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Preface

Antimicrobial drugs represent one of the great scientific advances in the medical field. However,

a dramatic increase in antimicrobial resistance has compromised the effectiveness of these drugs.

Thus, there is an increased need to search for new antimicrobial compounds. A growing area

of research in this regard is the investigation of antimicrobial activities in natural products from

different sources, including plants, microorganisms, and animals. Another important area of

research in combating resistant microorganisms is the investigation of compounds that neutralize

or inactivate bacterial resistance mechanisms—for example, compounds that inhibit efflux pumps

or betalactamases. Furthermore, there are molecules that can interfere with bacterial virulence

properties. The main advantage claimed for antivirulence therapy is the reduced selective pressure

on the pathogen and, consequently, the lower possibility of the emergence of resistance.

This reprint, organized with the recent publications of the Special Issue Antimicrobial and

Anti-infective Activity of Natural Products in the journal Antibiotics, aimed to report recent advances

in the discovery of new antimicrobial compounds from natural products, mechanisms of action of

pure compounds, in silico evidence of antimicrobial activity, synergistic associations with antibiotics,

compounds with antiviral activity or capable of neutralizing bacterial resistance to antibiotics, as well

as in vivo studies to demonstrate the effectiveness of compounds.

Valério Monteiro-Neto and Elizabeth S. Fernandes

Editors
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Editorial

Antimicrobial and Anti-Infective Activity of Natural
Products—Gaining Knowledge from Novel Studies
Elizabeth S. Fernandes 1,2,* , Isabella F. da Silva Figueiredo 1, Cinara R. A. V. Monteiro 3

and Valério Monteiro-Neto 3

1 Programa de Pós-Graduação em Biotecnologia Aplicada à Saúde da Criança e do Adolescente, Faculdades
Pequeno Príncipe, Av. Iguaçu No 333, Curitiba 80230-020, PR, Brazil; bellaafigueiredo@hotmail.com

2 Instituto de Pesquisa Pelé Pequeno Príncipe, Av. Silva Jardim No 1632, Curitiba 80240-020, PR, Brazil
3 Programa de Pós-Graduação em Ciências da Saúde, Universidade Federal do Maranhão, Av. dos Portugueses

No 1966, Cidade Universitária Dom Delgado, São Luís 65085-040, MA, Brazil;
cinaraaragao@hotmail.com (C.R.A.V.M.); valerio.monteiro@ufma.br (V.M.-N.)

* Correspondence: elizabeth.fernandes@pelepequenoprincipe.org.br

Abstract: Despite advances in the development of antimicrobial drugs in the last centuries, antimi-
crobial resistance has consistently raised in the last decades, compromising their effectiveness. Novel
antimicrobial compounds, especially from natural sources, including plants, microorganisms, and
animals, have since become a growing area of research. In this context, studies covering the investiga-
tion of their ability to combat resistant microorganisms, either by neutralization or inactivation of
pathogen resistance mechanisms and virulence properties, have gained attention. Herein, a collection
of 19 manuscripts focused on the antimicrobial and anti-infective activity of natural products, includ-
ing their mechanisms of action, in silico evidence of antimicrobial activity, synergistic associations
with antibiotics, and other aspects, will be discussed.

Of the published papers, 15 are original research studies, three are reviews (one is a
systematic review of the literature), and one is a brief report. Kopel and collaborators [1] re-
viewed and discussed the in vitro models and clinical trials for assessing the antimicrobial
activities of phytochemicals. They highlighted the great diversity of compounds, such as
alkaloids, organosulfur compounds, phenols, coumarins, and terpenes found in plants, as
well as their broad spectrum of antimicrobial activity and resistance. Amongst the novel
compounds discussed are the alkaloids sanguinarine, found in Sanguinaria canadensis, and
tomatidine, found in solanaceous plants, such as tomatoes and potatoes. These were shown
to interfere with bacterial cell division and cytokinesis through disruption of the plasma
membrane, increased cell permeabilization, and inhibition of protein synthesis; enhance-
ment of reactive oxygen species generation and reduction in ergosterol formation by fungi
were also discussed as mechanisms of action of the alkaloids. They also commented on the
ability of these compounds, as well as of other alkaloids, to potentiate the action of com-
mercial antimicrobials, such as vancomycin, streptomycin, and ciprofloxacin. Organosulfur
compounds, such as allicin from raw garlic, isothiocyanates, including sulforaphane, and
allyl, benzyl, and phenethyl isothiocyanates were all suggested to act against a range
of microorganisms, presenting antimicrobial and anti-virulence activities, which may be
equivalent or even stronger than common antibiotics. Their mechanisms of action var-
ied from disruption of cell walls, interference with essential biochemical pathways, and
inhibition of enzymes, amongst others. Phenolic compounds, such as flavonoids (e.g.,
galangin, kaempferol quercetin, catechins, etc.) act on bacterial enzymes and toxins, dis-
turbing cytoplasmic membranes, preventing the formation of biofilms, alone or in synergy
with wide spectrum antibiotics. All the above-described mechanisms of action were first
demonstrated by means of in vitro assays, such as microdilution and agar well diffusion
methods, biofilm and hyphae formation techniques, and biochemical studies. Promising

1



Antibiotics 2023, 12, 1051

results on the in vitro antimicrobial actions of natural compounds can evolve to clinical
trials to assess the effects of plant extract-based mouthwashes, gels, creams, suppositories,
as well as other formulations for systemic usage, for a variety of diseases. Finally, the
authors highlighted the need for further randomized clinical trials with large populations
of subjects to evaluate the efficacy of natural products, in addition to the importance of
regulations and quality standards for developing efficient and affordable phytochemicals
as alternative to antibiotics.

Another review by Araújo et al. [2] introduced surface-active compounds—biomolecules
produced by microorganisms (e.g., Acinetobacter sp., Bacillus sp., Candida sp., Lactobacillus sp.,
Pseudomonas sp., Serratia sp.)—able to interact with surfaces and hydrophobic or hydrophilic
interfaces. Biosurfactants and emulsifiers are included in this group of compounds, and
their actions as antimicrobials, modulators of virulence factors, anticancer, and wound
healing agents were discussed. Biosurfactants can be classified as glycolipids, lipopeptides,
lipoproteins or fatty acids, and phospholipid polymers. Their chemical compositions vary
according with the producer microorganism—which can be found in different types of
water and land, and even in extreme conditions of contaminants, temperatures, pH values,
and salinity levels. The most abundant are glycolipids and lipopeptides. Bioemulsifiers
comprehend composites of heteropolysaccharides, lipopolysaccharides, proteins, glyco-
proteins, or lipoproteins; and they can be isolated from contaminated soil, mangroves,
seawater, freshwater, and human skin. These surface-active compounds have applications
in different industrial sectors, such as pharmaceutical, textile, agriculture, cosmetics, per-
sonal care, and food industries, as well as for environmental purposes in soil remediation,
hydrocarbon degradation, and oil recovery. Their antimicrobial and antibiofilm actions
are due to the ability of breaking the outer and inner membranes of pathogens, reducing
replication, inhibition of cell adhesion, and blocking of the invasion of host cells by harmful
microorganisms. Surface-active compounds are also able to counteract inflammation by
reducing neutrophil migration and inflammatory mediator release, as well as by modu-
lating lymphocyte populations. Additional anti-cancer properties include apoptosis and
impairment of the replication of cancer cells, whilst pro-healing effects may occur via
numerous pathways that regulate the synthesis of collagenases, metalloproteinases, growth
factors, and cytokines; this results in promoting fibroblast and epithelial cell proliferation,
re-epithelialization, collagen deposition, and thus, faster healing. The authors emphasized
the suitability of biosurfactants and bioemulsifiers as candidates for future biotechnological,
biomedical, and pharmaceutical applications.

A systematic review by De La Hoz-Romo and collaborators [3] explored the potential
of marine actinobacteria-derived compounds for the treatment of acne vulgaris, a multi-
factorial disease, which has been associated with microbial dysbiosis and inflammation
of the pilosebaceous unit. Cutibacterium acnes is the most abundant microorganism of the
pilosebaceous unit, followed by Staphylococcus epidermidis; however, these may become
opportunistic pathogens involved in skin dysbiosis. In this context, antimicrobials are
important tools for disease management. Marine actinobacteria represent an interesting
source of diverse compounds, with antibacterial, antibiofilm, anticoagulant, antiviral, and
antibacterial effects. In their manuscript, the authors performed a systematic analysis of
metabolites and extracts produced by marine actinobacteria with antimicrobial, anti-biofilm,
and quorum-sensing inhibition activities (quorum quenching, QQ), as therapeutic alter-
natives treatment of acne vulgaris, some skin diseases, and infectious diseases. They also
classified them in clusters and associated these with their corresponding biosynthetic genes,
considering their structure–activity relationship. They found that most of the studies on the
anti-infective activity of marine actinobacteria-derived compounds were from China, India,
and Egypt. Their sources were marine sediments, sponges, and other marine invertebrates,
such as sea squirts, corals, echinoderm-derived organisms, mollusks, and jellyfish, as well
as marine algae, water, mangroves, seagrasses, and fishes. The genuses most reported
were Streptomyces, Nocardiopsis, Micromonospora, Salinospora, and Verruscosispora. These
bacterial crude extracts and compounds were effective against Staphylococcus sp., inhibiting
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its growth and biofilm formation. Amongst the compounds identified in the bacterial crude
extracts (most of them from Streptomyces sp.) were flavonoids, citreamicins, anthracyclines,
chromomycins, napyradiomycins, marinomycins, and kokumarin. Then, the strategies
to maximize the anti-infective activity and yield of metabolites were discussed by the
authors; they found that starch and yeast extract peptone are the best sources of carbon
and nitrogen, respectively, to maximize the production of anti-infective compound from
cultured marine actinobacteria. Finally, the compounds were stratified into compounds
with antibacterial activity and compounds with QQ activity; different biosynthetic gene
clusters were identified and associated with the compounds. The results emphasize the
antimicrobial potential of these marine bacterial compounds and the need for novel studies
in the field.

Four of the original research studies investigated novel antifungals derived from
plants. Mendonça et al. [4] demonstrated, by using in silico and in vitro analysis, that the
ethyl acetate fraction obtained from the leaves of P. granatum and its isolated compound,
galloyl-hexahydroxydiphenoyl-glucose (a hydrolysable tannin), are effective against Can-
dida albicans and C. glabrata, inhibiting their growth and biofilm formation. Both the fraction
and the compound were able to potentiate the effects of fluconazole—a fungistatic usually
used to treat yeast infections. P. granatum fraction, as well as galloyl-hexahydroxydiphenoyl-
glucose, reduced phospholipase production by Candida sp., an important virulence factor
of fungi. Finally, the study highlights the importance of P. granatum as a source of antimi-
crobials and the need for further studies with the tannin identified in the study. In another
report by Motta et al. [5], C. albicans and C. glabrata were incubated with the hydroalcoholic
extract from the leaves of Vismia guianensis, a native Brazilian plant. The extract showed
antifungal and fungicidal activities against Candida sp., inhibiting fungi growth and ad-
hesion, as well as disrupting both early and mature biofilms. Fourteen compounds were
identified in the extract, with a predominance of anthraquinones, flavonoids, and vismione
D. In silico analysis predicted a high probability for vismione D to act as an antifungal and
an anti-inflammatory. On the other hand, kaempferol and quercetin exhibited the highest
predictive value as anti-inflammatories, and quercetin and catechin had the highest values
as antioxidant compounds. By molecular docking, the authors determined possible inter-
actions between V. guianensis compounds and C. albicans CaCYP51—a cytochrome P450
enzyme required for the biosynthesis of sterols. Vismione D presented the highest predicted
affinity in relation to CaCYP51. The interesting results indicate the need for further inves-
tigations with V. guianensis and its compounds, especially in regards of Candida-induced
diseases. Silva and colleagues [6] assessed the antifungal potential of sulforaphane, an
isothiocyanate found in cruciferous plants, with previous suggested antibacterial actions.
The authors conducted both in silico analysis and in vitro assays; as expected, in silico
analysis confirmed its antimicrobial properties, which include antiparasitic, antifungal, and
antibacterial actions, as well as mechanisms ranging from alterations of membrane compo-
sition to inhibition of fungi RNA. The compound was estimated to present moderate risk
for mutagenic, tumorigenic, and reproductive tract deleterious effects. The analysis also
indicated that sulforaphane has a greater potential to permeate the skin than fluconazole,
suggesting its potential use to treat superficial mycosis. In vitro assays with Candida sp.
ATCC strains and clinical isolates from the oral cavity and vaginal smears demonstrated the
ability of the compound to inhibit fungi growth, as well as hyphae and biofilm formation.
Additional tests revealed that sulforaphane can potentiate fluconazole antifungal actions
when assessed at sub-inhibitory concentrations. Similar results on hyphae and biofilm
formation by C. albicans were seen when the compounds were combined. These effects were
related to their ability to interfere with the expression of hyphae growth-related and biofilm
formation-related genes by C. albicans, although this may vary according with strains and
isolates. The authors conclude that the association of sulforaphane and fluconazole may be
beneficial to treat Candida spp. infections and may trigger fewer adverse reactions caused
by these compounds. They also discuss the importance of additional research to address
the effects of their combination on mixed populations of microorganisms, including those
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found in the oral cavity and the vagina. In another study, Leesombun et al. [7] investigated
the antifungal activity of the essential oil and ethanolic extract of Coleus amboinicus against
Microsporum canis—a zoophilic dermatophyte found in domestic cats and dogs, which can
also cause disease in humans. The activity of the essential oil and extract of C. amboinicus
was assessed in vitro against clinical isolates obtained from feline samples, classified as
weak, moderate, and strong biofilm-producers. In order to evaluate their effects on biofilm
formation, minimum inhibitory concentrations (MICs) were determined and, then, the
microorganisms were incubated with MIC and 2 × MIC for 96 h. Both the essential oil and
the extract inhibited biofilm formation by M. canis. Similar inhibitory effects on growth and
biofilm formation were observed when these preparations were assessed against C. albicans
and Trichophyton rubrum. Chemical analysis revealed the presence of 18 compounds in the
essential oil, including carvacrol (major compound), p-cymene, and γ-terpinene, which are
all monoterpenes. The flavonoids caffeic acid, rosmarinic acid, and apigenin were detected
in C. amboinicus extract. These results highlight the antifungal potential of C. amboinicus
formulations for treating zoonotic infections caused by M. canis.

The antimicrobial and anti-parasitic actions of extracts and compounds obtained from
fungi and bacteria were analysed in three of the of the original research studies. The first,
performed by Mazzone and collaborators [8], explored the in vitro activity of natural prod-
ucts from Paraboeremia selaginellae—an endophytic fungus against Toxoplasma gondii. They
isolated eight natural products from the crude extract of P. selaginellae found in the leaves of
Philodendron monstera—an ornamental plant native to the Americas; six of them inhibited T.
gondii proliferation with low or no effects on other microrganisms. Possible toxic actions of
these compounds were assessed in human Hs27 fibroblast, THP-1, Huh-7, and Hek 293 cell
lines, with three of them (biphenyl ether derivatives) showing no toxicity when tested at
≤100 µM. The results indicate the promising potential of endophytic fungi as sources for
novel anti-toxoplasma compounds. In another investigation, Diyaolu et al. [9] isolated and
identified a strain of Aspergillus fumigatus (UIAU-3F) from soil samples collected from the
River Oyun in Kwara State in Nigeria. A. fumigatus was cultured in different conditions,
resulting in three fungus extracts prepared and subjected to comparative metabolomics.
The extract obtained from the fungus cultured in rice medium produced the greatest di-
versity of metabolites. Following its fractioning into two compounds, fumitremorgin C
and pseurotin D were isolated. Molecular docking was performed for the compounds
against two enzymes, cruzain and l-lactate dehydrogenase, from Trypanosoma cruzi and
Plasmodium falciparum, respectively. The compounds were found to interact with both
enzymes; their docking was comparable to the docking observed for benznidazole (an anti-
trypanosoma) and chloroquine (an anti-plasmodium). When tested in vitro, fumitremorgin
C presented lower efficacy than benznidazole and chloroquine, but it displayed signifi-
cantly higher activities against T. cruzi and P. falciparum in comparison to pseurotin D. The
lack of effects of pseurotin D was suggested to be due to its low cell permeability, interstitial
hypertension, and/or metabolic degradation. This was the first study of the anti-parasitic
effects of fumitremorgin C and pseurotin D, and it highlights the need for further research,
especially with fumitremorgin C, to determine mechanisms of action and potential use
in vivo. In the third study, Mondal and Thomas [10] isolated and characterized novel
Actinomycetes found in marine sediments, and they assessed its antimicrobial activity
against fish pathogens. Sixteen (16) different Actinomycete colonies were obtained from
marine sediment samples from the coast of Digha in India. The isolates were then tested
against two fish pathogens—Aeromonas hydrophila and Vibrio parahemolyticus. Two of them
presented antibacterial activity, with Beijerinckia fluminensis VIT01 being the most potent.
Of note, this study reported, for the first time, the isolation of B. fluminensis from marine
sediments. This bacterium was found to be able to hydrolyze starch, gelatin, and casein,
grow in salt concentrations as high as 7%, and survive in temperatures from 28–40 ◦C.
Fourier-transform infrared spectroscopy of the crude bacterial extract revealed 14 vibra-
tional bands, corresponding to eight groups of compounds, including thiol, carboxylic
acid, isothiocyanate, tertiary alcohol, amine, alkene, 1,2-disubstituted, and fluoro and
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halo compounds. Gas chromatography-mass spectrometry (GC/MS) detected 18 different
major compounds; of those, N, N-Dimethylheptanamide, Glycine,N-Octyl-, Ethyl Ester,
Glycyl-L-Proline, Actinomycin C2, (S)-3,4-Dimethylpentanol, and 7-Tetradecene were sug-
gested to be antibacterial metabolites. The data indicate these compounds could be used as
alternative treatments for infections in aquaculture.

Eight of the original research studies investigated the antibacterial effects of plant
extracts, fractions, and compounds. The study by Figueiredo et al. [11] looked at the
protective effects of cinnamaldehyde—a compound known for its antimicrobial and im-
munomodulatory actions, in mice systemically injected with a pathogenic Escherichia coli
(strain F5, which was isolated from the blood stream). The compound, given by gavage,
at 60 mg/kg 2 h after infection, reduced mortality by 40% over five days of observation.
Cinnamaldehyde was effective against E. coli in vitro, but not in vivo; however, septic
mice treated with the compound exhibited less tissue haemorrhage, inflammation, and
damage in different organs, especially in the lungs in comparison with vehicle-treated
mice. Cinnamaldehyde partially reverted leukocyte counts in the peritoneal and bone
marrow of septic mice. A stimulatory effect was also observed in E. coli-infected mice
treated with the compound; however, the same animals presented with reduced circulat-
ing and peritoneal levels of inflammatory mediators (cytokines and chemokines). The
study reinforces previous data on the ability of cinnamaldehyde to act as a modulator of
the immune/inflammatory response in sepsis. Moraes-Neto et al. [12] investigated the
antimycobacterial and anti-inflammatory activities of the ethyl acetate fraction of Bixa
orellana leaves and one of its active compound—ellagic acid. In silico analysis indicated
anti-inflammatory, antioxidant, antibacterial, antimycobacterial, and hepatoprotective ac-
tivities for ellagic acid. Additionally, the compound was predicted to be better absorbed
by the intestine than clarithromycin, and to not be mutagenic, tumorigenic, irritant, or
harmful to the reproductive system. Molecular docking revealed that ellagic acid can bind
to COX2 and to mycobacterial dihydrofolate reductase, indicating its potential mechanisms
of anti-inflammatory and antimicrobial activities. Both ellagic acid and B. orellana ethyl ac-
etate fraction were effective against Mycobacterium abscessus in vitro and protected infected
Tenebrio molitor larvae, reducing their mortality when tested at MIC, 2 × MIC, and 4 × MIC.
The anti-inflammatory effects of B. orellana fraction and ellagic acid were confirmed in a
mouse model of paw inflammation induced by carragenan, in which they both reduced
oedema formation. The results support the anti-inflammatory and antimicrobial potential
of B. orellana and highlight the need for further investigations on the mechanisms of action
of the plant fraction and its active compound and for broader studies with a higher number
of mycobacteria strains.

Protocatechuic acid (PCA) is a plant-derived phenolic acid with known antimicro-
bial activity and ability to enhance antibiotic action; although a promising molecule,
its low bioavailability and fast metabolism/excretion has limited its clinical usage [13].
Miklasińska-Majdanik et al. [14] used an esterified PCA—protocatechuic acid ethyl ester
to gain knowledge on its antimicrobial actions against staphylococcal strains, alone or in
combination with erythromycin. Twelve strains were tested in microdilution and checker-
board assays; protocatechuic acid ethyl ester reduced erythromycin MIC values by ≥50%
when incubated with nine of them. Although these are preliminary results, they show a
clear and potent anti-staphylococcal effect for protocatechuic acid ethyl ester in vitro. In
another study, da Silva and colleagues [15] assessed the actions of solasodine—a natural
steroidal alkaloid found in plants of the Solanum genus—against S. aureus, P. aeruginosa,
and E. coli. They also analysed the in vitro combination effects of solasodine with gen-
tamicin, ciprofloxacin, norfloxacin, or ampicillin, as well as the inhibitory actions of the
compound on NorA and MepA multidrug efflux pumps. From the eight bacterial strains
tested, solasodine had no effects on four of them. The compound was able to potentiate
both gentamicin and norfloxacin activities when tested against multidrug resistant strains
of S. aureus, P. aeruginosa, and E. coli. Ampicillin, on the other hand, was only potentiated
by solasodine when incubated with S. aureus. The synergistic effects between solasodine
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and ciprofloxacin were found to be related to inhibition of the MePA efflux pump. An
antagonistic effect between the compound and ampicillin or norfloxacin was also observed
for some of the bacterial strains of S. aureus tested. The authors suggest the different
effects noted may depend on the mechanism of action of the antibiotics, or even antibiotic
chelation by solasodine. Nonetheless, future studies on the combination effects of plant
alkaloids with antibiotics represent an interesting tool for treating bacterial infections whilst
reducing resistance.

Another original report by Gazwi and collaborators showed the antimicrobial (antifun-
gal and antibacterial), antioxidant, and cytotoxic properties of the hydroalcoholic extract
from the red flowers of Malvaviscus arboreus Cav.—a tropical and subtropical perennial
deciduous shrub native to Central and South America [16]. Phytochemical analysis of
the extract by GC-MS detected 21 compounds; 11-octadecenoic acid methyl ester, 9,12-
octadecadienoic acid (Z, Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester, 9,12-Octadecadienoic
acid (Z, Z)-methyl ester, exadecenoic acid methyl ester, hexadecanoic acid, and oleic acid
were the predominant compounds. Additionally, 13 phenolic compounds were identified
by high-performance liquid chromatography: naringin, hesperidin, kaempferol, luteolin,
apigenin, catechin, caffeic acid, cinnamic acid, gallic acid, syringic acid, benzoic acid, and
ellagic acid. Proton nuclear magnetic resonance revealed the presence of oxygenated satu-
rated and unsaturated hydrocarbon compounds, such as saturated and unsaturated fatty
acids in the extract. Different compounds detected were previously reported as antimicro-
bials and antioxidants. In accordance, M. arboreus acted as an efficient free radical scavenger
and presented a strong antibacterial activity against Vibrio damsela and moderate activity
against V. fluvialis and S. typhimurium. An antifungal property was also noted against
Aspergillus terreus, A. fumigatus, and A. flavus. The extract exhibited a long-lasting action on
V. damsel and was able to potentiate amoxicillin/clavulanic acid antibacterial effects on this
microorganism. M. arboreus triggered apoptosis (via caspase 3/7 activation), autophagy,
and cell cycle arrest in hepatocellular carcinoma HepG2 cells. Overall, the data indicate a
promising usage of compounds from the hydroalcoholic extract from the red flowers of
M. arboreus as anticancer, antioxidant, and antimicrobial therapies. In the study by Almu-
tairi [17], the antimicrobial effects of frankincense (Boswellia sacra) oil, its interaction with
imipenem and gentamicin against methicillin-resistant S. aureus, and multidrug-resistant P.
aeruginosa were determined in vitro and in vivo. GC/MS analysis revealed the presence of
40 constituents. Poor antibacterial effects and no interactions with the tested antibiotics
were observed when the oil was incubated with S. aureus or P. aeruginosa. No interactions
between the antibiotics and the frankincense oil were observed in vivo, although the oil
alone greatly attenuated bacterial load and tissue damage in the lungs of rats with S. au-
reus-induced pneumonia. The lack of potential benefits from the combination between
frankincense oil and the tested antibiotics is discouraging; however, the in vivo results
allow us to suggest that the oil, per se, may act as a modulator of inflammatory responses in
infectious diseases. Another interesting study by Pérez-Delgado [18] explored the in vitro
antibacterial activity of Apis mellifera, venom collected from bees of Lambayeque, northern
Peru, against E. coli, Pseudomonas aeruginosa, and Staphylococcus aureus reference strains.
Three peptides of low molecular weights (5 kDa, 6 kDa, and 7 kDa) were separated from
the crude bee venom. A strong and moderate antimicrobial effect was noted against E. coli
and S. aureus, respectively, whilst no effects were observed for the peptide fractions when
incubated with P. aeruginosa. At the MIC found for E. coli, the fraction did not promote
haemolysis, although this was noted for higher concentrations. Additionally, no antioxidant
actions were detected for A. mellifera fraction; this was attributed to the lack of melittin—a
polypeptide with anti-inflammatory and antioxidant actions [19]—in its composition. The
study indicates the importance of other peptides as antimicrobials.

The beneficial role of another plant-derived preparation was investigated against
Bipolaris sorokiniana—a fungi known to infect wheat crops. Its effects were also tested
against bacteria resistant to antibiotics (E. coli, Klebsiella pneumonia and S. aureus). The
study by Alqahtani et al. [20] demonstrated the effects of silver nanoparticles, containing
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Mangifera indica leaf extract. An important antibacterial effect was noted for the nanoparticle
in vitro. When applied to diseased wheat, the nanoparticles markedly increased reduced
sugar levels and total phenol content. The same plants also exhibited higher activation
of the enzymes superoxide dismutase, catalase, peroxidase, and glutathione reductase,
indicating protection against oxidative stress damage. The nanoparticles also enhanced the
activity of phenylalanine ammonia lyase, an enzyme involved in the synthesis of secondary
metabolites. Reduction in disease severity was only observed for the highest concentrations
of nanoparticles (≥30 ppm). Overall, the application of silver nanoparticles on wheat crops
causes may prevent B. sorokiniana infections.

Finally, the brief report by Heuser and colleagues [21] looked at the bactericidal
activity of sodium bituminosulfonate (a substance derived from sulfur-rich oil shale)
against methicillin-susceptible and methicillin-resistant clinical isolates of S. aureus. All 40
isolates tested were susceptible to sodium bituminosulfonate, which demonstrated a rapid
bactericidal action in vitro. The results suggest this compound is a promising alternative to
the available topical antibiotics.

Taken together, the manuscripts discussed herein unveiled the potential of different
natural preparations and compounds from plants and microorganisms to treating infections
of importance to humans, animals, and wheat. Some of them also predicted side-effects and
cellular targets for the natural compounds. All these studies presented interesting highlights
regarding the need for further investigations in order to uncover more in-depth information
on their additional properties, safety, pharmacokinetic, and pharmacodynamic profiles.
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Abstract: Due to the emergence of microorganisms resistant to antibiotics and the failure of antibiotic
therapies, there is an urgent need to search for new therapeutic options, as well as new molecules with
antimicrobial potential. The objective of the present study was to evaluate the in vitro antibacterial
activity of Apis mellifera venom collected in the beekeeping areas of the city of Lambayeque in
northern Peru against Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus. Bee venom
extraction was performed by electrical impulses and separated using the Amicon ultra centrifugal
filter. Subsequently, the fractions were quantified by spectrometric 280 nm and evaluated under
denaturant conditions in SDS-PAGE. The fractions were pitted against Escherichia coli ATCC 25922,
Staphylococcus aureus ATCC 29213, and Pseudomonas aeruginosa ATCC 27853. A purified fraction (PF)
of the venom of A. mellifera and three low molecular weight bands of 7 KDa, 6 KDa, and 5 KDa were
identified that showed activity against E. coli with a MIC of 6.88 µg/mL, while for P. aeruginosa and
S. aureus, it did not present a MIC. No hemolytic activity at a concentration lower than 15.6 µg/mL
and no antioxidant activity. The venom of A. mellifera contains a potential presence of peptides and
a predilection of antibacterial activity against E. coli.

Keywords: venom; antimicrobial activity; fraction; bee; protein

1. Introduction

World Health Organization (WHO) published the first global surveillance report on
antibiotic resistance, showing that five out of six regions had more than 50% resistance to
third-generation cephalosporins and fluoroquinolones in Escherichia coli and methicillin
resistance in Staphylococcus aureus in hospital settings [1].

S. aureus is a human commensal that can cause systemic infections in the host; this
requires evading the immune response and the ability to proliferate in different niches in
the host; currently, the infection by staphylococci in the face of immune mediators and
the disease is not well known [2]. However, the main agent of bacteremia and infective
endocarditis (IE), as well as osteoarticular, skin, and soft tissue infections, pleuropulmonary
infections [3], and even the appearance of methicillin-resistant S. aureus (MRSA), which
is a therapeutic problem in patients [4]. Staphylococcal infection has also been reported
from hosts or carriers of asymptomatic nasopharyngeal bacteria, even with certain risk
factors such as passive smoking and a large family [5]. The results of certain studies
have determined that S. aureus has generated resistance against ampicillin, penicillin,
rifampicin, clindamycin, oxacillin, and erythromycin [6]. Variable susceptibility to lev-
ofloxacin, ciprofloxacin, gentamicin, tetracycline, and sulfamethoxazole-trimethoprim has
also been shown [7], and patterns have also been shown regarding the mecA, rpoB, blaZ,
ermB, tetM, and nuc genes [6,8]. This resistance has been acquired through different mech-
anisms, the most frequent being reduced membrane permeability, excessive production of
β-lactamase, and acquiring resistance genes or gene mutations [9].

Likewise, Pseudomonas aeruginosa can cause nosocomial outbreaks related to its resis-
tance and virulence properties [10], being a producer of β-lactamases and multiresistant
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to a wide range of antimicrobials such as penicillin, cephalosporin, cephamycin, and
carbapenem [11]. In addition, 35 resistomes (antimicrobial resistance genes) have been
identified that confer resistance to 18 different antibiotics (including four classes of beta-
lactams) and 214 virulence factor genes [12], in addition to the susceptibility of P. aeruginosa
to carbapenems, piperacillin-tazobactam, and amikacin has undergone alterations before
and during COVID-19 [13]. There are phenotypic studies that P. aeruginosa, as producers of
extended-spectrum beta-lactamase (ESBL) and metallo-beta-lactamases (MBL), also present
genes associated with biofilm formation and virulence, such as toxA and lasB [14]. Even
using polymerase chain reaction (PCR) techniques and molecular markers such as Random
Amplified Polymorphic DNA (RAPD), they have identified strains resistant to imipenem,
Ticarcillin + Clavulanate, Piperacillin, and Ticarcillin + Clavulanate, these strains being
isolated from swimming pools [15].

E. coli is responsible for a large number of virulent variants associated with human
diseases, such as urinary tract infection (UTI) with a resistance rate of >55% to first to
fourth-generation cephalosporins [16], neonatal and traveler’s diarrhea [17], and multire-
sistant isolates (MDRs) the most prevalent genes being CTX-M-1, followed by NDM-1
for Betalactamases and the genes ermB and aac(6′)-Ib for resistance to macrolides and
aminoglycosides [18]. E. coli is frequently discharged into the environment through feces,
including wastewater, and is considered an indicator of fecal contamination. Many strains
can carry resistance genes [19]. According to isolates, they have usually been reported
to be sensitive to netilmicin, gentamicin, chloramphenicol, pipemidic acid, nalidixic acid,
ciprofloxacin, amoxicillin/clavulanic acid, and nitrofurantoin, as well as increased suscep-
tibility to cefotaxime, ceftriaxone, and aztreonam [20]. Uncomplicated UTI isolates have
been found to have a higher susceptibility than complicated UTI isolates to amoxicillin,
amoxicillin/clavulanic acid, and ciprofloxacin [21].

Antimicrobial resistance has been reported in gram-negative and gram-positive bac-
teria, with reports of up to 96.2% for Pseudomonas spp. and 66.7% for E. coli [22], with
isolates reported in heart disease intensive care units [23] and in bloodstream infections [24]
antimicrobial-resistant bacteria are also considered the most frequent uropathogens [25].
There are reports of MRSA in up to 50% of patients [26], with resistance profiles for cefoxitin,
chloramphenicol, clindamycin, and gentamicin [27].

The failure of antibiotics, including the latest generation, to counteract superbugs
highlights the need to search for new molecules with antimicrobial potential to control the
global problem of antimicrobial resistance. One group of these new molecules are peptides
that are antimicrobial (AMP) and are promising molecules for combating antimicrobial
resistance (AMR) [28]. AMP has been found the most in the venoms of different organisms,
such as scorpions [29–31], snakes [32], spiders [33], and bees [34], among other venoms.

The composition of bee venom is very variable, having Peptides: Melitin (the main
component of the venom), Apamin, Mast Cell-Degranulating Peptide (MCD), Tertiapin,
Secapin, and Its Isoforms, Adolapin, Procamine, and Minimine; Polypeptides: Api m 6,
Cardiopep, Icarapin, and Major Royal Jelly Proteins; Enzymes: Phospholipase A2 (PLA2),
Hyaluronidase, Acid Phosphatase, and Dipeptidylpeptidase IV; Serine Proteases [35].

Bees are insects found on all continents, many of these species have yet to be described
and are an exciting source for the study and search for new molecules with antimicrobial
properties. There are experimental and clinical reports on Apis mellifera venom and its
anti-inflammatory, antimicrobial, and anticancer effects; the components present in the
venom, such as proteins, vary from a summer season compared to a winter season [36–38],
in addition, have shown different therapeutic properties against oxidative stress induced
by beta-amyloid [39–41]. For Parkinson’s disease, the neuroprotective potential of bee
venom against oxidative stress induced by rotenone (pesticide) has been demonstrated
in a mouse model, including preventing the decrease in dopamine and also restoring
locomotor activity in mice [42,43]. For Lyme disease, the melittin present in the venom
showed in vitro antibacterial effects against the causative agent Borrelia burgdorferi [44]
and even had significant antibacterial effects against E. coli, S. aureus, and Salmonella
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typhyimurium [45]. Melittin also exhibited antibacterial activity against MRSA strains [46],
with antimicrobial potential against agents that cause dental caries, with antifungal capacity
including suppression of biofilm formation [47,48]. Its significant antiviral potential has
also been demonstrated in in vitro and in vivo assays on different enveloped (Influenza A)
and non-enveloped (enterovirus-71) viruses [49]. In addition, phospholipase A2 (PLA2) can
also block the replication of the virus, being shown to be responsible for the inhibition of
HIV replication [50]. The present study aimed to evaluate the in vitro antibacterial activity
of Apis mellifera venom collected in the beekeeping areas of the city of Lambayeque in
northern Peru against Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus.

2. Results

As seen in Figure 1, 15% SDS-PAGE-Tricine of the purified fraction (PF) of crude
venom from A. mellifera yielded 3 low molecular weight bands, i.e., 7 kDa, 6 kDa, and
5 kDa.

Antibiotics 2023, 12, x FOR PEER REVIEW 3 of 11 
 

restoring locomotor activity in mice [42,43]. For Lyme disease, the meli in present in the 
venom showed in vitro antibacterial effects against the causative agent Borrelia burgdorferi 
[44] and even had significant antibacterial effects against E. coli, S. aureus, and Salmonella 
typhyimurium [45]. Meli in also exhibited antibacterial activity against MRSA strains [46], 
with antimicrobial potential against agents that cause dental caries, with antifungal ca-
pacity including suppression of biofilm formation [47,48]. Its significant antiviral potential 
has also been demonstrated in in vitro and in vivo assays on different enveloped (Influ-
enza A) and non-enveloped (enterovirus-71) viruses [49]. In addition, phospholipase A2 
(PLA2) can also block the replication of the virus, being shown to be responsible for the 
inhibition of HIV replication [50]. The present study aimed to evaluate the in vitro anti-
bacterial activity of Apis mellifera venom collected in the beekeeping areas of the city of 
Lambayeque in northern Peru against Escherichia coli, Pseudomonas aeruginosa, and Staphy-
lococcus aureus. 

2. Results 
As seen in Figure 1, 15% SDS-PAGE-Tricine of the purified fraction (PF) of crude 

venom from A. mellifera yielded 3 low molecular weight bands, i.e., 7 kDa, 6 kDa, and 5 
kDa. 
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µg/mL (p < 0.05) for E. coli. For the S. aureus strain, at higher concentrations, the venom 
exhibited antibacterial activity. For P. aeruginosa, no antibacterial activity was observed 
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Figure 1. SDS polyacrylamide gel electrophoresis with Tricine (SDS-PAGE-Tricine) of the purified
fraction; M denoted the marker lane (molecular weight 2–40 kDa) (molecular weight marker), PF
denotes the protein fractions, and TV denotes total venom.

The PF of A. mellifera venom had a minimum inhibitory concentration (MIC) of
6.88 µg/mL (p < 0.05) for E. coli. For the S. aureus strain, at higher concentrations, the
venom exhibited antibacterial activity. For P. aeruginosa, no antibacterial activity was
observed (Figure 2).

Concentrations of the PF of A. mellifera venom above 125 µg/mL in erythrocyte
suspension produced more than 50% hemolysis. At a concentration of 31.25 µg /mL, less
than 10% hemolysis occurred, but at 7.8 µg /mL PF, no erythrocyte lysis was evidenced
(Figure 3).

The PF of the A. mellifera venom showed no antioxidant activity was observed at the
concentrations evaluated.
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Figure 3. Hemolytic activity of the purified fraction of Apis mellifera venom.

3. Discussion

The purified fraction (PF) of the A. mellifera venom revealed the presence of peptides
using the SDS-PAGE-Tricine technique and found three peptides of 7 kDa, 6 kDa, and
5 kDa. The chemical composition of the venom of A. mellifera is highly variable; such as
melittin (3 kDa), apamin (2 kDa), and cecropin (4 kDa), enzymes, such as phospholipase
A2 (19 kDa) and hyaluronidase (38 kDa), biologically active amines, such as histamine and
epinephrine, as well as peptides not reported [39,51,52] and this suggests that many of
these components may contribute their anti-inflammatory, antifungal, antiviral, healing
and analgesic properties [36,53–55].

Our results were coherent with other studies; the PF of A. mellifera venom collected
from Íllimo showed antibacterial activity against E. coli, but the same was not observed for
P. aeruginosa despite being a gram-negative bacterium. For S. aureus, as the concentration
of the venom fraction increased, bacterial growth was affected. Interestingly, the results
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of other studies of the antibacterial activity of the crude venom showed highly variable
MICs against E. coli and for S. aureus [56], including also demonstrating the inhibitory effect
through a viability assay at a temperature of 25 ◦C against E. coli and P. putida, causing
membrane permeability and loss of ATP, showing no effect against P. fluorescens [57], as
well as the crude bee venom extract in a region of Egypt significantly inhibited the growth
of E. coli ATCC8739 and S. aureus ATCC 6538P [58], in addition, the action of crude bee
venom from Iran demonstrated inhibition through the Kirby–Bauer method against E. coli
and S. aureus, but not against P. aeruginosa [59].

Other studies have shown the existence of antimicrobial peptides in the venom; it
follows that the interaction against the cell envelope of the bacteria is due to the attraction
between the positively charged venom peptides and the phospholipids, causing a rupture
or instability of the venom membrane, in addition to forming pores; however, this mecha-
nism requires a certain concentration threshold [60]. Direct insertion of melittin leads to
pore formation, whereas the parallel conformation is inactive and prevents other melittin
molecules from being inserted, thus, preventing pore formation [61]. However, melittin
has a molecular weight of 3 KDa; in our study, we found three peptides in the range of
5 KDa to 7 KDa; this finding demonstrates that melittin is not the only peptide present in
bee venom with antibacterial activity.

The PF of A. mellifera venom at a concentration lower than 15.6 µg/mL demonstrated
low hemolytic activity. Few studies have revealed the hemolytic activity of bee venom in
Peru; on the contrary, in other latitudes, they have revealed that melittin has not presented
significant hemolytic activity below a concentration of 0.25 µg/mL [62], the hemolytic
action was also demonstrated against erythrocytes of different species, with variable sensi-
tivity to bee venom pools, with sheep erythrocytes being the most resistant to hemolytic
action compared to equine erythrocytes, including humans erythrocytes showed good
resistance to hemolytic action, it follows that hemolysis can be increased by the action of
phospholipase 2 (PLA2) after the action of melittin [63].

The PF of the venom of A. mellifera has not shown antioxidant capacity, but in other
studies, they demonstrated antioxidant capacity. Curiously, they worked with the total
venom or apitoxin, having the capacity to inhibit the free radical DPPH (2,2-diphenyl-1-
picrylhydrazine) between 60% and 75% of antioxidant activity [64]. In the same sense,
demonstrated with the venom of A. mellifera syriaca eliminating DPPH radicals between
50 to 65% [65]. When analyzing the venom of four bee species, A. dorsata, A. mellifera,
A. florea, and A. cerena, they showed that A. dorsata contained the highest amount of melittin;
they also revealed that the extract of A. dorsata had the highest antioxidant activity from the
DPPH and ABTS (3-ethylbenzothiazoline-6-sulfonic acid) assays, including melittin alone,
revealed very poor antioxidant activity among all bee venom extracts [66], this suggests
that in our study, of the peptides present in the venom PF, melittin was not present.

The bioactive components present in the venom have generated much interest in
medicine through the different species of the Apis genus, and their application in in vitro
antimicrobial activity [67], their cytotoxic action against cancer cells [68], even the synergis-
tic effect of the venom with some antibiotics such as Cephotax, Cefepime, and Tavanic has
been revealed [69]. Through Transmission Electron Microscopy, the deformation of the cell
wall was appreciated, resulting in the destruction of the cell wall, changes in the permeabil-
ity of the membrane, leakage of cell content, inactivation of metabolic activity, and finally,
cell death [57], as the inhibitory effect on F1-F0—ATPase has also been demonstrated [70].

4. Materials and Methods
4.1. Bee Venom Samples

The venom was obtained from Africanized bees A. mellifera (Linnaeus, 1758) in hives
from the Cruz Verde town center of the Ilimo District located at latitude 6◦28′26′′ and
longitude 79◦50′34′′ (Lambayeque); an electrical impulse of 3 volts with an electrical
intensity of 0.004 A was passed through a collecting box (beeWhisper 6.0; Model 2020),
without harming the specimens (Figure 4a,b) [71].
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The venom was collected on a glass plate and allowed to dry; it was then transferred
into a 50-mL Falcon tube (Figure 4c,d). Then, the bee venom was resuspended in sterile
deionized water and centrifuged at 10,000× g at 4 ◦C for 10 min to remove insoluble
materials. The supernatant was collected and stored in 2 mL microtubes at −20 ◦C.

4.2. Fraction Concentration and Electrophoresis

The fractions were collected and quantified via absorbance at 280 nm (Navi UV/vis Nano
spectrophotometer, Seongnam-si, Republic of Korea) using the formula [mg/mL] = (1.56 × Abs
280 nm) − (0.76 × Abs 260 nm) [72].

Crude fractions of bee venom were collected and concentrated using the Amicon ultra
centrifugal filter (Merck Millipore, Cork, Ireland) with Cutoff from 3 kDa to 100 kDa [73],
quantified via absorbance, and 50 µg protein from the FP were evaluated on a gel Tricine-
SDS-PAGE (15%) under denaturing conditions [74] with a voltage of 100 volts and stained
with Coomassie blue [75].

4.3. Antimicrobial Activity Test

The MIC values of the fraction were determined using the broth microdilution method
in 96-well plates [76] against the strains of E. coli ATCC 25922, S. aureus ATCC 29213, and
P. aeruginosa ATCC 27853; 50 µL of bacterial solution containing 5 × 104 CFU/mL was
placed in each well, then 50 µL of different concentrations of the fraction (55 µg/mL to
3.44 µg/mL) were added and incubated at 37 ◦C for 24 h. The positive control was broth
plus inoculum, and the negative control was only broth. Growth of the positive control was
determined by a growth button of≥2 mm or defined turbidity. Finally, the plates were read
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by absorbance at 630 nm (SmartReader 96—Accuris) to determine the minimum inhibitory
concentration (MIC). All assays were performed in triplicate.

4.4. Evaluation of Hemolytic Activity

The hemolytic test was evaluated following the protocol described by Oddo [77], red
blood cells washed with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4) and resuspended at a concentration of 0.5% and incubated for 1 h with different
concentrations of the fractions and then centrifuged at 10,000× g for 10 min, 60 µL of
supernatant was transferred to a 96-well polypropylene plate, and the absorbance was read
at 405 nm. The results were normalized with the positive controls of hemolysis (0.25% SDS)
and negative controls (PBS). Assays were performed in triplicate.

4.5. Evaluation of Antioxidant Activity

20 µL of different concentrations of the fraction (55 µg/mL to 3.44 µg/mL) were added
with 380 µL of ABTS radical in ethanol, incubated at room temperature protected from light
for 30 min, then the absorbance of the mixture was measured at 734 nm [66]. To calculate
the % decoloration, the following equation was used: % decoloration = [(C − S)/C] × 100,
where C is the absorbance of the control, and S is the absorbance of the problem sample.
Trolox was used as a positive control. The experiments were done in triplicate.

4.6. Statistic Analysis

The MegaStat add-in for Excel was used to determine the antibacterial activity of the
purified fraction of Apis mellifera venom. Analysis of variance (ANOVA) was performed at
a significance level of 5%.

5. Conclusions

In summary, A. mellifera bee venom contained peptides with weights of 7 kDa, 6 kDa,
and 5 kDa and exhibited antibacterial activity against E. coli ATCC 25922 at a concentration
of 6.88 µg/mL.
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Abstract: In this study, we explored a fungal strain UIAU-3F identified as Aspergillus fumigatus
isolated from soil samples collected from the River Oyun in Kwara State, Nigeria. In order to explore
its chemical diversity, the fungal strain UIAU-3F was cultured in three different fermentation media,
which resulted in different chemical profiles, evidenced by LC-ESI-MS-based metabolomics and
multivariate analysis. The methanolic extract afforded two known compounds, fumitremorgin C
(1) and pseurotin D (2). The in vitro antiparasitic assays of 1 against Trypanosoma cruzi and
Plasmodium falciparum showed moderate activity with IC50 values of 9.6 µM and 2.3 µM, respectively,
while 2 displayed IC50 values > 50 µM. Molecular docking analysis was performed on major protein
targets to better understand the potential mechanism of the antitrypanosomal and antiplasmodial
activities of the two known compounds.

Keywords: Aspergillus fumigatus; OSMAC; metabolomics; molecular docking; antitrypanosomal;
antiplasmodial; in silico molecular docking

1. Introduction

Microbes continue to make a tremendous impact on natural product drug discovery.
They produce many primary metabolites, such as amino acids, nucleotides, vitamins, and
organic acids [1]. In addition, they produce secondary metabolites, which constitute a
substantial part of the market’s pharmaceuticals today, to the extent that microbial natural
products have become a principal source of drug lead compounds [2]. Various infectious
diseases emerge worldwide, requiring a constant and broadened search for newer, more
efficient bioactive molecules [2].

Aspergillus is a genus of all-pervasive fungi that are beneficially and morbidly im-
portant. The members of the genus Aspergillus are urbane and ubiquitous constituents of
different habitats [3]; this is because they can colonise a broad range of substrates. A wide
range of secondary metabolites has been isolated from this genus [4]. These metabolites
have been linked to 24 biosynthetic families. Examples include alkaloids, benzoquinones,
flavonoids, phenols, anthraquinones, steroids, terpenoids, tetralones, and xanthones [5].
Some bioactivities of compounds isolated from Aspergillus fumigatus have been studied and
reported in the literature, including antibacterial [6], antinematodal [7,8], antiprotozoal [9,10],
antifungal [11], antiviral [12], anticholinesterase [13], and cytotoxic activities [14].
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Parasitic diseases concern health and human life, particularly in the developing world.
On a global scale, parasitic diseases are responsible for almost one million deaths yearly [15].
They remain the significant killers of children in low-income nations [16–18]. In 2019,
the World Health Organisation (WHO) tagged malaria as a significant parasitic disease,
causing 409,000 deaths, most of whom were African children below the age of five [19].
However, it is thought that many cases are undiagnosed, and therefore unpublished, so
the actual figure may well be higher. In tropical regions, the combination of warm and
humid climates with exponential population growth and poverty contributes to the rise in
disseminating parasitic infections [20], usually mediated by vectors such as mosquitoes
and ticks. Protozoans belonging to the Plasmodium group are the causative agents for
malaria and cause worldwide deaths [16,17]. Antiparasitic drugs currently in use suffer
from several drawbacks, as they tend to be expensive, their side effects may be severe,
they may be challenging to administer, or drug resistance towards them may be rapidly
expanding [21–23].

For instance, African Trypanosomiasis, one of the neglected tropical diseases caused
by Trypanosoma brucei, is transmitted by the tsetse fly (Glossina species) found exclusively in
sub-Saharan Africa [24]. The parasite, which comprises two physically identical subspecies,
affects people in two different ways. While the T. rhodesiense strain produces a more severe
acute African trypanosomiasis in eastern and southern Africa, the T. gambiense strain causes
a slowly progressive disease in western and central Africa [25]. An estimated more than
60 million people in sub-Saharan Africa have been affected [7].

However, the ability of Aspergillus fumigatus to biosynthesise bioactive natural prod-
ucts could result in previously unexplored therapeutic options to fight these parasites.
Consequently, we decided to extend our investigation of Aspergillus fumigatus by screening
the isolated compounds for their potential antimalarial and antitrypanosomal activities
using in silico molecular docking and in vitro studies. Furthermore, we studied the effect
of altering the growth conditions of the fungus on their metabolic profiles using LC-ESI-
MS-based metabolomics followed by multivariate analysis. Herein, this work presents for
the first time the antiplasmodial and trypanocidal activities of fumitremorgin C (1) and
pseurotin D (2). To identify the potential connections between the binding model and the
antiparasitic properties, we employed molecular docking to fit compounds 1 and 2 into the
active site of the target enzyme.

2. Results and Discussion
2.1. Characterisation and Identification of Strain UIAU-3F

The identification of UIAU-3F was conducted based on the morphology and phy-
logenetic analysis. Incubation was performed at 28 ◦C for 10 days, upon which strain
UIAU-3F formed colonies on ISP2 agar plates displaying characteristic hyphal structures
(Figure 1A). The ITS gene region of the ribosomal DNA of the strain was amplified by PCR-
and sequenced. The phylogenetic tree (Figure 1B) constructed from the ITS gene sequence
indicated that UIAU-3F belonged to the genus of Aspergillus with the highest similarity to
A. fumigatus (100%, accession number: EF66998).
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similarity in media culturing conditions and therefore suggests similarities in their 

Figure 1. (A) Colony characteristics of Aspergillus fumigatus UIAU-3F grown on ISP2 agar at 28 ◦C for
7 days. (B) Phylogenetic tree of Aspergillus fumigatus UIAU-3F.

2.2. Non-Targeted Multivariate Analysis

After fungal identification and culturing of the strain in the different growth media, the
extracts obtained were subjected to comparative metabolomics. Supervised statistical PCA,
PLS-DA, permutation tests, and heat maps were used to compare the presence or absence
and relative abundance of parent ions in each extract. Using metaboAnalyst software, the
peak lists generated from filtered positive and negative mode mass spectral data were
analysed. Ions present in solvent and media blanks were eliminated from the analysis to
avoid uninformative skewing of the results. We detected 770 features between all three
extracts, with each feature representing a distinctive combination of the m/z value and
chromatogram peak characteristics. ANOVA was used to compare and determine if there
was a statistically significant difference between the three fungal extracts (ISP2, ISP2-S, and
RICE). The p-value threshold was set to 0.05 (default). Metabolites with a p-value below
the threshold are shown in red and are deemed statistically significant. Of the metabolites
predominantly originating from the RICE extract, 433 are statistically significant and
337 are insignificant (Figure 2A).
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Figure 2. (A) Multivariate analysis. ANOVA results show statistically significant metabolites in red.
(B) Principal Component Analysis (PCA) score plot. Green circles correspond to ISP2−S extract; pink
circles correspond to ISP2 extract; blue circles correspond to RICE extract. (C) Partial least squares
discriminant analysis PLS−DA model. Colour coding as before. (D) A permutation test plot.

The PCA score plot enables the visualisation of how the three extracts are related to one
another. Extracts are clustered according to their similarity, with the more distinct sample
groups showing more separation. The score plot comprising six replicates of the RICE,
ISP2, and ISP2-S extracts in positive and negative mode ionisations was acquired, as shown
in Figure 2B. Metabolites obtained from the RICE media (RICE 1–6) were separated from
metabolites obtained from ISP2 (1–6) and ISP2-S medium by PC1. However, metabolites
from ISP2 positively correlate with ISP2-S; this may be because of the close similarity in
media culturing conditions and therefore suggests similarities in their secondary metabo-
lites. The first two components, PC1 and PC2, explained 68.2% and 16.5% of the total
variance, respectively.
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Figure 3. Hierarchical clustering of detected ions in ISP2 extract (red), ISP2-S extract (green), and
RICE extract (blue). Heatmap displays relative abundance (low, blue; high, red) of respective features.

PLS−DA sharpens the separation between the extracts as it can perform both classifi-
cation and metabolite selection. To identify the metabolites that contribute to the different
metabolomic patterns, the PLS−DA model was applied (Figure 2C). As PLS−DA analysis
is prone to overfitting, it is essential to validate PLS−DA analysis by conducting cross-
validation or a permutation test. Cross-validation of Q2 and R2 is used to select the optimal
number of compounds used in the PLS−DA model for classification. This model obtained
an R2 of 0.993 and a Q2 of 0.739. The R2 suggests that the model can be considered to have
a substantial predictive ability and the Q2 obtained is close to the R2, indicating that the
data fit the model (Figure 2D).

A heatmap was generated by visualising the intensities of the metabolites in order
to determine the abundance of the secondary metabolomes in the three different extracts
(Figure 3). The samples were conducted in triplicate. Multiple red bands indicate a
rich secondary metabolome with a high diversity of metabolites, while deep blue bands
exemplify a more limited set of secondary metabolites. The RICE culture extract showed the
richest metabolome of the three extracts, as is evident from the heatmap display (Figure 3).
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Metabolites Identification

The loadings plot generated (Figure 4) enables the identification of the metabolites
within the three extracts responsible for the driving patterns seen in the score plot. Metabo-
lites displaying similar information are grouped, indicating a correlation between the ISP2
and ISP2-S extracts. Compounds labelled 1–5 in the loading plot can be found in both
ISP2 and ISP2-S extracts. An inverse correlation is displayed between the RICE and ISP2
extracts, as metabolites of the RICE extract are positioned on the opposite side of the plot
of origin and farther away (compounds 6–10).

Antibiotics 2023, 11, x FOR PEER REVIEW 6 of 16 
 

 

Figure 4. Principal Component Analysis (PCA) loadings score plot to display discriminant meta 

−bolites. 

Table 1. Significant differential metabolites identified (p-value < 0.05 VIP). 

Metabolite [M+H]+ tR (min) MF Compound Source Ref 

1 480.1595 4.5 C27H33N3O5 Fumitremorgen B ISP2, ISP2-S   [26] 

2 496.2338 3.8 C27H33N3O6 Spirotryprostatin C ISP2, ISP2-S   [27] 

3 528.5353 7.7 C27H33N3O8  Spirotryprostatin E ISP2, ISP2-S   [28] 

4 524.3704 5.6 C33H49NO4 Anthcolorin E ISP2, ISP2-S  [29]  

5 522.3404 3.3 C33H47NO4 Anthcolorin H ISP2, ISP2-S        [29] 

6 478.5882 7.1 C28H34N2O5 Fumitremorgen B derivative RICE        [30] 

7 431.4423 6.9 C22H25NO8 Pseurotin D RICE        [31] 

8 381.4316 6.2 C21H23N3O4 Cyclotryprostatin C RICE        [28] 

9 379.4151 6.4 C21H21N3O4 Cyclotryprostatin D RICE  [32] 

10 511.6752 4.5 C27H33N3O7 Verruculogen RICE  [32]  

tR—retention time; MF—molecular formula; Ref—reference. 

2.3. Structural Elucidation of Isolated Compounds 

The fungal UIAU-3F extract obtained from the RICE fermentation medium was ana-

lysed using HR-LCMS and 1H NMR spectroscopy. This extract was selected for fractiona-

tion and subsequent purification based on the diversity of metabolites dereplicated in the 

crude extract (Table 1) and its larger production mass compared to the ISP2 and ISP2-S 

extracts (Figure 4). The 1H NMR spectrum showed a wide range of interesting signals that 

indicated the chemical diversity of this extract. The UIAU-3F extract was fractionated and 

Figure 4. Principal Component Analysis (PCA) loadings score plot to display discriminant meta-bolites.

Potential biomarkers were initially identified by their molecular weights and fragmen-
tation patterns using mass spectrometry. The precise mass of each differential metabolite
was searched using different databases (Reaxys, NPAtlas, PubChem) to confirm its identity,
possible molecular formula, and chemical composition (Table 1).
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Table 1. Significant differential metabolites identified (p-value < 0.05 VIP).

Metabolite [M+H]+ tR (min) MF Compound Source Ref

1 480.1595 4.5 C27H33N3O5 Fumitremorgen B ISP2, ISP2-S [26]

2 496.2338 3.8 C27H33N3O6 Spirotryprostatin C ISP2, ISP2-S [27]

3 528.5353 7.7 C27H33N3O8 Spirotryprostatin E ISP2, ISP2-S [28]

4 524.3704 5.6 C33H49NO4 Anthcolorin E ISP2, ISP2-S [29]

5 522.3404 3.3 C33H47NO4 Anthcolorin H ISP2, ISP2-S [29]

6 478.5882 7.1 C28H34N2O5
Fumitremorgen B

derivative RICE [30]

7 431.4423 6.9 C22H25NO8 Pseurotin D RICE [31]

8 381.4316 6.2 C21H23N3O4 Cyclotryprostatin C RICE [28]

9 379.4151 6.4 C21H21N3O4 Cyclotryprostatin D RICE [32]

10 511.6752 4.5 C27H33N3O7 Verruculogen RICE [32]

tR—retention time; MF—molecular formula; Ref—reference.

2.3. Structural Elucidation of Isolated Compounds

The fungal UIAU-3F extract obtained from the RICE fermentation medium was anal-
ysed using HR-LCMS and 1H NMR spectroscopy. This extract was selected for fractionation
and subsequent purification based on the diversity of metabolites dereplicated in the crude
extract (Table 1) and its larger production mass compared to the ISP2 and ISP2-S extracts
(Figure 4). The 1H NMR spectrum showed a wide range of interesting signals that indicated
the chemical diversity of this extract. The UIAU-3F extract was fractionated and purified, as
described in Section 3. Two known compounds, fumitremorgin C (1) [33] and pseurotin D
(2) [34], were isolated and identified by comparing their experimental NMR and HRESIMS
data (Figures S2–S6 and S8–S12) with the published literatures.

2.4. Determination of Antitrypanosomal and Antiplasmodium Activity Using Molecular Docking

In order to ascertain the antitrypanosomal and antiplasmodial activities of compounds
1 and 2, molecular docking studies were conducted. Two enzymes were used in the docking
study: Cruzain, the principal papain-like cysteine protease of Trypanosoma cruzi, and
l-lactate dehydrogenase from Plasmodium falciparum. Cruzain is crucial for the survival and
the multiplication of the parasite Trypanosoma cruzi [33], while l-lactate dehydrogenase is
considered a potential molecular target for antimalarials due to the parasite’s dependence
on glycolysis for energy production [34]. To gain an insight into the differences in binding
between the compounds and these proteins, rigid receptor docking was performed.

Docking poses were analysed and compared to benznidazole and chloroquine stan-
dards for antitrypanosomal and antiplasmodial activities, respectively. The first docking
was performed on the crystal structure of cruzain from Trypanosoma cruzi (PDB: 3I06) [35].
In contrast, the second docking was performed on the crystal structure of L-lactate dehy-
drogenase from Plasmodium falciparum (PDB: 1LDG).

Compounds 1 and 2 were subjected to docking analysis, and the specificities of their
interaction with these targets were identified, as shown in Figure 5 Based on binding
energies and interacting residues, the best-docked complexes were obtained. Docking
poses were analysed and compared to the standards. In both the two molecular docking
studies, 1 and 2 docked very well compared to the standards (Table 2 and Figure 5).
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Figure 5. (a) Binding site (yellow colour) of cruzain from Trypanosoma cruzi. (b) Binding site (yellow
colour) l-lactate dehydrogenase from Plasmodium falciparum.

Table 2. Docking analysis of two ligands on two different protein receptors with respect to benznida-
zole and chloroquine standard.

Compounds

Docking Score (-) (kcal mol−1) Docking Score (-) (kcal mol−1)

(PDB: 3I06) (PDB: 1LDG)

Cruzain from Trypanosoma cruzi l-lactate Dehydrogenase from
Plasmodium falciparum

1 7.1 7.5

2 6.8 8.9

Benznidazole (standard) a 5.6 -

Chloroquine (standard) b - 6.3

(Standard) a for antitrypanosomal activity. (Standard) b for antiplasmodium activity.

Ligplots in Figure 6 show significant amino acid residue interactions with the two
ligands. In both cases, Trp184(A) was found to be involved in hydrophobic interactions.
Compound 1 interacts with cruzain, thus acting as a hydrogen bond donator (HBD) at
the receptor site interacting region involving residue Gly20A. Cruzain’s residue Trp184(A)
was also involved in aromatic interaction with the indole moiety of the structure. The
interaction of 2 with cruzain involves both hydrogen bond acceptor (HBA) interaction with
Trp184A and HBD with His162A.

Ligplots in Figure 7 show significant amino acid residue interactions with the two
ligands. In both cases, Thr97(A), Ile31(A), Thr101(A), Ala98(A), and Ile54(A) were found
to be involved in hydrophobic interactions. The interaction of compound 2 with l-lactate
dehydrogenase involves both HBA interaction with Ile31(A) and HBD with Gly99(A).
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Figure 7. Ligplots showing interacting residues of l-lactate dehydrogenase complex with compounds
1 (a) and 2 (b). Red arrow dotted lines, HBAs; green arrow dotted lines, HBDs; yellow lines,
H interactions.

2.5. In Vitro Antiparasitic Activity

The compounds were tested using the in vitro β-B-galactosidase-transgenic T. cruzi
and the P. falciparum 3D7 lactase dehydrogenase assay. Although compound 2 showed
activity in the in silico studies, it displayed only moderate antitrypanosomal and antiplas-
modial activities in vitro with IC50 values greater than 50 µM compared to the standards
(Table 3). This may be due to several factors, such as low cell permeability to the par-
asite cells, interstitial hypertension, and metabolic degradation. However, 1 displayed
significantly higher activities than 2 against T. cruzi and P. falciparum, with IC50 values of
9.6 µM and 2.3 µM ( Figure 8). The IC50 values are higher than the standard: 2.6 µM for
benznidazole and 0.017 µM for chloroquine.
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Table 3. In vitro antitrypanosomal and antimalarial activities of 1 and 2.

Compounds

IC50 (µM)

Antitrypanosomal Activity
Trypanosoma cruzi
C2C4 Strain

Antimalarial Activity
Plasmodium falciparum 3D7 Strain

1 9.6 2.3

2 >50 >50

Benznidazole [a] 2.6 NA

Chloroquine [b] NA 0.017
[a] Benznidazole is the standard for the T. cruzi C2C4 strain. [b] Chloroquine is the standard for the P. falciparum
3D7 strain. NA, not applicable.
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Compound 1 showed moderate antiparasitic activity against T. cruzi Tulahuen C4
and P. falciparum; to our knowledge, this is the first account of the inhibitory activ-
ity of this compound against these two tropical parasites. Watts et al. suggest that
the peroxide ring present in the fused spiro-pentacyclic diketopiperazines is not the
bioactive pharmacophore. They screened the diketopiperazines verruculogen TR-2, fu-
mitremorgin B, 12,13-dihydroxyfumitremorgin C, and cyclotryprostatin A isolated from
Aspergillus fumigatus for their trypanocidal potential by testing for inhibitory activity against
a panel of cysteine proteases. Fumitremorgin B and 12,13-dihydroxyfumitremorgin C ex-
hibited IC50 values of 0.2 µM and 7.4 µM, respectively. The abundant enzyme isoform in
the parasite is suggested to be rhodesain (also referred to as trypanopain or brucipain) [21],
although it is believed that members of the rhodesain family of enzymes are not crucial for
the sustenance of the parasite. However, they play essential roles in the second stage of host
infection, parasite migration across the blood–brain barrier [36]. We have evaluated 1 and 2
against the major protein targets to determine whether the compounds have an affinity for
the essential receptors connected to antiparasitic mechanisms. Molecular docking analysis
indicated that these compounds gave potential binding consistent with antitrypanosomal
and antiplasmodial activities.

3. Material and Methods
3.1. General Procedure

Bruker Avance III 400 and 600 MHz (equipped with a liquid nitrogen-cooled Prodigy
cryoprobe) spectrometers were used to record NMR spectra at the University of Aberdeen,
UK. Spectra were acquired at 25 ◦C and chemical shifts were referenced to the residual
solvent peaks: 3.31 and 49.1 ppm (CD3OD), 2.50 and 39.52 ppm (DMSO-d6), and 4.78 ppm
(D2O). An edited Heteronuclear Single Quantum Coherence (HSQC) experiment was used
to determine the multiplicities of the peaks in the 13C NMR spectrum. Deuterated solvents

29



Antibiotics 2023, 12, 109

were acquired from Cambridge Isotope Laboratories, Inc., UK. High-resolution electrospray
mass spectra were obtained using a Bruker maXis II electrospray ionisation quadrupole
time-of-flight (ESI-qToF) mass spectrometer coupled with an Agilent reversed-phase HPLC
system. Solvents for HPLC, i.e., acetonitrile and methanol, were obtained from Rathburn
Chemicals Ltd., Scotland, UK, while water was obtained from a Milli Q water system.

3.2. Aspergillus fumigatus Collection

Soil samples were collected from the River Oyun in Kwara State, Nigeria. The fungal
strain, UIAU-3F, was isolated from the soil sediment. The collection site, with coordi-
nates (8◦27′57.8412′′ N 4◦40′3.4428′′ E) (Figure 9), in Ilorin Kwara State, Nigeria, was
highly contaminated with heavy metals [37,38]. The strains were isolated by Dr Olusoji
Olusegun Adebisi from the University of Ilorin, Kwara State, and stored at the university’s
microbiology department with the voucher specimen number UIL-0022.
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3.3. Chemical Reagents

The high analytical grade chemicals and other reagents used in this study were all
acquired from Fisher Scientific UK Ltd. in Leicestershire, UK.

3.4. DNA Isolation and Molecular Identification

The pure strain was preserved in duplicates in 25% aqueous glycerol stock and stored
at −80 ◦C at the Marine Biodiscovery Centre, University of Aberdeen. Subsequently, it was
inoculated in 100 mL of ISP2 liquid medium for 5 days; the pellet was collected in a 2 mL
microcentrifuge tube and the supernatant was discarded. The DNA was extracted using
the QIAGEN-DNeasy UltraClean Microbial Kit following the manufacturer’s quick start
protocol. Whole-genome sequencing of strain UIAU-3F was conducted by the National
Collection of Industrial, Food and Marine Bacteria (NCIMB), Bucksburn, Aberdeen.
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For assembly, the information collected from the single SMRT sequencing cell was
used. To create the final genomic sequence, the raw reads were improved upon and
assembled using the hierarchical genome assembly method (HGAP) [39].

3.5. Fermentation and Extraction

The isolated Aspergillus fumigatus strain was fermented under three different culturing
conditions: solid rice medium (RICE), liquid ISP2 (malt extract 10 g L−1, yeast extract
4 g L−1, and glucose 4 g L−1) medium with continuous shaking (ISP2-S), and static liquid
ISP2 medium. The solid medium fermentation (RICE medium) was performed using
100 g of commercial rice and 110 mL water in a 1 L Erlenmeyer conical flask autoclaved for
20 min at 121 ◦C. After cooling, 2 mL of the fungal spore suspension was inoculated into
the flask and incubated at 28 ◦C under static conditions for 30 days. Liquid fermentations
were performed in 2 L Erlenmeyer flasks containing 1.5 L ISP2 medium. After inoculation,
they were allowed to grow for 10 days at 30 ◦C while shaking at 150 rpm. The mycelium
was removed from the liquid culture by filtration and soaked in 100% methanol for 24 h,
while the liquid fungal medium was treated with the HP 20 resin (30 g L−1). The combined
methanol extract from the mycelium and the liquid fungal medium was evaporated until
dryness under reduced pressure, before 500 mL of EtOAc was added to the solid rice media,
and EtOAc extract was filtered and dried with a vacuum rotary evaporator (BÜCHI R-114,
Switzerland) at 40 ◦C.

3.6. Metabolic Profiling and Multivariate Statistical Analysis

A final concentration of 0.1 mg mL−1 of crude extracts was prepared using 100%
methanol, centrifuged and injected into a Phenomenex Kinetex XB-C18 (2.6 µm,
100 × 2.1 mm) column. Samples were analysed using a Bruker maXis II electrospray
ionisation quadrupole time-of-flight (ESI-qToF) mass spectrometer coupled with an Agilent
1290 UHPLC system. The elution conditions were 5% MeCN + 0.1% FA to
100% MeCN + 0.1% FA in 15 min. The Bruker maXis II had a mass range of 100–2000 m/z
and was equipped with the positive and negative mode conditions. The internal settings
included 4.5 kV capillary voltage, 4.5 bar nebuliser gas, 12.0 L min−1 dry gas, and a dry
temperature of 250 ◦C. MS/MS fragmentation experiments were adjusted under Auto
MS/MS scan mode with no stepwise collision. A mass of m/z 248.96 was used for the
negative mode and an m/z of 226 for positive mode calibration. The external reference lock
mass (sodium formate) was infused at a constant flow of 0.18 mL h−1.

Using MSConvert software, the HPLC-MS/MS data acquired from the crude extracts
were converted from data analysis (.d) to.mzXML file format. The mzXML files were further
processed using MZmine software [40]. The following parameter modules were used: mass
detection (RT 2.5–35 min, centroid); chromatogram builder (MS level 1; minimum height
1.0 × 104; minimum time 0.5 min; m/z tolerance 10 ppm); deconvolution of the spectra
(Savitzky–Golay algorithm); isotopic peaks grouper (m/z tolerance 10 ppm; retention
time (RT) tolerance 0.1 min); duplicate peak filtering; smoothing; data alignment (join
aligner; m/z tolerance 10 ppm; RT tolerance 0.5 min); gap-fling (intensity tolerance 20%;
m/z tolerance 10 ppm; RT tolerance 0.5 min); and peak filtering range (0.00–0.5 min).
After processing the data, peaks in several samples with the same RT and m/z were
assumed to come from the same component. Furthermore, MetaboAnalyst 4.0 [41] was
used for multivariate statistical analysis. The resulting peak intensity table was uploaded
to MetaboAnalyst and, during the data integrity check, any missing values were replaced
with small values. Prior to being auto-scaled and normalised to the median, the data
were log-transformed. Heat maps of chemical profiles were constructed using hierarchical
clustering and Principal Component Analysis (PCA).

3.7. Isolation of Metabolites

The ISP2-S crude extract (1.15 g) was sequentially fractionated using a modified
Kupchan liquid–liquid partitioning method [42]. The crude extract was partitioned between
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an aqueous (water fraction; 0.30 g) and organic (dichloromethane fraction; 0.62 g) solvent
layer; this afforded two fractions (A and B). Fraction B was then purified by solid-phase ex-
traction (SPE) with the aid of a 10 g pre-packed Phenomenex strata C18-E (55 µm, 70 Å) col-
umn as the stationary phase. Aqueous methanol (25%, 50%, 100%, and 100% + 0.1% TFA)
was the mobile phase. The fraction FD-100% MeOH (32.3 mg) was purified by HPLC
and a Phenomenex C18 Luna phenyl-hexyl (250 × 10 mm 10 µ micron) column. The
mobile phase was made of methanol, water, and trifluoroacetic acid (TFA) (0.05%). A linear
gradient solvent from 60:40 H2O/MeOH to 0:100 MeOH ran for 30 min with a flow rate of
1.8 mL min−1 to afford compounds 1 (4.42 mg, tR = 13.9 min) and 2 (3.80 mg, tR = 15.6 min).
Optical rotations of both compounds were recorded using a PerkinElmer model
241 polarimeter and compared to that obtained from the literature.

3.8. Molecular Docking

The crystallographic protein structures used for docking were PDB: 3I06 [43], which
is cruzain from Trypanosoma cruzi, and PDB: 1LDG [44] of l-lactate dehydrogenase from
Plasmodium falciparum. These were obtained from the Protein Data Bank and used to
perform docking simulations. The receptor sites were predicted using LigandScout (Inte:
Ligand) Advanced software [35], which identifies putative binding pockets by creating a
grid surface and calculating the buriedness value of each grid point on the surface. The
resulting pocket grid consists of several clusters of grid points, rendered using an iso
surface connecting the grid points. The iso surface represents an empty space suitable for
creating a pocket.

Molecular docking analysis was performed using Autodock Vina v.1.2.0 (The Scripps
Research Institute, La Jolla, CA, USA) docking software [45]. All ligands and protein
structures were prepared using the Dock Prep tool with default parameters in Chimera
1.16 [46]. The net charges were set to neutral for all ligands. The box centre and size coordi-
nates in Angstrom units for PDB: 3I06 were −7.1 × −33.4 × −0.6 and 11.2 × 13.3 × 16.7
and for PDB: 1LDG, 32.9 × 25.7 × 34.6 and 20.4 × 17.8 × 22.0 around the active site.
The search parameters used for production runs were: number of binding modes = 10,
exhaustiveness = 32, and maximum energy difference = 3 kcal mol−1. The results were
tested for convergence at exhaustiveness 8, 16, 24, and 32 keeping all the parameters fixed.
LigandScout (Inte: Ligand) Advanced software [35] was used to visualise and calculate
protein–ligand interactions.

3.9. In Vitro Antitrypanosomal Activity

The procedure used for the in vitro -β-Galactosidase transgenic T. cruzi experiment
was previously described by Annang and colleagues [47]. It entails T. cruzi Tulahuen
C4 strain expression of the galactosidase gene (LacZ), with L6 rat skeletal muscle cells
serving as the host cells. At 37 ◦C and 5% CO2, they were grown in RPMI-1640 that
had been supplemented with 10% iFBs, 2 mM l-glutamine, 100 U mL−1 penicillin, and
100 g mL−1 streptomycin. To test the compounds, T. cruzi amastigote-infected L6 cell
culture (2103 infected L6 cells per well) was dispersed into 384-well assay plates (1, 2).
The initial concentration was 25 M, with each molecule examined in triplicate in 16-point
dose–response curves (1/2 serial dilution). The plates were incubated for 96 h at 37 ◦C.
Following the addition, 1.5 L of 100 M CRPG and 0.1% NP40 were further incubated at
37 ◦C for 4 h in the dark. The absorbance at 585 nm was measured using an EnVision plate
reader (PerkinElmer, Waltham, MA, USA). The in-plate was used to normalise the test.
Benznidazole at 10 µg mL−1 was used as the negative control and 0.167% DMSO as the
positive control.

3.10. Plasmodium falciparum 3D7 Lactase Dehydrogenase In-Vitro Assay

The P. falciparum 3D7 strain parasites were cultured in a freshly collected type O
positive (O+) human erythrocyte. The assay was executed using a previously described
standardised method by Annang et al. [48]. After 72 h of incubating the parasites with the
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test compounds (1, 2), the synthetic cofactor APAD+, which is specific to the parasite LDH
enzyme [49], was used to quantify the proportions of parasite viability by measuring the
activity of this intracellular enzyme that is released upon lysis of the parasites. The assay
was performed in triplicate using a 16 points dose–response curve (1/2 serial dilution) with
starting concentrations of 50 µM in 384-well plates. Each plate had 100 nM of chloroquine
as a negative control and a parasite culture media as a positive growth control. LDH
activity was assessed after the plates had been incubated for 72 h, frozen for 4 h, and then
thawed at room temperature for 1 h. To perform this, 70 mL of a freshly made solution
containing 100 mM Tris-HCL at a pH of 8.0, 143 mM sodium l-lactate, 143 mM APAD,
178.75 mM NBT, 1 g mL−1 diaphorase, and 0.7% Tween 20 was poured into the plates.
After a 10 min incubation period at room temperature and a gentle shake of the plates to
ensure uniformity, the absorbance was measured at 650 nm. The absorbance in this test
was measured using the EnVision plate reader (PerkinElmer, Waltham, MA, USA).

3.11. Statistical Analysis

All experiments were performed in triplicate and results were expressed as the
mean ± SEM. The statistical significance of the means differences was confirmed by anal-
ysis of variance (ANOVA) with Duncan’s post hoc tests, with p-values < 0.05 considered
statistically significant.

4. Conclusions

We investigated the metabolomic diversity and the antiparasitic activity of fumitremor-
gin C (1) and pseurotin D (2) isolated from Aspergillus fumigatus found in soil samples
collected from the River Oyun in Kwara State, Nigeria. Fermentation of the fungus under
different growth conditions (OSMAC approach) stimulated their metabolite production,
as evidenced by the LC-HRMS metabolomic profiling. In vitro studies revealed 1 as the
most active against Trypanosoma cruzi and Plasmodium falciparum, with IC50 values of 9.6
and 2.3 µM, respectively. Molecular docking supported this observation by predicting
binding modes and affinities in line with the experimental activity profile. As a result, we
feel this compound warrants further investigation, including in vivo and mechanism of
action studies.
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Abstract: Oropharyngeal candidiasis/candidosis is a common and recurrent opportunistic fungal
infection. Fluconazole (FLZ), one of the most used and effective antifungal agents, has been associated
with a rise of resistant Candida species in immunocompromised patients undergoing prophylactic
therapy. Sulforaphane (SFN), a compound from cruciferous vegetables, is an antimicrobial with yet
controversial activities and mechanisms on fungi. Herein, the in silico and antifungal activities of SFN
against C. albicans were investigated. In silico analyzes for the prediction of the biological activities
and oral bioavailability of SFN, its possible toxicity and pharmacokinetic parameters, as well as the
estimates of its gastrointestinal absorption, permeability to the blood-brain barrier and skin, and
similarities to drugs, were performed by using different software. SFN in vitro anti-Candida activities
alone and in combination with fluconazole (FLZ) were determined by the broth microdilution
method and the checkerboard, biofilm and hyphae formation tests. Amongst the identified probable
biological activities of SFN, nine indicated an antimicrobial potential. SFN was predicted to be highly
absorbable by the gastrointestinal tract, to present good oral availability, and not to be irritant and/or
hepatotoxic. SFN presented antifungal activity against C. albicans and prevented both biofilm and
hyphae formation by this microorganism. SFN was additive/synergistic to FLZ. Overall, the data
highlights the anti-Candida activity of SFN and its potential to be used as an adjuvant therapy to FLZ
in clinical settings.

Keywords: sulforaphane; antifungal activity; Candida albicans; in silico analysis

1. Introduction

Oropharyngeal candidiasis/candidosis (OPC) is the most common, prevalent, and
recurrent opportunistic fungal infection [1] and occurs in approximately 90% of HIV+
patients [2]. Opportunistic infections can be caused by different Candida spp., such as
C. tropicalis, C. glabrata, C. parapsilosis, C. krusei and C. dubliniensis [3,4]; however, C. albicans
is described as the most frequent species associated with oral opportunistic infections [5,6].
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The spectrum of Candida spp. infection is diverse, as these pathogens can cause from
asymptomatic or mild oral disease [7] to OPC, esophagitis, vulvovaginitis, onychomycosis,
cutaneous candidiasis, and even evolve into invasive or systemic diseases [8]. Although
highly active antiretroviral therapy has improved the prognosis of AIDS, contributing to the
decline of most opportunistic infections, HIV+ patients continue to experience significant
morbidity associated with Candida-induced infections [9,10].

Several antifungal agents are available for OPC treatment [11]. The most frequently
used azole derivatives are itraconazole and fluconazole (FLZ) (both for oral administration)
due to their low cost and toxicity [12]. FLZ is considered the most effective antifungal agent
in OPC [13]. However, recent studies have reported isolates of resistant Candida species (for
review, see: [14]) in immunocompromised patients [15–17], and associated this event with
the increased use of azoles, especially FLZ, in prophylactic therapy [18], limiting therapy
success [19,20]. In this context, the search for new antifungal compounds and also therapies
able to inhibit Candida spp. adhesion, yeast-hyphae transition, and biofilm formation, with
low toxicity, are necessary and urgent.

Isothiocyanates (ITCs) are secondary metabolites generated by the hydrolysis of glu-
cosinolates, which are found in cruciferous plants of the Brassicaceae family [21]. ITCs
attract attention due to their antibacterial [22–24], antifungal [25], antiviral [26], anti-
cancer [27], and chemopreventive actions [28,29] associated with moderate toxicity to
normal human cells.

One of the main and promising ITCs is sulforaphane (SFN: C6H11NOS2), a natural phy-
tochemical derived from cruciferous vegetables such as broccoli, cabbage, and cauliflower,
with several cytoprotective effects in human cells [30,31]. SFN is anti-inflammatory [32],
antioxidant [33], anti-angiogenic [34], anticancer [35,36] and neuroprotective [37,38] de-
pending on the concentration or dose and duration of exposure. In this context, SFN
benefits to human health have been investigated in different clinical trials for airway,
gastrointestinal and metabolic diseases, as well as autism and cancer (for review, see: [39]).

SFN antimicrobial potential has also been investigated, especially against bacteria,
with little information on its antifungal potential and mechanisms. SFN is antimicrobial
against Helicobacter pylori [40,41] and inhibits a range of Gram (−) bacteria, including
Escherichia coli and Pseudomonas aeruginosa, and Gram (+) bacteria, such as Enterococcus
faecalis, and Staphylococcus aureus [42,43]. Although the antibacterial effects of SFN have
been consistent across these studies, its antifungal activity is yet controversial. In fact, some
studies showed that C. albicans is resistant to SFN [43], whilst others demonstrated that C.
albicans and Aspergillus niger strains are sensitive to this compound [44–46]. In order to gain
knowledge regarding the antifungal activity of SFN, the in silico and in vitro activities of
this compound were assessed against C. albicans ATCC 90028 and oral isolates from HIV+
patients. In addition, the ability of SFN to potentiate the effects of FLZ against C. albicans
was investigated.

2. Results
2.1. In Silico Analysis
2.1.1. Analysis of Biological Activity

The analysis of probable biological activities indicated that SFN has a >30% (Pa > 0.3)
probability of presenting 147 activities. Of these, 30 have a moderate probability (Pa > 0.5)
of occurrence and eight have a high probability of occurrence (Pa > 0.7). Of the total
activities identified, nine were antimicrobial (Table 1). The biological activities of FLZ were
also analyzed. Of the total evaluated, 56 activities with >30% (Pa > 0.3) occurrence were
identified. Of those, only eight had a high probability of occurrence (Pa > 0.7). Amongst
the biological activities with >30% probability of occurrence, seven were antimicrobial
(Table 1). Additional non-antimicrobial biological activities of SFN and FLZ are described
in Supplementary Table S2.
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Table 1. In silico identification of the antimicrobial activities of sulforaphane (SFN) and
fluconazole (FLZ).

SFN FLZ

Antimicrobial Activities Pa Pi Antimicrobial Activities Pa Pi

Anti-Helicobacter pylori 0.742 0.002 Lanosterol 14 alpha
demethylase inhibitor 0.846 0.001

Yeast RNA Inhibitor 0.444 0.019 Steroid synthesis inhibitor 0.744 0.001
Glycoprotein-
phosphatidylinositol
inhibitor

0.516 0.093 Antifungal 0.726 0.008

Antiparasitic 0.441 0.023 Phospholipid translation
ATPase Inhibitor 0.480 0.069

Omptin inhibitor 0.469 0.091 NADPH-cytochrome-c2
reductase inhibitor 0.366 0.134

Phospholipid translation
ATPase Inhibitor 0.363 0.140 Sugar-phosphatase inhibitor 0.356 0.148

Endopeptidase So inhibitor 0.327 0.101 Cell wall synthesis inhibitor 0.351 0.002
Mannose isomerase inhibitor 0.302 0.071
P. gingivalis TPR protease
inhibitor 0.301 0.108

Pa: probability of a compound being active; Pi: probability of a compound being inactive.

2.1.2. Estimated Oral Bioavailability and Expected Toxicity

To predict the oral bioavailability of SFN, its partition coefficient (water/oil; iLogP),
molecular weight (MW), total polar surface area (TPSA), number of hydrogen bond donors
(nHBD), and number of hydrogen bond acceptors (nHBA) values were analyzed. Our
results demonstrate that SFN fits the criteria to have good estimated oral bioavailability
(iLogP = 2.11; molecular weight = 177.29 g/mol; TPSA = 29.43 Å2; nHBD = 2; and nHBA = 0)
(Table 2). For comparison, FLZ exhibited iLogP = 0.41; molecular weight = 306.27 g/mol;
TPSA = 81.65 Å2; nHBD = 1; and nHBA = 7 (Table 2).

Table 2. In silico estimations of the oral bioavailability, toxic effects, absorption, solubility, and
drug-likeness score of sulforaphane in comparison with fluconazole.

Estimated Oral Bioavailability SFN FLZ

iLogP 2.11 0.41
MW (g/mol) 177.29 306.27
TPSA 29.43 Å2 81.65 Å2

nHBD 2 1
nHBA 0 7

Predicted toxic effects

Mutagenic effects Moderate No
Tumorigenic effects Moderate No
Irritant effects None No
Hepatotoxicity None No
Effects on reproduction Moderate No
LD50 1000 mg/kg 1410 mg/kg
Toxicity class 4 4

Estimated absorption

GI absorption High High
BBB permeability No No
Log Kp −6.38 cm/s −7.92 cm/s
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Table 2. Cont.

Estimated Oral Bioavailability SFN FLZ

Predicted solubility and drug-likeness and score

Log S −2.10 −2.17
DL −6.47 1.99
DS 0.25 0.87

BBB: blood-brain barrier; DL: drug-likeness; DS: drug-score; GI: gastrointestinal absorption; iLogP: partition
coefficient water: oil–lipophilicity index; LD50: lethal dose 50%; Log Kp: skin permeation index; Log S: solubility;
MW: molecular weight; nHBA: number of hydrogen bond acceptors; nHBD: number of hydrogen bond donors;
TPSA: total polar surface area.

Table 2 also shows the expected toxic effects of SFN compared to those of FLZ. Pre-
dictive analyses suggested that SFN is not irritating or hepatotoxic but has moderate
mutagenic, tumorigenic, and deleterious effects on reproduction. FLZ did not affect these
parameters. The estimated LD50 was 1000 and 1410 mg/kg for SFN and FLZ, respectively
(Table 2). SFN and FLZ toxicity scores were equal to 4.0, indicating they are classified as
harmful if ingested at their LD50 (Table 2).

Predictive gastrointestinal absorption, permeability through the BBB, and skin per-
meation (log Kp in centimetres (cm)/s) are shown in Table 2. Both SFN and FLZ were
suggested to be highly absorbed by the gastrointestinal tract and unable to cross the BBB.
The estimated values of Log Kp were −6.38 cm/s and −7.92 cm/s for SFN and FLZ, respec-
tively (Table 2). Both compounds were expected to be water-soluble, with Log S of −2.10
and −2.17 for SFN and FLZ, respectively. The similarity of drugs to SFN was estimated at
−6.47 and 1.99 for FLZ. Drug scores were 0.25 for SFN and 0.87 for FLZ.

2.2. In Vitro Analysis
2.2.1. In Vitro Antifungal Activity

MICs and MFCs against C. albicans were determined for SFN in comparison with
FLZ (Table 3). MIC values for SFN were equal to 30 µg/mL for all strains (ATCC 90028,
Oral 38 HIV+ and Oral 40 HIV+) except for Oral 37 HIV+ (60 µg/mL), whilst the MFC
values ranged from 30 to 240 µg/mL (Table 3). MIC and MFC values varied for FLZ.
When assessed against the ATCC strain, FLZ MIC and MFC values were 1 and 8 µg/mL,
respectively (Table 3). On the other hand, the MIC values observed for the C. albicans
clinical isolates were ≥4 µg/mL (Table 3). Also, the MFC values for FLZ were ≥64 µg/mL
when assessed against these microorganisms (Table 3). The antifungal effects of SFN were
also investigated in non-Candida albicans species (C. parapsilosis, C. krusei, and C. glabrata) in
comparison to FLZ. In these fungi, SFN MIC and MFC values ranged from 1.87–60 µg/mL,
whilst FLZ MIC values varied from 4–16 µg/mL (Supplementary Table S1). FLZ MFC
values were >64 µg/mL for Oral 22 C. krusei and C. glabrata ATCC 2001; the other assessed
non-Candida albicans species presented MFC values ≤64 µg/mL (Supplementary Table S1).

Table 3. Minimum Inhibitory Concentration (MIC; µg/mL) and Minimum Fungicidal Concentration
(MFC; µg/mL) values of sulforaphane (SFN) compared to fluconazole (FLZ) against C. albicans ATCC
90028 and C. albicans clinical isolates (Oral 37 HIV+, Oral 38 HIV+, and Oral 40 HIV+).

Strain
MIC (µg/mL) MFC (µg/mL)

SFN FLZ SFN FLZ

ATCC 90028 30 1 60 8
Oral 37 HIV+ 60 16 240 >64
Oral 38 HIV+ 30 4 30 64
Oral 40 HIV+ 30 8 60 64

2.2.2. In Vitro Evaluation of the Combined Effects of SFN and FLZ

ATCC 90028 and the isolates Oral 40 HIV+ and Oral 37 HIV+ were selected for further
studies. A checkerboard microdilution method was used to assess the combined effects
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of SFN and FLZ. Their interaction was calculated and expressed as mean (Table 4) and
individual FICIs (Table 5). As demonstrated in Table 4, the mean FICI values obtained
indicate an indifferent effect for the combination of SFN and FLZ when assessed against
C. albicans spp.

Table 4. Mean fractional inhibitory concentration indexes (FICIs) for all tested combinations between
sulforaphane (SFN) and fluconazole (FLZ) against C. albicans ATCC 90028 and C. albicans clinical
isolates (Oral 40 HIV+ and Oral 37 HIV+).

Strains Mean FICI (µg/mL) Interaction

C. albicans ATCC 90028 2.197 Indifferent
C. albicans Oral 37 HIV+ 1.412 Indifferent
C. albicans Oral 40 HIV+ 1.359 Indifferent

Synergism: ΣFICI ≤ 0.5; additive 0.5 > Σ FICI ≤ 1; indifference 1 > Σ FICI ≤ 4.0; and Antagonism: Σ FICI > 4.0.

Table 5. Individual fractional inhibitory concentration indexes (FICIs) for different sub-inhibitory
concentrations of sulforaphane (SFN; 0.12–30 µg/mL; MIC/256-MIC/2) and fluconazole (FLZ; MIC/2:
0.5 µg/mL for ATCC 90028, 1 µg/mL for Oral 40 HIV+, and 4 µg/mL for Oral 37 HIV+).

Strain

FIC (µg/mL) at an SFN Concentration (µg/mL) of:

FLZ
(µg/mL)

MIC/
256

MIC/
128

MIC/
64

MIC/
32

MIC/
16

MIC/
8

MIC/
4

MIC/
2

ATCC 90028 MIC/2 0.504 0.508 0.515 0.531 0.562 0.625 0.75 1
Oral 37 HIV+ MIC/4 - - 0.265 0.281 0.312 0.375 0.5 0.75
Oral 40 HIV+ MIC/4 0.253 0.25 0.265 0.281 0.312 0.375 0.5 0.75

Synergism: ΣFICI ≤ 0.5; additive 0.5 > Σ FICI ≤ 1; indifference 1 > Σ FICI ≤ 4.0; and Antagonism: Σ FICI > 4.0.

However, when considering the individual FICI values for each tested concentration
of the compounds, we found eight additive combinations between them against C. albicans
ATCC 90028, and seven synergistic and one additive combinations against the Oral 40 HIV+

isolate (Table 5). SFN exhibited the best additive effects when combined at concentrations
≤1.88 µg/mL (<MIC/16) for ATCC 90028 with FLZ at 0.5 µg/mL. On the other hand,
SFN showed synergistic effects for the clinical isolate Oral 40 HIV+ at concentrations
≤7.5 µg/mL (MIC/4) with FLZ at 1.0 µg/mL. A similar effect was observed for Oral
37 HIV+, as the combinations between SFN at concentrations ≤15 µg/mL (MIC/4) and
FLZ at MIC/4 (4 µg/mL) were synergistic.

2.2.3. Effects on Hyphae Formation

Hyphae are important structures of Candida spp. biofilms and are essential to success-
ful fungal colonization and invasion of the host, meaning that the greater the ability of a
fungi to adhere to the host, grow hyphae and form biofilms, the higher the chances of per-
sistent and severe infections [47,48]. Therefore, the individual and combined anti-hyphae
effects of sub-inhibitory concentrations of the compounds were evaluated. As C. albicans
oral isolates 37 HIV+ and 40 HIV+ presented similar mean and individual FICIs when
combined with FLZ, the effects of the compounds on hyphae growth were investigated
in C. albicans ATCC 90028 and oral isolate 40 HIV+. C. albicans ATCC 90028 was inhibited
by SFN (MIC/2 and MIC/4) and FLZ (MIC/2) (Figure 1a–c). When assessed individually
for each compound, hyphae inhibition was similar for SFN and FLZ at MIC/2 (~80%)
(Figure 1c). When combined, the best effects were observed for SFN at MIC/256 plus FLZ
at MIC/4 (73.4%). The other combinations exhibited inhibitions ranging from 52.5–70%
(Figure 1c). When incubated alone with the oral isolate 40 HIV+, SFN (MIC/2) displayed
the best inhibitory effect (100%) in comparison with FLZ (Figure 2a–c). Inhibitions of
similar magnitude were observed for the following combinations: SFN MIC/256 plus FLZ
MIC/4 and SFN MIC/64 plus FLZ MIC/2 (62.3%) (Figure 2c).
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Figure 1. Effects of sulforaphane (SFN) and fluconazole (FLZ) on hyphae formation by C. albicans 
ATCC 90028. (a) Representative images of hyphae growth by C. albicans ATCC 90028 incubated 
with either FLZ or SFN at MIC/2 and MIC/4. The same panel represents the combined effects of 
SFN (MIC/64 to MIC/256) and FLZ (MIC/2 and MIC/4). (b) Percentage of hyphae per 100 cells of C. 
albicans ATCC 90028 and (c) percentage (%) of inhibition of C. albicans ATCC90028 hyphae 
formation. The control consisted of inoculum plus phosphate-buffered saline (PBS) containing 10% 
fetal bovine serum (FBS). * p < 0.05 differs from the control group. 

Figure 1. Effects of sulforaphane (SFN) and fluconazole (FLZ) on hyphae formation by C. albicans
ATCC 90028. (a) Representative images of hyphae growth by C. albicans ATCC 90028 incubated
with either FLZ or SFN at MIC/2 and MIC/4. The same panel represents the combined effects of
SFN (MIC/64 to MIC/256) and FLZ (MIC/2 and MIC/4). (b) Percentage of hyphae per 100 cells
of C. albicans ATCC 90028 and (c) percentage (%) of inhibition of C. albicans ATCC90028 hyphae
formation. The control consisted of inoculum plus phosphate-buffered saline (PBS) containing 10%
fetal bovine serum (FBS). * p < 0.05 differs from the control group.
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Figure 2. Effects of sulforaphane (SFN) and fluconazole (FLZ) on hyphae formation by C. albicans 
oral isolate 40 HIV+. (a) Representative images of hyphae growth by Oral 40 HIV+ incubated with 
either FLZ or SFN at MIC/2 and MIC/4. The same panel represents the combined effects of SFN 
(MIC/64 to MIC/256) and FLZ (MIC/4 and MIC/8). (b) Percentage of hyphae per 100 cells of Oral 40 
HIV+ and (c) percentage (%) of inhibition of Oral 40 HIV+ hyphae formation. The control consisted 

Figure 2. Effects of sulforaphane (SFN) and fluconazole (FLZ) on hyphae formation by C. albicans oral
isolate 40 HIV+. (a) Representative images of hyphae growth by Oral 40 HIV+ incubated with either
FLZ or SFN at MIC/2 and MIC/4. The same panel represents the combined effects of SFN (MIC/64
to MIC/256) and FLZ (MIC/4 and MIC/8). (b) Percentage of hyphae per 100 cells of Oral 40 HIV+

and (c) percentage (%) of inhibition of Oral 40 HIV+ hyphae formation. The control consisted of
inoculum plus phosphate-buffered saline (PBS) containing 10% fetal bovine serum (FBS). * p < 0.05
differs from the control group.
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2.2.4. Effects on Biofilm Formation

The effects of sub-inhibitory concentrations of SFN and FLZ on biofilm formation
by C. albicans ATCC 90028 and C. albicans clinical isolate (Oral 40 HIV+) were evaluated
alone and in combination at the same concentrations tested in the hyphae growth assays.
Only SFN (MIC/ 2 and MIC/4) was able to impair biofilm formation by the ATCC strain
(Figure 3a). The best inhibition was noted for SFN at MIC/2 (31.3%). Both FLZ and SFN per
se, significantly reduced biofilm formation by the Oral 40 HIV+ isolate (Figure 3b). Whilst
FLZ attenuated this response at both tested concentrations (MIC/2 and MIC/4; 16%), SFN
only reduced biofilm formation by Oral 40 HIV+ at MIC/2 (13.3%) (Figure 3b).
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We next assessed the combined effects of SFN (MIC/64 to MIC/264) with FLZ (MIC/2 
to MIC/8) against the ATCC strain and the Oral 40 HIV+ isolate. Only the combined 
incubation of SFN MIC/128 with FLZ MIC/2 was able to attenuate biofilm formation 
(27.2%) by C. albicans ATCC 90028 (Figure 3c). On the other hand, all tested combinations 
decreased the ability of the Oral 40 HIV+ isolate to form biofilm (28.9%; Figure 3d). 

2.2.5. Effects on mRNA Expression of Hyphae Growth- and Biofilm  
Formation-Related Genes 

As pronounced inhibitory effects on hyphae growth and biofilm formation were 
observed for SFN and FLZ (MIC/2 and MIC/4), the expression of C. albicans virulence 
genes was analyzed. Figure 4a–c demonstrates the effects of SFN or FLZ on the mRNA 
expression of ASL1, EFG1 and RAS1 in C. albicans ATCC 90028. The relative expression of 
all three genes to 18S rRNA was significantly impaired by all tested concentrations of the 
drugs in this microorganism strain. On the other hand, whilst FLZ at MIC/4 enhanced 

Figure 3. Effects of sulforaphane (SFN) and fluconazole (FLZ) on biofilm formation by C. albicans spp.
SFN and FLZ were tested at MIC/2 and MIC/4 against (a) C. albicans ATCC 90028 and (b) C. albicans
clinical isolate (Oral 40 HIV+). The combined effects of SFN (MIC/64 to MIC/256) with FLZ (MIC/2–
MIC/8) against (c) C. albicans ATCC 90028 and (d) C. albicans clinical isolate (Oral 40 HIV+) were
investigated over 24 h. The control consisted of inoculum plus culture medium. Data were obtained
from three independent experiments and are expressed as Log10 CFU/mL.* p < 0.05 differs from the
control group.

We next assessed the combined effects of SFN (MIC/64 to MIC/264) with FLZ (MIC/2
to MIC/8) against the ATCC strain and the Oral 40 HIV+ isolate. Only the combined
incubation of SFN MIC/128 with FLZ MIC/2 was able to attenuate biofilm formation
(27.2%) by C. albicans ATCC 90028 (Figure 3c). On the other hand, all tested combinations
decreased the ability of the Oral 40 HIV+ isolate to form biofilm (28.9%; Figure 3d).

2.2.5. Effects on mRNA Expression of Hyphae Growth- and Biofilm Formation-Related Genes

As pronounced inhibitory effects on hyphae growth and biofilm formation were
observed for SFN and FLZ (MIC/2 and MIC/4), the expression of C. albicans virulence
genes was analyzed. Figure 4a–c demonstrates the effects of SFN or FLZ on the mRNA
expression of ASL1, EFG1 and RAS1 in C. albicans ATCC 90028. The relative expression of
all three genes to 18S rRNA was significantly impaired by all tested concentrations of the
drugs in this microorganism strain. On the other hand, whilst FLZ at MIC/4 enhanced
ASL1, EFG1 and RAS1 mRNA levels in C. albicans Oral 40 HIV+, SFN-tested concentrations
had no effects on the isolate (Figure 4d–f).
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Figure 4. Effects of sulforaphane (SFN) and fluconazole (FLZ) on mRNA expression of hyphae
growth- and biofilm formation-related genes by C. albicans spp. SFN and FLZ were tested at MIC/2
and MIC/4 against C. albicans ATCC 90028 and the oral isolate 40 HIV+. The relative expressions
of ALS1 (a,d), EFG1 (b,e) and RAS1 (c,f) normalized to 18S rRNA were quantified 24 h following
incubation with either FLZ or SFN. The control consisted of inoculum plus culture medium. Data
were obtained from three independent experiments and are depicted as relative expression of mRNA.
* p < 0.05 differs from the control group.

3. Discussion

FLZ is considered a low-cost drug with little toxicity [12], which is readily absorbed
with high bioavailability by oral route [49]. Despite its effectiveness, recent studies have
reported the isolation of resistant Candida species in immunocompromised patients [15–17]
and associated this with the increased use of azoles, especially FLZ, in prophylactic ther-
apy [18], limiting treatment success [19,20]. This surge in FLZ-resistant fungi has indicated
the need for new compounds able not only to kill but also to inhibit Candida spp. adhesion,
yeast-hyphae transition, and biofilm formation whilst displaying few toxic effects.

SFN antibacterial effects have been widely shown [40–43,46]. However, controversial
data has been found in regard to its antifungal activity, with varying results on fungi
sensitivity to this compound [40–43,46]. Herein, we investigated SFN in silico properties in
comparison with FLZ—a first-line medication used for the treatment of C. albicans infections.
We also determined its antifungal actions against C. albicans, alone and in combination
with FLZ.

In silico analysis confirmed SFN antimicrobial properties, which include antiparasitic,
antifungal and antibacterial actions, and mechanisms ranging from alterations of mem-
brane composition to inhibition of fungi RNA. SFN presented an estimated DS of 0.25 with
a potential moderate risk for mutagenic, tumorigenic and reproduction tract deleterious
effects. These estimates are controversial, considering that SFN has been demonstrated as a
cytoprotective compound able to attenuate mutagenesis and tumorigenesis and prevent
abnormalities in the reproductive system [35,36,50–53]. SFN was also predicted to be lethal
when ingested at doses higher than its LD50 (1000 mg/kg). On the contrary, although poten-
tially harmful at doses higher than 1410 mg/kg, FLZ was not suggested to be deleterious as
a tumorigenic, mutagenic, hepatotoxic or irritant agent, and neither to affect reproduction.
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Prediction of skin permeation (log Kp) indicated that SFN is more likely to be ab-
sorbable by skin layers than FLZ, indicating a potential use for SFN alone or in combination
with FLZ to treat skin diseases, including infections. Both compounds were considered
as highly absorbed by the GI tract but not through the BBB; this later observation could
be interpreted as a low chance of undesirable actions for SFN and FLZ on the central
nervous system when fungal infections in this tissue are absent. However, their predicted
chemical properties (iLogP, MW, TPSA, nHBD and nHBA values) [47] suggest that FLZ is
less likely to penetrate the BBB. In fact, previous research indicates that SFN [54–56] may
cross the BBB, and data obtained from studies with FLZ suggest its ability to enter the
brain through the BBB; this may be enhanced in infectious diseases, which affect barrier
permeability [57–59]. These data allow us to hypothesize that the association of low doses
of FLZ and SFN may be beneficial to treat superficial mycosis, such as those affecting the
skin and/or mucosa. Also, the in silico analysis corroborated previous findings showing
SFN as an anti-oxidant with anti-cancer activities [33,35].

Therefore, we initially assessed the antimicrobial effects of SFN and FLZ alone or in
combination. FLZ, MIC and MFC values indicated this drug is more potent than SFN
against Candida spp. Also, eight additive combinations were observed for these compounds
when tested against C. albicans ATCC 90028, whilst seven synergistic combinations were
observed against the clinical isolate (Oral 40 HIV+), with the best effect seen when SFN
was combined at concentrations ≤MIC/16 with FLZ at MIC/2 for the ATCC strain and
≤MIC/8 with FLZ/4 for this clinical isolate. These results confirmed SFN antimicrobial
actions and showed, for the first time to our knowledge, its ability to potentiate FLZ actions
when at sub-inhibitory concentrations.

Interestingly, both FLZ and SFN reduced hyphae formation by C. albicans at sub-
inhibitory concentrations, and this effect was greatest for SFN (MIC/2). When incubated
together, a greater anti-hyphae action was observed for these compounds when assessed
against the ATCC strain and the clinical isolate Oral 40 HIV+. Indeed, hyphae growth
was attenuated by more than 60%. Of note, hyphae growth is an important component
of mature Candida-induced biofilms [60], with young hyphae already present during the
intermediate phase of biofilm formation (12–30 h) [61]. In addition to a fundamental role
in biofilm formation, hyphae growth is a key process in invasive infections by C. albicans,
meaning this fungal structure is vital to fungal pathogenicity [47].

Therefore, the capacity of sub-inhibitory concentrations of SFN or FLZ to markedly
halt this process is a relevant finding. Thus, we next assessed the effects of sub-inhibitory
concentrations of SFN and FLZ alone or in combination on Candida-induced biofilm forma-
tion. SFN greatly reduced biofilm formation by Candida spp. at the tested concentrations,
whilst FLZ was only effective against the Oral 40 HIV+ isolate. Similarly to that observed
for hyphae growth, a more pronounced anti-biofilm action was noted when the compounds
were combined.

Interestingly, FLZ at 1 µg/mL—the MIC observed for the ATCC strain and MIC/8 for
the Oral 40 HIV+ isolate tested herein, was previously shown to prevent hyphae growth
without affecting biofilm-formation by resistant Candida spp., following 48 h incubation [48].
Another study demonstrated that a higher concentration of FLZ (512 µg/mL) is needed
to attenuate biofilm formation by Candida spp. [62] 48 h-post incubation. These studies
differ from the observed in our study in regards to the effects of FLZ on biofilm formation
following 24 h incubation. Discrepancies between the studies may be due to differences
in the incubation periods with the drug. Nonetheless, we show for the first time that the
combination of low concentrations of SFN with sub-inhibitory concentrations of FLZ has
anti-biofilm and anti-hyphae effects on C. albicans. Of note, SFN was previously suggested
as an inhibitor of quorum sensing in bacteria [63]—a “machinery” also important for
Candida spp. virulence [64]. Therefore, it is possible that its antifungal activity is related
to the regulation of quorum-sensing genes in fungi. To assess the ability of SFN to alter
the expression of genes involved in C. albicans quorum sensing and virulence [65–67],
in comparison with FLZ, the relative levels of ALS1, EFG1 and RAS1 were investigated
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against the ATCC 90028 strain. Both compounds inhibited the expression of all three
genes when tested at MIC/2 and MIC/4, indicating that their inhibitory effects on biofilm
formation and hyphae growth by C. albicans are associated with their ability to down-
regulate these genes. Although regulation of EGF1 by FLZ was found to be attenuated
across studies, controversial data has been reported for ALS1 and RAS1 mRNA expressions
in Candida spp. [68,69], suggesting the up- or down-regulation of these genes by the
compound is strain-dependent. This is supported by the data presented herein, as SFN
and FLZ had different actions in the expression of virulence genes when assessed against
ATCC 90028 and Oral 40 HIV+. Nevertheless, SFN’s ability to regulate these pathways
in Candida spp. is a novel finding which deserves attention in further studies. Also,
future investigations on the effects of SFN alone and in combination with FLZ on mixed
populations of microorganisms, such as those found in the oral cavity and the vagina, are
worthy of being pursued.

4. Materials and Methods
4.1. In Silico Analysis
4.1.1. Prediction of Biological Activities

The possible biological activities of SFN were evaluated using the online Prediction
of Activity Spectra for Substances (PASS). The PASS computational tool calculates the
probability of a given organic molecule being active (Pa) or inactive (Pi) on a biological
target by comparing their structure to organic molecules with defined biological properties
(www.way2drug.com/passonline) [70,71]. For comparison, the biological activities of FLZ
were also assessed.

4.1.2. Prediction of Oral Bioavailability

The SwissADME web tool (http://www.swissadme.ch/index.php# accessed on
15 September 2021) [72] was used to predict the theoretical oral bioavailability of SFN,
considering Lipinski’s “Rule of Five” [73] as previously described [74]. The oral bioavail-
ability of FLZ was evaluated for comparison.

4.1.3. Estimations of Toxicity and Pharmacokinetic Characteristics

To analyze the possible toxic effects and pharmacokinetic parameters (absorption,
distribution, metabolism, and excretion) of SFN, the Osiris (www.organic-chemistry.org/
prog/peo/drugScore.html accessed on 15 September 2021) [70] and SwissADME (http:
//www.swissadme.ch/index.php# accessed on 15 September 2021) [72] web tools were
used. The pharmacokinetic parameters and toxicity were predicted by comparing the
chemical structures of SFN with a database containing commercially available drugs and
compounds. The toxic effects were classified as mutagenic, tumorigenic, irritating, and
affecting the reproductive system.

Toxic doses, given as LD50 values in mg/kg of body weight, were estimated using
the ProTox web tool (http://tox.charite.de/protox_II/index.php?site=compound_input ac-
cessed on 15 September 2021) [75]. The estimated gastrointestinal absorption, permeability
through the blood-brain barrier, and the skin (log Kp in centimeters (cm)/s) of SFN were
evaluated by the SwissADME program (http://www.swissadme.ch/index.php# accessed
on 15 September 2021) [72]. Also, the probability of SFN becoming a commercial drug
(“drug score”) was calculated using the OSIRIS software (www.organic-chemistry.org/
prog/peo/drugScore.html accessed on 15 September 2021).

All parameters were compared to those of FLZ.

4.2. In Vitro Analysis
4.2.1. Microorganisms

The reference strains C. albicans ATCC 90028, C. krusei ATCC 6258 and C. glabrata
ATCC 2001 (American Type Culture Collection) were kindly provided by the Faculdade
de Odontologia de Araraquara, Universidade do Estado de São Paulo. Three C. albicans
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clinical isolates from the oral cavity of HIV+ patients (Oral 37 HIV+, Oral 38 HIV+, and
Oral 40 HIV+), the isolates from the oral cavity (Oral 01 HIV+ C. parapsilosis and Oral
22 C. krusei), and vaginal smears of patients with vulvovaginal candidiasis (Vaginal 11
C. glabrata and Vaginal 14 C. glabrata) were donated by the microorganism collection sector
of the Applied Microbiology Laboratory of Universidade CEUMA (UNICEUMA).

4.2.2. Inoculum Preparation

The strains were reactivated in Sabouraud Dextrose Agar (SDA, Kasvi, Italy) for 24 h
at 37 ◦C. The fungal inoculum was prepared in phosphate-buffered saline (PBS; Sigma–
Aldrich, Gillingham, UK; pH 7.0) to achieve a cell density of 1 × 106 colony forming
units (CFU)/mL on a spectrophotometer (at 530 nm), equivalent to a turbidimetric scale
McFarland’s score of 0.5 [76].

4.2.3. Determination of Minimum Inhibitory (MIC) and Fungicidal (MFC) Concentrations

FLZ and L-SFN were purchased from Sigma–Aldrich (UK). The Minimum Inhibitory
(MIC) and Fungicidal Concentrations (MFC) of SFN and FLZ were determined by the
microdilution broth assay, as previously described in the document M27-A4 of the Clin-
ical and Laboratory Standards Institute (CLSI, 2008). SFN (5000 µg/mL) was dissolved
in 50% dimethylsulfoxide (DMSO; Sigma–Aldrich, UK) and then diluted in RPMI 1640
medium (Roswell Park Memorial Institute, Sigma–Aldrich, UK), containing glutamine, no
bicarbonate, and buffered with sulfonic morpholino propane acid (MOPS; Sigma–Aldrich,
UK) to different concentrations (0.117–60 µg/mL). FLZ was diluted in RPMI-MOPS to
0.03125–64 µg/mL. RPMI 1640 containing wells plus inoculum were used as negative
control in the growth assays, and 1% DMSO (v/v) was used as vehicle control. Wells
containing only RPMI 1640 medium were used for sterility control.

The fungal inoculum was prepared at 1 × 103 CFU/mL in RPMI 1640 medium. Then,
100 µL of the inoculum was incubated with SFN, FLZ or vehicle for 48 h at 37 ◦C. After the
incubation period, fungal growth was analyzed visually. MIC was defined as the lowest
concentration of SFN or FLZ at which no visible growth was detected. For the determination
of MFC, 10 µL of the wells with concentrations >MIC were seeded on Sabouraud Dextrose
Agar (SDA; Kasvi, Italy) and incubated at 37 ◦C for 24 h. The fungicidal activity was
defined as the one in which no growth of colonies was observed.

4.2.4. Combined Effects of SFN with FLZ on Fungal Survival

The anti-Candida effects of SFN were evaluated against the ATCC 90028 strain and the
oral isolates 37 HIV+ and 40 HIV+, in combination with FLZ, by using the checkerboard
assay [77]. FLZ was tested at concentrations ranging from 0.0625 to 64 µg/mL and SFN at
concentrations ranging from 0.117 to 240 µg/mL.

One hundred µL of the fungal inoculum prepared at 1 × 103 CFU/mL was incubated
with 50 µL of SFN and 50 µL of FLZ in microplates with different combinations of drug
concentrations, at 37 ◦C, for 48 h. The antifungal activity was assessed as described for
the determination of MICs. After incubation, SFN-FLZ interactions were determined by
the Fractional Inhibitory Concentration Index (ΣFICI): FICI = (MICFLZ+SFN/MICFLZ) +
(MICSFN+FLZ/MICSFN), where:

MICFLZ+SFN: MIC of FLZ when in combination with SFN;
MICFLZ: MIC of FLZ;
MICSFN+FLZ: MIC of SFN when in combination with FLZ;
MICSFN: MIC of SFN;
The FICIs were calculated for all possible combinations of different concentrations for

the same isolate at which no visible growth of the microorganism was observed, and the final
result was expressed as mean of the FICIs. The interaction between these drugs was classified
as: Synergism: ΣFICI ≤ 0.5; additive 0.5 > Σ FICI ≤ 1; indifference 1 > Σ FICI ≤ 4.0; and
Antagonism: Σ FICI > 4.0; as previously described [78].
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4.2.5. Biofilm Formation Assay

Biofilm formation was assessed as previously described [79]. C. albicans (ATCC 90028
and Oral 40 HIV+) were inoculated in nitrogen-based yeast medium (Yeast Nitrogen Base,
YNB; Sigma–Aldrich, UK) supplemented with 50 mM glucose at 37 ◦C for 18 h. For this,
uniform yeast cells in the exponential growth phase were centrifuged, washed twice with
PBS, and adjusted to contain 1 × 106 CFU/mL in PBS (0.5 of McFarland scale, at 530 nm).
Aliquots of this suspension (100 µL) were transferred to a 96-well polystyrene plate and
incubated for 90 min at 37 ◦C to allow the initial adhesion of the yeasts. After the adhesion
phase, the wells were washed three times with PBS in order to remove non-adherent cells.
Then, 200 µL of YNB containing 100 mM glucose and different concentrations of SFN or
FLZ alone or in combination were added to the wells and incubated at 37 ◦C for 24 h. SFN
and FLZ were individually tested at MIC/2 and MIC/4 against C. albicans ATCC 90028
and C. albicans clinical isolate (Oral 40 HIV+). The combined effects of SFN (MIC/64 to
MIC/256) with FLZ (MIC/2 to MIC/8) against C. albicans were also investigated. Wells
containing vehicle (1% DMSO v/v) in culture medium were used as positive controls for
biofilm formation. As sterility control, YNB containing 100 mM glucose was used.

After the incubation period, the resulting biofilms were washed with PBS and collected
by scraping off the bottom of each well. The biofilms were resuspended in 100 µL PBS. To
quantify the yeast cells, the microdrop technique was used. For this, each biofilm sample
was serially diluted, and an aliquot of each dilution (10 µL) was seeded onto SDA plates
and incubated at 37 ◦C for 24 h. After this period, colonies were counted, and the results
expressed as viable cells in CFU/mL.

4.2.6. Hyphae Formation Test

The effects of SFN on hyphae formation were assessed as previously described [80,81],
with modifications. C albicans strains (1 × 106 CFU/mL; 1mL) were incubated either in
RPMI 1640 medium or PBS containing 10% foetal bovine serum (FBS) supplemented with
1% DMSO (vehicle controls), FLZ or SFN (MIC/2 and MIC/4). Their combined effects
were also assessed (MIC/64 to MIC/256 for SFN; and MIC/2 to MIC/8 for FLZ) against
C. albicans. Samples were incubated under agitation (100 rpm) on glass slides placed at the
bottom of each well of 24-wells plates, at 37 ◦C, for 48 h. After the incubation period, the
slides were collected, prepared and photographed under a bright-field microscope. The
number of hyphae and yeasts were counted, and the results expressed as the percentage of
hyphae per 100 cells of C. albicans. Also, the percentage of inhibition of hyphae formation
was calculated.

4.2.7. mRNA Expression of Hyphae Growth- and Biofilm Formation-Related Genes

The effects of SFN and FLZ on the expression of C. albicans virulence genes (agglutinin-
like sequence 1—ALS1; enhanced filamentous growth protein 1—EFG1; and Ras-like protein 1—
RAS1) [60–62]. C. albicans ATCC 90028 or the Oral 40 HIV+ isolate (1 × 106 CFU/mL; 1 mL)
was submitted to the biofilm formation assay in the presence and absence of sub-inhibitory
concentrations of FLZ or SFN (MIC/2 and MIC/4) for 24 h. The tested concentrations of
the compounds were the same used in the biofilm formation and hyphae growth assays.
Vehicle (1% DMSO; v/v)-treated wells were used as positive controls for biofilm formation.

After incubation, the cells were scraped from the bottom of each well, and the resulting
suspensions, transferred to 1.5 mL tubes and centrifuged at 5000× g, 4 ◦C, for 5 min. For
purification of total RNA (as previously described [82], the cell pellets were resuspended in
TRIzol (Invitrogen®) and added of 600 µL of silica beads (0.2 mm diameter). Then, each
sample was homogenized twice for 2.5 min followed by 2.5 min breaks on ice. The resulting
suspensions were placed on ice and sonicated for 1 min at 15% sonication amplitude in
continuous mode. The samples were centrifuged (10,000× g, at 4 ◦C, for 10 min), and the
aqueous phases collected and transferred to new 1.5 mL tubes added of 200 µL of RNase-
free chloroform. Samples were vortexed for 15 s, let to rest for 10 min, and centrifuged
(10,000× g, at 4 ◦C, for 10 min). Three hundred µL of the supernatant of each sample were
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then mixed with 500 µL of RNase-free chloroform (Sigma–Aldrich, UK), vortexed for 15 s,
and centrifuged (10,000× g, at 4 ◦C, for 10 min). The resulting aqueous phase was added
of 500 µL of RNase-free isopropanol (Thermofisher, São Paulo, Brazil), vortexed for 15 s,
and centrifuged (10,000× g, at 4 ◦C, for 10 min). The supernatants were discarded, and the
pellets added of 1 mL of RNase-free 75% ethanol and centrifuged at 10,000× g for 5 min at
room temperature. The supernatant was again discarded, and the pellets dried for 15 min
for removal of residual ethanol. Samples were then resuspended in 50 µL of nuclease-free
water (Thermofisher, Brazil). RNA quantities in each sample were measured by NanoDrop
(Thermofisher, Brazil); samples were then kept at −80 ◦C to further analyse.

The total RNA (5 µg) of each sample was reverse transcribed to cDNA by using the
PCR GoScript™ Reverse Transcriptase kit (Promega Corporation, USA) according to manu-
facturer’s instructions. The resulting cDNAs were kept at −20 ◦C to further analyse. One
µg of cDNA was amplified by qPCR on a StepOne qPCR system (Thermofisher; Brazil;
hold: 10 min at 95 ◦C; cycling: 40 cycles: 10 s at 95 ◦C, 20 s at 60 ◦C, and 15 s at 72 ◦C;
melt: 68–90 ◦C) using SYBR Green PCR Master mix (Thermofisher; Brazil). All primers for
the virulence genes ALS1 (Reverse: ATGATTCAAAGCGTCGTTC; Forward: TTGGGTTG-
GTCCTTAGATGG), EFG1 (Reverse: TTGTTGTCCTGCTGTCTGTC; Forward: TATGCC-
CCAGCAAACAACTG) and Ras1 (Reverse: GTCTTTCCATTTCTAAATCAC; Forward:
TATGCCCCAGCAAACAACTG), and for the housekeeping gene 18S rRNA (Reverse: TG-
CAACAACTTTAATATACGC; Forward: AATTACCCAATCCCGACAC), were purchased
from Integrated DNA Technologies (Iowa, USA) and used at 500 nM. Results are depicted
as relative expression of each virulence gene, normalized to 18S rRNA and calculated by
the 2−∆∆CT method [83].

4.3. Statistical Analysis

The results are presented as the mean ± standard error of the mean (SEM). All experi-
ments were carried out in triplicate and were obtained from three independent experiments.
Significant differences among groups were determined by using one-way analysis of vari-
ance (ANOVA), followed by Bonferroni. The p-value < 0.05 was statistically significant.

5. Conclusions

Overall, the data gathered herein demonstrates that SFN is an anti-Candida compound
once it presents antifungal and fungicidal activities. SFN also inhibits virulence factors
(biofilm and hyphae growth) essential for the fungi’s ability to colonize and invade host
tissues by down-regulating hyphae growth- and biofilm development-associated genes
in this pathogen. Its suggested ability to cross the BBB indicates that SFN alone could be
used as an alternative therapy for both deep and superficial fungal infections. Also, the
marked additive/synergistic effects observed for the combination of low concentrations
of SFN with sub-inhibitory concentrations of FLZ, in regards to cell survival, biofilm
formation and hyphae growth, indicate this association may be an interesting approach to
managing Candida spp. infections with possible attenuation of adverse reactions caused by
these compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11121842/s1, Table S1: Minimum Inhibitory Concen-
tration (MIC; µg/mL) and Minimum Fungicidal Concentration (MFC; µg/mL) values of sulforaphane
(SFN) compared to fluconazole (FLZ) against non-Candida albicans strains and clinical isolates;
Table S2: In silico identification of additional non-antimicrobial activities of sulforaphane (SFN) and
fluconazole (FLZ).
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Abstract: An increased number antibiotic-resistant bacteria have emerged with the rise in antibiotic
use worldwide. As such, there has been a growing interest in investigating novel antibiotics against
antibiotic-resistant bacteria. Due to the extensive history of using plants for medicinal purposes,
scientists and medical professionals have turned to plants as potential alternatives to common an-
tibiotic treatments. Unlike other antibiotics in use, plant-based antibiotics have the innate ability
to eliminate a broad spectrum of microorganisms through phytochemical defenses, including com-
pounds such as alkaloids, organosulfur compounds, phenols, coumarins, and terpenes. In recent
years, these antimicrobial compounds have been refined through extraction methods and tested
against antibiotic-resistant strains of Gram-negative and Gram-positive bacteria. The results of the
experiments demonstrated that plant extracts successfully inhibited bacteria independently or in
combination with other antimicrobial products. In this review, we examine the use of plant-based
antibiotics for their utilization against antibiotic-resistant bacterial infections. In addition, we examine
recent clinical trials utilizing phytochemicals for the treatment of several microbial infections.

Keywords: antibiotic resistance; alkaloids; multidrug-resistant; MRSA; organosulfur compounds; phenolic
compounds; phytochemicals; plant-based extracts; Pseudomonas aeruginosa; Staphylococcus aureus

1. Introduction

The discovery of penicillin led to a cascade of medical innovations that enhanced the
treatment of bacterial infections [1,2]. However, as the discovery and utility of antibiotics
increased, their ability to successfully inhibit bacterial infections decreased due to the
overuse of antibiotics [1,3]. Microbial infections and antibiotic resistance are a major prob-
lem leading to the deaths of millions of patients each year. The development of resistance
has made the currently available antibacterial medications less effective [4]. This threat
is further compounded by the growing recognition of biofilm formations among several
bacterial species, which have made certain antibiotics ineffective for severe infections [5,6].
Therefore, new medicinal treatments that could restrict the growth of antibiotic resistance
(e.g., bacterial pathogens) are required. Several methods have been proposed in recent
years to combat antibiotic resistance. One of the suggested methods for achieving this
includes combining antibiotics with other compounds, such as plant phytochemicals, to
restore their antibacterial activities (Figure 1) [7,8]. This review explores the antimicrobial
activities of several phytochemicals (e.g., alkaloids, organosulfur compounds, phenols,
coumarins, and terpenes) against antibiotic-resistant bacteria.
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2. Mechanisms of Antibacterial Activity and Resistance

An antibiotic’s activity is attributed to two primary processes that interfere with the
production or operation of an essential bacterial function and/or evade the established
antibacterial resistance mechanisms [9,10]. Most antibiotics were discovered in soil samples
that contained compounds that are able to eradicate bacteria. In addition, antibiotics such
as streptomycin, erythromycin, tetracycline, vancomycin, penicillins, and cephalosporins
were harvested from fungi and filamentous bacteria [9,10]. In contrast, the second- and
third-generation beta-lactams of the penicillin and cephalosporin families were made using
semisynthetic modifications, whereas the second-generation erythromycins, clarithromycin,
and azithromycin were made through complete synthesis [9,10].

In general, the primary targets for antibacterial agents include bacterial protein biosyn-
thesis, bacterial cell-wall biosynthesis, bacterial cell membranes, bacterial DNA replication
and repair, and metabolic pathways [9,10]. An antibiotic’s usefulness is limited when it has
been shown to be an effective antibacterial agent and is widely used therapeutically. With-
out proper restrictions and surveillance, bacterial resistance manifests over a prolonged
period of use. Bacteria have several methods for resisting antibiotics. Some bacteria have
an intrinsic resistance to one or more antimicrobial agent classes. In most cases, bacteria
develop resistance to antibiotics, primarily through several mechanisms, including the
activation of efflux pumps, destruction through hydrolytic enzymes, the modification of
antibiotic structures, and the alteration of target structures [9,10]. In addition, plasmids are
another method by which antibacterial resistance propagates through subsequent bacterial
generations. As such, there is a growing need to develop novel antibacterials that can
overcome the inevitable production of antibiotic-resistant bacteria.

One method for circumventing antibiotic resistance has been the use of plant phy-
tochemicals. For centuries, plant products have been utilized to treat infections across
several cultures [11–13]. The revitalized interest in utilizing natural products or creating
synthetic versions of natural products grew in response to antibiotic resistance [11–14].
In recent years, phytochemicals have demonstrated strong antimicrobial activities in con-
junction with standard antibiotic regimens [11,15,16]. Currently, alkaloids, organosulfur
compounds, and phenolic compounds extracted from plants have shown efficacy against
microbes, particularly multidrug-resistant bacteria. As such, there is growing interest in
using plant extracts to help address antibiotic resistance [13,17,18]. In this review, we
examine the use of plant-based antibiotics for their utilization against antibiotic-resistant
bacterial infections.

2.1. Alkaloids

Alkaloids comprise a major class of phytochemicals that are synthesized as secondary
metabolites with low molecular weights and nitrogen contents [17]. Several antibacterial
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medications have been derived from alkaloids. For example, medications such as line-
zolid and trimethoprim contain alkaloids as their primary structures. Alkaloids exhibit
antibacterial activities against a wide range of bacterial infections [17]. Alkaloids include a
large family of chemicals with diverse heterocyclic structures, which are generally further
classified by their carbon skeleton structures [11,13,17–20]. Several plant families contain
alkaloid compounds with antimicrobial properties against S. aureus, P. aeruginosa, and other
pathogenic bacteria [19].

Specifically, several recent studies showed that the alkaloid sanguinarine, a ben-
zophenanthridine alkaloid found in Sanguinaria canadensis and other poppy fumaria species,
has strong antibacterial, antifungal, and anti-inflammatory properties [17,18]. Sanguinarine
was identified as having broad-spectrum antimicrobial properties that interfere with bacte-
rial cell division and cytokinesis [19]. Specifically, sanguinarine inhibits the replication of
methicillin-resistant Staphylococcus aureus (MRSA) through the disruption of the plasma
membrane by interfering with the protein FtsZ’s ability to assemble into filaments, thereby
inhibiting bacterial fission [19,21–23]. When used in combination, sanguinarine enhanced
the antimicrobial activity of vancomycin and streptomycin. The chelating EDTA, which
disrupts the permeability of the bacterial cell wall, increases the amount of sanguinarine
and streptomycin that enter the bacterial cell, thereby boosting their antimicrobial activi-
ties. Sanguinarine also demonstrated effectiveness against eight phytopathogenic fungi,
including Magnaporthe oryzae, Fusarium oxysporum, Fusarium graminearum, and Botrytis
cinerea [21]. Specifically, in vitro studies of fungi treated with sanguinarine showed that the
alkaloid eliminated fungi by increasing the production of reactive oxygen species, which
was linked to changes in the nuclear morphology and the redox potential of mitochondrial
membranes [21]. In addition, sanguinarine has antimicrobial properties against pathogenic
bacteria found in soil, including Agrobacterium tumefaciens, Pseudomonas lachrymans, and
Xanthomonas vesicatoria [21].

In addition to sanguinarine, another alkaloid, tomatidine, showed strong antimicrobial
activities against S. aureus strains as well as other Gram-negative and Gram-positive bacterial
species [17–19,24]. Tomatidine was first isolated from solanaceous plants, such as tomatoes
and potatoes. Later studies demonstrated the ability of tomatidine to disrupt the activity
of ATP synthase in several bacterial species [17,18,23,24]. Furthermore, tomatidine is an
aminoglycoside potentiator against S. aureus strains that are both sensitive and resistant to
aminoglycosides [25]. Subsequent experiments showed that tomatidine is also effective against
Listeria and Bacillus bacterial species [26]. The exact mechanism behind tomatidine’s synergy
with aminoglycosides is not fully understood [17,19,23,24]. However, it is believed that both
aminoglycosides and tomatidine, when used together, reach their respective intracellular
targets by increasing cell permeabilization [26]. In addition, tomatidine may also inhibit the
formation of macromolecules within the bacterial target by blocking important steps in protein
synthesis. Beyond its antimicrobial activity, tomatidine also inhibits fungal species, such as
Saccharomyces cerevisiae, by blocking the formation of ergosterol via the inhibition of C-24
sterol methyltransferase and C-24 sterol reductase [27–30]. Other alkaloid compounds have
demonstrated synergistic activities with antibiotics.

The alkaloid piperine potentiates the effect of ciprofloxacin against S. aureus [31].
Similar results were obtained when piperine and gentamicin were administered together
to treat MRSA infections [32]. The mechanism behind this phenomenon remains to be
fully understood. Piperine also exhibited a potent antibacterial activity against Mycobac-
terium tuberculosis and Mycobacterium smegmatis [33–35]. In addition, piperine improves the
therapeutic effectiveness of rifampicin in immunocompromised patients infected with M.
tuberculosis [32,35].

The isoquinoline alkaloid berberine is an effective plant alkaloid against a broad range
of viruses, protozoa, fungi, and bacteria [35]. Although the mechanism is not fully eluci-
dated yet, current experimental studies suggest that berberine’s antimicrobial activity is
related to disrupting bacterial cell walls, particularly in MRSA [35]. In addition to disrupt-
ing bacterial cell walls, berberine may interfere with bacterial division, protein synthesis,
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and biofilm development [35]. Further studies suggested that berberine’s activity is related
to DNA intercalation and the targeting of RNA polymerase, gyrase, and topoisomerase IV
enzymes [36–39].

Overall, alkaloids have strong antimicrobial potentials that make them an attractive
alternative to traditional antibiotics.

2.2. Organosulfur Compounds

Organosulfur compounds, or sulfur-containing compounds, constitute another class
of phytochemicals that are considered secondary metabolites [11,13,17,18]. Originally,
organosulfur compounds were found in two different families of plants that exhibited
antimicrobial qualities: the Alliaceae and the Cruciferae (Brassicaceae) families [13]. One such
organosulfur compound from the Alliaceae family is allicin or diallyl thiosulfinate [13,18].

Allicin, a volatile component derived from raw garlic, was initially credited with the
antibacterial properties of garlic. Since then, allicin has been the subject of many studies
aimed at investigating its potential inhibitory effects against S. aureus, Escherichia coli, and
Candida albicans [40,41]. The inhibitor effects of allicin are equivalent to, if not stronger
than, several common antibiotics (e.g., kanamycin, tetracycline, and penicillin) [42]. In
contrast to these antibiotics, allicin targets a broad spectrum of microorganisms, including
bacteria, yeasts, fungi, and parasites [42]. Allicin’s antibacterial mechanism has been
linked to the specific targeting of bacterial thiol-containing proteins and enzymes, thereby
inhibiting essential metabolic pathways [43]. Specifically, allicin inhibits the growth of
microorganisms through the natural reaction that occurs between its –S(O)–S-group and
the –SH groups in bacterial and fungal proteins [42]. The thiosulfinate’s oxygen atom,
which acts as an electron-withdrawing agent, forms an electrophilic sulfur center that
reacts readily with thiol groups, thereby contributing to allicin’s reactivity. It has also been
reported that the addition of beta-mercaptoethanol, which breaks disulfide bonds, inhibits
the interaction between allicin and cysteine [42]. This result suggests that the disulfide
bonds that form between the sulfhydryl groups of bacterial proteins and allicin play a vital
role in its antimicrobial activity. Due to its broad-spectrum antimicrobial activity, allicin
will likely be a practical solution to treat multidrug-resistant bacteria [13,18].

Other organosulfates, such as glucosinolates and isothiocyanates, inhibit a wide range
of pathogenic bacteria [13,18]. Isothiocyanates are volatile organosulfur compounds pro-
duced when the enzyme myrosinase reacts with plant glucosinolates [13,18]. Myrosinase
hydrolyzes glucosinolates into active substances such as nitriles, thiocyanates, and isoth-
iocyanates. Isothiocyanates have strong inhibitory effects on several pathogenic bacteria
by disrupting their cell walls [13,18]. The in vitro antibacterial efficacy of isothiocyanates
against bacterial pathogens has been the subject of several investigations, but little is
known about their in vivo antimicrobial properties. Most studies have been focused on
sulforaphane’s ability to fight Helicobacter pylori bacteria. H. pylori produces a urease en-
zyme, which hydrolyzes urea in ammonia and carbon dioxide, thereby neutralizing the
gastric acid surrounding the bacteria [44]. In addition, several virulence factors produce by
H. pylori cause excessive inflammation in the gastric mucosa [44]. Sulforaphane was found
to inactivate urease and eliminate H. pylori infections [44]. Dufour et al. demonstrated that
sulforaphane was particularly effective against several clinical isolates of H. pylori, many of
which were resistant to common antibiotics [45]. Dufour et al. also hypothesized that the
isothiocyanate’s antimicrobial action is related to its reactivity with proteins that disrupt
essential biochemical pathways within H. pylori. Isothiocyanates attack sulfhydryl groups
at their individual thiol-containing amino acids, such as cysteine [45]. Isothiocyanates are
also known to block the ATP binding sites of bacterial P-ATPase.

Another family of organosulfur compounds, allyl isothiocyanates (AITCs), have also
shown strong bacteriostatic and bactericidal activities against E. coli and S. aureus [46]. Allyl
ITCs synergize with streptomycin against E. coli and P. aeruginosa and lower the minimum
inhibitory concentration (MIC) values of erythromycin against S. pyogenes [47,48]. The
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antibacterial properties of AITC have been attributed to several different mechanisms, such
as weakening cell walls and releasing reactive cellular metabolites [49,50].

Prati et al. previously reported that benzyl isothiocyanate (BITC) is bactericidal against
several MRSA clinical isolates [51]. This strong BITC antibacterial activity appears to be influ-
enced by its lipophilic and electrophilic chemical composition, which allows it to penetrate
bacterial outer membranes and disrupt their plasma membranes. Phenethyl isothiocyanate
(PEITC) has demonstrated antibacterial activity against several bacteria obtained from the
human digestive tract (e.g., Enterococcus spp., Enterobacteriaceae spp., Lactobacillus spp., Bi-
fidobacterium spp., Bacteroides spp., and Clostridium spp.) [52–54]. Besides its antibacterial
effect, PEITC is effective against several fungal species. It accomplishes this antifungal effect
through reducing the rate of oxygen consumption, increasing the production of reactive oxy-
gen species, and depolarizing the mitochondrial membrane [52–54]. Overall, phytochemicals
such as organosulfur compounds are effective in inhibiting different pathogenic bacteria.

2.3. Phenolic Compounds

Phenolic compounds are a diverse class of substances found in many foods, such as
fruits, vegetables, tea, wine, and honey [11,13,17–19]. Phenolic compounds are grouped into
several groups, including phenolic acids, flavonoids, and non-flavonoids [55]. Chemically,
phenolic compounds are aromatic in their structures and contain numerous hydroxyl
groups. These hydroxyl groups donate electrons or hydrogen atoms to neutralize free
radicals and other reactive oxygen species [55]. As a result, the antimicrobial activities of
phenolic compounds include inhibiting efflux pumps and cell wall biosynthesis as well
as inhibiting key bacterial enzymes such as urease and dihydrofolate reductase. Phenolic
compounds are, therefore, contenders for future investigations and clinical trials due to
their effective antimicrobial activities. Two common groups of phenolic compounds include
flavonoids and non-flavonoids [17,19].

2.4. Flavonoids

Flavonoids have demonstrated antimicrobial abilities against both Gram-negative
and Gram-positive pathogens [17]. The most effective antibacterial phenolic compounds
include flavanols, flavonols, and phenolic acids. These compounds exhibit antibacterial
activities through a variety of mechanisms, including inhibiting bacterial enzymes and
toxins, disrupting cytoplasmic membranes, preventing the formation of biofilms, and
working synergistically with a wide spectrum of antibiotics [56].

Previous studies revealed that the hydroxylation and lipophilic substituents of the
flavonoid ring enhance its antibacterial activity, whereas the substitution of a methoxy,
acetyl, or fluoride group has the opposite effect [57–64]. The hydroxyl groups on flavonoid
rings inhibit bacterial enzymes involved in cellular respiration and disrupt bacterial mem-
branes [14,57–59,65–67]. Similarly, lengthy aliphatic chain substitutions increase the hy-
drophobicity of flavonoids, which increases their interactions with antibiotics. These inter-
actions facilitate the movement of antibiotics across the bacterial cell wall to inhibit their
intracellular targets. In general, flavonoid compounds exhibit a broad range of antibiotic
activities through a number of modifications to their ring structures [14,57–59,65–67].

One flavonoid, galangin, possess a potent antibacterial activity against S. aureus
species by targeting their bacterial cell walls [68]. Cushnie et al. showed that incubat-
ing S. aureus bacteria with galangin reduced the number of S. aureus colonies by almost
15,000-fold. Interestingly, it was discovered that there was an increase in potassium loss
from the S. aureus cytoplasm when incubated with galangin. Cushine et al. investigated
the mechanism of potassium release by S. aureus during incubation with galangin using
two difference compounds: novobiocin and penicillin G. Penicillin G, which is known to
disrupt cell membranes, was used as a positive control, while novobiocin, which does not
target the cell membrane, was used as a negative control. Staph aureus bacterial cells were
then individually incubated with penicillin G or novobiocin to confirm that the increase
in potassium loss was due to cell wall disruption. Novobiocin did not increase potassium
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release, whereas penicillin G increased potassium release. The study, therefore, showed
that galangin eliminates bacteria by targeting their cell walls and inducing cell lysis [69].

Other phenols, such kaempferol and quercetin, demonstrated synergistic effects with ri-
fampicin against MRSA strains. When combined with rifampicin, kaempferol and quercetin
inhibited MRSA beta-lactamase enzymes, which increased the inhibition of bacterial growth
by 57.8% and 75.8%, respectively. Similarly, kaempferol and quercetin synergize and en-
hance ciprofloxacin’s activity against several bacterial topoisomerases [70,71].

Another well-known subset of flavonoids, known as flavanols, includes compounds
such as catechin, epicatechin, epigallocatechin, epicatechin gallate, and epigallocatechin
gallate; these compound exhibit both bacteriostatic and bactericidal activities. According
to several studies, the ability of flavonols to attach to the lipid bilayer of bacterial plasma
membranes is strongly associated with their antimicrobial activity [72–78]. The demon-
strated inhibitory effect of the flavonol alkyl gallate against several S. aureus variants is
due to its ability to decrease the production of several S. aureus virulence factors, such as
coagulase or alpha-toxin [79]. In addition, flavonol interferes with biofilm formation by
S. aureus [79]. Other flavanols, such as (−)-epicatechin gallate and (−)-epigallocatechin
gallate, promote the aggregation of staphylococcal cell walls, which renders them more
susceptible to beta-lactam antibiotics [80–83].

2.5. Non-Flavonoids

In addition to flavonoids, non-flavonoid compounds show a broad range of antimi-
crobial activities against several microorganisms. Some common non-flavonoids include
stilbenes, coumarins, phenolic acids, and tannins. A recent study investigating sugarcane
bagasse extract found it to be effective against several S. aureus strains by altering their
membrane permeability. Specifically, the study found that there was more conductivity
in the extract-exposed strains compared to the control strains, suggesting that sugarcane
polyphenol extract may influence the integrity of bacterial membranes, leading to cellular
electrolyte leakage [84]. Zhao et al. also showed that, following incubation with a subin-
hibitory dose of non-flavonoid polyphenols, phenolic acids also alter the shapes of bacterial
cells. Scanning and transmission electron microscopy analyses revealed that S. aureus
cells that had been exposed to the sugarcane bagasse extract displayed uneven surface
wrinkles as well as fragmentation, adhesions, and the aggregation of cellular debris. These
alterations suggested that the sugarcane bagasse extract severely damaged the outer cell
walls of S. aureus cells, causing cytoplasmic components to seep out [85].

3. Clinical Trial Assessment of Phytochemicals against Microbes

In addition to in vivo and in vitro studies, several clinical trials have examined the
efficacy of phytochemicals as antimicrobial agents (Table 1). The most prevalent sterols in
plants are beta-sitosterols. Unlike other phytosterols, beta-sitosterols are not produced en-
dogenously and can only be obtained from the diet [86]. A study by Donald et al. evaluated
the use of the phytochemical beta-sitosterol against pulmonary tuberculosis [87]. Despite
only differing from cholesterol by one ethyl group in the side chain, beta-sitosterol has sev-
eral biological effects, such as boosting the proliferation of peripheral blood lymphocytes by
increasing interleukin-2 and interferon-gamma production [88–91]. Given this observation,
Donald et al. examined whether beta-sitosterol may be used individually or in conjunction
with current antibiotics against tuberculosis, which currently includes a six-month regimen
of isoniazid, rifampicin, pyrazindamide, and ethambutol [87]. Approximately a quarter
of tuberculosis patients in resource-poor countries are unable to complete the current an-
tibiotic regimen for tuberculosis. Therefore, assessing the efficacy of beta-sitosterol against
pulmonary tuberculosis would provide these countries a readily available and tolerable
treatment alternative.
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Table 1. Phytochemical clinical trials against bacteria.

Author Type of Study Subjects Phytochemical Purpose Results

Donald
et al. [87]

Randomized
Control Trial Human Beta-sitosterol

Treating
Mycobacterium
tuberculosis infection

• Improved weight gain, lymphocyte
counts, radio- graphical findings on chest
X-ray

• Similar efficacy with standard antibiotics
against M. tuberculosis

Ahmed
et al. [92] Clinical Trial Human Silymarin Treating hepatitis C

infection

• Decreased liver function tests
• Improved blood counts and oxidative

stress markers
• Decreased viral load of HCV
• Increased sex hormones

Rahim
et al. [93] Clinical Trial Human—In Vitro Alpha-Viniferin

Treating S. aureus
from the
nasal passages

• Reduced S. aureus levels in the nasal passage
• Maintained nasal flora
• High potency against S. aureus

Nawarathne
et al. [94] Clinical Trial Human—In Vitro Nigella sativa L.

extract

Treating the
Propionibacterium
acnes infection

• All three formulations inhibited the
growth of S. aureus and P. acnes

• Very stable under different conditions
(e.g., color, odor, homogeneity, washabil-
ity, consistency, and pH)

Ferrazzano
et al. [95]

Randomized
Control Trial Human—In Vitro Plantago

lanceolata

Reducing oral
streptococci and
lactobacilli bacterial
species

• Potent antimicrobial against streptococci
• Well tolerated by patients

Kerdar
et al. [96]

Randomized
Control Trial Human Scrophularia

striata

Treating periodontitis
due to Streptococcus
mutans

• Improved plaque index, pocket depth,
and bleeding on probing

• Decreased the number of Streptococcus
mutans in the long term

Mergia
et al. [97]

Randomized
Control Trial

Swiss Albino
Murine Model

Verbascum
sinaiticum

Treating Trypanosoma
brucei species

• Improved mean survival and body weight
• Lowered parasite load
• Low toxicity to murine model

Askari
et al. [98]

Randomized
Control Trial Human Subjects Myrtle and oak

gall
Treating bacterial
vaginosis

• Reducing vaginal discharge and pH
• Improved disease recurrence
• Effective against mixed vaginitis

Karumathil
et al. [99]

Randomized
Control Trial

In Vitro
Keratinocytes

Trans-
cinnamaldehyde
and Eugenol

Treating Acinetobacter
baumannii wound
infections

• Reduced A. baumannii adhesion and invasion
• Reduced biofilm formation
• Decreased transcription of biofilm

production genes

Donald et al. used a blinded randomized placebo-controlled trial to assess the treat-
ment duration for hospitalized pulmonary tuberculosis with positive sputum cultures
of Mycobacterium tuberculosis at the South African National Tuberculosis Association in
Cape Town, South Africa [87]. In addition, the patients’ chest radiography, weight gain,
Matoux test responses, hematological studies, and liver function tests were performed
routinely throughout their treatment course. For a total period of six months, a total of
23 patients received 20 mg of beta-sitosterol, while 24 patients in the placebo group received
an inactive ingredient known as talcum and the standard antibiotic therapy for hospital-
ized pulmonary tuberculosis patients [87]. At the beginning of the study, there were no
significant differences in patient characteristics, such as age, sex, or health comorbidities,
in the treatment and placebo groups. Donald et al. also included hospitalized pulmonary
tuberculosis patients who had M. tuberculosis samples that were sensitive to the current
antibiotic regimen against M. tuberculosis. After one month of treatment, 11 patients in
the beta-sitosterol (58%) and placebo groups (61%) had positive sputum cultures for M.
tuberculosis. At two months, only two patients, or 11% in each group, were still positive [87].
Following the start of the antibiotic treatment for pulmonary tuberculosis, the majority of
the sputum cultures were expected to be negative, along with a radiographic improvement,
by two months.

By the end of the study, Donald et al. reported three patients in the beta-sitosterol
group and one patient in the placebo group with no signs of radiographic improvement at
six months, despite the negative sputum. In addition, there were no significant differences
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in the baseline values for hemoglobin, hematocrit, neutrophils, globulin, creatinine, and
urea at the beginning of the study [87]. However, weight gain was higher in the beta-
sitsterol group compared to the placebo group (8.9 kg vs. 6.1 kg). Furthermore, the
lymphocyte and eosinophil counts were higher in the beta-sitosterol groups compared to
the placebo group. There were also differences in the monocyte counts, platelet counts,
and sedimentation rates between the groups and time points [87]. Overall, Donald et al.’s
study showed that there was improved weight gain and a higher immune response in
pulmonary tuberculosis patients receiving beta-sitosterol. The efficacy was similar to the
current antibiotic treatments for tuberculosis. The main limitation of the study was the
low sample sizes for the treatment and placebo groups. In addition, it remains to be seen
whether similar results would be detected in different patient populations.

Similar to pulmonary tuberculosis, Ahmed et al. examined the use of the flavonolignan
silymarin for the treatment of hepatitis C (HCV) [92]. More than 185 million people
around the globe have been infected by HCV, which has increased the number of patients
who develop chronic liver failure and hepatocellular carcinoma [100–102]. Interferon
monotherapy was the initial course of treatment before viruses were discovered. This
drug had unpleasant side effects and was only moderately effective. The discovery of
pegylated interferons, the addition of ribavirin, and antivirals were just a few of the methods
that improved the overall efficacy [103]. Since 1997, a weekly infusion of PEG-IFN and
ribavirin has improved the effectiveness and cure rate of the treatment [103]. With the
simultaneous injection of ribavirin and PEG-IFN-alpha, a persistent virological response in
40–50% of HCV-infected people has been documented [103]. Given the severe side effects of
HCV medications, there is a need to find effective and tolerable medications for HCV [103].
Silymarin consists of a combination of flavonolignans or phytochemicals that were extracted
from the seeds and fruits of the Silybum marianum plant [104–108]. Three phytochemicals
make up silymarin: silidianin, silicristin, and silybin [104–108]. The most potent and active
phytochemical, silybin, is thought to be primarily responsible for silymarin’s purported
health advantages [104–108]. Numerous pharmacological effects of silymarin have been
noted, but its antiretroviral effects stand out. Silymarin has previously been demonstrated
to be safe in human patients at large doses (>1500 mg/day) [104–108]. Therefore, Ahmed
et al. investigated the effectiveness of Silymarin in treating HCV infection [92].

A total of 30 patients were randomized into control and the treatment groups, each
containing a total of 15 patients. Only antiretrovirals (sofosbuvir and ribavirin; 400 mg/800 mg
each/day) were given to the control group. The treatment group received adjunct medication,
including antiretrovirals (400/800 mg/day) and silymarin (400 mg/day), during an 8-week
period. Ahmed et al. showed that silymarin significantly improved the blood parameters
in treated patients when combined with sofosbuvir and ribavirin compared to the control
group [92]. When compared to the control group, sofosbuvir/ribavirin and silymarin adjunct
therapy in the treatment group increased the production of neutrophils, white blood cells,
platelet counts, red blood cells, and hemoglobin [92]. Based on their findings, Ahmed et al.
suggested that the silymarin adjuvant has a positive impact on the hematological parameters
of HCV patients [92]. The levels of liver markers, such as aspartate transaminase (AST),
alanine transaminase (ALT), and bilirubin, were lower in the treatment group. In addition to
reducing the latent viral load, the adjunct therapy showed a positive impact on hematological
indices and oxidative markers compared to the control group.

In addition, the study showed that when used as an adjuvant therapy with sofos-
buvir/ribavirin, silymarin had a positive impact on the hormonal levels of both male
and female HCV patients. In contrast to the control group, the adjunct therapy showed
increased testosterone levels in male patients, which decreased in the control group. Proges-
terone levels stayed the same in both the treatment and control groups of male patients [92].
The serum levels of LH and FSH in female patients were checked and found to be higher in
both the control and treatment groups. This demonstrates that both medications and ad-
juncts have positive or ameliorating effects. The progesterone levels in the treatment group,
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which were shown to be lower in the control group, tended to normalize with silymarin,
although the testosterone levels in the female group remained nearly constant [92].

Overall, Ahmed et al.’s study showed that the viral RNA from infected HCV patients
was successfully reduced by the sofosbuvir/ribavirin and silymarin treatment. Since the
viral load decreased in both groups, comparing the effects of silymarin adjunct therapy
on viral quantification was not possible [92]. However, the study showed that sofosbu-
vir/ribavirin and new-generation antivirals are sufficient to completely remove HCV viral
RNA [92]. To examine silymarin’s role in correcting HCV RNA levels, Ahmed et al. sug-
gested further studies to examine silymarin’s impact on the eradication of the HCV virus
over a shorter period.

Another clinical application of phytochemicals has been the prevention of community-
acquired or hospital-acquired infections as well as the treatment of antibiotic-resistant
bacteria [109]. One of the most prevalent opportunistic pathogens in the world is Staphy-
lococcus aureus. The anterior nares are the main niche for S. aureus and act as a reservoir
for the transmission of the disease, even if the axilla, throat, and perineum are necessary
reservoirs [109]. Several serious illnesses, such as endocarditis, pneumonia, bacteremia,
and chronic osteomyelitis, can be brought on by S. aureus nasal colonization [110]. Due
to the resistance to a wide array of therapeutically important antibiotics and a dearth of
novel treatments, S. aureus infections have emerged as a substantial global concern [111].
Given that large portions of the world’s population depend on traditional medicine, there
is an interest in examining whether phytochemicals may be used for the treatment of
antibiotic-resistant bacteria [112]. Alpha-viniferin is a phytochemical substance obtained
from the medicinal plant Carex humilis, which is found in several eastern Asian na-
tions [113]. Additionally, it was recognized in Caragana Sinica, Caragana chamlagu, and
Iris clarkei. Alpha-viniferin has a range of biological properties, including antioxidant,
antitumor, anticancer, and anti-arthritis properties [113]. Additionally, cyclooxygenase,
acetylcholinesterase, and prostaglandin H-2 synthase have all been documented to be
inhibited by it [113]. Further studies documented the inhibitor effect of alpha-viniferin on
both drug-susceptible and drug-resistant strains of Mycobacterium TB and Staphylococcus
species [113]. Therefore, Rahim et al. tested whether alpha-viniferin could eradicate S.
aureus from the nasal passages.

Specifically, Rahim et al. examined the antibacterial efficacy of alpha-viniferin against
S. aureus in a ten-day clinical trial [93]. The study enrolled 20 Korean adult females
aged between 20 and 60 years with overall good health and physical fitness and the
willingness to avoid topical agents applied to the nares during the entire trial. Alpha-
viniferin, the study medication, was placed in sequentially numbered containers and given
to the subjects in numerical order in accordance with the randomization process. Healthcare
professionals gathered nare samples on day 0 and day 10. On days 0, 4, and 8 of the study,
the skin moisture content of each participant was assessed using a corneometer [93]. The
corneometer measurement was carried out five times on each measurement day at the
same location and in the same manner, with the same temperature and humidity, and the
average result was immediately recorded. The samples were then examined to determine
the moisturizing ability of alpha-viniferin since the moisturizing ability is important for
maintaining the skin barrier [93]. The nasal isolates obtained from the patients were then
used to assess the antibacterial activity of alpha-viniferin. In comparison to vancomycin and
methicillin, alpha-viniferin demonstrated excellent efficacy against three Staphylococcus
species, including methicillin-susceptible S. aureus (MSSA), methicillin-resistant S. aureus
(MRSA), and methicillin-resistant S. epidermidis (MRSE), with no toxicity to other bacterial
strains. In the culture and RT-PCR-based analysis of the collected nasal swab samples, S.
aureus was reduced. Alpha-viniferin also inhibited S. aureus and MRSA while protecting
the natural nasal microbiome. Additionally, the skin’s moisture content was enhanced
by alpha-viniferin, which is crucial for maintaining skin flexibility and barrier integrity
without toxicity. Specifically, the 16S ribosomal RNA based amplicon sequencing analysis
showed that S. aureus was reduced from 51.03% to 23.99% [93]. Given its effectiveness in
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reducing S. aureus species while preserving the microbial flora, Rahim et al. suggested
further studies should be performed with larger sample sizes and comparison groups of
other phytochemicals to assess the safety and efficacy of alpha-viniferin.

In addition to the nasal mucosa, other clinical studies examined the use of phyto-
chemicals on the skin. Sebaceous follicle inflammation in the skin is the main cause of
acne vulgaris [114]. Some bacterial species, such as Propionibacterium acnes, S. aureus, and
S. epidermidis, are responsible for its onset. Due to its capacity to activate complements
and metabolize sebaceous triglycerides into fatty acids, which then chemotactically attract
neutrophils, P. acnes, an obligate anaerobic microorganism, causes inflammatory acne [114].
On the other hand, superficial infections within the skin’s sebaceous unit (the hair follicle,
arrector pili muscle, and sebaceous gland) are typically caused by aerobic Staphylococcus
species [114]. Benzoyl peroxide, retinoids, and antibiotics such as erythromycin or clin-
damycin can all be applied topically to treat acne vulgaris [115]. Oral drugs from the
tetracycline and azithromycin classes can also be used to treat acne vulgaris. Due to the de-
velopment of antibiotic resistance in these bacteria and side effects from current treatment
protocols, novel therapeutic medicines for acne vulgaris must be introduced [115]. Different
civilizations have employed the seeds of Nigella sativa L. (black cumin) for centuries to cure
dermatological diseases, including acne vulgaris, burns, wounds, and other inflammatory
skin conditions [116]. Data that demonstrated N. sativa oil extract in a lotion formulation,
which is the primary treatment for mild to moderate acne vulgaris, had superior efficacy
and was less toxic than a 5% benzoyl peroxide lotion corroborated these conventional asser-
tions [116]. Additionally, N. sativa is a key ingredient in a number of topical preparations
used in traditional medicine to treat acne vulgaris and is widely used in Sri Lankan folklore
medicine as a dermatological cure [116]. Given these observations, Nawarathne et al.
planned to develop topical cosmeceutical formulations incorporating N. sativa and evaluate
the antibacterial activity of those formulations against selected acne-causing bacteria [94].

The agar-well diffusion method was initially used to test the antibacterial activity
of seed extracts against S. aureus and P. acnes [94]. After that, topical gels were created
using three different strengths of ethyl acetate extracted from N. sativa seeds. These topical
formulations underwent antimicrobial activity and stability tests over a 30-day period [94].
The formulation with 15% seed extract had the best antibacterial activity of the three and
was able to stop the growth of S. aureus and P. acnes. This formulation’s antibacterial efficacy
against S. aureus outperformed commercial products [94]. Additionally, no changes in color,
odor, homogeneity, washability, consistency, or pH were noted, and the antibacterial
potency was maintained during storage. Furthermore, a small test on 50 subjects showed
that only 7 (14%) developed signs of hypersensitivity, while the majority of the participants
(86%) were unaffected by the application of the herbal gel formulation [94]. Overall, the
results showed that the phytochemicals in the seeds had a strong antibacterial activity in
topical gel formulations made from N. sativa’s ethyl acetate, suggesting their suitability to
be used in place of the currently available anti-acne drugs.

In addition, phytochemicals from Plantago lanceolata herbal tea were shown to be
effective antimicrobial agents for controlling bacterial species in the oral cavity [117–119].
Different kinds of Streptococcus and Lactobacillus bacteria play a major part in the onset
and progression of caries [117–119]. Reduced levels of these microorganisms in the oral
cavity will add another justification for dental caries prevention because they are the most
significant elements in the process [117–119]. Antimicrobial therapies, such as those derived
from plant extracts that fight bacteria and lower the levels of cariogenic microflora in saliva,
are potential alternatives [120–123]. About 275 species make up the Plantago genus (Plan-
taginaceaeare) found throughout the globe. Some Plantago species exhibit strong antiviral,
anti-inflammatory, and antioxidant properties [124,125]. Additionally, the genus Plantago
has a high concentration of phenolic chemicals (flavonoids and tannins). Particularly,
phenolic chemicals regulate bacterial growth, which prevents tooth decay by limiting the
proliferation and virulence of pathogenic oral flora [124,125]. A study by Ferrazzano et al.
examined the effectiveness of a mouthwash made from an infusion of dried P. lanceolata
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leaves in lowering cariogenic microflora salivary counts [95]. The antimicrobial activity
of a P. lanceolata tea against cariogenic bacterial strains of the species Streptococcus and
Lactobacillus isolated from clinical samples was evaluated in vitro [95].

To examine the efficacy of this mouthwash, Ferrazzano et al. used clinical isolates
of L. casei, S. bovis, S. mutans, S. mitis, S. parasanguinis, S. viridans, and S. sobrinus from
specimens obtained from 44 adolescents (24 males and 20 females) at the Diagnostic Unit
of Bacteriology and Mycology of the University of Naples [95]. Patients were randomly
assigned to the test and control groups using blocked randomization from a computer-
generated list. The placebo and treatment rinse formulations were prepared using the
clinical isolates obtained from the patients. The experimental mouth rinse was prepared
with an infusion of P. lanceolata leaves and flowers, while the placebo mouthwash was
prepared with Amorosa water colored with food dye [95]. The placebo group was instructed
to rinse with 10 mL of a placebo mouth wash that did not contain phenolic substances
for 60 s after performing oral hygiene three times a day (after breakfast, after lunch, and
before sleeping) for 7 days [95]. After seven days, Ferrazzano et al. observed a reduction
in Streptococci (28.6% vs. 85.7%) species in the treatment group compared to the control
groups; however, there was no difference in the Lactobacilli group (65% vs. 75%). A further
analysis using mass spectroscopy showed that the flavonoids, coumarins, lipids, cinnamic
acids, lignans, and phenolic compounds were likely responsible for the antimicrobial effect
from the P. lanceolata mouthwash [95]. However, Ferrazzano et al. only examined the short-
term efficacy of P. lanceolata against oral streptococci and lactobacilli. Further research into
other bacterial species and longer time points are needed to determine whether the ability
to lower mutans streptococci salivary numbers can be sustained over time and whether
resistance will develop. In addition, it is important to evaluate the patients’ long-term
acceptability and compliance [95].

A similar study by Kerdar et al. examined the use of the Scrophularia striata plant
against Streptococcus mutans [96]. The Iranian flowering plants in the Scrophularia genus, such
as Scrophularia striata, are used in traditional medicine to alleviate inflammation throughout
the body [126]. The biologically active substances iridoids, flavonoids, phenyl propanoids,
and phenolic acids with anti-inflammatory and antimicrobial activities are abundant in the
genus Scrophularia [126]. An oral inflammatory condition called chronic periodontitis damages
the soft tissues as well as the alveolar bone, periodontal ligament, and cementum. The most
common bacteria associated with tooth plaque, which is a sticky substance made from leftover
food particles and saliva in your mouth, is associated with periodontitis secondary to S.
mutans infection [127]. The disease is brought on by an interplay between the body’s defense
mechanism and the biofilm retention of the gum sulcus [127].

In this study, Kerdar et al. investigated a mouthwash using Scrophularia striata in vitro
for chronic periodontitis disease. The study was a randomized clinical trial that incorporated
50 people between 20 and 50 years old who had chronic periodontitis. These patients were
given either a Listerine (control/placebo) or an S. striata mouthwash. The patients were asked
to gargle 15 mL of mouthwash for 30 s, followed by at least 45 min of fasting. After using
the mouthwash for two and four weeks, participants were observed for three clinical criteria:
the plaque index, gingival bleeding, and probing depth (the distance measured from the
base of the pocket to the most apical point on the gingival margin). Saliva samples were
taken to assess the mouthwash’s antibacterial efficacy [96]. The analysis revealed a significant
difference in bleeding on probing (bleeding induced by the gentle manipulation of the tissue)
during the initial examination in the S. striata group following two weeks of mouthwash
use. Between two and four weeks of treatment, there were no appreciable changes. In the
treatment group, bleeding on probing was not significantly different between the first and
second examinations after taking the mouthwash, but a comparison of the first and last
evaluations showed that the mouthwashes decreased bleeding on probing [96]. In addition, a
substantial change in the plaque index (PI) was seen in the treatment group after the initial
evaluation following two weeks of mouthwash use. During the second examination, neither
group experienced any appreciable changes. The plaque index showed a significant difference
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in the treatment group during the first examination, but no significant difference was seen in
the second examination. The mean value of the PI in the treatment group was considerably
lower than in the control group [96]. Overall, Kerdar et al. showed that the S. striata plant
extract is effective in treating chronic periodontitis disease and is more potent in comparison
to other mouthwash products. In the short term, S. striata may improve the plaque index,
pocket depth, and bleeding on probing.

Beyond treating mucosal infections, phytochemicals were also shown to be effective
against tropical parasitic infections. Human Trypanosomiasis is caused by two subspecies
of Trypanosoma brucei: T. brucei gambiense and T. brucei rhodesiense [128]. Due to its
effects on people’s settlement patterns, especially land use and farming, the disease has
a significant economic impact in Africa [128]. In Africa, trypanocides are used to treat
the illness, but the medications are outdated, expensive, ineffective, and have a problem
with drug resistance. Khaya senegalensis, Piliostigma reticulatum, Securidaca longepedunculata,
Ximenia americana, and Artemisia abyssinica are a few examples of herbal treatments that
have been utilized to treat this disease and are highly trypanocidal [129]. The biennial plant
Verbascum sinaiticum is used to treat several conditions, including wounds, stomach aches,
and viral infections [129]. Given these observations, Mergia et al. performed an in vitro
randomized experiment using Swiss albino mice infected with a field isolate of T. congolense
to assess the effectiveness of V. sinaiticum extracts [97].

The V. sinaiticum extracts were injected intraperitoneally for 7 days at doses of 100,
200, and 400 mg/kg at 12 days postinfection, when the peak parasitemia level was around
108 trypanosomes/mL. As indicators for gauging the effectiveness of the extracts, the
parasitemia, packed cell volume, mean survival time, and change in body weight were
used [97]. To examine the trypanocidal properties of the V. sinaiticum extracts, forty healthy
Swiss albino mice were intraperitoneally injected with 0.2 mL of T. congolense-infected blood
(104 trypanosomes/mL). Eight groups of five mice were formed by randomly dividing
the mice. On the 12th day after infection, when the infected mice displayed maximal
parasitemia (108 trypanosomes/mL), the mice in each group were treated with the extracts.
V. sinaiticum was administered to groups I–III at doses of 100, 200, and 400 mg/kg, and
to groups IV–VI at doses of 100, 200, and 400 mg/kg, respectively. Diminazine aceturate
was administered to group VII, the positive control, in a single dose of 28 mg/kg [97]. The
extracts had no toxicological effect on Swiss albino mice. Alkaloids, flavonoids, glycosides,
saponins, steroids, phenolic compounds, and tannins were among the phytochemicals
examined in V. sinaiticum. On day 14 of treatment, the mice treated with 400 mg/kg of V.
sinaiticum showed considerably lower mean parasitemia than the negative control group.
When compared to the negative control at the end of the observation period, animals treated
with the same dose had significantly higher packed cell volume values and body weights
as well as a maximum mean survival time of approximately 40 days [97]. Overall, Mergia
et al. showed that V. sinaiticum has the potential to be used as a trypanocidal treatment, but
more research is needed to pinpoint the biologically active compounds in the extract as
well as to test the extracts in human studies.

Phytochemicals were also effective against urogenital infections, such as bacterial
vaginosis. Bacterial vaginosis affects adult females when Lactobacillus spp. are replaced
by Gardnerella vaginalis, Mobiluncus curtisii, M. mulieris, or Mycoplasma hominis [130,131].
Another kind of vaginosis among 10–25% of either pregnant or non-pregnant women is
caused by Trichomonas vaginalis [130,131]. Due to the emergence of antibiotic-resistant
strains, bacterial vaginosis recurs in 30% of patients within the first month and 59% within
six months [130,131]. Given the adverse effects of antibiotics for bacterial vaginitis, natural
products such as boric acid, douching, Melaleuca alternifolia essential oil, garlic, and propolis
have been used for the treatment of bacterial vaginitis. As such, Askari et al. examined
the effectiveness of a myrtle and oak gall suppository (MGOS) in the treating vaginosis.
In the randomized control trial, 120 of the 150 patients (40 in the metronidazole group,
40 in the MOGS group, and 40 in the placebo group) finished the prescribed course of
treatment. According to test results, metronidazole was superior to a placebo in treating
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bacterial vaginosis and was also the best therapy for achieving a negative Nugent score [98].
On the other hand, MOGS was also more effective in treating vaginal trichomoniasis.
Overall, the clinical study by Askari et al. demonstrated that MGOS was more effective
than metronidazole in the treatment of bacterial vaginosis, without experiencing significant
side effects.

Lastly, clinical studies found that phytochemicals are effective antibacterial agents to
treat wound infections. Acinetobacter baumannii has become a significant human pathogen,
especially when it comes to infections contracted in hospitals [132,133]. A. baumannii
has developed resistance to the majority of the currently available antibiotics over the
past few years. In addition, A. baumannii is a significant pathogen that causes persistent
wound infections in burn patients, which can result in the loss of skin grafts and slow
wound healing [132,133]. As a result, systemic antibiotics are ineffective in reducing
pathogen loads in granulation wounds [132,133]. Thus, alternative approaches to treat A.
baumannii-related wound infections are now necessary due to the pathogen’s multidrug
resistance. In recent years, several plant-derived compounds have been investigated for
their potential would healing properties [132,133]. In this an vitro study, Karumathil
et al. examined whether transcinnamaldehyde (TC) and eugenol (EG), two naturally
occurring plant-derived antimicrobials (PDAs), could reduce A. baumannii adherence to
and invasion of human keratinocytes (HEK001 cells) [99]. In the study, Karumathil et al.
used two clinical isolates of A. baumannii obtained from infected wounds (Navel-17 and
OIFC-109). Compared to the control keratinocytes, TC and EG both significantly decreased
A. baumannii adherence and invasion to HEK001 by about 2 to 3 log colony-forming units
/mL. In addition, TC and EG reduced the production of A. baumannii biofilms. An RT-qPCR
analysis showed that the two phytochemicals significantly reduced the transcription of
genes linked to the development of A. baumannii biofilm. The findings imply that both TC
and EG might be utilized to treat A. baumannii wound infections. However, further research
in human patients is required to confirm their effectiveness.

4. Conclusions

As the threat of antibiotic resistance increases, alternative antimicrobial methods are
needed. Phytochemicals remain an attractive alternative for addressing this need. As
shown previously, phytochemicals show antimicrobial activities in several different clinical
scenarios, which makes them versatile agents against several microbial species. Further
randomized clinical trials using a greater number of subjects are needed to assess their
efficacy and applicability in other infections, particularly viral infections. Despite the
long history of utilizing natural products, any medications have the possibility of being
dangerous to the consumer. Despite their availability, plant extracts and other natural
products are neither regulated nor quality controlled. As a result, further research on the
safety and effects of phytochemicals remains to be investigated [11,13,17,134]. However,
given their simplicity, efficacy, and affordability, phytochemicals are a promising alternative
to antibiotics.
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Abstract: In folk medicine, Vismia guianensis is used to treat skin diseases and mycoses in the Amazon
region. We evaluated the anti-Candida activity of the hydroalcoholic extract from the leaves of
Vismia guianensis (EHVG). HPLC-PDA and FIA-ESI-IT-MSn were used to chemically characterize
EHVG. The anti-Candida activity was determined in vitro by the minimum inhibitory concentrations
(MIC) against Candida glabrata (ATCC-2001); Candida albicans (ATCC-90028, ATCC-14053, and ATCC-
SC5314), and C. albicans clinical isolates. EHVG effects on adhesion, growth, and biofilm formation
were also determined. Molecular docking was used to predict targets for EHVG compounds. The
main compounds identified included anthraquinone, vismione D, kaempferol, quercetin, and vitexin.
EHVG was fungicidal against all tested strains. C. albicans ATCC 14053 and C. glabrata ATCC 2001
were the most sensitive strains, as the extract inhibited their virulence factors. In silico analysis
indicated that vismione D presented the best antifungal activity, since it was the most effective in
inhibiting CaCYP51, and may act as anti-inflammatory and antioxidant agent, according to the online
PASS prediction. Overall, the data demonstrate that EHVG has an anti-Candida effect by inhibiting
virulence factors of the fungi. This activity may be related to its vismione D content, indicating this
compound may represent a new perspective for treating diseases caused by Candida sp.

Keywords: Vismia guianensis; Candida albicans; vismione D; Candida glabrata; CaCYP51; antifungals; lacre

1. Introduction

Candidemia has become one of the most common invasive Candida bloodstream
infections. The high global incidence of candidiasis can be explained by the increase
in the number of susceptible hosts, such as patients submitted to immunosuppressive
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treatments, long-term use of broad-spectrum antibiotics, use of catheters and probes, and
hematopoietic transplants, amongst others. In addition, fungal resistance to antimicrobials
has also increased [1,2].

Candidiasis is the fourth most common cause of nosocomial infections in the world,
and C. albicans is the most frequent causative agent of medical relevance, due to its preva-
lence in both healthy hosts and those with underlying conditions or immune impairment.
C. albicans is one of the most prevalent fungal species in the human microbiota, since it
asymptomatically colonizes healthy individuals. This microorganism is, therefore, easily
detected in the oral mucosa, gastrointestinal tract, urogenital tract, and skin of humans
from birth [3].

Although C. albicans is still the leading cause of candidemia, increasing proportions of
cases in recent years have been attributed to non-albicans species that are often resistant to
antifungal drugs, including Candida glabrata, C. parapsilosis, C. tropicalis, and C. krusei [4].

The medical impact of C. albicans infections usually depends on the pathogen’s ability
to form biofilms [5]. Adhesion is the first step of the pathogenic process. It is complex and
still not completely understood [6]. Among the known virulence factors, adhesion and
subsequent biofilm formation by Candida sp. confer to the yeast the ability to persist and
grow more easily, thus promoting the persistence of infection [1,7].

Several drugs are used to treat Candida infections; however, there has been an increase
in the number of C. albicans and C. glabrata cases that are resistant to the available therapies.
The latter is an emerging pathogenic fungus that is resistant to Fluconazole [8]. In this
context, plant-derived alternatives are an interesting option for the bioprospecting of new
compounds which could be used alone or in combination as antifungal agents [9,10].
Thus, plant extracts and their bioactive molecules might be a promising alternative for the
treatment of candidiasis, especially extracts with a high content of phenolic compounds [11].

The medicinal effects of Vismia guianensis (Aubl.) Chosy, family Clusiaceae, include its
antimicrobial activity, which has been associated especially with orange latex exudate from
the branches of this tree. In folk medicine, this species is used to treat wounds, ulcerations,
skin diseases, dermatomycoses, and herpes, particularly in the Amazon region [12]. V. guia-
nensis leaves contain phenolic compounds such as anthraquinones, flavonoids, xanthones,
and benzophenones, with anthraquinones being the most common compounds [13–16].
The plant also contains some other pharmacologically active compounds, such as vismione
D and ferruginin, which possess immunosuppressive [13], antioxidant [17], antibacterial,
and antifungal activities [18].

Considering the widespread use of V. guianensis by the population and its reported
biological effects, this study evaluated its anti-Candida activity, as well as its effects on
early and mature biofilm formation and adhesion. It also sought to provide data from
molecular docking and PASS online prediction to help to guide the identification of the
most promising V. guianensis compounds with antifungal activity against Candida sp, which
may also show anti-inflammatory and antioxidant activity.

2. Results
2.1. Characterization of the Plant Material and Extract

We determined the particle sizes of dried and powdered leaves to characterize the
plant material and the yield after extraction.

Figure 1 shows the particle size of the leaves and the product obtained from V. guia-
nensis, which was classified as a semi-fine powder, with a large portion being retained in
mesh M60 (34.09%), followed by mesh M80 (20.73%).
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Figure 1. Percentage of different particles sizes in the powder of dry Vismia guianensis leaves after
grinding and sifting using different mesh sizes.

Table 1 shows the results related to the ash content and the total amount of residue
from V. guianensis. The different hydromodules used to prepare the hydroethanolic extract
of the V. guianensis leaves (EHVG) presented similar yields, but different ash content and
total residues. The hydromodule 1:10 showed the best results, with 97% organic matter,
and, therefore, it was chosen for chemical analysis and experiments.

Table 1. Yield of the different hydromodules of the hydroalcoholic leaf extract of Vismia guianensis.

Hydromodule Dry Residue
(X ± SD) a Total Residue Extract Yield (%)

1:5 21 ± 0.0018 210 11
1:10 13 ± 0.0004 258 13
1:15 8 ± 0.0006 119 12
1:20 7 ± 0.0017 15 13

a: X ± SD = mean ± standard deviation.

2.2. Chemical Profile of EHVG

To determine the chemical profile of EHVG, different hydromodules were evaluated qualita-
tively by HPLC-PDA at 254 nm. Figure 2 shows the chromatographic profile of the hydromodule
1:10, which qualitatively exhibited the best extraction profile in terms of peak area.
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Figure 3 shows the identification of EHVG chemical compounds by full-scan spectrum
(hydromodule 1:10).
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The fourteen compounds identified by flow injection analysis (FIA-ESI-IT-MS) are
depicted in Table 2. It is possible to observe a predominance of anthraquinones, flavonoids,
and Vismione D.

Table 2. Compounds identified by MSn in Vismia guianensis extract.

Number [M−H]− MSn Ions Proposed Compound

1 191 173, 111, 85 Quinic acid
2 431 269 Isovitexin
3 447 429, 357 Isoorientin
4 289 Catechin
5 447 429, 301, 269, 229 Orientin
6 431 285, 163 Kaempferol-O-rhamnoside

7 731 285, 255 Kaempferol
galactoside-rhamnoside

8 1153 1001, 983, 789 Catechin tetramer
9 463 301, 283, 273, 229, 179, 121 Quercetin glycoside
10 577 425, 407, 285, 257, 213 Catechin dimer
11 1167 1015, 863, 711 A-type procyanidin trimer
12 409 273, 255 Vismione D
13 283 269, 239 Anthraquinone F
14 285 Kaempferol

Figure 4 shows the structures of the compounds identified in the leaf extract of V.
guianensis (EHVG), according to the spectrum shown in Figure 3 and the compounds
presented in Table 2. Herein, it is important to highlight, the structures of Vismione D,
anthraquinone F, and kaempferol, which are important markers of the genus Vismia.
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Figure 4. Chemical structures of the compounds identified in the Vismia guianensis leaf extract.

2.3. EHVG Showed Low Toxicity Using Different Assays

To define the best concentrations of the extract of Vismia guianensis (EHVG) for the
antifungal assays, its hemolytic and cytotoxic activities were evaluated. The extract showed
low toxicity, inducing less than 10% cell death and hemolysis (Figure 5A,B) at concen-
trations ≤ 5 mg/mL. Cell viability was greater than 80% at concentrations ≤ 10 mg/mL
(Supplementary Materials: Figure S1).
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Figure 5. Different concentrations of the hydroalcoholic leaf extract of Vismia guianensis (EHVG)
showed low toxicity when evaluated by the hemolysis (A) and MTT assay (B). Triton was the positive
control for hemolysis (A) and medium was the negative control in the cytotoxic assay. Data represent
the mean ± standard deviation of individual samples tested in quadruplicate. (*) p < 0.05 compared
to the control; (#) p < 0.05 compared with other concentrations.

2.4. Antifungal Activity of EHVG against C. albicans and C. glabrata

EHVG showed antifungal potential and fungicidal activity against all tested strains
(Table 3). Against C. albicans isolates, EHVG MIC values ranged from 3.125–6.25 mg/mL,
MFC from 3.125–12.5 mg/mL, and the CFM/MIC ratio ranged from 1–2. Against C.
glabrata, the MIC was 3.125 mg/mL, and the MFC was 6.25 mg/mL. MIC values were used
as a parameter for selecting two strains for the subsequent assays: C. albicans (SC5314) and
C. glabrata (ATCC 2001), both of which are of clinical interest.
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Table 3. Minimum inhibitory (MIC) and minimum fungicidal (MFC) concentrations of the hydroalco-
holic leaf extract of Vismia guianensis (EHVG) against Candida spp. strains.

Candida Strain
Vismia guianensis (EHVG) Antifungal

MIC a MFC a MFC/MIC
Ratio Ampho B b Flu c

C. glabrata (ATCC 2001) d 3.125 6.25 2 0.25 16
C. albicans (ATCC 90028) 3.125 3.125 1 1 8
C. albicans (ATCC 14053) 6.25 6.25 1 0.5 8

C. albicans (SC 5314) 6.25 6.25 1 0.5 16
A1 e C. albicans 6.25 12.5 2 1 8
A2 C. albicans 3.125 3.125 1 0.5 8
A3 C. albicans 6.25 6.25 1 0.25 4
A4 C. albicans 3.125 6.25 2 0.5 16
A5 C. albicans 3.125 3.125 1 0.5 16
A6 C. albicans 3.125 3.125 1 0.5 16
A7 C. albicans 6.25 6.25 1 1 16

(a) Values are expressed as mg/mL. (b) Ampho B = Amphotericin B concentration: 0.03 to 16 µg/mL.
(c) Flu = Fluconazole concentration: 0.125 to 256 µg/mL. (d) ATCC® (American Type Culture Collection).
(e) A1–A7: clinical samples.

2.4.1. Treatment with EHVG Inhibits the Growth of C. albicans and C. glabrata

Figure 6 shows the fungicidal activity of EHVG. EHVG inhibited the growth of C. albicans
and C. glabrata when tested at two different concentrations. Figure 6A shows the results
for C. albicans SC5314, after 36 (2×MIC = 12.5 mg/mL) and 48 h (1×MIC = 6.25 mg/mL).
Figure 6B shows similar results against C. glabrata (ATCC 2001), in a shorter period, for
both concentrations, since the inhibition was observed after 24 and 36 h at concentrations
of 2× (6.25 mg/mL) and 1× the MIC (3.125 mg/mL), respectively.
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(A) and Candida glabrata ATCC 2001 (B) were tested at two different concentrations corresponding
to the MIC or 2×MIC, then compared to untreated cultures (Control) or with cultures treated with
Amphotericin B (AMPHO B; MIC—0.5 µg/mL and 2×MIC—1 µg/mL).
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2.4.2. EHVG Inhibits C. albicans and C. glabrata Adhesion

C. albicans (ATCC 90028, SC5314) and C. glabrata ATCC 2001 were used to investigate
the effects of EHVG on pathogen adhesion. Figure 7A shows that EHVG was more
effective than Amphotericin B in inhibiting C. glabrata (ATCC 2001) adhesion at the lowest
tested concentration (1/2×MIC). At the highest concentration (1×MIC), all treatments
had similar inhibitory effects in comparison with the untreated control. Figure 7B,C
demonstrate that EHVG effects were equivalent to those of reference drugs (FLU and
Ampho B), regardless of the concentration used, against the two different C. albicans strains.
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Figure 7. EHVG inhibited the adhesion of Candida albicans ATCC 90,028 (A), C. albicans SC5314 (B),
and C. glabrata ATCC 2001 (C) in cultures treated with concentrations of 1/2 MIC and MIC when
compared to untreated samples (control). The EHVG-treated cultures were also compared to those
treated with the reference drugs Amphotericin B (Ampho B) or Fluconazole (Flu). (*) p < 0.05 differs
from untreated control; (#) p < 0.05 differs from Amphotericin B.
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2.4.3. EHVG Disrupts Early and Mature Biofilm Formation

Figure 8 shows that treatment with EHVG impaired early Candida biofilms formed
within 48 h (Figure 8A,C,E) and mature biofilms formed within 72 h (Figure 8B,D,F). This
effect was similar to that of Amphotericin B or Fluconazole compared to untreated controls.
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(*) p < 0.05 in comparison to control; (@) in comparison to Fluconazole, and (&) p < 0.05 Fluconazole
compared to Amphotericin B.

Treatment with EHVG inhibited biofilm formation with an efficacy similar to that
of Fluconazole or Amphotericin B, even at sub-inhibitory concentrations (1/4 MIC and
1/2 MIC). For Candida albicans SC5314, the reduction was more significant than that ob-
served with Amphotericin B (Figure 9).
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Figure 9. Percentage of inhibition on EHVG-treated early (A,C,E) and mature biofilms (B,D,F) of
Candida albicans ATCC 90,028 (A,B), C. albicans SC5314 (C,D) and C. glabrata ATCC 2001 (E,F) after 48
and 72 h, evaluated by MTT assay. Samples were treated with EHVG (1/4 and 1/2 for early biofilms,
and 2× and 4×MIC for mature biofilms) and compared to untreated controls or the reference drugs
Amphotericin B (Ampho B) and Fluconazole (Flu). (*) p < 0.05 compared to control. (#) p < 0.05
compared to Amphotericin B and (@) p <0.05 compared to fluconazole.

Figure 10 shows the reduction in biofilm biomass in the groups treated with EHVG for
48 and 72 h, with the same intensity as that observed for Amphotericin B and sometimes
higher than that for Fluconazole. This confirms the data obtained from the MTT assay.
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2.5. In Silico Biological Activity and Toxicity for the Compounds Identified in EHVG

The PASS online tool evaluated the antifungal, anti-inflammatory, and antioxidant
activities of the five selected compounds detected in EHVG, including catechin, kaempferol,
anthraquinone, and Vismione D, in comparison to those of Fluconazole and Amphotericin.
The compounds showed greater Pa than Pi as antifungal, considering Pa values higher
than Pi (>0.3) due to the strong molecular potency. They also exhibited a high probability
of gut permeability, and no violation to Lipinski’s rules.

Vismione D showed the highest predictive antifungal and also showed high values as
anti-inflammatory agent when compared to other compounds found in EHVG (Table 4).
Kaempferol and quercetin showed the highest predictive value as anti-inflammatory.
Quercetin and catechin showed the highest values as antioxidant compounds, and an-
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thraquinone, fluconazole, and amphotericin B had no antioxidant predictive activities with
Pa values lower than 0.3.

Table 4. PASS prediction of commercial drugs and three selected compounds detected in the Vismia
guianensis extract, considering the Potential activity (Pa) higher than potential inactivity (Pi), as well
as the antifungal, antioxidant, and anti-inflammatory activities.

Activity/
Compounds

Antifungal Anti-Inflammatory Antioxidant

Pa a Pi b Pa Pi Pa Pi

Vismione D 0.684 0.011 0.606 0.030 0.478 0.008
Catechin 0.552 0.023 0.548 0.044 0.810 0.003

Kaempferol 0.495 0.031 0.676 0.019 0.856 0.003
Quercetin 0.490 0.032 0.689 0.017 0.872 0.003

Anthraquinone 0.351 0.063 0.410 0.090 - -

Fluconazole 0.726 0.008 - - - -
Amphotericin 0.977 0.000 0.330 0.136 - -

a: Pa (probability “to be active”) estimates the chance that the studied compound belongs to the sub-class of active
compounds. b: Pi (probability “to be inactive”) estimates the chance that the studied compound belongs to the
sub-class of inactive compounds.

2.6. Compounds Present in EHVG, Especially Vismione D, Interact with CaCYP51

The following compounds identified in EHVG were used for molecular docking:
anthraquinone F, catechin, kaempferol, and vismione D. Figure 11 illustrates the molecular
interaction between vismione D and the enzyme CaCYP51 of C. albicans. Analysis of the
vismione D + CaCYP51 complex is characterized by the formation of hydrogen bonds
between the ligand and the enzyme residues Tyr118, Ser378, and Met508, as well as
hydrophobic contact with residues Leu121, Phe228, Pro230, Phe233, Gly303, Ile304, Gly307,
Gly308, Thr311, Leu376, Phe380, and Ser508, including interactions with the heme group.
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Molecular docking analysis indicated that vismione D presents the highest affinity for
the fungal enzyme CaCYP51, with a binding free energy (∆Gbind) of 10.96 kcal/mol and an
inhibition constant (Ki) of 0.009 µM, when compared to the reference drugs posaconazole
and fluconazole. Anthraquinone provided results similar to those of posaconazole, and the
results for catechin and kaempferol were similar to those of fluconazole (Table 5).

Table 5. Free binding energies and inhibition constants between fourteen compounds identified in
Vismia guianensis extract and CaCYP51, obtained through molecular docking.

Ligand ∆Gbind (kcal/mol) * Ki (µM) **

Vismione D −10.96 0.009
Anthraquinone F −7.92 1.56

Catechin −6.97 7.79
Kaempferol −6.70 12.35
Quercetin −5.60 20.98

Posaconazole −8.43 0.57
Fluconazole −6.89 11.61

(*) Bind free energy; (**) inhibition constant.

Figure 12 shows the spatial conformation obtained for the molecular docking analysis
of vismione D and CaCYP51 structures. Several binding sites could be observed, which
favor a possible action of the compound on the enzyme.
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Anthraquinone F −7.92 1.56 
Catechin −6.97 7.79 

Kaempferol −6.70 12.35 
Quercetin −5.60 20.98 

Posaconazole −8.43 0.57 
Fluconazole −6.89 11.61 

(*) Bind free energy; (**) inhibition constant. 

Figure 12 shows the spatial conformation obtained for the molecular docking analy-
sis of vismione D and CaCYP51 structures. Several binding sites could be observed, which 
favor a possible action of the compound on the enzyme. 

 
Figure 12. Spatial conformation showing several common binding sites between the CaCYP51 en-
zyme (PDB: 5FSA) and Vismione D (blue) or the antifungal posaconazole (green) through molecular 
docking. The image was obtained with USCF Chimera. 

Figure 12. Spatial conformation showing several common binding sites between the CaCYP51
enzyme (PDB: 5FSA) and Vismione D (blue) or the antifungal posaconazole (green) through molecular
docking. The image was obtained with USCF Chimera.

3. Discussion

V. guianensis is a native plant found in different regions of Brazil, especially in the
Amazon region, where its leaf extracts are used to treat skin inflammatory and infectious
skin diseases [13]. Little is known about its mechanisms of action. Thus, our aim was to
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investigate its anti-Candida activity from the hydroethanolic extract prepared with a vegetal
part (EHVG), considering that plants are still the main source of bioactive compounds and
that there is a growing resistance to commercial antifungal drugs.

For the extract preparation, the particle size of the leaves and the product obtained
were evaluated and classified as a semi-fine powder, with a large part retained in mesh
M60, followed by mesh M80. It is important to highlight that the particle size of the
dry plant material is important for the extract preparation, since the more homogenous
the extraction is, the better, resulting in an increased yield and collection of chemical
components, maximizing biological activities [19].

The preparation of EHVG with different hydromodules resulted in a similar yield, but
different dry and total residues after evaluation of the ash content. The hydromodule 1:10
showed the best result for the chemical analysis, as it exhibited the best qualitative profile
due to the more intense peaks and larger and better-defined areas, to confirm the presence
of secondary metabolites in the extract. For this reason, it was used for antifungal assays.

Direct flow injection analysis of EHVG with ionization in negative mode confirmed
the presence of phenolic compounds, including anthraquinones, catechins, epicatechins,
kaempferol, vismione D, and flavonoids. The presence of these compounds was also
previously reported by Seo et al. [20], who isolated five benzophenones, vismiaguianones
A–E, and two benzocoumarins, vismiaguianins from chloroformic root extract during the
investigation of the antitumoral effects of V. guianensis. In 2004, Politi et al. [14] described
the presence of anthraquinones, vismiones, flavonoids, xanthones, and benzophenones
in n-hexane, as well as dichloromethane, when investigating leaf methanol extracts in
comparison with those from roots. Later, Hussain et al. [21], in a review related to the genus
Vismia, described the presence of the same compounds which we found, and discussed
anthraquinones and vismione as important chemical markers of this group.

According to Costa et al. [22], antifungal activities may be related to the presence of
mono- and sesquiterpene metabolites, components also identified in the present study. This
previous study demonstrated that such metabolites could promote cell membrane rupture,
causing fungal death as well as impairments of membrane synthesis, cellular respiration,
and spore germination. Flavonoids may also cause rupture of the microbial membrane due
to their lipophilic nature [23]. Other V. guianensis chemical components, such as humulene
epoxide II (not reported in this study) isolated from the oil of leaves, exhibited antifungal
activity against several Candida species, including C. albicans and C. glabrata [22].

EHVG exhibited low toxicity using different techniques and different concentrations.
The decision to investigate this by different assays was based on previous observations on
the MTT assay; neutral red and crystal violet staining assays provided complementary data
for cell viability [24].

The antifungal activity of EHVG was evaluated by time-kill assays, using the C. albicans
(SC5314) and C. glabrata (ATCC 2001) strains. These strains were chosen due to their clinical
interest [22,25,26]. EHVG showed a fungicidal effect against both strains, inhibiting all
Candida strains over 48 h, especially for C. glabrata after the first 12 h.

As EHVG was antimicrobial against C. albicans and C. glabrata, we investigated its
effects on Candida virulence (adhesion and biofilm formation). The extract impaired the
adhesion of all tested strains with similar efficacy to that observed for reference drugs such
as fluconazole. This is an important action, considering that adhesion is the first step of
a successful fungal colonization and pathogenesis [1,7].

EHVG exerted an inhibitory concentration-dependent effect on early biofilm formation
by C. albicans (ATCC90028) and C. glabrata (ATCC2001). The observed inhibitory effects
were equivalent to Amphotericin B, but no differences were observed after incubation
of sub-inhibitory concentrations of EHVG. The extract also exerted inhibitory activity on
mature biofilms produced by C. albicans (ATCC 90028) and C. glabrata (ATCC 2001), with
similar performance to those of amphotericin B and fluconazole when tested at 2×MIC.
For C. albicans (SC5314), EHVG showed better results than fluconazole.
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The biofilm acts as a protective barrier for the microorganism, rendering their cells
more resistant to the immune system, as well as to the effects of antifungal therapies.
Biofilms arising from Candida infections are difficult to treat and, depending on the biofilm
phase, higher concentrations of antifungal compounds are necessary in comparison to
planktonic cells [27]. In addition, biofilm formation may vary among Candida strains in
response to different antifungals, contributing to increased virulence [5,7]. EHVG exhibited
anti-Candida activity, reducing both adhesion and biofilm formation by all tested strains.

In order to better understanding the underlying mechanisms of EHVG anti-Candida ac-
tivities, molecular modeling was used to identify the probable targets of EHVG compounds.
We found that all tested compounds exhibited favorable interactions with CaCYP51 (cy-
tochrome P450 lanosterol 14a-demethylase). However, vismione D was the most potent
inhibitor of the enzyme, with a docking score of −10.96kcal/mol. Vismione D also exhib-
ited the highest affinity for CaCYP51, whilst presenting the lowest inhibition constant and
high negative binding free energy, with values even greater than those of posaconazole and
fluconazole, used herein as reference drugs. These findings indicate vismione D as the most
promising anti-Candida compound of EHVG. It is important to note that the other tested
compounds were also predicted to interact with CaCYP51, allowing us to conclude that
EHVG activity may be due to a phytocomplex present in the EHVG, in which vismione D
may be the most effective.

Binding free energy is a parameter used to indicate how spontaneously the interaction
between a molecule and a biological target occurs. Negative binding free energies indicate
that these interactions favor the formation of ligand-receptor complexes [28].

Intermolecular interactions, such as hydrogen bonds with amino acid residues (Tyr-
118, Ser-378 and Met-508), hydrophobic interactions, and interactions with the heme group,
confer the ability to stabilize a given ligand at the binding site, forming ligand-receptor com-
plexes. In the present study, vismione D was predicted to interact with practically the same
amino acids as posaconazole, a commercially available fungicide, but more spontaneously
and with a greater interaction potential. In addition, the spatial conformation obtained
indicated a more linear structure of vismione D contributing to the molecular interactions.

Values lower than 2Å indicate that the docking protocol is valid, i.e., shows similarity
with the experimental structure [28]. The CaCYP51 enzyme plays a key role in the synthesis
of ergosterol from its precursor, lanosterol [29,30]. Blockade of this enzyme thus inhibits
the process necessary for Candida survival [31]. Based on this, it is reasonable to propose
that EHVG’s anti-Candida activities are due to its ability to affect ergosterol synthesis.

It is important to emphasize the relevance of phytocomplexes present in EHVG for
the development of new antifungals with, possibly, a broader spectrum of action than tradi-
tional agents [22], since the extract compounds may act additively as antifungals. The in
silico absorption, distribution, metabolism, excretion (ADME), and toxicity modeling is an
important tool for rational drug design for studying interactions of ligands with biological
targets at the atomic scale. As shown by the in silico results, the evaluated compounds,
including vismione D, presented good predictive values with high gut absorption, as well
as accordance to the Lipinski’s rule, an important characteristic for drug-likeness [32,33].

The in silico absorption, distribution, metabolism, excretion (ADME), and toxicity
(T) modeling is an important tool for rational drug design and to study the interactions
of ligands with the biological targets in atomic scale, especially if we consider the several
restrictions for animal use in the world.

The molecular docking findings suggest that the compounds present in EHVG meet
Lipinski’s rules, which indicates that they might act as effective drug candidates with a low
risk level for oral use. Furthermore, the ADMET predictor confirmed the in vitro results
related to the low toxicity as an important characteristic to show the plant compounds as
a good medicinal product [32,33].

Additionally, based on PASS prediction simulation, it is possible to propose other bio-
logical activities for vismione D, since it showed a higher value of Pa (potential activity) [34]
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as an antifungal compound, and good values as an anti-inflammatory and antioxidant
compound.

To the best of our knowledge, there are no available data evaluating the in silico
activities of compounds from V. guianensis extract (EHVG) or any other species of the
genus Vismia. This highlights the importance of this analysis for elucidating the possible
mechanisms underlying the antifungal action of this species.

4. Materials and Methods
4.1. Collection and Identification of Vismia guianensis

The leaves were collected between October and November 2016, in the morning, in
São Luís, MA, Brazil (2◦28′47.1′′ S and 44◦13′17.4′′ W). The collected material was cleaned
and left to dry for 7 days, protected from sunlight, under natural ventilation, and at room
temperature (±24 ◦C). The plant material was identified and deposited in the Herbarium of
Maranhão, Federal University of Maranhão (No. 11.078), and is registered with the National
System for the Management of Genetic Heritage and Associated Traditional Knowledge
(SisGen) (Registration No. AFE7A08) as regulated by Law No. 13.123/15.

4.2. Preparation of the Extract

The dried leaves were ground in an electrical grinder. The powder obtained was used
to prepare the extract and the different hydromodules The extract yield was calculated as
% of the total biomass of the plant material. The dependence of the extract yield on the
hydromodule was studied to determine the best extraction process, and the choice of 1:10
was based on the highest extract yield and best chemical profile.

For the hydromodules, 10 g of the powdered leaves was transferred into a Falcon
polyethylene test tube, and added to different Extract/Ethanol ratios (hydromodule) as
follows: hydomodule 1:5 (50 mL); hydromodule 1:10 (100 mL); hydromodule 1:15 (150 mL);
and 1:20 (200 mL). After this, the extraction process was carried out.

The extract was obtained by maceration for 7 days, protected from light. After this
period, the solvent was evaporated in a rotary evaporator, and then the material was
lyophilized and stored in a refrigerator for subsequent assessment.

4.3. Characterization of the Plant Material
4.3.1. Particle Size Analysis of the Leaves

For characterization of the plant material, two samples of 100 g of dried leaves were
placed in a mesh strainer, with mesh sizes No. 16, 20, 40, 60, 80, and 120, and openings
of 1190, 850, 425, 250, 180, and 125 µm, respectively, according to Brazilian normalization
rules. This lasted for 20 min, with the rheostat being adjusted to intensity 7. The samples
were removed and weighed for yield calculation [35].

4.3.2. Ash Content and Extract Yield

Total ash content was quantified as previously described [35]. Samples of the V.
guianensis leaf powder (3 g), in duplicate, were placed in crucibles, stabilized for 30 min
in a desiccator, and heated separately in a muffle furnace (Magnus Ltd.a.®) at an initial
temperature of 200 ◦C, with increments of 200 ◦C every 2 h, until a temperature of 600 ◦C
was reached. The samples were then removed, transferred to a desiccator, maintained at
room temperature, and weighed for calculation of the ash volume. At the end of this process,
the yield was calculated by placing 1 mL of the extract on Petri dishes and incubated at
37 ◦C until completely dried. Individual samples were tested in triplicate, and the yield
was calculated considering the dry weight of the extract.

4.4. Chemical Characterization
4.4.1. Analysis of EHVG by HPLC-PDA

The extract was analyzed by HPLC-PDA. A cleaning step was performed to remove
any contaminants. Sample solution (30 mg/mL, 1 mL) was run through solid phase
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extraction (SPE) using Phenomenex Strata C18 cartridges (500.0 mg stationary phase),
which had previously been activated with 5.0 mL MeOH and then equilibrated with
5.0 mL MeOH:H2O (1:1, v/v). The sample was then filtered through a 0.22 µm PTFE filter,
and subsequently dried. The dried sample was dissolved at a concentration of 10.0 mg/mL
in HPLC-grade methanol solvent. An aliquot of 10.0 µL was injected directly into the HPLC-
PDA. The system used was a Shimadzu model HPLC system (Shimadzu Corp., Kyoto,
Japan), consisting of a solvent injection module with a binary pump and PDA detector
(SPA-20A. The column used was Luna 5.0 µm C18 100 0A (150.0 µm × 4.6 µm). The elution
solvents were A (2% acetic acid in water) and B (2% acetic acid in methanol). The sample
was eluted according to the following gradient: 5% to 60% B in 60 min. The flow rate was
1 mL/min. The data were processed using the LC Solution software (Shimadzu) [36].

4.4.2. Analysis of EHVG by FIA-ESI-IT-MSn

For direct flow injection analysis (FIA-ESI-IT-MSn), 10 mg of the crude extract was
dissolved in 1 mL of MeOH: H2O (1:1, v/v). After incubation in an ultrasound bath for
5 min, the extract was filtered (0.22 µm), and 20-µL aliquots at a concentration of 5 ppm
were directly injected into the FIA-ESI-IT-MSn system.

Full-scan mass spectra were recorded in the range of 100–1000 m/z. Multistage frag-
mentations (ESI-MSn) were obtained by the collision-induced dissociation (CID) method,
using helium for ion activation. The different compounds of EHVG were identified, based
on the comparison of UV spectra and characteristic fragmentations, to those from the data
in the literature [30].

4.5. In Vitro Tests for Anti-Candida Activity
4.5.1. Isolation of Microorganisms

Four Candida spp. reference strains (ATCC), including three C. albicans strains and
one C. glabrata strain (ATCC 2001), as well as eight clinical isolates, were used after approval
by the Brazilian Ethics Committee (No. 813.402/2014) (Table 6). The strains were obtained
from the collection of the Laboratory of Applied Microbiology, Universidade CEUMA, São
Luís, MA, Brazil. All Candida isolates were identified by multiplex PCR. The identification
was performed as previously described [37], using the combination of eight different
species-specific primers in a single PCR tube, by combining two yeast-specific fragments
from the ITS1 and ITS2 regions and species-specific primers for C. albicans and C. glabrata.
This method was chosen as it allows for the identification of clinical isolates with high
specificity, and has the potential to discriminate individual Candida species in polyfungal
infections. For the experiments, the isolates were subcultured on Sabouraud-dextrose agar
(SDA) with chloramphenicol for 24 h at 37 ◦C.

Table 6. Reference strains tested.

Identification Type of Strain

ATCC 2001 a—C. glabrata Reference
ATCC 90,028—C. albicans Reference
ATCC 14,053—C. albicans Reference

ATCC MYA 2876 (SC 5314)—C. albicans Reference–Wild type
A1 C. albicans Clinical isolate–vagina
A2 C. albicans Clinical isolate–vagina
A3 C. albicans Clinical isolate–vagina
A4 C. albicans Clinical isolate–vagina
A5 C. albicans Clinical isolate–vagina
A6 C. albicans Clinical isolate–vagina
A7 C. albicans Clinical isolate–oral
A8 C. albicans Clinical isolate–oral

a: ATCC—American Type Culture Collection.
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4.5.2. Inoculum Preparation

The different strains were activated on SDA with chloramphenicol by seeding and
incubation for 24 h at 35 ◦C. The colonies were resuspended in 5 mL of 0.85% sterile saline
(0.145 mol/L; 8.5 g/L NaCl). The resulting suspension was homogenized in a Vortex® for
15 s. The cell density was adjusted in a spectrophotometer (Global Trade Technology), at
a wavelength of 530 nm, by the addition of saline to obtain an absorbance corresponding to
0.5 McFarland standards.

4.5.3. Determination of Minimum Inhibitory Concentration (MIC)

Antifungal susceptibility tests were standardized following previously established
guidelines (M27-A3, [38]), and according to Ostrosky et al. [39]. For the test, 100 µL
RPMI 1640 medium (with glutamine and phenol red, no bicarbonate) buffered with MOPS
[3-(N-morpholine) propanesulfonic acid] was added to the wells of a 96-well sterile mi-
crotiter plate, which contained a cell suspension of Candida spp. (1 × 106 CFU/mL). Next,
100 µL EHVG at a concentration of 50 mg/mL was added to the first column, followed by
serial dilutions up to 0.095 mg/mL. Amphotericin B (0.0313–16 µg/mL) and Fluconazole
(0.125–256 µg/mL) (Sigma-Aldrich, São Paulo, Brazil) were used as positive controls. RPMI
1640 medium, without extract or an antifungal agent, served as the growth control. The
Candida spp. inoculum plus EHVG or antifungal agent was incubated for 24 h at 37 ◦C.

The result was analyzed visually and read in a microplate reader at 540 nm. The MIC
was defined as the lowest concentration of the extract or antifungal agent at which no growth
was visible or detected. The test was carried out in triplicate in two different experiments.

4.5.4. Determination of Minimum Fungicidal Concentration (MFC)

The MFC was determined based on the MIC results. A 10 µL aliquot of the wells
corresponding to up to 4× the MIC was seeded onto SDA plates with chloramphenicol.
The plates were incubated for 24–48 h at 37 ◦C, and the MFC was defined as the lowest
concentration of the EHVG and antifungal agents that inhibited fungal growth. All tests were
carried out in triplicate. The MFC/MIC ratio was calculated in order to determine whether
the extract had fungistatic (MFC/MIC ≥ 4) or fungicidal activity (MFC/MIC ≤ 4) [40].

4.5.5. Time-Kill Assay

C. albicans ATCC 2001 and C. albicans SC 5314 were used to establish the time-kill
curves according to [26], with modifications. The inoculum was diluted in RPMI 1640
medium to a final concentration of 5 × 103 CFU/mL, and added to 96-well plates. EHVG
was used at concentrations corresponding to the MIC and 2× MIC, using 1% DMSO as
vehicle. Amphotericin B plus inoculum was used as a positive control, and RPMI 1640
plus inoculum as a negative control. The plates were incubated for 24 h at 37 ◦C, and the
number of CFUs was determined.

Growth kinetics were evaluated after different periods of incubation: 0, 3, 6, 12, 24,
36, and 48 h. Serial dilutions were prepared for each sample (10−1 to 10−4), and 10 µL was
transferred to Petri dishes containing SDA with chloramphenicol. After colony counting,
the following formula was applied: CFU/mL = number of counted colonies × 10n/q,
where n corresponds to the absolute value of the chosen dilution and q to the volume
(mL) of each dilution seeded on the plates [41]. The assay was carried out in triplicate in
two different experiments.

4.5.6. Adhesion Assay

Candida spp. was activated as described in item 4.5.2, washed with PBS (3 mL), and
centrifuged twice at 2060× g for 5 min. After the last wash, the inoculum was resuspended
in 5 mL PBS, read at 530 nm, and adjusted to 1 × 107 CFU/mL [42].

For adhesion assessment, 100 µL PBS and 100 µL EHVG, at concentrations corre-
sponding to the MIC and 1/2 MIC, were added to each Candida strain. Serial dilutions
were prepared, and the samples were incubated for 90 min at 37 ◦C. The supernatant was
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then discarded, and the plates were washed twice with PBS. In the last wash, PBS was
discarded completely, and the cells were resuspended in 100 µL PBS. The microdroplet
technique was used to seed dilutions of 10−2 to 10−4 on SDA plates with chlorampheni-
col, which were incubated for 24–48 h at 37 ◦C. The assay was carried out in triplicate in
two different experiments.

4.5.7. Effect of EHVG on Biofilm Formation

The experiments were carried out as described previously [24], with modifications.
Sub-inhibitory concentrations of EHVG (200 µL), corresponding to 1/4 MIC and 1/2 MIC,
were used to assess the extract’s interference with biofilm formation. The plates were
incubated for 24 h at 37 ◦C. After this period, the supernatant was removed, and the pellet
was washed twice with PBS. The number of CFUs was determined, and the metabolic
activity was evaluated by the MTT assay, or by biomass formation using crystal violet
staining. For the MTT (3-(4,5-dimethyl-2-thiazyl)-2,5-diphenyl-2H-tetrazolium bromide)
assay, a concentration of 5 mg/mL was added, and the samples were read in a microplate
reader at 570 nm. For crystal violet staining, 0.2 mg/mL of the dye was added, and the
samples were read at 595 nm, as described by Zago et al. [41].

For the quantification of CFU, dilutions of 10−2 to 10−4 were seeded on SDA plates
with chloramphenicol by the microdroplet technique, and the plates were incubated for
24–48 h at 37 ◦C. For CFU quantification, the formula described in item 2.5.6 was applied.
The assay was carried out in triplicate in two different experiments.

The effect of the extract on the mature biofilm was analyzed following the same
procedure as described above, and the microplates were incubated for 48 h at 37 ◦C. The
culture medium was changed after 24 h. The supernatant was aspirated, and the biofilm
was washed twice with PBS. Concentrations of EHVG (200 µL) corresponding to 2×- and
4× the MIC were used. The plates were incubated at 37 ◦C for an additional 24 h. After
this period, the plates were washed twice with 100 µL PBS, and the number of CFUs, the
metabolic activity (MTT assay), and the biomass (crystal violet staining) were analyzed [43]
(Seneviratne et al., 2016). For CFU quantification, dilutions of 10−2 to 10−4 were seeded
on SDA plates with chloramphenicol by the microdroplet technique, and the plates were
incubated for 24–48 h at 37 ◦C. The number of CFUs was determined by applying the
formula proposed previously [41]. In all experiments, biofilms without extract were used
as negative controls, and biofilms with Amphotericin B and Fluconazole were used as
positive controls.

4.6. Determination of EHVG Cytotoxicity by the MTT Assay

The cytotoxicity of the extracts against murine macrophages (RAW 264.7; APABCAM,
Rio de Janeiro, Brazil) was evaluated. The cells were maintained in cell culture flasks (TPP)
in RPMI medium supplemented with 10% fetal bovine serum (Invitrogen, New York, NY,
USA) and 1% penicillin-streptomycin (Gibco, Grand Island, NE, USA), and then incubated
for 1 h at 37 ◦C in the presence of 5% CO2. After reaching sub-confluence, the cells were
detached with a cell scraper (TPP) and centrifuged at 2000 rpm for 5 min.

The supernatant was discarded, and the cells were, again, resuspended in RPMI
medium and transferred to microtiter plates (100 µL, 1 × 106/well). The plates were
incubated for 4 h in the presence of 5% CO2 for adherence of the cells. After this period,
increasing concentrations of EHVG (0.5 to 50 mg/mL) were added, and the plates were
incubated for 24 h at 37 ◦C in the presence of 5% CO2. As growth controls, the cells were
incubated with RPMI without extract and 1% DMSO as vehicle.

After incubation, the supernatant was removed, and adherent cells were evaluated by
the addition of 10 µL MTT solution (5 mg/mL) (Sigma, St. Louis, MO, USA) to the wells
in the dark. The plates were incubated for 4 h at 37 ◦C. The supernatant was removed,
and formazan was extracted by the addition of 100 µL sodium dodecyl sulfate (SDS) and
incubation overnight. Absorbance was read at 570 nm after 24 h of incubation.
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4.7. The Hemolytic Assay

Defibrinated sheep blood (EB FARMA, Rio de Janeiro, Brazil) was used in this study.
Red blood cells were isolated by centrifugation at 290× g (5810R Centrifuge, Eppendorf)
for 10 min at 4 ◦C. After the removal of plasma, the red blood cells were washed three
times with PBS (pH 7.4) and immediately resuspended in 2% (v/v) of the same buffer.
To evaluate the hemolytic activity of the extracts and fractions, 100-µL aliquots of the
red blood cell solution were added to flat-bottom 96-well microplates (Kasvi, Italy), to-
gether with serial dilutions of the extract and fractions (0.05 to 50 mg/mL). Total hemol-
ysis was achieved with 1% Triton X-100 (Sigma-Aldrich), and PBS was used as a neg-
ative control. DMSO (1%, vehicle) was also included as a control. After incubation
for 60 min at room temperature, the cells were centrifuged at 300× g for 10 min, and
absorbance was measured in the supernatant at 540 nm [11]. Relative hemolytic activ-
ity was expressed in relation to Triton X-100, and was calculated using the following
formula: relative hemolytic activity (%) = [(As − Ab) × 100]/(Ac − Ab), where Ac is the
absorbance of the control (blank, without extract), As is the absorbance in the presence
of the extract, and Ab is the absorbance in the presence of Triton X-100. The assays were
carried out in quadruplicate on three different experiments.

4.8. Evaluation of Cell Viability by the Neutral Red Assay

Neutral red (Vetec/Sigma Aldrich, São Paulo, Brazil) was prepared in PBS (20 µg/mL),
and 100 µL/well of this solution was placed in the wells that contained RAW cells
(100 µL/1 × 106) treated with different concentrations of EHVG, starting at 50 mg/mL (25,
12.5, 6.25, 3.125, 1.76, 0.78, and 0.39 mg/mL). After 2 h of incubation while protected from
light, the plates were centrifuged, and the supernatant was discarded. Next, ethanol P.A.
(100 µL) was added to the wells. The plates were shaken on an orbital shaker for 15 min.
Absorbance was then determined at 570 nm, and the values obtained were converted into
percentage of cell viability [44].

4.9. In Silico Analysis
4.9.1. Ligands and Target Preparations

The GaussView 5.0.8 program was used to illustrate the three-dimensional (3D) struc-
ture of the compounds Vismione D, anthraquinone, kaempferol, and catechin, identified
by HPLC-UV/Vis and FIA-ESI-IT-MS in the crude extract of V. guianensis leaves. The
geometrical and vibrational properties were calculated in vacuum by the density functional
theory combined with the 6-311++G** (d, p) basis set, using Gaussian 09. The 3D structure
of 14-alpha-demethylase from C. albicans (CaCYP51) was obtained from the Protein Data
Bank (PDB) (# 5FSA), then resolved by X-ray crystallography with a resolution of 2.86 Å.

4.9.2. Molecular Docking

The structures of CaCPY51 and of the ligands were prepared for the molecular docking
calculations using the AutoDock Tools (ADT), version 1.5.6. The structure of CaCYP51 was
considered rigid, while each ligand was considered flexible. Gasteiger partial charges were
calculated after the addition of all hydrogens. Next, the apolar hydrogens of CaCYP51
and of the ligands were subsequently fused. A cubic box of 120 × 120 × 120 points, with
spacing of 0.35 Å, was generated throughout the portion that corresponded to the active
site of the macromolecule.

The grid box was centered on the heme group of CaCPY51. For molecular docking,
a global search was performed using Lamarckian Genetic Algorithms (AGL), and a local
search (LS) using pseudo-Solis and Wets. Each ligand was submitted to 100 independent
simulations of ligand binding, and the remaining fit parameters were set to default values.
The initial coordinates of the interactions between CaCYP51 and the compounds present in
EHVG were chosen using the criterion of clustering low-energy conformations, combined
with visual inspection [37]. Molecular docking was performed using AutoDock 4.2.
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4.9.3. Pharmacokinetics and Toxicity Measurement

The SwissADME online method was used to assess the pharmacokinetic properties
(ADME) of the compounds. Lipinski’s five rule was determined based on the following
parameters: molecular weight not more than 500 Dalton; H-bond donors ≤ 5; H-bond
acceptors ≤ 10; molar refractivity ranging from 40 to 130; and lipophilicity positive drug-
like properties of any compound [45]. In addition, the online tool admetSAR (http://
lmmd.ecust.edu.cn/admetsar2, accessed on 28 September 2022) was used to calculate the
toxicological properties of all the compounds.

4.9.4. Pass Prediction

The PASS online tool (http://www.pharmaexpert.ru/passonline/predict.php, ac-
cessed on 28 September 2022) was used to determine the other potential biological activities
of the selected compounds. The potential biological activity considered the Pa and Pi
values to range from 0.000 to 1.000 [46,47], and Pa values higher than the Pi values were
considered to have the following characteristics: Pa < 0.7 suggests high drug activities;
0.5 < Pa < 0.7 shows moderate therapeutic potentials; and Pa < 0.5 shows poor pharmaceu-
tical activity [48,49].

4.10. Statistical Analysis

The results were expressed as the mean ± standard deviation. One-way analysis of
variance (ANOVA) was used, followed by Dunn’s post-test for multiple comparisons and
the Student t-test for comparison between two groups. All analyses were performed using
the GraphPad Prism 8.0 software. The significance adopted was 5% (p < 0.05).

5. Conclusions

EHVG has important anti-Candida activity, being able to attenuate the growth and
virulence factors of Candida ATCC strains and clinical isolates of interest. This anti-Candida
effect may be due to the presence of vismione D, which may act synergistically to other
compounds. This inhibits the Candida CaCYP51 enzyme, and, therefore, impairs the
biosynthesis of ergosterol.

Overall, the results suggest that EHVG is a promising anti-Candida alternative that
can be used as a reference to generate a lead compound for the purpose of antifungal
drug discovery.
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Abstract: Microsporum canis is an important zoonotic fungus that causes dermatophytosis in domestic
animals and their owners. Domestic cats are the primary reservoir for M. canis. Antifungal drugs
frequently produce adverse effects on the host animal, increasing the demand for novel alternative
treatments derived from nature. We evaluated the antifungal activity of Coleus amboinicus essential oil
(CEO) and ethanolic extracts (CEE) against M. canis in planktonic and biofilm growth. Twelve clinical
isolates of M. canis were identified in feline dermatophyte samples. Using GC-MS, 18 compounds
were identified in CEO, with carvacrol being the major constituent. HPLC analysis of CEE revealed
that it contained rosmarinic acid, apigenin, and caffeic acid. The planktonic growth of all M. canis
isolates was inhibited by C. amboinicus extracts. The minimum inhibitory concentration at which
≥50% of the isolates were inhibited (MIC50) was 128 µg/mL (32–256 µg/mL) for both CEO and CEE.
The MIC90 values of CEO and CEE were 128 and 256 µg/mL, respectively. CEO at MIC (128 µg/mL)
and 2× MIC (256 µg/mL) significantly inhibited the biofilm formation of weak, moderate, and
strong biofilm-producing M. canis. CEE at 2×MIC (256 µg/mL) significantly inhibited the biofilm
formation of all isolates. Overall, C. amboinicus extracts inhibited planktonic growth and exhibited
a significant antibiofilm effect against M. canis. Thus, C. amboinicus is a potential source of natural
antifungal compounds.

Keywords: Microsporum canis; Coleus amboinicus; essential oil; ethanolic extracts; antifungal; biofilm
formation

1. Introduction

Microsporum canis is an important zoophilic dermatophyte in domestic cats and dogs;
however, it also causes dermatophytosis in humans. Human infections are acquired from
domestic animals through direct contact with clinically or subclinically infected animals [1].
M. canis is a major species of keratinophilic and keratinolytic filamentous fungi that cause
superficial fungal infections worldwide [2], particularly in Europe, the eastern Mediter-
ranean, and South America [3–5]. M. canis infections in cats, dogs, and other domestic
animals such as rabbits generally manifest as multifocal alopecia, scaling, and circular
lesions [6,7]. Both stray and domesticated cats are considered common reservoirs for
M. canis [8–10] and anyone in direct contact with these animals, including owners and
veterinarians, is at risk of becoming infected [9]. Treatments include oral and topical prepa-
rations of antifungal agents such as amphotericin B, griseofulvin, terbinafine, itraconazole,
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flucytosine, and fluconazole, administered alone or in combination. These agents cause
adverse reactions, such as nephrotoxicity, hepatotoxicity, and neurotoxicity and have been
associated with treatment failure secondary to drug resistance [11,12]. One antifungal-
resistant strain of M. canis is resistant to terbinafine and has been reported in some feline
patients [13]. Factors mitigating drug resistance include a lack of patient compliance, poor
tissue penetration, and variable medication bioavailability [11,14]. Biofilms produced by
M. canis are an additional concern [15,16]. Biofilm refers to the matrix that surrounds the
microbial population and acts as a physical barrier, protecting the microorganisms in it.
Biofilms are typically associated with increased resistance to antifungal agents [15].

Plants, including their extracts, contain phytochemical compounds that are used as
antimicrobials and antibiofilm agents [17]. Identifying novel antifungal targets and com-
pounds derived from natural plants will help develop novel antifungal strategies and
improve existing ones [15]. Several previous (and ongoing) studies have focused on the
use of plant extracts as alternative treatments for fungal infections [12]. Plant extracts that
have antifungal activity include lemon grass (Cymbopogon citrates), lantana (Lantana camara),
nerium (Nerium oleander), basil (Ocimum basilicum), and olive leaves (Olea europaea) [18].
The ethanolic extracts of Echinophora platyloba inhibit Candida albicans ATCC 10231 [19]. The
aqueous and ethanolic extracts and the essential oil of Thymus capitatus exhibit antifun-
gal activity against C. albicans and M. canis [20]. Extracts of Ocimum gratissimum leaves
display antifungal activity against M. canis, Microsporum gypseum, Trichophyton rubrum,
and Trichophyton mentagrophytes [21]. Methanolic leaf extracts of Eucalyptus camaldulensis
were investigated for suspected in vitro antifungal activities against M. canis, M. gypseum,
T. rubrum, Trichophyton schoenleinii, T. mentagrophytes, and Epedermophyton floccosum [22].

Coleus amboinicus Lour. (synonym: Plectranthus amboinicus [Lour.] Spreng), whose
common name is Indian borage, is widely cultivated in tropical Africa, Asia, and Aus-
tralia. This perennial herb belonging to the family Lamiaceae contains several phytochemi-
cals, including monoterpenoids, diterpenoids, triterpenoids, sesquiterpenoids, phenolics,
flavonoids, and esters [23,24]. The geographic location of C. amboinicus cultivation in-
fluences the phytochemical composition of plant extracts [25]. The stem, leaf, and root
extracts of C. amboinicus contain high concentrations of polyphenolics such as caffeic acid,
rosmarinic acid, apigenin, chrysoeriol, 5-O-methyl-luteolin, and 5,8-dihydroxy-7,2′,3′,5′-
tetramethoxyflavone, which is a novel flavonoid [26–28]. Several studies have reported
the wide range of pharmacological properties of C. amboinicus extracts and essential oil,
including antioxidant activity [25], antidandruff action [29], antiproliferative effects on
cancer cells [30], analgesic and anti-inflammatory activities [31], antirheumatoid arthri-
tis [32], anti-inflammatory effect following bone injury [33], antibacterial activity against
methicillin-resistant Staphylococcus aureus [34], mosquitocidal and water sedimentation
properties [35], and insect repellent [36] and insecticidal effects [37].

Although C. amboinicus exhibits antifungal activity against several fungal species [38],
little is known of its antifungal effects on dermatophytes and the biofilms they produce.
Therefore, we evaluated the antifungal effects of C. amboinicus essential oil (CEO) and
C. amboinicus ethanolic extracts (CEE) against planktonic cells and biofilm formation of
M. canis clinically isolated from a feline dermatophyte.

2. Results
2.1. Chemical Composition of CEO and CEE

The yield of essential oil obtained from fresh C. amboinicus leaves was 0.08% (v/w),
and the oil was clear and light yellow. The refractive index, density (g/cm3), and specific
gravity of the oil at 20 ◦C were 1.505, 0.935, and 0.937, respectively. Figure 1 presents the
chromatogram of the main components of CEO. Gas chromatography–mass spectrometry
(GC-MS) analysis revealed 18 compounds, representing 99.84% of the total composition
of CEO (Table 1). The mass spectrum of each compound is presented in Supplementary
Figure S1. The concentrations of carvacrol, β-caryophyllene, and thymol in CEO were
determined and found to be 3.4 ± 0.2, 0.35 ± 0.16, and 0.013 ± 0.08 mg/mL, respectively.
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11 10.59 Sesquiterpene β-Caryophyllene C15H24 
 

7.12 99 

12 10.85 Sesquiterpene α-Farnesene C15H24  5.41 91 

13 11.23 Sesquiterpene α-Humulene C15H24 

 

2.28 97 

14 11.82 Sesquiterpene β-Farnesene C15H24  0.19 92 

15 12.38 Sesquiterpene β-Bisabolene C15H24 
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16 12.76 Sesquiterpene β-Sesquiphellandrene C15H24 
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17 14.25 Sesquiterpene (-)-Caryophyllene oxide C15H24O 
 

0.69 74 

18 24.51 Phthalates Bis(2-ethylhexyl) 
phthalate 

C24H38O4 
 

0.29 91 

Total      99.84  

The yield of CEE was 2.2% w/w, appearing as a dark green and highly viscous solid. 
The total phenolic content was 666.0 ± 9.1 mg gallic acid equivalent (GAE)/g sample and 
the total flavonoid content was 462.3 ± 3.1 mg quercetin equivalent (QE)/g sample. The 
three compound standards, namely rosmarinic acid, apigenin, and caffeic acid, were qual-
ified via high-performance liquid chromatography ([HPLC]; Figure 2). The concentrations 
of rosmarinic acid, apigenin, and caffeic acid used for quantification were 1.251, 1.175, and 
0.732 mg/g samples, respectively (Table 2). 
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the total flavonoid content was 462.3 ± 3.1 mg quercetin equivalent (QE)/g sample. The 
three compound standards, namely rosmarinic acid, apigenin, and caffeic acid, were qual-
ified via high-performance liquid chromatography ([HPLC]; Figure 2). The concentrations 
of rosmarinic acid, apigenin, and caffeic acid used for quantification were 1.251, 1.175, and 
0.732 mg/g samples, respectively (Table 2). 
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Total 99.84

The yield of CEE was 2.2% w/w, appearing as a dark green and highly viscous
solid. The total phenolic content was 666.0 ± 9.1 mg gallic acid equivalent (GAE)/g
sample and the total flavonoid content was 462.3 ± 3.1 mg quercetin equivalent (QE)/g
sample. The three compound standards, namely rosmarinic acid, apigenin, and caffeic
acid, were qualified via high-performance liquid chromatography ([HPLC]; Figure 2). The
concentrations of rosmarinic acid, apigenin, and caffeic acid used for quantification were
1.251, 1.175, and 0.732 mg/g samples, respectively (Table 2).
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Figure 2. High-performance liquid chromatography of Coleus amboinicus ethanolic extracts.

Table 2. Retention time, peak area, and concentration of compounds identified in Coleus amboinicus
ethanolic extracts using high-performance liquid chromatography.

No. Retention Time
(min) Compounds Peak Area Concentration

(mg/g Sample)

1 1.52 Caffeic acid 96.78 0.73
2 3.70 Rosmarinic acid 67.43 1.25
3 4.55 Apigenin 105.93 1.17

2.2. Fungal Isolation and Biofilm Formation

We identified 12 M. canis isolates based on morphology, polymerase chain reaction
(PCR), and gene sequencing. A total of 720 base pair (bp) amplicons were obtained from
positive M. canis samples using targeted ITS1-5.8S-ITS2 PCR. Bidirectional DNA sequencing
was performed to demonstrate that all tested feline specimens were M. canis ITS1-5.8S-ITS2
sequences, which shared 100% sequence identity with those isolated from Thai and Belgium
cats (sampled from hair and skin) and are deposited in relevant databases (MT487850 and
OW988573). Additionally, the sequences identified in this study were perfectly matched
with M. canis ITS1-5.8S-ITS2 sequences isolated from dog (ON527777 and KT155637), horse
(LC623726 and OW984765), rabbit (OW987260 and OW987262), and human (OW988577)
specimens (Supplementary Figure S2).

All 12 M. canis isolates were classified as weak (25%), moderate (50%), or strong biofilm
producers (25%) based on their biofilm production. C. albicans and T. rubrum were classified
as strong and moderate biofilm producers, respectively (Table 3). The biofilm production
of M. canis is shown in Supplementary Figure S3.

Table 3. Biofilm classification and minimum inhibitory concentration (MIC) of CEO, CEE, and
fluconazole against planktonic cells of fungal isolates.

No. Fungi Biofilm
Classification

MIC (µg/mL)

Fluconazole CEO CEE

1 Candida
albicans strong 8 128 64

2 Trichophyton
rubrum moderate 4 32 256

3 W01 weak 8 32 128
4 W02 weak 8 128 128
5 W03 weak 16 128 128
6 M01 moderate 4 32 128
7 M02 moderate 4 256 128
8 M03 moderate 8 64 128
9 M04 moderate 8 128 128
10 M05 moderate 8 128 256
11 M06 moderate 16 128 32
12 S01 strong 4 64 256
13 S02 strong 4 64 256
14 S03 strong 8 128 64

CEO, Coleus amboinicus essential oil; CEE, C. amboinicus ethanolic extracts.
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2.3. Effect of CEO and CEE on Planktonic Cells

CEO and CEE inhibited the planktonic cell growth of all M. canis isolates. The results
of the minimum inhibitory concentration (MIC) analysis of CEO and CEE are presented
in Tables 3 and 4. The minimal fungicidal concentration (MFC) and MIC values of each
treatment were comparable. CEO exhibited antifungal activity comparable to that of
CEE, with an MIC50 of 128 µg/mL (32–256 µg/mL). The MIC90 of CEE was twice that of
CEO. Fluconazole had an MIC50 and MIC90 of 8 µg/mL (4–16 µg/mL) and 16 µg/mL,
respectively (Table 4).

Table 4. MIC50, MIC90, GM of MIC, and MIC range of fluconazole, Coleus amboinicus essential oil
(CEO), and C. amboinicus ethanolic extracts (CEE) against planktonic cells of Microsporum canis.

Treatment
Minimum Inhibitory Concentration (MIC)

(µg/mL)

MIC50 MIC90 GM of MIC MIC Range

Fluconazole 8 16 8 4–16
CEO 128 128 90.51 32–256
CEE 128 256 128 32–256

MIC50, the minimum inhibitory concentration at which ≥50% of the isolates were inhibited; MIC90, the minimum
inhibitory concentration at which ≥90% of the isolates were inhibited; GM: geometric mean.

2.4. Effect of CEO and CEE on Biofilm Formation

CEO at MIC (128 µg/mL) and 2×MIC (256 µg/mL) significantly inhibited the biofilm
formation of C. albicans, T. rubrum, and all weak, moderate, and strong biofilm-producing
M. canis isolates (Figure 3). CEE at MIC (128 µg/mL) significantly inhibited the biofilm
formation of C. albicans, T. rubrum, and all weak (100%), five moderate (83.3%), and two
strong (66.7%) biofilm-producing M. canis isolates. CEE at 2× MIC (256 µg/mL) signif-
icantly inhibited the biofilm formation of all M. canis isolates (Figure 4). Fluconazole at
MIC (8 µg/mL) and 2×MIC (16 µg/mL) did not affect the biofilm formation of C. albicans
and T. rubrum.
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Figure 3. Effects of Coleus amboinicus essential oil on the biofilm formation of Candida albicans ATCC
90028, Trichophyton rubrum, and Microsporum canis after 96 h of treatment. Each bar represents the
mean ± SD of three experiments per group. * differences between the control and treatments were
statistically significant (p < 0.05).
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mg/mL) [48] 

Figure 4. Effects of Coleus amboinicus ethanolic extracts on the biofilm formation of Candida albicans
ATCC 90028, Trichophyton rubrum, and Microsporum canis after 96 h of treatment. Each bar represents
the mean ± SD of three experiments per group. * differences between the control and treatments
were statistically significant (p < 0.05).

3. Discussion

To the best of our knowledge, this is the first report of the antifungal activity of C.
amboinicus extracts against planktonic cells and the biofilm formation of M. canis. M. canis
biofilms are composed of a multidirectionally expanded network of hyphae linked together
by a polysaccharide extracellular matrix [16]. Biofilm reduces the penetrability of antifungal
agents, thus contributing to treatment failure and recurrent infection [39,40]. The inhibitory
effect of antifungal agents on biofilm formation was observed at concentrations higher
than those required to inhibit the growth of planktonic cells [41]. Fungal biofilm formation
is a key factor in fungal virulence, persistence, and invasion as well as recurrent fungal
infections and conventional antifungal resistance [40,42]. The time-dependent adherence
of arthroconidia was observed, starting at 2 h and up to 6 h after inoculation. M. canis
produced keratinolytic enzymes and secreted endo and exoproteases during adhesion;
this process was likely inhibited by chymostatin, a serine protease inhibitor [43]. After
biofilm formation for 72 h, a polysaccharide extracellular matrix that links fungal hyphae
was observed [16,44]. The extracellular matrices of poor, moderate, and strong biofilm-
producing M. canis appear to be related to mechanisms of antifungal resistance; however,
further investigations are needed to confirm this. Flucytosine or fluconazole treatment at
every 6–24 h could not completely destroy the biofilms of Candida spp. Poor drug pene-
tration might not be a major mechanism of antifungal resistance for Candida biofilms [45].
During the early stage of C. albicans biofilm formation, genes encoding efflux pumps are
upregulated, thereby mediating antifungal resistance [46]. Developing new compounds or
alternative inhibitors to treat biofilm-related drug resistant fungal infections is essential to
veterinary and human medicine [40,42,47]. In this study, fluconazole (4–16 µg/mL) had no
effect on the mature biofilms of M. canis isolates. This result was similar to those reported
by Bila et al., who found that fluconazole only inhibited the metabolic activity of early-stage
biofilms of T. mentagrophytes at 32 mg/L but did not exhibit antibiofilm activity on mature
biofilms, even at the highest concentration (512 mg/mL) [48].

Our study also demonstrated that C. amboinicus can inhibit planktonic cell growth
and biofilm formation of feline zoonotic M. canis. CEO and CEE significantly inhibited
the planktonic cell growth of M. canis at 128 µg/mL (32–256 µg/mL). Considering the
MIC90 values, CEO was found to have a higher potency more potent than CEE against all
M. canis isolates (MIC90 of 128 µg/mL vs. 256 µg/mL). C. amboinicus has been reported to
exhibit antifungal activity against several fungi, including Aspergillus clavatus, Aspergillus
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niger, Cladosporium cladosporioides, Chaetomium globosum, Myrothecium verrucaria, Penicillium
citrinum, Trichoderma viride, and Mucor sp. [38,49]. It also inhibits the biofilm formation
of other pathogenic microorganisms, such as Streptococcus mutans, Streptococcus pyogenes,
and S. aureus [50–52]. C. amboinicus is rich in monoterpenes, including carvacrol, thymol,
eugenol, chavicol, and ethyl salicylate [37,49,53]. The 18 compounds identified in CEO
in this study represent 99.84% of the total essential oil and include carvacrol (56.65%),
p-cymene (10.89%), and γ-terpinene (9.33%); these three compounds alone comprise 76.87
% of the total essential oil. The concentrations of carvacrol, β-caryophyllene, and thy-
mol were found to be 3.4 ± 0.2, 0.35 ± 0.16, and 0.013 ± 0.08 mg/mL, respectively. This
result differs from that reported by da Costa et al., who found thymol to be the major con-
stituent (64.3%), followed by p-cymene (10.3%), γ-terpinene (9.9%), and β-caryophyllene
(2.8%) [54]. Previous studies have reported that the phytochemical composition of CEO
is significantly influenced by the cultivation location, processes, and methods of essential
oil extraction [25,37]; for example, steam distillation produced higher levels of carvacrol
in C. amboinicus essential oil than those produced via the hydrodistillation method [37].
CEO at MIC had excellent effects against all clinical isolates. The high potency of CEO may
be attributed to the hydrophobic property of essential oil, which adversely affects every
step of biofilm formation, including adhesion, growth, maturation, and dissemination. The
antibiofilm mechanisms of essential oil include reducing bacterial adhesions, preventing
fresh biofilm formation, and destroying existing biofilm [55,56].

Carvacrol appears to be a major contributor to the antifungal properties of CEO. Car-
vacrol, p-cymene, and γ-terpinene are monoterpenes that exhibit various biological activities,
including antioxidative, anti-inflammatory, anxiolytic, antineoplastic, and antimicrobial ef-
fects [57]. The antimicrobial effects of carvacrol are effective against various microorganisms,
including bacteria such as S. aureus and Pseudomonas aeruginosa and fungi such as C. albicans,
Candida glabrata, and Candida parapsilosis [58]. In a previous study, Lavandula multifida L. es-
sential oil containing carvacrol as the main constituent was effective against dermatophytes
(MIC: 0.16 µL/mL) and Cryptococcus neoformans (MIC: 0.32 µL/mL) [59]. Carvacrol also
exhibits antifungal activity against Aspergillus spp. (MIC: 100 µg/mL) and Cladosporium spp.
(MIC: 100 µg/mL) [60,61], possibly by binding to sterols in the fungi. The sterols residing on
planktonic cell membranes are essential for their survival [62], and their hydrophilic prop-
erties allow carvacrol to penetrate the polysaccharide layer of their biofilm matrix, thereby
destabilizing the biofilm [63]. A recent study reported that p-cymene exhibited no antifungal
activity against A. niger (MIC: >300 µL/mL) and Rhizopus oryzae (MIC: >1024 µg/mL) [64],
whereas γ-terpinene has been shown to exhibit antifungal activity against Sporothrix schenckii
(MIC = 62.5–500 µg/mL) and Sporothrix brasiliensis (125–500 µg/mL) [65].

In the present study, CEE effectively eradicated the biofilm formation of weak, mod-
erate, and strong biofilm producers at 2× MIC. Total phenolic and flavonoid contents
were positively correlated with the antimicrobial activity of the plant extracts [66]. We
found higher total phenolic and flavonoid levels in CEE than those reported in previous
studies. For example, the ethanolic extract of C. amboinicus leaves obtained from Vietnam
had a total phenolic and total flavonoid content of 26.84 ± 0.91 µg GAE/mg sample and
12.14 ± 0.42 µg QE/mg sample, respectively [67]. A methanolic extract of the C. amboinicus
stem obtained from India had a total phenolic content of 49.91 mg GAE/g sample and total
flavonoid content of 26.6 mg rutin equivalent/g sample [68]. Flavonoids inhibit nucleic
acid biosynthesis and spore germination in plant pathogens [69,70]. High phenolic and
flavonoid levels may thus be related to the significant antifungal effects of CEE. Impor-
tantly, CEE contained remarkable levels of rosmarinic acid (1.251 mg/g sample), apigenin
(1.175 mg/g sample), and caffeic acid (0.732 mg/g sample) in this study. Rosmarinic and
caffeic acid compounds have significant antifungal effects against Fusarium oxysporum [71].
The antifungal mechanism of rosmarinic acid is poorly understood but is believed to be
related to the RTPase enzyme [72]. Apigenin at a concentration of 5 µg/mL exhibited anti-
fungal activity against C. albicans, C. parapsilosis, Malassezia furfur, T. rubrum, and T. beigelii
by inhibiting biofilm formation and efflux-mediated pumps of fungi. It also induced cell
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death by interfering with membrane function and increasing cell permeability [73,74]. Mice
infected with T. mentagrophytes recovered after treatment with apigenin ointment admin-
istered at concentrations of 2.5 and 5 mg/g on the 12th and 16th days, respectively [75].
Caffeic acid phenethyl ester, a major active component of propolis (Apis trigona), has been
shown to exert concentration-dependent effects on planktonic cells and biofilm forma-
tion of different Candida species [76] and synergistically enhance the antifungal activity of
fluconazole against resistant clinical isolates of C. albicans [77]. Another study reported
that the fungicidal activity of caffeic acid against T. rubrum was observed at 86.59µM; this
activity was mediated via plasma membrane damage and reduced ergosterol production,
where caffeic acid reduced isocitrate lyase activity and downregulated critical genes (ERG1,
ERG6, and ERG11) required for ergosterol synthesis [78].

Although CEO and CEE had different chemical constituents, both exhibited excellent
and comparable inhibitory activities against all fungal isolates obtained from feline der-
matophyte samples. Our findings suggest that both CEO and CEE act as natural antifungal
agents against planktonic cells and biofilm-producing M. canis. Future investigations of
the relationship between plant-based compounds, such as carvacrol in CEO and apigenin
in CEE, their mechanisms of action, and classification based on biofilm production may
contribute to a better understanding and guide the development of safe and effective
antifungal agents derived from natural sources.

4. Materials and Methods
4.1. Plant Preparation and Extractions

C. amboinicus Lour. was harvested from a pesticide-free garden in the Nonthaburi
Province, Thailand (13.862162, 100.409385). The plants were identified and housed at the
herbarium within the Faculty of Pharmacy, Mahidol University, Thailand. The voucher
specimen was PBM-005507-08. The hydrodistillation method was used to process the fresh
leaves of C. amboinicus for essential oil extraction. The extraction was performed using a
Clevenger-type apparatus operating at atmospheric pressure. The collected CEO was dried
with anhydrous sodium sulfate, transferred to amber glass bottles, and stored at 40 ◦C.
The physical properties of the CEO, including color, density, refractive index, and specific
gravity, were evaluated and recorded. The yield of CEO was determined based on the
weight of the fresh plant material before processing and was expressed in % (v/w) [37].

During the ethanolic extraction process, C. amboinicus leaves were dried in a hot air
oven at 60 ◦C for 72 h and ground into small pieces. The leaf fragments were macerated in
95% ethanol at room temperature (RT) for 5 days. The extract solution was filtered through
sterile gauze and a vaporized solvent using a rotary evaporator at 40 ◦C (BÜCHI, Flawil,
Switzerland). The CEE was lyophilized in Labconco FreeZone 4.5 L Freeze Dryer equipped
with Lyo-Works™ Operating System (Labconco, Kansas City, MO, USA) and stored at
−20 ◦C. The yield of CEE was determined based on dry weight, weight after lyophilization,
and weight of the leaf fragments before processing, and expressed in % (w/w).

4.2. GC-MS

The chemical composition of CEO was analyzed via GC-MS. The samples were diluted
with methanol and injected in the split mode (1:10 split ratio) into the GC-MS model
Agilent 7890A/5977B GC/MSD system equipped with a DB-5HT capillary column (0.1
µm film thickness × 0.25 mm diameter × 30 m length; Agilent Tech., Santa Clara, CA,
USA) at a flow rate of 1 mL·min−1 in helium (carrier gas) and an injector temperature
of 250 ◦C. The initial oven temperature was 40 ◦C (5 min), which was then increased to
250 ◦C at a rate of 10 ◦C/min and maintained there for 5 min. The following MS settings
were used: ion source temperature, 230 ◦C; ionization energy, 70 eV; and mass scan range,
35–550 m/z. Compounds were identified by matching their mass spectra against those
specified in Wiley Registry 7th Edition MS libraries. The concentrations of the major
components were calculated by comparing the peak area of samples with the peak area of
standard compounds.
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4.3. Determination of Total Phenolic Content

The total phenolic content of CEE was determined using Folin–Ciocalteu’s colorimetric
assay, with slight modifications. The stock extract solution (1000 µg/mL) was mixed with
125 µL of Folin–Ciocalteu reagent (Merck, Darmstadt, Germany) in a 1:1 ratio for 5 min.
Subsequently, 400 µL of 7.5% sodium carbonate was added to the mixture, followed by
incubation at RT for 30 min. The absorbance of the final mixture was measured at 760 nm
using the Synergy H1 Hybrid Multi-Mode Microplate Reader (BIOTEK, Winooski, VT,
USA). Gallic acid was used to prepare the standard curve (with a 40–240 µg/mL calibration
range). The gallic acid solutions and the results are expressed in GAE/g of the crude
extracts [79].

4.4. Determination of Flavonoid Content

The modified aluminum chloride colorimetric method was used to determine the
flavonoid content of the plant extracts [80]. A 250-µL aliquot of the extract solution
(1000 µg/mL) was mixed with 1.25 mL of deionized water, after which a 5% sodium nitrite
solution (75 µL) (Sigma Aldrich, St. Louis, MO, USA) was added and the mixture was
allowed to stand for 5 min. Subsequently, 150 µL of 10% aluminum chloride (Sigma Aldrich,
St. Louis, MO, USA) was added to the extract solution, followed by 500 µL of 1 M sodium
hydroxide. The solution was further diluted with 275 µL of deionized water and allowed
to stand for 6 min. Finally, the absorbance was measured at a wavelength of 510 nm using
the Synergy H1 Hybrid Multi-Mode Microplate Reader (BIOTEK, Winooski, VT, USA). A
quercetin solution (30–300 µg/mL) was used to prepare the standard calibration curves.

4.5. HPLC

CEE was analyzed using HPLC. The HPLC 1290 Infinity II system: Zorbrax Eclipse
Plus C18 column (2.1 × 50 mm, 1.8-Micron; Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) with an ultraviolet (UV) detector (280 nm) was used at a gradient flow of
0.5 mL/min. The mobile phase composition was 3% acetic acid in water: 1% acetic acid in
water acetonitrile. The injection volume was 2 µL. The column temperature was maintained
at 30 ◦C. The stock extract solution (10 mg/mL) was dissolved in methanol and filtered
through 0.45-µm nylon membrane filters before performing HPLC. The compounds present
in the extracts were characterized according to their UV–vis spectra and identified in terms
of their retention time relative to that of known standards: rosmarinic acid, apigenin, and
caffeic acid (Sigma Aldrich, St. Louis, MO, USA) [25]. A standard graph was generated
using standard solutions of 5–500 µg/mL. The regression equation correlating to the area
under the peak (Y) and standard (X) was as follows: Y = 5.04 (X: rosmarinic acid) + 4.37,
Y = 8.98(X: apigenin) + 0.31 and Y = 13.04 (X: caffeic acid) + 1.31.

4.6. Sample Collection and Fungal Identification

The study protocol was approved by the Faculty of Veterinary Science, Animal Care
and Use Committee (MUVS-2019-09-45) and the Faculty of Veterinary Science-Institutional
Biosafety Committee (IBC/MUVS-B-005-2562). Skin, nail, and hair specimens were ran-
domly collected from cat patients with feline dermatophytosis during 2019–2020 at Prasu-
Arthorn Animal Hospital, Faculty of Veterinary Science, Mahidol University, Thailand.
The samples were placed on Difco™ Potato Dextrose Agar (PDA) (Becton, Dickinson and
Company, NJ, USA) plates supplemented with 0.1% chloramphenicol. The M. canis isolates
were screened based on the morphology of the colonies, including their size, texture, and
color. The characteristics, size, and arrangement of microconidia and macroconidia were
evaluated by lactophenol cotton blue staining and observed under a light microscope at
10× and 40×magnification [81].

4.7. Confirmation of M. canis Using Molecular Techniques

PCR was used to confirm the species of M. canis. Twelve fungal samples obtained from
feline patients were grown on PDA at 27 ◦C for 7 days before DNA extraction using the
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QIAamp DNA Micro Kit (Qiagen, Hilden, Germany). Samples stored at −80 ◦C were used
to determine DNA concentration and purity using the Beckman Coulter DU 730 Uv/Vis
Spectrophotometer (Beckman Coulter, Brea, CA, USA).

PCR was performed using the universal fungal primers of the ITS1-5.8S-ITS2 gene,
i.e., ITS1: 5′-TCCGTAGGTGAACCTGCGG-3′ and ITS4: 5′-TCCTCCGCTTATTGATATG-
3′ [82,83]. The reaction mixture (25 µL) contained 12.5 µL of GoTaq® Green Master Mix
(Promega, Madison, Wisconsin, USA), 10 pmol of ITS1 and ITS4 primers, and 100 ng of
DNA template and ultrapure water (Milli-Q; pH 6.5). PCR was performed under the
following conditions: 94 ◦C for 2 min; 35 cycles of 94 ◦C for 30 s, 55 ◦C for 60 s, and 72 ◦C
for 90 s; the final extension was performed at 72 ◦C for 10 min. Subsequently, 3 µL of
PCR products was mixed with 3 µL of loading dye and 3 µL of GelStar™ Nucleic Acid
Gel Stain (Lonza, Basel, Switzerland) and examined via 1.5% agarose gel electrophoresis
and visualized via UV irradiation. Six (50% of each biofilm classification) of the amplified
PCR products (720 bp) were cleaned using the ExoSAP-IT™ PCR Product Cleanup Reagent
(Thermo Fisher, Waltham, MA, USA) according to the manufacturer’s protocol. The PCR
products were amplified by mixing them with a 5× sequencing buffer (Thermo Fisher,
Waltham, MA, USA). The amplification was performed at 96 ◦C for 1 min, 96 ◦C for 10 s for
25 cycles, 50 ◦C for 5 s, 60 ◦C for 4 s, and finally cooling at 15 ◦C. The nucleotide sequences
were determined using the NextSeq 550 sequencing system (Illumina Inc., San Diego, CA,
USA) and compared to reference strains from the GenBank® database (National Center for
Biotechnology Information, Bethesda, MD, USA).

4.8. Bioinformatic and Phylogenetic Analysis

All M. canis ITS1-5.8S-ITS2 sequences were compared with sequences available in
the GenBank database using The Basic Local Alignment Search Tool (http://blast.ncbi.
nlm.nih.gov/Blast.cgi: accessed on 18 August 2022). Multiple alignments of all nucleotide
sequences were conducted using the ClustalW web-based tool (https://www.genome.
jp/tools-bin/clustalw: accessed on 18 August 2022) [84]. The final dataset comprised
387 positions. Phylogenetic trees were reconstructed using maximum likelihood analysis
with bootstrapping (100 replications) in the advanced mode of the phylogeny.fr web server
(http://www.phylogene.fr/: accessed on 18 August 2022) [85]. Published sequences in
the GenBank database originating from other global locations were used to compare all
sequences. S. schenckii (MG976612), T. rubrum (MK027017), C. albicans (OW988269), and
C. neoformans var. neoformans (KP068909) were included as the outgroup for the ITS1-5.8S-
ITS2 phylogenetic tree. The M. canis ITS1-5.8S-ITS2 nucleotide sequence data obtained in
this study are available in GenBank using the accession numbers OP227140–OP227145.

4.9. Biofilm Formation Classification

All feline dermatophyte samples were grown in Sabouraud dextrose agar (SDA) plates
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA) until conidia formation was
identified. The fungal inoculum was prepared by covering the colonies with 5 mL of 0.85%
sterile saline and gently scraping the colony’s surfaces with a sterile cotton swab. The
conidial suspension was transferred into sterile tubes, which were allowed to stand for
5–10 min to allow for sedimentation of the hyphae. The supernatant, which contained
microconidia and macroconidia, was transferred into new sterile tubes. Turbidity was
adjusted to 0.5 McFarland (approximately 2 × 106 CFU/mL), and the microconidia and
macroconidia were counted using a hemocytometer [86].

The biofilm formation assay was performed as previously described [41]. Briefly,
200 µL of each fungal inocula was added to sterile 96-well polystyrene plates (Kartell
S.p.A., Noviglio, MI, Italy) and incubated at 37 ◦C for 3 h to allow for adhesion. The wells
were then washed with 200 µL of phosphate-buffered saline (PBS) at a pH of 7.0; then,
200 µL of RPMI 1640 (Sigma Aldrich, St. Louis, MO, USA) was added. The plates were
incubated at 37 ◦C for 72 h without shaking. Each fungal isolate preparation was performed
in triplicate. C. albicans ATCC 90028 and T. rubrum (reference strain from the Center of
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Veterinary Diagnosis, Faculty of Veterinary Science, Mahidol University, Thailand) were
used as the experimental controls.

Each biofilm biomass was quantified using crystal violet assay. The planktonic cells
were discarded, and the attached cells were gently washed twice with PBS. After drying
the plates at RT for 10 min, the cells were fixed with 200 µL of absolute methanol for 10 min
and subsequently dried for 10 min. After 10 min of drying, 100 µL of aqueous 0.3% crystal
violet solution was added to each well and the plates were incubated at RT for 20 min. The
remaining dye was removed, and the biofilms were washed with PBS to remove any excess
dye. After drying for another 10 min, the crystal violet that had accumulated in the biofilm
cells was decolorized using 150 µL of 33% acetic acid for 30 s. Finally, each solution was
transferred to a new plate, and the optical density was measured immediately at 590 nm
using the BIOTEK ELx808 spectrophotometer (BIOTEK, Winooski, VT, USA) [87].

The biofilm formation cutoff was established according to optical density “ODc,”
defined as the mean absorbance at 590 nm of control RPMI 1640. “OD” refers to the optical
density of the treated biofilm solution. Biofilm formation ability was classified as none
(OD ≤ ODc), weak (ODc < OD ≤ 2× ODc), moderate (2× ODc < OD ≤ 4× ODc), or strong
(4× ODc < OD) [87].

4.10. Effects of CEO and CEE on Planktonic Cells

The microdilution method (based on standard Clinical and Laboratory Standards
Institute Guidelines, 2008) [88], was used to determine the MIC. CEO and CEE were
mixed with 100 mg/mL dimethyl sulfoxide in a RPMI 1640 medium supplemented with
L-glutamine, which was buffered to pH 7.0 with 3-[N-morpholino] propane sulfonic acid
(Sigma Aldrich, MO, USA) [41,48], and then subjected to two-fold serial dilution to obtain
concentrations from 1024 µg/mL to 2 µg/mL. Fluconazole (Sigma Aldrich, St. Louis,
MO, USA), an antifungal agent used as the positive control, was prepared at the same
concentration as CEO and CEE. Subsequently, 100 µL of each concentration was added into
the wells, followed by inoculation with 100 µL of each fungal suspension to obtain a final
concentration of 2 × 103 CFU/mL. All procedures were performed in triplicate. Culture
media was used as the negative control. C. albicans and T. rubrum were used for internal
quality control. The microplates were incubated at 35 ◦C for 96 h. The MIC was defined
as the lowest concentration of extract at which no visible growth was observed under an
inverted microscope.

MFCs were established by streaking the subcultures taken from the MIC wells without
visible growth on an SDA plate. After incubation at 37 ◦C for 96 h in aerobic conditions,
viable fungal growth was evaluated. The MFC was defined as the lowest concentration of
extract at which no fungal growth was observed under an inverted microscope.

4.11. Effects of CEO and CEE on the Biofilm Formation of M. canis

The susceptibility of mature M. canis biofilms to CEO and CEE was evaluated by
exposing the biofilms to extracts at MIC and 2×MIC. The extracts were diluted in RPMI
1640 and added to each well of a 96-well plate containing a mature biofilm, following which
the plates were incubated at 37 ◦C for 96 h. Each treatment was performed in triplicate.
After incubation, the biofilm metabolic activity of the fungi was determined via XTT (2,3-
bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) reduction assay [89].
XTT (Sigma Aldrich, St. Louis, MO, USA) was prepared according to the manufacturer’s
instructions, and 100 µL of XTT-menadione solution was added to each well. The plates
were then incubated in the dark for 1–2 h at 37 ◦C, after which absorbance at 490 nm
was measured using the Synergy H1 Hybrid Multi-Mode Microplate Reader (BIOTEK,
Winooski, VT, USA). The results are expressed as the average of absorbance values.
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4.12. Statistical Analysis

Data were evaluated for normal distribution using the Shapiro–Wilk test prior to
one-way analysis of variance. All statistical analyses were performed using IBM SPSS
Statistics version 21.0. A p value of < 0.05 was considered statistically significant.

5. Conclusions

The increasing resistance in zoonotic fungi and adverse reactions to antifungal agents
are major challenges for the development of natural-based agents. We found CEO and
CEE to be extremely effective against the planktonic cell growth of clinical M. canis isolates.
C. amboinicus also had significant antibiofilm effects on weak, moderate, and strong fungal
biofilm producers. Thus, C. amboinicus may emerge as a novel source of natural antifun-
gals. The antifungal mechanisms of C. amboinicus and drug formulations warrant further
investigation for developing safe and effective treatments for zoonotic M. canis infections.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antibiotics11121734/s1, Figure S1: Mass spectrum of the main
components of Coleus amboinicus essential oil determined via gas chromatography–mass spectrometry;
Figure S2: Phylogenetic tree analysis of Microsporum canis based on nucleotide sequences from a
720 bp fragment of ITS1-5.8S-ITS2 using the neighbor-joining method. Sequences from this study
are marked with stars; Figure S3: Microscopic appearance of Microsporum canis biofilm classified as
strong (a), moderate (b), and weak (c) biofilm producers after 72 h incubation (40×magnification).
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Abstract: Flowers are rich sources of bioactive antimicrobial, antioxidant, and anticancer components.
This study aimed to determine the constituents of the ethanol extract of Malvaviscus arboreus red
flower (ERF) by GC-MS analysis and HPLC identification of phenolic compounds and flavonoids,
in addition to the 1HNMR fingerprint. The antimicrobial, antioxidant, and cytotoxic activities of
the ERF were investigated. The GC-MS analysis revealed twenty-one components, while HPLC
analysis revealed the presence of phenolic and flavonoid compounds. The ERF showed antifungal
and antibacterial activity. The highest antibacterial activity was found against Vibrio damsela where a
time-kill assay revealed a decline in the amount of viable V. damsela. For fungi, the highest activity was
observed against Aspergillus terreus. Using the SRB test on HepG2, the anti-proliferative efficacy of
the ERF was evaluated. Cell cycle analysis was utilized to determine autophagic cell death. The ERF
prevented the proliferation of the HepG2 cell line with an IC50 of 67.182 µg/µL. The extract primarily
promoted apoptosis in HepG2 cells by accumulating hypodiploid cells in the sub-G0/G1 phase,
increased caspase 3/7 activity, and caused considerable autophagic cell death in apoptosis-deficient
cells. Finally, the observed elevation of cancer cell death indicated that ERF had substantial anticancer
potential against HepG2 cells.

Keywords: Malvaviscus arboreus; GC-MS; HPLC; antimicrobial; antioxidant; HepG2

1. Introduction

Cancer is one of the biggest causes of mortality in the world, accounting for an
estimated 9.9 million lives lost in 2020 [1]. A recent study found that hepatocellular
carcinoma (HCC) was the fourth greatest cause of cancer-related fatalities worldwide [2].
The prognosis for this form of cancer is dismal [3], as it is typically diagnosed late. Unlike
several other cancers, these strike more frequently in developing nations. HCC usually
happens alongside cirrhosis, which can be caused by the hepatitis C virus, hepatitis B virus,
alcoholism, Wilson’s disease, type 2 diabetes, hemochromatosis, and hemophilia. Still, the
hepatitis B virus and hepatitis C virus are the main causes of liver cancer [4]. Previous
studies indicated that oxidative stress plays a role in liver cancer [5], but its mechanisms
and impacts remain unclear. Reactive oxygen species (ROS) such as superoxide anion
(O2

−), hydrogen peroxide (H2O2), and hydroxyl radical (HO), which are mostly made by
breathing, inflammation, or metabolism, can cause mutations or lesions in larger genomic
sites. In addition, H2O2 is a signaling molecule that balances inflammation, separation,
growth, protection, metastasis, autophagy, division, and metabolic pathways. In cancer,
the activity of these pathways is a key determinant of malignancy [6]. Antioxidants
and peroxidants are kept in balance in check within a healthy cell. Oncogenesis and

113



Antibiotics 2022, 11, 1652

tumor growth in HCC are triggered by an imbalance of peroxidants and antioxidants [7].
Chemotherapeutic drugs are currently limited in treating cancer due to side effects and
tumor resistance. New and safe anticancer drugs can be found in natural sources [8].

Antimicrobial resistance is a worldwide problem urging the research for new pipelines
of natural or synthetic sources. Therefore, it is a significant challenge to find innovative
and safe therapeutic choices [9].

Bioactive compounds are abundant in plant extracts. This is due to a range of chemical
ingredients, for example, alkaloids, polyphenols, and flavonoids, all of which play an
essential part in the drug development process [10]. In Africa, many medicinal plants are
utilized to cure different illnesses since they are a viable option, especially in developing
countries. Malvaviscus arboreus Cav. is a tropical and subtropical perennial deciduous
shrub endemic to Central and South America. This plant has multiple common names,
encompassing Wax mallow, Drummond Wax Mallow, Turk’s cap, and Sleeping Hibiscus.
The leaves of M. arboreus contain compounds such as protocatechuic acid, chlorogenic acid,
gallic acid, p-coumaric acid, ferulic acid, and hydroxybenzoic acid [11]. Malvaviscus arboreus
has been used in traditional medicine. The leaf decoction is used for cystitis, diarrhea, fever,
and gastritis [12]. The flower decoction is used as a gargle for sore throat, nursing infants
with cold, bronchitis, diarrhea, thrush, and tonsillitis.

There is no information on the chemical components and the biological effects of the
ethanol extract of red flowers (ERF) of M. arboreus in the literature. The current study inves-
tigated chemical constituents of ERF of M. arboreus, and its antimicrobial and antioxidant
effects, in addition to the cytotoxic action on the HepG2 cell cline.

2. Materials and Methods
2.1. Preparation of the Extract

The Malvaviscus arboreus red flowers were collected from the campus of Minia Univer-
sity in May 2021 and authenticated by Professor Raga A. Taha, Horticulture Department,
Faculty of Agriculture, Minia University. The flowers were washed with distilled water
and kept at room temperature to dry. The dry flowers were ground and soaked in ethanol
(100 mL ethanol for a 10 g dry sample) at room temperature for 24 h, filtered through
Whatman No.4 filter paper (Whatman®Prepleated Qualitative Filter Paper, Grade 4 V,
Sigma-Aldrich Company Ltd. (St. Louis, MO, USA)), and the extract was evaporated using
a rotary evaporator (Büchi Rotavapor R-114 a Waterbath. B-480, Buchi, Switzerland) at
40 ◦C to obtain the crude extract. Then the extract was kept at 4 ◦C until used in the analysis.

2.2. Phytochemical Examination

The presence of coumarins, saponins, tannins, flavonoids, glycosides, phenols, steroids,
terpenoids, emodins, anthocyanins, and alkaloids in the ERF of M. arboreus was investigated
using qualitative assays as previously reported [13].

2.3. Determination of Total Phenolic Content (TPC) and Total Flavonoid Content (TFC)

As previously reported [14], total flavonoid content (TFC) in the ERF of M. arboreus was
examined using aluminum chloride (AlCl3) colorimetric test. The flavonoid concentration
was calculated as mg of quercetin equivalent/g extract. The total phenolic content (TPC)
in the ERF of M. arboreus was recorded by the Folin–Ciocalteu assay [14]. The amount of
phenolics was calculated as mg of gallic acid equivalent/g extract.

2.4. Antioxidant Activities (ABTS+, FRAP, DPPH, Metal Chelating Property, and ORAC)

Different assays were utilized to evaluate the antioxidant potential of the ERF of
M. arboreus. The radical scavenging activity of 2,2-azinobis 3-ethylbenzothiazoline-6-
sulfonic acid (ABTS+) and 1,1-diphenyl-2-picrylhydrazyl (DPPH), in addition to the ferric
reducing antioxidant power (FRAP) were measured following the procedures published
by Adedapo et al. [15]. The capacity of the extract to chelate iron (II) was evaluated using
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the procedure described by Gülc et al. [16]. For the metal chelating activity test, the ORAC
assay was performed as published by Ou et al. [17].

2.5. GC-MS Analysis

The GC-MS analysis of ERF of M. arboreus was performed following a published
procedure [18] using a Trace GC1310-ISQ mass spectrometer (Thermo Scientific, Austin, TX,
USA) with a direct capillary column TG–5MS (30 mm × 0.25 mm × 0.25 µm film thickness,
Thermo Scientific, Austin, TX, USA). The column’s oven temperature was kept at 50 ◦C;
following that, it was set to reach 200 ◦C at 7 ◦C/min, held for 2 min, and then set to reach
290 ◦C, increased at 15 ◦C /min and maintained for 2 min. The temperature in the injector
was kept at 260 ◦C. At a steady flow rate of 1 mL/min, helium was utilized as the carrier
gas. After a 4-min solvent delay, an AS3000 autosampler and GC in the split mode were
employed to automatically inject 1 µL of the diluted sample. At 70 eV ionization voltages
spanning the m/z 50–650 range, EI mass spectra were acquired in full scan mode. The ion
source and transfer line were adjusted to 270 and 250 degrees, respectively. By contrasting
the components’ mass spectra retention times to the NIST 11 and WILEY 09 mass spectral
databases, the components were identified.

2.6. HPLC Determination of Phenolics and Flavonoids

The phenolic and flavonoid components of the ERF were determined using an injection
volume of 25 µL of the extract as previously reported [19] in an HPLC system (Agilent 1100;
Santa Clara, CA, USA).

The extract phenolic components were identified using an HPLC system (Agilent 1100;
Santa Clara, CA, USA) with a UV/Vis detector at a wavelength of 250 nm using a C18
column (125 × 4.60 mm, particle size 5 µm). The Agilent Chem Station was used to acquire
and analyze chromatograms. To completely separate the components of phenolic acids,
a mobile gradient phase of two solvents methanol [A] and acetic acid in water (1:25) [B]
was used. The gradient program started at 100% B and stayed for the first three min. This
was followed by 5 min of 50% eluent A, 2 min of 80% A, 5 min of 50% A, and the detection
wavelength was at 250 nm.

The same HPLC system was used to identify the flavonoid components in the extract
using a C18 column (Agilent; Santa Clara, CA, USA) (250 × 4.6 mm, 5 µm) and a UV/Vis
detector at a wavelength of 360 nm. Acetonitrile (A) and 0.2% (v/v) aqueous formic acid
(B) were used as the mobile phase with an isocratic elution (70:30) procedure.

2.7. 1HNMR Fingerprint Analysis

The 1HNMR fingerprint was analyzed at 400 MHz using a Bruker Avance 400 spec-
trophotometer (Karlsruh, Germany), using DMSO as a solvent and tetramethylsilane (TMS)
as an internal standard.

2.8. Antibacterial Activity
2.8.1. Test Microorganism

The bacterial strains Enterococcus faecalis, Bacillus subtillus, Bacillus cereus, Staphylococcus
aureus, Vibrio fluvialis, Vibrio damsela, Pseudomonas aeruginosa, and Salmonella typhimurium;
and the fungal strains Aspergillus fumigatus, Aspergillus terreus, Aspergillus niger, Aspergillus
flavus, Aspergillus parasiticus, and Penicillium oxalicum used in this work were provided by
the Department of Microbiology, National Institute of Oceanography and Fishers, Red Sea
branch, Egypt. These strains were isolated from marine sources and identified by Dr. Moaz
M. Hamed. The strains were kept at 2 ◦C on nutrient agar slants for bacteria and Potato
Dextrose Agar (PDA) (Neogen Corporation, Lansing, MI, USA) for fungi slants. The slants
were folded with 25% glycerol to ensure long-term preservation.
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2.8.2. Bacterial Inactivation by ERF

The agar well diffusion assay technique was used to measure antibacterial activity.
Antibacterial susceptibility assay of ERF was performed against the selected pathogens.
In a petri-dish containing 20 mL of Muller Hinton agar media (composed of g/L is: beef
ex-tract 2.0; acid hydrolysate of casein 17.5; Starch 1.5 and agar 17.5), the agar plate surface
was inoculated by spreading a volume of the microbial inoculum (0.1 mL of bacterial
suspension containing 106 CFU/mL) over the entire agar surface. Then, a hole with a
diameter of 8 mm was punched aseptically with a sterile cork borer, and a volume of
ERF (100 µL) was introduced into the well. In agar wells of control plates, we applied
DMSO (0.5%) (Was purchased from R&M Marketing, Essex, UK) as a negative control
and amoxicil-lin/clavulanic acid (20/10 mcg) as a positive control, and then incubated the
plates at 37 ◦C for 24 h [20].

2.8.3. Minimum Inhibitory Concentration (MIC)

A tetrazolium microplate assay was used to determine the minimum inhibitory con-
centrations (MICs) of the test organisms [21]. A 96-well clear microtiter plate was used for
the experiment. Each well of the 96-well plate was inoculated with a suspension of freshly
isolated bacteria (0.1 mL) at a concentration of 5 × 105 CFU/mL. Different concentrations,
15 to 0.25 mg/mL, of the test extract were diluted in series with Muller–Hinton broth (Bec-
ton Dickinson, Sparks, MD, USA). A volume of 200 µL of each concentration was added in
triplicate to the wells and the plates were then incubated for 18–24 h at 37 ◦C ± 0.5. After
incubation, in each well, 50 µL of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT), with a concentration of 0.2 mg/mL, was added and the plate was incu-
bated at 37 ◦C for 30 min. The bacterial suspension without extract served as the positive
control, while the corresponding solvent blank (DMSO) served as the negative control.
The percentage reduction of the dye (representing the inhibition of bacterial growth) was
determined by measuring the absorbance at 570 nm relative to a reference wavelength of
650 nm, which was accomplished by introducing DMSO to the spectrophotometer [22].

2.8.4. Fungal Inactivation by ERF

The minimum inhibitory concentration (MIC) technique employing diffusion discs
was used to evaluate antifungal activity. ERF was diluted to 25% in DMSO, followed by
different concentrations of ERF (0.5–2.0 mg/mL). The strains (0.2 mL spore suspension
(106 spores per mL) of the tested fungal isolate) of A. fumigatus, A. terreus, A. niger, A. flavus,
A. parasiticus, and P. oxalicum were activated for 24 h in a liquid culture medium, Czapek
Dox broth (composition (g/L): Sucrose: 30; NaNO3: 3; KH2PO4: 1; MgSO4·7H2O: 0.5; KCl:
0.5 and FeSO4·7H2O: 0.01), at a temperature of 25 ◦C, and then brought to a concentration
of 0.5 McFarland by spectrophotometric reading. Czapek Dox agar was used to inoculate
petri dishes with the fungal strains that had already been produced. Six-millimeter sterile
discs were set atop the culture medium, and 10 µL of the diluted extract was pipetted onto
each one. The cultures were incubated at 25 ◦C for 72 h. The MIC of ERF was defined as
the lowest concentration that effectively suppressed fungal growth. DMSO was used as a
negative control [23].

2.8.5. Time-Kill Assay

According to the preliminary findings, the ERF of M. arboreus had the highest level
of antimicrobial activity on marine V. damsela. An investigation on the bactericidal effects
of the ERF on V. damsela was carried out utilizing a time-kill test. A bacterial culture
(5 × 106 CFU/mL) was added to Mueller Hinton broth (MHB) containing the extract at
4 × MIC, 2 × MIC, MIC
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2.8.6. Synergistic Activity

The ERF was tested in conjunction with amoxicillin/clavulanic acid using the standard
disc diffusion method against selected marine V. damsela. The antibacterial activity was
evaluated on an agar plate using discs made by combining amoxicillin/clavulanic acid
(20/10 mcg) with different doses of ERF (250, 500, 750, and 1000 µg/mL). The antibacte-
rial effectiveness of the ERF and amoxicillin/clavulanic combination was evaluated by
measuring the size of the zone of inhibition after 24 h of incubation at 37 ◦C [25].

2.9. Cytotoxic Study
2.9.1. Cell Lines

Nawah Scientific Inc. provided HepG2: Hepatocellular carcinoma (Mokatam, Cairo,
Egypt). In a humidified 5% (v/v) CO2 atmosphere, cells were kept at 37 ◦C in Dulbecco’s
Minimum Essential Medium (DMEM, Lonza, Basel, Switzerland) media enriched with
100 units/mL penicillin, 100 mg/mL streptomycin, and 10% heat-inactivated fetal bovine
serum (FBS).

2.9.2. Cytotoxicity Assay

The cell viability was measured utilizing the Sulforhodamine B (SRB) test. One
hundred microliter cell suspension (5 × 103 cells) aliquots were incubated in complete
media for 24 h in 96-well plates. A further aliquot of 100 µL media comprising ERF in
varying amounts was administered to the cells. The cells were fixed after 72 h of ERF
treatment by changing the medium with 150 µL of 10% Trichloroacetic acid (TCA) and
incubated for 1 h at 4 ◦C. The cells were rinsed five times with distilled water after the TCA
solution was removed. Seventy microliters of SRB solution (0.4% w/v) was administrated
in aliquots and incubated for 10 min in the dark at room temperature. Before being
air-dried overnight, plates were washed thrice in 1% acetic acid, then 150 µL of TRIS
(10 mM) was administrated to disperse the protein-bound SRB dye, the absorbance was
observed at 540 nm utilizing the FlUOstar Optima Microplate Reader (BMG LABTECH,
Ortenberg, Germany).

2.9.3. Analysis of Cell Cycle Distribution

A previously published procedure was followed for the analysis of the cell cycle
distribution [26]. One hundred and five cells were trypsinized and rinsed twice with ice-
cold phosphate buffered saline (PBS) after being treated with test drugs for 24 or 48 h and
paclitaxel (1 µM) for 24 h as a positive control (pH 7.4). The cells were fixed by resuspending
them in 2 mL of 60% ice-cold ethanol and incubating them for one h at 4 ◦C. After being
rinsed twice with PBS, the fixed pellet was resuspended in 1 mL of PBS (pH 7.4) with
50 µg/mL RNAase A and 10 µg/mL propidium iodide (PI). An FL2 (λex/em 535/617 nm)
signal detector was used to determine the DNA content of cells after 20 min of incubation
in the dark at 37 ◦C. (ACEA NovocyteTM flow cytometer, ACEA Biosciences Inc., San Diego,
CA, USA). Each specimen was made up of 12,000 events in total. The ACEA NovoExpress
application was used to calculate the cell cycle dispersion (ACEA Biosciences Inc., San
Diego, CA, USA).

2.9.4. Apoptosis Assay

Flow cytometry with two fluorescent channels and an annexin V-FITC apoptosis
detection kit were employed to identify apoptosis and necrosis in cell populations (Abcam
Inc., Cambridge Science Park, Cambridge, UK) using a published procedure [26]. After
24/48 or 72 h of treatment with ERF and doxorubicin (10 µM) as a positive control, cells
(105) were trypsinized and rinsed twice with ice-cold PBS (pH 7.4). The cells were then
maintained at room temperature in the dark for 30 min with Annexin V-FITC/PI solution
0.5 mL, as directed by the manufacturer. After labeling, cells were added to an ACEA
NovocyteTM flow cytometer (ACEA Biosciences Inc., San Diego, CA, USA) and measured
for PI and FTIC fluorescent signals with FL1 and FL2 signal detectors (λex/em 488/530 nm
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for FITC and λex/em 535/617 nm for PI, respectively). ACEA NovoExpressTM software
was used to assess the positive FITC or PI cells for each sample, utilizing quadrant analysis
(ACEA Biosciences Inc., San Diego, CA, USA).

2.9.5. Autophagy Assay

Autophagic cell death was measured by flow cytometry and acridine orange lysosomal
staining. A total of 105 cells were trypsinized and rinsed twice with ice-cold PBS after
treatment with ERF for 24/48 or 72 h and chloroquine (10 µM) as a positive control for
24/48 or 72 h (pH 7.4). The cells were stained with acridine orange (10 µM) and incubated
for 30 min at 37 ◦C in the dark. The acridine orange fluorescence signals using an FL1 signal
detector (λex/em 488/530 nm) in an ACEA NovocyteTM flow cytometer (ACEA Biosciences
Inc., San Diego, CA, USA). The ACEA NovoExpressTM software was used to calculate net
fluorescence intensity (NFI) from 12,000 incidences per specimen (ACEA Biosciences Inc.,
San Diego, CA, USA).

2.9.6. Caspase-Glo 3/7 Activity

The impact of the IC50 of ERF on caspase 3/7 activity in HepG2 cells was evaluated
using the Caspase-Glo 3/7 Assay kit (Promega, Walldorf, Germany), according to the man-
ufacturer’s instructions. Caspase activity was expressed as a proportion of the untreated
control [27].

2.10. Statistical Analysis

The Graphpad Prism 6 software was used to conduct all statistical analyses. A one-
way analysis of variance was utilized to compare the results (ANOVA). The statistical
significance was determined as a p-value < 0.05.

3. Results and Discussion

Plant extracts have substantial therapeutic potential with few negative adverse effects
for treating infectious diseases, making medicinal herbs an appealing source of new medic-
inal components. The therapeutic potentials are related to the phytochemical components.
The phytochemical profile ERF of M. arboreus was investigated.

3.1. Phytochemical Evaluation of ERF of M. arboreus
3.1.1. Phytochemical Screening

The preliminary screening of ERF of M. arboreus showed the presence of many phyto-
constituents, for example flavonoids, tannins, coumarins, saponins, glycosides, phenols,
terpenoids, steroids, emodins, alkaloids, and anthocyanins, which might account for their
medicinal effects (Table 1).

Table 1. Phytochemical screening of ERF of M. arboreus.

Tests Result

Flavonoids +
Tannins +

Coumarins +
Saponins ±
Steroids ±

Glycosides +
Phenols +

Terpenoids +
Emodins +

Anthocyanins +
Alkaloids ±

(+) positive test; (±) faint.
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3.1.2. Total Flavonoid and Phenolic Contents

The ERF of M. arboreus showed TFC and TPC of 23.83 ± 2.9 mg quercetin equivalent/g
extract and 46.25 ± 2.1 mg gallic acid equivalent/g extract, respectively, as well as high
antioxidant activity (Table 2). These phytoconstituents were shown to have a variety of
therapeutic activities and were known to be biologically active compounds [28].

Table 2. Total flavonoid and phenolics contents of ERF of M. arboreus.

Parameters Result

TPC (mg GAE/g extract) 46.25 ± 2.1
TFC (mg QE/g extract) 23.83 ± 2.9

Variables are shown as mean ± SD (standard deviation, n = 3). GAE: gallic acid equivalent; QE:
quercetin equivalent.

3.1.3. GC/MS Analysis

Figure 1 shows a total scan gas chromatogram of the ERF of M. arboreus. It demon-
strated the presence of several bioactive chemicals with varying retention times (RT). Table 3
shows the molecular weight, RT, and percent peak area, as well as chemical formulae of
the identified compounds. Additionally, the biological functions of the identified com-
pounds, as anticipated by Dr. Duke’s phytochemical and ethnobotanical databases (USDA,
Agricultural Research Service, 1992–2016), are also summarized in Table 3.
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Table 3. The identified compounds in the ERF of M. arboreus RF by GC/MS analysis.

RT Name of the Compound MF MW Peak
Area (%) Biological Activity **

1 6.07 4H-Pyran-4-one,
2,3-dihydro-3,5-dihydroxy-6-methyl C6H8O4 144 2.85 Antimicrobial,

anti-inflammatory
2 6.26 Octadecanoic acid, ethyl ester C20H40O2 312 1.46 Anti-microbial

3 9.17 3,5-Heptadienal,
2-ethylidene-6-methyl- C10H14O 150 1.14

Anti-inflammatory,
antitumor,
antiviral

4 10.71
4-(3,3-dimethyl-1-butynyl)-4-

hydroxy-2,6,6-trimethyl-2-
cyclohexen-1-one

C15H22O2 234 1.09 Antioxidant,
anti-inflammatory

5 12.33 10,13-Octadecadiynoic acid, methyl
ester C19H30O2 290 0.60 No activity reported

6 12.84 1-(3-Methoxy-5-methylphenyl)-N-
methylpropan-2-amine C12H19NO 193 1.20 No activity reported
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Table 3. Cont.

RT Name of the Compound MF MW Peak
Area (%) Biological Activity **

7 18.72
9,12,15-Octadecatrienoic acid, 2,3-bis
[(trimethylsilyl)oxy] propyl ester, (z, z,

z)-
C27H52O4Si2 496 0.66 Anticancer,

hepatoprotective

8 19.64 Cis-13-Eicosenoic acid C20H38O2 310 0.81 Anti-inflammatory
activity

9 20.01
9-octadecenoic acid,

(2-phenyl-1,3-dioxolan-4-yl) methyl
ester, cis

C28H44O4 444 0.72 Antimicrobial,
anti-inflammatory

10 20.38 Hexadecanoic acid, methyl ester C17H34O2 270 8.88

Antioxidant,
antimicrobial,

antihypercholesterolemic
property

11 21.27 Hexadecanoic acid C16H32O2 256 8.52
Anti-inflammatory,

antioxidant,
antihypercholesterolemic

12 21.47 Hexadecanoic acid, ethyl ester C18H36O2 284 3.66
Antioxidant,

antihypercholesterolemic
antiandrogenic

13 22.99 9,12-Octadecadienoic acid (Z, Z)-,
methyl ester C19H34O2 294 9.46

Hepatoprotective,
antihistamine,

hypocholesterolemia,
anti-eczema

14 23.09 11-Octadecenoic acid, methyl
ester C19H36O2 19.49 Antioxidant,

antimicrobial

15 23.19 16-Octadecenoic acid, methyl ester C19H36O2 296 3.86

Selectively inhibit
eukaryotic

DNA polymerase
activities in vitro

16 23.50 Octadecanoic acid, methyl ester C19H38O2 298 3.03 Antimicrobial

17 23.98
9,12-Octadecadienoic acid (Z, Z)-,

2-hydroxy-1-(hydroxymethyl)ethyl
ester

C21H38O4 354 18.41

Antiarthritic,
hepatoprotective,
antiandrogenic,

anticoronary,
antieczemic, anticancer

18 24.08 Ethyl oleate C18H34O2 282 7.73 Antibacterial,
anticancer

19 24.28 Oleic acid C20H38O2 310 1.25

It is used as a vehicle
for

intramuscular drug
delivery,

progesterone

20 24.41 Linoleic acid ethyl ester C20H36O2 308 0.71

Anti-arthritic,
anti-acne,

hepatoprotective,
anti-histaminic,
anti-coronary

21 24.49 Octadecanoic acid,
2,3-dihydroxypropyl ester C21H42O4 358 1.00 Anticancer,

antimicrobial

** Dr. Duke’s Phytochemical and Ethnobotanical Databases. RT: retention time; MF: molecular formula; MW:
molecular weight.

In the ERF of M. arboreus, 21 components were found. The predominant compounds
were 11-octadecenoic acid methyl ester (19.49%), 9,12-octadecadienoic acid (Z, Z)-2-hydroxy-
1-(hydroxymethyl)ethyl ester (18.41%), 9,12-Octadecadienoic acid (Z, Z)-methyl ester
(9.46%), hexadecanoic acid methyl ester (8.88%), hexadecanoic acid (8.52%), and oleic
acid (7.73%).
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3.1.4. Identification and Quantification of Phenolics and Flavonoids

HPLC examination of the ERF of M. arboreus revealed the identification and quan-
tification of 13 polyphenolic compounds (6 flavonoids and 7 phenolic acids), as shown in
Table 4. The compounds were identified by comparison to authentic samples analyzed
using the same procedures. Hesperidin and luteolin were the major flavonoids identified at
concentrations of 8.78 and 7.55 µg/mg of the ERF. Gallic acid was the predominant phenolic
component identified in the extract (7.39 µg/mg), followed by syringic acid (7.16 µg/mg)
and cinnamic acid (6.44 µg/mg) (Figure 2, Table 4).

Table 4. HPLC analysis of phenolics and flavonoids in the ERF of M. arboreus.

Components RT (min) Conc. (µg/mg)

Flavonoid compounds

Naringin 4.6 2.63
Hesperidin 10.0 8.78
Kaempferol 8.1 1.02

Luteolin 9.0 7.55
Apigenin 15.0 5.14
Catechin 12.0 4.27

Phenolic compounds

Caffeic acid 8.1 4.78
Cinnamic acid 13.0 6.44

Gallic acid 10.0 7.39
Syringic acid 5.2 7.16
Benzoic acid 7.0 3.55
Ellagic acid 15. 6 1.23

Figure 2. HPLC chromatogram showing identified flavonoids (A) and phenolic acids (B) in the ERF.
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3.1.5. 1HNMR Fingerprint of the ERF

The 1HNMR spectrum of the ERF at 400 MHz (Figure 3) revealed that the extract is
rich in oxygenated saturated and unsaturated hydrocarbon compounds. Signals in the
range 0.0–4.0 ppm are predominant in the spectrum while signals in the aromatic range
6.0–8.0 ppm are weak. In correlation to the GC and HPLC analysis, the extract is rich in
fatty acids (saturated and unsaturated), which explains why the fingerprint pattern as the
characteristic signals for fatty acids are 2.0–2.5 ppm for (CH2), 3.0–4.0 ppm for (-CHOH-,
CH3-CO-, -CH2-CO-), 5.0–6.0 ppm (-CH=CH-) [29].
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3.2. Antioxidant Capacities of ERF of M. arboreus

The equivalent antioxidant capacities of trolox (TE) as compared to the ERF were
716.45 ± 16.12, 99.15 ± 4.96, 1138.11 ± 79.65 µM TE/mg extract in ABTS, FRAP, and
ORAC assays, respectively. ERF exerted high free radical scavenging activity against
DPPH radical (IC50 = 115.6 ± 16.9 µg /mL) and high ability of its metal chelating property
(57.58 ± 3.5 µM EDTA eq/mg extract) (Table 5).

Table 5. Antioxidant capacities of the ERF of M. arboreus.

Parameters Result

DPPH (IC50 µg/mL) 115.6 ± 16.9
ABTS (µM TE/mg extract) 716.45 ± 16.12
FRAP (µM TE/mg extract) 99.15 ± 4.96
ORAC (µM TE/mg extract) 1138.11 ± 79.65

Metal chelating property (µM EDTA eq/mg extract) 57.58 ± 3.5
Variables are shown as mean ± SD (standard deviation, n = 3).

Antioxidant properties are well known in phenolic compounds by acting as reducing
agents, free radical scavengers, or metal chelators [30]. The most abundant plant phenolics
are flavonoids and phenolic acids, which have a substantial antioxidant activity both
in vitro as well as in vivo [31].
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3.3. Antibacterial and Antifungal Activities of Extract

In many regions of the world, there is a great deal of interest in medicinal plants as
therapeutic medications because of the rise in drug-resistant bacteria and the emergence
of more pathogenic bacterial species. Many medicinal plants have been studied in vitro
against bacterial strains, with extracts and pure components of several medicinal plants
being particularly beneficial [32].

Eight different strains of marine pathogenic bacteria were selected in this study, in-
cluding B. subtillus, E. faecalis, B. cereus, S. typhimurium, P. aeruginosa, V. fluvialis, S. aureus,
and V. damsela. The ERF of M. arboreus showed an antibacterial effect against most of the
tested strains with average inhibition zones ranging between 10 and 20 mm compared to
the positive control amoxicillin/clavulanic acid (Table 6). The ERF of M. arboreus exhibited
a strong antibacterial activity against V. damsela with an inhibition zone of 20 ± 0.2 mm,
moderate antibacterial activity against V. fluvialis and S. typhimurium with the inhibition
zones being 16 mm, and showed lower effects against E. faecalis, S. aureus, and P. aeruginosa
with inhibition zones of 10, 12, and 14 mm, respectively. On the other hand, the ERF of
M. arboreus was ineffective against B. subtilus and B. cereus. The negative control (DMSO)
showed no zone of inhibition.

Table 6. Antimicrobial activity of the crude extract of red flower of M. arboreus using well-cut diffusion
method.

Pathogens Inhibition Zone
(mm)

Amoxicillin/Clavulanic
(Positive Control)

DMSO
(Negative Control)

B. subtillus 0.0 14.0 ± 0.5 0.0
S. aureus 12.0 ± 0.6 12.0. ± 0.2 0.0
E. faecalis 10.0 ± 0.1 18.0 ± 0.5 0.0

P. aeruginosa 14.0 ± 0.1 14.0 ± 0.2 0.0
V. fluvialis 16.0 ± 0.4 22.0 ± 0.6 0.0
V. damsela 20.0 ± 0.2 24.0 ± 0.2 0.0
B. cereus 0.0 10.0 ± 0.3 0.0

S. typhimurium 16.0 ± 0.2 20.0 ± 0.3 0.0
The data are represented as mean ± SD in mm of inhibition zone demonstrated, contrasted utilizing ANOVA,
with a significance level (p-value) ≤ 0.05.

In our study, the ERF presented activity against A. terreus, A. fumigatus, and A. flavus
respectively, with no effect on the other strains. The ERF of M. arboreus did not show any
effect on either A. parasiticus and P. oxalicum. To establish the susceptibilities of ERF against
the tested strains, the minimum inhibitory concentration (MIC) values were determined
(Table 7). The ERF of M. arboreus exhibited the lowest MIC for V. damsela (1.5 ± 0.02 mg/mL).
The MIC values for E. faecalis, S. aureus, P. aeruginosa, V. fluvialis, and S. typhimurium were
12.5 ± 0.02, 10.0 ± 0.06, 10.0 ± 0.01, 2.5 ± 0.05, and 5.0 ± 0.01 mg/mL, respectively. On
the other hand, the MIC values against A. fumigatus, A. flavus, A. niger, and A. terreus were
1.0 ± 0.02, 1.25 ± 0.01, 1.75 ± 0.06, and 0.75 ± 0.01 mg/mL, respectively.

Table 7. MIC values of the ERF against selected pathogens.

Pathogens MIC (mg/mL)

S. aureus 10.0 ± 0.06
E. faecalis 12.5 ± 0.02

P. aeruginosa 10.0 ± 0.01
V. fluvialis 2.5 ± 0.05
V. damsela 1.5 ± 0.02

S. typhimurium 5.0 ± 0.01
A. fumigatus 1.0 ± 0.02

A. niger 1.75 ± 0.06
A. flavus 1.25 ± 0.01
A. terreus 0.75 ± 0.01
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3.3.1. Bacterial Killing Kinetics Assay of ERF against Marine V. damsela

A time-kill kinetic assay of the ERF against marine V. damsela was investigated, with
the results demonstrated in Figure 4. As a result, time-kill curve was plotted between
the logarithmic number of CFU/mL and incubation time. At 4 × MIC concentration,
the ERF showed a decrease in the amount of viable V. damsela at 8–24 h. The extent by
which bacteria was inhibited by the plant extract by time varied greatly, as shown by
killing analyses [33]. Therefore, the capacity of plant secondary metabolites to possess
antibacterial characteristics may be taken into consideration, as well as their response to
microbial infection [34].
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3.3.2. Analysis of the Synergistic Impact of ERF

Figure 5 and Table 8 display the findings of an evaluation of the synergistic effect of ERF
and amoxicillin/clavulanic acid against the selected pathogen marine V. damsela. Amoxi-
cillin/clavulanic acid at a concentration of (20/10 mcg) demonstrated moderate effective
action against the V. damsela that were examined. When compared to 250 and 750 µg/mL,
the antibacterial activity displayed by the combined effect of antibiotics and ERF was
significantly stronger against the selected pathogen at a concentration of 1000 µg/mL, with
a zone of inhibition ranging in diameter from 26 ± 0.2 to 28 ± 0.1 mm (Table 6). Due to
the synergistic action of the ERF and amoxicillin/clavulanic, it was hypothesized that this
combination therapy would be successful against the V. damsela that were tested.

The chemical composition of the ERF of M. arboreus revealed the existence of note-
worthy chemicals such as octadecenoic acid methyl ester, hexadecanoic acid, oleic acid,
11-octadecenoic acid, and octadecanoic acid (Table 3). These compounds have proven
antimicrobial activity. Cinnamic acid and its hydroxylated derivatives demonstrated
antifungal properties, reducing antityrosinase enzyme activity and fungal spore germina-
tion [35]. Cinnamic acids suppressed fungal expansion via interacting with the enzyme
benzoate 4-hydroxylase, which is involved in the detoxification of aromatic compounds [36].
Hexadecanoic acid reacted with the lipopolysaccharides’ hydroxyl group, an element of
the bacterial cell wall, causing the lipopolysaccharide membrane structure’s asymmetric
conversion, as per Johannes et al. [37]. Therefore, the lipid structure of the membrane was
disrupted. The cell swelled, the cytoplasm membrane was damaged, and the cell was
distended and lysed due to the alteration in the cell membrane. The hydroxyl group of
hexadecanoic acid has been noticed to be toxic to the cell protoplasm, as the compound
permeates the cell wall and causes damage [38].
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Table 8. Combined activity (Inhibition zone (mm)) of ERF with Amoxicillin/clavulanic against
different V. damsela (10−6 CFU/mL).

Amoxicillin/Clavulanic & ERF Inhibition Zone (mm) of V. damsela
(10−6 CFU/mL)

Amoxicillin/clavulanic (20/10 mcg) 24.0 ± 0.2

ERF (250 µg/mL) 20.0 ± 0.2

ERF (500 µg/mL) +
Amoxicillin/clavulanic (20/10 mcg) 26.0 ± 0.2

ERF (750 µg/mL) +
Amoxicillin/clavulanic (20/10 mcg) 26.9 ± 0.2

ERF (1000 µg/mL) +
Amoxicillin/clavulanic (20/10 mcg) 28.0 ± 0.1

V. damsela is one of the pathogens associated with infections caused by seafood; thus,
the ERF may be an option for treating this infection.

3.4. Cytotoxic Activity

This study aims to examine the impacts of the ERF on liver cancer in vitro, utilizing
the most common cell line for hepatotoxicity and drug metabolism studies, hepatocellular
carcinoma HepG2. HepG2 cells are nontumorigenic, increase rapidly, have an epithelial-like
shape, and are capable of performing a wide variety of differentiated liver activities [39].

After 72 h of incubation, the SRB test was utilized to analyze the cytotoxicity of the
ERF on the hepatocellular carcinoma (HepG2) cell line. The results showed that ERF
significantly reduced HepG2 cell proliferation in a dose-dependent manner, with an IC50
value of 67.182 µg/µL (Figures 6 and 7).

125



Antibiotics 2022, 11, 1652

Antibiotics 2022, 11, x FOR PEER REVIEW 16 of 23 
 

Phenolics, which come in various types, are known for causing apoptosis and cyto-
toxicity in cancer cell lines. The capability of phenolic compounds to scavenge radicals 
and their antioxidant capabilities are primarily responsible for their anticancer effects. 
Hesperidin, a primary flavonoid in the extract under investigation, protected the rat liver 
against CCl4-induced oxidative stress and dysfunction linked to its antioxidant properties 
[40]. Hesperidin’s impact on the MCF-7 human breast cancer cells and prostate cancer cell 
proliferation was studied [41]. Abd El-Azim et al. [42] found that 4-hydroxybenzoic acid, 
a phenolic acid in excessive levels in the extract, had substantial cytotoxic action on both 
colon (HCT116) and liver (HepG2) cancer cell lines. Polyphenolic substances reduce mu-
tagenesis and carcinogenesis in humans when consumed in up to 1.0 g per day from a diet 
rich in fruits, vegetables, and other plants [43]. 

 
Figure 6. SRB assay on HepG2 cells to validate the ERF impact on the cell viability after 72 h. 

 

   
Control ERF (0.001 µg/mL) ERF (0.01 µg/mL) 

 
ERF (0.1 µg/mL) ERF (1 µg/mL) ERF (10 µg/mL) 

Figure 6. SRB assay on HepG2 cells to validate the ERF impact on the cell viability after 72 h.

Antibiotics 2022, 11, x FOR PEER REVIEW 16 of 23 
 

Phenolics, which come in various types, are known for causing apoptosis and cyto-
toxicity in cancer cell lines. The capability of phenolic compounds to scavenge radicals 
and their antioxidant capabilities are primarily responsible for their anticancer effects. 
Hesperidin, a primary flavonoid in the extract under investigation, protected the rat liver 
against CCl4-induced oxidative stress and dysfunction linked to its antioxidant properties 
[40]. Hesperidin’s impact on the MCF-7 human breast cancer cells and prostate cancer cell 
proliferation was studied [41]. Abd El-Azim et al. [42] found that 4-hydroxybenzoic acid, 
a phenolic acid in excessive levels in the extract, had substantial cytotoxic action on both 
colon (HCT116) and liver (HepG2) cancer cell lines. Polyphenolic substances reduce mu-
tagenesis and carcinogenesis in humans when consumed in up to 1.0 g per day from a diet 
rich in fruits, vegetables, and other plants [43]. 

 
Figure 6. SRB assay on HepG2 cells to validate the ERF impact on the cell viability after 72 h. 

 

   
Control ERF (0.001 µg/mL) ERF (0.01 µg/mL) 

 
ERF (0.1 µg/mL) ERF (1 µg/mL) ERF (10 µg/mL) 

Antibiotics 2022, 11, x FOR PEER REVIEW 17 of 23 
 

 

  

ERF (100 µg/mL)   

Figure 7. Photomicrographs of HepG2 cells treated with ERF (100× magnification). 

3.4.1. Cell Cycle Analysis 
To explore the impact of the ERF on cell cycle distribution, HepG2 cells were treated 

for 48 h with the pre-determined IC50 of the ERF, and DNA content was measured utilizing 
flow cytometry. The results in Figure 8 revealed an apparent change in the distribution of 
different phases. In G0/G1-phase cells, ERF did not further increase antiproliferative ef-
fects (38.1 ± 1.19) compared to untreated cells (41.39 ± 0.46%). 

 

Figure 7. Photomicrographs of HepG2 cells treated with ERF (100× magnification).

Phenolics, which come in various types, are known for causing apoptosis and cyto-
toxicity in cancer cell lines. The capability of phenolic compounds to scavenge radicals
and their antioxidant capabilities are primarily responsible for their anticancer effects.
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Hesperidin, a primary flavonoid in the extract under investigation, protected the rat liver
against CCl4-induced oxidative stress and dysfunction linked to its antioxidant proper-
ties [40]. Hesperidin’s impact on the MCF-7 human breast cancer cells and prostate cancer
cell proliferation was studied [41]. Abd El-Azim et al. [42] found that 4-hydroxybenzoic
acid, a phenolic acid in excessive levels in the extract, had substantial cytotoxic action on
both colon (HCT116) and liver (HepG2) cancer cell lines. Polyphenolic substances reduce
mutagenesis and carcinogenesis in humans when consumed in up to 1.0 g per day from a
diet rich in fruits, vegetables, and other plants [43].

3.4.1. Cell Cycle Analysis

To explore the impact of the ERF on cell cycle distribution, HepG2 cells were treated
for 48 h with the pre-determined IC50 of the ERF, and DNA content was measured utilizing
flow cytometry. The results in Figure 8 revealed an apparent change in the distribution
of different phases. In G0/G1-phase cells, ERF did not further increase antiproliferative
effects (38.1 ± 1.19) compared to untreated cells (41.39 ± 0.46%).
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Compared to the untreated cells (50.4 ± 3.2%), the ERF caused S-phase arrest, and thus
increased the cell population (38.0 ± 1.9%). Compared to the untreated cells (0.59 ± 0.03%),
ERF dramatically accelerated cell mortality as observed by an elevation in the sub-G1 phase
cell population (5.31 ± 0.34%). The findings implied HepG2 cell death by exposure to the
study extract.

The ERF significantly induced more cell death manifested by an increased pre-G phase
cell population (5.31 ± 0.34%) compared to untreated cells (0.59 ± 0.03%). The results
suggest that HepG2 cells underwent apoptosis upon treatment with the study extract.

A range of processes, including apoptosis and cell cycle arrest, were involved in the
cytotoxic effects of the ERF extract. The ability of anticancer drugs to induce cell cycle arrest
in cancer cells was measured [44]. A significant hypodiploid sub-G0/G1 peak was visible
in the production of apoptotic cells, which was easily observed with substantial damage to
cellular DNA and might be distinguished by flow cytometry [45].

According to these data, the ERF extract could produce substantial DNA loss to cause
apoptosis in the present investigation, as the concentration of hypodiploid cells in the
sub-G0/G1 phase was a sign of apoptotic cell death. Apoptosis would be confirmed by
several intracellular pathways, such as caspase activation and MMP disruption.

3.4.2. Assessing Cell Apoptosis with Annexin V-FITC

The ERF impact on the growth suppression of HepG2 cells was associated with
apoptosis, as determined by apoptotic and necrotic cells’ Annexin V analysis. The cells were
double-labeled with PI, which produced red fluorescence in necrotic cells, and Annexin
V-FITC, which caused cytoplasmic green labeling in apoptotic cells after 24 h of treatment
with the ERF extract’s IC50. In fluorescence microscopy images, viable cells were negative
for Annexin V and PI (Figure 9). A considerable amount of green and red labeling was
observed in ERF, indicating apoptotic and necrotic cells. When cells were treated with ERF,
many apoptotic cells were found, indicating that this extract was primarily responsible
for apoptosis.

Figure 9 demonstrates the HepG2 cells’ distribution in four quadrants (Q1 = necrosis
phase, Q2 = late apoptosis, Q3 = normal intact cells, Q4 = early apoptosis phase) and
represents one of three independent tests carried out. Cells that experienced apoptosis
would shift from the viable quadrant (Q3) to the early apoptosis quadrant (Q4) and finally
end up in the late apoptosis quadrant (Q2). Necrosis, in contrast, caused cells to move
from the viable quadrant (Q3) to the late necrosis quadrant (Q2). Untreated cells had
a proportion of viable cells of 98.07 ± 0.08%, dead cells of 1.93 ± 0.08%, late apoptosis
of 0.37 ± 0.07%, and early apoptosis of 0.32 ± 0.09%. ERF increased the late apoptotic
population to 4.67 ± 0.31%. A noticeable decrease was indicated in necrotic cells, with
proportions of 0.37 ± 0.07% upon treatment, compared to untreated cells at 0.52 ± 0.12.
Lastly, early apoptotic cells, expressed by Q4, demonstrated only a slight elevation in cell
distribution due to treatment with the ERF to 5.05 ± 0.17%.

Phosphatidyl-serine (PS) on the outer layer of the plasma membrane served as a
recognition site for phagocytes during the early stages of apoptosis [46]. Annexin V, a
calcium-dependent protein, could bind to the exposed phosphatidyl-serine on the mem-
brane’s exterior layer (PS) [47]. The percentage of cells going through late apoptosis rose
exponentially in this study, indicating that apoptosis was one of the primary mechanisms
in which the plant extract induced cell death in the four studies.
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3.4.3. Assessment of Autophagy

Autophagy-mediated programmed cell death, such as apoptosis, is a significant issue
in science. Using the Cyto-ID autophagy detection dye and flow cytometry, we studied the
influence of ERF on the autophagy process in HepG2 cells. In comparison to the untreated
cells, ERF treatment significantly boosted autophagic cell death (Figure 10).

Autophagy was another hypothesized cell death route, but its significance in cancer
cell death was convoluted and controversial [48]. ERF caused considerable autophagic cell
death in HepG2 cells, which could be a pro-death mechanism due to poor apoptosis in this
cell type [49].
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3.4.4. Effect of ERF on the Activity of Caspase 3/7

The activation of caspases is required for the last step of apoptosis [50]. Understanding
the stimulation route by cytotoxic substances could help model improved therapeutic
options [51].

The caspase 3/7 activity was evaluated on HepG2 cells treated with the concentration
of IC50 values of the extract for 24 h to determine if the apoptotic effect generated by
the ERF was dependent on caspase activation (Figure 11). The activation of caspase 3/7
was increased by 8.71 ± 0.99-fold in ERF-treated cells compared to 1.28 ± 0.17-fold in
the untreated cells, confirming the effect of this extract on apoptotic cell death formerly
demonstrated in cell cycle studies and Annexin V. The cleavage of several caspases triggered
apoptosis. Understanding the effects of caspase cleavage could help us understand cell
death, as well as other biological processes [52]. The increased caspase-3 activity in the
treated HepG2 suggested that extrinsic and intrinsic caspase-3 activation pathways were
utilized at this dose (IC50). Apoptosis triggered by caspases could activate either the death
receptor (extrinsic) or mitochondrial (intrinsic) pathways or both [53].

130



Antibiotics 2022, 11, 1652

Antibiotics 2022, 11, x FOR PEER REVIEW 21 of 23 
 

death, as well as other biological processes [52]. The increased caspase-3 activity in the 
treated HepG2 suggested that extrinsic and intrinsic caspase-3 activation pathways were 
utilized at this dose (IC50). Apoptosis triggered by caspases could activate either the death 
receptor (extrinsic) or mitochondrial (intrinsic) pathways or both [53].  

 
Figure 11. Effect of ERF on the Activity of Caspase 3/7 on HepG2 cells. All data were expressed as 
mean ± standard deviation (SD) at a significance level of p < 0.05 and indicated by **. 

4. Conclusions 
This is the first antimicrobial, anticancer evaluation of the ERF of M. arboreus against 

hepatocarcinoma cell line HepG2. The ERF of M. arboreus demonstrated anticancer effec-
tiveness against HepG2 and an in vitro growth inhibitory impact against microbiological 
growth. Our GC-MS and HLPC analyses showed the existence of many phytochemical 
compounds that might influence the antibacterial and anticancer properties of M. arboreus 
red flower ethanolic extract. As a result, it is suggested that the antibacterial and anti-
cancer efficacy of the GC-MS and HLPC found compounds to be evaluated to develop a 
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Abstract: Frankincense (Boswellia sacra oleo gum resin) is reported to possess antimicrobial activity
against several pathogens in-vitro. The antimicrobial effects of frankincense oil and its interaction with
imipenem and gentamicin against methicillin-resistant Staphylococcus aureus (MRSA) and multidrug-
resistant P. aeruginosa were determined through in-vitro methods and an in-vivo study using a rat
pneumonia model. Frankincense oil was subjected to GC-MS analysis to determine the different
volatile components. Antibacterial effects against MRSA and MDR-P. aeruginosa was evaluated and
its MIC and MBC were determined. For the rat pneumonia model (in-vivo), oil was administered
at a dose of 500 mg/kg and 1000 mg/kg followed by determination of CFU in lung tissue and
histological studies. Frankincense oil did not show a very potent inhibitory effect against MRSA or
MDR-P. aeruginosa; the oil did not affect the zone of inhibition or FIC when combined with imipenem
or gentamicin indicating a lack of interaction between the oil and the antibiotics. Furthermore,
there was no interaction between the antibiotics and the frankincense oil in the in-vivo model. The
result of the study revealed that frankincense oil has a weak inhibitory effect against MRSA and
MDR-P. aeruginosa, and it did not show any interaction with imipenem or gentamicin.

Keywords: pneumonia; volatile oils; Boswellia; MIC; MBC

1. Introduction

Antimicrobial resistance (AMR) is a threat to public health that leads to the develop-
ment of serious infections and interferes with strategies for the prevention of infections [1].
The AMR is continuously increasing and is showing no signs of slowing down. Factors such
as spontaneous evolution, mutation, and transfer of resistant genes contribute significantly
to AMR [2,3].

Herbal medicines and their constituents have been increasingly evaluated to combat
antimicrobial resistance and to explore new and more potent antimicrobial agents with
lesser adverse effects. Several plant-derived components have exhibited remarkable in-
hibitory properties on microbial growth [4–6]. Frankincense (Boswellia sacra oleo gum
resin) is reported to possess antimicrobial activity in earlier studies. Oil extracted from
frankincense grown in different regions of Oman was reported to inhibit S. aureus and
P. aeruginosa in-vitro [7]. Frankincense oil from 20 different countries showed varying effects
on 5 different micro-organisms; S. aureus, B. cereus, E. coli, P. vulgaris, and C. albicans [8].
An earlier study about the interaction of frankincense oil with myrrh oil showed that
frankincense oil produces a synergistic or additive effect with myrrh oil depending on the
type of micro-organism [9]. All of these studies were carried out using in-vitro methods
and no attempt has been made so far to evaluate the antibacterial effect of frankincense oil
in-vivo after oral administration.
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Methicillin-resistant Staphylococcus aureus (MRSA) causes both nosocomial and
community-acquired infections. Several clones of MRSA have emerged recently and
its resistance to previously sensitive antibiotics is a matter of concern for healthcare com-
munity workers [10,11]. Multidrug-resistant Pseudomonas aeruginosa (MDR-P. aeruginosa)
causes severe infections and has an outstanding ability for being selected and for spreading
antimicrobial resistance in-vivo [12,13]. Furthermore, the spread of “high-risk” clones of
MDR-P. aeruginosa is a threat to global public health [14].

The present study determined the antimicrobial effect of frankincense oil and its inter-
action with imipenem and gentamicin against MRSA and multidrug-resistant P. aeruginosa
using in-vitro methods and an in-vivo study in a rat pneumonia model. Further, the
study also evaluated its interaction with commonly used antibacterial agents. Lastly, the
pathogens that were resistant to many commonly used antibacterial agents were employed
in this study.

2. Results
2.1. GC-MS Analysis of Frankincense Oil

The analysis revealed the presence of 40 constituents (Table 1). Compounds known
to be present such as α-pinene, camphene, and limonene were present in the oil. The
maximum area under the curve was observed for α-pinene and the minimum area under
the curve was seen with β-myrcene indicating the most prominent and least amount of
volatile components in the oil, respectively (Figure 1).
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Table 1. List of constituents detected by GCMS.

Number Name of the Constituent RT Area %

1. 4-Carene 4.553 0.19

2. α-Pinene 5.287 29.31

3. Camphene 5.709 1.09

4. β-Pinene 6.031 9.75

5. 4-Carene 6.098 0.10

6. α-Phellandrene 6.375 2.29

7. 1,3,8-p-Menthatriene 6.686 15.87

8. Limonene 6.853 2.61

9. Cycloheptene, 5-ethylidene-1-methyl 7.231 0.11

10. 1,6-Octadien-3-ol, 3,7-dimethyl- 7.686 7.42

11. Phenylethyl Alcohol 7.797 0.17

12. 1-Propanone, 1-(5-methyl-2-furanyl)- 7.964 0.25

13. cis-p-Mentha-2,8-dien-1-ol 8.064 0.08

14. Bicyclo[3.1.1]hept-3-en-2-ol, 4,6,6-trimethyl 8.175 0.26

15. Isoborneol 8.431 0.16

16. Cyclohexane, 1-butenylidene- 8.819 0.56

17. 2-Isopropenyl-5-methylhex-4-enal 9.131 0.17

18. 2-Cyclohexen-1-ol, 2-methyl-5-(1-methylethenyl)-, trans 9.308 0.08

19. 2-Methylbicyclo[4.3.0]non-1(6)-ene 9.386 0.58

20. 1H-Pyrrole-2-carboxaldehyde, 1-methyl- 9.497 0.44

21. 1,2,3,4,4a,5,6,8a-Octahydro-naphthalene 9.653 0.26

22. Isobornyl acetate 9.997 8.97

23. Camphene 10.075 0.10

24. 1,6,10,14-Hexadecatetraen-3-ol, 3,7,11,15-tetramethyl-, (E,E)- 10.164 0.11

25. Bicyclo[3.1.0]hexan-3-ol, 4-methyl-1-(1-methylethyl)-, (1.alpha., 3.beta., 4.beta., 5.alpha.)- 10.286 0.14

26. Bicyclo[4.1.0]heptan-3-ol, 4,7,7-trimethyl-, (1.alpha., 3.alpha., 4.beta., 6.alpha.)- 10.364 0.34

27. 2,6-Octadien-1-ol, 3,7-dimethyl-acetate, (Z)- 10.586 0.11

28. 2,6-Octadien-1-ol, 3,7-dimethyl-,acetate, (E)- 10.930 4.70

29. Bicyclo[7.2.0]undec-4-ene, 4,11,11-trimethyl-8-methylene- 11.297 0.24

30. Caryophyllene 11.586 10.54

31. alpha.-Caryophyllene 11.875 0.09

32. Naphthalene, 1,2,3,5,6,7,8,8a-octahydro-1,8a-dimethyl-7-(1-methylethenyl)-, [1R-(1.alpha., 7.beta., 8a.alpha.)]- 12.219 0.07

33. Caryophyllene oxide 12.841 0.08

34. Diethyl Phthalate 13.063 0.10

35. Caryophyllene oxide 13.186 0.76

36. E,E,E)-3,7,11,15-Tetramethylhexadeca-1,3,6,10,14-pentaene 15.541 0.12

37. 2,6,11,15-Tetramethyl-hexadeca-2,6,8,10,14-pentaene 15.863 0.10

38. β-Myrcene 16.063 0.07

39. 1,6,10-Dodecatriene, 7,11-dimethyl-3-methylene-, (Z)- 16.341 1.11

40. 2-Propenamide, N-(3,4-dichlorophenyl)-2-methyl- 16.630 0.50

2.2. Antibacterial Effect of Frankincense Oil

Frankincense oil did not show a very potent inhibitory effect against MRSA or
MDR-P. aeruginosa and a noticeable zone of inhibition could be seen starting from 20 µL.
Furthermore, the oil did not affect the zone of inhibition induced by imipenem or gentamicin,
indicating a lack of interaction between the oil and the antibiotics (Figure 2A).
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Figure 2. Antibacterial activity of frankincense oil against bacterial pathogens. (A) shows zone of
inhibition and (B) indicates MIC and MBC.

Values are mean ± SEM for three independent trials. Antibiotic refers to imipenen
(4 µg/mL) and gentamicin (10 µg/mL) against MRSA and MDR-P. aeruginosa, respectively.

The MIC of frankincense oil was 10 µL and 20 µL against MRSA MDR-P. aeruginosa,
respectively. The MBC was found to be 20 µL for MRSA and 40 µL for MDR-P. aeruginosa
(Figure 2B).

2.3. Interaction Study of Frankincense Oil with Antibiotics against MDR Strains

The FIC determined to evaluate the interaction between the frankincense oil and the
antibiotics showed no interaction between the oil and imipenem or gentamicin (Table 2).

Table 2. The fractional inhibitory concentration of frankincense oil with different concentrations
of antibiotics.

Bacterial Pathogens
Fractional Inhibitory Concentration

Outcome
MIC Oil (µL/mL) MIC of Ab (mg/mL) MIC of Combination FIC Index

MRSA
ATCC 43300 10 0.002 0.002 1 Indifference

P. aeruginosa
ATCC 27853 20 0.004 0.004 1 Indifference

FIC index = (MICfrankincense oil+antibiotic/MICfrankincense oil) + (MICfrankincense oil+antibiotic/MICantibiotic). The synergis-
tic potential was assessed as follows; if the FIC index is ≤0.5 the combination is synergistic; at more than 0.5 and
≤2, the combination is indifferent and if the FIC index is >2, it is considered antagonistic.

2.4. Rat Pneumonia Model (In-Vivo)

The frankincense oil at both doses significantly reduced the bacterial load of MRSA in
the rats’ lungs after treatment for 4 days. However, it was less effective than the standard
antibiotics; gentamicin and imipenem. In rats infected with MDR-P. aeruginosa, the lower
dose of the oil (500 mg/kg) was ineffective and the effect of the higher dose of frankincense
oil (1000 mg/kg) was relatively less effective compared to its effect against MRSA infection.
Furthermore, there was no interaction between the antibiotics and the frankincense oil in
the in-vivo model and this was similar to the results obtained in-vitro (Figure 3). Since
the duration of the experiment was only 4 days, all the animals survived during the
experimental period.

Histological examination of tissues from rats of different groups showed that both
MRSA and MDR-P. aeruginosa infection had caused lung inflammation and the lung tissue
was infiltrated with fluids and inflammatory cells. This inflammatory response was sup-
pressed by frankincense and standard antibiotics. The histological changes are shown in
Figure 4a–g. There was no noticeable change in the histology of lung tissue after treatment
with antibiotics and frankincense oil when compared to individual treatments. Hence,
photomicrographs showing the effect of combination treatment are not shown.
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Figure 4. (a) Histological examination of lung tissue from normal animals showing alveolar sac
(AS), alveolus (A), and blood vessel (BV) (×100). (b) Lung tissue histology from P. aeruginosa control.
A distortion in the pulmonary architecture can be observed with thickened interalveolar septa
(black arrows) and mononuclear cellular infiltration (red arrow), interstitial exudates (blue arrow),
ruptured interalveolar septa with large irregular emphysematous air spaces (star) are seen (×100).
(c) Histological examination of lung tissue from frankincense oil-treated group after infection with
P. aeruginosa. A relatively protected pulmonary tissue showing alveolar sac (AS), blood vessel (BV)
with less mononuclear infiltration, reduced thickness of alveolar sacs, and less interalveolar rupture
(×100). (d) Histological examination of lung tissue from the gentamicin-treated group after infection
with P. aeruginosa. A relatively protected pulmonary tissue showing alveolar sac (AS), bronchiole
(B), and blood vessel (BV) with less mononuclear infiltration, reduced thickness of alveolar sacs,
and less interalveolar rupture (×100). The effect was similar to that observed with frankincense
oil. (e) Histological examination of lung tissue from MRSA control. A distortion in the pulmonary
architecture can be observed with thickened interalveolar septa (black arrows) and mononuclear
cellular infiltration (red arrow), interstitial exudates (blue arrow), ruptured interalveolar septa with
large irregular emphysematous air spaces (star) are seen (×100). (f) Histological examination of
lung tissue from frankincense oil-treated group after infection with MRSA. A relatively protected
pulmonary tissue showing alveolar sac (AS), and bronchiole (B), with less mononuclear infiltration,
reduced thickness of alveolar sacs, and less interalveolar rupture (×100). (g) Histological examination
of lung tissue from imipenem treated group after infection with MRSA. A relatively protected
pulmonary tissue showing alveolar sac (AS), and blood vessel (BV), with less mononuclear infiltration,
reduced thickness of alveolar sacs, and less interalveolar rupture (×100).
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3. Discussion

The antibacterial effects of frankincense oil have been reported earlier against a variety
of pathogens [7,8]. However, this study is different from the earlier reports in many aspects.
Frankincense oil has been used for an antibacterial effect by the conventional in-vitro
methods, the present study determined its antibacterial effect after oral administration
(in-vivo) along with in-vitro studies.

Frankincense oil showed modest antibacterial activity against MRSA and
MDR-P. aeruginosa but there was no interaction between the oil and imipenem or gen-
tamicin in both in-vitro and in-vivo studies. The pathogens causing common infections and
resistant to many of the commonly used antibacterial agents were selected for the study.

The frankincense is given different names, such as Boswellia serrata for Asian and
African frankincense and Boswellia sacra for frankincense obtained from Oman, a Middle
Eastern country. In our case, we selected oil that was prepared from Boswellia sacra for our
study. We analyzed the chemical constituents present in the commercially obtained oil
by GC-MS so that if a study is repeated with frankincense having the same constituents,
a similar effect may be obtained. Furthermore, analysis of the oil revealed the probable
constituent(s) that might have contributed to the effect.

The in-vivo evaluation of herbal drugs is important because herbs are administered
only by oral route due to several different chemical constituents present in them [15].
The oil was administered as such in the study to mimic its traditional use [16], and no
derivatization was done to make it more polar for oral administration. It is well known that
many antibacterial agents are not effective orally either because they are not absorbed or
some of them undergo extensive first-pass metabolism or get destroyed by acid/enzymes
in the digestive tract [17]. In the current study, the antibacterial effect of frankincense oil
observed in-vivo after oral administration was similar to that observed in-vitro, though
the effect was not very potent in both studies. This suggests that active constituent(s) of
frankincense oil responsible for the antibacterial effect are well absorbed orally and reach
the blood circulation in sufficient amounts to exert their effect. Frankincense oil is used
traditionally in the treatment of respiratory diseases through oral administration and is
considered safe for oral consumption [16]. We selected the doses of frankincense oil based
on earlier reports [18]. No behavioral difference or toxicity was observed between the
different treated groups.

As mentioned above, the essential oils of frankincense have been reported for an-
tibacterial effects against many pathogens earlier. However, many of the earlier reports
determined the antibacterial effects with common bacteria, and no attempt was made to
evaluate the effect of essential oils from frankincense on MRSA and MDR-P. aeruginosa. It
was shown to be effective against pathogens causing urinary tract infections [8]. It is also
reported for antibacterial effects on S. aureus, Escherichia coli, and Proteus vulgaris, and anti-
fungal activity against C. albicans and C. tropicalis [19–21]. Furthermore, an in-vitro study
on the frankincense oils grown in different regions in Oman showed varying effects against
S. aureus and P. aeruginosa, and a dermatological strain P. acnes and a good antifungal effect
against C. albicans and M. furfur [7]. Another study reported antimicrobial activity against
five organisms; S. aureus, B. cereus, E. coli, P. vulgaris, and C. albicans [8]. Frankincense is
not used alone for the treatment of infections, it is usually combined with myrrh or other
antimicrobial agents for antimicrobial effect [22,23]. This study determined the effect of
frankincense oil against MRSA and MDR-P. aeruginosa to demonstrate its effectiveness in
inhibiting the growth of resistant pathogens. The antibacterial effect of frankincense oil was
relatively more against MRSA (Gram-positive) compared to P. aeruginosa (Gram-negative).
This is due to the cell wall structure of Gram-negative bacteria that makes it inherently
tolerant to the effect of antibacterial agents[24].

The interaction of herbs with conventional antimicrobial drugs is an area of interest
and it is being thoroughly investigated to determine both beneficial and adverse reactions
that may arise due to the concomitant administration of herbs with drugs [25]. Frank-
incense oil is a popular herb for the treatment of infections in several countries and it is
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common for patients to consume it along with antibiotics to obtain ‘extra’ benefits. Despite
this, the pharmacological interaction of frankincense oil with antibiotics is not known. In
the current study, antibiotics and frankincense oils showed antibacterial effects individually
and it is usually expected that a combination of two such active agents produces an addi-
tive/synergistic effect [26,27]. Apart from this, some combinations of antibacterial agents
such as a combination of bacteriostatic agents with bactericidal drugs induce antagonism
of the bacteriostatic effect by bactericidal agents [28]. In the current study, no interaction
was observed between the frankincense oil and antibiotics both in-vitro and in-vivo. The
reason(s) for this cannot be explained with the present data. However, it can be ruled out
that frankincense may alter the pharmacokinetics of concurrently administered antibiotics,
as the effect observed was similar in both in-vitro and in-vivo.

The selection of bacterial isolates was based on animal models and pathogens caus-
ing opportunistic infections in the lungs [29,30]. MRSA is known to cause pneumonia in
hospitalized patients. It is recommended that treatment for MRSA be started if 10–20% of
isolates showing antibiotic resistance are MRSA [31]. Imipenem is effective against MRSA
and it is one of the drugs used in the treatment of MDR infections in the lungs [32,33].
MDR-P. aeruginosa infection is a concern for many physicians as it causes lung function to de-
cline and leads to the emergence of antibiotic resistance in P. aeruginosa strains [34]. Though
different antibiotics including imipenem/cilastatin have been reported to be effective against
MDR-P. aeruginosa infections, of late, resistance to imipenem has been reported [35,36]. The
MDR strain of P. aeruginosa was sensitive to gentamicin, hence, gentamicin was used as a
standard drug to study interaction with frankincense oil. The micro-organism selection was
also based on two wide groups; the Gram-positive MRSA and Gram-negative P. aeruginosa
to determine the spectrum of the effect of frankincense oil and its interaction with standard
antibiotics in treating infection by two different groups of pathogens. As the organisms
were inoculated through the intratracheal route, lung infection will be more severe than
infection in other parts of the body. Hence, only the lungs were excised.

The chemical constituents present in frankincense oils differ based on geographical
distribution, climatic conditions, and harvesting methods [37]. The chemical composition
will vary among the different brands of frankincense oils available in the market due
to the above-mentioned factors. Since chemical composition differences will affect the
pharmacological activities, the antimicrobial activities of all the brands of frankincense oils
cannot be predicted [8]. Hence, chromatographic analysis of essential oils is important.
In the current study, 40 different constituents were identified. Different authors have
identified different compounds in frankincense oil. Octyl acetate followed by 1-octanol
were identified as the main compounds by Baser [38]. Limonene and (E)-β-ocimene were
found to be the main compounds in B. sacra [39]. Camarda et al. [19] also found limonene to
be the main component followed by α-pinene as the second component while α-pinene was
identified as the main volatile component followed by octyl acetate in Saudi Arabia [40]. In
the current study, the oil used contained the maximum amount of α-pinene followed by
1,3,8-p-menthatriene with a total of 40 volatile constituents. Earlier studies have reported
the antibacterial activity of some of the constituents revealed by the GC-MS in the current
study. The α-pinene and β-pinene have been reported for antibacterial and antifungal
effects [41]. Limonene is reported to have an antibacterial effect against S. aureus and
P. aeruginosa and also potentiated the effect of gentamicin in-vitro [42]. Camphene is
also reported for antibacterial effect against S. aureus and Enterococcus species [43], while
myrcene is reported for activity against S. aureus and food-borne pathogens [44]. Though
individual components are known to be effective, it is believed that microbial resistance
will not occur against the essential oils because the oil contains several constituents with
antimicrobial effects [45]. However, it is also known that the essential oils obtained from
different sources may have different effects due to variations in the physicochemical
properties of essential oils and the antimicrobial effect obtained in one study cannot be
compared with effects obtained with essential oils in another study. This is probably due
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to the loss of antimicrobial constituents or potentiating compounds during the process of
distillation [46].

Our results are different from those reported by several other authors, who showed
that frankincense oil has a good antibacterial effect, and a combination of frankincense oil
with other antibacterial agents potentiates the effect of the latter. The exact reason(s) for
this difference in the effect observed in the current study with earlier reports cannot be
explained with the present data. However, the difference in the composition of the oil, the
difference in the antibiotic used, and the strain of the micro-organism may have contributed
to this difference in the effect. More studies with other micro-organisms and with other
antibiotics may provide information to determine the variation in the effect.

For the interaction study, antibiotics were given by the parenteral route (intraperi-
toneal), while frankincense oil was administered orally. This is a limitation of the study as
only the pharmacodynamic interaction between the oil and the standard antibiotics and
pharmacokinetic interaction concerning to distribution, metabolism, and excretion of an-
tibiotics was determined without studying the interaction in the intestinal metabolism and
absorption. However, we would like to stress here that the pathogens used were resistant to
several antibiotics and the best available antibiotic effective against the pathogens was used.

4. Materials and Methods
4.1. Micro-Organisms

MRSA (ATCC 43300) and MDR-P. aeruginosa (ATCC 27853) available at the Department
of Clinical Laboratory Sciences was used. The ATCC cultures were sub-cultured in nutrient
broth containing glycerin followed by storage at −80 ◦C. For evaluation of antibacterial effects,
the microbes were inoculated in nutrient agar followed by incubation for 24 h at 36 ± 1 ◦C.
The antibiotic susceptibility of the bacterial strains is shown in Tables 1 and 2. Frankincense oil
(Losolin natural oil, Jamal Natural Factory, Medinah, Saudi Arabia) extracted from Boswellia
sacra oleo gum resin was purchased online through a marketing website.

4.2. Animals

Adult Wistar rats weighing between 235 to 245 g and aged between 4.2 to 4.7 months
were used. The animals were divided into five groups of six animals each for MRSA and
MDR-P. aeruginosa. The first group served as control (inoculated with the pathogen), second
and third groups of animals received two different doses of frankincense oil at 500 mg/kg
and 1000 mg/kg, respectively. The fourth group was treated with antibiotic and the last
group was administered a combination of frankincense oil (1000 mg/kg) with the antibiotic.
Animals were maintained in the animal house in a separate room to prevent the spread of
infection. The Ethical Research Committee of Shaqra University reviewed and approved
the experimental procedures on rats (approval number—53/18909).

4.3. GC-MS Analysis of Frankincense Oil

A GC-MS 7890A GC system with 5975C VL MSD was used (Agilent Technologies, Santa
Clara, CA, USA). Frankincense oil (100 µL) was mixed with 250 µL of water and 750 µL of
ethyl acetate. Following this, the upper layer was separated and concentrated. To this, a 50 µL
mixture of N,O-Bis (trimethylsilyl) trifluoroacetamide (49.5 µL), and trimethylchlorosilane
(0.5 µL) was added followed by the addition of pyridine (10 µL). This was heated for 30 min
at 60 ◦C and the contents were dried using liquid nitrogen before finally dissolving the dried
sample (20 mg) in methanol (5 mL) for analysis. After filtration through a 0.22 µm membrane
filter, 3 µL was injected through a capillary column (30 m, 0.25 mm, 0.25-micron) with an
injector temperature of 270 ◦C and pressure at 80 kPa. The carrier gas was hydrogen and the
total time for analysis was 25 min. The mass spectra obtained were used to identify different
compounds by referring to the NIST mass spectral library.
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4.4. Antibacterial Effect and Determination of MIC and MBC

The culture of MRSA and MDR-P. aeruginosa were inoculated into Muller Hinton agar
(100 µL; 1.5 × 108 CFU/mL). Wells were made using cork borer and these were loaded
with frankincense oil diluted in 10% dimethyl sulfoxide (DMSO) to different concentrations.
DMSO helps in the easy diffusion of the oil through the media. Similarly, gentamicin and
imipenem were loaded. The inoculated plates were subjected to incubation at a temperature
of 36 ± 1 ◦C for a period of 24 h to measure the zone of inhibition. The antibiotics were
selected after an automated antibiotic susceptibility test of MRSA and MRD-P. aeruginosa
using a Microscan system (McHenry, IL, USA).

For the determination of MIC, Muller Hinton broth was inoculated with 50 µL of
liquid cultures of pathogens (0.5 McFarland standard turbidity). Frankincense oil diluted
with DMSA to different concentrations was added followed by incubation at a temperature
of 36 ± 1 ◦C for a period of 24 h to determine the MIC. For MBC determination, nutrient
agar was inoculated with a loop of culture and incubated at a temperature of 36 ± 1 ◦C for
24 h period. MBC was the concentration at which no growth was observed.

4.5. Interaction Study of Frankincense Oil with Antibiotics against MDR Strains

The synergistic assay of the antibiotics and B. sacra oil was determined by the broth
dilution method using a checkerboard assay [47]. After serial dilution of the antibiotic, it
was added to each well at different concentrations that included sub-inhibitory, inhibitory,
and supra-inhibitory concentrations, and the MIC was calculated. Wells with different
concentrations of antibiotics and without oil was considered as the MIC for antibiotics. The
fractional inhibitory concentration (FIC) index was calculated as follows:

FIC index = FICfrankincense oil + FICantibiotic

FICfrankincense oil = MICfrankincense oil+antibiotic/MICfrankincense oil

FICantibiotic = MICfrankincense oil+antibiotic/MICantibiotic.

The synergistic potential was assessed as if the FIC index is ≤0.5 the combination is
synergistic; at more than 0.5 and ≤2 the combination is indifferent and if the FIC index is
>2, it is considered antagonistic [42].

4.6. Rat Pneumonia Model (In-Vivo)

Albino Wistar rats were anesthetized by intraperitoneal administration of a mixture of
ketamine and xylazine (1:10) at a dose of 1 mL/kg [48]. The trachea was exposed surgically and
the animals were kept in an inclined position at 60◦. The bacterial suspension (MRSA or multi-
resistant P. aeruginosa) prepared in 1 × phosphate-buffered saline (pH7.4) was administered
through the trachea at a dose of 1.2 mL/kg of body weight and the incision was closed. A set
of six animals were used for each treatment. Animals were treated with two different doses of
frankincense oil at 500 mg/kg/day and 1000 mg/kg/day orally [18], gentamicin (10 mg/kg,
i.p) [49], imipenem (120 mg/kg, i.p) [50] alone or in combination, while one group of animals
served as control each for MRSA and MDR-P. aeruginosa. All the animals were sacrificed
after 4 days post-inoculation for assessments of bacterial growth/clearance [51,52]. The lungs
were removed and the tissue samples (1 gm) were homogenized for 5 min using phosphate
buffer saline (1 mL) under an aseptic technique and the bacterial count was determined after
suitable dilutions. Homogenates were serially diluted (up to 109) and plated on nutrient agar.
Plates were incubated at 37 ◦C and the colonies were counted and log colony-forming units
(log 10 CFU) were calculated. Lungs were also subjected to histological examination after
staining with H & E stain.

4.7. Statistical Analysis

Data are presented as mean ± SEM wherever indicated in footnotes. Statistical difference
was done using one-way ANOVA followed by Tukey’s test. p < 0.05 was considered significant.
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5. Conclusions

This study aimed to determine the antimicrobial effect of frankincense oil and its
interaction with imipenem and gentamicin against MRSA and multidrug-resistant Pseu-
domonas aeruginosa. We demonstrated that frankincense oil showed a modest inhibitory
effect against MRSA and MDR-P. aeruginosa, the oil did not show a noticeable change in the
zone of inhibition when combined with imipenem or gentamicin, indicating a lack of inter-
action between the oil and the antibiotics. In addition, the FIC determined to evaluate the
interaction between the frankincense oil and the antibiotics showed no interaction between
the oil and imipenem or gentamicin. Furthermore, there was no interaction between the
antibiotics and the frankincense oil in the in-vivo model, and the antibacterial effect was
similar to the results obtained in-vitro.

Author Contributions: Conceptualization, Y.A., M.A. (Mohammed Alrouji), M.A. (Mohammed Asad)
and B.J.; methodology, Y.A., M.A. (Mohammed Alrouji), M.A. (Mohammed Asad), M.B.F.A. and B.J.; soft-
ware, M.A. (Mohammed Asad) and B.J.; validation, Y.A., M.A. (Mohammed Alrouji), M.A.
(Mohammed Asad) and B.J.; formal analysis, Y.A., M.A. (Mohammed Alrouji), M.A. (Mohammed Asad)
and B.J.; investigation, Y.A., M.A. (Mohammed Alrouji), M.A. (Mohammed Asad), M.B.F.A. and B.J.;
resources, Y.A. and M.A. (Mohammed Alrouji); data curation, Y.A., M.A. (Mohammed Alrouji), M.A.
(Mohammed Asad), M.B.F.A. and B.J.; writing—original draft preparation, Y.A., M.A. (Mohammed
Alrouji), M.A. (Mohammed Asad), M.B.F.A. and B.J.; writing—review and editing, Y.A., M.A. (Mohammed
Alrouji), M.A. (Mohammed Asad), M.B.F.A. and B.J.; visualization, Y.A., M.A. (Mohammed Alrouji), M.A.
(Mohammed Asad), M.B.F.A. and B.J.; supervision, M.A. (Mohammed Asad) and B.J.; project administra-
tion, Y.A. and M.A. (Mohammed Alrouji); funding acquisition, Y.A. and M.A. (Mohammed Alrouji). All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The Ethical Research Committee of Shaqra University re-
viewed and approved the experimental procedures on rats (approval number—53/18909).

Informed Consent Statement: Not Applicable.

Data Availability Statement: Data will be provided on request by writing to the corresponding author.

Acknowledgments: The authors would like to thank the Deanship of Scientific Research at Shaqra
University for supporting this work.

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

References
1. Founou, R.C.; Founou, L.L.; Essack, S.Y. Clinical and economic impact of antibiotic resistance in developing countries: A

systematic review and meta-analysis. PLoS ONE 2017, 12, e0189621. [CrossRef]
2. Dadgostar, P. Antimicrobial Resistance: Implications and Costs. Infect. Drug Resist. 2019, 12, 3903–3910. [CrossRef] [PubMed]
3. Shafiq, M.; Zeng, M.; Permana, B.; Bilal, H.; Anderson, J.; Yao, F.; Algammal, A.M.; Li, X.; Yuan, Y.; Jiao, X. Co-existence of bla

NDM-5 and tet(X4) in international high-risk E. coli clone ST648 of Human origin in China. Front. Microbiol. 2022, 10, 4357.
[CrossRef]

4. Liu, Q.; Meng, X.; Li, Y.; Zhao, C.N.; Tang, G.Y.; Li, H. Bin Antibacterial and Antifungal Activities of Spices. Int. J. Mol. Sci. 2017,
18, 1283. [CrossRef] [PubMed]

5. Shafiq, M.; Yao, F.; Bilal, H.; Rahman, S.U.; Zeng, M.; Ali, I.; Zeng, Y.; Li, X.; Yuan, Y.; Jiao, X. Synergistic Activity of Tetrandrine
and Colistin against mcr-1-Harboring Escherichia coli. Antibiotics 2022, 11, 1346. [CrossRef] [PubMed]

6. Wang, Y.M.; Kong, L.C.; Liu, J.; Ma, H.X. Synergistic effect of eugenol with Colistin against clinical isolated Colistin-resistant
Escherichia coli strains. Antimicrob. Resist. Infect. Control 2018, 7, 17. [CrossRef] [PubMed]

7. Di Stefano, V.; Schillaci, D.; Cusimano, M.G.; Rishan, M.; Rashan, L. In Vitro Antimicrobial Activity of Frankincense Oils from
Boswellia sacra Grown in Different Locations of the Dhofar Region (Oman). Antibiotics 2020, 9, 195. [CrossRef]

8. Van Vuuren, S.F.; Kamatou, G.P.P.; Viljoen, A.M. Volatile composition and antimicrobial activity of twenty commercial frankincense
essential oil samples. S. Afri. J. Bot. 2010, 76, 686–691. [CrossRef]

9. De Rapper, S.; Van Vuuren, S.F.; Kamatou, G.P.P.; Viljoen, A.M.; Dagne, E. The additive and synergistic antimicrobial effects of
select frankincense and myrrh oils—A combination from the pharaonic pharmacopoeia. Lett. Appl. Microbiol. 2012, 54, 352–358.
[CrossRef]

145



Antibiotics 2022, 11, 1591

10. Lakhundi, S.; Zhang, K. Methicillin-Resistant Staphylococcus aureus: Molecular Characterization, Evolution, and Epidemiology.
Clin. Microbiol. Rev. 2018, 31, e00020-18. [CrossRef]

11. Kale, P.; Dhawan, B. The changing face of community-acquired methicillin-resistant Staphylococcus aureus. Indian J. Med. Microbiol.
2016, 34, 275–285. [CrossRef] [PubMed]

12. Poole, K. Pseudomonas Aeruginosa: Resistance to the Max. Front. Microbiol. 2011, 2, 65. [CrossRef] [PubMed]
13. Breidenstein, E.B.M.; De la Fuente-Núñez, C.; Hancock, R.E.W. Pseudomonas aeruginosa: All roads lead to resistance. Trends

Microbiol. 2011, 19, 419–426. [CrossRef] [PubMed]
14. Oliver, A.; Mulet, X.; López-Causapé, C.; Juan, C. The increasing threat of Pseudomonas aeruginosa high-risk clones. Drug Resist.

Updat. 2015, 21, 41–59. [CrossRef]
15. Fasinu, P.S.; Bouic, P.J.; Rosenkranz, B. An overview of the evidence and mechanisms of herb-drug interactions. Front. Pharmacol.

2012, 3, 69. [CrossRef]
16. Wakefield, M.E. Special Treatments: Constitutional Psychospiritual Points. Const. Facial Acupunct. 2014, 267–276. [CrossRef]
17. Levison, M.E.; Levison, J.H. Pharmacokinetics and Pharma codynamics of Antibacterial Agents. Infect. Dis. Clin. N. Am. 2009, 23, 791.

[CrossRef]
18. Hosny, E.N.; Elhadidy, M.E.; Sawie, H.G.; Kilany, A.; Khadrawy, Y.A. Effect of frankincense oil on the neurochemical changes

induced in rat model of status epilepticus. Clin. Phytoscience 2020, 61, 11. [CrossRef]
19. Camarda, L.; Dayton, T.; Di Stefano, V.; Pitonzo, R.; Schillaci, D. Chemical composition and antimicrobial activity of some

oleogum resin essential oils from Boswellia spp. (Burseraceae). Ann. Chim. 2007, 97, 837–844. [CrossRef]
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Abstract: Marine habitats are especially complex, with a varied diversity of living organisms. Marine
organisms, while living in such intense conditions, have developed great physiological and metabolic
potential to survive. This has led them to produce several potent metabolites, which their terrestrial
counterparts are unable to produce. Over the past few years, marine Actinomycetes have been
considered one of the most abundant sources of diverse and novel metabolites. In this work, an
attempt was made to isolate Actinomycetes from marine sediments in terms of their ability to produce
several novel bioactive compounds. A total of 16 different Actinomycete colonies were obtained
from marine sediment samples. Among the 16 Actinomycete isolates, 2 isolates demonstrated in vitro
antibacterial activity against Aeromonas hydrophila and Vibrio parahemolyticus. However, among them,
only one isolate was found to have potent antibacterial activity, and hence, was taken for further
analysis. This isolate was designated as Beijerinickia fluminensis VIT01. The bioactive components
obtained were extracted and later subjected to Fourier transform infrared spectroscopy (FTIR) and
gas chromatography–mass spectroscopy (GC-MS) analyses for identification. Several novel bioactive
compounds were reported from the data obtained and were found to have potent antibacterial activity.
Hence, they could be used as an alternative to antibiotics for treating several fish pathogens in the
aquaculture industry.

Keywords: marine Actinomycetes; Beijerinickia fluminensis; antibacterial activity; FTIR; GC-MS

1. Introduction

Actinomycetes, belonging to the order Actinomycetales, are members of a heteroge-
neous group of Gram-positive bacteria, consisting of up to >55% GC content in their
DNA [1]. They are anaerobic, with filamentous fungal morphology and branched growth
patterns, resulting in either extensive mycelium or colony. Later, the mycelium may fall
apart to form coccoid or rod-shaped forms. Most genera of Actinomycetes form a spore
called sporangia or spore cases, found on the colony surface, aerial hyphae or maybe within
the free environment. They exhibit diverse genetic, biological and functional activities and
are a good source of many new secondary metabolites [2–4]. The sea has a vast treasure of
resources. Due to this fact, marine Actinomycetes play a significant role by being a major part
of it [5]. Apart from this reason, they differ from their terrestrial counterparts considerably
because of distinct environmental changes prevailing in marine habitats [6,7].

The first marine Actinomycete was discovered in the year 1984 [4,8]. Since that period,
many novel species of marine Actinomycetes have been found in aquatic environments
worldwide [9–13]. In addition, a majority of the strains of Actinomycetes from the marine
environment have been isolated from sediments [14]. The population size of Actinomycetes
in the case of oceanic sediments has been reported to vary with various physicochemical
parameters, such as pH, temperature, salinity, total organic carbon, pressure, etc. [4].
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In general, Actinomycetes, and in particular, marine Actinomycetes have a vast range of
applications in various fields. Be it in drug synthesis to cure certain diseases or biologically
active products, synthesis of antibacterial, antiviral, antifungal as well as anticancer prod-
ucts, synthesis of enzymes, or their major role in biofouling, they have contributed a lot in
various areas of the aquaculture industry [5]. Sharma et al. [15] reported the applications
of Actinomycetes in bioremediation, cancer treatment and production of some valuable
antibiotics, such as amphotericin, neomycin, vancomycin, chloramphenicol, novobiocin,
gentamycin, nystatin, erythromycin, tetracycline, etc. They are also used as biocontrol
tools, antifungal compounds, bio corrosion and as a source of agroactive compounds. The
bioactive compounds extracted from these marine Actinomycetes possess different chemical
structures and conformations, which hold the key to novel drug synthesis that, in future,
may be potent enough to combat various resistant pathogens [16].

Actinomycetes are widely distributed in the marine environment, in marine species
such as Streptomyces, Nocardia and Micromonospora. Their occurrence on the contact slides
and dead marine algae suspended in the sea has been reported [17].

A study reported by Ref [18] revealed that some new marine Actinomycetes have
produced a variety of bioactive metabolites. The antibacterial activity of fermentation
products from Actinomycetes isolated from the marine environment also showed that several
bioactive compounds had activities against vaccinia virus replication multidrug-resistant
Gram-positive bacteria and cancer cells.

Actinomycetes contribute 70% of antibiotic sources and numerous non-antibiotic bioac-
tive metabolites, including enzymes, enzyme inhibitors, anti-oxidation reagents, immuno-
logical regulators, etc. [19]. In other words, currently, almost two-thirds of the antibiotics
developed are derived from Actinomycetes. Marine Actinomycetes have been reportedly
studied for their efficacy as a potent novel antibiotic producer [20–23]. Although the use of
several antibiotics has been banned in the aquaculture industry [24], they are still being
used and are causing resistance. In this context, the aim of the current work was to isolate a
novel bioactive compound from marine Actinomycetes, which is effective against pathogens
in aquaculture.

2. Results
2.1. Isolation of Actinomycetes

A total of 16 different Actinomycete colonies were obtained from marine sediment
samples. To isolate the Actinomycetes, specific agar medium Actinomycetes Isolation Agar
(AIA) was used, since it was found to be good for the growth of actinomycetes. Some
morphologically different strains of Actinomycetes were obtained from the sediment samples
collected off the coast of Digha, West Bengal, India.

2.2. Characterization of Isolates

Among the 16 Actinomycete isolates, 2 isolates demonstrated in vitro antibacterial
activity against Aeromonas hydrophila and Vibrio parahemolyticus. However, among them,
only one isolate was found to have potent antibacterial activity, and hence, was taken for
further characterization. This isolate was designated as Beijerinckia fluminensis VIT01.

2.2.1. Screening of Potential Actinomycete Isolates

The antibacterial activity of the isolate was confirmed by primary screening using
the cross-streak method. This was followed by secondary screening using the agar well
diffusion method. The crude extract of Actinomycete isolates showed a zone of inhibition
against the two bacterial pathogens tested. Among the two pathogens, Vibrio parahemolyticus
showed better results when compared to Aeromonas hydrophila. In the case of primary
screening using the cross-streak method, the zones of inhibition observed in the isolate
against pathogens A. hydrophila and V. parahemolyticus were 11 mm and 13 mm, respectively.
In addition, the zone of inhibition observed in the secondary screening of the isolate was
also found to be better in V. parahemolyticus compared to A. hydrophila.

149



Antibiotics 2022, 11, 1546

2.2.2. Screening of the Potential Isolate in Comparison to the Antibiotic

Gentamicin was found to be sensitive to both pathogens A. hydrophila and V. parahemolyti-
cus, showing a zone of inhibition of 11 mm and 12 mm in the case of both V. parahemolyticus
and A. hydrophila, respectively, using the disc diffusion method. On the other hand, the
Actinomycete isolate gave a better zone of inhibition compared to the antibiotic.

The zone of inhibition revealed in vitro antibacterial activity of Beijernickia fluminen-
sis against both pathogens Aeromonas hydrophila and Vibrio parahemolyticus, as shown in
Figure 1A. Figure 1B reveals the zone of inhibition of Gentamicin against A. hydrophila and
V. parahemolyticus.
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Figure 1. Primary screening of the antimicrobial activity of isolate 1 (B. fluminensis VIT01) against
selected pathogens (A) A. hydrophila (B) V. parahemolyticus.

Table 1 summarizes the antibacterial activity of some Actinomycete isolates against
Aeromonas hydrophila and Vibrio parahemolyticus compared to Gentamicin. The data table
shows that compared to Gentamicin, Beijernickia fluminensis gave a better zone of inhibition
against both pathogens A. hydrophila and V. parahemolyticus.

Table 1. Antibacterial activity of Actinomycete isolates compared to Gentamicin.

S.No. Isolates

Antibacterial Activity/Zone
of Inhibition (in mm)

Zone of Inhibition in
Gentamicin (in mm)

Aeromonas
hydrophila

Vibrio para-
hemolyticus

Aeromonas
hydrophila

Vibrio para-
hemolyticus

1
Isolate 1

(Beijernickia
fluminensis)

11 13 12 11

2 Isolate 2 9 12 12 11
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2.2.3. Morphological Characterization

Actinomycetes were isolated, and their morphological appearance was observed. The
staining results showed that the bacterium was Gram-positive, cocci-shaped, non-motile,
capsulated and spore-forming.

FESEM Analysis

The FESEM micrograph revealed the shape and arrangement of the isolate under
different magnifications, as shown in Figure 2.
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Figure 2. Scanning electron microscope images under 5000X (A) and 10,000X (B). Cocci in clusters.

Biochemical Characterization

The biochemical tests performed showed a positive result for Gram-positive bacteria.
The results indicate that the isolate was capable of starch, gelatin and casein hydrolysis.
The results of biochemical tests are presented in Table 2.

Physiological Characterization

The tested Actinomycete isolate was able to grow in 1%, 3.5%, 5% and 7% NaCl concen-
tration but showed resistance at 10% and 20% NaCl. The ideal temperature for the growth
of Actinomycetes was found to be between 28 and 30 ◦C, although they could even grow in
temperatures up to 40 ◦C.

Molecular Characterization

The 16S rRNA sequencing revealed that the strain belongs to Beijerinckia fluminensis
under Actinomycetes. This was designated as Beijerinckia fluminensis VIT01.

2.3. FTIR Analysis of Crude Extracts from Actinomycetes

Figure 3 summarizes the FTIR spectra of the sample ranging from 400 to 4000 cm−1.
The characteristic bands observed from Sample 1 are 2652.15, 2041.57, 1292.27, 1042.70,
751.34 and 556.90. The data shown in Table 2 reveal the vibrational type of the functional
groups, their band strength and the compounds present in the respective peaks of the
ethyl acetate extract of B. fluminensis. The peak at 2652.15 corresponds to the stretching
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vibrational type of weak thiol groups. The peak at 2041.57 was assigned to the stretching
vibration of strong isothiocyanate groups. Similarly, the peaks at 1292.27 and 1042.70
correspond to the stretching vibration type of strong fluoro compound and medium amine
groups, respectively. In addition, the peak at 751.34 corresponds to the bending vibration
type of strong 1,2-disubstituted groups, and the peak at 556.90 corresponds to the stretching
type of vibration of strong halo compound groups.

Table 2. Biochemical tests of Beijerinickia fluminensis VIT01 strain.

Biochemical Characteristics Beijerinickia fluminensis

ONPG Positive
Lysine Utilization Positive

Ornithine Utilization Positive
Urease Positive

Phenylalanine Deamination Negative
Nitrate Reduction Positive
H2S Production Negative

Citrate Utilization Positive
Voges–Proskauer Negative

Methyl Red Negative
Indole Negative

Malonate Utilization Negative
Esculin Hydrolysis Positive

L-Arabinose Negative
Xylose Negative

Adonitol Negative
Rhamnose Negative
Cellobiose Negative
Melibiose Negative

Saccharose Positive
Raffinose Negative
Trehalose Positive
Glucose Positive
Lactose Positive
Oxidase Negative

Casein Utilization Positive
Melezitose Negative

α–Methyl–D-Mannoside Negative
Xylitol Positive

D-Arabinose Negative
Sorbose Positive

The peak values corresponding to their respective groups in the sample are shown in Table 3.

Table 3. FTIR analysis of compounds exhibiting their functional groups.

Wavelength Functional
Group/Bonds Band Strength Compound

Ethyl Acetate Extract of Actinomycetes (Sample)

2652.15 S-H stretch Weak Thiol
2573.22 O-H stretch Strong, Broad Carboxylic acid
2041.57 N=C=S stretch Strong Isothiocyanate
2013.71 N=C=S stretch Strong Isothiocyanate
1292.27 C-F stretch Strong Fluoro compound
1167.49 C-O stretch Strong Tertiary alcohol
1097.84 C-N stretch Medium Amine
1042.705 C-N stretch Medium Amine
991.63 C=C bending Strong Alkene
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Table 3. Cont.

Wavelength Functional
Group/Bonds Band Strength Compound

Ethyl Acetate Extract of Actinomycetes (Sample)

885.41 C=C bending Strong Alkene
751.34 C-H bending Strong 1,2-disubstituted
709.55 C=C bending Strong Alkene
556.909 C-Cl stretching Strong Halo compound
464.62 C-l stretching Strong Halo compound
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2.4. GC-MS Analysis of Crude Extracts from Actinomycetes

The GC-MS analysis of the identified active compounds isolated from the ethanolic
extract of Actinomycetes displayed their peak percentage expressed with their retention
indices in the chromatogram.

The bioactive compounds identified from the ethanolic extract of Beijerinckia flumi-
nensis VIT01 showed that they contain many active components. They are responsi-
ble for several properties, including antimicrobial and antibacterial, as per Dr. Duke’s
Phytochemical and Ethnobotanical Database. Figure 4 represents the chromatogram of
the bioactive compounds extracted from the ethanolic extract of the Actinomycete strain
sample. The compounds are 1,6;3,4-Dianhydro-2-Deoxy-Beta-D-Lyxo-Hexopyrano; N,N-
Dimethylheptanamide, Butanamide,3,N-Dihydroxy; (S)-Isopropyl Lactate; 3-O-Acetyl-exo-
1,2-O-Ethylidene-Alpha-D-Erythrof; Glycine,N-Octyl-,Ethyl Ester; D-Glucitol,1-Deoxy-1-
(Octylamino); Glycyl-L-Proline; 7-Tetradecene, (E); 2,3-Anhydro-D-Galactosan, etc. The
data from Table 4 show the major peak, the retention time of the compounds and the activi-
ties present in the ethyl acetate extract of B. fluminensis. The results revealed that compounds
such as N, N-Dimethylheptanamide, Glycine,N-Octyl-,Ethyl Ester, Glycyl-L-Proline, Acti-
nomycin C2, (S)-3,4-Dimethylpentanol and 7-Tetradecene, (E), have antibacterial properties.
Therefore, these compounds can be used as potent antibacterial agents.
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Table 4 summarizes the main compounds, retention time, major peak area and major
activities present in the sample. These bioactive compounds were later used for in vivo
and in vitro studies.
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Table 4. Activity of bioactive compounds found in ethyl acetate extract of Beijerinickia fluminensis.

S.No Compounds Major Peak
Area (%)

Retention Time
(RT)

Major Activities *
Present in Sample

1 N, N-
Dimethylheptanamide 28 2.64 Antibacterial,

Antitumor

2 Butanamide,3,N-
Dihydroxy 273 3.86 Antitumor

3
3-O-Acetyl-Exo-1,2-

O-Ethylidene-
Alpha-D-Erythrof

785 6.42 Anticancer

4 5-Aminovaleric acid 1438 9.69 Anticarcinogenic

5
Glycine,N-Octyl-

,Ethyl
Ester

2437 14.69 Antibacterial,
Antitumor

6
As-Triazine-

3,5(2H,4H)-Dione,
6-(Dimethylamino)

2895 16.98

7 Glycyl-L-Proline 3006 17.53 Antibacterial

8 Propyl Aldoxime,
2-Methyl-, Syn 3123 18.12 DNA synthesis

inhibitor

9 Actinomycin C2 3368 19.35 Antibacterial,
Anticancer

10 (S)-3,4-
Dimethylpentanol 3411 19.56

Antibacterial,
Anticancer,

Antidiabetic, DNA
synthesis inhibitor

11 7-Tetradecene, (E) 3767 21.34 Antibacterial,
Anticancer

12 2-Decenioc acid 3844 21.73 Anticarcinogenic

13 1-Decene, 8-Methyl 4234 23.68 Methyl-guanidine
inhibitor

14 Heneicosane,
11-Phenyl 4442 24.72 -

15
Dodecane, 1-

ChloroHeneicosane,
11-Phenyl

4757 26.29 -

16 Dichloroacetic Acid,
2-Ethylhexyl Ester 4780 26.41 -

17 Pterin-6-Carboxylic
acid 4942 27.22 Anticarcinogenic

18 2,3-Anhydro-D-
Galactosan 5378 29.40 Anticancer

* Dr. Duke’s Phytochemical and Ethnobotanical Database [25].

3. Discussion

Actinomycetes have proven to be one of the best sources of secondary metabolites, and
they have potent bioactive compounds [26]. Currently, the incidence of infectious diseases
in the aquaculture industry is increasing, leading to significant loss in the aquaculture
industry. Hence, there is a dire need to develop novel bioactive compounds that can be
effective against various pathogens. While screening for Actinomycetes, various fast growing
microbial colonies, which have the ability to inhibit the colonization of Actinomycetes on their
particular isolation medium, were detected. In order to isolate Actinomycetes and prevent
the growth of unwanted as well as ubiquitous bacteria, pre-treatment of the sediment
samples was preferred. Gebreyohannes et al. [27] reported that potent antibiotic-producing
actinomycetes isolated from the marine sediment were subjected to physical pre-treatment
methods to stimulate the growth of Actinomycetes. In the present study, similar aseptic
methods were followed to prevent the growth of unwanted bacteria.
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In recent times, there has been a growing interest in the isolation of various novel and
potent bioactive Actinomycetes from the marine environment, since they contain bioactive
compounds. Many culture-independent studies [28] have reported that the marine envi-
ronment contains a vast and rich diversity of rare Actinomycetes. They have been useful in
designing successful isolation schemes to isolate a wide variety of marine Actinomycetes.
Oggerin et al. [29] isolated Beijerinickia fluminensis strains UQM 1685T and CIP 106281T

from soil. Similarly, a recent study was conducted by Shwaaiman et al. [30] who isolated a
novel bacterium Beijerinickia fluminensis BFC-33 from soil. In the present study, we isolated
Beijerinickia fluminensis from marine sediments. Based on the literature survey, this might
be the first report on the isolation of Beijerinickia fluminensis from marine sediments.

Trakunjae et al. [31] reported that they isolated a rare Actinomycete, Rhodococcus so.
BSRT1-1, which was Gram-positive, non-motile, with short rods that later converted to cocci.
Oggerin et al. [29] isolated Beijerinickia fluminensis from a soil sample. In the present work,
the bacterium Beijerinickia fluminensis was isolated from marine sediments. The present
work revealed that the isolated bacterium is light orange colored. It is Gram positive,
with cocci in clusters, and non-motile. This corroborated the study of Oggerin et al. [29]
who reported that a white and cream colored isolate was non-motile. Several studies
reported on the biochemical and physiological characteristics of Actinomycetes. A study by
Ref [32] reported the biochemical and physiological characteristics of Actinomycetes. They
reported the presence of starch and gelatin. Casein hydrolysis was also reported. They
also reported negative results for indole, Voges–Proskauer, urease and lipase, and positive
results for methyl-red and citrate. In the present study, B. fluminensis gave positive results
for starch, casein and gelatin hydrolysis, citrate and urease, while negative results were
obtained for methyl-red, Voges–Proskauer and indole tests. Rajkumar et al. [33] isolated
actinomycetes from different environments. They reported that the isolated Actinomycetes
showed negative Indole, MR and VP. They also reported that the isolates from Actinomycetes
CAHSH-2 and Actinomycetes CAHSH-3 were positive for citrate, urease, starch, casein and
gelatin. This is in agreement with our report. In the case of physiological characterization,
Sivanandhini et al. [32] revealed that the Actinomycetes were able to survive in high salt
concentrations. Similarly, our present work showed that B. fluminensis was able to tolerate
up to 7% salt concentration. Another study reported by Ref [27] on the Actinomycetes
isolated from water and sediments showed starch and urea hydrolysis. It was also able
to tolerate NaCl concentration up to 5%. Our present study showed that both starch and
urea were able to hydrolyze. It was also able to survive in 7% salt concentration. Similarly,
Undabarrena et al. [34] reported the physiological characteristics of several species of
Actinobacteria. They reported that they were able to survive at 1%, 3.5%, 5%, 7% and
10% NaCl concentration. In the present work, we observed that they were able to tolerate
up to 7% salt concentration. Rajkumar et al. [33] also reported that the Actinomycetes
were able to survive in 9% NaCl. In the present study, equally similar biochemical and
physiological characteristics, such as NaCl tolerance (salinity), temperature tolerance, as
well as biochemical characteristics of Actinomycetes, were reported.

Primary and secondary screening was performed to evaluate the antimicrobial potential
of the microorganism against the pathogens. Singh et al. [35] screened thirty-six Actinomycete
isolates against both Gram-positive and Gram-negative bacterial pathogens, such as Staphylo-
coccus aureus MTCC 96, Bacillus subtilis MTCC 441 and Escherichia coli MTCC 64, and a fungal
pathogen Candida albicans MTCC 183. Among them, fifteen showed strong and moderate
antimicrobial activity. Later, they were subjected to secondary screening, where out of fifteen
active isolates, thirteen exhibited strong antimicrobial activity. Another study by Ref. [36]
reported that different strains of Streptomyces sp. showed antibacterial activity against Vibrio
spp. In the present study, good antibacterial activity was seen in the primary screening of the
isolate, which exhibited a zone of inhibition of 11 mm and 13 against pathogens A. hydrophila
and V. parahemolyticus, respectively, followed by secondary screening.
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Norouzi et al., 2018 [37] reported the antibacterial activity potential of several Actinomycete
isolates against many bacterial pathogens in comparison to antibiotics such as Gentamicin
using the Kirby–Bauer disc diffusion method. Antibiotic sensitivity test and disc diffusion
were carried out to compare the activity of the crude extract of the Actinomycete isolate with
the antibiotic Gentamycin. The disc diffusion revealed that, among the three isolates, two
potent marine Actinomycetes isolates MN2 and MN39 were able to produce biomolecules with
antibacterial activity against multidrug-resistant (MDR) bacteria. In our present study, we
observed that our isolate gave a better result compared to Gentamicin. Gentamicin exhibited
zones of inhibition of 11 mm and 12 mm in the case of both pathogens, V. parahemolyticus and
A. hydrophila. The zones of inhibition observed in the isolate against pathogens A. hydrophila
and V. parahemolyticus were 11 mm and 13 mm, respectively.

Currently, the number of many novel secondary metabolites reported from marine
Actinomycetes has surpassed the number of their terrestrial counterparts [38]. Dholakiya
et al. [39] reported the results of a study where the bacteria Streptomyces variabilis exhibited a
wide spectrum of antibacterial activities against several Gram-negative and Gram-positive
bacteria. Merochlorin E and F isolated from a marine bacterium Streptomyces sp. displayed
antibacterial activities against several bacteria, such as Staphylococcus. aureus, Bacillus.
subtilis and Kocuria. rhizophila [40,41]. Voon et al. [42] reported the FTIR spectrum of
biocellulose from Beijerinickia fluminensis WAUPM53 in different media. Another study by
Ref [43] reported the FTIR spectra of melanin produced by Beijerinickia fluminensis. In the
current study, several potent antibacterial compounds were found in the FTIR and GC-MS
analyses of Actinomycetes.

4. Materials and Methods
4.1. Sample Collection

The samples for screening were collected in the month of May 2021, off the coast
of Digha, West Bengal, India. The marine sediment samples were collected from Digha
(21◦37′35.82” N latitude and 87◦30′26.75” E longitude) and transferred to autoclavable bags
and then stored in cell frost at 4 ◦C [27,34].

4.2. Media Used
Media

The Actinomycetes Isolation Agar (AIA) medium (Hi Media) was used for the isolation
of Actinomycetes. Nalidixic acid (50 µg/mL) and Mycostatin (100 µg/mL) were added to the
medium. The International Streptomyces Project (ISP-4) medium (TM media, Delhi, India)
was used for purification of the isolates [44]. The Mueller–Hinton Agar (MHA) medium
(HiMedia, Mumbai, India) was used for the determination of antimicrobial activity of the
Actinomycete isolates.

4.3. Pre-Treatment of Sediment Samples

To enable the isolation of Actinomycetes, samples were subjected to pre-treatment.
Sediment samples were kept overnight at 70 ◦C in a hot air oven for drying [45]. They were
crushed and ground aseptically using mortar and pestle under aseptic condition.

4.4. Isolation of Samples

From the pre-treated sediment sample, 1 g was weighed and dispersed into a 100 mL
conical flask containing distilled water with 0.9% saline and shaken continuously at room
temperature using an orbital shaker for 10 min. This was considered as the stock culture for
the sediment samples. A volume of 1 mL was taken from the stock solution and transferred
to 9 mL sterile test tube containing water and mixed vigorously to reach a dilution factor of
10−1. Afterward, serial dilutions from 10−2 to 10−6 were carried out.

After serial dilution, a 0.1 mL aliquot sample of each dilution from 10−3 to 10−6 was
plated in the AIA medium (HiMedia) containing 0.9% NaCl using the spread plate technique.
The medium was amended with 50 µg/mL of Nalidixic acid (HiMedia) and Mycostatin
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(100 µg/mL) (HiMedia) to prevent the growth of other microorganisms. The Petri plates were
incubated at 30 ◦C for 7–14 days until visible colonies were observed [39,46].

4.5. Screening of Samples

The pure colonies were counted using a colony counter. Their morphological charac-
teristics and pigmentation were recorded.

After isolation, the isolates were screened and sub-cultured by individual streaking
into AIA medium prepared with 0.9% NaCl. They were then transferred to new Petri plates
containing AIA medium to obtain pure colonies. In addition, they were also sub-cultured
and maintained in AIA slants at 4 ◦C [47]. The isolated bacteria were later stored at −20 ◦C
in 20% glycerol [34,48].

4.6. Characterization of Isolates

Strains were identified based on morphological, cultural, biochemical characteristics
and molecular analysis using 16S rRNA sequencing.

4.6.1. Morphological Characterization

The selected isolates were streaked into an ISP4 medium to study their morphological
characters by the macroscopic method. The colonies, morphology of the substrate and
spores, aerial hyphae, branching and pigment production on the plates were observed in
the preliminary stage. Gram staining, motility test and capsule staining were carried out to
check the structure and motility of the isolated colonies.

Gram Staining

Gram staining was performed to identify the isolates, i.e., whether they are Gram
positive or Gram negative. Later, the organism was first observed under 10× and 40×
magnification and then under 100× with oil immersion [49].

Motility Test

A motility test was carried out by inoculating the isolate using the Sulphide Indole
Motility (SIM) medium with an inoculation loop up to half or one-third inch above the
bottom in a straight line. It was then incubated at 30 ◦C for 7 days. In addition, it was also
observed under 10× and 40×magnification through the microscope to check its motility.

Capsule Staining

For capsule staining, Nigrosin was used as the primary stain and crystal violet as a
counterstain. It was observed under 100× oil immersion microscope.

Field Emission Scanning Electron Microscope (FESEM) Analysis

The isolates selected were examined microscopically for spore chain morphology
under 3000×, 5000×, 8000×, 10,000× and 13,000×. FESEM analysis was performed by
two different methods to check the arrangement of the spores, the sporulating structures
and the external surface morphology of the isolates. In the first method, the isolate was
inoculated in a broth medium and incubated in a rotary shaker at 30 ◦C for 7 days until
there was growth of bacteria. The broth culture was centrifuged at 7000 rpm for 10 min,
and the supernatant was discarded. An amount of 1 mL autoclaved 1× Phosphate Buffer
Saline (PBS) was added to the cell-free supernatant (CFS) and mixed well. Later, 10–20 µL
of this culture was transferred to a clean grease-free slide. An amount of 20 µL of 0.25%
Glutaraldehyde solution was dispensed into the slide containing the culture and oven dried
overnight at 40 ◦C. In the second method, a clean, grease-free slide was taken, and a thin
smear of the isolate was made in the center of it, air dried completely and kept overnight in
a hot air oven at +40 ◦C.
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4.6.2. Biochemical Characterization
Biochemical Tests

Biochemical tests, such as ONPG, Ornithine, Lysine, Phenylalanine, Urease, H2S
Production, Nitrate Reduction, Methyl Red–Voges–Proskauer’s Tests (MR-VP), Indole
Production, Esculin Hydrolysis, Malonate, Catalase, Oxidase, Citrate Utilization, Crystal
violet, Casein Utilization and Growth in MacConkey Agar, were carried out using a readily
prepared KB003 Hi 25 Kit (HiMedia). Both Strip-I and Strip-II reaction wells of the kit
were inoculated with Actinomycete culture using an inoculation loop incubated at 30 ◦C for
7–14 days.

In addition to the above-conducted tests, readily prepared KB009 Hi CarboTM Kit
B009C HiMedia kit was used to check the capability of the isolated Actinomycetes to use
several carbon compounds as an energy source. The kit consisted of 11 sugars, includ-
ing Melezitose, Xylitol, Cellobiose, D-Arabinose, Sorbose, Rhamnose, alpha-Methyl-D-
Mannoside, Malonate, Esculin, Citrate, O-Nitrophenyl-β-D-galactopyranoside (ONPG)
and one control. Parts C of the wells in the kit were inoculated similarly to the Actinomycetes
and incubated at 30 ◦C for 7–14 days [33].

Starch Utilization Test

A starch hydrolysis test was performed in which the isolates were inoculated on
sterile starch agar plates and incubated at 30 ◦C for seven days. Following the incubation
period, iodine solution was flooded into the plates. Starch hydrolysis was confirmed by the
presence of a clear zone of hydrolysis around the bacterial growth [27].

Gelatin Hydrolysis Test

In the gelatin hydrolysis test, the isolates were inoculated on gelatin agar plates and
incubated at 30 ◦C for seven days to check the gelatin hydrolysis. At the end of the
incubation period, 1 mL mercuric chloride solution was dispersed into the agar medium to
observe the zone of hydrolysis [27].

Casein Hydrolysis Test

The isolates were similarly streaked on skimmed milk agar medium plates. They were
then incubated at 30 ◦C for seven days to see whether there was a zone of hydrolysis [27].

Citrate Utilization Test

The isolates were also inoculated on Simon’s citrate slant agar test tubes incubated at
30 ◦C for seven days until a color change was found [27].

4.6.3. Physiological Characterization

To test the NaCl resistance, the AIA medium was prepared in seven batches and
amended with 0%, 1%, 3.5%, 5%, 7%, 10% and 20% NaCl. The isolates were streaked on the
media and incubated at 30 ◦C for seven days. The growth of the isolates at the highest salt
concentration was observed and recorded.

The sterile AIA plates were inoculated with the isolates and incubated at 4 ◦C, 20 ◦C,
25 ◦C, 30 ◦C, 37 ◦C and 40 ◦C for seven days. The maximum growth at the optimal
temperature was recorded by the visual observation of growth [50].

4.6.4. Molecular Characterization

Based on the biochemical characteristics and morphology of the isolate, the isolate
that showed good antibacterial activity was chosen for further study. The 16S ribosomal
RNA (rRNA) sequence analysis was carried out to confirm the isolated bacterium.
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4.7. Bacterial Cultures Used

The two bacterial fish pathogens selected for this study were Vibrio parahemolyticus
(MTCC 451) and Aeromonas hydrophila (MTCC 1739). The stock and slant cultures of these
test organisms were obtained from the Microbial Type Culture Collection (MTCC). Both
cultures were inoculated into the nutrient broth and sub-cultured on nutrient agar plates
before performing the test.

4.8. In Vitro Antibacterial Activity
4.8.1. Primary Screening

Preliminary screening was carried out by the cross-streak method in which the isolates
were screened against the selected test pathogens. Mueller–Hinton Agar (MHA) plates
were prepared and supplemented with 2% sodium chloride. The Actinomycete isolates
were inoculated with a single streak in the center of MHA plates and incubated at 30 ◦C
for 7 days. Later, the sub-cultured test cultures were streaked perpendicular to the Acti-
nomycetes isolates at a 90◦ angle and incubated at 37 ◦C for 24 h. The zone of inhibition
was recorded [35]. Based on the zone of inhibition observed against the test organism, the
potential isolates of Actinomycetes were selected for secondary screening.

4.8.2. Secondary Screening

The Actinomycete isolates that showed prospective antibacterial activities in primary
screening were subjected to solvent extraction to obtain the crude extracts. The isolates were
inoculated into a Starch Casein broth/ISP2 broth and kept in a rotary shaker incubator for
seven days at 30 ◦C and 120 rpm until growth was visible. Centrifugation was performed at
4 ◦C at 10,000 rpm for 20 min, and the filtrate was aseptically transferred into conical flasks.
Equal volumes of organic solvents with ethanol and an aqueous extract with distilled water
were added to the cell-free supernatant (CFS) and shaken well for two hours to extract the
antibacterial compounds [51].

Agar Well Diffusion Method

The antibacterial activities of the crude extracts were tested at different concentrations,
ranging from 50 µg/mL to 250 µg/mL, by the agar well diffusion method. Lawn cultures
of the pathogenic organisms were spread on the solidified MHA agar plates using sterile
cotton swabs. The wells were prepared on MHA plates using a sterile cork borer. The
different concentrations of both ethanolic and aqueous extracts of Actinomycete isolates were
poured into each well and allowed to diffuse completely. Culture plates were incubated
at 37 ◦C for 24 h. Experiments were carried out three times, and the mean of the zone of
inhibition (in mm) was recorded [52].

Disc Diffusion Method

Gentamycin (10 mcg) was taken for the antibiotic sensitivity test, which was performed
for both pathogens. The Actinomycete isolate showing the maximum zone of inhibition
was chosen for further study by the Kirby–Bauer agar disc diffusion method [36] to check
the antibacterial activity against pathogens. In this method, the pathogens were first
swabbed entirely from the surface of sterile MHA plates. Then, the concentration of the
isolate showing positive results was added inside the disc and placed on the surface of the
medium and incubated at 37 ◦C for 24 h. The zone of inhibition was recorded in triplicate
to calculate the mean value of the inhibition zones.

4.9. Extraction of the Active Compound

The inoculum was prepared by inoculating the selected Actinomycete isolate into a
Starch Casein Broth/ISP-2 Broth kept in a rotary shaker incubator at 30 ◦C and harvested
after 7 days. The broth culture was then filtered through Whatman No. 1 filter paper. The
filtrate obtained was centrifuged at 4 ◦C, 10,000 rpm, for 20 min. The CFS collected was
further used for the extraction of metabolites. The CFS was extracted three times with an
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equal volume of ethyl acetate by shaking manually at a 1:1 ratio by using a separating
funnel. Then, it was kept in a shaker for 48 h, after which it was removed and the solvent
layer collected. The concentration of the solvent layer was carried out using a rotary
evaporator to obtain the crude metabolites [33]. As per some earlier reports, studies were
conducted using various solvents, which gave better results in the extraction of bioactive
compounds from the CFS of Actinomycetes. Among them, ethyl acetate was found to be a
good polar solvent [53,54].

4.10. Identification of the Crude Bioactive Compound

Compounds obtained from the Actinomycete isolate were dissolved in ethyl acetate and
identified using gas chromatography–mass spectroscopy (GC-MS) and Fourier transform
infrared spectroscopy (FTIR) analyses.

A 13 mm potassium bromide (KBr) powder was mixed and ground thoroughly using a
mortar and pestle with the crude bioactive compounds isolated from potential Actinomycete
isolates. The sample was placed inside a pellet dye in a quantity just sufficient to cover its
bottom. It was pressed at 5000–10,000 psi using the pellet press to form a pellet disc and
placed in the sample holder. It was then analyzed by FTIR to obtain the measurement in
the spectrum wave number range between 4 and 4000/cm at a resolution of 4 cm−1 using a
FTIR spectrometer (Jasco, Victoria, BC, Canada).

GC-MS was performed for the identification of the active components present in the
ethanolic extract of Actinomycetes. The unknown components were identified using a GC-
MS (Agilent 6890/Hewlett-Packard 5975 (Agilent, Palo Alto, CA, USA/Hewlett Packard
Labs, Milpitas, CA, USA) under the electron impact (EI) mode. Several acquisition parame-
ters were followed with respect to the analysis. The interpretation of the mass spectrum
was carried out using the National Institute Standard and Technology (NIST) database. The
NIST library was used for searching for the spectrum of unknown compounds from the
Actinomycetes [55].

5. Conclusions

Sixteen Actinomycetes were successfully isolated from marine sediments. Among
them, two strains displayed antibacterial activity, but one strain, Beijerinickia fluminensis,
was reported to have potent antibacterial activity and was hence selected for further
analysis. FTIR and GC-MS revealed several antibacterial compounds that can be used as
an alternative to antibiotics for the treatment of several pathogens in aquaculture. Based on
the literature survey, this might be the first report on the isolation of Beijerinickia fluminensis
from marine sediments.
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Abstract: An estimated 35% of the world’s population depends on wheat as their primary crop. One
fifth of the world’s wheat is utilized as animal feed, while more than two thirds are used for human
consumption. Each year, 17–18% of the world’s wheat is consumed by China and India. In wheat, spot
blotch caused by Bipolaris sorokiniana is one of the major diseases which affects the wheat crop growth
and yield in warmer and humid regions of the world. The present work was conducted to evaluate the
effect of green synthesized silver nanoparticles on the biochemical constituents of wheat crops infected
with spot blotch disease. Silver nanoparticles (AgNPs) were synthesized using Mangifera indica leaf
extract and their characterization was performed using UV-visible spectroscopy, SEM, XRD, and PSA.
Characterization techniques confirm the presence of crystalline, spherical silver nanoparticles with
an average size of 52 nm. The effect of green synthesized nanoparticles on antioxidative enzymes,
e.g., Superoxide dismutase (SOD), Catalase (CAT), Glutathione Reductase (GR), Peroxidase (POX),
and phytochemical precursor enzyme Phenylalanine Ammonia-Lyase (PAL), and on primary and
secondary metabolites, e.g., reducing sugar and total phenol, in Bipolaris sorokiniana infected wheat
crop were studied. Inoculation of fungal spores was conducted after 40 days of sowing. Subsequently,
diseased plants were treated with silver nanoparticles at different concentrations. Elevation in all
biochemical constituents was recorded under silver nanoparticle application. The treatment with a
concentration of nanoparticles at 50 pp min diseased plants showed the highest resistance towards
the pathogen. The efficacy of the green synthesized AgNPs as antibacterial agents was evaluated
against multi drug resistant (MDR) bacteria comprising Gram-negative bacteria Escherichia coli (n =
6) and Klebsiella pneumoniae (n = 7) and Gram-positive bacteria Methicillin resistant Staphylococcus
aureus (n = 2). The results show promising antibacterial activity with significant inhibition zones
observed with the disc diffusion method, thus indicating green synthesized M. indica AgNPs as an
active antibacterial agent against MDR pathogens.

Keywords: MDR pathogens; silver nanoparticles; antibacterial activity; Mangifera indica leaf extract;
Triticum spp.

1. Introduction

Wheat (Triticum spp.), the so-called “King of cereals” is considered one of the oldest
staple food crops grown worldwide, with an annual production of 734 million tonnes [1].
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Cultivation of wheat started as a part of the ‘Neolithic Revolution’ 10,000 years ago. The
wheat kernel contains an average of 12% moisture, 70% carbohydrates, 12% proteins, 2%
fat, 2.2% crude fibre, and 1.8% minerals. Niacin, riboflavin, and thiamine are the major
vitamins present in wheat [2]. Triticum aestivum, T. durum, T. dicoccum, and T. sphaerococcum
are the four important wheat species grown globally. Agriculture production is greatly
affected by abiotic and biotic stresses, leading to huge economic losses. Spot blotch disease
of wheat caused by Bipolaris sorokiniana is one of the major diseases which causes severe
yield loss in wheat crop grown in the warm and humid regions of the world [3]. Although
this disease was reported in the early 1990s, its importance was recognized only after the
green revolution, when more numbers of semi-dwarf wheat cultivars became susceptible to
spot blotch. When a crop reaches the late post-anthesis stage, which coincides with warm
and high humid conditions, disease severity is higher.

Nanomaterials are used efficiently for the safe administration of pesticides, herbicides,
and fertilizers at low concentrations. Pesticides affect human health and pollinating insects.
To reduce the harmful effects of these chemicals, the use of green nanoparticles can be
beneficial. Green nanoparticles play an important role in decreasing toxicity and, in turn,
increase efficiency [4,5].

Consequently, new techniques are implemented by the modern agriculture system to
minimize yield losses by several crop diseases. Among these technologies, nanotechnology
has assumed a prominent place by virtue of its vast range of applications in various fields,
e.g., agriculture, pharmaceuticals, electronics, etc. The development and application of
biosynthesized nanotechnology in agricultural research initiated the development of an
eco-friendly and effective biosynthesized nanoparticles to control diseases. The biological
manufacture of silver nanoparticles (AgNPs) has been demonstrated as a reliable, nontoxic,
and environmentally acceptable strategy for plant disease treatment [6]. Previous research
has demonstrated the toxicity of silver nanoparticles on the growth of fungal hyphae and
conidia, while AgNPs made from cow milk have also shown potent antifungal action
against a variety of phytopathogens.

Plants contain a multitude of structurally divergent phytochemicals which are together
termed as secondary metabolites. These metabolites act as natural pesticides, antibiotics
and protective agents which are normally toxic to microbes. Plants can activate different
metabolic pathways to control pathogen attacks. Phytoalexins, lignin, and phytoanticip-
ins are the different compounds produced by the plant to overcome pathogen attacks.
Biochemical resistance against diseases depends on pre-existing and induced substances
present in the plant. Elicitors are the prime molecules capable to induce defense responses.
Both exogenous (pathogen origin) and endogenous (plant origin) elicitors act as defense
inducers [7]. The programmed cell death mechanism is a complex defense system shown
by the plant to overcome the pathogen attack. Superoxide anion (O2

−), hydroxyl radical
(OH•) and Hydrogen peroxide (H2O2) are the major reactive oxygen species (ROS) pro-
duced by the plant under these conditions and are strong oxidizing agents which attack all
the biomolecules causing cellular damage. Plant cells contain oxygen radical detoxifying
enzymes, e.g., catalase, peroxidase, superoxide dismutase, ascorbate peroxidase, and glu-
tathione reductase, and non-enzymatic antioxidants, such as ascorbic acid and phenolic
derivatives, to overcome the ROS.

The SOD, which catalyzes the dismutation of superoxide anion to hydrogen peroxide
(H2O2), appears to play an important role in the emergence and progression of the necrotic
reaction. The induction of SOD activity in plants has been widely observed in response
to pathogen invasion, and it is a reaction that is frequently related with plant resistance.
Catalase is the most important enzyme in the elimination of hydrogen peroxide. In addition
to serving as a substrate for the POD and CAT, the hydrogen peroxide produced by the SOD
plays an important function in the synthesis of lignin [8]. Furthermore, due to its diffusible
nature, hydrogen peroxide increases the expression of defense genes, such as phenylalanine
ammonia-lyase, chalcone synthase, endochitinases, and phytoalexin biosynthetic enzymes,
and is a major indicator of the related necrotic reaction. The hydrogen peroxide also
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induces the expression of genes that code for antioxidant proteins, such as glutathione-S-
transferase, glutathione peroxidase, and polyubiquitins, which prevent the death of healthy
cells with hypersensitivity [9,10]. The phenylpropanoid pathway leads to the biosynthesis
of a wide range of phenolics. In many circumstances, the activation of the phenylpropanoid
metabolism, with the main enzyme phenylalanine ammonia-lyase (PAL), is involved in
the initial disease resistance reactions of plants, leading to the creation of several defense-
related chemicals such as antimicrobial phytoalexins and lignin [11]. PAL has been linked to
barley and wheat defense responses to the necrotrophic fungal disease caused by Bipolaris
sorokiniana (Sacc.) [12]. After inoculating barley and wheat leaves with highly or weakly
aggressive isolates of Bipolaris sorokiniana, PAL activity was strongly induced [13].

The main objective of this study was to evaluate the effect of green synthesized M.
indica AgNPs on antioxidative enzymes and secondary metabolites, such as reducing sugar
and total phenol, in Bipolaris sorokiniana infected wheat crop.

2. Materials and Methods
2.1. Source of Plant Material (Mangifera indica) and Chemicals

M. indica fresh leaves were collected, thoroughly washed several times with tap water
followed by distilled water to remove the dust particles, and air-dried at room temperature
for six to seven days. Dried leaves powder was prepared and stored at room temperature
for further use. In this study, standard biochemical reagents and chemicals, including
potassium phosphate, H2O2, AgNO3, etc., were of analytical grade, procured from Sigma
Aldrich, Himedia, and Sisco Research Laboratories Pvt. Ltd.

2.2. Preparation of the M. indica Aqueous Leaf Extract

The aqueous M. indica leaf extract was prepared following the protocol described by
Narayana et al. with minor modifications. Thus, 10 g of M. indica leaves powder was boiled
in 100 mL of distilled water for 30 min (10% aqueous plant extract) and filtered through
Whatman No. 1 filter paper. The filtrate was collected and stored in the refrigerator at 4 ◦C
until further use.

2.3. Green Synthesis of Silver Nanoparticles (AgNPs) Using M. indica Aqueous Leaf Extract

The AgNO3 solution was used as a precursor for the synthesis of silver nanoparticles
(AgNPs). Hence, 0.02 M solutions were prepared by the addition of 1.7 g of AgNO3 to
500 mL of distilled water. For the green synthesis of AgNPs we used 0.02 M silver nitrate
(AgNO3) as a precursor and 10% M. indica aqueous leaf extract as both reducing and
capping agent [14]. Leaf extract and AgNO3 (0.02 M) solutions were mixed in the ratio of
9:1 and kept for reaction in the dark for approximately 24 h. The plant extract reduced the
silver nitrate and led to the formation of AgNPs. The change in solution color from brown
to blackish indicated the formation of AgNPs. The reduction process was monitored by
using UV-Visible spectroscopy.

2.4. Characterization of Green Synthesized Silver Nanoparticles (AgNPs)

The synthesized nanoparticles were characterized in terms of shape, size, and morphol-
ogy using UV-Visible spectrophotometry (UV-Vis), particles size analyzer (PSA), scanning
electron microscope (SEM), and X-ray diffraction (XRD). Spectral analysis of AgNPs was
performed using an ELICO UV1900, Hyderabad, India, Double Beam Spectrophotometer
with spectrum scanning in the wavelength range of 190–1100 nm with a band width of
2 nm. Green nanoparticles were analyzed at a wavelength ranging from 200 to 700 nm.
Characterization of AgNPs in terms of mean diameter and distribution was performed
using PSA (Nicomp, NANOZ Z3000 PSS, Billerica, MA, USA). To assess the topology of
green synthesized nanoparticles, SEM (Carl Zeiss-EVO-18- Cambridge, UK) was used. An
X-ray Diffractometer (Powder) (Model: SmartLab SE, Tokyo, Japan) with fully automated
alignment under computer control SAXS capabilities, with Optional D/teX Ultra-high-

167



Antibiotics 2022, 11, 1503

speed, position-sensitive detector system with 2D: 2–150◦, was used to understand the
structural information of AgNPs.

2.5. Biochemical Analysis

The seeds were procured from the Durum Wheat Main Agricultural Research Station
of the AICRP (All India Coordinated Research Projects), at the University of Agricultural
Sciences in Dharwad. The tests were performed in a factorial complete-replicate design
with three replicates. The variety of durum wheat employed in this study was Bijaga Yellow
which is a tall durum wheat variety cultivated in rain fed regions.

Wheat plant was evaluated by pot culture experiments in a polyhouse. Blast disease
was inoculated artificially after 40 days of sowing. The AgNPs treatment was given after
the development of disease as described in the study design (Table 1). Leaves samples were
collected after 2–3 days of treatment for determining the reducing sugar and total phenol
and antioxidant enzyme activities, such as superoxide dismutase (SOD), catalase (CAT),
glutathione reductase (GR), peroxidase (POX), and phenylalanine ammonia lyase (PAL).

Table 1. Details of the treatment groups used in the study.

Variety of Durum Wheat Treatment Replication

Bijaga
Yellow

C: Control leaves
T1: Diseased + 0 ppm AgNPs

(Disease control)
T2: Diseased + 5 ppm AgNPs
T3: Diseased + 10 ppm AgNPs
T4: Diseased + 15 ppm AgNPs
T5: Diseased + 20 ppm AgNPs
T6: Diseased + 30 ppm AgNPs
T7: Diseased + 50 ppm AgNPs

Three

2.6. Extraction of Enzyme and Determination of Protein Content

In the present work, enzymes were extracted from freshly collected leaf tissues at
0–4 ◦C. The antioxidant enzyme activities of SOD, CAT, POX, GR, and PAL were deter-
mined by extracting 0.5 g of leaf tissues with 2 mL of respective buffers (0.05 M sodium
phosphate buffer of pH 7.8 for SOD, pH 7.0 for CAT and POX, 0.1 M Tris-HCl buffer of pH
7.8 containing 2 mM dithiothreitol for GR and 0.1 M Tris buffer of pH 8.5 for PAL). The
homogenates were centrifuged at 14,000 rpm for 20-min at 4 ◦C. The resulting supernatant
was used as an enzyme source for determining antioxidant activities and the protein content
was measured using Lowry’s method.

2.7. Antioxidant Enzyme Assays
2.7.1. Catalase

CAT (EC 1.11.1.6) activity of Wheat leaves was analyzed using the Beers and Sizers
spectrophotometric technique [15]. To commence the reaction, 20 µL of enzyme extract was
added to a reaction mixture containing 2.98 mL of 16.65 mM hydrogen peroxide in 50 mM
phosphate buffer, pH 7.0. The decrease in absorbance was monitored at 240 nm against
substrate blank for a period of 3 min. Specific activity was expressed as µM min−1 mg−1

protein and one unit of CAT was defined as 1 µM of H2O2 degraded per minute at pH 7.0
and 25 ◦C.

2.7.2. Superoxide Dismutase

Using the Beauchamp and Fridovich method [16], the SOD activity in wheat leaves
was measured photochemically at 560 nm. The composition of 3 mL of reaction mixture
included 50 mM phosphate buffer (pH 7.8), 20 µL enzyme extract, 10 mM L-methionine,
33 µM p-nitroblue tetrazolium chloride (NBT), 0.66 µM ethylene diamine tetra acetic acid
(EDTA), and 3.3 µM riboflavin. The addition of riboflavin was immediately followed by
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illuminating the glass tube with the light of a 15 W fluorescent lamp at 25 ◦C for 20 min.
Absorbance at 560 nm was read to determine the concentration of blue formazan formed by
NBT photoreduction against a blank which comprised of same reaction mixture excluding
the exposure to light. The specific activity of SOD is measured in international units (IU)
per milligram of protein, and one unit of SOD is defined as the quantity of enzyme needed
to inhibit 50% of the NBT photo-reduction per minute.

2.7.3. Peroxidase Activity

Peroxidase activity (POX, EC 1.11.1.7) in wheat leaves was measured kinetically by
the method of Chance and Maehly [17]. The addition of 20 µL of the enzyme extract to
reaction mixture, containing 2.88 mL of 0.1 M potassium phosphate buffer (pH 7.0), 50 µL
of 0.02 M guaiacol, and 50 µL of 0.042% hydrogen peroxide, initiated the reaction and the
increase in optical density at 436 nm was recorded for 5 min. The specific activity of POX
was quantified as µM of oxidized guaiacol produced per minute per milligram of protein.

2.7.4. Glutathione Reductase

The spectrophotometric quantification of GR (EC 1.8.1.7) activity in wheat leaves was
performed following the method of Mavis and Stellwagen [18]. Composition of reaction
mixture included 0.1 mL of 30 mM oxidized glutathione, 1.5 mL of 100 mM potassium
phosphate buffer with 3.4 mM EDTA, pH 7.6, 0.35 mL of 0.8 mM reduced ß-nicotinamide
adenine dinucleotide phosphate (NADPH), and 0.95 mL of distilled water. The addition
of 100 µL of enzyme extract commenced the reaction and the reduction in absorbance at
340 nm was monitored for 5 min. GR specific activity is represented as µM min−1 mg−1

protein, and one GR unit is equal to the quantity of enzyme required to oxidize 1 µM of
NADPH per minute at pH 7.6 and 25 ◦C.

2.7.5. Phenylalanine Ammonia Lyase

Using the spectrophotometric approach developed by Paltonen and Karjalainen [12],
the PAL (EC.4.3.1.5.) activity in wheat leaves was measured. The assay mixture containing
0.5 mL of enzyme extract and 2.5 mL of 0.2% L-phenylalanine in 0.1 mL of Tris buffer, pH
8.5 was incubated for 1-h at 40 ◦C and the reaction was terminated with 0.2 M HCl. The
absorbance was measured at 290 nm against a substrate blank. The specific activity of
PAL was reported in units of µM of trans-cinnamate released per minute per milligram of
protein. One unit of PAL is defined as the quantity of enzyme necessary to liberate 1 µM of
trans-cinnamate from L-phenylalanine per minute.

2.8. Estimation of Reducing the Sugar

For the quantitative analysis of reducing sugars in wheat leaves, 1 g of dried leaf
material was introduced in hot ethanol (80%) for 15 min and then homogenized with pestle
and mortar. The homogenate thus obtained was filtered using muslin cloth, the residue was
re-extracted two or three times, and the filtrate were made up to final volume of 10 mL with
80% ethanol. Reducing sugars were quantified by employing Nelson Somogi’s method
(Norton Nelson, 1944) in which the reducing sugars in alkaline medium reduce cupric ions
to cuprous ions which form a chromophore with arsenomolybdate reagent and have a
λmax at 510 nm. The reducing sugar was expressed as mg per gram dry weight.

2.9. Estimation of Total Phenols

The Folin-Ciocalteau reagent (FCR) method was used to estimate the total phenols
present in wheat leaf samples. The reaction between phenols and the oxidizing agent
phosphomolybdo-phosphotungstate in FC reagent results in the formation of blue-colored
chromophore with a maximum absorption at 660 nm. The amount of phenol has a direct
correlation with the development of color with the reagent. Total phenols were extracted
using 10.0 mL of hot 80% alcohol with 1 g of dried leaf as the starting material (Sadasivam
and Manikam, 1992). The colorimetric method of (Bray and Thorpe, 1954.) was used for
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the determination of total phenols using the Folin–Ciocalteau reagent. The phenol content
was expressed as mg per gram dry weight.

2.10. Bacterial Strains Used in This Study

We used 15 multidrug-resistant (MDR) bacteria comprising gram negative bacteria-
Escherichia coli (n = 6), Klebsiella pneumoniae (n = 7) and gram-positive bacteria- Methicillin
Resistant Staphylococcus aureus (n = 2). These clinical strains were phenotypically and
genotypically characterized in our previous study and found to possess wide spectrum of
beta lactamase genes responsible for antibiotic resistance [17]. ATCC 25922 E. coli was used
as a control strain.

2.11. In Vitro Antibiotic Susceptibility Test of M. indica Nano Particles (MNPs) against
MDR Bacteria
Disc Diffusion Method

The antibacterial activity of MNPs against the selected MDR bacterial (n = 15) strains
was carried out using the Kirby–Bauer disc diffusion method [18]. The bacterial strains
were grown until attaining McFarland standard O.D of 0.5. The inoculum was spread
in Muller Hinton Agar (MHA) (Himedia, India) using sterile cotton swabs and sterile
antimicrobial susceptibility disks were loaded on the plates with 10 µL of MNP. The plates
were incubated at 37 ◦C for 48 h and zone of inhibition was recorded.

2.12. Statistical Analysis

The data of the experiment were analyzed statistically by the procedure described by
Gomez and Gomez [19].

3. Results and Discussion
3.1. Characterization of Green Synthesized AgNPs
3.1.1. The UV-Visible Absorption Spectrum of Green Synthesized AgNPs

The addition of M. indica leaf extract to the silver nitrate solution led to the change in
color from brown to dark blackish-brown, indicating the formation of AgNPs due to the
reduction of silver ions by the reducing agents present in the M. indica leaf extract. Further
confirmation of AgNPs formation was performed using the UV- visible spectrophotometer.
Surface plasmonic resonance absorbance range between 410 and 480 nm was, in particular,
used as an indicator to confirm the reduction of Ag+ to metallic Ago [20]. The strong and
broad surface plasmonic resonance (SPR) peak centered at 475 nm and 410 nm confirmed
the formation of AgNPs (Figure 1).

3.1.2. AgNPs Particle Size Distribution Study by Particle Size Analyzer (PSA)

Nanoparticles size distribution and mean diameter of green synthesized AgNPs using
M. indica aqueous leaf extract were characterized using PSA (Nicomp NANOZ Z3000 PSS).
PSA showed a mean diameter at 52.8 nm and nanoparticle size distribution from 5 nm to
220 nm (Figure 2).
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3.1.3. SEM Micrographs of Green Synthesized AgNPs

Scanning electron microscopy imaging was carried out to view the morphology and
size of the silver nanoparticles. SEM micrograph obtained for the AgNPs synthesized
using M. indica leaf extract showed high-density nanoscale particles (52 nm) with spherical
shape (Figure 3). SEM is a surface imaging technique that can resolve micro- and nano-
scale differences in particle size, particle size distribution, nanomaterial type, and particle
surface morphology. Through scanning electron microscopy (SEM), we can analyze particle
morphology and create a histogram from images, either manually by measuring and
counting the particles or automatically using specialized software. Our findings are in line
with previous studies involving nanoparticles synthesized using Raphanus sativus and Vitex
leucoxylon extract [21,22].
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3.1.4. XRD Spectrum of AgNPs Synthesized by Using M. indica Leaf Extract

Characterization of AgNPs synthesized by using M. indica leaf extract was carried out
by performing XRD spectrum analysis. The result indicated peaks angle of 2θ at 27.98◦,
32.42◦, 38.31◦, 44.46◦, 46.34◦, 54.93◦, 57.61◦, 64.63◦, and 77.53◦. The highest intensity counts
were at the angle of 38.31◦, followed by 44.46◦, 77.58◦, 64.63◦, 32.42◦, 46.34◦, and 27.98◦ for
leaf extracts which can be assigned the plane of silver crystals (Figure 4). When compared
with the standard (JCPDS No. 87-0579), the obtained XRD spectrum confirmed that the
synthesized silver nanoparticles were in nanocrystal form and crystalline in nature. The
peaks can be assigned to the planes (122), (111), (200), (220), and (311) facet of silver crystal,
respectively. These results corroborate the findings of earlier studies [23,24].
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3.2. Estimation of Primary and Secondary Metabolites in AgNPs Treated Wheat Plants Infected
with Spot Blotch Infection (Bipolaris sorokiniana)
3.2.1. Reducing Sugar

Levels of reducing sugar in the AgNPs -treated plants showed a slight increase when
compared to the diseased wheat plant (2.73 g % dry weight) (Table 2). Among the treat-
ments, plants treated with a higher concentration of silver nanomaterials (30 ppm: 6.94 g %
and 50 ppm: 7.82 g % dry weight) showed a phenomenal increase in reducing sugar content
compared to plants treated with lower concentration (5 ppm: 4.44 g %, 10 ppm: 5.00 g %,
15 ppm: 5.45 g %, and 20 ppm: 5.87 g % dry weight) and diseased plant (2.34 g % dry
weight). In comparison to control, the disease inoculated wheat plant leaves recorded a
reduction in reducing sugar content (2.73 g % dry weight) as compared to control leaves
(10.61 g % dry weight).

3.2.2. Total Phenol

Total phenol content in all nano-treated plants showed a slight increase when com-
pared to the diseased wheat plants (1.65 g % dry weight). Among the treatments, plants
treated with a higher concentration of AgNPs (30 ppm: 1.98 g %, 50 ppm: 2.09 g % dry
weight) showed a phenomenal increase in total phenol content compared to low concen-
tration (5 ppm: 1.72 g %, 10 ppm: 1.76 g %, 15 ppm: 1.81 g %, and 20 ppm: 1.85 g % dry
weight) and diseased plant (1.65 g % dry weight). In comparison to control, the disease
inoculated wheat plant leaves recorded a higher total phenol content (1.65 g % dry weight)
as compared to control leaves (1.2 g % dry weight) (Table 3).
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Table 2. Estimation of reducing sugar in spot blotch infected wheat plant leaves in response to
nanoparticle treatment.

Treatments
Reducing Sugar

g % Dry Weight % Variation

Control 10.61 -

T1: 0 ppm AgNPs 2.73 −288.645

T2: 5 ppm AgNPs 4.44 −138.964

T3: 10 ppm AgNPs 5.00 −112.20

T4: 15 ppm AgNPs 5.45 −94.67

T5: 20 ppm AgNPs 5.87 −80.74

T6: 30 ppm AgNPs 6.94 −52.88

T7: 50 ppm AgNPs 7.82 −35.67

SE (m) 0.22

C.D. 0.67

Table 3. Estimation of total phenol in spot blotch infected wheat plant leaves in response to nanopar-
ticle treatment.

Treatments
Total Phenol

g % Dry Weight % Variation

Control 1.2 -

T1: 0 ppm AgNPs 1.65 27.27

T2: 5 ppm AgNPs 1.72 30.23

T3: 10 ppm AgNPs 1.76 31.81

T4: 15 ppm AgNPs 1.81 33.70

T5: 20 ppm AgNPs 1.85 35.13

T6: 30 ppm AgNPs 1.98 39.39

T7: 50 ppm AgNPs 2.09 42.58

SE (m) 0.05

C.D. 0.16

3.3. Estimation of Stress Response Enzyme Activities in AgNPs Treated Wheat Plants Infected
with Bipolaris sorokiniana
3.3.1. Estimation of SOD Activity

SOD activity increased by nearly 35.53% in the diseased plants compared to the
control plants. All AgNPs treated plants showed elevation in SOD activity in all different
treatments (30 ppm: 3.91 U/mg protein and 50 ppm: 4.42 U/mg protein). The AgNPs
treated plants showed significant elevation in enzyme activity and a reduction in disease
severity. In T2, T3, T4, and T5 treatments, crops showed elevation in enzyme activity but
no significant reduction in disease severity. At 5 ppm: 38.98%, 10 ppm: 38.80%, 15 ppm:
42.41%, 20 ppm: 42.41% elevation in enzyme activity was recorded (Table 4).
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Table 4. Estimation of Superoxide dismutase activity in spot blotch infected wheat plant leaves in
response to nanoparticle treatment.

Treatments
Superoxide Dismutase

U/mg Protein % Variation

Control 2.05 -

T1: 0 ppm AgNPs 3.18 35.53

T2: 5 ppm AgNPs 3.36 38.98

T3: 10 ppm AgNPs 3.35 38.80

T4: 15 ppm AgNPs 3.54 42.09

T5: 20 ppm AgNPs 3.56 42.41

T6: 30 ppm AgNPs 3.91 47.57

T7: 50 ppm AgNPs 4.42 53.61

SE (m) 0.11

C.D. 0.34

3.3.2. Estimation of CAT Activity

CAT activity increased by nearly 22.22% in the diseased plants compared to the
control plants. All AgNPs treated plants showed elevation in CAT activity in all different
treatments. At 30 ppm: 492 U/mg protein and 50 ppm: 583 U/mg protein, the AgNPs
treated plants showed significant elevation in enzyme activity and a reduction in disease
severity. In T2, T3, T4, and T5, crops showed elevation in enzyme activity but no significant
reduction in disease severity. At 5 ppm: 24.49%, 10 ppm: 22.76%, 15 ppm: 30.29%, and 20
ppm: 28.05% elevation in enzyme activity was recorded (Table 5).

Table 5. Estimation of catalase activity in spot blotch infected wheat plant leaves in response to
nanoparticle treatment.

Treatments
Catalase

U/mg Protein % Variation

Control 336 -

T1: 0 ppm AgNPs 432 22.22

T2: 5 ppm AgNPs 445 24.49

T3: 10 ppm AgNPs 435 22.76

T4: 15 ppm AgNPs 482 30.29

T5: 20 ppm AgNPs 461 28.05

T6: 30 ppm AgNPs 492 31.71

T7: 50 ppm AgNPs 583 42.37

SE (m) 14.77

C.D. 44.68

3.3.3. Estimation of POX Activity

POX activity increased by nearly 40.61% in the diseased plants compared to the
control plants. All AgNPs treated plants showed elevation in POX activity in all different
treatments. At 30 ppm: 3.00 U/mg protein (61.00%) and 50 ppm: 3.24 U/mg protein
(63.89%), the nanoparticle treated plants showed significant elevation in enzyme activity
and a reduction in disease severity. In T2, T3, T4, and T5, plants showed elevation in
enzyme activity but no significant reduction in disease severity. At 5 ppm: 52.24%, 10 ppm:
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56.5%, 15 ppm: 57.30%, and 20 ppm: 59.52% elevation in enzyme activity was recorded
(Table 6).

Table 6. Estimation of Peroxidase activity in spot blotch infected wheat plant leaves in response to
nanoparticle treatment.

Treatments
Peroxidase

U/mg Protein % Variation

Control 1.17 -

T1: 0 ppm AgNPs 1.97 40.61

T2: 5 ppm AgNPs 2.45 52.24

T3: 10 ppm AgNPs 2.69 56.51

T4: 15 ppm AgNPs 2.74 57.30

T5: 20 ppm AgNPs 2.89 59.52

T6: 30 ppm AgNPs 3.00 61.00

T7: 50 ppm AgNPs 3.24 63.89

SE (m) 0.07

C.D. 0.22

3.3.4. Estimation of GR Activity

GR activity increased by nearly 39.37% in the diseased plant compared to the control
plant. All AgNPs treated plants showed elevation in GR activity in all different treatments.
At 30 ppm: 3.79 U/mg protein and 50 ppm: 4.00 U/mg protein, the nanoparticle treated
plant showed significant elevation in enzyme activity and a reduction in disease severity.
In T2, T3, T4, and T5, wheat plants showed elevation in enzyme activity but no significant
reduction in disease severity. At 5 ppm: 49.00%, 10%: 49.50%, 15 ppm: 53.0%, and 20 ppm:
54.70% elevation in enzyme activity was recorded (Table 7).

Table 7. Estimation of Glutathione reductase activity in spot blotch infected wheat plant leaves in
response to nanoparticle treatment.

Treatments
Glutathione Reductase

U/mg Protein % Variation

Control 1.54 -

T1: 0 ppm AgNPs 2.54 39.37

T2: 5 ppm AgNPs 3.02 49.00

T3: 10 ppm AgNPs 3.05 49.50

T4: 15 ppm AgNPs 3.28 53.04

T5: 20 ppm AgNPs 3.40 54.70

T6: 30 ppm AgNPs 3.79 59.36

T7: 50 ppm AgNPs 4.00 61.50

SE (m) 0.12

C.D. 0.38

3.3.5. Estimation of PAL Activity

PAL activity increased by nearly 32.98% in the diseased plant than in the control plant.
All AgNPs treated plants showed elevation in PAL activity in all different treatments. At
30 ppm: 6.36 U/mg protein and 50 ppm: 6.78 U/mg protein, the nanoparticle treated plants
showed significant elevation in enzyme activity and a reduction in disease severity. In T2,
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T3, T4, and T5, crops showed elevation in enzyme activity but no significant reduction in
disease severity. At 5 ppm: 34.92%, 10 ppm: 34.92%, 15 ppm: 33.45%, and 20 ppm: 39.37%
elevation in enzyme activity was recorded (Table 8).

Table 8. Estimation of Phenylalanine ammonia lyase activity in spot blotch infected wheat plant
leaves in response to nanoparticle treatment.

Treatments
Phenylalanine Ammonia Lyase

U/mg Protein % Variation

Control 3.82 -

T1: 0 ppm AgNPs 5.70 32.98

T2: 5 ppm AgNPs 5.87 34.92

T3: 10 ppm AgNPs 5.74 33.45

T4: 15 ppm AgNPs 6.13 37.68

T5: 20 ppm AgNPs 6.20 39.37

T6: 30 ppm AgNPs 6.36 39.94

T7: 50 ppm AgNPs 6.78 43.66

SE (m) 0.17

C.D. 0.51

3.4. Antibacterial Activity against MDRs

The AgNPs showed antibacterial activity against all the MDR pathogens included
in this study. The results of disc diffusion assay are summarized in Table 9. The clearly
visible zone of inhibition exhibited by MNP against the Gram-negative and -positive MDR
pathogens is depicted in Figure 5. The scientific name of the bacterial strain used in the
study is presented in Table 10.

Table 9. Diameter of zone of inhibition (mm) observed for MNP against MDR pathogens.

Bacteria Diameter of Inhibition Zone (mm)

MNP

1. ATCC 25922 E. coli 12
2. E. coli Ec1 11
3. E. coli Ec2 13
4. E. coli Ec3 11
5. E. coli Ec4 12
6. E. coli Ec5 12
7. E. coli Ec6 11

8. K. pneumoniae KP-1 10
9. K. pneumoniae KP-2 11
10. K. pneumoniae KP-3 12
11. K. pneumoniae KP-4 11
12. K. pneumoniae KP-5 11
13. K. pneumoniae KP-6 8
14. K. pneumoniae KP-7 11

15. MRSA-1 15
16. MRSA-2 16
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Table 10. Scientific name/ strain for the organisms used in the study.

S. No. Bacterial Strain Gram Stain ATCC Number

1 Klebsiella pneumoniae-KP1 Gram negative ATCC 13883

2 Escherichia coli Gram negative ATCC 25922

3 Methicillin-resistant Staphylococcus aureus
MRSA-SA1 Gram positive ATCC BAA-41
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3.5. Green Synthesis of AgNPs by Using M. indica Leaf Extract and Their Characterization

The present study reports the successful synthesis and characterization of green
synthesized AgNPs using M. indica aqueous leaf extract. Green synthesis of AgNPs using
different plant sources has been well documented in the literature [14,25]. In the present
study, we chose M. indica leaf extract for the green synthesis of AgNPs because it has a
significant amount of reducing activity and capping properties due to the presence of
phytochemicals, e.g., alkaloids, phenols, flavonoids, alkaloids, fats, amino acids, saponins,
and oils. These bioactive compounds efficiently reduce silver salts (Ag+) to Ag0 [26].
Another reason for M. indica leaf selection is that some of the phytochemicals present in the
plant extracts exhibit antimicrobial properties. In addition, M. indica leaf extracts not only
efficiently synthesize silver nanoparticles, but also do so through capping.

Green synthesized AgNPs were characterized for their mean size, distribution, shape,
morphology, and topography of nanoparticles. In this study, phytosynthesized AgNPs
were initially identified by the change in color from light brown to blackish, indicating the
formation of AgNPs. The present results were reported from colorless to brown grey in
previous studies [27,28].

Further confirmation of AgNPs formation was ascertained by a surface plasmon
resonance peak centered at 475 nm with a median nanoparticle size of 52 nm. A similar
AgNPs size was observed in other studies. For instance, M. indica leaf extract based AgNPs
size was reported to be 20–55 nm with plasmon resonance peak at 452 nm, 5–40 nm with
plasmon resonance peak at 470 nm [29], 10–26 nm with surface plasmon resonance peak
at 450 nm [30], and 32 nm with a surface plasmon peak at 393 nm [31]. Catharanthus
roseus based silver nanoparticles were evaluated as 20–50 nm with a peak absorbance at
500 nm [27], 49 nm with surface plasmon resonance absorption peak at 425 nm [32], and
40–60 nm [33]. AgNPs other than the spherical shape can also contribute to the shift in
surface plasmon resonance peak towards 500 nm and above.

SEM and XRD results confirmed the presence of AgNPs. SEM micrographs showed
spherical shape AgNPs and the presence of crystalline AgNPs through the XRD spec-
trum analysis [34,35]. The SEM micrograph revealed phytosynthesized AgNPs using
Catharanthus roseus leaf extract present as a bunch form in shape [33].
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3.6. Studies on Biochemical Changes in Wheat Plants Infected with Spot Blotch
(Bipolaris sorokiniana)
3.6.1. Reducing Sugars

Sugars constitute the primary biomolecule providing energy and structural material
for defense responses in plants, and also act as signal molecules interacting with the plant
immune system. Sugars cause oxidative burst at the early stages of infection, increasing the
lignification of cell walls, stimulating the synthesis of flavonoids, and inducing certain PR
proteins. Some sugars act as priming agents, inducing higher plant resistance to pathogens
reported [36].

In the present study, the response of AgNPs applied to wheat crops infected with
spot blotch was studied to correlate the role of reducing sugar content upon spot blotch
infection and nanoparticle application. As per the results obtained (Table 1), the control
plant recorded the highest reducing sugar content, and the lowest reducing sugar content
was observed in the spot blotch infected plant(T1). Spot blotch induced a decrease in
sugar content. All other treatments showed elevation in reducing sugar content after the
application of silver nanoparticles.

Carbohydrates and proteins are the primary metabolites that are exploited by biotic
stress inducers for their growth and development. These primary metabolites also function
as a precursor for secondary substances, which play a major role in plant defense [37].
Alberto (2014) [38] observed a decrease in reducing sugar content in the disease-infected
plant compared to the healthy plants in their study on biochemical changes in Theium-
cepa L. infected with anthracnose. Kumar et al. (2011) [39] reported that reducing sugar
was decreased after infection of spot blotch infection in barley. Yanik F and Vardar F
(2019) [40] observed the elevation in reducing sugar content in wheat plants applied with
silver nanoparticles at different concentrations. Krishnaraj et al. (2012) in their study on
biologically synthesized AgNPs found that these particles exerted a slight stress condition
on the growth and metabolism of B. monnieri [41] accompanied by an elevation in total
sugar content based on concentration applied.

3.6.2. Total Phenol

Phenols play an important role in the plant defense system against plant pathogens,
insects, and the cyclic reduction of reactive oxygen species (ROS), such as superoxide anion
and hydroxide radicals, H2O2, and singlet oxygen [42].

In the present study, the response of AgNPs applied to wheat plants infected with spot
blotch was studied to correlate the role of total phenol content upon spot blotch infection
and nanoparticle application. As per the results obtained (Table 2) among control and
disease infected wheat crops, the healthy plant showed a low amount of total phenol.
AgNPs treated spot blotch infected wheat plants showed elevation in total phenol content
correlating the concentration of nanoparticles applied, and reduction in severity was also
observed at higher concentration nanoparticle application.

Similar results were reported earlier whereby rust-resistant sorghum genotypes recorded
higher phenols as the age of the crop increased [43]. A similar study on spot blotch (Bipolaris
sorokiniana) in healthy and infected leaves of barley (Hordeum vulgare) indicated that resis-
tant genotypes had more amount of total phenols content than susceptible genotypes [44].
Phenols inhibit disease development through different mechanisms like inhibition of ex-
tracellular fungal enzymes (cellulase, pectinase, laccase and xylanase), fungal oxidative
phosphorylation, nutrition deprivation and antioxidant activity in plant tissue [45]. A simi-
lar study on the effect of nanoparticle application on spot blotch infected barley biochemical
systems also showed an elevation in total phenol content associated to nanoparticle appli-
cation concentration [39].

3.6.3. Superoxide Dismutase

SOD catalyzes the dismutation of superoxide radicals to hydrogen peroxide and oxy-
gen, and constitutes the most important enzyme in cellular defense, because its activation
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directly modulates the amount of superoxide anion- and H2O2 [46]. SOD activity may
reduce the risk of hydroxyl radical formation. SODs are classified into three major groups
based on their metal cofactor, and they are iron SOD (Fe-SOD) and copper-zinc SOD
(Cu/Zn-SOD) are localized in the chloroplast, cytosol; manganese SOD (Mn-SOD) is found
mainly in mitochondria and peroxisomes [47].

In the present study, biochemical changes in AgNPs treated wheat plants infected with
spot blotch disease were analyzed. The wheat plants showed elevation in the SOD activity
in all silver nanoparticles treated conditions when compared with the control. As per the
results obtained (Table 4), all the AgNPs treated wheat plants showed an elevation in SOD
activity, whereas only the 30 ppm and 50 ppm silver AgNPs treatment plants showed a
reduction in spot blotch severity and elevation in SOD activity.

Similar results were observed [41] in studies on the effect of AgNPs application on
B. monnieri biochemical activity and the treated plants showed an elevation in SOD activity
at 100 ppm AgNPs treatment. Similar results were observed by Du et al. (2015), who
studied the effect of AgNPs application on wheat plants and recorded an elevation in SOD
activity at 100 mg/kg nanoparticle application [48].

3.6.4. Catalase

Plants possess several antioxidant enzymes that eliminate reactive oxygen species
(ROS). CAT enzymes have a defensive role against ROS. They are responsible for the
removal of toxic H2O2 in the cells, thereby protecting the cells from getting damaged. Up
to a certain level, ROS production under stress may work as a signal for triggering defense
responses via transduction pathways [49,50]. A high amount of ROS production in the cell
causes cell death.

In the present study, the wheat plants showed elevation in the catalase activity in
all AgNPs treated conditions when compared with a control. As per the results obtained
(Table 4), all the silver nanoparticle treated wheat plants showed elevation in CAT activity
but there was no reduction in disease severity in other treatments, except at 30 ppm and
50 ppm AgNPs treatment, where the infected plants showed a reduction in spot blotch
severity and elevation in catalase activity.

Similar results were obtained in the study on AgNPs induced morphological, phys-
iological, and biochemical changes in the wheat plant. Elevation in all of the antiox-
idative enzymes and phenol content was recorded [51]. A similar study conducted by
Mohamed et al., in 2017, which also showed corresponding biochemical changes in a crop
treated with nanoparticles [51,52].

3.6.5. Peroxidase (POX)

A heme-containing protein called peroxidase (POX) preferentially oxidizes aromatic
electron donors at the expense of H2O2. By using oxidative polymerization, POX facilitates
the conversion of cinnamyl alcohol to lignin. Vascular plants have many POX genes, and
each class of these genes may have a unique physiological function in preventing oxidative
damage to the cell membrane [53].

In the present study, the wheat plants showed elevation in the peroxidase activity
in all of the AgNPs treated conditions when compared with a control. As per the results
obtained (Table 5), all the AgNPs treated wheat plants showed elevation in POX activ-
ity, but there was no reduction in disease severity in other treatments except at 30 ppm
and 50 ppm AgNPs treatment. With 30 ppm and 50 ppm silver nanoparticle treatment,
crops showed a reduction in spot blotch severity and elevation in peroxidase activity was
recorded. The present study indicates the crop showed more resistance towards disease
at 30 and 50 ppm silver nanoparticles, but all treatments showed elevation in all plant
biochemical constituents.

Numerous fungal species, including Trichosporium vesiculosum, Macrophomin phaseolina,
Coprinus comatus, Mycophaerella arachidicola, Fusarium exosporium, and Botrytis cenere, have
been shown to be resistant to POX in some studies [53,54]. Following inoculation with
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stem and leaf rust pathogens, low infection type isogenic lines of wheat showed a quicker
increase in POX activity than sensitive isogenic lines of wheat [55].

3.6.6. Glutathione Reductase

Another important pathway involved in the control of ROS levels in the plant tissue is
the ascorbate/glutathione cycle in which Glutathione reductase plays a major role [56]. GR
is a flavoprotein oxidoreductase that catalyzes the reduction of glutathione disulphide to
the sulfhydryl form GSH. This enzyme employs NADPH as a reductant.

As per the results obtained (Table 6), all treatments showed elevation in GR activity,
but a reduction in disease severity was observed in only 30 ppm and 50 ppm AgNPs
treatment conditions. In the present study, the wheat plant showed elevation in the GR
activity in all AgNPs treated conditions when compared with the control.

Similarly, a rapid elevation in GR content was observed by Yanik F and Vardar F,
2019, in their study on silver nanoparticle-induced morphological, physiological, and
biochemical changes in the wheat plant [40]. An elevation in all antioxidant enzyme and
phenol content was recorded.

3.6.7. Phenylalanine Ammonia-Lyase

The primary enzyme in the plant phenylpropanoid pathway, phenylalanine ammonia-
lyase catalyzes the synthesis of secondary metabolites from L-phenylalanine, such as lignin,
flavonoids, and phytoalexins. L-phenylalanine is non-oxidatively deaminated by the PAL
enzyme, resulting in the formation of trans-cinnamic acid and a free ammonium ion.
Phenylalanine, an amino acid, is converted to trans-cinnamic acid in plants, which is the
first step in the transfer of carbon from primary metabolism to phenylpropanoid secondary
metabolism.

As per the results obtained (Table 7) among all the treatments, T6 and T7 recorded the
highest PAL activity, whereas the lowest PAL activity was observed in the control plant.
Spot blotch infected plants also showed a small elevation in PAL activity. In the present
study, biochemical changes in AgNPs treated wheat crops infected with spot blotch disease
were analyzed. The wheat plant showed elevation in the peroxidase activity in all AgNPs
treated conditions when compared with the control condition. As per the results obtained,
all the AgNPs treated wheat plants showed elevation in PAL, but no reduction in disease
severity was observed. With 30 ppm and 50 ppm silver nanoparticle treatment, crops
showed a reduction in spot blotch severity and elevation in PAL activity was recorded. The
present study indicates the crop showed more resistance towards disease at 30 ppm and
50 ppm, but all treatments showed elevation in all plant biochemical constituents.

It is possible that the rapid induction of PAL genes in resistant interactions between
groundnut and its pathogen/elicitor is caused by the involvement of a signal transduction
mechanism. This mechanism is triggered specifically as a result of the interaction between
elicitor and receptor molecules, thereby showing differential transcriptional rates of PAL
compatible and incompatible interactions. A mechanism quite similar to this one was
postulated earlier in several plants [56,57]

4. Conclusions

Silver nanoparticles were successfully synthesized by using Mangifera indica leaf ex-
tract with a size below 100 nm. The formation of AgNPs was confirmed using various
analytical techniques, such as UV-visible spectrophotometer, particle size analyzer (PSA),
scanning electron microscopy (SEM), and X-ray diffraction. Biochemical analysis of silver
nanoparticle treated wheat crop infected with spot blotch showed elevation in all biochemi-
cal constituents, e.g., reducing sugar, total phenol, superoxide dismutase (SOD), catalase
(CAT), peroxidase (POX), glutathione reductase (GR), and phenylalanine ammonia-lyase
(PAL). Elevation in all biochemical constituents was recorded under all treatment conditions
but a reduction in disease severity was recorded only in 30 ppm and 50 ppm concentration
AgNPs treatments. The overall study revealed that the higher amount of reducing sugar,
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total phenols, antioxidant enzyme activity, and phytochemical precursor enzyme PAL plays
an important role in the defense mechanism of plants against wheat spot blotch infection.
Moreover, this study revealed that silver nanoparticles application on wheat crops causes
the elevation in antioxidative enzyme activity and the amount of total phenol, reducing
sugar content, and promising antibacterial activity against MDR strains.
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Abstract: A worrisome fact is the increase in microbial resistance, which has as its main cause the
indiscriminate use of antibiotics. Scientific studies have investigated bioactive compounds such as
steroidal sapogenins, in the perspective of new beneficial alternatives for the control of bacterial
resistance. Therefore, the objective of this work was to verify the antibacterial activity as well as
the modifying action of antibiotics associated with solasodine and its ability to inhibit the efflux
pump mechanism in strains of Staphylococcus aureus. Tests were performed to verify the minimum
inhibitory concentration (MIC). In addition, the action-modifying potential of antibiotics and the
inhibitory capacity of the efflux pump NorA and MepA through synergistic effects on the antibiotic
and ethidium bromide were evaluated. Solasodine showed significant results for the standard bacteria
with an MIC of 512 µg/mL, and when associated with the antibiotics gentamicin and nofloxacin
for the multidrug-resistant bacteria S. aureus 10, Escherichia coli 06, and Pseudomonas aeruginosa 24,
it showed a 50% reduction in MIC. The association of solasodine with the antibiotic ciprofloxacin
against S. aureus K2068 (MepA) showed synergism, with a reduction in the MIC of the antibiotic
from 64 µg/mL to 40 µg/mL, and also a reduction in the MIC when the antibiotic was used in
conjunction with the efflux pump inhibitors. Solasodine may be acting on the mechanism of action
of the antibiotic, as it has shown a potentiating effect when associated with antibiotics, inducing
a reduction in the MIC against Gram-positive and Gram-negative bacteria. Therefore, this study
demonstrated significant results for the potentiating action of solasodine when associated with
antibiotics of clinical importance.

Keywords: antibacterial activity; bacterial resistance; sapogenin

1. Introduction

Antibiotics are drugs that have revolutionized the treatment of diseases caused by
bacteria. However, infectious diseases are currently one of the leading causes of death in the
world, due to the increasing number of microorganisms that are less susceptible to drugs,
thus resulting in a worrying increase in acquired bacterial resistance, either by mechanisms
of mutation, transformation, or conjunction; these processes of bacterial adaptation that
were supposed to be natural have resulted in a consequent phenomenon of resistance,
characterized as a serious health problem that has as its main cause the indiscriminate
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use of antibiotics that consequently causes a succession of adverse events to the human
microbiota [1–3].

The mechanism of action, such as the efflux pump present in some bacteria, is one
of the causes of antibiotic resistance, since it promotes active pumping of antimicrobials
from the intracellular to the extracellular environment, in which its active flux produces
resistance to certain antimicrobials [4]. NorA is a multidrug efflux pump and one of the
most studied systems; it is a pump present in the bacterium Staphylococcus aureus [5].
MepA is another multidrug efflux pump belonging to the multidrug and toxic compound
extrusion (MATE) family also present in S. aureus [6].

Therefore, antimicrobial resistance is an issue of worldwide concern and scientific
studies have investigated natural products as a source of new drugs [7], and affordable
and beneficial alternatives that can contribute to the control of microbial resistance. They
have also investigated the use of antibiotics of conventional use associated with bioactive
compounds of biotechnological interest, in the perspective of a new potentiating agent
of the effect of drugs, contributing in the alteration of the permeability of the cellular
membrane of the bacteria or a possible inhibiting effect of the efflux pump mechanism [8,9].

Steroidal compounds have been valuable precursors to complementary sources for
the synthesis of various drugs. Sapogenins are already known for their multiple structural
variations and pharmacological properties that can be used in industry, both in human and
veterinary medicinal applications [10–12].

Solasodine is a steroidal alkaloid, found in nature mainly in plants of the genus
Solanum, being widely studied for its pharmacological applications in view of the presence
of steroidal sapogenins that have pharmaceutical and industrial importance [11,13,14].
Thus, the interest in promoting this work is due to the activities already described in previ-
ous studies, in which solasodine demonstrates anticonvulsant [15], anti-inflammatory [16],
antioxidant [17], antiviral [18], antifungal [19,20], anticancer [21–23], and antibacterial
activity [24–26].

This study aimed to verify the antibacterial activity and the modifying action of
antibiotics by the broth microdilution method, as well as the ability for solasodine to inhibit
the NorA and MepA efflux pump mechanism.

2. Results
2.1. Antibacterial Activity

With the minimum inhibitory concentration (MIC) analysis, solasodine was found to
have no direct antibacterial activity for the bacteria S. aureus 10, S. aureus K2068, P. aeruginosa
24, and E. coli 06, showing an MIC greater than or equal to 1024 µg/mL.

However, for the bacteria S. aureus 1199B, S. aureus ATCC 25923, P. aeruginosa ATCC
9027, and E. coli ATCC 25922, solasodine showed an MIC of 512 µg/mL, as presented in
Table 1.

Table 1. Determination of the minimum inhibitory concentration (µg/mL).

Bacteria S.A 10 P.A 24 E.C 06 S.A K2068 S.A 1199B S.A ATCC 25923 P.A ATCC 9027 E.C ATCC 25922

Solasodine ≥1024 ≥1024 ≥1024 ≥1024 512 512 512 512

Abbreviations: S.A: Staphylococcus aureus; P.A: Pseudomonas aeruginosa, E.C: Escherichia coli.

2.2. Antibiotic Activity Modifier Action

Solasodine in association with gentamicin demonstrated an antibiotic potentiation
effect against S. aureus 10 with MIC reduction from 50 µg/mL to 6 µg/mL, Escherichia coli
06 with MIC reduction from 40 µg/mL to 5 µg/mL, and Pseudomonas aeruginosa 24 with
MIC reduction from 40 µg/mL to 25 µg/mL. The association of solasodine with norfloxacin
also showed an antibiotic potentiation effect against S. aureus 10 with MIC reduction
from 128 µg/mL to 64, E. coli 06 with MIC reduction from 322 µg/mL to 80 µg/mL, and
P. aeruginosa 24 with MIC reduction from 50 µg/mL to 6 µg/mL (Figure 1).
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24. The control refers to antibiotics. **** Statistically significant value when p < 0.0001; not statistically
significant when p > 0.05.

For solasodine in association with ampicillin, antibiotic potentiation was only observed
against S. aureus 10 with a reduction in the MIC from 256 µg/mL to 161 µg/mL. Against
E. coli 06 and P. aeruginosa 24, the association of sapogenin with the antibiotic expressed
itself in an antagonistic effect with an increase in the MIC (Figure 1).

2.3. Efflux Pump Inhibitory Effect Nora E Mepa

The association of solasodine with the antibiotic norfloxacin against S. aureus 1199B
resulted in an antagonistic effect with an increase in the MIC. However, when norfloxacin
was tested together with the efflux pump inhibitors chlorpromazine and CCCP, it showed
a reduction of the MIC (Figure 2).
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When solasodine was associated with ethidium bromide, it did not show a statistically
significant result. However, there was a reduction in the MIC of the bromide in conjunction
with the efflux pump inhibitors (Figure 3).
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The association of solasodine with the antibiotic ciprofloxacin against S. aureus K2068
demonstrated antibiotic potentiation with a reduction in the MIC from 64 µg/mL to
40 µg/mL. It also resulted in a reduction in the MIC of ciprofloxacin when tested in
conjunction with the efflux pump inhibitors (Figure 4). This suggests that solasodine may
be acting on the mechanism of action of the antibiotic, increasing its effect against the
bacteria tested.
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The solasodine associated with ethidium bromide expressed an antagonistic effect,
having a high increase in the MIC. The bromide in conjunction with the standard inhibitors
showed a reduction in the MIC (Figure 5).
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3. Discussion

Bacteria have the ability to adapt easily to the environment, in which they can de-
velop several complex mechanisms, such as altering membrane permeability, producing
enzymes capable of inactivating the action of antibiotics, and modifying the molecular
structure; these factors cause resistance [27]. However, rather than replacing antibiotics
that are ineffective for MDR bacteria, combining them with bioactive compounds is a new
alternative for antimicrobial therapy. The combination of steroidal alkaloids with antibi-
otics can contribute to bacterial inhibition and the restoration of antibiotic efficacy [28,29],
since the main antibacterial mechanisms of alkaloids include alteration in cell membrane
permeability, inhibition of bacterial cell wall synthesis, inhibition of bacterial metabolism,
efflux pump inhibition, and inhibition of nucleic acid and protein synthesis [30,31].

The analysis of the antibacterial activity of solasodine demonstrated a reduction in
the MIC for the standard bacteria S. aureus, P. aeruginosa, and E. coli. This result is in
agreement with the antibacterial effect reported by [24,25], where solasodine is shown to
have an effect against Gram-positive and Gram-negative bacteria. Therefore, the intrinsic
activity of solasodine may be related to the interaction of this alkaloid with the bacterial
cell wall structure.

Niño et al. [25] evaluated steroidal alkaloids isolated from Solanum and reported that
the antibacterial activity of solasodine against S. aureus is probably through the inhibition of
DNA topoisomerase II; this may be attributed to the fact that alkaloids possess mechanisms
for inhibiting bacterial nucleic acid and protein synthesis [31]. In addition, alkaloids and
steroids present in other plant species are also associated with antimicrobial activity against
Gram-positive bacteria [32], which has a thicker peptidoglycan layer in its cell wall, and
the synthesis of this layer involves the participation of a beta-lactam antibiotic [33].

Bibon [26] evaluated solasodine isolated from a species of the genus Solanum against
E. coli; he classified the antibacterial efficacy of this sapogenin as lethal, due to solasodine
damaging the DNA of the bacteria, proving that solasodine indeed presents a damaging
activity to the bacterial DNA. This is in agreement with the results of this study, in which
the Gram-negative bacteria E. coli 06 and P. aeruginosa 24 also showed significant results.

In the antibiotic potentiation activity where solasodine was associated with antibiotics
from the aminoglycoside group, flouroquinolones and a beta-lactam, a reduction in the
MIC for the three MDR bacteria tested was shown. The solasodine may be acting to increase
the effect of these antibiotics against the strains tested. This effect may be alternatively
related to synergism, which is a positive interaction of a compound when associated with
an antibiotic, resulting in a reduction in the MIC of the antibiotic used, as well as a decrease
in the appearance of resistant bacterial cells [34]. It can also be attributed to the fact that the
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solasodine alkaloid contributes to the alteration of cell membrane permeability with the
uptake of molecules through porin channels [27,31].

The antagonistic effect was also presented by the association of solasodine with the
antibiotics ampicillin and norfloxacin, having resulted in the decrease of the effect of both
combinations. It can be explained by the fact that synergistic and antagonistic interactions
are dependent on the mechanism of bacterial inhibition by the class of antibiotic [34], as well
as the possibility of an action arising from the chelation mechanism of the antibiotic when
associated with solasodine against the bacteria tested [8]. Additionally, the antagonism
often coincides with the increase of ethidium bromide of the bacteria [35].

Therefore, for this work, the MIC of ethidium bromide showed a reduction in conjunc-
tion with the inhibitors, thus demonstrating that the bacteria tested have an active efflux
pump mechanism from the intracellular to the extracellular medium [36].

4. Materials and Methods
4.1. Substances, Antibiotics and Reagents

Salosodine (Figure 6) was obtained from the species Solanum paludosum Moric., was
first dissolved in dimethyl sulfoxide (DMSO) and then diluted in sterile water to obtain the
concentrations of (1024 µg/mL), (512 µg/ML) and (128 µg/mL).

Antibiotics 2022, 11, x FOR PEER REVIEW 6 of 10 
 

Niño et al. [25] evaluated steroidal alkaloids isolated from Solanum and reported that 
the antibacterial activity of solasodine against S. aureus is probably through the inhibition 
of DNA topoisomerase II; this may be attributed to the fact that alkaloids possess mecha-
nisms for inhibiting bacterial nucleic acid and protein synthesis [31]. In addition, alkaloids 
and steroids present in other plant species are also associated with antimicrobial activity 
against Gram-positive bacteria [32], which has a thicker peptidoglycan layer in its cell 
wall, and the synthesis of this layer involves the participation of a beta-lactam antibiotic 
[33]. 

Bibon [26] evaluated solasodine isolated from a species of the genus Solanum against 
E. coli; he classified the antibacterial efficacy of this sapogenin as lethal, due to solasodine 
damaging the DNA of the bacteria, proving that solasodine indeed presents a damaging 
activity to the bacterial DNA. This is in agreement with the results of this study, in which 
the Gram-negative bacteria E. coli 06 and P. aeruginosa 24 also showed significant results.  

In the antibiotic potentiation activity where solasodine was associated with antibiot-
ics from the aminoglycoside group, flouroquinolones and a beta-lactam, a reduction in 
the MIC for the three MDR bacteria tested was shown. The solasodine may be acting to 
increase the effect of these antibiotics against the strains tested. This effect may be alter-
natively related to synergism, which is a positive interaction of a compound when associ-
ated with an antibiotic, resulting in a reduction in the MIC of the antibiotic used, as well 
as a decrease in the appearance of resistant bacterial cells [34]. It can also be attributed to 
the fact that the solasodine alkaloid contributes to the alteration of cell membrane perme-
ability with the uptake of molecules through porin channels [27,31]. 

The antagonistic effect was also presented by the association of solasodine with the 
antibiotics ampicillin and norfloxacin, having resulted in the decrease of the effect of both 
combinations. It can be explained by the fact that synergistic and antagonistic interactions 
are dependent on the mechanism of bacterial inhibition by the class of antibiotic [34], as 
well as the possibility of an action arising from the chelation mechanism of the antibiotic 
when associated with solasodine against the bacteria tested [8]. Additionally, the antago-
nism often coincides with the increase of ethidium bromide of the bacteria [35]. 

Therefore, for this work, the MIC of ethidium bromide showed a reduction in con-
junction with the inhibitors, thus demonstrating that the bacteria tested have an active 
efflux pump mechanism from the intracellular to the extracellular medium [36]. 

4. Materials and Methods 
4.1. Substances, Antibiotics and Reagents 

Salosodine (Figure 6) was obtained from the species Solanum paludosum Moric., was 
first dissolved in dimethyl sulfoxide (DMSO) and then diluted in sterile water to obtain 
the concentrations of (1024 μg/mL), (512 μg/ML) and (128 μg/mL). 

 
Figure 6. Solasodine. Figure 6. Solasodine.

In the test to evaluate the action-modifying activity of antibiotics, gentamicin, nor-
floxacin, and ampicillin (Sigma Aldrich Co. Ltd., São Paulo, Brazil) were used at a concen-
tration of (1024 µg/mL).

In the efflux pump inhibitory effect test, the following were used: chlorpromazine
(CPZ), carbonyl-m-chlorophenyl hydrazone cyanide (CCCP), and ethidium bromide (Sigma
Aldrich Co. Ltd., São Paulo, Brazil) at a concentration of (1024 µg/mL). Norfloxacin and
ciprofloxacin antibiotics specific for NorA and MepA were also used at a concentration of
(1024 µg/mL). Ethidium bromide and the antibiotics were diluted in sterile water, except
for norfloxacin and CPZ which followed the same dilution process as solasodine. CCCP
was dissolved in a 1:1 methanol/water solution to obtain the concentration (1024 µg/mL).

4.2. Bacterial Strains

In the test to verify antibacterial activity, the standard strains used were Escherichia coli
ATCC 25922, Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa ATCC 902, and the
multidrug-resistant strains Escherichia coli 06, Staphylococcus aureus 10, Pseudomonas aerugi-
nosa 24, obtained through the Microbiology and Molecular Biology Laboratory (LMBM)
University of Region of Cariri (URCA, Crato, Brazil). Before performing each test, they
were cultured for 24 h at 37 ◦C in Brain Heart infusion agar (BHI) (Laboratorios cond S.A.,
Madrid, Spain).
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Staphylococcus aureus strains SA-1199B (NorA overexpressed) and SA-K2068 (MepA
expressed), provided by Prof. S. Gibbons (University of London, London, England), were
used to test the inhibitory effect of the efflux pump. Initially, they were maintained in
blood agar (Laboratory Difco Ltda., Franklin Lakes, NJ, USA), but before testing they were
cultured for 24 h at 37 ◦C in Brain Heart infusion agar (BHI) (Laboratorios cond S.A., Madrid,
Spain). All culture media were prepared according to the manufacturer’s instructions.

4.3. Determination of the Minimum Inhibitory Concentration (MIC)

To determine the minimum inhibitory concentration, the methodology used was
CLSI [37] with modifications. Suspensions of the microorganisms were prepared in tubes
containing 4 mL of sterile solution (NaCl a 0.9 %). These suspensions were then stirred
with the aid of a vortex apparatus and the turbidity was compared and adjusted to that
presented by the barium sulfate suspension in the 0.5 tube of the McFarland scale, which
corresponds to an inoculum of approximately 105 colony forming units/mL (CFU/mL). A
solution containing 900 µL of 10% BHI broth and 100 µL of the inoculum was prepared
in each eppendorf, and 100 µL of the solution was dispensed into each well of the 96-well
microdilution plate. We also added 100 µL of solasodine at the initial concentration of
(1024 µg/mL) and it was passed to the other wells through successive dilutions in a 1:1
ratio, ranging from (512 µg/mL) in the first well to (4 µg/mL) in the penultimate well, with
the last well reserved for the test control.

To analyze the MIC, after incubating the plates for 24 h at 37 ◦C, an indicator solution
of sodium resazurin in sterile distilled water at a concentration of 0.01% was prepared
and 20 µL of this indicator solution was added to each well and the plates were incubated
for 1 hour at room temperature. Color change from blue to pink was identified as proof
of bacterial growth. The MIC is defined as the lowest concentration capable of inhibiting
bacterial growth, which was evidenced by the unchanged blue color.

4.4. Evaluation of Modifying Antibiotic Activity Action

For the antibiotic action modifier activity, solasodine was tested at sub-inhibitory
concentrations (MIC/8); the methodology proposed by Coutinho et al. [38] was used.

For the test, eppendorfs containing the solasodine at a concentration of (128 µg/mL)
were prepared and suspensions of 105 CFU/mL of the microorganisms were deposited
together with BHI medium. A control for the antibiotic was prepared with the same
amount of bacterial inoculum corresponding to the 10% volume in the eppendorf and
1350 µL of BHI. We dispensed 100 µL of these solutions into the cavities of the 96-well
plate. Then 100 µL of each antibiotic was added at a concentration of (1024 µg/mL)
following with successive microdilutions at a 1:1 ratio, ranging from (512 µg/mL) in the
first well to (0.5 µg/mL) in the penultimate well, with the last well reserved for the test
control. The plates were incubated for 24 h at 37 ◦C and then read using the colorimetric
indicator resazurin.

4.5. Evaluation of Efflux Pump Inhibitory Effect Nora E Mepa

In the efflux pump inhibition test, solasodine was tested at sub-inhibitory concentra-
tions (MIC/8). The inhibitors CPZ, CCCP, and ethidium bromide were used to verify the
effect. The methodology used was Tintino et al. [39] with modifications.

For analysis of efflux pump inhibition, solasodine was tested at concentrations of
128 µg/mL and 64 µg/mL. Eppendorfs were prepared containing solasodine and the bacte-
rial inoculum for each strain tested, and the final volume was filled with BHI medium. In
preparing the control group, 150 µL of the bacterial inoculum was transferred to Eppen-
dorfs and 1350 mL of BHI was added. We distributed 100 µL of these solutions in 96-well
microplates following with successive dilutions at a 1:1 ratio, with 100 µL of the antibiotic
corresponding to each strain, or ethidium bromide, both at an initial concentration of
1024 µg/mL, with final concentrations varying from 512 µg/mL to 0.5 µg/mL. After 24 h
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of incubation of the plates, the reading was performed using the colorimetric indicator for
microbiological tests.

4.6. Statistical Analysis

The data were analyzed using the two-way ANOVA test, in which the results were
expressed as geometric mean and standard deviation using the GraphPad Prisma software
version 5.0. It was subjected to the Bonferrini post hoc test, and the results were considered
significant when p < 0.05, p < 0.0001, and not significant when p > 0.05.

5. Conclusions

In the evaluation of antibacterial activity by the broth microdilution method, sola-
sodine showed no clinically relevant intrinsic activity for four of the multidrug-resistant
bacteria tested, showing a reduction in MIC only for S. aureus 1199B. However, as a modifier
for the action of antibiotics, significant results against Gram-positive and Gram-negative
strains were identified for association with the antibiotics gentamicin and norfloxacin,
having a reduction of MIC by 50%. For association with ampicillin, only S. aureus 10
showed synergism.

Despite not showing direct antibacterial activity, solasodine demonstrated a syner-
gistic effect when associated with the ciprofloxacin, inducing a reduction in the minimum
inhibitory concentration, indicating an MePA efflux pump inhibitory effect.

Therefore, the data obtained in this study are significant and may stimulate future
research on the use of sapogenins as associated compounds to enhance drug activity, thus
reducing possible mechanisms of bacterial resistance to antibiotics.
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Abstract: Toxoplasma gondii is an apicomplexan pathogen able to infect a wide range of warm-blooded
animals, including humans, leading to toxoplasmosis. Current treatments for toxoplasmosis are
associated with severe side-effects and a lack efficacy to eradicate chronic infection. Thus, there
is an urgent need for developing novel, highly efficient agents against toxoplasmosis with low
toxicity. For decades, natural products have been a useful source of novel bioactive compounds
for the treatment of infectious pathogens. In the present study, we isolated eight natural products
from the crude extract of the endophytic fungus Paraboeremia selaginellae obtained from the leaves
of the plant Philodendron monstera. The natural products were tested for inhibiting Toxoplasma gondii
proliferation, and their cytotoxicity was evaluated in different human cell lines. Six natural products
showed antitoxoplasma activity with low or no cytotoxicity in human cell lines. Together, these
findings indicate that biphenyl ethers, bioxanthracenes, and 5S,6S-phomalactone from P. selaginellae
are potential candidates for novel anti-toxoplasma drugs.

Keywords: Toxoplasma gondii; Paraboeremia selaginellae; endophytic fungi; natural products; bioactivity;
biphenyl ether; bioxanthracene; phomalactone

1. Introduction

Toxoplasma gondii is an obligate intracellular protozoan parasite member of the phylum
Apicomplexa, which includes known human pathogens such as Plasmodium sp., Eimeria
sp., Neospora, Babesia, Theileria, and Cryptosporidium spp., with which it shares significant
biological similarities [1]. Beyond these organisms, the study of T. gondii has experimental
advantages since its basic biology and the methodology for the genetic manipulation and
quantification of its different stages are well established. Thus, T. gondii is considered a
major model for the study of apicomplexan biology and for anti-apicomplexan drug target
validation [2]. T. gondii infections are among the most common human zoonoses, leading
to toxoplasmosis disease [3]. T. gondii is considered one of the world’s most successful
parasites due its ability to infect a wide range of warm-blooded vertebrate intermediate
hosts [4]. T. gondii is estimated to chronically infect one-third of the world’s human pop-
ulation and is acquired mainly through two ways: by ingesting oocysts shed from feline
hosts (the definitive hosts) in contaminated food or water and by the consumption of
raw or undercooked meat containing viable tissue cysts [5]. Waterborne and food-borne
outbreaks of toxoplasmosis have been reported from countries with diverse cultural, social,
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and ethnic backgrounds [6]. In immunocompetent individuals, infection with T. gondii is
usually asymptomatic or has a subclinical course with mild symptoms. In contrast, im-
munocompromised (i.e., acquired immune deficiency syndrome (AIDS), organ transplant
or cancer) patients can develop the disease, leading to life-threatening cerebral and ocular
toxoplasmosis due to a reactivation of the latent infection. Additionally, primary infection
in pregnant women may result in fetal death, spontaneous abortion, and birth defects [7–9].
Although many gaps have been filled in the epidemiological, diagnostic, and biological
fields to understand of the interaction of the parasite with the host, little progress has been
made in drug discovery for the treatment of toxoplasmosis.

Current treatments of acute toxoplasmosis are largely limited to anti-folate therapy.
Pyrimethamine and sulfadiazine, the current gold-standards for the treatment of toxoplas-
mosis, can suppress the parasite growth in the active stage of the infection by targeting
the tachyzoite stage, but they have no effect in the bradyzoites stage. Additionally, they
have been found to have high rates of toxic side effects, leading to discontinuation of
therapy. Thus, there is an urgent need to identify novel potent candidates that would be
well-tolerated to eradicate latency as well as to treat the acute infection [10,11]. Natural
products profoundly impact the history of drug discovery, especially in the research of
novel anti-cancer, anti-bacterial, and anti-parasitic treatments. Nature continues to provide
diverse and unique chemical sources of bioactive lead compounds that inspire novel drug
discoveries [12]. The antiparasitic bioactivity of natural products from various sources,
especially plant-derived secondary metabolites, has been deeply investigated in in vitro
and in vivo studies [13]. Many fungal metabolites have also been reported to exhibit an-
timicrobial properties against parasitic pathogens. However, most of these studies focused
on bioactivity against Plasmodium falciparum, whereas there is a scarcity of investigations to
explore the potential of fungi as a source of novel anti-toxoplasma agents [14].

In this study, we extracted and purified eight natural products from the crude extract
of Paraboeremia selaginellae, an endophytic fungus isolated from the ornamental plant
Philodendron monstera. Isolated compounds were structurally characterized and evaluated
for their anti-toxoplasma activities. Biphenyl ethers, bioxanthracenes, and phomalactone
showed substantial activity against T. gondii proliferation. Therefore, we suggest these
compounds as promising candidates for novel anti-parasitic therapies.

2. Results
2.1. Isolation of Compounds from Paraboeremia selaginella

We isolated an endophytic fungus from fresh surface-sterilized leaves of the ornamen-
tal plant Philodendron monstera. The isolated strain was identified as Paraboeremia selaginella
by the internal transcribed spacer (ITS) sequence with 99.56% identity in comparison with
the ITS database of the National Center for Biotechnology Information. From the crude
extract of a culture of Paraboeremia selaginella grown on solid rice medium, eight compounds
were isolated by chromatographic methods and structurally elucidated by complementary
spectroscopic analyses (Figure 1). All eight compounds have previously been reported
from other sources but are reported here for the first time as natural products occurring in
the genus Paraboeremia.

Different stereoisomers of phomalactone (F) were isolated and reported previously
from various sources [15–18], and some papers did not specify the absolute configura-
tion [19,20], while others assigned the (5R,6R) absolute configuration to the large positive
specific rotation [21], which was opposite to previous studies [15–18,22]. In order to de-
termine the absolute configuration of phomalactone independently and unambiguously,
we performed TDDFT-ECD, TDDFT-OR, and DFT-VCD studies, which consistently con-
firmed the (+)-cis-(5S,6S) absolute configuration (see Supplementary Materials) [23,24].
Comparisons of the experimental and computed VCD spectra of cis-(5S,6S) are shown in
Figure 2, which produced good agreement. Other computational results are shown in the
Supplementary Materials.
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5S,6S-phomalactone (F); methyltriaceticlactone (G); S 39163/F-1 (H). 

Different stereoisomers of phomalactone (F) were isolated and reported previously 
from various sources [15–18], and some papers did not specify the absolute configuration 
[19,20], while others assigned the (5R,6R) absolute configuration to the large positive 
specific rotation [21], which was opposite to previous studies [15–18,22]. In order to 
determine the absolute configuration of phomalactone independently and 
unambiguously, we performed TDDFT-ECD, TDDFT-OR, and DFT-VCD studies, which 
consistently confirmed the (+)-cis-(5S,6S) absolute configuration (see Supplementary 
Materials) [23,24]. Comparisons of the experimental and computed VCD spectra of cis-
(5S,6S) are shown in Figure 2, which produced good agreement. Other computational 
results are shown in the Supplementary Materials. 

 
Figure 2. Comparison of the experimental VCD spectrum of F measured in CDCl3 and the 
calculated VCD spectrum of cis-(5S,6S)-F computed at the B3LYP/TZVP PCM/CHCl3 level for the 
eight lowest-energy conformers gained from the DFT optimization performed at the same level. 

Figure 1. Chemical structures of the isolated compounds. NK-A 17e233 (A); 1,2-benzenediol, 3-(4-
hydroxy-2-methoxy-6-methylphenoxy)-5-methyl-(ACI) (B); cyperin (C); ES-242-1 (D); ES-242-3 (E);
5S,6S-phomalactone (F); methyltriaceticlactone (G); S 39163/F-1 (H).

Antibiotics 2022, 11, x FOR PEER REVIEW 3 of 17 
 

 
Figure 1. Chemical structures of the isolated compounds. NK-A 17e233 (A); 1,2-benzenediol, 3-(4-
hydroxy-2-methoxy-6-methylphenoxy)-5-methyl-(ACI) (B); cyperin (C); ES-242-1 (D); ES-242-3 (E); 
5S,6S-phomalactone (F); methyltriaceticlactone (G); S 39163/F-1 (H). 

Different stereoisomers of phomalactone (F) were isolated and reported previously 
from various sources [15–18], and some papers did not specify the absolute configuration 
[19,20], while others assigned the (5R,6R) absolute configuration to the large positive 
specific rotation [21], which was opposite to previous studies [15–18,22]. In order to 
determine the absolute configuration of phomalactone independently and 
unambiguously, we performed TDDFT-ECD, TDDFT-OR, and DFT-VCD studies, which 
consistently confirmed the (+)-cis-(5S,6S) absolute configuration (see Supplementary 
Materials) [23,24]. Comparisons of the experimental and computed VCD spectra of cis-
(5S,6S) are shown in Figure 2, which produced good agreement. Other computational 
results are shown in the Supplementary Materials. 

 
Figure 2. Comparison of the experimental VCD spectrum of F measured in CDCl3 and the 
calculated VCD spectrum of cis-(5S,6S)-F computed at the B3LYP/TZVP PCM/CHCl3 level for the 
eight lowest-energy conformers gained from the DFT optimization performed at the same level. 

Figure 2. Comparison of the experimental VCD spectrum of F measured in CDCl3 and the calculated
VCD spectrum of cis-(5S,6S)-F computed at the B3LYP/TZVP PCM/CHCl3 level for the eight lowest-
energy conformers gained from the DFT optimization performed at the same level.

2.2. Anti-T. gondii Activity

The eight natural products isolated from P. selaginellae were tested for anti-T. gondii
activity. Interestingly, A–F showed activity against T. gondii growth, with IC50 values of
5.75, 22.16, 27.22, 7.38, 17.99, and 5.13 µM, respectively (Table 1 and Figure 3). Therefore,
we further explored the in vitro cytotoxicity of the natural compounds in different human
cell lines.
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Table 1. In vitro activity (IC50 values) of the natural compounds (A–H) from P. selaginellae against the
T. gondii strain ME49. All experiments were conducted in triplicate.

Compound IC50 (µM)

NK-A 17e233 (A) 5.75
1,2-benzenediol, 3-(4-hydroxy-2-methoxy-6-

methylphenoxy)-5-methyl-(ACI)
(B)

22.16

cyperin (C) 27.22
ES-242-1 (D) 7.38
ES-242-3 (E) 17.99

5S,6S-phomalactone (F) 5.13
methyltriaceticlactone (G) Not active

S 39163/F-1 (H) Not active
pyrimethamine 0.06Antibiotics 2022, 11, x FOR PEER REVIEW 5 of 17 
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natural products at the concentration range of 0.56–50.00 µM for 48 h at 37 ◦C. Afterwards, the
cultures were labelled with 3H-U (5 mCi, diluted 1:30) for 28–30 h at 37 ◦C. Based on the incor-
poration of 3H-U into the parasite nucleic acid, the parasite growth was quantified. As controls,
uninfected Hs27 cells without treatment (pink triangles) and IFNγ pre-stimulated infected Hs27
cells (green triangles) were used, while untreated T. gondii-infected Hs27 cells (red squares) served
as a negative control. Values shown in (A–H) represent the means of three independent experiments
each done in duplicate (n = 6) ± SEM. The mean of the IC50 values (red line) of each compound is
shown. Activity of NK-A 17e233 (A); 1,2-benzenediol, 3-(4-hydroxy-2-methoxy-6-methylphenoxy)-5-
methyl-(ACI) (B); cyperin (C); ES-242-1 (D); ES-242-3 (E); 5S,6S-phomalactone (F); methyltriaceti-
clactone (G); S 39163/F-1 (H).

2.3. Cytotoxicity Assays

First, we evaluated the cytotoxicity of compounds A to F in an MTT assay against Hs27
human fibroblasts (same cell type used for the T. gondii proliferation assay). The results of
the MTT assay are shown in Figure 4 and Table 2. A–E showed no cytotoxicity at 100 µM
against Hs27 cells. Only F showed moderate cytotoxicity with a cytotoxic concentration
CC50 = 81 ± 2.16 µM.
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Figure 4. Effect of the natural products on the metabolic activity of Hs27 cells via MTT assay. Hs27
cells were plated in 96-well plates and grown to confluence prior to incubation at 37 ◦C for 24 h
with the natural products in the concentration range of 0.56–100.00 µM. The cultures were incubated
with 10 µL of the 12 mM MTT stock solution for approximately 4 h. Afterwards, 100 µL of SDS
dissolved in HCl was added to each well and incubated again for 4 h at 37 ◦C. Finally, the absorbance
was measured at 570 nm by spectrophotometry. Values shown in (A–F) represent the means of
three independent experiments each done in duplicate (n = 6) ± SEM. Cytotoxicity in Hs27 cells of
NK-A 17e233 (A); 1,2-benzenediol, 3-(4-hydroxy-2-methoxy-6-methylphenoxy)-5-methyl-(ACI) (B);
cyperin (C); ES-242-1 (D); ES-242-3 (E); 5S,6S-phomalactone (F).
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Table 2. In vitro cytotoxicity (CC50 values) of the natural compounds (A–F) from P. selaginellae against
human fibroblasts Hs27. Concentration >100 µM indicates no activity in the experimental setup. All
experiments were conducted in triplicate.

Compound CC50 (µM)

A >100
B >100
C >100
D >100
E >100
F 81

Pyrimethamine 44

These compounds also were tested against the THP-1, Huh-7, and Hek 293 cell lines
in a Resazurin assay. The mean IC50 values of the Resazurin assay are shown in Table 3.
While compounds A–C showed no cytotoxic effect in concentrations < 100 µM against any
of the tested cell lines, D had only a weak cytotoxic activity against the Hek 293 cell line
with an IC50 of 93.8 µM. E showed moderate cytotoxic activity against all of the three tested
cell lines and thus was the most cytotoxic of the tested compounds. F showed no or weak
cytotoxic effects against the Huh-7 and Hek-293 cell lines. The cytotoxic effect against the
THP-1 cell line was higher, with an IC50 of 24.3 µM. The graphs for the Resazurin assay are
shown in Figure 5.
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Figure 5. Effect of the natural products on the viability of THP-1, Huh-7, and HEK-293 cells. Cytotoxic
effect of NK-A17e233 (A); 1,2-benzenediol,3-(4-hydroxy-2-methoxy-6-methylphenoxy)-5-methyl-
(ACI) (B); cyperin (C); ES-242-1 (D); ES-242-3 (E); 5S,6S-phomalactone (F) against the human cell
lines THP-1, Huh-7, and HEK-293 as determined by resazurin assay. 100% growth control DMSO, 0%
growth control cycloheximide. Values represent the means of triplicates ± SEM.
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Table 3. Mean IC50 values of compounds A–F against human cell lines THP-1, Huh-7, and Hek293.
All concentrations are shown in µM. Concentration >100 µM indicates no activity in the experimental
setup. All experiments were conducted in triplicate. The IC50 values were calculated using GraphPad
Prism 7.

Compound
Mean IC50 [µM]

THP1 Huh-7 HEK-293

A >100 >100 >100
B >100 >100 >100
C >100 >100 >100
D >100 >100 93.8
E 21.9 13 16.95
F 24.3 100 66.9

2.4. Determination of Anti-Bacterial Activity

In our ongoing research for antibacterial and particularly antitubercular compounds,
A to H were also tested in a minimal inhibitory concentration assay against S. aureus ATCC
700699, P. aeruginosa ATCC 87110, and M. tuberculosis H37Rv. Compounds A to H had
no inhibitory effect on S. aureus ATCC 700699 and P. aeruginosa ATCC 87110, except for
compound F, which showed a weak inhibitory effect on P. aeruginosa ATCC 87110 with
an MIC90 of 100 µM. Compounds A, B, C, F, G, and H had no inhibitory effect on the
growth of M. tuberculosis, and compounds D and E showed a weak inhibitory effect with
an MIC90 of 50 and 100 µM, respectively. The results are shown in Table 4, highlighting
that compounds A to F had a specific anti-toxoplasma effect and were devoid of broad,
unspecific antimicrobial activity.

Table 4. MIC90 against S. aureus ATCC 700699, P. aeruginosa ATCC 87110, and M. tuberculosis H37Rv.
All concentrations are shown in µM. Concentration >100 µM indicates no activity in the experimental
setup. All experiments were conducted in triplicate.

Compound
MIC90 [µM]

S. aureus ATCC 700699 P. aeruginosa ATCC 87110 M. tuberculosis H37Rv

A >100 >100 >100
B >100 >100 >100
C >100 >100 >100
D >100 >100 50
E >100 >100 100
F >100 100 >100
G >100 >100 >100
H >100 >100 >100

3. Discussion

Natural products have played an important role in the history of drug discovery for
infectious disease. In the quest for new anti-T. gondii drugs, natural products have been
proven to exhibit high potential for the discovery and development of new lead compounds
with strong anti-T. gondii activity [25,26]. In this study, we isolated eight natural products
from the crude extract of the endophytic fungus P. selaginellae. A previous report on the
inhibitory activity of one of these compounds (phomalactone, F) against the apicomplexan
parasite Plasmodium falciparum with an IC50 of 84.32 µM [27] prompted us to test the natural
products for anti-T. gondii activity. Interestingly, six compounds showed activity against
T. gondii proliferation with no or low cytotoxicity in different human cell lines and no or
low antibacterial activity against a gram-positive, a gram-negative, and a mycobacterial
representative, revealing reasonable anti-T. gondii specificity and promising therapeutic
windows. These results establish diphenyl ethers, bioxanthracenes, and lactones from
P. selaginellae as potential candidates for further preclinical development of novel anti-
toxoplasma therapeutics.
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Some of the isolated compounds share similar structural elements, which give insights
into a structure–activity relationship of the natural products against the tested T. gondii
strain ME49. Compounds A, B, and C are biphenyl ether derivatives that differ either in
the position of the methoxy group or in the number of substituted hydroxyl groups. The
most potent of these compounds is A (IC50 = 5.75 µM), followed by B (IC50 = 19.35 µM)
and C (IC50 = 27.22 µM). While A only differs from B by a switch in the position of the
methoxylated hydroxyl group from position 2 to 4, it differs from C only by an additional
hydroxyl group in position 2′, which it shares with B. Because of the higher potency
of A in the toxoplasma proliferation assay compared to B and C, the position of the
methoxy group in 4 and the amount and position of hydroxyl groups in 2′ and 3′ both
are likely to have an influence on the antitoxoplasma activity of these derivatives. This
suggestion, nevertheless, needs further experimental evidence. Furthermore, diphenyl
ethers A, B, and C are structurally related to triclosan, a well-known broad spectrum
antifungal and antibacterial agent targeting lipid synthesis [28]. It has been shown that
triclosan also inhibits the growth of apicomplexans by inhibition of the enoyl reductase
ENR (FabI) enzyme, the second reductive step in the type II fatty acid biosynthesis pathway.
Nevertheless, due the poor solubility of triclosan, there is considerable interest in finding
novel potent triclosan analogs with improved properties such as solubility, activity, and
toxicity [29,30]. The mechanism of action of A, B, and C may be similar to that of triclosan,
but further studies are necessary to explore and confirm their mode of action and cellular
target. Furthermore, in vitro and in vivo pharmacokinetic characterization is needed to
reveal whether any of the compounds reported here has superior properties compared
to triclosan.

Compounds D and E represent bioxanthracenes belonging to the ES-242 class and
share the same structure, differing only in position 4′ by the hydroxyl group that is present
only in E. The IC50 values in the toxoplasma proliferation assay were 7.38 µM and 17.99 µM
for D and E, respectively, suggesting a reduction in the antitoxoplasma activity if position
4′ is substituted by a hydroxyl group. The bioxanthracenes D and E were previously
isolated from Verticillium spp. and are well-known to act as N-methyl-D-aspartate receptor
antagonists [31]. Both compounds were also found to be active against the apicomplexan
parasite P. falciparum with IC50 values of 8.44 and 13.22 µM, respectively [32]. Interestingly,
the activities of D and E against T. gondii in this study were comparable to their reported
activity in P. falciparum with IC50 values of 7.38 µM and 17.99 µM (see Table 1). Nevertheless,
the mechanism of action of D and E on apicomplexans is still unknown and is probably
independent from their activity as NMDA receptor antagonists [32].

Compounds F and G are small δ-lactonic molecules; 5S,6S-phomalactone (F) differs
from methyltriaceticlactone (G) in the length of the sidechain in position 6, the hydroxyl
group in position 5, and in the absence of the methyl group that is present in methyltriaceti-
clactone in position 2. Interestingly, antitoxoplasmal activity was observed for F, but not for
G, suggesting that one or more of these structural differences and not only the presence of
the δ-lactonic base structure plays a crucial role in the bioactivity against T. gondii. Phoma-
lactone (F) is a frequent fungal metabolite and was first isolated from the plant-pathogenic
fungus Nigrospora sp. [16]. It has a wide range of activities such as antifungal, immunomod-
ulating, insecticide, nematocidal, and phytotoxic activity [15,19,33–35]. In addition, it has
been found to be active against the apicomplexan parasite P. falciparum, with an IC50 of
84.32 µM [27]. In the present study, we tested F for inhibition of T. gondii proliferation and,
interestingly, it showed a more potent activity with an IC50 of 5.13 µM (see Table 1). No
target or mode of action has been suggested for phomalactone in P. falciparum, and the
target of this compound in T. gondii also remains elusive and has to be determined in the
future. Importantly, the newly identified natural products with inhibitory activity against
T. gondii showed very little in vitro toxicity and should be evaluated in in vivo infection
model systems in the future. In general, this study highlights the potential of endophytic
fungi as a promising source for novel antitoxoplasma compounds.
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4. Materials and Methods
4.1. General Experimental Procedures

Optical rotations were measured on a Jasco P-2000 polarimeter (Jasco, Pfungstadt,
Germany). UV-spectra were obtained by the use of a Dionex P580 system in combination
with a diode array detector (UVD340S) and an Eurosphere 10 C18 column (125 mm × 4 mm).
ECD spectra were measured on a JASCO J-810 spectropolarimeter. VCD spectra were
recorded on a BioTools Chiral-IR-2X at a resolution of 4 cm−1 under ambient temperature
for 18 × 3000 scans. Samples were dissolved in CDCl3, and the solution was placed in
a 100 µm BaF2 cell. 1D and 2D NMR spectra were recorded on a Bruker Avance III (1H,
600 MHz; 13C 150 MHz) spectrometer. Mass spectra were measured on a Finnigan LCQ
Deca (Thermo Quest, Egelsbach, Germany) mass spectrometer and for HRESIMS, on a UHR-
QTOF maXis 4G (Bruker Daltonics, Bremen, Germany) mass spectrometer. Semipreperative
HPLC was performed on a Lachrom-Merck Hitachi system (pump L7100, UV-detector
L7400, Eurospher 100 C18 column 300 mm × 8 mm, Knauer, Everswinkel, Germany).
VLC and non-vacuum-column chromatography were accomplished using Macherey Nagel
silica gel 60M (0.04–0.063 mm). Precoated TLC silica gel 60 F254 plates (Merck, Darmstadt,
Germany) were used for tracking separation using detection under UV light at 254 and
365 nm wavelengths or spraying anisaldehyde–sulfuric acid reagent. Sephadex LH20 (GE
Healthcare Bio.Sciences AB, Uppsala, Sweden) was used as a stationary phase for column
chromatography. The measurement of optical rotations was accomplished by using spectral
grade solvents.

4.2. Fungal Material

The fungus was obtained from the leaves of the plant Philodendron monstera as an
endophyte. A single leaf was surface sterilized by soaking it with 70% ethanol for 30 s and
letting it dry under sterile conditions. With a heat-sterilized scalpel, the leaf was cut into
pieces and put onto a YPD agar plate, which was enriched with 100 mg/L chloramphenicol
to suppress bacterial growth. After seven days of incubation at room temperature, distinct
fungal growth was observed on the plate. A 1 cm2 piece of the fungus was cut out of the agar
medium using a heat-sterilized scalpel under sterile conditions and was transferred onto a
new sterile YPD agar plate to isolate a pure organism. The isolated strain was identified
as Paraboeremia selaginella by the internal transcribed spacer (ITS) sequence with 99.56%
identity in comparison with the ITS database of the National Center for Biotechnology
Information (GenBank Accession ON231784).

4.3. Fermentation and Extraction

The fungus was fermented on solid rice medium. Ten Erlenmeyer flasks were used;
100 g of rice and 100 mL of demineralized water were added to each flask and autoclaved
at 121 ◦C for 15 min. Under sterile conditions, 1 cm2 of fungal material was cut out of an
agar plate using a sterile scalpel and transferred onto the autoclaved rice medium. The
fungus was grown for 4 weeks under static conditions at room temperature. Each flask
was soaked with 250 mL of ethylacetate for at least 12 h. The rice medium was then cut
into small pieces and shaken for 8 h at 150 rpm. The liquid crude extract was filtrated into
round flasks and evaporated using a rotary evaporator to yield 14.66 g of dry crude extract.

4.4. Isolation

The crude extract (14.66 g) obtained from the fermentation was separated using
vacuum liquid chromatography with silica gel as a stationary phase. A step gradient from
100% hexane to 100% ethylacetate followed by a step gradient from 100% dichloromethane
to 100% methanol gave 18 fractions (V1–V18). Two fractions (V4 and V6) were chosen
based on initial bioactivity observed against Candida albicans. However, this bioactivity was
lost during the purification process. Fraction V4 (200.7 mg) was further separated using a
Sephadex LH20 column with MeOH as eluent to give five subfractions (V4-S1–S5). Fraction
V4S3 (47.3 mg) was subjected to semipreparative HPLC using a MeOH-H2O step gradient
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from 50% to 80% MeOH followed by a washing step with 100% MeOH to yield A (20.7 mg),
B (2.8 mg), and C (7.7 mg). Fraction V6 (1010 mg) was purified using a Sephadex LH20
column with CH2Cl2 and MeOH (50/50) as eluent to yield six subfractions (V6-S1–S6).
Subfraction S2 (72.0 mg) was purified using a silica column with 40% hexane and 60%
ethylacetate to elute D (25.0 mg) and E (8.6 mg) as pure compounds. Subfraction V6-S4
(516 mg) was further purified by using a Sephadex LH20 column with MeOH as eluent to
yield five subfractions (V6S4-S1–S5). Subfraction V6S4S2 (496 mg) was subjected to a silica
column with a mixture of CH2Cl2 and MeOH (95/5) as eluent to give four subfractions
(V6S4S2-K1–K4). Silica subfraction V6S4S2K2 (47 mg) was then purified by semipreparative
HPLC using a MeOH-H2O step gradient from 10% to 30% MeOH followed by a washing
step with 100% MeOH to yield F (22.2 mg) and G (4.5 mg). Fraction V12 (744.1 mg) was
separated using a Sephadex LH20 column with 50% MeOH and 50% CH2Cl2 to yield
six subfractions (V12-S1–S6). Subfraction S2 (180.3 mg) was then further separated using
a silica column with 10% MeOH and 90% CH2Cl2 as eluent to give seven subfractions
(V12S2-K1–K7). Silica subfraction K7 (56.1 mg) was subjected to semipreparative HPLC
using a step gradient from 70% to 100% MeOH to yield H (5.0 mg).

NK-A 17e233 (A): Brown oil; UV (MeOH) λmax 220.0, 234.3, 279.7 nm; 1H NMR
(DMSO-d6) see Supplementary Materials Figure S1; HRESIMS m/z 277.1075 [M + H]+

(calcd. for C15H17O5 277.1071 m/z).
3-(4-Hydroxy-2-methoxy-6-methylphenoxy)-5-methylbenzene-1,2-diol (B): Brown oil;

UV (MeOH) λmax 211.7, 286.3 nm; 1H NMR (CDCl3), see Supplementary Materials Figure S6;
HRESIMS m/z 277.1065 [M + H]+ (calcd. for C15H17O5 277.1071 m/z).

Cyperin (C): Brown oil; UV (MeOH) λmax 212.1, 279.8 nm; 1H NMR (CDCl3), see
Supplementary Materials Figure S10; HRESIMS m/z 261.1126 [M + H]+ (calcd. for C15H17O4
261.1121 m/z).

ES-242-1 (D): Brown amorphous powder; [α]24
D +18 (c 1.0, MeOH); UV (MeOH)

λmax 239.0, 309.8, 345.8 nm; 1H NMR (CDCl3) and 13C NMR (CDCl3), see Supplementary
Materials Figures S14 and S15; HRESIMS m/z 622.2644 [M + NH4]

+ (calcd. for C34H40NO10
622.2647 m/z).

ES-242-3 (E): Brown amorphous powder; [α]24
D +66 (c 1.0, CHCl3); UV (MeOH)

λmax 239.2, 298.6, 309.4 nm; 1H NMR (CDCl3) and 13C NMR (CDCl3), see Supplementary
Materials Figures S19 and S20; HRESIMS m/z 638.2588 [M + NH4]

+ (calcd. for C34H40NO11
638.2596 m/z).

Phomalactone (F): light yellowish oil; [α]24
D +172 (c 1.0, EtOH); UV (MeOH) λmax 216.0

nm; For the details of VCD, ECD, and OR calculations, see Supplementary Materials; 1H NMR
(CDCl3) and 13C NMR (CDCl3), see Supplementary Materials Figures S24 and S25; HRESIMS
m/z 155.0702 [M + H]+ (calcd. for C8H11O3 155.0703 m/z) and m/z 137.0597 [M − OH−]+

(calcd. for C8H9O2 137.0597 m/z).
Methyltriaceticlactone (G): White amorphous powder; UV (MeOH) λmax 290.5 nm; 1H

NMR (DMSO-d6) and 13C NMR (DMSO-d6), see Supplementary Materials Figures S29 and S30;
HRESIMS m/z 141.0549 [M + H]+ (calcd. for C7H9O3 141.0546 m/z).

S 39163/F-1 (H): Brown amorphous gum; [α]24
D −11 (c 1.0, MeOH); UV (MeOH)

λmax 218.2, 238.8, 291.9 nm; 1H NMR (CDCl3), see Supplementary Materials Figure S34;
HRESIMS m/z 661.4312 [M + H]+ (calcd. for C38H61O9 661.4310 m/z).

4.5. Preparation of Compounds for T. gondii Proliferation Assay

The purified natural products A–F and pyrimethamine [36] were dissolved in DMSO
as 10 mM stocks and stored at −20 ◦C. The compounds were diluted in Iscove’s Modified
Dulbecco’s medium (Gibco–Thermo Fisher Scientific, Braunschweig, Germany) immedi-
ately prior to use.

4.6. Parasites and Cell Culture for T. gondii Proliferation Assay

T. gondii ME49 tachyzoites (ATCC/LGC Standards GmbH, Wesel, Germany) were cul-
tured in human foreskin fibroblast Hs27 cells (ATCC/LGC Standards GmbH, Wesel, Germany)
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as host cells as described previously [37]. The cells were maintained in Iscove’s modified Dul-
becco’s medium (Gibco–Thermo Fisher Scientific, Braunschweig, Germany) supplemented
with 10% heat-inactivated fetal bovine serum (Invitrogen, Karlsruhe, Germany) and 50 mM
2-mercaptoethanol (Gibco–Thermo Fisher Scientific, Braunschweig, Germany) and were
grown in a humidified incubator at 37 ◦C with 5% CO2 in air atmosphere. For toxoplasma
propagation, 25 cm2 cell culture flasks, containing a confluent monolayer of Hs27 cells,
were infected with 5 × 106 T. gondii tachyzoites after medium change. After three days,
the supernatant of the cell culture containing parasites was harvested and transferred to a
15 mL centrifuge tube and centrifuged at 700 rpm for five minutes and resuspended in cell
culture medium. The number of parasites was counted using a hemocytometer.

4.7. T. gondii Proliferation Assay

Microtiter plates (96-well) with a final volume of 200 µL per well were used for the
assay. Hs27 fibroblast monolayers were infected with 3 × 104 freshly harvested tachyzoites
per well (MOI = 1) and incubated for 48 h at 37 ◦C, after which various concentrations of
the tested compounds (0.04, 0.09, 0.19, 0.39, 0.78, 1.5, 3.12, 6.25, 12.5, 25, 50 µM) in culture
medium were added to the cells. Pyrimethamine (0.007, 0.01, 0.03, 0.06, 0.125, 0.25, 0.5,
1 µM) was added under identical conditions as a positive drug control [37]. Hs27 cells were
pre-stimulated for 24 h with IFNγ (300 U/mL) and infected with T. gondii cells without
further treatment as the growth inhibition control. After 48 h, proliferating toxoplasma
parasites were radioactively labelled with tritiated uracil (5 mCi, Hartmann Analytic,
Braunschweig, Germany) and diluted 1:30 (10 µL per 200 µL total culture volume per well)
in order to determine parasite proliferation [38]. After 28–30 h, the microtiter plates were
frozen at −20 ◦C. To evaluate the assay, the microtiter plates were thawed at room tempera-
ture. Cells were transferred to glass-fiber filters (Printed Filtermat A 102 mm × 258 mm,
PerkinElmer, Waltham, MA, USA) using a cell harvester (Basic96 Harvester, Zinsser An-
alytic, Skatron Instruments, Northridge, CA, USA). The filters were dried for 20 min at
130 ◦C in a drying cabinet and were then soaked in 10 mL of scintillation fluid (Betaplate
Scint, PerkinElmer, Waltham, MA, USA) and shrink-wrapped in plastic covers (Sample Bag
for Betaplate, PerkinElmer, Waltham, MA, USA). The filters were then clamped in cassettes
and evaluated using a beta-counter device (Betaplate Liquid Scintillation Counter 1205,
LKB-WALLAK, Melbourne, Australia) to measure the Cherenkov radiation, which refers
to the amount of incorporation of tritiated uracil into the RNA of T. gondii. IC50 values,
the concentration of inhibitors necessary to inhibit the growth of tachyzoites by 50%, were
determined for each experiment with the use of Prism GraphPad version 9.2.0 software.

4.8. Cell Viability Assay against Hs27 Cells

The 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) test was
used to assess cell viability of the isolated active compounds against Hs27 cells. The MTT
assay is a colorimetric reaction based on the enzymatic reduction of MTT to MTT-formazan,
which is catalyzed by mitochondrial succinate dehydrogenase [39].

In brief, Hs27 cells were seeded 96-well plates in a monolayer in Iscove’s modified Dul-
becco’s medium (Gibco–Thermo Fisher Scientific, Braunschweig, Germany) and incubated
at 37 ◦C with different concentrations of the tested natural products (1.56, 3,12, 6.25, 12,5, 25,
50, 100 µM) in the culture media. Staurosporine (0.007, 0.01, 0.03, 0.06, 1.25, 0.25, 0.5, 1 µM),
a well-known cytotoxicity-inducing kinase inhibitor [40], untreated Hs27 cells, and DMSO
were used as controls. After 24 h, the medium of the culture was removed and replaced
with 100 µL of DMEM without red phenol (Gibco–Thermo Fisher Scientific, Braunschweig,
Germany) plus 10% heat-inactivated fetal bovine serum (Invitrogen, Karlsruhe, Germany),
and 50 mM 2-mercaptoethanol (Gibco–Thermo Fisher Scientific, Braunschweig, Germany).
Afterwards, the 12 mM MTT solution was added to each well according to the manufac-
turer’s instruction (Vybrant MTT Cell Proliferation Assay Kit, Thermo Fisher Scientific,
Braunschweig, Germany). The OD value of each well was assayed at the wavelength
of 570 nm on a microplate reader (TECAN Sunrise, Männedorf, Switzerland). The 50%

205



Antibiotics 2022, 11, 1176

cytotoxic concentration (CC50 values) of the tested natural products on Hs27 cells was
calculated and all data were analyzed using Prism GraphPad version 9.2.0 software.

4.9. Determination of the Minimal Inhibitory Concentration against Different Pathogenic Bacteria

Testing for antibacterial activity was done as described previously [37]. Briefly, a single
colony of Methicillin-resistant Staphylococcus aureus (MRSA strain Mu50, ATCC 700699) or
Pseudomonas aeruginosa (strain PAO1, ATCC 87110) were grown in Mueller-Hinton broth
(MHB) at 37 ◦C shaking at 120 rpm to reach an optical density of approx. 0.4. The cell
suspension was adjusted to 106 CFU/mL, of which 50 µL was seeded into a prepared
96-well polystyrene round-bottom plate containing test compounds diluted in MHB in a
1:1 serial dilution ranging from 100 µM to 0.78 µM. The plates were incubated at 37 ◦C
statically for 24 h, and readout was performed using the BacTiter Glo assay (Promega)
following the manufacturer’s instructions. Briefly, BacTiter Glo reagent was added to a
white flat-bottom 96-well plate, and an equal volume of bacteria suspension was added
to each well and mixed carefully. After 5 min, the luminescence was measured using a
TECAN plate reader. The growth was calculated in regard to the vehicle (DMSO) and
sterile control. Moxifloxacin and cefuroxime were used as a positive and negative control,
respectively. All compounds were tested in triplicate.

For the testing against M. tuberculosis H37Rv, the Minimal Inhibitory Concentration
(MIC) was determined in 96-well microtiter plates containing a total volume of 100 µL
employing a resazurin reduction assay [41]. Briefly, a 96-well plate was prepared containing
7H9 medium supplemented with 10% ADS (0.81% NaCl, 5% BSA, 2% dextrose), 0.5%
glycerol, and 0.05% tyloxapol. Compounds were two-fold serially diluted with the highest
tested concentration of 100 µM. A M. tuberculosis culture was pre-grown to an OD600 nm
of approx. 0.4–0.6 by shaking at 37 ◦C in PETG square bottles (ThermoFisher Scientific,
Braunschweig, Germany) containing 10 mL supplemented 7H9 medium. The cell density
was adjusted to an OD600 nm of 0.08 (106 CFU/mL, and 5× 104 CFU were added to each well).
Rifampicin and DMSO were used as a positive and solvent control, respectively. The 96-well
plates were incubated for 5 days at 37 ◦C and 5% CO2 in humidified atmosphere. Afterwards,
10 µL of a 100 mg/mL resazurin solution was added to each well and resuspended carefully.
After another 24 h at room temperature, the cells were fixed by adding 100 µL of a 10%
formalin solution to each well. The readout was performed using a TECAN plate reader at
535 nm excitation and 590 nm emission. The growth was calculated in relation to the solvent
control being 100% growth. The experiment was performed in triplicate.

4.10. Cytotoxicity Assay against Different Human Cell Lines

The cytotoxicity study was carried out using the THP-1 (human monocytic leukemia
cell line), Huh-7 (Human liver carcinoma cell line), and HEK293 (human embryonic kidney
cell line) cell lines as described before [37]. The THP-1 cells were cultured using RPMI
1640 medium containing 2 mM L-glutamine and supplemented with 10% fetal calf serum
(FCS) and 1% sodium pyruvate. Huh-7 cells were cultured using a 1:1 mixture of RPMI
1640 medium containing 2 mM L-glutamine and 10% FCS medium and DMEM containing
10% FCS and 1% sodium pyruvate. The HEK-293 cells were cultured with DMEM including
2 mM L-glutamine and supplemented with 1% NE amino acids, 1% 1.0 mM sodium
pyruvate and 10% FCS. All three cell lines were then incubated at 37 ◦C in an atmosphere
of 5% CO2 under humid conditions for 2 weeks while renewing the medium twice weekly.
Subsequently, the cells were suspended and adjusted to a density of 2 × 105 cells/mL. In
a 96-well flat-bottom microtiter plate, the cells were adjusted to a total volume of 100 µL
containing 2-fold serial dilutions of the tested compounds A–F ranging from 100 to 1.56 µM.
Cycloheximide (4, 2, 1, 0.5, 0.25, 0.13, 0.06, 0.03 µg/mL) was used as a positive control. After
an incubation time of 48 h at 37 ◦C in an atmosphere of 5% CO2 under humid conditions,
10 µL resazurin solution (100 µg/mL) was added to each well and incubated for another
4 h. The fluorescence was then quantified using a Tecan Infinite 200pro microplate reader
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(excitation 540 nm, emission 590 nm). The residual growth was calculated relative to
non-inoculated conditions (0% growth) and controls treated with DMSO (100% growth).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antibiotics11091176/s1, Figures S1–S58: Spectroscopic data used for the
structure elucidation of compounds A–H; Figure S59: Comparison of the experimental ECD spectrum
of F measured in MeCN and the calculated ECD spectra of (5S,6S)-F computed at various levels of
theory for the 10 lowest-energyωB97X/TZVP PCM/MeCN conformers; Figure S60: Geometries of
the low-energyωB97X/TZVP PCM/MeCN conformers of (5S,6S)-F; Figure S61: Geometries of the
low-energy B3LYP/TZVP PCM/CHCl3 conformers of (5S,6S)-F; Table S1: Boltzmann populations
and specific optical rotations of the low-energy conformers of (5S,6S)-F computed at various levels
for the low-energyωB97X conformers. References [42–45] are cited in Supplementary Materials.
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Abstract: Surface-active compounds (SACs), biomolecules produced by bacteria, yeasts, and fila-
mentous fungi, have interesting properties, such as the ability to interact with surfaces as well as
hydrophobic or hydrophilic interfaces. Because of their advantages over other compounds, such as
biodegradability, low toxicity, antimicrobial, and healing properties, SACs are attractive targets for
research in various applications in medicine. As a result, a growing number of properties related
to SAC production have been the subject of scientific research during the past decade, searching
for potential future applications in biomedical, pharmaceutical, and therapeutic fields. This review
aims to provide a comprehensive understanding of the potential of biosurfactants and emulsifiers
as antimicrobials, modulators of virulence factors, anticancer agents, and wound healing agents in
the field of biotechnology and biomedicine, to meet the increasing demand for safer medical and
pharmacological therapies.

Keywords: surface-active compounds; biosurfactants; bioemulsifier; biological properties; biotechnology

1. Introduction

Microorganisms can produce several surface-active compounds (SACs) with hy-
drophilic and hydrophobic moieties. These structural features allow them to interact with
the surface and interfacial tensions, form micelles, and emulsify immiscible substances [1,2].

Biosurfactants (BSs) and bioemulsifiers (BEs) are considered SACs because of their abil-
ity to interfere and with modifying surfaces. Because these biomolecules are amphiphilic
and are produced by different microorganisms, they have different physicochemical prop-
erties and physiological roles, which contribute to their specific functions in nature and
biotechnological applications [3].

Recently, the production of SACs has received extensive attention because of their
diverse applications, such as dissolving water-insoluble compounds, heavy metal binding,
contaminant desorption, inhibiting bacterial pathogenesis, adhesion, and cell aggrega-
tion [4–8]. In addition, SACs also have several advantages over synthetic surfactants, such
as low toxicity, lower critical micelle concentration (CMC), higher biodegradability, and
ecological acceptability [9].

Moreover, these compounds exhibit antibacterial [5,10], antifungal [11], antiviral [12],
and antitumor activities [13]. Their antiadhesive properties and antibiofilm activities are
also important in inhibiting the adhesion and colonization of pathogenic microorganisms
and removing preformed biofilms on silicone discs and other biomedical instruments [14].

The present use of these biomolecules has aroused interest from several sectors because
of their numerous functions and sustainable properties, allowing various applications in
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petroleum, food, medicine, pharmaceuticals, chemicals, pulp and paper, textiles, and
cosmetics. Furthermore, because of their application in soil bioremediation, they are
considered the “green molecules” of the 21st century [15].

2. Surface-Active Compounds
2.1. Biosurfactants

Biosurfactants (BSs), which are low molecular weight microbial compounds, are
synthesized extracellularly or linked to the cell membrane of bacteria [16], yeasts [17], and
filamentous fungi [18]. Produced under various extreme environmental conditions, their
chemical compositions depend on the microorganism that produces them, raw materials,
and process conditions [6].

Surfactants are amphiphilic molecules with a hydrophobic moiety comprising a hy-
drocarbon chain with saturated or unsaturated and hydroxylated fatty alcohols or fatty
acids, and a hydrophilic moiety comprising hydroxyl, phosphate, or carboxyl groups,
or carbohydrates (such as mono-, oligo-, or polysaccharides) or peptide fractions [3,19].
Depending on their biochemical nature, these compounds are classified as glycolipids,
lipopeptides, lipoproteins or fatty acids, and phospholipid polymers, with glycolipids and
lipopeptides being the most abundant [20,21].

Glycolipids consist of mono- or oligosaccharides and lipids, where different sugars
(glucose, mannose, galactose, glucuronic acid, or rhamnose) link to form saturated or un-
saturated fatty acids, hydroxylated fatty acids, or fatty alcohols. The most studied groups
include sophorolipids (SLs), mannosylerythritol lipids, trehalolipids, and rhamnolipids
(RLs) [22,23], which are usually produced by the yeast Starmerella bombicola [24], Pseu-
dozyma sp. [25,26] Rhodococcus erythropolis [27] and Pseudomonas aeruginosa [28], respectively.

On the other hand, lipopeptides (LP) consist of cyclopeptides with amino acids linked
to fatty acids of different chain lengths [29]. The most common among these are surfactin,
iturin, and fengycin [29–31] which are produced by different microorganisms, such as the
genera Bacillus [32], in turn, other lipopeptides have been detected in Bacillus amyloliquefa-
ciens [33], Streptomyces sp. [34], Pseudomonas guguanensis [35], and Serratia marcescens [36].

Microorganisms that produce BS inhabit water (fresh, underground, and sea) and land
(soil, sediments, and mangroves) and can grow in extreme environments (oil reservoirs)
and under different temperatures, pH values, and salinity levels [37–39].

These microorganisms are generally heterotrophs that need carbon, nitrogen, minerals,
vitamins, growth factors, and water to grow and produce metabolites. In general, carbon
sources (carbohydrates, oils, and fats) and hydrocarbon groups are often consumed during
BS production. For example, glucose, a carbon source easily metabolized by microorgan-
isms through glycolysis to generate energy, is commonly reported as a factor in producing
higher yields [37,40].

Because of their amphipathic nature, BSs can mix immiscible fluids, reduce surface and
interfacial tensions, and promote solubility of polar compounds in nonpolar solvents [41]
that help exhibit numerous properties, such as foaming, dispersion, wetting, emulsification,
demulsification, and coating, making them suitable for physicochemical and biological
remediation technologies of organic and metallic contaminants [42].

Biosurfactants due to their physicochemical properties have industrial applications in
pharmaceuticals, textile processing, agriculture, cosmetics, personal care, and the food in-
dustry, as well as environmental applications in soil remediation, hydrocarbon degradation,
and oil recovery [43–45].

Several BSs have antibacterial, antifungal, antiviral, or antitumor properties, mak-
ing them potential alternatives to conventional therapeutics in many biomedical applica-
tions [45,46].

Despite their versatility and efficiency in terms of applicability in different fields,
their production has always been a challenge because of inefficient bioprocessing and
high costs due to the expensive substrates used [33]. Therefore, optimizing strategies
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on cost efficiency and high-yield bioprocessing is critical for low-cost production and
mass commercialization.

2.2. Bioemulsifier (BE)

Unlike BSs, bioemulsifiers (BEs) have high molecular weight and can emulsify, even
at low concentrations, two immiscible liquids, while not reducing surface or interfacial ten-
sion [47]. These comprise complex mixtures of heteropolysaccharides, lipopolysaccharides,
proteins, glycoproteins, or lipoproteins, which guarantee better emulsification potential
and emulsion stabilization [3,48,49].

Bioemulsifiers, which are synthesized by bacteria, yeasts, and filamentous fungi, can be
isolated from contaminated soil, mangroves, seawater, freshwater, and human skin [50–53].
The most studied polymeric BEs include emulsan, alasan, liposan, mannoprotein, and other
polysaccharide-protein complexes. Members of the genus Acinetobacter sp. are commonly
reported to produce BEs [15].

Despite numerous reports on the production of BEs and BSs by different bacteria, the
genus Acinetobacter spp. received special attention because it is the first known producer
of BEs, with emulsan, biodispersan, and alasan as the best examples of BEs commercially
produced by the genus. These BEs are mainly used in microbial oil recovery and the
biodegradation of toxic compounds [15].

Compared with synthetic surfactants, BEs have many advantages as they are eco-
friendly, biocompatible, less toxic with higher biodegradability, and active at extreme
temperatures, pH values, and salinity levels. Furthermore, BEs can be produced from low-
cost renewable substrates, such as industrial waste, vegetable oils, and hydrocarbons [53].

Various carbon sources are used in BE production, such as ethanol, n-hexadecane,
crude oil, glucose, lactic acid, methylnaphthalene, peptone, n-heptadecane, edible oil,
olive oil, glycerol, and C-heavy oil [54]. Conventionally, microbial production of BE is
still expensive, with the use of synthetic sources as one of the factors contributing most to
the high costs. One promising strategy to make the cost economically viable is to include
renewable sources from agro-industrial residues and by-products. In this sense, previous
research had explored several alternative low-cost substrates, such as residual soybean
oil from frying and corn steep liquor, as alternatives to synthetic sources of carbon and
nitrogen [53].

Despite their potential advantages, several obstacles hinder practical BE applications, in-
cluding low yields and high purification costs. To address these issues, researchers have been
striving to develop more cost-efficient BEs, which can be used at low concentrations [55].

Bioemulsifiers can form very stable emulsions and dispersions that do not mix, remain
attached to the droplet interfaces, and can re-emulsify by adding or replacing a new solvent
without diluting. Because of these advantages, BEs are preferred over BSs in the cosmetics
and food industries [48].

Because of diverse functions, such as emulsification, wetting, foaming, cleaning, phase
separation, surface activity, and hydrocarbon viscosity reduction, BEs are best suited for
bioremediation, enhanced oil recovery, cleaning of pipe and vessels contaminated with oil,
and more. In addition, emulsifiers are widely used in the food and drug industry [56].

2.3. Microorganisms Producing SACS

For many years, researchers have tirelessly searched for microorganisms that have the
potential to produce secondary metabolites with surfactant or emulsifying properties. The
amount of BS or BE produced depends on the type of microorganisms and their sources
(Table 1).
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Table 1. Lists some microorganisms that produce surface-active compounds.

Microorganism Biosurfactant/Bioemulsifier Reference

Acinetobacter calcoaceticus RAG-1 Emulsan [57]
Acinetobacter radioresistant KA53 Alasan [58]
Acinetobacter junii B6 Surfactin/fengycin [59]
Acinetobacter junii BD Rhamnolipids [60]
Acinetobacter calcoaceticus A2 Biodispersan [61]
Bacillus nealsonii strain S2MT Surfactin [2]
Bacillus subtilis 3NA Surfactin [62]
Bacillus thailandensis E264 Rhamnolipids [63]
Bacillus velezensis Iturin, surfactin, and fengycin [64]
Candida keroseneae GBME-IAUF-2 Sophorolipids [65]
Candida lipolytica UCP 0988 Rufisan [66]
Lactobacillus sp. Surfactin, iturin, and lichenysin [67]
Pseudomonas aeruginosa SG Rhamnolipids [68]
Pseudomonas fluorescens SBW25 Viscosine [69]
Pseudomonas sp. S2WE Rhamnolipids [70]
Serratia sp. ZS6 strain Serrawettina [71]
Yarrowia lipolytica IMUFRJ50682 Yansan [72]
Trichosporon mycotoxinivorans CLA2 Lipid-polysaccharide complex [73]

3. Biological Properties
3.1. Antimicrobial Activities

The discovery of antibiotics in the last century can be considered a major advancement
in medicine because the use of these antimicrobial agents significantly reduced morbidity
and mortality associated with microbial infections. Antibacterial and antifungal factors
reduce and eliminate the viability and growth of microbial populations through several
mechanisms: (i) disruption of extracellular membranes and/or their cell wall, (ii) inhibi-
tion of gene expression, (iii) DNA damage, or (iv) manipulation of important metabolic
pathways [74].

Bacteria become resistant to antimicrobial agents in several ways: through horizontal
gene transfer between genetic elements of different strains and the environment that confer
resistance and through mutations that interfere with basic cell functions in addition to
conferring resistance to microorganisms [75,76].

The most resistant bacteria associated with serious hospital infections include Enterococ-
cus faecalis, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanii, P. aeruginosa,
and Enterobacter sp., which often result in high mortality rates [77]. Furthermore, other
microorganisms such as Candida spp. can also be considered a global health threat because
of their resistance to antimicrobial agents [78–80].

The increasing rates of antimicrobial resistance and the emergence of new microbial
pathogens reinforce the need to find new antimicrobial compounds to fight microbial
infections. Among these new strategies, SACs have promising antibiotic and disinfectant
potential, as well as antibiotic delivery properties due to their physicochemical properties.
Most of these biomolecules can break the outer and inner membranes of pathogens, thereby
exploiting their charge and hydrophobicity. The advantages of using SACs as antimicrobials
include their broad-spectrum bactericidal action and the absence of pathogen resistance
mechanisms [81].

Cationic surfactants comprise the largest class of synthetic surfactants with antimicro-
bial properties because of their broad spectrum of biostatic and biocidal activities against
planktonic pathogens. The hydrophobic chain of cationic surfactants penetrates the mi-
crobial cell membrane and interferes with membrane continuity and metabolic processes,
leading to cell death [82]. Despite exhibiting antimicrobial efficiency mainly against Gram-
positive bacteria (29–32 mm), such as S. aureus and Bacillus subtilis, these compounds are
less biodegradable than natural surfactants [83].
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Previous studies reported the antimicrobial efficacy of glycolipid SACs produced by
microorganisms. For example, RLs produced by P. aeruginosa significantly inhibited the
growth of S. mutans UA159 and S. sanguinis ATCC10556. Furthermore, they completely
inhibited the growth of Aggregatibacter actinomycetemcomitans Y4 at high concentrations [7].

Similarly, the synergistic action of two RL BSs produced by P. aeruginosa C2 and Bacillus
stratosphericus A15 demonstrated bactericidal activity by rupturing the membrane of gram-
positive and gram-negative bacteria, such as S. aureus ATCC 25923 and Escherichia coli
K8813 [84]. Because of these actions, the membrane disintegrates, leading to penetration
into the cell wall and plasma membrane through the formation of pores, followed by
leakage of internal cytoplasmic materials, leading to cell death [85].

A previous study demonstrated that the synergism between essential oils of oregano,
cinnamon tree, and lavender with RLs produced by P. aeruginosa increased the antimicrobial
effect against Candida albicans and S. aureus which are resistant to methicillin [86], revealing
that SAC activity can be enhanced when they establish a synergistic relationship with other
compounds. In addition to RLs, SLs are also easily extracted and are usually produced by
Candida spp. yeast [87] either in the lactone form or the acid form or as a mixture of both
forms [88,89].

A previous study showed that SL produced by C. albicans SC5314 and Candida glabrata
CBS138 showed antibacterial properties against pathogenic bacteria Bacillus subtilis and
E. coli [10]. Besides its antibacterial activity against both Gram-positive and Gram-negative
bacteria, this class of BS also exhibited promising antifungal activity against pathogenic
fungi including Colletotrichum gloeosporioides, Fusarium verticillioides, Fusarium oxysporum,
Corynespora cassiicola, and Trichophyton rubrum [90].

The antimicrobial activity of SACs glycolipids was found to be dependent on the
type of glycolipid and the interaction with the cell membrane. Diaz de Renzo et al. [63]
demonstrated that RLs inhibit bacterial growth in the exponential phase while SLs inhibit
growth between the exponential and stationary phases.

The antimicrobial potential of lipopeptide SACs has also been recognized; these
biomolecules correspond to the most important components of metabolites that are syn-
thesized by many species of the genus Bacillus spp., which characterize the strains of this
genus as important parts of plant disease control and food safety [91–93].

Antimicrobial lipopeptides, such as iturin, fengycin, and surfactin, have been iden-
tified in Bacillus velezensis HC6. Surfactin exhibited strong antibacterial effects against
Listeria monocytogenes and Bacillus cereus, while fengycin and iturin inhibited the growth of
pathogenic fungi Aspergillus flavus, Aspergillus parasiticus, Aspergillus sulphureus, Fusarium
graminearum, and Fusarium oxysporum [94]. Researchers also found that when B. velezensis
HC6 is applied to corn, it reduced the levels of aflatoxin and ochratoxin produced by fungi.

Ohadi et al. [95] demonstrated that lipopeptides produced by Acinetobacter junii dis-
played nonselective activity against Gram-positive and Gram-negative bacterial strains.
The data showed that this bioproduct had effective antibacterial activity at concentrations
almost below the CMC and that the minimal inhibitory concentration (MIC) values were
lower than the standard antifungal activity, exhibiting almost 100% inhibition against
Candida utilis.

Other broad classes of bacterial metabolites with surface-active potential and antimi-
crobial effects include glycoproteins, peptides, and fatty acids. Lactobacillus spp. produced
a bioactive glycolipoprotein surfactant with antimicrobial activity against C. albicans using
sugarcane molasses as substrate, and some pathogenic gram-positive and gram-negative
bacteria [96]. A cyclic heptapeptide containing a fatty acid moiety produced by Bacillus sub-
tilis, called bacaucin 1, exhibited specific antibacterial activity against methicillin-resistant
S. aureus (MRSA) by disrupting the membrane without detectable toxicity to mammalian
cells or induction of bacterial resistance. In addition, this peptide was found to be efficient
in preventing infections in both in vitro and in vivo models [97].

Finally, some microorganisms excrete mixtures of bioactive compounds with surface-
reducing ability and emulsifying potential. For example, the actinomycete strains of Strep-
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tomyces griseoplanus NRRL-ISP5009 produced a BS component that is a complex mixture of
proteins, carbohydrates, and lipids that have antimicrobial activity against gram-positive
bacteria (Bacillus subtilis, S. aureus) and pathogenic fungi (C. albicans and Aspergillus fumi-
gatus). However, it is only moderately active against Gram-negative bacteria E. coli and
Salmonella typhimurium [37].

3.2. Antiviral Activity

Viruses represent a serious threat to human health at a global level. Previous studies
have described secondary metabolites with surface-active properties for their antiviral
properties against a variety of viruses. Antiviral activity by SACs was shown to be effective
against various viruses, enveloped and nonenveloped (Table 2).

Table 2. Antiviral properties of SACS.

Biosurfactant/
Bioemulsifier Microorganism Antiviral Activity Virus Reference

Surfactin Bacillus subtilis

Rupturing the viral lipid
membrane and part of the capsid

Semliki Forest virus

[98]
Simplex virus

(HSV-1, HSV-2)
Suid herpesvirus (SHV-1)

Inhibited the
proliferation

Simian immunodeficiency
(SIV)

[99]

Feline calicivirus (FCV)
Coronaviruses:

Epidemic porcine diarrhea
(PEDV)

Transmissible
gastroenteritis virus (TGEV)

Lipopeptides
- Inhibited the membrane fusion

between the virus and host cells.

Influenza A (H1N1) [100]
Human Coronavirus

SARS-CoV-2 [101–103]

Sophorolipids Candida bombicola Virucidal property Human Immunodeficiency
Virus (HIV) [104,105]

Rhamnolipids

Pseudomonas spp. Inhibits the
cytopathic effect

Simplex virus:
[106]HSV-1, and HSV-2;

Pseudomonas gessardii
M15

Inhibited the
proliferation

Simplex vírus:

[12]
HSV-1 and HSV-2,

Human coronavírus:
HCoV-229E and

SARS-CoV-2

Viral infections represent one of the main causes of human and animal morbidity
and mortality that lead to significant healthcare costs [107]. Therefore, secondary metabo-
lites with surface-active properties should be considered promising substances for the
development of antiviral compounds.

3.3. Anti-Inflammatory Activity

Inflammatory responses represent a crucial aspect of a tissue’s response to certain
injuries, chemical irritation, or microbial infections. This complex response involves leuko-
cyte cells, macrophages, neutrophils, and lymphocytes. In response to inflammation, these
cells release specialized substances, including amines and vasoactive peptides, eicosanoids,
pro-inflammatory cytokines, and acute-phase proteins, which mediate the inflammatory
process and prevent additional tissue damage [108].

Currently, studies on SACs are looking into their potential as anti-inflammatory drugs.
For example, a recent in vivo study showed that surfactin inhibited the pro-inflammatory

215



Antibiotics 2022, 11, 1106

response in Zebrafish larvae (Danio rerio), significantly reducing the expression of interleukin
(IL)-1β, IL-8, tumor necrosis factor-α (TNF-α), nitric oxide (NO), nuclear factor kappa-β
p65 (NF-κBp65), cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase (iNOS) and
increasing the expression of IL-10. Furthermore, the study showed that surfactin reduced
neutrophil migration and alleviated liver damage [109].

Other studies showed that surfactin systematically induced CD4 + CD25 + FoxP3 + Tregs
in the spleen of mice, which inhibit T cells from producing pro-inflammatory cytokines such
as TNF-α and interferon (IFN)-γ. Moreover, surfactin attenuation of chronic inflammation
increased IL-10 expression in atherosclerotic lesions of the aorta of mice, demonstrating that
BSs can restore the balance in the Th1/Th2 response in mice [110], as well as induce the
maturation of dendritic cells (DCs) and increase the expression of MHC-II molecules and
other costimulatory factors [111].

Few anti-inflammatory properties related to glycolipid BSs have been reported.
Sophorolipids produced by C. bombicola reduced lipopolysaccharide-induced expression of
TNF-α, COX-2, and IL-6 in RAW 264.7 cells [112], and reduced the level of immunoglobulin
E (IgE), TLR-2, IL-6, and STAT3 mRNA expression [113].

In previous in vivo models, SLs reduced sepsis-related mortality and exhibited anti-
inflammatory effects in mice by inhibiting nitric oxide and inflammatory cytokine pro-
duction [114,115]. On the other hand, the glycolipid complex had no significant effect on
the proliferative effect of peripheral blood leukocytes because it activated the production
of pro-inflammatory cytokines (IL-1β and TNF-α) without affecting the IL-6 production
in vitro in the monocyte fraction [116].

3.4. Anticancer Activity

Cancer is considered a multistage disease, the etiology of which is associated with
high incidence and mortality rates globally. Chemotherapy drugs, surgery, and radiation
remain the most common treatments to fight the disease in humans. However, they are all
associated with serious adverse effects, indicating the lack of specificity and the need to
discover new antitumor agents to improve the effectiveness of conventional chemotherapy
drugs while reducing the adverse effects [74].

For these purposes, several studies have demonstrated the antitumor potential of
several SACs (Table 3). Biosurfactants have been proposed as suitable drug candidates
for many diseases including cancer [117]. Given their wide applications, the interest in
exploring their role in promoting human health continues to grow.

Table 3. Anticancer activity of SACS against cancer cells.

Biosurfactant/
Bioemulsifier Microorganism Anticancer Activity Cancer Reference

Rhamnolipids:
monorhamnolipid and

dirhamnolipid
P. aeruginosa MR01 Inhibiting cell

division at lower concentrations
Human breast cancer

MCF-7 [118]

Sophorolipids Wickerhamiella domercqiae
Y2A

Increased the
apoptosis HepG2 liver cancer cells [109]

Cytotoxicity Breast cancer
MDA-MB-231 [119]

Inhibited cell
proliferation

Liver
Lung

Leukemia
[120]

Surfactin

Reduced tumor growth and weight;
Apoptosis; Elevated levels of
immune-boosting mediators

Melanoma skin cancer [13]

Bacillus saphensis Cytotoxic activity against cancer cell
lines

Breast cancer
Melanoma [46]

Iturin Bacillus megaterium Inhibited the growth of cancer cells Breast cancer [121]
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3.5. Antibiofilm Activity

Biofilms comprise microbial communities attached to the surface and embedded in
an extracellular matrix composed of extracellular polymeric substances (EPS) secreted by
cells that reside within them. In general, EPS is a mixture of polysaccharides, proteins,
extracellular DNA (eDNA), and other smaller components. The biofilm matrix constituents’
physical and chemical properties enable the matrix to protect resident cells from desiccation,
chemical disturbance, invasion by other bacteria, and death from predators. However,
biofilms often cause major medical problems and are the cause of chronic infections because
biofilm communities can house bacteria that are tolerant and persistent against antibiotic
treatment and are more resistant to antibiotics compared with planktonic bacteria [9,122].

Because of their composition, biofilms cause a wide range of chronic diseases due to
the emergence of antibiotic-resistant bacteria that have become difficult to treat effectively.
To date, available antibiotics are ineffective in treating these biofilm-related infections
because of their higher MIC and minimal bactericidal concentration values, which may
lead to in vivo toxicity. Therefore, designing or tracking antibiofilm molecules that can
effectively minimize and eradicate biofilm-related infections is important [123].

Because of their antimicrobial, antiadhesive, and antibiofilm properties, SACs can
be used to neutralize biofilm formation and the emergence of drug-resistant microorgan-
isms [14]. These biomolecules tend to interact with antimicrobials [124,125], which are
usually less effective against biofilms in general and multispecies biofilms associated with
extremely complicated polymicrobial infections.

A mixture of lipopeptides (surfactin, iturin, and fengycin), which are synthesized
by B. subtilis, prevented biofilm formation by inhibiting cell adhesion of Trichosporon spp.
by up to 96.89% and dispersed mature biofilms (up to 99.2%), reducing their thickness
and cell viability. This mixture reduced cell ergosterol content and altered the membrane
permeability and surface hydrophobicity of planktonic cells [126].

Another mixture of lipopeptides (surfactin, iturin, and lichenysin) was identified for
the first time in Lactobacillus spp. vaginal exhibited strong antiadhesive activity (up to 74.4%)
against the biofilm producer C. albicans [67]. Mixed lipopeptides (iturin, fengycin, and
surfactin) with higher surfactin content produced by B. subtilis TIM10 and B. vallismortis
TIM68 inhibited the biofilm formation of Malassezia spp., especially TIM10, by about
90% [127].

Meanwhile, surfactin-type BS produced by B. subtilis reduced adhesion and stopped
the formation of S. aureus biofilm on glass, polystyrene, and stainless-steel surfaces. Sur-
factin significantly decreased biofilm percentage and reduced icaA and icaD expressions,
which are important for staphylococcal biofilm structure. Furthermore, lipopeptides have
been shown to affect the quorum sensing (QS) system in S. aureus by regulating the autoin-
ducer 2 activity [94].

In terms of the antibiofilm activity of glycolipids, Allegrone et al. [128] reported the
effects of different types of RLs. They demonstrated that RL produced by P. aeruginosa
89 (R89BS) was 91.4% pure and comprised 70.6% of monorhamnolipids and 20.8% of
dirhamnolipids. The pure extract R89BS inhibited S. aureus adhesion (97%) and biofilm
formation (85%). Furthermore, purified monorhamnolipids (mR89BS) have been observed
to induce dispersion of preformed biofilms at all concentrations (0.06–2 mg/mL) by 80–99%,
unlike the pure extract R89BS and purified dirhamnolipids (dR89BS), which depended on
the tested concentration.

Ceresa et al. [5] demonstrated that R89BS-coated silicone elastomeric disks significantly
neutralized Staphylococcus spp. biofilm formation in terms of accumulated biomass (up to
60% inhibition in 72 h) and cellular metabolic activity (up to 68% inhibition in 72 h). The
results suggested that RL coatings may be an effective antibiofilm treatment procedure
and represent a promising strategy for preventing infections associated with implantable
medical devices.

Shen et al. [129] demonstrated that besides inhibiting the formation of new biofilms,
RLs were superior in eradicating mature biofilms formed by Helicobacter pylori, E. coli,
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and Streptococcus mutans in a dose-dependent manner, compared with other antibacterial
agents even at concentrations below minimum inhibitory concentrations (MICs). They
can enhance the effect of antimicrobial agents. Sidrim et al. [130] observed that these
molecules significantly increased the activity of meropenem and amoxicillin-clavulanate
against mature Burkholderia pseudomallei biofilms.

Rhamnolipids produced by P. aeruginosa SS14 also inhibited planktonic cells of fila-
mentous fungi of Trichophyton rubrum and Trichophyton mentagrophytes. The formation and
rupture of mature biofilms were dose-dependent, with the highest activity observed at
concentrations of 2 × MIC against both pathogens [131].

Like RLs, SLs exhibited an effective inhibitory activity against biofilm formation.
Ceresa et al. [132] obtained three different SL products: SLA (acid congeners), SL18 (lac-
tonic congeners), and SLV (mixture of acid and lactone congeners), which all showed an
inhibitory effect of 70%, 75%, and 80% for S. aureus, P. aeruginosa, and C. albicans, respec-
tively. Using 0.8% w/v SLA on pre-coated medical silicone disks reduced S. aureus biofilm
formation by 75%. In co-incubation experiments, 0.05% w/v SLA significantly inhibited
S. aureus and C. albicans from forming biofilms and adhering to surfaces by 90–95% at
concentrations between 0.025 and 0.1% w/v.

Antibiofilm activities were also demonstrated for BSs produced by probiotics of the
genus Bacillus sp. that were isolated from cervicovaginal samples. This bioproduct,
called BioSa3, was highly effective in the formation of biofilms of different pathogenic
and multidrug-resistant strains, such as S. aureus and Staphylococcus haemolyticus. The
anti-biofilm effect may be related to the ability of BioSa3 to alter the membrane physiology
of the tested pathogens to cause a significant decrease in surface hydrophobicity [133].

Thus, SACs are good candidates for the emergence of new therapies to better con-
trol multidrug-resistant microorganisms and inhibit infections associated with biofilms,
protecting surfaces from microbial contamination.

3.6. Wound Healing

Wound healing is an important but complicated process of tissue repair in humans
or animals, comprising a multifaceted process organized by sequential and overlapping
phases, including hemostasis, inflammation phase, proliferation phase, and remodeling
phase [134,135]. Failure of one of these phases caused by a deregulated immune response or
insufficient oxygenation impairs the healing process, leading to ulcerative skin defect (chronic
wound) or excessive scar tissue formation (hypertrophic or keloid scarring) [136,137].

Treating wounds of different etiologies constitutes an important part of the total
health budget, mostly affected by three important cost drivers: curing time, frequency of
dressing change, and complications. Moreover, chronic wound infection, one of the leading
causes of nonhealing, contributes significantly to rising healthcare costs. Although the
treatment of an uncomplicated surgical incision is relatively inexpensive, the costs can
increase significantly when infections occur [138].

Biofilms, commonly found in chronic wounds, contribute to infections, causing slower
healing. Infections in chronic wounds are usually caused by multiple species [139], with
P. aeruginosa and S. aureus being the most common. Although most microbial communities
usually form on the wound’s outer layer, some biofilms are also embedded in deeper layers,
such as P. aeruginosa biofilms, which are difficult to diagnose via traditional wound smear
culture [140,141]. Moreover, antibiotic resistance of bacteria in biofilms is a crucial problem
in the management and treatment of chronic wounds [139].

For these reasons, physicians and the scientific community consider the management
and treatment of wounds, as well as biofilm prevention, a top priority. In this context, SACs
recently emerged as promising agents that promote wound healing with low irritation and
high compatibility with human skin [14]. Furthermore, these bioproducts promote fibrob-
last and epithelial cell proliferation, faster re-epithelialization, and collagen deposition,
leading to a faster healing process [142,143].
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Surfactin A from B. subtilis promotes wound healing and scar inhibition. During the
healing process, it up-regulates the expression of hypoxia-inducible factor-1α (HIF-1α)
and vascular endothelial growth factor, accelerates keratinocyte migration via mitogen-
activated protein kinase (MAPK), and factor nuclear-κB (NF-κB) signaling pathways and
also regulates pro-inflammatory cytokine secretion and macrophage phenotypic exchange.
Furthermore, surfactin A inhibits scar tissue formation by influencing α-smooth muscle
actin (α-SMA) and transforming growth factor (TGF-β) expression [144]. Therefore, the
healing potency of the lipopeptides B. subtilis SPB1 is due to their antioxidant activity
potential revealed in vitro [143].

A previously unknown lipopeptide 78 (LP78) from S. epidermidis inhibited TLR3-
mediated skin inflammation and promoted wound healing. The skin lesion activated
TLR3/NF-κB, promoting p65 and PPARγ interaction in the nuclei and initiating the inflam-
matory response in keratinocytes. Next, LP78 activated the TLR2-SRC, inducing β-catenin
phosphorylation in Tyr. Phospho-β-catenin is translocated into the nuclei to bind to PPARγ,
thereby interrupting the p65 and PPARγ interaction. Dissociation between p65 and PPARγ
reduced TLR3-induced inflammatory cytokine expression in skin wounds of normal and
diabetic mice, which correlated with faster wound healing [145].

As an alternative to improve this healing process, the formulation of nanolipopeptide
biosurfactant (NLPB) from the lipopeptide biosurfactant (LPB) produced by Acinetobacter
junii was reported as promising for performing healing activity. The percentage of wound
closure of mice treated with NLPB hydrogels at 2 mg/mL was approximately 80% on day 7
and 100% on day 15. The NLPB hydrogel formulation showed better efficacy in wound
closure and healing when compared to the control [146].

A BS of glycolipid nature, which was synthesized by Bacillus licheniformis SV1, showed
good cytocompatibility and increased 3T3/NIH fibroblasts proliferation in vitro. A pre-
vious study showed that the application of BS ointment in a skin excision wound in rats
promoted re-epithelialization, fibroblast cell proliferation, and faster collagen deposition,
demonstrating its potential transdermal properties to improve skin wound healing [147].

A previous study administered an RL-containing ointment (5 g/L) on the back of Wis-
tar mice after creating an excision wound. Histopathological results revealed a significant
healing effect of RL, demonstrating increased wound closure, improved collagenases, and
reduced inflammation (decreasing the level of TNF-α) without inducing skin irritation [84].
Dirhamnolipid treatment has been suggested for cutaneous scar therapy, demonstrating an
antifibrotic function in rabbit ear hypertrophic scar models with a significant reduction in
the scar elevation index, type I collagen fibers, and α-SMA expression [148].

A cell culture model has demonstrated the wound healing capacity of SLs by using an
in vitro human dermal fibroblast model as a substitute for human skin, revealing that SLs
affected the ability of human skin fibroblasts to express collagen I mRNA (Col-I) and elastase
inhibition (IC50 = 38.5 µg/mL) [112]. In addition, Kwak et al. (2021), using an in vitro
wound healing assay in human colorectal adenocarcinoma (HT-29) cell line, showed a
significantly increased collagenase-1 expression (p < 0.05) 48 h after SL treatment. Moreover,
all SL dosages significantly increased occludin and matrilysin-1 (MMP-7) expression [149].

3.7. Other Considerations

We also consider that there are SACs molecules obtained by chemical synthesis pro-
cesses, such as ultrashort synthetic surface active (USSA) [150,151]. Some of these can
be synthesized as C-terminal amides on Rink amide (4-Methylbenzhydrylamine (MBHA)
resin using 9-fluorenylmethoxycarbonyl/t-butylcarbamate [151]. The fundamental dif-
ference of the USSA, as lipopeptoids (modified SAC) in relation to the natural ones, is
their immunomodulatory capacity. As seen in mouse infection models, they reduce the
exacerbation of the disease, even if not presenting direct antibacterial activity [151]. This
characteristic would be a limiting activity, since many natural ones lead to a disturbance of
biological membranes, with antifungal and antibacterial actions [151].
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New possibilities can be obtained for the SACs, as transformation systems applying
recombinant plasmids have been employed to substantially increase the productivity of
microbial biosurfactants, e.g., the engineered strain Pseudozyma sp. SY16, which increases
the production of mannosylerythritol lipids (MELs) by up to 31.5%, suggesting that genetic
engineering can improve the industrial application of yeast [152].

4. Conclusions

The BS and BE surface-active compounds have drawn the attention of the scientific
community as a new generation of products with high potential in the biomedical and
pharmaceutical fields. Their use, whether alone or in combination with other antimicrobial
or chemotherapeutic agents, opens paths for new strategies to prevent and combat infec-
tions caused by bacteria, fungi, and viruses, as well as the formation and proliferation of
biofilms. Furthermore, new anticancer treatments and wound healing applications can be
explored in future studies.

These molecules affect various biological activities, making them suitable candidates
for use in new generations of agents in the biotechnological, biomedical, and pharmaceuti-
cal fields. However, it is necessary to investigate their applications, cost-effectiveness, and
availability further.
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Abbreviations

ACE2 angiotensin-converting enzyme 2
BE bioemulsifier
BS biosurfactant
CD4 differentiation cluster 4
CD25 differentiation cluster 25
CD31 differentiation cluster 31
COX-2 cyclooxygenase-2
FOXP3 Forkhead box protein P3
HIF-1α hypoxia-inducible factor-1α
HT-29 human colorectal adenocarcinoma
IL-2 interleukin 2
IL-10 interleukin 10
IL1-1β interleukin 10-1β
IL-8 interleukin 8
IgE immunoglobulin E
iNOS inducible nitric oxide synthase
LP78 lipopeptide 78
MBHA (4-Methylbenzhydrylamine)
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MAPK mitogen-activated protein kinase
MELs mannosylerythritol lipids
MIC minimum inhibitory concentration
MICs minimum inhibitory concentrations
MRSA methicillin-resistant S. aureus
NF κB factor nuclear-κB
NF κBp65- nuclear factor kappa- β p65
NLPB nanolipopeptide biosurfactant
NO nitric oxide
P-Akt P-mitogen-activated
P-GSK3β protein kinase syntoxic glycogen-3 beta
PPARγ peroxisome proliferator-activated receptor γ
QS quorum sensing
RL rhamnolipid
SACs surface-active compounds
TGF-β transforming growth factor
TLR3 Toll-like receptor 3
TNF-α tumor necrosis factor α
USSA ultrashort synthetic surface active
α-SMA influencing α-smooth muscle actin
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Abstract: Acne vulgaris is a multifactorial disease that remains under-explored; up to date it is known
that the bacterium Cutibacterium acnes is involved in the disease occurrence, also associated with
a microbial dysbiosis. Antibiotics have become a mainstay treatment generating the emergence of
antibiotic-resistant bacteria. In addition, there are some reported side effects of alternative treatments,
which indicate the need to investigate a different therapeutic approach. Natural products continue to
be an excellent option, especially those extracted from actinobacteria, which represent a prominent
source of metabolites with a wide range of biological activities, particularly the marine actinobacteria,
which have been less studied than their terrestrial counterparts. Therefore, this systematic review
aimed to identify and evaluate the potential anti-infective activity of metabolites isolated from marine
actinobacteria strains against bacteria related to the development of acne vulgaris disease. It was
found that there is a variety of compounds with anti-infective activity against Staphylococcus aureus
and Staphylococcus epidermidis, bacteria closely related to acne vulgaris development; nevertheless,
there is no report of a compound with antibacterial activity or quorum-sensing inhibition toward
C. acnes, which is a surprising result. Since two of the most widely used antibiotics for the treatment of
acne targeting C. acnes were obtained from actinobacteria of the genus Streptomyces, this demonstrates
a great opportunity to pursue further studies in this field, considering the potential of marine
actinobacteria to produce new anti-infective compounds.

Keywords: biotechnology; marine actinobacteria; antibacterial activity; anti-biofilm activity;
quorum-quenching activity; natural compounds; extracts; biosynthetic gene clusters (BGCs); acne
vulgaris; Cutibacterium acnes; Staphylococcus aureus; Staphylococcus epidermidis

1. Introduction

Acne vulgaris is an inflammatory disease of the pilosebaceous unit that includes the
hair follicle, hair shaft, and sebaceous gland. It is classified as a chronic condition due to
the prolonged course and physical manifestations [1]. Furthermore, acne causes profound
negative psychological and social effects on the quality of life of patients [1], affecting 85%
of adolescents, and more than 10% of adults, and the Global Burden of Disease Project
estimates that the prevalence of acne at 9.4%, placing it as the eighth most prevalent disease
worldwide [2,3].

The pathophysiology of acne is related to the bacteria Cutibacterium acnes; this is one of
the most abundant microorganisms found on human skin, accounting for up to 87% of the
microorganisms in pilosebaceous units [4,5] along with Staphylococcus epidermidis, which
are also major inhabitant Gram-positive bacteria of the skin microbiota. However, these
bacteria adapt to changing skin microenvironments and can shift to being opportunistic
pathogens, forming biofilms, and thus are involved in common skin dysbiosis, generating

228



Antibiotics 2022, 11, 965

the loss of phylotype diversity of C. acnes, with the increase in pathogenic Staphylococcus
aureus and commensal S. epidermidis [6].

Currently, all treatments available for the management of acne, topical or systemic,
generate prominent side effects in patients such as psychiatric events, inflammatory bowel
disease, hepatotoxicity, lupus-like syndrome, drug hypersensitivity syndrome, and so on [7].
Moreover, antibiotics have been a mainstay in the treatment of the disease; however, this
has generated the emergence of antibiotic-resistant strains of C. acnes, which in turn exert
selective pressure on other host bacteria such as S. aureus and S. epidermidis, allowing the
emergence of antibiotic-resistant bacteria and contributing to bacterial drug resistance [8].

Thus, there is the need for new acne treatments to alleviate bacterial drug resistance,
which has become a serious global threat to human health, food safety, animal production,
and economic and agricultural development. Antibiotic resistance compromises the efficacy
of prevention and treatment of infectious diseases, which are the number one cause of
death in tropical countries, accounting for half of all fatalities. In addition, infectious
disease mortality rates are also increasing in developed countries [9,10], and the lack of
new antimicrobials against the spread of drug-resistant bacteria could generate 10 million
deaths in the next 35 years. The prediction of losses of the order of 100 trillion USD is
expected in 2050 if nothing is done to reverse the trend [11].

Since 2020, the World Health Organization, WHO (World Health Organization) has
warned about the shortage of innovative antibiotics and their danger in treating drug-
resistant infections [12,13]. As a result, novel approaches have emerged such as the use of
bacteriophages, probiotics [14,15], and anti-biofilm agents/quorum-sensing inhibitors [16]
a recommended alternative, since to date it is a mechanism against which bacteria have not
shown resistance.

Historically, natural products isolated from a variety of sources such as terrestrial
plants, animals, marine organisms, microorganisms, terrestrial vertebrates, and inverte-
brates have been a prolific source for numerous medical agents. In the early 20th century,
approximately 80% of all medicines were obtained from plant sources. Nevertheless, since
the discovery of penicillin from Penicillium notatum by Alexander Fleming in 1928, a signifi-
cant shift from plants to microorganisms as a source of natural products has arisen [17].

Consequently, microorganism-derived compounds have been used based on a wide
variety of biological activities. Among the bacteria, the actinobacteria phylum represents a
noteworthy source of commercially important products and 70% of the known antibiotics
are produced by actinobacteria, by the genus Streptomyces [18].

Most of these compounds were isolated from terrestrial sources [19]. Nevertheless, in
the last 20 years, the re-discovery of previously characterized bioactive compounds and
strain redundancy has decreased the interest in these soil-dwelling bacteria as a source
of novel bioactive compounds. Therefore, Actinobacteria living in other niches, such as
the marine environment (sea sediments, coral reefs, invertebrates, etc.), have gained value
because of their chemo-diversity [18–21] influenced by their complex environment with
extreme variations in pressure, salinity, light, and temperature [20].

It has been shown that marine actinobacteria exhibit more diverse and superior prop-
erties when compared to terrestrial actinobacteria in terms of antifouling, antibacterial,
antibiofilm, anticoagulant, antiviral and antibacterial effects [19,22,23].

Since the marine actinobacteria have been less explored, here we did a systematic
literature review of metabolites and extracts produced by marine actinobacteria with an-
timicrobial, anti-biofilm, and quorum-sensing inhibition activities (quorum quenching,
QQ), as therapeutic alternatives treatment of acne vulgaris, some skin diseases, and infec-
tious diseases.

Here we sort the reported metabolites regarding the type evaluated for their structure–
activity relationship (SAR) and associated each family compound with some of their
corresponding biosynthetic genes cluster. This systematic review aimed to assess the anti-
infective potential of metabolites or compounds isolated from marine actinobacteria strains
as an alternative treatment for acne vulgaris disease.
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2. Results
2.1. General Information

2962 articles were collected in this study and 1930 articles were identified after du-
plicate removal. Out of these, 1678 were excluded during the screening phase by title
and abstract reading, and by applying the inclusion and exclusion criteria. Starting with
this screening, 252 papers were selected for full-text reading, and they were assessed for
eligibility. Finally, 177 papers were included for data extraction as shown in Figure 1.
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2.2. Isolation Sources

The marine actinobacteria with anti-infective activity were collected worldwide, with
a higher number of reports from China, (47), followed by India (39), and Egypt (10). In
America, the United States was the most predominant country with 13 reported studies,
followed by Mexico and Chile with 3 reports, Peru with 2, and Panama with 1. In the
Caribbean, only one study was reported in the Bahamas and interestingly, some strains
were isolated from oceans such as the Caspian Sea, the Baltic Sea, and the Cantabrian Sea,
but not from the Bahamas maritime ecosystems (Figure 2A). Marine sediment was the most
prevalent source with 99 of 177 studies reported, which was followed by isolation from
sponges, with 30, and other marine invertebrates with 15 studies, such as sea squirts, corals,
echinoderm-derived, mollusks, and jellyfish, as well as marine algae with 9 studies, water
with 7, mangroves with 7, seagrasses with 2 and fishes with 2 (Figure 2B).
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Likewise, when analyzing the number of articles published per year, a growth trend
was evident; although the search of papers was not restricted by date, the oldest article was
from 2002 and the most productive period was 2019 to 2022 (Figure 3A).
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Streptomyces was the genus most reported with anti-infective activity in 78% of the
published articles, followed by Nocardiopsis, Micromonospora, Salinospora, and Verruscosispora
(Figure 3B). Likewise, some genera only were reported in 1% of papers such as Actinomadura,
Microbacterium, Micrococcus, Rothia kristinae, Brachybacterium, Serinicoccus and Solwaraspora
as presented in Figure 3B.

In addition to axenic culture, obtaining compounds from co-cultures has also been
described. In total, 4 of 177 papers reported the use of co-cultures, where the most used
genus was Streptomyces, followed by Micromonospora and Actinokinespora [25–28].

2.3. Organic Solvents Used to Obtain Anti-Infective Extracts

Extracts and compounds with anti-infective activity have been isolated with different
organic solvents; among them, ethyl acetate (EtOAc) is the most frequent. It was used
in 66% of studies included in this review, followed by acetone, methanol (MeOH), bu-
tanone, butanol, and to a lesser extent dichloromethane, chloroform, ammonium sulfate,
etc. Likewise, some solvents combinations have been reported. The most common are
butanone–acetone and EtOAc–MeOH, among others. Figure 4 shows this distribution.
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2.4. Anti-Infective Metabolites Derived from Marine Actinobacteria

It is necessary to indicate that here the anti-infective activity refers to a term that
includes bacteriostatic, bactericidal, and quorum-quenching activity, which may interfere
with virulence factors production, as well as biofilm formation. QQ is not involved in
the pathogen elimination or reduction of planktonic cell growth, which may reduce drug
resistance and the possibility of bacterial mutation in a high-stress environment [29].

This review focuses on the potential of marine actinobacteria to produce compounds
with antibacterial, antifungal (against some fungi such as Candida albicans and Aspergillus
fumigatus) [30–33], antibiofilm activity, and QQ, [34] which inhibits or disrupts an important
chemical communication system in bacteria. This involves pathogenic gene expression
and metabolism regulation in response to the density of bacterial populations through the
production and sensing of some small signal molecules called auto-inductors, both in the
same species (intraspecies) as well as among different species (interspecies) [30].

Of the biological activities studied, the antibacterial activity was the most frequently
reported in the articles included, with a prevalence of 64% approximately (as shown in
Supplementary Table S2), providing the minimum inhibitory concentration (MIC) in some
cases (as is presented in Table 1).
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Furthermore, this activity was mostly found in compounds obtained from actinobacte-
ria isolated from sediments and marine invertebrates. Likewise, antibiofilm activity and
QQ were reported in bacteria of these two sources, and also found in compounds isolated
from seawater and mangroves, water actinobacteria, as shown in Figure 5.

Antibiotics 2022, 11, x FOR PEER REVIEW 6 of 40 
 

important chemical communication system in bacteria. This involves pathogenic gene ex-
pression and metabolism regulation in response to the density of bacterial populations 
through the production and sensing of some small signal molecules called auto-inductors, 
both in the same species (intraspecies) as well as among different species (interspecies) 
[30]. 

Of the biological activities studied, the antibacterial activity was the most frequently 
reported in the articles included, with a prevalence of 64% approximately (as shown in 
Supplementary Table S2), providing the minimum inhibitory concentration (MIC) in 
some cases (as is presented in Table 1). 

Furthermore, this activity was mostly found in compounds obtained from actinobac-
teria isolated from sediments and marine invertebrates. Likewise, antibiofilm activity and 
QQ were reported in bacteria of these two sources, and also found in compounds isolated 
from seawater and mangroves, water actinobacteria, as shown in Figure 5. 

 
Figure 5. Heatmap of the number of articles included in this study that reported the isolation source 
of compounds with the biological activity of interest. Isolation sources are arranged from top to 
bottom, starting with the largest number at the top left. Bioactivities are shown at the bottom from 
left to right by the largest number of papers reported. The color bar represents the number of studies 
that reported the source of isolation of bioactive metabolites, from white to blue (lower values), blue 
to green (medium values), and green (high values). AB: antibacterial activity; AM: antimicrobial 
activity (activity against bacteria, fungus, parasites); ABI/QQ: antibiofilm and QQ activity; AB/AV: 
antibacterial and antiviral activity; AB/ABI: antibacterial and antibiofilm activity; ABI: antibiofilm; 
AB/ABI/QQ: antibacterial, antibiofilm and QQ activity. 

Tables 1 and 2 shows the antibacterial and antimicrobial activity, respectively, of 
crude extract or compounds, obtained from marine actinobacteria expressed in MIC, in 
which compounds/extracts/fractions with MICs from 0.01–0.02 up to 100, 128, 256, 500 
and 1000 μg/mL are reported. Compounds that present activity through the inhibition 
zone are shown in Tables S3 and S4. Likewise, Tables 1 and 2 present the pathogenic bac-
teria’s target. It is evident that the actinobacteria metabolites exhibit activity towards two 
of three interesting bacteria that are related to the development of acne vulgaris disease, 
including MRSA (methicillin-resistant Staphylococcus aureus), S. aureus, S. epidermidis, and 
MRSE (methicillin-resistant Staphylococcus epidermidis), but not against C. acnes. 

  

Figure 5. Heatmap of the number of articles included in this study that reported the isolation source
of compounds with the biological activity of interest. Isolation sources are arranged from top to
bottom, starting with the largest number at the top left. Bioactivities are shown at the bottom from
left to right by the largest number of papers reported. The color bar represents the number of studies
that reported the source of isolation of bioactive metabolites, from white to blue (lower values), blue
to green (medium values), and green (high values). AB: antibacterial activity; AM: antimicrobial
activity (activity against bacteria, fungus, parasites); ABI/QQ: antibiofilm and QQ activity; AB/AV:
antibacterial and antiviral activity; AB/ABI: antibacterial and antibiofilm activity; ABI: antibiofilm;
AB/ABI/QQ: antibacterial, antibiofilm and QQ activity.

Tables 1 and 2 shows the antibacterial and antimicrobial activity, respectively, of crude
extract or compounds, obtained from marine actinobacteria expressed in MIC, in which
compounds/extracts/fractions with MICs from 0.01–0.02 up to 100, 128, 256, 500 and
1000 µg/mL are reported. Compounds that present activity through the inhibition zone
are shown in Tables S3 and S4. Likewise, Tables 1 and 2 present the pathogenic bacteria’s
target. It is evident that the actinobacteria metabolites exhibit activity towards two of
three interesting bacteria that are related to the development of acne vulgaris disease,
including MRSA (methicillin-resistant Staphylococcus aureus), S. aureus, S. epidermidis and
MRSE (methicillin-resistant Staphylococcus epidermidis), but not against C. acnes.

Table 1. Antibacterial capacity of actinobacterial crude extracts or compounds.

Genus Pathogen Target Compounds/Extracts MIC (µg/mL) Ref.

Streptomyces sp. MRSA 1 Napyradiomycins 1 0.016 [35]
Napyradiomycins 8 0.002 [35]

Streptomyces sp. MRSA 1 Marinopyrrole A 3.24 [36]
Marinopyrrole B 3.24 [36]

Streptomyces sp. S aureus ATCC
NR-46171 4-methoxyacetanilide 32.4 [18]

Streptomyces sp. S. aureus Flaviogeranin D 9.2 [37]
Flaviogeranin C2 8.1 [37]
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Table 1. Cont.

Genus Pathogen Target Compounds/Extracts MIC (µg/mL) Ref.

Streptomyces sp. S. aureus 1-hydroxy-1-norresistomycin >40 [38]
Streptomyces sp. MRSA 1 Fridamycin A 500 [23]

Fridamycin D 62.5 [23]
Streptomyces sp. MRSA 1 Chromomycin A3 0.698 [39]
Streptomyces sp. MRSA 1 Extract 2 [40]
Streptomyces sp. MRSA ATCC 33591 Actinomycins D1 0.125 [41]

Actinomycins D2 0.25 [41]
Actinomycins D3 0.5 [41]
Actinomycins D4 0.25 [41]
Actinomycins D 0.25 [41]

Streptomyces sp. S. aureus CCARM 3090 Grincamycin L 6.25 [42]
Streptomyces sp. MRSA 1 Compound 2 2 [43]
Streptomyces sp. S. aureus (ATCC 29213) 2,4-dichloro-5-sulfamoyl benzoic acid 0.8–4 [44]
Streptomyces sp. S. aureus (ATCC 25923). Dionemycin 0.5–2 [45]
Streptomyces sp. S. aureus ATCC 43300 Extract 7.9 [46]
Streptomyces sp. S. aureus ATCC 43300 Extract 12.5 [47]

S. epidermidis (ATCC
12228) Extract 25 [47]

Streptomyces sp. S. aureus Aborycin 8.0~64 [48]
MRSA 1 16~64 [48]
MRSE 3 128 [48]

Streptomyces sp. MRSA 1 Supernatant 0.78 [49]
Streptomyces sp. MRSE 3 Dehydroxyaquayamycin 16.0 [50]
Streptomyces sp. MRSA 1 Medermycin 2 [51]

G15-F 4 [51]
Streptomyces sp. MRSA 1 ATCC BAA-44 Bisanhydroaklavinone 6.25 [19]

1-Hydroxybisanhydroaklavinone 50 [19]
Streptomyces sp. MRSA 1 11′,12′-dehydroelaiophylin 1−4 [52]

MRSA 1, MRSE 3 Elaiophylin 1−4 [52]
11-monomethoxylated derivative 2−16 [52]

Compound 6 4 2−16 [52]
Streptomyces sp. MRSA 1 Lactoquinomycin A 0.25–0.5 [53]

MRSA 1 Stremycin A 16 [54]
Stremycin B 16 [54]

Streptomyces sp. MRSA 1

Quinomycin G 16–64 [55]MRSE 3

MSSE 5

Streptomyces sp. S. aureus (ATCC 6538) Actinomycins X2 0.394 [56]
MRSA 1 (ATCC 43300) Actinomycins X2 0.190 [56]
S. aureus (ATCC 6538) Actinomycins D 0.389 [56]
MRSA 1 (ATCC 43300) Actinomycins D 0.188 [56]

Streptomyces sp. MRSA 1 Extract 7 6.25 [25]
MSSA 6 Extract 7 12.5 [25]

Streptomyces sp. MRSA 1
Extract 8 12.5 [25]

MSSA 6

Streptomyces sp. MRSA 1 Borrelidins J 0.195 [28]
Streptomyces sp. S. aureus Extract 256 [57]
Streptomyces sp. S. epidermidis Extract 128 [57]
Streptomyces sp. MRSA 1 Streptopertusacin A 40 [58]

21,22-en-bafilomycin D 12.5 [58]
21,22-en-9-

hydroxybafilomycin D 12.5 [58]
Streptomyces sp. S. aureus Lobophorins E 32 [59]

ATCC 29213 Lobophorins F 8 [59]
Streptomyces sp. MRSA 1 Pyrrole-derivative 2.8 [60]

234



Antibiotics 2022, 11, 965

Table 1. Cont.

Genus Pathogen Target Compounds/Extracts MIC (µg/mL) Ref.

Streptomyces sp. MRSA 1 Julichromes Q11 16–64 [61]
S. aureus ATCC 29213 Julichromes Q10 16–64 [61]

Julichromes Q6.6 16–64 [61]
Julichromes Q6 16–64 [61]

Streptomyces sp. MRSA 1, S. aureus Lobophorin-like spirotetronate 64 [62]
Streptomyces sp. MRSA 1, S. aureus Ansamycins 32 [63]

MRSA 1 (-)-Streptophenazine B 4.2 [63]
Streptomyces sp. MRSA 1 Neo-actinomycin A 16–64 [64]
Streptomyces sp. S. aureus ATCC 29213 MarfuraquinocinsA 8.0 [65]
Streptomyces sp. MRSE 3 shhs-E1 Marfuraquinocins C 8.0 [65]

S. aureus ATCC 29213 Marfuraquinocins D 8.0 [65]
Streptomyces sp. MRSA 1 ATCC 43300 7,8-dideoxygriseorhodin C 0.08–0.12 [66]

Oxacillin and 7,8-dideoxygriseorhodin C 0.01–0.02 [66]
Streptomyces sp. MSSA 6 11497 Desertomycin G 4.0 [67]

MRSA 1 ATCC 43300 Desertomycin G 4.0 [67]
MRSA 1 ATCC 25923 Desertomycin G 4.0 [67]

Streptomyces sp. S. aureus ATCC 6518,
MTCC 3160 Aromatic polyketide 32.40 [68]

MRSA 1

Streptomyces sp. S. aureus ATCC 29213
Napyradiomycins 1–8 9 0.5 to 32 [69]

MRSA 1

Streptomyces sp. S. aureus ATCC 29213 Marinopyrroles A–C <1 [70]
Marinopyrroles F 3.1 [70]

Streptomyces sp. MRSA 1-ATCC33591 A80915A 10 1–4 [71]
Streptomyces sp. MRSA 1 ATCC 43300 Polyketide 13 11 2 [72]
Streptomyces sp. MRSA 1 Fijimycins A–C Etamycin A 4–16 [73]
Streptomyces sp. S. aureus HA- and CA- Etamycin 1–2 [74]
Streptomyces sp. MRSA 1 Lydicamycin congeners 1.56–12.5 [75]
Streptomyces sp. MRSA 1 Salinamide F 100 [76]

S. aureus (ATCC 12600)
Streptomyces sp. S. aureus Antimycin B1 32 [77]
Streptomyces sp. S. aureus Merochlorins G 16 [78]

Merochlorins J 2 [78]
Streptomyces sp. S. aureus cyclo(L-Pro-L-Tyr) 160 [79]

cyclo(L-Pro-L-Phe) 180 [79]
Streptomyces sp. MRSA 1 Actinomycin X2 3.125–12.5 [80]

Actinomycin D 12.5–25 [80]
Streptomyces sp. S. aureus 1,3-Benzodioxole 256 [81]
Streptomyces sp. S. aureus ATCC 29213

Desotamide, Desotamide B
16 [82]

MRSE 32 [82]
Streptomyces sp. S. epidermidis Streptophenazines G 3.68 [83]

Streptophenazines F 6.77 [83]
Streptomyces sp. MRSA 1 Citreamicin θ A 0.25 [84]

ATCC43300 Citreamicin θ B 0.25 [84]
Citreaglycon A 8.0 [84]

S. aureus
UST950701-005 Dehydrocitreaglycon A 16 [84]

Streptomyces sp. S. aureus DSM346 Alageninthiocin 15 [85]
Geninthiocin 4 [85]

Val-geninthiocin 8 [85]
Indolocarbazole staurosporine 19 [85]

Streptomyces sp. MRSA 1 Anthraquinone derivatives 6.25 [86]
Streptomyces sp. MRSA 1 Extract 1000 [87]
Streptomyces sp. S. aureus Extracts 312–2.5 × 102 [88]
Streptomyces sp. S. aureus Extract 400 [89]
Streptomyces sp. S. aureus Extract AIA12 2.5 × 102 [90]

ATCC 25923
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Table 1. Cont.

Genus Pathogen Target Compounds/Extracts MIC (µg/mL) Ref.

Extract AIA17 310 [90]
Streptomyces sp. MRSA 1 1-Acetyl-β-Carbonile 128–256 [91]

MSSA 6 1-Acetyl-β-Carbonile 64 [91]
Streptomyces sp. MRSA 1 Chlororesistoflavins A 0.25 [92]

MRSA 1 Chlororesistoflavins B 2.0 [92]
Streptomyces sp. S. aureus Ligiamycin A 16 [26]

S. aureus Ligiamycin B 64 [26]
Verrucosispora sp. S. aureus ATCC 33591 Active fraction 16–32 [93]
Verrucosispora sp S. aureus ATCC29213 Proximicins B 16 [94]

MRSA shhs-A1
Verrucosispora sp. MRSA 1 1-hydroxy-2,5-dimethyl benzoate 12.5 [95]
Verrucosispora sp. MRSA 1 Proximicin B 3.125 [95]

Micromonospora sp. S. aureus ATCC 29213 Kendomycins B 0.5–2 [96]
S. aureus 745524 Kendomycins C 0.5–1 [96]
MRSA 1 shhs-A1 Kendomycins D 1–4 [96]

Micromonospora sp. MRSA 1 2-ethylhexyl 1H-imidazole-4- carboxylate 16 [97]
Micromonospora sp. S. aureus ATCC 29213 Micromonohalimanes B 40 [98]
Micromonospora sp. S. aureus ATCC 29213 Rabelomycin 1 [99]

Phenanthroviridone 0.25 [99]
Micromonospora sp. S. aureus ATCC 29213 homo-dehydrorabelomycin E 1 [100]

Nocardiopsis sp. MRSA 1 Bis (2-ethylhexyl) phthalate 7.81 [101]
MRSA 1 4-bromophenol 15.62 [101]

ATCC NR-46071
Nocardiopsis sp. MRSA 1 Nocardiopsistin A 12.5 [102]

Nocardiopsistin B 3.12 [102]
Nocardiopsistin C 12.5 [102]

Nocardiopsis sp. MRSA 1 α-Pyrone 12.5 [103]
Nocardiopsis sp. MRSA 1 Extracts 115–125 [104]
Marinispora sp. MSSA 6

Lipoxazolidinone A 1–2 [105]
MRSA 1

Marinispora sp. MRSA 1
Lynamicins A–E 2.2–45 [106]

MRSE 3 ATCC 700578c
Pseudonocardia
carboxydivorans S. aureus ATCC 6538P Branimycins C 32 [107]

MRSA 1 MB5393 Branimycins C 20–40 [107]
Kocuria sp. MRSA 1 ATCC 43300- Kocurin 0.25–0.5 [108]

Solwaraspora sp. MRSA 1 Solwaric acids A 32 [109]
Solwaric acids B 32 [109]

MSSA 6 Solwaric acids A 64 [109]
Solwaric acids B 64 [109]

Salinispora sp. MRSA 1 Rifamycin W 15.62 [110]
1 MRSA: Methicillin-resistant Staphylococcus aureus. 2 Compound: 1 [2-hydroxy-5-((6-hydroxy-4-oxo-4Hpyran-
2-yl) methyl)-2-propylchroman-4-one]. 3 MRSE: Methicillin-resistant Staphylococcus epidermidis. 4 Compound 6:
Compound name no reported. 5 MSSE: Methicillin-susceptible Staphylococcus epidermidis. 6 MSSA: Methicillin-
susceptible Staphylococcus aureus. 7 Extract: Extract Co-culture (MRSA). 8 Extract: Extract Co-culture (Pseudomonas
aeruginosa). 9 Napyradiomycins 1–8: Except compound 3. 10 A80915A: Napyradiomycin derivatives. 11 Polyketide
13: [=2-hydroxy-5-((6-hydroxy-4-oxo-4H-pyran-2-yl) methyl)-2- propylchroman-4-one].

Table 2. Antimicrobial activity of actinobacterial crude extracts or compounds.

Genus Pathogen Target Compounds/Extracts MIC (µg/mL) Ref.

Streptomyces sp. S. aureus FDA209P JC-1 Chlorinated α-lapachone 12.5 [31]
Streptomyces sp. MRSA 1 Streptoindoles A 25 [32]

Streptoindoles B 7 [32]
Streptoindoles D 25 [32]

Streptomyces sp. MRSA 1 Streptoglutarimides A−J 9–11 [111]
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Table 2. Cont.

Genus Pathogen Target Compounds/Extracts MIC (µg/mL) Ref.

Streptomyces sp. S. aureus Nitricquinomycin C 17 [112]
Streptomyces sp. MRSA 1 Napyradiomycin D1 12–24 [113]
Streptomyces sp. S. aureus ATCC 33591 Polyketide antibiotic SBR-22 64 [114]
Streptomyces sp. S. aureus ATCC 29213 Lobophorins F 6.25 [115]
Streptomyces sp. S. aureus Polyketide related antibiotic 37.5 [30]
Streptomyces sp. MRSA 1 Actinomycin D 0.08 [116]

Actinomycin V 0.08 [116]
Actinomycin X0β 0.61 [116]

Streptomyces sp. MRSA 1 Niphimycins C 4–32 [117]
MRSE 2 Niphimycin Iα 4–32 [117]

Streptomyces sp. S. aureus ATCC 25923 Trihydroxylflavanone 3 32 [118]
Tetrahydroxylchalcone 4 1 [118]

Streptomyces sp. S. aureus Anthracycline analogues 20 [119]
β-rhodomycin-II 40 [119]

Streptomyces sp. S. aureus DMBPO 5 >1000 [120]
Streptomyces sp. S. aureus ATCC 25923 Chromomycin A9 0.03 [121]

Chromomycin Ap 0.13 [121]
Chromomycin A2 0.06 [121]
Chromomycin A3 0.13 [121]

Streptomyces sp. MRSA 1 Streptopyrazinones A–D 58–65 [122]
N-acetyl-L-isoleucine-L-leucinamide 65 [122]

Streptomyces sp. MRSA 1
4-dehydro-4a-

dechloronapyradiomycin
A1

4–8 [123]

Napyradiomycin A1 0.5–1 [123]
Streptomyces sp. S. aureus 3-propanoic acid 6 32 [124]

Propanoic acid methyl ester 7 64 [124]
3-(3-chloro-4-hydroxyphenyl)

propanoic acid 32 [124]

Streptomyces sp. S. aureus (ATCC 6538) Natural cyclic peptide 1.25 [125]
MRSA 1 12.5 [125]

S. aureus (ATCC 6538) Cyclic peptides 0.025–0.156 [125]
MRSA 1 Cyclic peptides 0.1–0.78 [125]

Streptomyces sp. S. aureus Extracts A758 6.25 [126]
Extracts A759 500 [126]
Extracts A760 100 [126]
Extracts A765 3.125 [126]

Streptomyces sp. MRSA 1 Novobiocin 0.25 [127]
Desmethylnovobiocin 16 [127]
5-Hydroxynovobiocin 8 [127]

Kocuria marina S. aureus Kocumarin 10 [128]
MRSA 1 Kocumarin 10 [128]

Rhodococcus sp. S. aureus n-butanol 9.3 [34]
fraction

EtOAc fraction 12.6 [34]
Marinispora sp. MRSA 1 Marinomycin A 0.130 [129]

Marinomycin B–C 0.49 [129]
Marinomycin D 2.43 [129]

Verrucosispora sp. S. aureus

(2-(hydroxymethyl)-3-(2-
(hydroxymethyl)-3-methylaziridin-1-

yl) (2-hydroxyphenyl)
methanone

3.4 [130]

1 MRSA: Methicillin-resistant Staphylococcus aureus. 2 MRSE: Methicillin-resistant Staphylococcus epidermidis. 3 Tri-
hydroxylflavanone: lavandulyl-7-methoxy-5,20,40-trihydroxylflavanone. 4 Tetrahydroxylchal-cone 50-lavandulyl-
40-methoxy-2,4,20,60-tetrahydroxylchalcone. 5 DMBPO: 5-(2,4-dimethylbenzyl) pyrrolidin-2-one Information no
reported. 6 3-propanoic acid: 3-(3,5-dichloro-4-hydroxyphenyl) propanoic acid. 7 Propanoic acid methyl ester:
3-(3,5-dichloro-4-hydroxyphenyl) propanoic acid methyl ester.
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It is well known that actinobacteria are a phylum with the potential to produce
molecules with innumerable bioactivities and with multiple applications. Santos et al. [33]
studied actinobacteria strains isolated from a marine sponge, in which antimicrobial activity
was previously reported (due to this it is not described in Table 2) against MRSA (methicillin-
resistant S. aureus MB 5393), which could also be involved in skin infections, as well as
the fungus Aspergillus fumigatus ATCC46645, demonstrating that it also had the capacity
to induced lipid reduction on the larvae of zebrafish [33], revealing its potential use in
anti-obesity treatments.

Other compounds or strains were reported with activity, but this was presented in
growth inhibition percentage for Aa3_DN216_4B10_1, which showed a significant growth
inhibition (61%) against MRSA [22].

A wide variety of compounds with antimicrobial activity were reported in plants, such
as flavonoids. Interestingly, in this systematic review, some studies reported flavonoids
from sponge-derived actinobacteria. Flavonoids are a group of natural substances with
variable phenolic structures; they are found in fruits, vegetables, grains, bark, roots, stems,
flowers, and wine. These are an important class of natural products; particularly, they
belong to a class of plant secondary metabolites having a polyphenolic structure [84].

Historically, flavonoids have been recognized with a broad spectrum of health-promoting
effects because of their antioxidative, anti-inflammatory, anti-mutagenic, and anti-carcinogenic
properties with their application in various diseases such as cancer, Alzheimer’s dis-
ease (AD), atherosclerosis, etc. [131]. Cao et al. [118] reported two new lavandulylated
flavonoids, 6-lavandulyl-7-methoxy-5,20,40-trihydroxylflavanone and 50-lavandulyl-40-
methoxy-2,4,20,60-tetrahydroxylchalcone (Table 2), which had a broad-spectrum of antimi-
crobial activity against both Gram-positive and Gram-negative bacteria and fungus such
as Candida albicans [118]. Other compounds with antibacterial activity included in this
systematic review are citreamicins, which are polycyclic xanthones (belong to flavonoids
class) obtained from marine-derived Streptomyces caelestis, isolated in the coastal water of
the Red Sea [84]. This S. caelestis showed antibacterial activity against a variety of Gram-
positive bacteria, including MRSA and vancomycin-resistant Enterococcus faecalis (VRE).
Four compounds were isolated from S. caelestis (Table 2), with antibacterial activity against
S. aureus UST950701-005 with a MIC from 1 to 16 µg mL−1 and three had antibacterial
activity against MRSA with a range of MIC between 0.25 and 8 µg mL−1 [84].

On the other hand, anthracycline compounds with antibacterial and antimicrobial
activity have also been reported among the metabolites derived from marine actinobacteria.
Anthracyclines are known as an important class of anticancer compounds used for many
years in the treatment of leukemia, breast carcinoma, and other solid tumors. However,
their application in cancer treatment has been decreased due to their toxic, dose-related side
effects such as stomatitis, gastrointestinal disorders, and cumulative cardiotoxicity. Anthra-
cyclines belong to the group of tetramic acids and have been reported to have antibacterial
activity toward Gram-positive bacteria such as vancomycin-resistant Enterococcus (VRE).
Cong et al. discovered novel anticancer and anti-infective natural products from marine
Streptomyces sp. SCSIO 41399 which were isolated from coral Porites sp. These compounds
were isotirandamycin B and two known tirandamycin derivatives. This study is one of the
two that in this systematic review that reported a coral with anti-infective activity toward
Streptococcus agalactiae and S. aureus, which may be useful in the control of acne-related
bacteria [119].

Other compounds reported with antimicrobial activity in this systematic review were
Chromomycins, Napyradiomycins, Marinomycins, and Kokumarin.

Chromomycins are members of the aureolic acid family, and they are polyketides with
a tricyclic aglycone core with two aliphatic side chains at C-3 and C-7 and two sugar chains
at C-2 and C-6, similar to other aureolic acid family members. Chromomycins interact with
the DNA helix minor groove in regions with high GC (guanine–cytosine) content and in a
non-intercalative way with Mg2+ cations, causing DNA damage in treated cells [121].
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Napyradiomycins (NPDs) for their part constitute an interesting family of halogenated
natural compounds NPDs that consist of a naphthoquinone core, a prenyl unit attached at
C-4a, a monoterpenoid substituent at C-10a, and some congeners have a methyl group at
C-7 [123].

Marinomycins possess unique polyene–polyol structures and have unique photore-
activities and chiroptical properties [129]. Finally, Kokumarin was the only compound
reported to have antimicrobial activity against MRSA isolated from skin infections [128].

In addition to the antibacterial and antimicrobial activity exhibited by extracts or
isolated compounds of marine actinobacteria recovered in this systematic review, some
bacteria, especially of the Streptomyces and Nocardiopsis genera, have been shown to have
more than one biological activity such as both antibacterial and antibiofilm activity, as
shown in Table 3, with high activity against S. aureus and methicillin-resistant S. epidermidis,
related with the development of acne vulgaris.

Table 3. Antibacterial and anti-biofilm activity of actinobacterial crude extracts or compounds from
Streptomyces genus.

Genus Pathogen Target Compounds/Extracts MIC (µg/mL) Ref.

Streptomyces sp. MRSA 1 Compound PVI331 1 [132]
Streptomyces sp. MRSA 1 8-O-metyltetrangomycin 2 [10]
Streptomyces sp. MRSE 2 RP62A Compound (SKC3) 31.25 [133]
Streptomyces sp. MRSA 1 PVI401 0.5 [134]

PVI402 2
1 Methicillin-resistant Staphylococcus aureus. 2 Methicillin-resistant Staphylococcus epidermidis.

Four of five compounds reported to have antibacterial and antibiofilm activity were
isolated from the Streptomyces genus and these activities were reported against MRSA; only
one unidentified compound had an effect against MRSE. This compound, named SKC3,
exhibited an antagonistic effect against growth and biofilm formation of the methicillin-
resistant S. epidermidis at a concentration below the MICs (Table 3). Interestingly, the biofilm
inhibitory concentration (BIC90) of SKC3 was 3.95 µg/mL, and this had no considerable
influence on bacterial growth. In addition, SKC3 also had an effect in inhibiting the growth
and biofilm formation of other strains such as MSSA, MRSA, and VRSA, however, was
ineffective against the tested Gram-negative P. aeruginosa strains [133].

The compound PVI331 had a prominent antibacterial activity with a MIC of 1 µg/mL,
(Table 3) and showed biofilm inhibition at a 92.17 ± 1.67% at 4 µg/mL, concentration
against MRSA and it was more effective than the anti-MRSA antibiotic vancomycin, which
was used at a concentration of 8 mg/mL, and the biofilm inhibition was 32.58± 2.52% [132].

8-O-metyltetrangomycin is an angucycline antibiotic that showed a significant an-
tibiofilm activity toward MRSA, ranging from 52.85 to 86.64% inhibition. Similar to com-
pound PVI331, this angucycline compound exhibited more antibiofilm potential than
vancomycin and the highest range of inhibition was observed at 4×MIC, suggesting the
stronger potential to reduce biofilm formation that possesses these compounds [10].

Compounds PVI401 and PVI402 exhibited antibacterial activity against MRSA, (Table 3),
however, only PVI401 showed antibiofilm activity toward S. aureus ATCC25923; this effect
was dependent on the concentration obtained in the antibacterial assay of compound
PVI401, with poor biofilm formation when compared to controls when the pathogen was
treated with a 4×MIC concentration at 2 µg/mL, of PVI401 [134].

Regarding antibiofilm activity, the same compounds were reported by Hifnawy et al. [27]
to have antibacterial activity against Gram-negative and Gram-positive bacteria and an-
tibiofilm activity, and the compounds tubermycin and p-anisamide had potent antibiofilm
activity against P. aeruginosa with inhibition rates of 94 and 73% respectively. On the con-
trary, compounds 1, 2 and 9 had antibiofilm activity against E. coli with inhibition ranges of
34–54%, and only Compounds 1 and 2 showed a potent to moderate inhibition against S.
aureus with a percentage of inhibition rates of 50 and 75% respectively [27].
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Concerning antibacterial, antibiofilm activity, and QQ, only 2 of 177 papers described
compounds with three activities and two more articles reported antibiofilm and QQ
(Table 4). These papers evaluated the QQ ability of actinobacteria-derived metabolites.
All studies evaluated the AI-1 (Autoinducer 1) system of quorum sensing, using the re-
porter strain, Cromobacterium violaceum. This strain produces a visible purple pigment
called violacein, which is under positive regulation by the N-acyl-homoserine lactone
CviI/R quorum-sensing system. This system has been reported in Gram-negative bac-
teria mainly [135–137]. Moreover, one of the studies also evaluated the inhibition of the
LuxS/AI-2 quorum-sensing system. In this system, the signal molecule is regulated by
the luxS gene [138] and it has been reported that is utilized by more than 40 species of
Gram-positive and Gram-negative bacteria for communication and transmission [136].
This system has been reported in C. acnes, S. aureus, and S. epidermidis, bacteria under this
study, nonetheless, both S. epidermidis and S. aureus also have been reported to use peptides
autoinducers (AIP), regulated by agr system for quorum sensing [139]. Nevertheless, any
article included in this systematic review that reported inhibition in this system could
further be investigated as an effective treatment of acne vulgaris.

From these investigations, two compounds are described as having antibacterial and
antibiofilm activity, as well as QQ: one of these is butenolide, which is a compound isolated
from marine actinobacteria with antifouling activity studied previously; this compound
inhibited quorum sensing and is an unspecific inhibitor due to having the ability to inhibit
the AHL system through the inhibition of the violet pigment of two C. violaceum strains,
CV026 (short-chain AHLs) and VIR24 (long-chain AHLs), inhibiting short-chain AHLs
at a concentration of 100 µg/mL and long-chain AHLs at 50 µg/mL, and with growth
inhibition being observed at concentrations of 25–50 µg/mL. This compound also inhibits
the AI-2 system through bioluminescence of indicator strains Vibrio harveyi BB170, at
concentrations of 5, 12.5, and 25 µg/mL with a reduction of luminescence of ~25, ~50, and
over 70%, respectively. However, at concentrations above 12.5 µg/mL, it caused growth
inhibition against the bacterial cells (Table 4) [138]. Despite this, it is considered to have
low antibacterial activity against diverse types of pathogens (both Gram-positive and
Gram-negative bacteria) [138].

Likewise, it was found that butenolide not only effectively inhibited the biofilm
formation but also eradicated pre-formed biofilms of tested bacteria and it also had a
synergistic effect with tetracycline; it was a potential tetracycline enhancer against biofilm-
associated infection-producing bacteria such as E. coli, P. aeruginosa, and MRSA [138].

Another compound with antibacterial, antibiofilm, and QQ activity is a melanin
pigment. It was discovered from marine Nocardiopsis sp., which exhibited antibacterial
activity toward Bacillus sp. from extract JN2 with growth inhibition of 68 and >40% against
S. aureus at a concentration of 150 µg mL−1. Respecting its antibiofilm activity, both the
pigments (JN1M and JN2M) inhibited the growth of quorum-sensing bacteria C. violaceum
MTCC 2656 (Table 4) [137].

Table 4. Anti-biofilm, antibacterial, and quorum-quenching activity of crude extracts or compounds
from marine actinobacterial.

Genus
Target Bacteria in

Antibiofilm
Activity

MBIC 1 Compounds/
Extracts

Percentage
Decreased

Biofilm
QS System

QQ
Activity
(IC50)

Biosensor
Strain Ref.

Streptomyces
sp. MRSA 2 200 Butenolide >70 AI-2 up to

70% NA 3 Vibrio harveyi
BB170 [138]

AHL
inhibition up

to 97%
C. violaceum [138]

S. aureus 100 Extract 78.9 AHL NA 3 C. violaceum
12472 [140]

Nocardiopsis
sp. S. aureus NA 3 Melanin JN1M 64.2 AHL NA 3 C. violaceum

MTCC 26563 [137]

Melanin JN2M 65.9 AHL NA 3 C. violaceum
MTCC 26563 [137]

240



Antibiotics 2022, 11, 965

Table 4. Cont.

Genus
Target Bacteria in

Antibiofilm
Activity

MBIC 1 Compounds/
Extracts

Percentage
Decreased

Biofilm
QS System

QQ
Activity
(IC50)

Biosensor
Strain Ref.

Nocardiopsis
sp. S. aureus 20 vol %

4
Culture liquid of

JS106 77.94 AHL NA 3 C. violaceum
12472 [29]

NA 3 NA 3 Questiomycin A NA 3 AHL 6.82 C. violaceum
12472 [29]

NA 3 NA 3

2-hydroxyacetate-3-
hydroxyacetamido-

phenoxazine
(HHP)

NA 3 AHL 23.59 C. violaceum
12472 [29]

1 MBIC: The minimum biofilm inhibitory concentration. 2 MRSA: Methicillin-resistant Staphylococcus aureus.
2 MRSE: Methicillin-resistant Staphylococcus epidermidis. 3 NA: Information not reported. 4 20 vol %: Concentration
expressed in percentage.

In addition, there are compounds reported with antibiofilm and QQ activity. The liquid
culture and crude extract of Nocardiopsis sp. displayed a decreased antibiofilm activity
against S. aureus and QQ by inhibiting the violacein production of strain C. violaceum
12472, respectively. Likewise, the compounds Questiomycin A and 2-hydroxyacetate-3-
hydroxyacetam-ido-phenoxazine (HHP) isolated from this liquid culture also showed
QQ activity against C. violaceum 12472 at a concentration of 40 µg/mL (Table 4). This
compound belongs to the phenoxazinones group and is a structurally unique natural
product containing a tricyclic core heterocyclized by nitrogen and oxygen atoms [29].

2.5. Actinobacteria Producing Quorum Quenching Metabolites

Regarding the QQ activity, it was evaluated in only 2.8% of the papers, and the
mechanism of inhibition used was the AHL (acyl-homoserine lactone) autoinducer (AI-1),
through the indicator strain C. violaceum; one only study reported the effect of the extract
of marine actinobacteria against mechanism two, the LuxS enzyme autoinducers 2 (AI-2),
through the bioluminescence of V. harveyi BB170 [138]. Table 5 shows the papers with
quorum-quenching activity.

Table 5. Marine actinobacteria with Quorum Quenching (QQ) activity.

Source Genus Disrupter QS System Biosensor Strains Ref.

Gut of marine
fishes Streptomyces sp. AI-1: AHL C. violaceum and

Serratia marcescens. [141]

NA 1 Streptomyces sp. AI-1: AHL, AI-2: LuxS
C. violaceum CV026
and Vibrio harveyi

BB170
[138]

Marine Sponge Streptomyces sp. AI-1: AHL: LasI Pseudomona-
Molecular docking. [140]

Marine sediment Nocardiopsis sp. AI-1: AHL C. violaceum 12472 [29]

Seawater Nocardiopsis sp. AI-1: AHL C. violaceum
(MTCC 2656) [137]

1 Information no reported.

2.6. Strategies to Maximize Anti-Infective Metabolites Activity and Yield
2.6.1. Culture Conditions to Anti-Infective Production Metabolites

Actinobacteria fermentations often do not generate a high yield of active compounds [51].
It is well known that the culture conditions significantly affect bacterial metabolism. Like-
wise, the composition of the culture medium is related to the metabolic capacities of the
producing organism, influencing the biosynthesis of antibiotics [114]. Some studies in-
cluded in this systematic review (48 of 177) carried out the identification of the variables
that are related to the increase in the production of compounds with anti-infective activity,
through some biostatistical methods such as the Placket–Burman design and the response
surface method [60]. These analyses revealed that carbon and nitrogen sources played a
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key role, with the nitrogen source in some cases being more prominent [142] in addition to
pH, temperature, and agitation speed.

Starch was described as a carbon source used to achieve maximum production of the
anti-infective compound as reported by Djini et al. [43] as presented in Figure 6A. Likewise,
Norouzi et al. revealed a significant effect of starch in combination with Peptone (as nitrogen
source) and pH, and calcium carbonate, reaching up to a 218% increase in production
yield of anti-MRSA compounds [60], and Mohamedin et al. reported antagonistic activity
produced from the optimized culture conditions against multidrug-resistant Staphylococcus
epidermidis, which showed about a 1.37-fold increase using starch as the carbon source and
potassium nitrate and yeast extract as the nitrogen source [143].
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Other carbon sources reported to increase the production of compounds with anti-
infective potential were glucose [18,27,33], sucrose [37,132,144] starch–glucose [23,31,94]
among others.

Regarding the nitrogen source, the most common were yeast extract–peptone [81,94,102],
yeast–malt extract [20,38,145], potassium nitrate [10,40,146], ammonium compounds as
ammonium sulfate [147], ammonium chloride [79], ammonium nitrate [114], and ca-
sein [22,43,148] as shown in Figure 6B. The quenching potential also has been subjected to
optimization processes to maximize its performance, finding that soybean meal and sodium
chloride were two crucial factors in the culture medium that significantly increased both
the bioactivity and metabolite production (302 and 241%, respectively) when compared to
the original condition [29].

Also, some studies highlighted the need for seawater not only for the cultivation of
the strains, but also to produce antibiotics [43,105,149], making it clear that this depends on
the concentration of salt [142,149]. Figure 6 presents the carbon and nitrogen sources most
used in the rise of anti-infective compound production.
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On the other hand, Xu et al., reported that the supplementation of the rare earth salt
Lanthanum chloride (LaCl3) during fermentation of HB-J378 significantly increased the
yield of these angucyclines [102]. This similarly occurred with the strains N816 and S355
isolated from marine sponge actinomycetes, which showed potent anti-MRSA activity
elicited due to the addition of LaCl3 that was significantly enhanced in the J378 strain,
which shows LaCl3 to be an effective elicitor [102].

2.6.2. Co-Culture Combination as Strategies to Maximize Anti-Infective Metabolites in
Marine Actinobacteria

The co-culture of microbial strains can activate the production of compounds that
in monoculture are not obtained or the accumulation of metabolites is less. In addition,
it has been considered that this strategy also contributes to activating silent biosynthetic
gene clusters, leading to the improved production of natural compounds that do not
occur under laboratory conditions [86]. In the marine environments, bacterial secondary
metabolites production usually depends on their interactions with other microbes or is
regulated by environmental or stressing conditions such as competition for nutrients or
space [27,86,150].

There are diverse ways to have a microbial strain co-culture; one of the most common
is between fungus and bacteria as was reported in the microbial co-culture combination of
a sponge-derived actinomycete Streptomyces rochei MB037 and a gorgonian-derived fungus
Rhinocladiella similis, which induced the production of related polyketides and exhibited
significant antibacterial activity against methicillin-resistant S. aureus with a MIC value of
0.195 mg/mL [28]. Furthermore, another way of co-culture is the co-cultivation between
bacteria of different or the same genus, such as the co-culture of two red marine sponge-
associated actinomycetes Micromonospora sp. UR56 and Actinokinespora sp. EG49, which
induced the accumulation of metabolites with antibacterial and antibiofilm activity, that
were not traced in their axenic cultures [27]. The compounds belong to the phenazine
class and have been isolated and characterized previously. In total, authors obtained
five compounds; from them, Compounds 1 (dimethyl phenazine-1,6-dicarboxylate), 2
(phencomycin), and 9 (N-(2-hydroxyphenyl)-acetamide) showed considerable antibacterial
activity against S. aureus with growth inhibitions of 47, 69, and 53% respectively. In addition,
Compounds 3 (tubermycin) and 10 (p-anisamide) displayed potent antibacterial activity
against P. aeruginosa with growth inhibition of 94 and 70% respectively [27]. Also, the
co-culture between marine-derived actinobacteria and human pathogens in this systematic
review has been reported, which resulted in increased production of three antibiotics: gra-
naticin, granatomycin D, and dihydrogranaticin B, and it also strongly enhanced biological
activity against the Gram-positive human pathogens such as MRSA [25].

2.7. Main Families of Compounds Found in Marine Actinobacteria with Antibacterial Activity

An enormous variety of compounds were reported in the papers included in this
systematic review; these have been arranged considering the type of activity that they
exhibited and grouped in families.

Among families, polyketides were the most reported; these types of compounds are
a vast variety of constituents and represent a highly diverse structural class of products,
demonstrating varied biological functions [72]. Polyketides are secondary metabolites
produced from bacteria, fungi, plants, and animals, and bacteria from the Streptomyces
genus, which are thought one of the polyketides producers [28]. Polyketides are made up of
many compounds, including macrolides, reported in 7 of 177 papers, aromatic polyketides
in 9 of 177 (including angucyclines), and so on.

Table 6 displays the family compounds, their constituents, and the frequency that
were presented.
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Table 6. Family compounds with antibacterial activity.

Compound Frequency Constituents Ref.

Polyketide 19

Naphthoquinone-based meroterpenoids
Naphthoquinone

Derivatives

[37]
[25]

Chlorinated Meroterpenoids
(Merochlorins G–J) [78]

Angucycline [23,42,50,54,100,102]
Aromatic Polyketides [61,68,151]

Polyketide 1 [72]
Compound 1 2 [43]
Macrolides 3 [52,57,67,96,107,132,152]

Phenolic compound 1 Bromophenol derivative [101]
Phthalate 1 Bis (2-ethylhexyl) [101]

Acetamide 2 4-methoxyacetanilide [18]

Alkaloids 3

2-ethylhexyl 1H-imidazole-4-carboxylate [97]
butyl 1Himidazole-4-carboxylate [97]
Chlorinated bis-indole alkaloids [45]

Indolizinium alkaloid [58]
Pyrrole 3 Chlorinated Bisindole Pyrrole [106]

Pyrrole-derivative [41,60]
Chromopeptides 6 Actinomycins (X0β, X2, D, D1–D4, A) [56]

Neo-actinomycin A, B, actinomycins D and
C4, X2,) [64,77,80,153]

Cyclo peptides 3
Desotamides A–D [154]
cyclo(L-Val-L-Pro), [79]

cyclo-(L-Pro-4-OH-L-Leu) [55]

Antracycline 1 Bisanhydroaklavi-none
1-Hydroxybisanhydroaklavinone [19]

Marinopyrroles 1 (−)-marinopyrroles A [70](−)-marinopyrroles B

Phenazines 5

phenazine-1,6-dicarboxylate, phencomycin,
tubermycin [27]

[63]Streptophenazines G
1,6-Dihydroxy phenazine, dimethoxy

phenazine
Actinomycins D1 and D2

[155]
[41]

Spirotetronate antibiotics 2 Lobophorins L and M [62]
Lobophorins E

Proteins 2
Enzyme PA720 (Thermophilic

Hemoglobin-degrading Protease) [156]

β-lactamase inhibitory protein [157]

Pyranonaphthoquinones 3
Medermycin-type naphthoquinones [158]

Medermycin derivative [51]
Lactoquinomycin A (LQM-A) [53]

Quinomycin family
antibiotics 1 Quinomycin G [55]

Quinona 1 1- hydroxy-1-norresistomycin [38]
Siderophore native 3 S1, S2, S3 4 [57,144,159]

Thiazolyl Peptide Antibiotic
Family 1 Kocurin [108]

Pigment 1 Melanin pigment [137]
Aminofuran natural

products 1 Proximicin F and G [94]
Type I lasso peptide natural

products 1 Aborycin [48]

Natural product class
diazaanthraquinone 1 Diazaanthraquinone [160]

Benzoic acid 1 2,4-dichloro-5-sulfamoyl benzoic acid [44]
4-oxazolidinone antibiotics 1 Lipoxazolidinone A, B and C. [105]
Cyslabdan-like compound 1 Cyslabdan-like compound [93]

Benzene Derivative 1 1,3-Benzodioxole [81]

Flavonoids 3

Citreamicin θ A
[84]Citreamicin θ B

Citreaglycon A
Dehydrocitreaglycon A

1 Polyketide: Compound name no identified. 2 Compound 1: [2-hydroxy-5-((6-hydroxy-4-oxo-4Hpyran-
2-yl) methyl)-2-propylchroman-4-one]. 3 Polyketide: Elaiophylin Derivatives, Nargeninas, Deserto-
mycin G, Kendomycin analogues, N-Arylpyrazinone Derivative. 4 S1: 5,6-dihydro-1,8-dihydroxy-3-
methylbenz[a]anthracene-7,12-quinone; S2: 1,4-dihidroxy-2-(3-hydroxybutyl)-9, 10-antraquinone; S3: Desferriox-
amine B and the New Desferrioxamine B2.
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Macrolides are a class of antibiotics derived from Saccharopolyspora erythraea (originally
called Streptomyces erythreus), a type of soil-borne bacteria. They are bacteriostatic antibiotics
in that they suppress or inhibit bacterial growth rather than killing bacteria completely and
possess a macrocyclic lactone ring containing eight or more atoms, and polyketide [161].
They act by inhibiting the protein synthesis of bacteria by binding to the 50S ribosomal
element [162].

Macrolides, especially erythromycin together with clindamycin, which is a lincosamide
(isolated from an actinobacterium, Streptomyces lincolnensis obtained from the soil in the
region of Lincoln, Nebraska, United States), are the main antibiotics recommended as the
first-line therapy in the acute inflammatory phase of acne [163].

Both have similar mechanisms of action, and lincosamides have even been integrated
with macrolides in a group called “macrolides and similar” [164].

The angucycline group of antibiotics and aromatic polyketide natural products belong
to a specific group of polycyclic aromatic polyketides, which exhibit anticancer and an-
timicrobial activities [165]. This type of antibiotic was first discovered as a tetrangomycin
isolated from Streptomyces rimosus in 1965. Members of angucyclines are characterized
by an angular tetracyclic (benz[α]anthracene) structure with a hydrolyzable sugar moiety
and they are biosynthesized by type II polyketide synthases (PKSs) via decarboxylative
condensations of a short acyl-CoA starter and nine extender units [146,165]. Streptomyces
sp. is known as the major producer of angucyclines [54].

Aromatic polyketides, representative substances of type II polyketides, have significant
therapeutic properties, including tetracycline and anthracycline-type doxorubicin, which
are typical of aromatic polyketides with pharmacological applications [53].

Flavonoid structures are characterized by a 15-carbon skeleton, in two aromatic ring
systems (A, and B rings) and a heterocyclic ring C, the ring containing embedded oxy-
gen [166]. This carbon structure can be abbreviated as C6–C3–C6 rings and with differ-
ent substitution patterns to produce a series of subclass compounds, such as flavones
and flavonols, as the quercetin, isoflavones, etc. [166]. Nevertheless, there are other
flavonoids without a C6–C3–C6 skeleton, for instance, biflavones, furan chromones, and
xanthones [166].

Another family of compounds reported to have antibacterial activity are phenazines;
these are heterocyclic nitrogenous compounds that consist of two benzene rings attached
through two nitrogen atoms and substituted at different sites of the core ring system. They
have been isolated in substantial amounts from terrestrial bacteria such as Pseudomonas,
Streptomyces, and other genera from marine habitats [27]. Based on earlier reports on
the biological activities of this class of compounds, it was suggested both DNA gyrase B
(Gyr-B) and pyruvate kinase (PK) were the possible molecular targets of their antibacterial
activity [27].

Chromopeptide lactone antibiotics is another family of compounds among which
actinomycins are one of their constituents; actinomycin D is one of the older anticancer
drugs and has been studied extensively and widely used clinically for the treatment of
several types of malignant tumors. Despite their initial discovery more than 70 years ago,
actinomycins continue to be a focus of many research areas, especially in their biological
activity and medicinal use [116].

2.8. Main Family Compounds Found in Marine Actinobacteria with QQ Activity

The inhibition of quorum sensing is a therapeutic target for the treatment of diseases
generated by bacteria that has gradually been gaining interest, since to date, there have been
no reports of the development of resistance by bacteria against this mechanism. Few studies
to date have reported compounds isolated from marine actinobacteria with the ability to
inhibit quorum sensing; however, some families of compounds that have exhibited this
activity have already been identified. Among these, fatty acyl compounds, phenoxazines,
lactones, and similar brominated furanones have been reported, the latter being potent
antibiofilm agents whose mechanism of action has been attributed to their capability to
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inhibit QS processes in bacteria [138]. Interestingly, a melanin pigment was informed with
QQ activity. Table 7 shows these compounds’ families.

Table 7. Family compounds with QQ activity.

Compound Frequency Constituents Ref.

Fatty acyl compounds 1 13Z-Octadecenal. [140]
Phenoxazines 1 Questiomycin A [29]

2-hydroxyacetate-3-
hydroxyacetamido-phenoxazine

(HHP)
[29]

Lactones 1 Butenolide [138]
Pigment 1 Melanin [137]

Strain IM20 1 1 NA 2 [141]
1 Compound not identified. 2 Information not reported.

Some of the compounds reported with biological activities such as antibacterial, an-
timicrobial, antibiofilm, and QQ effects have been extensively studied and their structure–
activity relationships (SAR) have been described; some of them are the following:

Phenazines, which are compounds with both antibacterial and antibiofilm activity,
which is related to the presence of carboxylic acids on both C1 and C6 of the phenazine
ring system, decreased the antibiofilm effect towards Gram-negative strains, but made
these derivatives active against Gram-positive ones, particularly, S. aureus. Regarding
that antibacterial activity, an analogous situation occurs in which the addition of another
carboxylic acid or carboxyl ester at C-6 significantly decreased the inhibitory activity
against Gram-negative bacteria and converts these phenazine derivates to be active against
Gram-positive strains [27], as shown in Figure 7.
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In the case of chlorinated bis-indole alkaloids, the SAR of these compounds, which
showed antibacterial activity, reveals that the chlorine atom at C-6” could be pivotal for
conferring their bioactivity, thus providing hints on chemical modifications on bis-indole
alkaloid scaffold in drug design [45].

Also, niphimycin is a type of macrolide with antibacterial activity against methicillin-
resistant S. epidermidis (MRSE) and S. aureus (MRSA) [167]. Another type of macrolide is
glycosidic antibiotics: similar to other macrolides, these compounds have antibacterial
activity against Gram-positive organisms and are inactive against Gram-negative bacteria.
This compound activity is related to the presence of hemiketal groups at C-11 and C-
11’ in the structure. This is concluded because compounds that did not have this group
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showed an approximately two-fold decrease in activity against most strains [52]. Likewise,
borrelidins J and K are macrolides that showed activity against MRSA, and their activity
could enhance the cleavage of the ester bond. The cleavage of the ester bond in borrelidins
makes them long-chain unsaturated fatty acids and it has been reported by previous studies
that long-chain unsaturated fatty acids could exhibit strong activity against S. aureus by
inhibiting the enoyl–acyl carrier protein reductase (FabI), which is the essential component
in bacterial fatty acid synthesis [28].

Nocardiopsistins are angucycline compounds that belong to the polyketides family.
These compounds presented antibacterial activity toward MRSA, and their activity is
related to the presence of a hydroxyl group (-OH) at C3 in this structure [102].

Napyradiomycin is a large class of unique meroterpenoids with different halogenation
patterns that present significant growth-inhibitory activity against MRSA. The specific
mechanism of action for this family of meroterpenoids is not clear, however, studies about
its SAR have shown that structural variations among the napyradiomycin metabolites,
such as the different halogenation patterns or the presence or absence of the methyl group
at C-7 among others, can attenuate or enhance their biological activities [113].

Lobophorin analogs are spirotetronate antibiotics with antibacterial activity against
Gram-positive bacteria such as Bacillus subtilis and S. aureus. Their activity was related to
compounds such as Lobophorin B, F H, I, and Lobophorin L, which has been related to
the increase of the number of monosaccharide units in its structure, increasing inhibitory
activity and indicating that monosaccharides might play a significant role in the antimicro-
bial activity of lobophorins [62,115]. In the same way, the antimicrobial activity showed by
Lobophorins E and F is related to the absence of the hydroxyl group in C-32, which seems
to enhance the bioactivity at a 416-fold improvement. On the contrary, the presence of the
terminal sugar moiety is disadvantageous for the antimicrobial property [59].

Another compound that has reported SAR is Citreamicin, which is a xanthone com-
monly found in plants. It showed antibacterial activity against S. aureus; this may be due to
the five-member nitrogen heterocycle in their structure. This five-member nitrogen hetero-
cycle is similar to that in oxazolidinones, which are an approved class of antibiotics [84].

2.9. Biosynthetic Gene Clusters, BGCs

The capability of actinobacterial strains to produce bioactive secondary metabolites is
considered to rely on their genomic potential, which typically contains many biosynthetic
gene clusters (BGCs), including genes encoding for polyketide synthases (PKS) and non-
ribosomal peptide synthetases (NRPS) [168]. However, nowadays, other biosynthetic gene
clusters have been found, especially in marine actinobacteria, which, due to environmental
conditions, are targets for the search for compounds with anti-infective activity that could
provide alternative treatments for acne vulgaris. In addition to the PKS/NRPS clusters,
in this study, other biosynthetic gene clusters have been reported such as the phenazine
cluster, (this has been related to QQ and antibiofilm activity), which is directly involved in
the production of phenazine compounds, the DSA cluster, related to the production of des-
otamides, the nes gene cluster, involved in the production of nenestatin A (Benzofluorene
angucyclines), the abo cluster related to the aborycin compound, among others. Table 8
presents the details of the biosynthetic cluster genes reported in this study [168].

Table 8. Biosynthetic gene clusters identified in marine actinobacteria reported in this study.

Genus BGS Genes Metabolites Production Ref.

Streptomyces sp. PKS gene cluster
PKS-I and PKS-II Genes Polyketide [20,30]

Angucycline [23]

PKS-II Genes Angucyclinone
derivatives [146]

PKS-KS NA 1 [169]
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Table 8. Cont.

Genus BGS Genes Metabolites Production Ref.

PKS Niphimycins [117]

PKS/NRPS

PKS II Analogue of paulomenol [103]
NA 1 Antimycin A analogues [77]
NA 1 NA 1 [168,170]

NRPS, PKS Type I, II,
and III

Naphthoquinone
antibiotics [25]

NRPS gene cluster NRPS-A NA 1 [169]
NA 1 NA 1 [49]

Aborycin
biosynthetic gene

cluster (abo)
NA 1 Aborycin [48]

Lassopeptide cluster NA 1 Lasso peptide family [48]

Phenazine cluster phzE and phzF Streptophenazines
(Phenazines) [83]

dsa cluster DsaA y DsaN, dsaB y
dsaJ Desotamides [154]

PKS/terpenoid
biosynthetic pathways NA 1 Napyradiomycin derivatives

(Terpenoids) [71,113,171]

Micromonospora sp. nes gene cluster NA 1 nenestatin A (Benzofluorene
angucyclines) [100]

Co-culture of
Actinokineospora sp. and

Micromonospora sp.
NA NA 1 Phenazine [27]

Nocardiopsis sp.

PKS/NRPS NA 1 Polyketide [170]

PKS gene cluster
PKS-II α-pyrone compound [103]

ACP synthase
α-subunit (KSα),

β-subunit (KSβ) and
acyl carrier protein

(ACP)

Angucyclines [102]

PKS-II Angucycline [102]
phzE Phenazines [155]

Rhodococcus sp. NRPS/NRPS NA 1 NA 1 [22]
PKS/NRPS NA 1 Polyketide [170]

Salinispora sp. PKS gene cluster PKS I, II Rifamycin B [103]
PKS/NRPS NA 1 Polyketide [170]

Verrucosispora sp.

PKS gene cluster
PKSI (pks1 and pks2),
two PKSII (pks3 and
pks4), PKSIII (pks5); New salicylic derivative,

brevianamide F,
abyssomicin B

[95]NRPS gene cluster NA 1

Terpene
clusters

terp1, terp2, terp3 and
terp4

NRPS-PKSI hybrid
clusters np1 and np2

Lanthipeptide clusters lant1 and lant2
Siderophore cluster sid

Brachybacterium
paraconglomeratum NRPS/PKS

NRPS genes, PKS type I
genes, and PKS type II

gene
NA 1 [172]

1 Information no reported.

Natural products derived from these biosynthetic pathways have been extensively
described for cultured and uncultured marine strains. Metabolites derived from marine
actinobacteria include, among others, the polyketide synthase-derived abyssomicin C, a
unique polycyclic polyketide from a marine Verrucosispora [97,130], salinisporamide A, from
Salinispora tropica [108] that is currently in clinical trials as one of the most potent anticancer
agents isolated until today [173], all isolated from the phylum of Actinomycetales.

BGCs sequences have been reported in marine actinobacteria isolated from a wide
variety of environments and with a high occurrence variability. Of the articles included in
this systematic review, only 21 reported the presence of biosynthetic gene clusters related to
the biological activity of the promising strains. Of these, five articles reported the complete
genomes and four reported the BGC sequences. Among the BGCs, the most common
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were type I and type II polyketide synthases (PKS-I, PKS-II), and nonribosomal synthetase
(NRPS), mostly identified in Streptomyces sp., followed by Salinispora sp. isolated from
marine sediments, as well as Nocardipsis sp., isolated from a sponge. This type of BGS has
been the most studied; nevertheless, other BGCs have been reported in Streptomyces sp. such
as the abo cluster, which is related to the synthesis of a compound with anti-infective activity,
aborycin; the dsa cluster that is directly involved in the biosynthesis of the antibacterial
compound desotamide, which has activity against S. aureus ATCC 29213, and methicillin-
resistant S. epidermidis (MRSE) shhs-E1; phenazine cluster (phe), which has also been
described in the genera Nocardipsis and Salinispora. Likewise, other BGCs have been found
in genera such as Micromonospora, such as the nes cluster, involved in the biosynthesis
of homo-dehydrorabelomycin E, which had antibacterial activity against S. aureus ATCC
29213, as presented in Figure 8. Despite this fact, it is important to note that the detection of
genes associated with these biosynthetic clusters does not guarantee the expression of the
genes involved in the production of secondary metabolites; notwithstanding, the detection
of secondary metabolite biosynthetic pathways can be used as an indicator of metabolic
potential, and suitable culture conditions are generally needed to express most of these
pathways as well as the use of the appropriate targets to reveal the biological activity of the
compounds [108].
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3. Discussion

Microbial secondary metabolites are prevalent sources of natural products and they
have been known as immense reservoirs of chemical classes of compounds with strong
biological activities such as promising therapeutic potential [37].

Among the microorganisms, the actinobacteria phylum is one of the most known
groups, being biologically active secondary metabolite producers, and it continues to
represent an exciting source for the identification of novel natural products; due to this, it
is considered the most economical and biotechnological important prokaryote source [101].
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Out of these Actinobacteria, Streptomyces is the genera known as the most prolific, with
many natural products with antibacterial, antifungal, antioxidant, antitumor activity, etc.,
from which products have been developed with a wide range of pharmaceutical applica-
tions contributing to a high number of antibiotics with current pharmaceutical applications,
potentially useful to treat acne vulgaris [101]. Nevertheless, in the last years, other acti-
nomycetes genera have received more attention as producers of commercially important
secondary metabolites due to the probability of the rediscovery of novel compounds with
new chemical structures from Streptomyces being increased [101], especially if they are
obtained from terrestrial environments. Whereby, environments less explored as oceans,
which cover about two-thirds of the Earth’s surface, have become important because they
are considered a source in which microorganisms are submitted to extreme conditions and
they are more challenging to culture compared to their terrestrial relatives. Therefore, the
sea offers an enormous resource for novel compounds. The field of marine drug discovery
has been growing over the past 20 years, with currently almost 35,000 research articles on
natural products of marine origin [22].

The present review showed a significant increase of studies from 2002 to 2022, which
demonstrates the interest in the marine environment to search for new bioactive compounds
in addition to the need for the discovery of new compounds with anti-infective activity,
finding that the majority of molecules reported are derived from Streptomyces, with a
rising potential of finding new active compounds from rare actinobacteria genera such as
Nocardiopsis, producing compounds with antibacterial, antimicrobial, anti-biofilm and QQ
activity [29,137].

As expected, the antibacterial activity is the most reported biological activity and
with the higher number of molecules discovered. These have very varied modes of action,
such as affecting the membrane of the target bacteria and interrupting protein synthesis,
among others. Likewise, in this systematic review, molecules, extracts, and fractions were
reported as being highly active with MICs ranging from 0.01 to >1000 µg/mL. This shows
that reported MICs are variable and that there is no consensus on the minimum value of
the MIC to consider whether the compounds, fractions, or extracts are active and whether
they have true pharmaceutical potential to produce commercial alternative treatments for
acne vulgaris.

In addition, although there is a wide variety in the MICs reported, compounds with
extremely low MICs are ideal, as this would allow the use of the compound in low propor-
tions, this being more favorable than compounds that require a large amount to achieve
the desired activity.

Likewise, some specific isolation sources have been prevalent, such as the marine
sediment being the most frequent, becoming a reference hotspot for the bioprospecting
of marine actinobacteria with antibiotic activities in the last decades [19]. The sea floor
has been reported as a unique system with many forms of actinomycetes [174] and this is
attributable to marine sediments, which are mixtures of complex organic and inorganic
particles that have accumulated due to the accretion and erosion of the continents, oceanic
biological activities, volcanic eruptions, and chemical processes within the ocean. Given
their vast coverage, marine sediments harbor remarkably diverse microbial communities
accounting for 12–45% of the total microbial biomass [23]. Proof of this is the fact that in
compounds with antibacterial activity, the most predominant isolation source was marine
sediment, followed by sponges, and ascidians, which are sessile marine invertebrates,
making them vulnerable to predation and therefore are hypothesized to use host-associated
bacteria that produce biologically active secondary metabolites for chemical defense [25].

Moreover, compounds with antibiofilm activity and metabolites with antibacterial
and antibiofilm activity also have been isolated from sponges. It is well known that the
sponges are of great biotechnological interest because these are well known for hosting a
complex microbial consortium with the potential of producing biologically active secondary
metabolites. Three-fourths of all discovered new bioactive microbial products from the
oceans have originated from bacteria associated with marine invertebrates [175]. Two
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articles included in this systematic review with antibacterial, antibiofilm, and antimicrobial
activity were reported by Joseph et al. and Sing et al., respectively, in which these bioactive
compounds were isolated from a marine sponge symbiont, Streptomyces pharmamarensis,
and marine-sponge-derived Salinispora sp., showing the enormous potential of marine
sponge-associated actinomycetes that represent an exciting resource for the identification
of new and novel natural products [110,134]. In the same way, another paper was reported
by Hifnawy et al., in which two rare actinomycetes (Micromonospora sp. UR56 and Actinoki-
neospora sp. EG49) were co-cultures and this led to the isolation of antibacterial metabolites
of the phenazine class with antibiofilm, and cytotoxic properties [27].

Similarly, some compounds isolated from marine sponges, including angucyclines,
antibacterial metabolites generating cell wall disruption in MRSA, have been reported
previously [10,132]. Furthermore, one of the bacteria of interest in this paper is S. epidermidis,
however, there are few articles reporting the action of actinobacterial compounds against
this bacterium. Nevertheless, one article reported its growth and biofilm inhibition by
Streptomyces sp. SBT348 extract [133] isolated from the marine sponge Petrosia ficiformis.

Concerning compounds with QQ activity, the sources from which the bacteria that
produce them have been isolated are very varied: these are the intestines of marine fish,
marine sediments, sponges, and water [29,137,138,140,141]. This may be due to the few
studies that have so far been reported or have had their activity evaluated in extracts or
isolated compounds of marine actinobacteria, indicating that there is no specific marine
source for the isolation of marine actinobacteria with such activity.

Regarding places of isolation, two sites where more actinobacterial strains with anti-
infective activity were isolated were the South China Sea and the Bay of Bengal in India. The
former has emerged as a potentially abundant source of new species or genera of marine
actinomycetes. Some new bioactive compounds, lobophorins E and F, were reported from
marine actinomycetes isolated from the South China Sea [59]. The second is a well-known
potential source for marine-derived bacteria rich in bioactive compounds [148] and is a point
of access for diverse sets of marine fauna and flora, in particular sponges, sea anemones,
sea cucumbers, sea urchins, soft corals, and many marine algae that, due to being little
explored, have given rise to their bioprospecting as reported by Gandhimathi et al. [176].

The compounds most commonly produced by marine actinobacteria that have been
recovered in this study are compounds with antibacterial activity against S. aureus and
methicillin-resistant S. aureus (MRSA) (that could be present in skin diseases, but are also
related), which cause a wide range of infections such as furuncles, pneumonia, osteomyeli-
tis, endocarditis, bacteremia, etc. [171]. These same compounds in some cases have shown
antibiotic activity against other Gram-positive bacteria such as S. epidermidis, Bacillus sp.,
vancomycin-resistant Enterococcus faecalis (VRE), among others, and to a lesser extent,
against Gram-negative bacteria such as E. coli, P. aeruginosa, among others [133]. This phe-
nomenon may be due to the morphological differences between Gram-positive and Gram-
negative microorganisms. Whilst Gram-negative bacteria have an outer lipopolysaccharide
membrane that makes the cell wall impermeable to lipophilic solutes, Gram-positive bac-
teria are more susceptible as they have a more permeable outer peptidoglycan layer [30].
However, this demonstrated the potential of compounds from marine actinobacteria to
contribute to infectious disease control. This indicates a great possibility of using these
compounds to treat acne vulgaris and the bacteria commonly associated with it, which are
mainly Gram-positive bacteria.

In this same sense, it is noteworthy that few studies with activity against S. epider-
midis [83] were retrieved, and there are none with activity against Propionibacterium acnes,
currently renamed C. acnes, which is also an actinobacterium, but to date, there is no study
on the action of compounds isolated from marine actinobacteria against this bacterium,
which can become pathogenic due to unknown effects and participate in the development
of the pathology of acne vulgaris. The fact that C. acnes is an anaerobe could increase the
technical requirements to carry out the antibacterial activity screening; nevertheless, it is
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highly expected that the antibacterial compounds here described also have antibacterial
activity against this bacterium.

It is important to point out that two of the antibiotics most currently used to treat
acne were obtained from actinobacteria of the Streptomyces genus from soil samples. These
compounds are erythromycin, belonging to the macrolide class, which has also been
isolated from marine actinobacteria as reported in this systematic review, and clindamycin,
a semi-synthetic derivative of lincosamide with a mechanism of action similar to macrolides,
which binds to the 50S ribosomal subunit of bacteria, inhibiting protein synthesis [164].
This demonstrates the potential of actinobacteria as a source of new compounds for the
treatment of acne vulgaris and the opportunity to study, search and develop compounds
with antibacterial activity or QQ activity against this bacterium, the latter activity being
a therapeutic target since in most cases it does not affect bacterial growth, which would
be positive for C. acnes since it is a bacterium that, in a normal environment of the skin,
protects from the invasion of pathogenic bacteria, contributing to its homeostasis.

Regarding antibacterial metabolites, various studies have reported bioactive metabo-
lites that belong to the polyketide family, it being one the most isolated families from
marine actinobacteria. Among these were found aromatic polyketides as described by
Dong et al., Ahamad et al., and Govindarajan et al. [61,68,151], angucyclines described by
Akhter et al. [54], polyketide–terpenoid as Naphthoquinone, reported by Shen et al. [37],
macrolides, described by Braña, Zhang and Wu [52,67,107,152], etc. Likewise, some chlori-
nated compounds were frequent, such as chlorinated bis-indole alkaloids and chlorinated
3-phenylpropanoic acid described by Song et al. [45] and Shaala et al. [124]; this may be
due to the concentrations of chloride and bromide ions in the ocean [177]. Interestingly,
marine-derived bis-indole compounds typically contain halogen atoms in their structures.
Such halogenated bis-indole alkaloids display potent cytotoxic or antibacterial activities
or both, and they are thus considered promising anti-cancer or antibacterial leads. In
the same way, a series of marine-derived chlorinated bis-indoles were shown to inhibit
methicillin-resistant S. aureus (MRSA) pyruvate kinase significantly, with their halogenated
indole ring being implicated as a critical pharmacophore [45]; this has been reported by
Wang et al. [177] and is well known that marine actinomycetes produce a variety of halo-
genated compounds with diverse structures and a range of biological activities owing to
their unique metabolic pathways [31,177].

Similarly, compounds in the bis-indole family are ubiquitously distributed in plants
and microorganisms, similar to phenolic compounds, which can be defined as plant sub-
stances, are the most widely distributed in the plant kingdom, and are the most abundant
secondary metabolites of plants [178]. However, some of them have been isolated from
marine actinobacteria as described by Siddharth and Rai [101], specifically, from rare acti-
nomycetes Nocardiopsis sp. This metabolite (4-bromophenol, a bromophenol derivative)
exhibited a significant antioxidant activity through DPPH and ABTS assays, as was ex-
pected due to the antioxidant capacity that has been described in these compounds; in
addition, it showed broad-spectrum inhibitory activity against MRSA, Klebsiella pneumonia
ATCC 13883, B. subtilis ATCC 6633 [101]. Likewise, other plant-derived compounds have
been isolated from marine actinobacteria as Cinnamaldehyde, produced by Streptomyces
chartreusis, which showed antibacterial activity, and other studies reported its effect on the
swarming motility of P. aeruginosa, which is related to quorum sensing in this bacterium,
which shows the possible ability of Cinnamaldehyde to inhibit quorum sensing [174].

As for the compounds, there is a wide diversity, finding polyketides, macrolides,
quinolones, terpenes, phenazines, naphthoquinones, and phenolic compounds that dis-
played antibacterial, antimicrobial, antibiofilm activity, and QQ; within these are some
compounds that mainly have been discovered in plants, but nowadays have been discov-
ered in marine actinobacteria, such as cinnamaldehyde, flavonoids, and xanthone natural
products, which exhibit a wide array of bioactivities including antioxidant, antibacterial,
antimalarial, antituberculosis and cytotoxic activities as reported earlier [179].
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Most of the compounds obtained from actinobacteria have been isolated using organic
solvents. Among the articles collected in this systematic review, the most reported was ethyl
acetate, which has a medium to high polarity. This solvent is described as the ideal solvent
for obtaining metabolites with antibacterial activity. This may be because it is possible that
actinobacteria, especially streptomyces, produce semipolar antibacterial compounds so
that they can be extracted by solvents with the same polarity as ethyl acetate, as mentioned
in the study by Kurnianto et al. [180]. Likewise, Satish et al. evaluated the activity of
extracts obtained from different solvents such as chloroform, butanol, and ethyl acetate
against MRSA, finding that only the extracts obtained with the latter exhibited antibacterial
activity [87].

On the other hand, traditionally, marine invertebrates are considered a prolific source
of exceptional natural products, with a diverse range of biological activities. However,
current studies on invertebrate-associated microbial communities are revealing microor-
ganisms as the real producers of many of these compounds. In this study, one article with
Streptomyces strains was reported with QQ and antimicrobial activity isolated from the gut
of marine fish Rastrelliger kanagurta [141]. This compound was not identified, however, in
this study the findings revealed that there is a wide variety of compounds of the family,
with polyketides being the most frequent, as expected, because they have been the most
studied and are synthesized by the enzyme polyketide synthase, encoded by PKS genes
against which genetic mobilization through horizontal gene transfer (HGT) has been re-
ported with a high frequency, and this could be due to multiple factors. Some PKSs are
encoded on plasmids or located within pathogenic islands, which facilitate gene transfer
through conjugation, transposition, or transduction, as was reported by Nivina et al. [181].

In this same sense, the PKS gene cluster was the most reported, together with NRPS
and the phe gene cluster, however, the detection of genes associated with these biosynthetic
clusters does not guarantee the expression of genes involved in the production of secondary
metabolites due to recent studies have demonstrated that the abundance of biosynthesis
gene clusters in actinobacteria genomes do not appear to be expressed under standard
laboratory culture conditions. Activation of these gene clusters would considerably enhance
the ability to discover novel natural products. Studies by Xu et al. have shown that
LaCl3 induced antifungal or antibacterial activities in strains that did not show such
activities under normal cultivation conditions [167]. In addition, the culture condition such
as agitation speed, temperature, pH, etc., apart from helping improve the performance
of compounds, could also be related to the expression of the biosynthetic gene cluster.
Furthermore, carbon and nitrogen sources have been reported with a profound influence
on secondary metabolite production; regarding carbon sources, glucose favors a high
growth rate, nevertheless, this represses secondary metabolite production through carbon
catabolite repression [182,183]. Due to this, other sources have been used as starch; for
this reason, glucose was reported in this review with less frequency compared to starch.
Regarding the nitrogen source, ammonium is reported as the preferred nitrogen source for
most actinobacteria; its presence in high concentrations is positively related to the growth
rate, however, it delays the onset of secondary metabolite production. On the contrary,
nitrate can be assimilated by actinobacteria as an alternative nitrogen source. Interestingly,
the nitrate excess enhances secondary metabolite production in actinobacteria [182], which
explains why nitrate has been reported in twice as many articles as ammonium in this
systematic revision.

Respecting the antibiofilm activity, there are about 5027 anti-biofilm agents against
Gram-positive and -negative bacteria, and fungi have been reported between 1988 and
2017 [133]. However, up to date, few have been successfully translated to the market
for clinical and medical applications or against whom bacteria have developed action
mechanisms, because of this is required to continue in the search for new options and
despite the huge expectations on synthetic molecules with effective antimicrobial properties,
natural products are still worthy of promise as reported by Newman and Cragg [30,184].
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Although the compounds with QQ activity were few, the present investigation con-
firms the ability of actinobacteria to produce secondary metabolites with this effect, being
one of the novel approaches to counter the drug-resistant bacteria and target therapeutic
that could be inhibited the virulence factors of some bacteria such as C. acnes and generate
new treatment options to acne vulgaris disease.

Seeing these results in an integrated manner, it is possible to guide research towards
the isolation of marine actinobacteria obtained from sediments and marine invertebrates,
paying more attention to the Streptomyces genus, and looking for families of compounds
such as polyketides, macrolides, phenazines, among others. In the same way, the variation
of the culture condition may promote the production of bioactive metabolites, especially
carbon and nitrogen sources.

In short, our results reinforce the need to further explore marine actinomycetes and
their enormous potential of them as a rich source of novel metabolites relevant for biotech-
nological applications.

4. Materials and Methods
4.1. Search Strategy

A systematic search was conducted in PubMed, Scopus, and Web of Science (WOS)
without limits of timeframe (The first search was in May 2021 and the last updated in
April 2022). The search strategy for all databases included the descriptors: “streptomyces”,
“actino”, “acne”, “antibacterial”, “quorum quenching” and other terms combined with
Boolean operators AND and OR and it defined as follows.

((streptomyces OR action *) AND (acne * OR “staphylococcus epidermidis” OR
“staphylococcus aureus” OR “cutibacterium acnes” OR “propionibacterium acnes”) AND
(antibacterial OR quorum OR “quorum quenching”)).

“Acne” was used instead of “acne vulgaris” as it is more general and commonly used
and the term “quorum” was included for researchers that used quorum-sensing inhibitors
instead of “Quorum Quenching”.

In addition, for the synthesis, the papers were grouped by the type of biological
activity reported.

4.2. Eligibility Criteria

Studies were included in this systematic review to see if they met all the following
eligibility criteria:

Original research articles, studies on extraction of compounds or extracts or metabo-
lites derived from marine actinobacteria strains, and studies evaluating the activities of
antibacterial, antimicrobial, anti-biofilm, and quorum quenching.

The following were considered to be exclusion criteria: compounds or extracts isolated
from soil actinobacteria or another environment different from marine, compounds or
extracts obtained from microorganisms other than actinobacteria, compounds were not
identified, reviews, communication, and letters to the editor were not considered and
articles whose language was not English.

Three researchers performed all the literature selection steps individually and then
discussed the differences within the research team. An article was eligible to be included in
the review when at least two authors indicated that it met the inclusion/exclusion criteria.
Eligible articles were read at a full-text level and those who met the inclusion/exclusion
criteria were selected to carry out the data extraction.

4.3. Data Extraction

Data were extracted and sorted by the title of studies, author, year, the number of
strains, isolation country, isolation source (sediment, sponge, seawater, mangrove, coral,
marine invertebrates, and so on), genus of actinobacteria (Streptomyces sp., Nocardiopsis sp.,
Micromonospora sp., Verrucosispora sp., Salinispora sp., among others), type of activity (an-
tibacterial, antimicrobial, antibiofilm, quorum-sensing inhibition), extracts or compounds
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used, the organic solvent used to get the extracts or compounds (EtOAc, MeOH, Bu-
tanone, Butanol, Methanol, Acetone, Chloroform, Dichloromethane, or the combination of
them), the family of compounds, genes associated with the compounds’ production, the
biosynthetic gene clusters (BGCs) and the structure of the compounds if reported.

5. Conclusions

The marine ecosystems are one of the most dynamic, under-explored environments
and are a natural reservoir of metabolites with a wide spectrum of biological activities.
Streptomyces sp. remains the most prolific genus of actinobacteria in the phylum, however,
the so-called rare actinobacteria have gained interest due to the variety of compounds they
can produce, such as those that show antibiofilm activity and quorum quenching. In the
same way, marine sediments and sponges were the most outstanding source to isolate bioac-
tive actinobacteria. Regarding compounds with antibacterial activity, polyketides were
most frequently comprised of angucyclines, aromatics polyketides, and naphthoquinones,
among others, followed by phenazines which displayed antibacterial, antimicrobial, and
quorum-sensing inhibition, finding an exciting potential in this type of secondary metabo-
lite. Likewise, compounds originally found in plants were reported to be isolated from
marine actinobacteria, evidence that the bioactivity of some plants or animals like fishes
is due to microorganisms and not to the host organism. Furthermore, it was evident that
there are few studies of the compounds obtained from marine actinobacteria with antibac-
terial, antibiofilm, or QQ activity against C. acnes, giving us a wonderful opportunity to
investigate future studies in this interesting area. Finally, biosynthetic gene clusters in
the production of secondary metabolites in actinobacteria play an important role, and
although the presence of this in the genome of actinobacteria does not imply that they will
be expressed, they are indicators of the potential of strains to produce compounds and
it was clear that in most cases that they must be activated through some strategies such
as co-culture, stress-generated external factors such as pH, temperature, agitation speed,
variation of co-culture conditions and so on. This makes evident the need to sequence the
genomes, since these allow us to know the bacteria in-depth and put into practice different
strategies, establish the relationship between gene clusters of genes and functions, postulat-
ing this methodology as an alternative for the extraction of metabolites, its performance
and use. In short, the findings in this research support the evidence of the potential of
marine-derived actinobacteria to produce anti-infective compounds and suggested the
search for this microorganism of compounds with novel approaches as QQ.
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Abstract: Antibiotic resistance is increasing worldwide making it necessary to search for alternative
antimicrobials. Sodium bituminosulfonate is a long-known substance, whose antimicrobial inhibitory
activity has recently been re-evaluated. However, to the best of our knowledge, the bactericidal mode
of action of this substance has not been systematically characterized. The aim of this study was to
investigate the in vitro bactericidal activity of sodium bituminosulfonate by determining the minimal
bactericidal concentrations (MBC), as well as the rapidity of bactericidal effect by time-kill curves.
Clinical isolates of methicillin-susceptible (MSSA, n = 20) and methicillin-resistant (mecA/mecC-MRSA,
n = 20) Staphylococcus aureus were used to determine MBC by a broth microdilution method. Sodium
bituminosulfonate (Ichthyol® light) was tested in double-dilution concentration steps ranging from
0.03 g/L to 256 g/L. For time-kill analysis, two reference and two clinical S. aureus strains were tested
with different concentrations of sodium bituminosulfonate (1 × minimal inhibitory concentration
(MIC), 2 × MIC, 4 × MIC, 16 × MIC and 256 × MIC). For MSSA isolates, MBC50, MBC90 and the
MBC range were 0.5 g/L, 1.0 g/L and 0.125–1.0 g/L; (MBC/MIC ratio)50, (MBC/MIC ratio)90 and
the range of the MBC/MIC ratio were 4, 4 and 1–8, respectively. Among MRSA isolates, MBC50,
MBC90 and the MBC range amounted to 0.5 g/L, 1.0 g/L and 0.06–1.0 g/L; (MBC/MIC ratio)50,
(MBC/MIC ratio)90 and the range of the MBC/MIC ratio were 2, 4 and 1–8, respectively. Time-kill
kinetics revealed a bactericidal effect after 30 min for sodium bituminosulfonate concentrations of
16 × MIC and 256 × MIC. The bactericidal activity against MSSA and MRSA was demonstrated for
sodium bituminosulfonate. The killing was very rapid with the initial population reduced by 99.9%
after only short incubation with concentrations of 16 × MIC and higher.

Keywords: sodium bituminosulfonate; Staphylococcus aureus; bactericidal activity

1. Introduction

The burden of bacterial resistance against antibiotics is steadily increasing [1,2]. The
development of antimicrobial resistance (AMR) is driven by use of antibiotics in humans,
animals and the environment, as well as the worldwide spread of resistant bacteria [3].
Although considerable improvements in the control of methicillin-resistant Staphylococcus
aureus (MRSA) have been made in certain countries, in the WHO priority list of antibiotic-
resistant bacteria, MRSA is still ranked as a high priority pathogen [4]. In 2019, MRSA caused
more than 100,000 deaths and 3.5 million disability-adjusted life-years attributable to AMR [5].
Despite some progress achieved in the antibacterial pipeline in recent years, the pipeline
outlook remains unfavorable [6,7]. In the context of a scarcity of new antimicrobial treatments,
the re-examination of old substances with antimicrobial activity has potential value [8]. Such
re-evaluation includes the collection of in vitro susceptibility data as well as consideration
of clinical evidence, including pharmacokinetic/pharmacodynamic analyses [9,10]. Sodium
bituminosulfonate, a long-known substance derived from sulfur-rich oil shale and commonly
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known as “Ichthyol®, light” [11], has been used to treat various conditions, particularly in
dermatology, including skin infections, for nearly a century [12–14]. The in vitro antimicrobial
activity of sodium bituminosulfonate has recently been re-evaluated according to current
international guidelines on antimicrobial susceptibility testing (AST) [15]. To the best of our
knowledge the first time this has been undertaken, we performed a systematic investigation
and characterization of the bactericidal activity of sodium bituminosulfonate against S. aureus.

2. Results
2.1. Determination of MIC and MBC

Of 20 clinical MRSA strains, the mecA gene was detected in 19 strains, whereas one
strain possessed the mecC gene. All MSSA isolates tested mecA/mecC-negative. For MSSA as
well as for MRSA clinical isolates, the MIC50 and MIC90 values were 0.125 g/L and 0.25 g/L,
respectively. The MIC range was 0.06–0.5 g/L for MSSA and 0.06–0.25 g/L for MRSA. The
MBC50 and MBC90 values were equal for MSSA and MRSA and amounted to 0.5 g/L and
1.0 g/L, respectively (Table 1). MBC ranges were 0.125–1.0 g/L and 0.06–1.0 g/L for MSSA
and MRSA, respectively. The (MBC/MIC ratio)50, (MBC/MIC ratio)90 and the range of the
MBC/MIC ratio are shown in Table 1.

The MICs of vancomycin determined for S. aureus ATCC 29213 by general QC testing
were within the ranges recommended by EUCAST and CLSI [15,16].

2.2. Time-Kill Curves

Time-kill kinetic investigations demonstrated a rapid bactericidal effect of sodium bitumi-
nosulfonate against MSSA and MRSA. Confirmation of the initial inoculum revealed a mean real
bacterial density of 1.1 × 106 CFU/mL and 1.3 × 106 CFU/mL for the reference strains MSSA
ATCC 29213 and MRSA ATCC 43300, respectively, 1 × 106 for clinical MSSA and 1.5 × 106 for
clinical MRSA strains. At concentrations of 16 × MIC and 256 × MIC, a bactericidal efficacy
of 99.9% inoculum reduction by sodium bituminosulfonate was already achieved after 30 min
of incubation. Regrowth was observed at 1 × MIC, 2 × MIC and 4 × MIC within 4 to 24 h,
whereas killing without regrowth was documented at 16 × MIC and 256 × MIC (Figure 1).
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Figure 1. Time-kill curves for sodium bituminosulfonate against two reference strains (a,b) and two
clinical strains (c,d) of Staphylococcus aureus. The threshold (dashed line) denotes 99.9% decreases
in CFU/mL. MSSA, methicillin-susceptible S. aureus; MRSA, methicillin-resistant S. aureus; MIC,
minimal inhibitory concentration.
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Table 1. Bactericidal activity of sodium bituminosulfonate against methicillin-susceptible (MSSA,
n = 20) and methicillin-resistant (MRSA, n = 20) Staphylococcus aureus isolates.

Strains MIC50 (g/L) MIC90 (g/L) MIC Range
(g/L) MBC50 (g/L) MBC90 (g/L) MBC Range

(g/L)
(MBC/MIC

Ratio)50

(MBC/MIC
Ratio)90

(MBC/MIC
Ratio)
Range

MSSA 0.125 0.25 0.06–0.5 0.5 1.0 0.125–1.0 4 4 1–8
MRSA 0.125 0.25 0.06–0.25 0.5 1.0 0.06–1.0 2 4 1–8

3. Discussion

S. aureus is one of the most common and important pathogens that can cause infections of
skin and soft tissues, which are particularly difficult to treat when originating from methicillin-
resistant strains [17]. Methicillin resistance in S. aureus is mediated by the mecA, mecB or
mecC genes and leads to resistance to almost all β-lactam antibiotics [18–21]. Alternative
antimicrobial substances may be important for the successful treatment of such infections
or for the eradication of cutaneous colonization by S. aureus. Bituminosulfonate compounds
have been known for over 100 years [22,23]. Data obtained from older studies—performed
with various derivatives and formulations—showed good antimicrobial effects against Gram-
positive bacteria, such as staphylococci and streptococci [24–26]. The activity of sodium
bituminosulfonate against Gram-positive bacteria has recently been confirmed in an in vitro
study [27]. Notably, another very recent study found only a low potential for resistance
development in S. aureus after exposure to this derivate [28]. For comparison purposes,
the antimicrobial inhibitory effect of sodium bituminosulfonate against S. aureus was also
demonstrated in our study (Table 1). Its MIC values against 40 clinical and two reference S.
aureus strains were found to be below the concentrations contained in commercially available
preparations and the results were comparable to previous results [25–28]. The bactericidal
efficacy of sodium bituminosulfonate was demonstrated by MBC determination. In agreement
with international guidelines, a 99.9% killing of bacteria was considered as the criterion for a
bactericidal effect [29]. To the best of our knowledge, no data are available on the rapidity of the
bactericidal effect of sodium bituminosulfonate. Therefore, we characterized the bactericidal
effect of sodium bituminosulfonate using a time-kill methodology [29,30]. In this first study
of sodium bituminosulfonate’s bactericidity, a very rapid bactericidal effect against MSSA
and MRSA was observed, with 99.9% of the inoculum already killed after a short incubation
time of 30 min by concentrations corresponding to 16 × MIC and 256 × MIC (Figure 1).
Regrowth—a phenomenon occasionally observed with the time-kill methodology [31,32]—
was noted at lower concentrations of 1 × MIC, 2 × MIC and 4 × MIC, while the higher
concentrations of 16 × MIC and 256 × MIC caused irreversible killing. In conclusion, a
bactericidal effect was demonstrated for sodium bituminosulfonate by MBC determination on
a clinical collection of MSSA and MRSA strains. Detailed analyses of time-kill kinetics revealed
very rapid bactericidal activity. This study contributes to the deeper in vitro characterization
of the antimicrobial effects of sodium bituminosulfonate by investigating MBCs and time-kill
curves under standardized conditions and has confirmed sodium bituminosulfonate as a
promising alternative to commonly used topical antibiotics.

4. Materials and Methods
4.1. Bacterial Strains and Antimicrobial Substance

For the determination of minimal inhibitory concentrations (MICs) and minimal bac-
tericidal concentrations (MBCs), 40 clinical isolates of S. aureus from routine diagnostics
of the Friedrich Loeffler-Institute of Medical Microbiology, University Medicine Greif-
swald, in 2019–2021 were used, including 20 consecutive MSSA isolates and 20 consecutive
MRSA isolates. The isolates were recovered from blood, urine, wounds, aspirates and
respiratory samples. Only one isolate per patient was eligible. For time-kill experiments,
two of these clinical strains (one MSSA and one MRSA) were used, as well as two ref-
erence strains (MSSA ATCC 29213 and MRSA ATCC 43300). The presence of mec genes
in MRSA strains was confirmed using a loop-mediated isothermal amplification assay
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(eazyplex® MRSAplus, Amplex Diagnostics, Gars-Bahnhof, Germany) according to the
user’s manual [33].

Sodium bituminosulfonate (Ichthyol® light) was provided by the Ichthyol-Gesellschaft
Cordes, Hermanni & Co. (Hamburg, Germany).

4.2. Determination of MIC and MBC

For MIC determination, a broth microdilution method was used according to the
recommendations of the Clinical and Laboratory Standards Institute (CLSI) and the In-
ternational Organization for Standardization (ISO) [15,34,35]. The strains were cultivated
overnight on Columbia blood agar plates at 35 ◦C. Afterwards, colony material from the
overnight culture was adjusted to the turbidity standard of McFarland 0.5 in 0.9% saline.
The cultures were diluted in cation-adjusted Mueller–Hinton broth (CA-MHB, BD Diagnos-
tics, Heidelberg, Germany) to obtain a final test inoculum of 5 × 105 CFU/mL. The testing
was performed in sterile U-bottom microtiter plates (Brand, Wertheim, Germany) with an
incubation time of 18 ± 2 h at 35 ◦C in ambient air. Sodium bituminosulfonate was tested
in double-dilution concentration steps ranging from 0.03 g/L to 256 g/L. As no quality
control (QC) ranges exist for the susceptibility testing of sodium bituminosulfonate, MIC
determination was additionally performed for S. aureus ATCC 29213 with vancomycin to
control for the overall performance of the testing procedures.

For the determination of MBCs, 10 µL samples from the clear wells were sub-cultured
on tryptic soy agar plates (TSA, BD Diagnostics, Heidelberg, Germany) and colonies were
counted after overnight incubation at 35 ◦C. The minimal concentration needed to kill
at least 99.9% of the initial inoculum was considered as the MBC, according to CLSI [29].
All MIC and MBC determinations were performed in triplicate and median values were
calculated for analysis.

4.3. Time-Kill Curves

To determine the rapidity of the bactericidal effect of sodium bituminosulfonate against S.
aureus, a time-kill kinetic methodology was used. The initial liquid culture prepared in 10 mL
tryptic soy broth (TSB) from overnight growth on Columbia blood agar was incubated for 3 h
at 35 ◦C and 160 rpm. After adjusting to the 0.5 McFarland turbidity standard and dilution, 5
mL of a suspension containing approximately 106 CFU/mL was transferred into glass flasks
with different concentrations of sodium bituminosulfonate (1 × MIC, 2 × MIC, 4 × MIC,
16 × MIC and 256 × MIC for the respective isolate). The suspensions were incubated at
35 ◦C and 160 rpm for 0.5 h, 1 h, 4 h, 8 h and 24 h. After incubation, 200-µL samples were
collected and serially diluted, followed by plating of 10 µL in triplicate on TSA plates. After
overnight incubation at 35 ◦C, the colonies were counted, and average values were calculated.
A growth control without antimicrobial substance, as well as a sterile control, were used in
each experiment. The time-kill curves were performed in triplicate.
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Abstract: The spread of antibiotic resistance among bacteria has become one of the major health
problems worldwide. Methicillin-resistant staphylococcal strains are especially dangerous because
they are often resistant to other antibiotics. The increasing insensitivity to macrolides, lincosamides
and streptogramin B antibiotics of methicillin-resistant staphylococcal isolates has limited the use of
these drugs in therapy. The combination of natural compounds and antibiotics can be considered as
an alternative tool to fight multi-drug-resistant pathogen infections. The aim of the presented study
was to examine the antibacterial activity of protocatechuic acid ethyl ester–erythromycin combination
towards Staphylococcus aureus and Staphylococcus epidermidis strains with various resistance profiles to
methicillin and macrolides, lincosamides and streptogramin B (MLSB) antibiotics. The in-vitro an-
tibacterial potential of the above combination was investigated by minimum inhibitory concentration
assays and checkerboard testing. The observed effects were strain dependent, with 8 of 12 tested
staphylococcal strains showing an indifferent effect on the natural compound and erythromycin; for
2 strains, the tested combination had an additive effect, while for another 2, the effect was synergistic.
Interestingly, the multi-drug-resistant strains were more sensitive to the cooperative action of the
protocatechuic acid ethyl ester and the antibiotic.

Keywords: protocatechuic acid ethyl ester; erythromycin; fractional inhibitory concentration;
Staphylococcus spp.

1. Introduction

New resistance mechanisms developed by bacteria have greatly reduced the number
of available therapeutic agents effective against bacterial infections. Frequently, microor-
ganisms isolated from hospitalized patients show resistance to more than one group of
antibiotics. In recent years, multi-drug-resistant bacteria have become the major concern for
global health, so the search for new antimicrobial agents is now a priority for researchers [1].
To date, the beneficial interactions of antibiotics with compounds of plant origin were sug-
gested by many studies [2–4]. Staphylococcus aureus is one of the World Health Organization
(WHO) priority pathogens for research on new antibiotics. This mainly commensal microor-
ganism can induce diseases of the skin and soft tissues, respiratory, urinary or digestive
system. What is more, it could form biofilms on medical devices or surgical sites. In turn,
Staphylococcus epidermidis, which colonizes mucous membranes and skin, is one of the main
etiological factors of nosocomial infections [2,5], and is a major element in the human body’s
microbiota [6]. Colonization with coagulase-negative staphylococci (CoNS) takes place at
birth and accompanies us throughout all our life [7]. It is currently believed that this oppor-
tunistic pathogen is responsible for infections associated with medical accessories, such as
central venous ports, catheters, hip prostheses, knee prostheses and various procedures,
such as coronary artery bypass surgery, cholecystectomy, laminectomy, colon surgery and
cesarean section [8,9]. Due to the ability of S. epidermidis to form biofilms on the surfaces of
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medical devices, they are one of the reservoirs of infection [8]. Because multi-drug-resistant
staphylococci strains are common in both hospital and community environments, it is
very important to search for alternative treatments in staphylococcal infections. Many
studies proved the synergistic effect of plant-derived compounds in combination with an-
tibiotics [2,7,10–12]. New drug combinations may lead to the development of new, cheaper,
more accessible, more effective, safer-for-the-environment and, above all, for patients, an-
timicrobial therapies [1]. Protocatechuic acid (PCA) is one of the plant-derived compounds
shown to have antimicrobial activity against Gram-positive, Gram-negative bacteria and
fungi [13–16]. Its antimicrobial activity is related to the ability to inhibit bacterial growth
and enhance the action of antibiotics and, thus, reduce resistance development [15]. What
is more, PCA is non-toxic to humans at an oral dose of 100 mg/kg [15,17]. A usage limi-
tation of phenolic acids, such as PCA as medicinal substances, is their low bioavailability.
Moreover, phenolic acids are rapidly metabolized and excreted in the urine. Chemical mod-
ifications of phenolic acids may increase their biological activity, e.g., esterification increases
the lipophilicity of PCA [18,19]. Figure 1 shows the differences in the chemical structure of
PCA and protocatechuic acid ethyl ester (EDHB, ethyl 3–4 dihydroxybenzoate). EDHB has
not yet been extensively studied for its antibacterial activity. This compound is found in the
leaves and roots of many plant species, peanut seed casings and also in tea and wine [20].
EDHB is widely used as a food stabilizer [21] and its antioxidant, neuroprotective, myo-
and cardioprotective properties were indicated by many authors [21–26]. Our previous
study proved the antibacterial properties of EDHB against reference and clinical strains of
S. aureus [2]. What is more, a decrease in the minimal inhibitory concentrations (MIC) of
erythromycin in the presence of this ester was observed. Therefore, it seems important to
thoroughly evaluate the interactions of EDHB with erythromycin and to define its potential
clinical usefulness. Since erythromycin and PCA have different targets in the bacterial
cell, the choice of this combination seems to be justified. Erythromycin inhibits bacterial
protein synthesis, while PCA causes membrane lysis of bacteria [16,27,28]. PCA can, thus,
enhance the antibacterial effects of erythromycin without fear of interference. Since the
esterification of phenolic acid may increase it bioavailability, research on the antibacterial
properties of EDHB is more promising than on PCA; therefore, the authors decided to focus
on EDHB. The aim of this study was to determine the direction of the influence of EDHB
and erythromycin on the reference and clinical strains of S. aureus and S. epidermidis.
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2. Results
2.1. Antibiotic Resistance Profile of Tested Strains

The resistance profile of the tested strains is presented in Table 1. Among the tested
S. aureus strains, three were resistant to methicillin (S. aureus ATCC 43300, S. aureus 3 and
4) and three strains of S. epidermidis were resistant to this antibiotic (S. epidermidis ATCC
35984, S. epidermidis 1 and 2). The remaining isolates showed sensitivity to methicillin
(S. aureus ATCC 25923, S. epidermidis ATCC 12228, S. aureus 1 and 2, S. epidermidis 3 and 4).
S. aureus ATCC 43300, S. epidermidis ATCC 35984, S. aureus 3, S. aureus 4, S. epidermidis 1
and S. epidermidis 2 strains demonstrated the constitutive phenotype of resistance to MLSB
antibiotics (cMLSB). The remaining isolates did not show the MLSB resistance phenotype.
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Table 1. The methicillin and MLSB resistance profiles of examined strains.

Strain Methicillin Resistance Profile MLSB Resistance Profile

S. aureus ATCC 25923 MSSA -

S. aureus ATCC 43300 MRSA cMLSB

S. epidermidis ATCC 12228 MSSE -

S. epidermidis ATCC 35984 MRSE cMLSB

S. aureus 1 MSSA -

S. aureus 2 MSSA -

S. aureus 3 MRSA cMLSB

S. aureus 4 MRSA cMLSB

S. epidermidis 1 MRSE cMLSB

S. epidermidis 2 MRSE cMLSB

S. epidermidis 3 MSSE -

S. epidermidis 4 MSSE -
MSSA—methicillin-sensitive Staphylococcus aureus, MRSA—methicillin-resistant Staphylococcus aureus,
MRSE—methicillin-resistant Staphylococcus epidermidis, MSSE—methicillin-resistant Staphylococcus epidermidis,
cMLSB—constitutive macrolide, lincosamide and streptogramin B mechanism of resistance.

2.2. The Fractional Inhibitory Concentration (FIC) Values for Protocatechuic Acid Ethyl Ester and
Erythromycin against Staphylococcal Strains

The EDHB inhibited the growth of all the tested S. aureus strains, with MIC values
ranging from 16 to 1024 µg/mL. The growth of the S. aureus reference strains was inhibited
at a concentration of 512 µg/mL. S. aureus 1 and 2 strains proved to be sensitive to EDHB
with MIC 16 µg/mL, while the growth of the S. aureus 3 and 4 strains was inhibited at a
concentration of 1024 µg/mL. The MIC values for erythromycin against S. aureus isolates
ranged from 0.25 to 2048 µg/mL. S. aureus ATCC 25925, S. aureus 1 and S. aureus 2 strains
showed the lowest MIC values, 0.25 µg/mL, while S. aureus strains ATCC 25923, 3 and 4
demonstrated MICs at 2048 µg/mL.

EDHB at the concentrations used in this study inhibited the growth of all tested
S. epidermidis strains. The MICs of EDHB ranged from 512 to 1024 µg/mL. Five S. epidermidis
strains showed identical susceptibility to EDHB with MIC at 512 µg/mL. The highest MIC
values at the level of 1024 µg/mL were characteristic for the S. epidermidis ATCC 12228
strain. The MIC values for erythromycin against S. epidermidis strains ranged from 0.125
to 2048 µg/mL. S. epidermidis ATCC 12228, 3 and 4 strains showed the lowest MIC values
(0.125, 0.125 and 2 µg/mL, respectively), while S. epidermidis ATCC 35984, 1 and 2 strains
demonstrated MICs at 2048 µg/mL. The MIC values for both EDHB and erythromycin are
presented in Table 2.

Based on the checkerboard assay, MIC values were determined for EDHB in combina-
tion with erythromycin and for erythromycin in combination with EDHB.

Erythromycin and EDHB exerted an indifferent effect against five S. aureus strains. The
synergistic effect of the compounds was noted only against S. aureus 3. The erythromycin–
EDHB combination turned out to be more active against S. epidermidis strains, where in two
cases, an additive effect was found (S. epidermidis 12228 and 3) and in one, it was synergistic
(S. epidermidis 4). For the remaining strains, the effect of combining the compounds was
indifferent.
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Table 2. The MIC values for staphylococcal strains in the second stage of the study.

Staphylococcal Strain
MIC Values

EDHB Erythromycin

S. aureus ATCC 25923 512 0.25

S. aureus ATCC 43300 512 2048

S. aureus 1 16 0.25

S. aureus 2 16 0.25

S. aureus 3 1024 2048

S. aureus 4 1024 2048

S. epidermidis ATCC 12228 1024 0.125

S. epidermidis ATCC 35984 512 2048

S. epidermidis 1 512 2048

S. epidermidis 2 512 2048

S. epidermidis 3 512 0.125

S. epidermidis 4 512 2
MIC—minimum inhibitory concentration, EDHB—protocatechuic acid ethyl ester.

The results of the checkerboard assay for each strain are shown in Figure S1
(Supplementary Materials), while the FIC index and their interpretation are presented
in Table 3.

Table 3. FIC index and their interpretation.

Strain FIC Index Interacion

S. aureus ATCC 25923 1.031 indifference

S. aureus ATCC 43300 1.016 indifference

S. epidermidis ATCC 12228 0.628 additive

S. epidermidis ATCC 35984 1.063 indifference

S. aureus 1 2 indifference

S. aureus 2 1.125 indifference

S. aureus 3 0.078 synergism

S. aureus 4 1.016 indifference

S. epidermidis 1 1.015 indifference

S. epidermidis 2 1.015 indifference

S. epidermidis 3 0.750 additive

S. epidermidis 4 0.281 synergism
FIC index—fractional inhibitory concentration index.

Table 4 shows the MIC value changes of erythromycin in the presence of EDHB at
different concentrations, together with MICs of EDHB. The EDHB concentrations were
determined for each strain on the basis of the MIC values obtained in the first stage of
the study [29,30]. The changes in the MIC value of erythromycin after the addition of
EDHB were statistically significant (p = 0.005). Statistical analysis also revealed significant
differences between MIC changes for resistant versus susceptible strains (p = 0.002). Inter-
estingly, the strains resistant to MLSB antibiotics and methicillin were more sensitive to the
erythromycin–EDHB combination (Table 4).
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Table 4. The MIC values of erythromycin alone and in combination with EDHB towards staphylococ-
cal strains.

Strain MIC of EDHB EDHB Concentration
in Well with FIC Index MIC of Erythromycin MIC of Erythromycin

with EDHB

Decrease of the MIC
Value after the EDHB

Addition [%]

S. aureus ATCC 25923 512 16 0.25 0.25 0

S. aureus ATCC 43300 512 512 2048 32 98.44

S. epidermidis ATCC 12228 1024 512 0.125 0.016 12.8

S. epidermidis ATCC 35984 512 32 2048 1 99.95

S. aureus 1 16 16 0.25 0.25 0

S. aureus 2 16 16 0.25 0.03125 87.5

S. aureus 3 1024 64 2048 32 98.44

S. aureus 4 1024 1024 2048 32 98.44

S. epidermidis 1 512 512 2048 1 99.95

S. epidermidis 2 512 512 2048 32 99.95

S. epidermidis 3 512 128 0.125 0.063 50.4

S. epidermidis 4 512 32 2 0.5 75

EDHB—protocatechuic acid ethyl ester, MIC—minimum inhibitory concentration.

3. Discussion

Staphylococcal infections have become one of the most important public health prob-
lems, as multi-drug-resistant strains of this microbe are spreading rapidly. This fact stim-
ulates scientists to search for new antimicrobial compounds and therapeutic strategies
for staphylococcal disease treatment. A very promising direction of research is the imple-
mentation of substances of natural origin to augment routine antimicrobial therapies. The
enhancement of antibiotic action by such compounds is due to sensitizing bacterial strains
to drugs and enhancing their activity by increasing the bioavailability or simultaneously
affecting a different site in the bacterial cell [4].

In this study, the antibacterial effect of the EDHB and erythromycin combination on
reference and clinical Staphylococcus spp. strains was assessed. EDHB in combination with
erythromycin showed an indifferent effect against five S. aureus isolates, while a synergistic
interaction was found for one strain. Interestingly, a synergistic effect was noted against a
multi-drug-resistant clinical strain, which, due to its character, should be less susceptible
to the combined action of the compounds. In turn, among S. epidermidis strains, three
indifferent, two additive and one synergistic effect were noted. A synergistic interaction
was found against the sensitive S. epidermidis 4. It should be noted that if one substance
is much more active, sometimes it is difficult to distinguish an indifferent effect from
an additive effect, especially when using dilutions of the antibiotics [31]. The statistical
analysis showed that the resistant strains of the tested staphylococci were more sensitive
to the EDHB–erythromycin combination then sensitive isolates. Significant differences
were observed in the decrease in erythromycin MIC values after the addition of EDHB
(Table 4). Therefore, it is likely that EDHB blocks the mechanisms of bacterial resistance,
thus, increasing its sensitivity.

What is more, the combination of “erythromycin–EDHB” turned out to be more ef-
fective against coagulase-negative staphylococci. Because S. epidermidis strains produce
biofilm, which is the CoNSs’ main virulence factor, evaluation of the effective combina-
tion of EDHB–erythromycin is of importance. The antibiofilm properties of PCA have
been described in many studies [32–35]. The mechanism of PCA antibiofilm action is
attributed to the changes in the properties of bacterial surfaces and inhibition of quorum
sensing [32,34,35]. The reference S. epidermidis ATCC 35983 strain has a biofilm-forming abil-
ity and possesses icaADBC operon. The direction of the interaction of EDHB–erythromycin
for this strain was indifferent. All tested clinical S. epidermidis isolates also have biofilm for-
mation ability (data not shown). Among these strains, two indifferent, one synergistic and
one additive interaction were noted. Since the EDHB–erythromycin combination has been
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shown to be more effective against the CoNS strains, it is possible that EDHB also affects
the biofilm formation process. It is believed that natural compounds showing synergism
with antibiotics could have potential use in the effective treatment of nosocomial infec-
tions caused by the CoNS, especially in cases requiring a non-standard pharmacological
approach [3].

Previously, Miklasińska et al. [2] investigated the antibacterial effect of EDHB alone
and in combination with four antibiotics: erythromycin, clindamycin, vancomycin and
cefoxitin. Twenty clinical strains and three reference strains of S. aureus were tested.
The MIC values for EDHB ranged from 64 to 1024 µg/mL, with median 512 µg/mL,
while the MIC values for EDHB in this study ranged from 16 µg/mL to 1024 µg/mL
(median 512 µg/mL) and were strain dependent. In our previous study, we found that the
differences in the EDHB MIC values did not depend on the mechanism of resistance to
MLSB antibiotics [2]. What is more, we found out that the presence of EDHB increased the
sensitivity of the studied strains to erythromycin, as well as to clindamycin and vancomycin.
Among examined strains were two reference isolates (S. aureus ATCC 43300 and S. aureus
ATCC 25923), which were also included in this work and showed an indifferent effect to
the EDHB–erythromycin combination. For the S. aureus ATCC 43300 strain, both studies
showed the same MIC value of 512 µg/mL, while for S. aureus 25923, the obtained MICs
were different. In our previous study, it was 256 µg/mL, while in the present work,
the MIC was 512 µg/mL. As both experiments were carried out on the same strains,
stored in our department and with the use of a compounds purchased from the same
company, the probable cause of the difference is a laboratory error. However, it should
be noted that the above MIC values do not differ significantly, and these results do not
affect the assessment of the antibacterial activity of EDHB against the tested strains. The
results of both studies failed to unambiguously demonstrate whether the combination
of erythromycin and EDHB would bring a noticeable therapeutic benefit but showed a
tendency to decrease erythromycin resistance under the influence of the EDHB.

To the best of our knowledge, there are no studies, except ours, on the antibacterial
activity of EDHB, but works on the antimicrobial potential of the PCA are worth discussing.
Chai et al. [36] studied the action of PCA and chlorogenic acid in combination with antibi-
otics against Escherichia coli, S. aureus, Streptococcus iniae and Proteus mirabilis. The authors
found that the growth of Gram-negative bacteria was inhibited to a lesser extent by PCA and
chlorogenic acid than the growth of Gram-positive pathogens, and that the effect of PCA
was more prominent than that of chlorogenic acid. Both of these acids showed the strongest
antibacterial activity against S. aureus. Similarly, Stojković et al. [28], in their study, noted
the highest PCA activity against the S. aureus strain compared with other Gram-positive
and also Gram-negative bacteria. The MIC value of PCA against S. aureus in their study
was 300 µg/mL, so it was close to the median obtained in our work for EDHB (512 µg/mL).
Chai et al. [36] also studied an interaction between PCA and antibiotics. A synergistic effect
against S. aureus was noted for the PCA with clinafloxacin and gatifloxacin, an additive
effect for the combination with ciprofloxacin, and an indifferent effect for the combination
with sulfamonomethoxine. Sanhueza et al. [37] also assessed the interactions between PCA
and antibiotics with a different mechanism of action (oxacillin, ampicillin, nalidixic acid,
ciprofloxacin, norfloxacin, levofloxacin, tetracycline and chloramphenicol) against five
clinical and one reference strain of S. aureus (ATCC 6538). The analysis of the FIC index by
the checkerboard method showed values below 0.5 for all tested combinations of antibiotics,
phenolic compounds and bacterial strains, which pointed to a synergistic effect. The results
of the above studies may suggest that the direction of EDHB’s effect does not depend on
the mechanism of action of the antibiotic. Erythromycin, used in our work, inhibits the
synthesis of bacterial proteins by binding to the 50S ribosome subunit, while clinafloxacin,
gatifloxacin, ciprofloxacin, nalidixic acid, norfloxacin and levofloxacin interfere with the
synthesis of bacterial DNA. On the other hand, oxacillin and ampicillin interfere with the
synthesis of the cell wall and tetracycline inhibits bacterial proteins synthesis by binding
to the 30S ribosome subunit. Since PCA causes membrane lysis of bacteria [16,27,28], it is
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more probable that the synergistic effect is related to the stimulation of other sites in the
bacterial cell. Because the influence of PCA–antibiotics combinations is strain dependent, it
may be related to other bacterial resistance mechanisms. Mandalari et al. [38] evaluated
the FIC values for catechin, PCA and epicatechin combinations against Gram-negative and
Gram-positive bacteria. Further, in their study, the S. aureus strain turned out to be most
susceptible to the examined compounds. An indifference towards synergism was observed
between naringenin and PCA against S. aureus. Since naringenin affects the bacterial cell
membrane [39], and PCA causes membrane lysis [16,27,28], the direction of the interaction
may be justified by reinforcing one other’s action.

The above studies and the results of the presented work indicate that natural com-
pounds, including EDHB, can modify the antibacterial action of antibiotics against staphylo-
coccal strains. The experiments showed a better effect from PCA on Gram-positive bacteria,
in particular, S. aureus, and this should be the focus of future studies. As numerous works
imply the antibacterial properties of protocatechuic acid and its chemical derivatives, such
studies should be carried out with a greater number of strains to precisely evaluate the
antimicrobial potential of phenolic compounds, with associations with antibiotics with
different mechanisms of action. Efforts should also be directed to precisely determine
the mechanism of action of EDHB on bacterial cells and its potential applications in the
treatment of staphylococcal infections. This line of research may, in the future, provide a
new, effective method of antibacterial therapy.

4. Materials and Methods
4.1. Bacterial Strains

The antibacterial activity of EDHB was assessed against four clinical S. aureus strains
isolated (S. aureus 1, 2, 3 and 4) from clinical wound samples and four clinical S. epidermids
strains (S. epidermidis 1, 2, 3 and 4) isolated from blood together with four reference strains:
S. aureus ATCC 25923, S. aureus ATCC 43300, S. epidermidis ATCC 12228 and S. epidermidis
ATCC 35984. The species of the clinical strains was confirmed by assessing their phenotypic
features, such as: morphology of colonies grown on blood agar, type of hemolysis, growth
on Chapman medium and production of coagulase and catalase. The Oxoid Staphytect Plus
test and the API Staph test (bioMerieux, Marcy-l’Étoile, France) were also performed. To
ensure that the clinical strains were identified correctly the PCR-RFLP reaction was carried
out. GeneMATRIX Tissue & Bacterial DNA Purification KIT (EuRx Ltd., Gdańsk, Poland)
was used for bacterial genomic DNA isolation [40]. The PCR reaction was performed using
10× PCR RED master mix kit (BLIRT SA, Gdańsk, Poland) in a MJ Mini Personal Thermal
Cycler (Bio-Rad, Hercules, CA, USA). To confirm the classification of species, the specific
restriction profiles after cleaving of PCR products with 10 U of restriction enzymes XapI
and Bsp143I (Fermentas, Vilnius, Lithuania) were analyzed. All the tested strains were
stored in the Trypticase Soy Broth medium with 20% glycerol at −80 ◦C. EDHB used in
this study was received from Sigma Chemical Co. (St. Louis, MO, USA) and dissolved in
DMSO immediately prior to use.

4.2. Antibiotic Resistance Profile

The disc-diffusion method was used to assess the resistance profile of examined
strains to methicillin, macrolides and lincosamides with use of antibiotic discs (EMAPOL)
of cefoxitin (30 µg), clindamycin (2 µg) and erythromycin (15 µg) and Mueller–Hinton Agar
(BTL) [31].

4.3. Susceptibility Testing of Staphylococcal Strains to Erythromycin and EDHB Using the
Microdilution Method

The standard microdilution method in sterile 96-well polystyrene plates (FL Medical,
Torreglia, Italy) was used to determine the minimum inhibitory concentrations of EDHB
and erythromycin towards the staphylococcal strains [41,42]. Serial dilutions were made
as follows: 11 wells of 96-well polystyrene plates were filled with Mueller–Hinton; in the
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next step, 100 µL of EDHB or erythromycin stock solution was added to the first well and
mixed thoroughly, and subsequently 100 µL was transferred to the next and remaining
wells in the same manner, and finally, from the last well 100 µL was removed. In the next
step, 100 µL of the 0.5 McFarland bacterial suspension was added to the wells containing
the EDHB and erythromycin dilutions. The organization of the titration plate is shown in
Figure 2. The absorbance was assessed in wavelength λ = 595 nm by spectrophotometry
(Thermo Electron Corp., Vantoa, Finland). The MIC is defined as the lowest compound
concentration that yields no visible microorganism growth, and it indicates the resistance
of bacteria to an antimicrobial agent and determines the potency of new antimicrobial
agents [31,41]. All experiments were carried out in triplicate. The obtained MIC values
were used to design a “checkerboard” to determine the FIC value.
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4.4. Determination of the Susceptibility of Staphylococcal Strains to the Erythromycin and
EDHB Combination

The susceptibility of staphylococcal strains to the combination of erythromycin and
EDHB was assessed by determining the fractional inhibitory concentration (FIC) value
for each strain. The checkerboard microdilution method with modifications was used to
determine the total susceptibility effect of the tested strains [35,36]. Briefly, the erythromycin
and EDHB solutions corresponding to an MIC value of 8 were prepared. Then, a series of
1/8 MIC dilutions was made. The MIC values of the substances were determined in the
previous step. As such, 95 µL of dual-concentrated Mueller–Hinton medium was added
to each well of the titration plate. Then, 50 µL of EDHB and appropriate concentration
of erythromycin were added. Finally, 5 µL of a 0.5 McFarland staphylococcal bacterial
suspension was added. The volume of each well was 200 µL. Therefore, the solutions
corresponding to the concentrations of 8 MIC, 4 MIC, 2 MIC, MIC, 1/2 MIC, 1/4 MIC and
1/8 MIC were prepared for erythromycin and EDHB to take into account the dilution of
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50 µL of these substances in 200 µL of the solution and obtained as follows: 2 MIC, MIC,
1/2 MIC, 1/4 MIC, 1/8 MIC, 1/16 MIC and 1/32 MIC in each of the wells. To the last
column and row, respectively, instead of EDHB and erythromycin, 50 µL of medium was
added. The resulting “checkerboard” is shown in Figure 3.
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Figure 3. The scheme of the checkerboard assay to evaluate FIC index for tested strains. B—medium
+ solvent (background). SC—sterility control of the medium (sterility control). The first line of
each row (A–H)—erythromycin (E) dilutions, the darkest color shows the lowest dilution (A1–H1),
and the lightest shows the highest dilution (A8–H8). The second line of each row (A–H)—EDHB
(protocatechuic acid ethyl ester) concentrations, the darkest color indicates the lowest dilution
(A1–A8), while the lightest the highest (H1–H9).

The prepared plates were incubated at 37 ◦C for 24 h. The absorbances were then read
at 595 nm. The percent increase in individual wells in relation to the growth control was
calculated using the formula:

GROWTH = (A well − A background)/(A growth control − A background) × 100% (1)
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where A is the absorbance. The MIC was re-established for EDHB and erythromycin for
each strain. Then the FIC [35,36] was calculated for EDHB and erythromycin and their sum
for each well. The following formula was used:

FIC index = FICA + FICB = (MICA + B)/MICA + (MICB + A)/MICB (2)

where:
MICA + B—MIC of an 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 alone.
MICB—MIC of a polyphenolic compound alone.
Many different combinations are observed in the checkerboard test; therefore, only

the FIC values of the most efficient combination of compounds are used to calculate the
FICI [35,36]. Based on the FIC index value for each strain, the relationship between EDHB
and erythromycin was assessed according to the following scale:

FIC ≤ 0.5—means synergism;
0.5 < FIC ≤ 1—means additive effect;
1 < FIC ≤ 4—means indifference;
FIC > 4—means antagonism [1].
A synergistic effect can be found when the joint effect of the substances is greater

than the sum of the individual effects. An additive effect can be observed when the sum
of the effects of the substances themselves is equal to the joint effect. A neutral effect is
characterized by a lack of interaction between the compounds [29]. An antagonistic effect is
defined as a decreased collective interaction of the compounds compared to the interaction
of the compounds themselves [31].

4.5. Statistical Analysis

Wilcoxon signed-rank test was used to determine whether the differences in the
MIC values of erythromycin after the addition of EDHB were statistically significant. To
assess the relationship between the presence of resistance mechanisms and the change in
erythromycin MIC values following the addition of EDHB for a given strain the t-student
test was used. For all used tests p ≤ 0.05 was considered as statistically significant. The
data were analyzed with the use of STATISTICA v 13.0 software (StatSoft, Krakow, Poland).

5. Conclusions

The results of this study demonstrate that multi-drug-resistant strains turned out
to be more sensitive to the combination of antibiotics and EDHB than sensitive isolates.
The combination of “erythromycin–EDHB” was more effective against coagulase-negative
staphylococci. The in vitro additive effect and synergy of EDHB and erythromycin can
indicate that EDHB is capable of augmenting the antimicrobial potential of antibiotics
in vivo, but since this effect is strain dependent, further studies are necessary to evaluate
the exact mechanisms of action of protocatechuic acid and EDHB.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11070848/s1, Figure S1: The checkerboard assay results
for staphylococcal strains. The dark grey represents greater than 50% bacterial growth in a well, while
the light grey shows smaller than 50% bacterial growth in a well compared to the growth control.
The blue represents an indifferent, pink additive, while green synergistic interaction. The red framed
box represents FIC index for each strain. The values highlighted in yellow show the MICs for EDHB
and erythromycin.
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Abstract: Mycobacterium abscessus subsp. massiliense (Mabs) causes chronic infections, which has led
to the need for new antimycobacterial agents. In this study, we investigated the antimycobacterial
and anti-inflammatory activities of the ethyl acetate fraction of Bixa orellana leaves (BoEA) and
ellagic acid (ElAc). In silico analysis predicted that ElAc had low toxicity, was not mutagenic or
carcinogenic, and had antimicrobial and anti-inflammatory activities. Apparently, ElAc can interact
with COX2 and Dihydrofolate reductase (DHFR) enzymes, which could explain both activities.
In vitro analysis showed that BoEA and ElAc exerted antimicrobial activity against Mabs (minimum
inhibitory concentration of 1.56, 1.56 mg/mL and bactericidal concentration of 6.25, 3.12 mg/mL,
respectively. Clarithromycin showed MIC and MBC of 1 and 6 µg/mL). Treatment with BoEA or ElAc
increased survival of Tenebrio molitor larvae after lethal infection with Mabs and reduced carrageenan-
induced paw edema in mice, around 40% of edema volume after the fourth hour, similarly to
diclofenac. In conclusion, BoEA and ElAc exert antimicrobial effects against Mabs and have anti-
inflammatory effects, making them potential sources of antimycobacterial drugs. The biological
activities of ElAc may be due to its high binding affinities predicted for COX2 and DHFR enzymes.

Keywords: Bixa orellana; bioprospecting; in silico; Tenebrio molitor; anti-mycobacteria activity; anti-
inflammatory activity

1. Introduction

Mycobacterium abscessus (Mabs) is a nontuberculous mycobacterium that has recently
emerged as the causative agent for a wide spectrum of clinical manifestations, including
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pulmonary infections, mainly in patients with cystic fibrosis (95% of cases) [1]. This fast-
growing microorganism is one of the most important drug-resistant mycobacterial species,
owing to its intrinsic resistance to several classes of antibiotics [2]. The low permeability
of mycobacterial cell wall plays a major role in this intrinsic antibiotic resistance [3,4].
Dormancy and latency causing increased tolerance to antimicrobial agents that are lethal
to replicating bacilli, a phenomenon referred to as phenotypic drug resistance, and efflux
pumps that actively transport many antibiotics out of the cell and are major contributors to
the intrinsic resistance of mycobacteria to many drugs. Furthermore, the intrinsic resistance
to several important antibiotics in mycobacteria can also be observed by modification
of antibiotics (enzymatic degradation of antibiotics) and modification of target sites, for
example, erythromycin resistance methylase (erm) gene [5].

Patterns of genetic susceptibility can be used as predictors of antibiotic efficacy, thereby
guiding the choice of antimicrobials to be used in Mabs infections [6]. The molecular
mechanism associated with macrolide resistance is associated to the expression of the
erythromycin ribosome methylase (erm) gene. Other resistance mechanisms include the
rrs gene, which is associated with resistance to aminoglycosides, class A beta-lactamase
associated with resistance to majority of the beta-lactams (except cefoxitin and imipenem),
enzymatic inactivation of majority of the tetracyclines (except tigecycline) [7], and gyrA
and gyrB genes, which are associated with quinolone resistance [6].

In this context, the use of natural products (phytochemical compounds) to treat
conditions caused by resistant microorganisms can be advantageous because of their wide
range of biological activities, which make them potential sources for the development
of new drugs, including antimycobacterial agents [8–11]. Bixa orellana is a plant that
possesses anti-inflammatory, antioxidant, antinociceptive, anticonvulsant, cardioprotective,
and antidiabetic properties. This plant species has also been considered a promising
source for antimicrobial agents against several microorganisms, given its various biological
properties, ethnopharmacological relevance, and widespread distribution [12,13].

Our group previously characterized the ethyl acetate fraction obtained from B. orellana
leaf hydroalcoholic extract (BoEA) [14,15] and identified ellagic acid (ElAc) as one of the
active compounds. ElAc exerts several pharmacological activities that can potentially be
used for the treatment and prevention of cancer, diabetes, and cardiovascular and neurode-
generative diseases. Additionally, it also has nephroprotective, hepatoprotective, antiviral,
and antiparasitic properties [16,17]. Previous studies from our group demonstrated the
antimicrobial activity of BoEA against Gram-positive bacteria, Staphylococcus aureus and
Streptococcus pyogenes [18] and its anti-inflammatory activity was confirmed in vivo by
reduction in total leukocytes migration to the peritoneum in mice [14].

In this research, specifically, it is important to highlight that the use of ellagic acid was
performed in a bioguided study. After B. orellana leaf collection and processing with the
preparation of the crude extract, a lyophilized compound called BOHE (Hydroalcoholic
Extract of B. orellana) was prepared. Then, the BOHE was subjected to liquid–liquid
fractionation with hexane, chloroform, and ethyl acetate, producing hexane (BoHex),
chloroform (BoCl), and ethyl acetate (BoEA) fractions. The BoHex and BoCl fractions were
stored to be used in further studies and, the ethyl acetate fraction (BoEa) was used in this
study. The BoEA was subjected to column chromatography, which identified 10 groups
or subfractions, and for each subfraction in vitro assays against Mabs were performed.
The best results were shown by subfraction or group 10. Then, using HPLC-PDA and
FIA-ESI-IT/MS it was characterized that the group/subfraction 10, is ellagic acid, the
compound that we directed our study.

Considering the biological properties and antimicrobial potential of B. orellana as
well as the clinical relevance of Mabs, this study aimed to evaluate the anti-inflammatory
and antimicrobial activities of the ethyl acetate fraction of B. orellana and ElAc against
the microorganism in silico, in vitro, and in vivo. In addition to providing a strategy for
alternative therapies for mycobacterial infections, this study aimed to contribute to the
development of new drug formulations.
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2. Results
2.1. Identification of Phytochemical Compounds–Profile of Fraction Groups

A total of 10 fraction groups (G1–G10) of different compositions were obtained using
classical column chromatography. The results of each fraction group, as well as the repre-
sentative spectra for each peak obtained in the ultraviolet (UV) region, are presented in
Table 1.

Table 1. Data taken from high-performance liquid chromatography with photodiode array detector
analyses of fractions obtained from Bixa orellana fractions.

Group UV Max (nm)

G1 (mixture) 300; 325; 278
G2 (mixture) 300; 325; 278
G3 (mixture) 300; 325; 278
G4 (mixture) 300; 325; 278
G5 (mixture) 255; 267; 349
G6 (mixture) 253; 267; 345
G7 (mixture) 253; 267; 345
G8 (mixture) 253; 267; 345
G9 (mixture) 300; 325; 278

G10 (pure compound) 254; 300; 366

Group G10 was a pure compound, and showed the same spectrum in the UV region
and retention time when compared with the ElAc standard by high-performance liquid
chromatography with photodiode array detector (HPLC-PDA). Flow injection analysis-
electrospray ionization-ion trap mass spectrometry (FIA-ESI-IT/MS) further confirmed
that the isolated substance was ElAc (Figure 1 and Table 2).
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Figure 1. Mass spectrum of Group 10, obtained by flow injection analysis-electrospray ionization-ion
trap mass spectrometry (FIA-ESI-IT/MS), ionization by negative mode and structure of the isolated
compound (Ellagic acid).

Table 2. Chemical characterization of G10 by FIA-ESI-MS.

[M-H]- MSnions Identification

301 257 [M-44-H]- Ellagic Acid
229 [M-44-28-H]-

Abbreviations: [M-H]-, deprotonated molecule; MSn, multi-stage mass.
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From the HPLC–DAD analysis and the construction of the quantification curve, it was
possible to measure that the concentration of ElAc in BoEA was 5.93%.

2.2. In Silico Analysis of the Biological Activities of ElAc and Prediction of Its Toxic Effects,
Including Hepatotoxicity

The biological activity spectra of ElAc were determined using the prediction of activity
spectra for substances (PASS) software. Table 3 shows the probable activity (Pa) and
probable inactivity (Pi) values. Several activities of ElAc were predicted, including anti-
inflammatory, antioxidant, antibacterial, antimycobacterial, and hepatoprotective activities.
The highest Pa value was obtained for anti-inflammatory activity (0.749).

Table 3. In silico analysis of the biological activities of Ellagic Acid (ElAc).

Activities
PASS Predictions of Ellagic Acid

Pa Pi

Anti-inflammatory 0.749 0.010
Antioxidant 0.699 0.004
Antibacterial 0.380 0.035
Antimycobacterial 0.301 0.080
Hepatoprotective 0.599 0.012
DNA ligase (ATP) inhibitor 0.466 0.009
Superoxide dismutase inhibitor 0.423 0.058
DNA-3-methyladenine glycosylase I inhibitor 0.379 0.029
RNA directed DNA polymerase inhibitor 0.323 0.026
DNA polymerase I inhibitor 0.330 0.041
Nitric oxide scavenger 0.282 0.011
DNA synthesis inhibitor 0.261 0.074
Antibiotic 0.158 0.044
Antibacterial Ophthalmic 0.154 0.051
Cell wall synthesis inhibitor 0.094 0.072
tRNA-pseudouridine synthase I inhibitor 0.617 0.014

Abbreviations: Pa, probable activity; Pi, probable inactivity; PASS, prediction of activity spectra for substances.

The predictive analysis of ADME-Tox properties was performed for the compounds
clarithromycin, diclofenac and ellagic acid. Table 4 shows the results of the ADME pa-
rameters of PPB, hepatotoxic, solubility, BBBP, HIA and violations of Lipinski’s rule of
five [19].

Table 4. ADME prediction of controls and Ellagic Acid.

Compound PPB Hepatotoxic Solubility BBBP HIA
Lipinski

Violations
(Max 4)

Clarithromycin false True 2 4 3 3
Diclofenac true True 2 1 0 0
Ellagic Acid true True 3 4 1 0

Abbreviations: PPB = plasma–protein binding (false: does not bind to plasma proteins, true: binds to plasma
proteins); Hepatotoxic (true: hepatotoxic effect, false: no hepatotoxic effect); Aqueous solubility: (acceptable range:
range is 0–3, where 3 is a good solubility) [20,21]; BBBP = 0 (very high penetrant), 1 (high), 2 (medium), 3 (low),
4 (undefined/very low), HIA: 0 (good); 1 (moderate), 2 (poor), 3 (very poor) [22].

The prediction of toxicity through models of carcinogenicity in rodents (female mouse
and rat female), Ames mutagenicity, skin irritancy, skin sensitization and ocular irritancy
is shown in Table 5. The risk of toxicity and the prediction of carcinogenic potential are
described in Tables 6 and 7.
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Table 5. Topkat models (Mouse Female, Rat Female, Ames Mutagenicity, Skin Irritancy, Skin Sensiti-
zation and Ocular Irritancy) of clarithromycin, diclofenac and Ellagic Acid.

Compound Mouse Female Rat Female Ames
Mutagenicity Skin Irritancy Skin

Sensitization
Ocular

Irritancy

Clarithromycin NC NC NM Mild None Mild
Diclofenac NC NC NM None Strong Mild
Ellagic Acid NC NC NM None Strong Mild

Abbreviations: NC: non-carcinogen; NM: non-mutagen.

Table 6. Toxicity risk prediction via TOPKAT (Rate oral LD50, Daphnia EC50, rat chronic LOAEL,
fathead minnow LC50).

Compound Rat Oral LD50
(g/kg Body Weight)

Rat Chronic LOAEL
(g/kg Body Weight)

Fathead Minnow
LC50 (g/L)

Daphnia
EC50 (mg/L)

Clarithromycin 0.787 0.001 0.004 0.278
Diclofenac 0.564 0.034 0.002 9.665
Ellagic Acid 0.428 0.302 0.049 16.407

Abbreviations: Daphnia EC50 = the effect concentration of a substance that causes adverse effects on 50% of the
test population (Daphnia magna); LOAEL—lowest observed adverse effect level; Fathead minnow—short-term
toxicity to fish.

Table 7. Carcinogenic potential via TOPKAT (Rat TD50 and RMTD).

Compound Rat TD50
(mg/kg Body Weight/Day)

RMTD—Feed
(mg/kg Body Weight/Day)

Clarithromycin 0.002 9.995
Diclofenac 51.448 742.520
Ellagic Acid 5.838 721.906

Abbreviations: RMTD: rat maximum tolerated dose; TD50: tumorigenic dose rate.

2.3. Molecular Docking

For docking studies, in an attempt to identify potential targets that could explain
anti-inflammatory mechanisms of action and also the antimicrobial activity against Mabs,
some targets were selected from the Protein Data Bank. Table 8 lists their data, including
native ligands and grid center coordinates.

Table 8. Description of receptors related to antibacterial and anti-inflammatory activity used in the
study of molecular docking.

Enzyme Ligands
Ligand ID/(Synonyms)

Coordinates
of Grid Center

COX2 (Prostaglandin G/H synthase 2)
(Mus musculus)
PDB ID: 1PXX

Resolution: 2.90 Å
Reference: [23]

2-[2-[(2,6-dichlorophenyl)amino]phenyl]ethanoic
acid
DIF

Diclofenac

X = 27,115
Y = 24,090
Z = 14,936

COX2 Prostaglandin G/H synthase 2
(Homo sapiens)
PDB ID: 5IKQ

Resolution: 2.41 Å
Reference: [24]

2-[(2,6-dichloro-3-methyl-phenyl)amino]benzoic
acid 2- /

JMS
Meclofenamic Acid

X = 21,597
Y = 51,876
Z = 17,696

Dihydrofolate reductase
(Mycobacteroides abscessus ATCC 19977)

PDB ID: 7K6C
Resolution: 2.00 Å

Reference: [25]

3-(2-{3-[(2,4-diamino-6-ethylpyrimidin-5-
yl)oxy]propoxy}phenyl)propanoic acid/

MMV

X = -33,882
Y = −7502
Z = 56,281
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Table 8. Cont.

Enzyme Ligands
Ligand ID/(Synonyms)

Coordinates
of Grid Center

Phosphoribosylaminoimidazole-
succinocarboxamide

synthase (Mycobacteroides abscessus ATCC 19977)
PDB ID: 6YYB

Resolution: 1.51 Å
Reference: [26]

4-azanyl-6-[1-[(1~{R})-1-phenylethyl]pyrazol-4-
yl]pyrimidine-5-carbonitrile

Q0Q

X = 21,1853
Y = 14,726
Z = 34,7921

tRNA (guanine-N(1)-)-methyltransferase
(Mycobacteroides abscessus)

PDB ID: 6QR4
Resolution: 1.52 Å

Reference: [27]

zanyl-3-[1-[[(2~{R})-1-methylpiperidin-2-
yl]methyl]indol-6-yl]-1~{H}-pyrazole-4-

carbonitrile
JD8

X = -12,718
Y = 7688

Z = −27,062

The comparison of the crystallographic ligands diclofenac, meclofenamic acid, MMV,
Q0Q and JD8 (yellow color) and the best conformation predicted by molecular docking via
DockThor [28] (green color), as well as the respective RMSD obtained in each analysis, can
be seen in Figure 2.
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(d) Q0Q e, (e) JD8. The yellow ligand corresponds to the crystallographic pose, while the green ligand
corresponds to the computationally generated pose. The RMSD values for each analysis are shown
below each image.
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The validation of molecular docking was accepted through the calculation of RMSD,
where values in the range of 0.17–0.48 Å were observed (Figure 2). Then, a study of
the interactions between native ligands/controls and selected targets, in their respective
binding pockets, was performed. The types of interactions as well as their distances are
shown in Figures S1 and S2.

After validation of molecular docking protocols, predictions of binding affinity (∆G)
and modes of interaction of native ligands, diclofenac (control used experimentally) and
ellagic acid, were performed (Figure 3 and Figure S3). The murine COX2 enzyme presented
binding affinities (∆G) of −9.1 and −8.2 (kcal/mol), with diclofenac and ellagic acid,
respectively (Figure 3a). Predictions with the human COX2 also showed comparable
binding affinities of −9.4, −9.3 and −9.1 (kcal/mol) with meclofenanic acid, diclofenac
and ellagic acid, respectively (Figure 3b). Predictions by Dockthor showed that ellagic acid
interacts with SER498 of the murine COX2 and with TYR322 and SER497 of the human
COX2 enzyme (Figure S3).
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Figure 3. Binding affinity values of the ligands with the inflammation targets obtained by molecular
docking via Dockthor: (a) with the murine COX2 (PDB ID 1PXX); and (b) with the human COX2
(PDB ID 5KIQ).

Antimicobacterial activity was investigated using specific Mabs targets that were
available in the Protein Data Bank, which included Dihydrofolate reductase (PDB ID
7K6C, DHFR), Phosphoribosylaminoimidazole-succinocarboxamide synthase (PDB ID
6YYB, SAICAR Synthetase), and tRNA (guanine-N(1)-)-methyltransferase (PDB ID 6QR4).
Predictions of binding affinities showed that ellagic acid had binding affinity value that
is similar (−8.3 kcal/mol) to that of the specific inhibitor (MMV) for the DHFR enzyme
(Figure 4a).

Predictions of the modes of interaction of ellagic acid showed interactions with the
DHFR enzyme through 5 conventional hydrogen bonds with ALA8, ASP28 and THR47
(Figure S4). Its interaction with the SAICAR Synthetase and methyltransferase (TrmD)
targets also occurred through conventional hydrogen bonds (Figure S4); however, they
resulted in lower binding affinities than that observed with DHFR (Figure 4).

The diagram of the interaction modes of the control compounds (diclofenac and
clarithromycin) and the referred targets are presented in Figure S5.
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Figure 4. Binding affinity values of the native ligands, clarithromycin, and ellagic acid with targets
of antimicrobial activity obtained by molecular docking via Dockthor. The selected targets were:
(a) Dihydrofolate reductase (PDB ID 7K6C); (b) Phosphoribosylaminoimidazole-succinocarboxamide
synthase (PDB ID 6YYB), and (c) tRNA (guanine-N(1)-)-methyltransferase (PDB ID 6QR4).

290



Antibiotics 2022, 11, 817

2.4. Antibacterial Activity of BoEA and ElAc

BoEA showed a MIC of 1.56 mg/mL and MBC of 6.25 mg/mL, while ElAc showed
a MIC of 1.56 mg/mL and MBC of 3.12 mg/mL. The Clarithromycin showed an MIC of
1 µg/mL and MBC of 6 µg/mL.

2.5. Time–Kill Assay

To evaluate the antimicrobial activity of BoEA and ElAc at different time intervals, a
time–kill curve assay was performed over a period of 12–120 h with Mabs in the presence of
various concentrations of BoEA and ElAc (MIC, 2 × MIC, and 4 × MIC). Table 9 shows that
BoEA at 2 × MIC and 4 × MIC inhibited the growth of Mabs when compared to MIC and
the control. On the other hand, ElAc considerably reduced the growth of Mabs compared
to the control.

Table 9. Time–kill evaluation of Mabs with BoEA and ElAc. Clarithromycin concentration was used
at MIC. Growth control: no compound was added to the cell suspension.

Time (h)
Control
Group

Antibacterial Agents

CLA BoEA
MIC

BoEA
2 × MIC

BoEA
4 × MIC

ElAc
MIC

ElAc
2 × MIC

ElAc
4 × MIC

0 5.9 ± 0.08 5.9 ± 0.08 5.9 ± 0.08 ** 5.9 ± 0.08 ** 5.9 ± 0.08 ** 5.9 ± 0.08 ** 5.9 ± 0.08 ** 5.9 ± 0.08 **
12 7.03 ± 0.12 6.76 ± 0.16 6.83 ± 0.12 ** 6.83 ± 0.12 ** 6.9 ± 0.08 ** 6.83 ± 0.12 ** 6.66 ± 0.23 ** 5.66 ± 0.12 **
24 8.9 ± 0.08 6.73 ± 0.16 7.23 ± 0.16 ** 7.23 ± 0.16 ** 6.53 ± 0.12 ** 6.3 ± 0.08 ** 6.06 ± 0.09 ** 5.76 ± 0.26 **
36 9.1 ± 0.16 6.9 ± 0.08 7.4 ± 0.37 ** 7.1 ± 0.08 ** 6.33 ± 0.12 ** 6.53 ± 0.12 ** 5.83 ± 0.16 ** 5.73 ± 0.20 **
48 9.76 ± 0.04 7.03 ± 0.12 8.5 ± 0.40 * 7.86 ± 0.04 * 6.66 ± 0.12 * 6.8 ± 0.08 ** 5.76 ± 0.04 ** 5.30 ± 0.08 **
72 10.26 ± 0.44 7.5 ± 0.21 8.5 ± 0.37 * 7.23 ± 0.30 * 6.66 ± 0.12 * 7.0 ± 0.08 ** 6.23 ± 0.16 ** 5.36 ± 0.26 **
96 10.7 ± 0.16 8.1 ± 0.14 9.7 ± 0.24 * 8.46 ± 0.41 * 7.16 ± 0,12 * 7.36 ± 0.09 ** 6.23 ± 0.30 ** 5.33 ± 0.20 **
120 9.7 ± 0.16 8.33 ± 0.12 9.9 ± 0.08 * 9.1 ± 0.08 * 8.33 ± 0.23 * 6.86 ± 0.12 ** 7.03 ± 0.12 ** 6.26 ± 0.18 **

Data are presented as the mean ± standard deviation (SD) of Colony-Forming Unit (CFU) and representing of
one of three independent experiments performed in triplicate. Statistical analysis was performed using analysis of
variance and post hoc t-test. * p < 0.05, ** p < 0.005 when compared to the growth control. Abbreviations: BoEA,
ethyl acetate fraction of B. orellana; E1Ac, ellagic acid; MIC, minimal inhibitory concentration.

2.6. BoEA and ElAc Increase Survival of Tenebrio molitor Infected with Mabs

Tenebrio molitor larvae inoculated with Mabs were treated with BoEA and ElAc at doses
corresponding to the MIC, 2 × MIC, and 4 × MIC. Treatment with BoEA or ElAc increased
the survival of infected T. molitor compared to that of the untreated group (phosphate-
buffered saline (PBS)-treated) (Figure 5). Both treatments showed a dose-dependent effect,
as treatment with the highest concentration (4 × MIC) resulted in larval survival until
day 8. In addition, the lowest dose of ElAc (MIC) was able to achieve 50% larval survival
on day 10.
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Figure 5. Effects of BoEA and ElAc on the T. molitor survival after lethal infection with Mabs. Effect of
MIC, 2 × MIC, and 4 × MIC of (a) BoEA and (b) ElAc on larval survival. Ten larvae were included
in each group and were monitored daily to assess mortality. PBS-treated group represents the
negative control, while the clarithromycin-treated group represent the positive control. The results
are representative of one of three independent experiments. Abbreviations: PBS, phosphate-buffered
saline; CLA, clarithromycin; MIC, minimum inhibitory concentration; BoEA, ethyl acetate fraction of
B. orellana; ElAc, ellagic acid.
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2.7. Anti-Inflammatory Activity of BoEA and ElAc

BoEA and ElAc showed anti-inflammatory effects on carrageenan-induced paw edema
in mice (Figure 6). ElAc (50 mg/kg) acted similarly to diclofenac (15 mg/kg) and showed a
long-lasting effect when compared to BoEA, as the inhibition could be observed until the
third time.
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Figure 6. Anti-inflammatory effect of BoEA and ElAc in carrageenan-induced paw edema in mice.
The thickness of the paw was measured 1, 2, 3, and 4 h after carrageenan injection. Data are
presented as the mean± SD. * p < 0.05 compared with the diclofenac-treated group. The results are
representative of one of three independent experiments. Abbreviations: BoEA, ethyl acetate fraction
of B. orellana; ElAc, ellagic acid; DIC, diclofenac.

3. Discussion

In the present study, we demonstrated through in silico, in vitro and in vivo analyses
that the ethyl acetate fraction of B. orellana leaves (BoEA) and ellagic acid (ElAc) have both
antimicrobial against Mabs and anti-inflammatory activity. ElAc was chosen for further
studies after HPLC revealed its presence as one of the components of BoEA and because
the literature suggests that the compound has many biological activities [16–18].

In silico prediction of the biological effects of ElAc revealed antioxidant, hepatoprotec-
tive, anti-inflammatory, and antibacterial activities. Zhao et al. [20] previously reported the
hepatoprotective properties of ElAc, which reinforced the findings of our in silico predic-
tion. They reported that mice with alcohol-induced liver disease treated orally with ElAc
showed increased activity of alanine aminotransferase and serum aspartate aminotrans-
ferase, increased levels of triglyceride, low-density lipoprotein, free fatty acid, and total
cholesterol, and decreased high-density lipoprotein levels. ElAc also showed antioxidant
activities in the hepatic milieu, based on the levels of glutathione peroxidase, catalase,
malondialdehyde, superoxide dismutase, and glutathione. Additionally, treatment with
ElAc reduced proinflammatory cytokines, such as interleukin (IL)-6, IL-1β, and tumor
necrosis factor-alpha (TNF-α), and the expression of several genes associated with the
inflammatory immune response, including TLR4, Myd88, CD14, cyclooxygenase-2 [COX2],
nitric oxide synthase 2 (NOS2), and nuclear factor kappa β (NF-κβ1) [20]. The authors
concluded that ElAc decreased oxidative stress, inflammatory response, and steatosis in
mice with alcohol-induced liver disease.

Oxidative stress impairs antioxidant defenses (enzymatic and non-enzymatic), and
the consequence of this imbalance is damage to major cellular components, which further
leads to a gradual loss of tissue and organ function [29]. Consistent with our findings,
Aslan et al. [30] demonstrated the antioxidant potential of ElAc in lung damage induced
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by carbon tetrachloride in rats. Rats with carbon tetrachloride-induced lung damage
treated with ElAc showed reduced levels of inflammatory proteins NF-κβ and COX2, and
proinflammatory cytokine TNF-α, establishing the protective role of ElAc in lung damage.

The parameters used to predict bioavailability of clarithromycin were used to predict
bioavailability of ElAc in order to compare the results with previous reports. With regard
to intestinal absorption, ElAc was found to be superior to clarithromycin, which suggests
that in an in vivo study, a larger amount of clarithromycin would be needed to obtain
the same serum concentration of ElAc [31]. Additionally, in silico analysis revealed that
ElAc does not have mutagenic, tumorigenic, and irritating effects, or harmful effects on the
reproductive system [32,33].

To validate the molecular docking methodology in our study, native ligands were
submitted to redocking simulations, using the DockThor receptor–ligand docking pro-
gram [28]. Gowthaman et al. [34] and Hevener et al. [35] reported that the molecular
docking methodology will be validated when the RMSD calculated through redocking
analysis—i.e., between the crystallographic pose and the computationally predicted pose is
less than 2.00 Å. Then, based on the results shown in this analysis, the molecular docking
analysis was validated for the five crystal structures used.

To evaluate the in silico anti-inflammatory activity of ElAc via COX2 inhibition,
two crystal structures were selected: the crystal structure PDB ID 1PXX deposited by
Rowlinson et al. [23] and PDB ID 5IKQ, deposited by Orlando and Malkowski [24]. The
interactions predicted by Dockthor with TYR353 and SER498 are the same as those ob-
served in the crystallographic pose, since during the protein preparation, the sequence
is altered by the software itself. However, ellagic acid interacts with COX2 through its
phenolic group linked to SER498, and it is possible to notice several interactions such as
Pi-Sigma, Pi-Alkyl, Carbon Hydrogen Bond, and Amide Pi-Stacked, between amino acid
residues and the atoms of its aromatic rings.

Docking studies carried out to identify possible targets related to inhibitory activity
against Mabs revealed that ElAc has a binding affinity value (-8.3 kcal/mol) equal to that
presented by the specific inhibitor (MMV) for DHFR, suggesting that its antibacterial effect
may be linked to the inhibition of this enzyme than to the other two targets analyzed
(SAICAR Synthetase and tRNA methyltransferase), since the predictions revealed that ElAc
has lower binding affinities to these latter structures, when compared to their native ligands.
DHFR is an enzyme with an important role in the folic acid pathway, participating in the
synthesis of nucleic acid precursors, among other functions related to an improvement in
DNA translation, RNA transcription and protein replication and, thus, controlling bacterial
multiplication [36]. Therefore, DHFR inhibitor compounds can lead to bacterial death.
We cannot yet be assured of whether ellagic acid can be considered an inhibitor of this
enzyme, but our in silico data show considerable binding affinity indicating this enzyme as
a possible target that needs further investigation.

Regarding the antibacterial effect, we observed that BoEA and ElAc exerted bacterici-
dal effects. The antimicrobial activity of BoEA has been reported previously against various
microorganisms, such as Gram-positive bacteria (S. aureus and S. pyogenes) [18], Gram-
negative bacteria (Escherichia coli, Salmonella typhi, Shigella dysenteriae, Klebsiella pneumoniae,
Proteus vulgaris) [37], yeast (Candida albicans) [38], antileishmanial [39], and antimalarial
activities [40]. Our group previously demonstrated that BoEA has antimycobacterial ac-
tivity against Mabs [14]. In addition, in the present study, we provide evidence for the
antimycobacterial activity of ElAc, which was isolated from BoEA.

The antimycobacterial activity of BoEA can be explained by the chemical characteris-
tics of its constituent polar compounds. Compounds with intermediate to high polarity
inhibit the growth of mycobacterial species [41]. Although we could not confirm the exact
phytochemicals responsible for the observed antimycobacterial activity against Mabs, it is
highly possible that the observed activity was due to the presence of ElAc in BoEA. We
used various approaches including in silico, in vitro, and in vivo analyses to confirm that
the phytochemical ElAc from BoEA demonstrated antimicrobial activity against Mabs.
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Other studies have evaluated the antimycobacterial activity of ElAc isolated from other
plants. Dey et al. [42] reported that ElAc from pomegranate fruit exerts antimycobacterial
activity against Mycobacterium tuberculosis (MIC 64–512 µg/mL). Sridevi et al. [43] reported
that ElAc from pomegranate peels inhibited M. tuberculosis with an MIC of 0.3–3.5 mg/mL.
Salih et al. [44] reported that ElAc from Combretum hartmannianum exerts antimycobacterial
activity against Mycobacterium smegmatis (MIC 500–1000 µg/mL) and in another study, the
same group [45] reported that ElAc from Anogeissus leiocarpa exhibited growth inhibitory
activity against M. smegmatis with an MIC value of 500 µg/mL. However, to the best of
our knowledge, we are the first to report the biological activity of ElAc from B. orellana
leaves against Mabs. The MIC and MBC values of ElAc against Mabs in the present study
were 1.56–3.12 mg/mL. These values are higher than those reported for E1Ac in previous
studies. This can be explained by the intrinsic resistance of Mabs compared with that of
other mycobacterial species. Treatment of M. abscessus infection is challenging due to the
high level of innate resistance of the bacteria and is often associated with lengthy, costly,
and non-standardized administration of antimicrobial agents. Moreover, adverse effects,
drug toxicities, and high relapse rates result in poor treatment outcomes [46].

In the present study, the antimicrobial effects of BoEA and ElAc were tested in Mabs-
infected T. molitor larvae. We observed that BoEA and ElAc at MIC, 2× MIC, and 4× MC
inhibited Mabs infection in T. molitor larvae [47]. Larvae treated with BoEA and ElAc
exhibited greater survival than untreated larvae, emphasizing the protective effect of these
compounds against Mabs infection. The ability of T. molitor to produce reactive species
in response to deleterious stimuli makes it a potential model for studying antimicrobial
substances. Despite these advantages, to the best of our knowledge, no study has used
T. molitor larvae for screening plant-derived antioxidant compounds against Mabs. This
approach could provide more information than models traditionally used for studying an-
timicrobial agents, based on the chemical interaction of compounds and without biological
activity relevance [48].

To evaluate the anti-inflammatory activity of BoEA and E1Ac, we measured the inhi-
bition rate of carrageenan-induced paw edema in mice. Inflammation limits the damage
to cells after invasion by foreign organisms or mechanical injury. Histamine is a common
inflammatory mediator [49]. Inflammatory responses occur rapidly and eventually lead to
vasodilatation and plasma exudation, which induces recruitment of inflammatory media-
tors and causes edema [50]. Reduction in carrageenan-induced acute inflammation and the
resulting paw edema is a useful marker for investigating the anti-inflammatory potential
of drugs and plant extracts [51].

Development of carrageenan-induced edema occurs in two phases: the initial phase
involves histamine and serotonin, and the later phase is characterized by a marked increase
in prostaglandin production [52]. The results obtained in the present study suggest that
the anti-inflammatory effect of BoEA on carrageenan-induced edema in mice affects both
the early and late phases, observed at doses of 50 mg/kg and 150 mg/kg, respectively,
where its bioactive components, including ElAc, possibly act by suppressing the inflam-
matory response mediated by histamine, serotonin, and/or prostaglandins, presenting a
potential source for cyclooxygenase inhibitors [53]. Previously, it was reported that the
anti-inflammatory mechanisms of ElAc were related to a decrease in the level of COX2 via
the suppression of proinflammatory cytokines (TNF-α, IL-1β), NO, and Prostaglandin E2
overproduction [54].

Some limitations can be highlighted in our study, including that we evaluated the
antimicrobial activity against only one isolate of M. abscessus subsp. massaliense. Although
we did not include a reference strain in the study, the Mabs used in our study (strain G01)
is a well-characterized and relevant clinical isolate, since it was cultured from 18 patients in
an outbreak of post-surgical infections in a hospital in the city of Goiânia (Brazil) [55]. A
second limitation concerns the small number of potential targets for antimicrobial activity
that we analyzed. However, at the time of writing, the Protein Data Bank only has these
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three crystallographic structures obtained from Mabs with their respective inhibitors, which
restricted our analysis.

4. Materials and Methods
4.1. Drugs, Chemicals, and Reagents

Hexane, ethanol, methanol, chloroform, acetic acid, dimethyl sulfoxide (DMSO), PBS,
resazurin, clarithromycin, carrageenan, and ElAc were purchased from Sigma–Aldrich (St.
Louis, MO, USA). Mueller-Hinton broth was purchased from Merck KGaA (Darmstadt,
Germany). Middlebrook 7H11 agar base was purchased from HiMedia (Mumbai, India).
Diclofenac sodium was purchased from Novartis Biociências S.A. (São Paulo, Brazil).

4.2. Preparation of BoEA and Isolation/Identification of ElAc
4.2.1. Collection of B. orellana Leaves and Separation of Fractions

B. orellana leaves were collected in the municipality of São José de Ribamar, Maranhão,
Brazil (April–May 2019) and identified at the herbarium of the Federal University of
Maranhão (São Luís, Brazil, specimen voucher 1147, SISGen AE80277). The leaves were
dried in an oven at 40 ◦C for three days and then dried at room temperature (24–26 ◦C)
for another four days. The leaves were then ground in a mill and their crude extract was
extracted by maceration in 70% ethanol for 24 h.

The sample was filtered, and the resulting filtrate was concentrated on a rotary evap-
orator under low pressure at 50 ◦C. The concentrate was lyophilized and labeled BoHE.
BoHE was then subjected to liquid–liquid fractionation using hexane, chloroform, and
ethyl acetate with a series of increasing polarities to produce hexane (BoHex), chloroform
(BoCl), and ethyl acetate (BoEA) fractions. BoEA was used in the present study and the
other fractions were stored for future use.

4.2.2. Isolation and Characterization of Compounds in BoEA

The phytochemical compounds in BoEA were purified using a chromatography col-
umn (230–400 mesh; 8 × 100 cm) and eluted with increasing polarities of mixtures of
n-hexane/ethyl acetate and ethyl acetate/methanol to obtain subfractions. The subfrac-
tions (395) were then grouped using thin-layer chromatography and HPLC-PDA. Ten
fractions were obtained and analyzed using HPLC-PDA. Group 10 showed a single peak in
the chromatogram, suggesting that it may have been a single compound.

The structure of group 10 was determined using HPLC-PDA and FIA-ESI-IT/MS. Mass
spectrometry was performed using an LCQ Fleet Equipment (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with a device for direct sample insertion via FIA. The
studied matrix was analyzed by ESI and multi-stage fragmentation (MS2, MS3, and MSn)
was performed in an IT interface. The negative and positive modes were selected for the
generation and analysis of mass spectra for the first order (MS) and the other multi-stage
experiments were performed under the following conditions: capillary voltage of 25 V,
spray voltage of 5 kV, and capillary temperature of 275 ◦C. A carrier gas (N2) with a flux
of eight arbitrary units (was used and the collision gas was helium (He). The range of
acquisition was m/z 100–1000. Xcalibur software version 1.3 (Thermo Fisher Scientific) was
used to acquire and process the data.

4.3. In Silico Analysis
4.3.1. Prediction of Biological Activities of ElAc

The biological activities of ElAc and clarithromycin (standard drug) were evaluated
using the PASS Online platform (version 2.0, Way2Drug.com©2011–2022, Moscow, Russia)
(www.way2drug.com/passonline/, accessed on 15 October 2021), which can predict several
biological characteristics of a substance. The PASS program describes biological activity
as “active” (Pa) or “inactive” (Pi), where the estimated probability varies from 0 to 1. The
chances of finding a particular activity increase when the Pa values are higher and Pi
values are lower. The results of PASS prediction were interpreted as follows: (i) only
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biological activities with Pa > Pi were considered probable for a particular compound; (ii)
if Pa > 0.7, the substance is likely to exhibit the said biological activity and the probability
of the compound being an analog of a known pharmaceutical drug is also high; (iii)
if 0.5 < Pa < 0.7, the compound is likely to exhibit the said biological activity, but the
compound is not similar to known drugs; (iv) if Pa < 0.5, the compound likely does not
exhibit the said biological activity and is perhaps a structurally new compound [56].

4.3.2. Prediction of Pharmacokinetic Characteristics and Toxic Effects of ElAc

Predictive values of absorption, distribution, metabolism, excretion, and toxicity
(ADME-Tox) properties were calculated using Discovery Studio Client v16 software
1.0.15350 [21], following the methodological proposal described by Shukla et al. [57] and
Ramos et al. [21]. The ADMET Descriptors protocol, run by the aforementioned software,
uses a variety of QSAR models to estimate pharmacokinetic/toxicological properties for
small molecules [22]. Thus, the properties analyzed were: binding to plasma proteins (PBB),
hepatotoxicity, penetration of the blood brain barrier (BBBP), solubility and human intesti-
nal absorption (HIA). Another important step for the ADME-Tox analysis is to evaluate
possible violations of Lipinski’s Rule of Fives [19]. To carry out this methodological step,
the “calculate molecular properties” module present in the Discovery Studio Client v16
software was used 1.0.15350 [22].

Toxicity predictions were performed using TOPKAT (Toxicity Prediction function
by Komputer Assisted Technology) [19]. Therefore, such a module can predict the toxi-
city of chemicals based solely on their 2D molecular structure, using a variety of robust,
cross-validated quantitative structure-toxicity relationship (QSTR) models to assess specific
toxicological parameters. Therefore, the toxicological properties analyzed were: carcino-
genicity in rodents (female mouse and rat female), Ames mutagenicity, skin irritancy, and
skin sensitization. Toxicity risk prediction calculations were performed via TOPKAT and
measured the following parameters: rate oral LD50 (g/kg BodyWeight), Daphnia EC50
(mg/L), rat chronic LOAEL (g/kg BodyWeight), fathead minnow LC50 (g/L). In addition,
the carcinogenic potential was also predicted through the parameters: TD50 (mg/kg body
weight/day-mouse/rat) and RMTD (Rat Maximum Tolerated Dose-mg/kg body weight).

4.3.3. Molecular Docking Study

To investigate the anti-inflammatory activity by the inhibition of COX2 (Prostaglandin
G/H synthase 2) two crystal structures were selected according to Rowlinson et al. [23]
and Orlando et al. [24]. Furthermore, to evaluate the multi-target antibacterial effect, three
crystal structures of the following enzymes were selected: dihydrofolate reductase (DHFR),
SAICAR Synthetase (PurC), and tRNA (m 1 G37) methyltransferase (TrmD) [25–27]. To
carry out the molecular docking study, it was necessary to preprocess the structures with
the help of Discovery Studio Client software v16. 1. 0. 15350 [22], which allowed the
exclusion of water molecules, metals, cofactors, separation of ligands and protein structures.
Then, the DockThor software, a receiver–ligand docking program, was used (https://
dockthor.lncc.br/v2/, accessed on 30 May 2022) [28]. The parameters used were: number
of evaluations “1,000,000”, population size “750”, initial seed “−1985” and number of
runs “24”. In addition, hydrogen was added (pH 7.0) by the software’s own module. The
grid center was defined using Discovery Studio Client software [22], and the grid size and
discretization were kept with their default values presented by the software, i.e., (X = 20,
Y = 20 and Z = 20) and 0.25, respectively. The validation of each molecular docking analysis
was performed through redocking simulations. This procedure was performed with the
submission of the crystallized native ligand itself to DockThor [28]. Then, the RMSD
(root-mean-square deviation) was calculated using the Discovery Studio Client software,
using the crystallographic ligand pose and the computationally generated pose, using all
atoms. In addition, comparative poses were generated. Finally, the analysis of interactions
between the respective crystallized ligand and the enzymes in each binding pocket was
performed, generating 2D diagrams using the Discovery Studio Client software.
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The control compounds (diclofenac and clarithromycin) and the studied compound
ellagic acid were submitted to molecular docking analysis with the parameters already
described (Table S1). In addition, the binding affinity (∆G) results predicted by DockThor
as a score (−kcal/mol) were plotted using the GraphPadPrism 7.0 software (GraphPad
Software Inc., San Diego, CA, USA). Finally, to qualitatively analyze the interactions
between the compounds and the aforementioned enzymes, 2D diagrams were generated in
the respective binding pocket, using the Discovery Studio Client software.

4.4. In Vitro Analysis
4.4.1. Strain

In the present study, we used the Mabs GO01 strain, which was cryopreserved
(−80 ◦C) in the Laboratory of Immunology and Microbiology of Respiratory Infections of
the CEUMA University, São Luís, Brazil. This isolate was collected from a patient with
infections caused by contaminated instruments, following invasive procedures [55].

The use of the clinical isolate was authorized through a written informed consent form
approved by the Certificate of Ethics Appraisal Presentation (CAAE:21357413.4.0000.5084).

4.4.2. Determining MIC and MBC

MIC determination was performed based on the standard recommendations [58], us-
ing the Mueller Hinton broth microdilution technique in a 96-well plate, with different con-
centrations of clarithromycin (positive control; 0.001–1 mg/mL), BoEA (0.1–12.5 mg/mL),
and ElAc (0.1–12.5 mg/mL). Mabs culture without any additive was used as the negative
culture and was set as 100% growth (i.e., 0% inhibition). The experiment was performed
in triplicate. On the third day of incubation, 30 µL of 0.01% resazurin was added to each
well, and the plate was further incubated overnight. A change in color from blue (oxidized
state) to pink (reduced state) indicates bacterial growth [59]; MIC value was defined as the
lowest drug concentration that prevented bacterial growth.

The concentrations from the MIC determination assay that did not show visible
growth were inoculated on a 7H11 agar plate for MBC determination. MBC was defined
as the lowest concentration of the BoEA and E1Ac that inhibited mycobacterial growth
(≥99.9% cell death) [60].

4.4.3. Time–Kill Assay

Individual bottles with 20 mL of Middlebrook 7H9 with OADC growth supplement
and 0.05% Tween 80 were inoculated with Mabs (105–106 CFU/mL) and BoEA or ElAc
at MIC, 2× MIC, and 4× MIC was added to the bottles, which were then cultured at
37 ◦C. All bottles were shaken (100 rpm) and ventilated through a bacterial filter (FP 30/0.2
Ca/S, Whatman GmbH, Dassel, Germany). To perform CFU counting, 200 µL was taken
from each bottle and serial 10-fold dilutions in 0.85% sterile saline solution were plated
on Middlebrook 7H11 plates (BD Bioscience, Franklin Lakes, NJ, USA) at different time
intervals (12, 24, 36, 48, 72, 96, and 120 h). Experiments were performed thrice in triplicate.
The results are expressed as Log10 CFU.

4.5. In Vivo Analysis
4.5.1. T. molitor Survival Assay

T. molitor larvae were fed ad libitum with bran flour and water supplemented with
apples. For experiments, 10th–12th instar larvae without evident body injuries or melaniza-
tion were used. The larvae were infected with 10 µL of Mabs (1 × 105 CFU) using a
Hamilton syringe equipped with a 26-gauge needle. They were injected intrahemocele,
at the second or third sternite, above the legs, in the ventral portion. After inoculation,
the larvae were kept in petri dishes at 37 ◦C, which contained chopped apples to avoid
dehydration. Silk on the larval surface was removed as soon as possible to delay transition
to the pupal stage.
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Each experimental group was composed of 10 larvae, and they were distributed as
follows: PBS group, negative control, not infected or treated, inoculated with 10 µL of
sterile PBS; positive control group, infected with Mabs (1 × 105 CFU) and treated with
clarithromycin (10 µL/mL); Mabs group, infected with Mabs (1 × 105 CFU), not treated;
BoEA group, infected with Mabs (1 × 105 CFU) and treated with BoEA at MIC, 2 × MIC,
and 4 × MIC; and ElAc group, infected with Mabs (1 × 105 CFU) and treated with ElAc at
MIC, 2 × MIC, and 4 × MIC. The larvae were treated with clarithromycin, BoEA, or ElAc 1
h after inoculation with Mabs were monitored daily for 10 days. Dead animals were defined
as those showing no signs of irritability, extensive body melanization, or shrinking [61].

4.5.2. Carrageenan-Induced Paw Edema Model

C57BL/6 females, 6–8 weeks of age and weighing between 18 and 22 g, were pro-
cured from the Central Vivarium of CEUMA University. Mice were housed in an upper
cage and allowed ad libitum food and water. The protocol for animal experiments was
approved by the Ethics Committee on the Use of Animals, CEUA/UniCEUMA (protocol
number 147/18). All animal experiments were performed according to the guidelines of
the National Council for the Control of Animal Experimentation (CONCEA), Ministry of
Science, Technology and Innovation (MCTI), Brazil, and the Brazilian Society of Science in
Laboratory Animals (SBCAL).

Paw edema was induced by injecting 0.05 mL of 1% (w/v) carrageenan suspended
in saline into the subplantar tissue of the right hind paw of each mouse [62]. A digital
caliper (ZAAS Amatools, São Paulo, Brazil) was used to measure the paw thickness (Ct).
An increase in paw thickness was considered an indicator of inflammation. Paw thickness
was measured at various time points: at 0 h (C0), i.e., immediately after edema induction,
and at 1, 2, 3, and 4 h after paw edema induction. All animals were pretreated by gavage
1 h before the induction of paw edema.

Mice were divided into six groups (n = 4 each): control group, paw edema was induced,
and animals were treated with vehicle (10 mg/kg); BoEA groups, paw edema was induced
and animals were treated with 25, 50, or 150 mg/kg of BoEA; ElAc group, paw edema
was induced and animals were treated with 50 mg/kg of ElAc; and diclofenac group, paw
edema was induced and animals were treated with 15 mg/kg.

The following equation was used to calculate percentage inhibition of inflammation [63]:

%Inhibition =
(Ct − C0)Control − (Ct − C0)treated

(Ct − C0)Control
× 100

Legend: Ct, paw thickness after treatment with carrageenan at time “t”; C0, initial
(basal) paw thickness.

4.6. Statistical Analysis

Data are presented as the mean ± standard variation or percentages. The normality of
distributions was determined using the Shapiro–Wilk test, and differences between groups
were evaluated by analysis of variance followed by Tukey’s multiple comparison test using
GraphPad Prism software (version 6.0, GraphPad Prism software Inc., San Diego, CA,
USA). Statistical significance was set at p < 0.05. Larval survival assays were analyzed
using the Kaplan–Meier method to calculate survival fractions, and the log-rank test was
used to compare survival curves.

5. Conclusions

Our in silico, in vitro, and in vivo data indicate that BoEA and ElAc have anti-
inflammatory and antimicrobial activity against Mabs. Apparently, the mechanisms of
action are related to the binding affinity of ellagic acid to both COX2 and DHFR, respec-
tively, which warranted further studies. Our results suggest that ElAc can be optimized to
develop new lead compounds against antimicrobial resistant pathogens, such Mabs and/or
anti-inflammatory drugs.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11060817/s1, Figure S1: Diagram 2D of Interactions
between controls / native ligands and targets: (a) diclofenac and COX2 (PDB ID: 1PXX); (b) meclofe-
namic acid and COX2 (PDB ID: 5IKQ); (c) MMV ligand and dihydrofolate reductase (PDB ID: 7K6C);
(d) Q0Q ligand and phosphoribosylaminoimidazole-succinocarboxamide synthase (PDB ID: 6YYB),
and (e) JD8 ligand and tRNA (guanine-N(1)-)-methyltransferase (PDB ID: 6QR4). Interactions: Con-
ventional Hydrogen Bond: �, Pi-Sigma: �, Alkyl/ Pi-Alkyl: �, Van der Walls: �, Salt Bridge: �
(present in c), Pi-Pi stacked: � (present in c), Unfavorable Aceptor-Aceptor: �, Pi-cation: � (present
in d), Carbon Hydrogen Bond: �. Figure S2: Diagram 2D of Interactions between controls and
targets. (a) Interactions between diclofenac and COX2 (PDB ID: 5IKQ); (b) Interactions between
clarithromycin and Dihydrofolate reductase (PDB ID 7K6C); (c) Interactions between clarithromycin
and Phosphoribosylaminoimidazole-succinocarboxamide synthase (PDB ID 6YYB); (d) Interactions
between clarithromycin and tRNA (guanine-N(1)-)-methyltransferase (PDB ID 6QR4). Figure S3:
Diagram 2D of Interactions between ellagic acid and COX2 targets: (a) with the murine COX2 (PDB
ID: 1PXX) and (b) with the human COX2 (PDB ID: 5IKQ). Interactions: �—Conventional Hydrogen
Bond, �—Pi-Sigma, �—Alkyl/ Pi-Alkyl, �—Carbon Hydrogen Bond, �—Amide Pi-Stacked. Fig-
ure S4: Diagram 2D of Interactions between ellagic acid and targets for antimicrobial activity: (a)
Dihydrofolate reductase (PDB ID 7K6C); (b) Phosphoribosylaminoimidazole-succinocarboxamide
synthase (PDB ID 6YYB), and (c) tRNA (guanine-N(1)-)-methyltransferase (PDB ID 6QR4). In-
teractions: �—Conventional Hydrogen Bond, �—Alkyl, �—Carbon Hydrogen Bond. Figure S5:
Diagram 2D of Interactions between: (a) diclofenac and COX2 (PDB ID: 5IKQ); (b) clarithromycin
and Dihydrofolate reductase (PDB ID 7K6C); (c) clarithromycin and Phosphoribosylaminoimidazole-
succinocarboxamide synthase (PDB ID 6YYB), and (d) clarithromycin and tRNA (guanine-N(1)-)-
methyltransferase (PDB ID 6QR4). Table S1: Predicting molecular properties related to Lipinski’s rule.
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Abstract: Several natural products have been investigated for their bactericidal potential, among
these, cinnamaldehyde. In this study, we aimed to evaluate the activity of cinnamaldehyde in the
treatment of animals with sepsis induced by extraintestinal pathogenic E. coli. Initially, the E. coli F5
was incubated with cinnamaldehyde to evaluate the minimum inhibitory and minimum bactericidal
concentration. Animal survival was monitored for five days, and a subset of mice were euthanized
after 10 h to evaluate histological, hematological, and immunological parameters, as well as the
presence of bacteria in the organs. On the one hand, inoculation of bacterium caused the death of 100%
of the animals within 24 h after infection. On the other hand, cinnamaldehyde (60 mg/kg) was able to
keep 40% of mice alive after infection. The treatment significantly reduced the levels of cytokines in
serum and peritoneum and increased the production of cells in both bone marrow and spleen, as well
as lymphocytes at the infection site. Cinnamaldehyde was able to reduce tissue damage by decreasing
the deleterious effects for the organism and contributed to the control of the sepsis and survival of
animals; therefore, it is a promising candidate for the development of new drugs.

Keywords: sepsis; inflammation; Escherichia coli; cinnamaldehyde

1. Introduction

Sepsis is characterized by a life-threatening organ dysfunction resulting from an
unregulated immune response to an infection [1]. It represents a serious global public
health problem due to its elevated rate of morbidity and mortality in intensive care units;
it is also a difficult and costly treatment [2,3].

Escherichia coli is a frequent bacterial agent of sepsis [4]. It is widely distributed and
found in the large intestine of humans, as well as warm-blooded animals as part of the
microbiota [5]. Virulence factors are encoded by genes restricted to pathogenic E. coli, being
absent in commensal bacteria, making these microorganism etiologic agents of intestinal
and extraintestinal infections, including bacteremia and sepsis [6].
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Recently, when studying the function of protein involved in colonization (Pic) in the
pathogenesis of sepsis caused by E. coli, our group demonstrated that this serine protease
was responsible for inducing lethal sepsis in Swiss mice, causing their death in up to 12 h,
with a significant increase in cytokine levels and other inflammatory mediators [7]. Pic
is produced by E. coli, Shigella flexneri, and Citrobacter rodentium [8–10] and has several
functions such as hemagglutination, coagulation cascade factor V degradation, mucinolytic
activity [8,11], leukocyte surface glycoprotein cleavage [12], intestinal colonization of
mice and rabbits [8,13], and cleavage of several molecules belonging to the complement
system [14].

According to the World Health Organization, antibacterial drugs have become less
effective, resulting in an accelerating worldwide health security emergency [15]. Therefore,
due to the difficult treatment of several microbial infections, it is important to identify
and characterize natural products that can be used in the treatment of microbial diseases.
As an example, cinnamon bark has been widely studied for therapeutic purposes and has
an important role for both research and popular use, since it contains a large amount of
essential oil. Cinnamaldehyde is the main active constituent of cinnamon essential oil, and
the major bioactive compound isolated from the leaves of Cinnamomum spp. [16].

Several functions have been described for the compound, such as: anticancer/antitumor
activity [17]; cardioprotective effect [18]; anti-inflammatory properties [19,20]; and antimi-
crobial activity against several pathogens, such as fungi [21] and bacteria [16,22].

Therefore, due to several properties of cinnamaldehyde, especially the antimicrobial
and anti-inflammatory activity, the objective of this work was to evaluate the activity
of cinnamaldehyde in the treatment of animals with sepsis induced by extraintestinal
pathogenic E. coli.

2. Results
2.1. Cinnamaldehyde Increases the Survival Rate of Septic Animals

On the one hand, cinnamaldehyde at a concentration of 30 mg/kg showed no effect
in the survival rate in prophylactic or therapeutic treatments. On the other hand, when
animals were treated with cinnamaldehyde at a concentration of 60 mg/kg, the survival rate
increased by 16.6% in the prophylactic treatment and by 40% in the therapeutic treatments
as compared with non-treated infected mice (Figure 1).
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rate increased by 16.6% in the prophylactic treatment and by 40% in the therapeutic treat-

ments as compared with non-treated infected mice (Figure 1). 
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Figure 1. Survival curve of animals infected with E. coli F5 and cinnamaldehyde treatment. The mice 

used in the experiment were distributed into seven groups (n = 6). The animals in the non-infected 

control groups received PBS or cinnamaldehyde (CIN 60 mg/kg). The remaining 3 groups were in-

fected with E. coli F5. Prophylactic cinnamaldehyde groups received 30 (prophylactic CIN 30) and 

60 mg/kg (prophylactic CIN 60) of cinnamaldehyde, 5 days before the infection, and therapeutic 

cinnamaldehyde groups were treated with 30 (therapeutic CIN 30) and 60 mg/kg (therapeutic CIN 

Figure 1. Survival curve of animals infected with E. coli F5 and cinnamaldehyde treatment. The mice
used in the experiment were distributed into seven groups (n = 6). The animals in the non-infected
control groups received PBS or cinnamaldehyde (CIN 60 mg/kg). The remaining 3 groups were
infected with E. coli F5. Prophylactic cinnamaldehyde groups received 30 (prophylactic CIN 30) and
60 mg/kg (prophylactic CIN 60) of cinnamaldehyde, 5 days before the infection, and therapeutic
cinnamaldehyde groups were treated with 30 (therapeutic CIN 30) and 60 mg/kg (therapeutic CIN 60)
of cinnamaldehyde, 2 h after E. coli F5 infection. Then, the survival was evaluated every 12 h until
the 5th day after infection. **** p < 0.0001 as compared with the E. coli F5 group.
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After these results, the therapeutic treatment with the dose of 60 mg/Kg was chosen
to follow the study and the mice were euthanized ten hours post infection to evaluate the
immunological parameters.

2.2. Cinnamaldehyde Promotes Bactericidal Effect In Vitro, but Not In Vivo

Using the MIC method, it was shown that cinnamaldehyde inhibited E. coli F5
growth (6 mg/mL). In addition, cinnamaldehyde was bactericidal at the concentration of
12 mg/mL.

E. coli F5 was present in both bacterial groups (F5 and treated) on the peritoneal lavage,
blood, liver, spleen, and lungs, indicating that the mice had systemic bacteremia. In the
PBS and cinnamaldehyde controls, as expected, there was no bacterial growth (data not
shown). Nevertheless, no significant difference was observed among the infected groups
(Figure 2), suggesting that the increase in survival was not related to bactericidal activity of
cinnamaldehyde.
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Figure 2. CFU counting from blood, peritoneal lavage, lungs, liver, spleen, and kidneys from
animals infected with E. coli F5 and cinnamaldehyde treatment. The animals used in the experiment
were distributed into 4 groups (n = 6). The groups received E. coli F5 or E. coli F5 followed by
cinnamaldehyde treatment 60 mg/kg after two hours. After 10 h, the mice were euthanized. Aliquots
of peritoneal fluid and blood were diluted in sterile PBS and serial dilutions were cultivated on
MacConkey for evaluation of CFU. To quantify bacteria in the organs, part of them were macerated,
and dilutions were cultivated on MacConkey. After overnight incubation at 37 ◦C, the CFUs were
counted, and the results expressed as Log of CFU/mL.

2.3. Cinnamaldehyde Decreases Tissue Damage in Animals Promoted by E. coli F5

The animals of infected groups presented histopathological alterations typical of
inflammation in the lungs, spleen, and liver as compared with the non-infected control
groups (PBS and CIN groups), with the presence of edema, hemorrhage, and cellular
infiltrate. However, it was possible to observe a moderate reduction in the hemorrhagic
process, as well as a reduction in the inflammatory infiltrate in animals infected and treated
with cinnamaldehyde in relation to the non-treated infected group (Table 1 and Figure 3).

The presence of congestion in the groups analyzed was due to the euthanasia proce-
dure. Necrosis was not observed in any analyzed organs; however, the presence of mild
periportal edema was detected in the liver of most animals in the non-treated infected
group.

In summary, the cinnamaldehyde treatment was able to reduce tissue damage, espe-
cially in the lungs, contributing to animal survival.
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Table 1. Histopathological evaluation of kidneys, lungs, and liver from animals submitted to in-
traperitoneal inoculation of bacteria and cinnamaldehyde treatment.

Hemorrhage Infiltrated Edema Necrosis

Kidney

PBS 0 0.7 ± 0.5 0 0
Cin 0 1.0 ± 0.8 0 0

E. coli F5 1.3 ± 0.5 a 1.7 ± 0.5 0 0
E. coli F5+Cin 0.7 ± 0.7 1.7 ± 0.5 0 0

Lung

PBS 0 0.7 ± 0.5 0 0
Cin 0 1.0 ± 0.0 0 0

E. coli F5 1.3 ± 0.7 2.2 ± 0.4 0 0
E. coli F5+Cin 1.2 ± 0.4 1.8 ± 0.4 0 0

Liver

PBS 0 1.0 ± 0.0 0 0
Cin 0 1.0 ± 0.0 0 0

E. coli F5 2.8 ± 0.7 2.2 ± 0.4 0.7 ± 0.5 0
E. coli F5+Cin 1.2 ± 0.4 2.0 ± 0.0 0.3 ± 0.5 0

a The results are expressed as mean ± SD of the scores: 0, absent; 1, mild; 2, moderate; 3, intense.

In Figure 3, arrows show inflammatory infiltrated area and asterisks show hemorrhagic
area.
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Figure 3. Histopathological analyzes of lungs, liver, and kidneys from animals infected with E. coli
F5 and cinnamaldehyde treatment. Ten hours after peritoneal inoculation of E. coli F5, the organs of
the animals were removed for histopathological analysis. Liver: (1A) PBS; (1B) CIN; (1C) E. coli F5;
(1D) E. coli F5+CIN. Kidney: (2A) PBS; (2B) CIN; (2C) E. coli F5; (2D) E. coli F5+CIN. Lung: (3A) PBS;
(3B) CIN; (3C) E. coli F5; (3D) E. coli F5+CIN. The scale bar is 100 µm.

2.4. Cinnamaldehyde Treatment Promotes an Increase in Leukocytes in the Bone Marrow,
Peritoneal Cavity, and Spleen

The infection induced a reduction in the total blood cell count as compared with PBS
and CIN non-infected groups, which was related to a decreasing in lymphocytes number.
The neutrophils and monocytes were not reduced after infection. The treatment with
cinnamaldehyde did not alter the cell profile in the blood in the infected mice (Figure 4).
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Figure 5. Peritoneal cell counts of animals infected with E. coli F5 and cinnamaldehyde treatment. 
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related to a decrease in cell production by bone marrow, considering that no differences 

among infected and PBS groups were observed in bone marrow cell counts (Figure 6). 
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Figure 4. Total and differential blood cell counts from animals infected with E. coli F5 and cinnamalde-
hyde treatment. Ten hours after peritoneal inoculation of E. coli F5, blood samples were collected
for total and differential cell counting. The results represent the mean ± S.D. of 6 animals/group.
** p < 0.01 as compared with the PBS group, *** p < 0.001 as compared with the PBS group, and
**** p < 0.0001 as compared with the PBS group.

In the same way, the number of peritoneal cells was decreased in the infected animals
as compared with the PBS and CIN non-infected groups. The treatment with CIN induced
an increase in the number of peritoneal cells as compared with the non-treated infected
group (Figure 5).

Antibiotics 2022, 11, x FOR PEER REVIEW 5 of 14 
 

2.4. Cinnamaldehyde Treatment Promotes an Increase in Leukocytes in the Bone Marrow, 

Peritoneal Cavity, and Spleen 

The infection induced a reduction in the total blood cell count as compared with PBS 

and CIN non-infected groups, which was related to a decreasing in lymphocytes number. 

The neutrophils and monocytes were not reduced after infection. The treatment with cin-

namaldehyde did not alter the cell profile in the blood in the infected mice (Figure 4). 

 

Figure 4. Total and differential blood cell counts from animals infected with E. coli F5 and cinnamal-

dehyde treatment. Ten hours after peritoneal inoculation of E. coli F5, blood samples were collected 

for total and differential cell counting. The results represent the mean ± S.D. of 6 animals/group. ** 

p < 0.01 as compared with the PBS group, *** p < 0.001 as compared with the PBS group, and **** p< 

0.0001 as compared with the PBS group. 

In the same way, the number of peritoneal cells was decreased in the infected animals 

as compared with the PBS and CIN non-infected groups. The treatment with CIN induced 

an increase in the number of peritoneal cells as compared with the non-treated infected 

group (Figure 5). 

PBS Cin E. coli F5 E. coli F5+Cin

0

1

2

3

4

C
e
ll
 x

 1
0

6
/ 
m

L

****

#

 

Figure 5. Peritoneal cell counts of animals infected with E. coli F5 and cinnamaldehyde treatment. 

Ten hours after peritoneal inoculation of E. coli F5, the peritoneal cells of the mice were collected 

from the lavage of the peritoneal cavity. The cells were stained with 0.05% violet crystal in 30% 

acetic acid and counted under a light microscope. The results represent the mean ± S.D. of 6 ani-

mals/group. **** p < 0.0001 as compared with the CIN group and # p < 0.05 as compared with the E. 

coli F5 group 

The decrease in blood cell and peritoneal cell numbers in the infected mice was not 

related to a decrease in cell production by bone marrow, considering that no differences 

among infected and PBS groups were observed in bone marrow cell counts (Figure 6). 

Total Cells Lymphocytes Neutrophils Monocytes

0

1000

2000

3000

4000

5000

 C
e
ll
 /
m

m
3

PBS

Cin

E.coli F5

E.coli+Cin
** **

*******

Figure 5. Peritoneal cell counts of animals infected with E. coli F5 and cinnamaldehyde treatment.
Ten hours after peritoneal inoculation of E. coli F5, the peritoneal cells of the mice were collected from
the lavage of the peritoneal cavity. The cells were stained with 0.05% violet crystal in 30% acetic acid
and counted under a light microscope. The results represent the mean ± S.D. of 6 animals/group.
**** p < 0.0001 as compared with the CIN group and # p < 0.05 as compared with the E. coli F5 group.

The decrease in blood cell and peritoneal cell numbers in the infected mice was not
related to a decrease in cell production by bone marrow, considering that no differences
among infected and PBS groups were observed in bone marrow cell counts (Figure 6).
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Figure 6. Total bone marrow cell counts from animals infected with E. coli F5 and cinnamaldehyde 

treatment. Ten hours after peritoneal inoculation of E. coli F5, bone marrow cells were obtained. The 

cells were stained with 0.05% violet crystal in 30% acetic acid and counted under a light microscope. 

The results represent the mean ± S.D. of 6 animals/group. * p < 0.05 as compared with the E. coli F5 

group and # p < 0.01 as compared to the CIN group 

It is possible to observe a small reduction in the number of cells in the non-infected 

group. However, this reduction is not statistically significant. On the other hand, the ad-

ministration of cinnamaldehyde to infected animals leads to a significant increase in the 

number of total cells in both bone marrow and spleen (Figure 7) as compared with the 

non-treated infected group. 
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Figure 7. Total spleen cell counts from animals infected with E. coli F5 and cinnamaldehyde treat-

ment. Ten hours after peritoneal inoculation of E. coli F5, spleen cells were obtained by removing 

and macerating the organ using PBS. The cells were stained with 0.05% violet crystal in 30% acetic 

acid and counted under a light microscope. The results represent the mean ± S.D. of 6 ani-

mals/group. ** p < 0.05 as compared with the E. coli F5 group. 

2.5. Cinnamaldehyde Promotes a Decrease in Cytokine Levels in Serum and Peritoneum 

Proinflammatory cytokines (IL-6, IL-12, IFN-γ, and TNF-α), anti-inflammatory cyto-

kine (IL-10), and chemokine (MCP-1) were detected in serum (Figure 8) and peritoneal 

lavage (Figure 9) from the E. coli F5 infected group. The cinnamaldehyde treatment sig-

nificantly reduced the levels of all these mediators, with the exception of TNF-α in the 

serum. 

Figure 6. Total bone marrow cell counts from animals infected with E. coli F5 and cinnamaldehyde
treatment. Ten hours after peritoneal inoculation of E. coli F5, bone marrow cells were obtained. The
cells were stained with 0.05% violet crystal in 30% acetic acid and counted under a light microscope.
The results represent the mean ± S.D. of 6 animals/group. * p < 0.05 as compared with the E. coli F5
group and # p < 0.01 as compared to the CIN group.

It is possible to observe a small reduction in the number of cells in the non-infected
group. However, this reduction is not statistically significant. On the other hand, the
administration of cinnamaldehyde to infected animals leads to a significant increase in
the number of total cells in both bone marrow and spleen (Figure 7) as compared with the
non-treated infected group.
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Figure 7. Total spleen cell counts from animals infected with E. coli F5 and cinnamaldehyde treat-

ment. Ten hours after peritoneal inoculation of E. coli F5, spleen cells were obtained by removing 

and macerating the organ using PBS. The cells were stained with 0.05% violet crystal in 30% acetic 

acid and counted under a light microscope. The results represent the mean ± S.D. of 6 ani-

mals/group. ** p < 0.05 as compared with the E. coli F5 group. 
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Figure 7. Total spleen cell counts from animals infected with E. coli F5 and cinnamaldehyde treatment.
Ten hours after peritoneal inoculation of E. coli F5, spleen cells were obtained by removing and
macerating the organ using PBS. The cells were stained with 0.05% violet crystal in 30% acetic acid
and counted under a light microscope. The results represent the mean ± S.D. of 6 animals/group.
** p < 0.05 as compared with the E. coli F5 group.

2.5. Cinnamaldehyde Promotes a Decrease in Cytokine Levels in Serum and Peritoneum

Proinflammatory cytokines (IL-6, IL-12, IFN-γ, and TNF-α), anti-inflammatory cy-
tokine (IL-10), and chemokine (MCP-1) were detected in serum (Figure 8) and peritoneal
lavage (Figure 9) from the E. coli F5 infected group. The cinnamaldehyde treatment signifi-
cantly reduced the levels of all these mediators, with the exception of TNF-α in the serum.
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Figure 8. Detection of cytokines in the sera of animals infected with E. coli F5 and cinnamaldehyde 

treatment. Ten hours after peritoneal inoculation of E. coli F5, animal sera were used for cytokines 

dosage by flow cytometry. The results represent the mean ± S.D. of 6 animals/group. **** p < 0.0001 

as compared with the E. coli F5 group. 

Figure 8. Detection of cytokines in the sera of animals infected with E. coli F5 and cinnamaldehyde
treatment. Ten hours after peritoneal inoculation of E. coli F5, animal sera were used for cytokines
dosage by flow cytometry. The results represent the mean ± S.D. of 6 animals/group. **** p < 0.0001
as compared with the E. coli F5 group.

309



Antibiotics 2022, 11, 364

Antibiotics 2022, 11, x FOR PEER REVIEW 8 of 14 
 

P
B
S

C
in

E
. c

ol
i F

5

E
. c

ol
i F

5+
C
in

0

50

100

150

M
C

P
-1

 (
p

g
/m

L
)

****

P
B
S

C
in
 

E
. c

ol
i F

5

E
. c

ol
i F

5+
C
in

0

2000

4000

6000

8000

10000

IL
-6

 (
p

g
/m

L
)

****

P
B
S

C
in
 

E
. c

ol
i F

5

E
. c

ol
i F

5+
C
in

0

50

100

150

IL
-1

0
 (

p
g

/m
L

)

****

P
B
S

C
in
 

E
. c

ol
i F

5

E
. c

ol
i F

5+
C
in

0

5

10

15

20

IF
N

-y
 (

p
g

/m
L

)

****

P
B
S

C
in
 

E
. c

ol
i F

5

E
. c

ol
i F

5+
C
in

0

50

100

150

T
N

F
 (

p
g

/m
L

)

****

 

Figure 9. Detection of cytokines in the peritoneal lavage of animals infected with E. coli F5 and cin-
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Figure 9. Detection of cytokines in the peritoneal lavage of animals infected with E. coli F5 and
cinnamaldehyde treatment. Ten hours after peritoneal inoculation of E. coli F5, animal peritoneal
lavages were used for cytokines dosage by flow cytometry. The results represent the mean ± S.D. of
6 animals/group. **** p < 0.0001 as compared with the E. coli F5 group.

3. Discussion

We have recently shown that the intraperitoneal inoculation of E. coli strain F5 caused
the death of 100% of the animals within 24 h after infection [7]. In this work, we demon-
strated that a treatment with cinnamaldehyde (60 mg/kg) improved the survival of animals
infected with E. coli F5 using the same murine sepsis model. This effect was not due to
a bactericidal activity, since there was no reduction in bacteria in the blood and organs
of animals after cinnamaldehyde treatment, but likely, due to an anti-inflammatory effect
indicated by a reduction in systemic inflammatory mediators and decreased lung damage.

Histological analyses from liver, lungs, and kidneys of the animals infected with E. coli
F5 presented cellular infiltrate, hemorrhage, and edema. However, the treatment with
cinnamaldehyde (60 mg/kg) reduced tissue damage. Probably, the animals survived longer
due to the decrease in lung inflammation induced by the compound.
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As observed here, several studies have also demonstrated protective effects of cin-
namaldehyde in controlling infections. Recently, we demonstrated that cinnamalde-
hyde treatment reduced the intestinal colonization of mice infected by E. coli [22]. Yang
et al. [23] showed that trans-cinnamaldehyde attenuated the intestinal histological damage
in Cronobacter sakazakii-infected newborn mice. Tung et al. [24] showed that bioactive phy-
tochemicals of leaf essential oils of Cinnamomum osmophloeum significantly reduced the inci-
dence of liver lesions due to lipopolysaccharide/D-galactosamine-induced acute hepatitis.
In addition, cinnamaldehyde was able to protect against rat intestinal ischemia/reperfusion
injuries [25], reduced the infarct area in cerebral ischemia mouse model [26], as well as
exhibited cardioprotective effects against acute ischemic myocardial injury induced by
isoproterenol in rats [18].

In this study, the blood cell counts showed a decrease in leucocytes from animals
infected with E. coli F5 as compared with the other groups not infected, which may have
occurred due to a reduction in lymphocytes. Previously, we described that Pic reduced the
number of T and B lymphocytes and compromised the expression of several cell surface
molecules in leukocytes, such as CD80 and CD86 [7]. Probably, this reduction in blood cell
and peritoneal cell numbers was related to a failure in the recruitment caused by Pic, since
in the bone marrow the production was not compromised.

Other studies have also shown that lymphocyte apoptosis was increased in septic
patients, leading to a persistent and profound lymphopenia [27,28]. Here, we showed that
cinnamaldehyde induced an increase in leukocytes in the bone marrow, and spleen, as well
as in the peritoneum, the focus of infection. However, treatment with cinnamaldehyde
did not alter the cell profile in the blood in the infected mice. The same was observed by
Mendes et al. [29] who investigated the effects of cinnamaldehyde in the inflammatory
response triggered by LPS injection in mice. The study showed that cinnamaldehyde
treatment did not affect the number of total peripheral blood leukocytes or the number of
circulating polymorphonuclear cells in LPS-injected mice. However, an evident reduction
in the number of circulating mononuclear cells was observed in the same animals.

It is important to mention that neutrophils are important during the initial immune
response to eliminate the microorganisms in the sepsis [30]. As previously demonstrated
by Dutra et al. [7], the production of neutrophils is affected by Pic. Thus, the reduction
in neutrophils in the E. coli F5 group may also have contributed to the high mortality
of animals. Moreover, cinnamaldehyde was also not able to induce an increase in the
number of neutrophils in serum. In fact, even with an increase in the number of cells in
the peritoneum, the treatment with cinnamaldehyde promoted a reduction in the level of
cytokines in the peritoneal lavage.

We demonstrated that Pic induced increased production of cytokines, since mice in-
fected with E. coli F5 significantly produced more cytokines than its defective Pic mutant [7].
Other studies have also described increased production of cytokine in murine model of
sepsis, such as IL-6, as well as the chemokine MCP-1 [29,31–33]. Here, when animals with
sepsis were treated with cinnamaldehyde, it was possible to observe a reduction in the
levels of all cytokines in both serum and peritoneum, with the exception of TNF-α in the
serum. Interestingly, there was a reduction in the level of anti-inflammatory cytokine IL-10,
suggesting that cinnamaldehyde induces an overall suppression in the immune response.

According to our data, other studies have described the anti-inflammatory effect of
cinnamaldehyde in reducing the release of several cytokines. Pannee et al. [34] showed
that, in a concentration-dependent manner, cinnamaldehyde significantly inhibited the
expression of IL-6, IL-1β, and TNF-α in activated J774A.1 cells. Liao et al. [20] reported
that cinnamic aldehyde reduced TNF in LPS-induced murine macrophages, as well as in a
carrageenan-induced paw edema model, demonstrating that the compound had excellent
anti-inflammatory activities. Mendes et al. [29] demonstrated that cinnamaldehyde also
significantly diminished TNFα in plasma.

It is worth noting that the reduction in the level of inflammatory cytokines is important,
since exacerbated increased levels of cytokines cause a systemic disorder, which can lead

311



Antibiotics 2022, 11, 364

to death. It has already been reported that high concentrations of MCP-1 have also been
linked to mortality in sepsis in humans. Zhu et al. [35] reported that plasma levels of
MCP-1 were significantly higher in a non-survivor as compared with a survivor group.
Mera et al. [36] also showed that the expression levels of MCP-1 soon after intensive care
unit admission were higher in non-survivors as compared with survivors.

4. Materials and Methods
4.1. Bacterial Strain

E. coli strain F5, an extraintestinal pathogenic E. coli (ExPEC) isolated from the blood-
stream [7], was used in this study as the sepsis inducing bacterium. The strain was
aerobically grown at 37 ◦C for 18 h in Luria-Bertani (LB) broth, MacConkey, or LB agar.
The strain was kept in LB broth supplemented with 15% glycerol at −80 ◦C until experi-
mental procedures.

4.2. Minimum Inhibitory (MIC) and Minimum Bactericidal Concentration (MBC)

E. coli F5 was cultivated in Mueller Hinton broth and grown until it reached an optical
density of 0.1, determined at 600 nm. A total of 10 µL of this suspension were added to
wells containing cinnamaldehyde at concentrations ranging from 200 to 2500 µg/mL. After
24 h incubation at 37 ◦C, resazurin 0.03% was used to determine the MIC.

Aliquots from all the wells which showed no visible bacterial growth were seeded
on MacConkey agar plates and incubated for 24 h at 37 ◦C to determine the MBC [37].
All assays were performed in triplicate with at least two repetitions.

Cinnamaldehyde (trans-cinnamaldehyde 99%) used in this study was obtained com-
mercially from Sigma-Aldrich (Darmstadt, Germany). To carry out the experiments, 20%
dimethyl sulfoxide (DMSO) was used as solvent.

4.3. Animals

Six-to-eight-week-old female Swiss mice, weighing ~25 g, were used in the study. The
animals were obtained from the Central Animal House of the Ceuma University (São Luís,
Brazil) and maintained at 26 + 2 ◦C, 44% to 56% relative humidity, under 12 h light-dark
cycles and maintained with free access to sterile food and water.

4.3.1. Experimental Design

A total of 42 animals were distributed into seven experimental groups (n = 6): two
control groups, without infection, which received only phosphate buffered solution (PBS)
or cinnamaldehyde (CIN 60 mg/kg); a third group infected with E. coli F5 and did not
receive any treatment (E. coli F5); two prophylactic groups that received cinnamaldehyde
at 30 mg/kg (prophylactic CIN 30) or 60 mg/kg (prophylactic CIN 60) for 5 days before
infection; finally, two therapeutic groups that received cinnamaldehyde at 30 mg/Kg
(therapeutic CIN 30) or 60 mg/kg (therapeutic CIN 60) 2 h after infection. The animals
were infected with suspensions containing 109 CFU/mL E. coli F5 (200 µL) inoculated
intraperitoneally. All the treatments were performed by gavage.

The survival of the animals was evaluated every 12 h until the 5th day after infec-
tion [31], and after this period of time, the mice were euthanized with an overdose of the
anesthetic (150 mg/kg ketamine hydrochloride and 120 mg/kg xylazine hydrochloride).

After survival analysis, it was possible to observe that the therapeutic CIN 60 group
survived for longer periods. Then, another 24 animals were divided into 4 groups: PBS,
CIN, E. coli F5, and therapeutic CIN 60, which were infected and treated, as described
above.

4.3.2. Blood Sampling

After ten hours of infection, the animals were anesthetized to collect the blood with
a solution of 2% xylazine chloride (20 mg/kg) and 5% ketamine chloride (25 mg/kg) at a
2:1 ratio [38] via an intramuscular injection. The blood was used to determine differential
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blood cell counts, nitric oxide (NO) and cytokine levels, as well as to quantify the presence
of E. coli F5. Blood cell counts were performed using Bioclin 2.8 Vet (Bioclin, Belo Horizonte,
Brazil).

4.3.3. Bone Marrow, Spleen, and Peritoneal Cell Counting

After euthanasia, animal peritoneal cells were collected by washing the peritoneal
cavity with 5 mL sterile ice-cold PBS. Then, the femur was removed and perfused with 1 mL
of PBS to obtain bone marrow cells. Finally, the spleen, liver, kidneys and the lungs were
removed. The spleen was crushed with 5 mL PBS and passed through a silk sieve. Total
cell number counting was performed according to Cruz et al. [39] using a hemocytometer
with the aid of an optical microscope at 400× magnification.

4.3.4. Colony Forming Units (CFU) Counting

To quantify the number of bacteria in the organs, serial dilutions from the peritoneal
lavage, blood, and macerated organs (liver, lungs, spleen, and kidneys), were cultivated on
MacConkey agar at 37 ◦C. After overnight incubation, CFUs were counted and the results
were expressed as Log of CFU/mL, as described by Dutra [7].

4.3.5. Histopathological Evaluation

The collected samples (kidney, liver, and lung) were fixed in 10% formaldehyde solu-
tion for 24 h. They were sectioned and processed for inclusion in paraffin. Sections with
5 mm were stained in hematoxylin-eosin for histopathological analysis. The following
parameters were evaluated: edema, necrosis, cellular infiltrate, and hemorrhage. The classi-
fication (0 = absent; 1 = slight; 2 = moderate; 3 = intense) was performed, according to that
described by Liberio et al. [40].

4.3.6. Cytokines Quantification

Dosage of MCP-1, IFN-γ, TNF-α, IL-12, IL-10, and IL-6 in serum and peritoneal
lavage from animals was performed by flow cytometry, using the Mouse Inflammation Cy-
tokine kit (Becton Dickinson Biosciences, San Jose, CA, USA), according to manufacturer’s
instructions.

4.4. Statistical Analysis

Statistical analyses were performed by using the GraphPad Prism software, version
8.0. The results were expressed as the mean ± standard deviation, and were subjected
to ANOVA, followed by T-test and Tukey’s multiple test, or Kruskal–Wallis and Mann–
Whitney tests when the data normality assumption was not satisfied. The Kaplan–Meier
curve and the log-rank test were used for survival analysis. The differences were considered
to be significant when p < 0.05.

4.5. Ethics Approval

The experimental procedures were carried out under approved guidelines of the
National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
All procedures were approved by the Committee of Ethics in Research at the Ceuma
University (process no. 22/18).

5. Conclusions

Taken together, our data point to an important immunomodulator effect of cinnamalde-
hyde on the sepsis caused by extraintestinal pathogenic E. coli. The compound was also
able to reduce the levels of cytokines IL-6, IL-10, IL-12, TNF-α, and IFN-γ, as well as the
chemokine MCP-1 in serum and peritoneum. In addition, cinnamaldehyde increased the
production of cells in both bone marrow and spleen, and the lymphocyte number at the
infection site. Finally, it was able to reduce the inflammatory infiltrate in animals infected
and treated in relation to non-treated infected group, decreasing the deleterious effects
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for the organism and contributing positively to the control of the sepsis and survival of
animals.

The compound is efficient in the treatment of the sepsis caused by extraintestinal
pathogenic E. coli and a promising candidate for the development of new drugs that can be
used in the treatment of infections.
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Abstract: Candidiasis is the most common fungal infection among immunocompromised patients.
Its treatment includes the use of antifungals, which poses limitations such as toxicity and fungal
resistance. Plant-derived extracts, such as Punica granatum, have been reported to have antimicrobial
activity, but their antifungal effects are still unknown. We aimed to evaluate the antifungal and
antiviral potential of the ethyl acetate fraction of P. granatum (PgEA) and its isolated compound
galloyl-hexahydroxydiphenoyl-glucose (G-HHDP-G) against Candida spp. In silico analyses predicted
the biological activity of G-HHDP-G. The minimum inhibitory concentrations (MIC) of PgEA and G-
HHDP-G, and their effects on biofilm formation, preformed biofilms, and phospholipase production
were determined. In silico analysis showed that G-HHDP-G has antifungal and hepatoprotective
effects. An in vitro assay confirmed the antifungal effects of PgEA and G-HHDP-G, with MIC
in the ranges of 31.25–250 µg/mL and 31.25 ≥ 500 µg/mL, respectively. G-HHDP-G and PgEA
synergistically worked with fluconazole against planktonic cells. The substances showed antibiofilm
action, alone or in combination with fluconazole, and interfered with phospholipase production. The
antifungal and antibiofilm actions of PgEA and G-HHDP-G, alone or in combination with fluconazole,
in addition to their effects on reducing Candida phospholipase production, identify them as promising
candidates for therapeutics.

Keywords: Punica granatum; galloyl-HHDP-glucose; in silico analysis; in vitro analysis; candidiasis

1. Introduction

The incidence of fungal infections is increasing considerably in humans, due to the
indiscriminate use of antibiotics, immunosuppressants, and increased use of invasive
procedures, such as catheters. These infections can be debilitating, persistent, and result
in costly treatments. Many of these microorganisms are natural colonizers of the human
microbiota. However, they have an arsenal of factors and virulence properties that are
associated with disorders in the host, such as immunodeficiency, trauma, and surgical
procedures, which enable them to be opportunistic infections [1–3].
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Candida spp. are commonly associated with diseases in humans, such as oral and
vulvovaginal candidiasis, skin infections, and onychomycosis. These infections may occur
even in immunocompetent hosts [4,5], when predisposing factors are present (age, antibiotic
use, sexual activity, diabetes mellitus, and idiopathic causes), resulting in the possible
need for prolonged treatments that may cause recurrences and generation of resistant
species [6,7].

The main virulence factor of the Candida species, especially C. albicans, is its ability to
form biofilms. Biofilms produced by pathogenic fungi are characterized by communities
of filamentous fungi that adhere to biotic and abiotic surfaces, eventually expanding
into highly organized communities that are resistant to antimicrobials and environmental
conditions [8,9].

There are a few classes of antifungal agents available to treat Candida infections, but
these have limitations in terms of their high cost and toxicity. Most infections caused
by yeasts are preferably treated with Fluconazole (FCZ), an azole antifungal that acts by
inhibiting ergosterol biosynthesis. FCZ has useful properties that make it the drug of choice,
such as a wide spectrum of action, low cell toxicity compared to other antimycotics and
high bioavailability. However, FCZ has a fungistatic action, inhibiting growth but not
killing yeast cells, which can lead to the development of resistance [10].

Moreover, there is evidence of increased antifungal resistance to the available drugs,
and most of them are poorly effective in treating diseases associated with biofilm forma-
tion [11–14]. Thus, there is a need to search for new antifungal compounds that are more
effective, cheaper, and less toxic. Medicinal plants and their isolated compounds (e.g.,
cinnamaldehyde and eugenol) with antimicrobial properties are promising therapeutic
alternatives for fungal infections [15].

Punica granatum is a plant belonging to the family Punicaceae. It is originally from Asia
and is cultivated in several parts of the world, including Brazil [16]. Its fruits, roots, stems,
and leaves are rich in tannins, flavonoids, ellagic acid, gallic acid, phenolic compounds, and
other substances that have antioxidant, anti-inflammatory, antibacterial, and antifungal
activities [17].

Our group previously characterized the ethyl acetate fraction obtained from the pomegranate
leaf hydroalcoholic extract (PgEA), and identified a particularly interesting compound in it,
galloyl-hexahydroxydiphenoil-glucose (G-HHDP-G), which is a hydrolyzable tannin whose
pharmacological activities remain undetermined [18]. Later, Pinheiro et al. [19] showed that
G-HHDP-G has anti-inflammatory properties and protects against acute lung injury in mice,
and thus may be useful for the treatment of this condition and other inflammatory disorders.
Nevertheless, there are no studies related to the antifungal effects of G-HHDP-G, and few have
investigated the action of P. granatum leaf extract against Candida species. Therefore, we aimed to
investigate the antifungal and antiviral actions of the PgEA fraction and G-HHDP-G against
Candida spp. In addition, we also evaluated the antifungal activity of a combination of this
fraction and compound with fluconazole (FCZ), to explore their synergistic interaction.
This could help in the identification of compounds that can possibly serve as potential
targets for the development of new herbal or drug formulations, in addition to providing a
strategy for alternative therapies.

2. Results
2.1. In Silico Analysis of the Biological Activities of G-HHDP-G and Its Hepatotoxic Action

The biological activity spectra of G-HHDP-G were determined using an online version
of Prediction of Activity Spectra for Substances (PASS) software. Table 1 shows the values
obtained for the probable activity (Pa) and probable inactivity (Pi). Several activities were
predicted for G-HHDP-G, including anti-infective, antioxidant, hepatoprotective, anti-
inflammatory, immunostimulant, and antifungal. The highest Pa value was obtained for
the anti-infective activity (0.962). The biological activities of FCZ were also determined for
comparison. Table 2 shows the biological activity spectra of FCZ. The highest FCZ Pa value
was for its antifungal activity (0.726).
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Table 1. In silico analysis of the biological activities of G-HHDP-G.

Activities
PASS Predictions of G-HHDP-G

Pa Pi

Anti-infective 0.962 0.003
Antioxidant 0.895 0.003

Hepatoprotective 0.883 0.002
Anti-inflammatory 0.775 0.008
Immunostimulant 0.752 0.011

Antifungal 0.692 0.015
Pa, probable activity; Pi, probable inactivity; PASS, prediction of activity spectra for substances; G-HHDP-G,
galloyl-hexahydroxidifenoil-glucose.

Table 2. In silico analysis of the biological activities of Fluconazole.

Activities
PASS Predictions of FCZ

Pa Pi

Antifungal 0.726 0.008
ATPase inhibitor of phospholipid translocation 0.480 0.069

Cell wall synthesis inhibitor 0.351 0.002
NADPH inhibitor-cytochrome-c2 reductase 0.366 0.134

Pa, probable activity; Pi, probable inactivity; PASS, prediction of activity spectra for substances; FCZ, fluconazole.

The in silico predictions of chemical toxicity are shown in Table 3. The G-HHDP-G did not
show any possible damage to the analyzed cytochromes, but FCZ showed probable hepatotoxicity.

Table 3. In silico prediction of chemical toxicity in hepatic cytochromes.

Cytochrome
Predicted Values of Inhibitory Effect

G-HHDP-G FCZ

CYP1A2 NT (0.8) * T (0.606) **
CYP2C19 NT (0.872) * NT (0.775) *
CYP2C9 NT (0.796) * T (0.698) **
CYP2D6 NT (0.734) * T (0.502) **
CYP3A4 NT (0.704) * T (0.572) **

NT, non-toxic; T, toxic; * 0.7–0.9, no expected toxicity; ** 0.5–0.7, predicted toxicity.

2.2. Antifungal Activity

We evaluated the antifungal activity of PgEA and G-HHDP-G against a panel of two
clinical and two reference strains of Candida spp. Both PgEA and G-HHDP-G exhibited
antifungal activity against all the tested strains. However, the inhibitory concentrations
varied among the isolates. The minimum inhibitory concentration (MIC) ranges were from
31.25 to 250 µg/mL for PgEA, from 31.25 to > 500 µg/mL for G-HHDP-G, and from 4 to
16 µg/mL for FCZ (Table 4).

Table 4. MICs of PgEA, G-HHDP-G, and FCZ against Candida spp. The readings of cell turbidity
were recorded after a 48 h incubation, at 37 ◦C, in RPMI-1640 medium.

Strains
MIC (µg/mL)

PgEA G-HHDP-G FCZ

C. albicans ATCC 90028 125 ± 0 >500 ± 0 8 ± 0
C. albicans CAS 250 ± 0 >500 ± 0 8 ± 0

C. glabrata ATCC 2001 31.25 ± 0 125 ± 0 16 ± 0
C. glabrata FJF 31.25 ± 0 31.25 ± 0 4 ± 0

The assays were performed in triplicate. MIC, minimal inhibitory concentration; PgEA, ethyl acetate fraction of
P. granatum; G-HHDP-G, galloyl-hexahydroxidifenoil-glucose; FCZ, fluconazole.
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2.3. In Vitro Interaction between PgEA/FCZ and G-HHDP-G/FCZ

The interactions between PgEA/FCZ and G-HHDP-G/FCZ were evaluated using a
checkerboard assay. The fractional inhibitory concentration index (FICI) showed a syner-
gistic interaction between PgEA/FCZ (Figure 1A–D) and G-HHDP-G/FCZ (Figure 1E,F)
against different Candida species. According to the assay, the combination of PgEA and FCZ
showed synergistic effects against all Candida isolates. On the other hand, the combination
of G-HHDP-G/FCZ had a synergistic effect against two Candida strains (Table 5). Further-
more, there was a drastic reduction in the MIC values of compounds when they were used
in combination, compared to the MICs obtained for each compound alone. For example,
the MIC values for PgEA against C. albicans ATCC 90028 reduced from 125 µg/mL to
3.9 µg/mL when the fraction was used in combination with FCZ. Against C. albicans CAS,
the reduction was from 250 µg/mL to 7.8 µg/mL. In case of G-HHDP-G, the values reduced
from 125 µg/mL and 31.25 µg/mL to 31.2 µg/mL and 7.8 µg/mL against C. glabrata ATCC
2001 and C. glabrata FJF, respectively. Even the MIC values for FCZ reduced for most strains
when it was used in combination the fraction and compound (Table 5).
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Figure 1. Interaction curves constructed for each pair of compounds when used in combination.
Synergistic effect ethyl acetate fraction of P. granatum (PgEA) and fluconazole FCZ (A–D) against
C. albicans (A,B) and C. glabrata (C,D) strains. Synergistic effect of galloyl-hexahydroxidifenoil-glucose
(G-HHDP-G) and FCZ against C. glabrata strains (E,F).

Table 5. FICI and classification of the interaction between PgEA or G-HHDP-G and FCZ. The interac-
tion was classified as synergism if FICI ≤ 0.5, non-interaction if 0.5 > FICI ≤ 4.0, and antagonism if
FICI > 4.0.

Strain
MIC in Combination (µg/mL) FICI

FCZ PgEA G-HHDP-G FICIFCZ+PgEA It FICIFCZ+G-HHDP-G It

C. albicans ATCC 90028 8 3.9 - 0.32 SYN - -

C. albicans CAS 1 7.8 - 0.36 SYN - -

C. glabrata ATCC 2001 4 15.6 31.2 0.45 SYN 0.47 SYN

C. glabrata FJF 0.5 7.8 7.8 0.49 SYN 0.37 SYN

MIC, minimum inhibitory concentration; FCZ, fluconazole; PgEA, ethyl acetate fraction; G-HHDP-G, galloyl-
hexahydroxidifenoil-glucose; FICI, fraction inhibitory concentration index; It, interaction type; SYN, synergistic.

2.4. Antibiofilm Effect

Figure 2 shows the effects of PgEA, G-HHDP-G, and FCZ on biofilm formation and
preformed biofilms. All tested strains formed biofilms. PgEA and G-HHDP-G reduced
the biofilm formation and significantly interfered with the preformed biofilms of both
C. albicans and C. glabrata (p < 0.05), both at sub-inhibitory and higher concentrations
(Figures 2 and 3). FCZ was not able to interfere with the biofilm formation process of
the strains, except at MIC concentrations. FCZ also did not interfere with the preformed
biofilms of any strain. In contrast, all synergistic concentrations used were able to inhibit
both stages of biofilm formation.
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Figure 2. Effect of the ethyl acetate fraction of P. granatum (PgEA), galloyl-HHDP-glucose (G-HHDP-
G), and Fluconazole (FCZ) on Candida biofilm formation. (A) Effect of PgEA and FCZ on the biofilm
formation of the reference strain C. albicans 90028, using inhibitory, sub-inhibitory, and synergistic
concentrations. (B) Effect of PgEA and FCZ on biofilm formation of the clinical isolate C. albicans
CAS, using inhibitory, sub-inhibitory, and synergistic concentrations. (C) Effect of PgEA, G-HHDP-G,
and FCZ on biofilm formation of the reference strain C. glabrata 2001, using inhibitory, sub-inhibitory,
and synergistic concentrations. (D) Effect of PgEA, G-HHDP-G, and FCZ on the biofilm formation
of the clinical isolate C. glabrata FJF, using inhibitory, sub-inhibitory, and synergistic concentrations.
* p < 0.05, ** p < 0.01, and *** p < 0.0001. Data represent the mean ± SD of three independent
experiments carried out in triplicate.
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Figure 3. Effect of the ethyl acetate fraction of P. granatum (PgEA), galloyl-HHDP-glucose (G-HHDP-
G), and Fluconazole (FCZ) on preformed biofilms of Candida spp. (A) Effect of PgEA and FCZ on the
preformed biofilm of the reference strain C. albicans 90028, using inhibitory, higher than inhibitory,
and synergistic concentrations. (B) Effect of PgEA and FCZ on the preformed biofilm of the isolate
of clinical C. albicans CAS, using inhibitory, higher than inhibitory, and synergistic concentrations.
(C) Effect of PgEA, G-HHDP-G, and FCZ on the preformed biofilm of the reference strain C. glabrata
2001, using inhibitory, higher than inhibitory, and synergistic concentrations. (D) Effect of PgEA,
G-HHDP-G, and FCZ on the preformed biofilm of the clinical isolate C. glabrata FJF, using inhibitory,
higher than inhibitory, and synergistic concentrations. * p < 0.05, ** p < 0.01, and *** p < 0.0001. Data
represent the mean ± SD of three independent experiments carried out in triplicate.

2.5. Time Kill-Curve Assay

To evaluate the time-kill activity, this assay was performed over a period of 36 h
with C. glabrata ATCC 2001, and C. albicans ATCC 90028 in the presence of G-HHDP-G.
The G-HHDP-G concentration of 2 × MIC and 3 × MIC can inhibit C. glabrata ATCC
2001 cell viability from 24–30 h when compared to 1 × MIC and the negative control
(4A). Interestingly, for C. albicans ATCC 90028, 3 × MIC (2000 µg/mL) was responsible for
completely eliminating viable cells within 12 h of exposure (6Log of cells/mL) (Figure 4B).
The killing activity of G-HHDP-G appears to be dependent on the yeast species or strain;
in turn, there is a degree of time and concentration dependence for microbial inhibition.
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Figure 4. Time–kill curve for C. glabrata ATCC 2001 (A) and C. albicans ATCC 90028 (B). G-HHDP- G
compound was tested at 3 × MIC. MIC: minimal inhibitory concentration. CFU: colony-forming unit.
Time is expressed in hours. Negative control: no compound was added to the cell suspension.

2.6. Phospholipase Assay

We measured the extracellular phospholipase activity of C. albicans ATCC 90028,
C. albicans CAS, C. glabrata ATCC 2001, and C. glabrata FJF. C. glabrata FJF did not produce
phospholipases. The higher the phospholipase activity (as measured according to the
calculated phospholipase precipitation zone (Pz)), the lower the Pz value. Thus, both PgEA
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and G-HHDP-G significantly reduced phospholipase production (p < 0.05), by interfering
with the enzyme production levels (Figure 5 and Table 6).

Table 6. Candida spp. extracellular phospholipase activity when treated with PgEA, G-HHDP-G, and
FCZ, as evaluated in egg yolk medium in terms of the precipitation zone.

Treatments

Precipitation Zone
Phospholipase

ActivityC. Albicans
ATCC 90028

C. Albicans
CAS

C. Glabrata
ATCC 2001

Control 0.76 0.67 0.68 H/VH/VH

PgEA MIC 0.91 0.70 0.73 VL/H/H

PgEA MIC/2 0.93 0.73 0.75 VL/H/H

G-HHDP-G MIC — — 0.76 H

G-HHDP-G MIC/2 — — 0.84 L

FCZ MIC 0.82 0.71 0.72 L/H/H

FCZ MIC/2 0.81 0.70 0.70 L/H/H
The precipitation zone represents the ratio of the diameter of the colony to the cloudy zone and colony diameter.
VL: very low (Pz = 0.90 to 0.99); L: low (Pz = 0.80 to 0.89); H: high (Pz = 0.70 to 0.79); VH: very high (Pz ≤ 0.69).
PgEA—Ethyl acetate fraction of P. granatum; G-HHDP-G—Galloyl-Hexahydroxidifenoil-Glucose; FCZ—Fluconazole.
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Figure 5. Evaluation of the degree of interference mediated by effect ethyl acetate fraction of
P. granatum (PgEA), Galloyl-Hexahydroxidifenoil-Glucose (G-HHDP-G), and Fluconazole (FCZ)
on Candida spp. phospholipase production. (A) C. albicans ATCC 90028, (B) C. albicans CAS, and
(C) C. glabrata ATCC 2001. * p < 0.05, ** p < 0.01, and *** p < 0.0001.

3. Discussion

In the present study, we report the antifungal activities of PgEA and one of its phenolic
compounds G-HHDP-G. P. granatum has attracted the interest of researchers due to its main
biological activities, including antioxidant, anti-inflammatory, antibacterial, anticancer, and
antiviral [17–21]. Phytochemical analysis performed previously by our research group
showed that a richness of phytochemical compounds is present in the PgEA fraction, which
corroborates its biological properties [18–20]. Among these compounds, we highlight
G-HHDP-G in the present study.

In silico analysis of G-HHDP-G indicated a potential antifungal effect of the compound,
with a Pa value of 0.692. Pa and Pi values range from 0.000 to 1.000. When Pa is greater
than Pi, the compound is believed to be experimentally active. Pa values ranged from 0.5 to
0.7, indicating that the compound will likely show considerable pharmacological effects
experimentally [22], which corroborates the data obtained herein. We also evaluated the
in silico effects and toxicity of G-HHDP-G and compared the results obtained with those for
FCZ, which is the drug of choice for the treatment of fungal infections. The results highlighted
low hepatotoxicity of G-HHDP-G in comparison to that of FCZ. Furthermore, the analysis
showed that the compound has a potential hepatoprotective effect (Pa = 0.883), which was
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not observed in case of FCZ. The examinations were based on the structure-activity ratio of
approximately 200,000 compounds and 4000 types of pharmacological activities [23].

Some polyphenolic molecules derived from gallic acid have recently been studied to
understand their biological properties. Zhang et al. [24] reviewed 1,2,3,4,6-penta-O-galloyl-
β-D-glucose, a gallotanin derivative, and drew attention to its attractive pharmacological
and physiological activities, such as anticancer, apoptosis-inducing, anti-inflammatory, and
antioxidative. Antiviral, antibacterial, and antibiofilm activities have also been attributed
to some galotannin derivatives [25,26]. Similarly, Al-Sayed and Esmat [22] verified the
hepatoprotective and antioxidant effects of pentagalloyl glucose and other galloyl esters
isolated from the extract of Melaleuca styphelioides. However, studies on the antifungal effect
of PgEA are scarce, with no reports in the literature about the potential of G-HHDP-G
against Candida. Therefore, we decided to demonstrate the promising antifungal activity of
PgEA and G-HHDP-G in vitro.

We confirmed the results obtained in silico by estimating the MIC. MIC values for
PgEA ranged from 31.25 µg/mL to 250 µg/mL, which was effective against all the tested
strains. However, G-HHDP-G was only effective against C. glabrata strains, with MIC values
ranging from 31.25 µg/mL to 125 µg/mL. These results are extremely relevant because
C. glabrata is intrinsically resistant to azoles [26]. The highest G-HHDP-G value tested
against C. albicans was 500 µg/mL, and this concentration was not growth inhibitory. One
possibility is that G-HHDP-G has an antifungal effect against C. albicans when combined
with one of the other compounds present in PgEA, since this fraction inhibited the growth
of this species.

Most of the studies related to the antifungal effects of P. granatum refer to extracts from
the fruit, bark, or peel. Lavaee et al. [17] verified that the methanolic and ethanolic extracts
of the bark and root of P. granatum had anti-Candida activity. P. granatum peel ethanol extract
also showed antifungal activity against oral Candida isolates when tested using the agar
well diffusion method [27], and there are few reports on the activities of the leaf extract
against Candida. In a recent study [28], the authors found that after fractionation of the
hydroalcoholic extract of P. granatum leaves, the ethyl acetate fraction was the richest in
polyphenols. However, this fraction did not inhibit the growth of C. albicans, which differs
from the results obtained in the present study.

To the best of our knowledge, there are no studies in the scientific literature that verify
the antifungal activity of G-HHDP-G from PgEA. It is well known that P. granatum extracts
have antifungal activity; however, the compounds responsible for this effect have not yet
been identified, and whether they have antivirulence activity is still poorly understood. An
interesting investigation was conducted by Brighenti et al. [29], who verified the effect of
phenolic compounds from P. granatum, such as punicalin, punicalagin, ellagic acid, and
gallic acid, on clinical and reference strains of C. albicans and found punicalagin to be the
most active. Other studies have also identified punicalagin as the bioactive compound
responsible for the antimicrobial activity of pomegranate peel [30,31].

In this study, both PgEA and G-HHDP-G inhibited most Candida strains at very low
MIC values. However, combination therapies are increasingly being used in clinical trials,
with the aim of decreasing conventional antimycotic side effects or toxicity and selection of
resistant isolates [32]. Therefore, we decided to evaluate whether PgEA and G-HHDP-G, in
combination with FCZ, would present a synergistic interaction against Candida strains. The
FICI values obtained were very low, and the combinations displayed increased antifungal
efficacy against C. albicans and C. glabrata, over the compounds alone. The MIC values of
all the compounds against the tested strains reduced drastically by 50%–97% and 75%–88%
for PgEA and G-HHDP-G, respectively, when used in combination. Synergistic interactions
overcome the limitations of traditional antifungals by reducing the associated side effects
and increasing their spectrum of action [33].

Endo et al. [34], when evaluating the synergistic effect of P. granatum fruit extract + FCZ
against C. albicans isolates, verified that the MIC values for FCZ decreased two-fold when
combined with the fruit extract. Similar results were obtained by Silva et al. [35], who
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evaluated the effects of the combinations of nystatin and punicalagin against C. albicans.
Combined concentrations increased the antifungal efficacy as compared to the compounds
alone, and the two of them reduced punicalagin’s MIC-50 by four- and eight-fold, increasing
Candida inhibition and abrogating the cytotoxicity of punicalagin. These findings support
our results since the MIC values for PgEA, G-HHDP-G, and FCZ decreased when they
were combined with each other.

An alternative therapy for fungal infection treatment could be the use of compounds
with action against. Candida spp. possesses several virulence factors that contribute to its high
pathogenicity, including the ability to form biofilms. Candida species are capable of forming
biofilms on both biotic (such as plant/animal cells and tissues) and abiotic surfaces (catheters,
prosthetic devices, and dentures) [36]. Biofilms protect against cellular phagocytosis and make
Candida cells resistant to antifungal drugs [37–39]. In our study, we evaluated the effects of
PgEA, G-HHDP-G, and FCZ on biofilm formation and preformed biofilms.

PgEA and G-HHDP-G inhibited biofilm formation and reduced preformed biofilms of
both C. albicans and C. glabrata, showing greater effectiveness than FCZ. In addition, the
synergistic combinations of PgEA/FCZ and G-HHDP-G/FCZ were more efficient against
C. albicans and C. glabrata biofilms than the substances alone. These results are extremely
relevant because studies involving the effect of P. granatum on Candida biofilms are rare,
and it is difficult to find effective compounds that efficiently inhibit biofilms. In a similar
study, Bakkiyaraj et al. [40] also observed an antibiofilm action of the methanolic extract of
P. granatum and its major compound ellagic acid, but at higher concentrations than those
identified in our study. Almeida et al. [41] reported the antibiofilm activity of enriched frac-
tions of Equisetum giganteum and P. granatum associated with and incorporated in a denture
adhesive against C. albicans. The mixture was effective against the formation of biofilms
on the surface of previously treated polymerized acrylic resin specimens. Villis et al. [42]
used the same PgEA fraction as that in this study and verified that this fraction reduced the
pre-formed biofilm of some Cryptococcus isolates, while showing better activity than FCZ.
We highlight the importance of our findings in significantly reducing Candida biofilms,
because these structures are generally associated with the majority of Candida infections
and treatment failures, due to their drug-resistant biostructure [43–45]. Furthermore, this is
the first study to assess the ability of PgEA, G-HHDP-G, and their combinations with FCZ
to inhibit Candida biofilms.

Phospholipases are also relevant virulence factors produced by Candida spp. These are
enzymes capable of breaking the phospholipid membranes or destroying proteins of the
host immune system, and therefore, serve as relevant targets for antivirulence therapies [46].
In general, PgEA and G-HHDP-G significantly reduced phospholipase production (p < 0.5),
as compared to FCZ, by interfering with the enzyme production levels. Liu et al. [32]
showed that use of licofelone in combination with FCZ decreased the phospholipase
activity at low concentrations, as compared to FCZ alone, with the inhibitory effect being
positively correlated with the drug concentration. In turn, Nciki et al. [47] tested the effect
of tannin-rich extracts in reducing phospholipase production in Candida, which required
concentrations that were up to three times higher than those used in this study, suggesting
that PgEA and G-HHDP-G have high antivirulence activity.

A limitation of our study is that the action of G-HHDP-G, alone and in association
with fluconazole, was evaluated only against species of C. albicans and C. glabrata, since this
was our main objective. Thus, there is a need to investigate a greater number of isolates of
clinical origin from different anatomical sites and from different species in order to have a
broader assessment of the findings of the present study. Additionally, we intend to carry
out an evaluation of the effectiveness of the association of the compounds in experimental
animal models.
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4. Materials and Methods
4.1. Preparation of PgEA and Isolation/Identification of G-HHDP-G

The hydroalcoholic extract and ethyl acetate fraction of P. granatum leaves were ob-
tained as described by Marques et al. [48] and Pinheiro et al. [18]. The ethyl acetate fraction
was subjected to a silica gel chromatography column (230–400 mesh; 8 × 100 cm) and eluted
with increasing polarities of mixtures of n-hexane/ethyl acetate and ethyl acetate/methanol,
to obtain subfractions. The chromatographic separation resulted in 660 fractions. These
fractions were grouped into 6 groups according to the similarity of the chromatographic
profile. Group 6 was subjected to another round of chromatography and the compound
was isolated in galloyl-HHDP-glucose of > 95% purity.

For Group 1, the following polarity gradient was used: Hexane (40%), Ethyl Acetate
(60%) and Methanol (0%); Group 2, the following polarity gradient was used: Hexane (30%,
20% and 10%), Ethyl acetate (70%, 80% and 90%) 0% methanol; Group 3, the following
polarity gradient was used: Hexane (0%), Ethyl Acetate (100% and 90%), and methanol
(0% and 10%); Group 4, the following polarity gradient was used: Hexane (0%), Ethyl
Acetate (80%) and Methanol (20%); Group 5, the following polarity gradient was used:
Hexane (0%), Ethyl Acetate (70% and 60%) and Methanol (30% and 40%); Group 6 which
contained galloyl-HHDP-glucose, the following polarity gradient was used: Hexane (0%),
Ethyl Acetate (40%, 20% and 0%) and Methanol (60%, 80% and 100%).

The structure was determined using HPLC-DAD-ESI-IT/MS analysis, as previously de-
scribed by Pinheiro et al. [18] (Figure 6). The compound G-HDP-G was characterized with data
obtained by fragmentation by mass spectrometry and compared with an authentic standard.
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Figure 6. Chemical structure of Galloyl-Hexahydroxidifenoil-Glucose (G-HHDP-G), isolated from
the ethyl acetate fraction of the P. granatum crude extract.

4.2. In Silico Analysis
4.2.1. Prediction of the Biological Activities of G-HHDP-G In Silico

The biological activities of G-HHDP-G and FCZ (standard drug) were evaluated using
PASS Online [version 2.0, Way2Drug.com©2011–2022, Moscow, Russia] (www.way2drug.
com/passonline/, accessed on 16 September 2021), which provides several characteristics
of the biological action of a substance. The PASS program describes biological activity as
“active” (Pa) or “inactive” (Pi), in which the estimated probability varies from zero to one.
The chances of finding a particular activity increase when the Pa values are higher and
Pi values are lower. The results of PASS prediction were interpreted as follows: (i) only
biological activities with Pa > Pi were considered possible for a particular compound;
(ii) if Pa > 0.7, the substance is likely to exhibit biological activity and the probability
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of the compound being an analog of a known pharmaceutical drug is also high; (iii) if
0.5 < Pa < 0.7, the compound is likely to present biological activity, but the substance is not
similar to known drugs; (iv) if Pa < 0.5, the chance of finding a biological activity is lower,
but the chance to find a structurally new compound is greater.

4.2.2. In Silico Analysis of G-HHDP-G Hepatic Toxicity

To assess the hepatic toxicity of G-HHDP-G and FCZ, we used the Super-CYPsPred
[©Structural Bioinformatics Group 2019, Berlin, Germany] (http://insilico-cyp.charite.de/
SuperCYPsPred/, accessed on 16 September 2021) web server, which includes machine
learning models based on the random forest algorithm and different types of data sampling
methods. The models presented in SuperCYSPred discriminate between inhibitors and
non-inhibitors for the five main CYP450 isoforms. Fragment-based and structural similarity
approaches were used to evaluate the applicability domain of the models, in addition to
predicting a specific compound as active (inhibitor) or inactive (non-inhibitor) for a defined
CYP isoform.

4.3. In Vitro Analysis
4.3.1. Candida Strains and Growth Conditions

For the in vitro assays, we used two clinical isolates from vaginal samples (C. albicans
CAS and C. glabrata FJF 2001; CEP/UNICEUMA no.: 813.402/2014) and two reference
strains from the American Type Culture Collection (ATCC; C. albicans ATCC 90028 and
C. glabrata ATCC 2001). The reference strains were kindly donated by the São Paulo
State University, Araraquara Dental School, São Paulo, Brazil. Strains were plated on
Sabouraud dextrose agar (SDA, Merck, Darmstadt, Germany), incubated for 48 h at 37 ◦C,
and maintained on SDA during the experiments.

4.3.2. MIC Determination

The MIC was determined using the broth dilution method, following the recommen-
dations of the Clinical and Laboratory Standards Institute [49]. PgEA, G-HHDP-G, and
FCZ solutions were diluted in RPMI-1640 (Sigma-Aldrich®, St. Louis, MO, USA) (pH 7.0)
buffered with 0.165 M morpholinepropanesulfonic acid (MOPS; Sigma-Aldrich, St. Louis,
MO, USA). Each substance was added to the first well of 96-well microplates (100 µL/well),
with serial dilutions carried out in subsequent wells. The obtained and tested concentrations
were 1000–1.95 µg/mL (PgEA), 500–0.07 µg/mL (G-HHDP-G), and 64–0.125 µg/mL (FCZ).
Following that, 100 µL of Candida inoculum (1 × 103 CFU/mL) was added to each well and
incubated at 37 ◦C for 48 h in RPMI-1640 medium. After the incubation period, MIC was
defined as the lowest concentration that visibly inhibited fungal growth. FCZ was used as
a positive control and RPMI (100 µL) plus standardized inoculum was used as a negative
control. The results were obtained from three independent assays performed in triplicate.

4.3.3. In Vitro Interaction Assays between PgEA + FCZ and G-HHDP-G + FCZ

Interactions between PgEA/FCZ and G-HHDP-G/FCZ were evaluated using the
checkerboard test [49]. The following concentrations of PgEA, G-HHDP-G, and FCZ
were used for each Candida strain: Combination 1: PgEA (250–0.97 µg/mL) and FCZ
(16–0.06 µg/mL), for C. albicans ATCC 90028; Combination 2: PgEA (500–1.95 µg/mL) and
FCZ (16–0.06 µg/mL), for C. albicans CAS; Combination 3: PgEA (62.5–0.24 µg/mL) and
FCZ (32–0.125 µg/mL), for C. glabrata ATCC 2001; Combination 4: PgEA (62.5–0.24 µg/mL)
and FCZ (8–0.03 µg/mL), for C. glabrata FJF. All the substances were diluted in RPMI-
1640/MOPS medium.

One hundred microliters of the inoculum (1 × 103 CFU/mL), 50 µL of PgEA or G-
HHDP-G, and 50 µL of FCZ were added to 96-well plates. For sterility control, RPMI
was used alone (100 µL), and growth was observed in RPMI (100 µL) plus standardized
inoculum. Antimicrobial activity was assessed as described for MIC. After data normal-
ization, the FICI was calculated for each compound, according to the general formula:
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FICI = [MICFCZ in combination/MICFCZ] + [MICPgEA in combination/MICPgEA] or
FICI = [MICFCZ in combination/MICFCZ] + [MICG-HHDP-G in combination/MICG-
HHDP-G]. FICI was calculated for all possible combinations of different concentrations
against the same strain, and the final result was expressed as the mean of the FICI values.
In addition, interaction curves were also constructed. The interaction between compounds
was classified as synergism if FICI ≤ 0.5, indifferent if 0.5 > FICI ≤ 4.0, and antagonism if
FICI > 4.0 [50]. Three independent assays were performed in triplicate.

4.3.4. Effect of PgEA and G-HHDP-G on Candida Biofilms

Candida biofilms were developed using a slightly modified method [51,52]. To verify
the interference of substances on biofilm formation, 200 µL of each substance at MIC, sub-
inhibitory concentrations of MIC/4 and MIC/2, and established synergistic concentrations
was used. The interference of substances on preformed biofilms was analyzed using the
concentrations of MIC, 4× MIC, 8× MIC, and synergistic concentrations. PgEA and FCZ
were tested against C. albicans (ATCC 90028 and CAS) and C. glabrata (ATCC 2001 and FJF).
G-HHDP-G was tested against C. glabrata (ATCC 2001 and FJF).

Candida cells previously grown in SDA were transferred to Yeast Nitrogen Base Broth
(YNB) (Sigma-Aldrich®, St. Louis, MO, USA) and incubated for 18 h at 37 ◦C. The cell
pellet was washed three times with sterile phosphate-buffered saline (PBS). A standard cell
suspension (1 × 106 CFU/mL, 200 µL) was added to 96-well plates and allowed to adhere
for 90 min. After the adhesion phase, the microplates were gently washed three times
with PBS to remove planktonic cells. To evaluate the interference on biofilm development,
200 µL of PgEA, G-HHDP-G, or FCZ, diluted in YNB + 100 mM glucose, were added to
the corresponding wells, and the microplates were incubated for 24 h. For analysis of the
interference on preformed biofilm, after the adhesion period, the wells were washed and
each well was replaced with 200 µL of YNB. The microplates were then incubated for 24 h.
Later, the wells were washed three times, 200 µL of PgEA, G-HHDP-G, and FCZ was added
to the wells, and biofilms were incubated for a further 24 h. In all the experiments, biofilms
without substances were used as controls.

After the final incubation, biofilms were evaluated for cell viability using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT; Sigma-Aldrich)
method [53]. Briefly, biofilms were washed with PBS, and 100 mL of MTT (5 mg/mL)
was added to each sample and incubated for 4 h under light. Supernatants were then
removed, 100 mL of Dimethyl Sulfoxide(DMSO) was added to each well, and the samples
were incubated for another ten minutes. Readings were performed using a microplate
reader (Softmax® Pro-Molecular Devices General Counsel, USA) at the wavelength of
490 nm. Each experiment was conducted three times in triplicate.

4.3.5. Time Kill-Curve Assay

The time-curve experiments were carried out in plastic tubes with screw caps in RPMI
medium (Sigma-Aldrich), with a final volume of 500 µL at 37 ◦C for 36 h. The cells to
the start of the experiment to obtain fungal cultures in early logarithmic phase growth.
Cells were suspended in sterile distilled water to achieve a starting inoculum size of
1–5 × 106 colony forming units (CFU)/mL and added to the tubes containing G-HHDP-G
at concentrations 0.5, 1, 2, and 3 times the MIC. Growth control was also measured by
adding the inoculum to tubes containing RPMI medium without drug. Sample for viable
counts was taken at 0, 6, 12, 24, 30, and 36 h, plated in triplicate onto Sabouraud dextrose
agar (SDA, Difco), and incubated for 24–48 h at 37 ◦C. After, incubation samples were first
diluted in sterile saline (NaCl, 0.9%) and plated in the culture medium. Experiments were
performed in duplicate for each isolate at different times. The results of the counts of the
yeasts C. albicans ATCC 90028 C. glabrata ATCC 2001 were expressed in Log10 CFU/mL.
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4.3.6. PgEA, G-HHDP-G, and FCZ Interference in Phospholipase Production

The phospholipase activity of Candida spp. was determined using egg yolk agar
medium. Both C. albicans and C. glabrata cultures (1 × 103 CFU/mL) were treated with
PgEA, G-HHDP-G, and FCZ at MIC, MIC/2, and MIC/4. A control group without sub-
stances was also included. The cultures were transferred into separate microtubes and
incubated at 37 ◦C for 4 h. Subsequently, 10 µL of the suspension from each tube was
inoculated into egg yolk agar medium and the plates were incubated at 37 ◦C for 72 h. After
that, the diameters of the precipitation zones (a) and diameter of the precipitation zone plus
diameter of the colony (b) were measured. The Pz was designated as Pz = a/b, as described
by Price et al. [54] and Liu et al. [32]. According to this definition, the phospholipase
production index was scored and categorized as follows: negative (Pz = 1), very low
(Pz = 0.90 to 0.99), low (Pz = 0.80 to 0.89), high (Pz = 0.70 to 0.79), and very high
(Pz ≤ 0.69) [50]. Each experiment was conducted three times in triplicate.

4.4. Statistical Analysis

All experiments were performed in triplicate, and the values have been expressed as
mean ± standard deviation. The results were analyzed using one-way ANOVA, followed
by Tukey’s test. Statistical analyses were performed using Prism 7.00 software (GraphPad,
San Diego, CA, USA), and differences were considered significant when p < 0.05.

5. Conclusions

The present study provides a substantial advance over recent studies on P. granatum
and its compounds, and, to the best of our knowledge, is the first to discover the antifungal
effects of G-HHDP-G. We are also pioneers in verifying the synergistic effect of PgEA and
G-HHDP-G, in combination with FCZ, against Candida spp. planktonic cells and biofilms.
These results indicate that both the PgEA fraction and the compound G-HHDP-G are
potential candidates that could serve as antifungal agents and promising synergists with
FCZ for the development of new drugs against Candida. However, more in-depth studies
need to be conducted to uncover the mechanisms of action of these compounds.
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