,3)-β-D-glucosyl residues can be considered cellodex-
trin units, which usually consist of two or three adjacent (1,4)-β-D-glucosyl residues [1].
Most β-D-glucans in grasses have longer cellodextrin units, which consist of 5 to 20 adja-
cent (1,4)-β-D-oligoglucosyl units, which together make up to 10% of the polysaccharide
chain [1]. Therefore, β-D-glucans in grasses can be considered (1,3)-β-linked copolymers of
cellotriosyl units, cellotetraosyl units, and longer (1,4)-β-D-oligoglucosyl units in which the
ratio of cellotriosyl (DP3) to cellotetraosyl (DP4) units (the ratio of β-(1-3) to β-(1-4) units)
ranges from 1.5 to 4.5 depending on the source of β-D-glucans [19] with an exception in
sorghum endosperm having the ratio 1.15:1 [3]. In barley, the ratio is 2.2 to 2.6:1 [1] or 1.8
to 3.5:1 [23], in wheat the ratio is 3.0 to 4.5:1, in rye it is 1.9 to 3.0:1, and in oats it is 1.5 to
2.3:1 [3,23].
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The degree of polymerization (DP) of common β-D-glucans in grasses is about 1000 or
more [25]. It is a unique feature of the β-D-glucans of each cereal which affects the solubility
and viscosity and thus the physicochemical properties and applications of the polysac-
charide in solution. For example, oat β-D-glucans with a lower molar ratio (1.5–2.3:1) are
more soluble than barley and wheat β-D-glucans with a higher molar ratio (2.6:1 and 3.2:1,
respectively) [26]. Differences can be observed in the same genera as genotypic variabil-
ity [2]. Environmental factors such as the conditions of cultivation also affect the degree
of polymerization, whereas oat varieties disposing of higher content of β-D-glucans and
cultivated in drier environment show lower degree of polymerization [27].

The β-D-glucans found in cereals share the same molecular structure regardless of
which source they are isolated from, but certain characteristics are specific to the source
of this molecule. These characteristics are, for example, the presence and amount of long
cellulose fragments, the ratio between β-(1-4) and β-(1-3) linkages, molecular size, and the
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ratio of cellotriosyl and cellotetraosyl units [28]. The molecular weight is approximately
31–2700 × 103 g/mol for barley, 65–3100 × 103 g/mol for oat, 21–1100 × 103 g/mol for rye,
and 43–758 × 103 g/mol for wheat [23]. For sorghum, it is 36 × 103 g/mol [29]. In the case
of DP3:DP4 ratio, a narrow range is, for example, observed in domestic cultivars of Avena
sativa L. (2.05–2.11) compared to other cultivars of the genus Avena (1.81–2.33) [30]. The
relative amount of the trisaccharide (DP3) in β-D-glucans decreases from wheat (67–72%) to
barley (52–69%) and oats (53–61%), while the relative amount of tetrasaccharide (DP4) has
the opposite effect trend, the growth from wheat (21–24%), through barley (25–33%) and
oats (34–41%) [23]. Some structural differences between soluble and insoluble β-D-glucans
show the DP3:DP4 ratio being higher for insoluble than for soluble β-D-glucans [15,21].
For example, water-soluble β-D-glucans from barley endosperm consist of about 72% of
(1,4)-β-glucosyl residues and 28% of (1,3)-β-glucosyl residues [2]. However, comparing the
results is difficult because the concept of insoluble β-D-glucans differs from study to study.
In any case, this ratio defines the “fingerprint” of the structure of cereal β-D-glucans [26,31].

A clear and understandable result of the structural features in β-D-glucans from
Poaceae is that polysaccharides have (1,3)-β-bonds embedded at irregular intervals along
the whole β-D-glucan chain. These bonds cause irregularly distributed molecular kinks in
the polysaccharide, which not only prevent the extensive intermolecular arrangement of
chains into well-structured microfibrils, but also lead to the formation of polysaccharides
that are able to form a gel-like matrix in cell walls and are capable of solubility in water
despite its relatively high molecular weight [1,17]. Barley β-D-glucans assume an extended
conformation with an axial ratio (length–width) of about 100 in aqueous media [25]. The
gel-like structure allows the polysaccharide to provide some degree of structural support
to the cell wall, but remains flexible, resilient, and porous enough to allow the transfer
of water, nutrients, and other small molecules through the wall during plant growth and
development [1].

β-D-glucans containing blocks of adjacent (1,4)-β-bonds may tend to aggregate be-
tween chains (and thus lower the solubility) through strong hydrogen bonds along the
cellulose segments. On the other hand, (1,3)-β-bonds divide the regularity of the (1,4)-β-
binding sequence, making the polysaccharide more soluble and flexible. The ability of a
cell to change the ratio of β-cellotriosyl and β-cellotetraosyl residues provides a mechanism
by which the solubility of a polysaccharide can be fine-tuned and adapted to biological
requirements [32]. On the other hand, it is stated that a helix consisting of at least three
cellotriosyl residues would represent a stable crystal structure in β-D-glucan molecules; it
is therefore possible that a higher content of cellotriosyl fragments could cause some confor-
mational regularity in the chain of β-D-glucans, and thus a higher degree of organization
of these polymers (i.e., low solubility) [15].

The heterogeneity of the fine structure of β-D-glucans—the ratio of β-(1,4) to β-(1,3)
bonds (DP3:DP4) and special distribution of bonds along the chain—obtained by chemical
analysis has important implications for the physicochemical properties such as rheological
behavior. The most important rheological properties of β-D-glucans include solubility in
aqueous solutions and the ability to form a viscous environment [33]. Thus, moderate
cellotriosyl:cellotetraosyl ratios (e.g., 1.5 to 2.5:1) would meet functional requirements on
a wall such as a porous matrix, while much higher or lower ratios would characterize
conformationally more regular, less soluble β-D-glucans, which would have an increased
capacity for aggregation with other molecules of β-D-glucans or with cellulose and other
cell wall polysaccharides, such as heteroxylans and others [2]. The solubility of β-D-glucans,
an important parameter of their functional activities, is also associated with higher content
of OH- groups in the structure and so high affinity to water molecules and ability to dissolve
in the medium [33].

2. Content of β-D-Glucans in Grains of Poales

Several studies have been focused on the content of β-D-glucans in cereals such as
barley and oat grains as a good natural source of this polysaccharide. Generally, barley
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varieties contain higher amounts of β-D-glucans compared to oat varieties; however,
quality and properties of both β-D-glucans are different (Table 1). Despite this, wheat is
not considered to be a good source of β-D-glucans because it has a much lower content,
usually <1% on a dry basis.

Table 1. Differences in the structure and properties of the β-D-glucans among selected cereal sources.

Plant Species
Oat (Avena sativa L.) Barley (Hordeum vulgare L.) Rye (Secale cereale L.)

β-D-Glucans

Localization in the grain

Outer layers of the endosperm
and starchy endosperm,
variable among varieties
[8,10,34]

Uniformly throughout the
endosperm [7] -

Level of β-D-glucans (%
dwb) 2.3–8.5 [4,35–37] 2.68–8 [38–41] 1.2–1.6 [6]

Fiber structure
Extended conformation with
an axial ratio of about 100 in
aqueous media [25]

DP3:DP4 1.5–2.3:1 [3,23] 1.8–3.5:1 [1,23] 1.9–30:1 [23,33]

Relative amount of DP3 in
the molecule (%) 53–61 [22] 52–69 [22] -

Solubility Higher [26] Lower [26] -

Molecular size (g/mol) 65–3100 × 103 [22] 31–2700 × 103 [22] 21–1100 × 103 [22]

Heritability 0.55 [42] 0.75–0.84 [43]

Breeding trends Increase in β-D-glucan
content for human nutrition

Decrease in β-D-glucan
content in malting barleys [1]
and barleys for poultry
fattening [44].
Increase in β-D-glucan
content for human nutrition
[45,46]

Increase in β-D-glucan content
for human nutrition

Application
Human nutrition, functional
ingredient, functional foods,
livestock feed

Human nutrition, livestock
feed, malting, brewing
[38,41,47]

Human nutrition, functional
foods, functional ingredient

Barley is an important cereal grain consumed throughout the world that can be used to
develop functional food products rich in β-D-glucans [38,47]. The content of β-D-glucans
in barley is on average 3–4% to 8% [38,39], although barley cultivars with the content of
2–11% are observed, and the polysaccharide is in the cell wall distributed throughout the
endosperm [8].

Current research of barley β-D-glucans attempts to identify suitable barley geno-
types for use in a number of breeding applications such as human nutrition, livestock
feed, malting, and brewing [41]. Both varietal variability in the β-D-glucans content and
their degradation during germination of barley play a significant role in their application
for malting and brewing. Residual malt β-D-glucan from incomplete degradation of en-
dosperm cell walls during the malting process is associated with increased worth viscosity
that can slow filtration and reduce brew house efficiency [44].

In addition to the genetic resource pools of cultivated barley, wild barley
(Hordeum spontaneum L.) offers considerable potential as a genetic resource for barley β-D-
glucans improvement. A comparative study of the β-D-glucan content between cultivated
and wild barley confirmed the higher range and variability of this parameter in wild species.
The β-D-glucan contents of the studied wild barley accessions ranged from 3.26% to 7.67%
while the content of cultivated barley varieties ranged from 2.68% to 4.74% [41].

243



Life 2023, 13, 1387

Another recent large-scale analysis of 117 accessions of wild barley (Hordeum vulgare subsp.
spontaneum L.) which were selected from ICARDA’s gene bank to represent 21 countries
scattered along the natural geographic distribution of the species were carried out by
Elouadi et al. [48]. The contents of β-D-glucans ranged from 1.44% to 11.30% in the Hordeum
spontaneum accessions compared to 36 cultivated barley lines with contents ranging from
1.62% to 7.81%. On the other hand, a similar range (3.6–7.4%) of β-D-glucan contents was
already detected by Austrian researchers in 86 hull-less forms of cultivated barely [40].

Generally, naked barley has higher starch and β-D-glucan levels than hulled barley.
Additionally, mutations at the Lys3 and Lys5 loci can affect β-D-glucan content as well as
other health-promoting compounds [49]. While varieties with high β-D-glucans content
are preferred in human nutrition, varieties with low concentration are preferred for malting
and for broiler fattening. The reliable production of low-β-D-glucan malt based on a
suitable barley genotype could replace viscosity control by changing the brewing processes
or adding exogenous enzymes. Therefore, novel barley β-D-glucan endohydrolase (β-
glucanase) alleles with increased thermostability, e.g., from Hordeum spontaneum would be
perspective to identify [44].

Oat is another major source of β-D-glucans among cereals. The oat usually contains
3 to 5% of this viscous and soluble fiber component [50,51]. Unlike barley grain, the
main part of β-D-glucans is located in the thick cell walls in the region of the subaleural
outer endosperm [8,10,34]. Therefore, core fractions consisting of subaleural layers are
particularly high in this polysaccharide. The content of β-D-glucans in oat grain ranges
from 2.3% to 8.5% [4,35] depending on the cultivar and other factors [4,36]. The content of
β-D-glucans in diploid oat ranges from 2.85% to 6.77%, in tetraploid it ranges from 3.58%
to 5.12%, and in hexaploid oat species the range is 2.88–5.90% [37].

A significantly lower variability in β-D-glucan contents was confirmed among four oat
species A. sativa (3.60%), A. byzantina (3.40%), A. abyssinica (2.46%), and A. strigosa (2.97%)
by the recent study of VIR oat collection by Popov et al. [52]. These results indicated that
the hexaploid cultivated oat species A. sativa and A. byzantina showed a generally higher
content of β-D-glucans than tetraploid and diploid wild accessions. At the same time,
Loskutov and Polonkiy [53] reported a slightly higher β-D-glucan content in naked forms
of A. sativa compared to hulled oat varieties, which was also confirmed by Havrlentova
and Kraic [4]. Thus, it seems that compared to barley species, the variability of β-D-glucan
content in oats is not as high and probably not sufficiently mapped.

In addition, the requirements for the specific β-D-glucan content of oat grain are not
as clearly defined as in the case of malting barley processing or poultry fattening. A recent
study [54] even reported that 1,3-β-D-glucan can be added to broiler feed to improve the
development and integrity of the gut and enhance the immune status of birds without
affecting their growth rate. However, barley β-D-glucans do not seem to have this potential
and their negative effect on poultry performance is being further studied [55].

3. Biosynthesis of β-D-Glucans in Poales

The starting point for molecular genetic approaches to the study of cell walls of Poales
was the sequencing of the rice genome and the subsequent identification of the superfamily
of cellulose synthase genes (Cellullose Synthase A, CesA), while these genes are responsible
for the synthesis of the hexose polysaccharide framework and cellulose itself. Cellulose
Synthase-Like genes (Csl) were gradually discovered [56]. This family is further divided
into eight subclasses: CslA, CslB, CslC, CslD, CslE, CslF, CslG, and CslH, each containing
multiple genes [57]. Later, the Csl superfamily was supplemented by the CslJ family [58]. In
general, CesA genes encode cellulose-synthesizing enzymes and Csl genes are responsible
for the biosynthesis of hemicellulosic polysaccharides [56]. The CslC gene group encodes
an enzyme that controls the synthesis of the xyloglucan backbone [59], while the CslF and
CslH subfamily genes mediate the synthesis of β-D-glucans in Poaceae [60,61], with the
CslF subfamily being key [60]. The ClsJ subfamily is also involved in the biosynthesis
of β-D-glucans [1,58], but its phylogenetic significance is still unclear [62]. Not all Csl
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subfamilies are represented in higher plants. The CslB and CslG subfamilies are only found
in dicots and gymnosperms, and CslF and CslH are only found in monocots [58], with the
CslF branch diverging from the CslD subfamily, which evolved by diversification of CslD
and CesA [63]. Putative functions of the candidate genes involved in the metabolism of
β-D-glucans and responsible for co-regulated metabolite network of such polysaccharides
in cereals such as starch and β-D-glucans are presented in Figure 3.

The biosynthesis of β-D-glucans, a unique polysaccharide of grass cell walls, is en-
coded by three groups of Csl genes [64], namely CslF, CslH and CslJ [63], while research has
shown that selection pressure on CslF subfamily genes is related to the ratio DP3:DP4 in
the molecule of polysaccharide [65]. The involvement of the CslH subfamily was demon-
strated by genetic transformation of Arabidopsis thaliana, in which CslH genes from rice
were inserted and the plant produced β-D-glucans. Similar research was also carried out
with the CslF subfamily [66]. Likewise, research suggests that the CslJ subfamily encodes
the synthesis of β-D-glucans in barley, and this subfamily has been observed in barley,
wheat, sorghum, and maize, but not in rice [58]. All genes from the CslF, CslH, and CslJ
subfamilies mediate β-D-glucan synthesis in heterologous expression systems [60,61,67],
although it is unclear whether each the gene in these groups controls the synthesis of
β-D-glucans in vivo [32]. Phylogenetically, the CslJ and CslH subfamilies existed before the
monocot–dicot split and are now present only in monocots [63].

In barley tissues, the CslF6 gene is the most transcribed in terms of β-D-glucan con-
tent [68–70], while it fulfils the same function in wheat, oats, and rice [68,71]. Knocking out
the CslF6 gene from its function in rice plants caused not only a significant decrease in the
content of β-D-glucans in the coleoptile, but also an increased activation of mechanisms
related to plant protection against bacterial infections [71].
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are marked by black box. The dash arrows indicate there was not a single step. EC3.2.1.73:(1,3;
1,4)-β-glucanase; EC3.2.1.21: β-1,4-glucosidase; EC3.2.1.39: glucan-1,3-β-glucosidase; EC3.2.1.6:
glucan-1,3-β-glucosidase; EC2.4.1.12: Cellulose synthase; EC2.4.1.34: glucan synthase; EC2.4.1.117:
dilichyl-phosphate-β-glycosyltransferase; EC2.4.1: galactosyl transferase; EC2.7.7.9: UTP–glucose-
1-phosphate uridylyltransferase; EC2.7.7.27: ADP-glucose pyrophosphorylase; EC3.2.1.23: β-
galactosidase; EC23.2.1.26: β-fructofuranosidase; EC2.4.1.43: glucosyl transferase; EC3.2.1.15: poly-
galacturonase; EC2.7.9.5: phosphoglucan water dikinase; EC3.2.1.68: Isoamylase; EC3.2.2.1: amylase;
EC3.2.1.41: amylopullulanase. The main points of the biosynthetic pathway of β-D-glucans are
shown in red [72].
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The expression levels of CslF subfamily genes intensively studied in different barley
tissues and at different developmental stages of the grain showed significant differences in
expression between samples. The HvCslF6 gene is expressed in almost all tissues and during
the entire grain development [73], but, e.g., the HvCslF3 gene is predominantly expressed
in the coleoptile and root hairs [73,74], HvCslF9 is expressed in the coleoptile, roots, and
developing seed 8–10 days after pollination, and HvCslF7 is expressed in the stem and stalk.
Based on these results, it can be concluded that the expression of CslF genes is regulated by
tissue-specific factors. The strict regulation of CslF gene expression is particularly visible
during seed development, where at least four genes are expressed at very specific stages.
These conclusions suggest a multistep process of β-D-glucan biosynthesis, with genes early
in the biosynthetic pathway expressed first, followed by other members [73].

Most of the research on the genes coding the synthesis of β-D-glucans used barley
and rice as plant material. For oats, five genes from the CslF family are available in the
GenBank database: AsCslF3, AsCslF4, AsCslF6, AsCslF8, and AsCslF9, with AsCslF6, AsCslF8,
and AsCslF9 showing higher similarity to barley, and AsCslF3 and AsCslF4 showing less
conservatism. Expression analysis of genes involved in the biosynthesis of β-D-glucans
in grain, leaves, and panicles of oat revealed a high level of expression of several genes
in panicles, while neither the AsCslF4 nor the AsCslF9 gene was expressed in leaves.
All genes of the CslF and CslH subfamilies were expressed during grain development.
Further results revealed that all genes showed increased expression at later stages of grain
development, when β-D-glucans are predicted to accumulate more prominently as grain
storage polysaccharides [75]. Comparisons with published results obtained from analysis
of barley showed that barley, in contrast to oats, shows increased expression of CslF6 on
the first to fourth [73] or sixth day after pollination [75] with a significant decrease on the
eigth day after pollination [73], while the expression of CslF4 and CslF8 remains low [69].

The allohexaploid (2 n = 6 x = 42; AA, CC, and DD are subgenomes) character of oat
with a large complex genome is the cause of more complex and complicated molecular–
genetic experiments related to the biosynthesis of β-D-glucans [9]. In the work, Coon [75]
focused on the variability of expression of CslF6 gene homologues in species of the genus
Avena. The genomic sequence of CslF6 was approximately 5.2 kb, and due to the large
differences between individual homologues in the intron regions, the length of the genes
may vary. The A-genome ortholog was 5268 bp, the C-genome was 5162 bp, and the
D-genome sequence was 5162 bp in length. The CslF6 gene contained two introns, the first
with a length of 1600 bp and the second with a size of 748 bp. The CslF6 splice site was
determined by comparison of A. sativa genomic sequences with CslF6 coding sequences
from H. vulgare. The coding sequences were highly conserved among the homologs for the
analyzed samples of roots, young plants, and mature embryos at the stages of 1–3, 4–6, and
7–9 days after pollination. CslF6 expression was significantly lower in mature embryos than
at any other developmental stage of the embryo. An exception was the species A. strigosa,
which had intermediate expression of CslF6 in mature embryos [75].

Regarding the localization of β-D-glucan synthesis, the current dogma for cell wall
polysaccharide biosynthesis is that cellulose (and callose) is synthesized at the plasma
membrane, whereas matrix-phase polysaccharides are assembled in the Golgi apparatus [7].
The novel model indicates that β-D-glucan does not conform to this paradigm, and in
various Poaceae species, the CslF6-specific antibody labelling is present in the endoplasmic
reticulum, Golgi, secretory vesicles, and the plasmatic membrane and the CslH1 to the
same locations apart from the membrane [76]. The updated model of the β-D-glucan
synthesis shows that CslF6 is the major synthase and is proposed to act similarly to CesAs,
synthesizing glucan chains de novo (scenario 1). A less likely but possible alternative is that
CslF6 produces cello-dextrins that are joined together at the plasma membrane by yet an
unidentified protein via a single β-(1,3)-glycosidic linkage, creating the β-D-glucan chains
that are then recognized by the β-D-glucan-specific antibody (scenario 2) [76] (Figure 4).
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Figure 4. Novel model of the possible synthesis of β-D-glucans in cereals. CSLF6 is the major MLG
synthase that is proposed to act similarly to CesAs, synthesizing de novo the MLG chains that are
recognized by MLG-specific antibody at the cell surface (scenario 1). A less likely but possible
alternative is that CSLF6 produces cello-dextrins (shown here in blue) that are joined together at
the plasma membrane by yet an unidentified protein (Prt X) via a single b-(1,3)-glycosidic linkage
(shown in red), creating the MLG chains that are then recognized by the MLG-specific antibody
(scenario 2) [76].

4. Environmental Factors Influencing the β-D-Glucans Content

Differences in β-D-glucan content among species such as oats, barley, wheat, and
sorghum are influenced by genetic and environmental factors [77]. In addition, a mathemat-
ical model was developed that is able to pertinently assess the importance of several factors
such as genetics, agronomic, and environmental factors to the content of β-D-glucans
during cultivation of cereals [36]. Data collected from five locations for two years (2008,
2009) analyzing the content of β-D-glucans in 11 oat genotypes identified locality, genotype,
and environmental interaction to be the factors influencing the content of this polysac-
charide [37]. As summarized by Redaelli et al. [78], water is one of the most important
environmental factors affecting β-D-glucans variability. However, its effect is not always
unambiguous. On the one hand, Peterson et al. [79] reported an increase in the content
of this cell wall polysaccharide when precipitation was insufficient. Doehlert et al. [80]
also mentioned a positive correlation between β-D-glucan content and rainfall in July and
August. Furthermore, results can be found in which exposure to heat stress and water
deficit before harvest increases the amount of the polysaccharide in grains [47,81]. Another
study further confirmed that irrigation during oat growth is responsible for the degradation
of β-D-glucan content in the grain [79].

Thus, the timing of rainfall and the level of stress are likely to play a role. It can
be expected that drought-stressed, e.g., “shriveled” grains show a significantly narrower
ratio between starch content and other components including β-D-glucans. Excessive
rainfall during the ripening stage can potentially trigger covert sprouting of grains, which
could result in a considerable reduction in β-D-glucan content. It is widely recognized
in barley and oat malt production [82] that germination leads to a significant breakdown
of soluble dietary fiber, particularly β-D-glucans. However, there are no explicit studies
demonstrating the effect of pre-harvest germination in spikes on changes in β-D-glucan
content in oats or barley.

Nitrogen fertilization has been proved to be a factor influencing the level of biochem-
ical compounds in the grain; it leads to an increase in the content of β-D-glucans [83].
Higher levels of nitrogen in the soil and the use of nitrogen fertilizers greatly increase the
total content of β-D-glucans in oat and barley grains [47]. On the other hand, refs. [83,84]
also confirm the influence of environment on β-D-glucan variability, but in these results, the
effect of genotype dominates over that of environmental factors. This was also confirmed
by the work of Dvořáček et al. [85], which compared 11 selected yield and nutritional
parameters in five oat varieties. The results showed the significantly highest influence of
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genotype on the variability of β-D-glucans (over 40%), even in comparison with all other
parameters evaluated (e.g., content of crude protein, fat, starch, thousand-grain weight,
yield). Furthermore, only year was significant for β-D-glucan variability with an effect
of about 21%. On the other hand, the influence of locality and conventional or organic
farming management was negligible and not significant (Figure 5).
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grain β-D-glucans in comparison with other significant oat grain parameters. Calculations were
performed based on the factorial proportion of the sum of squares according to the analysis of variance
(ANOVA) model for selected grain parameters of five oat varieties grown at two locations and under
different cropping systems (organic vs. conventional) for 3 years. Total content of avenanthramides
(Σ AVN), β-D-glucans (β GLU), gliadins (GLI) and glutelin (GLU) protein fractions, immunoreactive
avenin peptides (G12), crude protein (CP), starch (ST), fat (FT), ash (ASH), thousand-grain weight
(TGW), and yield (YLD) was evaluated [85].

It can be further assumed that the major influence of environmental conditions on
β-D-glucan level is related to the influence of the processes of synthesis transport and
deposition of β-D-glucans during ontogenesis. Tiwari and Cummins [47] reported the
highest levels of β-D-glucans after anthesis. During the first 15 days after flowering, 70–90%
of the total content of β-D-glucans was accumulated at various nitrogen levels [14].

Comparison of the content of β-D-glucans in the panicle of hulled and naked oat sam-
ples during plant ontogenesis was also described by Hozlár et al. [13]. The accumulation of
β-D-glucans in panicles during oat ontogenesis showed an increasing trend, while in all oat
varieties, the content increased from 0.69% and 0.34% to 2.23% and 2.22% in both hulled
and naked oat, respectively. β-D-glucan content in developing barley grains was monitored
by [86]. The authors confirmed the individual time trend of β-D-glucan accumulation
during grain maturation in seven tested barley cultivars.

It can thus be deduced that the variability in β-D-glucan content is strongly dependent
on the genotype but also on the timing of water availability, which influences the rate
of synthesis and deposition of the main grain storage substances (polysaccharides and
proteins) and thus their relative proportions in the grain.
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5. Function of β-D-Glucans in the Plant Organism

Interest in cereal β-D-glucans has increased after their acceptance as bioactive and
functional ingredients in a healthy diet [87,88] in humans and animals. Nevertheless, β-D-
glucans play an important role in the structure and functionality of cereal cell walls [26].
The architectonical function in the cell wall and the storage function in the plant seeds as a
source of energy for developing sprouts has been suggested [66]; in addition, the protective
role of this cell wall polysaccharide against biotic or abiotic stresses is discussed in the
literature [89].

Initially, it was thought that β-D-glucans serve to store energy in elongated plant cells
and seeds, because the content of this glucose cell wall polysaccharide is increased in young
tissues [2,17,19]. This functionality of β-D-glucans is based on the fact that the breakdown
of β-D-glucans into glucose is relatively simple and involves only two enzymatic steps that
allow rapid mobilization of glucose reserves compared to a longer mobilization process
of starch reserves [17]. In addition, the localization of this polysaccharide near starchy
endosperm is an advantage for this molecule to serve as a source of energy for developing
seedlings. It has also been shown that β-D-glucans can be metabolized as an energy source
in vegetative tissues during periods of glucose deficiency. This seems to be confirmed by
the fact that barley sprouts, when moved from light to dark, show increased expression of β-
glucan endohydrolases and glucolases [26,90], suggesting that the plant mobilizes glucose
reserves stored in β-D-glucans to compensate the decrease in photosynthetic activity
in the dark [91]. In this case, plant tissues, which are not traditionally associated with
photosynthetic activity, use β-D-glucans as a storage vector for glucose other than starch
(or instead of the starch polysaccharide). An example is Brachypodium distachon, the grains
of which contain up to 45% of β-D-glucans and only 6% of starch [92] compared to cereals
and most wild grasses, which have 30–70% of starch as the main storage carbohydrate
in the grain and generally less than 6% of β-D-glucans [93]. However, growing plants to
produce seeds is very difficult.

The architectonical role of β-D-glucans stems from the localization of β-D-glucan
microfibrils in the cell wall and from the physicochemical properties of this molecule. In
type I cell walls found in dicots and some monocots, the cellulose is encased in a gel-like
layer of pectin to provide elasticity and stability to the cell wall. Type II cell walls are found
in Poales species and contain much less pectin, its function being taken over by β-D-glucans
together with arabinoxylans [94], which are highly accumulated during cell elongation,
when they can make up to 20% of dry weight of the cell wall [95].The gel-like structure
allows the polysaccharide to provide structural support for the cell wall, but at the same
time remain flexible, elastic, and porous enough for the transport of water, nutrients and
other small molecules across the cell wall during plant tissue development [1]. In young
developing plant tissues, it is important that cell walls are porous so that water molecules,
nutrients and low-molecular-weight hormones can be freely transported between cells and
individual tissues. In the specialized conductive tissues necessary for the long-distance
transport of water molecules and nutrients through the plant, the walls, on the contrary,
must be impermeable.

In most plant tissues, cell walls are also important for intercellular adhesion. These
different functional requirements for cell walls are maintained by the formation of rein-
forced gel-like structures consisting of cellulose microfibrils that have high tensile strength
and are embedded in a gel matrix phase that consists predominantly of non-cellulosic
polysaccharides [26]. This matrix provides the cell with flexibility and a certain mechanical
support for maintaining the functional properties of the cell wall.

In Gramineae, the metabolism of β-D-glucans is responsible for plant responses to
environmental signals within a moderate, physiological range [96]. For example, in the
work of Taketa et al. [69], barley variety producing the standard content of β-D-glucans
(3.8%) was characterized by better wintering compared to a mutant with knocked enzyme
responsible for producing this polysaccharide. Recent studies also point to the potential of
β-D-glucans to be involved in defense mechanisms in the Poaceae family against selected
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forms of environmental stresses [89,97–99]. The gel-like layer of β-D-glucans in the cell wall
can act as a defensive barrier that protects the cell from fungal invasion, but also provides
a potential signaling system that indicates when such an attack is taking place. As fungi
attack plant cells and release β-glucanases to digest the protective gel layer surrounding the
cell, they slowly dissolve the protective layer of β-D-glucans and expose the cytoplasmic
membrane itself. The antioxidant activity of β-D-glucans was also described [100], whereby
antioxidant compounds are an accepted factor of the plant’s defense system to cope with
biotic aggressors such as fungal pathogens [101,102]. The increase or decrease in the
biosynthesis and the associated content of β-D-glucans is conditioned by the expression of
plant genes involved in both β-D-glucan synthesis and its degradation. After the exposure
of plants to external factors such as pests or pathogens, the β-D-glucan metabolism as
well as the entire β-D-glucan turnover are affected and become much more complicated.
A study in rice mutants knocking out rice genes involved in the biosynthesis of β-D-
glucans showed a phenotype that had a spontaneous response to the lesion, presumably
suggesting that fibers of β-D-glucans work as a repressor of the signaling cascade targeting
programmed cell death [71]. In addition, reduced deoxynivalenol toxin (DON) content in
barley genotypes infected with Fusarium graminearum was observed in grains with higher
content of β-D-glucans [98] and in oat grains artificially infected with F. graminearum and
F. culmorum, where grains containing higher amounts of β-D-glucans showed lover content
of DON and pathogenic DNA [89].

The function of β-D-glucans in Poaceae as well as the evolutionary preservation of this
polysaccharide in monocotyledons are still discussed, as this phenomenon of β-D-glucans
has not been precisely explained [1,2,17]. The conformational regularity or irregularity of
β-D-glucans defines the properties and thus the physicochemical activities in the matrix
in the cell wall. It is this conformational irregularity of β-D-glucans that appears to be a
feature limited to Poaceae polysaccharides and raises the question whether this irregularity
is a key feature that has led to widespread acceptance and preservation of β-D-glucans in
the walls of Poaceae during evolution [63,67,70]. During the adaptation from aquatic to soil
environment, plants had to develop a mechanism for their cells to withstand substantial
expansion pressures to be able to prevent the rupture of the cytoplasmic membrane and
at the same time contain a structure compatible with the growth of cells and cell tissues;
the construction of the cell wall itself of photosynthetically active embryophytes is still
crucial [103]. The plant cell wall is designed so that its architecture is strong, but at the same
time flexible and able to withstand pressure, tension, and various adverse environmental
conditions [104]. There is an assumption that the unique structure of β-D-glucans and the
extensive presence of this polysaccharide in species of the genus Poales brings enormous
evolutionary and adaptive advantages to the plant [26] and is the reason that this group of
plants shows extraordinary dynamics of various pressures during evolution [62,70] and
inhabits often extreme and inhospitable habitats.

6. Molecular Markers as Breeding Tools for β-D-Glucans Manipulations

In the case of β-D-glucans, the effectiveness of the standard breeding process is related
to the identification of suitable genetic resources, knowledge of the responsible genes,
the availability of genetic markers, and a good estimate of the heritability of the trait.
Efficient phenotyping tools for screening estimation of the β-D-glucan parameters in early
generations are also an advantage.

There are many studies demonstrating the moderate to high heritability of β-D-glucans
found in oats and barley. The average heritability level (h2b) of β-D-glucans was estimated
to be 0.55 in individual oat plants [105]. An even higher range of (h2b = 0.75–0.84) in
the case of β-D-glucans was found in barley [106]. Holthaus et al. [105] also mentioned
that groat β-D-glucan content in oat polygenically is controlled primarily by genes with
additive effects. Genetic variation for β-D-glucans seemed adequate for effective selection,
and genotype–environment interaction was minor. Swanston [107] reported that β-D-
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glucan content is a quantitative trait with several associated QTLs; one QTL is located on
chromosome 7H and is within 5 cM of the Nud gene in the case of barley.

Using current molecular technologies, putative genes responsible for β-D-glucan
variation in the grain are continuously studied based on the still limited information on
β-D-glucan synthesis. However, gene families involved in the synthesis of these polysaccha-
rides have been identified and include the Cellulose-synthase-like (Csl) genes [42], which
were described in detail in the previous chapter on β-D-glucan biosynthesis. Members of
the CslF and CslH gene families and Glucan synthase-like (or Callose synthases) are prime
candidates for β-D-glucan synthesis. Nevertheless, the Csl gene families do not completely
explain the variation in β-D-glucan content in cereal grains. There is accumulating evi-
dence that several other genes, including those that hydrolyze β-D-glucans, contribute
significantly to their content in mature grains [43].

New studies of genome-wide association study (GWAS) associating genetic mutations
with measures of β-D-glucan content in cultivated barley have become a powerful tool
in identifying candidate genes for selective breeding. Seven putative candidate genes
encoding some enzymes in glucose metabolism were found to be associated with β-D-
glucan content. One of the putative genes, HORVU6Hr1G088380, could be an important
gene controlling barley β-D-glucan content [108]. Marcotuli et al. [42] identified seven
genomic regions associated with β-D-glucans in a tetraploid wheat collection, located on
chromosomes 1A, 2A (two), 2B, 5B, and 7A (two). An analysis of marker trait associations
(MTAs) in syntenic regions of several grass species revealed putative candidate genes
that might influence β-D-glucan levels in the endosperm, possibly via their participation
in carbon partitioning. Walling et al. [43] applied GWAS to the Wild Barley Diversity
Collection (H. spontaneum) and identified a total of 13 quantitative traits loci (QTL) spread
across the seven barley chromosomes that explained most of the variation in β-D-glucan
content. Transcriptional dynamics of two barley genotypes differing in grain β-D-glucan
content during grain development was investigated by the authors of [109]. Twenty-
two differentially expressed genes (DEGs) affecting β-D-glucan accumulation during late
developmental stages were selected. Most of these DEGs (encoding alpha-amylase inhibitor,
glucan endo-1,3-beta-glucosidase, and sugar transporter) showed different expression
patterns in the two genotypes, which might explain the genotypic difference in changes in
β-D-glucan content 21–28 days post-anthesis (DPA).

The hexaploid structure of the oat genome further complicates the detection of β-D-
glucan-associated markers. However, Newell et al. [110] associated three DArT markers
with β-D-glucan concentration in oats. These markers had sequence homology to rice; one
of these DArT sequences, opt.0133, was located on rice chromosome seven and was, by our
definition, adjacent to the CslF gene family. A recent large GWAS analysis carried out on
an oat panel with 413 genotypes was evaluated for β-D-glucan content under subtropical
conditions [111]. Seven quantitative trait loci (QTL) associated with β-D-glucan content
were identified and located on Mrg02, Mrg06, Mrg11, Mrg12, Mrg19, and Mrg20. The QTL
located on Mrg02, Mrg06, and Mrg11 seem to be genomic regions syntenic with barley.

Genome editing methods for influencing β-D-glucan content in barley were used by
Garcia-Gimenez et al. [74]. The authors used CRISPR/Cas9 to generate mutations in mem-
bers of the Csl gene superfamily that encode known (HvCslF6 and HvCslH1) and putative
(HvCslF3 and HvCslF9) β-D-glucan synthases. Grains from CslF6-2 (homozygous) mutants
almost completely lack β-D-glucans (0.11%), whereas grains from CslF6-2/+ (heterozygous
lines) have intermediate levels of β-D-glucans (1.45%) compared with the wild type control
(5.00%). Their data further indicated that only HvCslF6 from multiple members of the
CslF/H family showed impact on the abundance of β-D-glucans in mature grain. Genome
editing procedures in case of decrease in β-D-glucan content overcome traditional breeding
practices and could be a good breeding strategy for the new malting varieties of barley.

Molecular methods in combination with effective phenotyping procedures for β-D-
glucan content (e.g., modified McCleary enzymatic determination or NIRS) are key for the
development of new varieties with defined content of the monitored polysaccharide in the
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breeding process [112,113]. NIRS models developed by Paudel et al. [113] declared high
index of determination (h2≥ 0.93) and low standard error of cross-validation (SECV≤ 0.23)
for β-D-glucan quantification in ground and whole oat groats as well. The above findings
thus hold great promise for obtaining new varieties of oats and barley with declared
β-D-glucan content according to the requirements of processors.

7. The Role of β-D-Glucans in Brewing Processes

As indicated in the previous sections, barley β-D-glucans play a crucial role in beer
production, and monitoring their levels is essential for optimizing the malting process and
ensuring high-quality beer. Lower levels of β-D-glucan content in grains and higher levels
of β-glucanase in malted barley are associated with better malting performance. If barley
has a high starting β-D-glucan content, it can hinder the degradation of cell walls and the
diffusion of enzymes during kernel mobilization, leading to disruptions in malt quality
parameters [114].

Higher levels of β-D-glucans can contribute towards issues such as haze formation,
viscous wort, and reduced wort filtration during the brewing processes. Malt extract is a
complex quantitative trait that is controlled by multiple genes and its concentrations can be
variable in different cultivars. It is also considered as a mega-trait which is the product of
interactions between many sub-traits [115,116].

Breeders face challenges in genetically manipulating and selecting malting quality
traits such as ME and β-D-glucan content due to their complex inheritance patterns. Nu-
merous studies have identified over 250 QTLs associated with malting quality, including
malt extract and β-D-glucan content. These QTLs have been found and mapped on differ-
ent chromosomes of barley. Among these QTLs, QTL2 on chromosome 4H stands out as a
major contributor to barley malting quality, accounting for 29% and 38% of the variation in
key parameters such as β-D-glucan content and malt extract, respectively [117].

In a separate study, the telomeric region of chromosome 4H, which contains the
complex associated with malting quality, underwent fine mapping. This investigation
revealed the presence of 15 potential QTLs related to key malting quality parameters
such as the content of β-D-glucans, ME, alpha-amylase, and diastatic power (DP) [118].
Numerous endeavors have been undertaken to develop molecular markers for the purpose
of selecting barley varieties with improved malting traits, including malt extract and
β-D-glucan content. For example, a study involved genotyping of approximately 1524
single-nucleotide polymorphisms (SNPs) to identify several genes associated with six
malting traits, including β-D-glucan content and malt extract [119]. In recent research,
QTL2, a locus that exhibits a substantial proportion of variation in malt extract and content
of β-D-glucans, was selected. This locus contains a key gene, HvTLP8, which appears to
play a role in the interaction with β-D-glucans in a redox-dependent manner [120].

The levels of β-D-glucans in the wort are influenced by the malting process itself,
specifically through the action of the β-glucanase enzyme. The enzyme is predominantly
synthesized in the aleurone and scutellum of germinated grains. As the malting process
progresses, there is a significant decrease in β-D-glucan content due to the increased activity
of this enzyme. This reduction in the concentration of the polysaccharide relies on the initial
lower levels of the polysaccharide in the grain and higher quantities of the β-glucanase
enzyme in the resulting malt. The activity of β-glucanase during malting leads to hydrolysis
of cell walls, converting them into soluble β-dextrin with a low molecular weight. It is
important to note that β-glucanase is sensitive to temperature; it is rapidly inactivated
at temperatures above 50 ◦C during the extraction phase. However, the breakdown of
β-D-glucans from intact cell walls continues, resulting in the accumulation of soluble
β-D-glucan molecules in the extract. Therefore, the final characteristics of the produced
malts are also influenced by factors such as temperature, humidity, and the duration of
germination [121].
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8. Conclusions

The review emphasizes the unique characteristics of β-D-glucans, highlighting their
composition of β-D-glucopyranosyl monomers connected by β-(1,3) and β-(1,4) bonds, re-
sulting in a distinctive “staircase” structure. It further underscores that β-D-glucans are pre-
dominantly located in cell walls in selected cereal grains such as barley (Hordeum vulgare L.)
and oats (Avena ssp. L.), playing a significant role in the structural integrity, functionality,
and defense mechanisms of cell walls. Moreover, the review delves into the genetic and
environmental factors influencing β-D-glucan content in cereals, with particular emphasis
on genotype, water availability, and nitrogen fertilization. It highlights the contemporary
relevance of molecular markers and genome-wide association studies in facilitating precise
breeding and genome editing approaches for manipulating β-D-glucan levels, offering
promising avenues for enhancing crop traits.
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Abstract: The outbreak of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) had a profound impact on the world’s health and economy.
Although the end of the pandemic may come in 2023, it is generally believed that the virus will not be
completely eradicated. Most likely, the disease will become an endemicity. The rapid development of
vaccines of different types (mRNA, subunit protein, inactivated virus, etc.) and some other antiviral
drugs (Remdesivir, Olumiant, Paxlovid, etc.) has provided effectiveness in reducing COVID-19’s
impact worldwide. However, the circulating SARS-CoV-2 virus has been constantly mutating with
the emergence of multiple variants, which makes control of COVID-19 difficult. There is still a
pressing need for developing more effective antiviral drugs to fight against the disease. Plants have
provided a promising production platform for both bioactive chemical compounds (small molecules)
and recombinant therapeutics (big molecules). Plants naturally produce a diverse range of bioactive
compounds as secondary metabolites, such as alkaloids, terpenoids/terpenes and polyphenols, which
are a rich source of countless antiviral compounds. Plants can also be genetically engineered to
produce valuable recombinant therapeutics. This molecular farming in plants has an unprecedented
opportunity for developing vaccines, antibodies, and other biologics for pandemic diseases because
of its potential advantages, such as low cost, safety, and high production volume. This review
summarizes the latest advancements in plant-derived drugs used to combat COVID-19 and discusses
the prospects and challenges of the plant-based production platform for antiviral agents.

Keywords: coronavirus; COVID-19; antivirals; vaccines; plant production; molecular farming;
recombinant proteins; secondary metabolites

1. Introduction

The outbreak of coronavirus disease 2019 (COVID-19) in Wuhan, China in late De-
cember 2019 has posed a serious global public-health emergency [1]. The disease is caused
by a highly transmissible and pathogenic coronavirus, named severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2), which causes respiratory disease associated with
high fever, difficulty breathing, and pneumonia, etc. [2,3]. As of 14 February 2023, more
than 677 million people have been infected by SARS-CoV-2 globally, of which around
6.78 million lives were claimed (Worldometers.info). Equally damaging has been the global
economic shutdown for fear of the threat of SARS-CoV-2 transmission. With the recent
lifting of the “Zero-COVID Dynamics” policy in China, many more people will be infected,
and mortality will continue to increase [4].

SARS-CoV-2 is an enveloped RNA virus with a single-stranded, positive-sense genome
of ~29.9 kB in size (Figure 1) [5]. The virus consists of four major structural proteins, named
spike (S), nucleocapsid (N), envelope (E), and membrane proteins (M) [1,2]. The S protein
which is present as a crown-like spike on the outer surface of the virus plays a major role
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in viral entry into mammalian cells [6]. Specifically, the virus uses the receptor binding
domain (RBD) on the S protein to interact with human angiotensin-converting enzyme
2 (ACE2) receptor as a critical initial step to enter target cells [3,7]. Therefore, both the
S protein of the virus (particularly RBD) and the ACE2 of human cells have a potential
target to develop therapeutics to prevent SARS-CoV-2 infection [8–11]. Since the start of the
pandemic three years ago, the circulating SARS-CoV-2 virus has been constantly mutating
with the emergence of multiple variants (Alpha, Beta, Gamma, Delta, Omicron) [12], which
makes the control of the COVID-19 pandemic more difficult. The Omicron variant, after
first being identified in South Africa in November 2021, has rapidly spread worldwide,
outcompeting other variants, and becoming the predominant one for the time being [13].
The BA.5 subvariant of Omicron, which was the most prevalent coronavirus strain world-
wide in 2022, has been found to escape the majority of existing SARS-CoV-2 neutralizing
antibodies [12]. Fortunately, infections by Omicron were significantly less severe than those
caused by Delta and other previous variants [13]. However, its immune evasiveness and
high transmissibility pose a great threat to the global healthcare system [14]. Towards the
end of 2022, three Omicron subvariants, BQ.1 and BQ.1.1, and then XBB.1.5 became the
dominant strains in the USA, overtaking BA.5 [15]. Therefore, effective prevention and
treatments of COVID-19 disease, particularly for people with risk factors for serious illness,
are still essential.
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Great efforts have been made in the past 2 to 3 years to counteract the spread of
the virus through development of vaccines [16], immune-based therapy [17], antiviral
therapy [18], and natural remedies [19]. Pharmaceuticals of two general types, including bi-
ologics or “big molecules” (e.g., nucleic acids, monoclonal antibodies, therapeutic peptides,
etc.) and antiviral chemical compounds or “small molecules” (e.g, Remdesivir, Olumiant,
and Paxlovid, etc.) have been developed to prevent and treat COVID-19 (Figure 1). So far,
COVID-19 vaccines based on messenger RNA (mRNA) (Pfizer/BioNTech, USA/Germany
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and Moderna, USA) [20], adenovirus vectors (Johnson & Johnson, USA; AstraZeneca,
UK and Sputnik V) [21], subunit protein vaccine (Novavax, USA) [22], and inactivated
virus (Sinopharm/Sinovac, China) [23] have been approved or granted Emergency Use
Authorization (EUA) by the Food and Drug Administration (FDA) for vaccination in
the USA and other countries. These vaccines have been effective at protecting people
from getting seriously ill, being hospitalized, and even dying [24]. Almost at the same
time, five anti-SARS-CoV-2 monoclonal antibodies (mAbs), including bamlanivimab plus
etesevimab (Eli Lilly, USA), casirivimab plus imdevimab (Regeneron, USA), sotrovimab
(GlaxoSmithKline, UK and Vir Biotechnology, USA), tocilizumab (Genentech, USA), and
bebtelovimab (Eli Lilly, USA) were developed in the USA and have received EUA from
the FDA for treating mild-to-moderate COVID-19 [25,26]. Among them, bebtelovimab is
the only one that has shown remarkably preserved in vitro activity against all SARS-CoV-2
variants, including the Omicron subvariants BA.4 and BA.5 (but is not effective for BQ.1
and BQ.1.1. subvariants) [27]. In December 2022, tocilizumab became the first monoclonal
antibody fully approved by the FDA for COVID-19 treatment. On the other hand, some
traditional chemical drugs (small molecules) have been re-evaluated or re-purposed for
their potential as an antiviral drug candidate against SARS-CoV-2. Remdesivir (Gilead,
USA) [28] and Olumiant (baricitinib) (Eli Lilly, USA) [29] represent the first and second
drugs fully approved by the FDA for treatment of hospitalized COVID-19 patients. Early
in 2022, the FDA issued an EUA for the emergency use of Paxlovid (Pfizer, USA) and
molnupiravir (Emory University, Ridgeback Biotherapeutics, and Merck, USA) for the
treatment of mild-to-moderate COVID-19 in adults [30].

Various production platforms, mainly chemical synthesis and mammalian cell culture
were utilized to manufacture the aforementioned pharmaceuticals (small and big molecules)
to combat COVID-19. Plants have provided a promising alternative production platform
for both natural bioactive compounds and recombinant therapeutics [31]. Plants naturally
produce a diverse range of bioactive small molecules, such as alkaloids [32], flavonoids [33],
terpenoids [34], and phenolic compounds [35], which are the source of countless phar-
maceutical compounds for treating various diseases. Many bioactive compounds from
medicinal plants, for example, those extracted from Artemisia annua L., Curcuma longa
and Tripterygium wilfordii have been demonstrated to exhibit significant activities against
SARS-CoV-2 through interfering with every step of the interaction of the virus with its
host cells [36,37]. On the other hand, plants can also be genetically engineered to pro-
duce heterologous proteins (biologics) for therapeutic applications, termed “molecular
farming [38].” Plants bring advantages in safety, scalability, and cost over other eukaryotic
systems and have proven effective in mediating the post-translational processing required
for many complex proteins [38,39]. Additionally, molecular farming in plants could fa-
cilitate rapid production of biologicals at a large scale, as demanded in the case of the
COVID-19 pandemic. Extensive research has been performed to produce therapeutics
against SARS-CoV-2 in plant systems, including vaccines, antibodies and other immunoad-
hesins. Notably, in early 2022, Canada-based biotech company Medicago announced that
it had gained approval in Canada for its two-dose COVID-19 vaccine Covifenz®, an adju-
vanted plant-made virus-like particles (VLP) vaccine (www.medicago.com). It represents
the first COVID-19 vaccine produced by plant-based protein technology, and the promising
results from a Phase III study were recently published [40].

There are many recent reviews published on the use of plant-based agents for the
prevention and cure of COVID-19 [41–44]. However, these articles usually focus on one
specific type of plant-produced antiviral agent, particularly bioactive natural compounds
(small molecules). There is a lack of an updated review on the antiviral therapeutic proteins
(big molecules) produced by plant molecular faming. In addition, most of the review
articles are not up to date, because the SARS-CoV-2 virus has been mutating constantly
and the therapies for COVID-19 advance rapidly. This review summarizes the latest
advancements in plant-derived pharmaceuticals (both big molecules and small molecules)

260



Life 2023, 13, 617

used to fight against SARS-CoV-2 and discusses the prospects and challenges of the plant-
based production platform for antiviral agents.

2. Plant Produced Biopharmaceuticals (Biologics) against SARS-CoV-2

Plant-based expression systems, or plant molecular farming, have emerged as a promis-
ing alternative for the production of biologics. As eukaryotic organisms, plant hosts are
able to perform correct post-translational modifications, such as glycosylation, allowing
the development of authentic biologics with their efficacy being similar to those produced
using other expression systems, such as mammalian or yeast-based cell cultures [38,39].
Plant-produced biologics are also regarded as safe because they do not pose the risk of
introducing human and animal pathogens into biopharmaceuticals [45]. In addition, plant
expression systems, particularly transient expression systems, could prompt rapid (4–8
weeks) manufacturing of target biologics on a large scale [46,47], which meet emergency
demands, such as in the case of the COVID-19 pandemic. Given the aforementioned
factors, plant-based expression systems have been actively adopted by pharmaceutical
manufacturers. A wide range of recombinant proteins, such as vaccines, antibodies, hor-
mones, cytokines, therapeutic enzymes, and nutritional proteins have been produced via
stable and transient expression in entire plants or plant cell cultures [45,48]. The first
plant-produced biologic for human use, taliglucerase alfa (Elelyso®), was approved by the
FDA in 2012 for the treatment of Gaucher disease [49]. In 2019, a plant-produced influenza
virus vaccine completed Phase III clinical trials with encouraging results [50]. In early 2022,
the plant-made COVID-19 vaccine, Covifenz®, won first approval in Canada [40]. These
successes have revived people’s interest in plant-based production of biologics for human
use. To combat COVID-19, plants have been used to produce vaccines [51], monoclonal
antibodies [52], and other biologics that block the interactions between ACE2 and the S
proteins, such as soluble ACE2 [53] and its fusion with the Fc region of human IgG1 (ACE2-
Fc) [54]. In addition, plant-produced antiviral lectin has also been tested for inhibition of
SARS-CoV-2 infection [55] (Figure 2).
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SARS-CoV-2 infection. Plant-produced vaccines (1), antibodies (2), ACE2-based biologics (ACE2-
immunoadhesin, ACE2-chewing gum) (3), and antiviral lectins (4) can be used to combat COVID-19.

2.1. Plant-Produced Vaccines

Although traditional inactivated viral vaccines and the new adenovirus vector- and
mRNA-based vaccines haven been approved and widely used in the world to combat the
pandemic, other types of modern vaccines, such as the protein subunit [56] or virus-like
particle (VLP) varieties [57], have multiple advantages over currently used vaccines [24].
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The minimum requirement for either type of vaccine is the genetic sequence of a single
viral antigen rather than the genetic sequence of either virus [24]. This is safer for recipients
of the vaccine, because lone antigens cannot cause or spread disease, and safer for scientists
researching and manufacturing the vaccine, since no handling of live virus is required once
the antigen has been sequenced [58]. SARS-CoV-2 replicates by infecting human cells via
the interaction of the RBD on the viral S protein with ACE2 receptors on human cells [3],
therefore, the S protein, particularly RBD, has become the focus of vaccine development
efforts in the pandemic [24]. A full list of subunit vaccines and VLP vaccines that have
reached or passed Phase I human trials according to the COVID-19 vaccine tracker website
is available in Supplementary Table S1. Plants, either whole plants or cell suspension
cultures, are suitable for producing either type of vaccine [42]. A recent comprehensive
review of the use of plant-based vaccines for the prevention and cure of human viral
diseases can be found in the literature [44,47,59,60]. So far, a few plant-based subunit or
VLP vaccines have been developed and some of them have moved to clinical trials (Table 1).

Table 1. Plant-produced SARS-CoV-2 vaccines. Four of them have progressed to clinical trials.

Table Trade Name Antigen Plant Manufacturer Efficacy Commercialization
Progress Source

Virus-like
particles

Covifenz S protein N. benthamiana Medicago 69.5% to 78.8%
(Phase III)

Approved: Canada
Phase III Trials:

Argentina, Brazil,
United Kingdom,

USA

[40,61,62]

KBP-201 RBD N. benthamiana Kentucky
Bioprocessing

100%
(K18-hACE2

mice)

Phase I/II Trials:
USA [62–65]

IBIO-200,
IBIO-201, and

IBIO-202
S protein N. benthamiana iBio, Inc. n.d. Pre-clinical trials [44,66,67]

n/a S protein N. benthamiana n/a n.d. no [68]

Subunit

Baiya
SARS-CoV-2 Vax

1
RBD-Fc N. benthamiana Baiya

Phytopharm

100%
(K18-hACE2

mice)

Phase I Trials:
Thailand [62,69]

Baiya
SARS-CoV-2 Vax

2
RBD-Fc N. benthamiana Baiya

Phytopharm Unknown Phase I Trials:
Thailand [62,69]

n/a RBD-Fc N. benthamiana n/a n.d. no [51]
n/a RBD N. benthamiana n/a n.d. no [70–72]

n/a S protein,
RBD

Tobacco BY-2 and
Medicago

truncatula A17 cell
n/a n.d. no [73]

n/a: not applicable; n.d.: no data.

2.1.1. Plant-Produced Subunit Vaccines

In their simplest form, subunit vaccines require only a viral protein capable of eliciting
an immune response and an adjuvant. These proteins are capable of eliciting a response
from B cells, helper T cells, and cytotoxic T cells, but this response is weak relative to
traditional inactivated viral vaccines and necessitates the addition of an adjuvant [58]. A
subunit vaccine developed by Novavax (USA) has already been granted EUA by the FDA
in 2022 [22]. Studies have showed that this subunit vaccine was about 90% effective in
preventing SARS-CoV-2 infections [74](Centers for Disease Control and Prevention, CDC,
USA), which is similar to the efficacy of Moderna (94%) and Pfizer (95%) and better than
Johnson & Johnson (66%) [75].

Plant expression platforms, mainly transient expression with Nicotiana benthamiana,
have been used to produce subunit vaccines against SARS-CoV-2 (Table 1). The RBD alone
and its fusion with the Fc region of human IgG1 (RBD-Fc) are utilized as an antigen to
develop subunit vaccines. The recombinant RBD and RBD-Fc showed specific binding to
human ACE2 receptor [51,70–72]. In animal tests, the plant-produced RBD and RBD-Fc
antigens elicited potent neutralizing responses in mice and non-human primates [51,70]. In
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order to increase the immunogenicity of the antigen, RBD fused to flagellin of Salmonella
typhimurium (Flg), known as mucosal adjuvant, was also transiently expressed with N.
benthamiana using a self-replicating viral vector [76]. As an alternative to the transient
expression platform, tobacco BY-2 and Medicago truncatula A17 cell suspension cultures
were also used to stably express both full-length S protein and RBD [73]. The results showed
that recombinant S protein and RBD could be secreted into the culture medium, which
facilitated the subsequent purification and reduced the downstream processing costs. This
represents the first report on the stable expression of SARS-CoV-2 antigen protein with
plant cell culture system, though the bioactivity of the expressed proteins was not assessed.

Plant-produced subunit vaccines have been moved to commercial development.
Of particular interest is the subunit vaccines developed by Baiya Phytopharm Co., Ltd.
(Bangkok, Thailand), trade names Baiya SARS-CoV-2 Vax 1 and Baiya SARS-CoV-2 Vax 2,
that utilizes a N. benthamiana-produced RBD as its antigen. A publication on preclinical
results states that the RBD protein has been modified by fusing it with the Fc region [51].
When used with alum as adjuvant, Vax 1 induced potent immunological responses in both
mice and cynomolgus monkeys [69,77,78]. Vax 1 was also reported to show 100% efficacy
against infection in K18-hACE2 mice [79]. The efficacy of, and adjuvant for, the Vax 2
variant has not been revealed so far.

2.1.2. Plant-Produced VLP Vaccines

VLP vaccines make use of one or more viral structural proteins that are capable of
self-assembling into nanostructures that mimic the size and shape of a virus [80]. The
building blocks of the particle may serve as viral antigens capable of eliciting an immune
response and the shape of the overall VLP may conform to a pathogen-associated molecular
pattern recognized by the immune system [81]. Where a true virus has a cavity that contains
its genetic material, VLPs have a hollow cavity that may be used to deliver small molecules
to further enhance the immune response triggered by the vaccine [82].

According to the COVID-19 Vaccine Tracker website (https://covid19.trackvaccines.
org/, accessed on 15 January 2023), maintained by scientists at McGill University, at the
time of writing only one plant-produced SARS-CoV-2 vaccine has been approved for use.
As detailed in Table 1, this VLP vaccine, with the trade name of Covifenz® (Medicago,
Canada), has only been approved for use in Canada and it is in Phase III trials in several
others. Three other plant-produced vaccines have reached the point of clinical trials, but
none of these have yet passed the Phase III trials. Medicago’s VLP vaccine utilizes the
recombinant, full-length S protein from an original SARS-CoV-2 strain. These proteins
associate into trimers within a lipid membrane from the cell membranes of the host N.
benthamiana cells. The protein contains modifications made to improve the stability of
the protein as well as increase the formation of VLPs [83]. According to Phase III human
trials, the vaccine efficacy was 69.5% against symptomatic infection and 78.8% against
infection with symptoms ranging from moderate to severe [40]. According to the Canadian
government, Covifenz® is administered in two doses 21 days apart and alongside the
adjuvant AS03 [61].

Kentucky Bioprocessing’s VLP vaccine, trade name KBP-201, utilizes a recombinant S
protein’s RBD and inactivated tobacco mosaic virus. The S protein’s RBD, serving as the
antigen, and tobacco mosaic virus, serving as the VLP’s structural component, are each
expressed in N. benthamiana, and chemically conjugated together following purification [65].
KBP-201’s RBD is fused with the Fc domain of human IgG1 to improve protein stability
and an N. benthamiana extensin peptide to allow protein secretion and folding in the host
species [65]. Preclinical trials with K18-hACE2 mice showed efficacies of 71.4% and 100%,
for one and two doses effectively, against lethal infection [64]. The combined Phase I/II
trial listed on ClinicalTrials.gov details a two dose regimen 21 days apart using cytosine
phosphoguanine as an adjuvant [63].

In addition to Covifenz® and KBP-201, more potential SARS-CoV-2 vaccines (VLP)
from iBio, Inc. (Bryan, TX, USA): IBIO-200, IBIO-201 and IBIO-202 have been reported as in
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pre-clinical trials in separate review publications [44,67]. However, tracking the progress of
potential SARS-CoV-2 vaccines that are still in pre-clinical stages poses certain challenges
that prevent us from providing accurate, current information on their status. While success
in benchtop and animal models may be publicized by academic labs, corporate labs may
restrict publications until entry into clinical trials. This is the case with iBio’s VLP vaccines.
The citations provided for the status were from iBio’s website (ibioinc.com), a news media
website, or another review publication over the same topic rather than a direct, peer
reviewed article from scientists responsible for the research. A press release by iBio, dated
after the publication of these reviews, has stated that the company will no longer continue
development of IBIO-202 and none of the three vaccines appear on the company’s public
pipeline [84,85].

2.2. Plant-Produced Antibodies

Rather than providing the long-term protection of a vaccine, therapeutic antibodies
can be used in the moment to treat people infected by a disease. mAbs targeting epitopes
on the virus or infected cells may, alone or as a cocktail, reduce the viral load and thereby
reduce the severity of symptoms experienced by the patient [86]. mAb-based therapeutics
against the S protein have been shown to be effective treatments for SARS-CoV-2 infection,
especially the original viral strain. Up to now, five kinds of FDA approved (EUA) antibodies,
either alone or as a mAb cocktail, have been developed to treat COVID-19. However, the
current mAbs produced in mammalian cells are expensive and might be unaffordable
for many [87]. Plants may provide a low-cost and safety-friendly alternative platform to
produce efficacious and affordable antibodies against SARS-CoV-2. As a new production
platform, plants have already been demonstrated to have the capability of producing mAbs
with quality and characteristics matching those produced in mammalian cells [88]. For
example, a plant-made anti-HIV mAb has been found to meet all regulatory specifications
for human application in a clinical study [89]. However, to the best of our knowledge,
at the time of writing no plant-based antibodies for the treatment of SARS-CoV-2 were
in clinical trials. The scope of this portion of the review has been restricted to antibodies
expressed within plant cells that have been demonstrated, either in vitro or in vivo, to have
a neutralizing effect on at least one variant of a SARS-CoV-2 lineage (Table 2).

Table 2. Plant-produced antibodies against the SARS-CoV-2 virus. Neutralizing capability is indi-
cated by neutralizing titer *, meaning the dilution factor needed to reduce antibody levels below
detectable limits; IC50

†, meaning half maximal inhibitory concentration; or NT100
‡, meaning com-

plete protection from cytotoxic effects of infection.

Antibody
Name Plant Affected

Lineages

Neutralizing Capability
(Neutralizing Titer *,

IC50 † or NT100 ‡)
Source

CR3022 N. benthamiana Original strain Fail to neutralize * [71]
B38 N. benthamiana Unidentified 640 at 0.492 µg/mL * [90]
H4 N. benthamiana Unidentified 40 at 5.45 µg/mL * [90]

H4-IgG1-4 N. benthamiana Unidentified 591 nM for H4-IgG3 ‡ [91]

CA1 N. benthamiana Original strain,
Delta

9.29 nM: Original †

89.87 nM: Delta † [87]

CB6 N. benthamiana Original strain,
Delta

0.93 nM: Original †

0.75 nM: Delta † [87]

11D7 N. benthamiana
Original strain,

Delta,
Omicron

25.37 µg/mL: Original †

59.52 µg/mL: Delta †

948.7 µg/mL: Omicron †
[46]

The first reported plant-made functional mAbs against SARS-CoV-2 were B38 and H4,
which were collected from blood sera of a convalescent patient [52]. These antibodies could
block binding between the RBD of the virus and the cellular receptor ACE2. Transient co-
expression of heavy- and light-chain sequences of both the antibodies in N. benthamiana by
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using a geminiviral vector resulted in rapid accumulation of correctly assembled mAbs in
plant leaves. Both mAbs purified from plant leaves demonstrated specific binding to RBD
of SARS-CoV-2 and exhibited efficient virus neutralization activity in vitro [90]. Before this,
the same research group tried to express another mAb CR3022 in N. benthamiana. However,
this plant-produced mAb was found to bind to SARS-CoV-2 but fail to neutralize the virus
in vitro [71]. These findings provide proof-of-concept for using plants as an expression
system to produce SARS-CoV-2 antibodies.

Plant-made H4 was then examined in greater detail by being expressed in the four
human IgG subclasses present in human serum (IgG1–4) [91]. Four constructs, each with
the same variable region but different heavy chain regions, were adapted for expression
in glyco-engineered N. benthamiana. H4-IgG3 demonstrated an up to 50-fold superior
neutralization ability compared to the other three IgG against live SARS-CoV-2 virus
in vivo. Complete protection from cytotoxic effects of infection (NT100) using Vero cells
was attained with an H4-IgG3 concentration of 5.91 nM.

Using a cocktail of mAbs that bind to complementary neutralizing epitopes represents
a strategy to prevent escape of the SARS-CoV-2 mutant from mAb treatment [87]. To
develop mAb cocktail-based therapeutics against SARS-CoV-2 in plants, two neutralizing
mAbs, CA1 and CB6 were expressed in N. benthamiana. The effectiveness of plant-produced
mAbs against the original SARS-CoV-2 virus and a member of the Delta lineage was
tested in vitro. Both mAbs retained target epitope recognition and neutralized multiple
SARS-CoV-2 variants [87]. The half maximal inhibitory concentration (IC50) of CA1 was
9.29 nM for the original strain and 89.87 nM against the Delta strain. The IC50 of CB6 was
0.93 nM for the original strain and 0.75 nM for the Delta strain [87]. Both also demonstrated
neutralizing potential against a mouse adapted strain of SARS-CoV-2 in vitro. It was also
shown that one plant-made mAb has neutralizing synergy with other mAbs developed in
hybridomas by the authors. A third neutralizing mAb, 11D7, which was a chimeric human
IgG, was then expressed in DeltaXFT N. benthamiana to produce a mAb with human-like,
highly homogenous N-linked glycans [92]. Plant-produced 11D7 was found to maintain
recognition against the RBD of original, Delta and Omicron strains and neutralizing activity.
Because 11D7 neutralizes SARS-CoV-2 through a mechanism not typical among currently
developed mAbs, it may be useful in providing additional synergy to existing mAbs
cocktails.

2.3. Plant-Produced ACE2-Based Biologics
2.3.1. Plant-Produced ACE2-Immunoadhesins

Although vaccines and antibodies have been developed to effectively combat COVID-
19 worldwide, the rapid emergence of SARS-CoV-2 variants with altered RBD can severely
affect the efficacy of such immunotherapeutic agents [14]. This problem seems to be espe-
cially pronounced with the Omicron variants that resist many of the previously isolated
monoclonal antibodies [93]. Immunoadhesins, which are antibody-like molecules, make
another class of immunotherapeutic agents that may complement the current therapy issue
with vaccines and antibodies [94]. Immunoadhesins consist of an engineered binding do-
main fused to an Fc region of an antibody [95]. In the case of SARS-CoV-2, the viral cellular
receptor ACE2 (extracellular domain) can serve as a binding domain for constructing such
immunoadhesins, which can then function as a decoy to block the interaction of the virus
with cellular ACE2 receptors [54,96]. Fusing ACE2 with the Fc region offers advantages
over the treatment with ACE2 alone. This is because the Fc domain can provide effector
functions, allowing the recruitment of some phagocytic immune cells and facilitating the
activation of the host antiviral immune response through triggering antibody-dependent
cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC). Furthermore,
the Fc domain can prolong the half-life, binding affinity and neutralization efficacy of the
binding domain [54,97,98]. So far, more than 13 Fc fusion proteins have been approved by
the FDA.
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In the past 3 years, many ACE2-based immunoadhesins, including the enhanced ACE2
for binding to S protein of SARS-CoV-2 were developed [8,94,96,99–105]. These ACE2-
immunoadhesins were effective in neutralizing multiple SARS-CoV-2 variants, including
the Delta and the Omicron variants, suggesting that immunoadhesins-based immunother-
apy is less prone to escape by the virus [94]. Again, plants can provide an economic
platform to rapidly produce these biologics.

With transient expression in N. benthamiana, ACE2-Fc was produced at up to 100 µg/g
fresh leaf. The recombinant ACE2-Fc exhibited potent anti-SARS-CoV-2 activity in vitro,
and dramatically inhibited SARS-CoV-2 infectivity in Vero cells with an IC50 value of
0.84 µg/mL. Furthermore, treating Vero cells with ACE2-Fc at the pre-entry stage sup-
pressed SARS-CoV-2 infection with an IC50 (half maximal inhibitory concentration) of
94.66 ug/mL [98].

Because ACE2 is heavily glycosylated and its glycans impact on binding to the S
protein and virus infectivity, the ACE2-Fc was also expressed in glycol-engineered N.
benthamiana. It was found that the recombinant dimeric ACE2-Fc was glycosylated with
mainly complex human-type N-glycans and showed function in peptidase activity, binding
to the RBD of the virus and neutralizing the wild-type SARS-CoV-2 virus [106].

2.3.2. Plant-Produced ACE2 and ACE2-Based Chewing Gum

Besides the ACE2-based immunoadhesins, ACE2 alone could also be developed
as a therapeutic to inhibit the virus spread, though there are limitations, such as short
circulating half-life [54]. Human soluble (truncated) ACE2 was reported to express in N.
benthamiana with a high-level yield (about ~750 µg/g fresh leaf). Plant-produced ACE2
could bind to the SARS-CoV-2 S protein. Both glycosylated and deglycosylated forms of
ACE2 demonstrated strong anti-SARS-CoV-2 activities in vitro, with an IC50 being ~1.0 and
8.48 µg/mL, respectively [53].

Of special interest is the ACE2-based chewing gum developed by Dr. Henry Daniell
and his colleagues at the University of Pennsylvania [107–109]. This virus-trapping gum
contains plant-made CTB-ACE2, which is ACE2 fused with non-toxic cholera toxin sub-
unit B (CTB). CTB-ACE2 is made in chloroplasts of transgenic lettuce. The lettuce was
then powdered and blended with cinnamon-flavored chewing gum. The CTB-ACE2 can
efficiently bind to both GM1 and ACE2 receptors, effectively blocking binding of the S
protein and viral entry into human cells. As oral epithelial cells are enriched with both
receptors, this gum was designed to trap and neutralize SARS-CoV-2 in the saliva and
diminish the amount of virus left in the mouth. The Phase I/II clinical trial of the chewing
gum started in June 2022 (ClinicalTrials.gov Identifier: NCT05433181). If the gum proves
safe and effective, it could be given to patients whose infection status is unknown or even
for dental check-ups to reduce the likelihood of passing the virus to caregivers [109].

2.4. Plant Produced Antiviral Lectins

Lectins from plants and algae, which are carbohydrate-binding proteins of non-
immune origin, were earlier found to inhibit several viral diseases, such as HIV, hepatitis C,
influenza A/B, herpes, Japanese encephalitis, Ebola, and SARS coronavirus that occurred
in 2003 [110–113]. Recently, some lectins have shown significant activity against SARS-CoV-
2 [114–116]. For example, Griffithsin, a red algae-derived lectin of 121 amino acids, is a high
mannose-specific lectin that has been recognized as a potential viral entry inhibitor [117].
Griffithsin was tested for SARS-CoV-2 entry and found that it could significantly inhibit
the SARS-CoV-2 infection in a dose-dependent manner. Remarkably, the IC50 of griffithsin
was 63 nmol/L, which is about 11-fold more potent than Remdesivir [55]. Other research
demonstrated that griffithsin could block the entry of SARS-CoV-2 and its variants, Delta
and Omicron, into the Vero E6 cell lines and IFNAR–/– mouse models by targeting the S
proteins of the virus [118]. Similarly, recent molecular docking studies have shown that a
banana-derived mannose-specific lectin could also neutralize SARS-CoV-2 infectivity [119].
Lectins are natural proteins which are cheap and easily accessible. They have been proven
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to be active against SARS-CoV-2. However, their clinical application is still hampered by
several obstacles. These include the high-cost purification, short stability in the body, po-
tential cytotoxicity and mitogenicity, and the possibility for eliciting deleterious responses
in the immune system [120]. Future investigations are needed to develop plant lectins as a
new antiviral agent against COVID-19.

2.5. Challenges in Commercialization of Plant-Produced Biologics against SARS-CoV-2

Numerous anti-SARS-CoV-2 biologics, including vaccines, antibodies, and other bio-
logics against the virus have been expressed in plant systems, as mentioned above. How-
ever, compared with other production systems, such as bacterial and mammalian cell
culture, plant systems suffer from a major disadvantage: low production levels of the
desired proteins [48]. Additionally, isolation and purification of the recombinant proteins
from plant tissues is quite expensive [38]. Although plant systems have proven effective in
performing glycosylation required for complex proteins [48,121], there is a major difference
in the plant and mammalian glycan structure. The N-linked glycans produced by plants
carry two plant specific residues, β-1,2-xylose and core α-1,3-fucose, which are absent
from mammalian cell produced proteins [122]. The immunogenicity and allergenicity of
plant-specific N-glycans has been a key concern in human therapy [122]. So far, there is
only one plant cell produced biopharmaceutical, taliglucerase alfa (Elelyso®), approved by
FDA. Concerted research efforts based on molecular biology strategies, such as enhancing
gene transcription and translation, minimizing post-translational degradation, and gly-
coengineering to humanize glycosylation, and engineering strategies, such as improving
bioreactor design and operation and optimizing the protein purification procedure, are still
needed for the commercial success of plant-based production platforms.

3. Medicinal Plant-Produced Metabolites (Small Molecules) against SARS-CoV-2

Although some vaccines and mAbs have been successfully developed in the past 2 to
3 years to combat COVID-19 disease, the lack of effective therapeutics against the virus
has prompted the shift of some interests toward plant-based therapy. This is because many
drugs in use are either plant materials or derived from their bioactive compounds. There is
a remarkable prospect of discovering anti-COVID-19 from medicinal plants [123].

Plant-produced secondary metabolites (PSMs) are a rich source of bioactive com-
pounds with a broad spectrum of antiviral activities [37]. Due to their high bioavailability,
relatively low cost, and potential for large-scale production, PSMs represent a promis-
ing field of study to find new treatments against SARS-CoV-2 [124–126]. The potential
of PSMs to treat COVID-19 is immense. They can be utilized as prophylactics, antivi-
rals, and even adjuvants to reduce morbidity during COVID-19 treatment [127]. Natural
medicines derived from PSMs are usually non-toxic, well-tolerated with minimum side
effects, and highly absorptive by the human body [128]. A list of 162 PSMs found in
medicinal plants that showed antiviral activity has been published earlier [37]. Among
them, around 76 PSMs from different plant species are effective against COVID-19 [37].
These PSMs can be generally classified as polyphenols, alkaloids, flavonoids, coumarins
and essential oils, which are able to inhibit main targets in the virus life cycle, including
the viral proteins, the lipid envelope and viral nucleic acids [129]. In addition, advanced
bioinformatics applications have opened a new arena in predicting PSMs as a potential
COVID-19 suppressor [128,130]. In silico analysis has revealed that PSMs could be one of
the most valuable drug targets against SARS-CoV-2 [37]. There are many recent review
papers published on the PSMs against SARS-CoV-2 [36,37,125,129,131–136]. A comprehen-
sive list of medicinal plants and their active compounds with inhibitory activity against
SARS-CoV-2 can be seen in the recent reviews [37,131,132,137]. In this section, we will
discuss the major antiviral mechanisms of PSMs against SARS-CoV-2 and summarize some
of the newly published data involving the application of PSMs in the prevention and
treatment of COVID-19 infections.
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3.1. Antiviral Mechanisms of PSMs

Many PSMs have broad-spectrum antiviral activity. They can inhibit multiple steps
in viral infection and replication and have been previously used in the treatment of SARS,
MERS, influenza, and dengue virus [131,138]. Specifically, PSMs may function in inhibiting
viral proteins, intercalating viral nucleic acids, blocking the ACE2 receptor, and modulating
the immune system (Figure 3) [129,132,135,138,139].
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like protease; Nsp13: Nsp13 helicase; RdRp: RNA-dependent RNA polymerase; NF-κB: nuclear factor
kappa-light-chain-enhancer of activated B cell; IRF3: interferon regulatory factor 3; ER: endoplasmic
reticulum; ERGIC: ER-Golgi intermediate compartment.

3.1.1. Inhibition of Viral Proteins

The major drug targets that have been identified for SARS-CoV-2 through host-virus
interaction studies include the SARS-CoV-2 main protease (Mpro), chymotrypsin-like pro-
tease (3CLpro), papain-like protease (PLpro), RNA-dependent RNA polymerase (RdRp),
helicase Nsp13 and S proteins [36]. These viral proteins are critically involved in the viral
replication and transcription process, and thus considered as the most promising targets for
drug discovery against SARS-CoV-2 [135]. Since the outbreak of the COVID-19 pandemic,
research has been conducted to screen for potential PSMs inhibiting the SARS-CoV-2 pro-
teases, RdRp and other viral proteins using molecular docking analysis. Possible PSM
inhibitors against major proteases and helicases of COVID-19 were summarized in recent
reviews [129,140]. For example, six FDA-approved antiviral compounds, including With-
aferin A, Nelfinavir, Rhein, Withanolide D, Enoxacin, and Aloe-emodin were discovered
as possible COVID-19 main protease inhibitors [141]. In other research, the binding of
a library of polyphenols with SARS-CoV-2 RdRp was assessed, and the study revealed
that epigallocatechin gallate and three theaflavin derivatives could strongly bind to the
active site of RdRp with high binding stability and with low toxicity, thus representing an
effective therapy for COVID-19 [142]. In addition, in an in vivo study using hamsters as a
disease model, extracts of Perilla frutescens and Mentha haplocalyx were found to be effective
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in inhibiting viral 3CL protease and RdRp [143], thus these compounds could be further
developed as plant-derived anti–SARS-CoV-2 agents.

3.1.2. Intercalation of Nucleic Acids

Some types of PSMs, particularly alkaloids, can directly interact with DNA or RNA
and hence stabilize those in single-stranded form. These DNA- or RNA-alkaloids conjugate
readily, inhibit their further replication, and consequently prevent viral replication [128].
The well-known alkaloids that have been found to intercalate viral nucleic acids include
berberine, emetine, sanguinarine, isoquinoline, beta-carboline, quinoline, paraquinine,
dictamine, skimmianine [129]. Due to this mechanism, plant-derived alkaloids represent
an important group of PSMs used to combat SARS-CoV-2.

3.1.3. Blocking of ACE2 Receptor

Because SARS-CoV-2 enters human cells through the ACE2 receptor, the simplest
way to prevent viral infection is through blocking this receptor. Several PSMs, such as
flavonoids, xanthones, proanthocyanidins, and secoiridoids have shown their binding
affinities towards ACE2, thus becoming potential natural drugs against COVID-19 [144].
For example, quercetin was found to efficiently inhibit ACE2 [145]; essential oils isolated
from lemon and Geranium could significantly downregulate the expression of the ACE2
receptor in human epithelial cells [146].

3.1.4. Immune Modulation

A growing body of clinical data has indicated that COVID-19 may cause a “cytokine
storm” in patients due to an extreme inflammatory response, which is also a crucial cause
of death from COVID-19. Certain PSMs have shown positive immunomodulation effects
against this “cytokine storm”. For example, alcoholic extract of hop (Humulus lupulus) and
bark of cinnamon (Cinnamum verum) was found to inhibit NF-κB (nuclear factor kappa-
light-chain-enhancer of activated B cell) which acts as a pro-inflammatory element [147].

3.2. Major Classes of PSMs against SARS-CoV-2

PSMs from three major classes: alkaloids, polyphenols and terpenoids/terpenes, have
shown activities in preventing and treating COVID-19 infections [123].

3.2.1. Antiviral Alkaloids

Alkaloids represent a large class of PSMs that contain at least one nitrogen atom.
According to their biosynthetic pathway alkaloids can be classified into several groups:
tropanes, quinolines, indoles, purines, isoquinolines, imidazoles, pyrrolidines, pyrrolizidines
and pyridines. The pharmacological effects of these alkaloid compounds include antioxi-
dant, antifungal, antimalarial, antibacterial, and antiviral activities. The antiviral activity
of some alkaloids, such as emetine, Ipecac, Macetaxime, tylophorine, and 7-methoxy
cryptopleurine, is shown by inhibiting viral proteases, RNA synthesis and protein syn-
thesis [37,124]. In silico screening analysis indicated that some alkaloid compounds, for
example 10-hydroxyusambarensine and cryptoquindoline isolated from African medicinal
plants, exert anti-SARS-CoV-2 activity through inhibition of 3CLpro [148]. In addition,
some alkaloids, such as tetrandrine, fangchinoline, cepharanthine, and lycorine, inhibit
the virus through intercalating into nucleic acid and inhibiting spike and nucleocapsid
proteins [149]. So far, the alkaloid compounds showing the greatest inspiring antiviral ef-
fects against SARS-CoV-2 are papaverine, caffeine, berberine, colchicine, cryptospirolepine,
deoxynortryptoquivaline, cryptomisrine, 10-hydroxyusambarensine, emetine, ergotamine,
camptothecin, lycorine, nigellone, norboldine, and quinine [133,150]. These compounds
could be further developed by being used alone or in combination with other drugs for
treating COVID-19.
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3.2.2. Antiviral Polyphenols

Polyphenols contain multiple aromatic rings and one or more hydroxyl groups.
Polyphenols are broadly classified as flavonoids, lignans, stilbenes and phenolic acids
according to the number of aromatic rings they contain and of the structural elements
binding these rings together [151]. Numerous polyphenols are considered as antiviral
agents. A comprehensive review on the phenolic compounds against SARS-CoV-2 was
recently published [152]. Polyphenols show antiviral activities using diverse mechanisms,
including intercalating into nucleic acid and inhibiting the activity of protease, helicase
and RdRp [152,153]. This is because the hydroxyl group of polyphenols can interact
with the positively charged amino groups of proteins and consequently destroy the three-
dimensional structure of the protein [123]. In silico analysis revealed that polyphenols can
inhibit the Mpro protease and RdRp of SARS-CoV-2 effectively [154]. Flavonoids consisting
of two aromatic rings bound together by three carbon atoms comprise the most studied
group of polyphenols. Flavonoid compounds were found to be able to inactivate the Mpro
protease of SARS-CoV-2 [155]. In addition, the flavonoid scutellarein from the root of
Lamiacaea was shown to inhibit the NSP13 helicase of SARS-CoV-2 by altering its ATPase
activity [156]. In the past three years, many clinical trials of polyphenols as a possible
treatment for patients with COVID-19 have been reported [152]. Polyphenols from different
plant species have been shown to improve symptoms (fever, chills, cough, myalgia, and
tachypnea), increase lymphocyte count, and decrease inflammation, etc. [152].

3.2.3. Antiviral Terpenoids/Terpenes

Terpenoids constitute a large group of PSMs with a broad spectrum of structures and
effects. They are lipophilic compounds found in essential oils of many plants. Terpenoids
could be used as antioxidant, anti-cancer, anti-inflammatory, antibacterial and antiviral
reagents [123]. In terms of antiviral activity, lipophilic terpenoids can disturb the lipid
envelope of viruses. Certain terpenes, such as celandine-B, betulinic acid, and ursolic
acid have demonstrated strong antiviral effects as they can destroy the lipid layer of the
virus [157]. Recent in silico screening indicated that some terpenes from African plants, such
as 6-oxoisoiguesterin, 22-hydroxyhopan-3-one and 20-epi-isoiguesterino, could interact
with the 3CLpro of SARS-CoV-2, and had binding affinities surpassing that of two reference
compounds, lopinavir and ritonavir [148]. Recently, Glycyrrhizin, a triterpenoid saponin
from licorice (Glycyrrhyza glabra) roots, was reported to be valuable in the treatment of
COVID-19 due to its multi-target mode of action, such as binding to ACE2, downregulating
proinflammatory cytokines, and stimulating endogenous interferon [158]. In addition,
cannabidiol (CBD) from Cannabis sativa has been shown to downregulate ACE2 expression
in COVID-19 target tissues, thus reducing COVID-19 severity [156].

3.3. Potential Anti-SARS-CoV-2 Compounds

Although numerous studies have focused on the inhibition of SARS-CoV and MERS-
CoV with PSM compounds in the past years, there are few studies on the direct treatment
of COVID-19 disease, which are limited to in silico studies [126]. A compilation of PSMs
with potential inhibitory and regulatory activity against SARS-CoV-2 is listed in Table 3.
Their chemical structure is shown in Figure 4. These metabolites were curated based on
their potential ability to stop, prevent, and treat COVID-19 infections. Only those with
potential direct activity against SARS-CoV-2 were considered. Additionally, most PSMs in
Table 3 show little toxicity, as indicated by in vitro or in silico evaluations.

Given the novelty of the disease and the shift in attention to other areas, PSMs have not
been studied thoroughly for treating COVID-19 and most research is still in early phases,
as evidenced by the predominance of in vitro models throughout the table. Therefore,
the metabolites presented are only prospects selected by their confirmed in vitro activity
and/or their theorized capabilities by in silico models. More research is needed to fully
corroborate their action against SARS-CoV-2 in humans. The PSM compounds introduced
below are a selection of those with the most advanced stages in research.
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Table 3. Compounds of medicinal plants found to be effective against SARS-CoV-2 through in vitro,
in vivo or in silico analysis.

Major Active Compounds Plant Species Efficacy/Mechanism of Action * References

Artemisinin, flavonoids,
artesunate, artemether,

nonidentified metabolites
Artemisia annua L.

Inhibiting viral replication [159]

Inhibiting replication of five virus variants
including Delta [160]

Inhibiting viral infection [161]

Astersaponin I (AI) Aster koraiensis
Inhibiting virus entry pathways at plasma

membrane and within
endosomal compartments

[162]

Curcumin Curcuma longa Binding and inhibiting S protein of Omicron
variant (in silico analysis) [163]

Emetine Carapichea ipecacuanha Blocking viral entry into cells; inhibiting
virus replication; anti-inflammation [164]

Hesperidin
(Hesperetin) Various species Reducing expression of TMPRSS2 and ACE2

(in silico analysis) [165]

Hypericin Hypericum perforatum Binding viral envelope and reducing its
infectivity [166]

Licorice-saponin A3 (A3) and
glycyrrhetinic acid (GA) Glycyrrhiza uralensis Inhibiting viral infection [167]

Luteolin Various species Reducing viral replication by inhibition
of RdRp [168]

Myricetin Various species
Inhibiting viral replication and transcription

by inhibition of protease (Mpro);
anti-inflammation (in vivo analysis)

[169]

Nonalkaloid compounds Rhazya stricta Binding key residues of S proteins and
impeding viral infection (in silico analysis) [170]

Panduratin A Boesenbergia rotunda Inhibiting viral replication [171]

Persimmon-derived tannins Diospyros kaki Inhibiting virus replication; potential as a
prophylactic agent [172]

Piperine Piper spp. Inhibiting viral replication [173]

Quercetin Various species Impeding viral replication by inhibition
of RdRp [168]

Thapsigargin Thapsia garganica
Inhibiting viral replication by inducing stress
in ER and increasing the viability of infected

cells
[174]

Withaferin A, Withanone,
Withanolide A Withania somnifera (L.)

Inhibiting viral infection and replication;
anti-inflammation and proinflammatory

cytokines (in vivo analysis)
[175]

*: all those unindicated are in vitro analysis.

3.3.1. Artemisinin

Artemisinin derivatives from Artemisia annua L. are effective in treating malaria. They
are also well documented as antiviral drugs [176]. The study by Nair et al. (2021) revealed
a potent inhibitory action of A. annua L. leaf extracts on viral infection in Vero E6 cells
with relatively low IC50 values [159]. The study also demonstrated that artemisinin is not
the main or only metabolite with antiviral properties in the extracts. Furthermore, the
metabolites present in the leaf extracts were found effective against five variants of the
virus (Alpha, Beta, Gamma, Delta and Kappa) and seemed to have great stability [160].
Dry leaf samples still showed antiviral activity after staying frozen for twelve years [159].
In another study by Zhou et al. (2021), it was found that A. annua extracts as well as
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individual compounds (artemisinin, artesunate, and artemether) all showed inhibitory
effects on viral infection of Vero E6 cells, human hepatoma Huh7.5 cells and human lung
cancer A549-hACE2 cells. Among them, artesunate proved most potent in different cell
types, and it targeted SARS-CoV-2 at the post-entry level [161].
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3.3.2. Hesperidin/Hesperetin

Hesperidin and its aglycone hesperetin, compounds isolated from citrus plants, are
also regarded as potential antiviral drugs. Both compounds were initially studied due to
their predicted interaction in molecular models with ACE2 and TMPRSS2 [165]. These
molecules are crucial in the SARS-CoV-2 cell hijacking mechanism. Cheng et al. (2022)
applied enzymatic activity assays and in vitro studies with Vero E6 cells and particles of
pseudo-virus, demonstrating a strong disruption of ACE2-S protein interaction, but a slight
inhibition of TMPRSS2. Nonetheless, their research also revealed another action mechanism
for hesperidin and hesperetin—the downregulation of both ACE2 and TMPRSS2 in lung
epithelial lung cancer cell lines. These metabolites’ disruptive activity and little cytotoxicity
make them prospective agents to prevent further cell entry in infected individuals, allowing
for a quicker recovery.

3.3.3. Emetine

Emetine, an alkaloid extracted from the ipecacuanha plant (Brazilian root), is another
compound with strong antiviral activity [177]. Its effect against other coronaviruses is
well documented and SARS-CoV-2 is no exception. Several papers have documented the
multifaceted approach of emetine against SARS-CoV-2, inhibiting not only viral entry,
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but also replication and proliferation [164]. In a study published by Wang et al. (2020)
emetine swiftly reduced viral activity in SARS-CoV-2 infected Vero cells and blocked
viral entry in pretreated cells [178]. The metabolite disrupts the interaction between viral
mRNA and key molecules involved with translation, including ribosomes, viral polymerase
RdRp and replication–transcription complex translation initiation factor eIF4E [179,180], as
suggested by in silico simulations. In addition, the action of emetine remains effective even
at low concentrations, making it a potent drug. However, the researchers also noted that
emetine has been associated with cardiac complications and possible cytotoxicity, leaving
its viability as a drug yet to be assessed.

3.3.4. Luteolin and Quercetin

Similar to emetine, luteolin and quercetin, which are ancestors of flavonoid natu-
ral compounds, exhibit in vitro inhibition against RdRp of SARS-CoV-2 [168]. Previous
in vitro studies have also suggested their inhibitory activity against viral protease 3CL-
pro [71]. Their ability to reduce SARS-CoV-2 replication by preventing translation and post-
translational processing makes both metabolites promising treatment drugs for COVID-19.

3.3.5. Panduratin A

Panduratin A, a diarylheptanoid found in Renealmia nicolaioides and Boesenbergia ro-
tunda can not only prevent infection but also slow viral replication. As discovered by
Kanjanasirirat et al. (2020), panduratin A significantly stops the activity of SARS-CoV-2 in
Vero E6 and Calu-3 cell lines in pre- and post- infection stages with a performance compa-
rable to the already approved COVID-19 treatment drugs. Additionally, it is important to
highlight the minimal toxicity shown by panduratin A, as evidenced by cytotoxicity assays
in five different cell lines [171].

3.3.6. Tannins

The case of persimmon-derived tannins has vital importance as it represents one
of the few studies to include in vivo models. After the hamster model was treated with
persimmon-derived tannins and then inoculated with SARS-CoV-2 viral particles, it re-
mained healthy and presented low antigen and viral load levels in their lungs, as indicated
by immunohistochemistry assays and qPCR [172]. By contrast, the control group presented
severe lung inflammation and greater pathophysiology and a higher antigen count. Even
though the researchers demonstrated the prophylactic potential of persimmon-derived
tannins to prevent/regulate SARS-CoV-2 infection, further studies are needed to assess the
efficacy of the compound in already infected organisms.

3.4. Challenges in Clinical Applications of PSMs against SARS-CoV-2

PSMs from various medicinal plants serve as a treasure of bioactive compounds
that have shown promising results against SARS-CoV-2. However, due to the novelty of
COVID-19, and lack of experimental evidence and safety studies, the use of most PSMs
is still limited [126]. So far, none of the isolated PSM compounds from medicinal plants
have been successfully used for clinically treating COVID-19. First of all, there is still
a lack of sufficient in vivo and clinical studies to demonstrate the effectiveness of PSM
compounds in preventing the viral infection or alleviating symptoms associated with virus
infection [181]. In fact, numerous compounds showing high antiviral activity in vitro could
be found to be inactive in pre-clinical or clinical trials [138]. Second, because the PSMs
are small molecules, they are usually stable and can be delivered orally as plant extracts
without the need to purify from other by-products. However, the treatment with plant
extracts becomes complicated due to the existence of various compounds. The antiviral
ability of individual compounds may be different from their functions in extracts, and
they can be additive or synergistic, or even antagonistic [156]. In addition, some PSMs
could be toxic at certain levels, so it is necessary to conduct in vitro and in vivo research
to evaluate the safety and therapeutic levels of each compound before conducting human
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clinical trials [131]. Therefore, tremendous research is still needed to find the most effective
PSM compounds or a combination of them that would be effective in treating COVID-19
infection.

4. Prospects

The COVID pandemic has been affecting the world for three years. It is generally
accepted that SARS-CoV-2 will not be fully eradicated. Most likely, the virus will coexist
with humans, and the disease will become an endemicity. There is a critical need to
develop new and effective pharmaceuticals for prophylactic and therapeutic purposes. The
rapid development of vaccines against SARS-CoV-2 has provided a major step forward in
reducing COVID-19’s impact, thus representing a scientific victory. However, many people,
even those fully vaccinated lose protection over time. This problem seems to be especially
pronounced with the Omicron-related variants. Therefore, there is still a pressing need
for globally available vaccines that can provide more lasting immunity against current
and future coronavirus variants [94]. A ferritin-based COVID-19 nanoparticle vaccine
that elicits robust, durable, broad-spectrum neutralizing antisera against known variants
of concern, including Omicron BQ.1 and the previous virus version SARS-CoV-1, was
just reported [182]. This offers great potential for the rapid response of the emerging
SARS-CoV-2 variants and provides versatility for the future development of vaccines
against other emerging coronaviruses. In addition, all currently approved vaccines are
administered parenterally, which may not be effective in preventing mucosal infection of
respiratory pathogens like SARS-CoV-2. Therefore, mucosal COVID-19 vaccines, such as
those administered orally or intranasally, would potentially be more effective in offering
protection against SARS-CoV-2 infection, because they offer the dual benefit of inducing
potent mucosal and systemic immunity [183]. Around 100 mucosal COVID-19 vaccines are
in development globally. Among them, 20 have reached clinical trials in humans [184]. In
late 2022, two mucosal COVID-19 vaccines that are delivered through the nose or mouth
have been approved for use in China and India [185]. These approvals validate the need for
mucosal vaccines, though their effectiveness in preventing COVID-19 infection needs be
further assessed. In addition to vaccines, other antiviral agents with the potential to limit
virus transmission or block infection, including both big molecules and small molecules,
will continue to be explored.

Plants provide attractive bioproduction platforms for both recombinant therapeutics
and natural bioactive metabolites to combat the COVID pandemic. Molecular farming in
plants is an unprecedented opportunity for developing vaccines, antibodies, and other
biologics for pandemic diseases because of its potential advantages, such as low cost, safety,
and high production volume. As mentioned above, numerous anti-SARS-CoV-2 biologics
have been expressed in plant systems. Because many plants or plant products are edible,
advances in this area can lead to oral vaccines that can induce mucosal immunity, and
that are low cost, easy-to-administer, and have high thermostability [186]. This could be
especially applicable for vaccinating people in developing countries, such as those in Africa,
where high costs and logistical problems can constrain massive vaccine programs [60].
However, compared to the major expression hosts (bacteria, yeast and mammalian cells),
plants are still largely underutilized, mainly due to low productivity and non-human
glycosylation [187,188]. Modern molecular biology tools, such as RNAi and the latest
genome editing technology, could be exploited to modulate the genome of plant cells to
create new plant lines exhibiting improved “traits” for therapeutic protein production [189].

Alternatively, medicinal plants provide a significant prospect for discovering new and
effective anti-COVID-19 drugs. The PSMs from medicinal plants have been demonstrated
to be powerful in fighting against SARS-CoV-2 as they can interfere with the viral life
cycle, including viral entrance, replication, assembly, and virus-specific host targets [190].
Many potential antiviral PSMs against SARS-CoV-2 have been tested in vitro, in vivo or
predicted by in silico analysis. However, none of the PSM compounds have been approved
by the FDA for treating COVID-19 so far. More pre-clinical and clinical evaluation of the

274



Life 2023, 13, 617

therapeutic effectiveness of these PSMs is a major concern for further development of
safe and effective treatments. Because of the novelty of the virus and the disease caused,
safety is still a main concern for the use of PSMs [138]. Although compared to synthetic
medicines, PSMs are regarded as less toxic because of their natural origin and long-term
use as traditional medicines, these compounds may have potential adverse or toxic effects
at certain concentrations [36]. Therefore, further investigations, particularly pre-clinical
evaluation, are necessary for determining the safe therapeutic dose of each compound
before clinical application. In addition, plant metabolomics is currently used as a tool to
discover novel drugs from plant resources [37]. Characterization of genes and enzymes
involved in secondary metabolic pathways is also very crucial for understanding the
biosynthesis of bioactive compounds [191]. This will pave the way for further genetic
modifications of medicinal plants to synthesize novel PSM compounds that are most
effective in treating COVID-19. Finally, in order to improve the use of PSM compounds,
combination treatments, for example the treatments in combination with the FDA-approved
anti-SARS-CoV-2 drugs or with the assistance of nanotechnology, may be a promising
strategy to develop as they exhibit better synergistic and/or additive effects against COVID-
19 [137].

5. Conclusions

The COVID-19 pandemic not only caused a public health crisis, but also severely
affected the global economy. Although the epidemic has been alleviated to a great extent
around the world, the virus will continue to coexist with human beings and constantly
mutate. Plants provide a promising bioproduction platform for both recombinant thera-
peutics (big molecules) and natural bioactive compounds (small molecules) that can be
used to combat the virus. “Molecular farming” in plants proposes a superior bioproduction
platform for recombinant therapeutics as compared to other eukaryotic systems in terms
of safety, scalability, and cost. In the future, advances in this area could also lead to oral
vaccines that may be convenient and easy to deploy. Alternatively, plants represent a dra-
matically underutilized source of bioactive compounds with a broad spectrum of antiviral
activities. In vitro, in vivo, and in silico analyses have revealed numerous plant-derived
compounds with promising anti-SARS-CoV-2 activity. Therefore, these molecules will be
able to develop new natural solutions for treating COVID-19. In summary, it will take
the combined efforts of plant genetic engineering and natural plant medicine research to
ultimately extinguish this pandemic.
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