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Phytochemistry, Mechanisms, and Preclinical Studies of
Echinacea Extracts in Modulating Immune Responses to
Bacterial and Viral Infections: A Comprehensive Review

Fatemeh Ahmadi 12

1 UWA School of Agriculture and Environment, The University of Western Australia, Perth 6009, Australia;

fatemeh.ahmadi@uwa.edu.au

2 Tasmanian Institute of Agriculture, University of Tasmania, Hobart 7001, Australia

Abstract: Background: Echinacea species, particularly Echinacea purpurea, Echinacea angustifolia, and
Echinacea pallida, are renowned for their immunomodulatory, antibacterial, and antiviral properties.
Objectives: This review explores the mechanisms by which echinacea herbal extracts modulate
immune responses, focusing on their effects on both innate and adaptive immunity in bacterial
and viral infections. Results: Key bioactive compounds, such as alkamides, caffeic acid derivatives,
flavonoids, and polysaccharides, contribute to these effects. These compounds enhance immune
cell activity, including macrophages and natural killer cells, stimulating cytokine production and
phagocytosis. The antibacterial activity of echinacea against respiratory pathogens (Streptococcus
pneumoniae, Haemophilus influenzae, Legionella pneumophila) and skin pathogens (Staphylococcus aureus,
Propionibacterium acnes) is reviewed, as well as its antiviral efficacy against viruses like herpes
simplex, influenza, and rhinovirus. Echinacea’s potential as a complementary treatment alongside
conventional antibiotics and antivirals is discussed, particularly in the context of antibiotic resistance
and emerging viral threats. Conclusions: Challenges associated with variability in phytochemical
content and the need for standardized extraction processes are also addressed. This review provides
a comprehensive overview of echinacea’s therapeutic potential and outlines future directions for
research, including clinical trials and dosage optimization.

Keywords: alkamides; caffeic acid derivatives; COVID-19; immune system; medicinal plant;
phytochemistry

1. Introduction

Herbal and botanical products have been utilized for disease prevention and treatment
for thousands of years. Many Native Indian tribes and Asian cultures across the globe are
recognized for their significant role in advancing botanical medicine [1]. It is estimated that
more than 30,000 herbs and botanicals have been explored for medicinal purposes, though
fewer than 300 are actively incorporated into Western medicine today [2]. The genus Echinacea
(Asteraceae) includes a small group of hardies, herbaceous perennial species indigenous to
parts of North America [3]. Echinacea purpurea, derived from a flowering plant, is a popular
herbal medicine. This plant is native to the United States, particularly in regions east of the
Rocky Mountains, and the Atlantic drainage area, including the Great Plains, and extends
to the central U.S. and nearby areas of Canada [4]. According to the Royal Botanic Kew
Gardens’ “Plants of the World Online”, native Echinacea species range from Western Europe
to Southeastern Asia [5]. There are at least nine species of echinacea, each potentially varying in
medicinal properties. Three species—Echinacea angustifolia (DC.) Hell., Echinacea pallida (Nutt.)
Nutt., and Echinacea purpurea (L.) Moench—are commonly used for therapeutic purposes [6].
Some vernacular names for echinacea species include black Sampson, coneflower, pale purple
coneflower (E. pallida), purple coneflower (E. purpurea, E. angustifolia), narrow-leaf purple
coneflower (E. angustifolia), and Kansas snakeroot (E. angustifolia) [7]. The medicinal parts
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include the fresh or dried roots and rhizomes of all three species, with E. purpurea also using
its fresh or dried flowering tops and fresh-pressed juice [8]. Commercial echinacea products,
which may contain one or more of these raw materials from different regions, are available
in various forms such as tinctures, tablets, teas, capsules, and parenteral preparations [9].
Echinacea has a long-standing history in medicine for treating diverse conditions, including
infections such as syphilis and septic wounds, and has been historically utilized as an “anti-
toxin” for snakebites and blood poisoning [10].

Historically, echinacea was regarded as an “anti-infective” agent, commonly used to address
bacterial and viral infections, mild septicemia, furunculosis (frequent painful skin nodules), and a
range of skin conditions, such as boils, carbuncles, and abscesses [11]. It was also traditionally
employed in the treatment of nasopharyngeal catarrh, pyorrhoea (periodontitis), and tonsillitis,
as well as a supportive remedy for flu-like symptoms, recurring respiratory tract infections, and
urinary tract infections. Externally, it was applied to poorly healing superficial wounds [12].
In recent efforts to substantiate these traditional uses, numerous studies have investigated the
effects of standardized E. purpurea formulations on pathogens, inflammatory processes, and gene
expression in both infected and healthy human cells and animal models [13]. Today, echinacea
is primarily recognized as an over-the-counter herbal remedy for colds and flu and is also used
for pain, inflammation, migraines, and other health conditions. However, in some regions,
echinacea is regulated as a licensed medicinal product and is even prescribed by doctors, although
such prescriptions are not always required [14]. The belief that echinacea should be avoided in
autoimmune diseases assumes that boosting any aspect of immune function could be harmful [15].
However, the immune system is highly complex, and substances primarily enhancing phagocytic
activity may be safe or beneficial in autoimmune disorders [16,17]. A case study on the long-term
use of echinacea in chronic lymphocytic leukemia found no negative effects and underscored its
benefits for immune function [18].

Echinacea species, now commonly recognized as immune stimulants, were historically
used by North American Indigenous Peoples to treat throat infections, wounds, and pain.
In the past, echinacea was also employed in eclectic medicine to treat septic conditions [19].
Ongoing research continues to investigate its pharmacological properties and potential ther-
apeutic applications, including anti-inflammatory, analgesic, anxiolytic, and antimicrobial
effects [20]. Echinacea is generally considered safe, with severe side effects being rare. Most
users experience few adverse effects, with mild reactions such as gastrointestinal discomfort
or skin irritation occurring infrequently [21]. However, like any herbal supplement, there
is a potential for allergic reactions, particularly in individuals allergic to members of the
Asteraceae family, which includes ragweed, chrysanthemums, marigolds, and daisies [13].
The morphology of the echinacea is depicted in Figure 1.

= ___Flower
S® The flowers use food in the
production of seeds. The seeds

Steam 77 continue the life cycle.

The steam carries food —
downward and water
and minerals upward. Leaf
The leaves absorb
carbon dioxide and
give off oxygen.

The roots ',\"
anchor the plant.

Figure 1. Botanical illustration of E. purpurea, depicting the aerial and root structures (Figure drawn
by F. Ahmadi).
2. Methodology

Multiple academic databases were utilized to conduct a comprehensive literature
search, including Web of Knowledge, Scopus, ScienceDirect, Google Scholar, Web of Sci-
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ence Core Collection by Clarivate Analytics, and ResearchGate. The search focused on
publications from 1989 to 2024. Several keywords were employed to obtain a wide range of
search results. These keywords encompassed various aspects related to echinacea species,
phytochemistry, medicinal plants, echinacea biology, biochemistry, bioactive compounds,
antibacterial properties, antivirus, viral infections, immune response, traditional medicine,
biological models, and antibacterial mechanisms. In addition to the initial search, the
references cited within the obtained publications were collected to ensure a comprehensive
literature review. The chosen keywords were combined using operators like “OR” and
“AND” to refine the search and obtain more precise results. Including quotation marks
around specific terms, such as “echinacea”, ensured accurate retrieval of relevant records.
All the keywords were used in all six databases to maximize search coverage and gather
a comprehensive collection of literature on the subject. The keywords and topics that are
trending in each specific review section were identified. To address the research question
and achieve the review objective, a thorough search for peer-reviewed studies was con-
ducted specifically focused on echinacea’s medicinal properties and mechanisms. The
search was primarily centered on journal articles, excluding grey literature such as books,
book chapters, and conference papers, except in rare cases where they provided valuable
insights. The author screened and evaluated titles and abstracts from over 255 articles,
employing a rigorous selection process to identify relevant papers. A key criterion for in-
clusion was the presence of quantitative information within the study. Specifically targeted
studies addressed the following topics: (i) echinacea species phytochemistry, physiology,
and medicinal properties; and (ii) the mechanisms of echinacea bioactive compounds on
bacterial and viral infections. After comparing and analyzing the remaining articles, we
categorized them based on relevant keywords. Additionally, the author summarized the
conducted research, critically evaluated the content of over 192 studies, extracted essential
features, and identified key challenges that warrant further investigation. By following this
rigorous methodology, the author aimed to provide a comprehensive review that synthe-
sizes the current state of knowledge, highlights significant findings, and identifies areas
that require additional research attention within the context of echinacea phytochemistry
and medicinal properties.

3. Phytochemistry

The composition of echinacea varies between species and their different plant parts [12].
It is commonly believed that no single compound or group of compounds is solely respon-
sible for the effects of echinacea [22]. Rather, several classes of compounds—including
alkamides, caffeic acid derivatives, polysaccharides, and alkenes (such as polyenes)—are
thought to collectively contribute to its activity [23]. Below is a summary of the key con-
stituents found in various echinacea species, compiled from several references, along with
the structural formulas of some of these components [24].

3.1. Alkamides

Alkamides are plant-derived, lipophilic compounds characterized by a combination
of various amines and aliphatic acids connected via an amine linkage [25]. These amine
residues, which can be either aromatic or aliphatic, are produced through the decarboxy-
lation of amino acids [26]. The main alkamides found in different echinacea species are
depicted in Figure 2, including the isomeric dodeca-2E, 4E, 8Z, and 10E/Z-tetraenoic
acid isobutylamide (8a/8b) (Figure 2). Isobutylamine originates from the amino acid
valine and is the most common amine present in alkamides [27]. Other frequent amine
residues include piperidine—derived from lysine, pyrrolidine—derived from ornithine,
N-2-methylbutyl—whose precursor is isoleucine, and N-phenethyl—derived from pheny-
lalanine [28]. A characteristic feature of echinacea alkamides is the attachment of isobutyl
or 2-methylbutyl amines to an unsaturated fatty acid chain, which contains one or more
double or triple bonds [29]. However, two alkamides isolated from hydroalcoholic extracts
of E. purpurea roots possess a hydroxyl group and a carboxylic acid at the terminal end
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of the fatty acid chain [30]. Alkamide concentrations vary significantly between the roots,
stems, and flowers of E. purpurea, with higher levels of dodeca-2,4-diene-8,10-diyne alka-
mides in the roots, while dodecatetraene alkamides and nonadeca-2,4-diene-8,10-diynes
are more prevalent in the stems [31]. A distribution study found that the root bark and
secondary roots of E. angustifolia lacked alkamides. High-quality E. purpurea root material
contains up to 6 mg/g of alkamides [32].

:—:W/OL R — i I _o
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Figure 2. Structure of the main echinacea alkamides (Figure drawn by F. Ahmadi).

3.2. Flavonoids

There are only three documented reports of flavonoids in echinacea species. Previous
research [33] identified the main anthocyanin pigments in the flowers of E. purpurea and
E. pallida as cyanidin 3-glucoside and cyanidin 3-(6”"-malonylglucoside) (Figure 3). Earlier
studies [34] also produced anthocyanin-containing callus and suspension cultures from
the stem of E. purpurea. From these suspension cultures, three anthocyanins were isolated:
cyanidin 3-glucoside and two additional acylated cyanidin glycosides that were not fully
characterized [35]. The only other report comes from unpublished data in a doctoral
thesis, which noted trace amounts of quercetin and kaempferol glycosides, including the
3-rutinosides (rhamnosyl (1—6) glucosides, 56, 57), in the aerial parts of E. purpurea [36].

OH OH
OH OH
HO S HO. S
N A
Z e
HO oH HO o © ©OH
OH OH OH OH M
CH,OH CH,0 0
Cyanidin 3-glucoside Cyanidin 3-(6"-malonylglucoside)
OH
OH OH
HO. 0. HO. 0.
Ho OH e oH
OH O OH OH O OH
e e
HO H,C: o HO H,C: o
??/ %ﬁo
OH OH
Quercetin 3-rutinoside Kaempferol 3-glucoside

Figure 3. Flavonoids found in echinacea species (Figure drawn by F. Ahmadi).
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3.3. Hydrocarbons

Hydrocarbons are key root constituents of E. pallida, with approximately 11 deriva-
tives identified, primarily ketoalkenes and ketoalkynes (polyacetylenes). The major com-
pounds include the ketoalkenes—(Z)-pentadec-8-en-2-one, (8Z,11Z)-pentadeca-8,11-dien-2-
one [37], (8Z,11Z,13E)-pentadeca-8,11,13-trien-2-one, and (8Z,11E,13Z)-pentadeca-8,11,13-
trien-2-one [38]—and the ketoalkenynes—(8Z,13Z)-pentadeca-8,13-dien-11-yn-2-one, (Z)-
tetradeca-8-diene-11,13-diyn-2-one [39], and (Z)-pentadeca-8-ene-11,13-diyn-2-one [40].
Additionally, two notable alkenes, pentadec-1-ene [41] and (Z)-pentadeca-1,8-diene [42],
have been detected in the roots of E. angustifolia [43]. In contrast, the only hydrocarbon re-
ported from E. purpurea roots is dodeca-2,4-dien-1-yl isovalerate, which is also found in the
roots of E. angustifolia [44]. The absence of polyacetylenes in the roots of E. angustifolia and
E. purpurea serves as a distinguishing factor between these species and E. pallida. Research
has demonstrated that commercially available E. pallida root preparations are often contam-
inated with E. angustifolia [45]. This suggests that some early reports of hydrocarbons in E.
angustifolia roots may have been due to misidentification or contamination with E. pallida.
The hydrocarbons identified in the rhizomes of echinacea species are listed in Table 1.

Table 1. Hydrocarbons from Rhizomes ? of echinacea species [46].

Species Hydrocarbon

E. angustifolia Dodeca-2,4-dien-1yl isovalerate (Z)-Pentadeca-1,8 diene Pentadec-1-ene
(Z)-Pentadec-8-en-2-one
(Z)-Pentadeca-1,8-diene Pentadec-1-ene
(8Z,11Z)-Pentadeca-8,11-dien-2-one
(8Z,13Z)-Pentadeca-8,13-dien-11-yn-2-one
E. pallida (Z)-Tetradeca-8-diene-11,13-diyn-2-one
(E)-10-Hydroxy -4,10-dimethydodeca-4, 11-dien-2-one (echinolone)
(Z)-Pentadeca-8-ene-11,13-diyn-2-one
(8Z,11Z,13E)-Pentadeca-8,11,13-trien-2-one
(8Z,11E,13Z)-Pentadeca-8,11-trien-2-one
E. purpurea Dodeca-2,4-dien-1-yl isovalerate

a Referred to as roots in most references.

3.4. Polysaccharides

Two immunostimulatory polysaccharides, PS I and PS II, have been isolated from the
aerial parts of E. purpurea. PS I is identified as 4-O-methyl-glucuronoarabinoxylan with
an average molecular weight of 35,000, while PS II is an acidic arabinorhamnogalactan
with a molecular weight of 50,000. Both of these polysaccharides exhibited significant
activity in various in vitro and in vivo immunological tests [47]. A crude polysaccharide
extract from the roots of E. purpurea has not been fully analyzed, though it seems to have
a similar composition to that of the aerial parts [48]. Additionally, from cell cultures of E.
purpurea, three homogeneous polysaccharides were obtained: two neutral fucogalactoxy-
loglucans, with molecular weights of 10,000 and 25,000, and an acidic arabinogalactan,
with a molecular weight of 75,000 [49]. The fucogalactoxyloglucan with a molecular weight
of 25,000 was found to enhance phagocytosis in both in vitro and in vivo assays, while
the arabinogalactan specifically triggered macrophages to secrete tumor necrosis factor
(TNF) [50,51]. The acidic arabinorhamnogalactan from E. purpurea is now produced biotech-
nologically on an industrial scale and is being considered for clinical trials [52]. Previous
research classified this polysaccharide as a type Il arabinogalactan, characterized by a
(1—3)-linked 3-D-galactan backbone, which is likely attached to rhamnogalactan and arabi-
nan chains [53,54]. The polysaccharides produced through tissue culture differ structurally
from those found in the aerial parts, as they are components of the primary cell walls in
cultured cells. As a result, the polysaccharides derived from the aerial parts of E. purpurea
show little resemblance to those produced by tissue cultures [55].

3.5. Caffeic Acid Derivatives (CADs)

Another important group of phytochemicals contributing to echinacea’s pharmaco-
logical effects is CADs (Figure 4). Unlike alkylamides, which are more limited in their
distribution across taxa, phenolic metabolites like CADs are widely distributed among
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plants. Although echinacea has a unique collection of CADs, these compounds are found
across many plant families [56,57]. Two of the most extensively studied CADs in E. pur-
purea are caftaric acid and chicoric acid, as they represent the dominant polyphenols in this
species [58]. In addition to their role in plant defenses, such as deterring herbivores and
providing interspecies protection, CADs are associated with echinacea’s immunostimula-
tory and antioxidant properties [59]. However, oral administration studies indicate that
these compounds have poor bioavailability, raising questions about their effectiveness in
humans [60]. Chicoric acid is particularly abundant in E. purpurea, making up as much as
20% of total CADs in the roots, while the flowers, stems, and leaves contain approximately
35%, 10%, and 35%, respectively [61]. For natural health products, this distribution suggests
that products should prioritize flowers and leaves, which contain higher concentrations
of CADs. Some natural health products reflect this, whereas others focus on alkylamides,
which are mainly concentrated in the roots and found in smaller amounts in the aerial

parts [62].
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Figure 4. A possible biosynthesis pathway for chicoric acid and caffeic acid is derived via the phenyl-
propanoid pathway in echinacea species. PAL: phenylalanine ammonia-lyase, C4H: cinnamate-
4-hydroxylase, C3H: coumarate 3-hydroxylase, 4CL: 4-coumarate-CoA ligase, HCT: shikimate
o-hydroxycinnamoyl transferase (Figure drawn by F. Ahmadi).

4. Antibacterial Activities of Echinacea Species

There are numerous reports detailing the traditional use of echinacea species in treat-
ing bacterial infections [63]. Three species in particular, E. purpurea, E. angustifolia, and
E. pallida, have historically been used as antibacterial remedies. Research [64] has also
discussed the application of E. purpurea in Brazil, where a leaf infusion is applied topically
to infected areas [65]. Several studies have since been conducted to validate the antibac-
terial properties traditionally attributed to echinacea species and their preparations [66].
One such study investigated the antibacterial activity of a fermented extract of E. purpurea
(5% w/v, fermented with Lactobacillus plantarum) [67]. Using disc diffusion and broth
microdilution assays, the extract was tested on a range of bacterial strains, including E.
coli, Enterobacter aerogenes, Enterococcus durans, Yersinia enterocolitica, Weissella confusa, Leu-
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conostoc lactis, Propionibacterium jensenii, Lactobacillus sakei, and Bacillus megaterium. The
results demonstrated that the fermented extract inhibited the growth of most of the strains
tested, with the greatest inhibition seen in B. megaterium and L. lactis, where inhibition halos
measured over 3.5 mm and between 2.5-3.5 mm, respectively. No inhibitory effect was
observed for L. sakei [68].

A previous study [69] investigated the bactericidal effects of a 65% ethanol extract from
freshly harvested aerial parts and roots of E. purpurea at concentrations of 40 and 120 mg of
dry mass/mL. The microdilution method, using both light and dark assays, was applied to
test the extract against strains responsible for respiratory infections, including L. pneumophila,
Streptococcus pyogenes, Mycobacterium smegmatis, and H. influenzae. Results showed that S. pyogenes,
H. influenzae, and L. pneumophila were sensitive to the higher concentration of the extract. Another
study [70], employing agar diffusion tests, assessed the antibacterial activity of hydroethanol
extracts (prepared via conventional and ultrasonic extraction) from the aerial parts of E. purpurea
(20 mg/mL). The extracts were tested against standard strains such as E. coli, P. aeruginosa, Bacillus
subtilis, and S. aureus. The conventional extraction method produced larger inhibition zones for all
strains, with E. coli (11.2 = 0.2 mm) and B. subtilis (10.9 £ 0.1 mm) showing the most significant
inhibition. In another study [71], the antibacterial activity of E. angustifolia extracts was evaluated
using solvents of increasing polarity (petroleum ether, methanol, and water) at concentrations
of 0.5, 1.5, and 1.5 mg/mL, respectively, against B. subtilis, S. aureus, E. coli, and Staphylococcus
epidermidis. The study did not specify the plant parts used for extraction, and the aqueous extracts
were less effective than those prepared with other solvents.

Respiratory infections can be caused by various pathogenic bacteria, including Strep-
tococcus pneumoniae, H. influenzae, Moraxella catarrhalis, S. pyogenes, Bordetella pertussis,
Mycoplasma pneumoniae, S. aureus, P. aeruginosa, and Burkholderia cepacia [72], among oth-
ers. In this context, plants from the echinacea genus have shown promising antibacterial
activity against microorganisms involved in these infections, as demonstrated by previ-
ous studies [73]. Additionally, E. purpurea has been found to inhibit L. pneumophila, the
bacterium responsible for pneumonia [74]. However, the results for S. aureus have been
inconsistent, possibly due to variations in the echinacea species used, plant parts, extraction
methods, and thus their chemical compositions. Earlier research [75] suggested that nei-
ther alkylamides nor polysaccharides alone were responsible for the reported bactericidal
effects. Furthermore, no clear link was found between bactericidal activity and caffeoyl
derivatives [76]. Conversely, other studies [77] have correlated antimicrobial activity with
total phenolic and flavonoid content.

Several bacteria, including P. acnes, S. aureus, S. pyogenes, P. aeruginosa, Pasteurella
multocida, Capnocytophaga canimorsus, Bartonella spp., Klebsiella rhinoscleromatis, and Vibrio
vulnificus, are key pathogens involved in skin infections [78]. Studies have shown that
echinacea plants possess active compounds with antimicrobial properties that target these
skin pathogens, supporting their traditional use in ethnomedicine for treating skin infec-
tions [79]. Additionally, recent research has demonstrated the potential of E. purpurea in
addressing throat and mouth conditions (Oto-rhino-laryngological, OTO). One study [80]
revealed that extracts from E. angustifolia and its primary alkylamide isomers, dodeca-2E,
4E, 87, and 10Z/E-octadecenoic acid (alkylamide 8/9, which is also found in E. purpurea),
inhibited the growth of Candida albicans, a leading cause of fungal throat infections [81].
These findings align with ethnobotanical evidence supporting the use of echinacea for
OTO-related conditions. Moreover, echinacea has been reported to inhibit microorgan-
isms responsible for respiratory infections, including Legionella pneumophila, Streptococcus
pyogenes, and Mycobacterium smegmatis [82]. However, despite being a well-studied respira-
tory pathogen, Pseudomonas has not been thoroughly investigated concerning echinacea
treatments [83].

Purple coneflower (E. purpurea) is known to counteract proinflammatory cytokine
stimulation, regardless of the bacterial or viral source of infection [84]. Several studies
have examined the effects of E. purpurea on the activation of lipopolysaccharide, an in-
flammatory mediator typically produced by E. coli, in various human cell cultures and
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animal models, as well as research involving live bacteria [85]. While these models do
not always fully replicate live bacterial infections, they provide useful insights for testing
potential anti-inflammatory agents. The findings suggest that E. purpurea acts as a general
anti-inflammatory agent, capable of reducing several symptoms associated with respiratory
infections [86]. Extracts obtained from the aerial parts of E. purpurea have shown stronger
antibacterial and antioxidant properties compared to those derived via ultrasonic extraction
methods [87]. Currently, antibiotics and vaccines are the main treatments for bacterial
infections, used both therapeutically and prophylactically. However, managing respiratory
infections remains a challenge due to the variety of microorganisms involved. In this
context, the use of phytopreparations could offer a promising alternative [88]. To better
understand the synergistic interactions between echinacea extracts and antibiotics, further
research is necessary to elucidate the mechanisms of their antimicrobial effects and identify
potential pathways that could be targeted [83].

5. Mechanism of Antibacterial Activity of Polyphenols

Echinacea species exhibit antimicrobial activity through several distinct mechanisms,
which together enhance their effectiveness against a wide range of pathogens [89]. A key
mechanism is the disruption of microbial cell membranes, primarily due to the hydrophobic
compounds like alkamides present in echinacea [90]. These compounds can integrate into
the lipid bilayers of microbial membranes, leading to structural instability and increased
permeability, ultimately causing cell lysis and death [90]. Another important mechanism is
the inhibition of microbial enzymes essential for survival and replication. Compounds such
as caffeic acid derivatives inhibit enzymes responsible for processes like cell wall synthesis
and nucleic acid production, thereby hindering microbial growth and reproduction [91].
Additionally, echinacea has immunomodulatory effects, stimulating immune cells like
macrophages and natural killer cells, enhancing phagocytosis, and increasing cytokine
production, which helps coordinate the body’s immune response to infections [92]. Further-
more, echinacea extracts have been shown to prevent biofilm formation—protective layers
bacteria form to evade immune responses and resist antibiotics—making bacteria more
vulnerable to immune defenses and antimicrobial treatments [93]. The antioxidant proper-
ties of echinacea also contribute by neutralizing free radicals generated during infections,
reducing oxidative stress, and protecting host tissues from damage, which further supports
its antimicrobial action [89]. Together, these multiple mechanisms position echinacea as a
versatile antimicrobial agent, capable of combating a variety of pathogens through both
direct antimicrobial activity and indirect immune system modulation [90].

5.1. Reactions with Proteins

The antibacterial activity of flavonoids may be attributed to their ability to form
complexes with proteins through nonspecific interactions, such as hydrogen bonding and
hydrophobic forces, as well as through covalent bond formation [94]. The binding of
polyphenols to proteins results in the formation of soluble or insoluble complexes, which
affects the functions of both polyphenols and proteins [95]. This interaction can cause
certain amino acids in proteins to be blocked or lead to conformational changes, altering the
protein’s structure, solubility, hydrophobicity, thermal stability, and isoelectric point [96].
As aresult, protein—-phenolic complexation can modify their physicochemical and biological
properties, influencing the digestibility of food proteins, the activity of digestive enzymes,
and nutrient availability [94]. It has been shown that polyphenols, such as condensed
tannins, can inhibit several digestive enzymes, including «-glycosidase, x-amylase, lipase,
pepsin, trypsin, and chymotrypsin, thereby modulating nutrient availability, and altering
microbiota composition [95]. Additionally, polyphenols can bind to crucial bacterial pro-
teins, such as adhesins and enzymes, and transport proteins in the bacterial cell envelope,
inactivating them and exerting an antimicrobial effect. However, the complexation of
polyphenols with proteins may also impact the bioaccessibility and activity of phenolic
compounds [97].
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Some flavones have shown activity against E. coli by forming complexes with extra-
cellular and soluble proteins [94]. Flavonoids are also known to influence the activity of
bacterial enzymes essential for cell survival, including those involved in synthesizing cell
wall components, membrane fatty acids, or adenosine triphosphate (ATP). Fatty acid syn-
thase II (FAS-II) is a critical enzyme in bacterial membrane fatty acid synthesis, catalyzing
the elongation of fatty acid chains from 16-24 carbons produced de novo by FAS-I to longer
chains of 36-48 carbons, as well as mycolic acids [97]. Flavonoids such as isoliquiritigenin,
butein, fisetin, and4’-trihydroxy chalcone have been found to inhibit FAS-II, thus hindering
the growth of Mycobacterium smegmatis [98].

5.2. Inhibition of Bacterial DNA Synthesis and Interaction with Nucleic Acids

Flavonoids derived from Elaeagnus glabra were tested for antibacterial effects against
Proteus vulgaris and Staphylococcus aureus [99]. The presence of a free 3, 4’, and 5'-trihydroxy
B-ring, along with a free 3-OH group, was found to be necessary for antibacterial activ-
ity. In P. vulgaris, DNA synthesis was primarily inhibited by active flavonoids, while in
S. aureus, RNA synthesis was inhibited [100]. Robinetin, myricetin, and (—)-epigallocatechin
were identified as the most potent inhibitors of DNA synthesis. It is suggested that the
B-ring of these flavonoids may interact with nucleic acid bases by forming hydrogen bonds
or intercalating, leading to the inhibition of bacterial nucleic acid synthesis. A previous
study [101] found that p-coumaric acid exhibited dual bactericidal actions: disrupting the
bacterial cell membrane and binding to bacterial genomic DNA, which inhibited essential
cellular functions and caused cell death [102]. In S. aureus, membrane depolarization and
the inhibition of DNA, RNA, and protein synthesis were observed when treated with
flavonoids from Dorstenia species, such as 6,8-diprenyleriodictyol, isobavachalcone, and
4-hydroxylonchocarpin. At higher concentrations, cell lysis occurred.

There is also evidence that flavonoids can inhibit bacterial type II topoisomerases,
including DNA gyrase and topoisomerase 1l (also known as topoisomerase 1V) [101].
These enzymes, which regulate DNA topology, are specific to prokaryotes, making them
attractive targets for antibacterial drugs. DNA gyrase consists of two key subunits: DNA
gyrase subunit A (GyrA), responsible for DNA cleavage and rejoining, and DNA gyrase
subunit B (GyrB), which contains the ATP-binding site. Natural compounds like coumarins
and cyclothialidines inhibit ATPase activity in DNA gyrase by blocking ATP binding to
the GyrB subunit. Research [99] demonstrated that quercetin inhibits the supercoiling
activity of bacterial gyrase and induces DNA cleavage, likely through interaction with
DNA. Quercetin binds to the 24 kilodalton fragment of GyrB in E. coli with a dissociation
constant of 15 uM, inhibiting ATPase activity by competing with ATP for the binding site.
Quercetin’s binding site overlaps with the ATP-binding pocket and can be competitively
displaced by either ATP or novobiocin [101]. The proposed mechanism suggests that
quercetin inhibits gyrases by interacting with either the DNA or the ATP-binding site [101].
Other polyphenols, such as catechins, have also been found to inhibit bacterial DNA gyrase
by binding to the ATP site on the GyrB subunit, with epigallocatechin gallate being the
most active, followed by epicatechin gallate and epigallocatechin [102]. Flavonoids such
as quercetin, apigenin, and 3,3,4/,6,7-pentahydroxyflavone have also shown inhibitory
activity against E. coli DNA gyrase [102].

5.3. Interaction with the Bacterial Cell Wall or Inhibition of Cell Wall Formation

Differences in antimicrobial activity between Gram-negative and Gram-positive bacte-
ria may result from variations in their cell surface structures [103]. The main function of
the bacterial cell wall is to provide shape, maintain cell integrity, and serve as an osmotic
barrier. Gram-negative bacteria are known to be resistant to many antibacterial agents
due to the hydrophilic nature of their outer membrane and the presence of enzymes in the
periplasmic space, which can break down external molecules [104]. Additionally, the nega-
tively charged lipopolysaccharide layer in the outer membrane acts as a protective shield
against catechins. In contrast, Gram-positive bacteria, which lack an outer membrane, tend
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to be more vulnerable to the action of phenolic acids. This lack of an outer membrane
allows phenolic acids to diffuse more easily through the cell wall and reach the intracellular
environment [105]. It is suggested that one potential mechanism behind the antimicrobial
action of phenolic acids involves hyperacidification at the plasma membrane interface,
caused by the dissociation of these acids. This process disrupts the cell membrane potential,
increases membrane permeability, and causes irreversible changes to the sodium-potassium
ATPase pump, ultimately leading to cell death [104].

Flavones form complexes with cell wall components, which can inhibit bacterial ad-
hesion and further microbial growth. Flavonoids with a C-7-modified naringenin core
have been shown to inhibit bacterial enzymes, such as tyrosyl-tRNA synthetase. These
compounds have also demonstrated inhibitory effects on the growth of S. aureus, E. coli,
and P. aeruginosa. Baicalein, in particular, was found to be an effective bactericidal agent,
and when combined with cefotaxime, it exhibited synergistic effects by inhibiting the
expression of extended-spectrum (-lactamase beta-lactamase messenger RNA [105]. An-
other mechanism contributing to antibacterial activity is the inhibition of bacterial efflux
pumps, which enhances the susceptibility of bacteria to existing antibiotics by causing
membrane depolarization. Artonin, derived from Morus mesozygia, was effective against
S. aureus by blocking efflux mechanisms and inducing membrane depolarization [103].
Furthermore, artonin was able to reverse multidrug resistance, lowering the minimum
inhibitory concentrations of antibiotics and increasing their potency.

5.4. Alteration of Cytoplasmic Membrane Function

The bacterial cell membrane is essential for multiple vital functions, including os-
moregulation, respiration, transport, biosynthesis, and the cross-linking of peptidoglycan
and lipids [106]. Any disruption to its structure or function can result in metabolic failure
and cell death, making membrane disruption a key mechanism in the antibacterial action of
polyphenols. For example, catechins have been shown to damage bacterial membranes by
binding to the lipid bilayer, inhibiting the synthesis of both intracellular and extracellular
enzymes [107]. Apigenin was observed to cause dysfunction in fungal membranes, increas-
ing permeability and triggering the release of small intracellular components such as ions
and sugars, but not proteins [107]. Epicatechin-3-gallate and caffeic acid were found to
target both the cell wall and cytoplasmic membrane of P. aeruginosa, leading to membrane
destruction, increased permeability, and the enhanced entry of hydrophobic antibiotics.
This process also caused the release of potassium ions and the leakage of nucleotides. Due
to their partially lipophilic properties, phenolic acids can penetrate the cell membrane via
passive diffusion, increasing permeability, reducing intracellular pH, and causing protein
denaturation [108]. A methanol extract from Coriolus versicolor, rich in polyphenols,
inhibited cell division in S. aureus by interfering with septum formation and causing the
accumulation of peptidoglycan and teichoic acid precursors in the cytoplasm [107]. In
Salmonella enteritidis, the extract damaged the cell envelope. Furthermore, at higher concen-
trations, catechins have been shown to induce the generation of reactive oxygen species,
leading to oxidative stress, altered membrane permeability, and subsequent membrane
damage.

Flavonoids and flavonol have been shown to destabilize membrane structures by
disrupting and disorienting membrane lipids, leading to leakage from vesicles [106]. An
inverse relationship was observed between the number of hydroxyl groups in flavonoids
and their ability to induce leakage. Previous research [93] suggested that flavonoids
lacking hydroxyl groups on their B rings were more effective at inhibiting microbial growth
compared to those with -OH groups. On the other hand, previous research found that
the presence of hydroxyl groups in the phenyl rings A and B generally did not affect the
antibacterial activity level of flavones [107]. A notable increase in activity was observed for
hydroxy derivatives of flavones, specifically against S. aureus. Interestingly, in contrast to
other studies, the compounds tested showed greater effectiveness against Gram-negative
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bacteria such as E. coli and P. aeruginosa than against Gram-positive bacteria like Enterococcus
faecalis and Staphylococcus aureus [108].

6. Antiviral Activities of Echinacea Species

In vitro studies have demonstrated that aqueous extracts of E. purpurea Moench are
effective against both acyclovir-resistant and acyclovir-susceptible strains of HSV-1 and
HSV-2 (herpes simplex virus) [109]. Specifically, HSV-1 was inhibited by chicoric acid, and
a hexane extract derived from the plant’s roots [110]. Additionally, chicoric acid was shown
to inhibit the integrase enzyme of human immunodeficiency virus type 1 (HIV-1) [111].
Mouse embryonic fibroblasts incubated with alcoholic root extract and plant juice for 24 h
were resistant to infection by herpes, influenza A2, and the vesicular stomatitis virus [112].
Various influenza virus strains, including avian (H7N7 and H5N1), influenza A (HIN1 and
H3N2), and the pandemic swine-origin HIN1, were significantly inhibited by direct contact
with standard echinacea preparations [113]. Hemagglutination (HA) assays revealed that
these preparations suppressed HA activity, suggesting they may block viral entry into
cells [114]. In influenza A HIN1-infected mice, administration of a polysaccharide extract
from the plant resulted in weight loss, although lung virus titers remained similar between
treated and untreated animals [115]. However, treated mice exhibited reduced levels
of keratinocyte chemoattractant, interleukin-10 (IL-10), and systemic interferon-gamma,
indicating that E. purpurea may modulate cytokines to reduce the clinical symptoms of
influenza [116]. Recent studies suggest that different plant components may positively
impact influenza patients through various mechanisms [117]. To establish E. purpurea as a
biological agent, further research—especially in vivo studies and assessments of potential
toxicity—is needed [118]. Ongoing clinical trials related to SARS-CoV support the use
of E. purpurea against coronaviruses. Due to structural similarities among coronaviruses,
preparations of E. purpurea (L.) Moench could serve as a preventative treatment for all
coronaviruses, although additional studies are required [119].

A randomized, double-blind, placebo-controlled clinical trial was conducted to assess
the efficacy of E. purpurea in preventing infections caused by rhinovirus type 39 (RV-39) [120].
It was reported that 59% of the 48 participants who were infected and treated with pressed
juice from the aerial parts of E. purpurea in a 22% alcohol base developed a cold, compared
to 86% of the placebo group (p = 0.0883, according to Fisher’s exact test) [121]. Meanwhile,
E. pallida var. angustifolia exhibited significant anti-rhinovirus activity. Root extracts of E.
pallida var. angustifolia in ethanol 70%, hexane, and ethyl acetate demonstrated anti-RV activity,
with MIC100 (the minimum concentration required to inactivate 100% of the virus) values
of 62, 69, and 85 pg/mL, respectively. The study concluded that alkamide-rich hexane
fractions were more effective against rhinovirus due to their lower MIC100 compared to
ethyl acetate fractions, which contained fewer alkamides [122]. Treatment with echinaforce, a
standardized preparation from freshly harvested E. purpurea including root extracts in a 65%
v/v ethanol solution, showed a slight reduction in viral titers at the highest dose of 50 pg/mL
in post-infection cell lines with HCoV-229E [123]. When exposed to echinaforce, HCoV-229E
was irreversibly inactivated, with a 50% inhibitory concentration (IC50) of 3.2 pg/mlL, as
demonstrated through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays
conducted on Huh-7, Vero, and Vero E6 cells [124]. Additionally, it is reported that [121] the
efficacy of E. purpurea for the prevention of rhinovirus colds, further supporting its potential
clinical applications.

The aqueous fraction of E. purpurea roots has been reported to show potent antiviral
activity against the influenza virus, whereas the ethyl acetate fraction from E. angustifolia root
extracts demonstrated moderate activity against the herpes simplex virus, influenza, and
rhinovirus [125]. In contrast, extracts from E. pallida roots exhibited no antiviral activity [126].
The minimum concentration of E. purpurea needed to inactivate 100% of the virus (MIC100)
in tablet or capsule form was found to be 2.5 ug/mL. Interestingly, E. purpurea tea brewed
at 80 °C showed a MIC100 of 2.2 pg/mL, indicating that the tea preparation of E. purpurea
may offer superior antiviral activity compared to capsules or tablets. Among several extracts
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of E. pallida var. angustifolia roots (55% ethanol extract at 40 °C, water extracts at 40 °C and
80 °C, 70% ethanol extract at 40 °C, hexane, and ethyl acetate extracts), only the 55% ethanol
extract at 40 °C and the ethyl acetate extract displayed anti-influenza effects [127]. Notably,
the ethyl acetate extract of E. pallida var. angustifolia exhibited the strongest antiviral activity
against influenza, with a MIC100 of 33.5 ug/mL, significantly outperforming the ethanol
extract, which had a MIC100 of 348 pg/mL [128].

Research has been conducted on the antiviral effects of echinacea extract against
the SARS-CoV-2 virus [129]. SARS-CoV-2 enters host cells by interacting with ACE2 re-
ceptors, and the virus’s pathogen-associated molecular patterns (PAMPs) activate innate
immune cells, including antiviral effectors like CD8+ T cells, neutrophils, monocytes,
and macrophages, in response to the infection [130]. Innate immune cells, equipped
with pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs), retinoic acid-
inducible gene I (RIG-I)-like receptors (RLRs), and nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs), detect PAMPs and trigger an immune response
against the invading pathogen [131]. The interaction between PRRs and PAMPs stimu-
lates phagocytosis and leads to the production of proinflammatory cytokines, including
type I interferons (IFN«/3), type II interferons (IFN-y), and chemokines like interferon
gamma-induced protein 10 and monocyte chemoattractant protein-1, generating an antivi-
ral response [132]. The immunomodulatory properties of echinacea induce an antiviral
response by influencing the activity of PRRs, PAMPs, and damage-associated molecular
patterns (DAMPs). Echinacea has demonstrated efficacy against rhinoviruses [133], in-
fluenza [134], respiratory syncytial virus (RSV) [135], herpes virus [136], adenoviruses [137],
and coronaviruses [138]. Additionally, chicoric acid, a compound found in echinacea, has
shown potent antiviral activity against herpes simplex, influenza, enterovirus, hepatitis B,
vaccinia virus, and vesicular stomatitis virus-Ebola [139]. In HIV-1, chicoric acid and its
derivatives inhibit the enzyme integrase, which is responsible for integrating viral DNA
into the host genome, a crucial step in viral replication [140] (Figure 5). Treatment with
echinacea has also been shown to preserve the activity of natural killer cells and monocytes,
providing nonspecific immunity, and helping to eliminate virus-infected cells [141].
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Figure 5. Antiviral activity of echinacea extract against SARS-CoV-2 virus (Figure drawn by E. Ahmadi).

In other in vitro studies, the antiviral effects of an aqueous solution of E. purpurea
herb were tested against aciclovir-susceptible and aciclovir-resistant strains of HSV-1 and
HSV-2 [142]. For aciclovir-susceptible strains of HSV-1 and HSV-2, the median effective
dose (ED50) values for the echinacea preparation were 1:100 (ranging from 1:25 to 1:400)
and 1:200 (ranging from 1:50 to 1:1600), respectively. Similarly, for aciclovir-resistant HSV-1
and HSV-2, the median ED50 values were 1:100 (ranging from 1:50 to 1:400) and 1:200
(ranging from 1:50 to 1:3200), respectively [143]. In light-activated antiviral activity studies,
an n-hexane extract of E. purpurea root, an ethanolic extract of E. pallida var. sanguinea herb,
and the isolated compound chicoric acid were the most potent inhibitors of HSV-1, with
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minimum inhibitory concentrations of 0.12, 0.026, and 0.045 mg/mL, respectively [144].
Additional in-vitro studies using mouse fibroblasts demonstrated that pre-incubation with
E. purpurea herb juice and methanolic and aqueous extracts of E. purpurea root provided
24-h resistance to infections caused by influenza A2, herpes, and the vesicular stomatitis
virus [145].

7. Mechanism of Antiviral Activity of Polyphenols
7.1. Inhibition of Virus Entry

Echinacea demonstrates antiviral activity through several key mechanisms, starting
with the inhibition of viral entry into host cells [146], a vital step in halting the infection
process. Compounds such as caffeic acid derivatives (including chicoric acid and echinaco-
side) and flavonoids (like quercetin and kaempferol) in echinacea can bind to viral surface
proteins or host cell receptors [147]. This interaction effectively blocks the virus from
attaching to host cells, which is an essential initial phase in the viral replication cycle [148].
Additionally, these compounds can interfere with the viral envelope or disrupt the host cell
membrane, particularly in enveloped viruses, preventing the fusion process needed for
the virus to release its genetic material into the host cell. By obstructing both attachment
and fusion, echinacea compounds substantially reduce the likelihood of viral entry and
subsequent infection.

7.2. Inhibition of Viral Replication

Another key mechanism by which echinacea exerts its antiviral effects is through
the inhibition of viral replication [149]. Once a virus successfully enters a host cell, it
must replicate its genetic material to produce new viral particles. Polyphenols found in
echinacea, such as chicoric acid and rosmarinic acid, can disrupt this process by inhibiting
viral RNA and DNA polymerases—enzymes that are essential for replicating viral genetic
material [150]. By blocking these polymerases, these compounds effectively stop the virus
from replicating its genome, thereby preventing the production of new viral particles.
Moreover, echinacea extracts can interfere with viral protein synthesis by binding to viral
mRNA or the host’s ribosomes. This disruption of protein translation is crucial, as it hinders
the assembly of new virions, ultimately reducing the viral load within infected cells [151].

7.3. Modulation of Host Immune Response

Echinacea also influences the host’s immune response, which is crucial for its an-
tiviral effectiveness. The plant’s compounds can boost the activity of immune cells like
macrophages, dendritic cells, and natural killer cells, all of which play vital roles in identi-
fying and eliminating virus-infected cells [152]. Alkamides, caffeic acid derivatives, and
polysaccharides found in echinacea activate these immune cells, enhancing their capacity
to detect and destroy infected cells early in the infection process [153]. Moreover, echinacea
compounds stimulate the production of cytokines, particularly interferons, which are key
signaling molecules involved in antiviral defense. Interferons induce an antiviral state
in nearby cells and strengthen the adaptive immune system, making it more effective in
fighting viral infections [154].

7.4. Antioxidant and Anti-Inflammatory Effects

Echinacea’s antiviral effects are also supported by its antioxidant and anti-inflammatory
properties. Viral infections often trigger oxidative stress, which can result in damage to
host cells and tissues [155]. Polyphenols, such as chicoric acid and rosmarinic acid, possess
potent antioxidant capabilities, helping to neutralize reactive oxygen species and mitigate
oxidative stress, thereby protecting host cells from harm [156]. This protective action not
only aids the immune system but also strengthens the body’s capacity to fend off viral
infections [156]. Beyond their antioxidant properties, echinacea compounds have notable
anti-inflammatory effects, which are especially beneficial during viral infections. Excessive
inflammation can be harmful and lead to tissue damage. Polyphenols like flavonoids and
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caffeic acid derivatives can suppress the production of pro-inflammatory cytokines, such
as TNF-alpha and IL-6, along with enzymes like cyclooxygenase-2, thus helping to regu-
late the inflammatory response [157]. By controlling inflammation, echinacea promotes a
balanced immune reaction, enabling viral clearance while minimizing tissue damage [157].

7.5. Inhibition of Virus Release

Echinacea can inhibit the release of viruses from infected cells, a critical step in the
viral life cycle that allows the infection to propagate [158]. Some studies indicate that
echinacea compounds disrupt the later stages of viral replication, particularly the assembly
and release of new viral particles [159]. This interference may result from interactions
between polyphenols and viral proteins or host cell membranes, preventing the formation
of mature virions or hindering their ability to bud off from the host cell surface [160]. By
blocking these processes, echinacea helps to limit viral spread within the host, enhancing
its overall antiviral effectiveness.

8. Inmunomodulatory Activity

The term “immunomodulatory” is increasingly seen as more appropriate than “im-
munostimulatory” to describe echinacea’s immunological effects, although the latter re-
mains widely used in earlier scientific discussions on the plant [161]. It has been suggested
that broadly stimulating the highly complex immune system may not always be beneficial,
as some immune responses can be detrimental [162]. Numerous studies, both in vitro
and in vivo, have explored the immunological effects of various echinacea preparations,
covering different species, plant parts, and extraction methods. Collectively, the findings
suggest that echinacea preparations do impact certain immune functions, though there is
no consensus on which specific preparations have the strongest effects [163]. Enhanced
macrophage function has been observed in response to different echinacea formulations,
as demonstrated by in vitro and in vivo studies using methods like the carbon-clearance
test and cytokine measurement to assess macrophage activity [164]. In vitro studies on
human macrophages found that fresh-pressed juice and dried juice from the aerial parts of
E. purpurea stimulated the production of cytokines such as interleukin (IL)-1, IL-10, and
tumor necrosis factor (TNF-x) [165].

Other research has reported that purified polysaccharides from E. purpurea triggered
macrophages to produce IL-1 [166], while an arabinogalactan polysaccharide, isolated from
E. purpurea plant cell cultures, was found to induce the production of TNF-« and interferon-
2 in murine macrophages [167]. Polysaccharides from E. purpurea plant cell cultures have
also been previously shown to exhibit immunological activity in vitro [168]. In another
series of in vitro experiments, E. purpurea promoted macrophage activation, as indicated
by TNF-« production, following simulated digestion (incubation with gastric fluid) to
replicate the potential effects of oral consumption [169]. Further studies demonstrated that
E. purpurea dry root powder (containing 1.5% total polyphenols, calculated as chlorogenic
acid) enhanced the resistance of splenic lymphocytes to apoptosis. This effect was seen in
splenic lymphocytes from mice that received the echinacea preparation orally at doses of
30 or 100 mg/kg daily for 14 days [170].

In an in vitro study, peripheral blood mononuclear cells from healthy individuals, as
well as from patients with chronic fatigue syndrome, were exposed to increasing concentra-
tions of E. purpurea extracts, which resulted in enhanced natural killer cell function [171].
Similarly, in vivo studies have shown that oral administration of E. purpurea root extract
increases natural killer cell numbers in normal [172], leukemic [173], and aging mice [174].
A subsequent in-vivo study using a randomized, double-blind design examined the effects
of an echinacea supplement (Nature’s Resource; CVS Pharmacy, USA; containing 1.05 g of
echinacea aerial parts and 10.5 mg of chicoric acid) in 16 aging male rats [175]. The animals
received 50 mg/kg body weight of echinacea (potentially E. purpurea), equivalent to 0.5
mg/kg of chicoric acid, or a placebo administered in peanut butter daily for 8 weeks. Dur-
ing the first two weeks, echinacea-treated rats showed significantly higher mean circulating
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white blood cell counts compared to the control group (p < 0.05) [176]. IL-2 concentra-
tions were significantly higher in the echinacea group compared to the control for the
last five weeks of the study (P<0.05). Additionally, differential white cell counts changed
markedly over the 8 weeks: lymphocyte and monocyte levels increased, while neutrophil
and eosinophil levels decreased in the echinacea group compared to placebo [177].

No changes in the phagocytic activity of circulating leukocytes, measured by their
ability to ingest latex particles, were observed in either group. Other in-vivo studies
in rats demonstrated that water-ethanol extracts of E. purpurea roots and aerial parts,
containing chicoric acid, polysaccharides, and alkamides, increased macrophage phagocytic
activity, with greater concentrations of these components leading to enhanced activity [178].
Moreover, spleen macrophages from echinacea-treated rats displayed increased nitric oxide
release when stimulated with lipopolysaccharide. In a similar experiment, alkamides were
shown to stimulate alveolar macrophage function in healthy rats [179].

A proprietary preparation combining E. purpurea root extract and licorice root ex-
tract [180] has been found to stimulate phagocytosis both in vitro and in vivo, as evidenced
by the carbon-clearance test following oral administration in mice [181] (Figure 6). This
combination demonstrated a more potent immunostimulatory effect compared to either
extract used independently. Another blend, consisting of aqueous ethanol extracts from
E. purpurea and E. pallida roots, Baptisia tinctoria root, and Thuja occidentalis herb, was ad-
ministered orally to mice through their diet or drinking water for 7 days, resulting in an
enhanced antibody response to sheep red blood cells [182]. However, despite the sub-
stantial research supporting the immunostimulatory properties of echinacea preparations,
some recent studies have reported no such effects [183]. For example, no evidence of
natural killer cell activity or antibody production was observed in studies where rats were
fed various echinacea formulations, including alcoholic extracts of E. purpurea root and
alcoholic extracts of the roots of E. angustifolia, E. purpurea, and E. pallida, in their diet [184].
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Figure 6. A schematic representation of the main molecular pathways linked to inflammatory and

Transcription
factor activity

immunomodulatory activities modulated by echinacea. The solid red line indicates the pathway’s
activation, whereas the truncated red line indicates inhibition of the pathway. TLR-4: Toll-like Receptor-4;
MyD88: Myeloid Differentiation Primary Response 88; NF-KB: Nuclear Factor kappa B; MAPK: Mitogen-
Activated Protein Kinase; COX-2: cyclooxygenase-2; iNOS: inducible Nitric Oxide Synthase; HO-1: Heme
Oxygenase-1; IL: Interleukin; TNF: Tumor Necrosis Factor (Figure drawn by F. Ahmadi).

9. Conclusions and Future Perspective on Echinacea Research

Echinacea’s phenolic and flavonoid compounds, including caffeic acid derivatives and
alkamides, are known for their antimicrobial properties [185]. Studies have shown that
the phytochemicals in E. purpurea significantly reduce inflammatory swelling in mice and
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rats and lower blood levels of cytokines such as IL-2, IL-6, and TNF-o [186]. These effects
are similarly observed with the administration of alkylamides in animal models. With
continued research and the establishment of standardized extraction methods, echinacea
extract has the potential to become a successful product line in the echinacea industry [187].
Currently, echinacea is predominantly marketed in the US as an immune-boosting sup-
plement [188]. Echinacea alkylamides have been shown to disrupt bacterial cell walls
and membranes, with one structural class, the diynoic alkylamides, demonstrating the
greatest cell wall disruption [189,190]. The natural variation in phytochemical profiles
across echinacea species provides the opportunity to selectively propagate cultivars with
unique metabolic profiles for specific purposes, such as producing antimicrobial com-
pounds. Alternatively, echinacea cultivars could be bred to increase the production of
caffeic acid derivatives in the flowers, which could be used in dietary supplements. Roots
and flowers rich in alkylamides and chicoric acid could be used to produce antibacte-
rial face washes, shampoos, or creams. Although echinacea, like other members of the
Asteraceae family, contains some phototoxic polyacetylene compounds, these are unstable
and can be easily deactivated by minimal processing [187]. Additionally, the leaves of
echinacea, which are rich in vitamin C and phenolic compounds, could be marketed as
natural health products. However, the full potential of echinacea’s diverse applications
remains largely untapped. The development of new biotechnologies presents significant
opportunities for improving echinacea-based products [190,191]. Moving forward, it is
important to weigh the benefits and drawbacks of different approaches, such as improving
yields, optimizing phytochemical profiles, enhancing propagation efficiency, managing
costs, addressing public perception, and ensuring scalability. A combination of tissue
culture, chemical treatments, and traditional field cultivation will likely be used to achieve
higher production standards and improved phytochemical quality. These advancements
will allow the industry to expand the range of echinacea products and meet the growing
market demand.
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Abstract: Actinomycetes, especially the genus Streptomyces, are one of the most promising sources of
bioactive natural products. In this study, a novel Streptonyces strain, RCU-064", was isolated from a
soil sample collected from a peat swamp forest in Thailand. Strain RCU-064T showed the highest
16S rRNA gene sequence similarity (99.06%) with Streptomyces malaysiensis NBRC 16446". Based
on a polyphasic approach, strain RCU-064" represents a novel species of the genus Streptonyces,
for which the name Streptomyces rugosispiralis sp. nov. is proposed. The chemical isolation of the
crude ethyl acetate extracts of the strain led to the isolation of six compounds: (1) geldanamycin,
(2) 17-O-demethylgeldanamycin, (3) reblastatin, (4) 17-demethoxyreblastatin, (5) nocardamine, and
(6) dehydroxynocardamine. These compounds were evaluated for their biological activities. All
compounds showed no antimicrobial activity against tested microorganisms used in this study.
Compounds (1)-(4) displayed cytotoxic activity against the NCI-H187 cell line, with ICsy values
ranging from 0.045-4.250 pg/mL. Cytotoxicity against the MCF-7 cell line was found in compounds
(1) and (3) with ICsg values of 3.51 and 1.27 ug/mL, respectively. Compounds (5) and (6) exhibited
cytotoxicity only against Vero cells (ICsg of 16.57 ug/mL) and NCI-H187 cells (ICsg of 13.96 nug/mL),
respectively. These results indicate that peat swamp forest soil remains a promising reservoir of novel
actinomycetes capable of producing bioactive natural products.

Keywords: actinomycetota; Streptomyces; polyphasic taxonomy; natural products; geldanamycin;
nocardamines

1. Introduction

Bioactive metabolites are mostly produced from various genera of actinomycetes,
including members of Streptomyces, Actinomadura, Nonomuraea, Micromonospora, and Ver-
rucosispora [1]. Streptomyces is the most important and dominant genus within the actino-
mycete groups. This genus belongs to the family Streptomycetaceae, which have a high G+C
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content in their DNA and form extensively branched substrate and aerial mycelia that later
differentiate into spore chains [2]. Streptomyces can be differentiated from closely related
genera by the presence of LL-diaminopimelic acid (LL-DAP) in the cell-wall peptidoglycan,
but without diagnostic sugars in a whole-cell hydrolysate [3]. Streptomycetes are widely
distributed in nature and can be found everywhere, including in terrestrial soils and marine
samples [4,5]. In addition, some Streptomyces strains are associated with plants, lichens, and
insects [6-8]. Streptomycetes are a major source of bioactive metabolites, with more than
70% of known antibiotics being derived from this genus [1]. Streptomycetes have become
very useful in the search for bioactive metabolites because they can produce different
chemical core-structures, such as macrolides, polyketides, terpenes, and non-ribosomal
peptides [9].

Cancer is one of the leading causes of death. According to the Global Cancer Statistic
2020, it was estimated that in 2020 there were 19.3 million new cancer cases and 10.0 million
deaths from cancer [10]. Streptomyces species are a source of small-molecule anticancer
compounds. According to a genome mining study, the genomes of streptomycetes har-
bor a variable distribution of antitumor biosynthetic gene clusters (BGCs) and so these
bacteria are a promising source of molecules for antitumor drug discovery [9]. Exam-
ples of anticancer drugs derived from streptomycetes are actinomycin, bleomycin, and
doxorubicin [11].

Peat swamp forests are found mainly in Southeast Asia. These ecosystems represent a
unique character, distinct from other soil habitats, in terms of their acidic and waterlogged
conditions [12]. Peat swap forest soils harbor a large amount soil microbes and have been
recognized as a promising source of new actinobacteria. In the past few decades, several
novel actinobacteria, including Dactylosporangium sucinum, Streptomyces actinomycinicus,
and Nocardia rayongensis, have been isolated from these ecosystems [13-15]. In this present
study, we describe a taxonomic study of the new Streptomyces strain RCU-064" based on a
polyphasic approach. The bioactive metabolites produced by the strain were elucidated
using column chromatography, including Sephadex LH-20 column and high-performance
liquid chromatography (HPLC) for purification of the compound, and nuclear magnetic
resonance (NMR) and mass spectral analyses for structure determination. The isolated
compounds were analyzed for their (i) cytotoxicity against cell lines derived from oral
human epidermoid carcinoma (KB), human breast cancer (MCF-7), and human small
cell lung cancer (NCI-H187), (ii) anti-malarial activity against the multidrug-resistant
Plasmodium falciparum K-1, and (iii) anti-bacterial and anti-fungal activities.

2. Results
2.1. Genomic Feature and Phylogeny

The genome of strain RCU-064" has been deposited at GenBank under the accession
number JANIA A000000000, and is 11,017,810 bp in size with a G+C content of 71.3%. The
extracted 165 rRNA gene sequence from the genome was 1524 bp.

Strain RCU-064 showed the highest 165 rRNA gene sequence (accession number:
0Q001562) similarity value of 99.06% with Streptomyces malaysiensis NBRC 16446T. The
maximum likelihood (ML) phylogeny based on 165 rRNA gene sequences showed that
strain RCU-064" positioned in the same node with S. malaysiensis NBRC 16446' and S.
samsunensis M14637 (Figure 1). The core-gene ML phylogeny exhibited that strain RCU-
064" positioned in the node with S. malaysiensis NBRC 16446, S. samsunensis M1463T, and
S. melanosporafaciens DSM 40318 (Figure 2).

The computed ANIb and ANIm values between RCU-067" and its closely related
type strains range from 89.3% to 90.2% and 92.1% to 91.9%, respectively. Furthermore, the
dDDH values between strain RCU-064" and the closely related type strains fall within
the range of 43.2% to 43.8% (Table 1). These ANI and dDDH values are lower than the
established thresholds of 95-96% for ANI and 70% for dDDH, which are typically employed
to distinguish the species [16]. Therefore, it could be concluded that strain RCU-067T is the
novel species of the genus Streptomyces.
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Figure 1. A ML phylogeny based on the 165 rRNA gene sequences of strain RCU-064T and its closely
related Streptomyces species. Kitasatospora setae KM6054T was used as an out group. The number
at the branch node indicates the bootstrap value (% from 1000 replicates). Only bootstrap values
above 50 are shown. Bar, 0.005 substitutions per nucleotides. The bold text shows the position of
Streptomyces rugosispiralis RCU-064T in this phylogenetic tree.
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Figure 2. Core-gene ML phylogeny based on the genome of strain RCU-064T and the closely re-

lated Streptomyces species. The number on the branch nodes indicate the bootstrap values (% from

1000 replicates). The blue text shows the position of Streptomyces rugosispiralis RCU-064T in this

phylogenetic tree.

Table 1. ANIb and ANIm values (%) and the digital DNA-DNA hybridization (dDDH) values
between the draft genomes of strain RCU-064" and its related Streptomyces type strains.

Strains Genome Size (nt) Accession Number % GC Content % dDDH ANIb ANIm
RCU-064" 11017810 GCA_024505145 71.3 - - -

S. malaysiensis DSM41377 10744231 GCA_002591335 71.1 43.8 90.2 92.1

S. samsunensis DSM 420107 11053136 GCF_024519315 70.9 43.5 89.3 92.1

S. melagnosporofaciens DSM 403187 10769732 GCA_900105695 71.0 43.2 89.5 91.9

According to the prediction made by the antiSMASH webservice for bacterial BGCs,
the genome of strain RCU-064T contains several BGCs, which encompass non-ribosomal
peptide synthases, type 1 polyketide synthases (T1PKS), type 2 polyketide synthases
(T2PKS), type 3 polyketide synthases (T3PKS), terpene, siderophore, and aryl polyene as
showed in Table 2.

Table 2. The distribution of secondary metabolites biosynthetic gene clusters in the genome of strain

RCU-064T. Only biosynthetic gene clusters with similarity of greater than 50% are shown.

Cluster Type Most Similar Known Cluster (Class) Similarity (%)
1 %ﬁ;g?;ﬁ?ﬁégiﬁ;i;e’ Coprisamide C/coprisamide D 95%
2 CDPS bicyclomycin 100%
3 terpene pristinol 100
4 NRPS-like, T1PKS Geldanamycin 69
5 Terpene 2-methylisoborneol 100
6 T1PKS efomycin K/efomycin L 100
7 T1PKS ectoine 100
8 NRPS-like echoside A/echoside B/echosieC/echosideD/echoside E 100
9 T2PKS spore pigment 83
10 NI-siderophore Legonoxamine A /desferrioxamine B/legonoxamine B 66
11 Ladderane, aryl polyene o-dialkylbenzene 1/0-dialkylbenzene 2 61
12 T3PKS, NRPS feglymycin 84
13 T1PKS nigericin 63
14 terpene Hopene 53
15 T1PKS spirangien O 53

2.2. Chemotaxonomy and Phenotypic Properties of Strain RCU-064T

The cell wall peptidoglycans of strain RCU-064" contained LL-DAP and the N-acyl type
of muramic acid was acetyl. No diagnostic sugars were detected in whole-cell hydrolysates
of strain RCU-064T, with only glucose and ribose being detected. The polar lipids were
diphosphatidylglycerol, phosphatidylethanolamine, hydroxy-phosphatidylethanolamine,
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phosphatidylglycerol, phosphatidylinositol, an unidentified phospholipid, two uniden-
tified glycolipids, and five unidentified lipids. Menaquinones were MK-9(H;) (10.8%),
MK-9(Hy) (24.7%), MK-9(Hg) (54.1%), and MK-9(Hg) (10.4%). The major cellular fatty
acids (>4%) were is0-Cig.0 (21.4%), Cig:0 (14.4%), anteiso-Cqs.9 (13.0%), is0-Cig.0 (8.5%),
is0-C1s5.0 (8.6%), C17, cyclo (5.1%), and anteiso-Cy7.9 (4.1%) (Table 3). These chemical com-
position profiles of strain RCU-064" exhibited the same pattern as other members of the
genus Streptomyces.

Table 3. Cellular fatty acid composition of strain RCU-064".

Fatty Acid RCU-064T
Saturated fatty acids

Cia0 2.7
Ci6:0 14.4
Cy7, cyclo 5.1
Branched fatty acids

iSO-C14:0 8.5
iSO-Cl 5:0 8.6
anteiso-Cis. 13.0
iSO-Clé:lH 3.1
iSO-C16:0 21.4
iSO-C17;0 2.3
anteiso-Cq7.9 41
Unsaturated fatty acids

anteiso-Cq7.q w9c 2.2
Sum in feature 3 @ 32
Sum in feature 9 P 2.5

2 Summed feature 3 comprised Cygw7c and/or ci6:1w6C. b Summed feature 8 comprised Cjg010-methyl or
is0-Cq7.q w9c.

Strain RCU-064T grew well on all tested ISP media. White to grey aerial masses could
be observed when grown on ISP2, ISP3, ISP4, ISP5, ISP7, and nutrient agar, but aerial
masses were absent on ISP6 (Table 4). The strain did not produce soluble pigment on
any agar media used in this study. It produced an extensively branched substrate and
aerial mycelia. The mature spore chain was of a spiral type and could be observed on the
aerial mycelia (Figure 3A) and the surface of the spores is rugose (Figure 3B). The strain
exhibited a positive result for starch hydrolysis but negative results for liquefaction of
gelatin, milk peptonization, and nitrate reduction. Growth could be observed at 25-37 °C
and at pH 5-9 with an optimum pH of 6-7. No growth was observed at 45 °C. The strain
tolerated up to 6% (w/v) NaCl. The biochemical properties could be used to differentiate
strain RCU-064" from its closely related Streptomyces species (Table 5). The details of
the biochemical properties and physiology of strain RCU-064" are summarized in the
description of the species.

Table 4. Cultural characteristics of strain RCU-064T.

Culture Media Growth Aerial Masses Color Substrate Mycelia Color Soluble Pigment
ISP2 Very good White, light greenish-grey Dark greenish-yellow -
1sp3 Very good White Dark greenish-yellow -
1Sr4 Good White, grey Greyish-yellow -
ISP5 Good White Pale greenish-yellow -
ISP6 Good Absent Greyish-yellow -
ISp7 Good White Greyish-yellow -
Nutrient agar Good White, grey Greyish-yellow -
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STRELC 1 oKL

Figure 3. Representative scanning electron micrographs showing the (A) spiral spore chains with
(B) a rugose surface produced by strain RCU-064T when grown on ISP2 medium for 14 days at 30 °C.

Table 5. Differential characteristics between strain CU-064" and its closely related Streptomyces type
strains. * and ** were obtained from [17] and [18], respectively. +, positive; — negative; nd, not

determined.

Phenotypic Properties Strain

y CU-064T  S. malaysiensis JCM 106727 S. samsunensis M1463T * S, melanosporofaciens ISP 53187 **
Liquefy gelatin — + — nd
Skim milk peptonization - + nd nd
Nitrate reduction — + + nd
NacCl tolerance (% [w/v]) 6% 5% nd nd
Carbon utilization of:
Arabinose + + + nd
Cellobiose ++ ++ + nd
myo-inositol + + - +
Salicin + + — nd
Raffinose ++ + - +
Fructose + ++ + +
Sucrose - - - —

2.3. Description of Streptomyces rugosispiralis sp. nov.

Streptomyces rugospiralis (ru.go.si.spi.ra’lis. L. masc. adj. rugosus, wrinkled; N.L. masc.
adj. spiralis, coiled; N.L. masc. adj. rugosispiralis, wrinkled and coiled), are Gram-positive,
aerobic, mesophilic, filamentous actinomycetes that produce an extensively branched
substrate and aerial mycelia. They grow well on ISP2, ISP3, ISP4, ISP5, ISP6, ISP7, and
nutrient agar. White to grey aerial masses can be observed when grown on ISP2, ISP3, ISP4,
ISP5, ISP7, and nutrient agar, but not on ISP6. The substrate mycelia are dark greenish-
yellow to pale greenish-yellow. Type strain does not produce any soluble pigment. Spiral
spore chains are produced on the aerial mycelia. The spore surface is rugose. Growth
occurs at pH 5-9, with an optimum pH of 6-7, and temperature of 5-37 °C. No growth is
observed at 45 °C. Tolerates the presence of NaCl up to 6% (w/v). Hydrolysis of starch
is positive but liquefaction of gelatin, nitrate reduction, and skim milk peptonization are
negative. Type strain utilizes arabinose, myo-inositol, raffinose, cellobiose, galactose, and
rhamnose, and weakly utilizes salicin and fructose, as a sole carbon source but does not
utilize ribose and sucrose.

Enzymatic activities for alkaline phosphatase, leucine arylamidase, leucine arylami-
dase, a-chymotrypsin, acid phosphatase, napthol-AS-Bl-phosphohydrolase, and N-acetyl-
-glucosaminidase are positive. Weakly positive for esterase (C4), esterase lipase (C8),
cystine arylamidase, trypsin, napthol-AS-BI-phosphohydrolase, and x-glucosidase. Type
strain shows negative enzyme activities for lipase (C14), x-galactosidase, and a-mannosidase.

Cell wall contains LL-DAP. N-acyl type of muramic acid is acetyl. The polar lipids are
diphosphatidylglycerol, phosphatidylethanolamine, hydroxy-phosphatidylethanolamine,
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phosphatidylglycerol, phosphatidylinositol, an unidentified phospholipid, two uniden-
tified glycolipids, and five unidentified lipids. Menaquinones are MK-9(H,), MK-9(H,),
MK-9(Hg), and MK-9(Hg). The major cellular fatty acids are iso-Ci¢,9, C16:0, anteiso-Cysyg,
is0-C14.0, is0-C15,0, C17.0 cyclo, and anteiso-Cy7,. Type strain RCU-064T (=TBRC 162037,
= NBRC 115861T) was isolated from soil collected from Nong Jun Rung peat swamp for-
est, Rayong province, Thailand. The in silico DNA G+C content of the type strain is
71.3% mol%.

2.4. Isolation and Structure Elucidation of Metabolites

The crude extract of strain RCU-064T was isolated and enriched by Sephadex-LH20,

and HPLC column chromatographic techniques to give six compounds (Figure 4). The
chemical structure of compounds (1)-(6) are shown in Figure 5.

Crude extract

Sephadex LH-20 [100%MeOH)

FIQ259) F2(0.9g) F3(22¢)

Sephadex LH-20 | (100%MeOH)

Sephadex LH-20 | (L00%MeOH)

PrepIIPLC

F2F1 (0.1 ) F2F2 (0.7 g) F3F1 (0.1 g) F3F2 (0.2 g) F3F3 (1.1 g)
) @ | i I
- i " Prep-HPLCY
726 mg 444 my | rparc i H PrepHPLC | ! T Feprric |
i ! ‘ ‘ ’
®) @ ) ©) i PrepLE
i 3) “@
8.2 mg 3.1 mg 68.2 mg 34.7 mg !
! 47.8 mg 54.2 mg
!
.
4) (8] (2)
20.1 mg 120.1 mg 90.2 mg

Figure 4. Isolation and purification procedure of compounds from crude EtOAc extract.

Geldanamycin (1): Yellow solid; ITH-NMR (500 MHz, CDCl3) 4: 0.99 (3H, d | = 6.55),
1.00 (3H, d | = 6.40), 1.75 (1H, m), 1.76 (2H, m), 1.79 (3H, s), 2.02 (3H, s), 2.47 (2H, m),
2.77 (1H, m), 3.29 (3H, s), 3.35 (3H, s), 3.39 (1H, m), 4.12 (3H, s), 3.50 (1H, m), 4.31 (1H,
d]=9.22),5.18 (1H, d ] = 4.24),5.81 (1H, d ] = 9.30), 5.86 (1H, m), 6.57 (1H, m), 6.94
(1H, m), 7.41 (1H, s), and 8.7 (1H, s); *C-NMR (125 MHz, CDCl3) é: 12.4,12.5,12.3,
22.9,28.0,322,32.7,34.7,56.7,57.3,61.7,72.7, 81.0, 81.3, 81.4, 108.2, 111.8, 126.2, 127.6,
133.1, 133.3, 134.8, 138.1, 140.5, 153.1, 156.0, 157.0, 184.1, and 185.0. HRESIMS m/z
559.2673 [M—H]~ (caled. for Co9Hz9N,Og, 559.2661). The 'H-NMR, '*C-NMR and
mass spectra of compound (1) are shown in Figures S1, S2 and Figure S13, respectively.
17-O-Demethylgeldanamycin (2): Yellow solid; 'H-NMR (400 MHz, CDCl3) : 0.94
(BH,d J=6.93),1.00 (3H, d ] =5.36), 1.79 (3H, s), 1.76 (2H, m), 1.7-1.8 (1H, m), 2.03
(8H, s), 2.44 (2H, m), 2.79 (1H, m), 3.30 (3H, s), 3.36 (3H, s), 3.37 (1H, m), 3.54 (1H.
m), 4.32 (1H, d ] =9.24), 5.17 (1H, s), 5.80 (1H, d | = 9.21), 5.90 (1H, dd ] = 10.10),
6.57 (1H, dd ] = 11.7), 6.97 (1H, d ] = 11.29), 7.41 (1H, s), and 8.96 (1H, s); > C-NMR
(100 MHz, CDCl3) J: 12.3,12.4, 12.8, 23.2, 28.1, 32.3, 32.6, 34.5, 56.7, 57.3,72.9, 81.1,
81.6,81.8,108.2,117.4,126.1,127.8,133.1, 133.4, 134.6, 137.1, 140.6, 153.2, 156.0, 168.1,
183.1, and 184.3; HRESIMS m/z 545.2514 [M—H]~ (calcd. for CogH37N,Og, 545.2505).
The 'H-NMR, '3C-NMR and mass spectra of compound (2) are shown in Figures S3,
S4 and Figure S14, respectively.

Reblastatin (3): White solid; Partial spectroscopic data from the 'H-NMR (400 MHz,
DMSO-dg) 4: 0.79 (3H, d ] = 6.28), 0.90 (3H, d | = 6.53), 1.43 (3H, s), 1.53 (1H, m), 1.67
(3H, s), 1.75 (1H, m), 2.11-2.20 (2H, m), 2.34 (1H, m), 2.36 (2H, m), 2.56 (2H, m), 3.21
(8H, s), 3.33 (3H, s), 3.62 (3H, s), 3.32 (1H, m), 3.28 (1H, m), 3.01 (1H, m), 4.86 (1H, d
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J=7.35),429 (1H, d ] =4.99), 6.29 (1H, s), 5.29 (1H, d ] = 9.92), 5.85 (1H, b), 6.86 (1H,
s),9.20 (1H, s), and 9.21 (1H, s); '3C-NMR (100 MHz, DMSO-d,) é: 11.6,12.8,15.7, 19.9,
23.5,29.7,31.0, 33.5, 34.6, 35.7, 56.3, 58.0, 59.7, 73.9, 79.7, 80.5, 81.1, 107.2, 114.5, 129.7,
132.2,133.3,133.5,134.4, 134.5, 142.4, 149.5, 156.0, and 169.9. HRESIMS m/z 571.2987
[M+Na]* (calcd. for CooHyN,;NaOg, 571.2990). The 'H-NMR, ¥3C-NMR and mass
spectra of compound (3) are shown in Figures S5, S6 and Figure S15, respectively.
17-Demethoxyreblastatin (4): White solid; H-NMR (500 MHz, DMSO-dg) &: 0.79 (3H,
d ] =6.30),0.89 (3H,d ] =6.43), 1.35 (3H, s), 1.70 (3H, s), 1.78 (1H, b), 2.03-2.15 (2H,
m), 2.95 (2H, m), 3.14 (3H, s), 3.28 (3H, s), 4.35 (1H, d ] = 4.92), 4.83 (1H, d | = 7.44),
5.20 (1H, d | = 9.44), 5.66 (1H, s), 6.18 (1H, s), 6.24 (1H, s), 6.57 (b), 9.27 (1H, s), and
9.34 (1H, s); 3C-NMR (125 MHz, DMSO-dg) é: 12.1, 13.7, 17.3, 19.0, 23.6, 30.0, 30.8,
33.0,34.5,43.1,56.7,58.8,73.5,79.7, 80.9, 81.2, 106.3, 113.2, 128.4, 130.3, 131.0, 132.1,
133.5,134.4,140.5, 141.4, 156.6, and 157.8; HRESIMS m/z 541.2900 [M+Na]+ (calcd. for
CosH4NyNaOy, 541.2884). The 'H-NMR, *C-NMR and mass spectra of compound
(4) are shown in Figures S7, S8 and Figure S16, respectively.

Nocardamine (5): White solid; 'H-NMR (500 MHz, DMSO-d¢) é: 1.21 (2H, m), 1.36
(2H, m), 1.46 (2H, m), 2.27 (2H, m), 2.57 (2H, m), 3.00 (2H, m), 3.44 (2H, t), 7.75 (1H,
s), and 9.62 (1H, s); 3C-NMR (125 MHz, DMSO-dy) J: 23.6,26.3 27.9,29.1, 30.4, 38.8,
47.3,172.0, and 172.5. The 'H-NMR, 13C-NMR and mass spectra of compound (5) are
shown in Figures S9, S10 and Figure S17, respectively.

Dehydroxynocardamine (6): White solid. "H-NMR (400 MHz, DMSO-d) é: 1.21 (2H,
m), 1.35 (2H, bs), 1.48 (2H, bs), 2.28 (2H, s), 2.58 (1H, bs), 2.30 (2H, bs), 7.75 (1H, s),
and 9.64 (1H, s); 3C-NMR (100 MHz, DMSO-dy) 4: 23.8, 24.1, 26.5, 28.1, 28.2, 29.2,
29.3,29.4,30.7,31.8,38.9, 39.0,47.6,171.9,172.0, and 172.2; HRESIMS m/z 607.3429
[M+Na]* (caled for Co7Hy8NgNaOg, 607.3426); HRESIMS at m/z 623.3379 [M+Na]*
(caled for CoyHygNgNaOg, 623.3375). The 'H-NMR, *C-NMR and mass spectra of
compound (5) are shown in Figures 511, S12 and Figure S18, respectively.

MeO

OCONH,

(1) Geldanamycin (2) 17-0O-Demethylgeldanamycin

(5) Nocardamine (6) Dehydroxynocardamine

Figure 5. Chemical structure of the isolated compounds (1) geldanamycin, (2) 17-O-

deme

thylgeldanamyecin, (3) reblastatin, (4) 17-demethoxyreblastatin, (5) nocardamine, and (6) dehy-

droxynocardamine.
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2.5. Biological Activity of the Isolated Compounds

All compounds were assayed for cytotoxicity against the three human cancer de-
rived cell lines (KB, NCI-H187, and NCF-7) and the untransformed monkey Vero cell line.
Compounds (1)—(4) showed a high cytotoxic activity against NCI-H187 with ICsy values
ranging from 0.045-4.250 pg/mL. Cytotoxic activity against the MCF-7 cell line was found
in compounds (1) and (3) with IC5y values of 3.510 and 1.270 ug/mL, respectively. All
compounds showed no antimicrobial activity against M. tuberculosis and anti-P. falciparum
at the final concentration of 50 ng/mL. In addition, the isolated compounds showed no de-
tected inhibitory activity against the bacteria Acinetobacter baumannii, Escherichia coli ATCC
25922, and Mycobacterium tuberculosis H37Ra; the fungal plant pathogens Curvularia lunata,
Magnaporthe grisea, and Alternaria brassicicola; and the yeast Candida albicans. In addition, all
compounds had no detected inhibitory activity against the neuraminidase (NA) enzyme.
In terms of the biological activities, geldanamycin and its derivatives (1)-(4) mostly showed
a cytotoxic activity, but the nocardamine group (5) and (6) showed cytotoxicity against only
the Vero (ICsq of 16.57 pug/mL) and NCI-H187 (ICsq of 13.96 pug/mL) cell lines, respectively
(Table 6).

Table 6. Biological activity of isolated compound from strain RCU-064T.

Anti-M. Anti-P. i
Compound ?/?Itgl(?. cereus tuberculosis falciparum ICs Cytotoxicity ICso (ug/mL)

pg/mL) MIC (ug/mL) (ug/mL) Vero KB NCI-H187 MCE-7
1) inactive inactive inactive 0.094 16.72 0.045 3.510
(2) inactive inactive inactive 6.430 inactive 4.250 inactive
(3) inactive inactive inactive 7.750 21.30 0.313 1.270
(4) inactive inactive inactive 13.50 inactive 1.330 inactive
(5) inactive inactive inactive 16.57 inactive inactive inactive
(6) inactive inactive inactive inactive inactive 13.960 inactive
Vancomycin * 2.00 - - - - - -
Rifampicin * - 0.013 - - - - -
Ofloxacin * - 0.391 - - - - -
Isoniazid * - 0.047 - - - - -
Ethambutol * - 0.938 - - - - -
Dihydroartemisinine * - - 7.02 x 107 - - - -
Mefloquine * - - 0.024 - - - -
Ellipticine * - - - 1.580 1.810 1.65 -
Doxorubicin * - - - - 0.655 0.088 8.07
Tamoxifen * - - - - - - 6.96

* = positive control; -, not determined. Inactive, at the final concentration of 50 pg/mL.

3. Discussion

Based on the results of this polyphasic approach and genomic evidence, it is clear
that strain RCU-064" is a novel species in the genus Streptomyces, for which the name
Streptomyces rugosispiralis sp. nov. is herein proposed. Previous studies have highlighted
the presence of novel Streptomyces in various ecological niches, including soil environments.
For instance, Streptomyces have been isolated from diverse soil types worldwide, including
agricultural, forest, and grassland soils [19-21]. Although actinomycetes have been isolated
from soil for a century, novel species are still being reported from this type of habitat [4],
including peat swamp forest soils. In the past decade, several novel species have been
isolated from peat swamp forest soils in Thailand. For example, Actinomadura rayongen-
sis, Amycolatopsis acidicola, Dactylosporangium sucinum, Nocardia rayongensis, Nonomuraea
rhodomycinica, Streptoyces actinomycinicus, Streptomyces acididurans, and Streptomyces humi-
cola [13-15,22-25]. These studies underline the adaptability of actinobacteria to different
soil conditions and their significant contribution to the microbial diversity in terrestrial
ecosystems. In addition, this indicates the unique characteristic of peat land harbors a high
diversity of novel actinomycetes.

It is important to note that the physicochemical characteristics of peat swamp forest
soil are unique due to its specific habitat. Peat swamp soils are typically characterized
by a high organic matter content, acidic pH, waterlogged conditions, and low nutrient
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availability [26]. These distinct conditions pose challenges for actinomycetes isolation,
as certain species may have specific growth requirements or preferential adaptation to
different environmental parameters.

In terms of the isolation of actinomycetes, there are a number of essential factors to
consider. The selection of suitable isolation techniques is essential for capturing a diverse
population. Common techniques include serial dilution, plating on selective media sup-
plemented with particular carbon or nitrogen sources, and altering the pH conditions [27].
These selective methods promote the development and isolation of actinomycetes, such as
Streptomyces, while inhibiting the growth of competing microorganisms.

Actinomycetes are renowned for their remarkable ability to produce a diverse array
of secondary metabolites, many of which possess significant bioactive properties. These
bioactive compounds have attracted considerable attention in various fields, including
pharmaceutical, agricultural, and industrial applications. Among the numerous secondary
metabolites produced by actinomycetes, a key precursor in the biosynthesis of several
important classes of compounds is 3-amino-5-hydroxybenzoic acid (AHBA).

Importantly, AHBA serves as a starter unit or building block in the assembly of polyke-
tide or nonribosomal peptide backbones, leading to the formation of diverse bioactive
compounds [28]. It can be classified into three distinct structural classes. The predominant
class comprises ansamycins, wherein AHBA acts as a starter unit for the synthesis of a
polyketide chain, leading to the formation of a macrocyclic lactam. Another class includes
the mitomycins, which involve the combination of AHBA with an aminosugar component,
resulting in the formation of unique tricyclic structures. Lastly, the saliniketals constitute a
third class, characterized by being “degraded ansamycins,” although this class has only
been observed so far in saliniketal compounds [28].

The ansamycins are a family of polyketides that contain naphthalene/benzene or
napthaquinone/benzoquinone rings that are connected at nonadjacent positions by an
aliphatic chain. These natural compounds exhibit a variety of biological activities and
have clinical applications [29]. Many reports have revealed that they have a wide range
of biological activities, including anticancer, antiviral, and antibacterial effects. These
compounds are distinguished by the presence of a macrocyclic system that is comprised of
an aromatic moiety embedded in an alicycle, which has drawn considerable interest from
chemical synthesis and biosynthetic researchers [30].

In this study, two classes of bioactive compounds—ansamycin and cyclic peptides—
were isolated from strain RCU-064T. Geldanamycin (1) is the benzoquinone ansamycin,
first isolated from the culture broth of Sreptomyces hygroscopicus [31]. It exhibited moderate
antimicrobial activity against bacteria and fungi with minimum inhibition concentra-
tion (MIC) values ranging from 4 to >100 ug/mL. Geldanamycin has been reported to
have in vivo anti-parasitic activity against Syphacia oblevata but not against Plasmodium
berghei [31]. However, in this study, the antimicrobial activity against Bacillus cereus and My-
cobacterium tuberculosis of all compounds was negative (MIC > 50 pug/mL). This difference
may be attributed to the variation in the tested microorganisms between these studies.

Geldanamycins (1) are potent anticancer and antifungal agents, exhibiting their anti-
cancer activity through the inhibition of heat shock protein 90 (Hsp90), a key chaperone
protein involved in the stabilization of cancer cell growth and survival [32-34]. By inhibit-
ing the function of Hsp90, geldanamycin (1) disrupts multiple signaling pathways involved
in cancer progression, leading to cell cycle arrest and apoptosis [35]. Previous work showed
that geldanamycin (1) inhibited the growth of HPV-18-positive HeLa cells, which are a type
of cervical cancer cell line, and also showed antifungal activity against Setosphaeria turcica
plant pathogens [36].

Geldanamycin (1) and its derivatives have been reported to be produced as secondary
metabolites in several Streptomyces species. In Thailand, Streptomyces sp. PC4-3 was isolated
from a soil sample collected at Samed Island, Rayong province, Thailand, using starch-
casein nitrate agar. The culture broth of Streptomyces sp. PC4-3 was extracted with ethyl
acetate, concentrated under low pressure to obtain the crude extract, and then subjected
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to silica gel flash column chromatography and NMR spectroscopic analysis, revealing the
active component to be geldanamycin (1) [37]. Likewise, the crude extracts of Streptomyces
sp. BCC71188, which was isolated from a soil sample at Nakhon Si Thammarat Province,
Thailand, were subjected to Sephadex LH-20 column chromatography followed by HPLC
to yield 19 compounds, including 17-O-demethylgeldanamycin (2) [38].

Since geldanamycin (1) has demonstrated cytotoxic effects, numerous attempts have
been made to identify alternative effective anticancer drugs derived from its molecular
structure. These efforts have involved the preparation and biological evaluation of many
semi-synthetic derivatives of geldanamycin, often involving modifications at the C-17
position [39,40]. Despite these attempts, an anticancer agent based on the geldanamycin
pharmacophore has yet to be approved for clinical use [41]. However, previous research
has reported the production of 17-O-demethylgeldanamycin (2) by Streptomyces DEM20745.
This is of particular interest due to its potential as a starting material for the development of
new semi-synthetic geldanamycin derivatives for clinical evaluation (41). For example, 17-
arylgeldanamycins, synthesized via a triflation/Suzuki coupling approach using synthetic
17-O-demethylgeldanamycin, have been shown to have potent inhibition of Hsp90 [42].
Nevertheless, the limited availability of 17-O-demethygeldanamycin (2) has restricted
further synthetic work in this area [43]. Therefore, it is of interest that our results revealed
the production of 17-O-demethyl-geldanamycin (2) as a natural product by Streptomyces
RCU-064T, which provides future development of a production strain for this potentially
valuable compound.

Reblastatin (3) and 17-Demethoxyreblastatin (4) are phenolic analogues of geldanamycin.
Screening for novel compounds with the ability to inhibit phosphorylation of the retinoblas-
toma protein revealed reblastatin (3) [44], isolated as a minor constituent from the cultiva-
tion of Streptomyces hygroscopicus, which is also known for producing the potent Hsp90
disruptor geldanamycin (1) [31,45]. In the original study, reblastatin (3) demonstrated
significant inhibition of the proliferation of the human histiocytic lymphoma U-937 cell
line, with an ICs value of 0.43 pug/mL [44]. Furthermore, it was found to exhibit a po-
tent inhibitory activity in a cell-based oncostatin M signaling assay, with an ICsj value of
0.16 uM [46].

17-Demethoxyreblastatin (4) is a derivative of reblastatin (3), a natural product origi-
nally isolated from Streptomyces species. It is structurally related to reblastatin (3), differing
in the presence of a demethoxy group at the C-17 position [45]. This modification alters
the chemical properties and potentially affects the biological activities of the compound.
Evaluations of its cytotoxic potential have revealed inhibitory effects on cancer cell growth
and proliferation, similar to those observed with reblastatin (3). However, some research
findings indicate that 17-demethoxyreblastatin (4) displayed unique biological characteris-
tics when compared to reblastatin (3). The specific potency, selectivity, and mechanisms of
action may vary between these two compounds due to the structural alteration [47].

Some Streptomyces strains have been reported to produce reblastatin (3) and 17-
demethoxyreblastatin (4). The extraction of crude compounds from Streptomyces hygroscopi-
cus JCM4427 using ethyl acetate, followed by purifying using octadecyl silica column chro-
matography and HPLC, revealed the presence of reblastin (3) and 17-demethoxyreblastatin
(4) that exhibited Hsp90 ATPase inhibition activity with ICs( values of 0.32 uM and 1.82 uM,
respectively, [48]. Despite 17-demethoxyreblastatin (4) being a derivative of reblastatin
(3), there is limited literature available regarding its production from Streptomyces species.
This scarcity of reports can be attributed to variations in the expression of the BGCs among
different Streptomyces species [32].

Nocardamine (5), also called desferrioxamine, is a cyclic peptide siderophore found in
several species of bacteria, including Nocardia, Pseudomonas, and Streptomyces species [49].
Siderophores are compounds synthesized by microorganisms to scavenge and bind iron
from the surrounding environment. They act as an iron chelator, facilitating the uptake
and utilization of this crucial nutrient by bacteria that require it for their growth and
viability. Siderophores exhibit a strong affinity for iron and form stable complexes with the
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metal, effectively preventing its precipitation or interaction with other molecules present
in the environment. Clinically, the nocardamine-type siderophore, Desferol, is used for
the treatment of iron intoxication [50-52]. In addition, dehydroxynocardamine (6) is a
derivative that is structurally related to nocardamine (5), with the key difference being the
absence of hydroxyl groups in its chemical structure [53].

Nocardamine (5) was originally isolated as an antibacterial metabolite from a Nocardia
strain [52], while nocardamine (5) and dehydroxynocardamine (6) were isolated from
the culture broth of a marine-derived Streptomyces isolated from a sponge. Later, both
compounds were also reported from soil Streptomyces sp. strain TS-2-2 and Streptomyces
sp. BCC71188 [37,54]. This indicates that the ability to produce nocardamine (5) could be
found in both terrestrial and marine Streptomyces species. In this study, nocardamine (5)
and dehydroxynocardamine (6) were both inactive in the antimicrobial activity test at a
concentration of 50 pg/mL, in accord with a previous report [49] that found no antimicrobial
activity of both compounds at a final concentration of up to 200 pg/mL. However, in
another study, nocardamine (5) showed a weak antimicrobial activity against E. faecium
and B. subtilis but no activity against V. alginolyticus and C. albicans [55]. Moreover, in the
same study, nocardamine (5) did not inhibit cell proliferation of tumor cell lines, including
T-47D, SK-Mel-5, SK-Mel-28, and PRMI-7951, but did inhibit their colony formation [55].
Furthermore, the genetic engineering of Streptomyces atratus SCSIO ZH16, a deep-sea-
derived Streptomyces, by in-frame deletion to activate putative orphan gene clusters, led to
the production of new compounds, including nocardamine (5) [52].

In the analysis of BGCs, the detection of NRPS-like and T1PKS similar to the previous
known BGCs of geldanamycins and the detection of desferrioxamine in the genome of
strain RCU-064"T supported that strain RCU-064" is the producer of geldanamycins (1)
and nocardamines (5). This highlights the remarkable capacity of this genus to function
as a potential source for drug production and a rich source of bioactive metabolites. The
discovery and production of actinobacterial metabolites has been facilitated by advances in
genome sequencing, bioinformatics, and genetic engineering techniques. These approaches
have enabled the identification and manipulation of the BGCs responsible for compound
synthesis, allowing researchers to optimize system production, enhance yields, and gen-
erate novel derivatives with improved properties. Moreover, the exploration of diverse
environments, such as soil, marine sediments, and plant-associated microbiomes, has led
to the discovery of novel Actinobacterial strains and expanded the diversity of known
actinobacterial metabolites.

4. Materials and Methods
4.1. Microorganisms

Soil samples were collected from Nong Jum Rung peat swamp forest, Rayong Province,
Thailand, in June 2011. Streptomyces, including the new isolate S. rugosispiralis sp. nov.
(RCUO64T), were isolated following the serial dilution method. Briefly, 1 g of soil sample
was added into the basic lauryl sulfate buffer and 10-fold serially diluted to 10~*. Each
dilution (0.1 mL) was spread on humic acid vitamin agar supplemented with nalidixic
acid (25 mg/L) and cycloheximide (50 mg/L) and incubated at 30 °C for 14 days. After
incubation, the colony of strain RCU-064" was transferred to ISP2 agar and maintained
as a working culture. The pure culture was preserved in lyophilized tube for long term
preservation. The type strain used for taxonomic comparison was obtained from the Japan
Collection of Microorganisms (JCM) and maintained under the same condition used for
strain RCU-064T.

4.2. Phenotypic Study

Morphological observation was performed under light microscopy on the culture
grown on ISP2 medium at 30 °C for 14 days. The spore morphology and spore surface were
observed using scanning electron microscopy (JSM-5401LV, JEOL, Tokyo, Japan). Cultural
characteristics on agar media were determined according to the standard method [56]. The
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color of aerial mycelia, substrate mycelia, and soluble pigment was determined using the
NBS/IBCC colour system [57]. Starch hydrolysis, gelatin liquefaction, skim milk peptoniza-
tion, and nitrate reduction were determined using the reported methods [58,59]. Carbon
utilization was determined following the previously reported method [56]. Enzyme activi-
ties were determined using API ZYM (bioMérieux), at 37 °C for 5 h. Growth temperature,
pH, and NaCl tolerance were determined on ISP2 medium.

Isomers of diaminopimelic acid, whole-cell sugars, and the presence of mycolic acid
were determined using standard thin layer chromatography (TLC) as reported [60,61].
Menaquinones were extracted following [62] and were analyzed using HPLC. N-Acyl
type of muramic acid was determined as reported [63]. Cellular fatty acids were prepared
and analyzed using gas chromatography—mass spectrometry following the MIDI Sherlock
Microbial Identification System [64]. Phospholipids were extracted and determined using
two-dimensional TLC [65].

4.3. 165 rRNA Gene and Phylogeny

Genomic DNA were obtained from freeze-dried cells following [66] and used for
the PCR amplification of 165 rRNA gene as previously reported [67]. The nucleotide
sequencing of the PCR products (Macrogen, Seoul, Republic of Korea) was determined
using universal primers [68]. BLAST analysis was performed using EzTaxon-e server [69].
The sequence was aligned against the top 48 highest 165 rRNA gene similarity type strains
obtained from the GenBank/EMBL/DDB]J database using BioEdit software [70]. The ML
phylogenetic trees were constructed using MEGA version 7.0 [71] and the topologies of the
resultant trees were evaluated using bootstrap resampling with 1000 replications.

4.4. Genome and Bioinformatics

The genomic DNA of strains RCU-064T was extracted from the cells grown in ISP2
broth for 5 days using a DNA extraction kit (PureLink, Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA). The QIAGEN FX kit was used for preparing the DNA library. Quality
and quantity of the indexed libraries were analyzed using Agilent 2100 Bioanlyzer and
Denovix fluorometer and pooled in an equimolar quantity. Cluster generation and paired-
end 2 x 150 nucleotide read sequencing were performed on Illumina HiSeq X ten sequencer.
FASTQC (Babraham Bioinformatics) was used for checking the quality of the raw read.
Trim Galore was used to eliminate the low quality read and adaptors. PATRIC web service
was used to assemble and annotate the genome [72]. The assembled genome of strain RCU-
064" was deposited at DDBJ/ENA /GenBank under accession number JANIA A000000000.
Prediction of the BCGs in the genome was analyzed using anti-SMASH version 5.0 [73].
Average nucleotide identity (ANI) values were determined using JSpecies web service [74].
Digital DNA-DNA hybridization (dDDH) value was calculated using the Genome-to-
Genome Distance Calculator (GGDC 2.1) [75]. The phylogenomic tree was constructed
using AutoMLST [76].

4.5. Fermentation and Isolation of Secondary Metabolites

The culture plates of strain RCU-064"T were used for the stock culture, which were
grown on ISP2 agar medium at 30 °C for 4 days. The stock culture was inoculated into
250-mL Erlenmeyer flasks containing 150 mL of ISP2 broth (seed medium). The seed
culture of strain RCU-064" was cultivated on a rotary shaker (200 rpm) at 30 °C for 4 days.
Then, the seed culture (20 flasks) was transferred into 80 x 1-L Erlenmeyer flasks, each
containing 250 mL of ISP 2 broth and cultivated at 30 °C on a rotary shaker (200 rpm) for
14 days. After that, the culture was extracted three times with an equal volume of ethyl
acetate, then the pooled extracts were dried over Na;SOy4 and then evaporated to dryness
to yield the crude extract (5.8 g). The crude extract was fractionated through a Sephadex
LH-20 column to give three fractions (F1-F3).
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Fraction F1 (2.5 g) was enriched using preparative HPLC, eluting with a linear gradient
system of 30-95% acetonitrile (CAN) in water (over 40 min at a flow rate of 15 mL/min, to
furnish compounds (1) (72.6 mg) and (2) (44.4 mg).

Fraction F2 (0.8 g) was re-separated by Sephadex LH-20 column chromatography to
give two sub-fractions (F2F1 and F2F2). Sub-fractions F2F1 (0.1 g) and F2F2 (0.7 g) were
each fractionated by preparative HPLC, eluting with a linear gradient system of 30-95%
ACN in H,O over 40 min at a flow rate of 15 mL/min, to give compounds (5) (8.2 mg) and
(2) (3.1 mg) from F2F1 and compounds (5) (68.2 mg) and (6) (34.7 mg) from F2F2.

The final major fraction, F3 (2.2 g) was fractionated by Sephadex LH-20 column
chromatography to give three sub-fractions (F3F1, F3F2, and F3F3). Each of these sub-
fractions were fractioned as per subfractions F2 above to give compound (4) (20.1 mg) from
F3F1 (0.1 g), compounds (3) (47.8 mg) and (4) (54.2 mg) from F3F2 (0.2 g), and compounds
(1) (120.1 mg) and (2) (90.2 mg) from F3F3 (1.1 mg). The isolation and enrichment procedure
of these compounds is summarized in Figure 4.

4.6. Characterization and Identification of Secondary Metabolites

The NMR spectra were recorded on Bruker Avance 500 MHz and Bruker Avance III
400 MHz NMR spectrometers using acetone-dg as an internal standard, while HRESIMS
data were obtained from a Bruker MicOTOF spectrometer. Column chromatography was
performed on a Sephadex LH-20 column using 100% methanol as the eluent. HPLC was
performed on a Dionex-Ultimate 3000 series equipped with a binary pump, an autosampler,
and diode array detector. Semi-preparative HPLC was performed on a Sunfire C18 column
from Waters (5 um, diam. 19 mm x 150 mm). Preparative HPLC was performed on a
Suntfire C18 column from Waters (10 pum, diam. 19 mm x 250 mm).

4.7. Biological Activity

Antibacterial activity was tested using the resazurin microplate assay (REMA) [77].
The MIC represents the lowest concentration that inhibited growth of the tested bacteria.
Vancomycin was used as a positive control. The green fluorescent protein microplate assay
(GFPMA) was used for evaluation of cytotoxicity against Vero cells (African green monkey
kidney fibroblasts, ATCC CCL-81) and antituberculosis activity against Mycobacterium
tuberculosis strain H37Ra [78]. Ellipticine and amphotericin B were used as the positive
controls for cytotoxicity against Vero cells and anti-phytopathogenic activity, respectively.
For antituberculosis, isoniazid, ofloxacin, rifampicin, streptomycin, and ethambutol were
used as the positive controls. Antimalarial assay against Plasmodium falciparum (K-1, multi-
drug resistant strain) was performed using the microculture radioisotope technique [79].
The ICs( value represents the concentration that caused a 50% reduction in parasite growth.
Dihydroartemisinin and mefloquine were used as the positive controls. Cytotoxicity against
KB (oral human epidermoid carcinoma, ATCC CCL-17), MCF-7 (human breast cancer,
ATCC HTC-22), and NCI-H187 (human small-cell lung cancer, ATCC CRL-5804) cell lines
were evaluated using the resazurin microplate assay (REMA) as previously described [80].
Ellipticine and doxorubicin were used as the positive controls for anti-KB, with tamoxifen
and doxorubicin as the positive controls for anti-MCF-7 and doxorubicin was used as the
positive control for anti-NCI-H187. The NA inhibition assay was determined using the
MUNANA-based enzyme inhibition assay [81].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antibiotics12091467 /s1, Spectroscopic data of compounds (1)-(6),
including 'H- and 3C-NMR spectra, and mass spectra (see Figures S1-S18). Figure S1. '"H NMR
spectrum (CDCl3) of compound (1); Figure S2. '*C NMR spectrum (CDCl3) of compound (1);
Figure S3. 1H NMR spectrum (CDCl3) of compound (2); Figure S4. 13C NMR spectrum (CDCl3) of
compound (2); Figure S5. 'H NMR spectrum (DMSO-dg) of compound (3); Figure Sé. 13C NMR
spectrum (DMSO-dg) of compound (3); Figure S7. 'H NMR spectrum (DMSO-d;) of compound (4);
Figure S8. 13C NMR spectrum (DMSO-dg) of compound (4); Figure S9. 'H NMR spectrum (DMSO-dy)
of compound (5); Figure S10. 13C NMR spectrum (DMSO-dg) of compound (5); Figure S11. H
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NMR spectrum (CDCl3) of compound (6); Figure S12. 13C NMR spectrum (CDCl3) of compound (6);
Figure S13. MS spectrum of compound (1); Figure S14. MS spectrum of compound (2); Figure S15.
MS spectrum of compound (3); Figure S16. MS spectrum of compound (4); Figure S17. MS spectrum
of compound (5); Figure S18. MS spectrum of compound (6).
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Abstract: The aim of the presented study was to examine the in vitro antimicrobial activity of rutin
hydrate (RH) alone and in combination with amikacin against 12 reference strains of Gram-positive
and Gram-negative bacteria. The antibacterial activity assay was evaluated in the concentration
range of 2-2048 pg/mL. A serial microdilution method was used to determine the minimal inhibitory
concentration (MIC) of the examined compound against reference strains. RH showed varying
potential against the tested strains with MICs ranging from 128 to 1024 ug/mL. In order to examine
the combinatory profile of RH and amikacin, the fractional inhibitory concentrations (FICs) were
determined. The RH-amikacin combination was more active against Gram-negative bacteria where
four synergism and two additive interactions were noted. For four out of six Gram-positive isolates, an
indifferent effect of RH and amikacin was demonstrated, and for two strains, the tested combination
had an additive effect. The results of this study showed that RH possesses antimicrobial potential
in vitro towards the tested reference isolates. Moreover, it shows a promising combined effect with

amikacin against Gram-negative bacteria.

Keywords: rutin hydrate; amikacin; fractional inhibitory concentration

1. Introduction

Antimicrobial Resistance (AMR) is a significant global problem with serious public
health risks. The treatment options and ability to control infections are gradually being
exhausted, and the duration of infection and hospitalization has increased, all of which
have led to an increase in mortality [1]. Due to the ever-growing problem of antibiotic
resistance, scientists should focus their attention on finding alternatives to antibiotics as
soon as possible. Searching for and testing new chemical compounds showing bacteriostatic
or bactericidal activity will increase our chances of therapeutic success in infections caused
by antibiotic-resistant bacteria [2,3].

Many previous studies have shown that compounds of natural origin have antibacte-
rial activity alone and in combination with selected antibiotics [4-8]. So far, in our research,
we have focused on the antibacterial effect of phenolic acids and flavanols against staphy-
lococcal strains. In this research, we studied the antimicrobial properties of rutin hydrate,
which is a representative of glycoside flavonoids, against reference strains of Gram-positive
and Gram-negative bacteria. Rutin is composed of aglycone and sugar residue (Figure 1).
The aglycone part is composed of quercetin linked with an O-glycosidic bond with rutinose,
which is a disaccharide [9,10]. Rutinoside was first isolated from the common rue herb
(Ruta graveolens L.), from which the name of the organic chemical compound is derived.
Some examples of the sources of rutin are Japanese pagoda tree flowers (Styphnolobium
japonicum), buckwheat herb (Fagopyrum esculentum), and eucalyptus leaves (Eucalyptus
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spp.), among many others. Rutin is also commonly found in vegetables and fruits, mainly
citrus fruits, and plant-based drinks [9]. Pure rutin takes the form of a yellow powder
with a structure of fine crystals. Due to its lipophilic nature, rutoside is soluble in organic
solvents, but very poorly soluble in water. To obtain a better assimilable form of rutin,
various methods of raw material preparation are used, e.g., with hydration, hydrates are
obtained, from which it is easier to prepare the desired solutions of rutin [10].

OH

Figure 1. Chemical structure of rutin.

The structure of rutin determines its biological activity, which, in turn, influences its
pharmacological properties. The main advantage of rutin is its antioxidant properties. Due
to the presence of free hydroxyl groups, rutin has the ability to neutralize reactive oxygen
species. By reducing free oxygen radicals, rutin protects the cells of the human body because
it limits the formation of damage-causing mutations in the genetic material. In addition,
quercetin-3-O-rutoside as an antioxidant prevents the peroxidation of phospholipids that
form the cell membrane and consequently reduces the damage caused by free radicals. In
this way, rutinoside directly contributes to the protection of cells against apoptosis caused
by DNA damage or cell lysis as a result of cell membrane instability [11,12].

In addition, it has been proven that rutin exerts an antiatherogenic effect because it
inhibits the oxidation of low-density lipoproteins and consequently reduces the formation
of atherosclerotic plaques, which, in turn, have a protective effect on the cardiovascular
system. Moreover, rutin slows down the oxidation of vitamin C, which means that ascorbic
acid in the presence of rutin has a prolonged antioxidant effect. This property has been
used in medical preparations and dietary supplements. Vitamin C, in addition to its
important role as a free radical scavenger, is also a cofactor in proline and lysyl hydroxylases,
which catalyze the hydroxylation of proline and lysine, respectively. Hydroxyproline and
hydroxylysine are the main amino acids of collagen, which is an important structural
element of blood vessels because it gives them durability and elasticity. In addition, rutin
inhibits the activity of hyaluronidase, which is responsible for the digestion of collagen,
and also reduces the activity of metalloproteinases responsible for the degradation of the
extracellular matrix. All these properties contribute to the improvement of blood vessel
conditions due to an increase in their elasticity and at the same time a reduction in their
fragility and permeability [9].
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The antibacterial properties of rutin have also been proven, which may find practical
applications in the era of antibiotic resistance. Previous scientific research has demonstrated
the antimicrobial activity of rutin against both Gram-positive and Gram-negative bacterial
strains [13-17].

The antibiotic tested in this study was amikacin, which is used in the treatment of
many nosocomial infections caused by Gram-negative bacteria, e.g., urinary tract infections
or infections associated with the vascular line. In addition, it acts against some Gram-
positive bacteria, e.g., methicillin-resistant Staphylococcus aureus (MRSA) [18]. Figure 2
shows the structural formula of amikacin.

NH,
HO,, WOH
o° ©
H H
O. _NH : OH O
AN
OH e
NH, =
\OH
H2N O .‘\\\
H,N
- OH
OH

Figure 2. Chemical structure of amikacin.

2. Results

Amikacin turned out to be the most active against the strains Staphylococcus epidermidis
ATCC 12228 and Staphylococcus aureus ATCC 25923, the growths of which were inhibited
at concentrations of 0.5 and 1 pg/mL, respectively. In turn, a concentration of 2 pg/mL
inhibited the growth of the following strains: Bacillus subtilis PMC 2021 and Enterobacter
clocae ATCC 13047, and a concentration of 4 ug/mL was active against the isolates of
Enterococcus faecalis ATCC 29212 and Staphylococcus epidermidis ATCC 35984. An MIC value
of 8 ug/mL proved to work against Escherichia coli ATCC 25922 and Proteus mirabilis ATCC
7002. An amikacin concentration of 16 pg/mL was found to be active against Pseudomonas
aeruginosa ATCC 27853. The highest concentration inhibiting the growth of microorganisms
(64 ug/mL) was recorded for the following strains: Staphylococcus aureus ATCC 43300,
Klebsiella pneumonine ATCC 27736, and Acinetobacter baumannii ATCC 19606 (Table 1). In
summary, the median MIC values obtained for amikacin were 3 pg/mL for Gram-positive
bacteria and 12 ng/mL for Gram-negative bacteria. The standard deviation was 25.23
and 29 pg/mL for Gram-positive and Gram-negative strains, respectively. The lower and
upper quartiles were 1 and 4 pg/mL for Gram-positive strains and 8 and 64 pg/mL for
Gram-negative strains. A statistical analysis showed no differences in the obtained MIC
values of amikacin (p = 0.105) between Gram-positive and Gram-negative bacteria (Table 2).
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Table 2. Descriptive and non-parametric statistics for the MIC values of rutin hydrate, amikacin
alone, and amikacin with the addition of rutin hydrate for Gram-negative and Gram-positive strains.

MIC of Amikacin with Rutin

MIC of Rutin Hydrate [pug/mL] MIC of Amikacin [ug/mL] Hydrate [ug/mL]
Gram-Positive Gram-Negative Gram-Positive Gram-Negative Gram-Positive Gram-Negative
Strains Strains Strains Strains Strains Strains
Median 384 384 3 12 0.19 1.25
Standard 170.13 400.02 25.23 29 0.38 1.46
deviation
Lower quartile 256 256 1 8 0.06 0.5
Upper quartile 512 1024 4 64 0.62 2
Mann-Whitney p=0676 p=0.105 p=0226

U test

Rutin hydrate showed antibacterial activity against all the tested strains. The MIC
values of RH for Gram-positive strains ranged from 128 to 512 pg/mL with a median of
384 ug/mlL, lower quartile of 256 ug/mL, upper quartile of 512 pg/mlL, and standard devia-
tion of 170.13 pg/mL. On the other hand, for the Gram-negative bacteria, the median, lower
quartile, upper quartile, and standard deviation were 384, 256, 1024, and 400.02 ng/mL,
respectively (Table 2). A statistical analysis showed no differences in the obtained MIC
values of rutin hydrate (p = 0.676) between Gram-positive and Gram-negative bacteria
(Table 2). The lowest MIC value of rutin hydrate amounting to 128 ug/mL was recorded
for the Staphylococcus epidermidis ATCC 35984 and Enterobacter clocae ATCC 13047 strains.
The highest MIC value (1024 ug/mL) was observed for two strains: Pseudomonas aeruginosa
ATCC 27853 and Acinetobacter baumannii ATCC 19606. An MIC of 256 ng/mL was noted
for four strains: Klebsiella pneumoniae ATCC 27736, Proteus mirabilis ATCC 7002, Bacillus
subtilis PCM 2021, and Enterococcus faecalis ATCC 29212. The MIC was 512 pg/mL for the
remaining four isolates: Staphylococcus aureus ATCC 25923, Staphylococcus aureus ATCC
43300, Staphylococcus epidermidis ATCC 12228, and Escherichia coli ATCC 25922 (Table 1).

The final stage of the research was the determination of the FIC index values. The
results of the checkerboard assay for the reference strains are presented in Figure 3. More-
over, based on the checkerboard, the MIC values were determined for RH in combination
with amikacin and for amikacin in combination with RH. The MIC values of amikacin with
RH for Gram-positive strains ranged from 0.0625 to 1 pg/mL with a median of 0.19 ug/mL,
lower quartile of 0.06 ng/mL, upper quartile 0.62 of pg/mL, and standard deviation of
0.38 pg/mL. For Gram-negative bacteria, the descriptive statistics above were 1.25, 0.5, 2,
and 1.46 pg/mL, respectively (Table 2). The amikacin—-RH combination turned out to be
more active against Gram-negative strains, where in four cases, a synergistic effect was
found, and in two, it was additive. In the group of Gram-positive bacteria, two additive in-
teractions were noted, and for the remaining strains, the effect of combining the compounds
was indifferent. No antagonistic effect was noted for any of the tested strains. The results
of all the above assays are summarized in Table 1. There were no statistically significant
differences in the amikacin MIC, and the MIC decreased after the addition of RH between
Gram-positive and Gram-negative strains (p = 0.226 and p = 0.870, respectively). However,
to more precisely investigate differences in the action of the “rutin hydrate—amikacin”
combination on Gram-positive vs. Gram-negative bacteria, a larger study group should be
used. The descriptive and non-parametric statistics for the MICs of amikacin alone and
with rutin hydrate for Gram-negative and Gram-positive strains are presented in Table 2.
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Figure 3. Cont.
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Figure 3. The checkerboard assay for Gram-positive and Gram-negative tested strains. The dark gray
shows more than 50% bacterial growth in a well, while the light gray represents less than 50% bacterial
growth in a well compared with the growth control. Only light gray wells were used to determine the
FIX index. The FIC index for each strain is marked with a color. The blue shows an indifferent, the green
an additive, and the red a synergistic interaction. The FIC index was marked on the growth inhibition
border and represents the point where a synergistic/additive or indifferent effect was the most visible.
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3. Discussion

The need to launch a new antibacterial drug in the era of antibiotic resistance has
prompted scientists around the world to return to natural medicine methods and ana-
lyze the potential antibacterial mechanisms of action of plant-derived compounds. The
antimicrobial potential of polyphenols, especially rutin, has been confirmed in in vitro
studies on bacterial cultures [14-17,19-27]. In our study, amikacin, in small concentrations
ranging from 0.5 to 16 pug/mL, was active against both Gram-positive and Gram-negative
reference strains. Amikacin in its highest concentration (64 nug/mL) inhibited the growth
of the following strains: Staphylococcus aureus ATCC 43300, Klebsiella pneumoniae ATCC
27736, and Acinetobacter baumannii ATCC 19606. Due to the resistance of amikacin to most
aminoglycoside-modifying enzymes, it is used in the treatment of infections of strains
resistant to other aminoglycosides. This antibiotic is the one most frequently applied to
semi-synthetic aminoglycoside. However, strains resistant to amikacin have developed over
the years. The first acetyltransferases that inactivated amikacin were reported for P. aerug-
inosa. Adenyltransferase, in turn, was found in K. pneumoniae, E. coli, Serratia marcescens,
and Proteus vulgaris, and phosphotransferases were isolated from E. coli. Amikacin is no
exception among other antibiotics, and bacteria develop resistance to it as well [28]. The
introduction of natural compounds such as rutin hydrate into treatment may increase the
potential of amikacin by improving its pharmacokinetic and pharmacodynamic properties,
which could lead to a reduction in the doses, and thus reduce side effects associated with its
use. This advantage of rutin hydrate as an antibacterial agent may consequently contribute
to inhibiting the spread of resistance among bacteria. To the best of our knowledge, studies
on the direction of interactions between RH and amikacin have not yet been conducted,
but the antibacterial properties of rutin have been studied, and the results of these works
are discussed below.

Jhanji et al. in 2021 examined the antimicrobial potential of rutin on four selected
reference strains in comparison with commonly used antibiotics, which were streptomycin,
ciprofloxacin, and amoxicillin. They observed that the growth of B. subtilis in the presence
of rutin at a concentration of 256 ug/mL was inhibited at a rate of about 75%. The growth
inhibition of P. aeruginosa at a concentration of 1024 ug/mL was approximately 90%. In
turn, in cultures of E. coli and S. aureus, a rutin concentration of 512 ug/mL inhibited
bacterial growth by approximately 70%. Research conducted by Jhanji et al. showed that
the rutin solutions used by them in the concentrations defined in this study as the MIC
values inhibited the growth of the indicated bacterial strains in the range of 70-90% [15].
Additionally, Jhanji et al. showed a synergistic effect of the combination “rutin-berberine-
streptomycin” against B. subtilis (FIC index = 0.25), “rutin-berberine-ciprofloxacin” against
P. aeruginosa (FIC index = 0.25), and “rutin-berberine-amoxicillin” against S. aureus (FIC
index = 0.125).

In addition, Jhaniji et al., in research conducted in 2020, considered a mechanism of
antimicrobial activity in rutin [16]. Researchers have suggested that rutin may inhibit the
action of efflux pumps and interfere with biofilm formation. Both mechanisms have been
confirmed in in silico and in vitro studies on bacterial cultures. Interestingly, in our study,
RH turned out to be more active against the reference strain S. epidermidis ATCC 35984
(128 png/mL), which has the ability to form a biofilm, than against the biofilm (-) strain
S. epidermidis ATCC 12228 (512 pug/mL). Our next studies will focus on assessing the ability
to form biofilm under the influence of rutin hydrate.

Wang et al., in their study, focused on the analysis of the antimicrobial potential of
rutin against the K. pneumoniae ATCC 700603 and E. coli ATCC 25922 reference strains. The
MIC value of rutin against the E. coli strain was 512 pg/mL, which was the same as in this
study. In turn, the MIC value for K. pneumoniae was 1024 pug/mL, which was four times
higher than the concentration of 256 pg/mL obtained in our study against K. pneumoniae
ATCC 27736. The difference in the obtained MIC values is probably due to the fact that K.
pneumoniae ATCC 700603, unlike K. pneumoniae ATCC 27736, produces extended-spectrum
beta-lactamases [17].
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In addition, Wang et al., like Jhanji et al., studied the inhibition of biofilm formation in
K. pneumoniae strains under the influence of rutin. Their research showed that rutin had a
strong ability to inhibit biofilm formation in weak, moderate, and strong biofilm-producing
strains. The ability to inhibit biofilm formation was confirmed by analyzing the expression
profile of 15 genes involved in biofilm formation. A significant reduction in the expression
of several genes from this group was observed, which correlated with a reduction in the
accumulation of K. pneumoniae biomass. A significant inhibition of biofilm formation was
observed at rutin concentrations of 512 and 256 pg/mL [17].

The confirmation of the antimicrobial potential of rutin opens many research paths
that will be aimed at analyzing the change in the antibacterial properties of rutin in the
presence of other polyphenols with a similar effect, as well as antibiotics and various
forms of rutin preparation, e.g., in the form of nanoparticles, biomaterials coated with
rutin, etc. The validity of searching for compounds against which rutin exhibits synergy
and/or potentiates antibacterial activity has been confirmed by research conducted in
2015 by Amin et al. These scientists decided to determine the effect of rutin, morin, and
quercetin (in various combinations) with 12 selected antibiotics on 100 clinical MRSA strains
and the S. aureus ATCC 43300 reference strain. It was found that the tested compounds
in combination with antibiotics enhanced the antibacterial effect against the examined
staphylococcal strains. The relationship between flavonoids and antibiotics was additive
in most cases, but synergism was also observed in a few cases. Moreover, Amin et al.
examined potassium release to determine the effect of antibiotic—flavonoid combinations
on the cytoplasmic membrane for the tested staphylococci. They proved that flavonoids
alone or in combination damage the bacterial cell membrane [24]. The use of a mixture of
rutin with other flavonoids may allow for its use in much lower concentrations than the
MIC values determined in this study.

The results obtained and presented in this paper confirm the logic and effectiveness
of using rutin hydrate as an agent combating antibiotic-resistant bacterial strains. This
potential is conditioned by specific mechanisms of action, the study of which is the second
step in confirming the usefulness of rutin in bacterial infections. Numerous studies have
indicated that rutin, as a polyphenol, modifies the permeability of bacterial cell membranes
and changes the stiffness of the cell wall, which leads to the loss of its integrity [25]. In
addition, it has been suggested that rutin could alter intracellular functioning by binding
hydroxyl residues to important bacterial enzymes [26]. Moreover, it was reported that rutin
has the ability to inhibit 3-lactamases and biofilm formation [27].

The research results discussed above, as well as the results presented in this paper,
indicate the antimicrobial potential of rutin. In addition, they prove that this compound
increases the antibacterial potential of antibiotics. Due to the anti-biofilm activity of rutin
indicated by several researchers, it seems important to further study this compound in this
respect. Moreover, it is necessary to examine the combination “rutin hydrate-amikacin” on
clinical strains of Gram-negative bacteria with different resistance mechanisms.

4. Materials and Methods
4.1. Materials

All reference strains of bacteria came from the ATCC culture bank (American Collec-
tion of Cell Cultures, Manassas, VA,, USA), except the strain Bacillus subtilis PCM 2021,
which was obtained from the Polish Collection of Microorganisms (Wroclaw, Poland). The
tests were carried out on twelve selected strains of Gram-positive and Gram-negative bac-
teria: Staphylococcus aureus ATCC 25923, Staphylococcus aureus ATCC 43300, Staphylococcus
epidermidis ATCC 12228, Staphylococcus epidermidis ATCC 35984, Enterococcus faecalis ATCC
29212, Bacillus subtilis PCM 2021, Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC
27736, Proteus mirabilis ATCC 7002, Enterobacter cloacae ATCC 13047, Pseudomonas aeruginosa
ATCC 27853, and Acinetobacter baumannii ATCC 19606. Rutin hydrate was obtained from
Sigma Chemical Co. (St. Louis, MO, USA).
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4.2. Determination of the MIC Values of the Tested Bacterial Strains

In order to determine the lowest bacterial-growth-inhibiting concentrations for rutin
hydrate and amikacin, the serial microdilution method was used with sterile, 96-well titer
plates (FL Medical, Torreglia, Italy) with a final volume of 200 uL [29,30].

An amount of 100 puL of TSB medium (BTL) was aliquoted into all wells of the titer
plates. The next step was to prepare serial dilutions of the tested compounds (from 1024
to 1 pg/mL). Tested compounds were not introduced into the 12th column of the titration
plate, which was a growth control. Next, one hundred microliters of mid-logarithmic-phase
bacterial cultures (5 x 10° CFU/mL) in TSB was added to each well (rows B-G). Row
H wells were used to control the sterility of the medium. In addition, in row A of each
plate, a suspension of TSB medium and the tested compound at various concentrations
was prepared, which allowed the subsequent measurement of background extinction. Each
examined strain was measured in triplicate. The next stage of the study was the incubation
of the titer plates at 37 °C for 24 h. After incubation, the optical density of the culture was
measured at 595 nm. Absorbance results for individual strains were read using a Multiskan
EX reader (Thermo Electron Corp., Vantoa, Finland) [31,32]. MICs were defined as the
lowest RH concentrations that completely inhibited bacterial growth [33]. The MIC results
obtained in this stage of the research were used to design the “chessboard” and determine
the FIC values in the next stage.

4.3. Determination of the FIC Values for the Tested Strains

The sensitivity of the tested reference isolates to the combination of amikacin with
RH was assessed by determining the fractionated inhibitory concentration (FIC) value for
each strain. The checkerboard microdilution method with modifications [34,35] was used
to determine the total susceptibility effect of the tested strains. First, the solutions of the
antibiotic and RH were prepared, corresponding to 8 MIC values (according to the MIC
values obtained in the first stage of the study). A series of 1/8 MIC dilutions were then
produced. An amount of 95 uL of double-concentrated Mueller-Hinton (BLT) medium
was added to each well of the titration plate. Then, 50 uL of RH and the appropriate
concentration of amikacin were pipetted. Finally, 5 pL of a 0.5 McFarland bacterial sus-
pension was added. The final volume of each well was 200 uL. Therefore, the solutions
corresponding to the concentrations of 8 MICs, 4 MICs, 2 MICs, 1 MIC, 1/2 MIC, 1/4 MIC,
and 1/8 MIC were prepared for amikacin and RH to account for the dilution of 50 uL of
these substances in 200 pL of the solution and were obtained as follows: 2 MICs, 1 MIC,
1/2 MIC, 1/4 MIC, 1/8 MIC, 1/16 MIC, and 1/32 MIC in each of the wells. At the last
column and row, respectively, instead of RH and amikacin, 50 uL of medium was added.
The scheme of the “chessboard” plate is shown in Figure 4.

The plates prepared in this way were incubated in an aerobic incubator at 37 °C for
24 h. The absorbances at 595 nm were then read. Next, the percentage increase in individual
wells relative to the growth control was calculated. Only wells that represented less than
50% bacterial growth compared with the growth control were considered for FIC index
determination.

The MICs for rutin hydrate and amikacin for each strain were then recalculated. At
the end, the FICs (fractional inhibitory concentrations) were calculated, i.e., the fractional
inhibitory concentration for RH and amikacin and their sum for each well. The following
formula was used:

FIC index = FICA + FICB = (MICA + B)/ MICA + (MICB + A)/MICB,

where:

MICA + B—MIC of the antibiotic in the presence of a polyphenolic compound;
MICB + A—MIC of a polyphenolic compound in the presence of an antibiotic;
MICA—MIC of the antibiotic itself;

MICB—MIC of the polyphenolic compound itself.
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Figure 4. Scheme of the checkerboard method with the simultaneous indication of the FICs and MICs.

Next, on the growth inhibition border, the FIC index was established for each strain.
The FIC index was the point where synergistic/additive or indifferent effects were the most
visible.

Based on the FIC index value for each strain, the relationship between rutin hydrate
and amikacin was assessed according to the following scale:
FIC < 0.5—synergism;
0.5 < FIC < 1—additive action;
1 < FIC < 4—indifference;
FIC > 4—antagonism [35].

4.4. Statistical Analysis

In order to check whether there were differences in the obtained MICs of RH or
amikacin values between Gram-positive and Gram-negative bacteria, the Mann-Whitney
U test was used for two independent samples. The same test determined whether there
were statistically significant differences in the amikacin MICs, and the MICs decreased after
the addition of RH between Gram-positive and Gram-negative bacterial strains. Statistical
calculations were made in the Statistica 13.0 program. The level of statistical significance
was p < 0.05.

5. Conclusions

The results of the presented study demonstrate that rutin hydrate possesses antibac-
terial properties against the tested reference strains, and this effect is similar for both
Gram-positive and Gram-negative bacteria. The combination of “amikacin—-RH” was effec-
tive against Gram-negative bacteria, where in four cases, a synergistic effect was found, and
in two, it was additive. On the other hand, two additive interactions and four indifferent
effects were noted for Gram-positive bacteria. The in vitro synergistic interaction of RH
and amikacin suggests that this effect could also be observed in vivo. Future studies should
focus on the mechanism of action of RH on bacterial cells.
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Abstract: The present study aims to explore the phytochemical constitution and biological activities of
Cleome felina L.f. (Cleomaceae). C. felina (leaves, stem, and root) extracts (acetone, methanol, and wa-
ter) were qualitatively assessed for phytochemical presence. Methanolic leaves extract revealed more
positive phyto-compounds among all the extracts; further, methanolic leaves extract was evaluated for
FTIR, EDX, GCMS, antimicrobial assay, acute toxicity, and paracetamol-induced hepatoprotective ac-
tivity in Wister albino rats. FTIR and EDX analysis unveiled important functional groups and elements
in the leaves. GCMS analysis of methanolic leaves extract exposed 12 active phyto-compounds: major
constituents detected were 1-Butanol, 3-methyl-, formate-48.79%; 1-Decanol, 2-ethyl-13.40%; 1,6-
Anhydro-p-d-talopyranose-12.49%; Ethene, 1,2-bis(methylthio)-7.22%; Decane-4.02%; 3-Methylene-7,
11-dimethyl-1-dodecene-3.085%; Amlexanox-2.50%; 1,2,3,4-Cyclopentanetetrol, (1c,2[3,3(,4c)-2.07%;
L-Cysteine S-sulfate-1.84%; n-Hexadecanoic acid-1.70%; and Flucarbazone-1.55%. The antimicrobial
assay showed a moderate zone of inhibition against S. aureus, B. cereus, E. coli, P. aeruginosa, C. albicans,
and C. glabrata at 100 uL/mL concentration. Additionally, acute toxicity revealed no behavioral
sign of the toxic effect. The significant results were obtained for methanolic leaves extract (low-50
and high-100 mg/kg b.wt. dose) for hepatoprotective activity, where it dramatically reduced serum
blood biochemical markers (AST, ALT, ALP, Total bilirubin, and cholesterol) and exhibited elevated
hepatic antioxidant enzymes (SOD, CAT, and GSH) concentration with lipid peroxidation retardation.
To conclude, C. felina methanolic leaves extract ameliorated important phytochemical compounds
and showed significant antimicrobial and hepatoprotective efficacy; therefore, utilization of C. felina
leaves suggested in pharmacological applications, and in numerous cosmetics, herbicides, and food
industries, would be a great scope for future hepatoprotective drug designing.

Keywords: Cleome felina; phyochemicals; GCMS; antimicrobial; acute toxicity; hepatoprotective

1. Introduction

Plants are essential for human beings in their daily life; they play a vital role as pri-
mary and secondary metabolites by providing food as energy, fiber, shelter, phytonutrients,
and beneficial health-promoting pharmaceutical applications. In accordance with the
World Health Organization (WHO), herbal medicine is utilized as primary health care by
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about 80% of the global population [1]. The level of primary metabolites determines the
nutritional or nutraceutical value of plants, constituting the composition of fat, carbohy-
drate, protein, fiber, vitamins, and minerals, whereas the level of secondary metabolites
determines the medicinal and therapeutic values that have applications in pharmaceutical,
food, cosmetics, and fine chemical industries [2]. In the present era, the use of natural
plant-based products has increased in the preparation of medicine and nutritional prod-
ucts and in different health sectors, as plants have antibacterial, antifungal, antidiabetic,
antioxidant, anti-hyperlipidemic, anti-hypercholesterolemic, analgesic, hepatoprotective,
neuroprotective, anticancer, and anti-inflammatory activities [3,4]. Hence, the determi-
nation of chemical constituents of herbal plants is essential, which can be achieved by
different analytical techniques, such as Fourier-transform infrared spectroscopy (FTIR),
energy-dispersive X-ray spectroscopy (EDX), Gas Chromatography—-Mass Spectroscopy
(GC/MS), etc., which are used to determine functional groups, elemental composition,
and identification of the phytochemical compounds in crude extract.

In the past few years, health services have faced problems, as pathogenic bacteria
and fungi have adopted new resistance mechanisms to commercial drugs or antimicrobial
agents. Hence, it is necessary to find alternate antimicrobial agents that have strong effects
towards resistance, along with fewer side effects, which is possible by the discovery of
herbal-based antimicrobial agents [5]. Moreover, the use of natural-based products has
been recommended by the World Health Organization, but driven attention to their toxicity
and safety while using the natural products [6].

On the other hand, synthetic or commercial drugs and xenobiotics act as a toxic
agent to most human organs, mainly to the liver, which is one of the largest internal
organs and plays a characteristic role in the regulation and synthesis of several metabolic,
essential biochemical and physiological processes, which are involved in the fight against
infections and the detoxification mechanism of xenobiotics, whereas, at the same time,
it is the organ that is readily prone to hepatic injuries by hepatotoxic agents (ethanol,
CCl4, thioacetamide, D-galactosamine, environmental toxins, paracetamol) that lead to
changes in the physiology and functional mechanism of the liver, as well as later resulting
in liver fibrosis and cirrhosis [7,8]. In the present scenario, paracetamol (PC), known as
N-acetyl-p-aminophenol (acetaminophen), acts as an analgesic and antipyretic drug, and is
highly consumed. Moreover, the overdose of PC drug by humans or experimental animals
will result in an increase of oxidative stress that induces lipid peroxidation and causes
toxicity to hepatic cells [9]. However, various endogenous resistance mechanisms will
operate to scavenge ROS to limit undesired cellular damage, but this protection might not
be complete; hence, the additional foreign resistance in the form of dietary antioxidants
will help to cure excessive cellular damage that was caused by excessive formation of
ROS [10,11]. Due to this, researchers are driving their focus to find the substitution herbal
treatments with potent antioxidant activities, which exhibit fewer side effects for disease
treatments, such as liver diseases [12].

The genus Cleome is reported to possess pharmacologically active phytocompounds,
which have been isolated, as they perform a vital role in the treatment of several ailments. The
various plant parts of the genus Cleome have revealed good nutritional and therapeutic value.
The most important class of secondary phyto-compounds has been derived from the Cleorme
species, which includes terpenes, sterols, flavonoids, glucosinolates, indole alkaloids, and
isothiocyanates, which are distributed in various Cleome species [13,14]. Cleome felina L.£. is one
among the species of the genus Cleorme, which is a medicinal plant and is endemic to peninsular
India [15]. This annual hairy herb is 30-60 cm, with trifoliate leaves, corolla pink, and more
than 50 stamens; seedpods with seeds are slightly longer than the pedicel [16]. In epistaxis,
the fresh and dry parts of C. felina are prescribed, which are pounded in equal quantity and
given with milk and sugar. The complete plant is used as an astringent, and the vesicant
seeds are given internally as a vermifuge [17]. Further, Wollenweber et al. [18] reported the
isolation and characterization of flavonols, namely, 5,3’ 4’-triOH-3,6,7,5'-tetraOMe flavone and
5,3'-diOH-3,6,7,4' 5'-pentaOMe-flavone (2), in C. felina. To date, several Cleome species have
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been studied for their active phytocompounds and pharmacological applications, but there is
a dearth of information on C. felina. Hence, the objective of the current study was to screen C.
felina for phytochemical constituents and to analyze pharmacological applications, such as
antimicrobial activity, acute toxicity, and paracetamol-induced hepatoprotective activity, in
Wister albino rats. The results of the investigation could provide scientific evidence of C. felina
for its contribution in the therapeutic field.

2. Results
2.1. The Percentage Yield of Different Solvent Extracts of C. felina

C. felina is a hairy herb with trifoliate leaves (Figure 1). It was collected, and each part
was separated; it was then washed and dried. The coarse powder was obtained from the
dried part and processed for solvent extraction using organic solvents by Soxhlet apparatus
to obtain the extraction yield.

W

f .

A

Figure 1. Cleome felina plant: (A) Plant habitat, (B) Plant with flower.

The percentage yield of the acetone, methanol, and water extract of C. felina leaves,
stem, and root is displayed in Table 1. The leaves extracts of acetone, methanol, and
water were 3.65, 17.01, and 13.75 g/100 g, respectively. The estimated amount of acetone,
methanol, and water extract of the stem was 1.77, 9.63, and 15.64 g/100 g, respectively,
whereas the extracts yield of acetone, methanol, and water for the root account for 1.4, 8.4,
and 12.3 g/100 g, respectively.

Table 1. Different solvent extract yields of C. felina leaves, stem, and root.

Extract Value g/100 g
Solvent
Leaves Stem Root
Acetone 3.65 +0.03 & 1.77 +£0.01h 1.4 40031
Methanol 17.01 £0.334 9.63 £0.01°¢ 84+ 0.03f
Water 13.75 + 0.01 ¢ 15.64 4+ 0.02° 123 +0.034

Data are mean = standard error (n = 3). Different letters in superscript indicate significant difference (p < 0.05).

2.2. Preliminary Screening of Phytocompounds for Different Solvent Extracts of C. felina

The various parts of C. felina, such as leaves, stem, and root, were extracted using
organic solvents (acetone, methanol, and water). Each selective plant part with its chosen
solvent was qualitatively analyzed for the presence of phytochemical constituents, such as
carbohydrates, amino acids, glycosides, cardiac glycoside, phenolic, flavonoids, saponins,
terpenoids, anthraquinones glycosides, and quinones, present in it for the screening of
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better solvent extracts to be used for further research work (Table 2). The phyto-compounds
screening of leaves extract was estimated to show the presence of 6 acetone, 12 methanol,
and 9 water metabolites. On the other hand, stem extract showed the presence of 10 acetone,
10 methanol, and 8 water phytochemicals, while the study of root extract exhibited the
presence of 5 acetone, 9 methanol, and 6 water plant metabolites.

Table 2. Qualitative phytochemical screening of different solvent extracts of C. felina leaves, stem,

and root.
Leaves Stem Root
Test Name
A M W A M W A M W
Carbohydrates
Fehling’s test + + + + + — + — —
Protein
Biuret test - — + — + + + + +
Amino acids
Ninhydrin test - + - — + + + + +
Glycosides
Salkowski’s test — + — + — — — + _
Cardiac glycoside
Keller—Kiliani test + + — + + + + — _
Phenolics
Ferric chloride test + + + - — + - — +
Flavonoids
Alkaline reagent test + + + + + — — + —
Saponins
Froth Test — + + + + + - - +
Terpenoids
Salkowski’s test — + — + — — _ + _
Anthraquinones glycosides
Borntrager’s test + + + + + + — — +
Tannins
Ferric chloride test + + — + — — _ _ _
Alkaloids
Mayer’s test — + — — + + - + +
Wagner’s test — — + — — — - + —
Betacyanins
Sodium hydroxide test — - + + + + — + _
Quinones - + + + + — + + _
Note: A = Acetone, M = Methanol, W = Water, “+” = Present, and “—" = Absent.

2.3. Fourier-Transform Infrared Spectroscopy (FI-IR) and Energy-Dispersive X-ray Spectroscopy
(EDX) Analysis

The IR spectrum for methanolic extract of the C. felina leaves was obtained by a
NICOLET 67000 FTIR Spectrophotometer (NICOLET, Thermo Fisher Scientific, Waltham,
MA, USA), and the transmittance of FI-IR analysis was recorded under the range of the
400-4000 cm ! IR region. Wavenumber (cm~!) intensities for a functional group and
compound class were documented as presented in Figure 2 and Table 3. For the absorp-
tion spectrum of the methanolic leaves extract, the main peak showed the occurrence of
various classes of compounds, such as alcohols, amine salt, conjugated alkenes, sulfonyl
chloride, and halo compounds. Major bands were observed at 3383.67 cm—1,2920.81 em™1,
2850.61 cm ™!, 1384.43 cm ™!, 1176.30 cm !, and 824.86 cm ! due to the vibration of O-H,
N-H, S=0, C-O, C-Cl, and C-Br, respectively. Meanwhile, the mineral composition of
C. felina leaves was analyzed by the energy-dispersive X-ray spectroscopy (EDX) tech-
nique with respect to the mass % and is presented in Figure 3 and Table 4. The minerals
found in leaves were carbon, oxygen, magnesium, aluminum, silicon, phosphorus, sulfur,
chlorine, potassium, and calcium of 36.48, 39.74, 1.80, 0.35, 0.46, 0.58, 1.01, 2.15, 2.31, and
15.13 mass %, respectively.
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Figure 2. FT-IR chromatogram showing peak values for bioactive functional groups of C. felina
methanolic leaves extract.

Table 3. FT-IR peak values interpretation for bioactive functional groups of C. felina methanolic
leaves extract.

Intensities of

Wavenumber (cm~1) Functional Group Functional Group Compound Class
3383.67 Strong, broad O-H stretching Alcohols
2920.81 Strong N-H stretching Amine salts
2850.61 Strong N-H stretching Amine salts
1627.68 Medium C=C stretching Conjugated alkene
1384.43 Strong S=0 stretching Sulfonyl chloride
1176.30 Strong C-O stretching Tertiary alcohol
1072.47 Medium C-N stretching Amines

824.86 Strong C-Cl stretching Halo compounds
624.85 Strong C-Br stretching Halo compounds

Spc_005
{cka CaKa B

Intensity [Counts]

0 IIIIIIIIIIIllllllllllllllIIIIIIIIIIIIIIIIIIIIIIII
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Energy [keV]

Figure 3. EDX chromatogram of C. felina leaves indicating elemental peaks.
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Table 4. Element composition of C. felina leaves.

. Mass %
Serial No. Elements L
eaves
1 C 36.48 + 0.08
2 (@] 39.74 £+ 0.19
3 Na ND
4 Mg 1.80 £ 0.02
5 Al 0.35 4+ 0.01
6 Si 0.46 4+ 0.01
7 P 0.58 4+ 0.01
8 S 1.01 £0.01
9 Cl 2.15 +0.02
10 K 2.031 £+ 0.02
11 Ca 15.13 £ 0.06
Total 100.00

Note: ND- Not determined.

2.4. Phytochemical Determination of C. felina Methanolic Leaves Extract by Gas
Chromatography—Mass Spectrometry (GCMS) Analysis

The methanolic leaves extract of C. felina were investigated for volatile phytochemi-
cal composition by GCMS analysis and were confirmed by NIST library mass spectrum.
In total, 12 different phyto-compounds were identified in the leaves, and methanolic extract
are of important applications. The retention time, peak area, area percent, name of the com-
pound, molecular formula, and molecular weight are separately depicted for each identified
phyto-compound in Figure 4 and Table 5. The phyto-constituents with high-percent compo-
sition were found to be 1-Butanol, 3-methyl-, formate (48.79%); 1-Decanol, 2-ethyl- (13.40%);
1,6-Anhydro-[3-d-talopyranose (12.49%); Ethene, 1,2-bis(methylthio)- (7.22%); and Decane
(4.02%), while considerable-percent composition of phyto-compounds detected were 3-
Methylene-7, 11-dimethyl-1-dodecene (3.085); Amlexanox (2.50%); 1,2,3,4-Cyclopentanetetrol,
(1e,23,33 4x) (2.07%), L-Cysteine S-sulfate (1.84%); n-Hexadecanoic acid (1.70%); Flucar-
bazone (1.55%); and 4-Bromo-2, 6-difluorobenzyl alcohol (1.35%). Each identified compound
is specific for biological activities and is a specific role of metabolite.
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Figure 4. GCMS chromatogram showing peak values for volatile phytochemicals of C. felina methano-
lic leaves extract.
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Table 5. Chemical composition of C. felina methanolic leaves extract screened by GCMS analysis.

Ret?ntlon Area Identified Compound Name Area (%) Molecular Molecular Weight
Time Formula
3.669 76,453.684 Ethene, 1,2-bis(methylthio)- 7.21 C4HgSy 120.2 g/mol
4.146 42,618.846 Decane 4.02 Ci0Hao 142.28 g/mol
4.919 16,409.742 Flucarbazone 1.55 C1pH11F3N406S 396.30 g/mol
5.808 516,902.062 1-Butanol, 3-methyl-, formate 48.79 Ce¢H120, 116.16 g/mol
5.973 141,915.824 1-Decanol, 2-ethyl- 13.40 C1oHp6O 186.33 g/mol
6.148 21,971.905 1,2,3,4-Cyclopentanetetrol, (1x,23,3(3,4x) 2.07 Cs5H1004 134.13 g/mol
6.937 19,474.186 L-Cysteine S-sulfate 1.84 C3HyNOs5S, 201.2 g/mol
14.746 132,340.738 1,6-Anhydro-f3-d-talopyranose 12.49 CeH1pO5 162.14 g/mol
23.045 32,613.550 3-Methylene-7,11-dimethyl-1-dodecene 3.08 Cy5Hog 208.38 g/mol
26.373 17,986.273 n-Hexadecanoic acid 1.70 C16H3,07 256.42 g/mol
30.074 14,265.444 4-Bromo-2,6-difluorobenzyl alcohol 1.35 CyH5BrF,O 223.01 g/mol
37.405 26,479.282 Amlexanox 2.50 C1H14N>Oy4 298.29 g/mol
Total % 100.00

2.5. Antimicrobial Activity of C. felina Methanolic Leaves Extract

Antimicrobial activity for two positive Staphylococcus aureus (S. aureus) and Bacillus
cereus (B. cereus) bacteria, two negative Escherichia coli (E. coli) and Pseudomonas aeruginosa
(P. aeruginosa) bacteria, and two yeast Candida albicans (C. albicans) and Candida glabrata
(C. glabrata) strains was studied by the agar well diffusion method for C. felina methanolic
leaves extract at 25, 50, 75, and 100 pL/mL concentrations, depicted in Figure 5 and Table 6,
wherein streptomycin and nystatin were used as the positive control and DMSO as the
negative control. The observations for the formation of the inhibition zone by methanolic
leaves extract were made, which implies that methanolic leaves extract was found to show
a potential zone of inhibition against S. aureus-12.3 £ 7.84 mm, B. cereus-13.67 = 8.69 mm,
E. coli-11.33 £ 7.21 mm, P. aeruginosa-10.67 £ 6.78 mm, C. albicans-14.67 £ 9.33 mm,
and C. glabrata-12.33 £ 7.84 mm at a 100 uL/mL concentration, which was comparable to the
positive control, while the moderate zone of inhibition was observed at a 75 pL/mL concen-
tration against S. aureus-8.67 £ 5.51 mm, B. cereus-10.67 & 6.78 mm, E. coli-7.67 + 4.87 mm,
P. aeruginosa-7.67 + 4.87 mm, C. albicans-11.67 £ 7.42 mm, and C. glabrata-7.33 £+ 4.66 mm;
further, P. aeruginosa-5.33 & 3.39 mm and C. glabrata-5.67 + 3.60 mm were also found to be
sensitive at a 50 pL/mL concentration, whereas all selected pathogens showed resistance
ata 25 pL/mL concentration, except C. glabrata-3.33 £ 2.12 mm.

Table 6. Antimicrobial activity of the C. felina methanolic leaves extract against Gram-positive,
Gram-negative bacteria, and two yeast strains.

Zone of Inhibition in mm

Oreanisms Positive Negative
8 Control CFMLS Extract Control
100 uL 25 uL 50 uL 75 uL 100 puL 100 uL
S. aureus 18.33 + 11.66 ND ND 8.67 + 5511 123 4+7.848 ND
B. cereus 20.33 + 12.94 2 ND ND 10.67 + 6.78 1 13.67 +8.69 f ND
E. coli 14.33 £9.12°¢f ND ND 7.67 + 487k 11.33 £ 7.21 N ND
P. aeruginosa 18.67 + 11.87 b¢ ND 5.33+3.39! 7.67 +4.87k 10.67 + 6.78 1 ND
C. albicans 19.33 +12.30° ND ND 11.67 + 7.42 8h 14.67 £9.33°¢ ND
C. glabrata 17.67 +11.24 4 333 +212™ 5.67 +3.60! 7.33 +4.66 % 12.33 +7.848 ND

Data are mean =+ standard error (n = 3). Different letters in superscript indicate significant difference (p < 0.05); the
same superscript letters indicates no significant difference (p < 0.05) between each other, and ND = not determined.
CEMLS: C. felina methanolic leaves extract.
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Figure 5. Antimicrobial activity of methanolic leaves extract of C. felina showing zone of inhibition at
different concentrations against (A) S. aureus, (B) B. cereus, (C) E. coli, (D) P. aeruginosa, (E) C. albicans,
and (F) C. glabrata.

2.6. Acute Toxicity of C. felina Methanolic Leaves Extract

The acute toxicity for the methanolic leaves extract of C. felina was evaluated according
to Organization for Economic Co-operation and Development (OECD) guidelines 425
by oral administration of the single-extract dose at concentrations of 84, 80, and 70 mg
to the body weight (42, 40, and 35 g, respectively) of Swiss albino mice. The limit dose
given per oral administration was 2000 mg/kg b.wt. The dosed animals were under
uninterrupted observation for 4 h for gross behavioral and toxicological signs; they were
further monitored for the next 14 days. From the results, it was interpreted that no such
behavioral and toxicological signs were manifested, which implies that the selected dose of
methanolic leaves extract was nontoxic and showed no side effects, as death did not occur
in the treated animals.

2.7. Paracetamol-Induced Hepatoprotective Activity by C. felina Methanolic Leaves Extract in
Wister Albino Rats

2.7.1. Estimation of Serum Blood Biochemical Markers

Early hepatic damage is measured by the estimation of biochemical markers, such as as-
partate aminotransferase-AST (Figure 6A), alanine aminotransferase-ALT (Figure 6B), alkaline
phosphatase -ALP (Figure 6C), total bilirubin (Figure 6D), and total cholesterol (Figure 6E),
present in the serum blood of experimental animals at the end of the practical day, presented
in Figure 6A-E and Table 7. The conducted study showed that group 2 rats (control) consti-
tuted blood serum AST (857.7 & 2.67 U/L), ALT (7229 £ 320 U/L), ALP (736.9 &+ 0.67 U/L),
total bilirubin (1.98 &= 0.00 mg/dL), and total cholesterol (60.50 & 1.12 mg/dL). In compari-
son, group 1 (normal) animal models of AST (136.2 + 0.40 U/L), ALT (76.20 = 048 U/L), ALP
(238.1 £ 1.19 U/L), total bilirubin (0.48 £ 0.003 mg/dL), and total cholesterol (35.77 &= 0.38 mg/dL)
was detrimental to group 1 animal serum, whereas group 3 (standard) rats’ blood serum AST
(127.3+£ 091 U/L), ALT (70.85 £ 0.85 U/L), ALP (224.0 &= 049 U/L), total bilirubin (0.45 & 0.001
mg/dL), and total cholesterol (33.13 £ 0.13 mg /dl) was minimal. Paracetamol-induced hep-
atoprotective activity by methanolic leaves extract of C. felina of group 4 (low dose-50 mg/kg
b.wt.) rats with AST (220.5 £ 0.79 U/L), ALT (47.18 + 0.82 U/L), ALP (203.1 £ 2.38 U/L), total
bilirubin (0.21 = 0.00 mg /dl), and total cholesterol (38.46 &= 0.67 mg /dl) was significant; similarly,
the animals of group 5 (high dose-100 mg/kg b.wt.) in blood serum AST (248.0 + 5.30 U/L),

62



Antibiotics 2023, 12, 1506

ALT (3448 + 048 U/L), ALP (445.0 £ 1.45 U/L), total bilirubin (0.17 £ 0.002 mg/dL), and total
cholesterol (39.03 =+ 0.41 mg/dL) were in considerable concentrations.
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Figure 6. (A) Effect of different doses of CFMLS methanolic extract on AST level; (B) Effect of
different doses of CFMLS methanolic extract on ALT level; (C) Effect of different doses of CFMLS
extract on ALP level; (D) Effect of different doses of CFMLS methanol extract on total bilirubin
level; and (E) Effect of different doses of CFMLS methanol extract on cholesterol level. All values
presented as mean + SEM, one-way Analysis of Variance (ANOVA), followed by multiple Dunnett’s
test, * p < 0.05, ** p < 0.01, *** p < 0.001, and *** p < 0.0001 compared with normal group. (CFMLS:
C. felina methanolic leaves extract).

Table 7. The effect of C. felina methanolic leaves extract towards serum blood biochemical markers.

Groups Treatment AST ALT ALP Total Bilirubin Ch(;l;(::tsatlerol
P (U/L) (U/L) (U/L) (mg/dL)
(mg/dL)
Group-1 Normal Vehicle 136.2 £ 0.40 76.20 = 0.48 2381 + 1.19 0.48 = 0.003 35.77 + 0.38
Group-2Control ~ Paracetamol (PC)  857.7 + 2.65*%* 7229 £ 320" 7369+ 0.67 %% 198+ 0.00*%  60.50 + 1.12 ***
Group-3 Standard Silymarin 127.3 + 091 * 7085+ 085* 22404049  045+0001** 3313 +031*
Group-4 Low dose PCHCEMLS )05+ 079 %% 47184082 2031 +238%% 021 +000"* 3846+ 067"
(50 mg/kg p. 0)
PC + CFMLS

Group-5 High dose

248.0 + 5.30 **** 34.48 £ 0.48 **** 445.0 &+ 1.45 *=** 0.17 £ 0.002 ****

(100 mg/kg p. o)

39.03 + 0.41 **

All values of table presented as mean + SEM, one-way Analysis of Variance (ANOVA), followed by multiple
Dunnett’s test, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 compared with normal group. (CEMLS: C.
felina methanolic leaves extract).

2.7.2. Assessment of Liver Antioxidant Potential

The methanolic leaves extract effects on the concentration of antioxidant enzymes, such as
glutathione-GSH (Figure 7A), catalase-CAT (Figure 7B), superoxide dismutase (SOD (Figure 7C)),
and level of lipid peroxidation-LPO (Figure 7D), in hepatic homogenate of experimental rats
were analyzed and are displayed in Figure 7A-D and Table 8. Paracetamol-treated group 2 (con-
trol) rats exhibited a decline in the concentration of hepatic GSH (59.93 £ 0.30 n mol/mg of pro-
tein), CAT (0.02 &= 0.001 n mol/mg of protein), and SOD (208.9 = 7.57 n mol/mg of protein) level
and an increase in the LPO (465.7 £ 28.54 n mol/mg of protein) process; in relation to this, group
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1 (normal) untreated PC animals showed an increased hepatic GSH (100.8 £ 1.53 n mol/mg of
protein), CAT (0.10 % 0.00 n mol/mg of protein), and SOD (337.2 & 2.47 n mol/mg of protein)
level and a decreased LPO (264.0 == 17.48 n mol/mg of protein) reaction. The estimated amount
of hepatic GSH (346.4 £ 6.77 n mol/mg of protein), CAT (0.93 =+ 0.04 n mol/mg of protein),
SOD (353.9 + 0.58 n mol/mg of protein) level and LPO (40.00 &= 8.13 n mol/mg of protein)
was significant in group 3 (standard) rats treated with silymarin. Methanolic leaves extract
effects in group 4 (low dose-50 mg/kg b.wt.) and group 5 (high dose-100 mg/kg b.wt.) exper-
imental rats were determined, where, in group 4 rats, the estimated concentration of hepatic
GSH (51.29 % 1.05 n mol/mg of protein), CAT (0.18 £ 0.003 n mol/mg of protein), and SOD
(218.5 £ 0.00 n mol/mg of protein) antioxidant enzymes and LPO (72.65 &+ 2.41 n mol/mg
of protein) was significant. Meanwhile, group 5 rats” antioxidant enzymes level for hepatic
GSH (81.50 £ 3.80 n mol/mg of protein), CAT (0.17 = 0.1 n mol/mg of protein), and SOD
(407.9 £ 6.16 n mol/mg of protein) concentration and LPO (194.0 £ 0.59 n mol/mg of protein)
reaction was as mentioned.
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Figure 7. (A) Effect of different doses of CFMLS extract on Glutathione level; (B) Effect of different
doses of CFMLS extract on Catalase level; (C) Effect of different doses of CFMLS methanol extract on
SOD level; and (D) Effect of different doses of CFMLS methanol extract on Lipid peroxidation level.
All values presented as mean 4= SEM, one-way Analysis of Variance (ANOVA), followed by multiple
Dunnett’s test, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 compared with normal group.
(CEMLS: C. felina methanolic leaves extract).
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Table 8. The effect of C. felina methanolic leaves extract towards in vivo antioxidant enzymes and

lipid peroxidation.
GSH CAT SOD LPO
Groups Treatment (n mol/mg (n mol/mg (n mol/mg (n mol/mg
of Protein) of Protein) of Protein) of Protein)
Group-1 Vehicle 100.8 + 1.53 0.10 == 0.00 337.2 + 247 264.0 + 17.48
Normal
Group-1 Paracetamol 59.93 + 0.30 ** 0.02 = 0.001 * 208.9 4 7.57 **+* 465.7 4 28.54 ***
Control (PC)
Group-1 Standard Silymarin 346.4 £+ 6.77 **** 0.93 £ 0.04 **** 353.9 +0.58 * 40.00 4= 8.13 ****
Group-1 PC + CFMLS 51.29 + 1.05 *** 0.18 = 0.003 * 218.5 4 00 *+** 72.65 + 2.41 *+
Low dose (50 mg/kg p.o)
Group-1 PC + CFMLS . . . "
High dose (100 mg/kg po) 81.50 + 3.80 0.17 4+ 0.1 407.9 + 6.16 194.0 + 0.59

All values of table presented as mean + SEM, one-way Analysis of Variance (ANOVA), followed by multiple
Dunnett’s test, * p < 0.05, ** p < 0.01, *** p < 0.001, and *** p < 0.0001 compared with normal group. (CFMLS:
C. felina methanolic leaves extract).

3. Discussion

Natural plant-based products are rich pockets of minerals and nutrients and have es-
sential phyto-compounds with therapeutic properties. Worldwide, about 25% of prescribed
drugs are obtained from plants, where, at present, about 121 active phyto-compounds are
in use. The World Health Organization (WHO) has emphasized the basics and essentials of
the 252 drugs; while 11% are tremendous of plant origin, polyphenols play a pivotal role in
the maintenance of cellular antioxidant status by reducing free radicals, which inactivates
inflammatory cytokines and production of chemokines and, as well, minimizes the genera-
tion of reactive oxygen species (ROS) and lipid peroxidation [19,20]. The extraction yield
varies in accordance with the purity of the crude compound and the polarity of the sol-
vent [21]. The present results of C. felina revealed that the leaves methanolic (17.01 g/100 g)
extract yield was higher than the other solvent extracts. The high methanolic extract yield
represents the occurrence of major polar chemical groups, such as phenols, flavonoids,
alkaloids, steroids, glycosides, and other secondary metabolites [21].

Among the other parts of the C. felina, the methanolic leaves extract exhibited a
maximum number of phytochemical compounds, such as carbohydrates, amino acids,
glycosides, cardiac glycoside, phenolic, flavonoids, saponins, terpenoids, anthraquinones
glycosides, and quinones. The closest abundance of phyto-constituents was noticed in the
leaves (water) and stem (acetone and methanolic) extracts. The presence of bioactive com-
pounds in the different parts of C. felina contributes to the therapeutic values of the plants
in the treatment of diseases. In contrast to this, previously, several Cleome species were
studied for the existence of phytochemical compounds in C. spinosa leaves and root extracts
of cyclohexane, chloroform, ethyl acetate, and methanolic solvents [22]; C. rutidosperma
leaves to water and ethanolic extracts [23], C. gynandra methanolic leaves extract [24], and
C. arabica whole-plant aqueous-methanol, butanol, and water extracts [25], and it was re-
ported the presence of flavonoids, saponins, terpenoids, anthraquinones, cardiac glycosides,
tannins, carbohydrates, amino acids, proteins, polyphenols, reducing sugars, and alkaloids.
The early preliminary findings reported by Silva et al. [22] and Alkhatib et al. [25] have
determined that among comparative analyses between the different solvent extracts, the
methanolic extract exhibited stronger positivity towards active phytochemical constitution
than the other selective solvents during their studies.

The FTIR absorption spectrum of C. felina methanolic leaves extract revealed strong peaks
at 3383.67 cm ™!, 2920.81 cm ™, 2850.61 cm ™!, 1384.43 cm !, 1176.30 cm ™!, and 824.86 cm !,
respectively, for the occurrence of alcohols, amines, conjugated alkenes, sulfonyl chloride,
and halo compounds. The identified functional group contributes to the structural configu-
ration of important compounds that are involved in different pharmacological activities and
biosynthesis of functional metabolites. Similarly, Pillai and Nair [26] reported that whole-
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plant methanolic extract of C. viscosa and C. burmanni revealed the presence of phenols,
alkanes, aldehydes, ketones, amines, amides, alkenes, carboxylic acids, sulfur compounds,
alcohols, alkynes, and alkyl halides groups, while reports by Lingegowda et al. [27] on
FT-IR analysis of methanolic leaves extract of C. gynandra exhibited the functional groups
for important classes of compounds, i.e., phenols, amines and amides, carboxyl acid, sili-
con compounds, ketones, alkyl ketone, alkyl amine, alkanes, the alcohol hydroxyl group,
and alkyl halides. Also, EDX analysis of C. felina methanolic leaves extract reports the
presence of carbon, oxygen, sodium, magnesium, aluminum, silicon, phosphorus, sulfur,
chlorine, potassium, and calcium elements. Similarly, Singh et al. [28] reported EDX anal-
ysis of C. viscosa seeds and confirmed the occurrence of carbon and oxygen, whereas a
trace amount of magnesium, aluminum, silicon, sulfur, and calcium was observed. Ele-
mental composition contributes to nutritional value and is proven for specific functions in
metabolic activities and therapeutic values.

The current study on GCMS analysis of C. felina methanolic leaves extract exhibited
12 different phyto-compounds, in that the compound 1-Butanol,3-methyl-, formate, also
known as isoamyl formate, is a short-chain ester possessing an aroma property, whose
odor smells like pineapple, pear, and strawberry. Hence, it is utilized for flavoring and
to intensify the flavor odor [29]. Earlier, Al-Dalali et al. [30] reported for 1-Butanol, 3-
methyl-, formate, which is detected by GCMS analysis from vinegar, the compound 1-
Decanol, 2-ethyl, which is alcoholic in nature, and 1,6-Anhydro-3-d-talopyranose is an
exopolysaccharide. Ibrahim et al. [31] screened the 3% sulfuric acid leaves extract of Gmelina
arborea (Verbenaceae family) for phyto-compounds by GCMS, in which 1,6-Anhydro-£3-d-
talopyranose was one among the other compounds detected, as well as it was reported that
this compound acts as a toasted oak wood indicator and is used during wines ageing and
distillates. The other compounds detected in C. felina methanolic leaves extract were Ethene,
1,2-bis(methylthio)-, Decane, 3-Methylene-7,11-dimethyl-1-dodecene, Amlexanox 1,2,3,4-
Cyclopentanetetrol, (1«,23,33,40) (carbohydrates), L-Cysteine S-sulfate, n-Hexadecanoic
acid, Flucarbazone, and 4-Bromo-2,6-difluorobenzyl alcohol. The occurrence of Decane in
the 80% ethanol extract of the Cleome amblyocarpa Barr. and Murb (stem) was reported by
Khlifi et al. [32], estimated by GCMS analysis. The Amlexanox (azoxanthone drug) was
used for curing mouth aphthous ulcers as a 5% topical oral paste and is the one approved
clinically by the US FDA for aphthous ulcers treatment. It also exhibits novel applications
in pharmacy [33-36]. L-Cysteine S-sulfate is an organic thiosulfate. It is an important
class of L-cysteine molecule, which is S-substituted with a specified sulfur group. It is
present as a plant and human metabolite and is involved in post-translation modifications,
metabolisms, and pharmaceutical synthesis. In addition, it has detrimental effects on
processes of cellular adhesive and tissue dehydration and has a role in the inactivation
and clearance of small biomolecules of plasma [37,38]. n-Hexadecanoic acid is a saturated
fatty acid. Most of the fatty acids are popular to possess antibacterial and antifungal
activities. n-Hexadecanoic acid is highly studied and found to exhibit natural antioxidant,
anti-inflammatory, antibacterial, anti-androgenic flavor, hypocholesterolemic nematicide,
5-Alpha reductase inhibitor, pesticide, hemolytic, and potent mosquito larvicide proper-
ties [39—-41]. Perumal et al. [42] has reported the presence of n-Hexadecanoic acid in the
C. viscose whole-plant ethyl extract analyzed by GCMS, species of the Cleomaceae family.
Flucarbazone, previously called Flucarbazone-sodium, is a sulfonylurea herbicide. This
herbicide is used to control dicotyledon weeds, such as Little seed Canarygrass, wild oats,
and green foxtail, and reduces bermudagrass clippings grown as a weed during wheat and
durum farming. However, it has been registered as an herbicide and growth regulator of
turf grasses by U.S registration [43-45].

The evaluation of the antimicrobial assay of methanolic leaves extract has shown
a significant inhibition zone against S. aureus, B. cereus, E. coli, P. aeruginosa, C. albicans,
and C. glabrata at a 100 pL/mL concentration. Similarly, Weli et al. [46] reported the
antimicrobial activity of Cleome austroarabica methanolic and different organic solvent
extracts against E. coli, H. influenza, E. faecalis, and S. aureus, which did not show a zone
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of inhibition at selected concentrations. Another study conducted by Ghosh et al. [23]
for antimicrobial activity of water and 70% ethanolic extract of C. arabica leaves against
S. aureus, E. coli, and V. cholerae, individually, exhibited a moderate zone of inhibition.
Khlifi et al. [32] performed the antimicrobial activity of C. amblyocarpa leaves and stem
hydroalcoholic extract against four Gram-positive, four Gram-negative, and four yeast
microorganisms using agar diffusion and micro-dilution methods. The growth inhibition
of the entire tested microorganism at a dose-dependent manner was observed, and E. coli
was found to be more sensitive among all.

The harmful side effects of the remedial substances were determined within 14 days
by administrating the single-dose via oral routes and are carried to determine the median
lethal dose (LDsy) of specific toxic substances in experimental rats or mice [47]. The results
of acute toxicity of C. felina methanolic leaves extract were non-toxic at the lethal dose of
2000 mg/kg b.wt. on single oral dose administration in Swiss albino mice. Previously,
del Carmen et al. [48] analyzed the acute oral toxicity of dichloromethane ethanol and
methanol at 0.5, 1, and 2 g/kg b.wt., hexane, and dichloromethane at 2 g/kg b.wt. extract
of Cleoserrata serrata (Jacq.) Iltis. (Syn. Cleome serrata Jacq.) observed for the gain of body
weight and alteration of organs (spleen, liver, kidney). Changes were not noticed in the
body weight and organs of experimental rats examined at the microscopic level. Similarly,
hydroalcoholic extract of C. amblyocarpa leaves and stem showed no mortality rate and no
behavioral changes studied for the oral acute toxicity at 0.5, 1, and 3 g/kg b.wt. [32].

The current paracetamol-induced hepatoprotective study revealed that C. felina
methanolic leaves extract at a low dose of 50 mg/kg b.wt. (group 4) and high dose-100 mg/kg b.wt.
(group 5) remarkably deduced the serum blood biochemical markers for AST, ALT, ALD, total
bilirubin, and total cholesterol. In the study; it was found that the level of serum blood biomarkers
at the low dose-50 mg/kg b.wt. was significant when compared to the high dose-100 mg/kg b.wt.
The significant reduction in the serum blood biomarkers by C. felina methanolic leaves extract was
attributed to the healing ability of hepatic parenchymal tissues and hepatocytes. In contrast to
this, Begum and Kiran [49] demonstrated the hepatoprotective activity of whole-plant methanolic
extract of C. chelidonii induced by paracetamol and ethanol to estimate serum biomolecule markers.
The 100, 200, and 400 mg/kg b.wt. doses were found to reduce the serum ALP, SGPT, SGOT,
and TBIL levels.

The present study implies the in vivo antioxidant potential of C. felina methano-
lic leaves extract for hepatoprotective activity. The results of the experiment depicted
that the methanolic leaves extract at the low dose-50 mg/kg b.wt. (group 4) and high
dose-100 mg/kg b.wt. (group 5) ameliorated significant elevation of hepatic antioxidant
enzymes with LPO retardation. Results of the conducted study indicate that the antioxidant
enzyme estimation of hepatic tissue treated with C. felina methanolic leaves extract has
exhibited similar results as that of the serum blood biochemical marker estimation, wherein
the rats treated with a low extract concentration exhibited stronger effectiveness towards
the hepatic oxidation than that of the animals treated with a high extract concentration. The
significant elevation of antioxidant enzymes, such as GSH, CAT, and SOD, in rats treated
with the methanolic leaves extract is the result restoration of metabolic enzymes that have
been reduced due to endogenous oxidative stress induced by paracetamol. In relation
to this, Singh et al. [14], in their review article, described the hepatoprotective activity of
C. viscosa (leaves ethanolic extract, isolated coumarinolignoids from seeds, and seeds), ad-
ministrated in a dose-dependent manner, and was equally significant to the standard drug
Silymarin induced by CCly. The reason of hepatoprotective activity might be due to the
presence of polyphenols and flavonoids that have strong antioxidant activity reported to be
present in Cleome species. Hence, from the overview of the present study, hepatoprotective
activity exhibited by methanolic leaves extract of C. felina might be due to the presence of
active phyto-metabolites, such as 1,6-Anhydro-3-d-talopyranose, n-Hexadecanoic acid, L-
Cystein S-sulfate, and other examined compounds, detected in methanolic leaves extract of
C. felina analyzed by GCMS; the conclusion of the results can be drawn that C. felina leaves
possess a novel hepatoprotective activity, and disputes its richness of phyto-compounds
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illustrated by functional group, elements, and phyto-compounds identification. Results
of the analysis specify the abundance of C. felina in bioactive compounds, which could be
alternatively used in the pharmacy field for isolation and preparation of eco-friendly drugs
and would be a great scope for future hepatoprotective drug designing and an alternate
resource as that of Silymarin.

4. Materials and Methods
4.1. Collection and Preparation of Plant Material

Wild Cleome felina L.f. plant was collected from the mountains of Darikonur (17.0268155 N,
75.3761952 E) village, Taluk-Jat, District-Sangli, Maharashtra, India. The plant specimens
were authenticated and identified by Dr. Manoj M. Lekhak, professor (assistant) of the
Department of Botany, Shivaji University, Kolhapur. The research plant herbarium was
deposited at the Shivaji University, Kolhapur, labeled with the voucher specimen number
HYS-02. The collected C. felina plant material (leaves, stem, and root) was washed under
running tap water and shade-dried for 30-35 days. Each dried part of the C. felina was
separately made into powder form using an electric blender and was stored in airtight
containers at 4 °C and used for further analysis.

The 20 g powder of leaves, stem, and root was extracted with 250 mL of different
solvents (acetone, methanol, and water) in the range of increasing polarity with its specific
boiling temperature by a Soxhlet apparatus for 8—10 h. Then, the obtained extracts were
filtered and made solvent-free under vacuum pressure. The obtained extracts were used
for further analysis.

4.2. The Percentage Yield of Different Solvent Extracts

It was calculated as the total amount of the extract obtained, divided by the total
amount of the powder of the plant samples. All the percentage yield of extract was
repeated thrice and calculated by the following equation.

. o\ _ weight of extract — weight of solvent free extract
Yield (%) = Total weight of powder x 100

4.3. Preliminary Screening of Phytocompounds for Different Solvent Extracts of C. felina
4.3.1. Tests for Carbohydrates
Fehling’s Test

An equal volume of Fehling’s solution (A and B) was mixed and was added drop-wise
to each heated extract solution. Brick-red precipitation was observed, which indicates the
presence of reducing sugars [50].

4.3.2. Test for Proteins
Biuret Test

A total of 1 mL of NaOH (10%) solution was combined with each extract and heated.
To this, a few drops of CuSOy (0.7%) solution was added, and the presence of proteins was
indicated by the formation of a purplish-violet color [51].

4.3.3. Test for Amino Acids
Ninhydrin Test

To each extract (2 mL), 2-5 drops of Ninhydrin solution (2%) was added and incubated
for 1-2 min in a boiling water bath. The formation of purple color indicated the presence of
amino acids [51].
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4.3.4. Test for Glycosides
Salkowski’s Test
A total of 1 mL of extract was combined with chloroform (2 mL), followed by treatment

with concentrated HySO4, and was then gently shaken. The presence of a steroidal ring
was determined by the formation of a reddish-brown color [52].

4.3.5. Test for Cardiac Glycosides
Cardiac Glycoside (Keller—Kiliani Test)

Plant extract (2 mL) was mixed with 5 mL distilled water and was shaken, followed
by the addition of 2 mL glacial acetic acid (prepared by the addition of a few drops of ferric
chloride). To this, 1 mL H,SO4 was added by the sides of the test tube. It was then observed
for brown ring formation at the interface that shows the occurrence of cardiac glycosides,
and also the formation of a violet ring might be noticed below the brown ring [53].

4.3.6. Test for Phenols
Ferric Chloride Test

Test extracts were diluted in distilled water (3 mL) and reacted with ferric chloride
(5% aqueous solution). A deep-blue or black color shows the positivity of phenols [51].

4.3.7. Test for Flavonoids
Alkaline Reagent Test
Plant extracts were combined with 2% of NaOH solution (2 mL), which resulted in a

deep-yellow color, which became colorless upon the addition of diluted acid (a few drops).
This determines the presence of flavonoids [52].

4.3.8. Test for Saponins

A total of 2 mL of plant extract was added to 10 mL distilled water and then shaken
vigorously to obtain stable forth that indicates the presence of Saponins [53].

4.3.9. Test for Terpenoids
Salkowski’s Test

Test extract (2 mL) was added to a test tube containing chloroform (2 mL), and they
were thoroughly shaken to homogenize them. To this, 2 mL concentrated H,SO4 was added
by the side of the test tube; the presence of terpenoids was indicated by the formation of a
reddish-brown ring at the interface [53].

4.3.10. Anthraquinones Glycosides
Borntrager’s Test

The sample extracts were shaken vigorously with a benzene layer and separated.
To this, 10% ammonia solution was added in half the taken volume of the benzene layer.
In the ammoniacal phase, pink, red, or violet color was observed for the anthraquinones
glycosides presence [54].

4.3.11. Test for Tannins

A total of 10 mL of distilled water was mixed with each extract and then filtered.
To this, 5% ferric chloride (few drops) was added. The presence of tannins was determined
by the formation of black or blue—green coloration or precipitation [53].

4.3.12. Test for Alkaloids

A total of 2 mL of each extract was individually treated with 5 mL of hydrochloric acid
(1.5% v/v) and filtered. The obtained filtrates were reacted with Mayer’s reagent (mercuric
chloride (1.36 g) and potassium iodide (5 g) prepared in 100 mL distilled water). The presence
of alkaloid was determined by the observation of yellow cream precipitation [51].
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4.3.13. Test for Betacyanins

Test extracts were reacted with 2 N NaOH and heated at 100 °C for 5 min; the occur-
rence of yellow color indicates the presence of betacyanins [55].

4.3.14. Test for Quinone’s

An equal volume of extract was treated with concentrated H,SO, and observed for
the red color indicating the presence of quinone’s [51].

4.4. Fourier-Transform Infrared Spectroscopy (FI-IR) and Energy-Dispersive X-ray Spectroscopy
(EDX) Analysis

The NICOLET 67000 FTIR spectrophotometer (NICOLET, Thermo Fisher Scientific,
Waltham, MA, USA) was used for functional group identification. The obtained methanolic
extract of leaves was dried under vacuum pressure for complete removal of moisture,
grounded with crystals of potassium bromide, and pressed between guides by applying
a vacuum to make the thin discs. Then, the spectrum of the extract was recorded in the
transmittance mode between 400 cm ! and 4000 cm ™! at a resolution of 4 cm~!. An ele-
mental analysis of leaves powder was carried out to determine the elemental composition.
The mass % of elements was determined by generating the spectra of the various micro
and macro mineral elements using energy-dispersive X-ray spectroscopy (EDX) (JSM-IT
500LA, Tokyo, Japan) [19].

4.5. Phytochemical Determination of C. felina Methanolic Leaves Extract by Gas
Chromatography—Mass Spectrometry (GCMS) Analysis

GCMS analysis of extract was performed using an Agilent 8890 MS gas chromatograph
coupled to an Agilent 5977B Mass spectrometer detector, Palo Alto, CA, USA (MSD).
Compounds were separated on a fused silica capillary column with a column dimension
30 m x 250 pm x 0.25 um. The temperature of the injector was 250 °C, and 1 pL of the
sample was injected in the split mode with a split ratio of 15:1. Helium (He) was used
as a carrier gas, and the flow rate of the gas was 3 mL/min. The temperature program
was as follows: initial temperature of 75 °C held for 0.5 min, followed by the ramping
up of the temperature at a rate of 5 °C/min up to 300 °C, which was held for 20 min.
The temperature of the MSD transfer line was 280 °C. For mass spectra determination,
the MSD was operated in electron ionization (EI) mode, with ionization energy of 70 eV,
while the mass range scanned was 50 m/z. The temperature of the ion source was 230 °C,
and that of the MS quadrupole was 150 °C. The name, molecular weight, and structure of
the components of the test materials were ascertained by comparing the mass spectra with
the known compounds using an automated library search on the NIST MS Search program
(version 2.3 accessed on 13 April 2023).

4.6. Antimicrobial Activity of C. felina Methanolic Leaves Extract

The C. felina methanolic leaves extract was analyzed for antimicrobial activity against
selected pathogenic organisms by the agar well diffusion method in triplicates, according
to the method of Rudrappa et al. [56]. The respective two Gram-positive bacteria: S. aureus
(MTCC 6908) and B. cereus (MTCC 11778); two Gram-negative bacteria: E. coli (MTCC
40), P. aeruginosa (MTCC 9027); two yeast strains: C. albicans (MTCC 227) and C. glabrata
(MTCC 3019) organisms were analyzed, which were procured from IMTECH, Chandigarh,
India. The leaves methanolic (99%) extract of 100 mg/mL was prepared by dissolving
in Dimethyl-sulfoxide DMSO (99%). Pathogenic organisms to be screened were cultured
with a loopful of inoculation loop in Muller-Hinton broth (Himedia, Pvt Ltd, Mumbai,
India), which was then incubated at 37 °C overnight. Pre-cultured pathogenic organisms
were swabbed on separate nutrient agar plates in 0.5 McFarland concentrations, and a
sterilized cork borer was used to produce 6 mm wells on cultured nutrient plates. For each
organism, the respective wells were loaded with 100 uL of positive control (streptomycin
for bacteria and nystatin for yeast, 100 pg/mL of each); 100 uL of negative control (DMSO);
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and 25, 50, 75, and 100 uL of C. felina methanolic leaves extract (100 mg/mL). All cultured
plates were incubated at 37 °C for 24 h, and the zone of inhibition was recorded after the
incubation period.

4.7. Experiment Animals

The male and female Wister albino rats (200-250 g) were facilitated from a central
animal facility present in H.S.K. College of Pharmacy and Research Centre, Bagalkot.
The experimental rats were maintained in a controlled environment of room temperature
(22-28 °C), followed by relative humidity (65 &= 10%) and a light-dark cycle of 12 h. They
were under observation in accordance to the guidelines of the Institutional Animal Ethics
Committee (IAEC) and were provided with standard laboratory feed (Amruth, Sangli,
Maharashtra, India) and were in continuous access to water as needed. Ethical approval
was acquired from the Institutional Animal Ethics Committee (IAEC) of Hangal Shri
Kumareshwar College of Pharmacy, Bagalkot-587101, Karnataka, India, with reference
number HSKCP /TAEC, Clear/1/2022-23/R&D/ KUD 02.

4.8. Acute Toxicity of C. felina Methanolic Leaves Extract

The acute toxicity of Swiss albino mice was examined in accordance with the Or-
ganization for Economic Co-operation and Development (OECD) guidelines 425, by ad-
ministering a single dose of C. felina methanolic leaves extract orally at concentrations
of 84, 80, and 70 mg to the body weight (42, 40, and 35 g). The limit dose given per oral
administration was 2000 mg/kg. The mice were closely monitored for 4 h for behavioral
and toxicological signs. Subsequent observations continued for 14 days. The observations
were made for various parameters, such as changes in the skin, fur, eyes, and mucous mem-
branes; special attention was given to tremors, convulsions, salivation, diarrhea, lethargy,
sleep, and coma. The determination of screening doses for the selected extract to evaluate
their hepatoprotective activity was based on the results obtained from this study:.

4.9. Paracetamol-Induced Hepatoprotective Activity by C. felina Methanolic Leaves Extract in
Wister Albino Rats

The Wister albino rats were grouped into five sets, each consisting of four animals.
In group 1 (Normal), rats were given a normal saline solution (vehicle) at a dosage of
10 mL/kg b.wt.; group 2 (Control) rats were treated with Paracetamol (PC), commonly
known as N-acetyl-p-aminophenol (acetaminophen). Group 3 (standard) rats received
Silymarine 20 mg/kg b.wt. Groups 4 and 5 were administered with C. felina methanolic
leaves extract at a 50 and 100 mg/kg b.wt. dose, respectively, for 12 days duration via oral
administration. All the group rats were sacrificed at the end of the experiment after 24 h
of the last dose administration. Serum blood and liver tissue homogenates from all the
experimental animals were collected and analyzed for biochemical markers and in vivo
antioxidant enzyme activities.

4.9.1. Biochemical Estimation in Blood Serum

After 24 h intervals of the final administration of PC, serum blood samples were ob-
tained from each animal via the tail vein. The collected blood samples were then subjected
to centrifugation at 3000 rpm for 10 min in order to separate the serum. The separated serum
was utilized for the measurement of aspartate transaminase (AST), alanine transaminase
(ALT), alkaline phosphatase (ALP), Total Bilirubin, and Total cholesterol levels by employ-
ing the described experiments of Igbal et al. [57], using standard Biochemical diagnostic
kits BIO-LA-TEST (Erbamannheim, Transasia Bio-Medicals Pvt Ltd., Mumbai, India).

Assessment of Aspartate Transaminase or Serum Glutamic Oxaloacetic Transaminase
(AST/SGOT)

AST activity was estimated by following the method of Igbal et al. [57], with minor
adjustments. This assay was determined by preparing a fresh working reagent by combin-
ing 4 volumes of Reagent 1 with 1 volume of Reagent 2. To establish a baseline, a blank

71



Antibiotics 2023, 12, 1506

was analyzed using distilled water. For the test samples, 50 uL of serum was mixed with
500 pL of the working reagent at a temperature of 37 °C. The oxidation rate of NADH
was measured kinetically by tracking the decrease in absorbance at 340 nm using an Auto
analyzer (CPC Stat Fax 3000 Plus, Shimadzu, Kyoto, Japan).

Assessment of Alanine Transaminase or Serum Glutamic Pyruvic Transaminase
(ALT/SGTP)

ALT activity was measured by employing the described procedure of Igbal et al. [57],
with a few concentration alterations. A working reagent was prepared by mixing Reagent
with Reagent 2 to perform the estimation. The blank was analyzed using distilled water
as a reference. For the test sample, 50 pL of serum was mixed with 500 pL of the working
reagent at a temperature of 37 °C. The rate of NADH oxidation was determined kinetically
by observing the decrease in absorbance at 340 nm using Auto analyzer (CPC Stat Fax 3000
Plus, Shimadzu, Kyoto, Japan).

Assessment of Alkaline Phosphatase (ALP)

ALP activity level was determined using Tietz et al. [58] method, with a few alterations.
To determine the level of ALP activities, 20 pL of serum was combined with 1000 uL. of ALP
reagent. The ALP reagent consisted of Reagent 1. The change in absorbance caused by the
formation of the yellow color was measured kinetically at 405 nm using an Auto analyzer
(CPC Stat Fax 3000 Plus, Shimadzu, Kyoto, Japan). The magnitude of the absorbance
change was directly proportional to the ALP activity present in the sample.

Assessment of Total Bilirubin

The estimation of Total Bilirubin was conducted using the Diazo method developed
by Pearlman and Lee [59]. In this method, the working reagent used for this process was a
combination of two components. Reagent 1 was the total Bilirubin reagent, and Reagent 2
was the sodium nitrite reagent (sodium nitrite). The analysis was carried out by preparing
a blank solution consisting of 500 pL of the working reagent mixed with 25 pL of distilled
water. Following this, the test sample is prepared by combining 500 uL of the working
reagent with 25 pL of the test serum. The mixture was thoroughly mixed and then incubated
for 5 min at 37 °C. The absorbance of the test sample was measured at a wavelength of
546 nm using an Auto analyzer (CPC Stat Fax 3000 Plus, Shimadzu, Kyoto, Japan).

Assessment of Total Cholesterol

Total cholesterol assessment was performed using the conducted experiment of
Igbal et al. [57], with some modifications. The assay was conducted using the PEG-CHOD-
PAP (Polyethylene glycol-cholesterol oxidase-peroxidase-4- aminoantipyrine) method as
an endpoint assay, incorporating the Lipid Clearing Factor (LCF). The standard was pre-
pared by combining 100 uL of Reagent 1 with 10 uL of Reagent 2, namely, the Cholesterol
standard containing cholesterol, preservatives, and stabilizers. To analyze the test sample,
1000 pL of the enzyme reagent is mixed with 10 uL of the sample and incubated at 37 °C
for 10 min. The analysis was carried out using the reagent blank, followed by the standard
and the test sample. The absorbance of the colored dye was measured at 505 nm using an
Auto analyzer (CPC Stat Fax 3000 Plus, Shimadzu, Kyoto, Japan).

4.9.2. In Vivo Antioxidant Estimation of Hepatic Tissues

In vivo antioxidant estimation of hepatic tissues was assessed. First, blood samples
were collected from each animal through the tail vein using sterile centrifuge tubes con-
taining heparin. Subsequently, all groups of rats were sacrificed, and their livers were
removed. The excised livers were then rinsed with ice-cold normal saline to eliminate any
remaining blood constituents. After rinsing, the livers were weighed and homogenized in
cold phosphate buffer (0.1 M, pH 7.4). To obtain the post-mitochondrial supernatant (PMS),
the tubes containing the liver homogenates were placed in a refrigerated centrifuge (high
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speed brushless centrifuge, MPW-350R (Shimadzu, Kyoto, Japan) and spun at 10,000 rpm
for 10 min at 4 °C. The supernatant obtained from this step was further centrifuged at
17,000 rpm for 1 h at 4 °C. The resulting supernatant was used to evaluate liver func-
tion, reduced glutathione (GSH), catalase (CAT), superoxide dismutase (SOD), and lipid
peroxidation (LPO).

Assay for Glutathione

Reduced glutathione was examined by the described method of Moron et al. [60], with
some modifications. The preparation of reagents involves the following steps. A solution
of 0.6 mM 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB) was made by dissolving 0.00238 g of
DTNB in 10 mL of methanol. For the phosphate buffer solution (PBS) with a pH 8, 9.4 mL
of potassium hydrogen phosphate and 3 mL of potassium di-hydrogen phosphate are
combined. Next, 1 mL of tissue homogenate was mixed with 6 mL of PBS at pH 8 and
1 mL of 0.6 mM DTNB. This mixture was then incubated at room temperature for 10 min,
after which the absorbance was measured at 412 nm using an analyzer (CPC Stat Fax
3000 Plus, Shimadzu, Kyoto, Japan) against appropriate blank samples. To determine the
glutathione content, a standard plot was used under the same experimental conditions.

Assay for Catalase

Catalase activity was assessed by employing the Claiborne method of Zeashan et al. [61],
with minor changes. In summary, the assay mixture comprised 50 mM Phosphate Buffered
Saline (PBS) at pH 7. To create a solution of 0.7 mM H;,0O,, 0.160 mL of H,O, was combined
with 100 mL of PBS. Following this, 1.95 mL of PBS at pH 7, 1 mL of H,O,, and 50 units
of tissue homogenate were added together. Alterations in absorbance were measured at
240 nm using an auto analyzer (CPC Stat Fax 3000 Plus, Shimadzu, Kyoto, Japan) both at
0 min and 1 min. Catalase activity was determined in units per milligram of protein.

Assay for Superoxide Dismutase

Superoxide dismutase assay was determined using the procedure of Natikar et al. [62].
The sodium carbonate buffer, 0.5 N HCl, and epinephrine solution were prepared during
the analysis. To initiate the experiment, combine 0.8 g of sodium carbonate buffer with
0.1 mL of tissue homogenate. Subsequently, the epinephrine solution was put into the
quartz cuvettes. Another mixture of 0.8 g of sodium carbonate buffer and 0.1 mL of tissue
homogenate was added to a separate cuvette. Absorbance was recorded at 295 nm using
auto analyzer (CPC Stat Fax 3000 Plus, Shimadzu, Kyoto, Japan) both at 0 min and 1 min.

Assay for Lipid Peroxidation

The LPO reaction was determined by following the Buege and Aust [63] procedure
with a few changes. To estimate the presence of thiobarbituric acid reactive substances
(TBARS) in the tissue homogenate, 500 pL of 10% tissue homogenate was combined with
300 uL of 15% trichloroacetic acid (TCA), 300 uL of 0.375% thiobarbituric acid (TBA),
and 30 pL of 5 N HCI. This mixture was then incubated at 95 °C for 15 min using a hot
water bath. After cooling, the mixture was centrifuged at 2000 rpm, and the absorbance of
the resulting supernatant was measured at 535 nm against an appropriate blank.

4.10. Statistical Analysis

All values were expressed as mean + SEM. Results were analyzed statistically by
using One-Way Analysis of Variance (ANOVA), by using Duncan’s multiple range test
(DMRT) using IBM SPSS Statistics software version 20, followed by multiple Dunnett’s test
(GraphPad Prism 10). The p < 0.05 was considered as significant. The effects of different
treated groups were compared with that of normal groups.
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5. Conclusions

The results of the current study on C. felina reports for the occurrence of remarkable
secondary metabolites, such as glycosides, phenolics, flavonoids, saponins, terpenoids,
and a few more. The fatal functional groups, like alcohols, amine salt, conjugated alkenes,
sulfonyl chloride, halo compounds and major elements, like carbon, oxygen, magnesium,
aluminum, silicon, phosphorus, sulfur, chlorine, potassium, and calcium, were revealed
by FTIR and EDX spectroscopy analysis. Furthermore, the methanolic leaves extract ex-
hibited the nutritional and pharmacological active phyto-compounds being detected as
1-Butanol, 3-methyl-, formate, 1-Decanol, 2-ethyl, 1,6-Anhydro-3-d-talopyranoseEthene,
1,2-bis(methylthio)-, Decane, 3-Methylene-,11-dimethyl-1-dodecene, AmLexanox, 1,2,3,4-
Cyclopentanetetrol, (1e,23,303,4c), L-Cysteine S-sulfate, n-Hexadecanoic acid, and Flucar-
bazone screened by the GCMS technique. Despite phytochemical constitutions, methanolic
leaves extract depicted potent antimicrobial, acute oral toxicity, and paracetamol-induced
hepatoprotective activity. The exhibition of antimicrobial and hepatoprotective activity
might be due to the 1, 6-Anhydro-f3-d-talopyranose and n-Hexadecanoic acid, as these
compounds were reported for their pharmacological applications. Overall, from the present
data of the study, it can be concluded that C. felina leaves would be immense bedrock for
the isolation of active phytochemicals, can be a future scope for treating microbial and
hepatotoxic diseases, and could be utilized in numerous cosmetics, herbicides, and food
industries. Future study is required for isolation and analysis of active phyto-components
commencements for the antimicrobial and hepatoprotective activity of the C. felina leaves.
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Abstract: Medicinal plants with multiple targets of action have become one of the most promising
solutions in the fight against multidrug-resistant (MDR) bacterial infections. Tanacetum vulgare (Tansy)
is one of the medicinal plants with antibacterial qualities that deserve to be studied. Thus, this
research takes a closer look at tansy extract’s composition and antibacterial properties, aiming to
highlight its potential against clinically relevant bacterial strains. In this respect, the antibacterial test
was performed against several drug-resistant pathogenic strains, and we correlated them with the
main isolated compounds, demonstrating the therapeutic properties of the extract. The essential oil
was extracted via hydrodistillation, and its composition was characterized via gas chromatography.
The main isolated compounds known for their antibacterial effects were «-Thujone, 3-Thujone,
Eucalyptol, Sabinene, Chrysanthenon, Camphor, Linalool oxide acetate, cis-Carveol, trans-Carveyl
acetate, and Germacrene. The evaluation of the antibacterial activity was carried out using the
Kirby-Bauer and binary microdilution methods on Gram-positive and Gram-negative MDR strains
belonging to the ESKAPE group (i.e., Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.). Tansy essential oil showed
MIC values ranging from 62.5 to 500 pug/mL against the tested strains. Synergistic activity with
different classes of antibiotics (penicillins, cephalosporins, carbapenems, monobactams, aminoglyco-
sides, and quinolones) has also been noted. The obtained results demonstrate that tansy essential
oil represents a promising lead for developing new antimicrobials active against MDR alone or in
combination with antibiotics.

Keywords: natural products; Tanacetum vulgare; tansy extract; multidrug resistance; bioactive
compounds; antibacterial activity; synergism with antibiotics

1. Introduction

The therapy of infectious diseases is going through a major crisis due to the extent of
the phenomenon of antibiotic resistance (AR), which has reached alarming proportions.
The World Health Organization (WHO) list (27 February 2017) [1] of priority pathogens
for research and development of new antibiotics comprises three priority levels: criti-
cal, high, and medium. The critical level includes multidrug-resistant pathogens (MDR—
bacteria resistant to three or more classes of antibiotics) ESKAPE, Gram-negative pathogens,
A. baumannii (carbapenem-resistant), P. aeruginosa (carbapenem-resistant), K. pneumoniae
(resistant to third-generation cephalosporins), and Enterobacter spp. (resistant to third-
generation cephalosporins). The high level includes ESKAPE Gram-positive pathogens,
Enterococcus faecium (vancomycin-resistant), and S. aureus (intermediate methicillin-resistant
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and vancomycin-resistant). These pathogens are often isolated from clinical settings associ-
ated with life-threatening nosocomial infections [2].

The design of new (classes of) antibiotics is difficult to achieve. Although efforts
are made to stop and reduce the phenomenon, the monitoring studies do not report the
positive effects of these policies, as the incidence of multidrug and pandrug-resistant strains
is continuously increasing [3]. New antibiotics that entered the market in recent decades
are variations of pre-existent antibiotics discovered up to the 1980s [4]. The lack of progress
in antibiotic development highlights the need to explore innovative approaches to treating
bacterial infections.

The list of plants with curative effects against a wide variety of chronic and infectious
diseases has expanded, especially in recent decades. Analytical methods have identified
diverse compounds with therapeutic effects, especially against bacterial infectious diseases,
in the context of the expansion of the phenomenon of antibiotic resistance [5,6]. In vitro
tests have shown that some plant species that are used to treat non-infectious diseases (e.g.,
Panax ginseng, Achillea sp., Cichorium intybus L., Cynara cardunculus L., Foeniculum vulgare
Mill., which regulate liver functions [7], or plants that regulate the nervous system, such
as Ginkgo biloba L., Panax ginseng C.A. Mayer, Scutellaria baicalensis Georgi [8]) also have
antibacterial activity [9-14]. More than a quarter of the medicines administered in industri-
alized countries are obtained directly or indirectly from plants. The antimicrobial action
of plant extracts results from their complex chemical composition, the compounds acting
synergistically and having multiple action targets. These preparations are generically
referred to as “non-antibiotic” antibacterial agents [15] and were proven to be active against
a large spectrum of bacterial and fungal strains [16].

The use of essential oils (EOs), resulting from the secondary metabolism of plants, has
been known since Neolithic times when they were extracted via pressing. The Egyptians used
to extract oils by infusing a plant into a fatty substance. By boiling, the flavor evaporates
and is fixed in the fat [17]. The oldest medicine book, “Shennong’s Herbal”, dating back to
2700 BC, contains instructions for using 365 medicinal plants belonging to Chinese folklore.
Hippocrates, the father of modern medicine, documented the medical benefits of fumigation
with aromatic oils in treating plague. There are 12 different types of EOs mentioned in the
Holy Bible. In 1990, in the book “L’Aromatherapie Exactement”, the medical properties of
more than 270 EOs are described, representing a start for many studies [18].

The main chemical compounds found in the composition of EOs include terpenes,
terpenoids, alkaloids, and phenolic compounds. EOs are obtained from raw vegetable
material, steam distillation, or dry distillation. Yields vary greatly depending on plant parts’
pre-processing techniques and agronomic factors (climate, soil, oral harvest interval) [19,20].
In general, the increase in drying temperature is proportional to the decrease in the EO
content [21]. Thus, drying plants at 30 °C leads to concentration losses of 16%, while drying
at higher temperatures of 60 °C leads to 65% losses [22]. Therefore, the obtaining process is
directly correlated with the quality of the EOs.

Tansy (Tanacetum wvulgare) is an aromatic plant that combines the smell of
Achillea millefolium with Artemisia absintum, Piper nigrum, Salvia mirzayanii, and Eucalyptus sp. due
to some common aromatic compounds. Aromatic plants are rich in essential oils. The term
“essential oil” was used by Paracelsus von Hohenheim, who called the effective component of
a medicine “Quinta essential”. Conventional methods of obtaining essential oil include cold
pressing, distillation, and solvent extraction. Supercritical and subcritical carbon dioxide (CO;)
extraction methods are more advanced and used industrially. The most efficient method, both
financially and in terms of working time, is via water vapor distillation, which we conducted in
this work.

Although Tanacetum vulgare is a plant that has been studied a lot recently due to its
multiple therapeutic properties, including anti-inflammatory, antioxidant, and antibacterial
activities, it still presents novelties due to its chemical compounds that vary according
to environmental conditions (e.g., soil pH, light exposure, humidity, pollution) [23-25].
According to the World Checklist of Selected Plant Families, Anthos, Flora Iberica, and other
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databases, it has been attributed to numerous names correlated with its action/benefits,
such as the gate of heaven, herb of the Mother of God, herb of the air, herb of worms, triac
plant, medicinal of St. Anastasia, moss herb, St. Mark’s weed, bitter weed, St. Teresa’s pen,
frankincense, and mugwort. However, it has been destroyed by herbicide or incineration
in recent years, being considered an invasive plant.

In Romania, Tansy has a wide distribution, including all geographical areas. The best
harvesting period is considered to range from July to August. The plant used herein was
selected from an area with abundant growth in the Sohodol Valley area, Gorj County, Romania.

This study aims to highlight the potential of the EOs extracted from locally collected
T. vulgare to be used as a source of antibacterial formulations or compounds. In this respect,
EOs have been extracted via hydrodistillation, their main chemical constituents have been
identified via gas chromatography-mass spectrometry (GC-MS), and their antibacterial
properties have been investigated against clinically relevant Gram-positive and Gram-
negative MDR bacterial strains, demonstrating promising activity. Thus, this study seeks
to emphasize the importance of local plants for developing antimicrobial formulations
against ESKAPE pathogens.

2. Results

The essential oil yield was 0.43% (w/w) after 6 h of distillation. The refractive index
was determined using an Abbe Zeiss refractometer, being 1.4756. The density measured
with an ISOLAB pycnometer was 0.95783 g-mL 1.

Further, approximately 80 compounds were identified via GC-MS analysis (Figure 1)
and summarized in Table 1 in the order of elution.
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Figure 1. Chromatograph of EOs obtained from T. vulgare. The peaks indicate the concentration of
the compounds.

Table 1. Chemical compounds of essential oil from T. vulgare, listed in order of elution, as identified
via GC-MS analysis.

I’Nr. Compound Retenti(?n Time Compound Concentl;ation
eak (min) Class (wlw %)
1 o-Thujone 4.24 MO 0.05 4 0.02
2 «-Pinenene 4.42 MH 0.85 4+ 0.03
3 Camphene 4.76 MH 0.53 +0.02
4 Dehydro sabinene ketone 4.83 MO 0.02 £0.01
5 Sabinene 5.22 MH 1.51 £ 0.01
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Table 1. Cont.

PNr. Compound Retenti(?n Time Compound Concentroation

eak (min) Class (wlw %)
6 -Pinene 5.36 MH 0.42 £ 0.04
7 3-Mircene 5.54 MH 0.14 £ 0.03
8 2,3-Dehydro-1,8-cineole 5.61 MO 0.04 + 0.01
9 a-Phellandrene 6.00 MH 0.03 £ 0.01
10 (+)-3-Carene 6.08 MH 0.16 = 0.02
11 a-Terpinene 6.27 MH 0.29 £+ 0.03
12 p-Cymene 6.46 MO 0.52 £ 0.01
13 D-Limonene 6.59 MH 0.62 = 0.02
14 Eucalyptol 6.67 MO 2.47 £0.03
15 Trans-B-Ocimene 7.01 MH 0.07 £ 0.01
16 y-Terpinene 7.37 MH 0.58 +0.01
17 cis-Sabinene hydrate 7.71 MO 0.02 £ 0.01
18 Terpinolene 8.16 MH 0.16 4 0.02
19 Linalool 8.54 MO 0.03 £ 0.01
20 Filifolone 8.57 MO 0.33 £0.01
21 a-Thujone 8.76 MH 3.47 £0.03
22 B-Thujone 9.15 MO 30.26 £ 0.04
23 Chrysanthenone 9.22 MO 1.60 + 0.01
24 Ethylcycl(irpa:ri}(j)_methanol 9.32 o 0.09 =001
25 (+)-Isothujol 9.71 MO 0.19 £ 0.02
26 (—)-cis-Sabinol 9.78 MO 0.20 £ 0.03
27 L-trans-Pinocarveol 9.83 MO 0.19 £ 0.01
28 (+)-Camphor 10.00 MO 1.67 £+ 0.03
29 Pinocarvone 10.48 MO 0.34 £0.01
30 (1S)-endo)-(—)-Borneol 10.79 MO 0.24 +0.01
31 cis-Pinocamphone 10.91 MO 0.03 £ 0.01
32 (—)-Terpinen-4-ol 11.06 MO 1.01 £ 0.02
34 a-Thujenol 11.12 MO 0.02 £ 0.01
35 1,5-Menthadien-7-ol 11.42 MO 0.05 £ 0.01
36 cis-Dihydrocarvone 11.52 MO 0.38 £ 0.03
37 cis-Dihydrocarvone 11.58 MO 0.12 + 0.02
38 (—)-trans-Isopiperilenol 11.69 MO 0.02 £+ 0.01
39 trans-Dihydrocarvone 11.80 MO 0.02 £ 0.01
40 cis-p-Menth-2-en-7-ol 11.90 MO 0.23 £0.01
41 trans-p-Menth-2-en-7-ol 11.95 MO 0.16 £ 0.02
42 cis-Carveol 12.28 MO 1.23 +0.02
43 trans-Chrysanthenyl acetate 12.68 MO 0.06 £ 0.01
44 Carveol 12.70 MO 0.79 £0.01
45 (—)-Carvone 13.05 MO 0.4 +0.02
46 Piperitone 13.24 MO 0.04 £0.01
47 cis-Chrysanthenyl acetate 13.48 MO 1.25 +0.03
48 iso-3-Thujyl acetate 13.61 MO 0.06 £ 0.01
49 (Z)-Linalool oxide acetat pvr 14.23 MO 0.02 +0.01
50 (—)-Bornyl acetate 14.36 MO 0.09 £ 0.01
51 trans-Sabinil acetate 14.49 MO 4.6 £0.03
52 trans-2,trans-4-Decadiene | C10H18 15.03 MH 0.25 + 0.02
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Table 1. Cont.

PNr. Compound Retenti(?n Time Compound Concentroation
eak (min) Class (wlw %)

53 Chrysanthenyl propionate 15.59 MO 0.02 £ 0.01
54 1,4-p-Menthadien-7-ol 15.81 MO 0.07 £ 0.01
55 cis-Carvyl acetate 15.90 MO 0.23 £0.01
56 a-Fenchene 16.02 MH 0.52 £ 0.02
57 Pseudolimonen 16.49 MH 0.13 £0.01
58 trans-Carveyl acetate 16.78 MO 34.44 + 0.03
59 7-epi-Silphiperfol-5-ene 17.26 SH 0.02 £0.01
60 «-Copaene 17.31 MH 0.06 +0.01
61 Caryophylene 18.66 SH 0.25 £0.02
62 -Copaene 18.97 MH 0.02 +£0.01
63 Humulene 19.75 SH 0.09 +0.01
64 y-Cardinene 20.35 SH 0.05 £+ 0.01
65 Germacrene D 20.53 SH 3.03 +0.02
66 Bicyclogermacren 20.97 SH 0.53 £ 0.01
67 -Cadinene 21.66 SH 0.23 £ 0.02
68 cis-Verbenyl angelate 21.95 SO 0.05 £ 0.01
69 Bornyl acetate, (E)-methyl tiglate 22.84 MO 0.09 £+ 0.01
70 Spathulenol 23.34 SO 0.09 £ 0.01
71 Caryophylene oxide 23.49 SO 0.11 £ 0.01
72 Salvial-4(14)-en-1-one 23.80 SO 0.03 £+ 0.01
73 Cedrol 24.25 SO 0.14 £ 0.02
74 10-epi-juneol 24.64 SO 0.03 4 0.01
75 Cubenol 24.81 SO 0.05 £ 0.01
76 13-Tetradecanolide 25.38 (@) 0.3 £ 0.01

77 «-Cardanol 25.58 SO 0.13 £ 0.01
78 Neointermedeol 25.64 SO 0.31 £ 0.02
79 Intermedeol 25.81 SO 0.32 +£0.01

Total concentration 99.26

Abbreviations: MH = monoterpene hydrocarbons; MO = oxygenated monoterpenes; SH = sesquiterpene hydro-
carbons; SO = oxygenated sesquiterpenes; O = others. Values are mean =+ standard deviation of three different
samples of T. vulgare, analyzed individually in triplicate. Retention time identification is based on comparing
retention time with standard compounds; MS identification is based on comparing mass spectra. The amounts
were calculated using calibrated curves with pure standard compounds.

The chemical and active properties of Tansy depend on several factors (e.g., plant
distribution, geographical location, and environmental factors) [26], which influence the
yield and quality of the plant. Thus, we made a comparison between the main compounds
obtained by us and those obtained and published in the specialized literature from different
geographical areas: Poland, Serbia, and Canada. The working methods for obtaining the
essential oil and identifying the compounds were similar, but the reports were different,
suggesting the Tansy species’ variety. Table 2 summarizes these differences.

In the quantitative assay of the antimicrobial activity of the tansy EOs, all tested
strains proved to be very susceptible to the tested EOs in the mass concentration range of
62.5-500 pg/mL (Figure 2). The results obtained showed that Tansy had a remarkable
antibacterial effect. Tansy essential oil inhibited the growth of almost all tested bacteria at a
concentration lower than 61.5 ug/mL. A higher mass concentration (23.25mg/mL) was
needed to inhibit the growth of P. aeruginosa (125 pg/mL).
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Table 2. The main chemical compounds isolated and identified in T. vulgare essential oils compared
to similar studies.

%

Identified Compound
1 2 3 4 (R) 4M) 4 (W) 4(7)
Sabinene 1.51 2.02 0.1 2.09 3.39 2.36 0.24
Eucalyptol 2.47 n.d. n.d. n.d. n.d. n.d. n.d.
Trans-3-Ocimene 0.07 n.d. n.d. n.d. n.d. n.d. n.d.
Linalool 0.03 0.38 n.d. 0.33 0.33 0.28 0.17
Filifolone 0.33 0.15 tr n.d. n.d. n.d. n.d.
A-Thujone 3.47 0.08 0.9 n.d. tr 0.14 n.d.
3-Thujone 30.26 3.66 66.6 n.d. n.d. n.d. n.d.
Chrysanthenone 1.6 3.76 tr n.d. n.d. n.d. n.d.
(+)-Camphor 1.67 30.48 3.1 31.21 10.17 11.93 1.27
cis-Pinocamphone 0.03 n.d. n.d. n.d. n.d. n.d. n.d.
(—)-Terpinen 4-ol 1.01 0.09 0.8 n.d. n.d. n.d. n.d.
cis-Carveol 1.23 n.d. n.d. n.d. n.d. n.d. n.d.
cis-Chrysanthenyl acetate 1.25 0.1 n.d. 0.07 0.13 191 0.11
(z)-Linalool oxide acetate (pyranoid) 0.01 n.d. n.d. n.d. n.d. n.d. n.d.
trans-Sabinyl acetate 4.6 n.d. 0.1 n.d. n.d. n.d. n.d.
«-Fenchene 0.52 n.d. n.d. n.d. n.d. n.d. n.d.
trans-Carvyl acetate 34.44 n.d. n.d. n.d. n.d. n.d. n.d.
3-Copaene 0.02 n.d. tr n.d. n.d. n.d. n.d.
Germacrene D 3.03 0.09 0.7 0.46 0.42 0.7 0.38
Cedrol 0.14 n.d. n.d. n.d. n.d. n.d. n.d.
Juneol 0.03 n.d. n.d. n.d. n.d. n.d. n.d.

Abbreviations: tr—Trace amounts (<0.05%); n.d.—Not determined; 1—compounds identified in this study;
2—compounds identified by Coté et al. [24]; 3—compounds identified by Radulovi¢ et al. [27]; 4—compounds
identified by Nurzyniska-Wierdak et al. [23] from several sites: R—reclaimed site; M—the meadow near the river;
W-—ruderal site; T—plants growing along the road.
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Figure 2. Graphic representation of the antibacterial activity of tansy EOs against the MDR strains. On
the ordinate is written the value of the optical density of the cultures measured indirectly viaoptical
density at 620 nm with a UV-vis spectrometer (Lambda25, PerkinElmer, Inc., Waltham, MA, USA),
and on the abscissa is written the mass concentration of the Tansy extract (ug/mL). The best activity
was recorded against the S.aureus strain isolated from wound secretions (31.25 ug/mL). M+ positive
control (bacterial culture without extract addition) and M — (sterile culture medium). Experiments were
performed in triplicate (n = 3), and results were expressed as means =+ SD. Statistical analyses were
performed using GraphPad Prism 7. If the probability of the difference was less than p < 0.05, it was
deemed to be statistically significant.

The T. vulgare extract had a different effect on the activity of the tested antibiotics, depend-
ing on the bacterial strain and the antibiotic. Table 3 summarizes the obtained results regarding
the synergism of tansy EOs with the tested antibiotics. Each experiment was repeated three
times, the diameter of the inhibition zone being the arithmetic mean of these values. The
tolerance was 0.5 mm.
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As shown in Table 4, the Tansy EOs exhibited a synergic effect on all tested antibiotics
in the case of A. baumannii and K. pneumoniae strains and on at least one antibiotic from
each of the tested class in the case of P. aeruginosa strains (Table 3).

Table 4. The number of Gram-negative strains out of the total number of strains from each species
for which a synergism with To EOs was noted.

Antibiotic Class Antibiotics Pseudomonas aeruginosa  Acinetobacter baumannii Klebsiella pneumoniae

Penicilins/+clavulanic

PZ 2/3 2/2

4/4

acid or sulbactam PIP 3/3 2/2 4/4
SAM 2/3 2/2 4/4
Cephalosporins CAZ 2/3 2/2 4/4
Monobactams ATM 2/3 2/2 4/4
IMP 1/3 2/2 4/4
Carbapenems

MEM 3/3 2/2 4/4
GN 1/3 2/2 4/4

Aminoglycosides
TOB 3/3 2/2 4/4
LEV 3/3 2/2 4/4

Quinolones

CIP 2/3 2/2 4/4

Abbreviations: TPZ = Piperacillin + Tazobactam, PIP = Piperacillin, SAM = Ampicillin + Sulbactam,
CAZ = Ceftazidime, ATM = Aztreonam, IMP = Imipenem, MEM = Meropenem, GN = Gentamicin,
TOB = Tobramycin, LEV = Levofloxacin, CIP = Ciprofloxacin.

Plant extracts have multiple mechanisms of action on microorganisms. To better
understand their mechanisms of bactericidal or bacteriostatic action, we evaluated the influ-
ence of extracts by associating them with different classes of antibiotics: aminoglycosides,
-lactams, and quinolones. In particular, the serial microdilution method was used to
quantify the synergistic effect of tansy extract with antibiotics. Antibiotics, in combination
with the Tansy extract, demonstrated enhanced antibacterial activities (Table 5).

Table 5. Influence of Tansy extract on the antibiotic resistance profile of Gram-positive and Gram-
negative strains.

Strain

The Influence of EO Tansy against Bacterial Growth in Combination with the Antibiotic (ug/mL)

CIP (5 CIP + To FEP (30 FEP + AMC AMC+ GM (10 GM + IPM IPM + TOB TOB +

ug) ug) To (30 ug) To ug) To (10 png) To (10 pug) To

S. aureusyzy 128 16 256 32 128 32 128 16 128 16 256 16

S. aureusyss 256 32 512 16 64 16 256 32 256 32 512 16
A. baumanniipgg 64 8 128 8 64 8 64 16 128 64 128 32
A. baumanniizggy 256 32 128 32 32 64 256 32 256 32 64 64
P. aeruginosazier 64 16 256 8 128 32 128 8 64 16 128 16
P. aeruginosayiy 128 64 64 32 256 64 128 16 128 32 256 8
K. pneumoniaeg 256 64 256 8 256 32 16 4 512 32 128 32
K. pneumoniae 4 128 32 128 32 128 8 128 8 256 16 256 64
K. pneumoniae;sy 256 64 64 16 64 32 64 16 128 8 64 8
K. pneumoniaeor 128 32 64 8 64 16 256 8 128 16 128 8

Abbreviations: FEP = Cefepime; AMC = Amoxicillin + Clavulanic Acid; TOB = Tobramycin; w/w % Tansy = 125 ug/mL.

As observed in Table 5, regarding the synergism of the T vulgare extract with the
antibiotic, the plant extract had a different effect on the activity of the associated antibiotic
and also depending on the bacterial strain. The zones of inhibition had values between
14 and 30 mm. Each experiment was repeated three times, the diameter of the inhibition
zone being the arithmetic mean of these values. The tolerance was £0.5 mm.
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The synergism of the plant extract with the antibiotic was evident for all classes
of antibiotics inhibiting bacterial growth. The potentiation of antibacterial activity of
antibiotics in combination with plant extracts can be correlated with the synergism of the
specific mechanisms of action of antibiotics and extracts on multidrug-resistant bacteria.
Specifically, in combination with the extract, antibiotics have regained their properties
as bacterial inhibitors. Moreover, the synergistic action of Tansy extract with antibiotics
on MDR strains suggests the complexity of the action of the compounds resulting from
secondary metabolism.

3. Discussion

The list of plants with curative effects against a wide variety of organic and infectious
diseases has expanded, especially in recent decades, as analytical methods have identified
compounds with therapeutic effects, especially against bacterial infectious diseases, in the
context of the expansion of the phenomenon of antibiotic resistance. In vitro tests have
shown that some plant species used to treat non-infectious diseases have antibacterial
activity. More than a quarter of the medicines administered in industrialized countries are
obtained directly or indirectly from plants [15].

The antimicrobial action of plant extracts results from their complex chemical com-
position, the compounds acting synergistically and having multiple action targets. These
preparations are generically referred to as “non-antibiotic antibacterial agents” [15] and
were proven to be active against a large spectrum of bacterial and fungal strains [16].

In this context, the main objective of this study was to evaluate the antibacterial
effect of Tansy EO as well as its potential synergy with antibiotics. In this regard, the
first step assumed the identification of the bioactive compounds of T. vulgare extract,
comparing them with those reported by other authors. The variation in the concentration
of the compounds is correlated with the site from which the plant was harvested [23]. In
more detail, the essential oil composition indicates plant adaptation to habitat conditions
and stress conditions: drought, radiation, high temperature, heavy metal content, and
predators [28]. Thus, essential oils change according to environmental conditions [29].

The biological activity of Tansy extract is related to the total terpene content of the
essential oil. As depicted in Table 2, Radulovi¢ et al. [27] identified the presence of four dif-
ferent chemotypes of these species in Serbia (thujone, trans-chrysanthenyl acetate, chrysan-
thenyl, and camphoric chemotype) depending on the geographical areas. The chemotype
of the species studied by Coté et al. [24] collected from Chicoutimi, Quebec City, QC,
Canada, is camphoric (30.4%). The chemotype of the species studied by Nurzynska-
Wierdak et al. [23], from eastern Poland (Wohyri Commune, Radzyn Poviat, Lubelskie
Voivodeship) is trans-chrysanthenyl (76.09%). The chemotype of our plant was trans-Carvyl
acetate (34.44%).

The compounds identified in this study had approximately the same concentrations as
those reported in the cited literature, with some differences that could influence the higher
antibacterial activity. Thus, Eucalyptol, trans-3-Ocimene, cis-Pinocamphone, cis-Carveol,
(z)-Linalool oxide acetate (pyranoid), «-Fenchene, trans-Carvyl acetate, 3-Copaene, Cedrol,
and Junelol were not identified in these studies [23,24,27]. Therefore, this article completes
the knowledge regarding T. vulgare EO, identifying and quantifying a series of previously
disregarded compounds.

Eucalyptol is an important monoterpene in this study, found in a proportion of 2.47%,
being widely used in the pharmaceutical industry, having anti-inflammatory properties,
and killing leukemic cells in vitro [30]. Antibacterial activity has been reported in several
studies [31,32], the main mechanism of action being the penetration of the bacterial cell
membrane and its lysis [33]. Trans-3-Ocimene is a terpene that establishes tri-trophic
interactions [34], which was identified in a proportion of 0.07%. In addition to its quality
as a food additive, it has several therapeutic properties, including anti-inflammatory,
antifungal, and antiviral effects [35,36]. Cis-Pinocamphone is a monoterpenoid found
especially in Xylopia aromatica and Aloysia gratissima. Cis-Carveol is a monoterpene that has
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the ability to cause the death of the bacterial cell via the disintegration mechanism of the
cell membrane [37]. x-Fenchene is a monoterpene with a camphor-like odor. The presence
of this compound in plants has a role in increasing antioxidant activity [38]. The greatest
spread was found in Artemisia sp., hence the similarity of the smell of the two plants [39].

Trans-Carvyl acetate is a terpene ester with a mint flavor with a role in increasing
antibacterial activity [40]. B—Copaene is a sesquiterpene used as a food additive and flavor
due to its antioxidant properties [41]. Cedrol is a sesquiterpene found in conifers used
in traditional medicine, especially due to its antimicrobial properties [42]. Juneol is a
sesquiterpene identified in high concentrations in Bursera graveolens, a tree that belongs
to the same family (Burseraceae) as frankincense and myrrh with several therapeutic
properties, including antibacterial [43].

Concerning identified concentrations, the most abundant compounds were carvyl
acetate (34.44%) and p-thujone (30.26%). Carvyl acetate is a flavonoid predominantly
found in Mentha spicata L. with strong inhibitory potential against Gram-positive and
Gram-negative bacteria and pathogenic fungi [44]. The quality of Mentha longifolia (L) EOs
is proportional to the carveol content [45]. On the other hand, a-Thujone and {3-thujone
are the two stereoisomeric forms by which thujone is represented in the ketone group of
bicyclic monoterpenes [46].

Plants that have significant thujone content, such as Artemisia sp., Achillea sp.,
Thuja sp., and Salvia sp., are often used to flavor foods and beverages. Absinthe, for
example, is a well-known alcoholic drink called absinthe after the name of the plant used
due to the flavor obtained by adding the extract of Artemisia absinthium L. Thujone has
long been thought to cause adverse psychoactive effects. However, recent research has
made convincing arguments for correctly identifying substances with possible side effects
in absinthe, such as ethanol and other compounds used in the adulteration process [47]. In
addition, a-Thujone is the active ingredient of wormwood oil and other drugs and has been
reported to have antinociceptive, insecticidal, and anthelmintic activity [48]. The toxicity
of thujone has been studied extensively, neurotoxicity being the main toxic outcome [49].
Regarding the degree of toxicity of the two forms of thujone, a-Thujone has a higher toxicity
than -thujone. As thujone is found in many medicinal plants to eliminate the supposed
negative effect of this compound, HMPC (Committee on Herbal Medicinal Products) and
EMA (European Medicines Agency) were able to set the maximum daily dose limit for
thujone, which was set between 3.5 and 5.0 mg/person [50].

Thujone formation is not a universal phenomenon in plants. The indirect precur-
sor of thujone, sabinene, is one of the most widespread monoterpene compounds in
EOs. Various external and internal factors influence the accumulation of thujone. The
isomerization of thujones can be explained by the presence of intermediates such as sabi-
nol, sabinone, and related compounds in EOs [51]. The thujone pathway exists in many
sabinene-containing species, but the expression of the corresponding genes is repressed
due to different metabolic interactions, leading to the lack of thujone (for example, plants
of the Lamiaceae family) [52].

It has been shown that «, 3-Thujone (70% of a-thujone and 10% of (3-thujone) also
have anti-cancer effects against placental choriocarcinoma cells by inducing apoptosis
via the mitochondrial-mediated intrinsic pathway [53]. A study by Pudetek et al. [54]
highlighted the properties of a-Thujone as a potent attenuator on the proliferation and
viability of glioblastoma multiforme cells, as this compound displayed anti-invasive and
pro-apoptotic effects on glioblastoma multiforme cells.

Further, the obtained extract was tested on Gram-positive and Gram-negative bacterial
strains that have been selected to exhibit multiple drug resistance to current antibiotics, i.e.,
beta-lactams, aminoglycosides, and quinolones. In order to evaluate the antibacterial effects
and the potential synergism with antibiotics, qualitative and quantitative assays have been
performed. T. vulgare extract was observed to work together with antibiotics, achieving
more significant antimicrobial effects. The combination of conventional antibiotics, against
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which bacterial strains have been resistant, with plant extracts can restore the effectiveness
of treatment due to the synergistic antibiotic-extract effect [55].

The microorganisms analyzed were strains with multiple antibiotic resistance and
reference strains. To evaluate the effects of the association of plant extracts with antibiotics,
we determined the MIC values of plant extracts as a reference point for defining the
interactions with antibiotics. The association of antibiotics with volatile oil extract from
T vulgare has been investigated for possible synergistic interactions. Using the “chessboard”
method, the synergism is manifested by the increased sensitivity of the microorganism
in the simultaneous presence of both antimicrobial agents, which is reflected by changes
in the values of the zones of inhibition [56]. This can be explained by the ability of Tansy
extract to enhance bacterial cell membrane permeability [57], thus allowing higher amounts
of antibiotics to enter pathogenic cells and consequentially destroy them.

The antimicrobial action of plant extracts is the result of all chemical compounds that
act synergistically, having multiple targets of action. The minimum inhibitory concentra-
tions of oil Tansy extract for the bacterial strains tested varied in the range
(62.5 + 500) pg/mL. In the quantitative assay, the most susceptible to the tested EOs were
the S. aureus strains (for which the MIC was 125 pg/mL for S. aureusyz and
S. aureusyss and 62.5 ug/mL for S. aureusarcosers compared to the results obtained by
Coté et al. [24] for S. aureusarcasos, of 59 ng/mL). For Gram-negative bacteria, the MIC
values were approximately the same. Further, for P. aeruginosayqy, it was 125 ug/mlL; for
P. aeruginosaziep, it was 250 ng/mlL; and for Paeruginosaatccaysss, it was 62.5 ng/mL like the
one obtained by Chiavari-Frederico et al. [58]. For Gram-negative strains of K. pneumoniae
isolated from urinary tract infections (UTI), the MIC concentrations were between 125 and
250 ug/mL, similar to those obtained by Gadisa and Tadesse [59].

4. Materials and Methods
4.1. Obtaining and Characterization of Tansy EOs

Tansy plants were harvested between July and August 2021 from the Sohodol Valley
area, Gorj County. The plant was gathered from a soil covering, predominantly granitic,
bordered to the southwest by a narrow, deep valley traversed by the Sohodol River. This
entire area stands as an open clearing amidst a vast expanse of woodland, spanning approxi-
mately 10 hectares. The central reference coordinates are 45°11'13.7" N 23°08'04.0” E, with
altitudes ranging between 550 and 700 m. This delineated area lies on the left slope of the
Sohodol Valley. Only young inflorescences, unaffected by pests or mechanical factors, were
used. The essential oil from the dried flowers of T. vulgare was obtained in a Neoclevenger
distillery purchased from Pellet Lab, Houston, TX, USA. Extraction of essential oils via steam
entrainment is the most widely used process. Volatile oils are very light at temperatures
below the boiling point of water and are carried to the distillery’s upper outlet areas by steam.
Their low density and insolubility in water facilitate their separation.

The air-dried plants were introduced into the distillery boiler with a capacity of
20 L. The ratio of distilled water to dry plants was 6 L to a volume of 3 kg. The total
working time was about 6 h. We obtained 20 mL of essential oil, which we stored in a
dark-colored bottle at a temperature of 4 °C. The chemical compounds in the essential
oil of T. vulgare were identified using the gas chromatography method (i.e., Shimadzu
GC-2010 Plus method) coupled with a mass spectrometer (GC-MS), coupled with a quartz
capillary column. Helium (1.0 mL/min) was used as carrier gas. Additionally, 1 pL of the
samples were injected into the GC (detector temperature, 280 °C). Qualitative analysis used
electron impact ionization (ionization energy, 70 eV). Essential oils were identified using
a digital library of mass spectral data (NIST 8.0) and literature comparisons of retention
indices [60]. Quantitative GC-FID analysis was performed using a SHIMADZU GC-2010
Plus instrument equipped with an MS quartz capillary column under the same conditions
as GC-MS, except that Ny was used as the carrier gas. The temperature of the FID detector
was 250 °C. The relative concentration of the compounds was calculated by measuring the
chromatographic peak areas without applying any correction factor. The applied software
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was AFT (Advanced Flow Technology), Fathom 9 version. The relative percentage values
of separated compounds were calculated by recording the peaks in the FID chromatograms.
Essential oils were identified by comparing their GC retention times on apolar and polar
columns with those of the sample compounds and by comparing retention indices relative
to commercial mass spectral libraries of the C6-C40 alkane series. Alkanes (C6-C40) were
used as reference points to calculate relative retention indices [61-63].

4.2. Antibacterial Activity of T. vulgare EOs

For this study, we selected 2 Staphylococcus aureus, 2 Acinetobacter baumannii,
3 Pseudomonas aeruginosa, and 4 Klebsiella pneumoniae bacterial strains that were multidrug
resistant, isolated from patients with different infections, hospitalized at the C.C. Iliescu
Institute of Cardiovascular Diseases in Bucharest and previously characterized for their
resistance phenotypes and genotypes. S. aureus ATCC 25923 and P. aeruginosa ATCC 27853
were used as control reference strains. The antibiotic susceptibility assay of the studied
strains was performed using the standardized Kirby-Bauer method, according to CLSI,
2018 edition [64].

For the qualitative assay of the antibiotic-tansy EO synergisms, bacterial suspen-
sions were made in sterile physiological water from 24 h of bacterial cultures at a density
of 1.5 x 108 CFU/mL according to the McFarland 0.5 turbidity standard. Each bacterial
inoculum was inoculated on a plate with Miiller-Hinton medium, using the “cloth” seeding
technique. After drying the plates, antibiotic discs alone, as well as those impregnated with
a volume of 10 pL Tansy EOs, were placed at equal distances. For testing the tansy EOs,
sterile paper disks impregnated with a volume of 10 pL tansy EOs were used. The plates
were incubated for 18-24 h at 35 °C £ 2 °C. After incubation, the diameters of growth
inhibition zones were measured and expressed in mm. Increasing the diameter of the
inhibition zone of the antibiotic in the presence of tansy EOs by >5 mm was the indicator
of the synergistic effect.

We used the serial microdilution method for the semi-quantitative quantification of
the synergistic effect of Tansy extract with antibiotics. A conventional method (according to
EUCAST/2010) to obtain different concentrations of antimicrobial agents for MIC determi-
nation is to obtain a stock solution of 10,240 mg/L. By adding a volume of 19 mL of liquid
Muller-Hinton broth to 1 mL of the stock solution, a final concentration of 512 pg/mL
is obtained. In this study, the antibacterial activity was quantitatively determined using
binary serial microdilutions in a liquid culture medium (Muller-Hinton nutrient broth) in
96-well microplates according to CLSI 2006 [65] and 2008 [66]. For this purpose, 10 binary
serial dilutions, from 500 pug/mL to 1.953 pug/mL, were performed in a ratio of 9:1 nutrient
broth with tansy EOs + distilled water. Bacterial suspensions of 1.5 x 108 CFU/mL were
prepared according to the McFarland 0.5 turbidity standard. The final volume per well was
200 pL, and the volume of bacterial suspension was 15 pL. Wells 11 and 12 corresponded
to positive (bacterial culture) and negative (sterile culture medium) controls, respectively.
The plates were incubated overnight at 37 °C. The minimum inhibitory concentration
(MIC) was determined macroscopically by establishing the final concentration at which
no increase in microbial growth and environmental turbidity was observed and via the
spectrophotometric reading of the absorbance at 620 nm.

5. Conclusions

Our results have shown that the bioactive compounds from Tansy EOs are a rich source
for developing new pharmaceuticals useful in the prophylaxis and treatment of bacterial
infections produced by MDR Gram-negative and Gram-positive bacteria, as such or in com-
bination with commonly used antibiotics. The antimicrobial action of Tansy Eos is justified
by its complex chemical composition, the secondary metabolites potentially responsible
for this activity being monoterpenes (Sabinene, Eucalyptol, trans-3-Ocimene, Linalool, Fili-
folone, Thujone, Camphor, cis-Carveol, Sabinol isovalerate), terpenoids (Chrysanthenone,
Terpinen-4-ol), sesquiterpenes (Germacrenes D, Cedrol, Cubenol, ledol, Globulol, Artemisia
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ketone, Spirojatamol), and trans-Carvyl acetate. Moreover, Tansy essential oil showed
MIC values ranging between 500 and 62.5 pg/mL against the tested strains, display-
ing synergistic activity with different classes of antibiotics. In conclusion, the presented
results demonstrate that Tansy EOs hold promise for developing new antimicrobial for-
mulations for treating active MDR bacterial infections, being a natural source of valuable
bioactive compounds.
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Abstract: This study aimed to investigate the polyphenolic composition and antioxidant and antimi-
crobial potential of six Romanian Stachys species: S. officinalis, S. germanica, S. byzantina, S. sylvatica,
S. palustris, and S. recta. The LC-MS/MS method was used to analyze the polyphenolic profile, while
the phenolic contents were spectrophotometrically determined. The antioxidant activity was evaluated
using the following methods: DPPH, FRAP, nitrite-induced autooxidation of hemoglobin, inhibition
of cytochrome c-catalyzed lipid peroxidation, and electron paramagnetic resonance spectroscopy. The
in vitro antimicrobial properties were assessed using agar-well diffusion, broth microdilution, and
antibiofilm assays. Fifteen polyphenols were identified using LC-MS and chlorogenic acid was the major
component in all the samples (1131.8-6761.4 ug/g). S. germanica, S. palustris, and S. byzantina extracts each
displayed an intense antiradical action in relation to high contents of TPC (6.40 mg GAE/mL), flavonoids
(3.90 mg RE/mL), and caffeic acid derivatives (0.89 mg CAE/mL). In vitro antimicrobial and antibiofilm
properties were exhibited towards Candida albicans, Gram-positive and Gram-negative strains, with the
most intense efficacy recorded for S. germanica and S. byzantina when tested against S. aureus. These
results highlighted Stachys extracts as rich sources of bioactive compounds with promising antioxidant
and antimicrobial efficacies and important perspectives for developing phytopharmaceuticals.

Keywords: Stachys; polyphenols; cytochrome c; antimicrobial; antioxidant

1. Introduction

As a member of the Lamiaceae family, the Stachys L. genus (wound plants) has
garnered scientific interest regarding its chemical composition and therapeutic properties.
In fact, numerous species of this genus have been used empirically in different regions of
the world for their medicinal and economic potential since ancient times [1,2].

A recently published paper reviewed the existing information on various traditional
uses of 25 species and 6 subspecies of Stachys genus, conditioned mostly as herbal tea,
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infusion, and decoction, but also as extracts (oily and alcoholic) and edible food (tubers) [2].
This study also described the phytochemistry and pharmacological profile of distinct
Stachys sp. originating from the Mediterranean region, Asia, America, and southern Africa.

Overall, a complex chemical composition including secondary metabolites such as
flavonoids (baicalin, apigenin, isoscutellarein 7-O-f3-D-glucopyranoside), phenolcarboxylic
acids (caffeic, rosmarinic, chlorogenic acids), tannins, phenylethanoid glucosides (acteoside,
martinosid), lignans, iridoids, diterpenes (kauran, clerodane), and triterpenes; essential oils
characterize Stachys genus [1,2].

Moreover, several Stachys species have been studied in vitro and in vivo to scien-
tifically justify their traditional use. The pharmacological assessment demonstrated im-
portant therapeutic properties, namely the following: antioxidant (S. recta subsp. recta,
S. palustris, S. byzantina, S. sylvatica), anti-inflammatory (S. recta, S. germanica, S. offici-
nalis, S. alpina), analgesic, anxiolytic, antidepressant, antiproliferative (S. lavandulifolia),
antibacterial (S. byzantina, S. officinalis, S. sylvatica), renoprotective, and hepatoprotective
(S. pilifera) [1,2].

Although Stachys sp. are spreading in the Romanian flora [3,4], only a few references
are available [5-8]. In this regard, common and Latin names, botanical descriptions, and
geographical distribution are presented for 14 species of Stachys, all perennial herbaceous
plants, in the Flora of Romania [3,4]. Among these, Stachys officinalis (L.) Trevis. (sin. Betonica
officinalis L.) is the only Stachys species documented by Romanian traditional medicine.
Phytopreparations obtained from its leaves and aerial parts are mentioned for tonic, an-
tipyretic, analgesic, and cicatrizing efficacy, and have been traditionally recommended
for various disorders such as rhinitis, headache, hemoptysis, chest pain, wounds, and
varicose ulcers [5,6]. Nowadays, most of the empirical therapeutic applications involve
S. officinalis tea in atonic dyspepsia and liver disorders based on antispastic, astringent,
carminative, cholagogue, digestive stimulant, emmenagogue, anthelmintic, and diuretic
properties. The tea is also listed for anxiolytic and sedative effects, being able to reduce
anxiety and irritability [6]. Regarding other Stachys species, S. byzantine is a very adapt-
able and decorative plant with brightly colored flowers and is commonly cultivated for
ornamental purposes [3].

Previous studies on Romanian Stachys extracts addressed the following species:
S. officinalis [8], S. byzantina, and S. sylvatica [7,8].

The current study objective was to evaluate the polyphenolic composition, antioxidant,
and in vitro antimicrobial potential of Stachys species frequently found in the Romania
flora: S. officinalis, S. germanica, S. byzantina, S. sylvatica, S. palustris, and S. recta. These
data are required to complete these species’ pharmacognostic profiles aiming to ensure a
well-deserved place in phytotherapy. Thus, additional chemical and pharmacotherapeutic
data are needed to reveal the most promising Stachys species for medicinal use.

2. Results and Discussions
2.1. Chromatographic Analysis

To characterize plant extracts rich in polyphenols, the most widely used technique
for the separation and individual quantification of phenolic compounds is liquid chro-
matography coupled with tandem mass spectrometry (LC-MS/MS) [9,10]. The amounts
of compounds detected in the six Stachys sp.-derived extracts were expressed in pg/g dry
weight (dw) of vegetal product (Table 1).

Fifteen polyphenolic compounds, including ten phenolic acids (gallic, rosmarinic,
protocatehuic, gentisic, caftaric, chlorogenic, vanillic, syringic, p-coumaric, ferulic acids)
and five flavonoids (isoquercitrin, rutin, quercitrin, luteolin, apigenin), were detected by
LC-MS in all Stachys extracts (Table 1).

Furthermore, all extracts presented high amounts of chlorogenic acid (1131.8-6761.4 ug/g
dw). Chlorogenic acid with multiple therapeutic potentials (neuroprotective; cardio-, hepato-,
gastro-, renoprotective; anticancer) is a phenolic acid widely distributed in many species of the
Stachys genus [2,11]. The extracts richest in chlorogenic acid were from S. germanica (4205.2 ug/g
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dw), S. sylvatica (5552.7 ug/g dw), and S. recta (6761.4 ug/g dw). High concentrations of
chlorogenic acid were measured in Turkish S. germanica [12], but this active principle was not
found in S. recta [13]. The other two indigenous Stachys: S. officinalis (1131.8 pg/g dw) and
S. byzantina (2012.1 pg/g dw) showed lower concentrations of chlorogenic acid compared to
the other species, but higher than some published values [14]. The results obtained for the
S. officinalis extract are similar to those previously reported by other authors [15].

Table 1. Phenolic compounds identified by LC-MS/MS in Stachys sp. extracts (ug/g dw).

mlz

Phenolic mlz Value R+ SD s. s. s. s. s. s.
C d Value (Daughter Ions; (min) L . . . Toati Tustri "
ompounds (Precursor) Collision min, D1 a sylvatica palustris recta
Energy)
Gallic acid 169 169 (0.5 V) 1.50 £ 0.01 - - - - 1415+ 84

160.7; 178.6; 196.7

Rosmarinic acid 359 09V} 220 +0.01 434405 7.8 + 001 3.0 +0.02 1.9+ 0.02 244001 26 +0.05
P“’“’:?if;m“‘c 153 153 (0.5 V) 2.80 + 0.01 946+ 05 835+ 04 286+ 03 100.7 £9.2 942417 157.8 + 2.1
Gentisic acid 153 108.7 (0.9 V) 352 + 0.04 <02 <02 <02 <02 <02 <02
- 148.6;178.6
Caftaric acid 311 ©0.9V) 3.54 +£0.05 47+02
- 178.7;190.7 -
Chlorogenic acid 353 05V 5.62+0.05 11318 + 158 42052 + 44.7 2012.1 +37.8 5552.7 + 47.2 3595.2 + 24.7 6761.4 + 585
Vanillic acid 167 167 (05 V) 6.70 + 0.01 835+ 0.7 2114 0.1 164 +03 16.6 + 02 62+ 008 203+ 05
Syringic acid 197 197 (05 V) 8.40 + 0.01 827 +02 - 7.0 +0.06 86+0.1 44403
p-Coumaric acid 163 118.7 (0.9 V) 9.48 +0.08 278+ 0.1 62+0.08 444008 62+03 140 + 04 320+ 0.9
Ferulic acid 193 133‘7;(3498‘5; 1776 12.80 + 0.10 111404 50 +0.02 354004 3.0 +0.06 60402 <02
254.9;270.9; 300.7;
Isoquercitrin 463 3428 19.60 + 0.1 189 +0.1 2331+ 68 - 86.2+37 728 +2.1
12v)
254.9;270.9; 300.7;
Rutin 609 3428 20.20 + 0.15 <02
12V)
- 178.8;300.7
Quercitrin 447 12v) 23.64 +£0.13 - - - - <0.2
150.6; 174.6; 198.6;
Luteolin 285 2407 29.10 + 0.19 157 £ 02 268+ 0.1 122401 <02 39402 <02
15V)
148.6; 150.6; 224.7;
Apigenin 269 226.7 33.10 £ 0.15 842+ 17 214402 273406 13.6 £ 02 <02 <02

(15V)

“_r

not found, below limit of detection. Values are the mean + SD (n = 3).

S. officinalis presented higher amounts of vanilic acid (83.5 nug/g dw), syringic acid
(82.7 ug/g dw), ferulic acid (11.1 nug/g dw), and apigenin (84.2 pug/g dw) than the other
Stachys species. Baczek et al. determined ferulic acid and apigenin in Polish S. officinalis in
higher concentrations [16] and Paun et al. have published lower values of apigenin than
ours [17]. Regarding protocatechuic and p-coumaric acids, the S. recta extract was found to
be the richest in these compounds, at 157.8 ug/g dw and 32.0 ng/g dw, respectively.

Caftaric acid was determined only in S. officinalis (4.7 pug/g dw) and gallic acid only in
S. palustris (141.5 ug/g dw).

The S. officinalis extract (82.7 ng/g dw) was the richest in syringic acid, compared to
the S. sylvatica (8.6 ug/g dw), S. byzantina (7.0 ug/g dw), and S. palustris (4.4 ug/g dw)
extracts. Four species of Stachys (S. officinalis, S. recta, S. sylvatica, S. germanica) contained
isoquercitrin; the richest species was S. germanica (233.1 nug/g dw). Isoquercitrin, also
identified by other authors in S. recta [13], develops numerous chemoprotective effects
in vitro and in vivo against oxidative stress, diabetes, allergies, cancer, etc. [17].

Rutin and quercitrin were found in very small quantities, below the limit of detection
in the extracts of S. officinalis (rutin,) and S. palustris (quercitrin).

The characterization of polyphenolic profiles of the six Stachys species showed differ-
ences in the presence of key compounds, but also in what concerns the concentrations of
individual phenols.

Numerous medicinal species in the Lamiaceae family contain rosmarinic acid (RA),
a natural polyphenolic molecule with antioxidant, antidiabetic, antimicrobial, hepatopro-
tective, cardioprotective, nephroprotective, anti-aging, anti-inflammatory, antiviral, and
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anticancer therapeutic properties [18]. Data from the literature confirm the presence of
RA in other species of Stachys: S. thirkei [19], S. tmolea [20], S. cretica [21], S. lavandulifolia,
S. byzantina [22], and S. officinalis [15,23].

In this case, we chose to use the LC-MS/MS method, published by us, to determine
the RA content of the six Stachys species [24].

The ESI source mass spectrometer, in the negative mode, was set to isolate and
fragment the deprotonated RA molecule with m/z = 359. The quantification of RA was
performed with a tR of 2.2 min. In the range of 40-640 ng/mL, a linear calibration curve
was performed (RZ = 0.999). The RA content values (ng/g dw) are presented in Table 1;
this amount varied between 1.9-43.4 ug/g dw of vegetal product.

The S. officinalis extract showed a higher RA content (43.4 png/g dw) compared to the
other Stachys species extracts studied by us, but lower than the results published by other
authors [15,16]. From the data in the literature accessed by us until now, we can say that RA
was found for the first time in the extracts of S. germanica (7.8 ug/g dw), S. recta (2.6 ug/g
dw), S. palustris (2.4 ug/g dw), and S. sylvatica (1.9 ng/g dw). Of the six spontaneous native
species of Stachys, S. officinalis can be considered as an important source of rosmarinic acid.

The ethanolic extracts of Stachys sp. were examined to determine the polyphenolic
TPC), flavonoid, and caffeic acid derivatives contents. The results obtained in this study
were expressed as gallic acid (GA), rutin (R), and caffeic acid (CA) equivalents, respectively
(Table 2).

Table 2. Polyphenolic contents of Stachys sp. extracts.

Stachys sp. TPC Flavonoids Caffeic Acid Derivatives

Extracts (mg GAE/mL) (mg RE/mL) (mg CAE/mL)

S. officinalis (SO) 2.51+0.092 1.18 £0.014 0.20 +0.018
S. germanica (SG) 598 +0.212 330 +0.11° 0.88 +0.011
S. byzantina (SB) 6.40 +0.11 3.90 +0.21 0.89 + 0.05
S. sylvatica (SS) 4.00 £0.132 1.22 £ 0.06 44 0.20 +0.03 "

S. palustris (SP) 5.35 + 0.29 be 314 +017f 0.72 £ 0.06 &1

S. recta (SR) 3.78 £0.17 3¢ 1.13 £0.09 ¢ 0.23 4 0.08 M

Each value is the mean + SD of three independent measurements; GAE, RE, CAE: gallic acid, rutin, caffeic acid
equivalents. Lowercase letters in the same row indicate significant differences (p < 0.05). # p < 0.001 (SB vs. SO,
SG, SS, SR); b p <0.05 (SB vs. SP); € p > 0.05 (SG vs. SP, SS vs. SR); d p <0.001 (SB vs. SO, SS); € p < 0.05 (SB vs. SR;
SG vs. SR); f p>0.05 (SO vs. SS, SO vs. SP, SB vs. SP, SG); & p < 0.001 (SB vs. SO, SP); h p <0.05 (SG vs. SS, SR;
SB vs. SS, SR; SS vs. SR); p>0.05 (SO vs. SP, SR, SB vs. SG, SP vs. SR).

Medicinal plants produce polyphenols with various chemical structures, such as
flavonoids, phenolic acids, with important antioxidant, cytotoxic, anti-inflammatory, an-
tihypertensive, and antidiabetic properties [25]. The TPC contents of these six Stachys sp.
extracts, determined using the Folin—Ciocalteu reagent [26], are shown in Table 2. Ac-
cording to this analysis, S. byzantina extract had the highest concentration of TPC (6.40 mg
GAE/mL) and the S. palustris and S. germanica extracts had similar values (5.35 mg GAE/mL
and 5.98 mg GAE/mL, respectively). The other three species showed lower values, be-
tween 2.51 mg/mL and 4.00 mg GAE/mL, the S. officinalis extract being the lowest in TPC
(2.51 mg GAE/mL). In terms of TPC, the extract of S. byzantina was the richest in these
active compounds. The statistical analysis of these data (Table 2) showed highly significant
differences between S. byzantina (SB) and other Stachys sp.: SO, SG, SS, and SR (p < 0.001)
and significant differences between S. byzantina (SB) and S. palustris (p = 0.011). Our re-
sults were similar to those published by other authors for S. byzantina and S. germanica
species, [27,28] while other authors described lower values than ours for S. officinalis [15].

The total flavonoid contents were determined using the AICI3; method [29]. The
highest content of flavonoids, with values between 3.14 and 3.90 mg RE/mL (p > 0.05),
was found in ethanolic extracts of S. palustris, S. germanica, and S. byzantina. The other
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extracts of S. officinalis, S. sylvatica, and S. recta extracts had lower amounts of flavonoids,
around 1 mg/mL (1.13, 1.18, and 1.22 mg RE/mL, respectively, in relation with S. byzantina
(0.001 < p < 0.05). Comparing different studies from the literature, some authors have
reported lower levels of flavonoids in S. officinalis [15], S. germanica, S. sylvatica, and
S. recta [30]. Sytar et al. found higher concentrations of flavonoids in S. byzantina [14]
compared to our results, and Nikolova recorded similar values for S. officinalis [30].

Caffeic acid derivatives, which are widespread in many plant species, have been
extensively studied; this has revealed a wide range of potential therapeutic applications.
Regarding the contents of caffeic acid derivatives for the Stachys sp. extracts, values
ranged between 0.20-0.89 mg CAE/mL (Table 2). The highest values were obtained for
the ethanolic extracts of S. palustris (0.72 mg CAE/mL), S. germanica (0.88 CAE mg/mL),
and S. byzantina (0.89 CAE mg/mL), while the lowest were measured in the extracts of
S. officinalis (0.20 mg CAE/mL), S. sylvatica (0.20 mg CAE/mL), and S. recta (0.23 mg
CAE/mL), compared to S. byzantina (0.001 < p < 0.05). The literature provides data only for
S. germanica caffeic acid derivatives’ content; our results varied slightly compared to those
published by Mitic et al. [28].

Qualitative and quantitative evaluation of the phenolic profile indicated S. germanica,
S. byzantina, and S. palustris as the species with the richest content in these active compounds
including flavonoids and caffeic acid derivatives.

2.2. Antioxidant Activity of Stachys sp. Extracts

Bioactive compounds of the polyphenol type are important natural antioxidants due
to their redox characteristics, as a result of hydroxyl groups that facilitate the elimination of
free radicals and thus offer many benefits to human health [25]. In this regard, extracts of
Stachys sp. with polyphenols, have been evaluated by several antioxidant methods: the
DPPH radical scavenging method, the FRAP test (the ferric-reducing ability of plasma),
nitrite-induced autooxidation of hemoglobin (NHA), inhibition of cytochrome c-catalyzed
lipid peroxidation, and EPR spectroscopy assays (Table 3).

Table 3. Antioxidant activity of Stachys sp. extracts.

Stachys sp. DPPH FRAP NHA
Extracts (ICs5p pug/mL) (uM TE/mL) mg CATE/g
S. officinalis 139.16 £3.80° 280.17 +1.83P 23.44 + 3.24
S. germanica 5418 £1.167 688.21 £ 5.91 66.59 £+ 5.37
S. byzantina 53.61 £1.19° 354.88 +3.11° 27.06 &£ 3.00
S. sylvatica 76.04 £0.35% 218.01 +0.98° 20.01 £6.78
S. palustris 54.82 +1.332 502.43 + 5.56 ° 59.38 £+ 2.54
S. recta 8494+ 1452 305.15 +2.84 P 37.49 £ 1.96
Trolox 11.19 + 0.09 - -

Each value is the mean + SD of three independent measurements; IC5): half-maximal inhibitory concentration;
TE: Trolox equivalents; NHA: nitrite-induced hemoglobin autooxidation; CATE: Catechin equivalents. Lowercase
letters in the same row indicate statistical differences: # p < 0.001 (Trolox vs. SO, SG, SB, SS, SP, SR); b p <0.001 (SG
vs. SO, SB, SS, SP, SR).

The results of DPPH scavenging activity revealed that five Stachys extracts presented high
antioxidant activity: S. byzantina (ICsy = 53.61 ug/mL), S. germanica (ICsy = 54.18 pug/mL) and
S. palustris (ICsp = 54.82 pug/mL) extracts, followed by extracts of S. sylvatica (ICsp = 76.04 ug/mL)
and S. recta (ICsp = 84.94 ug/mL), but lower compared to Trolox (* p < 0.001). In contrast, the
S. officinalis extract showed a higher value of ICsj (139.16 pug/mL), which indicates a lower
activity. Other authors have obtained ICs, values higher than ours (S. officinalis, S. germanica,
S. sylvatica, S. byzantina) [13,30]. Similar results were obtained for S. officinalis from Romania [15],
as well as for the Bulgarian S. recta species [30].
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The FRAP values for the investigated extracts were reported in Table 3, so that S. ger-
manica and S. palustris extracts showed antioxidant activity (688.21 and 502.43 uM TE/mL),
in relation to high polyphenol contents (5.77 and 5.56 mg GAE/mL), but also with the
values obtained by the DPPH method (53.83 and 55.66 ug/mL). For the other four Stachys
sp. extracts, lower values were obtained (between 218.17and 354.88 uM TE/mL) than
S. germanica (° p < 0.001). The NHA results on all Stachys extracts offer values in the same
order and proportion as the FRAP results (e.g., highest results for S. germanica and lowest
results— for S. sylvatica, by about three times). This excellent agreement between FRAP and
NHA was not mirrored by the DPPH results. Thus, in the DPPH measurements S. sylvatica
was far from being the weakest antioxidant, while S. germanica was narrowly exceeded as
the strongest oxidant by S. byzantina—even though the two had widely different activities
in the NHA assay. Interestingly, the NHA data does not correlate with either the total
phenolic of flavonoid contents or with the content of any particular component (including
the major ones—rosmarinic acid, chlorogenic acid, and caffeic derivatives). The NHA assay
tests a nitrosative stress process, while FRAP was based on oxidative stress agents. The
excellent agreement between NHA and FRAP, together with the fact that NHA is based
on a physiological reaction employing a protein from blood, may be taken as argument
that these two assays have a particularly important biomedical /physiological relevance.
Regarding the FRAP values published by other authors, important results were obtained
for S. germanica subsp. heldreichii [12]; the species S. byzantina and S. sylvatica showed a
lower antioxidant activity [27,31-33].

An antioxidant assay based on the inhibition of cytochrome-catalyzed lipid autoox-
idation was also attempted. However, in this case the Stachys extracts exhibited effects
that were too narrowly similar to each other—although S. germanica was still found at the
most-active end of the range, while S. sylvatica was at the least-active end.

Exposure of phenolic compounds to basic pH under aerobic conditions allows for
the generation of phenol-based free radicals via autooxidation processes. Such radicals
can be detected by EPR spectroscopy and can be used as fingerprints for assessing the
dominant components in polyphenolic-containing natural extracts. Figure 1 shows that a
clear complex signal was detected for all the Stachys extracts, which is very similar to that of
pure chlorogenic acid samples. This observation was in line with the fact chlorogenic acid
was by far the most abundant polyphenolic compound in these samples, that according
to the chromatographic data in Table 1; while up to a sixfold difference in chlorogenic
acid concentrations is seen in Table 1, Figure 1 offers a spectra of intensities that were
essentially equal among all samples. A single exception exists—namely, the S. palustris
sample, for which the EPR spectrum was no longer identical to that of chlorogenic acid.
This implies that S. palustris contains a unique antioxidant species, not shared with the
other Stachys extracts. Tables 1 and 2 reveal only one such antioxidant—namely, gallic acid,
which is present only in S. palustris. Indeed, the shape of the S. palustris EPR spectrum was
consistent with that of a gallate radical imposed over chlorogenic acid [34].

In the present study, it was observed that the extracts of S. germanica, S. palustris, and
S. byzantina had the highest antiradical action, in a general relation to a high content of
TPC, flavonoids, and caffeic acid derivatives. The S. recta and S. sylvatica extracts with a
medium content of polyphenols also presented a high antioxidant capacity. Thus, it can
be concluded from the evaluation of the phenolic content and the antioxidant activity that
these species of Stachys can be recommended as valuable natural antioxidants for various
nutritional functions and to preserve health.

2.3. Antimicrobial Activity of Stachys sp. Extracts

The use of natural herbal preparations as antimicrobial agents is a therapeutic alternative,
especially in the context of the increasing bacterial resistance to antibiotics. In addition, it is
known from the literature that Stachys species have many pharmacological activities (anti-
inflammatory, antianxiety, antinephritic, antioxidant, cytotoxic) [12,27,35,36] and antimicrobial
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properties have been demonstrated for some species, such as S. byzantina, S. guyoniana,
S. officinalis, S. sylvatica, S. cretica, S. scardica, S. recta, and S. germanica. [3,23,37-41].

S. sylvatica

S.recta

S. officinalis

———S. germanica

——— 8. byzantina

chlorogenic acid

—S. palustris

3470 3490 3510 3530 3550
G

Figure 1. EPR spectra of the extracts treated with NaOH. Conditions: extracts—0.5%, NaOH—5 mM,
and Et-OH—90%; G—magnetic field strength.

2.3.1. Antibacterial Activity Using the Agar-Well Diffusion Method

Using the agar-well diffusion method, we evaluated the antimicrobial susceptibility of
significant bacterial isolates of the six indigenous Stachys species (Table 4) [42]. Our extracts
showed a strong antibacterial activity, especially against S. aureus and L. monocytogenes, with
areas of inhibition ranging from 14 and 20 mm, compared to gentamicin (IZD = 18 mm),
used as a reference antibiotic (0.001 < p < 0.05). The activity on S. aureus was almost the
same as gentamicin for S. officinalis, S. sylvatica, and S. recta (p < 0.05) and was superior
for S. germanica and S. byzantina with IZD = 20 mm (p < 0.001). The same IZD (18 mm)
was measured for the S. palustris extract as for the antibiotic standard (p = 1). All extracts
showed lower activity on L. monocytogenes (p < 0.001) compared to gentamicin used as
reference antibiotic.

Table 4. In vitro antibacterial activity of Stachys sp. ethanolic extracts by agar-well diffusion method.

Inhibition Zone Diameter (IZD, mm)

Stachys sp.  Staphylococcus Listeria Escherichia ~ Salmonella Candida
Extracts aureus monocytogenes coli enteritidis albicans
S. officinalis 16 +0.50® 14 +£1.00° 10 +1.00? 10+025% 1240504
S. germanica 20+0.25% 18 £0.50° 8+£0.25° 10 £0.502 10 +£0.50 4
S. byzantina 20£025% 18 4+0.007 8+£0.50° 8+£0.50° 124+ 1.004
S. sylvatica 16 +0.75° 16 4+ 0.252 84+1.002 84+1.002 10 4+ 0.50 4
S. palustris 18 +0.50 € 16 +1.00 2 8+£0.00° 8+025° 1240504

S. recta 16 £0.00° 16£1.00° 10+£025%  12+£050° 1240004
Gentamicin 18 £ 0.25 22 +0.50 18 +0.25 19 £+ 1.00 -
Fluconazole - - - - 21 +0.00

Values are means of triplicate determination (n = 3) + standard deviations. Lowercase letters in the same row
indicate significant differences (p < 0.05). * p < 0.001 (extracts vs. gentamicin); ® p < 0.05 (S. sylvatica, S. recta vs.
gentamicin); © p > 0.05 (S. palustris vs. gentamicin); d p <0.001 (extracts vs. fluconazole); gentamicin (10 ug/disk)
and fluconazole (25 ng/disk) were used as positive controls.
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Regarding the antibacterial activity against Gram-negative strains, Stachys extracts
showed limited activity against E. coli and S. enteritidis, statistically lower compared to
gentamicin (p < 0.001). These results were consistent with those published by other au-
thors, according to which Gram-negative bacteria display less sensitivity to the effect of
Stachys extracts compared to Gram-positive ones [3,32,38,43]. Also, similarly to previous
reports, our Stachys extracts showed a relatively low anti-C. albicans activity compared to
Fluconazole (p < 0.001), which was used as the reference antifungal [38,44].

2.3.2. Antibacterial Activity Using the Broth Microdilution Method

Moreover, the results obtained using the broth microdilution method (Table 5) showed
Stachys extracts higher inhibitory efficacy towards Gram-positive bacteria, S. aureus, and
L. monocytogenes. The lowest values of MIC were recorded for S. germanica and S. byzantina.
These two extracts were found also with the lowest MBC values established against S. au-
reus, suggesting their superior bactericidal potential towards this bacterial species. All
Stachys extracts presented in vitro inhibitory and bactericidal potential against E. coli and
S. enteritidis, but only at the highest tested concentrations (Table 5). C. albicans growth was
inhibited by all tested extracts and a two- and threefold higher fungicidal effect was noticed
for MBC values than for MIC values, respectively.

Table 5. In vitro antibacterial activity of Stachys sp. ethanolic extracts using the broth microdilution

method.
Stachys sp. Staphylococcus Listeria Escherichia coli Sulmo.m'zl.lu Candida albicans
Extracts aureus monocytogenes enteriditis
MIC MBC MIC MBC MIC MBC MIC MBC MIC MEFC
S. officinalis 0.705 1.411 1.411 1.411 1.411 1.411 1.411 1.411 0.352 1.411
S. germanica 0.423 0.423 0.847 1.695 3.39 3.39 3.39 3.39 1.695 3.39
S. byzantina 0.468 0.468 1.875 3.75 3.75 3.75 3.75 3.75 0.937 3.75
S. sylvatica 1.20 2.40 1.20 2.40 2.40 2.40 2.40 2.40 1.20 2.40
S. palustris 0.817 1.635 1.635 3.27 3.27 3.27 3.27 3.27 0.817 3.27
S. recta 1.12 2.24 1.12 2.24 2.24 2.24 2.24 2.24 0.56 2.24
Gentamicin
MIC (mg/L) 3 4 3 3 )
Fluconazole ) . ) } 8
MIC (mg/L)

“_r

= not active; MIC: minimum inhibitory concentration (umol GAE/mL); MBC: minimum bactericidal concen-
tration (umol GAE/mL); MFC: minimum fungicidal concentration (umol GAE/mL).

2.3.3. Antibiofilm Activity

The inhibitory activity of Stachys sp. extracts against biofilm formation is presented in
Table 6.

Table 6. Antibiofilm activity of Stachys sp. ethanolic extracts.

% Inhibition

Stachys sp. Extracts Staphylococcus Listeria Escheri'chiu Salmo.m.al?a Candida albicans
aureus monocytogenes coli enteriditis
TO T24 TO T24 TO T24 TO T24 TO T24
S. officinalis + - + - + - - + ++ +
S. germanica ++ ++ ++ + + - - + + +
S. byzantina ++ ++ + + + - - ++ ++ +
S. sylvatica ++ + + + ++ + - - ++ -
S. palustris ++ + ++ + + - - + ++ -
S. recta + + + - + - - - ++
Gentamicin + ++ + ++ - ++ - ++ - -
Fluconazole - - - - - - - - ++ T+

The extracts antibiofilm activity was described based on the inhibition (%) calculated values, as good (above 50%,
++), poor (0-50%, +), and no inhibition, or enhancement of biofilm development and growth (<0, -) [45].
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Both the biofilm attachment (T0) and destruction of 24 h pre-formed biofilm (T24)
were inhibited by certain extracts, the most intense effect (++) was still noticed against the
planktonic cells. The highest efficacy was recorded for S. germanica, S. byzantina, S. sylvatica,
and S. palustris-derived extracts.

According to the literature, S. byzantina, S. officinale, and S. sylvatica showed strong
antibacterial activity, S. aureus being very susceptible to these extracts [3,32,38]. The an-
tibacterial activity of the Stachys sp. extracts could be due to the presence of chlorogenic
acid, which is found in large quantities in our extracts and according to studies can increase
the permeability of the outer membrane and plasma and thus lead to the loss of the barrier
function. It also depletes intracellular potential and releases cytoplasmic macromolecules,
which can lead to bacterial cell death [46,47].

The results of this study pointed out that Stachys extracts were able to display an
important in vitro antimicrobial potential against Gram-positive strains, with the extracts
of S. germanica, S. byzantina, and S. palustris achieving very good antistaphylococcal activity.
This aspect is relevant as S. aureus is regarded worldwide as one of the most important
human bacteria, with both colonizing and opportunistic pathogen valences and elevated
levels of multidrug resistance [48]. In this regard, the results indicated S. germanica and
S. byzantina extracts for their superior antibiofilm properties against S. aureus.

3. Materials and Methods
3.1. Plant Material

The aerial parts from six Stachys species: S. officinalis—SO, S. germanica—SG, S. byzantina—
SB, S. sylvatica—SS, S. palustris—SP, and S. recta—SR (Voucher numbers: 106-111) were collected
from the spontaneous flora of Cluj County, Romania (Podeni village: 46°41'4" N 23°1'45" E),
during the flowering period. The plant material was identified by Ph.D. A. Mocanu (“Iuliu
Hatieganu” University of Medicine and Pharmacy Cluj-Napoca).

3.2. Chemicals

All high-quality purity chemicals (substances and reagents) used in this study were
acquired from the following companies: Sigma, St. Louis, MO, USA (chlorogenic, cafeic,
p-coumaric acids, isoquercitrin, quercitrin, hyperoside, rutin, apigenin, myricetin, quercetin,
kaempferol, fisetin); Roth, Karlsruhe, Germany (sinapic, ferulic, gallic, gentisic, rosmarinic
acids, patuletin, luteolin); Dalton, Toronto, ON, Canada (caftaric, cichoric acids); Alfa-Aesar,
Karlsruhe, Germany (sodium hydroxide, sodium carbonate, and iron (III) chloride); Sigma-
Aldrich, Steinheim, Germany (soy lecithin, bovine hemoglobin, protocatechuic, vanillic
and syringic acids, (—)-epicatechin, (+)-catechin), 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox), 2,4,6-Tris (2-pyridyl)-s-triazine (TPTZ), sodium acetate buffer so-
lution); Merck, Darmstadt, Germany (Arnow’s reagent, Folin—Ciocalteu reagent, methanol,
ethanol, aluminum chloride, sodium acetate, hydrochloric acid, 2,2-diphenyl-1-picrylhydrazyl;
the methanol, acetonitrile, ammonium acetate, and acetic acid were all of the HPLC grade).

The Gram-positive bacteria: Staphylococcus aureus (ATCC 6538P) and Listeria monocyto-
genes (ATCC 13932); Gram-negative bacteria: Escherichia coli (ATCC 25922) and Salmonella
typhimurium (ATCC14028); and one fungal strain, Candida albicans (ATCC 10231), were
distributed by MicroBioLogics®, St. Cloud, MN, USA.

The spectrophotometric data were acquired using a Jasco V-530 UV-Vis spectropho-
tometer (Jasco International Co., Ltd., Tokyo, Japan).

3.3. Preparation of Stachys sp. Extracts

Ten grams of each powdered plant material was extracted with 100 mL of 70% ethanol
using ultrasound (Polsonic Palczyski Sp. J., Sonic 3, Warsaw, Poland) at 60 °C, for 30 min.
The ethanolic extracts were filtered through paper filters into 100 mL flasks and then
centrifuged (at 4500 rpm, 10 min) and the supernatant solutions were collected [29,49].
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3.4. LC-MS/MS Analysis of Polyphenols

The study of flavonoids, as well as of the phenolic acids present in the six extracts of
Stachys species was performed using the LC-MS/MS analysis on an Agilent 1100 HPLC
Series system (Agilent, Santa Clara, CA, USA) equipped with: degasser (G1322A), binary
gradient pump (G13311A), autosampler (G1313A), column thermostat, and UV detector
(G1316A) that was coupled with an Agilent Ion Trap 1100 SL mass spectrometer (LC/MSD
Ion Trap VL), according to the method previously published [24,50]. The standards used
were from the class of phenolic acids (caftaric, gentisic, caffeic, chlorogenic, p-coumaric,
ferulic, synapic acids), but also from the class of flavonoids (rutin, hyperoside, isoquercitrin,
quercitrin, quercetin, myricetol, fisetin, patuletin, luteolin, kaempferol, apigen). The follow-
ing parameters were used to separate the polyphenolic principles from plant extracts: a
reversed-phase HPLC columns (Zorbax Agilent, Santa Clara, CA, USA, SB-C18, 100 mm
x 3.0 mm id, 3.5 pm), mobile phase with methanol: 0.1% acetic acid (v/v), and a binary
solvent gradient; the detection was performed using UV and MS with an electrospray ion
source in negative mode. Other HPLC parameters: flow rate = 1 mL/min, injection volume
=5 pL, and column temperature = 48 °C with combined detection: UV (330 nm, 370 nm)
and MS mode. The quantitative results were processed using the Agilent ChemStation
software B01.03 and DataAnalysis version 5.3.

Next, another previously described LC-MS method was used to determine 6 other
polyphenols: epicatechin, catechin, syringic, gallic, protocatechuic, and vanillic acids [51].
The separation of the phenolic components was performed under the same chromato-
graphic conditions mentioned above but with a different binary gradient, starting with 3%
methanol and increasing to 8% in 3 min, 20% methanol for 8.5 min to 10 min, and finally,
3% methanol to re-equilibrate the column. An electrospray ion source operating in negative
mode was used by the MS system in both analyses.

The polyphenolic substances in the Stachys extracts were identified by comparing their
retention times and recorded electrospray mass spectra with those of the standards under
the same conditions. Subsequently, the phenolic compounds were measured using their
peak area and the matching standard’s calibration curve. The results were calculated in ug
polyphenol/g dry weight (dw) of vegetal product.

3.5. LC-MS/MS Analysis of Rosmarinis Acid

Rosmarinic acid (RA) was quantified by the LC-MS/MS method described by Prof. L.
Vlase [24]. An Agilent 1100 HPLC Series system (Agilent, Santa Clara, CA, USA) equipped
as in Section 3.4 was used. The mobile phase used was different and prepared with
acetonitrile and ammonium acetate in water (1 mM), the gradient elution: start with 5%
acetonitrile and 3.3 min 25% acetonitrile. The flow rate was 1 mL/min. The autosampler
injection volume was set at 25 uL. The results obtained were expressed as ug RA/g dry
weight (dw) of vegetal product.

3.6. Total Polyphenols Content

Spectrophotometry is one of the most used methods for quantifying phenolic com-
pounds in medicinal plants. The total polyphenol (TPC) contents of the seven Stachys
extracts were measured by the Folin—Ciocalteu method, according to the European Phar-
macopoeia [52]. A similar method has been described previously [53]. Brief method: the
extracts were treated with the Folin—Ciocalteu reagent, and after dilution with distilled
water, with a solution of sodium carbonate (290 g/L). After 30 min, the absorbance was
measured at 760 nm. After performing the gallic acid calibration curve (R? = 0.999), the
results were calculated and expressed as mg of gallic acid equivalent (GAE)/mL plant
extract [26,52]. Absorbance readings were taken in triplicates.

3.7. Flavonoid Content

The total flavonoid contents were spectrophotometrically determined, using a method
previously described by us and based on the color reaction of the flavonoids with the
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aluminum chloride reagent (25 g/L). The absorbance of the yellow solution was measured
at 430 nm [29]. Using a calibration curve (R? = 0.999), the results were presented as mg of
rutin equivalents (RE)/mL plant extract. Absorbance readings were taken in triplicates.

3.8. Caffeic Acid Derivative Content

The quantification of caffeic acid derivatives can be evaluated by colorimetric method
with Arnow’s reagent (10.0 g sodium nitrite and 10.0 g sodium molybdate), according to
the rules of the Romanian Pharmacopoeia X edition [31]. Absorbance was measured at
500 nm with the values of phenolic acids content of the Stachys extracts, expressed as caffeic
acid equivalent (mg CAE/mL plant extract), using an equation derived from the calibration
curve of caffeic acid (R? = 0.994). Absorbance readings were taken in triplicates [29,53].

3.9. Antioxidant Activity

The antioxidant activity of the six Stachys extracts was examined by several methods: the
DPPH radical scavenging method, the FRAP test (the ferric-reducing ability of plasma), nitrite-
induced autooxidation of hemoglobin (NHA), inhibition of cytochrome c-catalyzed lipid
peroxidation, and an electron paramagnetic resonance (EPR) spectroscopy assay [9,54,55].

3.9.1. DPPH Radical Scavenging Assay

The antioxidant potentials of the Stachys sp. extracts were evaluated according to
the DPPH method previously described by the authors [56,57]. This method measures
the ability to remove stable free radicals DPPH by the natural antioxidant compounds
(e.g., polyphenols) from plant extracts. A stock solution of 0.10 g/L DPPH in methanol (pur-
ple color) was prepared and 2.0 mL of this solution was added to 2.0 mL of extract solution
(or standard) in methanol at different concentrations (12.50-250 pg/mL; yellow color). The
absorbance of the Stachys extracts (As) and the control solutions (Ac = absorbance of DPPH
with methanol, containing all reagents except the extracts) were spectrophotometrically
measured at 517 nm, after 30 min (three replicates per treatment). Trolox was used as an
antioxidant reference. The total antioxidant activity of the six extracts was expressed as
ICs0 (ng/mL): the concentration of plant material required to cause a 50% DPPH inhibition.
The % of inhibition was plotted against concentration, and from the graphs, ICs (RZ: 0.999,
0.997, 0.996, 0.998, 0.999, 0.997) was calculated.

3.9.2. FRAP Assay

The antioxidant capacity of the Stachys extracts was measured using the FRAP
method [54,56,58]. After the preparation and treatment of the FRAP reagent with the
samples, the absorbance of the obtained solutions was measured at 450 nm. The results
were calculated in umol Trolox Equivalent/mL Stachys sample.

3.9.3. Nitrite-Induced Autooxidation of Hemoglobin

Hemoglobin and nitrite’s reaction was measured at 540 nm in a 50 mM pH 7 phosphate
buffer. A total of 166 uM nitrite and 40 uM oxyhemoglobin were combined together with
the samples. Origin 8 was utilized to calculate the inflection time (ti). The results are given
in mg CAE/g (chlorogenic acid) plant for Statcys extracts. The linearity of the calibration
curve is very good for chlorogenic acid (R? = 0.99) as well as for catechin (R? = 0.98) [59].

3.9.4. Inhibition of Lipid Peroxidation Catalyzed by Cytochrome c

By sonication of lecithin (5.0 mg/mL) solubilized in 10 mM phosphate and at neutral
pH, liposomes were produced. They were mixed with cytochrome ¢ (2.0 uM) and Stachys
extract (8.3 ug/mL). The reaction was monitored at 235 nm [60].

3.9.5. Free Radical Generation Experiment

For the EPR experiment, the extracts were diluted at 0.05% and then mixed with 5
mM NaOH, in EEOH—90%. With a Bruker ELEXSYS E580 spectrometer (Bruker BioSpin
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GmbH, Rheinstetten, Germany) operating at room temperature and recording continuous
waves at the X band, the EPR spectra were obtained [60].

3.10. Determination of Antimicrobial Activity
3.10.1. Agar-Well Diffusion Method

The Stachys ethanolic extracts were evaluated for in vitro antibacterial and antifungal
activities using the agar-well diffusion method [42]. These extracts were tested against
five reference strains of microorganisms including two Gram-positive (S. aureus, L. mono-
cytogenes), two Gram-negative (S. enteritidis, E. coli) bacteria and one yeast (C. albicans).
Mueller-Hinton (MH) and Sabouraud dextrose (SD) broth and agar were used for bacteria
and C. albicans, respectively. The plates containing specific agar were inoculated with a
standardized inoculum prepared from pure colonies that were suspended in sterile broth to
obtain a turbidity equivalent to 0.5 McFarland (1.0 x 10 CFU/mL) standard (bio-Meriuex,
Marcy I'Etoile, France). Six-millimeter diameter wells were cut from the inoculated agar
plates using a sterile cork borer to allow the addition of tested extracts (50 uL) (three wells
for each extract). After incubation at 37 °C for 24 h for bacteria and 48 h for C. albicans, the
growth inhibition zones diameters were measured. Tests were conducted in triplicate, and
clear halos greater than 10 mm were considered positive results. Gentamicin (10 pug) and flu-
conazole (25 pg) commercial disks were included as positive controls (standard antibiotics
and antifungals agents). The negative control was 70% methanol with a diameter = 6 mm.

3.10.2. Broth Microdilution Method

The in vitro antimicrobial efficacy was further investigated in terms of minimum
inhibitory (MIC), bactericidal (MBC), and fungicidal (MFC) concentrations performing the
broth microdilution method [45,58,61]. To determine these concentrations, each Stachys
sp. extract was subjected to twofold serial dilutions using 100 pL of specific broth (MH
and SD for bacteria and C. albicans, respectively). Each dilution was placed in two wells of
sterile flat-bottomed 96-well microtiter plates (Deltalab, Barcelona, Spain) and incubated
with a volume of 5.0 uL microorganism inoculum for 24 h at 37 °C. At the end of the
incubation period, the wells were visually examined compared to the controls (the two
types of broths used to culture bacterial and fungal species (MH and SD, respectively).
No turbidity indicated an inhibitory effect, with the highest dilution associated with it
determined as the MIC value. Next, a volume of 10.0 uL from each well was cultured on
the corresponding agar plates. No visible growth on these plates after 24 h and 48 h for
bacteria and C. albicans, respectively, pointed out the MBC and MFC values. This assay
included controls such as gentamicin 50 mg/mL (Sigma-Aldrich, St. Louis, MO, USA),
and fluconazole (10-1000 pM) (Sigma-Aldrich, St. Louis, MO, USA) and was performed in
duplicates for each tested product.

3.10.3. Anti-Biofilm Assay

The inhibitory activity of Stachys sp. extracts against two stages of biofilm formation,
biofilm attachment (T0) and destruction of 24 h pre-formed biofilm (T24), respectively,
was investigated using previously reported protocols [45,61,62]. The bacterial and fungal
inoculums were prepared as presented for the disk diffusion; for TO the inoculums were
placed in sterile flat-bottomed 96-well microtiter plates to be incubated with equal volumes
(100 pL) of each Stachys extract for 24 h at 37 °C without shaking. In the case of T24, each
inoculum was initially cultured for 24 h to obtain the biofilm and further treated with equal
volumes of each Stachys extract. Controls such as organisms + specific broth, bacteria + MH
broth + gentamicin, C. albicans + SD broth + fluconazole were included. Following 24 h
incubation, the biofilm biomass was quantified using the crystal violet staining (CVS) assay.
The content of each well was removed and the 96-well microtiter plates were washed three
times using sterile distilled water, a step required to remove the unattached microorganism
cells. The plates were dried and added with 96% methanol (150 uL) for 20 min and the
fixed adhered cells were stained with 100 puL of 0.1% crystal violet solution (Sigma-Aldrich,
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St. Louis, MO, USA) for 20 min at room temperature. The plates were washed five times
with sterile distillated water. The crystal violet stain bound to the adherent cells of each
well was re-solubilized with 150 pL of 100% ethanol. After gentle shaking, the plates’
absorbance (optic density, OD) was read at 490 nm using a microplate reader Sunrise™
(Tecan, Mannedorf, Switzerland). and the results were expressed as percentage inhibition
using the equation below [45].

Inhibition (%) = (ODcontrol — ODExtract)/ODcontrol x 100. Based on the inhibition
(%) calculated values, the tested extract activity was described as good (above 50%, ++),
poor (0-50%, +), and no inhibition, or enhancement of biofilm development and growth
(<0, -) [45].

3.11. Statistical Data Analysis

All experiments were performed in triplicate or more and all data were expressed as
mean =+ standard deviation using the Excel software package 2016. The statistical analysis
of differences was performed using one-way analysis of variance (ANOVA), with p < 0.05
as the threshold value for statistical significance: very significant (p < 0.001), significant
(0.001 < p < 0.05), and insignificant (p > 0.05).

4. Conclusions

This is a detailed report on the phytochemical composition and antioxidant and
antimicrobial properties of extracts obtained from six medicinal species of Stachys from
Romania: S. officinalis, S. germanica, S. byzantina, S. sylvatica, S. palustris, and S. recta. Fifteen
phenolic compounds were found in the six species using LC-MS, of which seven substances
were common: protocatechuic acid, rosmarinic acid, gentisic acid, vanillic acid, p-coumaric
acid, ferulic acid, luteolin, and apigenin. Chlorogenic acid was found in large amounts; the
most abundant species were S. germanica (4205.2 ug/g) S. sylvatica (5552.7 ng/g), and S.
recta (6761.4 ng/g). Furthermore, significant antioxidant properties were demonstrated
using conventional and innovative methods for S. byzantina, S. germanica and S. palustris-
derived extracts. These extracts also displayed the most intense in vitro antimicrobial
potential. These results provide a scientific foundation and open important perspectives for
developing phytopharmaceuticals indicated in various pathologies that involve antioxidant
and antimicrobial mechanisms.
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Abstract: Propolis use in medicine, pharmaceutical, cosmetic, and food industries is well known.
This study aimed to investigate propolis” phyto-inhibitory and antimicrobial potential. Nine propolis
samples obtained from distinct Romanian regions and characterized in terms of physical-chemical
parameters, phenols and flavonoid contents, and antioxidant properties were prepared as dry propolis
and aqueous extracts. The phyto-inhibitory effect was comparatively tested on different cereals:
hexaploid bread wheat (Triticum aestivum), maize (Zea mays L.), oats (Avena sativa L.), and barley
(Hordeum vulgare L.), while their in vitro antimicrobial activity was evaluated against bacterial and
fungal strains specific to cereals: Bacillus subtilis, B. cereus, Proteus mirabilis, Fusarium oxysporum,
Penicillium chrysogenum, and Aspergillus niger. All propolis samples showed a phyto-inhibitory effect
on the cereals, the most pronounced being corn and oats. Propolis powder samples displayed a lower
phyto-inhibitory activity than propolis extracts. Also, all tested products showed inhibitory efficacy
against both bacteria and fungi. Furthermore, principal component analysis showed differences
between the samples’ phyto-inhibitory and antimicrobial properties depending on the geographical
origin. Positive correlations were found between the polyphenols, flavonoid content, and antioxidant
activity, respectively. These data support propolis’ phyto-pharmaceutical potential related to its use
in plant crop management as an alternative in ecological agriculture.

Keywords: chemical analysis; phyto-inhibitory activity; antimicrobial activity; propolis; cereals

1. Introduction

Bees are important to agriculture and the environment because they contribute to plant
reproduction through pollination [1]. The products obtained from bees, besides honey,
are propolis, pollen, royal jelly, and beeswax [2]. Propolis is a natural aromatic, resinous
substance produced by bees to cover the cracks in the inner walls of the hive and other
living things that enter it [3]. It has bactericidal therapeutic properties [4], antiviral [5],
antifungal [6], anti-inflammatory, anesthetic, analgesic, regenerative, and antitoxic [7], among
other biological activities. Propolis also has a strong bioactive action and is a natural medicine
used since ancient times. The medicinal properties were known by the Greeks and Romans,
and it was used as an antiseptic and cicatrizing agent in the treatment of wounds [8]. Propolis
is a resinous vegetable substance that bees create by mixing their own saliva with beeswax,
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to which they add components derived from plants and trees [9]. More than 500 chemical
compounds have been identified in propolis to date: flavonoids, terpenoids, phenolic and
fatty acids, vitamins, amino acids, sugars, proteins, and minerals [10,11].

Over time, most research has focused on potentially treating various acute and chronic
diseases with propolis produced by bees as alternative complementary medicines [12]. But
there are also studies that show that propolis can be used in agriculture, especially in the
control of phytopathogens in crops. Moraes et al. [13] studied the use of propolis in tomato
crops to control phytopathogens. With the same aim, other studies highlighted the use of
propolis in the cultures of coffee [14], beans [15], cucumbers [16], and grapes [17].

Although propolis can be used as a powder in agriculture, it is often necessary for it to
be in the form of a concentrated solution of propolis (aqueous, alcoholic extract-tincture).
The use of propolis in agriculture is relatively recent, especially due to the promotion
of organic agriculture [18]. In the scientific literature, a series of extraction methods
(maceration, ultrasound, and microwave applications) in different solvents (ethanol and
water) are described [19].

Propolis can protect plants as an alternative that can be applied in crop systems to
avoid or reduce pesticide use that harms plants, the environment, and the population [11].
Natural production methods from organic farming encourage the use of propolis in agri-
culture. If it is widely incorporated in crop management, its bioactive and economic
importance will increase in the future because foods produced using propolis are quali-
tatively different from foods produced using conventional methods. When considering
natural products, certain aspects of the sustainability and quality of organic food are high-
lighted [20]. The bioactive compounds of propolis must be extracted from it so that the
final solution can be applied to the crops. Due to the large number of chemicals, some of its
compounds are soluble in water or alcohol or both solvents [21].

The multitude of bioactive components of propolis has determined its use in various
fields such as medicine, pharmaceuticals, cosmetics, and food industries [22]. Although
the antimicrobial effect has been intensively studied, most studies have been conducted on
a limited number of strains or strains pathogenic to humans and less on microorganisms
affecting plants.

The flavonoids and phenols in propolis help prevent and eliminate microbial and
fungal infections that can affect grains, such as molds and pathogenic bacteria [23,24] and
can increase plant resistance to abiotic stresses, such as drought, soil salinity, or extreme
temperatures. These compounds can help regulate plant physiological processes to better
cope with these extreme conditions [25]. So, propolis can have a good effect on grains,
providing protection against pathogens, helping them cope with difficult environmental
conditions, and contributing to good growth.

Additional research is required for the development of commercial products based
on propolis—ethanolic and aqueous extracts at different concentrations with applicability
in agriculture. The present study highlights the physico—chemical parameters of propolis
collected from the regions of Romania and the effect of propolis powder or aqueous extracts
on different crops. At the same time, the antimicrobial effect of propolis on some strains of
microorganisms specific to cereals is presented.

2. Results and Statistical Analysis
2.1. Samples Characterization

The values of the physico-chemical parameters for the nine propolis samples collected
from different regions of Romania are presented in Table 1.

The values obtained for water activity are between 0.62 and 0.78. Regarding the
hygroscopicity, the value for all samples ranges between 12.6 and 14.7 g of absorbed water
per 100 g of propolis. The water solubility of propolis samples is between 8.26 and 13.43%.
In the case of the total phenolic content of all nine propolis samples, the values ranged from
102.7 (sample 6 from the Muntenia region) to 189.4 mg (sample 7 from the Dobruja region)
of GAE/g. In contrast, the total flavonoid content was quantified between 65.30 (sample
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6 from the Muntenia region) and 85.19 mg (sample 7 from the Dobruja region) of QE/g.
The maximum number of phenols and flavonoid amounts was recorded in samples 1 and 7
from Alba and Constanta County, and the lowest value was in sample 6 from Dambovita
County. The DPPH and FRAP assays estimate the antioxidant activities of propolis samples
collected from all areas of Romania. Samples of propolis showed high antioxidant capacity.

Table 1. The values of the physical-chemical parameters for the analyzed propolis samples.

Hygroscopicit
Sample (gy(;gf Abscl))rbegll Watf*’f Phenols Flavonoids FRAP DPPH
aw Solubility (mg GAE s (mmol (mg GAE
No. Water/ %) o) (mg QE **/g) Fe?*/g) *o)
100 g Propolis) ’ 8 8 8
S1 0.71 £0.22 14.1+£09 9.12 £0.27 189.4 +5.82  84.31 +0.09 1.44 +0.31 16.44 +0.2
S2 0.69 +0.15 13.5£0.8 8.98 £ 0.66 172.9 £3.25 78.55 £ 0.08 0.98 £ 0.02 15.08 0.2
S3 0.62 £0.17 13.1+0.6 8.74 £ 0.50 1522 +6.80  70.10 +0.16 1.02 £ 0.06 13.50 0.3
S4 0.74 £ 0.09 129+ 0.9 9.52 £0.32 144.0+2.09  81.09 +0.98 1.04 £+ 0.06 13.92+05
S5 0.72 £0.18 132+05 8.26 £ 0.41 1382 +3.06  77.62+0.20 1.15+0.15 12.30 £ 04
S6 0.65 £ 0.11 14.7 £ 0.7 11.31 +0.58 102.7 243  65.30 £ 0.11 0.80 £ 0.09 11.70 0.2
S7 0.78 £0.12 12.8 £ 0.6 9.07 £ 0.63 189.0 £ 455  85.19 +0.07 1.46 +£0.11 18.30 + 0.6
S8 0.63 +0.16 12.6 £ 0.5 13.43 +0.34 126.3 +3.14  82.36 + 0.09 1.22 +0.09 15.06 + 0.4
S9 0.67 £0.14 13.3 £0.8 12.66 +0.75 150.1 +=4.37  79.54 +0.13 1.07 + 0.07 1432 +0.2

* Gallic acid equivalent. ** Quercetin equivalent.

2.2. Phyto-Inhibitory Activity of Propolis Samples

In Supplementary Tables S1-S8, the plume lengths for 13 days (growth rate) are
presented comparatively for wheat, corn, barley, and oat samples, over which different
quantities of powdered propolis were applied (1, 5, and 10 g), and aqueous extracts of
propolis at different concentrations (1%, 5%, and 10%). The samples were collected from
the nine regions of Romania. The control sample (M) is the one for which propolis was
not applied.

In the case of the average plumule growth lengths for the wheat samples (Supplemen-
tary Table S1), it is found that the slowing down of plant growth is directly proportional
to the amount of propolis applied over time. After 13 days, for the doses of 1 gand 10 g,
samples 54 from Timis County and S9 from Suceava had the lowest growth. Also, when
5 g of propolis is applied, sample 54 records the lowest plume growth at the end of the
monitoring period. In the wheat samples, the radicle and the plumule are visible even from
the first days, except for the samples in which 10 g of propolis was applied. The control
sample, without propolis inhibitor, has the fastest growth.

The wheat samples treated with different concentrations of aqueous propolis extracts
(Supplementary Table S2) have a similar tendency to inhibit grain growth as those treated
with propolis powder. In the case of wheat samples, the plume growth speeds are relatively
close for all nine propolis samples. Samples 54 and S9 show the most pronounced inhibitory
effect. Plumule growth lengths are comparatively smaller when using concentrations of
aqueous propolis extracts of 1%, compared to the 10% solution.

From the results obtained, it can be seen that the phyto-inhibitory activity is higher
when propolis powder is applied than when aqueous solutions are used.

As with wheat, the plume growth trend is similar in the case of corn samples treated
with propolis powder (Supplementary Table S3). However, the smallest increases in the
plume are recorded in the case of samples S7 (Constanta County) and S9 (Suceava County)
for the samples to which 1 g of propolis was applied, respectively, S8 (Vaslui County) and S9
(Suceava County) to which was applied a 10 g propolis powder. In the case of corn samples,
the plume growth values are similar in the case of dosing 1 g and 5 g of propolis powder as
an inhibitor, the difference compared to the control sample being insignificant for all nine
propolis samples. The plume growth rate is significantly reduced when 10 g of propolis
powder is dosed into corn samples. There is a similarity between the samples to which
powder propolis was applied and the case of using aqueous solutions (Supplementary
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Table S4) of the same inhibitor. However, it is obvious that the propolis solution applied to

corn samples has a much stronger inhibitory effect than the powder one.

growth rates are slightly below the control sample (M).

Among the propolis samples collected from different regions of Romania, there were
no large variations in the growth speed of the barley seed plume for doses of 1 gand 5 g.
These are more obvious when applying the dose of 10 g, where the maximum difference is
11 mm between sample S4 (Timis County) with the lowest growth and sample S2 (Bihor
County) with the highest growth (Supplementary Table S5). In the case of barley samples,
plumule growth lengths are not significantly reduced when treated with inhibitor solutions
of different concentrations: 1%, 5%, and 10% (Supplementary Table S6). Overall, plume

In the case of oat samples (Supplementary Tables S7 and S8), when applying 10 g
inhibitory propolis, after 13 days, samples S3 (Maramures County) and 54 (Timis County)
have the lowest average increase in plumule lengths. In the case of oats, a similar evolution
of the plume lengths is constant as in the case of the other cereals but with growth values
similar to those of the corn samples. In general, all propolis samples studied inhibited
germination significantly compared to the control sample.

2.3. Antimicrobial Activity of Propolis Samples

are presented in Table 2.

The antimicrobial effect of the nine aqueous extracts of propolis collected from all
regions of Romania against six microbial (bacterial and fungal) strains specific to cereals

Table 2. The diameters of the inhibition zones (mm) for the nine propolis samples collected from

regions of Romania.

Strain Sample Cipr;ﬂoxacin, Voriconazole,
s1 s2 s3 s4 5 6 s7 8 9 "e Tug

B. subtilis 28%+171 25% +0.00 26+ 057 26+ 0.57 27+ 114 25% +0.00 26+ 0.57 26+ 057 25+ 057 30+ 0.00

B. cereus 25+ 114 26+ 114 27+ 114 26+ 0.57 274057 28%+1.71 25%+0.00 26 %+ 0.00 27% 171 29+ 0.00

P mirabilis 29+ £171 24% £ 0.00 25% +0.00 7% 4114 28*£171 25% £ 0.00 7% 4114 25+ 057 24% £0.00 28 4 0.00
F oxysporum 28% 4114 244057 274057 22% 4000 26+ 057 234057 25% 4000 24% 40,00 224057 29+ 0.00
P. chrysogenum 224057 17 % £0.00 19% 4057 17% 4000 18 % 0.00 16* 4 0.00 19% 4057 17% % 000 18% 4057 18 4 0.00
A. niger 244057 194 0.57 16* 4 0.00 16* % 0.00 174 0.57 18* +0.00 17% 4000 18% % 0.00 16* +0.00 45+ 0.00

Note: Values are means =+ SD of three independent experiments. * The p-values of one-way ANOVA indicate no
significant differences (p > 0.05) among groups.

strain was that of B. cereus.

produced by ciprofloxacin.

larger inhibition zones.

As shown in Table 2, all propolis extracts showed antibacterial activity against all
strains tested, with the diameters of the inhibition zones varying between 16 and 29 mm.
Sample S1 (from Transylvania) had the strongest inhibitory effect, and the most sensitive

The extracts obtained from sample S1 displayed an intense antimicrobial efficacy, with
the values of the inhibition zone diameter comparable to those recorded for the positive
control (p > 0.05).
In the case of bacteria, it can be observed that for B. subtilis and B. cereus, the diameters
of the inhibition zones produced by propolis were smaller than in the case of the antibiotic,
but in the case of P. aeruginosa sample S1 showed a larger diameter of inhibition than that

All propolis extracts are presented in vitro antifungal activity against F. oxysporum,
P. chrysogenum, and A. niger. The diameters of the inhibition zones are smaller than in the
case of the antifungal, except for P. chrysogenum, where samples S1, S3, and S7 showed

The comparative effect of Romanian propolis and its aqueous extracts on cereals and
the species selected in the research has not been extensively studied.
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2.4. Analysis of statistical data
2.4.1. Principal Component Analysis

Principal component analysis (PCA) was performed in two steps. In the first stage, the
amounts of propolis powder C(1 g), C(5 g), C(10 g), and the control were used as input data
(variables). The analysis (PCA) aimed to evaluate the phyto-inhibitory effect of propolis
powder, in different amounts, on the four cereal samples, wheat, corn, barley, and oat, after
3,5,7,9,11, and 13 days.

Principal components were obtained based on the values of the correlation matrix.
The eigenvalues were 3.64, 0.28, 0.057, and 0.013 for PC1-PC4. Figure 1 shows that the
first two PCs explain 98.23% of the total data variance, PC1—91.20% and PC2—7.02%. In
the second step, concentrations of propolis extracts, C(1%), C(5%), C(10%), and control
were used as input data (variables). The purpose of the analysis (PCA) of this paper was to
evaluate the phyto-inhibitory effect of propolis extracts of different concentrations on the
four samples of cereals, wheat, corn, barley, and oats after 3, 5,7, 9, 11, and 13 days. The
eigenvalues were 3.81, 0.14, 0.035, and 0.0077 for PC1-PC4. In Figure 2, it can be seen that
the first two PCs explain 98.91% of the total data variance. PC1—95.32 and PC2—3.59%.

Figure 1 shows observations and PCs obtained from the analyzed data. The first step
is the use of propolis powder in the treatment of cereal samples. The scores graph of PC1
versus PC2 shows the formation of two groups of cereal samples. The first group, marked
with a blue color and located at the top right, is composed of oat and barley samples after
9, 11, and 13 days of treatment with propolis powder. The second group, marked with
a green color and located at the bottom right, is composed of corn and wheat samples
after 9, 11, and 13 days of treatment with propolis powder. In the left center of the score
graph, marked with a red color, cereal samples that showed a lower response in the first 3
to 7 days to treatment with propolis powder appear.
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MPP3, MPP5, MPP7, MPP9, MPP11, MPP13 - Maize treated with propolis powder after 3, 5, 7, 9, 11, 13 days

BPP3, BPP5, BPP7, BPPY, BPP11, BPP13 - Bariey treated with propoiis powder after 3, 5, 7, 9, 11, 13 days

OPP3, OPP5, OPP7, OPP9, OPP11, OPP13 - Oat treated with propolis powder after 3, 5, 7,9, 11,13 days

Figure 1. Scores plot of PCA scores of the four cereal samples according to their responses to propolis
powder C(1 g), C(5 g), C(10 g), and the control sample.

Figure 2 shows observations and PCs obtained from the analyzed data. Step two
shows the use of propolis extract in the treatment of cereal samples. Score plot PC1 versus
PC2 shows the formation of the same cereal groups. The first group, marked with a blue
color and located at the top right, is composed of oat and barley samples after 9, 11, and
13 days of treatment with propolis extract. The second group, marked with a green color
located at the bottom right, is composed of corn samples after 9, 11, and 13 days and wheat
after 7,9, 11, and 13 days of treatment with propolis extract. At this stage, cereal samples,
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marked with a red color, located in the left central part, treated for 3-7 days with propolis
extract did not show a favorable response to the phyto-inhibitory effect, except for the

WPE7 sample.
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WPE3, WPE5, WPE7, WPE9, WPE11, WPE13 — Wheat treated with propolis extract after 3, 5, 7, 9, 11, 13 days
MPE3, MPE5, MPE7, MPE9, MPE11, MPE13 - Maize treated with propolis extract after 3, 5, 7, 9, 11, 13 days

BPE3, BPES, BPE7, BPE9, BPE11, BPE13 - Barley treated with propolis extract after 3, 5, 7, 9, 11, 13 days
OPE3, OPE5, OPE7, OPE9, OPE11, OPE13 - Oat treated with propolis extract after 3, 5, 7, 9, 11, 13 days

Figure 2. Scores plot for PCA analysis of the four cereal samples according to their responses to
propolis extract C(1%), C(5%), C(10%), and the control sample.

It can be concluded that the values of the variables represented by the amount of
propolis powder C 1 g, C5 g, and C10 g, in the first stage and the concentrations of
propolis extracts C1%, C5%, and C10% in the second stage (Figures S1 and S2), are useful
in separating grain groups. For the cereal group consisting of oat and barley samples
after 9, 11, and 13 days, the variables responsible for the classification were the amount
of propolis powder of 10 g and the concentration of 10% propolis extract. For the cereal
group consisting of corn and wheat samples after 7, 9, 11, and 13 days, responsible for the
classification were the variables represented by the amount of propolis powder of 1 g and
5 g and the concentrations of 1% and 5% propolis solution. Regarding the treatment of
cereal samples with propolis extract, it can be stated that it had a greater influence on the
inhibition, the WPE7 sample being located in the lower right group of the score graph.

2.4.2. Analysis of Variance (ANOVA)
Atwo-way ANOVA is used to estimate if the geographical origin of Romanian propolis
(nine samples) and the type of strain used (six strains) affect the diameter of the inhibi-

tion zone.
Table 3 shows the values obtained related to the dispersion analysis with two inputs

for the two-way ANOVA.

Table 3. Bifactorial variance analysis for propolis samples and different microbial strains.

Dismeters of Inhibiion Zones  Quadraticsum  PUUES Variance  Fompues  Faog
Between the propolis samples 70.15 5 14.03 6.69 2.45
Between strains 732.81 8 91.60 43.70 2.18
Residual, Sy 83.85 40 2.10 - -
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Because both in the case of propolis samples and the types of strains Feomputed > Fo.05,
we will reject the null hypothesis and conclude that the geographical origin of Romanian
propolis and the type of strain used have a significant influence on the diameter of the zone
of inhibition at a significance level « = 0.05.

2.4.3. Pearson Correlation

A Pearson’s correlation attempts to assess the relationship between the flavonoid and
phenol content of propolis samples and the microbial strains used. The Pearson correlation
coefficients are presented in Table 4.

Table 4. Pearson correlation coefficients and the interpretation of correlation for the relation of
flavonoid and phenol content of propolis samples with microbial strain type.

Flavonoids Phenols
Microbial Strains Pearson Strength and Direction Pearson Strength and Direction
B. subtilis 0.43 low positive 0.40 low positive
B. cereus —0.88 high negative —0.82 high negative
P. mirabilis 0.43 low positive 0.36 low positive
F. oxysporum 0.09 negligible 0.47 low positive
P. chrysogenum 0.45 low positive 0.74 high positive
A. niger 0.29 negligible 0.42 low positive

There was a statistically significant correlation between the flavonoid content and the
diameter of the inhibition zone for the following strains: B. subtilis and P. mirabilis. A strong
correlation is noticed between the phenols content and the diameter of the inhibition zone
for the P. chrysogenum strain. The correlations between the diameter of the inhibition zone
of the strains used and the content of phenols are stronger than in the case of flavonoids.

3. Discussion

The results of the physico—chemical properties of propolis from different regions of
Romania showed differences between the samples, depending on the geographical origin
with its specific flora. The water activity of sample S3 (from the Maramures region) was
0.62 and 0.78 for S7 (Dobrogea region, Constanta County). According to Sunil et al. [26],
samples with high humidity (water content) also show a higher water activity. The Indian
crude propolis samples have an a,, between 0.68 and 0.73. Brazilian propolis a,, was 0.76
for red, 0.8 for green, and 0.87 for brown [27]. Hygroscopicity was relatively low, between
12.6 in S8 from Vaslui County (Moldavia region) and 14.7 g absorbed water/100 g sample
in S6 from Dambovita County (Muntenia region), and coincides with the research of da
Silva et al. [28] where the value is 13.1 g of adsorbed moisture per 100 g of dry solids.

Aqueous extracts of propolis usually contain up to 10 times lower amounts of active
ingredients than alcoholic extracts due to the poor solubility of propolis and its bioactive
compounds [29]. The water solubility of propolis samples from the regions of Romania
varies between 8.26 and 13.43%, having values close to those obtained for Indian propolis,
which varies from 8.71 to 19.28% [30].

Propolis has more than 300 natural chemical compounds [31]. Mainly, propolis con-
tains flavonoids, phenolic acids, and their esters. For example, the total phenolic content of
Polish propolis ranged from 150.05 to 197.14 mg/g GAE, while the total flavonoid content
was 35.64-62.04 mg/g QE [32]. The phenolic content of propolis from Tiirkiye is 16.73
to 125.83 mg GAE/g sample, while the number of total flavonoids varied from 57.98 to
327.38 mg QE/g sample [33], depending on different geographical origins. The samples
taken from all the regions of Romania accumulate large amounts of phenolic compounds
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(189.4 mg of GAE/g in sample 7 from the Dobruja region), while the highest total flavonoid
content was determined for the same sample and is 85.19 mg QE/g.

The antioxidant activity of the propolis was determined using the method with
diphenylpicrylhydrazyl (DPPH) and ferric-reducing antioxidant power (FRAP). The results
of the two methods used seem to be well correlated [34]. Other research [35,36] indicates
that FRAP and DPPH values for propolis analyzed from other countries are compatible
with our findings.

The phyto-inhibitory effect of propolis refers to its ability to inhibit seed germination
and plant root growth. This effect is due to its high content of bioactive compounds,
such as flavonoids and phenolic acids [37], which can interfere with the physiological
processes of plants. Although propolis can be used as a natural treatment for weed control
in agricultural practice, it must be considered that its use can negatively affect crop plants,
depending on the dosage and the application method. For example, doses that are too high
may result in plant death, while doses that are too low may have an insignificant effect.
The antigerminative activity of propolis has been mentioned in the past [38—40], being
considered a property attributed to the presence of an antibiotic factor in the composition.
Studies targeting the germination percentage and cell division of wheat roots treated with
propolis ethanolic extracts significantly inhibited the germination percentage compared to
distilled water and control samples [41].

Regarding the effects of propolis on human health, its antioxidant, antimicrobial, anti-
inflammatory, and anti-carcinogenic properties have been extensively studied. Studies have
shown that flavonoids and other compounds in propolis can help reduce inflammation and
protect against cell damage caused by free radicals [42]. Further investigations are needed
to understand the exact health effects of propolis and the optimal doses for its use. When
using products with propolis for therapeutic purposes, interactions with other drugs or
food supplements may occur.

Compared to non-propolis-treated maize grains, the larger grain borer LGB population
was lower in propolis-treated grains at all concentrations examined. Propolis’s greatest
benefits were observed at a 20% concentration [43].

A positive correlation was found between the amount of total polyphenols and
flavonoid content and the DPPH radical scavenging activity and FRAP values of propo-
lis samples. The relationship between the total phenol and flavonoid content and the
antioxidant potential of propolis samples assessed using DPPH and FRAP is shown in
Figures 3-6.
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Figure 3. Correlation of total flavonoid content and DPPH free radical scavenging activity of the
propolis samples.
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Figures 5 and 6 show that both total flavonoids (R? = 0.66) and phenolics (R? = 0.75)
were moderate and very strongly correlated with FRAP antioxidant activity.

There is not enough scientific evidence to prove that propolis can be used as a natural
treatment to combat weeds in agricultural practice. Most of the studies on the properties
and benefits of propolis focus on its use in the food, pharmaceutical, or cosmetic industries.
However, some research has shown that propolis can inhibit the growth of some species
of bacteria and fungi that can affect plants. A study shows that propolis can have an
antifungal effect against a fungus that affects potato crops [44,45].

In the case of the nine samples, a significant correlation (R% = 0.63) between the
flavonoid content and the free radical scavenging assays was obtained. The total phenolics
were also essentially correlated with DPPH antioxidant activity in Figure 4 (R? = 0.68).

In his research, Gonnet [46] demonstrated the phytotoxic and photo-inhibitory prop-
erties of propolis applied by bees on potatoes, which exhibited permanent inhibition. In
addition, some studies have shown that propolis can have antimicrobial and antifungal
properties, making it useful in controlling certain diseases and plant infections. However,
these studies were conducted in the laboratory, and more research is needed to evaluate
the effectiveness of propolis in agricultural practice.

In general, most of the research on the antimicrobial properties of propolis has been
performed in vitro on microorganisms that affect human health, and few studies have
focused on the antibacterial or antifungal effect of propolis against species that affect plants
used as a food source. For example, a study that tested the antifungal effect of different
concentrations of propolis extracts on some species that can affect plants showed that the
most affected microorganisms at all propolis concentrations among the tested fungi were
Alternaria alternata and Penicillium digitatum [47]. The results of another study showed
that Colombian propolis extracts could act as antifungal agents against Colletotrichum
gloeosporioides and Botryodiplodia theobromae, species that affect food products of vegetable
origin [48].

Regarding Romanian propolis, some studies have tried to investigate its antimicrobial
activity, confirming its antibacterial effect. Thus, a study on ethanolic extracts of propolis
from Transylvania found a better sensitivity of the Gram-positive bacteria (Staphylococcus
aureus, Bacillus cereus, and Listeria monocytogenes). At the same time, for P. aeruginosa, a total
resistance was noticed, and inhibition zone diameters for Candida albicans showed a large
variation [49]. Another study that investigated the antifungal activity of propolis fractions
and ethanolic extracts of propolis from different regions of Romania showed that they
exhibited antifungal and antibiofilm activity against all tested Candida albicans strains [50].
It was also observed that Romanian propolis ethanolic extracts showed strong antimicrobial
efficacy against E. coli strains, positively correlated with chemical composition, along with
an interesting synergistic interaction with antibiotics [51]. In contrast to these studies that
investigated alcoholic propolis extracts, our study used aqueous extracts and demonstrated
the antimicrobial activity of propolis.

Socio-economic development in recent years has influenced food contamination with
fungi, thus creating the need for new antifungal agents to provide safer food. Our study
showed that propolis is one of the promising natural antifungal agents and phyto-inhibitors.

4. Materials and Methods
4.1. Propolis Samples

Raw brown propolis samples were obtained directly from beekeepers. These were
taken from wooden beehives. Sampling was performed by scraping the lid and entering
the hives with a stainless steel spatula. The samples were taken during the same period of
the year, between June and July 2021, from nine regions of Romania (Transylvania, Banat,
Crisana, Maramures, Oltenia, Muntenia, Dobruja, Moldavia, and Bukovina). The samples
were kept at —18 °C in the dark until analysis.

Table 5 shows the number of samples, the region, the county, and the relief form
related to where the sample was taken.
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Table 5. The area, origin, and the landform form where the propolis samples were collected.

Sample Region County of Origin Landforms

S1 Transilvania (Transylvania) Alba Mountainous
S2 Crisana Bihor Hilly

S3 Maramures Maramures Mountainous
54 Banat Timis Plain

S5 Oltenia (Lesser Wallachia) Golj Sub-mountainous
S6 Muntenia (Greater Wallachia) Dambovita Hilly

S7 Dobrogea (Dobruja) Constanta Plain

S8 Moldova (Moldavia) Vaslui Hilly

S9 Bucovina (Bukovina) Suceava Mountainous

Figure 7 shows the map and the regions of Romania, highlighting the counties where
the samples were taken.

UKRAINE

REPUBLIC OF
MOLDOVA

BULGARIA

Figure 7. Map of the regions of Romania with propolis sampling points.

The numbers from 1 to 9 in Figure 7 represent the areas where the samples from S1 to
S9 were taken (Table 5).

4.2. Cereal Samples

Table 6 shows the cereals used to determine the phyto-inhibitory activity of propolis
and their characteristics. The temperature of the grains used was 26.5 °C.

Table 6. Cereals used and their characteristics.

N Moisture Standard Mass Per
Cereal Type Scientific Name (%) Storage Volume (kg/hL)
Hexaploid bread wheat Triticum aestivum 13.8 77.1
Maize Zea mays L. 14.4 73.8
QOats Avena sativa L. 12.9 411
Barley Hordeum vulgare 142 63.7

L.

4.3. Physico-Chemical Analysis

The water activity (ay) of propolis was measured at 25 °C using the Aquaspector
apparatus AQS-2-TC (Nagy Messsysteme GmbH, Gaufelden, Germany) [52].

Hygroscopicity. The method for determining hygroscopicity proposed by Cai and
Corke [53] was used. A total of 10 g of propolis in 100 mL ultra-pure water was centrifuged
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(70 rpm) in a centrifuge Centra CL2 (Thermo Fisher Scientific Inc., Waltham, MA, USA). The
solutions were filtered using Whatman Filter Paper Grade No. 1 (Whatman International
Ltd., Maidstone, UK), and the purified propolis extract was frozen at —50° C. The drying
of the frozen propolis was performed in a condenser-type freeze dryer (TOPT-12A vacuum
freeze dryer, Xi’an, China). A total of 2 g of propolis powder was kept at 25° C in a
container with a saturated NaySO4 solution (81% RH) for 7 days and then weighed. The
hygroscopicity was expressed as g of absorbed water/100 g of propolis.

Water solubility. The Cano-Chauca et al. standard procedure [54] was applied. A total
of 2 g of a propolis sample was spun (at 5000 rpm) for 5 min in a Centra CL2 centrifuge
(Thermo Fisher Scientific Inc., Waltham, MA, USA) with twenty milliliters of distilled water.
A total of 5 mL of the aliquot was dried at 105 °C in an oven. Solubility was measured
using the sample’s mass both before and after drying.

Determination of Total Phenolic Content (TPC). The Folin-Ciocalteu reagent tech-
nique [55,56] was applied. The TPC was calculated at 760 nm by interpolating propolis
absorbance using a calibration curve made with standard gallic acid, 98%. The propolis
samples’ total phenolic content was expressed as the gallic acid equivalent (GAE) in one
gram of raw propolis.

Determination of Total Flavonoid Content (TFC). A total of 2.5 mL of 96% ethanol and
1 g of finely ground propolis were centrifuged for 24 h at 200 rpm in a Centra CL2 centrifuge
(Thermo Fisher Scientific Inc., Waltham, MA, USA). A 25 mL ethanol 80% adjustment was
made to the mixture. A total of 0.1 mL of 10% AlCl3, 1.5 mL of 95% ethanol, 0.1 mL of
CH3;COO-K 1M, and 2.8 mL of distilled water were added separately. The mixture was
kept in the dark for thirty minutes. The absorbance was measured at 425 nm using the
Lambda 20—Perkin Elmer UV /VIS Spectrophotometer (Waltham, MA, USA). The TFC
was calculated using a standard quercetin solution and a calibration curve. The TFC was
expressed in mg of quercetin equivalents (QE)/100 g of propolis [57].

Ferric Reducing Antioxidant Power (FRAP). The 2,4,6-tripyridyl-S-triazine solution
10 mM (2.5 mL), FeCl3-6H,O solution 20 mM (2.5 mL), and 25 mL of 300 mM acetate
buffer (pH 3.6) were used to prepare the FRAP reagent. In addition, 200 pL of propolis
methanolic extracts (1 g in 7 mL methanol) was added along with 1.5 mL of a freshly made
FRAP reagent, and the mixture was then maintained at 37 °C for four minutes. After the
spectrophotometer calibration with 200 uL of distilled water, the absorbance was measured
at 593 nm using the Lambda 20—Perkin Elmer UV /VIS (Waltham, MA, USA). The FeSOy
(151.5-9.5 mg/mL) and the FRAP reagent were reacted to create the standard curve. [58,59].

The Antioxidant Activity of Propolis (RSA). In order to prepare the maceration, raw
propolis was extracted using a 70% ethanol solution (1:100 w/v), homogenized continuously
for 24 h, and then evaporated until it was completely dry. A mixture of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) 0.1 mM ethanoic solution and 0.6 mg/mL propolis solution was
produced. The absorbance was measured at 515 nm using the Lambda 20—Perkin Elmer
UV /VIS Spectrophotometer (Waltham, MA, USA). At the start of the reaction, as well as
after 10 and 20 min, the absorbance (A) was measured. Using DPPH, one can calculate
antioxidant activity as follows: % of antioxidant activity (RSA) = (Apppy — Asample) /AppPH
x 100 [60,61].

4.4. The Phyto-Inhibitory Activity of Propolis

The phyto-inhibitory effect was determined by assessing the germination duration
(inhibiting growth) of specific cereal samples with physico-chemical attributes in standard
systems, both with and without the controlled inclusion of propolis [62,63]. In Petri dishes
(20 cm?) containing a layer of hydrophilic wool, varying amounts of propolis (powder) or
aqueous solutions at concentrations of 1%, 5%, and 10% were introduced—this process in-
volved monitoring the selected cereals in the established environment every two days over
a 13-day period, with statistical evaluations (averages) conducted on 10 germinated plants.

To produce the aqueous propolis extract, 50 g of propolis was finely chopped and
ground into particles, after which 250 mL of distilled water was added, and the mixture
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was refluxed for 1 h in a round-bottomed flask equipped with a condenser. The resulting
heterogeneous mixture underwent centrifugation (~4500x g) using a Centra CL2 centrifuge
(Thermo Fisher Scientific Inc., Waltham, MA, USA), followed by coarse filtration through
a vacuum-connected filter (Merck KgaA, Darmstadt, Germany). Subsequently, another
centrifugation at ~4000x g took place, and the solution was further filtered (under vacuum)
through a low-porosity surface. The final step involved heating at 100 °C until only 20% of
the initial quantity remained [64].

4.5. Antimicrobial Activity of Propolis

The antibacterial efficacy of aqueous propolis extracts was assessed using three bac-
terial strains commonly found as contaminants in cereals: Bacillus subtilis (ATCC 6633),
Bacillus cereus (ATCC 11788), and Proteus mirabilis (ATCC 7002). Additionally, the antifungal
activity was determined against three fungal strains known to contaminate the cereals
investigated in our study: Fusarium oxysporum (ATCC 48112), Penicillium chrysogenum
(ATCC 10106), and Aspergillus niger (derived from ATCC 16888). All bacterial and fungal
strains were procured from MicroBioLogics Inc. (St. Cloud, MN, USA) and Thermo Fisher
Scientific Inc. (Waltham, MA, USA). The bacterial and fungal cultures were prepared by
diluting overnight cultures in sterile normal saline, and the turbidity of cell suspensions
was adjusted to 0.5 McFarland using a McFarland densitometer (Mettler Toledo, Columbus,
OH, USA).

The antimicrobial attributes of propolis extracts were examined using the disk diffu-
sion method in accordance with the procedures recommended by CLSI [65]. The diameters
of the inhibition zones generated by microorganisms were regarded as a semi-quantitative
indicator of the antimicrobial activity. A Mueller-Hinton agar (Merck KgaA, Darmstadlt,
Germany) was used as the culture medium for bacterial strains, while a Sabouraud 4%
dextrose agar (Merck KgaA) was employed for fungal strains. Petri dishes containing
culture media were inoculated by flooding with 1 mL of each culture, evenly spreading it
across the entire surface.

For the test, 6 mm filter paper discs with 50 uL of each propolis aqueous extract
(0.1 g/mL), obtained as described earlier, were utilized. The discs were aseptically posi-
tioned on the culture medium surface at approximately equal distances. Discs containing
5 ug ciprofloxacin (Bio-Rad, Marnes-la-Coquette, France) served as a positive control for
bacterial growth, while discs with 1 ug voriconazole (Bio-Rad, France) acted as a positive
control for fungal growth. Following a 2 h storage at 5 °C, the Petri dishes underwent
incubation for 24 h at 37 °C for bacterial growth and 5 days at 25 °C for fungal growth. The
measurement of inhibition zone diameters (in mm) was conducted using a DIN 862 ABS
digital caliper (Fuzhou Conic Industrial Co., Ltd., Fuzhou, China). All experiments were
conducted in triplicate, by the same operator, and under identical laboratory conditions,
with the results expressed as the average of the three tests.

4.6. Statistical Analysis

Using a two-way analysis of variance (ANOVA), the significance of the variation in
inhibition zone diameters was assessed based on the strain type tested and the propolis’s
geographic point of origin. In order to examine the relationship between the diameter of
the inhibition zone and the flavonoid and phenol content of propolis samples, as well as
the germination periods of cereal samples treated with propolis, this study used principal
component analysis (PCR) and the Pearson correlation coefficient.

5. Conclusions

The bioactive properties of propolis result from the collective action of its various con-
stituents, including flavonoids and phenolic compounds, found in appreciable quantities
in propolis from all the regions of Romania. The highest content of phenols and flavonoids
was found in propolis samples from Alba and Constanta Counties.
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The propolis samples had a phyto-inhibitory effect on the germination of cereal seeds
depending on the way they were used (powder or aqueous extract), the concentration
used, and the geographical area where they were taken. The propolis samples present
antimicrobial activity against all studied bacterial and fungal strains, making them useful
in controlling certain plant diseases and infections.

Due to its properties, Romanian propolis can be integrated with other ecological
control methods to manage the infestation of cereal crops. Propolis can be used to manage
plant crops in the fight against some microorganisms as an alternative to the intensive,
conventional practice in ecological agriculture.
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Abstract: Nowadays, unprecedented health challenges are urging novel solutions to address antimi-
crobial resistance as multidrug-resistant strains of bacteria, yeasts and moulds are emerging. Such
microorganisms can cause food and feed spoilage, food poisoning and even more severe diseases,
resulting in human death. In order to overcome this phenomenon, it is essential to identify novel
antimicrobials that are naturally occurring, biologically effective and increasingly safe for human
use. The development of gemmotherapy extracts (GTEs) using plant parts such as buds and young
shoots has emerged as a novel approach to treat/prevent human conditions due to their associated
antidiabetic, anti-inflammatory and/or antimicrobial properties that all require careful evaluations.
Seven GTEs obtained from plant species like the olive (Olea europaea L.), almond (Prunus amygdalus L.),
black mulberry (Morus nigra L.), walnut (Juglans regia L.), blackberry (Rubus fruticosus L.), blackcurrant
(Ribes nigrum L.) and bilberry (Vaccinium myrtillus L.) were tested for their antimicrobial efficiency
via agar diffusion and microbroth dilution methods. The antimicrobial activity was assessed for
eight bacterial (Bacillus cereus, Staphylococcus aureus, Salmonella enterica subsp. enterica, Proteus vulgaris,
Enterococcus faecalis, Escherichia coli, Pseudomonas aeruginosa and Listeria monocytogenes), five moulds
(Aspergillus flavus, Aspergillus niger, Aspergillus ochraceus, Penicillium citrinum, Penicillium expansumn)
and one yeast strain (Saccharomyces cerevisiae). The agar diffusion method revealed the blackberry GTE
as the most effective since it inhibited the growth of three bacterial, four moulds and one yeast species,
having considered the total number of affected microorganism species. Next to the blackberry, the
olive GTE appeared to be the second most efficient, suppressing five bacterial strains but no moulds
or yeasts. The minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) were then determined for each GTE and the microorganisms tested. Noticeably, the olive GTE
appeared to feature the strongest bacteriostatic and bactericidal outcome, displaying specificity for
S. aureus, E. faecalis and L. monocytogenes. The other GTEs, such as blueberry, walnut, black mulberry
and almond (the list indicates relative strength), were more effective at suppressing microbial growth
than inducing microbial death. However, some species specificities were also evident, while the
blackcurrant GTE had no significant antimicrobial activity. Having seen the antimicrobial properties
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of the analysed GTEs, especially the olive and black mulberry GTEs, these could be envisioned
as potential antimicrobials that might enhance antibiotic therapies efficiency, while the blackberry
GTE would act as an antifungal agent. Some of the GTE mixtures analysed have shown interesting
antimicrobial synergies, and all the antimicrobial effects observed argue for extending these studies
to include pathological microorganisms.

Keywords: gemmotherapy extracts; antimicrobial activity; antifungal activity; Morus nigra; Juglans
regia; Prunus amygdalus; Olea europaea; Ribes nigrum; Rubus fruticosus; Vaccinium myrtillus

1. Introduction

Many studies claim that antimicrobial resistance (AMR) is one of the major public
health problems and that, if nothing is done, AMR could be one of the leading causes of
mortality by 2050 [1]. To this day, an estimated 700,000 people die yearly from AMR-related
diseases, and without an effective plan, an estimated 10 million people could die from the
same causes by the year 2050. This is not only a scientifically challenging task but also bears
an enormous economic cost, by some estimates at around USD 100 trillion of worth [2].
One of the main reasons for this happening is the liberal use of antibiotics, as well as the
relatively limited number of available types of antibiotics, leading to an ever-increasing
number of drug-resistant processes in bacteria [3]. It is a relatively well-known fact that
pathogenic bacteria adapt to different antibacterial agents, and these can be divided into
four major categories: drug uptake limitation, drug target modification, drug inactivation
and active drug efflux. Drug resistance processes can also vary based on the type of bacteria
(Gram-negative or Gram-positive), changing their structures. Out of the thirty-two types
of antibacterial agents in development in 2019, only six were considered novel by the
WHO, and, as such, the development of a very good quality antimicrobial drug remains a
major problem. Recently, there has been an increasing interest in natural substance-based
antibiotics. While the existing types of antimicrobial agents remain in use, albeit with
reduced effectiveness, and there are some new types of synthetically manufactured drugs,
one can argue that natural substances show great promise in this regard [2].

These natural substances also showed potential in preventing diseases caused by
drug-tolerant and resistant strains of microorganisms. There are several studies that prove
that plant extracts have antimicrobial effects against multidrug-resistant bacteria. For
example, Mascarello et al. (2018) reported that eight compounds isolated from mulberry
root barks were capable of M. tuberculosis protein tyrosine phosphatase inhibition, a bac-
terium that increased the number of cases in multidrug-resistant tuberculosis [4]. Walnut
bark and leaf extracts were effective against methicillin-resistant Staphylococcus aureus [5,6],
Salmonella enterica serovar Typhi, Enterobacter cloacae [5] and Pseudomonas aeruginosa [5,7].
Ildiz et al. (2021) reported that bilberry fruit extracts have antimicrobial effects against
multidrug-resistant Escherichia coli and Pseudomonas aeruginosa [8]. There are approximately
374,000 plant species in the world [9] that produce many phytochemicals as secondary
metabolites to protect themselves against biotic and abiotic stresses [10]. It has been sug-
gested that the most important categories of chemical compounds found in plants with
proven antimicrobial activity are terpenoids, alkaloids, sulphur-containing compounds
and polyphenols. Not only do they provide defence against various microorganisms, but
also show anti-fungal, anticancer and antioxidant properties as well [11]. It is assumed that
the structural arrangement of the different compounds found in these plants influences
the effectiveness of the antimicrobial property; one such structure is the hydroxyl (-OH)
group of a phenol compound. It is a known fact that this group can directly disrupt a
microbial membrane structure and cause leakages [12]. A number of documented chemical
compounds, such as flavonoids, quinones, tannins, lignans and other polyphenols, are also
effective as antifungal agents [13]. These compounds are also potentially effective in food
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preservation, as they are not only considered nutritionally safe and easily digestible but
also have proven health benefits [14,15].

Most of the research focuses on the extracts made from differentiated tissues, but
in recent years, there have been more and more studies based on meristematic tissues.
This type of tissue contains many phytonutrients, and they are used for the preparation
of so-called gemmotherapy extracts (GTEs) that are more complex and potentially more
effective than adult plant parts [16]. Besides the secondary metabolites, these GTEs usually
contain proteins, amino acids, hormones, vitamins, growth factors and cytokines [17]. The
best time to harvest the buds is late winter or early spring, as this is when the maximum
concentration of active ingredients is present [18]. In reviewing the studies that have been
carried out in this area, we conclude that there is only a small amount of research that
focuses on the efficacy of the antimicrobial properties of such GTEs, so this area is largely
unexplored. The application of GTEs in phytotherapy has been proposed by Pol Henry [19],
and such extracts are hydroglycerine alcoholic solutions of macerated fresh buds, stems,
roots, or other meristematic plant tissues, and are easy to prepare and administer, usually
by dilution in water [20,21]. In the following, some of the recent results are presented
concerning the studied GTEs associated antimicrobial properties.

1.1. Olive Tree (Olea europaea L.)

The olive (Olea europaea L.) belongs to the Oleaceae family, and it is a largely studied
Mediterranean crop because of its health benefits, such as its antioxidant, antimicrobial, an-
ticancer, antiviral and gastroprotective effects [22]. Young olive shoot extracts’” antimicrobial
effects were first examined in 2023 by Popovi¢ et al. [16], and according to them these ex-
tracts have inhibitory and bactericidal effects against several Gram-positive (Staphylococcus
aureus ATCC 25923, Bacillus cereus ATCC 14579, Listeria monocytogenes ATCC 14579, Ente-
rococcus faecalis ATCC 29212) and Gram-negative (Escherichia coli ATCC 25922, Salmonella
enteritidis ATCC 13076) bacteria. Recent research proved that olive leaf extract might have
a protective effect against the negative impacts of exposure to noise and toluene on the
heart tissue, so it could be a safe and natural therapeutic option to counteract the adverse
impact of environmental toxicants on cardiovascular health [23]. Another work of research
claimed that olive leaf extract has wound-healing effects and can increase hair growth by
detoxifying the hair follicles and promoting blood circulation in the scalp [24].

1.2. Almond (Prunus amygdalus L.)

The almond (Prunus amygdalus L.) belongs to the Rosaceae family, and it is cultivated
in east Mediterranean countries, Australia and Africa [25]. The skin of the nut has anti-
inflammatory and antioxidant activities due to the presence of nutrients, such as lipids,
fatty acids, proteins, amino acids, vitamins, carbohydrates and minerals [26]. The sph-
ingolipids isolated from nuts are capable of inhibiting the development of colon cancer
and also decreasing the proportion of adenocarcinomas in mice [25]. There are no studies
based on the antimicrobial effects of buds, but Ibibia (2013) [25] reported that almond
leaf extracts were effective against E. coli, S. aureus, B. subtilis, B. cereus and P. aeruginosa.
Ramachandran et al. (2020) [27] reported that almonds could be a promising agent for
the treatment of polycystic ovary syndrome, as it was able to restore hormone levels in
experimental animals.

1.3. Black Mulberry (Morus nigra L.)

The black mulberry (Morus nigra L.) belongs to the Moraceae family, and there are
24 species of Morus and one subspecies. The black mulberry originates from Iran, and it is
one of the most important species grown in Mediterranean countries. The fruit is known
not only for its nutritional qualities but also for its use in traditional medicine, as it contains
a high number of bioactive compounds. The fruit is reported to have several biological
activities, such as antioxidant, antidiabetic, anti-hyperlipidaemic and anti-inflammatory
properties [28]. The leaves can be used for the prevention of throat infections, inflammations
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and irritations, and it is an anti-hyperglycemic nutraceutical food for diabetic people. The
root barks have cathartic and anti-helmentic effects, while the stem barks are considered to
be purgative and antidiabetic [29].

1.4. Walnut (Juglans regia L.)

The walnut (Juglans regia L.) belongs to the Juglandaceae family, and it originates from
Central Asia, the western Himalayan chain, reaching Europe before the Roman times [30].
The walnut is rich in fats and contains valuable polyunsaturated fatty acids, proteins
and minerals. Walnut-derived polyphenolic compounds have been attributed to health
benefits like the ability to reduce oxidative stress and inhibit macromolecular oxidation.
Regular walnut consumption reduces the risk of heart disease [31]. Oliveira et al. (2008) [32]
examined the walnut’s green husk antimicrobial properties, observing the growth inhibition
of B. cereus, B. subtilis, S. aureus and P. aeruginosa, while walnut fruits were less effective, as
reported by Pereira et al. (2008), [33]. Another study on walnut kernel extracts reported
increased brain dopamine levels in rats, which were inversely correlated with oxidative
stress, suggesting that such an extract could have neuroprotective effects [34].

1.5. Bilberry (Vaccinium myrtillus L.)

The bilberry (Vaccinium myrtillus L.) belongs to the Ericaceae family and is a wild-
growing species with its most important distribution area in Northern and Eastern Europe
and North Africa. These berries have been used in traditional medicine since ancient times
as they have antioxidant, cardioprotective, antimicrobial, anti-inflammatory, anti-obesity
and other beneficial health properties [35]. There are many studies that examine these
berries and other parts of the plant for associated antimicrobial properties [36-39], but no
such study was conducted for the bilberry GTE. However, some bilberry fruit extracts’
specific phytonutrient profiles were determined and the antidiabetic effect was revealed
through nutrigenetic studies (Neamtu et al., 2020) [40]. Habanova et al. (2016) [41] reported
that even a short period of regular consumption of whole wild bilberries is associated with
an improvement in the lipid profile in humans and can contribute to beneficial effects on
CVD risk reduction, such as decreasing LDL-C and TG and increasing HDL-C.

1.6. Blackberry (Rubus fruticosus L.)

The blackberry (Rubus fruticosus L.) belongs to the Rosaceae family, and it has been
collected for about two thousand years from the wild, though currently, many cultivated
varieties are also available. Nowadays, the main regions for blackberry production are
North America, Europe, Asia, South America, Central America and Africa [42]. The
berries were used for medicinal purposes, and the plants were domesticated in the 17th
century [43]. Due to their phenolic compounds, these berries have been attributed to many
potential health benefits, such as the prevention of chronic and inflammatory diseases
and some types of cancer, and could also reduce the changes associated with age-related
neurodegenerative diseases [42].

1.7. Blackcurrant (Ribes nigrum L.)

The blackcurrant (Ribes nigrum L.) belongs to the Glossulariaceae family, and it is native
to central Europe and northern Asia. It is also a well-studied plant; its berries have many
positive effects on health, like blood glucose regulation, as well as anti-inflammatory, antiox-
idant, antimicrobial and anticancer properties [44]. Raiciu et al. (2010) [18] investigated the
antimicrobial effects of blackcurrant bud extracts and found that they inhibited the growth
of Staphylococcus aureus ATCC6538, Pseudomonas aeruginosa ATCC 9027, Escherichia coli
ATCC 35218, Aspergillus niger ATCC 16,404 and Candida albicans ATCC 10231. Tabart et al.
(2006; 2011) [45,46] compared the antioxidant capacities and profiles of different plant parts
(buds, leaves and berries) from different blackcurrant cultivars, and the berries exhibited
a significantly diminished phenol content compared to the buds and leaves. Kendir et al.
(2019) [47] reported that blackcurrant leaf extracts had wound-healing effects, the activity
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of which could be attributed to phenolic compounds, especially chlorogenic acid and rutin.
Another work of research showed that blackcurrant GTEs prevented neuroinflammation in
rats that underwent lipopolysaccharide treatment [48].

1.8. Aim of the Research

Seven GTEs made of plant species like Olea europaea (OGTE), Prunus amygdalus (AGTE),
Morus nigra (BMGTE), Juglans regia (NGTE), Rubus fruticosus (BKkBGTE), Ribes nigrum
(BCGTE) and Vaccinium myrtillus (BBGTE) were comparatively assessed for their antimi-
crobial properties by monitoring the growth and function of food-derived pathogens
(Escherichia coli, Pseudomonas aeruginosa, Salmonella enterica subsp. enterica, Proteus vul-
garis, Bacillus cereus, Staphylococcus aureus, Enterococcus faecalis, Aspergillus flavus, A. niger,
A. ochraceus, Penicillium citrinum, P. expansum) and Saccharomyces cerevisiae. The ultimate
goal was to determine which of the tested GTEs could feature antimicrobial properties and
if such properties could further be influenced by combining GTEs through their synergistic,
additive and/or antagonistic interactions. Therefore, if an antimicrobial interaction is
detected between some GTEs, then their possible combination for other putative beneficial
physiological effects should be further investigated.

2. Results

In order to gain information about the antimicrobial activity of the selected GTE Gram-
positive and negative bacterial species, together with yeast and mould fungi species, were
included in this study (see Section 4).

All studied GTEs were evaluated for their polyphenol contents in order to have a better
characterisation of them previous to the study. The identified and quantified bioactive
compounds from the studied GTEs are presented in Table 1.

Table 1. The phytochemical composition of GTEs.

Studied Components OGTE AGTE BMGTE WGTE BBGTE BkBGTE

BCGTE

Phenolic acids

Caffeic acid - 0.825 + 0.0094 - - 1.693 + 0.0188 - 1.693 + 0.0101
Chlorogenic acid 0.265 =+ 0.0042 1.390 + 0.0095 3.539 £ 0.0251 0.244 £ 0.0038 7.552 £ 0.0217 0.157 + 0.0057 0.227 + 0.0057
Ferulic acid - - - - - - 0.109 + 0.0086
Gallic acid - - - - - 0.049 + 0.0010 0.049 4 0.0008
Salicylic acid 0.053 + 0.0012 - - - 0.066 =+ 0.0009 0.895 =+ 0.0202 0.071 £ 0.0017
Flavonoids
Apigenin 0.055 =+ 0.0021 0.017 4 0.0009 0.103 £ 0.0025 0.002 £ 0.0001 - 0.330 £ 0.0108 0.043 + 0.0011
Catechin - - - 0.008 + 0.0001 0.044 4+ 0.0018 - 0.028 4 0.0009
Chrysine 0.109 + 0.0051 0.103 + 0.0049 0.093 + 0.0009 - 0.117 4 0.0085 0.101 + 0.0022 0.114 4+ 0.0027
Hyperoside 0.202 + 0.0074 1.967 £ 0.0157 0.162 + 0.0052 1.301 £ 0.0094 0.392 4+ 0.0102 0.172 + 0.0089 0.547 + 0.0187
Kaempferol - 0.032 £ 0.0010 - - 0.033 =+ 0.0009 - -
Luteolin 0.049 =+ 0.0009 - 0.017 £ 0.0014 - - 0.013 =+ 0.0008 -
Luteolin-7-O-glucoside 1.777 4+ 0.0257 - 0.072 4+ 0.0023 0.072 + 0.0023 - 0.078 + 0.0012 0.074 4+ 0.0021
Naringenin 0.032 + 0.0011 0.110 + 0.0067 0.046 + 0.0014 0.064 + 0.0011 0.036 4 0.0005 0.043 + 0.0009 -
Quercetin 0.052 £ 0.0015 0.201 £ 0.0076 - 0.313 £ 0.0092 0.989 + 0.0118 - 0.210 =+ 0.0100
Rutoside 0.416 + 0.0201 5.506 + 0.0051 1.367 + 0.0204 0.103 £ 0.0024 0.105 =+ 0.0028 0.278 + 0.0047 1.662 + 0.0198

The concentrations are expressed in mg/mL, mean 4 RSD.

The presence of many polyphenols can be observed both from the phenolic acid class
and flavonoids. Generally, the main compounds identified are caffeic and chlorogenic acids,
respectively, and quercetin and its derivatives hyperoside and rutoside. Certainly, each
GTE has its own specificity. The OGTE contains a high amount of luteolin-7-O-glucoside;
in the meantime, the WGTE has more flavonoids and fewer phenolic acids. In the BkBGTE,
we found a higher amount of salicylic acid and apigenin.

We used two types of experimental setups to assess the putative antimicrobial activity
of the selected GTEs. The agar diffusion method was applied to test the extent of the
selected GTE-specific antimicrobial effect. This was based on the ability of the tested GTE
to diffuse in the agar medium, forming a circular zone where its concentration decreased
from the centre to the periphery. The resulting concentration gradient of the putative
antimicrobial GTE provides an indication of the sensitivity of a given microorganism as a
function of complete or partial inhibition.
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In addition to the agar diffusion method, we also analysed the antimicrobial activity in
broth by means of dilutions (microbroth dilution assay). Broths containing the tested GTEs
at various concentrations were inoculated with a defined amount of microbial suspension,
and after incubation, the dilutions that inhibited the microorganism being tested were
determined. As the microbial cells in this liquid culture media came into direct contact with
the nutrient broth containing a given concentration of the antimicrobial GTE, an accurate
result was obtained regarding the change in cell number (decrease, complete inhibition—
destruction). Therefore, based on the broth culture, we determined the minimum inhibitory
concentration (MIC) as the lowest concentration of a given GTE with antimicrobial proper-
ties that still cause a decrease in the cell number of the tested microbe. We also evaluated
the minimum bactericidal concentration (MBC), which is the lowest concentration of an
antimicrobial GTE that destroys 99.9-100% of the original cell’s suspension. The MIC test
indicates the lowest level of antimicrobial agent that strongly inhibits growth, while the
MBC test indicates the lowest level of antimicrobial agent that results in microbial death.

2.1. GTEs" Antimicrobial Activity in the Context of Inhibition Zones

The antibacterial testing of selected GTEs using the agar diffusion method was contin-
ued whenever possible by evaluating the diameter of the inhibition zones. The larger the
diameter of the inhibition zone, the more sensitive the microorganism tested and the lower
the amount required to inhibit the microorganism (see Figure 1).

(b)

Figure 1. The different sizes of the inhibition zones induced by the GTEs on some microorganisms:
(a) L. monocytogenes—Juglans regia 100% GTE; (b) P. vulgaris—Vaccinium myrtillus 100% GTE; and
(c) L. monocytogenes—Rubus fruticosus 100% GTE.

Figure 1 The inhibition zones generated through the agar diffusion method for some
of the tested microorganisms and GTEs.

Data on the inhibition zone diameters produced by the GTEs evaluated are presented
in Table 2. Among the Gram-positive bacteria, B. cereus was the most sensitive, with the
exception of blackberry and blackcurrant GTEs that showed no inhibitory effects.

The walnut GTE excelled particularly, inhibiting the growth of some microbes, even
at a concentration of 20%, as the most effective against B. cereus, L. monocytogenes, and E.
faecalis. For S. aureus, only the blackberry and olive GTEs produced zones of inhibition.
Remarkably, for E. faecalis, the almond GTE looked like the most effective, followed by the
blueberry and walnut GTEs.

In the case of L. monocytogenes, the walnut and blackberry GTEs were the most rele-
vant, showing inhibitory effects at a wide range of 100-20% of the GTE’s concentration.
Interestingly, P. vulgaris was the only Gram-negative bacteria on which most GTEs had
some effect, being mostly sensitive to the bilberry GTE, inhibiting growth even at a 30%
concentration, and behaving completely resistant to blackcurrant GTE, where even the
fully concentrated extract failed to inhibit growth.
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Table 2. The antimicrobial effects of GTEs, concentrations and inhibition zones (1 = 3).

Micrsot(‘)‘r‘gisms (i"/“)c OGTE AGTE BMGTE WGTE BKBGTE BBGTE BCGTE
Gram-positive bacteria

100 12.34dfie: 0.46 10.1a7/b/:ct,d0.92 9.96 + 0559 13.19(;2: 1.17 nd 10.45;(:: 0.55 nd
90 11.52/3:e 0.34 9.71 a:,i}:J 0.30 967 4+ 0.69 @ 11.7}93;5 0.83 nd 10.78(;;0.85 nd
80 12.54 e:t 1.65 940 4+ 0282 10.18 ;I: 0.73 11.7;43;5 0.59 nd 10.5?3; 0.65 nd
B. cereuss 70 10.59b,:i: 0.46 9.533[:] 0.27 970 + 0.54 2 10.953f 0.82 nd 9.91;:):{(0.57 nd
60 10.73bf 0.30 nd nd 11.29a,s:,C 0.49 nd nd nd
50 9.68$3 0.60 nd nd 10.22@% 0.52 nd nd nd
40 nd nd nd 10'183 0.33 nd nd nd
30 nd nd nd nd nd nd nd
100 10.52bf 0.18 nd nd nd 12.2C:E1 0.51 nd nd
9 11.32C§ 0.31 nd nd nd 10.47 afc 0.40 nd nd
80 10.96 Ci 0.43 nd nd nd 10.79a,§,[C 1.06 nd nd
S. aureus 70 10.54b% 0.55 nd nd nd 13'955[ 0.63 nd nd
60 10.55b/:ct 0.27 nd nd nd ]3.29;; 0.65 nd nd
50 9.24 £0.15° nd nd nd 13'22di: 0-58 nd nd
40 nd nd nd nd 9.81 +£0.56 2 nd nd
30 nd nd nd nd nd nd nd
100 10.95 C:i: 0.60 13.86m/:I:n 0.46 nd 10.99a,b:|:’C 0.91 nd 10.9%12; 0.46 nd
9 nd 14.17ni 0.55 nd 10.53af 0.97 nd 10.49C§ 0.63 nd
80 nd 13-3911,in 0.29 nd 10.09ai 0.59 nd 992,}5&,318 nd
| no e BOEOR nd o 000E00
E. facalis 0 d 12.88 028 d d d 984 £ 0.26 d
50 nd 12.75]’,1:5 0.55 nd nd nd 10.14b’C:/Ei 0.42 nd
40 nd 11'88]1;% 0-56 nd nd nd nd nd
30 nd 10'131,13,:510'51 nd nd nd nd nd
20 nd nd nd nd nd nd nd

100 9.71$ 0.62 nd nd 21.98 ‘i 1.13 19.20 li 0.87 nd 10.81 bi 0.74

9 nd nd nd 17‘16g,jh: 0.90 ]8.71&: 0.60 nd 10‘773: 0.41
80 nd nd nd 18.08}?: 0.41 18.59}3: 0.41 nd nd
A 70 nd nd nd 15.53fis|: 0.83 17'84;,}:5 0.71 nd nd
60 nd nd nd 16'73g,:k|f 0.69 17'371;,:}‘1: 2.31 nd nd
50 nd nd nd 14.13e? 0.47 17,33&% 0.46 nd nd
40 nd nd nd 15.07 fi 1.46 16.93gi 0.68 nd nd
30 nd nd nd 1333£049 1544 073t nd nd
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Table 2. Cont.

_ Studied Conc. OGTE AGTE BMGTE WGTE BKBGTE BBGTE BCGTE
Microorganisms (%)
12.61 + 0.96 13.4 + 0.53
L. monocytogenes 20 nd nd nd cde de nd nd
10 nd nd nd nd nd nd nd
Gram-negative bacteria
11.09 £+ 0.33 11.14 + 0.99 10.40 + 0.37 10.33 + 0.34 12.77 + 0.64 12.76 + 0.80
100 c efgh ab ab d,e h,i nd
11.05 + 0.44 12.12 + 0.84 10.53 + 0.58 11.18 + 0.45 13.55 + 0.75
90 c ik ab nd abc i nd
10.94 + 0.52 11.57 £ 0.73 11.52 +1.31 10.99 + 0.30 15.04 +1.03
80 c fghi b nd abe K nd
70 11.40;!1: 0.42 10.6c9,dit>,f0'64 nd nd nd 14.24jit 0.86 nd
P. vulgaris
¢ 60  902+0372 1000+071 nd nd nd 191 22048 nd
50 87840222 10424033 nd nd nd 1059 < 038 nd
40 nd 10.9d1,efg0'76 nd nd nd 11.64f,fgc 0.57 nd
30 nd nd nd nd nd 10'1%,&% 045 nd
20 nd nd nd nd nd nd nd
P. aeruginosa 100 nd nd nd nd nd nd nd
E. coli 100 nd nd nd nd nd nd nd
S. enterica 100 nd nd nd nd nd nd nd
Yeast
100 nd 11.76g,hi,i 0.66 nd nd 10.39 ai 0.43 10.83dlie,f0.37 9.63 + 0352
11.84 +0.14 11.97 + 0.64 11.68 4+ 0.9 10.61 + 0.96
90 nd ghij nd nd bod fg ab
S. cerevisiae 80 nd 10.3{%%2.16 nd nd 10.43 \i 0.42 11.5281f,ig 0.56 10.90bi 0.20
70 nd 9.95af’C0.28 nd nd 10.56af 0.55 9.905;0.48 978 + 0382
60 nd 943 +0.132 nd nd nd nd nd
50 nd nd nd nd nd nd nd
Moulds
A. niger 100 nd nd nd nd nd nd nd
100 nd nd nd nd 104 +0.27 nd nd
90 nd nd nd nd 10.13 £ 0.25 nd nd
A. flavus 80 nd nd nd nd 9.76 + 0.54 nd nd
70 nd nd nd nd 9.42 + 0.25 nd nd
60 nd nd nd nd nd nd nd
100 nd nd nd nd 10.47 +£ 0.7 nd nd
90 nd nd nd nd 10.07 + 0.26 nd nd
A. ochraceus 80 nd nd nd nd 9.96 + 0.22 nd nd
70 nd nd nd nd 9.56 +0.19 nd nd
60 nd nd nd nd nd nd nd
100 nd nd nd nd 14.02 + 0.64 9.34 + 0.25 nd
90 nd nd nd nd 13.22 +0.32 9.09 + 0.31 nd
P, citrinum 80 nd nd nd nd 12.81 £ 0.36 8.83 + 0.35 nd
70 nd nd nd nd 11.91 + 0.24 9.00 +0.18 nd
60 nd nd nd nd nd nd nd
100 nd nd nd nd 9.09 + 0.07 nd nd
90 nd nd nd nd 8.87 +£0.19 nd nd
P. expansum 80 nd nd nd nd 8.90 4+ 0.22 nd nd
70 nd nd nd nd 8.83 +0.14 nd nd
60 nd nd nd nd nd nd nd

nd—not detectable. Results are expressed as the mean in mm =+ SD. Inhibition zones, including the diameter of
the hole (8 mm). Values with different letters (*™") within a column are statistically different at p < 0.05, according
to Tukey’s test.
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In the case of the budding yeast, the almond GTE produced significant zones of
inhibition, followed by the blackberry, blueberry and blackcurrant GTEs. Despite the fact
that for moulds, no significant zones of inhibition were observed, and even colonies were
found within the inhibition ring, the blackberry GTEs seemed to be an exception as they
showed some inhibitory effect.

2.2. GTEs’ Antimicrobial Activity as Revealed by the Agar Diffusion Method

The application of this method in the case of the GTEs under investigation showed
variable antimicrobial activity. The blackberry (Rubus fruticosus) GTE has been shown to be
effective for eight strains, the olive (Olea europaea) GTE and blueberry (Vaccinium myrtillus
L.) GTE for five strains, the almond (Prunus amygdalus L.) GTE and walnut (Juglans regia
L.) GTE for four, and the black mulberry (Morus nigra L.) GTE and blackcurrant (Ribes
nigrum L.) GTE for only two microbial species each (see Table 3). Notably, the olive GTE
was effective at inhibiting Gram-negative bacteria, albeit to a variable extent (50-100%
concentration), and the blackberry GTE showed inhibitory effects against mould species
such as Aspergillus flavus (A. flavus), Aspergillus ochraceus (A. ochraceus), Penicillium citrinum
(P. citrinum) and Penicillium expansum (P. expansum), although at a high 70% concentration.

Table 3. The GTEs specific minimal antimicrobial concentration (%) revealed by the agar diffusion method.

_ Studied OGTE AGTE BMGTE WGTE BBGTE BKBGTE BCGTE
Microorganisms
Gram-positive bacteria
B. cereus 50 70 70 40 70 nd nd
S. aureus 50 nd nd nd nd 40 nd
E. faecalis 100 30 nd 80 50 nd nd
L. monocytogenes 100 nd nd 20 nd 20 90
Gram-negative bacteria
P. vulgaris 50 40 80 100 30 80 nd
P. aeruginosa nd nd nd nd nd nd nd
E. coli nd nd nd nd nd nd nd
S. enterica nd nd nd nd nd nd nd
Yeast
S. cerevisiae nd 60 nd nd 70 70 70
Moulds
A. niger nd nd nd nd nd nd nd
A. flavus nd nd nd nd 70 70 nd
A. ochraceus nd nd nd nd nd 70 nd
P. citrinum nd nd nd nd nd 70 nd
P. expansum nd nd nd nd nd 70 nd

nd—non-detectable.

Remarkably, the most effective GTE based on the number of inhibited growths proved
to be the blackberry (Rubus fruticosus), showing bacterial and fungal growth inhibition for
eight out of the fourteen examined strains. One of the most sensitive microorganisms to
the blackberry GTE proved to be the Listeria monocytogenes (L. monocytogenes), where even a
20% (v/v) extract concentration exhibited growth inhibition. In the case of Staphylococcus
aureus (S. aureus), a concentration of 40% showed growth inhibition, while in the case of
Proteus vulgaris (P. vulgaris), only a concentration of 80% proved effective. Bacillus cereus
(B. cereus), Pseudomonas aeruginosa (P. aeruginosa), Escherichia coli (E. coli) and Salmonella
enterica (S. enterica) proved to be totally resistant to the blackberry GTE. Based on the results
for the microscopic fungi, all except the Aspergillus niger (A. niger) strain were sensitive to
the blackberry GTE.

The second most potent antimicrobial effect was found for the GTEs of olive
(Olea europaea L.) and bilberry (Vaccinium myrtillus L.). The olive GTE inhibited the growth
of 5 strains out of the examined 14. It can be noted that a concentration of 50% olive
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GTE was effective against B. cereus, S. aureus and P. vulgaris, while the concentrated GTE
(100%) showed inhibition against Enterococcus faecalis (E. faecalis) and Listeria monocytogenes
(L. monocytogenes). Unfortunately, it did not show any effectiveness for the rest of the
Gram-negative strains, where not even the concentrated solutions showed any growth
inhibition. Moreover, the olive GTE did not affect the growth of budding yeast. The bilberry
(Vaccinium myrtillus L.) GTE inhibited the growth of five strains of microorganisms, such as
B. cereus, E. faecalis and P. vulgaris, and was also effective against Saccharomyces cerevisiae
(S. cerevisiae) and Aspergillus flavus (A. flavus). In the case of the bilberry GTE, for the tested
bacteria, the effective minimum concentration varied between 30 and 70%, while for the
moulds and yeast, it was 70%.

Next in line are the almond (Prunus amygdalus L.) and walnut (Juglans regia L.) GTEs,
which proved effective against four tested microorganism species. The almond extract
showed inhibition for B. cereus, E. faecalis and P. vulgaris, but also for S. cerevisiae. The
almond GTE was effective against E. faecalis even at a 30% dilution, against P. vulgaris
at 40% and against B. cereus at 70%. The minimum effective concentration in the case
of S. cerevisine was 60%. The walnut GTE was efficient against B. cereus, E. faecalis, L.
monocytogenes and P. vulgaris, starting from a concentration of 20% all the way up to 100%.
The walnut GTE did not show effectiveness for any of the tested fungi.

The least effective GTEs were the black mulberry (Morus nigra L.) and blackcurrant
(Ribes nigrum L.), which showed efficacy against only two types of microorganisms currently
assessed. The black mulberry GTE inhibited the growth of B. cereus at a 70% concentration
and P. vulgaris at 80%. In the case of the blackcurrant GTE, the lowest concentration was 70%
for the S. cerevisiae, and it showed effectiveness at a 90% concentration for L. monocytogenes.

Finally, it is important to mention that in our research, using the agar diffusion
method, none of the studied GTEs were found to inhibit the growth of Escherichia coli
(E. coli), Salmonella enterica subsp. enterica (S. enterica subsp. enterica), Pseudomonas aeruginosa
(P. aeruginosa) and Aspergillus niger (A. niger). Taking together the olive, almond, black
mulberry, walnut and blackcurrant GTEs, they did not feature any antimicrobial effects on
the tested mould species, as revealed using the agar diffusion assay.

2.3. Revealing the Antimicrobial Efficacy of Different GTE Mixtures

As described in the Materials and Methods section, different mixtures of GTEs were
prepared, and their antimicrobial activity was tested using the agar diffusion method, and
the diameter of the inhibition zones was quantified. The results of these tests are presented
in Table 4.

The results exhibited three types of outcomes for the mixed GTEs and their antimicrobial
effectiveness based on the presence and/or the diameter of the inhibition zone generated by
the tested bacterial strains. It can be reported that most of the mixed GTEs performed worse
than their single-use variants, resulting in smaller inhibition zone diameters.

For B. cereus with a 1:1 mixture of olive and walnut GTEs, the inhibition diame-
ter was 10.07 £+ 0.61 mm, which is almost identical with 9.68 + 0.6 mm of 50% olive
GTE and 10.22 £ 0.52 mm, corresponding to the 50% walnut GTE, respectively. The
olive and almond GTE mixture had an inhibition zone of 11.13 £ 0.36 mm, which is
similar to the 9.68 £ 0.6 mm of the 50% olive GTE but significantly increased compared
to the non-existent antimicrobial effect of the 50% almond GTE, suggesting that the al-
mond GTE did not have any inhibitory effect on the olive GTE. Similarly, the walnut
and bilberry GTE mixture induced an inhibition zone of 12.1 & 0.66 mm that resembled
10.22 £ 0.52 mm corresponding to the 50% walnut GTE, while the 50% bilberry GTE had no
detectable antimicrobial effect. The latest situation is that the blueberry GTE was not able
to inhibit the antimicrobial property of the olive GTE. Furthermore, the mixture of black-
currant and almond GTEs produced an inhibition zone of 9.16 £ 0.22 mm compared to the
ineffective antimicrobial activity of the individual 50% blackcurrant and 50% almond GTEs,
which is an example of a synergistic type of interaction between the above-mentioned
GTEs. A similar situation was observed in the case of the mixture of blueberry and almond
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GTEs, where an inhibitory zone of 9.48 £ 0.29 mm was observed, despite the fact that the
individual 50% GTEs did not produce any antimicrobial effect, which, again, suggests a
synergistic interaction between the blueberry and almond GTEs. Another such synergistic
interaction was found for the GTE combination of the bilberry and black mulberry and the
GTE mixture of the black mulberry combined with almond.

Table 4. Mixed GTEs tested antimicrobial effects on selected bacteria.

h];:l)l(:(rticrte B. cereus S. aureus E. faecalis L. monocytogenes P. vulgaris P. aeruginosa E.coli  S.enterica
%Ggf]; 10.07 £ 0.61 + nt nt nt nt nt nt nt
ng% o 916+£022++ nt nt nt nt nt nt -
B‘I/S\/C(;;TTI;J; 12.1 + 0.66 + nt nt nt 11.99 £ 0.3 + - - nt
BEETF%Jr 9.48 +0.29 ++ 1062577;5 - nt 12.54 + 0.28 + nt nt nt
]]33]?\55"]1?]; 10.66 4+ 0.33 ++ nt nt nt nt nt nt nt
OGTE + 16.91 + 1.02
AGTE 11.13 £ 0.36 + i nt nt nt - - -
Blfgg T 867014+ nt nt - nt - - nt
OGTE + - nt - - nt nt - -
BCGTE
WGTE + 13.17 £ 0.8
BMGTE - iy nt 152+ 0.28 + nt - - -
OGTE +
BMGTE - nt nt nt nt nt nt nt
BCGTE +
BKBGTE - nt nt nt nt - - -
OGTE + ) 12.78 + 0.26 nt nt nt } : .
BkBGTE +
WGTE +
AGTE - nt - nt nt nt nt nt
WGTE + } 10.87 £+ 0.58 ) nt ) - nt nt
BCGTE ++
BBGTE + nt 12.17 £ 043 ) nt ) nt -
OGTE +
BkBGTE + 12.74 + 0.96
BMGTE nt + - 14.86 + 0.4 + nt - nt nt
WGTE + 14.45 + 0.35
BKBGTE nt + 16.2 £ 0.36 + nt nt - -
BBGTE +
BCGTE nt - - 11.52 +0.45 + nt nt nt
BCGTE +
BMGTE nt nt - nt nt - - -
WGTE +
OGTE nt nt - 10.7 £ 0.14 + nt nt nt nt
BkBGTE +
AGTE nt nt nt 14.53 +£0.29 + nt nt nt nt
BBGTE +
BKBGTE nt nt nt nt nt nt - -

Note: (nt)}—not tested; (-) no inhibition zone; (++) synergistic antimicrobial effect; (+) basic antimicrobial effect.

Further to the B. cereus and in the case of S. aureus, synergistic interactions were found
for GTE mixtures like the bilberry—almond and walnut-black mulberry combinations. The
olive-almond GTE mixture induced a 16.91 & 1.02 mm diameter that exceeded significantly
the 50% olive GTE, which generated a 9.24 + 0.15 mm diameter, while the 50% almond
GTE had no inhibition zone. Seeing the extent of the olive-almond GTE mixture-associated
effect, another synergistic interaction could be envisioned between the olive and almond
GTEs. Again, the walnut and blackcurrant GTE mixtures could be envisioned as synergies.
The olive-blackberry GTE mixture showed neither synergy nor additive effects but a basic
antimicrobial effect, while the size of the inhibition zone was near that of the olive GTE. The
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bilberry—olive, blackberry-black mulberry and walnut-blackberry GTE mixtures showed
the basic type of antimicrobial effects that were close to one of the GTE components.

One of the most interesting GTE mixtures proved to be the walnut and blackcurrant
combination for S. aureus bacteria. Neither of these extracts showed efficacy alone, but
when mixed together, their synergy resulted in an inhibition zone of 10.87 £ 0.58 mm. The
same synergy could also be envisioned for the GTE mix of almond and bilberry, both of
which have no effect on S. aureus on their own, but when mixed together, they form a zone
of inhibition of 16.57 & 0.27 mm.

2.4. Assessing GTE-Associated Minimal Inhibitory Concentrations—MIC Test

In order to further characterise the antimicrobial potential of the GTEs, we analysed
the minimum inhibitory concentration (MIC), which represents the lowest concentration
of a given GTE that still causes a decrease in the cell number of the tested microbe by
inhibiting bacterial growth. The results of the MIC assay are presented in Table 5, where
the seven evaluated GTEs and their associated MIC values are shown in concordance with
the microorganisms tested.

Table 5. The GTE % corresponding to the minimum inhibitory concentration.

 Studied OGTE AGTE BMGTE WGTE BBGTE BKBGTE  BCGTE
Microorganisms
Gram-positive bacteria
B. cereus 10 10 10 20 20 20 40
S. aureus 20 40 20 30 30 60 70
E. faecalis 20 40 50 40 30 60 -
L. monocytogenes 20 40 30 30 30 60 70
Gram-negative bacteria
P. vulgaris 30 10 20 30 20 10 20
P. aeruginosa 40 60 40 40 50 40 50
E. coli 50 70 50 60 50 50 70
S. enterica 30 60 50 50 40 60 100
Yeast
S. cerevisiae 50 90 40 70 60 60 80

The MIC assay is based on the colour change in the compound resazurin to re-
sorufin [49] due to the metabolic activities of the bacterium and is a valuable non-invasive
method for measuring cell numbers, as seen in Figure 2.

In the case of the MIC assay, each GTE displayed an inhibitory effect for all the tested
microorganisms at different concentrations.

NC  EC U] 50 60 70 80 90 100 (GTE%)
(8 - / 4 \ 4 7 4

Figure 2. Picture of a microtiter plate with the various concentrations of GTEs and the microorganism in
broth culture. Pink to red colour indicates bacterial growth. (N.C.—negative control, PC.—positive control).
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In the case of the olive GTE, even a 10% extract concentration showed an inhibitory
effect on the B. cereus microbe, while for S. aureus and E. faecalis, the MIC value reached 20%.
The most resistant were E. coli and S. cerevisiae; in their cases, only olive GTE concentrations
above 50% inhibited reproduction.

For the almond, two bacteria, B. cereus and P. vulgaris, proved to be significantly
sensitive to the 10% GTE, while S. cerevisiae (90%) proved to be the most resistant in
this test.

It can be seen that all other Gram-positive bacteria were inhibited at medium con-
centrations, such as 40%, while Gram-negative bacteria showed a wider range of growth
inhibition based on concentrations between 10% and 70%.

The 10% GTE concentration of the black mulberry already inhibited the B. cereus,
while the 20% concentration was effective in the case of S. aureus and P. vulgaris bacteria.
The highest concentration needed for Gram-positive bacteria was measured at 50% for
E. faecalis, while in the case of Gram-negatives, the highest value was also 50% for E. coli
and S. enterica. S. cerevisiae yeast proved to be more sensitive as a 40% concentration was
sufficient to inhibit growth.

The walnut GTE also inhibited the microbe B. cereus the most at a low concentration
of 20%, but S. aureus, L. monocytogenes and P. vulgaris also proved to be sensitive, and in
their case, the inhibitions started from the 30% extract. The most resistant were E. coli and
S. enterica, at 50 and 60%, while yeast also proved resistant at 70%.

In the case of bilberry GTE, B. cereus and P. vulgaris were the most sensitive since
inhibition was observed at a 20% concentration. All Gram-positive bacteria were easily
inhibited at a lower concentration of 30%. The Gram-negative bacteria showed higher
resistance to this extract, requiring 40-50% concentrations for inhibition. S. cerevisiae proved
to be the most resistant to this extract, requiring a 60% concentration for growth inhibition.

The blackberry GTE showed significant growth inhibition in the case of P. vulgaris
(Gram-negative bacteria) and B. cereus (Gram-positive bacteria), requiring as low as a
10% and 20% GTE concentration for growth inhibition, respectively. The Gram-positive
bacteria proved significantly more resistant to this extract, requiring 60% concentration for
supressing growth. The remaining Gram-negative bacteria showed varied results, but still
required higher concentrations, between 40 and 60%, to inhibit growth. The most resistant
microbes were S. aureus, L. monocytogenes and S. cerevisiae.

The blackcurrant GTE showed mixed results in the MIC test, with the highest inhibition
of P. vulgaris at 20% but no effect on E. faecalis. All the Gram-positive bacteria showed
a high level of resistance to the extract at 70%. Gram-negative bacteria were inhibited,
but also at higher concentrations, with S. enterica requiring a 100% concentrated GTE for
inhibition. As usual, the yeast required higher concentrations for inhibition, which, in this
case, was 80% GTE.

In summary, the GTEs showed bacteriostatic activity against several types of microor-
ganisms capable of causing major human infections, including S. aureus, L. monocytogenes,
E. coli and S. enterica, as inferred from the observed MIC values.

2.5. Analysis of GTE-Associated Minimal Bactericidal Concentrations—MBC Assay

The MBC test indicates the lowest level of an antimicrobial agent, which, in our
case, is the GTE concentration that results in microbial death. The results of the MBC
test are presented in Table 6. The analysed GTEs showed a different MBC based on their
concentrations and the microorganism species assessed.

The olive (Olea europaea) and bilberry (Vaccinium myrtillus L.) GTEs showed an in-
creased efficacy against almost identical six strains of both bacteria and yeast. Both types
of GTE showed bactericidal activity against the same Gram-positive bacteria, with the
exception of Bacillus cereus. In the case of olive GTE, the MBC with the lowest concentration
was around 50% for E. faecalis, followed by 60% of S. aureus and 70% for L. monocyto-
genes. The bilberry GTE with the lowest MBC was 30% for E. faecalis, followed by 60% of
L. monocytogenes and 80% for S. aureus. Furthermore, when the Gram-negative bacteria
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were analysed, both GTEs showed some effectiveness, but at much higher concentrations
(70-80%). The current study revealed both E. coli and S. enterica presented an MBC value of
70% olive GTE, while the bilberry GTE had no bactericidal effect on E. coli. In addition, the

bilberry GTE demonstrated an MBC of 70% for P. aeruginosa and an 80% GTE for S. enterica.

It should be noticed that both olive and bilberry GTEs proved effective against S. cerevisiae
but at very high concentrations of 90-100%.

Table 6. The GTE % corresponding to the minimum bactericidal concentration.

_ Studied OGTE AGTE BMGTE WGTE BBGTE BKBGTE BCGTE
Microorganisms
Gram-positive bacteria
B. cereus - - - - - - -
S. aureus 60 - 80 - 80 60 -
E. faecalis 50 70 70 90 30 70 -
L. monocytogenes 70 60 50 80 60 40 -
Gram-negative bacteria
P. vulgaris - - - - - - -
P. aeruginosa - 100 - - 70 - -
E. coli 70 - - - - - -
S. enterica 70 - 100 100 80 - -
Yeast
S. cerevisiae 90 - 100 - 100 100 -

In the Materials and Methods chapter, we proposed a test for verifying the authenticity
of the MBC colour-changing method, and Figure 3 presents the obtained results for such a
test. This figure also shows the concentration (%) used for the GTE and the initial and final
number of colony-forming units.

In the case of the olive GTE, the inhibitory effects on S. enterica species were observed
at the 30% GTE concentration, where bacteria were still able to survive, while at higher
concentrations in the 60-70% range, bacterial growth inhibition was more pronounced.
At even higher concentrations, like 80-100%, the olive GTE was completely bactericidal.
Opverall, this experiment clearly demonstrated the validity of olive GTE-specific MBC data.

The second most effective GTE was the black mulberry (Morus nigra L.), killing five
types of microorganisms at various concentrations, starting from concentrations of 50%
to 100%. The black mulberry GTE showed bactericidal effects for most of the Gram-
positive bacteria, except for B. cereus. Among the Gram-negative bacteria, only S. enterica
subsp. enterica exhibited a 100% MBC, while the yeast S. cerevisiae again displayed a 100%
concentration-specific MBC.

100
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Figure 3. Olive GTE concentration with specific Salmonella enterica colony numbers.
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The third most effective GTE for the MBC test was the blackberry (Rubus fruticosus
L.), which demonstrated effective bactericidal power against four types of microorganisms.
The blackberry GTE proved not to be effective against B. cereus but was efficacious against
the remainder of Gram-positive bacteria, even at a concentration as low as 40% (L. monocy-
togenes). It also proved effective against the yeast S. cerevisiae, but only at a concentration
of 100%.

The fourth most effective GTEs are almond (Prunus amygdalus L.) and walnut
(Ju-glans regia L.) extracts, which showed bactericidal activity against only three types
of bacterial microorganisms. The almond extract completely stopped the growth of two
Gram-positive bacteria, E. faecalis and L. monocytogenes, but proved ineffective against
B. cereus and S. aureus. In the case of almond GTE and Gram-negative bacteria, it was
only efficacious against P. aeruginosa and only at a 100% concentration. The walnut GTE
also proved effective against two Gram-positive bacteria, E. faecalis and L. monocytogenes,
at concentrations of 90% and 80%, but showed ineffective against B. cereus and S. au-
reus. Among the Gram-negative strains, the walnut GTE presented an MBC only against
S. enterica and at a 100% concentration. However, neither the almond nor the walnut GTEs
featured any effectiveness for the yeast S. cerevisiae.

In terms of the MBC, the least effective GTE was blackcurrant (Ribes nigrum L.), as it
had no bactericidal effect for any of the concentrations tested.

3. Discussion

In recent years, interest in natural antimicrobials has increased, and more studies are
being carried out with a focus on plant extracts [50]. However, there is a paucity of data in
the literature on the antimicrobial activity of plant parts, such as buds and young shoots,
despite the fact that they contain many bioactive compounds and could have potent an-
timicrobial properties. In addition, recent studies have described the phytonutrient profile
of some GTEs while also revealing their nutritional, antidiabetic and anti-inflammatory
effects [40,48,51]. The phytonutrient composition of these GTEs also suggests that they
may have antimicrobial properties, and this article presents relevant research data.

The phytochemical characterisation of GTEs showed that they are rich in polyphenols.
Polyphenols are well known for their antioxidant activity, but they also have several other
biological effects, including antimicrobial activity. Studies have shown that quercetin
destroys the cell wall of bacteria, alters cell permeability, modifies protein synthesis and
expression, reduces the activity of bacterial enzymes and inhibits nucleic acid synthesis,
appearing effective against Pseudomonas aeruginosa, Salmonella enteritidis, Staphylococcus
aureus, Escherichia coli, Proteus and Aspergillus flavus [52]. Their derivatives release quercetin
in the body, which has the same effect on bacteria. Our study and the results presented in
Table 1 show that hyperoside and rutoside, two of the best-known derivatives of quercetin,
are the most represented flavonoids in all the GTEs studied.

Other studies have demonstrated that caffeic acid and its derivatives, alongside
chlorogenic acid, could potentiate the effect of antibiotics and, in this way, be more effective
in the fight against some types of resistant pathogenic bacteria like Staphylococcus aureus [53].
Our results show that the GTEs studied are rich in chlorogenic acid (see Table 1). However,
besides the assessed polyphenols, there could be other bioactive constituents responsible
for the detected antimicrobial activity.

3.1. Olive GTE Emerges as a Potent Antimicrobial against B. cereus, S. aureus and E. faecalis

As shown by the agar diffusion method, our data indicate that olive GTE inhibited
the growth of B. cereus, S. aureus, E. faecalis, L. monocytogenes and P. vulgaris (see Table 2).
The 100% concentrated olive GTE induced for B. cereus an inhibition zone of 12.34 +0.46
mm, in the case of S. aureus, a zone of 10.52 £ 0.18 mm, for E. faecalis, 10.95 £ 0.5 mm,
for L. monocytogenes, 9.71 £ 0.62 mm and for P. vulgaris, 11.09 £+ 0.33 mm. These data
suggest a certain concentration dependency that does not feature regular proportionality
(see Table 2 and Figure 4). Furthermore, similar inhibition zone sizes were measured for
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Inhibition zone (mm)

the 50% olive GTE concentration in the case of B. cereus, S. aureus and P. vulgaris, for the
60% concentration in the case of P. vulgaris and for the 100% concentration in the case of
L. monocytogenes. These data suggest that different olive GTE concentrations have similar
inhibitory effects on different microbes. The extent of the inhibitory effect may depend on
the synergetic interaction of certain olive GTE-specific phytonutrients, and the nature of
this interaction is not necessarily concentration-dependent.
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Figure 4. Inhibition zone size comparison for Olea europaea. Values with different letters (*~¢) are
statistically different at p < 0.05, according to Tukey’s test.

Indeed, Aleya and colab. (2023) reported that olive GTE contains flavonoids, iridoids
and polyphenols, which might confer some antimicrobial effects [51]. Aliabadi and colab.
(2012) investigated the antimicrobial effect of Iranian olive leaf extracts and found that
different concentrations of the extract have an inhibitory effect on B. cereus, E. coli, Klebsiella
pneumonia, Salmonella typhimurium and S. aureus bacteria [54]. It is remarkable that the
above-mentioned observations for the olive leaf extracts are in agreement with our findings
for the olive GTE. Himour and colab. (2017) examined Algerian olive leaves and, in
their case, the extract inhibited the bacteria S. aureus, E. coli, Klebsiella pneumonia and
P. aeruginosa [55]. Nora and colab. (2012) tested the aqueous Algerian olive leaf extracts,
and their effectiveness was proven against microbes like E. coli ATCC25922, P. aeruginosa
ATCC10145, Klebsiella pneumoniae, Enterobacter cloacae ATCC13047, S. aureus ATCC6538
and ATCC25923 and Bacillus stearothermophilus ATCC11778 [56]. Moreover, Borges and
colab. (2020) investigated the antimicrobial effect of Portuguese olive leaf extracts obtained
through different methods, and in their case, the ultrasound-assisted ethanolic extract best
inhibited the growth of S. aureus and E. coli microbes [57]. Furthermore, Gokmen and colab.
(2014) investigated the effect of a Turkish olive leaf extract, and in their case the extract
was effective against B. cereus (12.34 £ 0.46), S. aureus (18.67 £ 1.53), Enterococcus faecalis
(19 £ 1.73), Listeria monocytogenes (19.33 £ 0.58), Proteus vulgaris (17.33 £ 1.53), E. coli
(18 £ 1), E. coli O157 (17.67 £ 0.58), Salmonella typhimurium (13.33 % 2.08), Enterobacter
sakazakii (18.33 £ 1.15) and P. aeruginosa (18 4= 1.73), [58]. Taken together, these studies based
on olive leaves indicate that the corresponding extracts contain oleuropein, hydroxytyrosol,
chlorogenic acid, caffeic acid, verbascoside and rutin polyphenols [59], all of which could
contribute to antimicrobial efficacy [60,61]. It is also interesting that caffeic acid was not
identified in the olive GTE [51]. It is, therefore, logical that, based on the specificity of the
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phytonutrient profiles of the olive leaves extract and GTE, some differences are foreseen
with regard to their antimicrobial activities.

In order to gain more information on the bacteriostatic and bactericidal activity of
the analysed GTEs, we determined the associated MIC and MBC values (see Section 4).
The MIC shows the lowest level of antimicrobial substance that strongly inhibits growth
(bacteriostatic effect), while the MBC indicates the lowest level of the antimicrobial agent
that results in microbial death (bactericidal effect). In the case of the olive GTE, the MIC
values are relatively reduced since even the lowest concentration at 10% could exert a
bacteriostatic effect (see Tables 5 and 7). Interestingly, there was some evidence of a
bacteriostatic effect on all the microorganisms tested, with B. cereus being the most sensitive
and E. coli, together with S. cerevisine being the most resistant. Regarding the MBC, in
the case of E. faecalis, the 50% extract concentration induced bacterial death, while no
bactericidal effect was detected in the case of B. cereus, P. vulgaris and P. aeruginosa. In
the research conducted by Sudjana and colab. (2009), the MIC and MBC concentration of
Australian olive leaf extracts ranged from 12.5% to 50% for Bacillus cereus, E. faecalis, E. coli,
L. monocytogenes, P. aeruginosa and S. enterica [62]. In another study, the MIC value of a
Turkish olive leaf extract was 32 mg/mL for B. cereus, S. aureus, E. faecalis, P. vulgaris and E.
coli, while L. monocytogenes, E. coli O157 and P. aeruginosa showed 64 mg/mL [58]. The above
MIC and MBC values and those reported by others do not appear to differ significantly
from our data, suggesting that olive GTE and leaf extracts have similar antimicrobial
activities.

Table 7. Antimicrobial features of the GTEs as revealed by different methods on the studied

microorganisms.
Microorganism
Extract Method B. cereus S. aureus E. . L. mono- P . P E. coli S'. SZ .
faecalis cytogenes vulgaris aeruginosa enterica cerevisiae

ADM +++ +++ + + +++ nd nd nd nd

OGTE MIC +++ +++ +++ +++ +++ ++ ++ +++ ++
MBC nd ++ ++ + nd nd + + +

MIC/MBC

ADM + nd +++ nd +++ nd nd nd ++

AGTE MIC +++ ++ ++ ++ +++ ++ + ++ +
MBC nd nd + ++ nd + nd nd nd

ADM ++ nd nd nd ++ nd nd nd nd

BMGTE MIC +++ +++ ++ +++ +++ ++ ++ ++ ++
MBC nd + + ++ nd nd nd + +

ADM +++ nd ++ +++ + nd nd nd nd

WGTE MIC +++ +++ ++ +++ +++ ++ ++ ++ ++
MBC nd nd + + nd nd nd + nd

ADM ++ nd ++ nd +++ nd nd nd +

BBGTE MIC +++ +++ +++ +++ +++ ++ ++ ++ ++
MBC nd + +++ ++ nd + nd + +

ADM nd +++ nd +++ + nd nd nd +

BkBGTE MIC +++ ++ ++ ++ +++ ++ ++ ++ ++
MBC nd ++ + ++ nd nd nd nd +

ADM nd nd nd + nd nd nd nd +

BCGTE MIC + + nd + +++ ++ + + +
MBC nd nd nd nd nd nd nd nd nd

(ADM)—agar diffusion method; (MIC)—minimal inhibition concentration; (MBC)—minimal bactericidal con-
centration; (+)—reduced but detectable effect on studied microorganisms at high 70-100% GTE concentrations;
(++)—medium size effect on the studied microorganisms at 40-60% GTE concentration range; (+++)—significant
effect on studied microorganisms for the lowest 10-30% GTE concentration interval; (nd)—not detected (had
absolutely no effect on the studied microorganisms even at 100% concentrated GTE).

3.2. Blackberry GTE Is Effective against L. monocytogenes, S. aureus and P. vulgaris

The blackberry (Rubus fruticosus L.) GTE was found to be effective, with inhibition
observed in eight of the fourteen microorganisms, as shown by the agar diffusion method
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(see Tables 2 and 7). The most sensitive microbe proved to be L. monocytogenes; the 100%
concentrated blackberry GTE resulted in an inhibition zone of 19.20 £ 0.87 mm (Figure 1c)
and even the 20% extract generated an inhibitory diameter of 13.4 &+ 0.53 mm. In addition,
significant zones of inhibition were visible for S. aureus, and a less pronounced inhibition
was observed for P. vulgaris and S. cerevisiae. Moreover, no real inhibition was observed in
the case of moulds, as colonies appeared in the inhibition zones produced, but it should
be stressed that the GTE was able to produce some kind of inhibition, which represents
a newly discovered effect. Weli and colab. (2020) investigated the antimicrobial effect
of the Omani blackberry leaf extracts and found that the extract exerted an inhibitory
effect on E. coli, Haemophilus influenza, E. faecalis and S. aureus bacteria [63]. Riaz and colab.
(2011) examined the different plant parts of Pakistani blackberry, and based on their results,
100 pg of the stem extract as disks were effective against E. coli, S. typhi, S. aureus, Proteus
mirabilis, Micrococcus luteus, Citrobacter, B. subtilis and P. aeruginosa bacteria [64]. Pavlovié
and colab. (2016) investigated the phenolic composition of different Serbian Rubus species
and found that ellagic acid was the main phenolic acid in the leaf extract, and the largest
amount was found in the blackberry leaf extract [65]. Also present in the leaf were the
hydroxycinnamic acids, aesculin, catechin, myricetin, rutin, quercetin and kaempferol, the
constituents of which can contribute to antimicrobial effects. It should also be noted that the
presence of the above-mentioned phytonutrients was also confirmed in our HPLC-ESI-MS
study. Some novel compounds, such as amino acids (4-hydroxyisoleucine and tryptophan),
were also confirmed.

In the broth dilution analysis, the bacteriostatic effect of blackberry GTE was observed.
P. vulgaris proved to be the most sensitive (MIC = 10%), while S. aureus, E. faecalis, S. enterica
and S. cerevisiae were the least sensitive (MIC = 60%) (see Tables 5 and 7). Furthermore,
when the MBC was analysed, it was observed that L. monocytogenes was the most efficient
(40%), while S. aureus and E. faecalis showed a bactericidal effect at 60% and 70% GTE
concentrations (see Table 6). The MBC value specific to S. cerevisine was equivalent to
100% of the extract. Gil-Martinez and colab. (2023) investigated the antimicrobial effect
of Spanish blackberry fruit and found that the MBC was 25 mg/mL for L. monocytogenes
and S. aureus, 12.5 mg/mL for E. faecalis, B. cereus, E. coli and S enterica, and 100 mg/mL for
P. aeruginosa [66]. Concerning the bactericidal effect and comparing their data with ours, it
seems reasonable to predict that the extract from the blackberry fruit appears to be more
effective than our GTE.

3.3. The Bilberry GTE Is a Relatively Effective Antimicrobial Agent against P. vulgaris, E. faecalis
and L. monocytogenes

The agar diffusion method revealed the bilberry (Vaccinium myrtillus L.) GTE is the
most effective in the case of P. vulgaris bacteria, as the 100% extract produced an inhibition
zone of 12.76 + 0.80 mm (Figure 1b), and then all the decreasing concentrations reaching
even the 30% extract had inhibitory effects (10.15 £ 0.45 mm inhibition diameter), (see
Tables 2 and 7).

For the other microbes, inhibition zones were detected for B. cereus, E. faecalis and
S. cerevisiae. Based on the data in Table 2, there was no significant difference (p = 0.182)
between the inhibition zones produced by the 90-50% GTE concentrations in the case of
E. faecalis bacteria, meaning that these dilutions had an identical effect. In young bilberry
shoots and leaves, including the GTE, the main phenolic classes are hydroxycinnamic acids,
flavonols and proanthocyanidines, meaning that similar antimicrobial effects are expected
to emerge [40,67].

The most sensitive bacteria to the bilberry GTE in the broth MIC assay method were
B. cereus and P. vulgaris with a 10% extract concentration, which was shortly followed by
S. aureus, E. faecalis and L. monocytogenes at the 20% concentration. The S. cerevisiae proved
to be the least sensitive (see Tables 5 and 7). The MBC-generated bactericidal effect was
detectable at a 30% GTE concentration for E. faecalis, whereas L. monocytogenes showed
a 60% concentration value. Miljkovi¢ and colab. (2018) investigated the antimicrobial
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properties of Serbian bilberry fruit, and their methanolic extract was effective against a
significant number of Gram-positive and Gram-negative microbes, including S. aureus
(MIC, MBC = 63 mg/mL), E. faecalis (MIC = 63 mg/mL, MBC = 126 mg/mL), E. coli and
P. aeruginosa (MIC = 31.5 mg/mL, MBC = 126 mg/mL), [68]. Our observations corroborate
their findings with the exception of E. coli bacteria. However, in the case of S. cerevisiae,
100% GTE-specific MBC data are a further novelty.

3.4. The Almond GTE Is Effective in Inhibiting E. faecalis, P. vulgaris and L. monocytogenes

The almond GTE has been shown to feature an impressive phytonutrient profile
containing a high number of polyphenols (flavonoids and non-flavonoids), amino acids,
carboxylic acids and fatty acids. Among the non-flavonoids, there are hydroxycinnamic
acids, like chlorogenic acids, caffeic acids, coumaric acids and ferulic acids. The quan-
titative polyphenol profile showed that the almond GTE contained a high amount of
rutoside, hyperoside and chlorogenic acid, and it is likely that these constituents confer
some antimicrobial properties [51].

Performing the agar diffusion method, it turned out that the almond GTE proved its
effectiveness against E. faecalis (10.11 £ 0.51 mm inhibition zone) at a 30% concentration
and P. vulgaris (10.91 & 0.76 mm inhibition zone) at 40% (see Tables 2, 3 and 7). The almond
GTE showed antimicrobial activity for S. cerevisiae between 60 and 100% of the GTE concen-
tration. There is no significant difference (p = 0.084) between the tested concentrations and
the resulting inhibition zones for B. cereus, meaning that the 70-80-90-100% concentration
solutions could have a greatly similar inhibitory effect. Another study conducted by Ibibia
(2013) showed that different concentrations of the extract from Nigerian almond leaves
proved effective against E. coli, S. aureus, B. subtilis, P. aeruginosa and B. cereus [25]. In a
different study on the fresh Indian almond leaf alcoholic extract, it showed inhibition for
E. coli (11 £ 1 mm) and S. aureus (17 = 1) [69]. The antimicrobial properties in terms of
microbial specificity are evident when comparing the almond GTE and the leaf extract.

For this extract, B. cereus and P. vulgaris proved to be the most sensitive in terms of MIC;
even a 10% extract concentration exerted a bacteriostatic effect, while the least sensitive
was S. cerevisiaze. The bacterial growth inhibition was detected in the case of E. faecalis,
L. monocytogenes, P. aeruginosa, E. coli and S. enterica.

Musarra-Pizzo and colab. (2019) investigated the antimicrobial effect of almond peel
extract on the hospital strains of S. aureus, and in their research, the MIC values ranged
from 0.31 to 1.25 mg/mL, while the MBC values were greater than 1.25 mg/mL [70].
Another study examined Italian almond peel; in this case, the MICs were 125 pg/mL for
L. monocytogenes, 15.62-32.25 pug/mL for S. aureus, 500 ug/mL for E. coli and 250-500 pg/mL
for P. aeruginosa while the MBC was greater than 1 mg/mL in all cases [71]. In the case of
almond GTE, the most effective bactericidal outcome was seen for L. monocytogenes and
E. faecalis. Our data suggest that the almond GTE and peel extracts have relatively different
antimicrobial properties.

3.5. Walnut GTE Shows Broader Antimicrobial Specificity, Excelling against L. monocytogenes
and B. cereus

Prior to our research, the antimicrobial properties of various parts of the walnut
(Juglans regia L.) were investigated by others. Farooqui and colab. (2015) tested the Pak-
istani walnut bark extract against various antibiotic-resistant microbes, which proved to
be effective for the following microbes: methicillin-resistant S. aureus, B. subtilis, E. coli,
multidrug-resistant Salmonella enterica serovar Typhi, P. aeruginosa, Streptococcus pyogenes,
Streptococcus pneumoniae, Enterobacter cloacae, Pasteurella multocida, Helicobacter pylori, Campy-
lobacter jejuni, Shigella species and Micrococcus [5]. In another study conducted by Muzzaffer
and Paul (2018), the Indian male Juglans regia flower extract was effective against S. aureus,
B. subtilis, E. coli, P. vulgaris, Candida albicans and Candida glabrata microbes [72].

By means of the agar diffusion method, it was revealed that L. monocytogenes, B. cereus,
E. faecalis and P. vulgaris were sensitive to different concentrations of walnut GTE (see
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Tables 2, 3 and 7). It proved most effective against L. monocytogenes, where the 100%
extract produced an inhibition zone of 21.98 + 1.13 mm (Figure 1a), and even the 20%
concentration had an inhibitory effect showing an inhibition diameter of 13.4 £ 0.53 mm.

The B. cereus was the most sensitive in the case of the MIC assay (MIC = 20%) when
the walnut GTE was used, while S. cerevisiae was the least sensitive (MIC = 70%) (see
Table 5). Furthermore, bacteriostatic effects were also observed for S. aureus (MIC = 30%),
L. monocytogenes (MIC = 30%), P. vulgaris (MIC = 30%), P. aeruginosa and E. faecalis, both
with a MIC of 40%, S. enterica (MIC = 50%) and E. coli (MIC = 50%). The bactericidal
effect of the walnut GTE was observed only in the case of L. monocytogenes (MBC = 50%),
E. faecalis (MBC = 90%) and S. enterica (MBC = 100%) (see Table 6). Interestingly, a study
performed by Vieira and colab. (2019) exhibited that the Portuguese walnut leaf extract
was effective against E. coli (MIC = 20 mg/mL, MBC > 20 mg/mL), P. aeruginosa (MIC and
MBC > 20 mg/mL), E. faecalis and L. monocytogenes (MIC = 2.5 mg/mL, MBC > 20 mg/mL)
bacteria [73]. The comparison of walnut GTE and leaf extract bactericidal activity showed
a great level of similarity for L. monocytogenes and E. faecalis.

3.6. Black Mulberry GTE Predominantly Inhibits the Growth of B. cereus and P. vulgaris, While
Exerting Moderate Bactericidal Activity against L. monocytogenes

Based on the research conducted by Aleya and colab. (2023), it has been shown
that the black mulberry GTE contains mostly flavonoids and polyphenols, followed by
amino acids and carboxylic acids [51]. Among the 29 non-flavonoid polyphenols, there
were hydroxycinnamic acids (chlorogenic, caffeic, coumaric, ferulic) and hydroxybenzoic
acids and stilbenes (such as resveratrol). All of these may be contributors to antimicrobial
effects, and we used the agar diffusion method to investigate this prospect. Interestingly,
only B. cereus and P. vulgaris bacteria were slightly sensitive to the black mulberry GTE
(see Tables 2, 3 and 7). The 100% concentrated GTE resulted in an inhibition zone of
9.96 £ 0.55 mm for B. cereus and 10.40 £ 0.37 mm for P. vulgaris. Based on the data
shown in Table 2, there were no significant differences (p = 0.320) between the inhibition
zones obtained throughout the 70-100% concentration range in the case of B. cereus or the
inhibition zones specific for P. vulgaris at the 90-100% concentration interval. Amazingly,
besides B. cereus, it was shown that the Brazilian black mulberry leaf extract was effective
against many other microbial species like E. faecalis, E. coli, Klebsiella pneumoniae, Salmonella
choleraesuis, Serratia marcescens, Shigella flexneri and Staphylococcus aureus [74]. In another
study, the Turkish black mulberry fruit extract was effective against E. coli and S. aureus,
while the leaf extract was effective against Enterobacter aerogenes, E. coli, Proteus miribalis,
P. aeruginosa and S. aureus [75]. It seems clear that the black mulberry GTE generates much
different antimicrobial spectra then fruit or leaf extracts.

Regarding the MIC concentrations, B. cereus, followed by P. vulgaris, L. monocytogenes
and S. aureus, proved to be the most sensitive, while E. faecalis, E. coli and S. enterica
were the least sensitive. The minimal bactericidal effect of different concentrations was
demonstrated for S. aureus (MBC = 80%GTE), E. faecalis (MBC = 70%GTE), L. monocytogenes
(MBC = 50%GTE), S. enterica (MBC = 100%GTE) and S. cerevisiae (MBC = 100%GTE).
In the literature, very diverse MIC and MBC values were reported for some leaf ex-
tracts; for example, in the case of S. aureus, the MIC values varied between 0.156 and
12.5 mg/mL [74,75].

3.7. The Blackcurrant GTE Is Less Effective as a Microbial Growth Inhibitor and Bactericide

The agar diffusion method has revealed that the studied blackcurrant GTE does
not show any significant antimicrobial effect, having only an effect on L. monocytogenes
and S. cerevisiae (see Tables 2 and 3). Interestingly, Raiciu and colab. (2010), studying a
Romanian blackcurrant GTE showed an inhibitory effect against S. aureus, P. aeruginosa,
E. coli, A. niger and Candida albicans microorganisms [18]. These apparently contradict-
ing data could be explained by the different places of cultivation or the different types
of extract production. Our blackcurrant GTE was alcoholic, whereas Raiciu and colab.
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analysed an aqueous GTE. It has also been shown that the geographical location of the
growing area can influence the phytonutrient profile of different plant species; for example,
berries from Romania were found to be richer in antioxidant compounds than those from
Russia [76]. Similarly, the antioxidant capacity of blackcurrant was found to vary depend-
ing on the season and cultivar [46]. In blackcurrant buds, the most common phenolic
compounds are gallic acid, hydroxycinnamic acid derivatives, several flavonols (glycoside-
alcoolics of quercetin, myricetin, kaempferol and isorhamnetin) and dihydroquercetin
derivatives [20,48]. According to another study, the most common flavonols in black-
currant buds are rutin, isoquercetin and astragalin [46,65]. It is predictable that all these
compounds could be responsible for the antimicrobial effects. Bendokas and colabs. (2018)
investigated the antimicrobial effect of different Lithuanian blackcurrant fruits and found
that a 1% concentration had an inhibitory effect on Rhodotorula rubra, Lactococcus lactis,
Micrococcus luteus, S. aureus, L. monocytogenes, B. cereus, Salmonella typhimurium and E.
coli microbes [77]. Such a finding suggests that the blackcurrant fruit extract has a much
broader antimicrobial spectrum than the GTE.

In the case of blackcurrant, the most sensitive bacteria revealed using the broth MIC
assay was P. vulgaris, where the 20%GTE showed a bacteriostatic effect, while the least
sensitive were E. faecalis (no inhibition at all) and S. enterica (inhibited only by the 100%
extract), (see Table 5). The extract had no bactericidal effect on any of the tested microor-
ganisms (see Table 6). In the research conducted by Paunovi¢ and colab. (2022) reported
that the MIC values of Serbian blackcurrant fruit and the leaf extracts for S. aureus, E. coli
and P. vulgaris varied between 55.82 and 199.21 mg/mL [78]. Also, in a study conducted
by Trajkovi¢ et al. (2023), the MIC of blackcurrant-lyophilised juice was 100 mg/mL for
S. aureus, E. faecalis, B. cereus, L. monocytogenes, E. coli and P. aeruginosa, while the MBC was
greater than 100 mg/mL [79]. These previously published studies strongly support the fact
that blackcurrant fruit and GTE have reduced antimicrobial activity.

3.8. Comparative Evaluation of GTEs Revealing Variable Antimicrobial Activity Strength Levels

Based on obtained data, it was concluded that many of the studied GTEs showed a
different kind of antimicrobial effectiveness (see also Table 7). The agar diffusion method
(ADM) used is an excellent tool for the initial stage of the antimicrobial screening of GTEs,
although it does not provide insight into the antimicrobial mechanism of action. Based on
the ADM, the olive GTE showed 5 inhibitory microbial effects, while the almond, bilberry
and blackberry GTEs featured 4, followed by walnut with 3, and the black mulberry and
blackcurrant with 2 inhibitory microbial effects regarding the tested microbial strains. It
was also interesting to note that when the antimicrobial effects of different GTE mixtures
were assessed using ADM, the combination of individual olive, walnut and almond GTEs
with others could produce synergistic interactions (see Table 4). This is a novel feature of
such extracts and one that merits further analysis.

Bacteriostatic and bactericidal effects are considered to be two distinct types of an-
timicrobial properties based on different mechanisms. Bacteriostatic antibiotics inhibit
the reproduction of microorganisms (they are kept in a stationary growth phase), and
the latter is removed by the host’s immune system, while bactericidal antibiotics kill the
microorganisms. MICs provide a clearer indication of the microbial susceptibility, includ-
ing resistance and the bacteriostatic efficacy of an antimicrobial, while the MBC indicates
the direct lethal effect of the antimicrobial. Bacteriostatic antimicrobials are expected to
inhibit bacterial protein synthesis, but this could affect transmembrane potential or inter-
fere with antimicrobial resistance [80]. The MIC assay revealed the olive GTE to be the
most bacteriostatic-effective (6 inhibited strains), followed by the blackberry, walnut and
bilberry GTEs (with 4 restricted strains), then almond and blackberry GTEs (with 2 strains).
Regarding the microbial spectrum’s wideness, the less effective bacteriostatic result was
specific to the blackcurrant GTE (limiting only one strain), while all these effects were
generated at the lowest 10-30% GTE concentrations. Walnut and almond GTEs proved less
effective in the case of the ADM method but presented a better outcome in the MIC assay.
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These extracts showed lower bactericidal effectiveness, with 6 microorganisms on which
no effect could be measured. The black mulberry and blackcurrant GTEs performed worse
in the ADM assay but displayed higher effectiveness in the MIC assay.

In the MBC assay, bactericidal effects were relevant for the olive, bilberry and black-
berry GTEs, but the almond and black mulberry GTEs also induced some lethality, while
the blackcurrant extract GTE showed no life-limiting detrimental effect.

The observed results also provide a broader perspective on the antimicrobial appli-
cability of the GTEs analysed. In fact, although some are more effective than others, all
GTEs are able to inhibit the growth of the microbial species studied, but their effect is
concentration-dependent (see Table 7).

The olive GTE emerged as an efficient antimicrobial with a remarkable bacteriostatic
effect for B. cereus, followed by S. aureus and E. faecalis, while the most relevant bactericidal
property was seen in the case of S. aureus and E. faecalis. The growth inhibition of S. enterica
was also evident. Our study corroborates the recently published findings of Popovi¢
et al. [16] and extends our knowledge with respect to species like P. vulgaris, P. aeruginosa,
S. enterica and S. cerevisiae. The S. aureus is an opportunistic pathogen that can lead to
different acute or chronic diseases and difficult-to-treat infections in hospitals and other
community locations. The E. faecalis has been seen in most healthy individuals but could
also cause endocarditis, urinary tract infections, meningitis and eventually sepsis. The
S. enterica has many serovars that might bring about gastrointestinal diseases.

The walnut GTE showed a significant sensitivity and prominent bacteriostatic effect
towards B. cereus and L. monocytogenes, while the bactericidal property was almost absent
(Table 7). This suggests the possible use of the walnut GTE as an enhancer for classical
antibiotic treatments to increase efficacy.

The bilberry GTE featured significant bacteriostatic properties, but a substantial bacte-
ricidal effect was displayed mostly for E. faecalis and L. monocytogenes. The L. monocytogenes
is considered a virulent foodborne pathogen-inducing neuro- or pregnancy-related lis-
teriosis leading to meningitis [81]. It is also important to mention that the bilberry GTE
displayed some specificity towards P. vulgaris, which is an opportunistic pathogen of
humans causing resistant hospital infections.

The blackberry GTE proved itself as a potent antimicrobial with a broad bacteriostatic
but a more specific bactericidal effect on L. monocytogenes and S. aureus. Our observations
suggest the putative suitability of bilberry and blackberry GTEs for the treatment of listeriosis,
although the bilberry—blackberry GTE mixture did not show any interacting property.

The almond and black mulberry GTEs emerged as more bacteriostatic than bactericide
(see Table 6), displaying some kind of specificity towards L. monocytogenes, and noticeably,
their mixture does not reveal any interacting features.

Among the most interesting observations reported in this study are the mixtures of
some GTEs that showed synergistic antimicrobial interactions. Mixtures such as blueberry-
almond, walnut-black mulberry and walnut-blackcurrant are combinations of GTEs that
showed effective antimicrobial activity against S. aureus. It is noteworthy that the indi-
vidual GTEs mentioned above did not inhibit the growth of S. aureus, while the mixture
of two GTEs resulted in the formation of some kinds of molecular hybrids that could
gain antimicrobial properties and might be used for the development of novel hybrid
antibiotics [82,83].

Taken together, comparing the ADM with the MIC and MBC broth assays, it could be
seen that the studied microorganisms were much more sensitive to being suspended in
broth. The analysis of MIC and MBC facilitated the comparison of bacteriostatic and bacteri-
cidal effects. It has been suggested that bactericidal activity at lower concentrations, as with
olive, bilberry, or blackberry GTEs, is beneficial for a new antibacterial factor, inhibiting
the emergence of resistance by preventing bacterial regrowth [84]. Furthermore, in clinical
practice, the categorisation of antibiotics into bacteriostatic and bactericidal is debatable in
situations concerning abdominal, skin and soft tissue infections and pneumonia [85]. In
the case of pneumonia, it was demonstrated that bactericidal effects are not statistically
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different compared with bacteriostatic antibiotics in clinical cure rates, treatment failure, or
relapse rates [86]. This could imply that an important element of personalised antimicrobial
treatment should be the application of a decision regarding the possible superiority of
bacteriostatic over bactericidal antibiotics or vice versa. In case the bacteriostatic effect is
more favoured over the bactericidal property, the olive, bilberry, black mulberry, walnut
and blackcurrant GTEs should be further studied in the context of enteritis. The olive, black
mulberry, blackcurrant and blueberry GTEs have been shown to contain many phytonutri-
ents with expected or proven anti-inflammatory properties, so they can have a synergistic
healing effect by limiting microbial growth and overcoming inflammation. The quest for
new antimicrobials continues, and as the scientific considerations become more diverse,
looking for natural solutions seems to be an endless source of inspiration.

4. Materials and Methods
4.1. The Gemmotherapy Extracts

The reported research is based on seven different GTEs that correspond to species like
Olea europaea, Prunus amygdalus, Morus nigra, Juglans regia, Rubus fruticosus, Ribes nigrum
and Vaccinium myrtillus. The buds and young shoots were collected from different places
at different times. Olea europaea young shoots and Prunus amygdalus buds were harvested
from a plantation in Calabria, Italy, in June and April 2022, respectively; Morus nigra, Juglans
regia and Ribes nigrum buds were obtained from the organic plantations of the PlantExtrakt
company, collected in March—April 2022; Rubus fruticosus and Vaccinium myrtillus young
shoots were collected from wild flora in the Marisel area, Cluj county, Romania, in June
2022. The fresh vegetal material was processed at a maximum of 6 h from collection or
stored in the refrigerator at 4 °C for a maximum of 24 h until manufacturing.

4.2. Sample Preparation and Extraction

The extraction method is based on the method written in European Pharmacopoeia,
monograph 07/2022:2371, method 2.1.3. The extracts were prepared from freshly harvested
vegetal materials that were preserved in a 1:1 mixture of 96% (v/v) ethanol and glycerol,
with a plant-to-solvent ratio of 1:2. A moisture content analysis was performed on the fresh
samples. Based on the determined moisture content, the solvent quantity was calculated
to achieve a ratio of dry plant-to-solvent at 1:20. The solvent was a 1:1 mixture of 96%
(v/v) ethanol and glycerol. The obtained plant-solvent mixture was mixed periodically for
20 days, 2 x 20 min/day. For the next step, the solid and the liquid parts of the mixture
were separated, and the extracted solid plant material was further pressed to increase the
yield of extraction. The two extracted solutions (separated from the solid part and those
obtained after the pressing of the solid part) were mixed, forming the concentrated extracts
that were used in further studies.

4.3. Studied Microorganisms

The reference bacterial and microscopic fungi strains used in this study were obtained
from the National Collection of Agricultural and Industrial Microorganisms (NCAIM). The
determination of antimicrobial activity of different GTEs was carried out on the following
eight bacteria strains: Escherichia coli B.00200, Pseudomonas aeruginosa B.01064, Salmonella
enterica subsp. enterica B.00834, Proteus vulgaris B.00642 (Gram-negative bacteria); Bacillus
cereus B.00076, Staphylococcus aureus B.01055 and Enterococcus faecalis B.01054 (Gram-positive
bacteria). It was also carried out on five mycotoxigenic fungi, including Aspergillus flavus
F.00048, A. niger F.00071, A. ochraceus F.00850, Penicillium citrinum F.00815, P. expansum
F.00601 and one yeast strain Saccharomyces cerevisiae Y.00481. Bacterial strains were cul-
tivated on nutrient agar (peptone 10 g, meat extract 10 g, NaCl 5 g, agar 18 g, distilled
water 1000 mL) at 37 °C for 24 h, moulds and yeast were cultivated on a complex medium
(peptone 10 g, yeast extract 10 g, glucose 40 g, agar 20 g, distilled water 1000 mL) at 28 °C
for 72 h, obtained from VWR International L.L.C. (Debrecen, Hungary).
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4.4. Antimicrobial Activity Assessment

The GTE-specific antimicrobial effects were studied using the agar-well diffusion
method. Prior to analysis, ethanol was removed from the extracts using a rotavapor,
operated at a maximum of 40 °C degrees and at 200 mbar, avoiding in these conditions
the degradation and loss of the bioactive compounds. The removed ethanol was replaced
immediately after evaporation with purified water. The obtained samples were stored in
the refrigerator at 4 °C degrees until the study was performed.

A set of GTE concentrations from 0 to 100% (v/v) was obtained, where 100% corre-
sponded to the concentrated GTE, and the rest were diluted with sterile distilled water. The
concentrations of the diluted GTE/set were as follows: 100%-50 mg/mL, 90%—45 mg/mL,
80%—40 mg/mL, 70%-35 mg/mL, 60%-30 mg/mL, 50%-25 mg/mL, 40%-20 mg/mL,
30%-15 mg/mL, 20%-10 mg/mL, 10%-5 mg/mL. Based on their effects on a given mi-
croorganism, a few of the concentrated solutions were also mixed together in a 1:1 ratio
and tested as a GTE mixture combination for effectiveness.

The bacterial and fungal suspension of 1 OD (optical density) was prepared in a
turbidity tube, from which 0.1 mL of microbial suspension (108 CFU/mL) was inoculated on
the surface of the nutrient medium. After this, an 8 mm diameter hole was cut in the centre
of the medium, into which 0.1 mL of the extract was pipetted into different concentrations.
After incubation for 24 h at 37 °C for Bacillus cereus, Escherichia coli, Pseudomonas aeruginosa,
Salmonella enterica subsp. enterica, Proteus vulgaris, Staphylococcus aureus, Enterococcus faecalis
and Listeria monocytogenes, the diameter of the inhibition zones (together with the hole)
was measured using a digital calliper [87]. To accurately evaluate the obtained results, the
average of three parallel measurements was calculated. The same method was used for
yeast and moulds (Saccharomyces cerevisiae, Aspergillus niger, Aspergillus flavus, Aspergillus
ochraceus, Penicillium citrinum, Penicillium expansum), except that the medium was a complex
medium and the incubation was performed at 28 °C for 48 h.

4.5. Broth Microdilution Method

The antimicrobial assay was performed using the broth microdilution method with
96 well plates. Each of the stock-concentrated GTE samples was diluted serially in the
microplate wells to obtain 100 uL of the mixed solution using nutrient broth as the medium
for dilution. A concentration range between 10 and 100% (concentrations in mg/mL are
mentioned above) was achieved as a result.

4.6. Minimum Inhibitory Concentration Assay (MIC)

The MICs were determined according to a method described by Agbeby et al. (2022) [88]
and El Baabouaa et al. (2022) [49]. The overnight culture of the tested microorganism was
diluted to 1 OD, which is equivalent to an inoculum size of 1.0 x 108 CFU/mL. Each
well of the microtiter plate contained 100 pL of various concentrations of the GTEs (as
explained above), and 20 uL of the tested microorganisms (eight bacteria and one yeast)
were inoculated into them. The bacteria-containing microplates were incubated at 37 °C,
while the yeast-containing microplates were incubated at 28 °C for 24 h. After incubation,
10 pL of 0.01 mg/mL resazurin was added to each well and incubated for another 2 h
and microbial growth was revealed by a change in colouration from purple to pink. The
lowest concentration of each extract with no visible growth was recorded as the minimum
inhibitory concentration (MIC) against the respective microbial isolates. As a verifying
method, samples were inoculated on a nutrient medium from several wells, and the
colonies formed were counted to determine the authenticity of the colour change.

4.7. Minimum Bactericidal Concentration Assay (MBC)

The MBC was determined using the microtiter plate method used in the MIC de-
termination. The nutrient broth in the wells of the microtiter plate, which did not show
any growth after incubation during the MIC assays was diluted and spread separately on
nutrient agar and incubated in an inverted position at 37 °C for 24 h (bacteria) and at 28 °C
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for 48 h (yeast). The MBC was regarded as the lowest concentration of the extract, which
did not produce any growth on the nutrient agar after 24—48 h of incubation.

4.8. The Phytochemical Analysis

The LC/MS method was performed on a Shimadzu Nexera I LC/MS—8045 (Kyoto,
Japan) UHPLC system equipped with a quaternary pump and autosampler, an ESI probe
and quadrupole rod mass spectrometer, respectively [51].

The separation was carried out on a Luna C18-reversed phase column (150 mm x 4.6 mm
X 3 mm, 100 /3\) from Phenomenex (Torrance, CA, USA). The column was maintained at
40 °C degrees during the analyses.

The mobile phase (see Figure 5) was a gradient made from methanol (Merck, Darm-
stadt, Germany) and ultra-purified water prepared using the Simplicity Ultra-Pure Wa-
ter Purification System (Merck Millipore, Billerica, MA, USA). As an organic modifier,
formic acid (Merck, Darmstadt, Germany), in the form of a 2% solution in ultra-purified
water, methanol and formic acid was of the LC/MS grade. The used flow rate was of
0.5 mL/minute. The total time of the analysis was 35 min.

Mobile phase gradient
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Figure 5. The mobile phase gradient.

The detection was performed on a quadrupole rod mass spectrometer operated with
electrospray ionisation (ESI), both in the negative and positive MRM (multiple reaction
monitoring) ion mode (see Table 8). The interface temperature was set at 300 °C degrees.
For vaporisation, drying gas nitrogen was used at 35 psi and 10 mL/min, respectively. The
capillary potential was set at +3000 V.

Table 8. The main MS transitions of the standards.

m/z, and Main

Name of Standard Retention Time, min ore MRM
Transition

Caffeic acid 13.8 179.0 > 135.0 Negative
Chlorogenic acid 11.9 353.0>191.0 Negative
Ferulic acid 18.4 193.0 > 134.0 Negative
Gallic acid 7.0 168.9 > 125.0 Negative
Salicylic acid 23.5 137.0 > 93.0 Negative
Apigenina 28.1 269.0 >117.0 Negative
Catechin 10.3 289.0 > 202.9 Negative
Chrysin 29.7 253.0 > 143.0 Negative
Hyperoside 20.3 463.1 >300.0 Negative
Kaempferol 27.9 285.0 >187.0 Negative
Luteolin 26.8 287.0>153.0 Positive
Luteolin-7-O-glucosid 19.9 447.0 > 2849 Negative
Naringenin 26.2 271.0>119.0 Negative
Quercetin 25.4 300.9 > 151.0 Negative
Rutoside 20.2 609.0 > 300.0 Negative
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The substances from Table 9 were used as the standards. From each standard at each
concentration, 1 L was injected. The identification was performed by a comparison of MS
spectra and their transitions between the separated compounds and standards (see Table 8).
The identification and quantification were made basely on the main transition from the
MS spectra of the substance. For the purpose of quantification, the calibration curves were
determined (the equations for which are given in Table 9).

Table 9. The standards used for LC/MS analysis.

Name of Oriein Concentration Calibration Curve Correlation Detection Quantification
Standard 8 Range, mg/mL Equation Factor Limit, ug/mL  Limit, pg/mL
N Area =4 x 107 x
Caffeic acid 0.11-1.10 conclmg,/mL] — 319,689 0.9998 3.20 4.80
Chlorogenic Area =2 x 10% x
acid 0.13-1.30 conclmg,/mL] — 269,699 0.9997 5.00 8.00
L Area =5 x 10° x
Ferulic acid 0.100-1.000 concmg /mL] — 50,000 0.9992 4.00 6.00
L Area =8 x 10° x
Gallic acid 0.107-1.070 conclmg/mL] — 37,131 0.9999 1.90 2.80
. . Area =2 x 108 x
Apigenina 0.10-0.98 conclmg/mL] + 15,916 0.9999 0.20 0.30
8
. Phytolab, g Area =4 x 10° x
Hyperoside Vesthbergs— 0.012-0.107 conc[mg /mL] — 567,182 0.9986 0.60 0.90
reuth, . Area =107 x
Kaempferol Gge rmany 0.10-1.00 conclmg,/mL] — 20,574 0.9996 0.80 1.20
. Area =2 x 10% x
Luteolin 0.01-0.10 conclmg,/mL] — 2295.4 0.9977 0.05 0.07
Luteolin-7-O- Area=1 x 10° x
elucosid 0.07-0.70 conclmg/mL] — 700,317 0.9990 3.00 4.00
. . Area =3 x 10% x
Naringenin 0.16-1.60 conc[mg/mL] — 43,443 0.9999 0.60 0.90
. Area =5 x 107 x
Quercetin 0.09-0.91 conc[mg/mL] — 9556 0.9964 0.80 1.10
. Area =2 x 10 x
Rutoside 0.17-1.70 conclmg,/mL] — 191,937 0.9996 4.00 6.00
- 7
Salicylic acid 0.16-1.60 Area =4 x 10° x 0.9997 1.50 2.00
Merck, conc[mg/mL] + 214,120
Catechin Darmstadt, 0.10-1.01 Area =5 107 x 0.9984 1.00 2.00
Germany conc[mg/mL] —81706
Chrysin 0.10-1.00 Area =1 107 x 0.9997 3.00 5.00

conc[mg/mL] — 82,818

4.9. Statistical Analysis

All analyses were performed in triplicate, and data were then expressed as the
mean =+ standard deviation (SD). The statistical analysis of the data was performed using
IBM SPSS Statistics 26. For antimicrobial activity, the data were subjected to the statistical
analysis of variance (ANOVA-1) followed by Tukey’s HSD test to evaluate the significant
differences between various concentrations and extracts. The difference was regarded as
significant when p < 0.05.

5. Conclusions

The current study aims to elucidate the antimicrobial properties of seven GTEs, and
for five of them, the reported phytonutrient profiles suggest putative antidiabetic, anti-
inflammatory and antimicrobial implications. The comparative nature of this study permits
us to directly compare GTEs and even draw conclusions about their relative antimicrobial
strength. Interestingly, the agar diffusion method revealed the blackberry (R. fruticosus)
GTE to inhibit the growth of eight microbial species among the tested ones and, quite
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remarkably, included the mould and yeast strains. The blackberry GTE emerges as a potent
antimicrobial that inhibits the growth of many microorganisms, while the microbial death-
inducing effect is more relevant for S. aureus and L. monocytogenes. Furthermore, the olive
(O. europaea L.) GTE appeared to feature the strongest bacteriostatic and bactericidal effects
with increased specificity for S. aureus, E. faecalis and L. monocytogenes. Next to olive, the
bilberry (V. myrtillus) GTE showed increased bacteriostatic but diminished bactericidal
properties with some specificity towards E. faecalis and L. monocytogenes. Walnut (J. re-
gia) and black mulberry (M. nigra) GTEs featured similar bacteriostatic and bactericidal
strengths, while the walnut GTE looked more specifically towards E. faecalis and L. mono-
cytogenes which were shortly followed by B. cereus and P. vulgaris. The black mulberry
(M. nigra) GTE presented further bacteriostatic specificity towards L. monocytogenes and
then B. cereus and P. vulgaris, on which the GTE did not induce any bactericide effect. The
almond (P. amygdalus) GTE brought about a weaker bacterial growth inhibition that was
completed by a slight death induction for E. faecalis. Finally, the blackcurrant (R. nigrum)
GTE had very little effect on bacterial growth or death, indicating that this GTE had no
significant antimicrobial activity. Taken together, with the exception of blackcurrant, all
the other GTEs have a more significant inhibition of bacterial growth than the induction
of microbial death, which is a feature that suggests their applicability to enhance the
antimicrobial effects of other antibiotics under less stringent conditions.
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Abstract: Antimicrobial resistance (AMR) has arisen due to antibiotic overuse and misuse. Antibiotic
resistance renders standard treatments less effective, making it difficult to control some infections,
thereby increasing morbidity and mortality. Medicinal plants are attracting increased interest as an-
tibiotics lose efficacy. This study evaluates the antibacterial activity of solvent extracts prepared using
Terminalia bellirica and Terminalia chebula fruit against six bacterial pathogens using disc diffusion and
broth microdilution assays. The aqueous and methanol extracts of T. bellirica and T. chebula showed
substantial zones of inhibition (ZOIs) against Staphylococcus aureus and methicillin-resistant S. aureus
(MRSA). The activity against those bacteria was strong, with minimum inhibitory concentrations
(MIC) ranging from 94 pg/mL to 392 ug/mL. Additionally, the T. bellirica methanolic extract showed
noteworthy antibacterial activity against Escherichia coli and an extended spectrum (-lactamase
(ESBL) E. coli strain (MIC values of 755 ug/mL for both). The aqueous T. bellirica and T. chebula
extracts also inhibited Klebsiella pneumoniae growth (MIC values of 784 pg/mL and 556 pg/mL,
respectively). The corresponding methanolic extracts also inhibited ESBL K. pneumoniae growth (MIC
values of 755 pg/mL and 1509 pug/mL, respectively). Eighteen additive interactions were observed
when extracts were combined with reference antibiotics. Strong antagonism occurred when any
of the extracts were mixed with polymyxin B. Liquid chromatography-mass spectroscopy (LC-MS)
analysis of the extracts revealed several interesting flavonoids and tannins, including 6-galloylglucose,
1,2,6-trigalloyl-p-D-glucopyranose, 6-O-[(2E)-3-phenyl-2-propenoyl]-1-O-(3,4,5-trihydroxybenzoy]l)-
-D-glucopyranose, propyl gallate, methyl gallate, sanguiin H4, hamamelitannin, pyrogallol, gallic
acid, ellagic acid, chebulic acid, and chebuloside II. All extracts were nontoxic in brine shrimp assays.
This lack of toxicity, combined with their antibacterial activities, suggests that these plant species
may be promising sources of antibacterial compound(s) that warrant further study.

Keywords: MRSA; ESBL; plant extracts; natural therapies; combinational therapies; metabolomics

1. Introduction

Antimicrobial resistance (AMR) is one of the most concerning public health issues
of the 21st century. The development of AMR mechanisms in bacterial pathogens leads
to lower efficacies for standard antimicrobial therapies, which in turn promotes the trans-
mission of these infections. The World Health Organization (WHO) has highlighted
antimicrobial resistance (AMR) as a major danger to global health, food security, and future
development, with far-reaching effects on human health and economic stability [1].

Antibiotic-resistant bacterial strains have rapidly arisen due to antibiotic misuse and
overuse in humans and animals, as well as in agriculture. Antibiotic misuse includes
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excessive antibiotic prescriptions, poor treatment compliance, and the widespread use of
antibiotics in livestock for growth promotion and disease prevention. This results in longer
illness durations, higher mortality rates, and elevated healthcare costs [1]. AMR mortality
and morbidity are concerning. AMR caused 1.27 million deaths worldwide in 2019, and
current trends indicate that this number will climb dramatically [1]. Infections caused by
antibiotic-resistant bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA) and
multidrug-resistant Escherichia coli, are particularly concerning due to their high resistance
rates and severe clinical outcomes [2]. The costs associated with AMR are multifaceted,
encompassing direct medical costs such as longer hospital stays and more intensive care,
as well as indirect costs such as lost productivity and long-term disability. According to the
World Bank, by 2050, AMR is likely to cause a loss of global economic output amounting to
USD 1 trillion annually, with healthcare costs also projected to increase significantly [3].

The 2022 Global Antimicrobial Resistance and Use Surveillance System (GLASS)
report underscores the significant concern regarding the alarming resistance rates of third-
generation cephalosporin-resistant E. coli and MRSA in 76 countries [1,4]. That report
also found a significant rise in E. coli infections resistant to ampicillin, co-trimoxazole, and
fluoroquinolones. The common intestinal bacterium Klebsiella pneumoniae has also shown
increased resistance to penicillins, cephalosporins and fluoroquinolones. These elevated
levels of antibiotic resistance may lead to an increase in the use of last-resort medications,
such as carbapenems [1,4]. The rise of antibiotic-resistant bacteria has outpaced drug
development. The high expenditures and limited financial returns of antibiotic research
and development have caused a sharp fall in the number of novel antibiotics approved for
clinical use [5]. According to the WHO, there is a concerning lack of new antibacterials
in the pipeline due to the lengthy research and development processes, and the high
probability of failure during clinical testing [6]. Thirteen new antibiotics have received
therapeutic authorization since July 2017. However, only two of these antibiotics constitute
a new chemical class and are considered innovative [6]. This highlights the significant
scientific and technical difficulties in finding new antibacterials that are both effective
against bacteria and safe for human use.

Exploring the potential of medicinal plants in the development of antimicrobial drugs
presents numerous benefits compared to conventional antibiotics. Traditional medicinal
plants offer an accessible and cost-effective alternative, requiring fewer resources and
less time for production [7]. They often interact with the body in a safe manner, causing
minimal side effects, and often have complementary effects that enhance overall well-being.
However, medicinal plants can also cause toxicity if misused. Therefore, careful dosing,
accurate identification, and monitoring are essential to avoid adverse effects. Phytochemi-
cals in medicinal plants may work together to boost antibacterial efficacy, potentiating the
treatment’s efficacy [7,8]. Medicinal plants possess a variety of mechanisms of action, which
holds great promise in combating antibiotic-resistant bacteria [8]. The combination of plant
extracts/compounds with conventional antibiotics is a strategy that can be utilized in the
development of new antimicrobial therapies [9]. Phytochemicals may enhance antibiotic
efficacies through synergistic and additive interactions, potentially overcoming resistance
issues. This approach offers a promising solution for developing effective treatments
against antibiotic-resistant bacterial strains. For example, propolis ethanolic extract potenti-
ates the efficacy of ampicillin and vancomycin against the methicillin-resistant S. aureus
(MRSA) [10].

The current study focuses on the antibacterial activity, phytochemistry, and toxicity
of fruit extracts (aqueous, methanol, and ethyl acetate) derived from Terminalia bellirica
(Gaertn.) Roxb. and Terminalia chebula Retz. Antibiotic-sensitive and antibiotic-resistant
bacterial pairs of S. aureus, E. coli, and K. pneumoniae were examined for their growth
in the presence of the extracts, as well as a panel of reference antibiotics. Our previous
work revealed enhancements of E. coli antibacterial activity when T. bellirica and T. chebula
fruit extracts were combined [11]. However, antibiotic-resistant bacterial species were
not tested in that study, nor were combinational interactions between pure antibiotics
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and the plant extracts examined. Thakur et al. (2024) recently identified good antibacte-
rial activities of the T. bellirica aqueous fruit extract against S. aureus, E. coli, and E. coli
385 (an antibiotic-resistant strain), with minimum inhibitory concentrations (MICs) of
312 pug/mkL, 1250 pg/mL and 625 pg/mL against these species, respectively [12]. Phyto-
chemical analysis was conducted by liquid chromatography-mass spectrometry (LC-MS),
which identified a single polyphenol compound, bergenin [12]. Interestingly, flavonoids,
tannins and terpenoids were not identified in the T. bellirica fruit extracts in that study. Fur-
thermore, combinational interactions between reference antibiotics and the extracts were
not explored. In addition, prior studies have demonstrated that fruit extracts of T. bellirica
exhibit antibacterial activity against S. aureus, E. coli, and K. pneumoniae [13-15]. However,
those investigations did not include combinational studies of extracts with antibiotics and
testing of antibiotic-resistant bacterial strains. Other investigations reported inconsistent
results for T. chebula fruit extracts (aqueous, ethanol, and dimethylformamide) against
S. aureus and K. pneumoniae, with ZOls of 15-18 mm on agar, using 500 ug extract per
disc [16]. Furthermore, low-to-inactive antibacterial activities of T. chebula fruit extracts
were observed against antibiotic-sensitive and antibiotic-resistant strains of S. aureus and
E. coli [17,18].

In order to address the discrepancies in the previous studies regarding the activities
of T. bellirica and T. chebula, and the absence of thorough phytochemical analyses of the
extracts, we investigated the antibacterial properties of aqueous, methanolic, and ethyl
acetate fruit extracts obtained from T. bellirica and T. chebula. Our study focused on selected
bacterial pathogens, but included resistant strains of S. aureus, E. coli, and K. pneumoniae.
We conducted disc diffusion and liquid microdilution assays to assess their effectiveness.
Additionally, LC-MS was utilized to examine the phytochemical composition of T. bellirica
and T. chebula and to identify specific flavonoid, phenolic acid, terpenoid, and tannin
molecules. In addition, our study investigated the interactions between active plant extracts
and a panel of reference antibiotics when tested as extract-antibiotic combinations in MIC
assays. Finally, the toxicities of the extracts were assessed using Artemia franciscana Kellogg
nauplii lethality assays to provide initial insights into the safety of the extracts for possible
clinical use.

2. Results
2.1. Antimicrobial Susceptibility Assays

Individual 1 g masses of T. bellirica and T. chebula fruit powder was extracted separately
using sterile deionized water, methanol, or ethyl acetate. The extracts were subsequently
dried and resuspended in 10 mL of 1% DMSO. The extract concentrations for the two
plants were generally similar, where the highest yields were obtained using methanol as a
solvent, whilst ethyl acetate produced very low yields for each plant. Specifically, T. bellirica
extract yields for water, methanol and ethyl acetate solvent extractants were 50.2, 48.3, and
3.6 mg/mL, respectively, whilst for T. chebula they were 35.6, 48.3, and 4.9 mg/mL.

The antibacterial efficacies of all extracts and reference antibiotics were evaluated using
agar disc diffusion assays and broth microdilution assays. The aqueous and methanolic
extracts of both plants exhibited activities varying from low to high against the six bacterial
pathogens tested in the disc diffusion and broth dilution assays (Figure 1 and Table 1,
respectively). The broth microdilution assays were used to quantify MIC values of the
extracts and reference antibiotics (Table 1). The differences between the antibiotic-sensitive
and antibiotic-resistant strains of the pathogens can be readily observed by the generally
higher MIC values for many of the antibiotics against the resistant bacteria compared to
their sensitive counterparts, as well as the lower ZOlIs resulting from agar disc diffusion
assays. This demonstrates that the antibiotic-resistant strains are much less sensitive to
many of the antibiotics tested in this study.

When aqueous and methanol extracts of T. bellirica were evaluated against S. aureus
and MRSA, they exhibited MIC values ranging from 94 and 392 pg/mL, respectively.
The T. bellirica ethyl acetate extract also inhibited S. aureus and MRSA growth, albeit
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with a higher MIC value of 900 pg/mL. In contrast, all T. chebula extracts exhibited good
antibacterial activity against S. aureus and MRSA, with MIC values ranging from 139 ug/mL
to 306 ng/mL. Concordant findings were obtained for both plant extracts against S. aureus
and MRSA in agar disc diffusion assays, where only small but detectable ZOIs were
observed for the T. bellirica ethyl acetate extracts against the two Staphylococcus species,
although much larger ZOIs of 9-15 mm were produced by all other extracts against S. aureus
and MRSA (Figure 1).
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Figure 1. Antimicrobial activities of T. bellirica and T. chebula fruit extracts in agar disc diffusion assays
against (A) S. aureus, (B) MRSA, (C) E. coli, (D) ESBL E. coli, (E) K. pneumoniae, and (F) ESBL K. pneumo-
nige. TB-AQ = T. bellirica aqueous; TB-MeOH = T. bellirica methanol; and TB-EtOAc = T. bellirica ethyl
acetate. TCh-AQ = T. chebula aqueous; TCh-MeOH = T. chebula methanol; and TCh-EtOAc = T. chebula
ethyl acetate. Negative controls = 1% DMSO and Blank = sterile water. Reference antibiotics: PEN
G = penicillin G (10 IU), ERY = erythromycin (10 pg), TET = tetracycline (30 pg), CHL = chloram-
phenicol (30 pg), CIP = ciprofloxacin (1 pg), POL B = polymyxin B (300IU), OXA = oxacillin (1 png),
AMX = amoxycillin (10 uL of 0.01 mg/mL stock solution), GEN = gentamicin (10 ug), VAN = van-
comycin (30 pg), AUG = Augmentin® (15 png), and CEF = cefoxitin (30 ug). Horizontal red lines on
the y-axis at 6 mm indicates the disc diameter used in the assay. Mean values (:=SEM) are reported
from three independent studies. p-values < 0.01 are represented with a single asterisk symbol (*),
while p-values < 0.001 are represented with a double asterisk symbol (**).

Similarly, the extracts were also screened against E. coli and K. pneumoniae, as well as
their antibiotic-resistant ESBL counterparts. The agar disc diffusion experiments showed
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limited growth inhibition for most of the extracts when tested against E. coli, ESBL E. coli,
K. pneumoniae, and ESBL K. pneumoniae. However, these results cannot be considered
as zones of inhibition (ZOIs) because complete inhibition surrounding the disc is neces-
sary. Interestingly, the T. chebula ethyl acetate extract produced a small but distinct ZOI
against E. coli and K. pneumoniae on agar (7-9 mm) in the disc diffusion assay (Figure 1).
Furthermore, relatively high MIC values were determined for the T. bellirica aqueous ex-
tracts and the T. chebula aqueous and methanol extracts against E. coli and ESBL E. coli
(MIC = 1509 ug/mL to 3138 pug/mL). Notably, an MIC value of 755 ug/mL was obtained
for the T. bellirica methanolic extract against these two species. The aqueous T. bellirica and
T. chebula extracts also exhibited noteworthy antibacterial activity against K. pneumoniae,
with MIC values of 784 ug/mL and 556 ug/mL, respectively. Moderate activities towards
this bacterium were found when the T. bellirica and T. chebula methanolic extracts were tested
(MIC = 1509 nug/mL), as well as the ethyl acetate T. chebula extract (MIC = 1225 pug/mL).
Additionally, the ESBL K. pneumoniae was inhibited in broth assays by the methanolic
T. bellirica and T. chebula extracts (MIC values of 755 pg/mL and 1509 pg/mL, respectively).
However, the aqueous extracts yielded low activities (relatively high MIC values) against
ESBL K. pneumoniae (MIC values of 3138 pg/mL and 2225 pg/mL, respectively).

Table 1. MIC values (ug/mL) for aqueous, methanol, and ethyl acetate of T. bellirica and T. chebula
extracts, and the reference (positive control) antibiotics against the six bacterial strains.

Bacterial Species and MIC (ug/mL)

3 = 3

Extract Type 2 < = © S MR

ey, ® ) ) [ s ~

or Antibiotic s o S 3 s

S = 3 ;3
. p= R [~ N 2
“ 2 S "
N4

TB-AQ 392 196 3138 1569 784 3138

TB-MeOH 94 189 755 755 1509 755
TB-EtOAc 900 900 Inactive Inactive Inactive Inactive

TCh-AQ 139 139 2225 2225 556 2225

TCh-MeOH 189 189 3019 1509 1509 1509
TCh-EtOAc 306 306 Inactive Inactive 1225 Inactive

PENG 1.25 >2.5 >2.5 >2.5 >2.5 >2.5

ERY 0.31 >2.5 >2.5 >2.5 >2.5 >2.5

TET 0.16 0.04 0.31 >2.5 0.625 >2.5

CHL >2.5 >2.5 2.5 >2.5 2.5 >2.5

CIpP 0.16 0.625 0.02 >2.5 0.02 0.16

POLB >2.5 >2.5 0.02 0.02 0.02 0.04

OXA 0.16 >2.5 >2.5 >2.5 >2.5 >2.5

AMX 0.625 >2.5 >2.5 >2.5 >2.5 >2.5

GEN >2.5 >2.5 0.625 >2.5 0.625 >2.5

MIC values for extracts with no antibacterial activity (Inactive; MIC > 10,000 ug/mL), low activity (2000-5000 pg/mL;
shown in bold), moderate activity (1000-2000 pg/mL; shown in blue), noteworthy activity (400-1000 pg/mL;
shown in red), or good activity (100400 ug/mL; shown in green). Reference antibiotics: PENG = penicillin G,
ERY = erythromycin, TET = tetracycline, CHL = chloramphenicol, CIP = ciprofloxacin, POLB = polymyxin B,
OXA = oxacillin, AMX = amoxycillin, GEN = gentamicin, and VAN = vancomycin. Active antibiotics are shown
in bold, while lack of antibiotic activity was observed when MIC values > 2.5 ug/mL.

2.2. Combination Assays: Sum of Fractional Inhibitory Concentration (ZFIC) Determinations

Combinations of the T. bellirica and T. chebula extracts with conventional antibiotics
were tested to detect any possible interactions between the two components against the
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antibiotic-sensitive and antibiotic-resistant bacterial strains (Table 2). For these assays to
be conducted, both the extract and the antibiotic must demonstrate efficacy against the
bacterial species under examination, as MIC values for both components are required to
determine XFIC values. No synergistic interactions were observed for any of the combi-
nations. Eighteen combinations caused additive effects, and eighty combinations were
indifferent. Additionally, nineteen combinations had antagonistic effects.
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Table 2. ) FIC values calculated for combinations of T. bellirica and T. chebula extracts and conven-

tional antibiotics.

Bacteria Extracts PENG ERY TET CHL CIpP POLB OXA AMX GEN VAN
TB-AQ 0.53 1.26 1.50 - 1.50 - 1.25 0.56 - 1.06
TB-MeOH 1.02 213 1.13 - 2.25 - 1.25 1.03 - 2.03
S. aureus TB-EtOAc 0.75 1.13 1.06 - 2.06 - 2.13 1.25 - 1.50
TChAQ 1.06 1.25 0.75 - 1.50 - 1.50 1.13 - 1.06
TCh-MeOH 1.03 1.13 1.25 - 1.25 - 1.25 1.06 - 1.03
TCh-EtOH 0.75 0.75 1.25 - 2.50 - 2.50 1.00 - 1.50
TB-AQ - - 1.00 - 1.06 - - - - 1.03
TB-MeOH - - 1.50 - 1.03 - - - - 1.02
MRSA TB-EtOAc - - 1.02 - 0.63 - - - - 1.50
TCh-AQ - - 1.00 - 213 - - - - 2.06
TCh-MeOH - - 1.00 - 1.06 - - - - 1.03
TCh-EtOAc - - 1.06 - 1.00 - - - - 1.50
TB-AQ - - 1.50 1.25 2.25 64.50 - - 2.00 -
E. coli TB-MeOH - - 1.52 1.06 4.00 17.50 - - 1.25 -
TCh-AQ - - 1.50 1.25 2.25 64.50 - - 2.00 -
TCh-MeOH - - 0.76 1.25 2.25 32.25 - - 2.00 -
TB-AQ - - - - - 16.50 - - - -
ESBL TB-MeOH - - - - - 5.00 - - - -
E. coli TCh-AQ - - - - - 32.50 - - - -
TCh-MeOH - - - - - 16.50 - - - -
TB-AQ - - 1.25 1.06 2.00 9.00 - - 1.25 -
TB-MeOH - - 1.50 1.12 3.00 16.50 - - 1.50 -
K. pneumo-  TB-EtOAc - - - - - - - - - -
niae TCh-AQ - - 1.25 1.06 4.00 9.00 - - 1.25 -
TCh-MeOH - - 0.75 0.56 3.00 16.50 - - 1.50 -
TCh-EtOAc - - 0.63 1.00 2.12 63.00 - - 4.00 -
TB-AQ - - - - 1.25 8.25 - - - -
1<. ;3::;10_ TB-MeOH - - - - 100 250 - - - -
iae TCh-AQ - - - - 250  16.60 - - - -
TCh-MeOH - - - - 1.50 8.75 - - - -

Y_ FIC values of aqueous (TB-AQ, TCh-AQ), methanolic (TB-MeOH, TCh-MeOH) and ethyl acetate (TB-EtOAc,
TCh-EtOAc) extracts of T. bellirica and T. chebula, respectively, in combination with reference antibiotics against
antibiotic-sensitive and antibiotic-resistant strains of S. aureus, MRSA, E. coli, ESBL E. coli, K. pneumoniae, and
ESBL K. pneumoniae. Additive interaction: >0.5 < 1.00 and are in blue color, indifferent interaction: >1.01-<4.00,
antagonistic interaction: >4.0 and are in red color—indicates the extract and/or the antibiotic was inactive against
the bacteria being tested. Reference antibiotics: PENG = penicillin G, ERY = erythromycin, TET = tetracycline,
CHL = chloramphenicol, CIP = ciprofloxacin, POL B = polymyxin B, OXA = oxacillin, AMX = amoxycillin,
GEN = gentamicin, and VAN = vancomycin.

2.3. Compound Identification by LC-MS Metabolomics Fingerprinting

LC-MS fingerprinting analysis was employed to investigate the metabolomic fin-
gerprints of all extracts, with particular focus on the flavonoid, tannin, and terpenoid
compounds. Most of the extract compounds eluted in the gradient stage of the chro-
matogram from 30% to 90% acetonitrile (Supplementary Materials Figures S1 and S2),

164



Antibiotics 2024, 13, 994

suggesting that most of the extract components were of relatively high polarity [19]. Or-
ganic acids and amines are more likely to elute in polar environments and therefore do so
early in the chromatogram. Conversely, lipophilic substances and hydrocarbons, which
exhibit a stronger interaction with the non-polar stationary phase, elute later as the gradient
persists. Only compounds that were completely matched in any of the databases (and were
not present in the blank controls) were chosen to create a potential inventory of all the
identified compounds (Supplementary Materials: Tables S1 and S2). In this study, we have
focused on the flavonoid, tannin, terpenoid and phenolic acid compounds (Table 3).

Table 3. LC-MS putative identification and % relative abundance of phytochemicals identified in the
fruit extracts of T. bellirica (TB) and T. chebula (TCh).

% Relative Abundance

Retention . % Relative Abundance (TCh)
Time Molecular  Empirical = py ;s tive Compounds (TB) ’
! Weight Formula
(min) AQ MeOH EtOAc AQ MeOH EtOAc
1.496 192.06305 CyH1,04 Quinic acid 3.13% 0.33% 0.19% 0.39% - 1.53%
1.573 344.07409 C14H16010 Theogallin - 3.47% - - 0.03% 0.02%
1.784 302.06328  CypHp400 Pyrogallol-2-O- - 0.21% - 0.07% - -
glucuronide
1.793 244.0581 C10H1207 1-O-Galloylglycerol - - 0.02% - - -
1.905 236.0684 C12H1505 Dillapional 0.01% - - - T 0.01%
1.923 316.0793 C13H1609 Ginnalin B 0.01% - - - - -
1.975 149.08397  C9H11NO Venoterpine - - 0.05% 0.04% - -
2.045 294.03749 C13H190g Banksiamarin B - - 0.15% 0.17% 0.05% 0.13%
2.058 174.05268 CyH1905 Shikimic acid - 0.41% 0.67% 2.64% 3.14% 4.80%
2.237 154.02646 CyHgOy Gentisic acid 0.02% 0.05% - 0.01% - 0.09%
8-O-Acetyl shanzhiside o o
2.296 44815769  C19Hpg012 methyl ester - - - 0.19% 0.18% -
2.356 33207411 Ci3HigO10  6-Galloylglucose 6.06%  397%  339%  374%  0.68% -
Ellagic acid o o o o o o
2.444 448.06386  CypH16012 2-rhamnoside 0.11% 1.44% 0.69% 0.01% 0.21% 0.33%
2,51 292.02177  Cy3HgOs Brev‘f"lgggrboxyhc 0.09% - - 0.11%  0.03%  0.61%
2.56 288.0844 C12H160g Phlorin - 0.02% - 0.03% 0.02% -
Gallic acid 3-O-(6- o
311 4840848 CooHagOn i e 0.74% - - - - -
3.158 212.06824  C1pH1205 Propyl gallate - - - 0.30% 0.35% 0.12%
44 277.05821  Cy3H;NOg Salfredin C1 - - - 0.14% - 0.03%
4.847 184.03703 CgHgOsg Methyl gallate 0.25% 11.39% - 0.04% 1.05% -
5.638 44419969  C,1H3,0q9 Cynaroside A - - - 0.02% 0.02% -
8.848 63609627  CyHpyOpg - HigalloylBb- - - - - 0.07%  0.25%
glucopyranose
1,6-Bis-O-(3,4,5-
8.4 4840855  CyHyOu  trihydroxybenzoyl) — 5.13%  519%  2.52%  652%  2.16%  3.78%
hexopyranose
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Table 3. Cont.

% Relative Abundance

Retention . % Relative Abundance (TCh)
Time M‘/(\)]leeig}llltar El:gfl::i:l Putative Compounds (TB) ’
(min) AQ MeOH EtOAc AQ MeOH  EtOAc
8.961 478.07436  Cp HygOr3 7832??}:1‘ e - - - - - 0.49%
8.985 478.0743  CpHisO13 Quercetin - 0.08% - - - -

3-O-glucuronide

Sanguisorbic acid

9.316 47001176 Cp1HyoO13 ot - 0.08% - 056%  061%  0.19%
9.567 634.08082  CoyHppOng Sanguiin H4 0.84% - 0.07% - 5.63%  0.54%
9.811 478.07452  Cp1HygOss Miquelianin 0.04%  0.42% - 037%  0.60%  0.39%
9.902 152.04703  CgHgOs Vanillin - - - 016%  0.17%  0.17%
9.921 126.03146  C4HgO5 Phloroglucinol 0.10%  1.93% - 0.07%  024%  0.27%
10.043 636.09614  CoyHyyOrg 1'22661;?;%‘;2;’1{;%]3' 0.09%  544%  2.85%  0.11%  142%  2.22%
10.158 634.08037  CoyHpOs Corilagin - - - - 0.15% -
10.357 5241533  CpyHpgO1s Barbatoflavan 0.01% - - - - -
10.419 484.08522  CpoHpOp4  Hamamelitannin 210%  0.02%  0.62%  0.02%  0.11% -
10.421 1260316  CgHgOs Pyrogallol 628%  528%  219%  629%  3.82%  4.87%
10.422 296.05248  C13H;,0g cis-Coutaric acid 033%  0.86%  019%  031%  093%  1.05%
10.476 636.09612  CpyHp4Ops 14;&?%3;2& fe‘D' - - - - - 0.63%
10.55 601.99658  CagHy9O16 Diellagilactone - - - 113%  0.60% -
10.703 3721055  CyaHagOr0 Veranisatin C 0.02%  0.04% - - - -
10754 6609608 CyHyO | OULIIEIONET L oas oo oen - :
11.305 17002138  C;H¢Os  Phloroglucinicacid ~ 0.98%  2.80%  433%  098%  083%  124%
11.091 610.1535  CpyHzyO1g Rutin - 0.14%  0.10% - 0.03%  0.08%
11.176 43210539 Cp1HyyOxp Vitexin - - - - 0.05% -
11.257 304.0579 C15H1207 Nigrescin T 0.02% - - - -
Quercetin
11.272 610.1527  CpyHzO16  3-O-rhamnoside-7-O-  0.05% - - - - -
glucoside
11.448 302.04213  Cy5H;00; Quercetin 011%  033%  0.17%  0.02% - -
11.473 464.0951  Cp1HyyO1p Myricitrin 0.05%  013%  0.19% - - -
1,5,8-Trihydroxy-9-
11.529 422.0846 Ci9H13017  oxo-9H-xanthen-3-yl 0.02% 0.05% - - - -
3-D-glucopyranoside
11.589 170.02147  CyH4Os Gallic acid 2623%  8.64%  2.60%  2390%  190%  1.56%
(4S,5S,8S,10R)-4,5,8-
11.756 2160994  CyoHycOs ;T‘Sygg"fg ﬁgxﬁ;gﬁ 0.05% ; ; 0.06% - 1.23%
2H-oxecin-2-one
11822 46207961  CyHisOp Aureusidin - - 2.52% - - 0.04%
6-glucuronide
11.905 286.04729  Cy5H;0O4 Maritimetin - - - T 0.01%  0.01%
11.906 50415829  CayHsoO15 Palasitrin - - - 0.01% - 0.03%
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Table 3. Cont.

% Relative Abundance

Retention - % Relative Abundance (TCh)

Time Molescular Empirical  p oo Compounds (TB) °
. Weight Formula
(min) AQ MeOH EtOAc AQ MeOH  EtOAc
4-
11.938 176.04708 C1oHgO3 Methylumbelliferone - - - 0.03% 0.03% -
hydrate
(E)-1-O-Cinnamoyl-f3- ) ) ) ) . o
11.953 310.10477  Cy5H1807 D-glucose 1.67%
12.141 584.1169  CpgHpsO14 2”-O-Galloylisovitexin - - - - - 0.01%
12.183 448.0996 Cr1Hp011 Maritimein - 0.01% 0.02% - - -
12.185 302.00627 C14HgOg Ellagic acid 2.45% 10.74%  33.49% 8.39% 10.46%  11.96%
12.201 220.07336  C1oH71504 Eugenitin - - - - - 0.04%
12.233 262.0476 C13H100¢ Maclurin - 0.02% - 0.04% - -
12.254 148.05223 CyoHgO, trans-Cinnamic acid - - - 0.76% 0.96% 0.87%
315/6/712//3//41_ 0,

12.38 334.0325 C15H1909 Heptahydroxyflavone - 0.20% - - - -
12.503 192.07847  C11H1203 (R)-Shinanolone - - - 0.04% 0.03% 0.05%

(25,3R45,55,6R)-3,4,5-
trihydroxy-6-
12.504 310.10483  Cy5Hy30; (hydroxymethyl) - - - 2.25% - -
oxan-2-yl (2E)-3-
phenylprop-2-enoate

12.509 610.1894 CrgH34015 Neohesperidin - - 0.16% - - -
12.584 498.1741 Co3H30012 Eucaglobulin - 0.02% - - - -
12.593 436.13688  Cp1Hp40q9 Nothofagin - - - - - 0.12%
12.721 680.37692  CscHs6012 Tenuifolin - - - - 0.11% 0.37%
12.8 486.33397  C3pHyeOs Bassic acid - - - - - 0.05%
12.844 518.1785 Ca6H30011 Phellodensin E - - 0.05% - - -
12.889 346.1052 C18H1807 Hamilcone - - - 0.02% - 0.01%
12914 190.13544 Ci13H150 [3-Damascenone - - - - 0.02% 0.06%
12.915 666.39739  C3cHs55011 Chebuloside I - - - - 3.85% -
12.924 302.1152 C17H1805 Lusianin 0.01% - - - - -
12.929 356.03763  C14H12011 (+)-Chebulic acid 0.54% - - 3.98% 1.40% 2.88%
12.967 330.14651 C19H»O5 Hericenone A - - - - 0.03% -
12.969 504.34417  C3pHygO¢ Madecassic acid - - - - - 1.42%
12.971 202.13522  Cy4H; 150 (£)-Anisoxide - - - - - 0.05%
12.973 24414583  Cy1¢HpoOs Lahorenoic acid C - - - - - 0.02%
13.208 288.06318  Cy15H1204 Eriodictyol - - - - - 0.27%
13.354 314.1154 C18H1505 Crotaoprostrin - - - - - 0.01%
13.428 442.1992 Co5H39O7 Exiguaflavanone M - - 0.13% - - -
7-Hydroxy-5,6-
13.443 460.13716  Cy3Hp401q9 dimethoxyflavone - - - - 0.01% -
7-glucoside
13.451 274.08371  Cy5H1405 Phloretin - - - 0.01% 0.02% 0.01%
13.536 462.11641  CppHp 01 Leptosin - 0.01% - 0.01% 0.06% -
13.59 302.04255  Cy5H100y Bracteatin - - - 0.01% 0.01% -
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Table 3. Cont.

% Relative Abundance

Retention - % Relative Abundance (TCh)
Time M‘:]l;g}llltar El:zf;;lﬁzl Putative Compounds (TB) °
(min) AQ MeOH EtOAc AQ MeOH  EtOAc
13.592 450.07961  CpoHi5015 4/?5:16;;;6;;?@ - - - 0.01% - -
13.593 502.1836 Co6H30010 Flavaprin - - 0.07% - - -
13.642 514.18403  CyyH3¢Oq9 Baohuoside 1 - - - T 0.01% -

Isoorientin
13.678 568.12178  CogHpsO13 2"-p-hydroxybenzoate - - - - - 0.04%
13.703 280.13067  C15H»¢Os5 Artabsinolide A - - - - - 0.02%
13.725 330.0374  Cy6H;00s Blighinone 0.12% - - - - -
3/_0_ 0, o 0,

13.805 44410499 CpHyOp thylderhamnosylmaysin " - - 0.04%  0.12%  0.08%
13.805 292.09447  Cy5H1406 (S)-Angelicain - - - 0.05% - -

6-O-[(2E)-3-Phenyl-2-
propenoyl]-1-O-(3,4,5- ) ) ) o o o
13.806 462.11629  CpoHp» O3 trihydroxybenzoyl)-p- 0.08% 1.02% 0.18%

D-glucopyranose

14.024 500.1674  CpsHygO1p Ikarisoside A - - 0.03% - - -
14.078 534.28285  CygHyrOg Corchoroside A - - - - - 0.02%
14.358 272.06832  Cyi5H1705 Naringenin - - - - - 0.18%
14.367 470.33907  C3pHyO4 Glycyrrhetinic acid - - - - 0.08% 0.01%
14.561 226.1203 C12H1804 Allixin - - 0.03% - - -
14.783 23416167  Cyi5Hp O Valerenic acid - - - - - 0.13%
14.928 202.17175 Ci5Hpo Rulepidadiene B - - - - - 0.08%
14.93 22216153  C14H» O, Rishitin - - - - - 0.04%
15046 42609477  CpHysOg ngggﬁi‘é” - - - - - 0.01%
15.454 650.4026  Cz¢HsgOq9 Pedunculoside - - - - 1.18% 2.61%
Isonuatigenin
16.257 73841926  C39HyO13  3-[rhamnosyl-(1->2)- - - - - 0.04% 0.12%
glucoside]
16.301 4701941  CpeH30Og Limonin - - 0.14% - - -
16.478 540.1663  CpsH3,041S Sumalarin B - - 0.02% - - -
16.532 316.1308 C18H005 Methylodoratol - - 0.02% - - -
16.787 472.2097 CyeH3,0g Kushenol H - - 0.07% - - -
3,4,3'-Tri-O-
16.844 344.0532 Cy17H120g methylellagic - - 0.01% - - -
acid
16.876 252.20856  C16Ho50, Isoambrettolide - - - - - 0.32%
16.889 300.1361 C18H004 Angoletin - - T - - -
17.064 440.1828 Cy5Hp507 Lonchocarpol E - - 0.15% - - -
17.209 544.2668 C30Hy0O9 Physagulin F - - 0.10% - - -
17.275 34214638  CyoH 05 Brosimacutin C - - - - T -
17.276 180.11471  C11H160; Jasmolone - 0.61% 1.48% 0.05% - -
17.31 504.34409  Cs3oHyg04 Protobassic acid - - - 1.26% 0.02% 0.01%
17.33 468.32326  C30Hy404 Glabrolide - - - 0.87% - 3.19%
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Table 3. Cont.

% Relative Abundance

Re;;rrllt(ieon Mole' cular  Empirical Putative Compounds (TB) % Relative Abundance (TCh)
(min) Welgnt  Formula AQ MeOH EtOAc AQ  MeOH EtOAc
17.33 502.32964  C39Hy0¢ Medicagenic acid - - - - T 0.07%
17.331 200.15605 Cyi5Hyg (S)-gamma-Calacorene - - - 0.02% - 0.29%
17.363 696.40877  C37HgpO12 Momordicoside E - - - - 0.01% 0.04%
17.626 286.08357  C14H1405 Homobutein - T 0.01% - - 0.01%
17.635 28212541  Cy3H;50; Ohobanin 0.01% T 0.09% T - 0.06%
17.671 65227302 CspHuuOrg Dicrocin - - - - - 0.03%
17.902 424.1881 Cy5Hy50¢ Paratocarpin G T - - - - -
17.949 4562144  CogHs 07 Antiarone | - 0.54% - - - -
18.124 3722509  CooHssOg Sterebin Q4 - - 0.01% - - -
18.164 3281309  Ci9HyOs Z'%iﬁﬂfct;i?eth - - 0.05% - - -
18.237 428.1831 Cy4Hy507 Heteroflavanone B - - 0.05% - - -
18.237 312.13615  Cy9HpgO4 Desmosdumotin C T - 0.02% T - 0.02%
18.292 546.35535  C3zpH5907 Hovenidulcigenin B - - - 0.04% - -
18.339 2361776  Cy5HpyOs Capsidiol - - - - - 0.02%
18.346 268.13069  C14HpOs5 Kamahine C 0.02% 0.01% - - 0.01% 0.15%
18.363 336.0994 CyoH1605 Ciliatin A - - - - 0.01% -
18.47 466.1989 Co7H3907 Eriotriochin - 0.50% - - - -
18.498 340.09447  C19H160¢ Ambanol - - - - 0.01% -
18.507 484.31803  C3gHyyOs5 Liquoric acid - - - T 0.01% 0.04%
18.623 488.35017  CagHugOs Pitheduloside I - - - T 0.06%  0.11%
19.641 226.09903  Cy15H140, 7-Hydroxyflavan - 0.84% - 0.03% - 0.05%
18.748 208.1096 C1oH1603 Isoelemicin 0.01% - 0.19% - - -
18.767 5262565  CsoHsgOs Kosamol A - 0.52% - - - -
18.824 300.0997  Ci7H340s gﬁﬁgﬁjﬁ;‘i fi’ - - 0.07% - - -
18.987 3721208  CpoHapOy7 Tangeretin - - 0.03% - - -

Compounds identified in both plant extracts are in black; compounds identified only in T. bellirica (TB) extracts
are in red; compounds identified only in T. chebula (TCh) extracts are in green; and compounds less than 0.01% of
the total area were considered as trace amounts and are denoted as T.

2.4. Toxicity Quantification

The plant extracts were evaluated for toxicity in triplicate assays conducted on 48-well
plates using Artemia franciscana Kellogg nauplii lethality assays (ALA). The toxicity level
was determined, and plant extracts were classified as toxic if their LCsg values were less than
1000 ng/mL following 24 h exposure [11]. More than half of the nauplii evaluated in this
study remained alive for all extracts after their 24 h duration of incubation. Consequently,
all plant extracts tested were classified as nontoxic. Indeed, the outcomes of all extracts
were comparable to those of the negative control (artificial seawater).

3. Discussion

Our study tested T. bellirica and T. chebula fruit extracts against a group of bacterial
pathogens that are significant for human health, including strains that are resistant to
antibiotics. Significantly, the aqueous and methanolic extracts effectively suppressed the
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growth of the six bacterial pathogens examined in this study, underscoring their potential
as targets for plant-based antibiotics development. The methanolic extracts exhibited
the highest antibacterial efficacy in both the disc diffusion and liquid microdilution ex-
periments against all pathogens. The ethyl acetate T. bellirica and T. chebula extracts also
exhibited good antibacterial activities against S. aureus and MRSA in the disc diffusion
and broth microdilution assays. In addition, the T. chebula ethyl acetate extract showed
moderate antibacterial efficacy against K. pneumoniae. The differences in net yields and
the populations of phytochemicals extracted by different solvents may account for these
variances in potency. Methanol and water have a higher polarity compared to ethyl acetate,
which results in the extraction of a larger quantity of phytochemicals with high-to-mid
polarity. In contrast, ethyl acetate extracts a smaller number of compounds with mid-to-
lower polarity [20]. The differences in phytochemical contents among the extracts may
potentially contribute to the varied antibacterial growth inhibition effects observed in the
disc diffusion and liquid dilution investigations. Phytochemicals that have lower polarity
or are larger in size diffuse less rapidly through solid agar, resulting in a decrease in their
apparent antibacterial effectiveness in disc diffusion assays [21]. The solubility of these
phytochemicals in broth is also influenced by their polarity [22], which in turn impacts their
ability to dissolve and may lead to inaccurate MIC values. Prior research has demonstrated
that the depth of agar in petri dishes, as well as the regularity of the agar, may impact
the extent of zones of inhibition (ZOIs) in agar diffusion studies [23]. Whilst we followed
manufacturers’ instructions to create agar of uniform consistency and poured it at a consis-
tent depth of 4 mm, repeating the disc diffusion experiments at varying agar depths may
be useful to confirm the ZOIs of all the extracts and antibiotics. In this investigation, we
noticed that the borders of the zone of inhibition (ZOI) were clearly visible for S. aureus and
MRSA, although they were less clear (regarded as no ZOl) for the other bacterial pathogens
studied. It is important to note that in future research, the use of methylene blue or crystal
violet to stain the plates may enhance the visibility of ZOls if there is low clarity [24].

Notably, the MRSA strain tested herein showed resistance to many commonly used
antibiotics, such as 3-lactams (penicillin G, oxacillin, amoxicillin), and macrolides (ery-
thromycin). Nevertheless, the emergence of extended spectrum (3-lactamase enzymes has
made these medications less effective against some bacterial strains. Likewise, macrolide
antibiotics such as erythromycin are commonly employed because they have the ability to
impede protein synthesis in bacteria [25]. The existence of MRSA resistance to macrolides
complicates the availability of treatment options, highlighting the need for new therapeutic
drugs and procedures. Hence, it is imperative to identify innovative compounds that
can elude or surmount these resistance mechanisms. The antibacterial activities observed
with T. bellirica and T. chebula extracts against S. aureus and MRSA produced similar MIC
values ranging from 94 pug/mL to 900 ng/mL. These findings indicate that the resistance
mechanisms observed in the MRSA strain have little influence on the active compounds of
the extracts. Thus, the extract compounds either function through different mechanisms, or
they may inhibit the bacterial antibiotic-resistance pathways.

The mecA gene plays a crucial role in the resistance of MRSA [26]. This gene codes for a
new penicillin-binding protein (PBP2a) that has a reduced ability to bind to 3-lactam antibi-
otics. This protein provides the bacteria with resistance against many (3-lactam antibiotics
by enabling them to produce cell walls, even in the presence of these medications. Hence,
the mechanisms by which the phytochemicals in the extract function may vary from those of
-lactam antibiotics, even in bacteria that are resistant to 3-lactam antibiotics. Alternatively,
these extracts may contain phytochemicals that disrupt the bacterial strains” defense mech-
anisms against these medicines, thereby allowing them to function at higher potency [26].
This outcome is promising because, when compared to the susceptible strain, the MRSA
strain in our study exhibited significantly diminished susceptibilities /increased resistance
to a range of antibiotics from the 3-lactams, macrolides and fluoroquinolones classes.

Aqueous and methanol T. bellirica and T. chebula extracts exhibited antibacterial activity
against E. coli and its antibiotic-resistant counterpart, ESBL E. coli. The methanolic T. bellirica
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extract showed noteworthy antibacterial activity against both bacterial pathogens, with
identical MIC values. Similarly, the methanolic T. bellirica and T. chebula extracts also
inhibited the growth of K. pneumoniae and ESBL K. pneumoniae, with similar MIC values.
These results suggest that the methanolic extracts of both plants may contain compounds
that have a broad efficacy against strains of E. coli and K. pneumoniae, including those
that produce ESBL enzymes. Their efficacy might be linked to a distinct mechanism of
action that contrasts those of 3-lactam antibiotics. For example, the plant extracts may
affect how bacteria form their cell walls, how well their membrane’s function, or they may
affect other essential processes independent of the 3-lactam antibiotic mechanism [27]. In
addition, it is possible that the methanolic extracts of both plants are exerting antibacterial
effects through mechanisms that do not directly interfere with or inhibit the ESBL enzymes.
Additional research is necessary to ascertain whether the plant extracts specifically hinder
the resistance mechanisms of ESBL bacterial pathogens, or if they function via independent
antibiotic pathways. This may require assessment of the effects of the extract/isolated
components on B-lactamase inhibition, or by investigating the impact of the extract on the
production of resistance genes in ESBL strains.

We also examined the use of T. bellirica and T. chebula extracts in combinations with
conventional antibiotics. This method holds great promise for developing novel antibiotic
chemotherapies, as many bacteria have developed resistance to conventional antibiotics,
and plant compounds may provide ways of inhibiting/blocking these resistance mech-
anisms [4]. Our goal was to enhance the efficacy of antibiotics and possibly negate the
bacterial resistance mechanisms by mixing them with extracts from plants. Augmentin®,
a combination of amoxicillin and clavulanic acid, is a well-known example of how com-
bining medications can improve treatment outcomes [28] since clavulanic acid inhibits
-lactamase enzymes present in resistant bacteria. This enables amoxicillin to specifically
target and eliminate the bacteria with greater efficiency, even in (3-lactam-resistant bacterial
strains. Clavulanic acid acts as a 3-lactamase inhibitor by binding permanently to the
active site of the enzyme, therefore inhibiting the breakdown of the antibiotic.

Our investigation found that penicillin G, amoxicillin, in combination with the plant
extracts, have additive effects against S. aureus, which may be due to the presence of
phytochemicals that possess anti-3-lactamase activities [29]. These phytochemicals can
hinder the activity of 3-lactamase enzymes, thereby contributing to antibiotic resistance
by breaking down the 3-lactam ring found in p-lactam antibiotics, such as penicillin and
amoxicillin [30]. In addition, phytochemicals found in the plant extracts may interact with
-lactamase enzymes in a way that is comparable to clavulanic acid, although this requires
confirmation. Regardless of the mechanism, this interaction helps protect the antibiotics
from being broken down by bacterial enzymes and improves their ability to fight against
bacterial pathogens. Plant extracts may possess the capacity to function as an alternative
treatment method and could be a safe and less detrimental option for addressing antibiotic
resistance [9]. In comparison to synthetic antibiotics, natural compounds found in plants
frequently exhibit fewer adverse effects and a lower likelihood of generating resistance [8].
Moreover, the likelihood of further antibiotic-resistance development may be reduced
by the variety of phytochemicals present in plant extracts, which may act on multiple
bacterial pathways.

The ethyl acetate T. chebula extract exhibited additive effects against S. aureus in
combination with erythromycin. It is possible that the extract and erythromycin may target
distinct bacterial processes. Erythromycin inhibits protein synthesis by binding to the
50S ribosomal subunit [31], whereas the plant extract may impact other bacterial targets,
including cell wall synthesis, membrane integrity, or metabolic processes [30]. Further
studies are required to determine which of these mechanisms are affected by the extracts.
Notably, this complementary targeting has the potential to improve the overall antibacterial
effect. Furthermore, the plant extract may also influence other mechanisms associated
with bacterial resistance, such as the disruption of efflux pumps or the modification of cell
wall structures [30], which could render bacteria more susceptible to erythromycin. The
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extract may also disrupt bacterial protective barriers, which could facilitate the improved
penetration of erythromycin into the cell. Additionally, the plant extract may contain a
variety of bioactive compounds [8] that work in conjunction to enhance the efficacy of
erythromycin. Alternatively, the extract may exhibit broad-spectrum antimicrobial activity
that complements the specific effects of erythromycin. Similarly, the methanolic and ethyl
acetate extracts of T. chebula exhibited additional antibacterial effects against K. pneumoniae
when combined with chloramphenicol. This antibiotic binds to the 235 rRNA component of
the 50S ribosomal subunit of the bacterial ribosome [32]. This binding suppresses peptidyl
transferase activity, a crucial process for the creation of peptide bonds during protein
synthesis. Chloramphenicol inhibits bacterial protein production by blocking the formation
of peptide bonds.

Our research determined that when tetracycline is combined with T. chebula extracts,
the combination exhibited additive interactions against S. aureus, MRSA, E. coli and K. pneu-
moniae, suggesting enhanced antibacterial efficacy. However, the aqueous T. bellirica extract
only showed an additive interaction against MRSA. Tetracycline resistance is mostly com-
monly attributed to tetracycline-specific efflux pumps [33]. Hence, the observed additive
effect indicates that the T. bellirica and T. chebula extracts might have hindered the func-
tioning of these efflux pumps. By inhibiting efflux pumps, tetracycline is allowed to
remain inside cells for a longer period, which increases its effectiveness. Whilst ribosomal
changes may also contribute to tetracycline resistance, this pathway is substantially less
common [33]. Our research findings suggest that a broad range of phytochemicals found in
the extracts of T. bellirica and T. chebula may have antibacterial action against several differ-
ent bacteria. Similarly, plant extracts prepared from Phyllanthus niruri L., Berberis vulgaris
L., and Piper nigrum L. exhibit additive interactions in combination with tetracycline, and
can inhibit tetracycline efflux pumps [34,35].

Interestingly, the T. bellirica and T. chebula ethyl acetate extracts exhibited additive
interactions in combination with ciprofloxacin against MRSA. This indicates that ethyl
acetate extracts contain phytochemicals that may target different bacterial processes such as
cell membrane disruption, inhibition of cell wall synthesis, or interference with metabolic
pathways [30]. The plant extract’s unique mechanisms may enhance the effectiveness of
ciprofloxacin’s DNA-targeting action, resulting in a more comprehensive treatment [8]. The
plant extract may also enhance the cellular absorption of ciprofloxacin (thereby increas-
ing its intracellular concentration) or it may block/inhibit MRSA’s antibiotic-resistance
mechanisms [35].

Notably, polymyxin B and T. bellirica, and T. chebula extracts combinations exhibited
substantial antagonistic interactions. The antagonistic interaction between polymyxin B
and the plant extracts may be affected by variations in pH levels in the broth. Polymyxin B,
which breaks bacterial cell membranes by binding to lipopolysaccharides, is pH sensitive,
with substantially reduced potency under acidic or alkaline circumstances [36]. The inclu-
sion of plant extracts may cause a change in the pH of the broth, which could affect the
efficacy of both polymyxin B and the plant chemicals, potentially resulting in a decrease
in overall antibacterial activity, although this remains to be confirmed in future studies.
Changes in pH may also impact bacterial physiology, thereby reducing the vulnerability
of bacteria to the combined actions of the two substances. Polymyxin B and the compo-
nents of plant extracts may also have chemical interactions that are regulated by pH [36],
which may further contribute to the antagonistic effects of the combination. Moreover,
the antagonistic interactions between the extracts and polymyxin B can be ascribed to the
binding of bioactive phytochemicals with polymyxin B, which impedes its absorption and
efficacy in targeting bacterial cells [37]. Hence, understanding these dynamics is critical for
optimizing combination medicines and assuring antimicrobial efficacy. Future studies are
planned to examine these effects.

LC-MS metabolomics analysis of the T. bellirica and T. chebula fruit extracts highlighted
the presence of flavonoids, tannins, terpenoids and phenolic acid compounds (Table 3). Com-
plete, comprehensive lists of phytochemicals present in the individual plant extracts are
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available as the Supplementary Files (Supplementary Materials: Tables S1 and S2). Notable
phytochemicals identified in both plant extracts include quinic acid (Figure 2A), shikimic
acid (Figure 2B), aureusidin 6-glucuronide (Figure 2C), madecassic acid (Figure 2D), pe-
dunculoside (Figure 2E), 6-galloylglucose (Figure 2F), 1,2,6-trigalloyl-3-D-glucopyranose
(Figure 2G), propyl gallate (Figure 2H), methyl gallate (Figure 2I), theogallin (Figure 2J),
gallic acid (Figure 2K), ellagic acid (Figure 2L), sanguiin H4 (Figure 2M), hamamelitannin
(Figure 2N), pyrogallol (Figure 20), chebulic acid (Figure 2P), chebuloside II (Figure 2Q),
and 1,6-bis-O-(3,4,5-trihydroxybenzoyl) hexopyranose (Figure 2R). The scientific litera-
ture has documented the presence of gallic acid, ellagic acid, chebulic acid, chebulo-
side II, methyl gallate, propyl gallate, ethyl gallate, phloroglucinol, pyrogallol, quercetin,
kaempferol, and various others compound in the fruit extracts of T. bellirica and
T. chebula [38—40]. In our previous study, we conducted qualitative GC-MS headspace
analysis on aqueous, methanol and ethyl acetate fruit extracts of T. bellirica and T. chebula.
Our analysis revealed the presence of several notable volatile terpenoids, including euca-
lyptol, linalool, methoxycitronellal, terpinene-4-ol, camphor, pinocarveol, carvone, endo
borneol, L-fenchone, hyscylene, patchoulane, p-cumic aldehyde, and phenylbutanal [11].

Notably, Embaby et al. (2019) showed synergistic antibacterial activity of quinic acid-
rich acetone bark extract of Ficus macrocarpa var. nitida. with tetracycline against E. coli and
S. aureus [41]. Furthermore, an in-silico molecular docking study revealed that 5-caffeol
quinic acid (and other phenolic compounds) may have antibacterial activity due to their
efflux pump inhibitory effect. However, the study did not investigate the interactions
between the plant extracts and conventional antibiotics. Another study reported the an-
tibacterial activity of quinic acid against E. coli and S. aureus, with an MIC of 500 pg/mL
to 1000 pg/mL, respectively [42]. Additionally, Zhang et al. (2024) reported synergistic
antibacterial effects for shikimic acid (625 pg/mL) in combination with penicillin, ampi-
cillin, amoxicillin, and ceftiofur against MRSA, and significantly reduced MIC values
reported for the combinations (4 to 16-fold decreases) [43]. Similarly, other investigations
have shown that phloroglucinol derivatives exhibited synergistic antibacterial activity
against MRSA in combination with vancomycin, penicillin and doxycycline [44—46], de-
spite phloroglucinol itself lacking antibacterial activity against MRSA, yielding a high MIC
of over 10,000 pug/mL [45].

We identified the flavonoid glucuronide, aureusidin 6-glucuronide in the ethyl acetate
extracts of T. bellirica and T. chebula. Notably, studies evaluating the antibacterial activ-
ity of this compound are lacking in the literature, as are studies evaluating its effects in
combination with conventional antibiotics. In addition, madecassic acid, a pentacyclic
triterpenoid has been identified in the T. chebula ethyl acetate extracts in our study. Previous
studies have reported noteworthy antibacterial activity of madecassic acid against S. aureus,
MRSA, and E. coli, with MIC values of 31.25 (61.9 uM), 62.5 (124 uM), 250 pg/mL (495 uM),
respectively [47]. These findings indicate that the madecassic acid exhibits more efficacy
against Gram-positive bacteria, including S. aureus and MRSA, compared to Gram-negative
bacteria such as E. coli. This discrepancy in effectiveness may be attributed to variations
in cell wall structures and methods of action. These values aid in determining the most
effective dosage levels and emphasize the potential of madecassic acid as a specific treat-
ment for antibiotic-resistant bacteria, such as MRSA. Moreover, these findings establish
a basis for future investigations, such as carrying out studies with different antibiotics to
improve effectiveness. Antibacterial mechanism-focused experiments showed that made-
cassic acid destroys cell wall integrity, inhibiting the synthesis of soluble proteins and DNA
topoisomerase I and II [47]. Pedunculoside, a triterpene saponin has been identified in
the methanol and ethyl acetate T. chebula extracts. Interestingly, an older study reported
the antibacterial effects of pedunculoside against S. aureus and E. coli, with MIC values
of 200 ug/mL [48]. However, there is a shortage of literature on the combined effects of
pedunculoside and antibiotics.
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Figure 2. Structures of noteworthy compounds identified in the fruit extracts of T. bellirica and
T. chebula. Quinic acid (A), shikimic acid (B), aureusidin 6-glucuronide (C), madecassic acid (D),
pedunculoside (E), 6-galloylglucose (F), 1,2,6-trigalloyl-B-D-glucopyranose (G), propyl gallate (H),
methyl gallate (I), theogallin (J), gallic acid (K), ellagic acid (L), sanguiin H4 (M), hamamelitan-
nin (N), pyrogallol (O), chebulic acid (P), chebuloside II (Q), and 1,6-bis-O-(3,4,5-trihydroxybenzoyl)
hexopyranose (R).

Previous work has documented the antibacterial activity of penta-galloyl-glucose
against S. aureus and E. coli, with an MIC of 250 pug/mL (266 uM) against both bacteria [49].
The postulated mechanism of antibacterial activity is related to the suppression of the
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bacterial type II fatty acid production pathway. Another study reported broad-spectrum
antibacterial activity of penta-galloyl-glucose against both methicillin-resistant S. aureus and
quinolone-resistant S. aureus and E. coli, with MIC values ranging from 64 to 128 pug/mL
(68 M and 136 uM, respectively) [50]. The antibacterial activities of four derivatives
of galloyl--D-glucose have also been investigated against multidrug-resistant E. coli
and K. pneumoniae strains, with MIC values from 32 pg/mL to 128 nug/mL, respectively
(26-136 uM) [51]. However, combinational interactions of galloyl-3-D-glucose derivatives
with reference antibiotics have not been conducted to date.

Our LC/MS experiments also identified the galloyl-glucose derivatives 1,2,6-trigalloyl-
3-D-glucopyranose, 1,6-bis-O-(3,4,5-trihydroxybenzoyl) hexopyranose, and 6-O-[(2E)-3-
phenyl-2-propenoyl]-1-O-(3,4,5-trihydroxybenzoyl)--D-glucopyranose in both T. bellir-
ica and T. chebula extracts. Previous studies have reported that relatively high levels of
gallotannins are present in T. bellirica and T. chebula extracts [40,52-54]. Notably, efflux
pump inhibitory activity has previously been demonstrated for 1,2,6-tri-O-galloyl-p3-D-
glucopyranose against multidrug-resistant (MDR) uropathogenic E. coli [55]. Additionally,
1,2,6-tri-O-galloyl-3-D-glucopyranose exhibits synergistic antibacterial activity in combi-
nation with gentamicin and trimethoprim against E. coli [56]. Synthetic gallotannins also
exhibit antibiofilm and antimicrobial activity against S. aureus and MRSA strains [57].

Synergistic interactions between orbifloxacin and propyl gallate against the E. coli-
resistant strain KVCC 1423 have previously been reported, with MIC values of the combi-
nation being reduced from 125 pug/mL (316 uM, orbifloxacin only) to 7.8 ng/mL (19.7 uM),
and 312.5 ug/mL (1472 uM, propyl gallate only) to 78 ng/mL (367 uM), respectively [58].
In the present study, through LC-MS analysis, propyl gallate was identified only in the
T. chebula extracts, although methyl gallate was identified in both Terminalia species. Tamang
et al. (2022) investigated the antibacterial activities of erythromycin, ampicillin, gentamicin,
kanamycin, and ciprofloxacin in combination with gallic acid, methyl gallate, ethyl gal-
late, propyl gallate, butyl gallate, octyl gallate, dodecyl gallate, and stearyl gallate against
MRSA [59]. It was noted in that study that octyl gallate (4 pg/mL) exhibited significant an-
timicrobial synergy against MRSA in combination with penicillin, ampicillin, cephalothin,
gentamicin, tetracycline, erythromycin and lincomycin, reducing their MIC values from
64 pug/mL to 0.25-16 ug/mL.

A recent study reviewed the antimicrobial characteristics of sanguiins, highlighting
their capacity to inhibit bacterial growth and the production of biofilms [60]. The antibacte-
rial activity of sanguiin H6, a closely related compound to sanguiin H4, was demonstrated
against S. aureus and MRSA, with an MIC value of 250 ug/mL [60,61]. Sanguiin H4 has
been identified in the polyphenolic extract of Sanguisorba officinalis L., which exhibited
antibacterial activity against S. aureus and E. coli [62]. However, data are not available
for the combinatorial interactions of sanguiins with antibiotics to combat AMR. The com-
bination of gallic acid and thiamphenicol, and the combination of hamamelitannin with
thiamphenicol or erythromycin, exhibited synergistic antibacterial effects against E. coli.
(ATCC 25922) [63]. Furthermore, a study detected additional antibacterial interactions
against E. coli when combining gallic acid with ampicillin, or cefotaxime, and/or mar-
bofloxacin, as well as when combining hamamelitannin with amoxicillin or marbofloxacin.
Interestingly, gallic acid and hamamelitannin each have moderate antibacterial activity
against E. coli, with MIC values of 1024 pg/mL (6024 pM) and 2048 nug/mL (4230 uM),
respectively [63]. Bassyouni et al. (2015) noted that hamamelitannin (20 pg/mL) reduces
the MIC of vancomycin (4 ug/mL), and clindamycin (32 pg/mL) to 0.25 ug/mL against
MRSA strains [64]. Furthermore, hamamelitannin in combination with vancomycin and
clindamycin effectively inhibits the biofilm formation in MRSA strains.

Our present study identified chebulic acid, a gallotannin compound in the aqueous
extract of T. bellirica and all extracts of T. chebula. Chebulic acid has demonstrated numerous
biological activities including anti-tumor activity, anti-atherogenic, anti-fibrotic, anti-ulcer,
and antioxidant effects [65]. Yang et al. (2020) identified and isolated twenty chebulic acid
and brevifolincarboxylic acid derivatives from an ethanolic extract prepared from the arial
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parts of Euphorbia hirta L. [66]. All of those compounds exhibited significant free radical
scavenging activities, although antibacterial activity was not investigated in that study.
Both ethyl gallate and tri-n-butyl chebulate have been isolated from the aqueous T. chebula
fruit extract [67]. Both compounds inhibit K. pneumoniae growth, with MIC values of
156 ug/mL (787 uM) and 1250 pg/mL, respectively. However, combinational interactions
with antibiotics were not investigated in that study. In the present study, chebuloside II was
only identified in the methanolic T. chebula fruit extract. In contrast, several earlier studies
reported the presence of chebuloside Il in both T. bellirica and T. chebula extracts [40,53,54,68].
Chebuloside II-rich T. chebula extracts exhibit hepatoprotective effects and prevent liver
toxicity in animal models [68], although there is a lack of studies examining the antibacterial
activity and combinational interactions of chebuloside II with conventional antibiotics.

In the present study, the extracts were found to be rich in gallic acid, ellagic acid and
pyrogallol. Previous studies showed that gallic acid acts synergistically in combination
with norfloxacin against S. aureus [69]. This combination decreases the MIC of norfloxacin
from 156 ug/mL to 49 pg/mL. In addition, gallic acid lowered the MIC of gentamicin
against S. aureus from 49 pg/mL to 2.5 pg/mL. Similarly, ellagic acid lowered the MIC
of tetracycline, chloramphenicol, and tobramycin against a multidrug resistant isolate
of E. coli [70]. Quave et al. (2012) showed that ellagic acid and its derivatives isolated
from the roots of Rubus ulmifolius Schott. inhibited S. aureus growth by inhibiting biofilm
formation [71]. Pyrogallol exhibited antibacterial activity against S. aureus and reduced
the MIC of norfloxacin from 156 pug/mL to 78 pg/mL, and gentamicin from 49 ug/mL to
2.5 ug/mL [69]. In addition, pyrogallol exhibited broad-spectrum antibacterial activities
against methicillin-susceptible S. aureus, MRSA, E. coli (ATCC 25922), colistin-resistant
E. coli, and colistin-resistant K. pneumoniae [72].

We were unable to detect synergistic enhancement of antibacterial activity between
T. bellirica and T. chebula extracts and any of the antibiotics we selected against the bac-
terial pathogens investigated. However, additive interactions of extracts were noted in
some combinations containing penicillin G, amoxicillin, erythromycin, chloramphenicol,
tetracycline and ciprofloxacin against S. aureus, MRSA, E. coli, and ESBL K. pneumoniae.
This indicates that the phytochemicals present in the T. bellirica and T. chebula extracts may
possess [3-lactamase and/or efflux pump inhibitory properties. Further research is required
to investigate the effects of these extracts against those resistance mechanisms.

The toxicity assays using Artemia nauplii revealed that all T. bellirica and T. chebula
extracts are nontoxic, thereby indicating their safety as an antimicrobial agent. To determine
whether these extracts are suitable for use in medicine, additional testing should be con-
ducted utilizing a panel of mammalian cell lines. Taken together, the findings of our study
indicate that T. bellirica and T. chebula fruit extracts may be a valuable source of antimicrobial
compounds for future research and development in the fight against bacterial infections.

4. Materials and Methods
4.1. Plant Origins

Terminalia bellirica fruit powder (batch no: BNFP/01) was produced by Organic Prime
and was purchased online from Navafresh Australia. Terminalia chebula fruit powder (batch
no: HRP1020) developed by Aarshaveda was obtained online from Sattvic Australia. The
traditional Ayurvedic names of T. bellirica (Bhitaki, Baheda) and T. chebula (Haritaki, Harad)
were used to search for the plant herb on the supplier’s website. The provider verified
the authenticity and quality of the plant materials. The plant samples were labelled, and
voucher specimens NBG-TB0220GU and NBG-TC0220GU for T. bellirica and T. chebula, re-
spectively, were kept at Griffith University’s Gold Coast campus in the School of Pharmacy
and Medical Sciences.

4.2. Extract Preparation

After weighing individual 1 g masses of T. bellirica and T. chebula fruit powders into
three separate 50 mL tubes, sterile deionized water, methanol (AR grade), or ethyl acetate
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(AR grade) were added individually to achieve a total volume of 50 mL [11,34]. The organic
solvents (methanol and ethyl acetate) were provided by ChemSupply (Gillman, Australia).
Samples were mixed at room temperature for 24 h and then filtered through Whatman
No. 54 filter paper (Sigma-Aldrich, Melbourne, Australia) into pre-weighed 50 mL tubes
under vacuum pressure. The aqueous samples were lyophilized in an Alpha 1-4 LSC
plus benchtop freeze dryer (Martin Christ, Osterode am Harz, Germany) for 72 h to dry
the aqueous extracts. The organic solvent samples were subjected to evaporation at a
temperature of 40 °C until the evaporation process was fully completed. To calculate the
final yields, all dried extracts were weighed, and the mass of extract was determined.
The crude extracts were resuspended in 10 mL of 1% dimethyl sulfoxide (DMSO; Merck,
Macquarie Park, Australia) and sterilized by passage through 0.22 um syringe-driven filters
(Sarstedt, Mawson Lakes, Australia) and stored at —20 °C until use.

4.3. Antibiotics and Bacterial Strains

Powdered antibiotics were purchased from Sigma-Aldrich (Melbourne, Australia), which
included penicillin G (potency of 1440-1680 pg/mg), erythromycin (potency >850 ng/mg),
tetracycline (>95% purity by HPLC), chloramphenicol (>98% purity by HPLC), ciprofloxacin
(>98% purity by HPLC), polymyxin B (purity >90%), oxacillin (>95% purity by TLC),
amoxycillin (potency of 900 ng/mg), gentamicin (>98% purity by HPLC), and vancomycin
(potency of >900 ug per mg). Antibiotic stock solutions (1 mg/mL) were prepared for broth
microdilution assays and stored at —20 °C until required. Oxoid Ltd. (Thebarton, Australia)
supplied preloaded standard discs that contained penicillin G (10 IU), erythromycin (10 pg),
tetracycline (30 pg), chloramphenicol (30 ug), ciprofloxacin (1 pg), polymyxin B (300IU),
oxacillin (1 pg), gentamicin (10 pug), vancomycin (30 pug), Augmentin® (15 pg) and cefoxitin
(30 pg). A 10 pL volume of amoxicillin stock solution (0.01 mg/mL) was infused into sterile
filter paper discs, which were subsequently placed on Mueller-Hinton (MH) agar and used
immediately for disc diffusion assays. Broth microdilution assays were conducted with all
reference antibiotics, except for Augmentin® and cefoxitin.

The American Type Culture Collection (ATCC, Manassas, VA, USA) provided the
reference strains of Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 25923),
MRSA (ATCC 43300), Klebsiella pneumoniae (ATCC 13883), and ESBL Klebsiella pneumoniae
(ATCC 700603). A clinical isolate strain of ESBL Escherichia coli was obtained from the Gold
Coast University Hospital in Southport, QLD, Australia and its resistance profile has been
previously confirmed by our group [34]. Mueller—-Hinton (MH) agar and broth (Oxoid Ltd.,
Australia) were utilized to cultivate all bacterial strains. The resistance phenotype of the
MRSA strain was preserved by culture at 35 °C [73], whilst all other bacterial strains were
cultured at 37 °C for 18-24 h. All MH agar plates were prepared in accordance with the
instructions provided by the manufacturer and with an agar depth of 4 millimeters.

4.4. Antibacterial Susceptibility Screening

The antibacterial activity of all plant extracts in MH agar was investigated using a
modified Kirby-Bauer disc diffusion method [34]. In summary, individual colonies isolated
from MH agar plates were inoculated in 40 mL MH broth and grown at 37 °C for 18-24 h,
except for MRSA, which was grown at 35 °C. The individual bacterial cultures were used
to make 0.5 McFarland standards for each strain. Volumes of 100 uL of the 0.5 McFarland
standards were spread on fresh MH agar plates. Using sterile forceps, Whatman sterile
filter paper discs (6 mm in diameter) were affixed to MH agar, and 10 pL of all extracts
resuspended in 1% DMSO was infused into them. Reference antibiotic discs were also
tested in this way. The plates were incubated at 37 °C for 18-24 h, except for MRSA, which
was incubated at 35 °C. All samples were examined in triplicate.

The zones of inhibition (ZOIs) were reported as the diameter of the inhibition zones
around each disc, which was measured to the nearest whole millimeter (mm) to assess the
bacterial growth inhibition. Samples with no visible inhibition were reported to have ZOls
of 6 mm (the diameter of the discs). The ZOI data are presented in the form of bar graphs
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as the average &= SEM (standard error of mean) of a minimum of three independent studies.
One-way analysis of variance (ANOVA) was employed to analyze the differences between
the treatment groups and the negative controls. p-values of less than 0.01 and 0.001 were
deemed to be statistically highly significant and very highly significant, respectively.

4.5. Minimum Inhibitory Concentration Determinations

The minimum inhibitory concentration (MIC) values for all extracts and reference
antibiotics were determined using a standard 96-well microtiter plate broth microdilution
assay [11,34]. A 100 pL volume of the individual extracts and reference antibiotics were
added to the top row of the plates. The dilutions were then made down each column of
the plates using doubling dilutions. After adding a volume of 100 pL of a 1:100 dilution of
0.5 McFarland cell suspension to every well (except from the sterile controls), the wells were
incubated for 20-24 h at 37 °C. After the initial incubation period, a solution (0.4 mg/mL)
of p-iodonitrotetrazolium violet (INTZ; Sigma Aldrich, Australia) dye was added to each
well on the plate. The plate was then incubated for an additional 2—4 h at room temperature.
For determining the MIC values, the lowest concentration of plant extracts or antibiotics
that effectively prevented bacterial growth was determined by visual inspection and was
indicated by the absence of a red-pink color change. The experiments were conducted in
duplicate. MIC values greater than 10,000 pg/mL were classified as inactive, while values
between 2000 and 10,000 pg/mL were considered to have low activity. Moderate activity
was assigned to MIC values between 1000 and 2000 pg/mL, noteworthy activity to values
between 400 and 1000 pg/mL, and good activity to values between 100 and 400 pg/mL.
MIC values below 100 pg/mL were regarded as having high activity.

4.6. Fractional Inhibitory Concentration Evaluation

Plant extracts and antibiotics that showed antibacterial activity at minimum inhibitory
concentrations (MICs) < 3000 pg/mL and <2.5 ug/mL, respectively, were selected for
combination studies. These were combined in equal proportions (50:50) to study their
interactions with susceptible bacterial pathogens. The study examined the interactions
between the extracts and antibiotics by calculating the sum of the fractional inhibitory
concentrations (XFIC) for each combination using the following equations (a = extracts;
b = antibiotics):

FIC(a) = MIC (a in combination with b)/MIC (a independently)

FIC(b) = MIC (b in combination with a)/MIC (b independently).

The sum of the fractional inhibitory concentrations (} FIC) was determined by apply-
ing the formula )_FIC = FIC(a) + FIC(b).

The interactions were classified as synergistic (}_FIC < 0.5), additive (}_FIC > 0.5-< 1.0),
indifferent () _FIC > 1.0-< 4.0), or antagonistic (}_FIC > 4.0) [74].

4.7. Toxicity Assays

The toxicity of the plant extracts and controls were assessed using standard Artemia
franciscana Kellogg nauplii lethality assays (ALA) [11]. In summary, 400 uL of plant extracts
(2mg/mL concentration, diluted in artificial seawater) and 400 pL of artificial seawater with
newly hatched (within 1 day) A. franciscana nauplii were added separately in each well of a
48-well plate. On all plates, a 400 puL volume of negative control (32 g/L artificial seawater;
Red Sea) and positive control (1 mg/mL sodium azide) was added. The plates were then
incubated at 25 °C £ 1 °C for 24 h, and the number of live shrimps was determined. Probit
analysis was employed to determine the LCs values, which represent the concentration of
extract or control required to cause mortality in 50% of the A. franciscana nauplii in separate
wells. The LCsg values were calculated graphically using the mean percentage of three
repeated experiments, representing the concentration that resulted in 50% mortality.
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4.8. Non-Targeted Headspace LC-MS for Quantitative Analysis

A Vanquish Ultra High-Performance Liquid Chromatography (UHPLC) system (Thermo
Fisher Scientific, Waltham, MA, USA) was utilized to conduct a non-targeted headspace
metabolic profile analysis on all samples [34]. The separation of compounds was achieved
using an Accucore ™ RP-MS column (100 mm X 2.1 mm) with a particle size of 2.6 um,
which was linked to an Orbitrap Exploris 120 mass spectrometer (Thermo Fisher Scientific).
The UHPLC system was fitted with a quaternary pump at a flow rate of 0.6 mL/min. The
separation used the following mobile phases: (A) a solution of 0.1% v/v formic acid in
ultrapure water and (B) acetonitrile (MeCN) solution containing 0.1% v/v formic acid.
The Xcalibur acquisition software (version 2.0) was utilized to create a gradient flow for
compound separation. The flow consisted of the following steps, with a total duration of
24 min: 5% B for 5 min, a linear increase from 5% to 30% B over 5 min, 30% B for 3 min,
a linear increase from 30% to 90% B over 4 min, isocratic elution at 90% B for 4 min to
flush the column, and a linear decrease from 90% to 5% B over 1 min. The column was
re-equilibrated by running an isocratic separation at 5% B of the mobile phase for a duration
of 2 min between each separation. To obtain chromatogram peaks of high quality, plant
extract samples were analyzed at three distinct concentrations (0.25 mg/mL, 0.5 mg/mL,
and 1 mg/mL) using the Vanquish HPLC system (Thermo Fisher Scientific, Waltham, MA,
USA) linked to the same column as mentioned above. Plant samples exhibited enhanced
chromatogram peaks of superior quality when used at a concentration of 1 mg/mL.

The mass spectra of the eluted compounds were examined using the Orbitrap Exploris
120 mass spectrometer in the information-dependent acquisition (IDA) mode. The Orbitrap
system employed electrospray ionization (ESI) in the negative ionization mode, utilizing
specified settings including a vaporizer temperature of 350 °C, sheath gas pressure of 60 psi,
auxiliary gas pressure of 15 psi, sweep gas pressure of 2 psi, and a spray voltage ranging
from 2.5 KV to 5 KV. The data were analyzed using Compound Discoverer™ software
3.3. The identification of the unknown natural products utilized local database searches
and online statistical analysis. To remove the background and differentiate individual
components of the extract, the data files for each extract were analyzed individually and
compared to the blank file. In the Compound Discoverer function, result filters were
employed to utilize databases such as Mz cloud, ChemSpider, Predicted Compositions,
and MassList to achieve either a partial or complete match of the compounds that were
discovered. The Compound Discoverer software 3.3 was utilized to generate Excel files
containing the discovered compounds from each extract. The files were subsequently
analyzed to generate a catalogue containing potential putative compounds. Following
the consolidation of duplicates by pivot table analysis in Microsoft Excel, the relative
abundance was calculated as a percentage of the total area.

5. Conclusions

Due to increasing levels of antibiotic-resistant bacterial strains, there is a pressing
demand for new antibacterial medications, which has generated interest in natural prod-
ucts as potential sources. The results of our study demonstrate that the active extracts
derived from Terminalia bellirica and Terminalia chebula can effectively hinder the growth of
both resistant and susceptible strains of bacteria. This suggests that the extracts possess
unique antibacterial mechanisms that require further examination. In addition, all extracts
enhanced the effectiveness of various conventional antibiotics, specifically 3-lactam antibi-
otics and tetracycline. This may allow the reactivation of these antibiotics, even in bacterial
strains that are otherwise resistant to their actions. The method of potentiation has not been
discovered yet, although it is probable that the components of the extract may deactivate
bacterial extended spectrum {3-lactamase enzymes and efflux pumps, leading to an increase
in the concentration of antibiotics inside the cells. Future studies are required to confirm
these mechanisms, as well as to test other possible potentiation pathways. Several phyto-
chemicals that were identified in the extracts may contribute to these actions, suggesting
that they could be valuable targets for new antibacterial agent development, although
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further confirmation is required. Subsequent studies should prioritize the isolation of these
compounds and examine their capacity to augment the effectiveness of existing antibi-
otics. Also, nuclear magnetic resonance (NMR) is essential for the conclusive structural
identification of the components present in the extract.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics13100994/s1, Figure S1: LC-MS total compound chro-
matograms of (A) TB-Aq (Terminalia bellirica aqueous extract), (B) TB-MeOH (Terminalia bellirica
methanolic extract), and (C) TB-EtOAc (Terminalia bellirica ethyl acetate extract). Figure 52: LC-MS
total compound chromatograms of (A) TCh-Aq (Terminalia chebula aqueous extract), (B) TB-MeOH
(Terminalia chebula methanolic extract), and (C) TB-EtOAc (Terminalia chebula ethyl acetate extract).
Table S1: LC-MS putative identification and % relative abundance of phytochemicals identified in
the extracts of Terminalia bellirica. Compounds less than 0.01% of the total area were considered as
trace amounts and denoted as T. Table S2: LC-MS putative identification and % relative abundance of
phytochemicals identified in the extracts of Terminalia chebula. Compounds less than 0.01% of the
total area were considered as trace amounts and denoted as T.
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