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A B S T R A C T

Ethnopharmacological relevance: Hancornia speciosa is a medicinal plant popularly used to treat different medical
issues, including infectious diseases. Exploring the therapeutic potentialities of the extracts from medicinal plants
combined with conventional antibiotic drugs is a promising horizon, especially considering the rising microbial
resistance.
Aim of the study: This study aimed to characterize the chemical composition of the ethereal (EEHS) and meth-
anolic (MEHS) extracts of the stem bark of H. speciosa, and also evaluate their antibacterial and drug-modifying
activity, and toxicity.
Materials and methods: The extracts were characterized by gas chromatography coupled to mass spectrometry
(GC–MS). Additionally, total phenol and flavonoid contents were determined. The antibacterial and antibiotic-
modifying activity was evaluated against strains of Escherichia coli, Staphylococcus aureus, and Pseudomonas
aeruginosa using the serial microdilution method, obtaining the minimum inhibitory concentration (MIC). The
toxicity assay was carried out using the Drosophila melanogaster model.
Results: Thirty compounds were identified in the extracts of the stem bark of H. speciosa, with triterpenoids being
predominant in both extracts. Additionally, fatty alcohols, carbohydrates, fatty acids, phenolic acids, and phy-
tosterols were identified in both extracts. EEHS and MEHS extracts had considerable phenol contents (346.4 and
340.0 mg GAE/g, respectively). Flavonoids were detected in a lower proportion (7.6 and 6.9 mg QE/g,
respectively). H. speciosa extracts did not display intrinsic antibacterial activity against the bacterial strains
evaluated, however, they were capable of modifying the activity of gentamicin, erythromycin, and norfloxacin.
EEHS increased the efficacy of norfloxacin against E. coli and S. aureus, reducing MIC values by 50%. MEHS
potentiated the action of gentamicin against all bacterial strains, especially against E. coli. The extracts did not
display toxicity at clinically relevant concentrations against D. melanogaster.
Conclusion: The stem bark of H. speciosa was considered a rich source of bioactive compounds. Our findings
evidenced the therapeutic potential of H. speciosa extracts for the development of new pharmaceutical thera-
peutics against bacteria. Although the extracts did not exhibit intrinsic antibacterial activity, they enhanced the
efficacy of commercial antibiotic drugs and were non-toxic at clinically relevant concentrations. Future studies
are needed to elucidate the mechanisms of action of these extracts, ensuring their safety and efficacy.
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1. Introduction

Antibiotics were discovered at the beginning of the 20th century, and
since then, they have been widely used for treating and preventing
different types of infectious diseases (Hutchings et al., 2019; Ding et al.,
2020). However, the intensive and inappropriate use of these drugs has
contributed to selecting resistant microorganisms. The appearance of
resistant strains is currently outpacing the development of new antimi-
crobial drugs (Dadgostar, 2019; Udaondo and Matilla, 2020). Microbial
resistance reduces the effectiveness of antibiotics, and it is considered a
serious threat to the medical systems. Consequently, treating infectious
diseases becomes more difficult and costly, affecting the quality of life of
the patients under treatment, and in many cases leading to death
(Dadgostar, 2019; Morel et al., 2020). According to the World Health
Organization (WHO - World Health Organization, 2019), 700,000
deaths are caused by pathogenic microorganisms annually, and the
majority of these cases are in underdeveloped and developing countries.
Furthermore, it is estimated that by 2050 the world could reach 10
million deaths per year associated with microbial resistance if effective
actions are not taken in time. Among these actions, the discovery of new
compounds capable of intensifying the activity of commercial antimi-
crobial drugs has a prominent space (Tagliabue and Rappuoli, 2018;
Trotter et al., 2019).

Nosocomial microorganisms such as pathogenic bacteria are known
for their capacity to develop microbial resistance. These bacteria are
associated with infections acquired in hospital environments, affecting
around 10% of the patients and resulting in extra costs for the public
health system (Khan et al., 2015; Edwardson and Cairns, 2019). Among
the main nosocomial bacteria, Escherichia coli, Staphylococcus aureus,
and Pseudomonas aeruginosa stand out globally. These bacterial species
are known to cause opportunistic infections, due to their strong resis-
tance, pathogenicity, and virulence. Additionally, these bacteria in-
crease the morbidity and mortality of infected hosts (Hoang et al., 2018;
Horn et al., 2018; Khalil et al., 2018). The development of new alter-
native treatments, including the discovery of new antimicrobial sub-
stances has become an urgent need, bringing attention to the use of
compounds from medicinal plants (Ueda et al., 2023).

Throughout history, medicinal plants have demonstrated important
roles in therapeutics, providing evidence of their effectiveness, which

has been passed from generation to generation. The accessibility, low
cost, and cultural acceptability makemedicinal plants a viable option for
treating several infectious diseases, especially in poor and non-
developed countries (Hamid et al., 2023). Several medicinal plant spe-
cies showed great potential against multidrug-resistant bacterial strains
(Araújo et al., 2022; Pontes et al., 2022; Almeida-Bezerra et al., 2023).
The use of phenolic compounds from plants with strong antimicrobial
capacity has been reported as an alternative to the development of new
antibacterial agents (Ueda et al., 2023).

Hancornia speciosa Gomes (Apocynaceae) (Fig. 1), commonly known
as "mangabeira," is a recognized medicinal species. Ethno-
pharmacologically, the stem bark of this species is used to treat a variety
of medical conditions, including stomach ulcers, stomach pain, diarrhea,
dysentery, gastritis, hernia, wound healing, cancer, urinary tract in-
fections, female reproductive system diseases, inflammation and general
infections (Ribeiro et al., 2014; Albuquerque and Meiado, 2015; Vieira
et al., 2015; Penido et al., 2016; Ribeiro et al., 2017). The therapeutic
and healing properties of H. speciosa stem bark can be attributed to
various compounds found in the species, such as flavonoids, catechins,
proanthocyanidins, and tannins (Moraes et al., 2008; D’Abadia et al.,
2020; Almeida et al., 2022; Silva et al., 2024). Considering the thera-
peutic potential of H. speciosa stem bark described in ethnomedicinal
studies, especially in the treatment of infectious diseases, and due to the
increasing resistance of pathogenic bacteria to commercial antimicro-
bial drugs, there is a need for new compounds with antimicrobial
properties. Therefore, it is highly relevant to explore the antimicrobial
potential of H. speciosa against these types of pathogenic bacterial
strains, including those associated with nosocomial infections.

This study hypothesizes that the extracts of the stem bark of
H. speciosa have antimicrobial effects against bacteria causing in-
fections. The objective of this study was to characterize the chemical
composition of sulfuric ether andmethanolic extracts from the stem bark
of H. speciosa and verify their antibacterial and antibiotic-modifying
activity against multi-resistant bacterial strains (E. coli, P. aeruginosa,
and S. aureus). Additionally, the toxicity of these extracts was tested on
Drosophila melanogaster.

Fig. 1. Characteristics of Hancornia speciosa Gomes (Apocynaceae). (A) = Leaves; (B) = Fruit; (C) = Stem and latex; (D) = Latex collection.
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2. Materials and methods

2.1. Collection of botanic material

The samples of stem barks of H. speciosa were collected in the mu-
nicipality of Jardim, state of Ceará, Brazil, in the Environmental Pro-
tection Area of Chapada do Araripe, at 920 m altitude, under the
coordinates 7◦29′02.4″S and 39◦16′51.9″W (Fig. 2). The exsiccate of the
species was deposited in the Herbarium UFP – Geraldo Mariz under
registration number #88,947.

2.2. Preparation of extracts

A quantity of 950 g of dehydrated H. speciosa stem bark was crushed
and subjected to exhaustive extraction using n-hexane for 72 h at room
temperature to remove low-polarity substances. After the removal of the
residues, two sequential extractions were performed using sulfuric ether
andmethanolic solvents, for 72 h each. After each step, the samples were
filtered and the solvents were removed using a rotary evaporator (Silva
et al., 2024). At the end of this process, the sulfuric ether and methanolic
extracts of H. speciosa (EEHS and MEHS, respectively) were stored in an
amber flask at room temperature. These extracts were kept stored until
the chemical analysis and biological activity tests.

2.3. Phytochemical analysis

2.3.1. Gas chromatography coupled to mass spectrometry (GC–MS)
Before the analysis, the extracts were derivatized using 50 μL of

pyridine, and 50 μL of N, O–Bis(trimethylsilyl)trifluoroacetamide
(BSTFA), for 1 h at 70 ◦C. After derivatization, 1 μL of each sample was
injected into a gas chromatography system (GC 6850 Network, Agilent)
coupled to a mass spectrometer (MSD VL 5975C, Agilent), equipped

with an Agilent HP5-MS column (30 m, 0.25 mm, 0.25 μm). Helium was
used as attraction gas under a flow of 1 mL min− 1. The temperatures of
the injector, quadrupole, and ion source were set to 300 ◦C, 150 ◦C, and
230 ◦C, respectively. Ionization was performed by electron impact at 70
eV, with a recorded mass range from 50 to 600 m/z at a rate of 2.66
scans− 1. The column temperature was set up to the initial temperature of
100 ◦C maintained for 5 min, followed by an increase of 5 ◦C per minute
until reaching 320 ◦C (final temperature). The total analysis period took
49 min.

The spectral data of each extract were processed (peak alignment,
deconvolution, and calculation of the Linear Retention Index (LRI)),
along with compound identification using the Global Natural Product
Social Molecular Networking (GNPS), which generated an information
table containing retention time, peak area, molecular ion and possible
identification suggestion for each compound. A minimum cosine index
of 0.30 and an LRI window of 30 were established for compound iden-
tification. Compounds with a cosine index above the minimum but
without LRI matching were grouped into the same class (according to
GNPS) (Sala-Carvalho et al., 2022).

2.3.2. Total phenols and flavonoids
The Folin-Ciocalteu method was used to determine the total phenol

contents (Singleton et al., 1999), with some modifications. Initially, an
ethanolic solution (1 mg/mL) of H. speciosa extracts was added to a
volumetric flask, together with 250 μL of Folin-Ciocalteu reagent and 3
mL of distilled water. After stirring for 30 s, 1 mL of 15% sodium car-
bonate (Na2CO3) was added. After 2 h, the absorbance was measured on
a spectrophotometer at 760 nm (SmartSpec Plus, Bio-Rad, USA). The
results obtained expressed the total phenolic content in μg of gallic acid
equivalents per mg of H. speciosa extract (GAE/mg).

To quantify total flavonoids it was used the method described by
Woisky and Salatino (1998), with some adaptations. The H. speciosa

Fig. 2. Map of the sampling site where were collected the stem barks of Hancornia speciosa Gomes, Jardim city, Ceará, Brazil.
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extracts were diluted in distilled water until they reached a concentra-
tion of 1 mg/mL. Then, 3 mL of methanol and 1 mL of aluminum
chloride (5% AlCl3) were added to each of the extracts. After standing
for 30 min, the absorbance was measured at 425 nm using a spectro-
photometer (SmartSpec Plus, Bio-Rad, USA). It was compared to a blank
sample solely containing methanol. Total flavonoid content was deter-
mined using a quercetin standard curve (Sigma-Aldrich®). The results
obtained express the total flavonoid content in μg of quercetin equiva-
lents per mg of H. speciosa extract (QE/mg).

2.4. Antibacterial activity

2.4.1. Strains, culture medium, drugs, reagents, and preparation of
solutions

Standard bacteria (Escherichia coli ATCC 25922, Pseudomonas aeru-
ginosa ATCC 25853, and Staphylococcus aureus ATCC 22923), and
multidrug-resistant strains (Escherichia coli 06, Pseudomonas aeruginosa
24, and Staphylococcus aureus 10) were used in the tests. The resistance
profile of multi-drug resistant bacteria to antibacterial drugs is described
in the antibiogram (Table 1). The bacterial strains were inoculated in
Petri dishes containing Heart Infusion Agar (HIA), and incubated for 24
h in a microbiological incubator at a constant temperature of 37 ◦C.
After the bacterial growth, they were collected and diluted in sterile
saline solution (0.9%) until reaching a turbidity value of 0.5 at the
McFarland scale (1 × 108 CFU/mL). From this solution, 150 μL of the
inoculum was removed and added to a Brain Heart Infusion (BHI) so-
lution (10%), for use in the antibacterial and drug-modifying assays.

The extracts of H. speciosa were diluted in dimethylsulfoxide (DMSO,
Merck, Darmstadt, Germany) to reach an initial concentration of 20 mg/
mL. Following, the extracts were diluted in sterile distilled water to
reach an initial concentration of 1024 μg/mL. The antibacterial drugs
norfloxacin, gentamicin, and erythromycin (Sigma-Aldrich, St. Louis,
Missouri, USA) were directly diluted in sterile distilled water reaching a
concentration of 1024 μg/mL.

2.4.2. Minimum inhibitory concentration – MIC
To determine the minimum inhibitory concentration, 96–well flat-

bottom plates (KASVI®, São José dos Pinhais, PR, Brazil) were
initially filled with 100 μL of BHI solution + 10% of the inoculum each
well. Subsequently, serial dilution (1:1 v/v) was performed with the
extracts or standard drugs at decreasing concentrations (512–0.5 μg/
mL). After dilution, the plates were kept in a microbial incubator at
37 ◦C. After 24 h, a 20 μL solution of 0.01% resazurin (Sigma–Aldrich,
St. Louis, Missouri, USA) was added to each well to allow redox re-
actions. A color change indicated bacterial growth. The MIC was
considered the well with the lowest concentration that inhibited bac-
terial growth (Fernandes et al., 2022).

2.4.3. Drug-enhancing activity
After determining the MIC, the drug–enhancing experiment was

carried out based on the methodology described by Coutinho et al.
(2008). Initially, the extracts were evaluated at sub-inhibitory concen-
trations (MIC/8). A BHI solution containing 10% of the inoculum and
the sub-inhibitory concentration of the extracts was prepared. An
aliquot of 100 μL was distributed into the wells of the plates in a uniform
pattern. Subsequently, a serial dilution (1:1 v/v) was performed using
standard antibacterial drugs at decreasing concentrations (512–0.5
μg/mL). These plates were incubated in a microbial incubator at 37 ◦C.
At the end of the growth period, the plates were read by adding 20 μL of
an aqueous solution of resazurin.

2.5. Toxicity analysis

2.5.1. Toxicity assay on Drosophila melanogaster
For toxicity assessment, it was used the ingestion method with

Drosophila melanogaster as the standard organism (Costa et al., 2020),
with some modifications. Adult D. melanogaster flies (males and females)
aged 6 days were transferred to 300 mL glass flasks (20 flies per flask)
(Supplementary Fig. 1). At the bottom of the flasks were placed the basal
diet of the flies with the addition of H. speciosa extracts at different
concentrations (1, 10, and 100 mg/g) for the treated groups, and
distilled water for the control group. The choice for these concentrations
followed established practices in the literature, which employ loga-
rithmic intervals for efficient coverage of the concentrations (Rand,
2010; Rajan and Perrimon, 2011; Cunha et al., 2015). They were kept
under 12-h light cycle (light/dark), at 25 ◦C ± 1 ◦C, and 60% relative
humidity, for 7 days. The number of dead individuals was counted daily
until the end of the experiment (7 days).

2.6. Statistical analysis

All experiments were performed in triplicates, and the means with
their respective standard errors (±SEM) were specific to each test. A
one-way analysis of variance (ANOVA) was performed, followed by
Tukey’s test at a 95% confidence level. Significance values were cate-
gorized as p < 0.0001 (**** = extremely significant), 0.0001 to 0.001
(***= extremely significant), 0.001 to 0.01 (**= very significant), 0 .01
to 0.05 (* = significant) and p > 0.05 (ns = not significant). The sta-
tistical analysis was performed using GraphPad Prism 6.0 software
(GraphPad Software, San Diego, CA, United States).

3. Results

3.1. Chemical composition

The GC-MS analysis revealed the presence of 30 compounds in the
extracts of H. speciosa (Table 2 and Fig. 3). Among these compounds, 19
were identified in both extracts (EEHS and MEHS), while nine were
found only in the EEHS extract, and the other two exclusively in the
MEHS extract. In the EEHS extract, triterpenoids were the predominant
compounds (42.07%), followed by fatty acids (6.29%), and carbohy-
drates (5.17%). The fractions of phytosteroids, alcohols, phenolic acids,
and other compounds were also detected, with 2.49%, 0.58%, 0.39%,
and 4.38%, respectively. In the MEHS extract, triterpenoids were also
identified, but found in smaller quantities (8.70%), followed by fatty
acids (4.29%), phytosteroids (2.65%), and alcohols (2.43%). Carbohy-
drates, phenolic acids, and other compounds were found in relatively
small amounts in the total extract composition (1.23%, 0.75%, and
0.98%, respectively).

The total phenolic and flavonoid contents found in the stem bark
extracts (EEHS and MEHS) of H. speciosa can be observed in Table 3. For
EEHS and MEHS, total phenolic contents ranged from 340.0 to 346.4 mg
GAE/g per extract, respectively, and did not differ statistically (p >

0.05). The total flavonoids in the extracts were comparable (p > 0.05)

Table 1
Resistance profile of multi-drug resistant bacteria to antibiotic drugs. Source:
Laboratory of Microbiology and Molecular Biology – LMBM, Universidade
Regional do Cariri – URCA (Ceará, Brazil).

Bacteria Origin Drug resistance

Escherichia coli 06 Urine
culture

Cefalothin, cephalexin, cefadroxil,
ceftriaxone, cefepime, ampicillin-sulbactam,
amikacin, imipenem, ciprofloxacin,
levofloxacin, piperacillin-tazobactam,
ceftazidime, meropenem, cefepime.

Pseudomonas
aeruginosa 24

Uroculture Amikacin, imipenem, ciprofloxacin,
levofloxacin, piperacillin-tazobactam,
ceftazidime, meropenem, cefepime.

Staphylococcus
aureus 10

Rectal
smear

Cefadroxil, cefalexin, cephalothin, oxacillin,
penicillin, ampicillin, amoxicillin,
moxifloxacin, ciprofloxacin, levofloxacin,
ampicillin-sulbactam, amoxicillin/clavulanic
acid, erythromycin, clarithromycin,
azithromycin, clindamycin.
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Table 2
Chemical composition of the sulfuric ether (EEHS) and methanolic (MEHS) extracts of Hancornia speciosa analyzed via gas chromatography coupled to mass
spectrometry.

Class/Compound Retention time
(min)

Area
(%)

Molecular
formula

Molecular weight
(g/mol)

Biological properties Extract

Fatty alcohol
n–Octacosanol (1) 44.977/44.967 0.30/

0.95
C28H58O 410.80 Antibacterial (Sengupta et al., 2018);

Larvicidal/Insecticidal
(Zavala-Sánchez et al., 2020); Antifungal
Shehata et al. (2024)

EEHS/
MEHS

n–Tetradecanol (2) 23.979/23.975 0.28/
1.19

C14H30O 214.39 Antibacterial (Verde et al., 2017) EEHS/
MEHS

n–Triacontanol (3) 47.393 0.29 C30H62O 438.80 Antioxidant/Antibacterial (Ali et al., 2022) MEHS
Carbohydrate
D–Psicofuranose (4) 24.924 0.53 C6H12O6 180.16 – EEHS
Fructofuranose (5) 24.777/24.768 0.51/

0.36
C6H12O6 180.16 – EEHS/

MEHS
Galactopyranose (6) 26.558 0.48 C6H12O6 180.16 – EEHS
Galactose (7) 24.578 0,29 C6H12O6 180.16 – EEHS
Glucopyranose (8) 26.381 2.35 C6H12O6 180.16 – EEHS
Glucose (9) 28.085 1.64 C6H12O6 180.16 – EEHS
Maltose (10) 39.608/39.595 0.37/

0.87
C12H22O11 342.30 – EEHS/

MEHS
Fatty acid
Elaidic acid (18:1–trans) (11) 30.626 0.32 C20H38O2 310.5 Larvicidal (Perumalsamy et al., 2015); Cytotoxic

activity
Zha et al. (2021)

EEHS

Hexacosanoic acid (C26:0) (12) 43.650/43.639 0.53/
0.66

C26H52O2 396.7 Antifungal (Singh and Singh, 2003);
Antibacterial (Rehan et al., 2020)

EEHS/
MEHS

Lignoceric acid (C24:0) (13) 41.010/40.997 1.13/
0.55

C24H48O2 368.6 – EEHS/
MEHS

Triacontanoic acid (C30:0) (14) 48.499 0.91 C30H60O2 452.8 – EEHS
Palmitoleic acid (C16:1) (15) 28.554/28.545 1.08/

1.32
C16H30O2 254.41 Cytotoxic (Yamasaki et al., 2003)

Antibacterial (Watanabe et al., 2021; Wang et al.,
2022)

EEHS/
MEHS

Oleic acid (C18:1–cis) (16) 31.521/31.511 1.43/
1.01

C18H34O2 282.5 Antibacterial (Dilika et al., 2000);
Larvicidal (Rahuman et al., 2008);
Cytotoxic (Permyakov et al., 2012);
Antifungal (Walters et al., 2004; Verma et al.,
2014)

EEHS/
MEHS

Linolenic acid (C18:3) (17) 31.419/31.414 0.47/
0.40

C18H30O2 278.4 Cytotoxic (Vartak et al., 2000);
Antifungal (Walters et al., 2004);
Antibacterial (Obonyo et al., 2012; Jung et al.,
2015)

EEHS/
MEHS

Behenic acid (C22:0) (18) 38.184/38.174 0.42/
0.35

C22H44O2 340.6 Larvicidal (Wuillda et al., 2019);
Antibacterial (Ravi et al., 2024)

EEHS/
MEHS

Phenolic acid
Gallic acid (19) 27.364/27.345 0.18/

0.40
C7H6O5 170.12 Cytotoxic (Alves et al., 2016; Jiang et al., 2022);

Larvicidal (Punia et al., 2021);
Antifungal (Liberato et al., 2022);
Antibacterial (Keyvani-Ghamsari et al., 2023)

EEHS/
MEHS

Protocatechoic acid (20) 24.699/24.649 0.21/
0.35

C7H6O4 154.12 Cytotoxic (Babich et al., 2002);
Larvicidal (Daniel et al., 2020);
Antibacterial (Liu et al., 2005; Fifere et al., 2022)

EEHS/
MEHS

Phytosterol
Campesterol (21) 46.533/46.532 1.99/

1.50
C28H48O 400.7 Cytotoxic (O’Callaghan et al., 2013);

Antifungal (Choi et al., 2017);
Antibacterial (Silva et al., 2023)

EEHS/
MEHS

y–Sitosterol (22) 47.456/47.562 0.50/
1.15

C29H50O 414.7 Antifungal (Mbambo et al., 2012); Cytotoxic
(Sirikhansaeng et al., 2017);
Larvicidal (Mishra et al., 2020);
Antibacterial (Luhata and Usuki, 2021)

EEHS/
MEHS

Triterpenoid
α–Amyrin (23) 47.749 1.93 C30H50O 426.7 Antifungal (Johann et al., 2007); Larvicidal

Kuppusamy et al., 2009); Antibacterial (
Díaz-Ruiz et al., 2012)

MEHS

α-Amyrone (24) 47.661/47.667 8.94/
0.73

C30H48O 424.7 – EEHS/
MEHS

Friedelan–3–one (25) 49.728/49.667 3.51/
2.58

C30H50O 426.7 Antibacterial/Antifungal (Ichiko et al., 2016;
Okafor et al., 2022);
Cytotoxic (Radi et al., 2023)

EEHS/
MEHS

Lupeol (26) 48.357 25.52 C30H50O 426.7 Cytotoxic (Chaturvedi et al., 2008; Akwu et al.,
2020);
Larvicidal (Nobsathian et al., 2018);
Antibacterial (Rosandy et al., 2021);
Antifungal (Javed et al., 2021)

EEHS

(continued on next page)
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Table 2 (continued )

Class/Compound Retention time
(min)

Area
(%)

Molecular
formula

Molecular weight
(g/mol)

Biological properties Extract

Ursolic acid (27) 50.765/50.731 4.10/
3.46

C30H48O3 456.7 Cytotoxic (Ma et al., 2005);
Antifungal (Shaik et al., 2016); Antibacterial
(Nascimento et al., 2014; Sycz et al., 2022);
Larvicidal (Kamatchi et al., 2023)

EEHS/
MEHS

Others
Glucuronic acid (28) 28.284 2.07 C6H10O7 194.14 Antibacterial (Ansari et al., 2019) EEHS
Shikimic acid (29) 25.802/25.814 0.64/

0.41
C7H10O5 174.15 Antibacterial (Bai et al., 2015);

Antifungal (Batory and Rotsztejn, 2022);
Cytotoxic (Meghdadi et al., 2024)

EEHS/
MEHS

Trans–5–O–Caffeoyl–D–quinic acid
(30)

45.422/45.403 1.67/
0.57

C16H18O9 354.31 Antibacterial (Aires et al., 2017) EEHS/
MEHS

Fig. 3. Chemical structures of the compounds identified in the extracts of the stem bark of Hancornia speciosa by gas chromatography-mass spectrometry.
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(Table 3).

3.2. Antibacterial and drug-modifying activity

Although H. speciosa is used in herbal medicine for treating in-
fections, its extracts did not show intrinsic antibacterial effects against
standard and multi-resistant strains of E. coli, P. aeruginosa, and S. aureus
(MIC >512 μg/mL). On the other hand, H. speciosa extracts were able to
intensify the antibacterial activity of gentamicin and erythromycin
against multi-resistant strains of P. aeruginosa and E. coli (p < 0.0001).
The EEHS produced a negative effect on the action of two drugs,

reducing their effects against S. aureus. In this specific case, EEHS
significantly (p < 0.0001) increased MIC values from 25.39 μg/mL to
101.59 μg/mL for gentamicin; and from 2 μg/mL to 406.37 μg/mL for
erythromycin. Regarding the drug norfloxacin, the EEHS extract
increased its action against E. coli and S. aureus, reducing their MIC
values by 50% (Fig. 4a).

The MEHS extract of H. speciosa potentialized the effect of all multi-
resistant strains, notably against E. coli, where the MIC value was
reduced by more than 50% (p < 0.001). When combined with eryth-
romycin, MEHS significantly (p < 0.0001) reduced the MIC value of this
drug from 128 μg/mL to 25.39 μg/mL against P. aeruginosa. On the other
hand, this combination increased the MIC value from 2 μg/mL to 80 μg/
mL against S. aureus. The combination of MEHS extract with norfloxacin
made E. coli and S. aureus strains more susceptible to the drug (p <
0.0001), however, it displayed an antagonistic effect against
P. aeruginosa (Fig. 4b).

3.3. Toxicity

3.3.1. In vivo toxicity assay against Drosophila melanogaster
In the toxicity test against D. melanogaster, EEHS extract did not show

Fig. 3. (continued).

Table 3
Total phenolic and flavonoid content in sulfuric ether (EEHS) and methanolic
(MEHS) extracts of the stem bark of Hancornia speciosa.

Extract Total phenolics (mg GAE/g) Total flavonoids (mg QE/g)

EEHS 346.4 ± 17.8 7.6 ± 0.3
MEHS 340.0 ± 45.4 6.9 ± 1.0

± Standard error (n = 3). GAE = gallic acid equivalent, QE = quercetin
equivalent.
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toxic effects at clinically relevant concentrations, indicating its safety up
to 10mg/g. However, the extract showed toxicity at a dosage of 100mg/
g from the second day of exposure, leading to a mortality rate of 20%,
and reaching 28.3% at the end of the 7-day toxicity assay (Fig. 5a). On
the other hand, MEHS extract did not show toxicity in any concentration
tested over 7 days period, when compared with the control group (p >

0.05) (Fig. 5b).

4. Discussion

The ethnopharmacological knowledge has been a valuable source for
the discovery of promising candidates to be used in the development of
new antimicrobial agents, as well as for the identification of natural
compounds that can enhance the activity of conventional antibiotic
drugs (Calixto, 2019; Chaachouay and Zidane, 2024). In the present
study, we investigated two extracts from the stem bark H. speciosa, a
plant commonly used in Brazilian herbal medicine for treating various
infectious diseases. According to the literature, chemical constituents of
high and medium polarity from H. speciosa exhibit remarkable bioac-
tivity (Barbosa et al., 2019; Almeida et al., 2022). Additionally, meth-
anol has been shown in other studies to be effective in extracting a wide
range of phytochemical compounds with different polarities (Anoor
et al., 2022; Zarrinmehr et al., 2022; Riyadi et al., 2023). Based on this
evidence, our study focused on two highly polar extracts: sulfuric ether
and methanolic.

In a recent publication by our research group, we used liquid chro-
matography (UPLC–QTOF–MS/MS) to identify the chemical composi-
tion of the ethereal and methanolic extracts of the stem bark of
H. speciosa (Silva et al., 2024). In this analysis, we mainly identified
catechin, chlorogenic acid, epicatechin, procyanidin B dimer, procya-
nidin B trimer, vanillic acid, quinic acid, and phloretin, cinchonain IIb,
lariciresinol hexoside isomers, cinchonain Ib isomers, and gluconic acid.
In the current study, using GC–MS we identified fatty alcohols, carbo-
hydrates, fatty acids, phenolic acids, phytosterols, and triterpenoids.
These diverse findings highlight the importance of using different
methods to investigate the compounds present in plant extracts.

Fig. 4. Minimum Inhibitory Concentration (MIC) of antibiotics combined with sulfuric ether (EEHS) (a) and methanolic (MEHS) (b) extracts of the stem bark of
Hancornia speciosa against multi-resistant bacterial strains. MIC values are displayed as geometric mean. The bars represent the standard error of the mean (n = 3).
**** = p < 0.0001.

Fig. 5. Toxicity of sulfuric ether (EEHS) (a) and methanolic (MEHS) (b) ex-
tracts of the stem bark of Hancornia speciosa at different concentrations against
Drosophila melanogaster. * = p < 0.05, **** = p < 0.0001. Bars represent the
standard error of the mean (n = 3).
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Our current findings corroborate previous studies that also identified
phytocompounds such as carbohydrates, fatty acids, phenolic acids, and
phytosterols in H. speciosa (Santos et al., 2018; Silva and Jorge, 2020;
Silva et al., 2024). It is worth noting that some of the metabolites
identified in this study, such as hexacosanoic acid, lignoceric acid, tri-
acontanoic acid, and α-amyrone, were identified for the first time in
H. speciosa. Furthermore, the literature demonstrates that several com-
pounds found in the extracts, such as linolenic acid, behenic acid, gallic
acid, lupeol, and ursolic acid, have antibacterial activity (Jung et al.,
2015; Sycz et al., 2022; Dwivedi et al., 2024).

Our study also evaluated the total phenolic and flavonoid content in
the extracts. These constituents can be an indicator of the pharmaco-
logical and biological potential of plant extracts (Angeloni et al., 2021).
According to the literature, phenolic and flavonoid compounds exhibit a
wide range of activities, such as anti-inflammatory, antioxidant, anti-
ulcer, anticarcinogenic, and antibacterial (Goławska et al., 2023; Sun
and Shahrajabian, 2023). Our results showed that EEHS and MEHS ex-
tracts had considerable total phenol contents, higher than the findings
reported by Panontin et al. (2022) which investigated the leaves of the
same species, using a different solvent and extraction method. It is
important to emphasize that the contents of phenols and flavonoids can
vary depending on soil and climate conditions, site and time of collec-
tion, part of the plant extracted, the solvent and method used for
extraction (Martins et al., 2016; Adhikari et al., 2020; Valencia et al.,
2023).

Regarding antibacterial activity, despite ethnopharmacological re-
cords that mention the use of H. speciosa in the treatment of infections
(Ribeiro et al., 2017; Cruz et al., 2021), our findings showed that the
extracts (EEHS and MEHS) from the stem bark did not show an intrinsic
antibacterial effect, at clinically relevant concentrations, displaying a
MIC >512 μg/mL (Houghton et al., 2007). On the other hand, Santos
et al. (2016) reported that the ethanolic extract of H. speciosa leaves
displayed antibacterial activity against different bacterial strains,
including S. aureus.

Our results demonstrated that the extracts from the stem bark of
H. speciosa enhanced the activity of three commercial antibiotic drugs, a
promising alternative for improving antibacterial therapy. The evalua-
tion of the enhancing activity of antibiotics in microbiological assays
aims to determine the ability of other compounds to increase or intensify
the therapeutic effects of the drugs. The identification of compounds
that enhance the activity of antibiotics is crucial to optimizing treat-
ments, enabling the reduction of the antibiotic dose and minimizing
potential adverse effects (Coutinho et al., 2008; Confessor et al., 2024).
These assays generally involve biological models or in vitro tests, in
which the compound or product is combined with the antibiotic in
different concentrations. Synergistic or additive effects of these
drug-enhancing compounds can be compared with the results obtained
based on the isolated effect of the antibiotic drugs (Carneiro et al., 2019;
Confessor et al., 2024).

Multi-resistant bacteria can develop mechanisms to modify the
structure of the antibiotics (e.g., aminoglycoside class), reducing or
nullifying their action (Garneau-Tsodikova and Labby, 2016). In our
study, extracts from the stem bark of H. speciosa enhanced the activity of
gentamicin, an aminoglycoside antibiotic. Although we cannot assure
that the flavonoids found in the extracts are responsible for inhibiting
enzymes related to bacterial resistance, Górniak et al. (2019) suggested
that these compounds can interact with acetyltransferases, nucleoti-
dyltransferases, and phosphotransferases, inhibiting their action.

It is worth mentioning that the combinations of the stem bark ex-
tracts of H. speciosa with different antibiotics intensified the action of all
drugs against the E. coli strain. This bacteria species is one of the main
causes of infection in the urinary tract and bloodstream in humans on a
global scale (Čurová et al., 2020). Escherichia coli is commonly found in
the intestinal tract and is normally harmless, being considered a
commensal bacterium (Pakbin et al., 2021). However, these microor-
ganisms can acquire resistance genes, resulting in failures in the

treatment of intestinal and extraintestinal infections that can lead to
health risks including morbidity and mortality (Pokharel et al., 2023).
This reinforces the importance of implementing strategies to solve the
problem of antimicrobial resistance (Eisinger et al., 2023).

The intensification of the antibacterial effect against E. coli observed
in our study may be related to the presence of phenolic compounds in
the extracts of the stem bark of H. speciosa. Different findings corrobo-
rated the antibacterial activity of these compounds against E. coli
(Miklasińska-Majdanik et al., 2018; Ecevit et al., 2022; Lobiuc et al.,
2023). Among the mechanisms of action include the inhibition of bio-
film formation (Bernal-Mercado et al., 2018; Tian et al., 2022), increase
in membrane permeability, and rupture of the bacteria (Hao et al., 2021;
Tian et al., 2022). According to recent findings (Bernal-Mercado et al.,
2018; Hao et al., 2021; Tian et al., 2022), gallic acid and protocatechuic
acid, phenolic compounds identified in our extracts, demonstrated these
effects. It is believed that the synergy between the compounds present in
the extracts and the antibiotics contributed to increasing antibacterial
activity against E. coli, fighting the bacteria more effectively.

According to the literature, the combination of conventional anti-
biotic drugs and natural substances such as plant extracts has shown
significant antibacterial activities (Araújo et al., 2022; Pontes et al.,
2022; Almeida-Bezerra et al., 2023). Some phytochemicals present in
the plant extracts can act through different mechanisms of action against
bacteria, which include inhibition of the biosynthesis of nucleic acid and
proteins, damage to the bacterial membrane and cell wall, inactivation
of the efflux pump, and inhibition of virulence mechanisms of the bac-
teria (e.g., ability to form biofilms) (Fig. 6) (Ayaz et al., 2019; Khameneh
et al., 2019; Górniak et al., 2019; Dassanayake et al., 2021; Mahamud
et al., 2022).

The compounds present in the stem bark extracts of H. speciosa can
operate through diverse and complex mechanisms to produce an anti-
bacterial effect, impacting various aspects of the bacterial cell. Fatty
acids, for example, can destabilize cell membranes, interrupt the elec-
tron transport chain, uncouple oxidative phosphorylation, inhibit
enzymatic activities of the membranes, and reduce nutrient absorption
(Yoon et al., 2018). Flavonoids, on the other hand, can interact with the
bacterial plasma membrane, increasing its permeability to the drug and
inhibiting bacterial growth even at low concentrations (Cushnie and
Lamb, 2011; Górniak et al., 2019; Farhadi et al., 2018).

Triterpenoids have lipophilic properties, which facilitate interaction
with the bacterial cell wall. These compounds can interfere with the
biosynthesis of the cell wall and inhibit virulence mechanisms, such as
the formation of biofilms. Furthermore, triterpenoids can penetrate the
bacterial cell directly impacting protein synthesis, DNA replication and
repair (Ibrahim et al., 2019). The lipophilicity is also crucial to the
antibacterial potential of phenolic acids. Their lipophilic nature allows
them to cross the bacterial cell membrane, resulting in acidification of
the cytoplasm and disruption of the membrane structure. This can
induce protein denaturation and increase membrane permeability,
allowing ions such as potassium (K+) to outflow from the cell (Lobiuc
et al., 2023).

According to Miklasińska-Majdanik et al. (2018) and Kauffmann and
Castro (2023), phenolic compounds can negatively affect bacteria
through different mechanisms, such as reducing biofilm formation,
disturbing membrane integrity and inhibiting virulence factors.
Phenolic compounds present in H. speciosa extracts may be associated
with the intensification of the observed antibiotic activity. An example
of this is eriodictyol, identified in previous studies with these extracts
(Silva et al., 2024). This compound has been recognized as one of the
most powerful antimicrobials of plant origin (Khameneh et al., 2019).
According to Wang et al. (2021), eriodictyol acts by inhibiting different
virulence mechanisms of the Sortase A enzyme, including the formation
of biofilms of methicillin-resistant S. aureus. Furthermore, studies indi-
cate that phloretin, also present in H. speciosa extracts (Silva et al.,
2024), inhibits the Sortase B enzyme, essential for S. aureus infection
(Wang et al., 2018), and inhibits the expression of toxin-related genes
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and signaling systems in E. coli (Lee et al., 2011).
The intensification of antibacterial activity observed in this study

was probably the result of the synergistic action of the antibiotic with
different secondary metabolites present in the extracts. The diversity of
mechanisms of action of these compounds may have contributed to the
intensification of antibacterial activity by acting on multiple targets and
different bacterial resistance mechanisms (Ayaz et al., 2019).

The possible antagonistic effect observed by the association of stem
bark extracts of H. speciosa with norfloxacin against P. aeruginosa, and
with gentamicin and erythromycin against S. aureus can be attributed to
the interference on the sites of action of these antibiotics, as well as the
possible chelation with these drugs (Bezerra et al., 2017). Direct inter-
ference on sites of action reduces antibiotic effectiveness, while chela-
tion forms stable complexes, decreasing the availability and
effectiveness of the antibiotics. These mechanisms can compromise the
action of antibiotics, contributing to the occurrence of antagonistic ef-
fects of the plant extracts (Oliveira et al., 2017).

In our study, in addition to the evaluation of the antibacterial ac-
tivity, we also investigated the toxicity of H. speciosa extracts against
D. melanogaster, a viable model organism commonly used to assess the
toxic activities of natural products (Supplementary Table 1). Drosophila
melanogaster is genetically significant because it has about 60% ho-
mologous genes with humans, with fewer redundant genes. Addition-
ally, around 75% of human disease-associated genes have counterpart
homologs in flies (Ugur et al., 2016). Furthermore, it is a low-cost and
highly sensitive model, offering an efficient alternative to traditional
animal models in toxicological assays, thus circumventing associated
ethical challenges (Cunha et al., 2015; Coutinho et al., 2018; Costa et al.,
2020). In our study, the stem bark extracts of H. speciosa did not cause in
vivo toxicity in D. melanogaster at clinically relevant concentrations
(≤10 mg/g). The absence of toxicity against Allium cepa and Artemia
salina was also verified by Panontin et al. (2021) using the hydroethanol
extract from the stem of H. speciosa.

The drug-modifying action of the extracts H. speciosa and the absence
of toxicity effects observed in the present study, qualify this plant for
future research on antibiotic development and therapy. However, it is
necessary to carry out additional pre-clinical studies to evaluate the
mechanisms involved in the pharmacokinetics and pharmacodynamics
of H. speciosa extracts, which is essential for understanding their efficacy
and safety before considering their introduction as a new

pharmaceutical product.

5. Conclusion

The findings of this study partially support the ethno-
pharmacological practices associated with the use of H. speciosa in the
treatment of infections. Although H. speciosa extracts did not show
intrinsic antibacterial activity at clinically relevant concentrations
against the bacterial strains (E. coli, P. aeruginosa, and S. aureus), they
demonstrated the ability to enhance the antibacterial effect of com-
mercial antibiotic drugs (gentamicin, erythromycin, and norfloxacin).
Furthermore, the extracts did not show toxicity at clinically relevant
concentrations in tests with D. melanogaster.

These results evidenced the potentialities of stem bark H. speciosa as
a source of bioactive compounds for the development of new therapeutic
agents. The ability of these extracts to intensify the action of antibiotics
brings new strategies for the development of therapeutics against bac-
terial infections, especially, under the current increasing of bacterial
resistance to antibiotics. However, it is important to mention that
additional research is needed to better understand the therapeutic po-
tential and mechanisms underlying the properties of H. speciosa extracts.
The identification and characterization of the bioactive compounds
found in the extracts, the investigation of their activity against other
pathogens, and the evaluation of their safety and efficacy in more
complex animal models, are crucial steps for the development of new
antibiotics based on H. speciosa.
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BHI Brain Heart Infusion
CFU/mL Colony Forming Units per Milliliter
DMSO Dimethylsulfoxide
EEHS Sulfuric Ether Extract of Hancornia speciosa
GAE Gallic Acid Equivalents
GC–MS Gas Chromatography coupled to Mass Spectrometry
HIA Heart Infusion Agar
MEHS Methanolic Extract of Hancornia speciosa
MIC Minimum Inhibitory Concentration
ns Not Significant
QE Quercetin Equivalents
SEM Standard Error of the Mean
UPLC–QTOF–MS/MS Ultra-performance liquid chromatography

coupled to quadrupole time-of-flight mass spectrometry
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Thiébaut, R., 2018. Risk factors for colonization and infection by Pseudomonas
aeruginosa in patients hospitalized in intensive care units in France. PLoS One 13,
e0193300. https://doi.org/10.1371/journal.pone.0193300.

Horn, J., Stelzner, K., Rudel, T., Fraunholz, M., 2018. Inside job: Staphylococcus aureus
host-pathogen interactions. Int J. Med. Microbiol. 308, 607–624. https://doi.org/
10.1016/j.ijmm.2017.11.009.

Houghton, P.J., Howes, M.-J., Lee, C.C., Steventon, G., 2007. Uses and abuses of in vitro
tests in ethnopharmacology: visualizing an elephant. J. Ethnopharmacol. 110,
391–400. https://doi.org/10.1016/j.jep.2007.01.032.

Hutchings, M.I., Truman, A.W., Wilkinson, B., 2019. Antibiotics: past, present and future.
Curr. Opin. Microbiol. 51, 72–80. https://doi.org/10.1016/j.mib.2019.10.008.

Ibrahim, H.A., Elgindi, M.R., Ibrahim, R.R., El-Hosari, D.G., 2019. Antibacterial activities
of triterpenoidal compounds isolated from Calothamnus quadrifidus leaves. BMC
Compl. Alternative Med. 19 https://doi.org/10.1186/s12906-019-2512-x.

Ichiko, C.O., Terrumun, A.T.A., John, O.I., John, V.A., 2016. In vitro antimicrobial
properties of friedelan-3-one from Pterocarpus santalinoides LHerit, ex Dc. Afr. J.
Biotechnol. 15, 531–538. https://doi.org/10.5897/ajb2015.15091.

Javed, S., Mahmood, Z., Khan, K.M., Sarker, S.D., Javaid, A., Khan, I.H., Shoaib, A.,
2021. Lupeol acetate as a potent antifungal compound against opportunistic human
and phytopathogenic mold Macrophomina phaseolina. Sci. Rep. 11, 8417. https://doi.
org/10.1038/s41598-021-87725-7.

Jiang, Y., Pei, J., Zheng, Y., Miao, Y., Duan, B., Huang, L., 2022. Gallic acid: a potential
anti-cancer agent. Chin. J. Integr. Med. 28, 661–671.

Johann, S., Soldi, C., Lyon, J.P., Pizzolatti, M.G., Resende, M.A., 2007. Antifungal
activity of the amyrin derivatives and in vitro inhibition of Candida albicans adhesion
to human epithelial cells. Lett. Appl. Microbiol. 45, 148–153. https://doi.org/
10.1111/j.1472-765X.2007.02162.x.

Jung, S.W., Thamphiwatana, S., Zhang, L., Obonyo, M., 2015. Mechanism of
antibacterial activity of liposomal linolenic acid against Helicobacter pylori. PLoS One
10, e0116519. https://doi.org/10.1371/journal.pone.0116519.

Kamatchi, P.A.C., Maheswaran, R., Sivanandhan, S., Ignacimuthu, S., Balakrishna, K.,
Reegan, A.D., Arivoli, S., 2023. Bioefficacy of ursolic acid and its derivatives isolated
from Catharanthus roseus (L) G. Don leaf against Aedes aegypti, Culex quinquefasciatus,
and Anopheles stephensi larvae. Environ. Sci. Pollut. Res. 30, 69321–69329. https://
doi.org/10.1007/s11356-023-27253-1.

Kauffmann, A.C., Castro, V.S., 2023. Phenolic compounds in bacterial inactivation: a
perspective from Brazil. Antibiotics 12. https://doi.org/10.3390/
antibiotics12040645, 645–645.

Keyvani-Ghamsari, S., Rahimi, M., Khorsandi, K., 2023. An update on the potential
mechanism of gallic acid as an antibacterial and anticancer agent. Food Sci. Nutr. 11,
5856–5872. https://doi.org/10.1002/fsn3.3615.

Khalil, I.A., Troeger, C., Blacker, B.F., Rao, P.C., Brown, A., Atherly, D.E., Brewer, T.G.,
Engmann, C.M., Houpt, E.R., Kang, G., Kotloff, K.L., Levine, M.M., Luby, S.P.,
MacLennan, C.A., Pan, W.K., Pavlinac, P.B., Platts-Mills, J.A., Qadri, F., Riddle, M.S.,
Ryan, E.T., Shoultz, D.A., Steele, D., Walson, J.L., Sanders, J.W., Mokdad, A.H.,
Murray, C.J.L., Hay, S.I., Reiner, R.C., 2018. Morbidity and mortality due to shigella
and enterotoxigenic Escherichia coli diarrhoea: the global burden of disease study
1990–2016. Lancet Infect. Dis. 18, 1229–1240. https://doi.org/10.1016/s1473-
3099(18)30475-4.

Khameneh, B., Iranshahy, M., Soheili, V., Bazzaz, B.S.F., 2019. Review on plant
antimicrobials: a mechanistic viewpoint. Antimicrob. Resist. Infect. Control 8, 1–28.
https://doi.org/10.1186/s13756-019-0559-6.

Khan, H.A., Ahmad, A., Mehboob, R., 2015. Nosocomial infections and their control
strategies. Asian Pac. J. Trop. Biomed. 5, 509–514. https://doi.org/10.1016/j.
apjtb.2015.05.001.

Kuppusamy, C., Murugan, K., Arul, N., Yasodha, P., 2009. Larvicidal and insect growth
regulator effect of α-amyrin acetate from Catharanthus roseus Linn against the
malaria vector Anopheles stephensi Liston (Diptera: Culicidae). Entomol. Res. 39,
78–83. https://doi.org/10.1111/j.1748-5967.2009.00196.x.

Lee, J.-H., Regmi, S.C., Kim, J.-A., Cho, M.H., Yun, H., Lee, C.-S., Lee, J., 2011. Apple
flavonoid phloretin inhibits Escherichia coli O157:H7 biofilm formation and
ameliorates colon inflammation in rats. Infect. Immun. 79, 4819–4827. https://doi.
org/10.1128/iai.05580-11.

Liberato, I., Lino, L.A., Souza, J.K.D., Neto, J.B.A., Sá, L.G.A.V., Cabral, V.P.F., Silva, C.
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Miklasińska-Majdanik, M., Kępa, M., Wojtyczka, R.D., Idzik, D., Wąsik, T.J., 2018.
Phenolic compounds diminish antibiotic resistance of Staphylococcus aureus clinical
strains. Int. J. Environ. Res. Publ. Health 15. https://doi.org/10.3390/
ijerph15102321, 2321–2321.

Mishra, M., Sharma, A., Dagar, V.S., Kumar, S., 2020. Effects of В-sitosterol on growth,
development and midgut enzymes of Helicoverpa armigera Hübner. Arch. Biol. Sci.
72, 271–278. https://doi.org/10.2298/ABS200308021M.

Moraes, T. de M., Rodrigues, C.M., Kushima, H., Bauab, T.M., Villegas, W., Pellizzon, C.
H., Brito, A.R.M.S., Hiruma-Lima, C.A., 2008. Hancornia speciosa: indications of
gastroprotective, healing and anti-Helicobacter pylori actions. J. Ethnopharmacol.
120, 161–168. https://doi.org/10.1016/j.jep.2008.08.001.

Morel, C.M., Alm, R.A., Årdal, C., Bandera, A., Bruno, G.M., Carrara, E., Colombo, G.L.,
de Kraker, M.E.A., Essack, S., Frost, I., Gonzalez-Zorn, B., Goossens, H.,
Guardabassi, L., Harbarth, S., Jørgensen, P.S., Kanj, S.S., Kostyanev, T.,
Laxminarayan, R., Leonard, F., Hara, G.L., Mendelson, M., Mikulska, M., Mutters, N.
T., Outterson, K., Rodriguez Baño, J., Tacconelli, E., Scudeller, L., 2020. A one health
framework to estimate the cost of antimicrobial resistance. Antimicrob. Resist.
Infect. Control 9, 1–14. https://doi.org/10.1186/s13756-020-00822-6.

Nascimento, P.G.G., Lemos, T.L.G., Bizerra, A.M.C., Arriaga, A.M.C., Ferreira, D.A.,
Santiago, G.M.P., Braz-Filho, R., Costa, J.G.M., 2014. Antibacterial and antioxidant
activities of ursolic acid and derivatives. Molecules 19, 1317–1327. https://doi.org/
10.3390/molecules19011317.

Nobsathian, S., Bullangpoti, V., Kumrungsee, N., Wongsa, N., Ruttanakum, D., 2018.
Larvicidal effect of compounds isolated from Maerua siamensis (Capparidaceae)
against Aedes aegypti (Diptera: Culicidae) larvae. Chem. Biol. Technol. Agric. 5, 1–7.
https://doi.org/10.1186/s40538-018-0120-5.

O’Callaghan, Y., Kenny, O., O’Connell, N.M., Maguire, A.R., McCarthy, F.O., O’Brien, N.
M., 2013. Synthesis and assessment of the relative toxicity of the oxidised derivatives
of campesterol and dihydrobrassicasterol in U937 and HepG2 cells. Biochimie 95,
496–503. https://doi.org/10.1016/j.biochi.2012.04.019.

Obonyo, M., Zhang, Li, Thamphiwatana, S., Pornpattananangkul, D., Fu, V.,
Zhang, Liangfang, 2012. Antibacterial activities of liposomal linolenic acids against
antibiotic-resistant Helicobacter pylori. Mol. Pharm. 9, 2677–2685. https://doi.org/
10.1021/mp300243w.

Okafor, G.C.O., Oyewale, A.O., Habila, J.D., Akpemi, M.A., 2022. Isolation,
characterization, and assessment of the in vitro antibacterial and antifungal
properties of methanol extracts and friedelan-3-one from Uapaca ambanjensis
(Leandri). J. Appl. Sci. Environ. Manag. 26, 1479–1486. https://doi.org/10.4314/
jasem.v26i9.4.

Oliveira, F.S., Freitas, T.S., da Cruz, R.P., Costa, M.S., Pereira, R.L.S., Quintans-Júnior, L.
J., Andrade, T.A., Menezes, P.D.P., de Sousa, B.M.H., Nunes, P.S., Serafini, M.R., de
Menezes, I.R.A., Araújo, A.A.S., Coutinho, H.D.M., 2017. Evaluation of the
antibacterial and modulatory potential of α-bisabolol, β-cyclodextrin and
α-bisabolol/β-cyclodextrin complex. Biomed. Pharmacother. 92, 1111–1118.
https://doi.org/10.1016/j.biopha.2017.06.020.

Pakbin, B., Brück, W.M., Rossen, J.W.A., 2021. Virulence factors of enteric pathogenic
Escherichia coli: a review. Int. J. Mol. Sci. 22, 9922. https://doi.org/10.3390/
ijms22189922.

Panontin, J.F., Barbosa, R.D.S., Isaac, V., Seibert, C.S., Scapin, E., 2022. Chemical
composition, antioxidant activity and development of a facial serum formulation
from the extract of Hancornia speciosa. Nat. Prod. Res. 36, 6121–6125. https://doi.
org/10.1080/14786419.2022.2053968.

Panontin, J.F., Neres, R.P., Fernandes, R.M.N., Scapin, E., Seibert, C.S., 2021. Chemical
characterization and toxicological analyses of hydroalcoholic extracts from the stem
and leaves of mangabeira (Hancornia speciosa Gomes) as a guide for the development
of green cosmetics. J. Med. Plants Res. 15, 366–379. https://doi.org/10.5897/
JMPR2021.7099.

Penido, A.B., Morais, S.M., Ribeiro, A.B., Silva, A.Z., 2016. Ethnobotanical study of
medicinal plants in imperatriz, state of maranhão, northeastern Brazil. Acta
Amazonica 46, 345–354. https://doi.org/10.1590/1809-4392201600584.

Permyakov, S.E., Knyazeva, E.L., Khasanova, L.M., Fadeev, R.S., Zhadan, A.P., Roche-
Hakansson, H., Håkansson, A.P., Akatov, V.S., Permyakov, E.A., 2012. Oleic acid is a
key cytotoxic component of HAMLET-like complexes. Biol. Chem. 393, 85–92.
https://doi.org/10.1515/BC-2011-230.

Perumalsamy, H., Jang, M.J., Kim, J.R., Kadarkarai, M., Ahn, Y.J., 2015. Larvicidal
activity and possible mode of action of four flavonoids and two fatty acids identified
in Millettia pinnata seed toward three mosquito species. Parasit. vectors 8. https://
doi.org/10.1186/s13071-015-0848-8.

Pokharel, P., Dhakal, S., Dozois, C.M., 2023. The diversity of Escherichia coli pathotypes
and vaccination strategies against this versatile bacterial pathogen. Microorganisms
11. https://doi.org/10.3390/microorganisms11020344, 344–344.

Pontes, M.C., Cavalcante, N.B., Leal, A.E.B.P., de Oliveira, A.P., Coutinho, H.D.M., de
Menezes, I.R.A., Delange, D.M., Turatti, I.C.C., de Oliveira, G.G., Neto, F.C.,
Tomaz, J.C., Lopes, N.P., Almeida, J.R.G.S., 2022. Chemical constituents and
antibacterial activity of Bromelia laciniosa (Bromeliaceae): identification and
structural characterization. Phytomed. Plus. 2, 100215 https://doi.org/10.1016/j.
phyplu.2022.100215.

Punia, A., Chauhan, N.S., Singh, D., Kesavan, A.K., Kaur, S., Sohal, S.K., 2021. Effect of
gallic acid on the larvae of Spodoptera litura and its parasitoid Bracon hebetor. Sci.
Rep. 11, 531. https://doi.org/10.1038/s41598-020-80232-1.

Radi, M.H., El-Shiekh, R.A., El-Halawany, A.M., Abdel-Sattar, E., 2023. Friedelin and 3β-
friedelinol: pharmacological activities. Rev. Bras. Farmacogn. 33, 886–900.

Rahuman, A.A., Venkatesan, P., Gopalakrishnan, G., 2008. Mosquito larvicidal activity of
oleic and linoleic acids isolated from Citrullus colocynthis (Linn.) Schrad. Parasitol.
Res. 103, 1383–1390. https://doi.org/10.1007/s00436-008-1146-6.

Rajan, A., Perrimon, N., 2011. Drosophila as a model for interorgan communication:
lessons from studies on energy homeostasis. Dev. Cell 21, 29–31. https://doi.org/
10.1016/j.devcel.2011.06.034.

Rand, M.D., 2010. Drosophotoxicology: the growing potential for Drosophila in
neurotoxicology. Neurotoxicol. Teratol. 32, 74–83. https://doi.org/10.1016/j.
ntt.2009.06.004.

Ravi, L., Ajith Kumar, K., Shree Kumari, G.R., Mathew, J., Harshitha, S., Panda, M.,
Shivani, S., Paul, A., Chandana, T.S., Anil, A., Megha, J.K., Mukherjee, T.,
Bhattacharjee, S., Raveendran Nair, M., Subhanjan, V., Mohanasrinivasan, V.,
Jain, P., 2024. Behenic Acid as a multi-target inhibiting antibacterial phytochemical
against Vibrio parahaemolyticus and Aeromonas hydrophila for effective management
of aquaculture infections: an in-silico, in-vitro & in-vivo experimentation. J. Biomol.
Struct. Dyn. 1–16. https://doi.org/10.1080/07391102.2024.2317988.

Rehan, M.S., Ansari, F.A., Singh, O., 2020. Isolation, identification, antibacterial activity
and docking of fatty acid and fatty alcohol from Rumex dentatus leaf Extract. Int. J.
Pharmaceut. Sci. Rev. Res. 64, 7–11. https://doi.org/10.47583/ijpsrr.2020.
v64i01.002.
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